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8 [1] An accurate value of the effective temperature is
9 critical for soil emissivity retrieval, and hence soil moisture
10 content retrieval, from passive microwave observations.
11 Computation of the effective temperature needs fine profile
12 measurements of soil temperature and soil moisture. The
13 availability of a two year long data set of these surface
14 variables from SMOSREX (Surface Monitoring Of the Soil
15 Reservoir EXperiment) makes it possible to study the
16 effective temperature at the seasonal to interannual scale.
17 This study shows that present parameterizations do not
18 adequately describe the seasonal variations in sensing depth.
19 Therefore, a new parameterization is proposed that is stable
20 at the seasonal to interannual scales while retaining
21 simplicity. Citation: Holmes, T. R. H., P. de Rosnay, R. De

22 Jeu, R. J.-P. Wigneron, Y. Kerr, J.-C. Calvet, M. J. Escorihuela,

23 K. Saleh, and F. Lemaı̂tre (2006), A new parameterization of the

24 effective temperature for L band radiometry, Geophys. Res. Lett.,

25 33, LXXXXX, doi:10.1029/2006GL025724.

27 1. Introduction

28 [2] Measurements of passive microwave brightness tem-
29 perature quantify the intensity of the soil microwave radi-
30 ation. According to the Rayleigh-Jeans approximation, the
31 emitted energy from the soil in the microwave domain is
32 proportional to the thermodynamic temperature and the
33 brightness temperature can be expressed as the product of
34 the emissivity and the effective temperature.
35 [3] The whole soil layer contributes to the soil thermal
36 emission. From the point of origin to the soil surface, the
37 intensity is attenuated by the intervening soil, whose ab-
38 sorption is related to the moisture content. The net intensity
39 at the soil surface, called the effective temperature, is a
40 superposition of the intensities emitted at various depths
41 within the soil [Choudhury et al., 1982].
42 [4] The effective temperature is used to normalize the
43 measured brightness temperature and obtain values of
44 surface emissivity. Especially at L band (1.4 Ghz), the

45contributing layer is thick and varies strongly through the
46year. An accurate computation of the effective temperature
47is thus critical for obtaining relevant values of the soil
48emissivity from brightness temperature measurements. The
49soil emissivity values may then be used in (non) coherent
50models to retrieve soil moisture [Njoku and Kong, 1977;
51Whilheit, 1978; Schneeberger et al., 2004].
52[5] The theoretical formulation of the effective tempera-
53ture requires fine vertical profile information on both soil
54moisture and soil temperature. Required information is not
55available from remote sensing and only a few test sites
56provide a sufficiently fine measurement of the vertical
57profiles in the soil. To estimate the effective temperature
58with minimum soil profile information, several parameter-
59izations have been developed for use with L band radiom-
60etry. Choudhury et al. [1982] showed that for short time
61periods, the effective temperature can be described as a
62linear function of the soil temperature at two depths.
63Wigneron et al. [2001] improved this parameterization,
64making it suitable for seasonal studies, by taking into
65account the influence of soil moisture on the attenuation
66of microwave energy.
67[6] As part of the preparation for SMOS (Soil Moisture
68and Ocean Salinity) mission [Kerr et al., 2001], the
69intensive field campaign SMOSREX (Surface Monitoring
70Of the Soil Reservoir EXperiment) has been ongoing in
71Southern France [de Rosnay et al., 2006]. SMOSREX
72began in 2001 with ground measurements, and it was
73expanded in 2003 to include L band and multi-spectral
74remote sensing measurements. It is expected to last until
75the end of 2006. Designed to improve radiative modeling
76over land at L band, the measurements include dense
77profiles of soil temperature and moisture sensors. This
78study uses the two-year 2003–2004 data set of the profile
79data to calculate the theoretical effective temperature and
80compare it to Wigneron’s parameterization. The long
81duration of the field campaign makes it possible to study
82its behavior at annual to interannual time scales. Based
83on the results of this study we will propose a new
84parameterization of the effective temperature.

852. Theory

86[7] The effective temperature (Teff) is controlled by the
87soil dielectric and temperature profiles. From radiative
88transfer theory [Ulaby et al., 1986], the effective tempera-
89ture can be expressed as:

Teff ¼
Z 1

0

Ts zð Þ �W zð Þ � dz ð1Þ
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91 where Ts(z) is soil thermodynamic temperature at depth z,
92 W(z) is a temperature weighting function of the contribution
93 of each soil layer to the Teff. W(z) is defined as:

W zð Þ ¼ a zð Þ � exp �
Z z

0

a z0ð Þ � dz0
� �

ð2Þ

95 where

a zð Þ ¼ 4p=lð Þ � �00 zð Þ=2 �0 zð Þð Þ0:5 ð3Þ

97 a(z) is an attenuation coefficient related to the soil dielectric
98 constant, l is the observation wavelength, and �0 and �00 are
99 the real and imaginary part of the soil dielectric constant.
100 [8] The shape of the weighting function is determined
101 only by the soil moisture profile through its effect on the
102 dielectric constant. The higher the soil moisture content, the
103 higher the attenuation and the more rapid the weighting
104 function declines with depth. The result is a smaller sensing
105 depth. This effect is illustrated for L band in Figure 1, which
106 shows examples of a dry (July) and a wet (March) soil
107 moisture profile (Figure 1a) and their corresponding nor-
108 malized temperature weighting functions (Figure 1b). It
109 clearly illustrates that a wetter soil profile results in a
110 smaller sensing depth, and that for L band the difference
111 can be several tens of centimeters.

112 3. Material and Methods

113 [9] Soil temperature and moisture data are measured on a
114 bare soil as part of the SMOSREX campaign [de Rosnay et
115 al., 2006]. Thermistors are installed at 1 cm, 5 cm, 20 cm
116 50 cm and 90 cm. Soil moisture is measured by theta probes,
117 installed at 0–6 cm (4x), 10 cm (x3), 20 cm (x3) 40 cm (x2),
118 50 cm (x2), 60 cm (x2), 70 cm, 80 cm and 90 cm. Soil texture
119 can be characterized as a loam soil, with a porosity of 40%.
120 Wilting point and transition moisture values are calculated to
121 be 0.15 and 0.238 m3 m�3 respectively, based on the work by
122 Wang and Schmugge [1980].
123 [10] Using equations (1)–(3), the theoretical effective
124 temperature is computed based on the SMOSREX data of
125 2003 and 2004. The dielectric constant is calculated using
126 the model of Wang and Schmugge [1980], for a wavelength
127 of 21cm (L band). This model is shown to be highly suitable
128 to represent both the real and imaginary part of the dielectric
129 constant for a large range of soil moisture and temperature
130 conditions. The recent Monitoring Underground Soil Ex-
131 periment (MOUSE) confirms its suitability for different soil
132 texture types [Vall-llossera et al., 2005]).
133 [11] Despite of uncertainties in the measured soil mois-
134 ture and temperature profiles, as well as in the
135 corresponding dielectric constant, the theoretical approach
136 is considered to provide a good approximation of the
137 effective temperature. It is used in the following as the
138 ‘‘true’’ effective temperature.

139 4. Parameterization of Effective Temperature

140 [12] The calculation of the effective temperature by
141 equations (1)–(3) needs detailed information on tempera-
142 ture and water content profiles. For application studies at a
143 larger scale, it will be necessary to use a simple parameter-

144ization. The most straightforward parameterization was
145proposed by Choudhury et al. [1982]:

Teff ¼ TDeep þ TSurf � TDeep
� �

� C ð4Þ

147where TDeep is the deep soil temperature, ranging from 50 to
148100 cm and TSurf the surface soil temperature between 0 to
1495 cm. C is a fitting parameter, defining the depth of the soil
150layer that best represents Teff. Because C is described to be
151constant in this formulation, this parameterization can only
152properly describe small term field experiments, with limited
153change in soil moisture content.
154[13] To take into account the sensing depth variation with
155the soil moisture content, Wigneron et al. [2001] proposed a
156parameterization for low frequency radiometry:

Teff ¼ TDeep þ TSurf � TDeep
� �

� C wSurf

� �
ð5Þ

158where C(wSurf) is a function of the surface soil moisture,
159wSurf, given as:

C wsurf

� �
¼ wSurf =w0

� �b ð6Þ

161where the fitting parameters w0 and b are positive. For dryer
162soils, C(wSurf) is lower and Teff is closer to TDeep than for wet
163soils. This parameterization proved to be robust at the
164seasonal scale.

1654.1. Interseasonal Calibration

166[14] To test Wigneron’s parameterization [Wig] at the
167interseasonal scale, the parameterization was calibrated
168using the values of the calculated ‘‘true’’ effective temper-
169ature for the first year of the measurements at the
170SMOSREX site. This calibration was carried out for differ-
171ent choices of TSurf: using the infrared temperature, or the
1721 cm or 5 cm soil temperature. Best results were obtained
173using TSurf at 5 cm and TDeep at 50 cm, and this configu-
174ration will be used hereafter. The calibration was first
175performed separately for three time periods in order to
176analyze the stability of the parameterization at interseasonal

Figure 1. (a) Water content profiles and (b) corresponding
normalized weighting functions for L band, for March and
July 2003. Circles indicate measured values.
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177 and annual temporal scales: For the winter and summer of
178 2003, and for the whole year 2003.
179 [15] The calibrated parameters for these different tempo-
180 ral scales are listed in Table 1, as well as the averaged error
181 (rmse) with the theoretical effective temperature. These
182 results show that Wigneron’s parameterization describes
183 the theoretical effective temperature well, with an rmse of
184 0.48 K for the year 2003. However, the results for the
185 seasonal time periods indicate that the fitting parameters are
186 not stable throughout the year.

