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s u m m a r y

26It is well documented that capacitance-based soil moisture sensor measurements are particularly influ-
27enced by particle size distribution, density, salinity, and temperature of a soil, in addition to its moisture
28content. Moreover, the equations provided by manufacturers of soil moisture sensors are often only
29applicable to a limited number of soil types, thus yielding significant errors when compared with gravi-
30metric measurements for observations in real soils. This limitation makes site-specific calibrations of
31such sensors necessary. Consequently, development of a general equation provides the possibility to
32derive the needed parameters from information such as soil type or particle size distribution. This paper
33describes the development of a general equation for the Campbell Scientific CS616 Water Content Reflec-
34tometers using data from sensors installed throughout the Goulburn River experimental catchment. It is
35subsequently tested using monitoring sites in the Murrumbidgee Soil Moisture Monitoring Network,
36which were not part of the original development; both monitoring networks are located in south-eastern
37Australia. Previously developed equations for temperature correction and soil moisture estimation using
38the Campbell Scientific CS615 Water Content Reflectometer are adapted to the new CS616 sensor. More-
39over, relationships between readily available soil properties and the parameters of the general equations
40are derived. It is shown that the general equations developed here can be applied to data collected in the
41field using only information on the soil particle size distribution with an RMSE of around 6% m3/m3

42(<1% m3/m3 under laboratory conditions; which is a significant improvement in comparison to 14%
43m3/m3 when using the manufacturer’s equations).
44� 2010 Published by Elsevier B.V.

45

46
47 Introduction

48 Regular and relatively direct information on the actual moisture
49 content within the soil profile can only be obtained from in situ
50 observations using automatic measurement techniques. Over the
51 past decade, and with the impending launch of two dedicated soil
52 moisture satellite missions, several countries have recognised the
53 importance of soil moisture information in a range of environmen-
54 tal applications (Robinson et al., 2008). Consequently, these coun-
55 tries now have extensive in situ soil moisture monitoring
56 networks. Perhaps the most notable networks are the Oklahoma
57 Mesonet network (Brock et al., 1995) and the nationwide Soil Cli-
58 mate Analyses Network (SCAN) operated by the US Department
59 of Agriculture’s National Resources Conservation Service (USDA
60 NRCS). Other relevant networks include the Soil Moisture Observ-

61ing System – Meteorological Automatic Network Integrated Appli-
62cation (SMOSMANIA) in France (Albergel et al., 2008), the Soil
63Moisture Measurement Stations Network of the University of Sal-
64amanca (REMEDHUS) near Salamanca in Spain (Martínez-Fernán-
65dez and Ceballos, 2005), the Canadian Central Saskatchewan and
66Southern Ontario networks, the Goulburn River experimental
67catchment (Rüdiger et al., 2007) and Murrumbidgee Soil Moisture
68Monitoring Network (www.oznet.unimelb.edu.au) in Australia,
69and the African Monsoon Multidisciplinary Analysis–Coupling the
70Tropical Atmosphere and the Hydrological Cycle (AMMA–CATCH)
71soil moisture network in western Africa (Lebel et al., in press).
72These networks have typically used the Delta-T Devices Theta
73Probe, Stevens Water Hydra Probe, or Campbell Scientific Water
74Content Reflectometer (CS615 or CS616) as their sensing device.
75One of the major tasks in establishing these networks has been
76the necessity for site-specific calibration of the sensors. While Mer-
77lin et al. (2007) have presented a general equation for processing
78the Hydra Probe data and Western and Seyfried (2005) have devel-
79oped an empirical approach for the CS615, there are no established
80procedures for the other sensor types. Consequently, this paper
81develops a general equation for the CS616, the successor of the
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82 CS615; both instrument types have been in use for several years at
83 various field sites throughout the world (e.g. Woods et al., 2001;
84 Stenger et al., 2005; Rüdiger et al., 2007).
85 It is well known that soil moisture sensors typically require a
86 soil type-specific calibration to ensure that their interpretation
87 properly represents the volumetric water content at different field
88 sites (Seyfried and Murdock, 2001; Blonquist et al., 2005; Western
89 and Seyfried, 2005; Kizito et al., 2008). As the equations provided
90 by the manufacturers are generally limited to a specific soil type
91 (often loam) under laboratory conditions, they typically cannot
92 be applied to measurements taken in other types of soil. Conse-
93 quently, equations for a generic application to soils typically found
94 in the field must be developed, in order for the interpretation of
95 soil moisture data from large networks across diverse soil types
96 to be practically tractable.
97 Following the work of Western and Seyfried (2005) for the
98 CS615, new equations and parameters for the CS616 are developed,
99 as laboratory results obtained in initial calibration efforts for the

100 Goulburn River catchment instrumentation have shown that these
101 two sensor types have a very different response. This is mostly due
102 to the different frequency ranges used by each sensor type (45–
103 70 MHz in free air for the CS615 and CS616, respectively). While
104 a small number of studies have undertaken the calibration of
105 CS616 sensors (e.g. Blonquist et al., 2005; Plauborg et al., 2005;
106 Kelleners et al., 2005), these studies have not presented a general
107 equation and typically used complex theoretical dielectric models
108 to obtain soil moisture from the raw period measurements, rather
109 than the comparatively simple equations presented here.
110 While this paper uses similar equations to those of Western and
111 Seyfried (2005), there are two distinct differences: (i) the sensor
112 used here operates in a higher frequency range and (ii) the rela-
113 tionships are generalised to require only soil texture information,
114 making them applicable to a wide range of soil types. Data used
115 for developing the relationships is taken from site-specific calibra-
116 tions of sensor installations in the Goulburn River experimental
117 catchment in New South Wales, Australia (Rüdiger et al., 2007).
118 Several distinctly different soil types are found in this region, rang-
119 ing from sandy soils to heavy black clays, with varying soil densi-
120 ties and salinities. The availability of consistent data from such a
121 wide range of soil types allows for the derivation of a generalised
122 relationship with applicability to a range of different soils. This
123 relationship is subsequently applied to independent data from an-
124 other field site in Australia, the Murrumbidgee Monitoring Net-
125 work (www.oznet.unimelb.edu.au), where the soils have a higher
126 silt content.

