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Abstract

In order to investigate the application potential for soil solarization in the southern US without
conducting labor intensive field tests and expensive experiments, a numerical model has been
developed to estimate the temperature profile of both mulched and bare soils. Atmospheric and
soil conditions, as well as the transmissivity, reflectivity and emissivity of mulch are considered in
the model. The required dynamic inputs are hourly measurements of global radiation, air
temperature, dewpoint, wind speed and rainfall.

The model was validated using hourly observations from 12 contiguous days of July 6-18,
1990 at the North Carolina State University Horticultural Crops Research Station near Clinton.
Different weather occurred during the period. The model worked very well on both clear and rainy
days except July 17 when large, rapid changes of the air temperature and solar radiation occurred.
However, the percentages of the absolute differences less than 2.0°C between the hourly estimated
and measured soil temperatures at 10, 20, and 30 cm were 89, 95 and 95 for mulched soil, and 94,
98 and 100 for bare soil, respectively. The correlation between estimated and measured tempera-
tures yielded R-square values between 0.82 and 0.93. The model was very successful to satisfy the
main objectives in this study. Model sensitivities to 23 parameters were analyzed. Relative
sensitivity coefficients were higher for soil bulk density, quartz fraction, and mulch transmissivity
to solar radiation, than for surface roughness length, soil clay fraction and mulch transmissivity to
long wave radiation.
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1. List of symbols

a, the soil albedo

C the volumetric heat capacity of soil Jm * K™ ')

C, the volumetric heat capacity of air Jm > K™')

D the soil thermal diffusivity (m*s~ ')

e, vapor pressure of the air (Pa)

7™ the derivative of the function f(T") evaluated at 7".

F; the volume fractions of air, clay, organic matter, quartz and water in the soil

G the soil heat flux (Wm™?)

8 the shape factor of the granule of the soil

H the sensible heat flux (Wm™?)

h; the heat transfer coefficient (Wm ™2 K™') inside the mulch

h, the heat transfer coefficient (Wm™ K™ ') outside the mulch

K; the weighting factors of air, clay, organic matter, quartz and water in the
soil

L the latent heat of vaporization Jkg™")

m Van Genuchten parameter

n Van Genuchten parameter

P, the soil water pressure potential head of the surface layer (m)

q, air humidity (kgm?)

q, the saturation humidity of the surface layer (kgm*)

q, the air humidity in the soil surface layer (kgm™3)

R, the atmospheric long wave radiation (W m™?)

r, the aerodynamic resistance (sm™')

R, the net radiation flux (Wm™?)

R, the measured global radiation (Wm™?)

r, the surface resistance (sm™"')

T soil temperature (K)

t time (s)

T, air temperature (K)

T, dewpoint temperature (°C)

T, the mulch temperature (K).

" wind speed (ms™")

F4 soil depth (m)

a Van Genuchten parameter (10~ * Pa~!)

) the difference operator

€, the soil emissivity (W m~?)

A the soil thermal conductivity (Wm™' K™ 1)

AE the latent heat flux (Wm™?)

0 the actual water content of the surface layer (m* m™?)

0, the residual water content of the surface layer (m* m™*)

6, the saturated water content of the surface layer (m*m~*)

0 the reflectivity of the mulch to long wave radiation
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P the reflectivity of the mulch to solar wave radiation

o the Stefan—Boltzmann constant (5.67 X 1078 Wm™2K™*)
T the transmissivity of the mulch to long wave radiation

T, the transmissivity of the mulch to solar wave radiation

2. Introduction

Soil solarization which has been a relatively simple, effective, economical and
nonchemical approach to soil disinfestation in hot, arid areas since the 1970s (Katan and
DeVay, 1991) relies on elevating soil temperatures to a level that kills both pathogenic
and beneficial microbes in the soil. Research on integrated control of Sclerotium rolfsii
on tomato and pepper using solarization and biological control has been conducted for
five years in North Carolina (Ristaino et al., 1991). The treatment of solarized soils with
the beneficial biocontrol fungus Gliocladium virens could provide an additional man-
agement alternative for southern blight in the coastal plains of the southeast US. A
model predicting both bare and mulched soil temperature will assist in determining the
potential application of solarization in this region. Such a model could also serve as an
effective tool in lieu of an expensive network of observations in wide range of locations.

Several types of soil temperature models have been developed. Mahrer (1979),
Mahrer and Katan (1981), Cenis (1989) and Sui et al. (1992) developed models to
predict mulched soil temperature. The model described in Mahrer (1979) and Mahrer
and Katan (1981) is physically based and is general in application potential. However,
its application is limited by requiring radiosonde data or bare soil temperature data
which are not available at most meteorological stations. The Cenis (1989) model uses
Fourier methodology to simulate the daily sinusoidal change of temperature in a
homogeneous soil. Because its input requirements are daily maximum and minimum soil
temperatures at two depths, its application is site specific. The model by Sui et al. (1992)
can simulate soil temperature and moisture profiles under various muiches which were
classified into two categories: porous mulches (e.g. straw, gravel, sand) and film
mulches (e.g. oiled paper, asphalt emulsion film, etc.). However, rainfall, a very
important element affecting both energy balance and water balance, was not considered,
and the sum of the mulch transmissivity, reflectivity and emissivity used in their study is
greater than unity.

