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Abstract: In this study, the Regional Climate Model version 4 (RegCM4) coupled with the Community
Land Model version 4.5 (CLM45) including a module of carbon–nitrogen cycling (CN) (RegCM4-
CLM45-CN) was used to examine the sensitivity of the terrestrial carbon fluxes of Africa to leaf
area index (LAI) parameterization. Two LAI formulas were implemented in CLM45-CN. The new
LAI formula is based on a modified BioGeochemical Cycles ecosystem model. The two simulations
were designated as LAIorg and LAImod, respectively, they both shared the same initial and lat-
eral boundary conditions, and they were evaluated concerning reanalysis products and FLUXNET
measurements. In LAIorg, the above-ground terrestrial carbon fluxes were overestimated to the
reanalysis products, which were also noted for the below-ground terrestrial fluxes. On the other
hand, in LAImod, terrestrial carbon fluxes were notably decreased relative to LAIorg, and the model
bias was reduced. In the in situ observation, LAImod was better matched to the observation than
LAIorg, although both were limited in capturing the observed magnitude and seasonality of gross
primary production (GPP) to some extent. In conclusion, switching between the two formulas has
a substantial effect on the simulated terrestrial carbon fluxes. Despite noted biases, the regional
coupled RegCM4-CLM4-CN-LAImod model can be recommended for future studies to investigate
the influence of climate change on the terrestrial carbon fluxes of Africa.

Keywords: Africa; community land model; leaf area index; regional climate model; terrestrial
carbon fluxes

1. Introduction

The complexity of the carbon cycle arises from combining various carbon reservoirs in
the Earth system (e.g., atmospheric carbon dioxide (CO2) in the atmosphere, soil organic
carbon and vegetation), including fluxes and feedbacks which regulate the dynamics of
these reservoirs [1]. Photosynthetic and respiration processes regulate the CO2 net flux
at the surface, affecting atmospheric CO2 concentrations, surface energy balance and the
hydrological cycle [2]. Mainly, Africa plays an essential role in the carbon cycle in the 21st
century as it has large areas of moist tropical forest, seasonal and semi-arid woodland,
savannah, grassland and desert.

The performance of the offline land surface or regional coupled regional climate–
vegetation models (for simulating LAI and GPP) has been evaluated over Africa (e.g., [3]).
For instance, ref [4] showed that a coupled climate–dynamic vegetation model overesti-
mates both GPP and LAI concerning the Machine Tree Ensemble (MTE; [5]).

Ref. [6] examined the role of LAI parameterization in controlling the surface energy
balance and climate of Africa with RegCM4 coupled with Community Land Model version
4.5 (CLM45), including a module of carbon–nitrogen cycling (CN) (RegCM4-CLM45-CN).
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They reported that when the modified LAI formula is used, the model performance is
improved relative to the original LAI formula, and it shows a similar performance relative
to the static vegetation case. Additionally, the LAI parameterization notably influences the
total evapotranspiration and surface energy balance budgets. This study aims to examine
the role of LAI parameterization in simulating the terrestrial carbon fluxes in Africa using a
regional coupled climate–vegetation model (RegCM4-CLM45-CN). Section 2 describes the
study area, data and experiment design; Section 3 discusses the results of simulations over
the African domain. Finally, Section 4 shows the summary and conclusion.

2. Materials and Methods
2.1. Model Description and Experiment Design

Version 4.5 of the International Center for Theoretical Physics (ICTP) regional climate
model (i.e., RegCM4) was used in this study. In addition, the community land model
version 4.5 (CLM45) was used because it offers substantial improvements such as reducing
the excessive tropical GPP, a revised canopy radiation scheme, and the canopy scaling of
leaf processes [7]. The CLM45-CN land model adapts the formula of [8] to simulate LAI
using knowledge of the leaf carbon content (CL; in gC m−2) and the specific leaf area at the
top of the vegetation canopy (SLAo; in m2 gC−1).

Ref. [9] reported that LAI is overestimated concerning MODIS. To overcome such
overestimation, ref [6] proposed a new LAI formula based on the BIOME-BGC model.
Because of the empirical nature of the BIOME-BGC model, it was calibrated with respect
to the MODIS (as the observational based dataset), ensuring reasonable bias compared to
a study conducted by [9]. Additional details of the new BIOME-BGC over Africa can be
found in [6]. While [6] investigated the role of LAI parameterization on the surface energy
balance and climate, this study examines the potential role of LAI parameterizations in
simulating the terrestrial carbon fluxes of Africa. Figure 1 shows the topography (in meters)
over the domain, including three focus areas [10].
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Figure 1. The figure shows the model domain and topography elevation (unit: meters).

