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Abstract. Knowledge about the dynamics of soil moisture and heat especially at the surface provides important insight into the
physical processes governing their interactions with the atmosphere, thereby improving the understanding of patterns of climate
dynamics. In this context the paper presents the numerical and field experimental results of temperature and moisture evolution, which
were measured on the surface of a sandy soil at Abeokuta, south-western Nigeria. An unconditionally stable numerical method was
used, which linearizes the vapour concentration driving-potential term giving the moisture exchanged at the boundaries in terms of
temperature and moisture content, and simultaneously solves the governing equations for each time step. Instantaneous temperature
measurements were made at the surface using a thermocouple while the gravimetric method was employed to determine the volumetric
water contents at some specific hours of the experimental period. The observed experimental data compared fairly well with the
predicted values, with both having correlation coefficients greater than 0.9 and consequently following a common diurnal trend. The
sensitivity of the model was very high to the choice of simulation parameters especially grid size refinement and time step. While the
model underestimated the soil moisture content at 6 a.m. and 10 p.m., the measured temperatures were however overestimated. When
compared to moisture content, average errors for temperature were low resulting in a minimal absolute difference in amplitude of
0.81°C.
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1. Introduction

Following the phenomenological model of combined heat and moisture transfer in porous media as developed by Philip
and de Vries (1957) and de Vries (1958, 1987), successful attempts have also been made by other authors to extend advanced
research on the subject (Cassel et al., 1969; Jackson et al., 1974; Whitaker, 1977; Jury and Letey, 1979; Przesmycki et al.,
1985; Nassar and Horton, 1989; Nassar et al., 1992a, 1992b; Yamanaka et al., 1999). Heat transfer and moisture movement in
unsaturated soils are closely related, with the particular hydrological and physical characteristics of the soil, and the
atmospheric variables subject to the prevailing climatic conditions playing major roles. The model developed by Wu and
Nofziger (1999) used the average water content of each layer as the major requirement to predict soil daily mean temperatures
at different depths in the Hebei province of China, with the model giving a fairly good prediction of the measured
temperatures. The surface layer of soil is of paramount importance and a vital ingredient in this environment is the detailed
knowledge of the moisture and temperature regime, and the factors controlling them.

When moisture is present in the soil, it implies an additional mechanism: in the pores of unsaturated soil, liquid water
evaporates at the warm side, absorbing latent heat of vaporization, while because of the vapour-pressure gradient, vapour
condenses on the coldest side of the pore, releasing latent heat of vaporization (Deru and Kirkpatrick, 2002).

Heat and mass conservation equations have always been solved iteratively by using the values of temperature and
moisture content from previous iterations to calculate the source terms, but usually not without the attendant complications
connected with stability problems when long-term simulations are carried out with high time steps, especially at highly
permeable surfaces (Rubin, 1968; Yoon et al., 2003; Lu et al., 2005; Griffol et al., 2005). Kerestecioglu and Gu (1989) also
investigated this phenomenon using evaporation-condensation theory but the application of this theory is only limited to low
moisture content. Hence, Santos and Mendes (2005) obtained a linearized set of equations, by finite volume method and used
the MultiTriDiagonal-Matrix Algorithm (MTDMA), which is an unconditionally stable numerical method, developed by
Mendes and Philippi (2003) to describe the physical phenomena of heat and mass transfer in porous soils. Although, this
model theoretically presents fast converging results, its validation has not been tested with experimental observations. The
study therefore compares the numerically computed results with experimentally measured values of soil temperature and
moisture content distributions determined at the surface of a tropical soil, with an ultimate aim of building a reference data-
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base system for these physical quantities which are presently scarce in Nigeria due to cost and labour intensiveness of their
long-term measurements.

2. Mathematical model

The numerical method used is based on the mathematical model which considers linearization of the term giving the
vapour exchanged at the boundaries in terms of temperature and moisture content and the introduction of generic algorithm to
simultaneously solve the governing equations for each time step. The model considered all other surfaces of the porous soil as
adiabatic and impermeable apart from the upper surface but however did not take into account convection and radiation heat
transfer in the pores nor the sensible heat transferred by the liquid and vapour phases.