127 Background

128 Several studies have investigated frequency domain reflectom-
129 etry sensor response to changes in soil moisture (e.g. Gong et al.,
130 2003), and for the CS615 in particular (e.g. Seyfried and Murdock,
131 2001; Quinones et al., 2003; Stenger et al., 2005; Western and Sey-
132 fried, 2005), under varying conditions. However, there are compar-
133 atively fewer studies that have used the CS616 (e.g. Blonquist et al.,
134 2005; Plauborg et al., 2005; Kelleners et al., 2005). Moreover, those
135 studies have used either a simple linear equation to correct for the
136 bias in calculated soil moisture due to differences in the soil type
137 (Plauborg et al., 2005) or compared the calculated soil electric per-
138 mittivity of the sensor with dielectric model predictions from the
139 soil moisture data (Blonquist et al., 2005; Kelleners et al., 2005),
140 without providing more accurate inference equations. In contrast,
141 Western and Seyfried (2005) have developed a set of equations
142 that use site-specific parameters for interpretation of CS615 data.
143 As both the CS615 and CS616 sensors are based on the same prin-
144 ciples, the equations developed in that study have been extended

145for application to the CS616 herein. The equations of Western
146and Seyfried (2005) are
147

h ¼ 0:4Nb; ð1Þ 149149

150where h is the soil moisture content (m3/m3); b is a shape parame-
151ter of the function; and N is the dimensionless normalised period
152measurement of the sensor, defined as
153

N ¼ P25 � P0:0

P0:4 � P0:0
; ð2Þ 155155

156where P25 is the temperature corrected (to 25 �C) period measure-
157ment of the sensor at the current soil moisture content (in millisec-
158onds (ms) for the CS615 and microseconds (ls) for the CS616),
159effectively eliminating the temperature effects on the sensor; P0.0

160is the period for oven dried soil at 25 �C (ms or ls); and P0.4 is the
161soil type-specific period for a moisture content of 0.4 m3/m3 at
16225 �C (ms or ls). P0.0 has typically been estimated from laboratory
163measurements in oven dried soil, with only a small variation be-
164tween soil types. The remaining parameters were estimated glob-
165ally for all soil types by jointly optimising the shape parameter b
166(a single parameter value valid for observations at all sites) of Eq.
167(1) and the nominally saturated soil period P0.4 (a site and soil
168type-specific parameter) of Eq. (2).
169The temperature corrected period measurement P25 is obtained
170through
171

P25 ¼ Pobs � CTðT � 25Þ; ð3Þ 173173

174where Pobs is the uncorrected period (ms or ls) measurement made
175at the actual soil temperature T (�C); and CT is a temperature correc-
176tion coefficient (ms/�C or ls/�C) derived from laboratory experi-
177ments (see Section 4.1). Western and Seyfried (2005) found that
178typical root mean square errors (RMSE) from independent valida-
179tion measurements were <0.03 m3/m3.

180Data

181Goulburn River experimental catchment

182CS616 Water Content Reflectometers were installed at 26 soil
183moisture monitoring sites throughout the Goulburn River experi-
184mental catchment (Rüdiger et al., 2007), inserted vertically into
185the soil over different depths (0–300, 300–600, and 600–
186900 mm) to monitor the soil moisture profile throughout the root
187zone. Temperature sensors were placed at the mid-point of the
188top-most sensors for temperature correction at all locations with
189two locations having a full soil temperature profile alongside the
190reflectometers. Soil samples were extracted at the various soil
191moisture monitoring site near the actual point of installation of
192the in situ sensors by auguring, meaning the soil needed to be
193re-compacted to its original bulk density for laboratory calibration
194of the sensors. To avoid overrepresentation of any particular soil
195type in the calibration, not all available soil samples were used.
196The soil samples used are shown in Table 1, representing soil types
197ranging from almost pure sands at M2 to heavy clays at K3. Unfor-
198tunately, soil types with an intermediate particle size distribution
199were not available for this study site, due to the geology in the
200catchment (Rüdiger et al., 2007). As soils with an intermediate par-
201ticle size distribution are missing, the analysis of the results is
202based on either very coarse or very fine material soils. Therefore,
203to validate the applicability of these equations, data from another
204field site in Australia were obtained. Those are used to estimate
205the parameters and then derive a soil moisture content which is
206then compared to in situ soil moisture observations obtained via
207time-domain reflectometry (TDR) measurements.
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208 While this paper does not address the effects of salinity on the
209 CS616 measurements, it is acknowledged that soil salinity has a
210 significant effect on the performance of Water Content Reflectom-
211 eters, particularly at high water contents (e.g. Kim and Benson,
212 2002; Kizito et al., 2008). Salinities of each site were determined
213 (Table 1), to ensure that the soils were within the manufacturer’s
214 specifications. Moreover, with one exception, there was no obser-
215 vable impact of salinity on the data used in this paper. The man-
216 ufacturer’s specifications detail that the CS616 is particularly
217 affected by salinity above 1.5 dS/m (Campbell Scientific Inc.,
218 2002). This threshold is only exceeded by the soil at K6 (and in
219 that case quite significantly with 3.8d S/m). While an individual
220 calibration was derived for this particular soil, it was not included
221 in the optimisation of the global parameters, to avoid undesired
222 effects because of the potential bias resulting from the high
223 salinity.