The simulations shared the same initial and lateral boundary condition from the
National Centre for Environmental Prediction/National Centre for Atmospheric Reanalysis
version 2 (NCEP/NCAR2, [11]), which was used as the lateral boundary conditions, and
ERA-Interim data were used as the sea surface temperature (SST; [12]). The RegCM4 model
simulations adopted the physical configuration of [10]. Initializing the coupled RegCM4-
CLM4-CN-LAIorg/RegCM4-CLM4-CN-LAImod model requires a long-term spinning up
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of the CN (which is provided by the NCAR) to ensure that the vegetation carbon and NEE
are in equilibrium, as recommended by [3,4].

2.2. Validation Data

This study used the CARbon DAta MOdel fraMework version 1.0 dataset (CAR-
DAMOM; [13]) and Fluxnet tower datasets ([14]). For the present study, the CARDAMOM
product was bilinearly interpolated on the RegCM4-CLM45-CN curvilinear horizontal
grid with the bi-linear interpolation method. To further evaluate the two simulations,
FLUXNET datasets at three sites in Africa, which were Demokeya (SD-Dem; [15]), Mongu
(ZM-Mon; [16]) and Tchizalamou (CG-Tch; [16]), were used to evaluate the simulated GPP
on a monthly time scale. Following [14], data were quality controlled and processed using
uniform methods to ensure consistency and intercomparability. Among eight available
sites in Africa (namely, Demokeya, Skukuza, Nxarag, Guma, Mongu, Tchizalamou, Ankasa
and Dahra), three sites of SD-Dem, ZM-Mon and CG-Tch (Table 1) were selected, because
data from other sites are limited with missing records.

Table 1. The table shows a list and description of FLUXNET sites used in this study as well as statisti-
cal metrics for the model evaluations. Additionally, it shows mean bias (MB), standard deviation
ratio (SD) and Pearson correlation coefficient (CORR) to quantitatively evaluate the performance of
LAIorg and LAImod with respect to FLUXNET observations.

Station Latitude Longitude Vegetation Species
MB SD CORR

LAIorg LAImod LAIorg LAImod LAIorg LAImod

Demokeya (SD-DEM) 13.2829 30.4783 Savanna 5.7 4.16 2.5 2.47 0.46 0.44

Mongu (ZM-Mon) −15.4391 23.2525 Deciduous forest 1.21 0.75 1.29 1.22 0.41 0.67

Tchizalamou (CG-Tch) −4.2892 11.6564 Savanna 5.48 2.38 0.91 1.11 0.01 0.14

3. Results
3.1. Ecological Indicators and Terrestrial Carbon Fluxes

To illustrate the potential role of LAI parameterization in simulating the simulated
terrestrial carbon fluxes, the following ecological indicators were analyzed: solar radiation
absorbed by the vegetation (SABV; in W m−2), photosynthesis rate (FPSN; in µmolm−2s−1),
leaf carbon (LEAFC; in gC m−2) and soil temperature of depth 10 cm (ST10; in K) for 2001
to 2010 (Figure 2). From Figure 2a–c, it can be observed that LAImod has a lower SABV
than the LAIorg by 40–80 W m−2 over the Savanna of the Northern and Southern hemi-
spheres, while over the evergreen forest (Congo basin region), the change is approximately
20 approaching 40 W m−2. Such behavior can be explained by the fact that LAIorg severely
overestimates the Total Leaf Area Index (TLAI; sum of sunlit and shaded leaves) relative to
the MODIS, while LAImod alleviates this overestimation, particularly over the Savanna.
Because of the noted behavior of the SABV, LAIorg reduces the FPSN by 2–4 µmol m−2s−1

approaching 8 µmol.m−2.sec−1 over the Savanna of the Northern hemisphere, by 2–6 over
the Savanna of the Southern hemisphere and it is ±1 µmol m−2s−1 over the Congo basin
(Figure 2d–f). Therefore, LAImod reduces the total carbon stored in the leaf (LEAFC)
by 80–200 gC m−2 over the Savanna of the Northern and Southern hemispheres and by
±40 gC m−2 over the Congo basin (Figure 2g–i). From Figure 2j–l, it can be noted that
LAImod has a higher ST than LAIorg over the Savanna regions by 6–9 K and by 1–3 K over
the Congo basin. Such behavior can be explained by the fact that LAIorg allows a low rate
of incoming solar radiation because of high LAI. In contrast, LAImod allows a high rate of
the incoming solar radiation [6].