2.1. Governing equations

The governing partial differential equations to model heat and mass transfer through porous media are based on the
highly disseminated theory proposed by Philip and de Vries (1957). The expression for the energy conservation equation is
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while that of the mass conservation is given as
30  of
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where py is the solid matrix density (Kgm‘3); cm, the mean specific heat (Jkg'lK"l); T, temperature (°C); t, time (s); A, thermal
conductivity (Wm’lK'l); L, latent heat of vaporization (Jkg"l); 0, volumetric moisture content (m3m'3); jv » vapour flow (kgm’

2K ;1 j, total flow (kgm™K™), which is the sum of the liquid flow, j; (kgm?K™") and j,; p;, the water density (kgm™). The
vapour flow density is written as
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while the equation expressing the total mass flow density is
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with D = D, + Dy, and D, = D, + D, , where Dy, is the thermal liquid diffusivity, Dy, , thermal vapour diffusivity,
D, , isothermal liquid diffusivity, D), , isothermal vapour diffusivity, Dy, mass transport coefficient associated to a

temperature gradient (m’s™ °C™") and D, , mass transport coefficient associated to a moisture content gradient (m’s™).

2.2, Boundary conditions

A one-dimensional physical soil domain whose depth, H, is along the vertical x-coordinate was considered. The lower
surface of the domain is at x = 0, while the upper surface directly exposed to short and long-wave radiations, convection heat
transfer, and phase change as boundary conditions is at x = H. All other surfaces were all considered adiabatic and
impermeable.

Hence the energy balance at x = H becomes

(Z(T’ g)gr) + (L(T).]v )x:H = h(Tm - TX:H )+ aqr + L(T)hm V,00 - Iov,x:H )_ £le (5)
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While the mass balance at x = H is expressed as
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where h(Too —Tx:H) represents the heat exchanged by convection with the external air, described by the surface
conductance (/1), g, is the absorbed short-wave radiation and L(T)hm (pv’w Py ), the phase change energy term.

@ is the solar absorptivity while the mass convection coefficient /,, is related to /i by the Lewis relation. R, is the long-
wave radiation while € represents the surface emissivity. The vapour concentration difference between the porous surface
and air, AP, on the right hand sides of egs. (5) and (6) is normally determined by using the values of previous iterations for
temperature and moisture content, thereby generating additional instability. Mendes et al. (2002) calculated the vapour flow,
independent of previous temperatures and moisture contents, by linearizing the term Apv as a linear combination of

temperature and moisture content, i.e.

(p,.. —p,(s))=C,(T. ~T(s))+ C, (6. - 6(s))+ C, 7
with
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where R is a residual function of (PS / T); PS, saturated pressure (Pa); R, universal gas constant (kaol'lK'l); M,

molecular mass (kgkmol'l); ¢, relative humidity; ™ pr ™, previous iteration, and A is the straight line coefficient from the
approximation, P /T) = AT+B.

2.3. Discretization

The control-volume formulation method (Patankar, 1980) was used to discretize the governing equations by using the
control - difference scheme (CDS) as the spatial interpolation method and the time derivatives are integrated using a fully
implicit approach. The MultiTriDiagonal-Matrix Algorithm (Mendes and Philippi, 2004) was used to solve a 1D model
whereby, the dependent variables were obtained simultaneously, avoiding numerical divergence caused by the evaluation of
coupled terms from previous iteration values.

2.4. Hygroscopic properties

The sorption isotherms were compared as shown in Fig. (1) where the sandy silt, sand and artificial backfill are material
soils used by Oliveira et al. (1993) and loamy sand is from experimental site in Nigeria. Following the close range in values of
sorption isotherms and thermal conductivity as shown in Fig. 2 for the experimented soil and sandy silt, the transport

coefficients for tropical sandy silt obtained from Oliveira et al. (1993) were therefore used for the simulation processes.

