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Abstract. Despite the critical role of tropical land-surface processes in Earth system dynamics, large gaps persist in model
evaluation and calibration for these regions. This study addresses this disparity through site-specific calibration of the Noah
with Multi-Parameterizations (Noah-MP) land surface model at two tropical forest sites in Panama and Malaysia and one urban
tropical site in Singapore. The site-specific calibration improves the model’s ability to simulate key variables, including latent
and sensible heat fluxes as well as soil moisture, particularly at daily and seasonal scales. Sensitivity analyses identify
consistently influential parameters across land cover types, offering guidance for model tuning in other tropical contexts.
Nevertheless, challenges persist, particularly in estimating nighttime sensible heat fluxes, balancing the optimization of latent
and sensible heat fluxes, and capturing seasonal soil moisture dynamics. These insufficiencies may be due to a lack of realistic
complexity in Noah-MP’s land-surface physics, including multi-species vegetation modeling, soil organic layer treatments,
subsurface hydrological processes, and permeable urban surfaces. Our results demonstrate how targeted parameter refinement
can improve Noah-MP’s performance in the tropics and inform future development priorities. These findings contribute to
broader efforts to generalize model calibration strategies and improve Earth system model fidelity in data-scarce, climatically

distinct regions.
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1 Introduction

Land surface processes play a vital role in modulating regional and global climate dynamics through mechanisms such as
evapotranspiration, the exchange of momentum, albedo, and greenhouse gas emissions (Bonan, 1995; Cheruy et al., 2014; Cox
etal., 1999, 2000; Crossley et al., 2000; Dickinson, 1983; Lawrence et al., 2012; Lin et al., 2017; Mahmood et al., 2014; Pielke
etal., 2011; Pitman et al., 2009; Unger, 2014; Van Weverberg et al., 2018). These processes are particularly critical in tropical
regions, which act as key drivers of global climate systems (Gentine et al., 2019). Tropical forests, for instance, are the largest
terrestrial carbon sinks, regulating the Earth’s climate by cycling vast amounts of carbon, water and energy (Pan et al., 2011;
Schlesinger and Jasechko, 2014). Additionally, tropical land surfaces significantly impact local weather patterns, monsoon
circulation, and extreme weather events such as tropical cyclones and intense convective storms (Gentine et al., 2019; Li et
al., 2016). Understanding these processes is essential for predicting climate change and variability, managing water resources,
and conserving biodiversity in these ecologically vital regions.

Recent rapid urbanization, deforestation, agricultural expansion, and wildfires across the tropical regions have profoundly
altered land cover and land use patterns (Lambin et al., 2003; Vetrita and Cochrane, 2020). These changes have significant
implications for surface energy, water, and carbon cycles, as they modify surface albedo, heat fluxes, soil moisture, vegetation
covers, and local climate dynamics (Hasler et al., 2024; Sun et al., 2021). For instance, revegetation can enhance
evapotranspiration, leading to a cooling effect (Shao and Zhang, 2019). However, reduced surface albedo associated with
revegetation may increase temperature by absorbing more shortwave radiation, potentially outweighing the cooling effect of
increased evapotranspiration (Zhang et al., 2022). Such changes are particularly concerning in tropical regions, which are
prone to extreme weather events like tropical cyclones, monsoon disturbances, and intense convective storms. Land surface
processes can influence the development, intensity, and tracks of these events through feedback mechanisms involving surface
moisture, heat fluxes, and atmospheric stability (Ma et al., 2013). Accurate representation of these changes in land surface and
land-atmosphere interactive processes is therefore crucial for improving early warning systems, disaster preparedness, and
sustainable land management strategies.

Land surface models (LSMs) are essential tools for simulating and predicting these complex processes as well as their
changes (Bonan and Doney, 2018). Over the years, LSMs have evolved from simplified representations of land surface
biophysics to sophisticated frameworks that integrate biophysical, biogeochemical, hydrological, and ecological processes
(Fisher and Koven, 2020). They are widely used to assess the impacts of land-use changes on water and carbon cycles, evaluate
land-atmosphere interactions, and inform strategies for managing the water-food-energy nexus (Cheng et al., 2022; Cheng et
al., 2024a).

Despite recent advancements, LSMs are complex and still require extensive testing and calibration across diverse climate
regimes. This issue relates to the fact that default parameterizations, which are often developed using mid-latitude
observational data, may not translate well to other biomes with fundamentally different environmental conditions (Lu et al.,

2018, 2024). Each region (tropical, temperate, boreal, and arid) differs in key environmental and biological processes, and land
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cover types such as forests, grasslands, and urban areas exhibit distinct land-atmosphere interactions. Consequently, using
default configurations could lead to poor representation of temporal variability in surface fluxes (e.g., latent and sensible heat,
photosynthesis) and misrepresentation of biogeochemical and hydrological processes (e.g., soil moisture and streamflow
dynamics) (Lu et al., 2018, 2024).