Figure 3 shows the comparisons for GPP (defined as the total photosynthesis yield
at the ecosystem scale). In general, RegCM4 is able to reproduce the spatial pattern of the
GPP in comparison with the CARDAMOM in all seasons (Figure 3a–c,g–i,m–o,s–u), yet
varying with the season as well as the region. For brevity in the analysis, only the spring
(March–April–May; MAM) is considered for discussion. In the MAM season, it can be



Eng. Proc. 2023, 31, 9 4 of 11

noted that LAIorg overestimates the GPP over the Savanna of the Southern hemisphere
by 2–5 gC m−2 day−1 and underestimates the GPP by 2–4 gC m−2 day−1 over the Congo
basin and the coastal region of West Africa (Figure 3d). On the other hand, LAImod over-
estimates the GPP over the Savanna of the Southern hemisphere by 1–2.5 gC m−2 day−1

and underestimates the GPP over the Congo basin and West Africa by 3–4 gC m−2 day−1

(Figure 3e). LAImod has a lower GPP than the LAIorg by 1–3 gC m−2 day−1 overall in
tropical Africa (Figure 3f). As such, LAImod reduces the GPP bias over the southern region
of tropical Africa but slightly increases the GPP negative bias over the Congo basin and
West Africa. Such behavior can be attributed to the fact that LAImod notably reduces the
SABV, FPSN and LEAFC over the Savanna regions. In contrast, it slightly reduces over the
Congo basin and West Africa. Additionally, the increase in ST10 by LAImod contributes to
decreasing the GPP relative to the LAIorg.

NEE is an essential component of Earth system modeling since it quantifies the net
emission of CO2 and the atmosphere’s net uptake. As presented in Figure 4, RegCM4
shows a good ability to capture the spatial pattern of NEE (either sink or source; nega-
tive/positive CO2) (Figure 4a–c,g–i,m–o,s–u). For instance, in MAM, LAIorg overestimates
the NEE by 2–3 gC m−2 day−1 (i.e., LAIorg shows more CO2 emissions) over the northern
Savanna and underestimates over the southern Savanna by the same order of magnitude
(Figure 4d). On the other hand, LAImod also overestimates the NEE over the northern
Savanna by 3 gC m−2 day−1 but reduces the underestimated NEE over the southern Sa-
vanna to be 0.5–2 gC m−2 day−1 (Figure 4e). Strictly speaking, LAImod reduces the NEE
by 1.2–1.8 gC m−2 day−1 but increases the NEE by 1.4–1.8 gC m−2 day−1 over the southern
Savanna relative to LAIorg (Figure 4f).

3.2. Site Evaluations

Monthly GPP is evaluated in three locations, as shown in Figure 5 and Table 1. In SD-
DEM, LAIorg and LAImod show two peaks of GPP in May and January, while FLUXNET
only shows one peak of GPP in August. In addition, both LAIorg and LAImod overestimate
the GPP with respect to the FLUXNET observation with the mean bias (MB) of 5.7 and
4.16 gC m−2 day−1, respectively. Yet, LAImod is closer to the FLUXNET than the LAIorg.
At ZM-MON, both LAIorg and LAImod capture the monthly variability with respect to
the observation. Furthermore, LAImod shows improved performance compared with
the LAIorg, as LAIorg has an MB of 1.2 gC m−2 day−1, while LAImod shows an MB of
0.75 gC m−2 day−1. In particular, the Pearson correlation coefficient (CORR) is improved
from 0.41 of LAIorg to 0.67 of LAImod. Finally, at CG-TCH, the models show a poor
ability to capture the monthly variability in the GPP compared to FLUXNET. However,
LAImod still outperforms LAIorg, because LAImod has an MB of 2.38 gC m−2 day−1,
while the MB of LAIorg is 5.48 gC m−2 day−1. As mentioned already, the mismatch in
spatial representation between the model results and Fluxnet data should be noted, yet it
still provides qualitative insights into the model performance to some extent.
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Figure 2. The figure shows the spatial pattern of the solar radiation absorbed by the vegetation
(SABV; in W m−2; (a–c)), photosynthesis rate (FPSN; in µmol m−2 s−1; (d–f)), leaf carbon (LEAFC; in
gC m−2; (g–i)) and soil temperature of depth 10 cm (ST10; in K; (j–l)) over the period of 2001–2010
for the LAIorg (OLD) and LAImod (NEW) simulations and the significant difference (Diff) between
the two simulations. The significant difference was calculated using Student’s t-test with α = 0.05.
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Figure 3. The figure shows the gross primary production (GPP) over the period of 2001–2010 (in
gC m−2 day−1) for: MAM season in the first row (a–f); JJA in the second (g–l); SON in the third
(m–r), DJF in the fourth (s–x). For each row, LAIorg (OLD) is on the left, followed by LAImod (NEW);
CARDAMOM is in the third from left, OLD minus CARDAMOM, NEW minus CARDAMOM and the
difference between NEW and OLD. Significant model bias is indicated in black dots using Student’s
t-test with α = 0.05.
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3.2. Site Evaluations 

Figure 4. The figure shows the Net Ecosystem Exchange (NEE) over the period of 2001–2010 (in
gC m−2 day−1) for: MAM season in the first row (a–f); JJA in the second (g–l); SON in the third
(m–r), DJF in the fourth (s–x). For each row, LAIorg (OLD) is on the left, followed by LAImod (NEW);
CARDAMOM is in the third from left, OLD minus CARDAMOM, NEW minus CARDAMOM and the
difference between NEW and OLD. Significant model bias is indicated in black dots using Student’s
t-test with α = 0.05.
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Figure 5. The figure shows the monthly mean GPP (in gC m−2 day−1) for the LAIorg (OLD; in blue),
LAImod (NEW; in red) and Fluxnet observation (in green) for the locations: SD-DEM (first row),
ZM-MON (second row) and CG-TCH (third row).

