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While conservation agriculture (CA) has been widely evaluated for its biogeochemical effects (e.g soil organic
carbon sequestration and greenhouse gas emissions) for climate mitigation, its biogeophysical impacts related to
changes in surface albedo remain understudied. This study assessed the biogeophysical effects of CA cropping
systems with maize (Zea mays L.) in Zimbabwe. Measurements were conducted continuously over two cropping
years at two long-term experiments with contrasting soil characteristics, on an abruptic Lixisol and on a xanthic
Ferralsol. The dynamics of surface albedo, longwave radiation, leaf area index, soil moisture and temperature
were monitored under three different treatments: conventional tillage (CT, tilled to ~15 cm), no-tillage (NT) and
no-tillage with mulch (NTM, 2.5 t DM ha™?). Our results revealed that, on the Ferralsol, NT and NTM significantly
(p < 0.05) increased mean annual albedo (0.17) relative to CT (0.16), resulting in a negative instantaneous
radiative forcing (iRF) and indicating a net cooling effect. iRF was stronger in 2021/22 (NT: -0.83 + 0.17 W m%;
NTM: -1.43 + 0.7 W m™) than in 2022/23 (NT: -0.43 + 0.09 W m%; NTM: -1.03 =+ 0.21 W m™%). Conversely, on
the Lixisol, while NT increased surface albedo (0.27 vs. CT: 0.24), NTM significantly reduced albedo (0.23),
causing positive iRF (warming). iRF was -3.34 + 0.69 W m™? and -2.78 + 0.77 W m for NT in the first and
second cropping year, respectively, and increased from 1.14 + 0.21 W 2 (2021/22) to 2.77 + 0.41 W m2 (2022/
23) under NTM. Overall, our results suggest that the soil background albedo is an important site characteristic
that needs to be considered and demonstrates the importance of considering biogeophysical effects when pro-
moting practices of CA for climate change mitigation.

1. Introduction

The climate impact of cropland management is usually assessed in
terms of biogeochemical effects such as soil organic carbon (SOC)
sequestration (Beillouin et al., 2023) or greenhouse gas emissions
(Fuentes-Ponce et al., 2022). However, cropland management also af-
fects local heat budgets through changes in surface albedo and thus the
fraction of solar radiation that is absorbed and transformed into heat

energy and further through changes in the partitioning of the generated
heat energy between soil heat fluxes, latent and sensible heat fluxes, and
infrared radiation (Davin and de Noblet-Ducoudré, 2010; Hirsch et al.,
2017; Lobell et al., 2006). Recent studies have shown that these bio-
geophysical effects play nonnegligible roles in the overall climate impact
of land use and land management practices (Luyssaert et al., 2014), as
they can substantially add to or offset positive biogeochemical effects
(Betts, 2000; Kaye and Quemada, 2017; Pique et al., 2023). In croplands,
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the surface albedo may vary due to various factors, such as crop species,
sowing density, crop phenological stage, soil type, topsoil organic
matter content, surface roughness, soil moisture and soil coverage by
mulch (Cai et al., 2016; Cierniewski et al., 2018, 2013; Matthias et al.,
2000; Oguntunde et al., 2006). Changes in the surface albedo of crop-
lands may lead to cooling or warming effects at local and global scales
(Akbari et al., 2009; Betts, 2000; Sieber et al., 2022).

Conservation agriculture (CA), which covers a range of cropping
practices based on minimum soil disturbance, permanent soil cover with
crop residues or cover crops, and crop diversification, has been widely
promoted for its positive impact on SOC sequestration, although this
effect is often limited in magnitude (Corbeels et al., 2020; Fran-
zluebbers, 2010; Powlson et al., 2016). CA practices can, however, also
have strong biogeophysical effects. For example, Horton et al. (1996)
reported that retaining crop residues in no-tillage systems increases the
surface albedo on dark soils during bare fallow periods. Davin et al.
(2014) proposed that no-tillage practices lead to local cooling of Euro-
pean croplands in summer due to increased albedo, outweighing
reduced evaporation. Hirsch et al. (2018) modelled the biogeophysical
effects of conservation agriculture, which indicated local cooling in
midlatitude regions but potential warming in tropical areas. Similarly,
Thierfelder and Wall (2009) found that conservation agriculture tech-
niques improve soil infiltration and water retention in Zambia and
Zimbabwe, contributing to changes in surface energy balance. Vogel
(1994) also observed that tillage practices influence topsoil tempera-
ture, further highlighting the thermal and physical soil impacts of
different tillage approaches. Finally, Lobell et al. (2006) reported that,
globally, no-tillage systems adopted for croplands cause cooling by
approximately 0.2 °C, which is comparable to their biogeochemical
cooling effect.

The climatic effects of CA were evaluated mostly through the
“radiative forcing” (RF) concept. RF is a metric that is used to quantify
the changes in the Earth’s energy balance (radiation received and
emitted by the Earth) that are induced by natural and anthropogenic
drivers. Changes in RF may be a result of increasing atmospheric CO5
concentrations that absorb and re-emit downwards more of the long-
wave radiation that is emitted by the surface of Earth (Betts, 2000).
These changes can also result from a change in the albedo of the at-
mosphere (cloud cover) or of the surface (Forster et al., 2007). The ef-
fects of changes in surface albedo on climate can be quantified via RF
metrics (Betts, 2000; Bright and Lund, 2021; Carrer et al., 2018;
Schwaiger and Bird, 2010). However, most changes in surface albedo
result in changes in energy partitioning (e.g., latent and sensible heat
fluxes) and therefore in atmospheric “adjustments” that moderate the
instantaneous shortwave radiative forcing (iRF) from albedo changes
(Bright and Lund, 2021). Longwave radiation is also an important
component of the surface energy budget (Breil et al., 2023; Bright et al.,
2017; Liao et al., 2020). The net effects of changes in energy partitioning
and iRF are the so-called “effective radiative forcing” (ERF), which is a
better indicator of the effective impact of climate change. Recent model
simulations have shown that atmospheric adjustments can either offset
albedo change-driven iRF or reinforce it further (Andrews et al., 2017;
Bellouin et al., 2020; Forster et al., 2016; Smith et al., 2020). Therefore,
assessing the effects of cropland management on both the surface albedo
and the infrared radiation emitted by the surface not only helps re-
searchers understand the interactions between the energy flux ex-
changes between soil, plants and the atmosphere but also their potential
interactions with greenhouse gases in the atmosphere (Aydinalp and
Cresser, 2008).

