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Abstract  

Modelling of ecosystem processes often requires soil temperature as a driving 

variable. Since soil temperature measurements are seldom available for regional 

applications, they have to be estimated from standard meteorological data. The 

objective of this paper is to present a general, simple empirical approach for 

estimating daily depth profiles of soil temperature from air temperature and a surface 

cover index (LAI; leaf area index) mainly focusing on agricultural soils in cold 

temperate regions. Air and soil temperature data measured daily or every fifth day at 

one to six different depths was acquired from all meteorological stations in Sweden 

where such records are available. The stations cover latitudes from 55.65 to 68.42 N 

and mean annual air temperatures from +8.6 to -0.6 oC. The time series spanned 

between two and ten years. The soils at the stations cover a wide range of soil 

textures, including two organic soils. We calibrated the model first for each station 

and then for all stations together and the general parameterization only slightly 

decreased the goodness of fit. This general model then was applied to two treatments 

in a field experiment: bare soil and a winter rape crop. The parameters governing the 

influence of LAI on heat fluxes were optimized using this experiment. Finally, the 

model was validated using soil temperature data from two barley treatments differing 

in LAI taken from another field experiment. In general, the model predicted daily soil 

temperature profiles well. For all soils and depths at the meteorological stations, 95% 

of the simulated daily soil temperatures differed by less than 2.8 oC from 

measurements. The corresponding differences were somewhat higher for the 

validation data set (3.9 oC), but bias was still low. The model explained 95% of the 

variation in the validation data. Since no site-specific adjustments were made in the 

validation simulations, we conclude that the application of the general model 
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presented here will result in good estimates of soil temperatures under cold temperate 

conditions. The very limited input requirements (only air temperature and LAI) that 

are easily obtainable from weather stations and from satellites make this model 

suitable for spatial applications at catchment or regional scales.   

 

Key words: Empirical model, LAI, regional model, simulation.  

 

Introduction 

Soil temperature affects most soil processes and also plant growth. Spatially explicit 

predictions of soil temperature dynamics are needed for ecological applications and 

agricultural management. Together with chemical and physical characteristics of the 

soil organic material, soil temperature is one of the major variables controlling soil 

biological activity (e.g. Lundegård, 1927; Kätterer et al., 1998; Frank et al., 2002). 

Unfortunately, comprehensive soil temperature records are seldom available (Schaetzl 

et al., 2005) and have to be estimated from other information, usually standard 

meteorological data.  

Mechanistic approaches for estimating soil temperatures are computationally 

demanding and they are also parameter intensive (Qin et al., 2002). Detailed 

knowledge of water retention curves, hydraulic and thermal conductivity functions, 

heat capacity, surface resistance etc. is usually lacking, so simpler empirical 

approaches are necessary for spatial applications. These models can provide good 

approximations of point-scale soil temperature measurements when estimated from 

standard meteorological measurements and basic soil and crop characteristics, e.g. 

obtained from satellites (Kang et al., 2000). 
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A number of empirical or semi-empirical soil temperature models have been 

proposed (e.g. Gupta et al., 1982; McCann et al., 1991; Paul et al., 2004; Rankinen et 

al., 2004; Bond-Lamberty et al., 2005 and papers cited therein). Many of these models 

are not sensitive to surface cover (e.g. McCann et al., 1991) and only a few consider 

the effect of snow cover on heat transfer (e.g. Rankinen et al., 2004). A sinusoidal 

function of time oscillating around an average value with an increasing phase shift 

and attenuation with depth is often used to describe large-scale soil temperature 

dynamics (Campbell, 1985), and seems to work well also at the field scale in warm 

temperate climates, if surface temperature is known (Wu & Nofziger, 1999). 

However, even under these conditions a bias is introduced when using air temperature 

as a driver (Wu & Nofziger, 1999).  

