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ABSTRACT
The sensitivity of sensible and latent heat fluxes and surface temperatures to the parameterization of the soil
thermal conductivity is demonstrated using a soil vegetation atmosphere transfer scheme (SVATS) applied to
intensive field campaigns (IFCs) 3 and 4 of the First ISLSCP (International Satellite Land Surface Climatology
Project) Field Experiment (FIFE). In particular, the commonly used function for soil thermal conductivity
presented by M. C. McCumber and R. A. Pielke results in overestimation during wet periods and underestimation
during dry periods, as confirmed with thermal conductivity data collected at the FIFE site. The ground heat flux
errors affect all components of the energy balance, but are partitioned primarily into the sensible heat flux and
surface temperatures in the daytime. At nighttime, errors in the net radiation also become significant in relative
terms, although all fluxes are small. In addition, this method erroneously enhances the spatial variability of
fluxes associated with soil moisture variability. The authors propose the incorporation of an improved method
for predicting thermal conductivity in both frozen and unfrozen soils. This method requires the specification of
two additional parameters, and sensitivity studies and tables of recommended parameter values to facilitate the
incorporation of this method into SVATS are presented.

1. Introduction
The partitioning of water and energy fluxes at the
land surface has received much attention in both the
numerical weather prediction (NWP) and global climate
modeling communities and is the subject of a major
international effort known as PILPS (The Project for
Intercomparison of Land Surface Parameterization
Schemes) (Henderson-Sellers et al. 1995). Studies motivating this project have shown that prediction of accurate sensible and latent heat fluxes as well as surface
temperature and moisture are critical for predicting convection, clouds, and air temperature and moisture at a
variety of temporal and spatial scales (e.g. Walker and
Rowntree 1977; Shukla and Mintz 1982; Avissar and
Pielke 1989; see also the reviews of Avissar and Verstraete 1990 and Garratt 1993).
The datasets of the FIFE experiment (Sellers et al.
1992; Strebel et al. 1994) have provided valuable validation criteria for the newest generation of land surface
energy and water balance models or soil vegetation at-

mosphere transfer schemes (SVATS). Two recent works
that make use of the FIFE data relate to efforts at the
European Centre for Medium-Range Weather Forecasts
(ECMWF) (Viterbo and Beljaars 1995) and the National
Centers for Environmental Prediction (NCEP, formerly
the National Meteorological Center) (Chen et al. 1996).
These efforts are illustrative of the recent trend toward
improving soil hydraulics in SVATS (see also Cuenca
et al. 1996) while retaining simpler, historically favored
formulations of soil thermodynamics.
We present a review of the representation of soil thermal conductivity in SVATS, with the goals of 1) illustrating the sensitivity of surface fluxes and temperatures
to this representation, and 2) proposing a new method
for predicting thermal conductivity in SVATS. Application of our proposed method for predicting thermal
conductivity to FIFE intensive field campaigns (IFCs)
3 and 4 and comparisons to the McCumber and Pielke
(1981) method illustrate the significant effects of this
parameterization on the surface energy balance.
2. Representation of soil thermal conductivity
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In this section we present a brief description of soil
thermodynamics in SVATS and methods for representing soil thermal conductivity. For a comprehensive re-
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TABLE 1. Thermal properties of soil constituents (after Farouki
1986).
Density

1

2

3103
kg m23

Material
Quartz
Soil minerals
Soil organics
Water
Ice
Air

2.65
2.65
1.30
1.00
0.90
0.0012

Heat
capacity

Specific
3103
heat
21
J
K
m23
21
21
(J kg K )

1

733
733
1926
4186
2093
1005

2

Thermal
conductivity
(W m21 K21)

1942
1942
2503
4186
1883
1.20

8.4
2.9
0.25
0.6
2.5
0.026

view of soil thermodynamics, the reader is referred to
Hillel (1980), Philip (1957), and Deardorff (1978).
The soil thermal conductivity k is a parameter of the
three-dimensional heat conduction equation for soil,
which may be written as
C