In our study, we assess no-tillage and residue retention impacts on
surface energy fluxes in Sub-Saharan Africa—a region where such
practices have never been evaluated for their effects on albedo and
longwave radiation for two soil types (an abruptic Lixisol and a xanthic
Ferralsol). This study provides novel insights into how conservation
agriculture practices influence albedo, soil moisture, thermal dynamics,
and crop development, thereby contributing to a better understanding of
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the energy budget in tropical agroecosystems.

For this, we examined the effects of no-tillage and crop residue
retention (two of the principles of CA) versus conventional tillage at two
experimental sites with contrasting soil properties in subhumid
Zimbabwe, both with maize monocultures. We evaluated the impacts of
these two land management practices on the surface albedo and out-
going longwave radiation and surface temperature dynamics on a daily
basis, as well as their interactions with soil type, topsoil moisture and
temperature, and crop growth. We quantified also instantaneous radi-
ative forcing (iRF) on a daily basis. Our main hypotheses are that CA has
distinct effects on surface albedo dynamics and instantaneous radiative
forcing as well as on longwave radiation, depending upon 1) the pres-
ence or absence of soil tillage and crop residues on the soil surface, 2) the
soil type, and 3) the controlling effects of crop growth and soil moisture
dynamics.

2. Materials and methods
2.1. Experimental sites

The study was carried out at two experimental sites in Zimbabwe,
established in 2013 by the International Maize and Wheat Improvement
Center (CIMMYT): the Domboshawa Training Center (DTC) site in the
district of Goromonzi (17°36°23.3"S; 31°08°26.8°’E), located approxi-
mately 30 km north of Harare, and the University of Zimbabwe Farm
(UZF) site in the district of Mazowe (17°43°15.1"S; 31°01°15.8"E),
located approximately 10 km north of Harare and approximately 20 km
from the DTC site. The experimental sites are characterized by two
different soil classes: an abruptic Lixisol (light-coloured red sandy soil,
FAO classification, 1997) at DTC and a xanthic Ferralsol (dark-coloured
yellowish-brown clayey, FAO classification, 1997) at UZF. The soil at the
DTC has a light texture in the top 0-20 cm layer (sandy loam with 15 %
clay), with an abrupt textural change to sandy clay loam with 30 % clay
in the 20-40 cm layer (Shumba et al., 2023). The soil texture at UZF is
sandy-clay-loam with 34 % clay in the first 20 cm (Shumba et al., 2023).
The sites both have a subtropical climate with annual minimum and
maximum mean temperatures of 12 °C and 25 °C, respectively, and a
rainy season from November to April (Mapanda et al., 2010; Shumba
et al., 2023) (Fig. 1). In our study, we conducted field measurements
during two cropping years from October 2021 to October 2023. At the
DTC, the cumulative rainfall amounts during the first (2021/22) and
second (2022/23) cropping years were 1219 mm and 1132 mm,
respectively. At UZF, the total rainfall amounts were 907 mm and
941 mm during the first and second cropping years, respectively.

2.2. Experimental treatments

An identical experimental design was set up at both sites, and the
treatments were the same in every season since the beginning of the
experiment. The dimensions of the experimental plots were 12 x 6 m,
and the main crop was maize (Zea mays L.). For our study, we considered
three of the eight treatments that were established at the sites (Mhlanga
et al.,, 2022): conventional tillage (CT), no-tillage (NT) and no-tillage
with mulch (NTM) with continuous maize cropping (). The maize crop
was sown with a spacing of 25 cm within rows and 90 cm between rows
to achieve a plant density of 44,444 plants ha'. Two or three seeds were
sown per planting hole, and the crop was thinned to one plant per pit
after emergence. In the CT treatment, tillage was performed at 15 cm
with a hand hoe at both sites, and all the maize residues were removed
after harvest. In the NT and NTM treatments, the soil was not tilled, and
the maize was sown in planting basins dug with a hand hoe at approx-
imately 15 cm depth at UZF, whereas at DTC, the seeds were placed in
riplines made with an animal-drawn ripper (Magoye ripper). Compound
fertilizers (nitrogen (N), phosphorus (P) and potassium (K)) were
applied to the maize rows at sowing at application rates of 11.6 kg N
hal, 10.6 kg P ha! and 9.6 kg K hal, respectively. The first and second
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Fig. 1. Daily temperatures, shortwave incoming solar radiation and rainfall over two cropping years at the DTC and UZF sites.

top dressings were applied four and eight weeks after sowing, respec-
tively, with 23 kg N ha'! each in the form of ammonium nitrate (Shumba
et al., 2023).

In the NTM treatment, 2.5t DM ha! of maize residue from the
previous cropping season was placed on the soil surface approximately
two weeks before sowing the maize. After the maize harvest, farmers
practising CA in Zimbabwe frequently store their crop residues during
the dry season to avoid their consumption by cattle that freely graze in
fields during that period. Mulch is thus applied shortly before sowing in
the following season, when the cattle are moved to grazing areas away
from cultivated land. In that case, the soil is bare during the dry season,
even under CA. However, some farmers in Zimbabwe have fences
around their fields to prevent cattle grazing and prefer to leave the
residues on the soil after harvest, as do most CA practitioners globally,
and the soil is never bare. To investigate the impacts of these two
management options on the albedo, outgoing longwave radiation and
surface temperature dynamics, we varied the setup of the NTM between
the first and second cropping years. In the first cropping year, the soil
was not covered in the dry season, whereas in the second cropping year,
crop residues were directly applied to the soil after harvest and
remained there during both the dry and growing seasons. Based on the
image processing of pictures taken approximately 1.5 m above the plots
four weeks after mulch application, we estimated that the mulch
covered 45 % of the soil. Additionally, the kinetic decomposition of the
mulch was assessed within 0.25-m? quadrats that were sampled on six
different dates. The results revealed that 70 % and 36 % of the mulch at
UZF and DTC, respectively, decomposed within three months after
application (Figure S3).

2.3. Field measurements

2.3.1. Shortwave and longwave radiation sensors

The sites were equipped with three 4-component net radiometers
(NRO1, Hukseflux Thermal Sensors, Delft, Netherlands) to monitor
incoming (in) and outgoing (out) shortwave (SW) and longwave (LW)
radiation (SWin, SWout, LWin, LWyyt, respectively) for each treatment.
This type of radiometer is commonly used for surface albedo monitoring
(Sieber et al., 2019). It consists of a pair of pyranometers and a pair of
pyrgeometers, with one pair facing upwards and the other facing
downwards (Diop, 2023).

The pyranometers measure SW solar radiation in the wavelength
spectrum from 0.3 to 2.8 um, which encompasses the visible and near-
infrared spectra. The surface albedo () is derived from the two oppo-
site directions of the pyranometer measurements and is calculated with
the following equation:

o= SWou
S Win

®

where « is the surface albedo, SWqy (W m?) is the amount of solar ra-
diation that is reflected by the Earth’s surface and SWj, (W m2) is the
global incoming solar radiation.