In colder climates, these simple sinusoidal functions may adequately predict 

soil temperatures at greater depths (>0.5 m), if the influence of snow and frost is of 

minor importance, and adjustments are made for surface cover (Paul et al., 2002). 

However, this approach is often too crude in topsoils, where biological activity is 

high, especially at inter-annual time scales (Paul et al., 2004).  

Snow dynamics and frost were included in the approach presented by 

Rankinen et al. (2004), but vegetation was not considered as a modifier of the upper 

boundary, even though its influence on sensible and latent heat fluxes can be 

significant (Morrow & Friedl, 1998; Bond-Lamberty et al., 2005). Rankinen et al. 

(2004) also used air temperature instead of surface temperature, which may be too 

simplistic for applications in arable land. Moreover, their approach (equation 12 in 

their paper) leads to unrealistic estimates at shallow depths when temperature 

gradients are high, due the quadratic dependence on soil depth in the denominator.  
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The objective of this paper is to present a simple and consistent approach for 

estimating daily soil temperature from air temperature and a surface cover index, 

focusing on agricultural soils in cold temperate regions. This model will be 

incorporated in a model system for calculating soil carbon balances for arable soils 

(Andrén et al., 2004), but can also be used for other spatial applications, e.g., in the 

context of precision agriculture.  

 

Material and methods 

Model description  

We modified a semi-empirical model developed for spatial modelling (Kang et al., 

2000) making it suitable for estimating soil temperature from air temperature records 

under cold temperature conditions. Their model combines principles of heat transfer 

physics with an empirical model proposed by Zheng et al. (1993) and estimates mean 

soil temperature (T) at any depth (z; cm) using the following equation: 
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where t is time (day), Tsurf is the apparent temperature at the soil surface (air 

temperature was used by Kang et al., 2000), ks is the thermal diffusivity (cm2 s-1), p is 

the period of temperature variation (s, in this case one year), and kLB is the radiation 

extinction coefficient according to Lambert-Beer’s Law, which governs the radiation 

transfer between atmosphere and soil as a function of leaf area (LAI) or an equivalent 

thickness of litter on the soil surface.  

The assumptions made by Kang et al. (2000), that soil temperature would not 

fall below freezing and no snow cover would occur, is of course inappropriate for 
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Scandinavian conditions. Instead, we corrected air temperature by a factor (ssnow) 

when air temperature was below 0 oC, accounting for the low thermal conductivity of 

snow. To include the effect of surface cover on Tsurf during the growing season, we 

used the following relationship between air temperature (Tair) and Tsurf : 

( )( )[ ]
⎭
⎬
⎫

⎩
⎨
⎧

<
≥−−−+

=
0;
0;exp)1( 211

airairsnow

airrefair
surf TTs

TLAILAIsssT
T

 (2) 

Note that the upper part of this equation (Tair≥0) is normalized for standard 

conditions (i.e., Tsurf = Tair when LAI=LAIref), which is assumed to correspond to the 

standard conditions at the meteorological stations. Thus, calculations for the standard 

meteorological stations are not affected for Tair≥0. For non-standard conditions (LAI ≠ 

LAIref) Tsurf differs from Tair to an extent governed by parameters s1 and s2. Equations 

1 and 2 represent the whole model, which is slightly modified below (Equation 7).  

 

Study sites and data acquisition 

Air and soil temperature measured daily or at five-day intervals at one to six different 

depths were acquired from all meteorological stations in Sweden where soil 

temperature records are available. The stations cover latitudes from 55.65 to 68.42 N 

with mean annual air temperatures from +8.6 to -0.6 oC (Table I). The time series 

range from 2 to 10 years. The soils at the stations cover a wide range of soil textures, 

including two organic soils. No detailed information on vegetation cover at the 

various stations was available, so vegetation cover was set to a standard leaf area 

(LAIref). 