]T
5 = · (k=T ) 1 r w L= · (D uvap=u),
]t

(1)

where C is the heat capacity of soil, equal to the product
of the soil density r s and the mass specific heat of the
soil c; T is the temperature; k is the soil thermal conductivity; r w is the density of water; L is the latent heat
of vaporization; D uvap is the thermal vapor diffusivity;
and u is the volumetric soil moisture content.
The soil thermal conductivity affects the land surface
energy balance through its role calculating the ground
heat flux G:

1 ]z 2 )

G5 k

]T

,

(2)

z50

which may be obtained by integrating the heat conduction equation.
Collins and Avissar (1994) performed a Fourier amplitude sensitivity test (FAST) to quantify the sensitivity
of fluxes predicted with their SVAT to input parameters.
They found that while stomatal conductance and surface
roughness account for most of the variance in fluxes,
under conditions of large heat conduction into the
ground, soil thermal conductivity exhibits an important
control over the sensible heat flux.
Soil thermal conductivity can be a difficult parameter
to estimate, since it depends not only on the volumetric
water content, but also on mineral composition (particularly quartz content), porosity, dry density, and temperature (Farouki 1986). Table 1 illustrates the range in
thermal conductivity and other thermal properties for
various soil constituents. In the land surface parameterization literature, the most commonly used formulation for predicting soil thermal conductivity is that of
McCumber and Pielke (1981, henceforth MP81), which
is based on their fit to the dataset of Al Nakshabandi
and Kohnke (1965, Fig. 4, henceforth AK65). MP81
continues to be used in the newest SVATS, including
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the work mentioned previously at ECMWF and NCEP,
as well as in the OSU-CAPS model and implicitly in
the model of Noilhan and Planton (1989), which was
adopted recently by Pleim and Xu (1995). This is despite
evidence that the method predicts thermal conductivity
values, which can be up to an order of magnitude higher
than tabulated values in very wet conditions and significantly lower in dry conditions. Recently, Clark and
Arritt (1995, appendix A) noted similar disparities between the MP81 method (which they refer to as the
AK65 method) to both tabulated values and values predicted by the method of McInnes (1981). They found
that differences in soil thermal conductivity decreased
simulated rainfall totals over moist soils and enhanced
convection over dry soils.
Generally, as the level of saturation of a soil increases,
so does the thermal conductivity. AK65 conclude from
their data that soil moisture tension is the most significant factor in determining the thermal conductivity of
a soil, although this is not the case for frozen soils
(Farouki 1986). Kersten (1949) found that thermal conductivity is related to the logarithm of the moisture content.
Farouki (1986) presents a comprehensive review of
methods for calculating the thermal conductivity of
soils. In this work, he compares 11 semiempirical methods including Kersten (1949) and de Vries (1963),
among others. He compares predicted values to measured values for a range of fine and coarse, frozen and
unfrozen soils across the range of soil moistures. His
analysis indicates that a modified method of Johansen
(1975) (henceforth J75) is generally superior to all other
methods, except for dry fine soils, where an adjusted
de Vries (1963) is somewhat superior. Farouki’s (1986)
analysis did not include the MP81 formulation used extensively in the SVAT community, although the MP81
method is very similar to Kersten’s (1949) method,
which was found to perform poorly for soils with either
a high (e.g., sand) or low (e.g., silt) quartz content.
Below we describe in detail the MP81 and J75 methods.
a. McCumber and Pielke (1981)
McCumber and Pielke fit a logarithmic relationship
to the data of Al Nakshabandi and Kohnke (1965, Fig.
4), which suggested that the relationship between soil
thermal conductivity and soil water potential was nearly
independent of soil type. This relationship is

k5

5

exp[2( pF 1 2.7)]
0.00041

pF # 5.1
pF . 5.1,

(3)

where
pF 5 log 10c (u)