In our study, the surface albedo was measured continuously at both
experimental sites during the growing season from November to April
and during the dry season corresponding to the bare fallow period from
May to October.

The pyrgeometers are thermal sensors that measure the incoming
and outgoing longwave radiation (LWj,, LWy, respectively) expressed
in W m? in the wavelength spectrum between 4.5 and 50 um.

The four-component net radiometers were mounted horizontally on
amast and placed 1.5 m above the ground during the bare fallow period,
with a field of view (FOV) of 180° for the pyranometers and 150° for the
pyrgeometers. During the growing season, the height of the instruments
was adjusted each week to maintain a distance of 1.5 m above the plant
canopy. The masts were placed in the middle of the plots to avoid edge
effects due to the surrounding land surfaces. The energy balance studies
should follow the ISO/TR 9901 guidelines. This norm recommends the
height at which the sensors should be mounted to minimize the errors
from shadowing effects and to maximize the signal that comes from the
targeted area. For small plots, the recommended height is between 1.5
and 2 m. The challenge in this case is to ensure that the FOV of the
downfacing sensors targets the area of interest (sample) as much as
possible and avoids mixing with signals from the surrounding areas. A
downfacing pyranometer positioned at a height h above the area of in-
terest with a radius of X sample metres subtends an angle from the nadir
expressed as follows:

Xsample)
h

The contribution of the area of interest to be sampled relative to the
total signal measured corresponds to the sine of Osample. In our study, the
sensors were mounted 1.5 m above the target 3 m from the nearest
border of the plot, meaning that the total contribution of the plot to be
sampled was 89 % of the total signal. The remaining 11 % of the signal
originates from the surrounding areas outside the plot, which were also
cropped with maize and therefore have very similar albedo values. We
thus conclude that the degree of pollution of our observed signal with
contributions from outside the plot of interest is acceptable. Moreover,
in our study, we are more interested in the relative changes in surface
albedo between treatments (to calculate radiative forcing), specifically
no-tillage vs. tillage and mulch vs. no mulch, than in absolute albedo
values. As the protocols used to measure shortwave and longwave

tan~!( )

asample =



S. Diop et al.

radiation are similar across treatments as well as the surrounding cover
around the plots, our measurements can be considered robust.

The radiometers were connected to a CR1000 datalogger (Campbell
Scientific Inc., Logan, UT, USA), which recorded data every minute. The
data were then averaged at half-hourly intervals.

During the measurement campaign, we encountered technical issues
with the pyranometers for a few days during the dry season between
September and October, leading to a loss of albedo data at DTC. These
data gaps were filled using the albedo-soil moisture relationship devel-
oped for the treatments at this site (see Table S1 in the Supplemental
Materials). We conducted a validation exercise by artificially removing a
subset of observed albedo data and then applying our linear gap-filling
models to estimate the missing values. These estimates were then
compared with the actual observed values to assess the reliability of the
approach. We also encountered a technical problem when monitoring
the longwave radiation at the UZF site during an extended period of the
first year, which caused considerable data gaps at this site that could not
be filled.

2.3.2. Weather station and soil sensors

A weather station, ATMOS 41 (Meter Group, Inc., Pullman, WA,
USA), was used to monitor the air temperature, relative humidity, wind
speed and direction, rainfall and vapour pressure. These data were
recorded on a second datalogger (METER ZL6, Meter Group, Inc., Pull-
man, WA, USA). The high-frequency measurements (every minute) were
averaged at half-hourly time intervals to be consistent with the radi-
ometer measurements.

The soil temperature and soil moisture were monitored at 1, 10, and
20 cm soil depths and at 5-minute intervals with ECH20 sensors (Meter
Group, Inc., Pullman, WA, USA) in each of the plots equipped with NRO1
sensors. The ECH20 sensors were connected to the METER ZL6 data-
logger. These sensors were installed in the middle of the plots between
two maize rows, inserted horizontally in the soil (Figure S4). PVC access
tubes were installed to a depth of 105 cm, and soil moisture was
monitored using a neutron probe calibrated through gravimetric sam-
pling. Calibration involved installing additional access tubes outside the
plots, applying water to field capacity, and sampling at various depths
until wilting point. Although the ECH20 sensors were not directly
calibrated, their continuous measurements closely aligned with neutron
probe data across plots, supporting the reliability of the sensor outputs.

2.3.3. Crop measurements

The plant area index (PAI) is the ratio of the total plant area (e.g.,
leaves, stems, and organs) per soil surface area expressed in square
metres of the plant surface per square metre of the soil surface. It is a key
indicator used to evaluate vegetation structure (Yan et al., 2019) and is
closely related to the CO,, water and energy fluxes at the plant stand
level (Béziat, 2009; Béziat et al., 2013). In our study, we used an LAI
2200 C plant canopy analyser (LI-COR Biosciences, Lincoln, NE, USA) to
obtain indirect measurements of the PAI. We monitored the PAI every
two weeks during the two cropping years. A measurement consisted of
one acquisition above the crop canopy and four acquisitions on the di-
agonal, one on the maize row, one at 25 % from the row, one in the
middle of two rows and one at 75 % distance between two rows from the
starting point. The measurements were repeated six times per plot at
each site to better integrate the field variability in crop growth. The
FV2200 software of the LAI-2200 plant canopy analyser was used to
process the data and to compute the means and standard deviations of
the PAI for each treatment and measurement date.

The green fractional canopy cover (GFCC) is closely related to crop
growth, light interception and evapotranspiration (Irmak and Kukal,
2022). The GFCC was obtained via the Canopeo® mobile application
developed at Oklahoma State University (Patrignani and Ochsner,
2015). Canopeo® is a tool that uses a simple classification of the pixels in
a photograph based on the excess green ratio. The output of Canopeo® is
a binary image that is composed of white pixels representing high green
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ratios and black pixels representing the nongreen parts of plants. It has
been used in several studies to monitor the GFCC (Jauregui et al., 2019;
Liang et al., 2012), including in Zimbabwe (Namatsheve et al., 2024).

