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Abstract.

Tropical peatlands are carbon-rich ecosystems primarily governed by water level dynamics, yet they remain inadequately
represented in many land surface models (LSMs). The widely used Noah-Multiparameterization (Noah-MP) LSM lacks
peatland-specific parameterizations. This study presents enhanced capabilities of Noah-MP LSM v5.0 by implementing peatland-
specific modules for microtopography-based subgrid inundation, a water-level-dependent runoff formulation, and evapotran-
spiration stress functions governed by water-level dynamics, along with the peat soil properties, in a similar way as earlier im-
plemented in the NASA Catchment LSM with peatland-specific modules (PEATCLSM). These options are applied selectively
to peat grid cells within the NASA Land Information System (LIS) framework, retaining default model physics elsewhere. We
evaluate the scheme over the Cuvette Centrale, the world’s largest tropical peatland complex in the central Congo Basin, using
in-situ water levels from 20 monitoring wells and terrestrial water storage anomalies (TWSA) from the Gravity Recovery And
Climate Experiment (GRACE) and GRACE Follow-On (GRACE-FO) satellite missions. Four experiments with two different
input precipitation sources (MERRA-2 and CHIRPS) are conducted to differentiate the impacts of the peatland module from
the default model, using the earlier developed PEATCLSM forced by MERRA-2 as a benchmark. The peat module substan-
tially improves water level estimates, with CHIRPS-forced simulations achieving the highest performance (max correlations
up to R = 0.92-0.95 at Mai-Ndombe with recent water level records) and reduced RMSE and bias relative to both the default
Noah-MP and PEATCLSM when evaluated with in-situ data. The new peatland parameterization shifts simulated water levels
from unrealistically dry conditions (median = —1.75 to —1.41 m) to wetland dynamics (median = —0.12 to —0.01 m), replacing
Hortonian runoff with saturation-controlled subsurface flow (median = 1.78 to 1.87 mm day ') and reducing evapotranspira-

tion (for CHIRPS reduced from about 3.2 to 2.86 mm day '), mainly due to waterlogging stress. At the basin scale, agreement
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with satellite-based TWSA is improved with the inclusion of a proxy river storage component, increasing correlations (R) by
up to 11.7% and reducing RMSE by 6.4%. These results underscore the value of explicit representations of peatland hydrology

in the Noah-MP LSM and provide a modular basis for future model coupling and data assimilation.

1 Introduction

Peatlands are one of the most carbon-dense terrestrial ecosystems, with a naturally accumulated layer of peat at the surface
(Page et al., 1999; Dommain et al., 2010). This carbon-rich layer of peat can be several meters in depth, formed by the partial
decomposition of organic matter over thousands of years under persistently waterlogged and anaerobic conditions (Dargie
etal., 2017; Dommain et al., 2011; Swindles et al., 2018; Hawthorne et al., 2023). Although peatlands only cover approximately
3-4% of the Earth’s land surface (Page et al., 2011; Xu et al., 2018), they store a disproportionately large share of the global
carbon pool estimated between 400-600 Pg C (Joosten and Clarke, 2002; Frolking et al., 2011; Loisel et al., 2014), exceeding
the total plant biomass of the world (Turetsky et al., 2015; Uhde et al., 2025).

Globally, peatlands are categorized into ombrotrophic bogs, sustained primarily by precipitation, and the minerotrophic fens,
which receive water from both precipitation and surface-groundwater sources (Bechtold et al., 2019). Most of these peatlands
are located in boreal and temperate zones (Page et al., 2006, 2011; Waite, 1993). However, recent discoveries have underscored
the global importance of tropical peatlands in Southeast Asia, Africa, the Caribbean, and Central and South America (Leifeld
and Menichetti, 2018; Page et al., 2011; Dargie et al., 2017; Ribeiro et al., 2021). Tropical peatlands cover 13% of the global
peatland area and store about 152-288 Pg C (Ribeiro et al., 2021; Page et al., 2011; Dargie et al., 2017). Their carbon density
often surpasses that of other terrestrial ecosystems, including upland tropical forests and boreal peatlands (Honorio Coronado
et al., 2021; Temmink et al., 2022), making them quite sensitive to climate change and anthropogenic influences (Biddulph
et al., 2023; Dargie et al., 2017).

The improved understanding of peat-specific hydrological processes has facilitated the development of small-scale hydro-
logical models designed for investigating the seasonal and interannual variability in water levels as well as contrasts between
natural and drained tropical peatlands from fine-scale microtopography to regional-scale groundwater systems (Baird et al.,
2017; Cobb et al., 2017; Mezbahuddin et al., 2015; Ishii et al., 2016; Wosten et al., 2008). Contemporary earth system models
(ESMs) used for projecting future climate scenarios generally lack an explicit representation of peatland ecosystems (Loisel
et al., 2021). Although the growing need to accurately quantify greenhouse gas emissions has driven the development of ad-
vanced biogeochemical modules reliant on a realistic representation of peatland hydrological processes, the parameterization
of these processes remains challenging at large spatial scales (Limpens et al., 2008). One way to address this limitation is by
incorporating peatland physics in land surface models (LSMs), which simulate land surface processes and the hydrological cy-
cle to provide land energy and water fluxes to earth system models. Recent studies have increasingly focused on incorporating
peat-specific hydrological processes into LSMs. These developments have been implemented across a range of models, includ-
ing the Canadian Land Surface Scheme (CLASS; Wu et al., 2016) and its successor model, CLASS including biogeochemical
cycles (CLASSIC v1.0; Melton et al., 2020), the Lund-Potsdam-Jena (LPJ) model (Wania et al., 2009), the Community Land
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Model (CLM; Shi et al., 2015), the Organizing Carbon and Hydrology In Dynamic Ecosystems (ORCHIDEE; Qiu et al., 2018)
LSM, and the Catchment Land Surface Model (CLSM) with its peatland modules (PEATCLSM; Bechtold et al., 2019). These
models differ in how peatland hydrology was implemented. For example, the influence of peatland microtopography on the
hydrology of peatlands is only represented in CLM and PEATCLSM, while most other models represent solely ombrotrophic
conditions. In the peatland module of ORCHIDEE, surface runoff generated from the non-peatland portion of a grid cell is
redirected as an additional water input to the peatland fraction representing the hydrological conditions of minerotrophic peat-
lands (fens). All the aforementioned peatland hydrological implementations focus on natural northern (mid to high latitude
boreal and temperate) peatlands only.

Although tropical and northern peatlands share several common features, differences in their structure and physical char-
acteristics result in contrasting hydrological dynamics. By adapting the northern peatland representation in PEATCLSM by
Bechtold et al. (2019), Apers et al. (2022) developed the first, large-scale hydrological modules applicable for both natural
and drained tropical peatlands. However, due to the lack of data from other tropical peatlands, the modules were parametrized
based on literature data collected for Southeast Asian peatlands only. Consequently, the simulated water levels showed poor
agreement with in-situ observations from the Cuvette Centrale (Apers et al., 2022).

In the version 7 of the NASA SMAP Level 4 Surface and Root Zone Soil Moisture (L4_SM) product (Reichle et al., 2023),
SMAP Tb observations were assimilated into the PEATCLSM module globally over peatland-dominated grid cells. Later on,
Apers et al. (2026) calibrated the soil hydraulic parameters and the discharge function for the Congo peatlands specifically
through hydrological parameterization of in-situ water level dynamics using satellite-based precipitation based on the Rise-
and-Recession analysis (Apers et al., 2025). Hence, currently, the PEATCLSM implementations only enable simulating the
common hydrological processes separately for peat areas/pixels and provide separate diagnostic variables in this regard. How-
ever, the impact of water level fluctuations in the Congo River and its tributaries on the surrounding peatland hydrology remains
unexplored and challenging to implement in the modeling scheme (Apers et al., 2026; Marthews et al., 2022; Biddulph et al.,
2021). A combined hydrological-hydrodynamic coupled scheme can provide insights into the Cuvette Centrale hydrology more
precisely.

The widely-used community Noah-Multiparameterization (Noah-MP; Niu et al., 2011; Yang et al., 2011; He et al., 2023b)
model, serving as a key land component in various research and operational weather and hydrological models, includes multiple
soil layers and a multi-layer snowpack, providing a more detailed vertical stratification than the three-variable prognostic
approach of CLSM. The core advantage of Noah-MP is its ability to select from multiple physics options/parameterizations for
the same process. Noah-MP v5.0 has been refactored (He et al., 2023b) into a highly modular structure, in which each physical
process is a separate Fortran module. Furthermore, He et al. (2025) integrated this refactored version into the NASA Land
Information System (LIS; Kumar et al., 2006, 2008; Peters-Lidard et al., 2007) and compared benchmark simulations from the
new version against the previous iteration to assess global and regional performance. This makes it significantly easier for a
developer to implement, read, and modify specific components like peatland hydrology in isolation without interfering with
other parts of the code. Moreover, Noah-MP supports coupling with a river routing scheme, which will help to simulate the

combined effect of peatland hydrology along with the river influence.
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Considering these advantages, our study aims to incorporate peatland-specific hydrological functions into the Noah-MP LSM
to establish a basis for future exploration of insights into peatland-river interactions in the Cuvette Centrale region. This paper
describes the implementation of the PEATCLSM-like peatland physical functions into the refactored Noah-MP version 5.0,
which enables model users to run peatland physical processes for identified peat grid cells, keeping other multi-physics options
unchanged for non-peat pixels. The model capabilities have been enhanced to incorporate peatland hydrological processes
by including peat soil hydraulic parameters, microtopographic integration, and new runoff and evapotranspiration schemes.
This article is organized in the following manner: Section 2 provides an overview of the study area, including the peatland
locations and monitoring well locations considered in this study. Section 3 describes the peatland-specific physical processes
incorporated into Noah-MP. Section 4 gives the details of the experimental setup for the model simulations, including the
meteorological forcings, model input parameters, and the design of the model experiments. Section 5 presents the evaluation
datasets and metrics used to assess model performance. Section 6 presents the results, followed by discussions and conclusions

in Sect. 7 and Sect. 8, respectively.

2 Study area

The Cuvette Centrale wetland complex, located in the center of the Congo Basin, is a low-gradient depression formed by
alluvial deposits evolved in response to changes in climatic and environmental conditions throughout the late Quaternary
period (Elenga et al., 1994; Dargie et al., 2017; Laraque et al., 2009; Garcin et al., 2022; Hawthorne et al., 2023; Menges et al.,
2025), which favor long-term peat accumulation (Fig. 1). This region is nested within the Congo Basin, Africa’s second-largest
river basin, which has a total drainage area of approximately 3.7 million km? and covers over 12% of the African continent
(Alsdorf et al., 2016). The Cuvette Centrale holds a significant share of the global carbon stock of tropical peat.

Congo peatlands experience bimodal precipitation due to the seasonal migration of the Intertropical Convergence Zone
(ITCZ), but receive 35 to 40% less precipitation annually compared to the Amazon, making it particularly vulnerable to
seasonal and long-term water deficits (Guan et al., 2015; Nicholson, 2022). Following the bimodal precipitation pattern, the
region experiences two wet seasons, occurring in April-May and October—November, separated by short and generally mild
dry periods. The mean annual temperature is 25.6°C with little variation throughout the year (Samba et al., 2008). The region
receives high annual rainfall from 1600 mmyr~! to 1800 mmyr—! (Laraque et al., 1998; Samba et al., 2008), and supports
extensive forested wetlands, ranging from palm-dominated to hardwood forests (Dargie et al., 2017). Beneath these inundated
swamp forests, the Cuvette Centrale hosts the world’s largest expanse of intact tropical peatlands (Dargie et al., 2017, 2019;
Crezee et al., 2022). These peatlands cover an estimated area of 16.8 Mha spanning the Democratic Republic of the Congo
(DRC) and the Republic of the Congo (ROC), with a mean peat thickness of 1.7 m and total carbon storage of 29.0 Pg C
(Dargie et al., 2017; Crezee et al., 2022; Hawthorne et al., 2023; Lawson et al., 2015; Hastie et al., 2024).