For evaluating the impact of vegetation on radiation transfer, we used two data 

sets from field experiments. The first experimental data set was derived from a French 
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site (data are freely available at http://www-

bioclim.grignon.inra.fr/ecobilan/base/welcome.html; Gosse et al., 1999). We used the 

data from bare soil and the high N winter rapeseed treatment. LAI was calculated from 

GAI measurements as described below.  

The second data set was taken from a comprehensive field study conducted in 

Sweden (Andrén et al., 1990). We used data from two barley plots, one treatment 

fertilized with nitrogen and one unfertilized. Temperature measurements were 

obtained for two growing seasons (from May 1981 to August 1982) from Alvenäs et 

al. (1986). Green area index (GAI; the area of all plant parts that are visibly green 

including stems and ears (only one side of leaves is counted) was used as a proxy for 

an apparent leaf area index (LAI) which also includes standing dead plant material and 

litter. GAI was measured during one growing season in the two barley treatments 

(Pettersson, 1989). Since the maximum GAI values during the growing season often 

correlate closely with grain yield (Olesen et al., 2002), we used measured grain yields 

to calculate maximum GAI for the two years considered here (Hansson et al., 1987; 

Pettersson, 1989). A non-linear function was fitted to the GAI data during the first half 

of the growing season, when LAI=0.8*GAI according to Flink et al. (1995) (Figure 1). 

GAI and LAI were set to zero before emergence of the barley crop in spring and after 

soil tillage in autumn. During grain filling (days 198-213), we let LAI decrease to 70% 

of its maximum value. This value was kept constant during maturation until crop 

harvest (day 244), when it dropped to 20% of maximum LAI, which is assumed to 

represent stubble and harvest residues. At the first post-harvest tillage, LAI dropped to 

zero (Figure 1).  

 

Calculation of mean daily soil temperature 
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In our data set from the Swedish meteorological stations, only one meteorological 

station (Dingle) reports two daily soil temperature measurements , 7 a.m. and 7 p.m. 

at 5, 10 and 20 cm depth. At the other stations, temperature records are only available 

at 7 a.m. Averaged over a 7-year period, the morning records at Dingle were 0.89, 

0.73 and 0.24 oC lower at 5, 10 and 20 cm depth, respectively, than the arithmetic 

mean of the morning and afternoon measurement. These differences showed seasonal 

patterns and were higher during summer (higher temperatures) than during winter. To 

correct for this seasonal bias, we regressed these differences on morning soil 

temperature records for all days where temperatures were above 0 oC (Figure 2). 

During these days, the bias was significantly related to temperature. Since both the 

slopes and intercepts of the regressions at each depth (for temperatures above 0 oC) 

were highly correlated with soil depth and the intercepts were almost identical to the 

constant bias estimated for temperatures below 0 oC, we fitted a response surface for 

estimated mean daily soil temperatures (T) from soil depth and soil temperature 

measured at 7 a.m. (T7am). According to this model   

( )

⎪
⎭

⎪
⎬

⎫

⎪
⎩

⎪
⎨

⎧

>
≤<
≤<

<+−
≥−+−

=
cmz

cmz
cmz

T
TzT
TTzz

zT

am

amam

amam

25
250
250

;
;

;
0;318.00128.0
0;004.01.10128.032.0

)(

7

77

77

 

 (3)

T7am can be assumed to represent mean daily soil temperature for depths below z=25 

cm. 

      

Calibration and validation 

The heat transfer model (Equations 1 and 2) was calibrated and validated as follows: 

first we used equation 3 to calculate T from T7am for the meteorological stations where 

only morning measurements were available (all except Dingle; Table II). Thereafter, 
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we applied the model to all 11 data sets using the parameter values proposed by Kang 

et al. (2000), i.e., ks=0.005, p=365×24×60×60, and kLB=0.45, and assuming that 

LAI=3 represented the vegetation at the meteorological stations. The results showed 

that the propagation of daily changes and phase shift with depth were not in 

accordance with the measurements, as demonstrated for the coldest site (Katterjåkk) 

at 1m depth (Figure 3). Therefore, we considered both parameters in equation 1 (ks 

and kLB) as free parameters and estimated their values for each site separately by 

minimizing the differences between predicted and measured values for days when soil 

temperatures were above zero. In the same way, we estimated ssnow (Equation 2) for 

temperatures below zero for the three sites where soil temperatures were measured at 