2.4. Instantaneous radiative forcing

We calculated the instantaneous radiative forcing (iRF) (i.e., radia-
tive forcing without accounting for possible changes in the temperature
of the troposphere; see the IPCC 2018 glossary) values at the top of the
atmosphere (TOA) for the NT and NTM treatments compared with the
CT treatment during two years at the two experimental sites by using the

method of Munoz et al. (2010) as follows:
iRFAa(i) = —SWiyg x Ta(i) x Aa(i) 3)

S Win

TOA

with Ta(i) = “4)

where SWj,(; represents the daily incoming shortwave solar radia-
tion of day i in W m™%, Ta(i) represents the atmospheric transmittance of
day i, and Rrop represents the radiation at the top of the atmosphere. Ta
is calculated at the daily time step in contrast to using a mean annual
constant Ta of approximately 0.85, as applied in Lenton and Vaughan
(2009). The Ryoa is calculated as a function of latitude by using a so-
phisticated equation involving time according to the Fu-Liou radiative
transfer model (Fu and Liou, 1993), as in Carrer et al., (2018). Aa is the
daily mean surface albedo difference between a given treatment,
namely, NT or NTM and a reference, which is the CT treatment in this
study. The result is expressed in W m2. Positive iRF values represent a
warming effect on climate, whereas negative values represent a cooling
effect on climate.

2.5. Uncertainties and assumptions

Our experimental design introduces inherent uncertainties in the
measurements that we quantified considering the accuracy of the sen-
sors, the uncertainty caused by the gap-filling procedure applied to all
treatments at the DTC site in 2022/23 and 2022/23 and because of the
angle of view and height of the sensors measuring SWyy. The radiom-
eters used for monitoring shortwave and longwave radiation have an
estimated accuracy of +10 % for both pyranometers and pyrgeometers,
which propagates to uncertainties in surface albedo, instantaneous
radiative forcing (iRF), and outgoing longwave radiation calculations.
Similarly, the ECH20 soil moisture and temperature sensors exhibit an
accuracy of +3 % respectively +1 %, affecting correlations between
topsoil moisture and albedo dynamics. Data gaps due to technical issues
such as pyranometer failures during dry seasons and extended longwave
radiation monitoring failures at the DTC site were filled using empirical
albedo-soil moisture relationships, introducing additional uncertainty
from model extrapolation. Furthermore, the 1.5 m sensor height and
150-180° field of view measuring SW, captured ~89 % of the target
plot signal, but the remaining 11 % from surrounding areas with similar
albedo values may bias treatment-specific results. Collectively, these
instrumental and methodological uncertainties could bias the reported
iRF values by up to +15-20 %.

2.6. Statistical analyses

The statistical analyses were conducted using R software (Core Team
2023). First, we checked whether the data had a normal distribution by
using the Shapiro-Wilk test and visualized it with quantile—quantile
plots. Differences in the seasonal variations in the surface albedo were
analysed via one-way ANOVA based on linear mixed models using the
ggpubr package (Kassambara, 2023) with treatments, sites and seasons as
fixed effects, and day nested within seasons as random effects to account
for temporal auto-correlation. The fitted model was chosen based on the
lowest Bayesian information criterion (BIC). The statistical significance
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of the differences was tested via Tukey’s HSD test at a p value < 0.05.

3. Results

3.1. Effects of treatments and soil type on the surface albedo

The daily surface albedo dynamics across the different treatments,

Fig. 2. (A, C) The dynamics of the top (1 cm depth) soil moisture (SM) divided by 250 to fit at the same y-Axis as the surface albedo (dashed lines) and the surface
albedo (solid lines) at UZF (Ferralsol, dark-coloured) and DTC (Lixisol, light-coloured),) for three treatments: conventional tillage (CT, salmon); no-tillage (NT,
black); and no-tillage with mulch (NTM, blue) during the 1st (2021/22) and 2nd (2022/23) cropping years in Zimbabwe. (B, D) Plant area index (PAI) dynamics at
UZF and DTG, respectively. The error bars represent the standard deviations (N = 6). The light grey bars represent daily rainfall. The vertical green dashed lines
represent the maize sowing dates, the red dashed lines represent the harvest dates, and the black dashed lines represent the application of mulch. S: Sowing, H:
Harvest, and M: Mulching. The solid vertical dark lines represent the end of the first cropping year and the beginning of the second cropping year. Tillage and
mulching in the first cropping year were performed before the start of the measurements. Tillage and the 1st mulch application during the second cropping year were
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namely, conventional tillage (CT), no-tillage (NT), and no-tillage with
mulch (NTM), varied at the two experimental sites, UZF and DTC, during
the two cropping years (Fig. 2 A, C). Globally, the surface albedo is
greater at DTC than at UZF. Before sowing, high albedo values were
observed at both sites. During the period from soil preparation to maize
emergence, the CT treatment had a lower albedo than did the NT and
NTM treatments at both sites. This difference was attributed to tillage in
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the CT treatment, which increased the surface roughness of the soil. <$ . ) 29
After mulch application, the surface albedo increased in the dark- a 23 i E 5 S
coloured yellowish-brown clayey xanthic Ferralsol at UZF and, g E S
conversely, decreased in the light-coloured red sandy soil at DTC. E& b T B T 'l'l‘ fé © S
Throughout the two cropping years, the xanthic Ferralsol at UZF pre- = 5 s8s8sas z 8 f’/
sented a lower average surface albedo than did the abruptic Lixisol at g = ¥ 2 § a
DTC (Table 1). At both sites, the surface albedo was generally greater E £ o % E g o
during the dry season, when the soil was bare and dry, than during the < § g 8848389 R p
growing season. § ceeeee % 88 Y
5 T2
3.1.1. The surface albedo values during the growing season % ) 1t 8 T % 3
At UZF, during the growing season of the first cropping year (2021/ a E Z g ?/
22), the highest surface albedo values were recorded at the peak of plant 2 2R o
. N o9ogoog| 8D &Fx
growth (measured by the plant area index, or PAI) for all the treatments. = ~A1883338| 8% &
Although there was statiscally non-significant difference in albedo be- o 1 i Q58
tween NT and CT during this season due to similar crop development, o & g § ° f’/
the NTM treatment displayed higher albedo values as a result of more § E Sloonmwodao E ] f o
developed crops (Table 1). During the growing season of the second S £1513333338 = § ﬁ
cropping year (2022/23), the albedo reached its peak value during the E E 88 g
maize senescence phase (Fig. 2C). Across all three treatments, the sur- _cgs | . 82 é g
face albedo remained similar during this season due to the uniform crop ) @ | ¥ N 22 - §
growth (Fig. 2D). 3 T oS 2
At DTG, the average surface albedo during the growing seasons of the £ 22988s £ —F: g §
two consecutive copping years was significantly greater in the NT g g Sc33scg| e g
treatment than in the NTM and CT treatments (Table 1). For NT, the '§ § E] % 5 5]
albedo values ranged from 0.15 to 0.30, whereas the albedo values of the 2] Ed 3; I _‘; T§
NTM and CT treatments ranged from 0.14 to 0.23 and 0.16-0.28, 2 e E g 2582882 g Z .2 g
respectively. Despite these differences in albedo, the NT and NTM i alel=|cccces EE & g
treatments were associated with lower crop development (Fig. 2 B, C) S § = E o
than the CT treatment was, particularly at maximum development for £ = B 8 & £
both growing seasons. d cl ) ; g £ g
3 S8 g
3.1.2. Surface albedo values during fallow periods é o S238888 E % § é
During the dry fallow periods, the surface albedo was generally & 2 g Bl|ssssss g T
greater than that during the growing season at both UZF and DTC E & ;» - g Z '3
(Fig. 2). This was particularly obvious at DTC, where the albedo of the ;3 E % Sl e oo % § E e
bare sandy soil exceeded that of the maize stands. At UZF, the presence 5 &8 S|2|222222| 8oz i
of mulch in the NTM treatment slightly increased the surface albedo, g g % ':: Q §
whereas at DTC, the mulch had the opposite effect, reducing the albedo B ﬁ 9 “3 § 2
of the sandy soil. The overall difference in albedo between treatments £ 8 Slirr i E A 2
during the fallow periods was more pronounced at DTC, where the NT *5 i = g B3
treatment consistently presented a significantly higher albedo than both % E coocoool B % 3 7
the CT and NTM treatments (Table 1). %" o -la § § §, § § § 8 S22
After the maize harvest, the surface albedo increased for all the g = £ q & E %
treatments at both sites in both cropping years (Table S2). At DTC, this 8 % qé S S‘ 2 §
postharvest increase in albedo was most noticeable in the CT treatment. g Eo Sl§|leaanaxn i g g :b
When mulch was reintroduced in the NTM treatment after harvest in the Es £l2|ce ss|g %1 § &
second cropping year, the effect on albedo differed among the sites. At “‘: g g g N |
DTC, mulch significantly reduced the albedo, whereas at UZF, it led to a g = ¥ , E 0 ; 2
slight increase. g é @ ’ %'E ) g
28 £ 524
3.2. Crop growth effect on surface albedo 24,%0 5 § § § g § § Zé _?:t’ § %
g 2 SSSSSS|EB8 Y S
Fig. 2B and D show the PAI dynamics during both cropping years at i é i i 5’: % 5
both sites. The PAI dynamics indicate that crop growth was greater at § o . § =l P é" 'F = g
UZF than at DTC. At UZF, the PAI dynamics were similar between the = E N g 2|Z2ZScSZZS 'g z ':,; S
treatments during the growing seasons of both cropping years. Slightly § E ZEz 8
higher maximum PAI values were observed for the NTM treatment than g < . g % % 2
for the CT and NT treatments (Table 2). In contrast, at DTC, significant %‘ o g g @ _%"
differences in the PAI dynamics between treatments were observed. z S g = = = g ?f g
During both growing seasons, the average PAIs were significantly § ha = EEBEE| =8 “IE S
greater under CT than under NT and NTM. These findings indicate that, Tg 'g é § NS
compared with the CT treatment, the latter two treatments resulted in é o o - g8 é 8
less crop growth. Furthermore, crop growth was lower in the second - 2 E § § g g .%O G §
cropping year (2022/23) than in the first cropping year (2021/22) % § E g 8 § § : g 5
(Table 2). The GFCC experienced the same dynamics as the PAI for each =S O BT Z
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Table 2