This challenge is pronounced in tropical regions, where high biodiversity, complex canopy structures, and distinct wet-
dry seasonality complicate model performance. For example, representing tropical forest diversity in land surface models
remains challenging due to limited understanding of the mechanisms underlying forest functional diversity. In particular, few
studies have calibrated the ecological coexistence of tropical tree species, which are the processes that allow multiple species
with differing traits to persist together over time within the same ecosystem (Yanyan Cheng, Wang, et al., 2024b). Moreover,
the critical role of soil hydrological processes in shaping tropical ecosystem behavior has been underexplored in model
calibration efforts (Cheng et al., 2022; Cheng et al., 2023; Cheng et al., 2024b).

To address these limitations, site- or region-specific calibration is essential for improving model accuracy and ensuring
reliable simulations at local, regional, and global scales (Cheng et al., 2023; Huang et al., 2016; Lu and Ricciuto, 2019; Miiller
et al., 2015; R. Sun et al., 2021). Particularly important is the joint tuning of soil and vegetation parameters and validation
across multiple timescales, especially in regions with pronounced seasonal variability such as the tropics (Ogden et al., 2013).
Without such targeted calibration, LSMs are likely to struggle to accurately simulate key variables like surface energy fluxes,
vegetation dynamics, and land-atmosphere interactions.

The objective of this study is to assess and enhance the performance of the widely-used Noah with Multi-Parameterization
options (Noah-MP) LSM in tropical regions. Noah-MP stands out for its versatility and comprehensive treatment of land
surface processes (Chang et al., 2020; He et al., 2023a; Niu et al., 2011; Yang et al., 2011). Its multi-physics framework
facilitates the incorporation of diverse parameterizations, enabling its applications across a wide range of environmental
conditions. Its seamless integration with numerical weather prediction (NWP) models, such as the Weather Research and
Forecasting (WRF) model, the Multiscale Prediction and Analysis System (MPAS), and NOAA’s Unified Forecast System
(UFS), significantly enhances its utility in climate and weather simulations. However, despite its widespread use, Noah-MP
applications remain understudied in tropical environments. In this study, we evaluate and calibrate Noah-MP against
observational data from three tropical field sites: two forest sites in Panama and Malaysia, and one urban site in Singapore.
We assess the model’s ability to simulate diurnal, daily, and seasonal dynamics of land surface energy fluxes and soil moisture.
Recognizing that Noah-MP’s performance is sensitive to the choice of key vegetation and soil parameters, we explicitly

calibrate them to improve representation of tropical ecosystem dynamics.
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2 Methods and data
2.1 Study area and field data for model evaluation and calibration

We use observational data from three tropical sites, including two tropical forest sites (Panama and Malaysia) and a tropical
urban site (Singapore) (Figure 1, Table 1), to calibrate Noah-MP and improve its performance over tropical regions.
Specifically, we evaluate and improve Noah-MP’s performance in simulating latent heat (LH), sensible heat (SH), and soil

moisture (SM), which are key variables influencing land-atmosphere interactions.

30°S
100°wW
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40°W 10°wW 50°E 80°E 110°E

Figure 1. Locations of the study sites include a tropical forest site in Barro Colorado Island, Panama (BCI, black star), a

tropical forest site in Pasoh Forest Reserve, Malaysia (PSO, blue star), and a tropical urban site in Singapore (SG, red star).

Table 1. Detailed information for the three study sites.

Panama BCI Malaysia PSO Singapore
Latitude 9.151 2.9667 1.3143
Longitude -79.855 102.3 103.9112
Vegetation Evergreen broadleaf forest | Evergreen broadleaf forest | Forest and urban
Data availability 20150730 ~ 20170831 20030101 ~ 20091231 20060430 ~ 20070331
Wind speed (m/s) 2.94 1.86 2.09
Temperature (°C) 25.5 25.3 27.4
Humidity 89.0 % 82.9% 0.016 kg/kg
Air pressure (mb) 988 989 1008
Shortwave radiation (W/m?) | 195 198 371
Longwave radiation (W/m?) | 428 419 415
Precipitation (mm/year) 2025 1790 2524
Latent heat (W/m?) 70.5 99.2 36.5
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Sensible heat (W/m?) 30.3 44.7 55.1

2.1.1 Panama tropical forest site

The Barro Colorado Island (BCI) site in Panama is located at 9.151 °N, 79.855 °W. It is a primary lowland (elevation 120 m)
semi-deciduous tropical forest site with a mean canopy height of 30 and few emergent trees (Cheng et al., 2022; Detto et al.,
2015; Detto and Pacala, 2022; Fang et al., 2022). It has distinct dry (mid-December to mid-April) and wet (late-April to early
December) seasons (Ogden et al., 2013). The site exhibits a tropical monsoon climate (Am), characterized by a short dry
season. The soils are mostly well weathered kaolinitic Oxisols. Meteorological and flux data were collected from a 45 m tower
located on the top-plateau at a half-hour temporal resolution (Detto and Pacala, 2022). The mean annual precipitation, wind
speed, air temperature, relative humidity, air pressure, shortwave radiation, and longwave radiation during 2015 to 2017 are
2025 mm, 2.94 m/s, 25.5 °C, 89%, 98.8 kPa, 195 W/m?, and 428 W/m?, respectively (Table 1). The soil moisture is measured
in the top 15 cm of the soil (Cheng et al., 2022; Detto and Pacala, 2022).