Table 1 Dry-basis material properties

Bulk density (zem™)  Porosity (-) % Sand % Silt % Clay
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Figure 1. Soil sorption isotherms  Figure 2. Thermal conductivity for sandy silt and loamy soil

3. Materials and Methods
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3.1. Experimental measurement

The experimental site is located near the campus of the University of Abeokuta, which is in the moderately hot, humid
tropical climatic region of the South-Western Nigeria, (7° 30'N, 3° 48’E). It belongs to the derived savanna zone and its
annual rainfall is about 1200 mm. Based on the American Standard for Testing and Materials, the soil textural characteristics
at the bare upper surface was loamy sand, and can be classified as Alfisol. The parent materials consisted of alluvial deposits
in the valley and coarse grained granitic material in the upland. Humid tropical soils usually have moderate to high
permeability under natural conditions but susceptible to slaking and development of impermeable crust upon action of
raindrops. The large duration of the geologic age, extremes of climate and wide differences in parent materials are often the
reasons for the great contrast of soil properties in the humid tropics from other soils elsewhere. The weather data consisting of
solar radiation, relative humidity, outdoor temperature and evaporation covering the period of the experiment for the city of
Abeokuta, 150 m above sea level, was obtained from the Nigerian Meteorological Centre. The rainy season usually lasts from
March/April to October/ November and the dry season lasts for the remaining part of the year, October/November till
March/April. The mean monthly temperature varies from 23 °C in August to 36 °C in March. The temperature is relatively
high during the dry season with the mean about 30 °C. The harmattan, brought in by the north-easterly winds from December
to February, has ameliorating effects on the dry season high temperatures. Low temperature is experienced during the rains,
especially between July and August when the temperatures could be as low as 24°C. The relative humidity is usually high,
ranging from 76 % in February to 88 % in July, with low precipitation in August. Measurements were made on the site (0.3 m
x 0.3 m), with no vegetation cover, at periodic hours 06:00, 08:00, 10:00, 12:00, 14:00, 15:00, 16:00, 18:00, 20:00 and 22:00,
from October 28 to November 1. Boul ef al, (1990) noted that the common trend about all tropical soils is their lack of
seasonal soil temperature variation, and that field experiments conducted in any period of the year may give sufficient
information about the existing trend of soil temperature distributions. Temperature distributions were measured using a KD2

thermocouple sensor, which was inserted horizontally just at the soil surface for instantaneous measurements.
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Figure 3. Outdoor temperature daily variation
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Figure 4. Daily variation of solar radiation Figure 5. Relative humidity daily variation

Moisture content evolution was determined by using the pre-determined average bulk density of triplicate core samples,
carefully taken from the surface and oven dried at 105 °C for 24 h. The samples were taken in sealed columns to avoid
evaporation, while all the weight measurements were made with a sensitive digital balance to enhance accuracy. Averaging of
temperatures and sample weights, and weighing all samples to 0.001 g on a direct reading balance for each measurement
helped to minimize the errors. The temperature measurements were also enhanced with a measurement accuracy of + 0.05.
Gravimetric water contents were converted to the volumetric basis by multiplying by the bulk density.

3.2. Numerical simulation

The weather data for the city of Abeokuta was used as the boundary condition at the upper surface of the soil with a
constant convection heat transfer coefficient of 10 Wm’lK’l, and emmissivity of 0.3. The other surfaces were considered
adiabatic and impermeable. Other parameters like grid thickness, pre-simulation or warm-up period, time step, solar
absorptivity and long wave radiation loss were varied to determine their influence on the accuracy of the numerical simulation
as shown in Tabs. (2) and (3).

Numerical tests with varying parameters for temperature are shown in Tab. 2 where the surface node temperatures and
the corresponding next-node temperatures, i.e., grid nodes 1 and 2 were computed under different conditions. On the other
hand, because moisture content determined gravimetrically were actually the average moisture contents from core samples
taken from the surface, simulated values of moisture contents for the first two or three sections, depending on the thickness,
were therefore averaged and analyzed as shown in Tab. 3. Numbers in parentheses represent the nodes that were averaged for
moisture content, and the actual nodes tested for temperatures. A temperature of 30 °C and a volumetric water content of
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0.04412 m’m™ corresponding to a relative humidity of 50 % were considered as initial condition for the soil. Since we are
interested in a one-dimensional flow at the upper surface, a 5-m depth soil was simulated.