The Cuvette Centrale comprises diverse hydrological and geomorphic regimes, which are reflected in its peatland distribution
and characteristics (Crezee et al., 2022; Dargie et al., 2017). Ombrotrophic peatlands are mainly located in the northern region,

especially in the Republic of the Congo, where interfluvial basins are likely flooded seasonally by rainfall rather than rivers
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(Alsdorf et al., 2016; Datok et al., 2022). These areas are characterized by shallow peat domes, low flood depths (<0.6 m),
and precipitation-driven hydrology (Lee et al., 2015; Davenport et al., 2020). These peat deposits typically have high organic
carbon content (>50%) and thickness ranging from about 2 m to 6 m (Crezee et al., 2022).

In contrast, recent observations from the Democratic Republic of the Congo (DRC) have identified another favorable envi-
ronment for peat development associated with river systems (Crezee et al., 2022). Peatlands in this region follow the dendritic
pattern of the river network along some of the Congo’s left-bank tributaries in DRC and next to the Congo main stream, and
are expected to be influenced by river water due to high flooding in the main wet season (Lee et al., 2015). Despite these differ-
ences, peat deposits here have similar carbon concentrations and observed peat thickness as in the interfluvial basins (Crezee

et al., 2022).
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Figure 1. Study area: Cuvette Centrale peatlands located in Africa, shared by Republic of Congo and the Democratic Republic of Congo.

The location of the monitoring wells in green with their serial number corresponding to the list of well locations in Table C1. Subplot (c)

shows the soil texture classes as applied at the model resolution. Peatland distribution in (b) and (c) is based on Crezee et al. (2022)

3 Model description and peatland parameterization

3.1 Noah-Multiparameterization (Noah-MP)

The community Noah-Multiparameterization (Noah-MP; Niu et al., 2011; Yang et al., 2011) LSM was originally developed

with an enhancement in the representation of land surface processes of the Noah LSM (Ek et al., 2003) by incorporating

multiple physics options with various parameterizations and improved treatments of canopy-snow-soil-hydrology processes
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and coupling (He et al., 2023a). For improved representation of soil moisture dynamics and handling the discretization process
efficiently in its default configuration that is employed in this study, Noah-MP considers four soil layers with a total soil depth
of 2 m. The thicknesses of the soil layers from the surface to the bottom are 0.1, 0.3, 0.6, and 1.0 m, respectively, with the root
zone in the upper 1 m of soil.

Noah-MP allows multiple options for surface and subsurface runoff schemes of which two schemes that are available in the
LIS allow the simulation of the groundwater level. Here, we use as a reference for the peatland-enabled model advancement
the TOPMODEL-based groundwater and runoff scheme (Niu et al., 2007) which does not have a prognostic lateral flow or
aquifer storage but infers groundwater from soil moisture assuming hydrostatic equilibrium. The alternative scheme with a
prognostic aquifer storage is not designed for water table deeper than 1.5 m; this limit was systematically reached over the
Cuvette Centrale, where the scheme consequently capped the simulated water level at a constant —1.5 m (from here onwards
"water level" is the terminology used as negative of the water table depth variable of Noah-MP throughout the rest of the paper,
allowing the sign convention to consider any water table rise above ground surface is positive and below ground surface as
negative). In the TOPMODEL scheme, both surface and subsurface runoff are parameterized as exponential functions of the
depth to the water table. The surface runoff [ms~'] and infiltration rate [ms—!] are computed as per Hortonian formulations
when the total water input flux [ms~!] into the top soil surface is greater than zero. Also, for soil hydraulics, Noah-MP has
three different options. All these specific hydrological parameter options used in this study are listed in Table A1. More details
on the latest Noah-MP v5.0 multi-physics options can be found on He et al. (2023a).

3.2 Peatland parameterizations implemented into Noah-MP

We implement in Noah-MP v5.0 the peatland-specific hydrological processes of PEATCLSM (Apers et al., 2026), while leav-
ing the default Noah-MP physics for vegetation and energy unchanged. The peatland modifications are confined to the soil-
hydrology modules governing infiltration, runoff, evapotranspiration, and water-level dynamics, and rest on a clear separation
of two processes: microtopography controls how the grid-cell water storage and the inundated fraction respond to the water
level, while vertical water movement within the peat is solved as a one-dimensional, pressure-head-based flow problem in
which microtopography plays no role for computational feasibility. A new module, PeatlandPhysicsMod, activates these

processes on the grid cells classified as peat.
3.2.1 Microtopography and surface ponding

Peatlands are nearly flat at the macrotopographic scale. TOPMODEL-based runoff schemes can therefore reproduce broad-
scale wetland extent which often overlaps with peatland complexes (Stocker et al., 2014), but they are poorly suited to short-
term peatland hydrological response, because many peatlands have become hydrologically decoupled from the wider catchment
through peat accumulation and the low hydraulic conductivity of deeper peat. A rain-fed, peatland-specific treatment of soil-
water dynamics has been shown to outperform TOPMODEL in reproducing measured peatland water level time series at the
typical operating spatial scale of LSMs (Bechtold et al., 2019). At the microtopographic scale, by contrast, even small elevation

differences between hummocks and hollows strongly control the fraction of the surface that gets inundated as the water level
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rises towards it. Following Dettmann and Bechtold (2016), we therefore partition the grid-cell storage response between a soil
domain and a ponded-surface domain, while keeping the vertical soil-water flux one-dimensional and pressure-head based for
computational feasibility.

The subgrid surface elevation z, [m], relative to the mean grid-cell elevation, is described in terms of a Gaussian distribution,

Zs NN(Ovaglev)v Zs S [*Ztrunca Ztrunc]a (1)

with standard deviation ojev = 0.16 m, taken from the extensive surface-elevation survey in tropical peatlands from Lampela
et al. (2016) and used to parameterize PEATCLSM for the tropical peatlands (Apers et al., 2022) and specifically Congo
peatlands as well (Apers et al., 2026). The distribution is truncated at =2, ync, With 2¢une = 1.0 m representing the top of the
hummocks, which removes a negligible tail probability and is included to bound the elevation distribution physically. Each
realization of the subgrid surface elevation z, can be thought of as defining a single vertical soil column — a hypothetical
1-D soil profile whose local surface sits at elevation 2z within the grid cell. The inundated (ponded) fraction is the cumulative

fraction of the surface lying below the instantaneous water level 2y [m],

Fponded = Fs (Zwl)a (2)

where F [-] is the cumulative distribution function of z,. Internally, the model stores the water table as a single positive-
downward state variable consistent with default Noah-MP conventions; the water level zwl used throughout this paper (positive
above, negative below the surface) is the sign-inverted quantity, computed locally wherever the microtopography and stress
formulations require it. In PEATCLSM, this ponded fraction is prescribed as an empirical function of water level; here it is
diagnosed directly from the microtopographic elevation distribution. The surface-ponding storage is the depression storage

filled below the water level,

Zwl

Ssurf(zwl) = / F (Z) dZ7 3)
—Ztrunc
and the soil water storage is the hydrostatic moisture profile integrated over the soil-occupied fraction of the column at each

elevation,

Swnl) = [ (1= FL(2)] 6~ ) )
—Zbot
where zp04 [m] is the depth of the modeled soil column and the weighting factor [1 — F(z)] is the fraction of the grid cell

whose surface lies above elevation z. Equation (4) is the column average of the hydrostatic soil-water profile over the subgrid
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surface-elevation distribution: a column whose surface lies at elevation z; contains soil only up to z,, so at a given elevation z
the soil-filled fraction of the grid cell is the fraction of columns whose surface exceeds z, namely [1 — F;(z)]; weighting the
equilibrium moisture §(z — 2y, ) by this fraction and integrating over the column is equivalent to averaging the per-column soil-
water storage over the elevation distribution, and reproduces the soil water storage and soil water specific-yield expressions of
Dettmann and Bechtold (2016). Note that [1 — F;(z)] depends only on the surface-elevation distribution, not on the water level.
It is the geometric fraction of columns whose own local surface lies at or above z, and therefore have soil physically present
at that elevation, irrespective of whether that soil is saturated. The wetness of that soil is captured separately by 6(z — zy1).
Ponded surface water is excluded from S [-] by construction: for a flooded column (whose local surface z4 lies below zy1),
the water occupying the interval between z; and zy,) is accounted for in the surface storage term Sgy.¢ [-] (Eq. 3), not in Sgui-
The upper limit z;,nc extends the integration above the mean surface (z = 0) into the hummocks, retaining the soil moisture
held in those parts of the microtopography that rise above the mean elevation. The hydrostatic profile uses the Campbell

retention relation (Campbell, 1974), inverted to give moisture as a function of suction 1,

05’ quwS?

—1/b
6. (;f) >,

with 0, the saturated moisture content [m3 m~3], 1), the air-entry head [m], and b the Campbell exponent [-]; under hydro-

0(v) = ®)

static equilibrium the suction at elevation z is ¥ = z — z,. Differentiating the storage components with respect to the water

level gives the effective specific yield of the grid cell as the sum of a soil and a surface contribution,

Sy,total = Sy,soil + Sy,surface~ (6)

Here S, ¢011 is the spatially averaged soil specific yield [-]: through the [1 — F] weighting in Eq. (4), it already accounts for
how much non-inundated soil remains available to store water, so no further area weighting is applied (Dettmann and Bechtold,
2016). Sy surface [-] is the surface (ponding) contribution: differentiating the surface-ponding storage (Eq. 3) with respect to
the water level returns the cumulative elevation distribution evaluated at the water level, so the surface specific yield is exactly
the inundated fraction of Eq. (2), Sy surface = Fis(2wl) = Fponded, Which grows as the water level rises into the hollows. This
flux partitioning assumes that the water level is horizontal across the grid cell, so that the soil column and the surface ponding
stay in hydrostatic equilibrium and share a common water level at each time step. The fraction of each net surface flux directed

to the soil column rather than to surface ponding is then

Sy,soil
Jsoil = : (7)
Sy,soil + Sy,surface

Equivalently, fsoit = Sy soil/(Sy,soil + Fs(2w1)), so the complementary share routed to ponding, 1— feoit = Fs(2w1)/ Sy, totals

is the inundated fraction normalized by the total specific yield. When the water level is deep, Sy surface — 0 and fuoi1 = 1, s0
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water storage change occurs almost entirely within the soil. As the water level approaches or exceeds the surface, the inundated
fraction and surface storage increase, fso; [-] decreases, and a larger share of the net flux is stored as ponding.
Vertical water movement within the peat is solved in one dimension and does not depend on microtopography. The soil-water

flux is written in suction form,

e (4 Ot
¢ =K; (1 ER ) ) ®)

where K is the hydraulic conductivity [ms™!]; the first (unity) term is the gravitational contribution and the second is the
suction-gradient contribution. This head-based form, rather than the moisture-gradient diffusion form of the default Noah-MP
solver, avoids the artificial drainage that arises when a near-hydrostatic profile is represented on a coarse soil discretization:
the moisture-based scheme cannot preserve the equilibrium state and generates spurious vertical fluxes when the water table
sits within the column (Zeng and Decker, 2009). For shallow water levels (within 0.5 m of the surface), natural peatlands
show negligible vertical gradients and the column is effectively at hydrostatic equilibrium (Bechtold et al., 2019; Dettmann
and Bechtold, 2016); in this near-equilibrium regime the moisture-based solver is least able to reproduce the equilibrium
profile and is most prone to these spurious fluxes and the associated numerical noise in the simulated water level, so the model
bypasses it and instead updates the combined soil and surface storage directly under the hydrostatic assumption, then inverts
the storage—water-level relationship to obtain the new water level. For deeper water levels, the full one-dimensional pressure-
head Richards solution is retained. In both regimes the microtopographic factor f;.; couples the two domains: only the fraction
fsoi1 of the net infiltration, evaporation, transpiration, and subsurface runoff acts on the soil column, while the complementary
fraction (1 — fsou) is added to or released from surface ponding. However, evaporation from the ponded surface has not been
accounted separately, and the evaporation for peat grid cells is still computed with the default Noah-MP resistance-based bare-
soil formulation. The complete two-regime procedure, including the storage update, the water-level inversion, the mapping
between the microtopography-averaged state and the one-dimensional column, and the treatment of saturated layers, is given

in Appendix B with more details about the discretization in Fig. B1.
3.2.2 Peat soil hydraulic properties