2.1.2 Malaysia tropical forest site

The Pasoh Forest Reserve (PFR), known as the PSO AsiaFlux site, is a tropical forest located in Malaysia at 2.9667 °N, 102.3
°E. This lowland forest (140 m elevation) boasts a canopy height of 30 ~ 40 m, with emergent trees reaching 45 m. The site
is notable for being located within a dry zone of Peninsular Malaysia and receives the lowest annual rainfall among adjacent
south-eastern tropical rainforests (Lion et al., 2017; Noguchi et al., 2016). The soils are dominated by Ultisols and Oxisols,
which are Haplic Acrisol and Xanthic Ferralsol in FAO classification. The site has a tropical rainforest climate (Af), with
consistently high rainfall throughout the year.

The observed data were measured at a height of 54 m on the flux tower at a half-hour temporal resolution (Lion et al.,
2017). The mean annual precipitation, wind speed, air temperature, relative humidity, air pressure, shortwave radiation, and
longwave radiation from 2003 to 2009 are 1790 mm, 1.86 m/s, 25.3 °C, 82.9%, 98.9 kPa, 198 W/m?, 419 W/m?, respectively
(Table 1). The volumetric soil water content is calculated as the average of observations from nine time domain reflectometry

(TDR) sensors placed at depths of 10, 20, and 30 cm at three locations around the flux tower (Noguchi et al., 2016).

2.1.3 Singapore tropical urban site

The Singapore (SG) tropical urban site is located at 1.3143 °N, 103.9112 °E. It is a compact low rise residential site (Lipson
et al., 2022; Roth et al., 2017). The eddy covariance flux tower is located on the grounds of a student hostel, in the southwest
corner of a grass-covered sports field. Within a 1000 m radius of the eddy covariance tower, the surface consists of a mix of
impervious areas, including buildings, roads, and parking lots, and pervious areas, including trees and grass (Roth et al., 2017).

The flux tower observational data have a half-hour temporal resolution. The mean annual precipitation, wind speed, air
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temperature, specific humidity, air pressure, shortwave radiation, and longwave radiation from 2006 to 2007 are 2524 mm,

2.09 m/s, 27.4 °C, 0.016 kg/kg, 100.8 kPa, 371 W/m?, and 415 W/m?, respectively (Table 1).

2.2 Noah-MP

The community Noah-MP LSM (He et al., 2023a, 2023b; Niu et al., 2011) is designed for a wide range of applications,
including uncoupled studies of hydrometeorological and ecohydrological processes, as well as coupled numerical weather
prediction and decadal climate simulations. It can operate from point to global scales. The land grid in Noah-MP is divided
into two sub-grid tiles: vegetated and non-vegetated areas, determined by vegetation cover fraction. The biogeophysical and
biogeochemical processes are treated separately for these two tiles. Noah-MP employs a “big-leaf” canopy approach, with
canopy properties varying according to the type of vegetation (He et al., 2023a).

For urban applications, the single-layer urban canopy model (SLUCM) in the integrated Weather Research and Forecasting
(WRF)-urban modeling system (F. Chen et al., 2011) has been coupled with Noah-MP (Salamanca et al., 2018), allowing the
offline (standalone) Noah-MP-SLUCM simulation.

More detailed descriptions of Noah-MP and SLUCM have been provided elsewhere (Chen et al., 2011; He et al.,
2023c). The Noah-MP-SLUCM model has been applied to various urban environments by previous studies (Gao et al., 2019;
Newman et al., 2024; Xue et al., 2024).

2.3 Model simulations

We configure single-point Noah-MP simulations at the three study sites and calibrate the model at the daily scale. For the
Panama tropical forest site, the vegetation type is set as evergreen broadleaf forest and the soil type as clay. The simulated soil
moisture for the top 10 cm is used as the closest available depth for validation against the observations at the site in Panama.
At the Malaysia site, the vegetation type is also evergreen broadleaf forest, with silty clay soil. The simulated soil moisture
averaged over the top 30 cm is used to validate against the observed soil water content at the site. For the Singapore tropical
urban site, the vegetation is defined as a mix of urban and grassland, with their fractions determined by the model’s urban

fraction parameter.

2.4 Sensitivity analysis

We select several key vegetation and soil parameters for sensitivity analysis and calibration based on the past experience and
literature reports (Arsenault et al., 2018) (Table 2), which include the maximum rate of carboxylation at 25 degC (VCMX25),
leaf area index (LAI), top of canopy (HVT), bottom of canopy (HVB), momentum roughness length (ZOMVT), empirical
canopy wind absorption parameter (CWPVT), saturated value of soil moisture (MAXSMC), saturated hydraulic conductivity
(SATDK), wilting point (WLTSMC), and field capacity (REFSMC). For vegetation parameters, VCMX25 regulates the
photosynthesis rate and stomatal resistance, LAl is related to plant phenology, and HVT and HVB determine canopy thickness.
CWPVT affects turbulent heat transfer below canopies, while ZOMVT controls sensible and latent heat fluxes above the

6
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canopy. For soil parameters, MAXSMC, WLTSMC, and REFSMC determine soil water retention and the amount of water
available for plant uptake, while SATDK controls the infiltration rate.