4. Discussion

Vegetation cover changes (as represented by LAI) play an essential role in simulating
Africa’s regional surface climate and the terrestrial carbon cycle. Regarding the surface
climate, this role has been extensively covered in previous studies (e.g., [3,4,6]) using a
coupled regional climate–vegetation model. Concerning the terrestrial carbon fluxes, ref. [4]
also used a regional coupled climate–dynamic vegetation model to examine the influence
of the modified GPP parameterization on the simulated GPP with respect to MTE using
different physical configurations. In addition, ref. [17] examined the role of vegetation
cover and soil moisture changes in simulating GPP and observed that GPP is more sensitive
to vegetation–soil-moisture-coupled systems than when only vegetation cover changes are
considered.

Moreover, ref. [6] reported that the LAImod improves the simulated surface energy
balance and surface climate compared to the LAIorg formula against reanalysis products.
Recently, RegCM4 has been upgraded to work as an Earth system model ([18]). Therefore,
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optimizing the RegCM4 performance concerning the terrestrial carbon fluxes is important.
In the present study, the influence of LAI parameterization on the terrestrial carbon fluxes
of Africa was examined by conducting two 13-year simulations using the RegCM4 model.
The results are summarized in the following points:

1. Compared with the MODIS, LAImod succeeds in alleviating the LAI bias relative to
the LAIorg, particularly in JJA and SON.

2. LAImod reduces the SABV, FPSN and LEAFC and increases ST10 relative to LAIorg.
3. LAImod improves the simulated GPP and NEE bias concerning the CARDAMOM

product. Additionally, LAImod improves the simulated HR with respect to the
CARDAMOM product over the Savanna regions but not over the Congo basin.

4. Concerning the Fluxnet observation, the RegCM4 model performance varies with
respect to the location. Yet, LAImod shows better performance than LAIorg.

5. Conclusions

In the present study, a new LAI formula (based on the BIOME-BGC ecosystem model)
was implemented in the RegCM4 model. Then, two 13-year simulations (LAIorg and
LAImod) were conducted to examine the potential influence of the vegetation cover changes
(represented by LAI) on the terrestrial carbon fluxes of Africa. The results were compared
with a reanalysis product and Fluxnet measurements. The results showed that switching
between the two LAI formulas led to a notable influence on the ecological indicators as
well as the terrestrial carbon fluxes. Furthermore, LAImod outperforms the LAIorg in sim-
ulating the LAI and terrestrial carbon fluxes with respect to observational-based datasets.
Compared with the results reported by [3,4], LAImod reduces the LAI and GPP bias con-
cerning reanalysis/satellite products. Additionally, ref. [19] tested the new modifications
(implemented in the CLM45 land surface model) on LAI, GPP, Evapotranspiration (ET) and
biomass. However, the influence on the other terrestrial carbon fluxes was not discussed.

The present study gives a first insight into the simulated LAI and the terrestrial carbon
fluxes with respect to reanalysis/satellite products and Fluxnet measurements. Moreover, it
can be noted that LAI parameterization has a notable influence on the ecological indicators
which can explain the documented biases of the terrestrial carbon fluxes. In addition,
the RegCM4 source bias can be attributed to the following reasons: (1) RegCM4 physical
parameterization, (2) uncertainty associated with the lateral and initial boundary condition,
(3) uncertainty associated with the CARDAMOM reanalysis product ([20]) and Fluxnet
measurements ([14]) and (4) the representation of LAI and terrestrial carbon fluxes in the
CN module. Nevertheless, the LAImod shows the improved performance of the RegCM4
compared to the CARDAMOM reanalysis product and Fluxnet measurements. A future
study will consider the following points:

1. Using a nitrogen plant model of [19] to simulate the GPP and other terrestrial carbon
fluxes realistically.

2. Examining the influence of various environmental factors affecting the simulated
terrestrial carbon fluxes as in [17].

3. Using the Variable Infiltration Capacity (VIC) as a land–surface hydrology scheme
and dynamic vegetation (DV) with the new LAI parameterization [6].

4. Addressing the RegCM4 sensitivity to climate forcing as in [10].
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