The default Noah-MP STAS soil table (NoahmpTable . TBL in the refactored NoahMP v5.0) comprises 19 soil classes and
does not include peat. We added peat as a new class, expanding the table to 20 classes. Rather than appending it as the last
(20th) class, we inserted peat at index 17, immediately after the standard mineral and non-soil classes (1-16), and shifted the
three rarely used special classes of the STAS scheme (playa, lava, and white sand) to indices 18-20, so that peat is grouped with
the genuine soil classes. Because this reindexing changes the meaning of indices 17-20, users applying this study’s soil-texture
maps or LDT parameter files in other Noah-MP setups should pair them with the accompanying modified 20-class STAS table
(rather than the standard 19-class table) to ensure that peat, playa, lava, and white-sand grid cells are assigned the correct
hydraulic parameters. The peat water retention and hydraulic conductivity follow the Campbell-Clapp—Hornberger relations

(Campbell, 1974; Clapp and Hornberger, 1978):

10



255

260

265

270

https://doi.org/10.5194/egusphere-2026-5287
Preprint. Discussion started: 28 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

0 —b

vo =u. (5 ) ©)
0 2b+3

K(0) = K, <9> (10)

where, K (0) is the unsaturated hydraulic conductivity [m s™1], K is the saturated hydraulic conductivity [ms~1], § is the
volumetric soil moisture content [m®m—3], 6, is the saturated soil moisture content [m®m~3], ¥ (0) is the soil suction [m],
15 is the air-entry suction (saturated matric-potential magnitude) [m], and b is the Campbell-Clapp—Hornberger pore-size
distribution exponent [-].

The peat matrix water-retention and hydraulic-conductivity parameters are vertically uniform and listed in Table 1. These
parameters are calibrated for the Cuvette Centrale by Apers et al. (2026), using in-situ water level data for six well locations:
three in Ekolongouma (SPT2,4,5) and three in Itanga (SPT3,5,6) and satellite-based precipitation by employing the Rise-
and-Recession analysis method (Apers et al., 2025); and we transferred them directly into the Noah-MP parameter table
NoahmpTable.TBL. Noah-MP additionally stores a saturated soil-water diffusivity (D5, SATDW) for every soil class. The
peat column, however, is advanced with the head-based solver (Eq. 8), which works in matric-potential form and therefore uses
the hydraulic conductivity K (1)) directly rather than the moisture diffusivity; SATDW does not enter the peat hydrology and
is retained only so that the peat class stays consistent with the table format expected by the default Noah-MP soil-water solver.

For completeness, its value was obtained from the remaining peat parameters b, 15, K, and 6, following the standard relation

_ blws|K5
05

where )5 is the saturated soil matric potential (SATPSI) and b is the soil B parameter (BB). The dry soil-moisture threshold

D (1)

(DRYSMC) and the wilting-point soil moisture (WLTSMC) are taken from Liu et al. (2022). All peat soil parameters specified
in NoahmpTable . TBL are listed in Table 1.

Table 1. Peat soil hydraulic properties

Properties Fullname Value

BB Soil B parameter 7.9 [-]

DRYSMC Dry soil moisture threshold 0.215m3m—3
MAXSMC Saturated soil moisture 0.880 m3m—3
REFSMC Field capacity 0.6 m3m—3

SATPSI Saturated soil matric potential 0.049 m

SATDK Saturated soil hydraulic conductivity 6.00 X 1075 ms~!
SATDW Saturated soil hydraulic diffusivity 2.64 %1075 m2s~1
WLTSMC Wilting point soil moisture 0.215m3m—3

11
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Note that SATPSI (¢5) is tabulated as a positive magnitude throughout Noah-MP’s parameter table (all 20 soil classes, peat
included), following the original Noah LSM convention. The peat retention/suction formulation (Eq. 5, 9; implemented in
PeatMicroTopoMod.F90 and SoilWaterDiffusionRichardsMod.F90) uses v, directly as this positive magni-

tude, consistent with the suction convention ) = z — 2y, adopted here (Sect. 3.2.1).
3.2.3 Peatland runoff

The high saturated hydraulic conductivity of the peat macropores (K yqcr0) and the overall flat topography at the model grid
scale allow all rainfall to infiltrate to the phreatic water level, so Hortonian runoff is negligible in peatlands (Bechtold et al.,
2019; Apers et al., 2022, 2026). The total runoff (Q;,) in natural tropical peatlands is low at lower water levels and increases
non-linearly following a power law function (Romanov, 1968) with rising water levels, becoming very large when water
breaches the surface in hollows and generates surface and subsurface runoff simultaneously. Following the same approach of
Apers et al. (2026), we also introduced the empirical power law function of K. E. Ivanov (Romanov, 1968) for runoff discharge
(Qtot(Zw1)) in Noah-MP for the total runoff generation in the peatlands instead of Hortonian runoff. Physically, this water-
level-dependent discharge represents the total lateral water export from the peatland and combines two near-surface pathways:
shallow subsurface flow through the highly permeable, macropore-rich near-surface peat, and, as the water level rises into the
hummock-hollow microtopography, slow overland flow across the partially inundated surface (Romanov, 1968; Baird, 1997,
Kelly et al., 2014). The Ivanov transmissivity formulation lumps both pathways into a single water-level-dependent function

rather than resolving them separately.

K&macro,z:z,,mwa.Ol [100 (Zmam - Ewl)]
100(c— 1) ’

fora > 1, Zyi < Zmas

Ta(zwl) = (12)

Ta,mam» for o > ]-7 Zwl 2 Zmax

Qtot (Ewl) = CTa (zwl) (13)

where, T, is the transmissivity [m?s™!], Z,,; is the grid cell mean water level [m], K s,macro,z=0—0.01 18 the saturated hy-
draulic conductivity of the macropores evaluated just below the maximum water level [ms~!], a [-] is an empirical parameter
that describes the rate of K ;nqcro decrease with depth, 2,4, [m] is the maximum water level above which the macrop-
ore transmissivity saturates, T mqq [m2s~'] is this saturation value — a large, finite transmissivity that stands in for the
formal T;, — oo limit of Apers et al. (2026), implemented by capping the water level entering the transmissivity formula at
Zmax —€ (¢ =10"% m) for numerical stability, Q¢ (Z.) is the water level dependent runoff discharge [ms~!], and c is
the average hydraulic gradient divided by the average length of the peatland in horizontal flow direction [m~']. For the Cu-
vette Centrale, these parameters take the values o = 2.06,c=1.5x 1078 m~1, K macro,z=2mq.—0.01 = 3165.38 m?s~!, and

Zmaz = 0.245 m. All these parameters have been derived from Apers et al. (2026), which employed the Congo-specific dis-

12
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300 charge parameters for the Cuvette Centrale based on in-situ water-level recession behavior via satellite-precipitation-forced
Rise-and-Recession analysis (Apers et al., 2025).

In the Noah-MP source code, we introduced the runoff function through a new module Runof fSubSurfacePeatlandMod
for the peatland-specific runoff option (OptRunoffSubsurface=9). Because the scheme routes this combined discharge entirely
through the model’s subsurface-runoff component, the resulting flux is termed subsurface runoff only as a technical (code)

305 designation: in reality, it is a mixed process of slow overland flow and near-surface matrix and macropore flow through the
microtopography-dominated peatland surface.

We also modified the main soil-water balance module (SoilWaterMainMod) to suppress infiltration-excess (Hortonian)
surface runoff on peat grid cells: the diagnosed surface runoff is added back to the infiltration term, consistent with the high
macropore conductivity that allows rainfall to infiltrate or be stored in surface depressions rather than to form rapid overland

310 flow. The rainfall is partitioned with the microtopographic factor fs.i; between the soil column and surface ponding, as de-
scribed in Sect. 3.2.1. The detailed handling of hydraulically active layers, subsurface-runoff removal, and the water-level cap

at the column bottom is given in Appendix B.
3.2.4 Drought and waterlogging stress

Transpiration in tropical peatlands declines both at low water levels, through drought stress, and at high water levels, through

315 waterlogging (Hirano et al., 2015). In PEATCLSM, these stress functions are derived from eddy-covariance evapotranspiration
and water-level measurements (Apers et al., 2022). We follow the same approach in Noah-MP, combining the water-level-
dependent waterlogging function of Apers et al. (2022) with the updated drought stress function calibrated for the Cuvette
Centrale by Apers et al. (2026). Each of them is represented as a piecewise-linear function of the water level (z,,;), defining
two stress zones and one no-stress zone.

320 The drought stress factor F,,;;; [-] represents the reduction in plant transpiration under declining water availability. When
the water level is relatively shallow (Z,,; > —0.3 m), vegetation does not experience drought stress and the drought factor is
set to zero. As the water level drops below this threshold, drought stress increases linearly with decreasing water level until
reaching a maximum stress level when the water level exceeds —1.15 m (below surface). This behavior is implemented in the
model using conditional statements that compute F,;;; as a segmented linear function of z,,;, followed by bounding the value

325 between 0 and 1 to ensure numerical stability.

0, if Zy > —0.3
Fuiit = —1.18%,; —0.35, if —0.3>7Z,; > —1.15 (14)
1, ifZ, < —1.15

13



330

335

340

345

https://doi.org/10.5194/egusphere-2026-5287
Preprint. Discussion started: 28 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

The waterlogging stress factor Fj,q [-] represents limiting transpiration caused by high water levels. Note its reversed mean-
ing relative to Fy,, in line with Apers et al. (2022): Fj,, = 1 indicates no waterlogging stress, while Fj,, = 0 indicates
maximum waterlogging stress.

When the water level remains below —0.29 m, plants experience no waterlogging stress, and the factor equals unity. As the
water level rises toward the surface and above it, oxygen availability in the root zone decreases, reducing transpiration capacity.
This reduction is represented as a linear decline in Fj,, between —0.29 m and 0.35 m water levels. Beyond 0.35 m the factor

equals zero, representing maximum waterlogging conditions.

1, if 2, < —0.29
0.294+Zuw1 . _
Flog = 1—%, if —0.29 < Z, <0.35 (15)
0, if Z1 > 0.35

The drought and waterlogging stress functions are implemented in Noah-MP within the Soi l1WaterTranspirationMod
routine, where transpiration limitation is computed based on the simulated water level. In the model code, we introduced a new
soil-water transpiration option (OptSoilWaterTranspiration = 4) where these two stress components are diagnosed exclusively
from the simulated water level as in PEATCLSM, rather than from layer-specific soil moisture and hydraulic conductivity. In
the updated implementation, the drought and waterlogging factors are first combined into a bulk peatland stress term, Bpeat.

calculated as:

ﬂpcat = (]- - Fwilt)Flog (16)

Here Bpeat [-] represents the overall reduction of transpiration due to the hydrological state of the peat column. In the code it
is stored as the accumulated (bulk) transpiration factor that scales the total transpiration demand, while the vertical distribution
of root-water uptake is set separately by a weight proportional to each layer’s thickness within the root zone, so that the
demand is drawn uniformly with depth across the root-zone layers. [pcat directly replaces the default Noah-MP soil-moisture
transpiration factor (rather than being applied as an additional multiplier on top of it): when the peatland transpiration option
is active, Bpeat is assigned to the same bulk soil-water-stress variable that Noah-MP’s stomatal resistance and photosynthesis
schemes use for the default (Noah/CLM/SSiB) options, so no separate soil-moisture-based beta is computed in parallel.

A summary of all the changes made in the source code for implementing peatland hydrology is shown in Fig. 2.
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Figure 2. Summary of the peatland-specific modules and functions implemented in Noah-MP.