170 Table 2. Noah-MP parameters used in the sensitivity analysis.

175

180

Parameter Full name Relevant process Bound Reference
Maximum  rate  of . )
} Photosynthesis Domingues et al., (2005);
VCMX25 carboxylation at 25 degC 30~ 120
rate Chen et al., (2008)
(umol CO*m?/s)
HVT Top of canopy (m) Plant transpiration 9~55 Kosugi et al., (2012)
HVB Bottom of canopy (m) Plant transpiration 0.1~15 Kosugi et al., (2012)
In and below
Empirical canopy wind
CWPVT canopies sensible 0.15~5.35 Goudriaan (1977)
absorption parameter
heat
Momentum  roughness | Above-canopy
ZOMVT 0.0~1.1 He et al., (2023)
length (m) sensible heat
LAI Leaf area index (m?*m?) | Phenology 1~8 Kosugi et al., (2012)
WLTSMC Wilting point (m*/m?) Soil moisture 0.02~0.26 Marryanna et al., (2019)
REFSMC Field capacity (m*/m?) Soil moisture 0.15~0.45 Litt et al., 2020 (2020)
Saturated value of soil
MAXSMC Soil moisture 0.45~0.75 Litt et al., 2020 (2020)
moisture (m*/m?)
Saturated hydraulic 8.9x10°~5
SATDK Soil moisture Marryanna et al., (2019)
conductivity (m/s) x 1074

We examine the sensitivity of Noah-MP-simulated land surface conditions to these key parameters by conducting a linear
univariate sampling of their values within predefined uncertainty ranges (Table 2) (Cheng et al., 2020; Kennedy et al., 2024).
Specifically, each parameter is varied incrementally (10 values with equal intervals) while keeping the remaining parameters
fixed at their default values as given in Tables 3-4.

To select optimal parameter values, we adopt field-reported values for parameters with available measurements (e.g., LAI).
For the other parameters, we use the results from the sensitivity analysis to select the optimal parameter values that yield the
lowest bias between daily site-level measurements and model simulations. These calibrated parameter values are used for
subsequent analyses and discussions.

We rank the importance of the parameters for energy fluxes using the following equation, which evaluates the individual

contribution of a single parameter when varied, relative to the total variation observed using the default parameter set.
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|Vlinear_samping,i _ ]
i j observed,j
S i = (1)
| Vdefault,j - Vobserved,j
where I/J'.”near‘samping ' is the Noah-MP outputj (LH or SH) when only parameter i is perturbed (while others remain at default

values), Vyerauir,j is the model output j using all default parameter values, Vi pserveq,j 18 the observed value for variable j (i.e.,
LH or SH). The metric S]-i represents the sensitivity of variable j to parameter i. Parameters are ranked by the magnitude of S?,

with higher values indicating greater impact on the model output.

3 Results

For each site, our analysis includes a discussion of parameter sensitivity results to identify the most influential parameters and
their optimal values. We also examine how calibrating these parameters affects day-to-day variability, as well as seasonal and

diurnal cycles.

3.1 Tropical forests sites
3.1.1 Panama tropical forest site

At the Panama BCI tropical forest site, we find that the most important parameter for LH and SH is the maximum rate of
carboxylation at 25 degC (VCMX25) (Table 3), which controls the photosynthesis rate and stomatal conductance, and thereby
also plays a dominant role in both carbon assimilation and evapotranspiration. The calibrated VCMX25 value is 100
umol/COz/m?/s. This is consistent with other studies that have identified the typical values of VCMX25 for Panama BCI
tropical forests (Cheng et al., 2024b). While VCMX25 modulates both heat fluxes by altering LH, with subsequent change in
SH via energy partitioning, ZOMVT is also important for directly controlling above-canopy sensible heat, which induces a
latent heat response by cooling the land surface. SATDK plays a key role in regulating latent heat, as it determines the amount

of water available for plants to uptake.

Table 3. Default and calibrated parameter values at the Panama BCI tropical forest site.

