Evaluation of a Simple Soil Temperature Model on Root Zone Data
Agronomy 505 Spring 2007

Introduction

Soil temperature measurements are a key component in energy and flux budgets. For example)
soil temperature is related to soil moisture flux, especially in the upper soil layer through the
latent heat exchange which in turn affects the water and energy budgets (Lakshmi 2000).
Additionally, soil temperature changes impact carbon and nitrogen budgets directly through
changes in soil microbial processes (Davidson et al. 1998; Agehara and Warncke 2005) as well
as changes in plant CO, assimilation rates caused by differences in soil moisture status (Verma et
al. 1992). Accurate measurements of the soil temperature are therefore important to numerous
fields including hydrology, micrometeorology, and ecology and many processes-based models in
these disciplines utilize soil temperature models to aid in the calculation of fluxes and balances.
Numerous models, of varying complexity, are available to calculate soil temperature fluctuations
based on measured data (Andales et al. 2000; Casanova et al. 2005). The goal of this project is
to evaluate whether a simple soil temperature model can be used to model diurnal soil

temperature variations in the root zone (specifically < 50 cm) for a short period of time (3-5

weeks).

Hypothesis

The simple soil temperature model,

T(z,t)=T,, + A(O)exp(‘%)sin[a)(t -8)— %D]’ (1)

(Campbell and Norman 1998) can be used to model diurnal soil temperatures variations in the

root zone for a relatively short period of time (3-5 weeks). Where T, is the average daily soil



temperature (°C), A(O) is the amplitude of the diurnal variation (°C), z is the depth of the soil
WAL

(cm), and D is the damping depth (cm). The model%etermined to be adequate primarily on the

basis of visual comparison betwe?)n the times series of the modeled versus the observed data for

each soil depth. A comparison ,gifq modeled versus observed data on an X-y scatter plot may

also be performed. These two methods were selected because they are commonly used methods

of model assessment (Kirchner et al 1996), and while there are drawbacks, they do provide a

reasonable first look at the data.

Site Description

lowa Data
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Figure 1. Soil temperature data from the Neal Smith site central lowa during the summer 0f 2006. Readings are
taken at 30 minute intervals.

I evaluated the model using two sets of data, one in Oklahoma and the other in Iowa. The

dataset for the Iowa site was obtained through Dr. Tom Sauer at the USDA-ARS Soil Tilth Lab.
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The data analyzed here cover approximately 3 % weeks in the summer period, June 24" through
July 17" (doy: 175-198) in 2006. Soil temperature was selected from 4 depths for the study,
namely: 6, 10, 20, and 50 cm, and readings were taken every 30 minutes. Data assurance
indicated that all data measurements from this time interval were valid, so there is no missing

data in this data set.

The dataset for the Oklahoma site was obtained through the Codiac data archive and
contains data from one station (A130) that is part of the Little Washita Watershed Micronet. The
data analyzed here cover approximately 3 weeks in the spring period, April 15 through May 5™
(doy: 106-126) in 2004. Soil temperature was measured at 4 depths: 5, 10, 15, and 30 cm, and
readings were taken every 15 minutes. Data assurance indicated that all data measurements from

this time interval were valid, so there is no missing data in this data set.

Oklahoma Data
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Figure 2. Soil temperature data from the A130 site in the Little Washita Watershed during the spring of 2004.
Readings are taken at 15 minute intervals.



Parameter Estimation

In order to run the model, parameter values for A(O), D,and T, must be estimated. Because

ave

the model utilized here suggests that A(O), D, T

' . temain constant across all dates and depths,
it should theoretically be possible to use a sample of selected dates and depths to calculate these
parameters.

For each site two depths were chosen for two different dates and these values were used
to determine the parameters. Initially, dates and depths were chosen at random for parameter
estimation of 4(0), D, and 4, , where 4, =T, (z,)-T,,,and T, (z,) is the maximum daily

temperature at a soil depth of z;. Additionally, average daily soil temperature was chosen from a

different set of randomly selected dates and depths and used in the estimation of 7,,, . However,

because the average daily soil temperature fluctuations varied from day to day (discussed below)
and because the average soil temperatures were not the same at varying depths (see Figures 3 and
4), it was not possible to obtain valid parameters from the randomly chosen datasets, as the date

and depth combinations selected resulted in negative values of 4, , and therefore made it

impossible to solve for D. Because of this dates and depths were picked by inspection for use in
estimating the parameters. Average mean daily soil temperature was determined by calculating
the maximum and minimum values over a number of days. This was done at multiple soil levels
for each site.