(4)

and c(u) is the soil water potential in centimeters at soil
moisture u.
It has not been widely reported that this dataset com-
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pared only three soil types—clay, silt loam, and fine
sand. In addition, there is no information in AK65 regarding experimental standard deviations or the applicability to frozen soils. Because this relationship is dependent on the soil water potential, it implicitly depends
on the choice of the soil water retention function, and
any uncertainty in its associated parameters as Cuenca
et al. (1996) discuss.
The MP81 method is used by numerous SVATS including Noilhan and Planton (1989), Ek and Mahrt
(1991), Famiglietti and Wood (1994a), Xinmei and Lyons (1995), Viterbo and Beljaars (1995), and Chen et
al. (1996).
b. Johansen (1975)
As previously discussed, Farouki (1986) concluded
that for fine unfrozen soils, or for fine or coarse frozen
soils, the Johansen (1975) method was the most accurate
over the full range of saturation, with deviations within
the 35% range for saturation over 0.2. For saturations
under 0.2, Farouki indicates that Johansen’s original
method underestimates thermal conductivity by about
5%–15%, and therefore he recommends a slightly modified method in these situations. This modified method
is presented below.
J75 calculates the thermal conductivity of a soil as a
function of its saturation, porosity, quartz content, and
dry density and phase of water (frozen or unfrozen).
The method thus requires more parameters than the
MP81 approach. Johansen calculates thermal conductivity k as a combination of the dry kdry and saturated
ksat thermal conductivities, weighted by a normalized
thermal conductivity (K e , known as the Kersten number):

k 5 K e (ksat 2 kdry ) 1 kdry .

Dry thermal conductivity. Johansen developed a
semiempirical equation to predict the dry thermal conductivity for natural soils:
0.135 g d 1 64.7
,
2700 2 0.947 g d

(6)

where kdry is in W m21 K21 , g d is the dry density in kg
m23 , and the solids unit weight is taken as 2700 kg m23 .
At the FIFE site, dry density was measured, but in practice, the dry density may be obtained from the porosity
n assuming the same solids unit weight as

g d 5 (1 2 n)2700.

(7)

For crushed rock, the dry thermal conductivity is a function of porosity n only:

kdry 5 0.039n22.2 .

uk x u,
ksat 5 k12n
k n2x
s
i
w

(9)

where the thermal conductivity of ice k i 5 2.2 W m21
K21 , the thermal conductivity of water k w 5 0.57 W
m21 K21 , and the solids thermal conductivity k s is given
as

k s 5 k qqk12q
o .

(10)

In the above equation, the thermal conductivity of quartz
k q 5 7.7 W m21 K21 , and the thermal conductivity of
other minerals is given as k o 5 2.0 W m21 K21 for q
. 0.2 and k o 5 3.0 W m21 K21 otherwise.
Kersten number. The Kersten number is a function
only of the degree of saturation S r and phase of the
water. For unfrozen soils,
Ke 5

5

0.7 logS r 1 1.0
logS r 1 1.0

S r . 0.05
S r . 0.1

coarse
fine.

(11)

For frozen soils,
Ke 5 Sr .

(12)

Although the method is extremely simple to code,
and the parameters it requires such as porosity, density,
and saturation are typically already implemented in
SVATS [or readily available as a function of soil texture
from Cosby et al. (1984) or Rawls et al. (1982)], the
implementation of Johansen’s method into SVATS is
hampered by the two additional parameters it requires:
quartz content and particle size. Below we discuss the
parameter requirements of J75 and their associated uncertainties.