Parameter | Default value | Calibrated value | Rank of importance for LH | Rank of importance for SH
VCMX25 60 100 1 1
HVT 20 45 5 3
HVB 8 25 5 3
ZOMVT 1.1 0.8 2 2
MAXSMC 0.468 0.525 4 4
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SATDK 9.74 x 10 1x10* 3 5

The calibrated parameters improve the simulation of daily soil moisture and SH at the Panama tropical forest site (Figure
2). For soil moisture, the observed mean value is 0.398 m*/m?. Simulations using default and calibrated parameters yield mean
soil moisture values of 0.367 m*/m* and 0.395 m?/m?, respectively. The mean bias for soil moisture decreases from -0.031
m?/m? for default parameterization to -0.003 m3/m? for calibrated parameterization. The coefficient of determination (R?)

values for soil moisture increase from 0.49 for the default parameterization to 0.73 for the calibrated parameterization (Figure

S1).
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Figure 2. Observation (black line) and daily simulation results at the Panama BCI tropical forest site for (a-b) latent heat, (c-
d) sensible heat, and (e-f) soil moisture, using default parameters (left column, red line) and calibrated parameters (right

column, blue line).

For LH and SH, the observed mean values are 70.5 W/m? and 30.3 W/m?, respectively (Table 1). The simulation using
default parameter values yields mean LH and SH values of 76.5 W/m? and 64.7 W/m?, respectively, while the simulation using

calibrated parameter values produces mean LH and SH values of 87.6 W/m? and 53.8 W/m?, respectively. The mean biases

9
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for LH and SH are 6.0 W/m? and 34.4 W/m? for the default parameterization, compared to 17.1 W/m? and 23.5 W/m? for the
calibrated parameterization.

Noah-MP effectively captures the seasonal and diurnal dynamics of surface energy and water fluxes for both model

220 configurations (Figure 3). Specifically, it captures the decline in LH and soil moisture, as well as the corresponding peak in
SH around April (Figures 3a and 3c). However, the model does not fully capture the peak in soil moisture from September to
November (Figure 3e), consistent with its deficiencies in simulating wet-season soil moisture peaks as observed in the daily
results (Figure 2f). The underestimated wet-season soil moisture may be caused by the deficiencies in subsurface water
transport representation, such as the absence of preferential flow simulation in Noah-MP, which is known to govern seasonal

225 sub-surface fluxes of water in tropical rainforests by rapidly transporting water downward (Cheng et al., 2017, 2018, 2019).
Preferential flow paths generated by tree root penetration, termite activity, earthworm burrows, or other soil microporosity
significantly alter the partitioning of water and energy, affecting not only runoff, but also water storage and plant water uptake,
which reflects in the surface-air water fluxes. Therefore, their absence in Noah-MP could be an important source of structural
error which would further hinder calibrations based on heat fluxes. This critical process has received insufficient attention in

230 the context of land surface modeling and deserves future model development efforts.
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Figure 3. Observation (black line) and simulation results at the Panama BCI tropical forest site for (a-b) latent heat, (c-d)
sensible heat, and (e-f) soil moisture, using default parameters (red line) and calibrated parameters (blue line) for seasonal (left

column) and diurnal (right column) cycles.

There is a trade-off in optimizing LH and SH, at seasonal, daily, and diurnal scales (Figures 2-3), making it challenging
to simultaneously capture the dynamics of both fluxes. Compared to the results using default parameters (Figures 2a and 2c,
Figures 3a-d), the calibrated parameters improve the simulation performance for SH (Figures. 2d and 3d) but undermine the
performance for LH (Figures 2b and 3b). This is further evident when examining the correlations between predicted and
observed LH and SH (R?) as we reported earlier (Figure S1). For example, with default parameters there is a better linear
correlation between simulated and observed daily means of LH (R2=0.51). For the calibrated parameters, a positive correlation
is retained, but a positive LH bias develops on days when the LH flux is relatively large (Figure S1b). This can also be seen in
the daily time series and seasonal cycles (Figures 2-3) which show that LH overestimation is most severe between January and
April, as the dry season develops but simulated LH remains relatively large. We note from Figures 2e-f that the dry down of
soil moisture at these times of year is poorly captured, with both the calibrated and uncalibrated models overestimating soil
moisture by an average of 0.03 m*m?’, which may explain why the calibration is ineffective at addressing LH biases.
Additionally, downward solar radiation measured by the flux tower may contain biases. If it is overestimated, this could
contribute to the overall overestimation of both latent and sensible heat fluxes.

Another possible source of the discrepancy between calibrated LH and SH may be Noah-MP’s inability to simulate forest
functional diversity, which are prevalent in tropical forests and critical for capturing forest response to environmental
variability (Cheng et al., 2024b). Addressing this limitation may require the use of more advanced ecosystem demography
models to better capture the interactions of multi-species coexistence in tropical ecosystems.

The model persistently overestimates nighttime SH (Figure 3d), which is consistent with an overestimation of nighttime
soil temperature relative to observations (Figure S2). This discrepancy likely stems from the absence of a parameterization for
the soil organic layer in Noah-MP. Organic layers, with their low thermal conductivity and high heat capacity, dampen both
daytime heating and nocturnal cooling. Without this buffering effect, the model likely exaggerates diurnal soil temperature
amplitudes, inflating both daytime peaks and nighttime minima. This structural limitation, which has been recognized in
previous evaluations (Zhang et al., 2021), contributes to systematic SH biases and highlights a priority area for future model

development.