The damping depth was calculated from

oz -z, 2)
b= In(4,)-1n(4,)"




Because data from the surface was either not available or not appropriate for use in determining

model parameters it was also necessary to estimate 4(0), where

4(0)= 4 *exp(— 4)) 3)

Calculations were made to the same degree of precision as the data available (1/100™ for lowa ,

ol
1/10™ for Oklahoma), then averaged and rounded 3 significant figures (1 decimal place). T Cxthi devifio
T S gflc\-z cant
Table 1. Dates and data used to estimate model parameters for the lowa dataset. Al E"}%\,MW&)
Day Depth (cm) Twin CC) Timax CC) Tave (°C) Ai(°C)
177 10 18.57 22.01 20.29 1.72
177 20 19.41 20.55 19.98 0.57
189 10 20.51 23.97 22.24 1.73
189 20 21.09 22.26 21.675 0.59

Table 2. Estimated Parameters used in the Iowa soil temperature model.

Parameter  Description Estimate

A(0) Amplitude temperature fluctuations 52 °C
Tave Mean daily soil surface temperature 21.1 °C
D Damping Depth 91 cm

The data in Tables 1 and 3 were used to determine the model parameters for Iowa and
Oklahoma, respectively. Parameter& values were obtained by averaging the values across the
depths and plugging into (2) and (3). The resulting parameter values can be found in Tables 2

and 4.

Table 3. Dates and data used to estimate model parameters for the Oklahoma dataset.

Day Depth (cm)  Tmin(°C) Tmax (°C) Tayve °C) Ai(°C)
108 10 17.5 21.5 19.5 2.0
108 15 17.8 20.4 19.1 1.3
117 10 16.4 21.2 18.8 24
117 15 173 20.5 18.9 1.6

Table 4. Estimated Parameters used in the Oklahoma soil temperature model.

Parameter  Description Estimate

A(0) Amplitude temperature fluctuations 51 °C



Tave Mean daily soil surface temperature 19.1 °C
D Damping Depth 11.6 cm

Results

In the Iowa dataset, temperature values range from approximately 17-33 °C, with the most
variation seen in the shallowest depth (5 cm). The data generally follows a simple diurnal
oscillation, but it can be seen trending upward beginning on day 194 across all soil depths. In the
Oklahoma dataset soil temperature values in the root zone range from approximately 13 °Cto
just over 24 °C. This dataset shows more variation from the average daily temperature values,
with the upper three soil depths frequently trending upwards and then reverting back down to the

mean. The lowest depth shows similar patterns but with very pronounced damping.

lowa Data: Model vs. Observed
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Figure 3. Modeled versus observed data for the root zone for the Iowa dataset. (a) 6 cm, (b) 10 cm, (c) 20 cm, (d)
50 cm



Scatter plots of the data (not shown) did not show a good agreement between the
modeled and observed data, for any of the depths observed. However, given nature of the data, a
scatter plot does not seem the most appropriate choice of model evaluation (number of unique
model observations for entire dataset limited to the maximum number of daily observations) so
this analysis method is not further considered. The hypothesis that a simple soil temperature
model is adequate to be used for short time periods within the root zone does not hold true for
these datasets. While the model did work fairly well for very shallow depths, it does not
adequately describe the soil temperature patterns found below 20 c¢m, specifically the model and
data do not have the same phase for diurnal oscillations and the average daily temperatures of the
data and model are dissimilar. In the case of the Oklahoma dataset there is no intersection of the

model and the observed data at the 30 cm level.

Oklahoma Data: Model vs. Observed
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Figure 4. Modeled versus observed data in the root zone for the Oklahoma dataset. (a) 5 cm, (b) 10 cm, (c) 15 cm,
(d) 30 cm.



In both datasets, depths up to 20 cm followed the basic pattern of the model, with average
daily soil temperature roughly centered around the same value. Peak (and minimum)
temperatures seem to show agreement between the model and the data. While the actual
magnitude is not always the same, the timing is very close. In the case of the 50 cm depth of the
Towa data and the 30 cm depth of the Oklahoma data, the model is clearly not an appropriate
representation of the data (see Figure 3d, 4d). For example, the average soil temperature of the
30 cm depth (Oklahoma) calculated for use in the model is much higher than both the actual

average soil temperature and the minimum daily temperature of the data.