4 Experimental setup for model simulations

4.1 Meteorological forcings

The meteorological forcings for the Noah-MP experiments have been taken from two different sources. The Modern-Era

Retrospective Analysis for Research and Applications, Version 2 (MERRA-2; Gelaro et al., 2017) is employed as the pri-

mary meteorological forcing dataset in this study. Developed by NASA’s Global Modeling and Assimilation Office (GMAO),

MERRA-2 provides a continuous record of atmospheric conditions from 1980 onward at a spatial resolution of 0.625° x 0.5°

and an hourly temporal resolution.
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Another data product is also used in this study specifically as a precipitation data source, obtained from the Climate Haz-
ards Group InfraRed Precipitation with Station Data, Version 2 (CHIRPS v2; Funk et al., 2015). Developed by the Climate
Hazards Center (CHC) at the University of California, Santa Barbara, CHIRPS provides global rainfall data covering the lat-
itude band from 50°S to 50°N at a high spatial resolution of 0.05° from 1981 onwards. The dataset combines satellite-based
infrared precipitation estimates with in-situ rain gauge observations and incorporates the Climate Hazards Group Precipitation
Climatology (CHPclim) to improve the representation of long-term rainfall patterns. CHIRPS employs a multi-step blending
procedure that integrates satellite observations, station measurements, and climatological information, including calibration
against the Tropical Rainfall Measuring Mission (TRMM) Multi-Satellite Precipitation Analysis products.

The details of the forcing variables and their sources are shown in Table 2

Table 2. Meteorological forcing datasets used in Noah-MP experiments

Forcing Variable Source Specification
MERRA-2 (Gelaro et al., 2017) 0.625° x 0.5°
Precipitation
CHIRPS (Funk et al., 2015) 0.05°
Other forcing variables MERRA-2 0.625° x 0.5°

(surface temperature, shortwave and longwave radia-

tion, surface pressure, specific humidity, wind speed)

4.2 Model input parameters

For running Noah-MP within LIS, the framework needs the domain features like topography, land cover, soil texture, etc.,
embedded into an input NetCDF file. The NASA Land Data Toolkit (LDT; Arsenault et al., 2018) has been used for generating
this domain and parameter data file containing all the model input features for LIS. LDT generates this input NetCDF file with
a grid size of 0.1°x 0.1° by incorporating the model parameters of different resolutions enlisted in Table 3 using a remapping

method appropriate to each dataset’s resolution.
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Table 3. LIS model parameter datasets and their specifications

Model Parameter Source Specification  Spatial transform
Digital elevation model Multi-Error-Removed Improved-Terrain (MERIT) (Yamazaki et al., 90m Average
2017)
Land cover MODIS IGBP land cover classes (Friedl et al., 2002) modified by Na-  0.0833° Mode (Upscale by select-
tional Centers for Environmental Prediction (NCEP) ing dominant type for each
grid cell)
Soil texture FAO-derived soil texture map from Harmonized World Soil Database 5’ Mode

1.21 (Fischer et al., 2008) processed by NCAR

Congo peat map Crezee et al. (2022) 50 m Nearest neighbor
Greenness NCEP (Gutman and Ignatov, 1998) 0.15° Average
LAI and SAI Monthly climatology processed from the Advanced Very High Resolu- 1 km Average

tion Radiometer (AVHRR) data by University of Maryland (Tian et al.,

2008)

4.3 Model experiment details

For this study, all the Noah-MP model simulations from 2010 to 2025 have been performed within the NASA Land Information
System (LIS; Kumar et al., 2006, 2008; Peters-Lidard et al., 2007) framework version 7.5. Prior to this simulation period, the
model was spun up by cycling a common 2000-2010 meteorological forcing period three times (three consecutive 10-year
loops, each restarting from the previous cycle’s end-of-year state), for a total of 30 years of spin-up, to equilibrate the slow-
responding soil-moisture and peat water-storage states before the start of the reported simulations. This spin-up procedure
was applied identically for the MERRA-2 and CHIRPS-forced configurations. LIS has been developed for high-performance
terrestrial hydrology modeling and data assimilation to integrate satellite and ground-based observational data products and
advanced modeling techniques to produce optimal estimates of land surface states and fluxes. LIS enables users to implement
multiple land surface models, including Noah-MP, by taking various land surface and topographic inputs and meteorological
forcings from multiple sources to simulate land surface processes and generate model states and fluxes at a consistent user-
defined spatial resolution. In the model implementation, if the peatland physics option is turned on (OptPeatlandPhysics=1) in
the global configuration, then the peatland module gets activated by enabling all the peatland hydrological functions described
in Sect. 3.2. We restricted the peatland physics to peat pixels (soil type = 17) by adding a peatland map Crezee et al. (2022)
as a new texture category "PEAT" in the LDT input file and by adding conditions in the LIS source code to trigger the
peatland physics option for microtopography with peat soil properties and overwriting the default subsurface runoff option to
OptRunoffSubsurface=9 with disabled Hortonian runoff and soil water transpiration to OptSoilWaterTranspiration=4 (Fig. 2)
for those peat pixels only. The vegetation phenology follows the input-LAI configuration (dynamic vegetation option = 7,
Table A1): monthly LAI and SAI climatologies are supplied via the LDT-generated input file rather than the default monthly

values from the lookup table.
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For the first set of simulations, the model takes all the meteorological forcings from MERRA-2. For the second case, the LIS
setup is configured to use two meteorological forcing sources: MERRA-2 and CHIRPS (Table 2), with the blending option as
“overlay”. The MERRA-2 meteorological fields are read using the built-in MERRA-2 forcing readers and spatially interpolated
using bilinear interpolation to the model grid. Similarly, CHIRPS precipitation data generated in LDT-readable format is also
interpolated to the model grid. Within LIS, the overlay blending method gives precedence to the CHIRPS precipitation data.
Consequently, CHIRPS precipitation from the LDT-generated forcing is used, and all non-precipitation variables are taken
exclusively from MERRA-2.

For both of these forcing combinations, we performed four experiments (Experiment 1-4) across the two forcing sets with the
peatland module off and on. With MERRA-2 forcing, the peatland module is turned off in Experiment-1 (NoahMPpca;—0 MER)
and turned on in Experiment-3 (NoahMPpeai—1 MmER); With CHIRPS precipitation, it is turned off in Experiment-2 (shown as
NoahMPpg,i—o,cn) but turned on in Experiment-4 (NoahMPpe,¢—1,cr). As a baseline experiment, we used the PEATCLSM
outputs for the Congo peatlands forced with MERRA-2 from Apers et al. (2026), referred to as PEATCLSMyggr. The details

of all these experiments are summarized in Table 4

Table 4. Summary of the experiment cases conducted within LIS for different forcing combinations in conjunction with the peatland physics
module (on/off), with reference to PEATCLSM. Tick marks indicate the forcing source used for each variable in each experiment. Other

forcing variables include shortwave and longwave radiation, surface pressure, specific humidity, and wind speed.

Forcing / configuration Experiment-1 Experiment-2 Experiment-3 Experiment-4 Baseline

MERRA-2 CHIRPS MERRA-2 CHIRPS MERRA-2 CHIRPS MERRA-2 CHIRPS MERRA-2 CHIRPS

Precipitation v v v v v

Other forcing variables v v v 4 v

Model Noah-MP Noah-MP Noah-MP Noah-MP CLSM
Peatland physics module Off Off On On On
Acronym NoahMPpeat—0, MER NoahMPpeat—0,cH NoahMPpeat=1,MER NoahMPpeat=1,0H PEATCLSMMER

The entire experimental setup is shown in the flowchart in Fig. 3.
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Figure 3. Methodology flowchart for the peatland module setup of Noah-MP and the experiments conducted within NASA LIS framework

5 Model performance evaluation: dataset and metrices

5.1 Evaluation datasets

5.1.1 In-situ water level data

This study uses in-situ water-level datasets collected from 20 well locations (Fig. 1) in the Cuvette Centrale peatland to eval-

uate model water-level outputs. The list of all well locations, their observation periods, and sources are tabulated in detail in

Table C1.

5.1.2 Surface water elevation time series from satellite altimetry

This study also employs a satellite altimetry-based surface water elevation dataset, taken from the Database for Hydrological

Time Series of Inland Waters (DAHITT; Schwatke et al., 2015), developed by the German Geodetic Research Institute at the

Technical University of Munich (DGFI-TUM). Within the Cuvette Centrale study domain, DAHITI provides time series from

346 virtual stations across lakes, rivers, and wetlands (record length varies by station), derived from cross-calibrated altimetry
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data (Envisat, ERS-2, Jason-1, Jason-2, TOPEX/Poseidon, SARAL/AItiKa, Sentinel-3, Sentinel-6MF) using a Kalman-filtering
approach with extended outlier detection. DAHITT has been extensively used for various recent hydrological studies to under-
stand the dynamics of inland water bodies and rivers (Busker et al., 2019; Scherer et al., 2022; Chen et al., 2025), along with
the application in extending in-situ water level time series for data gap periods (Saemian et al., 2025). DAHITI dataset from
2010-2025 is used in this study in the calculation of the proxy surface water storage anomalies in conjunction with the river/lake

hydrography dataset for surface water extent described in the following section.

5.1.3 Surface water extent dataset

To get the extent of the surface water and the river network in the Cuvette Centrale region, we employ the MERIT Hydro ITHU
(Eilander et al., 2021) global hydrography dataset, which is an upscaled version of the MERIT Hydro (Yamazaki et al., 2019)
dataset using the Iterative Hydrography Upscaling (IHU) algorithm. It provides global maps of flow direction, river length,
slope and width of river, along with elevation, stream order and upstream area. All these parameters, in conjunction with the
DAHITI-derived altimetry water level dataset, are used to generate the surface water storage anomalies for the present study
domain. Keeping consistency with the model resolution, the MERIT Hydro IHU product at 5 arcmin (~ 10 km) resolution has
been chosen for this study. The entire surface water storage anomaly generation process using DAHITI and MERIT Hydro

dataset is described in Sect. 5.2.
5.1.4 GRACE/GRACE-FO terrestrial water storage anomalies

The Gravity Recovery and Climate Experiment (GRACE; Tapley et al., 2004) and its successor, GRACE Follow-On (GRACE-
FO; Landerer et al., 2020), offer precise measurements of changes in Earth’s gravity field. The GRACE/GRACE-FO terrestrial
water storage anomalies from the JPL GRACE and GRACE-FO Mascon Ocean, Ice, and Hydrology Equivalent Water Height
Coastal Resolution Improvement (CRI) Filtered Release 06.3 Version 04 (JPL RL06.3M.MSCNv04; Wiese et al., 2023), cov-
ering the period from April 2002 to August 2025, are used in this study. This product is natively standardized by JPL to a
2004-2009 reference period; for comparison with the model output in this study, we additionally recenter all TWSA series
(GRACE and model simulated) to a common 2010-2025 baseline, keeping consistency with DAHITI data and model outputs
availability. Compared to spherical harmonic solutions, mass concentration (mascon) solutions offer less signal leakage and
a higher spatial resolution (Wiese et al., 2016). Accordingly, no additional leakage/scale-factor correction is applied to the
mascon time series used here. The Earth’s surface in this approach is subdivided into customizable blocks or patches through
a parameterization process, which are referred to as “mascons”. The mass changes associated with each mascon are then esti-
mated from gravity data. The JPL mascon grid product is released at a resolution of 0.5°, but the native resolution is the size

of a single mascon, which is 3 degrees in size.
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5.2 Dataset preprocessing

Available hydrological in-situ data for validation in the Cuvette Centrale are limited to phreatic water level observations. Water
level is, however, the most influential hydrological variable in peatlands, is typically the most readily available, and it has
accordingly been used for performance assessment here like other peatland modeling studies (Apers et al., 2022; Bechtold
et al., 2019; Apers et al., 2026). All the well datasets have been resampled to daily scale to compare with the daily model
outputs of water level.