Ten Berge (1990) and Horton and Chung (1991) developed models to predict bare
soil temperature based on theory similar to Mahrer (1979) and Mahrer and Katan (1981).
The required weather inputs for the Ten Berge (1990) model are data at 30 min intervals
of solar radiation, vapor pressure, air temperature, wind speed and rainfall. The Horton
and Chung (1991) model requires daily global radiation, maximum and minimum air
temperature, average wind speed and total rainfall. These data are available at most
meteorological stations. However, these models do not estimate mulched soil tempera-
ture.

The objective of this study was to develop a physically based model which uses
easily accessed meteorological data to predict temperatures of both bare and mulched
soils to provide information for further assessment of the application of solarization in
the southern US.
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3. Model description

A 3 meter soil profile was divided into 33 sublayers. The soil temperatures in all
layers (depths) except the top and bottom were calculated by the following heat transfer
equation. The top layer temperature is determined by energy budget analysis at the soil
surface. The bottom layer temperature is assumed to be constant.

ST
ST 8()‘32)

St dz (1
where C is the volumetric heat capacity of soil Jm™*K™!), & is the difference
operator, T is soil temperature (K), ¢ is time (s), z is soil depth (m), and A is the soil
thermal conductivity (Wm™' K™ ').

The soil volumetric heat capacity (C) and the soil thermal conductivity (A) are
determined as in De Vries (1963) and Ten Berge (1990) as follows.

C=XC,F, (2)
where C; is the volumetric heat capacity and F; the volume fraction of soil components

air, clay, organic matter, quartz and water, respectively.

A LK FA 3
where K, is the weighting factor and A; the thermal conductivity of each soil
component. De Vries (1963) suggested that soil can be considered to be composed of
spheroids. Under this assumption, the following equation is used to determine K:

A A
R ]

0 0

Ki=§ 8 +%

where A, is the ‘medium’ thermal conductivity, g; is the so-called ‘shape factor’ which
accounts for the shape of the granule and its orientations with respect to the three axes
of physical space.

The energy budget at the soil surface determines the upper boundary conditions of the
model, which drive the entire model. The surface energy budget is given by

R,+H+AE+G=0 (5)
where R is the net radiation flux, H is the sensible heat flux, AE is the latent heat

flux, and G is the soil heat flux, all in Wm 2. These parameters are different at the bare
soil surface, the mulched soil surface and the surface of the mulch.

3.1. Bare soil surface

The net radiation flux at the bare soil surface is given by:
R,=(1—a)R,+€R,—€o0T* (6)
A B C

where a_ is the soil albedo, R, is the measured global radiation, €, is the soil
emissivity, R, is the atmospheric long wave radiation, and ¢ is the Stefan—Boltzmann
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constant (5.67 X 107® Wm™2 K~*). The soil albedo (a,), the soil emissivity (¢_), and
the atmospheric long wave radiation (R,) are determined as in Van Bavel and Hillel
(1976).

The three terms labled A, B, and C in Eq. (6) are the net short wave radiation and
atmosphere long wave radiation absorbed by the bare soil surface, and long wave
radiation emitted by the bare soil surface respectively. They are determined by the bare
soil surface properties and conditions. For a given surface and wavelength, the sum of
reflectivity, absorptivity and transmissivity equals unity. As the soil is considered to be
an opaque body, it is assumed that the sum of its reflectivity and absorptivity to short
(long) wave radiation equals unity. If the soil absorptivity of long wave radiation is
further assumed to be its emissivity (¢,), ttrm B=R, — (1 — ¢)R, = ¢ R,.

The air humidity (g,, kg m ™) which is required to determine R, is calculated using
the equations from Chen and Jiang (1989):

4, =217Xx107% ¢ /T, (7)

a

e, = 611X 10074574 /(235 + )] (8)

where T, is air temperature (K), e, is vapor pressure of the air (Pa), T; is dewpoint
temperature (°C). Eq. (8) is Magnus’ equation which is the most widely used by
meteorologists (Murray, 1967). Chen and Jiang (1989) found that this equation gives the
best agreement with experimental data.

The sensible heat flux in Eq. (5) is determined by:

H=C(T,-T)/r, %)

where C, is the volumetric heat capacity of air (Jm~™? K1), and r, is the aerodynamic

resistance (sm™").
The aerodynamic resistance (r,) is calculated from Van Bavel and Hillel (1976):

r,=r,S, (10)
S,=1/(1 — 10Ri) (11)
Ri =9.81(2 -z, (T, = T) /(T, u*) (12)
r.=6.25(In(2/z,))’ /u (13)

where r, is the adiabatic or neutral value of r,, §, is the stability correction, Ri is the
Richardson number, z, is the surface roughness length (m), and u is wind speed
(ms™'), 2 is the height (m) at which wind speed was recorded.

The latent heat flux in Eq. (5) is determined as following:

AE=1(q,—q)/(r,+r) (14)

where L is the latent heat of vaporization Jkg™'), g, is the air humidity in the soil
surface layer (kgm™?), and r, is the surface resistance (sm™").