3.1.2 Malaysia tropical forest site

The single most sensitive parameter for calibrating LH and SH at the Malaysia PSO tropical forest site is LAI (Table 4), but
this parameter is considered to be relatively known, based on the site measurements (Kosugi et al., 2012). Therefore, as
described in the Methods, the LAI value was updated from the Noah-MP default value for evergreen broadleaf forest (4.5
m?/m?) to a field value of 6.52 m?*/m? (Table 4). The empirical canopy wind absorption parameter (CWPVT) is also important
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for calibrating both LH and SH as it controls turbulent heat fluxes below the forest canopy. A set of soil parameters, including
REFSMC, WLTSMC, and SATDK, strongly influence Noah-MP’s simulation of energy and water fluxes by shaping how

plant-available soil moisture is represented in the model.

Table 4. Default and calibrated parameter values at the Malaysia PSO tropical forest site.

Parameter Default value Calibrated value | Rank of importance for LH | Rank of importance for SH
VCMX25 60 58 6 6
HVT 20 45 7 7
HVB 8 20 7 7
CWPVT 0.67 0.3 2 5
LAI 4.5 6.52 1 1
WLTSMC 0.126 0.2186 8 4
REFSMC 0.404 0.3458 3 2
MAXSMC 0.468 0.4688 5 8
SATDK 1.34 x 107 4x10™ 4 3

The calibrated parameters substantially improve the simulation of energy and water fluxes at the Malaysia PSO tropical forest
site (Figure 4). Specifically, at the daily scale, the observed mean LH and SH fluxes from 2003 to 2009 are 99.2 W/m? and
44.7 W/m?, respectively (Table 1). The Noah-MP simulation using default parameter values yields mean LH and SH values
of 85.0 W/m? and 53.5 W/m?2, while the simulation using calibrated parameter values produces mean LH and SH values of
96.9 W/m? and 43.6 W/m?. The mean biases for LH and SH are -14.2 W/m? and 8.8 W/m? for default parameterization,
compared to -2.3 W/m? and -1.1 W/m? for calibrated parameterization. Calibration also substantially improves the correlation
between simulated and observed daily mean values of both LH and SH (Figure S3), with R? values for LH and SH increasing

from 0.24 (LH) and 0.55 (SH) using default parameters, to 0.63 for both LH and SH after calibration (Figure S3).
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Figure 4. Observation (black line) and daily simulation results at the Malaysia PSO tropical forest site for (a-b) latent heat, (c-
d) sensible heat, and (e-f) soil moisture, using default parameters (left column, red line) and calibrated parameters (right
column, blue line).

For soil moisture, the observed mean value is 0.375 m*/m?3. Soil moisture variability is reasonably well simulated by both
configurations with mean biases of -0.011 m*/m? for default parameterization and -0.01 m*/m? for calibrated parameterization
(Figures 4e-f). The R? values for soil moisture are similar for default (0.64) and calibrated results (0.6) (Figure S3). Compared
to fluxes, the improvement in soil moisture simulation is less pronounced, likely due to the relatively small differences between
the calibrated and default values of parameters governing soil moisture dynamics (e.g., MAXSMC) (Table 4). Overall,
calibration attempts can be considered more successful for PSO in Malaysia than for BCI in Panama, possibly because the
weaker seasonality at the Malaysia site means that the models do not need to capture distinct wet-dry transitions.

In addition to daily dynamics, Noah-MP also adequately captures both seasonal and diurnal dynamics of energy and water
fluxes at the PSO site (Figure 5). At the seasonal scale, both model configurations capture the decline in LH from April to July
and from September to December (Figures 5a and Sc). Calibration greatly improves the simulation of LH, by removing a
substantial underestimate that is present for all months with the default parameters. SH is similarly improved, except between

February and April, when the decrease in SH due to calibration leads to an underestimation.
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Figure 5. Observation (black line) and simulation results at the PSO tropical forest site for (a-b) latent heat, (c-d) sensible heat,
and (e-f) soil moisture, using default parameters (red line) and calibrated parameters (blue line) for seasonal (left column) and
diurnal (right column) cycles.

At the diurnal scale, Noah-MP captures the peaks in LH (Figure 5b) and SH (Figure 5d) around noon time for both model
configurations. For LH, calibration improves the simulations, indicating that calibration on daily timescales translates into sub-
daily improvements. Interestingly, for SH, the peak of the diurnal cycle is underestimated after calibration, even though the
overall performance on daily and seasonal timescales is improved. This stems from the period from February to April, when
the calibrated SH values are further reduced relative to the default, resulting in greater underestimation compared to
observations. The variation in model performance in capturing the diurnal cycle across seasons clearly reveals this contrast.
Specifically, from February to April, calibration increases the SH mean bias from -3.6 W/m? (default) to +7.1 W/m?. While in
the remaining months, calibration reduces the mean bias from -10.5 W/m? (default) to -0.4 W/m?.