Maximum PAI (+ standard deviation, N = 6) and green fractional canopy cover
(+ standard deviation, N = 4) during 2 successive cropping years at the Dom-
boshawa training center (DTC) and University of Zimbabwe farm (UZF). CT:
Conventional tillage, NT: No-tillage, NTM: No-tillage and mulch.

DTC UZF
Cropping Treatment
year
2021/22 PAI max GFCC max PAI max GFCC max
(m® m?) (%) (m® m?) %)
CT 2.30 75 2.04 73 (£
(£0.7) (+4.35) (+0.3) 2.57)
NT 0.94 37 1.99 72
(£0.3) (£3.54) (+0.6) (£3.12)
NTM 1.25 46 2.14 78
(£0.5) (£2.03) (+0.5) (+4.22)
2022/23
CT 1.43 44 2.08 65
(+£0.4) (£3.62) (+£0.7) (£2.52)
NT 0.78 21 (£1.4) 2.16 64
(£0.2) (£0.6) (£7.08)
NTM 0.84 29 2.20 66 (£8.7)
(£0.3) (+2.63) (+0.6)

site and treatment (Figure S2).

Fig. 3 shows the changes in surface albedo during the growing sea-
sons in relation to the PAI dynamics across sites and treatments. In the
first cropping year, an increase in surface albedo was observed with crop
growth, levelling off upon reaching the maximum PAI With the
beginning of senescence, the surface albedo presumably decreased due
to changes in leaf properties (e.g., angle and colour). The nature of this
relationship can be described as a “hysteresis” effect. (See Fig. 3).

The results for the second cropping year were slightly different, and
the hysteresis effect was not observed. Overall, less crop growth with
less soil cover was observed than in the first cropping year (Table 2). Asa
consequence, the GFCC was lower at both sites, particularly for the NT
and NTM treatments. The lower canopy cover in the second cropping
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year explains why the surface albedo dynamics were driven mostly by
the soil albedo rather than by crop vegetation.

3.3. Effect of topsoil moisture on daily surface albedo

Fig. 2A and C (dashed lines) illustrate the dynamics of the topsoil
(0-1 cm) water content during both seasons at both sites. At UZF, the
topsoil moisture in the CT treatment was greater than for the NT and
NTM treatments during the growing season (Fig. 2A). After harvest at
the end of the rainy season, a decrease in topsoil moisture was observed.
During this period, the soil moisture in NT was slightly greater than that
in the CT and NTM treatments. However, at DTC, the topsoil moisture
was higher in the NTM treatment during both growing seasons (Fig. 2C).
After harvest, there was no significant difference between the treatments
in the first cropping year. In the second cropping year, the soil moisture
after harvest was significantly greater in the CT and NTM treatments
than in the NT treatment.