The latent heat of vaporization (L) is calculated by the following equation used by
Horton and Chung (1991):

L =2.49463 X 10° — 2.247 X 10> X (T — 273.16) (15)

where L is in JTkg™!.
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The air humidity in the soil surface layer (g,) is calculated by the following equations
in Van Bavel and Hillel (1976) and Chen and Jiang (1989).

q, = q, X exp[ P,/(46.97 X T)] (16)
G, =2.17X107% e /T (17)
es — 611 X 10[7.45T/(235+T)] (18)

where P, is the soil water pressure potential head of the surface layer (m), g, is the
saturation humidity of the surface layer (kgm™?), e, is the saturated water vapor
pressure in the soil surface layer (Pa).

The soil water pressure potential head ( P,) is calculated as in Ten Berge (1990) by
the following equation:

“1/m 1/n

~a{[(0-6)/(6,— )] "~ 1) (19)
where «, m and n are the so called ‘Van Genuchten parameters’, 8, 6, and 6, are the
actual, residual, and saturated water content of the surface layer respectively, all in
m® m 3. The residual water content is the water content when hydraulic conductivity
- 0.

The soil heat flux in Eq. (5) is determined as the function of soil temperature gradient
as following:

G = A(8T/532) (20)

where A is the same as in Eq. (1).

P,

3.2. Mulched soil surface

The net radiation flux at the mulched soil surface is determined as:
Rn = RsTs(1 - as)/(l - psas) +RaEsTl/(1 - p] + ples)
A B

+€s€mUTr:/(l P +ples) —(l _pI)ESO-T"'/(l — P +p165) (21)
C D

where 7., p,, 7|, p, are transmissivity and reflectivity of the mulch to solar and long
wave radiation, respectively; €., is the mulch emissivity, and 7,, is the mulch tempera-
ture (K).

The terms labeled A, B, C and D in Eq. (21) are the net short wave radiation, net
atmosphere long wave radiation, and mulch long wave radiation absorbed by the
mulched soil surface, and the long wave radiation from the mulched soil surface. These
terms are determined by both mulch optical properties (transmissivity and reflectivity)
and soil properties and conditions. For example, term A is affected by mulch transmis-
sivity and reflectivity, and soil albedo which is affected by soil moisture. Considering
the infinite transfer processes of short wave radiation under mulch (Fig. 1), term A is
given by:

m

Term A=R.7,— R.71a,+ R7.a p, — RS’TS(JSZ p, t RSTSaS2 P52
302 33 4 3 4 4
- RSTSaS pS + RSTSaS pS - RSTSaS pS + RSTSaS pS — .
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Rg %~ mulch transimisivity
%~ mulch reflectivity
AR o~ soil albedo
Mulch
TR
Soil Surface

Fig. 1. Schematic of short wave radiation transfer inside the mulch.

Rearranging the terms on the right side of the equation results in the following equation:
Term A = (1 _as)RsTs(l +as Ps -‘l.azps2 _’_azps3 -*-a‘stps4 + - )

where (1 +a,p,+a’p?+a’pl+ ---) equals 1/(1 —a, p,) mathematically. There-
fore, Term A =R 7.(1 —a,)/(1 —a, p,). Term B, C, and D are derived in the same
manner as term A.

Heat exchanges between it and the mulch by convection from the mulch to the
ambient air, and are determined by the temperature gradient. The sensible heat flux
between the trapped air and the soil surface, H, is calculated using the formula of
Garzoli and Blackwell (1981).

H=h(T,-T) (22)

where the temperature of the trapped air is assumed to be the same as the temperature of
the mulch (7,) because the air gap between the mulch and the soil surface is very thin,
h; is the heat transfer coefficient (Wm ™2 K~!) inside the mulch.

The latent heat flux is given by:

AEzl‘(qamqs)/(ra+rm) (23)

where r,, is the mulch resistance to evaporation (sm™"). The material of mulch used for
solarization in this study was polyethylene which does not transmit water (Mahrer, 1979;
Waggoner et al., 1960). Therefore, r,, was assumed to be infinite, and consequently AE
was Zero.

The soil heat flux is determined as in the bare soil.

G = M(3T/57) (24)

where A is the same as in Eq. (1).
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3.3. Mulch surface

The net radiation flux at the mulch surface is given by:

RH=R3[(1 - ps) - Ts(l _aS + Tsas)/(l - psas)]
+Ra[(1 -p) - 7'1("'1 +e(1— Tl))/(] P +F’1€s)]
B

—emo-Tr:{2_ (1-€)(1=7—p)/(1—p +PIEs)]
C

+e,oT*[1—(7,+p)/(1=p +pe)] (25)

The terms labeled A, B, C and D in Eq. (25) are the net short wave radiation, net long
wave radiation from atmosphere, long wave radiation from the mulch and long wave
radiation from the soil surface respectively. These terms are also affected by both mulch
optical properties and soil properties and conditions. They are derived as described for
term A in Eq. (21).

The sensible heat flux at the mulch surface consists of two parts: one due to the
convection above the mulch, the other due to the convection below the mulch, and is
calculated using the following equation:

H=Cp(Ta—Tm)/ra+hi(T_Tm) (263)

where r, is the same as in Eq. (9), k, is the same as in Eq. (22), the temperature of the
air below the mulch is assumed to be the same as the soil surface temperature.