The notable success of co-calibration of both heat fluxes at PSO in Malaysia, compared to the conflicting results for LH
and SH at BCI in Panama, is perhaps due to the large differences in climate and vegetation conditions between the two
locations. Specifically, Panama has a tropical monsoon climate (Am), characterized by distinct dry and wet seasons, while
Malaysia experiences a tropical rainforest climate (Af), with consistently high rainfall throughout the year. Furthermore,

despite receiving less rainfall, the PSO site exhibits higher LH than the BCI site (Table 1), suggesting that structural vegetation
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differences, such as LAI and canopy wind effects (represented at PSO by the sensitivity of the model to CWPVT), are playing
a significant role in energy fluxes. For example, the positive LH biases at PSO with default parameters may be partially a result
of underestimated damping of in-canopy winds by the relatively denser canopy, in which case calibrating CWPVT and LAI
can be expected to improve both LH and SH. As a result, the parameters for the BCI site are not applicable to the PSO site.
This highlights the importance of local observational data to guide the calibration. Nevertheless, the calibrated parameter

values and their sensitivities can still offer useful insights for other tropical forest sites with similar climate regimes.

3.2 Singapore tropical urban site

The Singapore site is one of the few urban sites located in tropical regions (Lipson et al., 2022). The reported urban fraction
for this region is 85% (Lipson et al., 2022; Roth et al., 2017); however, using this value leads to a substantial underestimation
of LH in Noah-MP-SLUCM simulations (Figure 6a). To improve model performance, we adjusted the urban fraction to 70%—
a value more consistent with high-resolution land cover data—and found that this change significantly improved the accuracy
of LH simulations. Specifically, the observed mean LH value is 36.5 W/m? (Table 1). Noah-MP-SLUCM simulations with
default parameters yield a mean LH of 14.2 W/m?, whereas the calibrated setup with a 70% urban fraction increases the mean
LH to 27.2 W/m?. This reduces the LH mean bias from -22.3 W/m? (default) to -9.3 W/m?. The coefficient of determination
(R?) for LH improves from a negative value (-2.0, indicating the model performs worse than simply using the mean of the
observation for prediction) under default parameters to 0.14 with calibration (Figure S4), indicating a modest, though still

limited, improvement in explained variance.
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80 150
E 60 100
=
40
50
20
0
0

e & $ AN R R SR SN

§ § §
¢ & & ¢ & A % A Q %
S S §§ S S S S S $ SRS $
S S . SR SO, U S S S S S

%
%

Figure 6. Observation (black line) and daily simulation results at the SG tropical urban site for (a) latent heat and (b) sensible

heat, using default parameters (red line) and calibrated parameters (blue line). The gaps are due to missing data.

To validate the adjusted urban fraction, we analyzed the 100 m land use classification data for Singapore across buffer
zones ranging from 100 m to 900 m around the flux site. The estimated urban fractions across these scales range from 46% to

77%, supporting the appropriateness of the 70% value used in our calibrated configuration.
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One contributing factor is the simplified treatment of urban hydrology in SLUCM. In SLUCM, all rainfall on urban
surfaces is entirely converted to surface runoff, no water is retained for infiltration, soil water storage, or evapotranspiration,
making latent heat flux almost entirely dependent on the assumed urban fraction and surface roughness. This framework may
be particularly inadequate in tropical cities like Singapore, where vegetation-lined streets, porous green infrastructure, and
irrigated urban vegetation all influence evapotranspiration and surface fluxes. Moreover, the complex 3D geometry of tropical
urban canopies, coupled with persistent high humidity and radiation loads, may induce heat flux behavior that current models
do not fully resolve.

In contrast to LH, SH is relatively less sensitive to the urban fraction adjustment, as evidenced by similar evaluation
metrics for both default and calibrated parameters. The observed mean SH is 51.1 W/m?. Simulations with default and
calibrated parameters yield mean SH values of 55.0 W/m? and 47.5 W/m?, respectively. The corresponding biases are 3.9
W/m? and -3.6 W/m?, while R? values remain high at 0.88 and 0.85 for default and calibrated parameterizations, respectively
(Figure S4), indicating that SH is generally well captured under both configurations. This lower sensitivity arises because SH
differs less between urban and non-urban surfaces in Noah-MP, whereas LH is nearly zero over urban areas (Figure 6a); thus,
even small changes in urban fraction can significantly alter grid-mean LH but have a minimal impact on grid-mean SH.

Compared to the forest sites, where biophysical processes such as soil moisture retention, root water uptake, and canopy
turbulence can be tuned through multiple calibrated parameters, the SLUCM-based urban representation is more rigid.
Consequently, improvements at the Singapore site are limited not by parameter uncertainty, but by structural model
assumptions. Future efforts may benefit from coupling Noah-MP-SLUCM with explicit urban hydrology modules or replacing
it with more flexible urban canopy schemes that include subsurface water routing and anthropogenic water inputs, such as the
multilayer Building Effect Parameterization (BEP) and the Building Energy Model (BEM) (Salamanca et al., 2018). Future
studies could assess the performance of these advanced urban schemes in tropical urban environments and investigate their

impact on simulating urban heat islands and heatwave cases.

