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Monitoring and modelling hydrological fluxes 

densities (Heimovaara and Bouten, 1990; Gardner et al, 1990; Topp and Davis, 1984), 
it has been stated that the function may be inappropriate for the estimation of water 
content of soil with a high organic matter content (Herkelrath et al, 1991; Topp et al, 
1980) or for clay soils with high bulk density (Vielhaber, 1995; Dirksen and Dasberg, 
1993). Furthermore, when using a TDR system to measure FF water content, 
measurements need to be calibrated (Schaap, 1996). Calibration functions have been 
presented for clay soils (Dasberg and Hopmans, 1992), FF materials (Schaap et al, 
1995) and volcanic soils with low bulk densities (Weitz et al, 1997). Lastly, Malicki et 
al (1996) published a function relating volumetric water content to the refraction index 
and bulk density. 

All functions seem to apply only for the measured range of water content and bulk 
densities, and to be rather site and soil specific. Extrapolation to other sites and outside 
the measured ranges may result in an inaccurate estimation of water content, which is 
for example the case when straightforward applying Topp's function. Furthermore, 
calibrations of FF water content usually pertain to disturbed litter samples packed in 
cylinders of 10 by 5 cm, in which laboratory measurements of TDR travel time and 
gravimetric water content are carried out simultaneously (Schaap et al, 1995). 
Conditions in these cylinders may strongly deviate from natural conditions, particularly 
in thick litter layers, and results therefore may be biased. 

Accurate determinations of FF and soil water content are essential in hydrological 
research such as the current, which aims at monitoring and modelling of the water 
balance of forest ecosystems where FF and soil water content play an important role. As 
water content of the FF and clayey soils was estimated through TDR measurements, 
proper calibration lines for the forest floors and mineral soils studied are required. 

This paper focuses on the calibration of TDR measurements in the FF and mineral soil 
in four representative forest ecosystems in Colombian Amazonia, within the scope of a 
Tropenbos project on water and nutrient cycling in these ecosystems. Calibration is 
achieved by relating the refraction index calculated from the travel time measurements 
(TDR) to the volumetric water content of the FF and soil samples collected at the same 
time and sites, at which TDR measurements were carried out. Furthermore, refraction 
index of the mineral soil is related to both the volumetric water content and the bulk 
density of the soil samples. The functions and related calibration curves obtained for the 
FF and clayey mineral soils are compared with several of the above mentioned 
functions and related curves with regard to their accuracy in reproducing the estimated 
volumetric water content of the samples in this study. 

5.3 MATERIALS AND METHODS 

5.3.1 Site description 
This study concerns the FF's and mineral soils from humid tropical forest 
ecosystems in four major physiographic units in the Middle Caqueta, Colombian 
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Amazonia. These comprise a Tertiary sedimentary plain (SP) and the high terrace 
(HT), the low terrace (LT) and flood plain (FP) of the River Caqueta. A detail 
description of the research sites and climate conditions are presented in Chapter 2 of 
this thesis. 

The thickness of the FF in the research sites ranges from a few centimetres (5 cm) to 
over 30 cm. This FF consists mainly of dead leaves and coarse plant debris, and in its 
lower part commonly contains some mineral material as a result of bioturbation. Fine 
roots abound and, particularly in thicker FF's, dense root mats occur. Soil texture on 
the FP is mostly clay loam, while on the others landforms (SP, HT and LT) it tends to 
be clay loam over clay. Soils are kaolinitic and are low to very low in weatherable 
minerals. They range from typic Tropaquept and typic Dystropept on the LT and FP, to 
typic Kandiudult, typic Paleudult and typic Hapludult on the SP and HT. For a more 
extensive description of the FF's and soils, reference is made to Chapter 2 and 
Appendix 1. 

5.3.2 TDR measurements 
The TDR consisted of a Tektronix 1502B-cable tester connected to a portable 
computer. Measurements were made with three-wire probes of 0.5 m and with a cable 
length of 6 m. TDR probes were horizontally installed at two or three depths in the FF, 
depending on the FF thickness, and at 8 depths in the mineral soil. In total 9 subplots 
were instrumented. TDR data and waveforms were manually collected in the field 
and stored for subsequent analysis. Waveforms were interpreted, using the TDR 
software developed by Heimovaara and Bouten (1990). For a detailed description of 
equipment used and installation procedure reference is made to Chapters 6 and 7. 

5.3.3 Forest floor and soil sampling 
Undisturbed FF samples were taken by cutting a section of this layer with a surface of 
10x10 cm, immediately after TDR measurements and adjacent to the TDR probes. The 
thickness of this section depended on the thickness of the FF. Moisture content was 
determined by drying at 64 °C during 48 hours. Dry bulk density of forest floor was 
established from the undisturbed volumetric samples. In total, 132 samples were 
collected and field measurements were carried out during the different dry and wet 
seasons. 