The topsoil moisture and surface albedo were negatively correlated
at both sites, especially during the bare fallow periods (Fig. 4). During
the bare fallow periods, rainfall events increased the topsoil moisture,
which decreased the soil albedo until the topsoil dried out again, causing
the albedo to return to a value close to that before the rain. With respect
to crop growth, the effects of rainfall events on the soil albedo were less
pronounced, particularly when the PAI was above 1 m? m™. Strong and
significant relationships (p < 2.2e'16) were found for the three treat-
ments at each site. At DTC, the strongest correlation was observed in the
CT treatment, with R? values of 0.80 and 0.84 in the first and second
cropping years, respectively. For the NT and NTM treatments, the cor-
relations were lower but significant, with R? values of 0.67 and 0.51 in
the first cropping year and 0.72 and 0.71 in the second cropping year,
respectively. At UZF, the highest correlation was observed for the CT
treatment in the first cropping year, with an R of 0.79, whereas the R?
values were 0.73 and 0.71 for the NT and NTM treatments, respectively.
The correlation between surface albedo and topsoil moisture was
highest during the bare fallow periods and weakened with increasing
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Fig. 3. Dynamics of the surface albedo as a function of the plant area index (PAI). The dot solid lines correspond to the maize growing phase with only the green PAI
(labelled “GPAI”), and the triangle dashed lines correspond to the senescence phase, during which the leaves have both green and yellow tissues (labelled “GPAI +
YPAI” with YPAI standing for yellow PAI). The green colour represents the 2021/22 season, and the light khaki colour represents the 2022/23 season.
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Fig. 4. Correlations between topsoil moisture (1 cm soil depth) and surface albedo on a xanthic Ferralsol (top, University of Zimbabwe farm (UZF)) and on an
abruptic Lixisol (top, Domboshawa training center (DTC)) and for CT: conventional tillage, NT: no-tillage, NT: no-tillage and mulch. The data are shown for the
periods between soil preparation for sowing and emergence and after harvest until the next soil preparation of the following cropping season.

crop growth. We also observed correlations between surface albedo and
soil moisture at depths of 10 and 20 cm, although these were weaker
than those found for topsoil moisture (Figures S5 & S6).

3.4. Radiative forcing, thermal radiation and topsoil temperature

3.4.1. Dadily instantaneous radiative forcing (iRF)
At UZF, the daily iRFs for NT showed a cooling effect compared to CT

throughout most of the growing season and the entire bare fallow period
(Fig. 5). The average iRFs were -0.83 & 0.17 W/m? in the first cropping
year (2021/22) and -1.43 + 0.7 W/m? in the second year (2022/23).
The NTM treatment led to a cooling effect during the two successive
growing seasons and to a warming effect during the first fallow period.
On an annual basis, the mean iRFs of the NTM treatment were -0.43
+0.09 Wm? during the first cropping year and -1.03 + 0.21 W m™2
during the second cropping year. The mulch was applied after harvest in
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Fig. 5. Daily instantaneous radiative forcing (iRF) of no-tillage (NT, grey triangles) and no-tillage with mulch (NTM, black triangles) systems compared with
conventional tillage (CT) systems. Interpolated dots represent the dynamics of the plant area index (PAI) in the three treatments: CT in salmon, NT in green, and NTM
in blue. The green and red vertical dashed lines represent the sowing (S) and harvest (H) dates, respectively. The black dashed line represents the mulch (M)
application date. The solid vertical dark line represents the end of the first cropping year and the beginning of the second cropping year. Tillage and mulching in the
first cropping year were completed before the beginning of the measurements. Tillage and the 1st mulch application during the second cropping year were completed

at maize sowing. In the 2nd cropping year, mulch was also applied after maize

harvest.
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the second cropping year (2022/23), increasing the surface albedo and
subsequently increasing the cooling effect during the bare fallow period
by -0.60 + 0.1 W m2.

At DTG, negative daily iRF values were observed under NT relative to
those under CT in both cropping years. This cooling effect was greater
during the bare fallow period than during the growing season, with
mean annual iRF values of -3.34 + 0.69 W m? and -2.78 + 0.77 W m2
in the first (2021/22) and second (2022/23) cropping years, respec-
tively. Under the NTM treatment, a positive iRF relative to the CT
treatment was observed during the bare fallow periods and at the early
crop development stage. During the later stages of crop growth, negative
iRF values were observed. The resulting mean iRF values were 1.14
4+ 0.21 W m for the first cropping year and 2.77 + 0.41 W m for the
second cropping year. The application of mulch after harvest in the
second cropping year increased the iRF by 1.64 + 0.11 W m™2.
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3.4.2. Daily outgoing longwave (LW,,,) radiation and topsoil temperature

Fig. 6A shows the LWy, dynamics during the two successive crop-
ping years at UZF. At this site, the daily LW, values for the NT and NTM
treatments were very similar to those for the CT treatment before and
during the growing season. However, after mulch application following
maize harvest in 2023 (see Fig. 6A), a decrease in LW, was observed
for the NTM treatment, whereas the LWy, dynamics under the NT
treatment remained similar to those under the CT treatment. The mean
LW,y values during the bare fallow period under the NT and CT treat-
ments were 485 and 486 W m'2, respectively. Compared with the CT and
NT treatments, the NTM treatment had a lower LW, value because of
the buffering effect of the mulch layer, with an average LW,y value of
480 W m2 during the whole fallow period. With similar crop growth
between treatments (see Fig. 2B), no significant differences in LWyt
were observed between treatments during the growing season in 2022/
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Fig. 6. Dynamics of outgoing longwave radiation dynamics (LW,y) (A, B, top) between no-tillage (NT) and conventional tillage (CT) (green lines) and between no-
tillage with mulch (NTM) and CT (blue lines) at the UZF and DTC sites. Topsoil temperatures at 1 cm(A, B, bottom) during two cropping years (2021/22 and 2022/
23) between NT and CT (green lines) and between NTM and CT (blue lines). The green and red dashed lines represent the sowing (S) and harvest (H) dates,
respectively. The black dashed line represents the mulch (M) application date. The solid vertical dark line represents the end of the first cropping year and the
beginning of the second cropping year. Tillage and mulching in the first cropping year were performed before the beginning of the measurement. Tillage and 1st
mulch application during the second cropping year were performed at sowing. Mulch was also applied after harvest.
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23. During this period, the mean LW values were 461 W m? for NT
and CT and 460 W m for NTM.

At UZF, no significant differences were detected in the topsoil
(0-1 cm) temperature dynamics between the NT and CT treatments
during the first (2021/22) and second (2022/23) cropping years
(Fig. 6B). In the second cropping year, a rapid decrease in temperature
was observed under the NT treatment compared with the CT treatment
immediately after maize harvest. The surface temperature was lower
under the NTM treatment than under the CT treatment because the
mulch covered the soil before sowing, during crop growth and after
maize harvest during the second cropping year. Similar observations
were made in the second cropping year, with a 5 °C difference between
the NTM and CT treatments just after the maize harvest. The cooling
observed in the NTM treatments can partially explain the differences in
LW, between the NTM treatment and the CT and NT treatments.