4. Additional Discussions
4.1 Future directions

This study serves as a foundational step toward enhancing Noah-MP’s performance in tropical regions by calibrating the model
using data from three distinct sites: a tropical forest site in Malaysia, a tropical forest site in Panama, and a tropical urban site
in Singapore. Building on these findings, future research could focus on the following key areas to further advance Noah-MP’s

capabilities and applications over the tropics.

4.1.1 Regional calibration and application

Future work could extend calibration efforts to a broader regional scale across the tropical areas such as such as peat-swamp

forests and Mangroves, which have distinct carbon cycles. Such efforts would significantly improve the accuracy of regional
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weather forecasts and the reliability of regional climate projections for this region, but would need to rely heavily on remote
sensing, given the scarcity of in situ measurements. Regional calibration would also lead to improved understanding of the
role of land surface processes in the unique climatic and environmental conditions in this complex region, and would be an
essential first step to applications such as climate impacts of land-use changes or land-data assimilation. Additionally,
comparative studies could evaluate Noah-MP’s performance against other land surface models, such as the Joint UK Land
Environment Simulator (JULES) and the Community Terrestrial System Model (CTSM). These comparisons would provide

valuable insights into how different land surface schemes influence model performance in tropical regions.

4.1.2 Inclusion of missing vegetation and soil processes into Noah-MP

Noah-MP’s inability to simulate the coexistence of multiple tropical forest species may contribute to discrepancies between
calibrated LH and SH. Tropical forests are characterized by high biodiversity, including species with varying ages, sizes, and
functional traits. These factors are essential for accurately representing energy, water, and carbon cycling as well as ecosystem
functions (Cheng et al., 2024b). Incorporating more advanced ecosystem demography models into Noah-MP would allow for
better simulation of these ecosystem dynamics. Additionally, the absence of an organic soil layer can contribute to the model’s

overestimation of nighttime soil temperatures, highlighting another important area for future development.

4.1.3 Inclusion of missing hydrological processes into Noah-MP

The absence of preferential flow pathways, which are formed by tree roots and earthworm burrows, is another likely source of
structural error in Noah-MP. These pathways are prevalent in tropical regions and play a crucial role in rainfall partitioning
and hydrological responses (Cheng et al., 2017; 2018). Their exclusion may undermine model calibration efforts for surface
heat fluxes. Despite their importance, these processes remain underrepresented in land surface models and should be prioritized
in future model improvement efforts.

A notable limitation of Noah-MP-SLUCM is its lack of urban hydrology, which leads to significant biases in simulating
hydrological processes over urban areas. Future research should address this gap by developing and integrating urban

hydrology modules, particularly for tropical urban regions.

4.2 Broader implications for model development and benchmarking

This study illustrates a transferable approach for identifying parameter sensitivities and calibration priorities in data-scarce
tropical environments. While the analysis was conducted at three distinct sites, the framework for parameter selection,
calibration, and evaluation can be extended to other tropical regions with similar climatic or ecological characteristics. The
findings underscore the need for modular model structures that allow targeted refinement without full structural overhaul. In
doing so, this work supports ongoing efforts to benchmark and systematically improve land surface model components,

particularly in regions where empirical constraints are sparse but climate sensitivity is high.
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5 Conclusions

This study demonstrates that site-specific calibration using local observations significantly improves Noah-MP’s ability to
simulate land surface processes in tropical environments, relative to its default parameterization. Across tropical forest and
urban sites, observation-driven calibrated simulations yield better representations of latent and sensible heat fluxes and soil
moisture at both daily and seasonal timescales. Sensitivity analyses highlight a consistent set of key vegetation and soil
parameters in tropical forests, including VCMX25, LAI, SATDK, and REFSMC, that often dominate model performance and
could be prioritized for tuning in similar settings.

Despite improvements, persistent model biases reveal structural limitations that cannot always be resolved through
calibration alone. In tropical forests, Noah-MP fails to adequately capture dry-season soil moisture decline, wet-season soil
moisture peaks, and latent heat variability likely due to the deficiencies in subsurface water transport representation and the
lack of multi-species vegetation representation. Persistent overestimation of nighttime sensible heat further underscores
structural deficiencies, such as the omission of organic soil layers that buffer diurnal temperature variations. Similarly, in
tropical urban settings, substantial latent heat biases stem from simplified hydrological assumptions in the Noah-MP-SLUCM
scheme, including no infiltration and no treatment of irrigated or pervious surfaces in urban areas. Furthermore, efforts to
improve one energy flux often degrade another, reflecting energy partitioning trade-offs and internal coupling limitations,
particularly under strong seasonal forcing, as seen in Panama. Moreover, calibrated parameter sets are likely not directly
transferable across sites, even within the same biome, due to differences in canopy structure, land cover composition, and
seasonal behavior of water and energy fluxes.

These findings underscore the importance of regionally adaptive calibration strategies informed by local data, while also
pointing to the need for structural model development in hydrology, vegetation, and urban land surface representation to ensure

reliable land-atmosphere simulations in data-scarce, climate-sensitive tropical regions.
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