224 Murrumbidgee Soil Moisture Monitoring Network

225 The Murrumbidgee Soil Moisture Monitoring Network
226 (MSMMN) is located within the 80,000 km2 catchment of the Mur-
227 rumbidgee River in south-eastern Australia. While the first moni-
228 toring sites installed used the CS615 sensor, more recent
229 expansion of the network used the CS616 (as the CS615 was no
230 longer available), bringing the total number of stations to 38. Sen-
231 sors were installed in a similar configuration to monitoring sites in
232 the Goulburn River catchment. Additionally, time-domain reflec-
233 tometry (TDR) measurements were made on a periodic basis. The
234 soils in the Murrumbidgee River catchment are predominantly
235 silts, with a number of more sandy sites in the western reaches
236 of the catchment. In this study, soil samples and in situ data from
237 both TDR and CS616 obtained from sites within the Kyeamba
238 catchment, one of the subcatchments within the MSMMN, are used
239 for the validation of the general equation developed with the soils
240 from the Goulburn River experimental catchment.

241Laboratory analysis

242The CS616 consists of a printed circuit board and two parallel
243stainless steel rods. The rods are 3.2 mm in diameter, 300 mm long
244with a spatial separation of 32 mm (see Western and Seyfried
245(2005) and Benson and Wang (2006) for detailed descriptions of
246the sensors’ specifications). These two rods act as wave guides
247for the electrical impulse, and due to their configuration a rela-
248tively large quantity of soil is measured, meaning a large sample
249size was required for the laboratory experiments. The soils used
250here were placed into a container 150 mm in diameter and
251400 mm high (325 mm filling depth), to allow for the required
252clearances of at least 25 mm between the sensor and the container
253walls as specified by the manufacturer (Campbell Scientific Inc.,
2542002). Each container was also equipped with a thermocouple
255placed at 150 mm in the centre of the container to monitor the soil
256temperature of the soil column. The containers were vertically sus-
257pended from load cells, which were constantly measuring the
258change in weight of the soil through which the volumetric soil
259moisture content was calculated. The load cells were recalibrated
260before each new soil batch was loaded and no discernible changes
261in the conversion from voltage into weight were observed. In order
262to avoid losses due to evaporation from the soil surface, the con-
263tainers were sealed with lids that were only removed for adding
264water to the soil column and then resealed.
265In previous studies (e.g. Quinones et al., 2003; Western and Sey-
266fried, 2005; Kizito et al., 2008) soil moisture content was increased
267by removing the soil from the containers, oven-drying and adding a
268known quantity of water. The soil would then be mixed to ensure a
269homogeneous distribution of the water throughout the soil before
270repacking the soil into the containers. This procedure was not fol-
271lowed here as it would not be guaranteed that the pore structure
272or density of the soil would resemble that of the previous measure-
273ment. Rather, the soil moisture content was increased by adding
274water to the top of the container and allowing time for the water
275to fully infiltrate into the soil column. It was assumed that the
276water was properly infiltrated and in equilibrium when the sensor
277measurement did not show any further changes over a period of
278approximately 4 h. This ensured that soil density, pore structure,
279and sensor orientation were not changed throughout the experi-
280ment. While it could be argued that this laboratory set up does
281not ensure that the water is homogeneously distributed over the
282soil column, the same could be said for measurements made in
283the field, where infiltration occurs from the soil surface. The bottom
284of the cylinders contained holes to prevent air from being trapped
285in the process. Water loss only occurred through these holes when
286the soil reached its field capacity. This did not pose a problem as the
287loss was recorded through the load cell measurements.
288Only data of the equilibrium soil water state were included in
289the analysis. All other data collected during the advancement of
290the wetting front and any data artefacts were removed. A scatter-
291plot showing the uncorrected laboratory measurements at ambient
292temperature for the various soils is presented in Fig. 1. In this fig-
293ure three distinct groups of data are identified. The first group
294(near the dashed line representing the manufacturer’s equation)
295are the coarse sandy soils. This is followed by the clayey (and high-
296er electrical conductivity) soils displaying a shift to the higher per-
297iod measurements. The third group consists only of the
298measurements within the soil from site K6, which displays a signif-
299icant shift in the period measurements, due to the soil’s high salin-
300ity/electrical conductivity (consequently increasing the apparent
301soil moisture). These data show that both salinity and soil type
302may play significant roles in the retrieval of the soil moisture con-
303tent. It is also concluded that the equation provided by the manu-
304facturer can only be applied to coarse material soils, as the
305conversion from voltage to soil moisture will otherwise result in

Table 1
Site specific particle size distributions and salinities of the soils used in the laboratory
experiment, according to the Australian classification system. The soil salinities were
obtained using a 5:1 water to soil solution and then converted into corresponding
values as would have been obtained with the paste extraction method, using an
empirical equation validated for Australian soils (Loveday, 1974).