5 cm depth (Dingle, Lanna and Uppsala). Thereafter, we estimated common values 

for the parameters ks and kLB for all sites and soil depths and investigated their impact 

on error statistics. 

Secondly, the values of parameters s1 and s2 (Equation 2) were set to 0.95 and 

0.40, respectively. For example at a mean daily air temperature of 10 oC, this means 

that Tsurf is 1.6 oC higher than Tair on bare soil and 0.4 oC lower under very dense 

(LAI=8) vegetation (Figure 4). The rationale for this difference is that surface 

temperatures on bare soil often are higher than air temperatures due to intercepted 

radiation. On the other hand, the shading of vegetation will result in lower surface 

temperatures compared to air. This is supported by many studies. For example, a 

study in the warm temperate zone showed that Tsurf on a bare soil on average over 

three years was about 2oC higher than Tair (Wu & Nofziger, 1999). In a Swedish 

study, soil temperatures at 5 cm depth were in average during June and July 1.1 or 1.7 

oC higher under unfertilized than under fertilized barley during two consecutive years 

(Alvenäs, 1986). Rochette et al. (1992) observed higher CO2 production in summer 
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fallow plots, where the contribution of root respiration was negligible, than in plots 

cropped to barley. This was attributed to lower soil temperature (shading) and water 

content (transpiration) under barley than under fallow. In the French data set we used 

in our study, surface temperature on average was 0.4 oC higher on bare soil and 0.6 oC 

lower under dense rapeseed compared with air temperature (Gosse et al., 1999).  

Thirdly, the model as parameterized for the meteorological stations was 

applied to the bare soil and high N rapeseed treatments from the French experiment 

(Gosse et al., 1999). LAI was adjusted according to the measured GAI as described 

above. The simulations revealed that the calculated differences in T between these two 

treatments were strongly overestimated. Therefore, we propose an attenuation of the 

temperate gradient between air and soil, irrespective of LAI. We therefore partitioned 

the attenuation factor in equation 1 (exp(-kLB LAI)) into two, one part that is dependent 

on LAI (exp(-klai LAI)) and one that is not (α). The attenuation factor in equation 1 

thus becomes α*exp(-klai LAI), which equals exp(-kLB LAI) under standard conditions. 

We estimated the values of these parameters by fitting the model to observed soil 

temperatures at 5 cm depth under bare soil and the high N rapeseed treatment. This 

partitioning is also supported by the very high estimated values of kLB in the 

calibration for the meteorological stations (Table III).  

Finally, the two barley treatments from the Swedish experiment were used for 

validation. LAI in the two treatments was set according to measurements as described 

above (Figure 1). Thereafter, the model calibrated for the French data set as described 

above was used to simulate soil temperatures in these two treatments.  

 

Statistical measures 
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In the calibration and validation, we used mean absolute error (MAE) as a criterion for 

goodness of fit. 

n
OP

MAE
n

i ii∑=
−

= 1  
 (4) 

where Pi and Oi are predicted and observed values, respectively, and n is the number 

of observations. 

Besides the coefficient of determination (R2) obtained from linear regression, 

we also present the root mean square error (RMSE):  
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The RMSE reflects the magnitude of the mean difference between observations and 

predictions but does not indicate if the estimate is biased. To quantify a systematic 

bias, we calculated also the mean bias error (MBE): 
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 (6) 

A positive value of MBE indicates over-prediction and a negative value indicates 

under-prediction. 