(5)

The method consists of four steps: 1) determine the
dry thermal conductivity, 2) determine the saturated
thermal conductivity, 3) determine the Kersten number,
and 4) calculate the thermal conductivity.

kdry 5

Saturated thermal conductivity. The saturated thermal
conductivity ksat for natural soils depends on the porosity
n, the quartz content q, and the unfrozen volume fraction

(8)

c. Estimating parameters in J75
Quartz content. Generally, soil scientists measure the
quartz content of a specific soil sample as it is required.
Quartz content as a function of soil type is not tabulated.
However, it is known that sand usually contains a very
high percentage of quartz in crystalline form (Buckman
and Brady 1969). Silts and clay may also contain silicates, but these are not generally in the form of crystals.
It is only quartz crystals that have a very high thermal
conductivity, whereas the conductivity of quartz or silicate material bound inside clay or silt particles is similar
to that of other soil materials (Farouki 1986). For the
purposes of SVAT modeling, it was assumed that the
quartz content for each soil type was related to the percentage of sand in the soil. The quartz content of the
sand was allowed to vary from 0% to 100%, and the
quartz fraction of the soil therefore to range from zero
to the maximum sand content of that soil type, as determined using the United States Department of Agriculture (USDA) soil triangle. Since the likelihood of the
sand portion of a soil having a low quartz content is
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TABLE 2. Recommended quartz content and maximum expected
variation in thermal conductivity (t.c.) from Johansen’s method by
soil type.
Soil texture

Quartz
content

Maximum t.c.
variation (%)

Sand
Loamy sand
Sandy loam
Sandy clay loam
Sand clay
Loam
Clay loam
Silt loam
Clay
Silty clay
Silty clay loam
Silt
Peat

0.92
0.82
0.60
0.60
0.52
0.40
0.35
0.25
0.25
0.10
0.10
0.10
0.00

55.2
52.9
49.2
48.4
46.2
35.0
34.2
25.1
26.8
17.3
22.9
17.3
—

rather small, an average value of quartz for the soil type
was chosen by assuming that all the sand was composed
of quartz for a soil with a median percentage of sand
as depicted in the USDA triangle. This analysis led to
a set of median quartz contents versus soil texture class
as given in Table 2. Since peat is not one of the USDA
soil types, we assumed that peat contains no quartz for
the purposes of applying J75. Also given in Table 2 is
a maximum percentage deviation in thermal conductivity due to uncertainties in all other parameters as discussed below.
Particle size. A soil with more than 5% of material
having grain size less than 2 mm is considered ‘‘fine’’
(Farouki 1986). Thermal conductivity calculations assuming both fine and coarse soils at average values of
other parameters indicated that the difference in predicted values versus grain size was not significant. In
light of the lack of availability of grain size data, we
consider all soils to be fine in subsequent analyses.
Porosity. The average values and ranges of porosity
by soil type were taken from Rawls et al. (1982), who
combined data from 1323 soils to tabulate a variety of
soil water properties, including typical soil type porosity
and standard deviations. The upper and lower values of
porosity used were one standard deviation above and
below the given mean effective porosity. Analysis of
the relative sources of uncertainty in parameters affecting thermal conductivity estimates indicates that porosity is a more significant factor than quartz content
and density.
Dry density. No specific tabulation of dry density
ranges for soil types was available. The range in dry
density used in the analysis was obtained using Eq. (7)
to calculate density from the range in porosity values
from Rawls et al. (1982). This approach gave ranges
comparable to ranges given for some of Kersten’s (1949)
reference soils, and to the typical ranges by soil class
in Das (1985). The porosity method was not applied to
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peat, for which the density came only from Kersten
(1949).
Based on the closeness of the average calculated values of Johansen’s method to the available data, it is
recommended that the median parameter values be used
in the absence of specific data. These include the Rawls
et al. (1982) porosity values and the dry densities calculated from them and the listing of average quartz content by soil type provided in Table 2. This table also
lists the probable maximum range in thermal conductivity predicted by Johansen’s method using the maximum and minimum quartz contents, matched with minimum and maximum porosities and dry densities. Since
the actual soil parameters may be expected to fall somewhere between the extremes, the error in thermal conductivity should be bounded by these percentages. The
largest variation is just over 50%, a significant improvement over the MP81 method, which deviated from the
reference values by 300% or more during wet conditions. As these maximum percentages for Johansen’s
method represent deviations for a soil that varies significantly from the average in each respect, the actual
error should be considerably smaller for most soils.
The following section presents an intercomparison of
MP81 and J75 thermal conductivity predictions versus
various tabulated values and measured values at the
FIFE site.
3. Performance intercomparison
a. Tabulated values
A comparison of soil thermal conductivity values predicted by the MP81 and J75 methods to reference tabulated values is shown in Table 3 as well as in Figs. 1–
3, where we have made assumptions regarding the soil
hydraulic relationships implicitly required by MP81, as
well as assumptions regarding the particle size and
quartz content required by J75. Both Table 3 and Figs.
1–3 illustrate differences in predicted thermal conductivity versus saturation for sand, clay, and peat, since
these soil textures effectively represent the range of differences found between MP81 and J75. In Table 3, we
present two columns for MP81, corresponding to differences in soil water retention functions: CH78 for
Clapp and Hornberger (1978), and R82 for Rawls et al.
(1982). In Figs. 1–3, we show the same reference, MP81
and J75 values as in Table 3, and in Figs. 1 and 2 we
show two additional J75 values representing maximum
and minimum quartz content values (these are not shown
for peat since it contains no quartz). Thus, the additional
J75 lines illustrate the uncertainty in the method with
respect to quartz content. The table and figures illustrate
that the differences between MP81 and tabulated values
are large at high moisture levels, and smaller but still
significant at low saturations. The differences between
MP81 and the reference values depend somewhat on
the soil type and which soil hydraulic relationship is
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TABLE 3. Comparison of thermal conductivity values. Values of
porosity n and quartz content q are given for each soil type. All soils
assumed to be fine for J75. Values in W m21 K21.
Saturation