Discussion
One of the challenges of the data estimation process is determining what method to use in
selecting parameters. As mentioned previously, it was not possible to use randomly selected
parameters with these datasets because the estimation procedures used required certain
assumptions to be true about the data that were not (1.e. the average daily temperature selected
from one day will always be lower than the maximum daily temperature on a different day). In
choosing data points by inspecition iE is possible to avoid these problems by choosing multiple
days that have smooth diurna%mﬁiv(ever, given the amount of fluctuation in the data on even a
relatively small time scale, it can be seen that two different sets of data points picked with these
criteria could yield much differ results. For example in the Iowa data, using dates 179 and 186
yields, 4(0) =8.4°C,D=9.5 cm, and T,,,=21.9 °C (model data from days 177 and 189: A(0)
o it |
Z52°C.D=91em, T, =21.1°C). KR et

The model assumes that daily temperatures at all soil levels will fluctuate around a

common average temperature (7,,,, ), with the amplitude varying based on depth, which is



T

- .//’
s \‘\—/ i
represented by the A(O)exp(_ %))sin[a)(t -98) —(%)] terr}}l in (1). However, the model being
\. /
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examined is based on the assumption that there is a uniform soil profile. It is possible that the
reason the average soil temperature (which was calculated from the upper soil layers), does‘*\ not
apply to the lower depths (30 cm Oklahoma, 50 cm Iowa) is that there was a change in one of
more soil properties that contributes to heat transport. Additionally, the amplitude of the diurf}al
temperature variations of these depths are higher than that calculated in the model, which would

indicate that in addition to the parameter T, being incorrect, the damping depth, D, might also

incorrect as well (this further supports the notion of a change in soil properties, since the soil
properties are reflected in this parameter). The timing of the peaks in the lowest depths aISO/
varies between the models and the data.//\ Fonia N ( o= \ . \% wep poafent e D
Estimates of the model parameters used in calculating D were obtained from directly
picking points on the graph. In general however, there seems to be close agreement with the
phases of the modeled versus actual data curves with the exception of 30 and 50 cm depths

(which are discussed above). This would indicate that in this case a reasonable value of D could

be obtained (that would work throughout the year) even when there is a limited dataset.

Recommendations

While the model could be applied over a longer time period (for example a year), these examples
show that even over a short period of time, significant deviations can occur. Using the model on
a longer time period would likely result in seasonal trending of the overall curve (i.e. on average

higher temperatures in the warmer months and cooler temperatures in the colder months), which

would mean that there would be significant deviations from the curve if an average yearly

temperature was used. Given the results of the data analyzed here, this model would be ideally



5 =1

applied in an area and time peri-(j»d over which there was average air temperature is constant and
the soil conditions are uniform. For example a situation for this might be in a large controlled
environment experiment where air temperature is fairly controlled and the soil properties are
known.

One factor to consider in the applicability of this model for year-round use is how the soil
conditions may change and the effect that this would have on the model. For example, frozen
soils (i.e. frozen soil water) can have different thermal characteristics than that of the same soil
when there is no freezing (Fuchs et al. 1978). Additionally the presence of snow on the soil
surface has been shown to affect the underlying soil temperatures because snow can act as an
insulating layer (Mellander et al. 2005).

One improvement that could be made to this model is one in which 7,,, is adjusted based

ave

on air temperature. While there are other models which make adjustments in 7, based on the

time of year (Casanova et al. 2005), the data in Figures 3 and 4 show that changes in the average
daily temperature do not show a linear increase. The soil temperature patterns are very similar to
the air temperature oscillations (not shown). A recent model (Elias et al. 2004) attempts to
address these issues by having an adjustment factor for daily soil temperature based on air
temperature but still keeping the model relatively simple. While the model presented here is not
always appropriate to use in determining soil patterns (even rough approximations), it can be a
useful first step as it allows for rather simple analysis using data that can be fairly easily obtained
or estimated. Furthermore, this analysis process can provide information about the potential

processes or conditions affecting the soil through its failure to conform to model predictions.
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