Station Station, depth Clay% Silt% Sand% Salinity (dS/m)

G1 300–600 n/a n/a n/a 0.168
600–900 n/a n/a n/a 0.469

G2 0–300 21 56 23 0.520
G3 0–300 64 25 11 0.605
G4 300–600 11 13 76 0.154
G5 0–300 9 17 74 0.254
G6 0–300 33 35 32 0.492

K2 0–300 6.5 8.5 85 0.141
600–900 n/a n/a n/a 0.249

K3 0–300 71 23 6 0.472
K5 0–300 62 26 12 0.368
K6 0–300 35 44 21 3.789

M1 0–300 6.5 21.5 72 0.189
M2 0–300 0 6 94 0.415
M3 0–300 36 43 21 0.590
M4 0–300 25 49.5 25.5 0.398
M5 0–300 69 21 10 0.825
M6 0–300 51 17.5 31.5 0.407
M7 0–300 35 40 25 0.696

600–900 n/a n/a n/a 0.995

S1 0–300 54 40 6 0.454
S2 0–300 39 35 26 0.394
S3 0–300 n/a n/a n/a 0.588
S4 0–300 n/a n/a n/a 1.096
S6 0–300 41 28 31 n/a
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306 a significant overestimation of the soil moisture content for fine
307 material soils.

308 General equation

309 Temperature correction

310 To determine the effect of variations in soil temperature on the
311 sensor response, eight soil samples, representative of the different
312 soils throughout the Goulburn River experimental catchment, were
313 chosen. These samples were then subjected to a range of tempera-
314 tures at different levels of soil moisture content in order to derive
315 parameters for the temperature correction of Eq. (3). The temper-
316 atures ranged from ambient (�20 �C) to 45 �C. Other studies (e.g.
317 Western and Seyfried, 2005; Benson and Wang, 2006) have shown
318 that the temperature effects are generally linear for temperatures
319 above 4 �C and constant soil moisture content. This is confirmed
320 in Fig. 2. The (apparent) hysteresis effect in the cool-down phase
321 of the soil is due to the peripheral soil cooling down more quickly
322 than the temperature sensor located in the centre of the cylinder.
323 Because of the above results, it was not considered critical to con-
324 sider hysteresis or temperatures lower than ambient in deriving

325the temperature correction relationship. Consequently, the equa-
326tions provided in this paper should only be used for soil tempera-
327tures above 4 �C.
328Following Western and Seyfried (2005), the temperature cor-
329rection coefficient CT of Eq. (3) was found to be a function of the
330soil moisture content, with the temperature effect increasing with
331increasing soil moisture content (Fig. 3). Western and Seyfried
332(2005) developed a single temperature correction equation with
333fixed parameters valid for all soil types that was dependent on
334P25. Because P25 varied with soil type for a given soil moisture con-
335tent, their approach implicitly captured both soil moisture and soil
336type effects. However, this was found to be insufficient for the
337CS616 because the slope of the CT and P25 regression lines (s) were
338observed to vary as a function of the soil type (Fig. 4). The reason
339for this difference between the two instruments is not fully under-
340stood but is likely to be related, at least in part, to differences in
341complex dielectric behaviour at the different measurement fre-
342quencies of the two instruments. This is consistent with the find-
343ings published by Benson and Wang (2006), which showed a
344distinct difference in the temperature correction coefficient from
345sandy to clayey soils. Similarly, Escorihuela et al. (2007) observed
346an increase in the relationship between the temperature correction
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347 and the dielectric constant for a sensor operating at 100 MHz. They
348 also found that the slope of the correction function reduced at ele-
349 vated soil moisture levels.
350 The results of Fig. 4 shows that CT in soils with predominantly
351 fine particles has a more significant influence on the sensor re-
352 sponse (increased CT) with increasing period measurements (i.e.
353 higher soil moisture) than in more sandy soils. This observation
354 is consistent with findings in other studies (e.g. Benson and Wang,
355 2006). While a non-linear equation for CT as a function of the per-
356 iod measurement results in a better fit for the data shown in Fig. 4,
357 it did not significantly improve the temperature correction of the
358 observations. Consequently, it was decided to define linear best
359 fit functions with a constant intercept of 16.81 ls, which is the
360 average period measurement of oven dried soil (with a standard
361 deviation of 0.47 ls) for the full range of soil types used in this
362 study, and which was found to be almost soil temperature inde-
363 pendent. The standardised equation for CT as a function of P25 is
364 then defined as
365

CT ¼ sP25 þ o; ð4Þ367367

368 where s is the slope of the regression line and o is the y-intercept of
369 the intersection point through the y-axis (1/�C and ls/�C, respec-
370 tively), as shown in Fig. 4.

371Substituting Eq. (4) into Eq. (3) and rearranging the new equa-
372tion to solve for P25 yields the equation for temperature corrected
373period measurement
374

P25 ¼ Pobs � oðT � 25Þ
1þ sðT � 25Þ ; ð5aÞ

376376

377with s and o being soil type-specific parameters. Rearranging Eq. (4)
378and assuming that the temperature correction coefficient for oven-
379dry soils is CT(P0.0) = 0 (where P0.0 is the above 16.81 ls for oven-dry
380soils), Eq. (4) becomes o = sP0.0. Consequently, Eq. (5a) simplifies to:
381

P25 ¼ Pobs þ ðsP0:0ÞðT � 25Þ
1þ sðT � 25Þ ; ð5bÞ

383383

384where by P25 is now only dependent on the selection of s, as T and
385Pobs are observed and P0.0 is set at 16.81 ls. The difference here from
386Eqs. (1)–(3) is therefore the inclusion of a soil type dependency of CT

387through the new parameters s (and implicitly o). The values for s for
388the different soil types are presented in Table 2, where s is shown to
389increase with an increase in the fraction of fine particles.
390The validity of the temperature correction is shown in Fig. 3,
391where the derived temperature correction equation is applied to
392the original temperature effected sensor response. In this case, a
393soil sample (G2) was subjected to different temperatures, while

Fig. 3. Example of temperature effects in the sensor response for a silty soil (G2), with the wetting phase removed from the time series. The temperature was varied from
20 �C to 45 �C for different soil moisture levels; the uncorrected response (solid line) shows significant temperature effects, increasing the apparent soil moisture content as
compared to the response corrected with the constrained approach (P0.0 set to 16.81 ls) (dashed line) with the parameters derived herein. The manufacturer’s temperature
correction (CSci, dotted line) is shown for reference.