 

Results and discussion 

Surface temperature 

The calculated mean annual surface temperatures were between 0.1 (southern 

Sweden) to 3.2oC (northern Sweden) higher than mean annual air temperatures (Table 

II). Naturally, these differences increase with latitude due to the longer winters with 
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snow cover. However, also during summer, temperatures often were higher at 5cm 

depth than in the air, and mean annual soil temperatures at all depths were more 

similar to the estimated values of Tsurf than to mean annual air temperatures (Table II).  

The need for correction of the original model proposed by Kang et al. (2000) 

during winter was obvious (Figure 3). Our simple approach to estimate surface soil 

temperatures during winter yielded reasonable results (Table III). The estimated 

parameter value (ssnow=0.20; Table IV) means that soil surface temperature is 20% of 

air temperature (in oC) at sub-zero air temperatures.  

 

Soil temperature 

Daily mean values calculated from two soil temperature measurements, either from 

daily maximum and minimum temperature or from one morning and one afternoon 

observation can be considered as unbiased estimates of daily mean soil temperature 

(Hu & Feng, 2003). In their study, daily mean soil temperature calculated from one 

morning and one afternoon observation remained within 0.15 oC of the daily mean 

calculated from 24-hourly data at different stations in the USA. However, the same 

work also showed that single daily measurements at shallow depth do not 

satisfactorily represent mean daily soil temperature, just as in our case.  

Estimated mean annual soil temperatures deviated by less than 1.5oC from the 

measurements when the model was fitted to each site separately (Table II). In average 

over all sites and depths, measured and estimated soil temperatures differed by less 

than 0.01 oC The highest deviation (1.5 oC at Alnarp) was due to missing data during 

the winter of 1991/1992. The two fitted parameters kBL and ks for the nine sites with 

mineral soils were strongly correlated (Pearson's r = 0.89). Re-running the model with 
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average parameter values for these sites resulted in slightly poorer model fits (Table 

III). Differences between site-specific calibrated simulations and the general model 

were small at shallow depths. For topsoils (0-20 cm) R2 decreased by less than 1.6% 

and on average over all sites by less than 1%. The impact on changes in phase shift 

with depth, governed by the parameter ks, however became more significant at greater 

depths (Figure 5; sub-figure for 235 cm depth). On average over all sites, MAE, MBE 

and RMSE increased by between 0.0 and 0.6 oC at depths down to 1 m (0.1oC on 

average) and by 0.4 to 0.9oC at 2.35 m depth (only one site). R2 values decreased by 

between 0.00 and 0.06. The dynamics of measured and simulated soil temperatures 

for one site are shown in Figure 5. For all soils and depths at the meteorological 

stations, 95% of the simulated daily soil temperatures differed by less than 2.8 oC 

from measurements. Compared to previous work, this model error is quite small (e.g. 

Gupta et al., 1982). From these results we conclude that the application of this general 

model will result in reasonable estimates of soil temperature under Swedish 

conditions with MAE, MBE and RMSE of less than 2oC (average 1.2oC), 1.5oC 

(average 0.3oC) and 2.2oC (average 1.4oC), respectively. For the organic soils, we 

propose different parameter values accounting for the higher heat capacity in these 

soils (Table IV).  

The partitioning of the attenuation factor into a LAI-dependent and an 

independent term resulted in the following parameter values: α=0.24 and klai =0.15 

(Table IV). The model fit to the French data set was reasonably good (MAE was 1.3oC 

and MBE was -0.7 oC under both bare soil and winter rapeseed and RMSE was 1.6 

and 1.7 oC, respectively) and the simulated differences in soil temperature between the 

two treatments were the same as the measured (0.9oC) on average over the 

measurement period (Figure 6). Deviations between measurements and simulations at 
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the end of the growing period were probably due to dry soil conditions (Gosse et al., 

1999), which probably resulted in higher surface temperatures in the fallow treatment 

and higher energy input to the fallow soil due to lower evaporative cooling in fallow 

than under the rapeseed crop. The general model explained 90 and 85% of the 

variation in soil temperatures under bare soil and winter rapeseed, respectively. 