The sensible heat flux can also be calculated using the formula of Garzoli and
Blackwell (1981):

H=ho(Ta—Tm)+hi(T_Tm) (26b)

where #, is the heat transfer coefficient (Wm™% K™ ') above the mulch, 4, is the same
as in Eq. (22).

The latent heat AE equals zero based on the assumption given for Eq. (23). G also
equals zero because here only the energy balance at the mulch surface is analyzed.

Eq. (1) is solved using Gaussian elimination methods (Remson et al., 1971). Eq. (1)
can be written as a difference equation:

Tn+1 . D_n+l(T_n+l_Tn+|)__Dn+|(Tn+l —T-"+l)

i—1 i—1 i+1 i+1
5t (82)°
where D is thermal diffusivity (m?s™') and D = A/C, subscript i is space step, and

superscript n is time step.
Eq. (27) can be rewritten as:

(27)

n n n n n 2 n
DI T DI T — pr T = ((gz) /az)Tl_ (28)
where D' = ((82)*/80) + DI + DL

Eq. (28) can be solved using elimination methods when the boundary conditions are
given.
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Eq. (5) is solved using the Newton iteration method (Remson et al., 1971). Under
steady state conditions it can be expressed as:

(T)=R,+H+AE+G=0 (29)

According to Newton’s iterative technique, if f(T) = 0, then one can expand f(T) in a
Taylor series about 7" retaining two terms, i.e.

f(Tn+l) =f(Tn) +f!(Tn)(Tn+l _ Tn)
where f'(T") is the derivative of the function f{T") evaluated at T".
Then, with AT"*1) =0

7 = 77— f(T7) /F(T") (30)

4. Model validation

The Horticultural Crops Research Station (north latitude 35.00; west longitude 78.28;
elevation 48.2 m) located near Clinton, NC, was the validation site. The topography in
this Coastal Plain section of North Carolina is gently roiling. The soils are unconsoli-
dated moderately fine to coarse textured Coastal Plain sediments. The soil is a well
drained Nob—Norfolk loamy sand, with loamy sand A horizons. It has slopes ranging
from 2 to 6 percent. The thickness of the loamy sand A is variable, from less than 15 to
50 cm. The B horizons are yellowish brown sand clay loam extending to depths of more
than 150 cm.

To run the model, two input files are required, one for the inputs of soil physical
properties, mulch optical properties, initial values of soil temperature and moisture, the
surface roughness length, and the thickness of each soil sublayer; the other for the inputs
of atmospheric data including hourly measurements of global radiation, air temperature,
dewpoint, wind speed and rainfall.

The soil parameter values and the mulch optical properties are shown in Table 1. The
soil bulk density, soil porosity, saturated and residual soil water contents are from
Williams et al. (1990). The fractions of clay, organic matter and quartz are from
Williams et al. (1990), North Carolina Agricultural Experiment Station (1977), and
Hendricks and Fry (1986). These values were measured or derived for the soil type at
the Horticultural Crops Research Station. The shape factors of air, clay, organic matter,
quartz and water, Van Genuchten parameters and Ten Berge parameters and saturated
hydraulic conductivity are from Ten Berge (1990). The values of these parameters in
this study were chosen based on the saturated and residual soil water contents as well as
the description of soil type. The initial soil temperature of the surface and bottom layer
are 42 and 8°C for the bare soil, 48 and 8°C for the mulched soil, respectively. These
values change from location to location, especially from latitude to latitude. If they are
not given accurately, the model needs more time steps or a longer time period to
converge on the best estimate. In this study, they were chosen based on the measured
values and obtaining the shortest time period for the model to converge on the best
estimate (the smallest absolute difference between the first measured and estimated
values). The initial soil moisture values for the top 10 sublayers are 0.17 and increased



308 Y.-H. Wu et al. / Agricultural and Forest Meteorology 81 (1996) 299-323

Table |

Soil, mulch and other constant parameters and their symbol, value and units

Parameters Symbol Value Unit

1. Soil parameters
soil bulk density BD 1.710 1000 kgm 3
saturated soil moisture 6, 0.36 m*m”?
residual soil moisture 6, 0.06 m*m~?
soil porosity P, 0.36 dimensionless
fraction of clay F, 0.19 m*m~?
fraction of organic matter F, 0.03 m*m~?
fraction of quartz F, 0.42 m*m™?
shape factor of air SF, 0.200 dimensionless
shape factor of clay SF, 0.010 dimensionless
shape factor of organic matter SF, 0.500 dimensionless
shape factor of quartz SFy 0.140 dimensionless
shape factor of water SF, 0.140 dimensionless
saturated hydraulic conductivity K, 6.380% 10~ ¢ kgm 's”'Pa”!