Fig. 4. Correlation between soil specific temperature correction (CT) and temperature corrected period (P25) values for four of the eight soil types tested. The measurements
are represented by symbols, best fit trend lines are shown as solid lines, and fitted lines with an intercept at 16.81 ls (the average of all observed P0.0 values) are shown as
dashed-dotted lines.
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F394 simultaneously observing the soil temperature in the samples cen-
395 tre and the period measurement of the CS616. This was undertaken
396 by first placing the oven-dry sample in the container and raising
397 the air temperature in steps from ambient to 45 �C. At each step
398 the temperature would only be raised further, after the observed
399 soil temperature had reached its target temperature. This was then
400 repeated for temperatures at 30 �C, 40 �C and 45 �C, respectively.
401 After reaching 45 �C, the heating was turned off and the soil tem-
402 perature would slowly return to ambient. Water was then added
403 before the temperature cycle was repeated for another level of soil
404 moisture within the sample. A total of five moisture levels were
405 tested from dry through to wet. Also shown for comparison on
406 Fig. 3 is the manufacturers temperature correction equation, which
407 significantly overcompensates for the effect of temperature for this

408soil type. These results show the poor response of the manufactur-
409ers correction equation especially for soil temperatures above
41030 �C, which are frequent for many parts of the world.

411Soil moisture calculation

412As discussed previously, three groups of soil type-specific sen-
413sor responses were identified in Fig. 1, with soil type and salinity
414playing an important role in the sensor response. When plotting
415the data as a normalised period response according to Eq. (2), it
416was found that the normalised period measurements below a cer-
417tain threshold were linearly related to the soil moisture observa-
418tions (Fig. 5a and b). Moreover, the non-linear two-parameter
419relationship of Western and Seyfried (2005) resulted in a consis-
420tently underestimated soil moisture content for very dry or very
421wet conditions (mean bias of 0.01 m3/m3), which is particularly
422significant for dominantly dry environments. Conversely, the soil
423moisture content of moderately humid conditions (between 0.12
424and 0.3 m3/m3) was found to be overestimated by 0.01 m3/m3.
425The overall RMSE of this non-linear equation was 0.025 m3/m3. A
426linear fit to the data was also tested, but found to be significantly
427biased for all soil moisture conditions (�0.012/�0.016/0.027 m3/
428m3). Moreover, several derived P0.4 values were found to be outside
429of the operational range of the instruments, and consequently were
430not acceptable as parameters for a soil moisture content of 0.4 m3/
431m3.

Table 2
Soil type-specific temperature calibration parameters for the slope (s) and the offset
(o) of Eq. (5a) for soils with a forced intercept. Soil types here are defined according to
the Australian soil texture classification (AS 1289.0–2000).

Soil type Slope (s) (1/�C) Offset (o) (ls/�C)

Sand 0.00257 �0.04318
Sandy loam 0.00393 �0.06602
Loam 0.00805 �0.13542
Silt loam 0.00825 �0.13860
Clay loam 0.00841 �0.14129
Clay 0.00757 �0.12718
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Fig. 5. Calibration curves for (a) fine and (b) coarse material soils. Both plots also show the results from the new soil specific calibration equations (solid line) with linear and
non-linear response components and the result from applying the original equation in Eq. (1) (dashed line).
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432 As the linear relationship between N and the observed soil
433 moisture content was only observed for relatively dry conditions,
434 it required a new formulation of Eq. (1) to allow for both wet
435 and dry soil moisture conditions. Consequently, Eq. (1) was
436 extended to allow its application to different soil types and soil
437 moisture ranges, while still maintaining a similar structure. Conse-
438 quently Eq. (1) becomes

h ¼ aN for N � c ð6aÞ440440

441 and
442

h ¼ acþ 0:4� ac
ð1� cÞb

 !
ðN � cÞb for N > c; ð6bÞ

444444

445 where a is the slope of the linear part of the function (m3/m3); and c
446 is the scaled soil moisture content at the point of transition from
447 linear to non-linear sensor response (-). For c equal to zero Eq.
448 (6b) reverts back to Eq. (1). It is proposed that the same optimisa-
449 tion procedure as in Western and Seyfried (2005) be used to jointly
450 optimise the parameters P0.4 and b, together with the new parame-
451 ters a and c, where P0.4 is a site-specific parameter and a, b and c are
452 general parameters, applicable to all sites. As it was found that the
453 linear behaviour within sandy soils was limited to much lower soil
454 moisture conditions than in fine material soils, a, b and c were opti-
455 mised independently for coarse and fine material soils, resulting in
456 a parameter data set for each of the two soil categories. This sepa-
457 ration of the soils into fine and coarse material soils improved the
458 RMSE from 0.023 m3/m3 for a joint optimisation of all parameters

459to 0.019 m3/m3 and 0.014 m3/m3 for fine and coarse material soils,
460respectively. The most significant correction was achieved in the
461dry and moderately humid range of the soil moisture conditions,
462with an almost complete removal of the biases. The values found
463for a, b and c are shown in Table 3, presenting the distinctly differ-
464ent parameters for c, underlining the importance to separate the
465soils into two categories. With the c parameters obtained through
466the optimisation procedure, the different thresholds of the soil
467moisture content above which the sensor response appears to be
468non-linear is then calculated using 6a, resulting in 0.12 m3/m3

469and 0.06 m3/m3, for fine or coarse material soils respectively (see
470Table 4).