The resulting modified model that we propose here to be valid also for 

agricultural soils in cold temperate regions thus becomes: 
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and where Tsurf is defined in equation 2. The estimated parameter values for this 

general model are presented in Table IV and the soil depth and surface cover 

dependent damping factor (= α exp(-kz z) exp(-klai LAI)) is visualized in Figure 7. 

The application of this model to the validation data resulted in a relatively 

good model fit for barley. The model explained 95% of the variation in both 

treatments. Over the measured period, MAE, MBE and RMSE were 1.4, 0.0 and 1.8oC 

and 1.2, -0.2 and 1.7oC in unfertilized and fertilized barley, respectively. During the 

two summers (June and July) however, the simulated mean difference between the 

two treatments was lower than the measured, by 0.7 and 1.4oC, respectively (Figure 

8). 

We did not have access to any independent test data for organic soils. 

However, we think that the differences in soil temperatures between mineral and 

organic soils as estimated for the meteorological stations are reasonable and agree 



 15

with common knowledge. Assuming that the influence of surface cover as quantified 

for mineral soils also applies to these soils (parameters s1, s2 and klai), differences 

between the two soil types are expressed in the parameter α and kz (Table IV). The 

measured and simulated differences between the organic and sandy soil at Flahult are 

shown in Figure 9.  

The model should be further tested at sites for which comprehensive LAI 

measurements are available and under different climatic conditions. For field 

applications, site-specific calibration would of course improve the accuracy of 

predictions. However, the minimal data requirement of the general model makes it 

useful for regional applications where biophysical information is scarce.     

In general, the model predicted the measured daily soil temperature profiles 

well. Differences between predicted and measured soil temperature were largest 

during periods with strong fluctuations of air temperature. For all soils and depths at 

the meteorological stations, 95% of the simulated daily soil temperatures differed by 

less than 2.8 oC from measurements. The corresponding differences were somewhat 

larger at the French site (3.1 oC) and for the validation data set (3.9 oC) but the bias 

was still small. Since no site-specific adjustments of model parameters were made in 

the validation simulations, we conclude that the application of the general model 

presented here will result in satisfactory estimates of soil temperatures under cold 

temperate conditions.  
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Tables 

Table I. Soil types, mean annual temperatures (Tair) during the time periods (2 to 10 

years) at which soil temperatures were recorded every 5th day (period in italics) or 

every day at the meteorological stations (from south to north).  

 

Station Soil type Tair Period Latitude (N) Longitude (E) 

Alnarp Loam 8.6 1991-1992 55o 39’ 13o 05’ 

Flahult1 Peat 6.1 1996-2003 57o 41’  14o 09’  

Flahult2 Sand 6.1 1996-2003 57o 41’  14o 09’  

Lanna*  Clay  7.3 1996-2004 58o 21’  13o 08’  

Dingle  Sandy clay  7.0 1996-2002 58o 32’  11o 34’  

Ultuna  Clay loam 6.6 1996-2005 59o 49’  17o 39’  

Avesta  Clay 6.1 1996-2002 60o 08’ 16o 10’ 

Lännäs Silt Loam 3.9 1996-2004 63o 10’  17o 40’ 

Abisko1  Peat  0.3 1996-2005 68o 21’  18o 49’  

Abisko2  Glacial till  0.3 1996-2005 68o 21’ 18o 49’  

Katterjåkk  Loamy sand  -0.6 1996-2004 68o 25’  18o 10’ 

*For Lanna, air temperatures were taken from a nearby station (Längjum 58o 13’ N, 

13o 04’ E) 
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Table II. Mean annual air temperatures (Tair; cf. Table I), surface temperatures (Tsurf), 

soil types and measured and calculated mean annual soil temperatures (oC) at the 

meteorological stations.   