The results displayed at the end of the simulation represent the profiles of temperature and moisture content of the node at
the centre of the domain surface, and were further analyzed over the 120-hour period of investigation. The varying parameters
were selected because accurate determination of the temperature and moisture content profiles especially at the surface
depends strongly on grid size refinement, time step and period of warm-up (Santos and Mendes, 2005).

Table 2 Numerical tests for temperature with varying parameters

Values in Grid
Numerical Grid Time Step Thickness Ry Warm-up
Tests Nodes (min) (cm) (Wm?) Period (yrs)

T1 (1)

a=0.5 Node 1 60 1.250 100 10
T1(2)

oa=05 Node 2 60 1.250 100 10
T2 (1)

a=0.5 Node 1 60 0.625 30 3
T2 (2)

a=0.5 Node 2 60 0.625 30 3
T3 (1)

a=05 Node 1 20 0.250 100 1
T3 (2)

a=0.5 Node 2 20 0.250 100 1
T4 (1)

a=0.5 Node 1 10 0.250 50 1
T4 (2)

oa=05 Node 2 10 0.250 50 1
T5 (1)

a=0.5 Node 1 30 0.500 50 1
T5(2)

a=0.5 Node 2 30 0.500 50 1
T6 (1)

o=0.8 Node 1 30 0.500 50 1
T6 (2)

a=0.8 Node 2 30 0.500 50 1
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Table 3 Numerical tests for moisture content with varying parameters

Time Grid
Numerical Mean values in Grid Step Thickness Ry Warm —up
Tests Nodes (min) (cm) (Wm?) Period (yrs)
01 (1.2)
a=0.5
Nodes 1 -2 60 1.250 100 10
02 (1.2)
a=0.5
Nodes 1 -2 60 0.625 30 3
03 (1.2)
a=0.5
Nodes 1 -2 20 0.250 100 1
03 (1.2.3)
a=0.5
Nodes 1 -3 20 0.250 100 1
04 (1.2)
a=0.5
Nodes 1 -2 10 0.250 50 1
04 (1.2.3)
a=0.5
Nodes 1 -3 10 0.250 50 1
05 (1.2)
a=0.5
Nodes 1 -2 30 0.500 50 1
05 (1.2.3)
a=0.5
Nodes 1 -3 30 0.500 50 1
06 (1.2)
a=0.8
Nodes 1 -2 30 0.500 50 1
06 (1.2.3)
a=0.8
Nodes 1 -3 30 0.500 50 1

4. Results and Discussion
4.1. Error analysis and model validation

Experimental errors inherent in the gravimetric measurement of soil water content arose from sampling of cores to
determine the bulk densities, while instantaneous measurements of temperature also gave rise to some errors. The validation
or otherwise of the model was tested by calculating and comparing the errors over the entire period of investigation, for each
numerical test. The percentage relative errors calculated were compared with time as shown in Figures 6 — 10 for temperatures
and 11 — 14 for moisture contents. Average percentage errors for numerical temperature tests T1 (1), T1 (2), T2 (1), T2 (2),
T3 (1), T3 (2), T4 (1), T4 (2), T5 (1), TS (2), T6 (1) and T6 (2) were 10.26, 5.34, 9.24, 7.10, 8.16, 8.11, 6.86, 6.28, 8.32, 6.40,
8.32 and 6.40 respectively while for moisture tests, the average percentage errors were 12.08, 10.19, 10.06, 13.13, 9.04, 12.53,
9.92, 14.06, 9.92 and 14.06 for 01 (1.2), 62 (1.2), 63 (1.2), 63 (1.2.3), 64 (1.2), 64 (1.2.3), 65 (1.2), 65 (1.2.3), 66 (1.2) and 06
(1.2.3) respectively.
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The second node had lower errors for temperature than the first, though as the time step and the grid size reduced, the
values for first and the second nodes were getting closer as shown in Figs. (8) and (9). Averaging the first two nodes also
increased the accuracy for moisture content more than the first three nodes. With an increase in solar absorptivity from 0.5 to
0.8, there was no noticeable change as same error average values were recorded for TS (1) and T6 (1), and TS5 (2) and T6 (2).
Similarly same values of error averages were returned for 65 (1.2) and 06 (1.2), and also for 65 (1.2.3) and 66 (1.2.3). The
sensitivity of the model to grid size refinement and time step was pronounced as smaller grid sizes and time steps yielded
lowest errors for both temperature and moisture contents. Pre-simulation period also influenced the temperature model where
lower error was observed with 10 years period as shown in Fig. (6).