Additionally, we evaluated the model performance in estimating total water storage anomalies (TWSA) by comparing
against the GRACE/ GRACE-FO observations. Because by construction, neither Noah-MP nor PEATCLSM is subject to
anthropogenic or hydrological trend forcings and does not reproduce long-term storage trends over the simulation period,
we additionally remove a linear trend from the GRACE TWSA time series before computing the comparison statistics, so
that the reported statistics reflect model skill in capturing interannual-to-seasonal variability rather than an unmodeled secu-
lar trend. The simulated series carry their own, generally small, secular drift (fitted linear trends of —0.04 to —0.30 cmyr—!
across the five configurations, versus GRACE’s +0.93 cmyr~1), which is non-negligible relative to GRACE’s trend for the
MERRA-2-forced configurations in particular; each simulated series is therefore also linearly detrended, independently, before
the comparison statistics are computed, so that both sides of the comparison isolate interannual-to-seasonal variability from
their own secular trend.

All model experiments conducted within LIS/Noah-MP give the vertically integrated water stored within land grid cells (e.g.,
soil moisture, groundwater, and water storage within the model landmask). On the other hand, the satellite-based gravimetric
observations from GRACE capture the total water storage signal, which additionally includes contributions from surface water
bodies. As the hydrodynamic model coupling is not done for the time being, the signal due to river water storage change
is absent in the model-estimated land water storage anomalies (LWSA). Hence, the present study uses the DAHITI-based
water level dataset in conjunction with the MERIT Hydro-based river network data described in Sect. 5.1.3 to generate the
bulk signal of surface water storage anomalies (SWSA). The DAHITI virtual-station water surface elevation anomalies were
interpolated onto the MERIT Hydro river network using a temporally and hydrologically constrained procedure. The length of
the evaluation window is set by the shortest overlapping record among the compared products: from 2010 to 2025. DAHITI
stations within the Cuvette Centrale domain were first restricted to the common baseline period 2010-2025, because many
DAHITI records are sparse before 2010. A daily time axis was defined over this period, and each station series was linearly
interpolated in time, while estimates farther than 45 days from the nearest observation were discarded to avoid filling long data
gaps. River pixels were identified from MERIT Hydro using valid flow direction together with river width, upstream area, and
stream order. Each DAHITT station was snapped to the nearest river cell within 20 km. The MERIT Hydro flow-direction field
was then used to build a river-network, with river length defining along-channel distances between connected nodes. Spatial
interpolation was carried out first by linear interpolation between consecutive upstream—downstream station pairs along the
network, and subsequently by inverse-distance weighting based on shortest-path distances to fill remaining river nodes within

each connected component. Water-level anomalies, referenced to the 2010-2025 mean at each station, were propagated through

21



485

490

495

500

https://doi.org/10.5194/egusphere-2026-5287
Preprint. Discussion started: 28 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

O

this network to obtain a spatially continuous estimate of SWSA as representative of the bulk river contribution. This SWSA was
added to the LSM-derived LWSA to obtain a more complete TWSA estimate comparable to the detrended GRACE time series.
The sum of LWSA and SWSA as well as the GRACE TWSA, were referenced to a common 2010-2025 anomaly baseline by

subtracting each grid cell’s mean over that period, ensuring a zero-mean, consistent comparison.
5.3 Evaluation metrics

The model outputs have been evaluated using the following standard metrics. If /m represents the mean estimates of a variable

(e.g. water level, TWSA etc), and o represents the corresponding mean from the observation dataset then:

1 < 1
i=1 =1

where m; and o, represent the model estimates and the observations for individual steps and [N denotes the number of paired
model-observation samples used in each comparison, and its size varies across evaluation targets: for the in-situ water-level
comparisons it is set by each dip well’s data-availability window and temporal coverage (Table C1), while for the GRACE-
based TWSA comparison it is fixed by the number of valid monthly observations within the analysis period. Then the Pearson

correlation (R) and Bias can be calculated as:

SN (m; —m)(0; — 0)

fi= N N (18)
\/Zizl(mi —m)? \/Zi=1(0i —0)2

N

Bias = NZ(mi—oi) (19)
=1

The root mean squared error (RMSE) and the unbiased RMSE (ubRMSE) can be calculated as below:
1N
RMSE = | 72 (m: — 01)? (20)

i=1

ubRMSE = vV RMSE? — Bias? (21)

6 Results
6.1 Process-level diagnostics

Prior to observation-based evaluation, we examined whether the peatland parameterizations produce physically consistent
covariations among state and flux variables. The time series in Fig. 4a demonstrate that the peatland-specific processes in

Noah-MP yield coherent dynamics among soil moisture, water level, and precipitation. The microtopography-based inundation
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scheme allows the water level to rise above the mean surface elevation and fill subgrid hollows, as evidenced by periods in
the time series when the water level rises above the surface (water level > 0; shaded region). The temporal evolution of soil
moisture across the four layers (SM Layer 1-4) shows a coherent vertical response to water level fluctuations and precipitation
forcing, with rapid saturation of the upper layers during wet periods. Conversely, during drying phases, the drawdown of the
water level is accompanied by a progressive decline in soil moisture, with deeper layers retaining moisture longer, indicating

proper representation of peat hydraulic properties and storage.
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Figure 4. Process-level diagnostics of the peatland parameterizations implemented in Noah-MP. (a) Time series of water level, soil moisture
across four model layers (SM layers 1-4), and precipitation for a representative peat grid cell (Mai-Ndombe) over 2024. Comparison of
process-based functions between the Noah-MP peatland module (NoahMPpeat—1,MER) and PEATCLSMyEr from 2010 to 2025: (b—c)
runoff discharge function — total runoff vs. water level, with the Ivanov transmissivity-decay curve — the model’s imposed runoff function,
not a statistical fit — overlaid (red dashed line); (d—e) surface soil moisture vs. water level; and (f—g) evapotranspiration response to water
level, with the dry, transition, and waterlogging stress zones used in the ET formulation shown as shaded bands. In (b—g), each point represents
one daily value; color encodes local point density, i.e., the number of days whose water level and response-variable pair fall within the same
small neighborhood of the scatter, so that darker colors mark the most frequently occurring water-level-response combinations rather than

isolated days. The light-blue shading in (b—c) and (d—e) marks water levels above the peat surface (water level > 0 m).

The water-level-runoff relationship (Fig. 4b—c) confirms that the runoff parameterization behaves as formulated. The point-
density scatter plot shows a clear non-linear response, with negligible discharge under deep water level conditions and a rapid
increase as the water level approaches the surface. Similarly, the relationship between ET and water level (Fig. 4f—g) shows

a higher density of points for ET estimates corresponding to the ponding conditions (water level > 0), consistent with the
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formulation of waterlogging stress, and decreasing ET at deeper water levels, consistent with drought stress. Variations in
evaporation demands and in evaporation from intercepted water and soil cause the scatter in the relationship.

The basic operations of the peatland module of Noah-MP (NoahMPp,,:—1) and that of CLSM (PEATCLSM) were expected
to be the same, as the theoretical basis of the peatland hydrological scheme, along with the identical parameterizations used
for the peatland runoff discharge function. However, structural and other physics differences between the two models might
lead to quantitative differences in the estimates of the key hydrological states, as evident from the comparative plots of the fun-
damental model states related to the peatland water level-dependent functions, for NoahMPpe,;—1, MER and PEATCLSMyrr
in Fig. 4b—g. As both configurations essentially take meteorological inputs from the same forcing source (MERRA-2), it
lays the foundation for a fair model structural comparison between their respective peatland schemes. Figure 4b—c compare
the simulated runoff—water level relationship against the Ivanov transmissivity-decay curve — the model’s imposed, not statisti-
cally fitted, runoff function — for NoahMPpg,i—1 mer and PEATCLSMygR, respectively. For NoahMPpga:—1 MER, the scatter
points closely follow the Ivanov curve, confirming that the implemented discharge function reproduces the intended Ivanov
relationship. For PEATCLSMygR, a few scatter points deviate from the curve’s transition pattern at near-surface water levels.
The extent of the curve along the x-axis also shows that PEATCLSM reaches comparatively deeper water levels (< —0.8 m)
than Noah-MP.

The soil moisture—water level relationship (Fig. 4d—e) further strengthens the structural differences between PEATCLSM
and NoahMPp,,—1. In Noah-MP, soil moisture follows a tightly constrained, near-deterministic curve with water level, arising
from its fixed multi-layer soil column and explicit vertical discretization. This leads to a strong and consistent coupling between
water level and layer-wise soil moisture, with minimal scatter. Additionally, the surface ponding maintains persistently shallow
water levels, resulting in a systematic shift of the curve toward wetter conditions (higher soil moisture for a given water level).

Furthermore, the relationships between ET and water level, presented as point-density scatter plots (Fig. 4f—g), contrast the
two model behaviors under hydrological stresses. For both Noah-MP and PEATCLSM, the scatter points are mainly concen-
trated on the wet side, indicating that the site mostly faces waterlogging stress, which consequently leads to ET reduction. In
fact, PEATCLSM ET shows a clear peak around —0.3 to —0.29 m, the narrow water-level band in which neither stress function
is active (Fy;1¢ = 0 and Fjog = 1; Eq. 14 and 15). Moving toward shallower water levels from this point, waterlogging stress
progressively increases (Fj,, declining to 0 by z,,; = 0.35 m, Eq. 15); moving toward deeper water levels, drought stress pro-
gressively increases (Fiyii: rising to 1 by z,,; = —1.15 m, Eq. 14). A substantial fraction of scatter points occupies this broader
transition envelope (z,,; between —1.15 and 0.35 m), where at most one of the two stresses is partially active rather than both
simultaneously minimized, resulting in a wide spread of ET values and frequent occurrences of elevated ET (> 5 mmday ')
in PEATCLSM results. However, NoahMPp.,:—1 shows a more constrained distribution, with most scatter points clustered
near shallow water levels (> —0.3 m), where waterlogging stress dominates and suppresses ET. Consequently, high ET values

are less frequent and the overall variability is reduced.
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6.2 Spatiotemporal evaluation of changes in soil-water dynamics relative to reference models
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Figure 5. Maps of temporal mean water level and mean surface soil moisture for the time period 2010-2025 over the Cuvette Centrale

peatlands; the overall spatial spread/distribution is expressed in terms of spatial median (Med) and standard deviation (Std).

The spatial patterns of temporal mean water level and surface soil moisture reveal a systematic sensitivity to both peatland
physics activation and meteorological forcing in Fig. 5. When peatland physics options are disabled (NoahMPpg,i—), the
model simulates consistently deep water levels (median = —1.75 m for MER and —1.41 m for CH) and low surface soil
moisture (0.39-0.40 m® m—3).

In contrast, activation of peatland physics (NoahMPp.,t—1) leads to a substantial rise in water level (median = —0.12 m
for MER and —0.01 m for CH) and higher soil moisture (0.81-0.84 m® m~3). Across forcings, CHIRPS-driven simulations
consistently produce shallower water levels and higher soil moisture than MERRA-2, indicating stronger effective precipitation
input and higher infiltration. Among all configurations, NoahMPpe.:—1,cr exhibits the wettest conditions, with near-surface
water levels and high peat moisture contents near saturation. The PEATCLSM reference shows comparable wet conditions
(median water level of about —0.15 m and soil moisture of about 0.79 m® m~3), but with slightly greater spatial heterogeneity

than NoahMPpg,t—1.
6.3 Evapotranspiration regulation under hydrological stress

The spatial patterns of evapotranspiration presented in Fig. 6 reveal a clear signature of the water level-controlled ET reduction
function implemented in the peatland simulations. Across all configurations, ET is strongly constrained within a relatively
narrow range (~ 2—4 mm day 1), but systematic shifts in both the spatial magnitude and distribution emerge depending on

model physics and forcing as evident from the median and standard deviation values.
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Figure 6. Spatial maps of evapotranspiration along with their distribution in terms of density plots for the peat pixels

When the peatland processes are not incorporated (NoahMPpe,t—g), comparatively symmetric spatial distributions of ET
can be observed centered around 3 mm day ' with slightly higher median values (median = 3.19-3.20 mm day~!) for both
MERRA-2 and CHIRPS. Whereas, activating peatland physics (NoahMPp,1—1) leads to a consistent reduction in median ET
(median = 2.86-2.87 mm day ') in comparison to default model results under both the forcings. However, based on spatial
maps, the NoahMPp,,;—; simulated water level remains close to the surface most of the time, leading to frequent waterlogging
conditions, limiting transpiration, thereby lowering ET.