 
Sation Soil type  Tair Tsurf Soil temperature at different depths (cm) 

     5 10 20 50 100 235 

Alnarp* Loam measured 8.6    9.8 10.3 9.6 9.5  

   calculated  8.7  8.8 8.8 8.8 8.8  

Flahult1 Peat measured 6.1     6.9 6.7 6.7  

   calculated  6.9   6.9 6.9 6.9  

Flahult2 Sand measured 6.1     7.5 7 6.9  

   calculated  6.9   6.9 6.9 6.9  

Lanna Clay measured 7.3   8.1 8 7.9 7.6   

   calculated  7.8 7.8 7.8 7.8 7.8   

Dingle Sandy clay measured 7.0   8 8.2 8.2 8.3 8.2  

   calculated  7.6 7.6 7.6 7.6 7.6 7.6  

Ultuna Clay loam measured 6.6   7.7 7.7 7.8 7.4 7.4 6.9 

   calculated  7.4 7.4 7.4 7.4 7.4 7.4 7.3 

Avesta Clay measured 6.1      6.8   

   calculated  7.0    7.1   

Lännäs   measured 3.9    5.4   5.8  

   calculated  5.7  5.7   5.7  

Abisko1 Peat  measured 0.3     3.2 2.8 3  

   calculated  3.2   3.3 3.2 3.2  

Abisko2 Till  measured 0.3     2.3 2.2 2  

   calculated  3.2   3.2 3.2 3.2  

Katterjåkk Loamy sand measured -0.6      2.4 2.7  

   calculated  2.6    2.6 2.6  

*missing data during winter resulted in biased measured means.
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Table III. Fitted parameter values (kLB and ks) and the calibration errors for the sites expressed as mean absolute error (MAE). root mean squared 

error (RMSE). mean bias error (MBE) and coefficient of determination (R2; linear regression) according to equations 1 and 2 using average 

parameter values for organic and mineral soils.   

 
Station  kLB  ks MAE RMSE MBE R2 

    (*10-4) Depth (cm) Depth (cm) Depth (cm) Depth (cm) 

    5 10 20 50 100 235 5 10 20 50 100 235 5 10 20 50 100 235 5 10 20 50 100 235 

Alnarp* 0.57 3.6   1.2 1.5 0.9 1.2    1.5 1.7 1.1 1.4    1.2 1.5 0.9 1.2    0.97 0.98 0.98 0.95  

Flahult1 0.97 4.7    1.0 1.2 1.1     1.3 1.4 1.3     0.0 -0.2 -0.1     0.96 0.95 0.88  

Flahult2 0.8 5.4    1.0 1.1 1.2     1.3 1.3 1.4     0.6 0.2 0.0     0.97 0.98 0.97  

Lanna  0.47 1.5 1.1 1.0 0.9 1.0   1.4 1.8 1.2 1.8   1.1 1.0 0.9 1.0   0.96 0.93 0.90 0.91   

Dingle 0.42 2 1.8 1.8 1.5 1.1 0.8  2.2 2.2 1.9 1.4 1.0  0.4 0.6 0.6 0.7 0.4  0.96 0.96 0.97 0.97 0.97  

Ultuna  0.9 7.4 1.1 1.0 0.9 1.0 0.8 0.5 1.3 1.2 1.2 1.2 1.0 0.6 1.1 1.0 0.9 1.0 0.8 0.5 0.95 0.95 0.95 0.94 0.97 0.97 

Avesta 0.53 0.9       1.4           1.2           -0.3           0.95     

Lännäs 0.71 3.7   1.1   1.1    1.5   1.3    -0.7   0.1    0.96   0.97  

Abisko1 0.99 3.2    1.8 2.0 1.6     1.7 1.9 1.3     0.0 -0.4 -0.2     0.87 0.79 0.79  