471Generalised parameters

472The foregoing results show that several of the calibration
473parameters are correlated with soil type, particularly s, c and
474P0.4; as P0.0 is defined as independent of soil type, a constant value
475of 16.81 ls is used. This provides an opportunity to estimate the
476parameters from commonly available soil properties alone, such
477as the soil particle size distribution and consequently the soil type.
478Application of the general equations using the generalised param-
479eters developed here is summarised in Box 1.

Table 3
Curve parameters a, b, and c for the two presented optimisation approaches, obtained
through the use of the measurements from all sites to derive one general parameter
set (A), or sites with fine particle soils (Bf) and sites with coarse particle soils (Bc),
respectively.

Approach a b c

A 0.334 1.588 0.288
Bf 0.283 1.478 0.407
Bc 0.608 1.369 0.094

Table 4
Site-specific optimised P0.4 (ls) calibration parameters, obtained from the soil
classification into fine (Bf) and coarse materials (Bc) or using all available soil samples
(A), as defined in Table 3.

Station, depth Approach P0.4 (Bc or Bf) (ls) P0.4 (A) (ls)

G1 300–600 Bc 29.79 28.81
G1 600–900 Bc 32.87 31.07
G2 0–300 Bf 38.72 39.19
G3 0–300 Bf 39.99 40.19
G4 300–600 Bc 27.75 26.76
G5 0–300 Bc 28.12 27.54
G6 0–300 Bf 39.73 39.90

K2 0–300 Bc 33.09 31.89
K2 600–900 Bc 30.82 30.06
K6 Bf 44.98 45.15

M1 0–300 Bc 28.55 28.04
M2 0–300 Bc 27.97 27.31
M3 0–300 Bf 37.18 37.44
M4 0–300 Bf 40.42 40.59
M5 0–300 Bf 41.10 41.38
M6 0–300 Bf 40.01 40.14
M7 0–300 Bf 42.01 42.13
M7 600–900 Bf 39.01 39.14

S1 0–300 Bf 37.64 38.19
S2 0–300 Bf 38.37 38.42
S3 0–300 Bf 38.67 38.89
S4 0–300 Bf 36.53 36.64
S6 0–300 Bf 37.25 37.33 Box 1. Schematic of the recommended conversion path from Pobs to h, as described

in this paper.
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480 It is important to note that the soil types discussed in this paper
481 are based on the Australian soil texture classification in AS 1289.0
482 (Standards Australia, 2000). This classification differs from the
483 USDA classification, which is often used in the USA and Europe.
484 The detailed ranges of the particle sizes are (USDA definition in
485 brackets): clay < 2 lm, 2 lm < silt < 20(50) lm, and
486 20(50) lm < sand < 2000 lm. In the following sections, the fraction
487 of the fine particles is defined as the sum of the clay and silt frac-
488 tions (CS; %) of the respective soil types, whereas coarse materials
489 are represented by the fraction of sand. This classification may be
490 important, as Western and Seyfried (2005) found that the correla-
491 tion between soil particle distribution and the derived calibration
492 parameters was negligible in the case of the CS615. However, their
493 particle size distribution was based on the USDA and New Zealand
494 classifications, while the soils in the present study were entirely
495 analysed according to Australian standards only.

496 Temperature correction
497 Fig. 6a shows the slope parameter of the temperature correction
498 equation plotted against the sum of the clay and silt fractions (CS)
499 for each of the eight soil types analysed in the laboratory experi-
500 ments. Here it can be seen that the slope parameter increased with
501 fine particle content of the soil according to
502

s ¼ 0:00009CSþ 0:00284; ð7Þ504504

505 with an R2 of 0.75.
506 As an example, the RMSE of the temperature corrected period
507 measurements in a sandy and a clayey soil are shown in Table 5

508for the uncorrected period measurement and three different cor-
509rection approaches: (i) manufacturer’s correction, (ii) soil type-
510specific individually derived correction to be used with Eq. (5b),
511and (iii) the use of Eq. (7) to calculate s. The two soils chosen from
512the laboratory experiment are a sand (M2; 0% clay, 6% silt, and 94%
513sand) and a silty loam (G2; 21%/56%/23%). There is an insignificant
514difference between the performance of (ii) and (iii), whereas the
515manufacturer’s correction significantly overcompensated for the
516temperature in wet soils (see also Fig. 3). In the case of the silty
517loam (G2), the error in the period measurement is actually in-
518creased when using the manufacturer’s relationship, suggesting
519that no correction would be preferable to the one supplied.

y = 0.16621x + 25.85569
R2 = 0.80615
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Fig. 6. (a) Correlation between slope (s) of the CT function with forced intersect (o) as a function of clay plus silt fraction of the soil samples (CS); the symbols represent the
different soil types from all eight temperature experiments, with a best fit trend line shown. (b) Relationship between the clay and silt content and the optimised P0.4 values
(symbols) and the best fit line (solid line).

Table 5
RMSE of the estimated P25 and soil moisture results from the temperature correction
and soil moisture estimation experiment, respectively, for two contrasting soil types
(G2 – silty loam; M2 – sand) and three different approaches (CSci – Campbell
Scientific standard correction equation; site-specific – individually derived parameter
s for 5b; general – parameter s derived from Eq. (7)) and also the RMSE, if no
correction is performed. .