Mineral soils were sampled in pits in which the TDR probes were installed, using a 
core sampler of 100 cm3. During the monitoring period, samples were taken from 
the side of the pits and at the same depth of the TDR probes. When probes were 
relocated to new holes, samples were also collected from the same sites (along the 
wire probe holes) immediately after TDR measurements had been performed and 
probes had been removed. At the end of the monitoring period, duplicated samples 
were collected from each site along the small holes left by the probe wires. Soil 
samples were oven dried at 105 °C during 24 hours. Dry bulk density was calculated 
for each soil sample. In total 482 samples were collected between January 1996 and 
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August 1997, sampling being in such a way that a wide range in soil water 
conditions was covered. 

5.3.4 TDR calibration 
The polynomial function of Topp et al. (1980) relates the volumetric soil water content 
with the apparent dielectric constant (Ka) of the soil. 

G = -0.053 + 0.0292 Ka - 0.00055 Ka + 0.0000043 Ka
3 (5.1) 

Ka is calculated from the travel time of the electromagnetic pulse through a 
transmission line in the forest floor or in the mineral soil (Nadler et al., 1991). 

K„ = 
fcts f 

— (5.2) 
2Z 

In which c is the velocity of light in free space (3.108 m.s1), tj is the travel time (s) and 
L is the length (m) of the sensor. Schaap et al. (1995), Heimovaara (1993) and 
Herkelrath et al. (1991) all used a linear equation to relate the volumetric water content 
of the soil and forest to the refraction index (na). 

9 = a + bna (5.3) 

In which, 

cts 

And a and b are site specific calibration parameters. The water content (6) has been also 
related to the refraction index and to soil bulk density (bps) by Malicki et al. (1996) 

. « „ - 0 . 8 1 9 - 0 . 1 6 8 * p , - 0 . 1 5 9 * p , 
e = -*• ^i ^ - (5.5) 

7.17 + 1.18*/?, 
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Equation 5.4 will be used to determine the refraction index from the travel time 
measurements. Parameters in equation 5.3 will be calibrated for both the FF and the 
mineral soil, using the relationship between the volumetric water and the refraction 
index. The applicability of the equation 5.5 to the research conditions will be 
investigated using the available data on the volumetric water content of the soil 
samples, their dry bulk density (bps) and the refraction index (na), according to the 
procedure followed by Malicki et ai, 1996. Malicki's method consisted in the 
derivation of normalised conversion functions through triplets of data on refraction 
index, water content and bulk density of samples. In total 18 subsets of triplets were 
created according to ranges of bulk densities (e.g. bps= 0.1, 0.2, 0.3...1.7 kgm"3). For 
each subset there was a regression of water content and the refraction index. The 
resulting a and b parameters of these regressions were plotted against the respective 
bulk density (Malicki et al, 1996). The explained variance (R2) is used to evaluate the 
accuracy of the regression equations. 

5.4 RESULTS AND DISCUSSION 

The measured refraction index in the FF during the total period (2 years) and in all plots 
(9) ranges from 1.2 to 3.8 while in the mineral soil it ranges from 3.1 to 5.8. This points 
to clear differences in soil moisture dynamics in these two types of material. 
Additionally, the relationship between measured water content and dry bulk density of 
the FF and of the mineral soil exhibits different trends. In the FF, water content 
increased with increasing bulk density, whereas in the mineral soil it decreased when 
bulk density increased (Figure 5.1). Consequently, parameters for the equation 4 are 
separately investigated for the FF and the mineral soil. 
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Relation between gravimetrically measured forest floor (a) and clayey soils (b) water 
content and the dry bulk density of samples from the Middle Caqueta, Colombian 
Amazonia. 

Figure 5.2 shows the relation between measured FF volumetric water content and the 
refraction index for the FF samples. This relation can be well described by a linear 
regression (R2= 0.94). 

e = 0.115 (± 0.003)na - 0.154 (± 0.015) (5.6) 
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Figure 5.2 Gravimetrically measured forest floor water content versus the refraction index 
from the TDR measurements. 
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Figure 5.3 Comparison of calibrated water content for the forest floor in the Colombian Amazonia 
to the deduced values from two empirical models (Schaap et al, 1995 and Topp et al, 
1980). 

As shown by Figure 5.3, there is a considerable difference between the water content in 
the FF as based on the calibrated equation 5.6 and that based on the functions of Topp 
et al. (1980) and Schaap et al. (1995). Topp's function underestimates the water content 
of the FF by an average of 0.0208 (± 0.0149) m3 m"3 and differences between the 
calibrated volumetric water content and that by Topp's function tend to increase with 
increasing na values (Figure 5.3). Application of the parameter values from Schaap et 
al. (1995), which were established for the FF in temperate forests in the Netherlands, 
leads to an overestimation of the water content in the FF by a mean value of 0.0806 (± 
0.018) m3 m"3. Results from this study agree with that concluded by Topp et al. (1980) 
who stated that there is a shift in the calibration parameters when used for organic soils. 