Abisko2  0.66 2.4    1.2 1.3 1.5     1.6 1.6 1.8     -1.0 -1.0 -1.2     0.94 0.95 0.92  

Katterjåkk  0.53 3.4     0.9 1.0      1.1 1.3      -0.2 0.0      0.95 0.91  

Average1 ** 0.62 3.37 1.3 1.2 1.2 1.1 1.1 0.5 1.6 1.5 1.5 1.3 1.3 0.6 0.8 0.6 0.6 0.3 0.2 0.5 0.96 0.95 0.95 0.95 0.95 0.97 

Average2** 0.98 3.95     1.4 1.6 1.4       1.5 1.7 1.3       0.0 -0.3 -0.2       0.91 0.87 0.83   

*missing data during winter resulted in biased measured means.  

**Average1 corresponds to organic soils (Flahult1 and Abisko1) and Average2 corresponds to mineral soils.
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Table IV. 

Estimated parameter values for the general model for mineral and organic soils  

 

Parameter Mineral soils Organic soils 

α 0.24 0.11 

kz 0.017 0.016 

klai 0.15 0.15 

s1 0.95 0.95 

s2 0.40 0.40 

ssnow 0.20 0.20 

LAIref 3.0 3.0 

 



 25

Figure captions 

 

Figure 1. Measured (symbols) green area index (GAI) in fertilized spring barley 

during one growing season (data from Pettersson. 1989) and the proposed 

representation of leaf area index (LAI; solid line) as described in the text. which 

increases with GAI (dashed line) and declines after its maximum to 70% of its 

maximum value before harvest. LAI is assumed to be 20% of its maximum value 

between harvest and soil tillage.  

 

Figure 2. Differences between soil temperatures measured at 7 a.m. (T7am) and daily 

mean soil temperature (T) at 5. 10 and 20 cm depth at Dingle regressed on T7am. The 

line represents the model used for de-trending (Equation 3). All slopes for T7am >0 oC 

are highly significant. 

 

Figure 3. Measured (bold grey line) and simulated (black line) soil temperatures at 

100 cm depth at Katterjåkk in Northern Sweden using the parameter values proposed 

by Kang et al. (2000).  

 

Figure 4. Surface temperature ratio (Tsurf /Tair; cf. Equation 2) for air temperatures 

above 0 oC as a function of leaf area index (LAI) including surface litter. 

 

Figure 5. Air temperature and soil temperatures at different depths at Ultuna in 

Central Sweden; bold grey lines represent measurements and black lines represent 
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simulations using the general model (average parameter values). The results from the 

site-specific calibrated simulations are also shown for 235 cm depth.  

 

Figure 6. Measured (symbols) and simulated (line) differences in daily mean soil 

temperature at 5 cm depth between bare soil and a high N winter rape treatment. Data 

from Gosse et al. (1999). 

 

Figure 7. The damping factor (= α exp(-kz z) exp(-klai LAI)) as a function of leaf area 

index (LAI) and soil depth.   

 

Figure 8. Differences in measured (symbols) and simulated (line) daily mean soil 

temperatures at 5 cm depth between unfertilized and fertilized barley in a Swedish 

field experiment (data from Alvenäs. 1986).  

 

Figure 9. Impact of soil type on soil temperature at 20 cm depth during one year at 

Flahult: measured (symbols) and simulated (line) differences in mean daily soil 

temperatures between peat and sandy soil. Note that peat soil is colder than sandy soil 

during the growing season and warmer during winter.     
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Figures 

Figure 1  
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Figure 2 
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Figure 3 
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Figure 4 

0,8

1

1,2

0 2 4 6 8

LAI

T s
ur
f/T

ai
r



 31

Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 

-3

0

3

6

1-May 1-Aug 1-Nov 1-Feb 4-May 4-Aug

D
iff

er
en

ce
 (
ΔT

; o C
)



 35

Figure 9 
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