Approach Temperature
correction (ls)

Soil moisture
estimation (m3/m3)

G2 M2 G2 M2

Uncorrected 1.769 0.338 – –
CSci 3.151 0.297 0.079 0.044
Site-specific 0.355 0.102 0.019 0.016
General 0.375 0.185 0.038 0.014
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520 While the above linear function is based on a limited amount of
521 data points, the consistency of this finding with results from other
522 studies suggests that a linear increase of CT as a function of the par-
523 ticle size distribution is valid. However, a larger number of data are
524 required to confirm Eq. (7). Nevertheless, a significant departure
525 from the proposed function is not expected, as a non-linear func-
526 tion is expected to be between the either of the data clouds of
527 Fig. 6a and the resulting error in the estimation of CT would be neg-
528 ligible. The maximum error to be expected from the uncertainty
529 due to the spread between the highest and lowest CT values for
530 clayey soils is to be found for wet and warm conditions. Using
531 the minimum and maximum values of s found for clayey soils
532 and calculating the soil moisture for such conditions (37 ls,
533 30 �C) results in a difference of 0.014 m3/m3. As this is the expected
534 maximum difference between two extreme values, any error will
535 be smaller. This example also supports the previous assumption
536 for defining a linear function for the relationship between CT and
537 P25, as the resulting errors will be small.

538 Soil moisture calculation
539 As already noted, soils consisting of coarse material generally
540 had a lower P0.4 value than soil of fine material, as shown in
541 Fig. 6b. The P0.4 value was found to vary with particle size distribu-
542 tion according to
543

P0:4 ¼ 0:16621 � CSþ 25:85569; ð8Þ545545

546 with an R2 value of 0.81. Using this approximation the RMSE in soil
547 moisture for the same two soils and the different approaches used
548 in the temperature correction example are presented in Table 5.
549 Similar to the temperature correction, it shows that the newly
550 developed equations reduce the initial error by more than half
551 when compared to the soil moisture obtained with the manufac-
552 turer’s equation with the general approach performing slightly less
553 well, than the site-specific parameters.

554 Evaluation

555 Fig. 7 shows the soil moisture content estimated using the ap-
556 proach developed herein with soil type-specific (a, b, and c) and
557 site-specific (P0.4) parameters, plotted against the laboratory soil
558 moisture content observations. This plot shows a good relationship
559 between the gravimetric and CS616 moisture contents
560 (RMSE = 0.017 m3/m3 and R2 = 0.981). As these results were ob-
561 tained with soils used in derivation of the general equation and
562 its parameters, this does not constitute an independent assess-
563 ment. Consequently, in situ and laboratory CS616 and TDR obser-

564vations obtained for several sites of the Murrumbidgee Soil
565Moisture Monitoring Network (the Kyeamba Catchment specifi-
566cally) have been used as an independent evaluation. The Kyeamba
567Creek catchment contains soils that are generally silty, a soil type
568rarely found in the Goulburn network. Consequently these obser-
569vations are very suitable for an independent evaluation of the gen-
570eral equation and recommended parameters.
571Results are presented for three approaches, using in situ data
572from five stations across the Murrumbidgee catchment area and
573various depths, for which a sufficient number of TDR readings were
574available (Fig. 8). The approaches are: (i) the equations provided by
575Campbell Scientific; (ii) site-specific value of P0.4 by estimating the
576soil classification from the observed time series (Fig. 8a); and (iii)
577P0.4 value derived from the empirical function given in Eq. (8)
578(Fig. 8b). As laboratory calibrations for three of the five soils are
579available, they can be compared to the empirical function derived
580from Fig. 6b. The combined clay and silt fraction of those three soil
581types is 25%, 38.5% and 49.7%. Applying Eq. (8), values of 30.01,
58232.25, and 34.12 ls are estimated for P0.4. Those values correspond
583well with the values found in the laboratory experiment performed
584for a number of soils of the MSMMN, being 29.65, 34.82, and
58535.81 ls, respectively. The RMSE of using the estimated P0.4

586parameters for these soils was found to be 0.034 m3/m3, while
587the application of the parameters obtained in laboratory yielded
588an RMSE of 0.012 m3/m3.
589The overall RMSE values for the field data are 0.053 m3/m3, and
5900.066 m3/m3 for approaches (ii) and (iii), respectively (the Camp-
591bell Scientific equation yielded an RMSE of 0.144 m3/m3 for the
592same data set). As expected, the RMSEs degraded when compared
593with the results for the Goulburn catchment soils from the study in
594the controlled experimental environment in the laboratory, as a re-
595sult of being both independent sites and field measurements. Be-
596cause observation inaccuracies of the sensors are additive, and
597the TDR measurements are assumed to be ‘‘true” in this study,
598i.e. without error, the overall RMSE may be smaller, if high quality
599gravimetric measurements had been obtained at the same time
600and used as a basis for comparison. However, the gravimetric mea-
601surements would have meant a destruction of the measuring vol-
602ume in the field. A more detailed analysis revealed that sites
603with coarse material soils had smaller errors than sites with fine
604material soils, which is generally due to the coarse material soils
605reaching a lower soil moisture content than fine material soils.
606While an RMSE of 0.053–0.066 m3/m3 is slightly larger than what
607is typically desirable, these results are still acceptable and even
608better than other calibration efforts for the CS615 using site-spe-
609cific, rather than general calibrations (Czarnomski et al., 2005;
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Fig. 7. Relationship between estimated (hcalc; based on soil type-specific (a, b, and c) and site-specific (P0.4) parameters) and laboratory-based soil type-specific observations
of soil moisture content (hobs) for the Goulburn River soils.
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610 Stenger et al., 2005). These results are encouraging, especially
611 when considering that both soil moisture estimates were obtained
612 from field measurements and that the errors in TDR soil moisture
613 measurements are also uncertain, especially for the deeper depths.
614 The results on Fig. 8a and b shows that there appears to be a con-
615 sistent bias in the results, with soil moisture values for a specific
616 site being either over- or underestimated. If this bias were found
617 to be truly consistent for each different soil type, it could be used
618 to reduce the overall RMSE. However, it will require a larger
619 amount of different soil samples from various soil types than were
620 available for this study to assess the possibility of soil type-specific
621 biases.
622 It was suggested by Western and Seyfried (2005) that if a single
623 well-calibrated TDR or gravimetric measurement was taken near
624 the installed sensor, the sensor results may be improved by using
625 it to constrain the parameters. This was tested by keeping a, b,
626 and c constant and optimising only the site-specific P0.4 of the five
627 aforementioned sites with one randomly chosen TDR field observa-
628 tion. It was found that this additional information resulted in an
629 overall reduction of the RMSE to 0.039 m3/m3, and that the best re-
630 sults are obtained when the single observation was taken under
631 humid conditions. This result is not surprising when studying Eq.
632 (6b), which is linear below a certain threshold (c). Given that a
633 and c are not being optimised, any value below this threshold
634 would have no impact on the shape parameter b and consequently
635 on the shape of the non-linear part of the equation.
636 To identify the potential of this approach to improve the mea-
637 surement accuracy with one known soil moisture observation,