The measured water content of the mineral soil samples exhibits a linear relationship 
with the refraction index, as derived from the TDR measurements in these clayey soils 
(Figure 5.4a). This linear function has an explained variance (R2) of 0.88 . 

6 = 0.102 (± 0.0017) na-0.0925 (±0.014) (5.7) 
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Gravi metrically measured water content from clayey soil samples and the refraction 
index from the TDR measurements (a) and comparison of calibrated data from the 
clayey soils in the Colombian Amazonia to the empirical model by Topp et ai, 1980 
(b). 

For these soils, Topp's function yields a water content, which on average is 0.0195 (± 
0.0127) m3 m"3 lower than the value based on equation 5.7 (Figure 5.4b). Furthermore, 
the difference between the two functions seems to decrease when values of na are 
between 4.3 and 5.3. This behaviour could be attributed to the effect of different fitting 
curves. 
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Figure 5.5 Comparison of gravimetrically measured water content from clayey soil samples to that 
derived using the Malicki's function. Data of dry bulk density from the soil samples 
were used to derive the values according to the equation 5.5 (Malicki et ai, 1996). 

Although ranges of na for the Amazonian forest soils are within the range of Topp's 
and Schaap's data sets, the latter functions are clearly inadequate for the soils studied. 
To find out whether the explained variance of the calibration line for the mineral soil 
can be further improved, the procedure by Malicki et al. (1996) was followed, since 
Malicki's includes the bulk density and might be more adequate. Volumetric water 
content from the soil samples, based on the calibrated function in this study, and values 
deduced with Malicki's function (equation 5.5) were plotted against the refraction index 
(see Figure 5.5). Though there is no significant difference between Malicki's function 
and the calibrated function, and values for refraction index (between 4.3 and 5.3) are 
similar, Malicki's function underestimates the water content at lower na values and 
overestimates it at higher values. In other words, the slope of the calibration function 
differs from Malicki's function. Therefore, the a and b parameters of this calibration 
function were plotted against the average bulk density of subsets according to that 
described above (Figures 5.6a and 5.6b). Though a large data set was used to determine 
the subsets, there is no clear tendency in the plotted data and correspondingly 
regressions functions have very low coefficients of determination (R2 = 0.097 for a and 
R2 = 0.012 for b). 

The poor relationship may be due to the relatively small range of the bulk density of the 
soil samples. Enlarging the range by adding FF samples provided no solution, since this 
was found to lead to an even large scatter of points. This can be attributed to the specific 
relation between the water content and bulk density in FF material, which differs from 
that in the mineral soil (see above). Consequently, it was impossible to properly 

68 



Monitoring and modelling hydrological fluxes 

establish the parameter values related to dry bulk density with the Malicki's function 
from the measured range in this study. 
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Figure 5.6 
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Deduced values of parameters a and b from the regressions of measured soil water 
content and the refraction index according to Malicki et al., 1996, versus ranges of the 
average dry bulk density of soil samples. 

5.5 CONCLUSIONS 

Although published empirical models include the range in refraction index and bulk 
density encountered in the soils studied, their application produces inaccurate results, 
confirming that the parameters used are rather site and soil specific. Using Topp's 
function the water content is underestimated by 0,0208 m3 m"3 (± 0.0149) in the FF and 
by 0.0195 m m" (± 0.0127) in the mineral soil. When applying Schaap's function for 
the FF, the water content of this soil material is overestimated by 0.0806 m3 m"3 (± 
0.018). Malicki's function, based on the refraction index and bulk density, 
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approximates measured water content relatively well. However, for low and very high 
values of the refraction index results are rather poor. Moreover, for the measured range 
of dry bulk density no clear relationship between the parameters and respective subsets 
of bulk densities were found, and correspondingly calibration of these parameters for 
the soils studied was impossible. 

Empirical functions, obtained through linear regression of the measured volumetric 
contents and refraction index of the FF and mineral soils from the studied humid 
tropical forests, perform well, with an explained variance of 0.94 for the FF and 0.88 for 
the mineral soil. As compared to the calibration parameters of the FF material, those of 
the clayey mineral soils are of a different magnitude, evidencing the clear differences in 
behaviour between these materials, which have also been observed in other studies. 
Therefore it was decided to use the linear regressions of measured water content and the 
refraction index in both the forest floor and mineral soil to translate TDR measurements 
into volumetric water content for the current study. 
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