Reference

b

MP81 1
CH78

MP81 1
R82

J75

0.0
0.25
0.5
0.75
1.0

0.30
1.05c
1.95c,
2.16c
2.20c,

Sand (n 5 0.4, q 5 0.95)
0.172
0.172
0.833
3.549
1.76b
2.818
5.477
5.749
7.059
2.18b
9.536
8.451

0.240
1.116
1.779
2.167
2.420

0.0
0.25
0.5
0.75
1.0

Clay (n 5 0.4, q 5 0.25)
0.25a
0.172
0.172
0.63c
0.172
0.172
1.12c, 1.17b
0.182
0.658
1.33c
1.358
1.912
1.58c, 1.59b
5.643
4.077

0.240
0.724
1.090
1.304
1.456

0.0
0.25
0.5
0.75
1.0

Peat (n 5 0.8, q 5 0.0)
0.05a, 0.06c
0.172
—
0.13a
0.172
—
0.22a, 0.29c
0.579
—
0.33a
2.266
—
0.5a,b,c
6.435
—

0.038
0.315
0.524
0.646
0.733

a

Farouki (1986).
de Vries (1963).
c
Pielke (1984).
a
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used, but differences in the range of 300% at saturation
are shown for both.
b. FIFE thermal conductivity values
Soil thermal conductivity and gravimetric soil moisture data were collected at 25 FIFE locations after the
end of IFC4 on 18 October 1987. Soil thermal conductivity was measured with a hot wire probe at depths of
5 and 10 cm. These data are available on the FIFE CDROM (Strebel et al. 1994) along with measured soil
parameters such as bulk density and porosity at each
location. Both the MP81 (using CH78 parameters) and
J75 methods were applied to each location where soil
thermal conductivity was collected, with an assumed
quartz content of 0.2 at each location. The results of
this comparison are presented in Fig. 4, which illustrates
modeled versus measured thermal conductivity for each
data point. Figure 4 is consistent with the general results
from the tabulated values comparison, which indicate
that MP81 significantly overpredicts thermal conductivity values for wet areas. The rms error associated with
the MP81 method is 1.3 W m21 K21 or about 300%,
whereas the rms error for the J75 method is 0.3 W m21
K21 or about 70%.
4. Application to FIFE
Both MP81 and J75 were incorporated into a SVATS
and applied to FIFE IFCs 3 and 4. IFC3 took place from