On the contrary, the PEATCLSM estimated ET displays a contrasting behavior, with a higher median ET (median of 3.47
mm day ') and a broader distribution extending toward values even higher than the default Noah-MP runs (> 3 mm day ).
This model behavior can be understood in terms of how the two models deal with bare soil evaporation and plant transpiration,

discussed in Sect. 7.3 later.
6.4 Runoff generation controlled by water level

The spatial variability of surface and subsurface runoff over the peat pixels (Fig. 7) clearly reflects the impact of peatland
hydrological processes, particularly the implementation of the Ivanov-based subsurface runoff scheme and the suppression
of Hortonian (infiltration-excess) runoff. In the absence of peatland physics (NoahMPpeat—), surface runoff dominates the
hydrological response, with relatively high median values (0.46-0.51 mm day~!) and pronounced spatial variability. In con-
trast, subsurface runoff remains comparatively low (0.97-1.02 mm day '), indicating that excess water is primarily routed as

overland flow, consistent with the usual characteristic of Hortonian runoff generation.
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Figure 7. Spatial maps of surface and subsurface runoff obtained from the different model configurations for the peat pixels of the Cuvette

Centrale region

When peatland physics is turned on (NoahMPpe,i—1) surface runoff is almost entirely suppressed (median close to 0.00
mm day '), consistent with the deactivation of Hortonian runoff and the high infiltration capacity of peat macropores. Instead,
runoff is predominantly generated as subsurface flow, as evident from the higher median values (1.78-1.87 mm day—!). Keep-
ing consistency with the water level estimates, CHIRPS-forced simulations exhibit comparatively higher subsurface runoff.
Like shallow water level, NoahMPpeai—1,cr also produces the strongest subsurface runoff signal, reflecting the combined ef-
fect of high water availability and saturation-driven flow. The PEATCLSM reference shows a similar dominance of subsurface
runoff (median = 1.56 mm day ') and weak surface runoff (0.07 mm day 1), confirming that peatland hydrology is primarily
governed by saturation-excess and catchment deficit mechanisms in CLSM, in contrast to NoahMPpe,—; that has multi-layer
soil water dynamics representation. This is evident from the lower subsurface runoff and greater spatial heterogeneity in PEAT-

CLSM estimates.
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Figure 8. Empirical flow duration curves (FDCs) of daily total runoff (surface + subsurface/baseflow) for the peat pixels, 2010-2025,
under (a) MERRA-2 and (b) CHIRPS precipitation forcing. Each curve is the empirical distribution — every ranked daily, peat-averaged
runoff value plotted at its Weibull exceedance probability (see equation above) — with no parametric curve fit applied. Panel (a) compares
three MERRA-2-forced configurations: NoahMPpeat—o,mER (default Noah-MP), NoahMPpeat—1,mER (peatland parameterization active),
and PEATCLSMugR. Panel (b) compares the two CHIRPS-forced Noah-MP configurations, NoahMPpeat—o,ca and NoahMPpeat—1,cH;
PEATCLSM was run only under MERRA-2 forcing and is therefore not shown in (b)

Figure 8 shows the flow duration curve (FDC) of daily total runoff (surface + subsurface/baseflow), summarizing the full
distribution of runoff magnitudes, from rare high-flow events (low exceedance probability, P) to persistent low flows (high P),
and its low-flow tail is the key hydrological diagnostic of the Cuvette Centrale peatland’s water-storage and release behavior.

For this purpose, the daily total runoff is spatially averaged over the peat grid cells, sorted in descending order, and assigned

rank

1> Where rank is the position in the ordered series and n is the total

a Weibull exceedance probability function, P = 100 x

number of observations. Here, it is shown to isolate how the retention capacity of peat reshapes the balance between flashy
surface runoff and sustained baseflow.

First of all, Fig. 8 reveals that activating the peatland parameterization (NoahMPp,,¢—1) systematically increases total runoff
relative to the default Noah-MP configuration (NoahMPp.,:—¢) across most exceedance probabilities under both precipitation
forcings. The largest differences occur in the low-flow regime (P = 60-100 %), while the curves converge during extreme runoff
events. The enhanced runoff persistence is observed in all NoahMPp,,;—1 configurations indicating hydrological connectivity
and enhanced baseflow contribution. Second, precipitation forcing strongly influences the upper portion of the flow-duration
curve. MERRA-2 produces a higher and steeper high-flow tail than CHIRPS, indicating more intense runoff-generating events,
whereas CHIRPS yields a smoother runoff distribution. Under identical MERRA-2 forcing, PEATCLSM remains closer to

NoahMPp,,t—¢ than to NoahMPp,,t—1 across the low-to-median flow range. While both peatland models simulate enhanced
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runoff persistence relative to the default Noah-MP configuration, NoahMPp.,t—1 generates larger sustained runoff, reflecting

differences in model structure and physics.

6.5 Evaluation with observation datasets

6.5.1 Statistical analysis with in-situ water level data
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Figure 9. Comparison of peat water level time series from different model configurations with in-situ data across four well locations: (a)

Ekolongouma-SPTS5, (b) Bondzale-SPT4, (c) Ikelemba-5, and (d) Mai-Ndombe. The respective values of correlation and RMSE in 'm’ with

the in-situ data are shown in the legend.
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Figure 9 compares simulated and observed water level time series exemplarily at four monitoring wells. It is observed that
the peat-enabled configurations (NoahMPpe,—1) capture the temporal variability of water level dynamics better than their
non-peat counterparts and, at many sites, also better than PEATCLSM. At Ekolongouma (Fig. 9a) and Bondzale (Fig. 9b),
NoahMPpeat—1,cr achieves higher correlations (R = 0.48 and 0.41, respectively) and lower RMSE (RMSE = 0.18 and 0.17,
respectively) than PEATCLSM, indicating a better representation of seasonal fluctuations and short-term variability. At Ikelemba-
5 (Fig. 9¢), NoahMPp,i—1 MER shows the highest correlation (R = 0.64). At Mai-Ndombe (Fig. 9d), the site with the latest
available records, CHIRPS-driven outputs show the best overall agreement with in-situ data (R up to 0.92 and 0.95, for peat and
no-peat cases, respectively), outperforming both MERRA-2-driven configurations of Noah-MP and PEATCLSM. However, the
overall domain wide model performance can be well understood from the statistics across all well locations, summarized in

Table C2.
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Figure 10. Boxplots of the statistical metrics for all the model configurations in estimating water level in comparison with in-situ well data.

The box plots in Fig. 10 summarize the overall performance of all model configurations across the in-situ wells (Table C2).
Both peat-enabled simulations (NoahMPp,,;—1) exhibit higher correlations, near-zero bias, and substantially reduced RMSE
and ubRMSE compared to their non-peat counterparts (NoahMPpe,¢—o), which suffer from strong negative bias and large
errors. Among all configurations, NoahMPpeai—1,cr shows best overall performance, showing slightly higher median R and

the lowest median RMSE and ubRMSE, along with minimal bias. NoahMPpe.(—1 MER also performs well but is slightly
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inferior to NoahMPpea¢—1,cr. Compared to the reference PEATCLSMygr simulation, both peat-enabled Noah-MP runs

625 demonstrate clear improvements, particularly in reducing RMSE, ubRMSE and bias.

6.5.2 Total water storage dynamics evaluation with GRACE
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Figure 11. Total water storage anomaly (TWSA) evaluation against GRACE over the full Cuvette Centrale domain (peat and non-peat
pixels combined), 2010-2025 baseline. (a) Spatial-mean time series of TWSA [= land water storage anomaly (LWSArgsn) plus the
DAHITI+MERIT-Hydro-derived surface water storage anomaly (SWSApanITI+MERITHydro)] for all five model configurations, compared
against detrended GRACE TWSA. (b—c) Effect of adding the SWSA correction on agreement with GRACE for each configuration: (b)
Pearson correlation (R) and (c) RMSE (cm), each shown for the land-storage-only estimate (LWSA1,snm, lighter bars) and for the combined

estimate (TWSA, darker bars); the percentage above each bar pair gives the relative change in R or RMSE from adding the SWSA correction.
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The comparison of domain-averaged time series of model-estimated total water storage anomalies (TWSA), comprising both
peat and non-peat pixels, highlights the contribution of river/surface water storage to reproducing GRACE-observed TWSA.
Figure 11a compares the time series of the combined total water storage anomaly (TWSA) — land storage plus the proxy
surface water storage anomaly — from different model configurations with the GRACE TWSA time series. From the time
series, it is evident that all configurations reproduce the seasonal cycle reasonably well.

Figure 11b—c quantify the effect of adding the DAHITI+MERIT-Hydro-derived surface water storage anomaly (shown as
SWSADAHITI+MERITHydro) to the land-only storage estimate (LWSAp gy ) for each configuration. When this proxy surface
water storage anomaly derived from DAHITI altimetry is added, the agreement with GRACE improves marginally across all
configurations, with correlations (R) increasing by up to 11.7% and RMSE reducing by 6.4%.

On the other hand for the LSM-only case (LWSApLgMm) in Fig. 11, all these configurations show relatively low correlations
and higher RMSE. This limitation arises because LSMs represent only terrestrial water storage (soil moisture, groundwater,
and canopy water) and do not simulate the streamflow dynamics. Among all the configurations, NoahMPpe,¢—1,cq consistently
shows the relatively better performance with highest correlation (R = 0.64-0.71) and lowest RMSE (RMSE = 5.19-5.54 cm),
indicating the possibility of further enhancement in the representation of total storage variability with the new peatland module

by assimilating GRACE TWSA observations with better precipitation input.

7 Discussion

This paper presents the implementation and evaluation of peatland hydrological processes in Noah-MP version 5.0 over the
Cuvette Centrale peatland complex. The spatial dynamics, model consistency, and temporal evaluation have shown promising
results from the peatland hydrology parameterizations throughout the entire Sect. 6. In fact, the statistical evaluation using
in-situ water level data in Sect. 6.5.1 consistently shows that incorporating the peatland physics in Noah-MP substantially
improves model performance. However, certain insights from these results can be further inferred and discussed in detail,
especially focusing on the inherent physical processes considering the quality and limited availability of data products for

robust evaluation.
7.1 Hydrological controls and model performance

The Noah-MP model with the newly introduced peatland parameterization estimates wetter conditions relative to the default
model setup as indicated by shallow water level and higher soil moisture (Fig. 5), potentially reflecting the impacts of incor-
porating the microtopography parameterization with peat soil properties. The reduced ET (Fig. 6) estimated by the peatland
scheme is a direct consequence of the water level constrained reduction function, which suppresses transpiration consistent
with the frequent waterlogging behavior of Congo peatlands.

Peatland physics suppresses the surface runoff, and the total runoff generation is dominated by an increased subsurface
flow as a mixed process of combined slow overland and matrix flow through the microtopography-dominated peatland sur-

face. As the water level rises to near the surface, as shown in the spatial water level patterns in Fig. 5, lateral drainage and
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saturation-excess processes dominate, producing spatially coherent subsurface runoff patterns that closely follow spatial pat-
terns of absolute wetness, i.e., shallow water level over peatlands.