The effect of long wave radiation loss was also noticed when for instance, in T3 (2) and T4 (2) as shown in Figs. (8) and
(9), where both Rlw and the time step were reduced by 50 % and other parameters were kept constant, yielding an error
reduction of 23 %. The percentage relative errors were also computed for each day to study effects of atmospheric variables
on the model performance. Errors were much higher on day 3 as compared to other days for the numerical simulation of
temperature evolution. This may be attributed to the fact that the location point for the outdoor temperature and global
radiation measurement for the city was not near to the experimental site which may be subject to a micro climate on day 3. On
the other hand, day 3 had the lowest errors in numerical simulation of moisture content, while day 2 and day 4 had relatively
high errors. With respect to the time of the day, there were more errors recorded during the night for the moisture simulation
and temperature simulation. At the peaks of temperatures however, temperature sub-model agreed more fairly well than the
moisture sub-model with the exception of day 3.
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The discrepancy can be attributed to some irregularities in the global radiation pattern especially on day 3 because sands
are highly porous and permeable, making them strongly responsive to changes in atmospheric variables. A likely reason also
for the inconsistency is the assumed transport coefficients which were not directly measured. The test case with lowest errors
of 5.34 and 9.04 for both temperatures and moisture contents respectively was selected for detailed descriptions. For the
selected numerical case as further described in Figs. (15) and (16), the average absolute error was 1.894 for soil temperature
and 0.003172 for soil moisture content, while the average relative errors for soil temperature and moisture contents were
0.053426 and 0.090426 respectively. Daily average errors were 3.37, 4.76, 9.16, 5.31 and 4.11 % for temperatures and 6.61,
11.14, 4.48, 11.12, and 9.86 % for moisture contents from day 1 to day 5 respectively. Day 3 had the highest error for
temperature and the lowest for moisture content.

4.2. Soil temperature

The soil temperature sub-model was tested by comparing the observed data with simulated model results. The correlation
coefficient was determined as 0.9479, indicating that both the predicted values and observed data followed same diurnal
fluctuation trend. The maximum percentage relative error of 19.39 % was recorded at 10 p.m. on day 3, while the minimum of
0.07 % was recorded at 6 a.m. on day 1. The model overestimated the temperatures early in the morning except only for day
1, and especially late at night. Consequently, greater errors of the model were recorded at night hours while the model
recorded lower errors in the morning suggesting that measurement errors could have occurred since there was no radiation at
such period. At the peak hours also, the model overestimated temperatures with the exception of day 5.

Figure (3) presents the outdoor temperatures from 28th October to 1st November indicating that the ambient temperatures
varied from a minimum of 22.60 °C to a maximum of 34.90 °C, with amplitude of 6.15 °C. Figure (4) gives the solar radiation
at the experimental site, where the daily peak usually falls between 1 p.m. and 2 p.m. The monthly mean global solar radiation
is usually high in the months of October and November which most often signifies the inception of the dry season in this West
African sub region (Iziomon and Aro, 1999).
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Figure 15. Observed versus predicted soil temperature evolution
Comparing the simulated results with ambient measurements of air temperature and solar radiation, the average values of
temperature at the surface were strongly associated with daily average values of the prevailing atmospheric variables. The
correlation between the hourly simulated and observed spatial and temporal distributions of temperature at the surface are
compared as shown in Fig. (15). The amplitude of fluctuation was thus 9.055 °C for the predicted values and 8.25 °C for the
measured values. This is as expected because, at the surface, the period of soil temperature variation is minimal and the
amplitude of temperature fluctuation is remarkably high.
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The observed surface temperature pattern can be attributed to the hygrothermal behaviour of sandy soil which is
characterized by high night-time condensation and rapid day-time warm up because of low thermal capacity. There was also a
high latent heat flux because moisture is easily released into the air. Since temperature variational trend is a common
phenomenon in all tropical soils, it becomes necessary to compare with other tropical climates.