FIG. 1. Thermal conductivity vs saturation for sand. Reference values shown as solid symbols are from
Table 3. Curves show values predicted by J75 and MP81 with different assumptions regarding parameters.
The solid curve is produced using average quartz content as in Table 2, and parameters related to soil texture
from Rawls et al. (1982). The dashed curves produced using J75 show the maximum range in thermal
conductivity produced by uncertainties in quartz content. Note that at high and low moistures, the MP81
method produces values that deviate from reference values by up to a factor of 5.
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FIG. 2. Same as Fig. 1 but for clay.

6 to 21 August 1987 (day 218–233) and was characterized by wet conditions and intermediate vegetative
greenness. IFC4 took place 5–16 October 1987 (day
278–289) and was characterized by dry, senescent conditions. The SVATS is known as TOPLATS (TOPMODEL-based Land Atmosphere Transfer Scheme) and
represents subgrid-scale spatial variability in topography and soils as a distribution and models spatial variability in soil moisture and water table depth, as well
as surface fluxes and temperatures by performing separate water and energy balances over each interval of

the subgrid soils-topographic distribution. The application of TOPLATS to FIFE is discussed by Famiglietti
and Wood (1994a,b) and Peters-Lidard et al. (1997),
who have shown that the model successfully simulates
the energy balance as well as the temperatures and soil
moistures and long-term water balance for the FIFE site.
The parameters for the model application in this work
are identical to those in Peters-Lidard et al. (1997)
Figures 5 and 6, which are taken from simulations
starting in IFC1 as in Peters-Lidard et al. (1997) show
that TOPLATS represents the 5-cm soil moisture ob-

FIG. 3. Same as Fig. 1 but for peat.
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FIG. 4. Scatterplots of modeled versus measured soil thermal conductivity for FIFE using MP81 and J75 methods
and measured soil moisture. Solid line is 1:1.

FIG. 5. Time series of TOPLATS modeled and measured average soil moisture for FIFE IFC3. The
measurements were converted from gravimetric to volumetric using the measured bulk density. The
diamonds represent the average of the converted measurements and the error bars represent one sample
standard deviation about the average. The model represents an average over the distribution of subgrid
soil moistures.
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FIG. 6. Same as Fig. 6 but for IFC4.

served in FIFE IFCs 3 and 4 well. Note that we are
within the spatial standard deviation of the observations
and that we suspect that soil moisture samples from wet
areas near the streams are missing from the data.
Given the soil moisture data and simulations of Figs.
5 and 6, which indicate rainfall events in the middle of
IFC3 and at the end of IFC4, we next illustrate the effect
of soil moisture on the predicted soil thermal conductivity. Both the MP81 and the J75 methods have been
implemented in TOPLATS, and Figs. 7 and 8 show time

FIG. 7. Time series of thermal conductivity predicted by both
MP81 and J75 for IFC3.

series of predicted thermal conductivity for IFCs 3 and
4, respectively. These figures illustrate both the large
range predicted by MP81, which is typically 2–3 times
higher than that predicted by J75 during the wet IFC3
and the end of IFC4. Comparison of Figs. 7 and 8 with
Figs. 5 and 6 shows the clear relationship between high
soil moisture values and large differences in thermal
conductivity.
Figures 9 and 10 and Table 4 illustrate the perfor-

FIG. 8. Time series of thermal conductivity predicted by both MP81
and J75 for IFC4. Circle indicates mean and crosses indicate minimum and maximum values measured on 18 October 1987.
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FIG. 9. Scatterplots of modeled vs measured site average fluxes for FIFE-IFC3 using: (a) MP81
and (b) J75. Solid line is 1:1. Site averages were produced for 30-min intervals by Betts and Ball
and are available on the FIFE CD-ROM (Strebel et al. 1994). Model predictions are average
fluxes produced by TOPLATS using a distribution to account for subgrid heterogeneity in soil
moisture.
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FIG. 10. Same as Fig. 9 but for IFC4.