2. Optical properties of mulch
transmissivity of mulch to solar radiation 7 0.89 dimensionless
transmissivity of mulch to long wave radiation T 0.80 dimensionless
reflectivity of mulch to solar radiation P 0.06 dimensionless
reflectivity of muich to long wave radiation Py 0.16 dimensionless

3. Others
Van Genuchten parameter (a) Vanl 2761107 % Pa~!
Van Genuchten parameter (n) Van2 3.0224 dimensionless
hydraulic scale length scale 2.0 dimensionless
vapor diffusion enhancement factor ( ) Beta 1.25 dimensionless
gravimetric moisture at soil relative humidity of 80%vg, 0.20 kg water /kg soil
surface roughness length for the bare soil 2 0.001 m
surface roughness length for the muiched soil 2, 0.0001 m

to 0.36 linearly with depth for the rest of the sublayers, where 0.36 is the saturated soil
moisture. These initial values were chosen based on Neutron Probe readings in sweet
potato fields near the solarized site in the summer of 1990.

The transmissivities of the mulch to short and long wave radiation are from Godbey
et al. (1979), and the absorptivities of the mulch to short and long wave radiation are
from Katan and DeVay (1991). Then the reflectivities of the mulch to short and long
wave radiation are determined by subtracting corresponding transmissivity and absorp-
tivity from unity. The values of these parameters were measured or derived for new
polyethylene (PE) in Godbey et al. (1979) and Katan and DeVay (1991). The mulch
material used in our solarization experiments was also new polyethylene, and was
installed in the experimental field on June 6, 1990.

The surface resistance (r,) in Eq. (14) is related to the length of the diffusion
pathway through the soil (Stewart, 1984). Four different kinds of methods calculating r,
have been reported. One is the theoretical analysis method used by Fuchs and Tanner
(1967), in which r, is given by r, = (0.622Lp/P X e, — €°)/E, where L is latent heat of
vaporization of water, p is air density, P is air pressure, e, is water pressure at the
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surface e is saturated water vapor pressure corresponding to the soil surface tempera-
ture, E is evaporation. However, Fuchs and Tanner (1967) failed to describe correctly
the transfer processes through the dry upper layer of the soil using the method.

The second method is that of Novak and Black (1985) and Hares and Novak
(1992a,b) in which r, was determined by trial and error until the measured and
calculated daily average values of latent heat flux agreed to within 1 Wm™?2 or
according to their measured soil water contents and measured soil water-retention
curves. The value of r; in their study was set to a constant for periods of interest. This
method is not practical because r, could not be a constant for long time period and the
measured soil water contents and measured water-retention curves are not available in
most regions. Hares and Novak (1992b) found that considerable difference existed
between predicted bare-plot values of latent heat flux and measurements.

The third method is that of Pikul (1991) in which r, is calculated by the following
equation: ry= pC, D yF, where pC, is the volumetric heat capacity of air, D, is the
vapor pressure deficit, vy is the psychrometric constant, F is the experimentally
determined factor given as a function of accumulated net radiation from the last rain.
Therefore, F will change from site to site and from time to time.

The forth method is the simple relationship of r, to soil water content, 8, which was
developed by Sun (1982) and Camillo and Gurney (1986). According to Camillo and
Gurney (1986), r, can be expressed as a linear function of the difference between
saturated and actual soil water content, i.e., r,=A ~I—B(6S — 6), where A and B are
regression coefficients which can be determined if evaporation measurements are
available.

In this study, when r, was determined by the equation of Camillo and Gumney
(1986), good agreement between the calculated and measured soil temperatures were
obtained, because
1. the saturated and residual water contents (0.36 and 0.06 respectively) in our study are

very close to those in Camillo and Gurney (1986) which are 0.39 and 0.05

respectively, and
2. the range from the residual water content to the saturated water content for the soil in

Camillo and Gurney (1986) is a little wider than the range in this study.

When r, was determined by E=(q,—gq,)/(r,+r,), the agreemnet between the
calculated and measured soil temperatures was a little better. Therefore, it is the final
method for r, in this study.

The heat transfer coefficients in Egs. (22), (26a) and (26b) are the same as in Garzoli
and Blackwell (1981),i.e. 2, =72 (Wm 2K "), and h, =(7.2+3.80) (Wm 2K~ ").
These two coefficients were derived for heat exchange from a single skin plastic
greenhouse from data obtained in 18 experiments by Garzoli and Blackwell (1981). The
combinations of temperature and relative humidity in the experiments were varied. Each
of the combinations represented one climatic condition. Therefore, it is anticipated that
the values may be used for different applications. Using the coefficients, Garzoli and
Blackwell (1981) obtained a good agreement between the calculated and measured rate
of heat transfer from a single skin plastic greenhouse. It was found in this study that
little difference exists between the estimated soil temperatures using Egs. (26a) and
(26b) in the model for both the mulched and bare soil cases.
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The atmospheric data were collected by an automated weather station consisting of a
data acquisition system (DAS) and the environmental parameter sensors. The DAS is
composed of a DC112 modem and CR-10 measurement and control module, both by
Campbell Scientific, Inc, Logan, UT. The DAS stores data every hour. The current
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dry-bulb temperature, dewpoint, relative humidity, and rainfall of the previous hour are
recorded at the top of the hour. The total solar radiation and wind speed are sampled
every fifteen seconds, and then averaged for the hour readings. The dry-bulb tempera-
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ture and relative humidity are measured with a Vaisala (Helsinki, Finland) HMP-35C
probe. Rainfall is measured by a model 1790 tipping bucket rain gage by Heath
Company, Benton Harbor, MI. Total solar radiation is sampled by a model 8-48
pyranometer from Eppley Laboratories, Newport, RI. Wind speed is measured with a
Climatronics Inc. (Bohemia, NY) model 100108 Mark 3 wind sensor crossarm. Consid-
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ering the development of this kind of automated weather station, hourly measurements
of these weather elements are becoming readily available. The time step, t, can be any
value between 0 and 3600 s (300 s was used here), even though input weather data for
the model are hourly values. The required meteorological data at each time step are
interpolated from the data of the previous hour and current hour. Global radiation, air
temperature, and dewpoint temperature are determined as linear functions of time.
Rainfall was evenly distributed over time and wind speed was assumed constant.