At DTC, the daily LW, values were very similar between the
treatments during the bare fallow periods in both cropping years
(Fig. 6C), with values of 458 W m2 and 475 for NT and 464 W m' and
481 W m2 for CT in the first and second cropping years, respectively. In
contrast, during the growing season, the differences in LW,; were sig-
nificant between the CT and NT treatments and between the CT and
NTM treatments due to greater crop growth under the CT treatment.
During the growing season, the mean LW, values under NT compared
with those under CT were 464 vs. 455 W m2 and 468 vs. 460 W m2
during the first and second cropping years, respectively. The small dif-
ference in LWy between the NT and CT treatments during crop growth
was due to the lower PAI resulting from poorer crop growth. During the
bare fallow period, the mean LW, values for the NTM treatment were
461 and 437 W m'2 in the first and second cropping years, respectively.
Compared with the CT treatment, the NTM treatment resulted in poorer
crop growth, resulting in average LW, values of 462 W m? and
470 W m™2, whereas the LW,y values of the first and second growing
seasons were 455 W m2 and 460 W m’2, respectively.

In both cropping years, the topsoil temperatures were generally
similar between the NT and CT treatments during crop growth periods,
except during the early stages of crop growth in the first cropping year
(Fig. 6D). However, lower daily topsoil temperatures were observed
after maize harvest in the NT treatment than in the CT treatment during
both cropping years. The daily topsoil temperatures were significantly
lower in the NTM treatment than in the CT treatment during the early
stages of crop growth and throughout the cropping year, probably
because of the buffering effect of the mulch layer on the soil
temperature.

4. Discussion

4.1. Interactive effects of soil type and cropping system on the dynamics of
the surface albedo

In this study, we showed that no-tillage and maize residue mulching
can have significant effects on the surface albedo dynamics and on the
longwave radiation from the soil surface. While no-tillage generally
increases the soil albedo due to the lower soil surface roughness, mulch
either increases or decreases the surface albedo depending on the soil
surface properties.

We observed that the brightness of the soil surface modulates the
effects of mulching and no-tillage on the surface albedo and iRF. In a
previous work, Post et al. (2000) reported that soil surface colour is an
important driver of the surface albedo. Horton et al. (1996) also reported
that the albedo of light-coloured crop residues may be greater than that
of dark-coloured yellow-brown soil; therefore, a layer of crop residues
can reduce the soil surface reflectance.

Soil colour is determined by several factors, such as the organic
carbon content. At our experimental sites, the soil organic carbon con-
tents were measured as described by Shumba et al. (2024). In the topsoil
layer (0-5 cm) of the abruptic Lixisol (DTC), the soil organic carbon
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contents were 0.6 g Ckg™! for the CT and NT treatments, whereas for the
NTM treatments, the contents was 0.8 g C kg, In xanthic Ferralsol
(UZF), the soil organic carbon contents was higher, at 1.80 g C kg™ for
CT, 1.85 g Ckg™ for NT and 2.1 g Ckg™! for NTM (Shumba et al., 2024).
Mineral components such as iron oxides also determine soil colour
(Cierniewski et al., 2018). For example, a field study by Rosenberg et al.
(1983) demonstrated the contrast between a dry sandy soil with albedo
values ranging between 0.25 and 0.45 and a dark soil with albedo values
ranging between 0.16 and 0.17, which aligns with the observations in
the soils of our study. At DTC, the mulch on a clear sandy soil therefore
reduced the surface albedo, whereas at UZF, the maize residues
increased the surface albedo. In southeastern France, Davin et al. (2014)
also reported that the mulch of crop residues on no-tilled loamy soil
increased the surface albedo (by approximately 0.1) compared with
tilled soils without mulch.

At DTC, we observed that the surface albedo in the NTM treatment
was lower than in the other treatments, even before mulch application at
sowing and after harvest (the mulch decomposed at that time), when the
soil rugosity was comparable among the treatments. The reason is likely
that the annual mulch application at this site slightly increased the soil
organic carbon content by 0.25 g C kg! and 0.30 g C kg™ compared
with the NT and CT treatments, respectively (Shumba et al., 2024). The
climate benefit associated with soil organic carbon sequestration was
therefore partly or totally counterbalanced by the positive iRF effect
induced by the soil darkening effect (Post et al., 2000). In another study,
Pique et al. (2023) reported a significant risk of losing part of the climate
benefit of soil organic carbon sequestration through soil albedo dark-
ening effects if soils are not permanently covered once carbon farming
practices are implemented.

Soil roughness also affects the surface albedo and its dynamics be-
tween treatments (e.g., CT vs. NT), especially under dry conditions,
which corroborates previous findings under similar pedo-climatic con-
ditions in West Africa (Oguntunde et al., 2006). At our sites, we observed
differences in the surface albedo between the CT and NT treatments after
soil preparation for maize sowing at UZF and between the CT and NT
treatments at DTC during the bare fallow period. At UZF, the difference
in surface albedo between the NT and CT treatments before sowing
could be caused by tillage, which increases the surface roughness,
causing more incident solar radiation to be trapped and reducing the
surface albedo, as shown in previous studies (Cierniewski et al., 2015;
Matthias et al., 2000; Oguntunde et al., 2006). At DTC, the difference
between the NT and CT treatments during the bare fallow period could
be explained by the presence of surface soil crusts in the NT treatment,
which were absent in the CT treatment. In addition, before sowing, the
surface soil layer in the NT treatment was smooth and very bright
compared with that in the CT treatment. In contrast, the difference in
soil roughness between the CT and NT treatments was very small after
the maize harvest and during the following fallow period.