mance of TOPLATS predicting the site average energy
balance components as computed by Betts and Ball and
found on the FIFE CD-ROM (Strebel et al. 1994) for
IFCs 3 and 4. Figures 9a and 10a were generated using

MP81 while Figs. 9b and 10b were generated using J75.
Figures 9a,b illustrate that for the wet IFC3 the ground
heat flux is larger than that observed using the MP81
method. Differences are much smaller between Figs.
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Statistic

1219

PETERS-LIDARD ET AL.

MP81

Slope
R-squared
Bias
Rms error

0.99
1.00
27.7
13.9

Slope
R-squared
Bias
Rms error

IFC4
J75

Net radiation
0.99
1.00
27.7
13.8

MP81

J75

0.97
1.00
24.8
11.2

0.98
1.00
25.4
10.9

1.01
0.95
28.09
27.6

Latent heat flux
1.03
0.88
0.96
0.75
27.2
27.26
26.8
15.2

0.85
0.75
27.38
15.2

Slope
R-squared
Bias
Rms error

1.00
0.84
20.9
31.0

Sensible heat flux
1.07
1.02
0.87
0.98
0.1
6.9
29.9
18.2

0.95
0.97
5.9
20.4

Slope
R-squared
Bias
Rms error

1.22
0.86
2.3
21.6

Ground heat flux
0.94
1.1
0.90
0.91
0.46
22.8
12.7
17.0

1.67
0.94
22.3
8.6

10a and 10b since they represent the relatively dry conditions of IFC4. Table 4 gives the error statistics for
components of the spatially averaged energy balance as
shown in Figs. 9 and 10. As the figures illustrate, errors
in the ground heat flux are generally smaller with the
J75 method, as are errors in other components of the
energy balance.
Given that the model seems to perform better on average with the J75 method [which is consistent with the
findings of Liang et al. (1997, manuscript submitted to
J. Geophys. Res.) with the VIC Model], next we present
Figs. 11a–d, which illustrate the differences in the model-predicted energy balance for IFC3 due to thermal
conductivity formulation. As expected, differences are
most significant in the ground heat flux term, while these
differences seem to partition primarily into the sensible
heat flux and also into the latent heat flux. Differences
in the net radiation are typically very small (less than
10 W m22 ). This is consistent with the findings of Clark
and Arritt (1995). The maximum difference in ground
heat flux is 101 W m22 , which occurs due to a phase
shift in the ground heat flux where the MP81 value is
near 250 W m22 and the J75 value is near 50 W m22 .
More typical maximum differences at midday are 50–
75 W m22 . The maximum absolute differences in sensible and latent heat fluxes for IFC 3 are 74 and 56 W
m22 , respectively.
Figures 12a–d illustrate the similar differences for

FIG. 11. Time series of modeled IFC3 energy flux differences due to thermal conductivity formulation. All values are MP81–J75. The differences show a clear diurnal cycle, are highest following
the rainfall events at the beginning and middle of the IFC, and affect mainly the sensible and ground
heat fluxes.
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FIG. 12. Time series of modeled IFC4 energy flux differences due to thermal conductivity formulation. All values are MP81–J75. The differences are smaller and of opposite sign to those predicted
during IFC3.

FIG. 13. Time series of modeled IFC3 skin and 10-cm soil temperature differences due to
thermal conductivity formulation.
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FIG. 14. Same as Fig. 12 but for IFC4.

FIG. 15. Time series of modeled spatial variability in sensible heat flux associated with spatial
variability in soil moisture for IFC3. The MP81 method predicts more variability than the J75
method.
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FIG. 16. Same as Fig. 14 but for IFC4.