The patterns of the flow duration curves of daily total runoff (Fig. 8) further confirm consistent hydrological behavior of
peatlands as systems with high storage capacity and more baseflow contribution, promoting a more buffered seasonal response,
with water being stored during wet periods and released more gradually thereafter. This model realization reflects the effect of
peat macropore infiltration and the Ivanov-based formulation where runoff is controlled by water level and soil saturation rather
than infiltration excess. Whereas the curves converge during extreme runoff events, indicating that peak flows are primarily

controlled by precipitation intensity.
7.2 TImpact of precipitation inputs

The use of two different input precipitation as model forcings (MERRA-2 and CHIRPS) implies that the peatland physics
implementation is the primary control on the hydrological states, while input precipitation just regulates the magnitude of
wetness, with CHIRPS forcing providing an additional performance gain along with peatland physics. MERRA-2 produces a
higher and steeper high-flow tail than CHIRPS (Fig. 8), indicating more intense runoff-generating events, whereas CHIRPS
yields a smoother runoff distribution. Although the statistical evaluation in Sect. 6.5 shows substantial improvement in model
performance across all the forcings due to the inclusion of peat parameterizations in comparison to their corresponding default
model setup, CHIRPS-forced simulations consistently outperform the results of MERRA-2 forced simulations.

Part of the improved skill metrics with CHIRPS at station locations may, however, reflect an effective-resolution artifact
rather than a purely superior representation of precipitation processes. MERRA-2-driven ( 0.625° x 0.5°) simulations are, by
design, unable to reproduce subgrid-scale variability at point-scale even after getting interpolated bilinearly onto the finer 0.1°
model grid regardless of how accurate the areal-mean MERRA-2 rainfall estimate is. In-situ validation will therefore inherently
favor a forcing product with finer effective resolution (CHIRPS 0.05°).

Unlike the station-based comparisons discussed above, the GRACE TWSA evaluation in Fig. 11 is performed on domain-
averaged (spatial mean) time series over the full Cuvette Centrale domain which integrates out subgrid-scale variability. So the
resolution-driven mechanism invoked to explain the advantage of using CHIRPS at station level cannot account for its improved
agreement with GRACE here. The persistence of a CHIRPS-driven improvement in this domain-integrated setting therefore
points to a genuine difference in the domain-total precipitation amount, seasonal timing, or bias between the two forcing
products, rather than a resolution artifact — providing independent support that CHIRPS offers a quantitatively more accurate
precipitation input for this region, and not merely a higher-resolution one. This is consistent with independent evaluations
of precipitation products over Africa and the Congo Basin, which similarly report CHIRPS to outperform reanalysis-based

products such as MERRA-2 (Kouakou et al., 2023; Dos Santos et al., 2022; Dinku et al., 2018).
7.3 Model differences: Noah-MP Peat vs PEATCLSM

Despite employing the same soil hydraulic parameter-based runoff scheme and water-level-based drought/waterlogging stress

functions as PEATCLSM in the Noah-MP peatland module, the comparative process-based plots in Fig. 4 show different
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runoff and ET distributions with respect to water level. The first and foremost reason can be attributed to the direct impact of
differences in water level dynamics, considering the fact that both these functions are dependent on water level fluctuation.
As indicated by the spatial patterns of water level (Fig. 5), PEATCLSM tends to produce comparatively deeper water levels
across large portions of the domain than Noah-MP, resulting in a substantial fraction of grid cells falling within the transitional
to drought stress range (—0.3 to —1.15 m ) based on the thresholds set in Eq. 14, as evident from Fig. 4f—g, and shows peak
ET within —0.29 to —0.30 m regime, where neither waterlogging nor drought stress is dominant. This leads to a systematic
increase in moderate-to-high ET values from PEATCLSM, thereby widening the spread of distribution and shifting its central
tendency toward higher values (Fig. 6). For the same reason, the water level dependent runoff dynamics also differ between
these two models (Fig. 4b—c). The differences in microtopographic representation have direct implications for the simulated
water level dynamics. As already mentioned in Sect. 3.2.1, in PEATCLSM, although based on the same theory of Dettmann and
Bechtold (2016), the ponded fraction is approximated empirically as a function of water level using the operational functions
of CLSM (Koster et al., 2000; Ducharne et al., 2000). In contrast, the discretized microtopography scheme implemented in
Noah-MP v5.0, based on Dettmann and Bechtold (2016), introduces explicitly the subgrid elevation distribution, which better
represents the storage—water level relationship. The statistical evaluation in Sect. 6.5.1 further confirms these trends, with
median improvements across all metrics (Fig. 10) in Noah-MP peatland module.

Additionally, there are certain model structural and physics differences in the two LSMs which might have led to the dif-
ference in their ET estimates. Despite having a common resistance-based, Penman-Monteith/SiB theoretical basis (Sellers,
1985), CLSM and Noah-MP differ substantially in the surface energy balance scheme. CLSM represents vegetation and soil
as a single composite surface per soil-moisture regime, whereas Noah-MP resolves separate canopy, snow, and soil compo-
nents as well as their coupling within ground energy balances, which are linked through a shared canopy-air layer, allowing
radiative, turbulent, and longwave exchanges to be partitioned asymmetrically between vegetation and soil rather than lumped
together. In CLSM soil hydraulic and thermal properties are prescribed from continuous, pre-processed parameter fields, while
Noah-MP assigns them from discrete soil-texture classes via pedotransfer-based lookup tables (Cosby et al., 1984). Canopy
conductance in CLSM follows an empirical Jarvis-type formulation driven by radiation, temperature, and soil-moisture stress
with no sensitivity to atmospheric CO2, whereas Noah-MP defaults to a photosynthesis-coupled Ball-Berry scheme (Ball et al.,
1987) in which stomatal conductance responds directly to CO4y concentration. In fact, the radiative transfer is handled differ-
ently as well: CLSM interpolates surface albedo from pre-tabulated, offline-derived two-stream coefficients rescaled to MODIS
climatology, while Noah-MP solves the two-stream radiative transfer equations at every time step, explicitly separating sunlit
and shaded canopy fractions that feed back into stomatal conductance. All these factors differently interact with the evapo-
ration processes, leading to differences in their ET - water level distribution. However, the overall better agreement between
the Noah-MP peatland results with observations evident from the reduced errors and bias, implies a better representation of

peatland microtopography in Noah-MP compared to the relatively simplified structure of that in PEATCLSM.
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7.4 Limitations and sources of uncertainty

Certain aspects of this modeling framework remain unexplored due to scarce in-situ observations in the study region. For
example, the scope of validating soil moisture and ET remains limited due to the lack of in-situ stations and flux towers in the
region. Despite these challenges, the improved performance of the peatland module in Noah-MP with CHIRPS precipitation
has been confirmed through a robust validation of water level datasets collected from 20 well locations (Fig. 10). Because all
the peatland-related model changes done in the code (e.g., runoff generation, evapotranspiration stress, and storage dynamics)
are explicitly dependent on water level dynamics, this validation gives some confidence that the runoff and ET responses,
which depend on the same variable, are also better represented, although this remains unverified due to lack of in-situ data.

One simplification of the current peatland implementation concerns the treatment of evaporation under waterlogged con-
ditions. The evaporation from the ponded surface is not accounted separately, and the evaporation for peat grid cells is still
computed with the default Noah-MP resistance-based bare-soil formulation. This may introduce a low bias in simulated evapo-
transpiration during periods of surface inundation. However, we expect this bias to be of secondary importance for the Cuvette
Centrale application presented here because, in our scheme, the flooding does not create a large open water surface, but rather a
ponding water table that stays below the forest and understory vegetation in the Cuvette Centrale region. Under closed-canopy
tropical forest, surface evaporation (whether from soil or standing water) is a minor component of total evapotranspiration
relative to canopy transpiration, which dominates the water balance in these systems. We therefore consider the net effect of
this simplification on grid-integrated ET to be limited in the present application.

The TWSA changes in the model have been estimated relative to GRACE TWS anomalies, accounting for the proxy sur-
face water storage signal derived from altimetry-based DAHITI water level data and the MERIT Hydro-based surface water
extent network. This approach allows us to explicitly assess the degree of SWSA contributions to the peatland water storage.
However, there are uncertainties in the datasets and the model-data fusion approach may incorporate those uncertainties in
this analysis. This can be avoided by employing a coupled LSM-hydrodynamic model system over the Congo peatland region
(Apers et al., 2026; Getirana et al., 2021). This analysis provides insight into the limitations of uncoupled land surface model-
ing frameworks in exploring the river influence in peatland-dominated basins. In fact, evaluation of TWSA from the different
model configurations with GRACE at this scale show marginal differences among their respective statistics. The reason behind
such performance is the presence of mixed signal from both peat and non-peat, and changing the dynamics of a part of the
system may not automatically lead to an improvement in the mixed system. It depends on the errors of the other unchanged
part of the system as well.

Interestingly, with the same forcing input (MERRA-2), PEATCLSM shows overall improved domain average statistics of
TWSA than Noah-MP with the peat module. On the contrary, the Noah-MP peatland module showed consistently improved
water level estimates over the peat areas than PEATCLSM based on in-situ evaluation (Fig. 10). This contradictory behavior
can be attributed to the possibility of CLSM performing better over non-peat pixels/ mineral soil than Noah-MP. NoahMP
SIMTOP scheme does not account for the prognostic aquifer storage over non-peat areas like how the TOPMODEL scheme of
CLSM does. However, the SIMGM approach with an optimized topographic index parameter set could enhance the NoahMP
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model performance over non-peat grid cells to be more comparable with CLSM over non-peat areas, which is currently out of
scope for this paper.
Despite these challenges, the study provides a broader picture of the applicability and performance of the newly introduced

peatland module of Noah-MP over the complex hydrological regimes like Congo peatlands.

8 Conclusions

This study described the implementation of a peatland scheme within Noah-MP v5.0 and presented a comprehensive spatiotem-
poral analysis of the model performance in capturing the hydrological dynamics in the Cuvette Centrale peatland complex, in
comparison with the default TOPMODEL scheme of Noah-MP and the established PEATCLSM modules in NASA’s Catch-
ment Land Surface Model (Apers et al., 2026) optimized for the same domain. The performance of this peatland module was
evaluated with in-situ water level data and GRACE TWSA observations after simulating with two different precipitation inputs
(MERRA-2 and CHIRPS). The impact of these modular changes was systematically analyzed by performing four test exper-
iments based on four possible model-forcing combinations (NoahMPpe,t—o MER, NoahMPpeai—o,cr, NoahMPpeai—1 MER
and NoahMPpg,i—1,cn), keeping PEATCLSM forced with MERRA-2 (PEATCLSMygr) as reference for comparison. The

key findings from the study are summarized as follows:

1. Evaluation against in-situ data demonstrates that the newly introduced peatland scheme into Noah-MPv5.0 with im-
proved microtopographic representation better captures the peatland water level dynamics compared to the default Noah-
MP configuration as well as the established PEATCLSM, enabling realistic near-surface water level estimates including
the emergence of above-ground water levels (ponding in hollows). The coupled internal processes behave consistently
as expected: soil moisture tracks the water level and stays persistently wet, the peatland-specific runoff scheme (with
Hortonian runoff suppressed) shifts the system to a saturation-controlled regime, and a new water-level-constrained

transpiration option reduces ET due to waterlogged conditions.

2. Additional evaluation against GRACE-derived total water storage anomalies indicates all the model configurations cap-
ture a similar seasonal cycle of total water storage dynamics with slightly better agreement relative to the default setup
when the peatland module is forced with CHIRPS precipitation. Furthermore, accounting for the surface water stor-
age component (rivers and lakes; not represented by Noah-MP alone) slightly improves the correlation and reduces the
RMSE between Noah-MP and GRACE TWSA across all model configurations. Hence, the impact of correction account-
ing surface water storage contribution along with better precipitation input is more evident here than that of the peatland
physics, indicating the need for better quantification of the surface water contribution from the surrounding Congo River

network and lakes to peatland water storage dynamics in the Cuvette Centrale region.

3. The peat-enabled Noah-MP configuration shows performance improvements throughout most of the analysis especially

when forced with CHIRPS precipitation, which is consistent with the findings of earlier studies, reporting CHIRPS as
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more appropriate precipitation forcing for this region. This highlights the sensitivity of peatland hydrology to precipita-

tion forcing and underscores the importance of accurate forcing input data.