The mulched and bare soil temperature during June, July and August of 1990 and
1991 were monitored at the top of the hour with copper-constantan thermocouples
recorded by a Campbell Scientific, Inc. CR21X micrologger. The sensors were buried in
soil at 10, 20 and 30 cm depths in the field where solarization was carried out.

5. Results and discussion

Hourly soil temperature measurements for July 6—18, 1990, were used for validation.
Unfortunately, additional testing was not possible due to lightning damage to the
automated weather station early in the summer of 1991. During the period of July 6-18,
1990, varying weather conditions existed. July 6—10, 12 and 13 were clear days. July
11, 14—-17 were rainy days. It rained almost the whole day on July 11, and 57.0 mm of

Table 2

Percentages of absolute differences less than 1C and 2C and relative differences less than 5% and 10%, the
ranges of absolute differences, and the maximum relative differences between estimated and measured soil
temperatures at three depths for bare and mulched soil

Soil type Soil depth Percentage of absolute difference
(cm) <1C <2C Range (C)
Bare 10 70% 94% —-33-+28
20 83% 98% —24-+22
30 86% 100% —1.9-+14
Mulched 10 60% 89% —82-+44
20 80% 95% —4.0-+5.1
30 78% 95% —3.1-+3.1
Soil type Soil depth Percentage of relative difference
(cm) <5% < 10% Maximum
Bare 10 85% 99% 11%
20 93% 100% 8%
30 96% 100% T%
Mulched 10 88% 97% 19%
20 92% 98% 15%
30 94% 100% 9%

Note: Absolute difference = estimated — measured. Relative difference = 100(absolute difference /measured).
%s of absolute (relative) differences less than the given criteria = 100 times the ratio of the number of absolute
(relative) differences less than the given criteria to the total number of absolute (relative) differences.
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rainfall were measured. On July 14, 15, 16, and 17, 6.0, 8.5, 0.5, and 3.0 mm of rainfall
were measured, respectively. A significant decrease in air temperature (8.2°C in 1 h) was
recorded around noon on July 17.

Outputs of the model include energy fluxes, soil temperature and moisture at different
depths, evaporation from bare soil, Bowen ratio, acrodynamic resistance, soil heat
capacity, thermal conductivity, and hydraulic conductivity. However, no actual measure-
ments of evaporation, Bowen ratio, energy fluxes, soil moisture, acrodynamic resistance,
soil heat capacity, thermal conductivity, and hydraulic conductivity are available for this
analysis. These outputs were compared with published data, and good agreement existed
(data not shown). The analysis in the following section focuses on soil temperature only.

5.1. Mulch effect on soil temperature

The temperature in mulched soil was much higher than that in bare soil during period
(Fig. 2). The differences between mulched and bare soil temperatures changed diurnally,
and changed with soil depth. The differences were larger during daylight than at night,
and larger near the surface than at deeper depth. The mean differences between mulched

Table 3
Hourly values of solar radiation (Wm~2), air temperature (°C), and wind speed (ms ') for July 16 and 17,
1990

Hour July 16 July 17
Solar radiation  Air temperature  Wind speed  Solar radiation  Air temperature  Wind speed
1 0.0 254 06 0.0 24.1 0.0
2 0.0 252 0.2 0.0 233 0.0
3 0.0 256 02 0.0 237 0.0
4 1.0 25.6 0.1 0.0 238 0.0
S 15.0 253 0.7 62.0 234 0.0
6 63.0 25.0 0.1 206.0 239 0.0
7 206.0 25.5 1.2 297.0 26.9 0.1
8 249.0 25.7 05 399.0 272 0.1
9 320.0 283 1.2 512.0 28.5 0.0
10 238.0 26.7 24 615.0 28.8 0.1
1t 2440 27.1 0.8 538.0 29.8 0.1
12 359.0 28.8 0.9 840.0 315 0.6
13 165.0 253 1.8 318.0 233 42
14 331.0 25.6 1.1 147.0 235 2.5
15 402.0 28.8 2.1 258.0 25.0 1.3
16 147.0 26.8 24 257.0 25.7 1.4
17 91.0 27.0 2.1 59.0 255 0.3
18 31.0 26.8 0.6 37.0 25.0 2.3
19 0.0 23.7 1.0 0.0 252 1.5
20 0.0 24.1 1.4 0.0 23.8 0.6
21 0.0 23.6 1.0 0.0 237 0.0
22 0.0 20.3 1.1 0.0 238 0.0
23 0.0 238 0.6 0.0 237 0.0

24 0.0 24.0 0.0 0.0 234 0.0
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and bare soil temperatures at 10, 20, and 30 cm depth were 7.41, 7.28 and 6.99 (°C)

respectively. In other words, the average temperatures at 10, 20 and 30 cm depth in

mulched soil were 7.41, 7.28 and 6.99 (°C) respectively higher than those in bare soil.