IFC4. The differences in this case are of a smaller magnitude and of an opposite sign since IFC4 is quite dry,
and as discussed previously the MP81 method predicts
thermal conductivity values that are too small in dry
conditions. The maximum IFC 4 differences shown in
Fig. 12 for ground, sensible, and latent heat due to thermal conductivity formulation are 34, 26, and 11 W m22 ,
respectively.
The most significant differences due to the thermal
conductivity formulation are evident in Figs. 13 and 14,
which illustrate skin and 7.5-cm soil temperature differences for IFC3 and 4. These differences are typically
on the order of 1–2 K, with the maximum differences
in skin and soil temperatures of 1.5 and 2.6 K occurring
during FIFE IFC3 after the rainfall on 12–13 August
(days 224–225). Figures 13 and 14 illustrate that the
skin temperature difference is smaller in magnitude and
opposite in sign to the soil temperature difference. This
partially explains why the differences in energy fluxes
and particularly net radiation are smaller relative to the
ground heat flux differences. In the daytime during IFC3
we obtain a warmer surface for J75 relative to MP81,
whereas for IFC4 we obtain a cooler surface for J75
relative to MP81. Again, this is consistent with the findings of Clark and Arritt (1995), who found increased
rainfall over wet surfaces and decrased rainfall over dry
surfaces after switching from the MP81 method to another thermal conductivity method.
If one considers temperature differences predicted
with SVATS, which incorporate spatial variability in
soil moisture, it is conceivable that temperature con-

trasts predicted by the MP81 method would be too high
and would thus overestimate the development of circulations due to the induced pressure gradients. Figures
15 and 16 show time series of sensible heat flux spatial
variability predicted by solving separate water and energy balances for each interval of the soils-topographic
index distribution for IFC3 and IFC4. This produces a
distribution of soil moistures and soil temperatures as
well as distribution of each flux component. As discussed by Peters-Lidard et al. (1997) these distributions
actually underestimate the true variability of surface
states and fluxes due to their neglect of rainfall spatial
variability and vegetation heterogeneity. However, the
figures clearly illustrate the enhancement of spatial variability associated with MP81, relative to the variability
predicted with J75. This enhancement is evident mainly
in the intermediate wetness time period prior to the rainfall in IFC3, as shown in Fig. 15 (cf. Fig. 11c where
the largest mean difference are after the rainfall). Differences in variability are generally less in IFC4 (Fig.
16) due to the drier conditions. Models that include
rainfall and/or vegetation variability could produce even
bigger differences in spatial sensible heat flux variations, and this has strong implications for past sensitivity
studies that have used the MP81 method.
5. Conclusions
The formulation of thermal conductivity has been
shown to have a significant impact on the partitioning
of surface energy fluxes and the prediction of soil and
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skin temperatures in SVATS. In particular, differences
of up to 74 W m22 in spatially averaged sensible heat
flux and 56 W m22 in spatially averaged latent heat flux
were found for FIFE IFC3. In addition, maximum differences in spatially averaged skin and 7.5-cm soil temperatures of 1.5 and 2.6 K were found for FIFE IFC3.
These differences increased with moisture content and
were smaller in the drier IFC4.
The implementation of Johansen’s method into
SVATS should provide good estimates for thermal conductivity with the specification of one additional parameter value—the quartz content—as given in Table 2.
This method has been shown to be superior to other
methods for predicting thermal conductivity of soils,
such as de Vries (1963). In addition, as shown with
FIFE data, the method produces much more realistic
behavior of the saturation-thermal conductivity relationship, which is exaggerated by the McCumber and
Pielke (1981) formulation.
The FIFE data have provided a limited test of thermal
conductivity parameterizations, and it is recommended
that future field experiments take simultaneous thermal
conductivity, soil moisture, bulk density, and (if possible) quartz content measurements in order to support
additional intercomparisons. In addition, since thermal
conductivity exhibits a strong control on the amplitude
and phase response of heat diffusion, SVATS that have
incorporated the MP81 method should reexamine the
implications of this parameterization on their results and
model geometries.
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