Previous researches have recorded same trend for other tropical regions of Southern Brazil and South-Eastern India
(Derpsch et al., 1985; Dalmago et al., 2004; Ghuman and Lal, 1981; Anandakumar et al., 2001). Similar experiments to
simulate temperature and moisture content in some soils in the Po Valley of Northern Italy and South Ticino area of
Switzerland using the land surface process model also observed same variational fluctuations (Cassardo et al., 1995, 2002).

4.3. Soil water content

The amount of soil water which is held by attraction of water molecules to each other and to soil particles by capillarity
changes over time affects its availability. Figure (5) shows the prevailing relative humidity from October 28 to November 1.
The outdoor relative humidity varied from a minimum of 45 % to a maximum of 91 % within the period of experimental
investigation. The simulated values were plotted with observed data at the periodic hours of measurement as shown in Fig.
(16). Soil water content decreased at the surface during the daytime because of evaporation and slightly increased during the
night.

As temperature increased, the hydraulic conductivity which is strongly related to both water content and soil temperature
also increased while the soil water capacity decreased. The data also indicate the wide range of water contents encountered at
the surface during a diurnal course of experimental investigation. On day 2 for instance, observed water content decreased by
47 % between 06:00 and 15:00 hours, recovered during the night, and again dried rapidly the next day. Similarly on day 4, a
decrease of 46 % was observed while the same pattern was exhibited through out the duration of both the numerical
computation and experimental observation.
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Figure 16. Observed versus predicted soil moisture content evolution

The measured volumetric moisture contents were low, partly due to the fact that the dry season had already commenced,
and also because of the increased sand fractional percentage which decreased soil moisture. Soil water holding capacity has
long been discovered to vary remarkably with soil texture. The finer the soil particles, the larger the soil water capacity which
is usually less than 10 % for sandy soil (Carson, 1969; Scheroeder, 1984). The difference can also be attributed to the assumed
moisture transport coefficients which were not directly measured for the simulated soil. To test the moisture content sub-
model, the observed results were compared with the predicted values and the correlation coefficient was calculated as 0.9397
indicating that both were in phase. The maximum percentage relative error of 31.80 % was recorded at 2 p.m. on day 2, while
the least was 0.41 % at 10 a.m. on day 3.

The differences between the predicted and observed volumetric water content were all positive at the extremes of
temperature on all the days of the experimental investigation, indicating that the model overestimated the moisture content
during the day time. Unlike the temperature sub-model, the moisture sub-model underestimated volumetric water contents
early in the morning and also especially late at night, with the exception of day 3, but also overestimated moisture at the
sunshine peak hours for all the days of investigation.

However, while on day 3, temperature was overestimated at the peak hours of sunshine, the predicted moisture contents
agreed better with measured values whereas on days 1 and 5, predicted and measured temperature agreed fairly well but
moisture was much overestimated. Mollerstrom (2004) also noticed some discrepancies in the investigation of DAYCENT
land surface model to compare the simulated soil moisture and temperature with observed data in semiarid Sudan and
explained that the performance of the model can be attributed to some irregularities in the weather pattern.
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5. Conclusion

Evolution of temperature and soil water at the surface displayed existing patterns comparable with other researchers in
the tropical climates and elsewhere. There was a fairly good agreement between the measured and predicted values of surface
temperature and moisture content distributions, with both following same diurnal fluctuation trend and consequently
correlation coefficients greater than 0.9. While the model underestimated the soil moisture content at 6 a.m. and 10 p.m., the
measured temperatures were however overestimated. When compared to moisture content, average errors for temperature
were low resulting in a minimal absolute difference in amplitude of 0.81°C. High porosity and permeability characteristics of
sandy soils generally affect their response to changes in atmospheric variables, especially global radiation and relative
humidity, thereby introducing some inconsistency into the performance of the model. The sensitivity of the numerical model
was very high to the choice of simulation parameters especially time step and grid size refinement.
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