The maximum differences between mulched and bare soil temperatures for the three

depths were 15.23, 12.12 and 10.60 (°C), and occurred on July 12, 6:00~7:00 PM (hour

162-163 in Fig. 2), 8:00 PM (hour 164 in Fig. 2) and 9:00 PM (hour 165 in Fig. 2)

respectively. However the maximum temperatures in the mulched and bare soils

occurred on July 10 (hour 97-120 in Fig. 3 and Fig. 4). Comparison between the

measurements in mulched and bare soils (Fig. 3 and Fig. 4) showed:

1. Temperatures of both bare and mulched soil at the same depth changed syn-
chronously with time.

2. Both had a significant diurnal cycle.

3. The diurnal variation amplitude of temperature in mulched soil was relatively larger
than that in bare soil.

This is different from the report in Katan and DeVay (1991).
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5.2. Soil temperature simulations

The estimates of both bare and mulched soil temperature at 10, 20 and 30 cm depth
were compared with the corresponding measured values by examining diurnal variation,
difference and correlation. In the bare soil case, the diurnal variations of estimated and
measured bare soil temperatures at the three depths were synchronous, and the ampli-
tudes of diurnal variations of both estimated and measured soil temperatures decreased
with soil depth (Fig. 3(a)-(c)). The correlation between estimated and measured
temperatures produced R-square values of 0.89, 0.87 and 0.82 for the three depths,
respectively. The range of absolute differences between estimated and measured bare
soil temperatures at 10, 20 and 30 cm depth were —3.30 to +2.80°C (Fig. 3(a)), —2.40
to +2.20°C (Fig. 3(b)) and —1.90 to + 1.40°C (Fig. 3(c)), respectively, and the largest
differences occurred at shallow depths (Fig. 3(a)). The percentages of the absolute
differences less than 1.0°C or 2.0°C between the estimated and measured bare soil
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temperatures were 70, 83 and 86, and 94, 98 and 100 at 10, 20, and 30 cm depths,
respectively (Table 2).

In the mulched soil case, the diurnal variation of the estimated and the measured soil
temperatures at the three depths occurred synchronously, and amplitudes of diurnal
variations of both estimated and measured soil temperatures decreased with soil depth
(Fig. 4(a)—(c)). The correlation between estimated and measured temperatures yielded
R-square values of 0.93, 0.91 and 0.88 for the three depths, respectively, and were
higher than those for bare soil. The absolute differences between the estimated and the
measured values at 10, 20 and 30 cm depth range from —8.20 to +4.40°C (Fig. 4(a)),
—4.00 to +5.10°C (Fig. 4(b)), and —3.10 to +3.10°C (Fig. 4(c)), respectively. These
absolute differences were larger than those for bare soil. The percentages of the absolute
differences less than 1.0°C or 2°C between the estimated and measured soil temperatures
were 60, 80 and 78, and 89, 95 and 95, at 10, 20, and 30 cm depth, respectively (Table
2).
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Both R-square values and absolute differences decreased with depth in both the bare
and mulched soil cases. The model estimated soil temperatures accurately on both clear
and rainy days in both cases except July 17 (hour 264 to 288 on Figs. 3 and 4) when the
largest differences occurred in both cases. The model underestimated the mulched soil
by 8.20°C (Fig. 4(a)) and the bare soil by 3.30°C (Fig. 3(a)) on that day. However, the
largest difference in bare soil occurred one hour (1700) later than in mulched soil (1600)
(data not shown). July 16 was cloudy, and 0.5 mm of rainfall was recorded, but the
morning of July 17 was very clear, as indicated by solar radiation (Table 3). A severe
storm occurred about noon causing the air temperature to drop by 8.20°C, and the global
solar radiation to drop from 840 to 318 Wm ™2 within one hour. This suggests that the
model is not sensitive enough to large, rapid changes of the air temperature and solar
radiation. This might be due to the interpolations of global radiation and air temperature
for each time step. That global radiation and air temperature were interpolated linearly
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with time would usually underestimate global radiation and air temperature during
daylight and overestimate air temperature at night. This could lead the model to
underestimate soil temperature during daylight and overestimate soil temperatures at
night. This could have a greater effect during daylight, because solar radiation strongly
affects the surface energy balance during daylight.