The purpose of this study was to enhance the applicability of Noah-MP LSM to peat-dominated landscapes. However, certain
modeling aspects are yet to be explored in terms of capturing better water storage dynamics and contribution of river water
fluctuation on the peatland inundation. The findings of this study underscore the importance of incorporating river water storage
simulation so that the current model setup can better account for TWSA magnitude and variability. Therefore, accurately
reproducing GRACE signals requires an integrated modeling framework that includes land surface processes coupled with
river routing and floodplain storage accumulation scheme. The water levels in the Congo peatland are likely influenced by
fluctuations in the surrounding Congo River stage (Apers et al., 2026; Biddulph et al., 2021; Marthews et al., 2022), but
the quantification of this influence has not yet been explored. As a future direction, implementing a fully two-way coupled
land-river routing system within LIS/Noah-MP would enable dynamic exchange between river and peatland water storage and
the contribution of the Congo River in the peatland flooding. Such developments would provide a more physically consistent

representation of basin-scale peatland hydrology and improve the simulation of water storage and fluxes in the Congo Basin.

Code and data availability. The LIS/Noah-MPv5.0 model code with peatland-specific changes, produced and used in this study, is available
at https://doi.org/10.5281/zenodo.22029413 (Chakraborty et al., 2026a). The LIS/Noah-MPv5.0 peat simulation outputs are available at the
Zenodo data repository: https://doi.org/10.5281/zenodo.21396257 (Chakraborty et al., 2026b). The meteorological forcings for MERRA-
2 are downloaded from https://disc.gsfc.nasa.gov/datasets?project=MERRA-2 and CHIRPS precipitation data is downloaded from https:
//data.chc.ucsb.edu/products/CHIRPS-2.0/. In-situ water level data used for evaluation are available at the sources indicated in Table C1. The
majority of in-situ datasets are collected from https://congopeat.net/data/, published based on peer-reviewed literature (Dargie et al., 2017,
Apers et al., 2026), and the rest of the datasets are provided by other co-authors and collaborators. The availability of dataset for one well
location (Mai-Ndombe) is subject to an embargo associated with ongoing, unpublished PhD research by a collaborating co-author; these
data have been made available in confidence to the editor and reviewers for the purposes of peer review, and will be made publicly available
upon completion of that thesis work. The DAHITI dataset is accessible through https://dahiti.dgfi.tum.de/en/ and the MERIT Hydro dataset
is taken from https://zenodo.org/records/4301616
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Appendix A: Noah-MP Model configuration with Peatland module within LIS

Table A1. Noah-MP physics options used in this study along with the new peatland physics option

Noah-MP Physics Option Description

dynamic vegetation option 7 off (use input Leaf Area Index; use VegFrac = VegFracGreen from
input)

canopy stomatal resistance option 1 Ball-Berry scheme (Ball et al., 1987; Bonan, 1996)

soil moisture factor for stomatal resistance option I Noah (soil moisture) (Ek et al., 2003)

surface runoff option

2
subsurface runoff and groundwater option 2"
1

peatland physics option

TOPMODEL with an equilibrium water table (Niu et al., 2005)
same as surface runoff option (recommended default)

Run peatland processes (New)

surface layer drag coefficient option 1 Monin-Obukhov (M—-0O) Similarity Theory (Brutsaert, 1982)

supercooled liquid water option 1 No iteration (Niu and Yang, 2006)

canopy radiative transfer option 3 two-stream applied to vegetated fraction (gap = 1 - VegFrac) (Dick-
inson, 1983; Sellers, 1985)

snow surface albedo option 1 BATS snow albedo (Dickinson et al., 1993)

rain-snow partition option 1 Jordan scheme (Jordan, 1991)

snow thermal conductivity option 1 Stieglitz scheme (Yen, 1965)

lower boundary of soil temperature option 2 Temperature at bottom (8 m) read from file (original Noah) (Ek
et al., 2003)

snow/soil temperature time scheme option 1 semi-implicit; flux top boundary condition (Niu et al., 2011)

soil configuration option 1 use input dominant soil texture

tile drainage option 0 No tile drainage

urban physics option 0 No urban physics

“For grid cells where the peatland physics option is active (soil texture class 17), the model internally overrides these two options at runtime to

OptRunoffSubsurface = 9 (Ivanov’s transmissivity-decay scheme, Eq. 12-13) and Opt SoilWaterTranspiration = 4 (the peatland
drought/waterlogging stress functions, Eq. 14-16), regardless of the values listed here. The values shown (2 and 1, respectively) are the model defaults

and apply only to non-peat grid cells.
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Appendix B: Numerical solution of the peatland soil-water balance

(a) Surface-elevation CDF F(z) (b) Microtopographic columns: ponding + per-column retention (c¢) Within each column 6 (2)
1.00 Ztrune ‘ 1 09 7
(2) per-column unsaturated - 0.90
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Figure B1. Subgrid microtopographic representation of a peatland grid cell (schematic, after Dettmann and Bechtold 2016; cf. Eq. 4). Local
surface elevations z, vary about the mean surface (z = 0, positive upward), truncated at the hummock top Z¢runc, With a single grid-cell water
level zy1. (a) Surface-elevation CDF F;(z), the areal fraction with z, < z; its complement [1 — Fi(2)] (right of the curve) is the soil-filled
fraction, and F(zw1) (marker) is the flooded area fraction. (b) The distribution discretized into the model’s Gauss—Legendre columns, ordered
by elevation with width proportional to quadrature weight so that cumulative width reproduces the CDF. Two effects require resolving the
microtopography: (/) flooded columns (25 < zw1) store ponded surface water, and (2) emergent columns (25 > zw1) each carry an unsaturated
soil column with its own retention; color shows volumetric water content 6 (color bar). (¢) Within-column profile 6(z): saturated below zy1,
and above it 0 = 0, (v»/ zps)_l/ b with suction 1) = z — 21, air-entry head 1, and Campbell exponent b. Color key: saturated soil (z < zy1),

unsaturated soil (z > zw1), ponded water (zs < zw1), air (z > max(zs, zw1)). Elevation spread and retention parameters are illustrative.

The microtopographic storage relations of Sect. 3.2.1 are evaluated at every soil-water timestep in SoilWaterMainMod,
supported by two dedicated modules: PeatMicroTopoMod, which provides the subgrid elevation distribution, the storage
integrals, and the specific-yield decomposition, and MicroTopoCorrectionMod, which couples these to the Noah-MP
water-level and soil state. At the start of each timestep the flooded fraction Fj,ondeq and the soil-flux fraction f; are diagnosed
from the current water level, and the incoming surface flux [j, is split into a soil component Iy = fsoillin and a ponding
component Iy, r = (1 — fsoin) Lin-

Shallow water levels (equilibrium regime): For water levels within 0.5 m of the surface the combined soil and surface storage,

Stot(zwl) - Ssoil(zwl) + Ssurf(zwl)a (Bl)
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is updated over one timestep as
SERAY = S+ (Isoit + Lourt) At — E At — T At — Qgup At, (B2)

where E, T, and Qg,}, are evaporation, transpiration, and subsurface runoff. The updated water level is obtained by inverting
Stot(z‘fjl'm) = Stt;rtm, and the surface-ponding change follows consistently as ASg,s = Ssurf(ZfVTAt) — Ssurf(2L)).

Deeper water levels (Richards regime): For deeper water levels the one-dimensional pressure-head Richards solver of
SoilWaterDiffusionRichardsMod is used (Eq. 8). Only the soil-domain fraction of the surface flux and sink terms is

imposed on the column,
Isoil = fsoilla Esoil = fsoilE> Tsoil = fsoilT; qub,soil = fsoileuba (B3)

with the complementary fraction (1 — fs.i) retained in the small remaining surface-ponding store; the evaporation, transpi-
ration, and subsurface-runoff sinks are drawn only from the hydraulically active (unsaturated) layers above the water level.
Before the update, the layer-mean soil moisture is mapped to an equivalent pressure-head anomaly relative to the hydrostatic
microtopographic equilibrium; after the update, the soil-water change is transferred back to the microtopographic framework
while conserving storage,

= 2 [0+ (055 — 00 R ) | Az, (B4)

where 6! is the original microtopography-aware layer moisture, 9§)R and 9;32\& are the equivalent one-dimensional val-
ues before and after the Richards update, and Az; is the layer thickness. The final water level is then found by solving
SSOH(ZEVTN) = S ;> a bisection on the microtopography-averaged storage.

Saturated layers and bottom boundary: Fully saturated layers below the diagnosed water level are decoupled from the active

Richards domain, and no free drainage is permitted through the bottom of the peat column,
Qvot =0, (BS)

so that water added to the saturated profile raises the water level or contributes to ponding rather than being lost as artificial
bottom drainage. If the diagnosed water level falls below the modeled soil column, it is capped at the column bottom and the
profile reset to equilibrium there; the resulting change in column water storage is balanced against the subsurface-runoff flux to
conserve mass. Together these steps keep the water level, flooded fraction, soil-moisture profile, and surface ponding mutually

consistent with the subgrid hummock-hollow distribution throughout the timestep.
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Appendix C: Overview of the in-situ data sites

Table C1. List of in-situ well locations:

EGUsphere\

No. Well ID Lon (°) Lat (°) Data availability Source

1 Bondonki-SPT4 17.0285 0.8549 Apr 2013 —May 2014  Dargie et al. (2017)

2 Bondonki-SPT5 17.0196 0.8552 Apr 2013 —May 2014  Dargie et al. (2017)

Bondonki-SPT6 17.0105 0.8555 Apr 2013 —May 2014  Dargie et al. (2017)

4 Bondzale-SPT3 17.9863 1.9083 Mar 2013 —May 2014  Dargie et al. (2017)

5 Bondzale-SPT4 17.9777 1.9070 Mar 2013 —May 2014 Dargie et al. (2017)

6 Bondzale-SPT6 17.9595 1.9041 Mar 2013 —May 2014  Dargie et al. (2017)

7 Ekolongouma-EKG2 17.8466 1.1915 Mar 2019 — Mar 2021  Dargie et al. (2017)

8 Ekolongouma-EKG3 17.8315 1.1883 Mar 2019 —Mar 2021  Dargie et al. (2017)

9 Ekolongouma-SPTO 17.7963 1.1808 Feb 2013 — Mar 2015,  Dargie et al. (2017)
Mar 2017 — Sep 2018

10 Ekolongouma-SPT2 17.8139 1.1846 Apr 2014 — Mar 2015,  Dargie et al. (2017)
Mar 2017 — Sep 2018

11 Ekolongouma-SPT4 17.8315 1.1879 Feb 2013 — Apr 2014,  Dargie et al. (2017)
Mar 2017 — Sep 2018

12 Ekolongouma-SPT5 17.8402 1.1899 Feb 2013 —Mar 2015,  Dargie et al. (2017)
Mar 2017 — Sep 2018

13 Itanga-SPT3 17.4609 1.2085 Mar 2013 — Apr 2015,  Dargie et al. (2017)
Feb 2017 — Aug 2018

14 Itanga-SPTS 17.4870 1.2151 Mar 2013 — Apr 2015,  Dargie et al. (2017)
Feb 2017 — Aug 2018

15 Itanga-SPT6 17.4782 1.2129 Mar 2013 — Apr 2015,  Dargie et al. (2017)
Feb 2017 — Aug 2018

16 Lokolama-5.1 18.2007 -0.3032 Feb 2018 — Dec 2019 Crezee (2022)

17 Lokolama-5.3 18.1871 -0.3150 Feb 2018 — Dec 2019 Crezee (2022)

18 Lokolama-5.4 18.1803 -0.3209 Feb 2018 — Dec 2019 Crezee (2022)

19 Ikelemba-5 18.8276 0.2834 Mar 2018 — Nov 2019 Crezee (2022)

20 Mai-Ndombe 18.3812 -1.8812 Aug 2024 — Jul 2025 Unpublished
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