638the same approach was also applied to a sample of three indepen-
639dent soil samples from a field site near the Kyeamba sites. In this
640case the field TDR observations were replaced with gravimetric soil
641moisture content directly measured in the laboratory. The labora-
642tory approach was chosen, because it is possible to determine the
643soil moisture content with a higher accuracy than with a TDR
644probe under field conditions. All three samples were subjected to
645six different levels of soil moisture content. The resulting RMSE
646was 0.008 m3/m3 for the combined sample size, by jointly optimis-
647ing the P0.4 values of the three samples. This result underlines the
648possibility to improve the calibrations, if a single soil moisture va-
649lue is well known, together with the corresponding period
650measurement.

651Discussion and conclusion

652This paper has developed a general equation for deriving the
653soil moisture content from Campbell Scientific CS616 period mea-
654surements, using only information on the soil texture. The new
655equations for the soil moisture conversion and for the correction
656for soil temperature effects and the parameters required for the
657application the proposed equations to different soil types were de-
658rived from laboratory experiments using a number of different soil
659types from the Goulburn River catchment of south-eastern Austra-
660lia. Soil samples were subjected to a wide range of soil moisture
661and soil temperature conditions to develop and test the equations.
662Key developments of this general equation for the CS616 include
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Fig. 8. Evaluation of general equation using independent data from the Murrumbidgee Catchment. Comparison of soil moisture calculated from in situ CS616 observations
(hcalc) and TDR measurements (hTDR) for (a) soil specific parameters (coarse and fine soils), and (b) s and P0.4 derived from the soil particle size distribution. The overall RMSE
values are 0.053 m3/m3, and 0.066 m3/m3, respectively (the Campbell Scientific equation yielded an RMSE of 0.144 m3/m3 for the same data set).

10 C. Rüdiger et al. / Journal of Hydrology xxx (2010) xxx–xxx

HYDROL 16967 No. of Pages 12, Model 5G

11 January 2010
ARTICLE IN PRESS

Please cite this article in press as: Rüdiger, C., et al. Towards a general equation for frequency domain reflectometers. J. Hydrol. (2010), doi:10.1016/
j.jhydrol.2009.12.046

http://dx.doi.org/10.1016/j.jhydrol.2009.12.046
http://dx.doi.org/10.1016/j.jhydrol.2009.12.046
Original text:
Inserted Text
a,b show 

Original text:
Inserted Text
α, β, 

Original text:
Inserted Text
0.039m

Original text:
Inserted Text
(γ). 

Original text:
Inserted Text
0.008m



U
N

C
O

R
R

E
C

T
E
D

P
R

O
O

F

663 (i) a soil type dependency on the temperature effects of the sensor
664 and (ii) that the period measurement relationship with soil mois-
665 ture was best described by a curvilinear relationship, with a linear
666 response up to about the soil wilting point. Moreover, it was found
667 that the calibration parameters correlated well with the soil parti-
668 cle distribution, particularly of fine materials soils. This in turn al-
669 lows the derivation of calibration parameters from the particle size
670 distribution and the generalisation of the calibration equations so
671 that future installations of this instrument may not require site-
672 specific calibration, but only knowledge of the soil particle size dis-
673 tribution. The RMSE obtained using laboratory observations are in
674 the order of 0.014–0.038 m3/m3. The application of the manufac-
675 turer’s equations to the same observations showed that these latter
676 inference equations work reasonably well for coarse soils, but not
677 for finer soils.
678 Applying the new equations and parameters to sensors installed
679 at five independent field sites from the Murrumbidgee monitoring
680 network in south-eastern Australia, the resulting RMSE estimated
681 from TDR measurements were found to be between 0.053 m3/m3

682 and 0.066 m3/m3. Moreover, if accurate wet in situ observations
683 are available, this error can be reduced to 0.008 m3/m3, by further
684 optimising the P0.4 parameter. Conversely, soil moisture values ob-
685 tained with the manufacturer’s equation resulted in a significantly
686 higher RMSE (0.144 m3/m3). In conclusion, any of the approaches
687 may be applied to coarse textured soils. However, one of the newly
688 approaches presented here must be used to obtain adequate errors
689 for fine texture soils.
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