4.2. Effects of maize growth on surface albedo dynamics

According to Hatfield and Carlson (1979) and Breuer et al. (2003),
the albedo of maize varies between 0.16 and 0.25 across varieties.
However, due to the light-coloured red sandy soil at the DTC, the high
surface albedo value of 0.21 in the NT treatment during the maize
growing season was due to weak maize growth and vegetation cover
(Table 2). In contrast, low surface albedo values of 0.19 during the
growing season were observed in the CT treatment, which was charac-
terized by better development of the maize stand than the NT treatment;
this means that at this site, the surface albedo of the maize stand was
lower than that of the bare soil. Several studies in temperate regions
have, however, shown the opposite: soil coverage by cover crops leads to
increases in surface albedo compared with bare fallow soil (Carrer et al.,
2018; Lugato et al., 2020; Pique et al., 2023). Exceptions were observed
for light-coloured soils by Kaye and Quemada (2017) and Carrer et al.
(2018).
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During the two cropping years, the surface albedo values during the
growing season were almost always lower than those of the bare soil
surface during fallow periods in all the treatments and at both sites
(Figs. 2A and 2C). The surface albedo of bare soil was strongly driven by
topsoil moisture. During the growing season, the different treatments
affected the surface albedo because of incomplete vegetation coverage;
this suggests that the surface albedo was driven during the growing
season by both crop phenology and soil moisture. The GFCC did not
reach 100 % at either site (Table 2), which may explain the influence of
management-induced changes in topsoil organic matter and moisture
content on the surface albedo dynamics. These effects are especially
pronounced at DTC, where there is low crop and foliage growth. The
surface albedo values reach saturation with high PAI values and may
even decline subsequently as internal reflections become more pro-
nounced (Bsaibes et al., 2009). During the maize senescence phase,
leaves wilt, which modifies both leaf colour and canopy structure. Due
to the wilted leaves, the vegetation cover decreased, but the soil was
shadowed more by the vegetated parts when the sun stood lower. The
soil shadowing effect of plants works as a radiation trap and reduces the
amount of reflected shortwave radiation (He et al., 2021; Wang et al.,
2007). Another important driver of the decreased albedo during senes-
cence is the lower reflectance and therefore lower albedo of yellow
leaves than of green leaves. For example, an increase in surface albedo
during the development stage and a decrease in surface albedo with
senescence were observed for maize in the study of Jacobs and van Pul
(1990). Oguntunde and van de Giesen (2004) reported a significant
increase in albedo from emergence to maturity in maize, followed by a
slight decrease during maturity due to the occurrence of yellow tissues
in the plants.

4.3. Changes in iRF and LW, caused by tillage and crop residue
management

Changes in the surface albedo impact the amount of solar radiation
that is absorbed by the Earth’s surface. A reduction in surface albedo,
indicating lower reflectivity, results in increased absorption of solar
energy, causing local warming (Liu et al., 2022). Conversely, an increase
in albedo, signifying higher reflectivity, results in diminished absorption
and induces cooling (Carrer et al., 2018). In both the light-coloured red
sandy soil at DTC and the dark-coloured yellow-brown clayey soil at
UZF, the systematic cooling effect of NT compared with that of CT is
explained by a greater albedo during both the growing season and the
bare fallow periods. According to Davin et al. (2014), no-tillage without
mulch in European croplands caused a global cooling effect and, locally,
decreased surface temperatures during heatwave events. This local
attenuation of heatwaves makes no-tillage practices an interesting
climate adaptation strategy (Seneviratne et al., 2018). A modelling
study by Lobell et al. (2006) further demonstrated the potential impact
that no-tillage could have on the climate if applied globally; they esti-
mated a reduction in the global mean temperature of approximately
0.2 °C (Lobell et al., 2006), which is quite substantial.

At the DTG, the application of mulch led to a decrease in the surface
albedo. Compared with bare sandy soil, mulch has a lower albedo at this
site, leading to a decrease in the surface albedo and a positive iRF in the
NTM treatment. In contrast, at UZF, the soil surface has a darker colour
than mulch does, which results in a cooling effect through mulching.
However, the benefit of mulching on the local temperature regime could
be significantly offset by other effects, namely, a reduction in the
evaporation flux, an increase in surface temperature, and an increase in
the sensible heat flux (Davin et al., 2014).

The other important biophysical effect that is induced by no-tillage
and crop residue management involves the modification of topsoil
temperatures and, consequently, the longwave radiation emitted (Breil
et al., 2023; Bright et al., 2017; Donohoe et al., 2014). The DTC site
experienced a significant difference in longwave radiation emitted from
NT and NTM compared to CT during the growing season. This difference
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can be explained by the better crop growth in the CT treatment than in
the other two treatments. As a result, evaporation was likely greater in
the CT treatment than in the CT and NT treatments, and this process can
reduce the soil temperature and longwave radiation emitted by the
surface during the growing season. For example, Ceschia et al. (2017)
demonstrated that the albedo-induced cooling effect of cover crops
could be magnified when their effects on longwave radiation and the
Bowen ratio (i.e., the ratio of sensible heat flux to latent heat flux near
the surface) are accounted for. Furthermore, the authors highlighted
that cover crops caused, on average, a 2.5 °C decrease in local topsoil
temperature compared with the bare soil treatment, which could have
slowed organic matter mineralization.

4.4. Limitations and perspectives

Continuous monitoring of the albedo, surface temperature and LW
helped us to better understand the biophysical effects of CA practices
and their consequences for climate change mitigation. The detailed in-
formation collected in this study contributes to a better assessment of the
climatic impact of land management and can be fed into soil—crop
models or Earth system models for better simulations of the impacts
beyond the field scale. However, changes in management practices
affect the local climate not only through albedo effects on iRF or through
changes in LW, but also through other biogeophysical processes, such
as changes in evapotranspiration, sensible vs. latent heat fluxes and soil
water content (Idso et al., 1975; O’Brien and Daigh, 2019; Rost and
Mayer, 2006) and through biogeochemical effects (changes in soil
organic carbon and greenhouse gas emissions) (Powlson et al., 2016). In
our study, we did not conduct an analysis of the changes in latent or
sensible heat fluxes to investigate the effect of management on energy
partitioning at the surface (Davin et al., 2014; Ceschia et al., 2017).
However, complementary studies have been conducted on soil organic
carbon storage and greenhouse gas emissions (Shumba et al., 2023,
2024) at our sites. The results of these studies provide the opportunity to
compare the biogeophysical and biogeochemical effects of CA practices
to estimate their net climatic impact; this will be investigated in our next
study, which will compare these effects both in the short term and in the
long term. Modelling efforts would be valuable for exploring aspects that
were not investigated in this study, such as management effects on the
partitioning between sensible and latent heat fluxes. Coupled surface-
—atmosphere modelling, which incorporates feedback effects, is
essential for assessing the net climatic impact of CA practices on regional
and global climates.

5. Conclusion

Based on in situ measurements, we studied how the soil type, soil
moisture, crop growth and management practices impact the surface
albedo and longwave radiation dynamics, as well as subsequent
instantaneous radiative forcing. Independent of the soil type, the no-
tillage treatment increased the surface albedo compared with conven-
tional tillage; this resulted in a systematic albedo cooling effect due to
no-tillage practices during both the growing season and the bare fallow
period. However, the retention of crop residues has different effects on
the surface albedo depending on the soil type. In bright sandy soil
(abruptic Lixisol), the surface albedo decreased, leading to positive
instantaneous radiative forcing with a warming effect, whereas in
darker soil (xanthic Ferralsol), the surface albedo increased, leading to a
cooling effect. For a given practice, the biogeophysical effects and im-
pacts on climate are therefore very context specific. These effects are not
negligible and should be considered together with the biogeochemical
effects of CA practices to establish more efficient climate mitigation
strategies.
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