5.3. Model sensitivity

Sensitivity analyses were performed for both simulations of bare and mulched soils.
The effects of changes in all the constant input parameters in Table 1 were investigated.
The relative sensitivity coefficients, o(Y/P) = (Y(P) — Y(P + AP))/Y(P)) X
(P/AP), were used to describe the sensitivity of the model, where Y represents soil
temperature, and P represents each parameter. Therefore, the relative sensitivity coeffi-
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cient indicates the relative soil temperature change due to the relative change of each
parameter. For each parameter, a simulation was run for a period of 56 h. Data from the
last 24 h were analyzed to reduce the effects of initial conditions. The relative sensitivity
coefficients for the surface, 0.05 and 0.1 m depth were calculated by increasing each
parameter by 10% while holding all other parameters constant. Here a relative sensitivity
coefficient of 0.1 or greater was designated as sensitive. This means that a 10% change
in the parameter creates a 10% or greater change in soil temperature prediction.

The model was sensitive to surface roughness length in the bare soil case (Fig. 5(a)).
The relative sensitivity coefficients at surface layer were larger compared with the
relative sensitivity coefficients at lower depths. However, the model was not sensitive to
the surface roughness length in the mulched soil case (Fig. 5b). The reason is that
evaporation was assumed zero due to the mulch. The model was very sensitive to soil
bulk density (Fig. 6), clay fraction (Fig. 7) and quartz fraction (Fig. 8) in both bare and
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mulched soils. The relative sensitivity coefficients were positive at night and negative
during day time. This suggests that increasing soil bulk density, clay and quartz fractions
could increase soil heat capacity which decreases the amplitude of the diurnal variation
of soil temperature. The relative sensitivity coefficients of the three parameters were
larger at the surface than at other depths in both bare and mulched soils. The relative
sensitivity coefficients for soil bulk density and quartz fraction were larger in mulched
soil (Fig. 6(b) and Fig. 8(b)) than in bare soil (Fig. 6(a) and Fig. 8(a)), indicating that the
model responded more strongly to the changes in these two parameters in mulched soil
than in bare soil. However, the magnitude of the difference of relative sensitivity
coefficients for clay fraction between mulched and bare soil (Fig. 7(a) and (b)) were not
as large as for the soil bulk density or quartz fraction. The model also was sensitive to
quartz shape factor in both bare and mulched soils (Fig. 9). However, except for several
exceptions in bare soil, the effect was reversed, indicated by positive values during day
time and negative values at night time. This indicated that an increase in the quartz
shape factor increased the amplitude of the diurnal variation of soil temperature.

The model was sensitive to mulch transmissivity of solar and long wave radiation
(Fig. 10). The relative sensitivity coefficients were negative for mulch transmissivity to
long wave radiation (Fig. 10(a)) and positive for mulch transmissivity to solar radiation
(Fig. 10(b)). An increase in mulch transmissivity to solar radiation could increase the
soil temperature estimate, but an increase in mulch transmissivity to long wave radiation
could decrease soil temperature estimate. This indicates that the long wave radiation
from soil surface is greater than that from the atmosphere, especially at night time,
shown by larger values at night time (Fig. 10(a)). The relative sensitivity coefficients of
the model to mulch reflectivities of solar and long wave radiation were less than 0.1
(data not shown), indicating that the model was not sensitive to these parameters.
However, there was a slight positive trend of the relative sensitivity coefficients of the
model mulch reflectivities to long wave radiation, and a negative trend of the relative
sensitivity coefficients of the model mulch reflectivities to solar radiation. This could
indicate that an increase in mulch reflectivity of solar radiation could decrease the soil
temperature estimate, and an increase in mulch reflectivity of long wave radiation could
increase the soil temperature estimate.

The model was not sensitive to the other parameters, including saturated and residual
soil moisture, fraction of organic matter, shape factors of air, clay, organic matter and
water, Van Genuchten and Ten Berge parameters (data not shown). However, the
variation of the relative sensitivity coefficients in all cases decreased with soil depth, and
could suggest that the model was responding to each parameter more strongly at the
surface.

6. Conclusion

The effect of mulch on increasing soil temperature is determined by the optical
properties of mulch and the physical properties of soil as well as the weather conditions.
During the solarization period of 1990 at Clinton, NC, temperature in mulched soil was
much higher than that in bare soil. The differences between mulched and bare soil
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temperatures changed diurnally, and changed with soil depth. They were larger during
daylight than at night, larger at shallow depth than at deep depth. A model in which the
optical properties of mulch, the physical properties of soil conditions, as well as the
atmospheric conditions are considered has been developed in this study to investigate
the effect. The model is physically based. No particular assumptions were made based
on local conditions. Therefore, the model will work very well under various climate, soil
and mulch conditions, if the required inputs, i.e. soil parameters, surface roughness
length, and optical properties of mulch are measured or estimated correctly. The model
accurately simulated the soil temperatures for both bare and mulched soils on both clear
and rainy days during July 6-18, 1990 at Clinton, NC. However, the model did not
work well when large, rapid changes of the air temperature and solar radiation occurred
on July 17. If the model is used to investigate the effect of mulch on increasing soil
temperature in all ieasons, further tests and validation should be carried out for soil
temperature in spring and fall seasons during which large and rapid weather changes
occur more frequently, and for the other estimated parameters, such as energy fluxes and
soil water content. The outputs of the model, including not only the estimated soil
temperature, but also the estimated energy fluxes, evaporation, soil water content, and
soil heat capacity, etc., can provide valuable information for numerous practical
applications including determination of sowing date, application of fertilizer, and the
solarization application described herein.
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