187 4.2. New Parameterization

188 [16] The unstable calibration results for Wigneron’s pa-
189 rameterization shows that the effect of soil moisture on the
190 sensing depth is not yet sufficiently accounted for in the
191 parameterization. In the theoretical formulation of Teff
192 (equations (1)–(3)), the influence of water on the attenua-
193 tion of microwave energy is represented by the use of the
194 ratio of the real and imaginary parts of the soil dielectric
195 constant. From this it is expected that a parameterization
196 that uses the soil dielectric constant, in the form of (�00/�0),
197 instead of the water content would be able to describe the
198 yearly trends better.
199 [17] This approach is tested by calculating C and com-
200 paring this to water content and the dielectric properties.
201 Because Teff becomes very insensitive to the sensing depth
202 when the soil temperature profile is almost vertical, we
203 remove the data where (TSurf � TDeep)

2 is less than 5 K. The
204 remaining C-values are plotted for 2003 against water
205 content (Figure 2a) and against �00/�0 (Figure 2b). These
206 plots clearly show a much better correlation between C and
207 �00/�0 (0.9) than with water content (0.84).
208 [18] Much of this improvement in the correlation is a
209 result of the different dielectric behavior of the soil before
210 and after the transition moisture. Initially, the dielectric
211 constant increases slowly with moisture content. After
212 reaching a transition moisture value (0.238 for this soil),
213 the dielectric constant increases steeply with moisture
214 content [Wang and Schmugge, 1980]. The inconsistencies
215 that occur in the high moisture levels in Figure 2b are
216 not yet explained but are probably related to gradients in the
217 surface soil moisture and temperature profiles. This feature
218 is also observed when, as suggested by equation (3),

219we consider the relationship between C-values and the ratio
220(�00/(�0)0.5) (not shown). However, C is slightly better corre-
221lated to (�00/�0) (0.9) than to (�00/(�0)0.5) (0.89). Based on these
222results we propose the following parameterization of the
223effective temperature:

Teff ¼ TDeep þ TSurf � TDeep
� �

� C �ð Þ ð7Þ

225where C(�) is a function of the dielectric properties of the
226surface:

C �ð Þ ¼ �00=�0ð Þ=�0ð Þb ð8Þ

228with the fitting parameters �0 and b. (�
00/�0) is calculated from

229wSurf, according to the dielectric mixing model [Wang and
230Schmugge, 1980]. This extra step needs information about
231soil texture and the soil temperature at the same depth as the
232soil moisture measurements.
233[19] The calibration results for this new parameterization
234are also shown in Table 1. These results show that the rmse
235for the calibrations on the year 2003 are improved from 0.48

t1.1 Table 1. Results of the Calibration of the Two Parameterizationsa

Parameterization Period Parameter 1 Parameter 2 rmse, K Emax, K Freq, %t1.2

[Wig] w0 bt1.3
Wigneron et al. [2001] 2003 winter 0.34 0.62 0.42t1.4

2003 summer 0.47 0.56 0.51t1.5
2003 0.36 0.70 0.478 2.38 4t1.6
2004 0.32 0.58 0.592 2.64 4t1.7

2003 applied to 2004 0.36 0.70 0.734 2.22 6t1.8
2003 and 2004 0.33 0.63 0.573 3.11 10t1.9

[New] �0 bt1.10
2003 winter 0.09 0.52 0.42t1.11
2003 summer 0.08 0.98 0.37t1.12

2003 0.08 0.95 0.412 2.50 2t1.13
2004 0.08 0.81 0.482 1.67 2t1.14

2003 applied to 2004 0.08 0.95 0.515 2.00 4t1.15
2003 and 2004 0.08 0.87 0.458 2.43 6t1.16

aThe best fitting parameters are listed for both parameterizations as well as the associated rmse compared to the theoretical
value of effective temperature. Maximum error (Emax) and occurrence (Freq in %) of errors larger than 1 K are indicated for
each case. The calibration was performed for different periods: 2003 winter (Jan–Mar, Nov–Dec), 2003 summer (May–Oct),
2003, 2004, 2003–2004. The case 2003 applied to 2004 is an evaluation of the best 2003 fitting parameters to the year 2004.
This test addresses the robustness of each parameterization for temporal extrapolation.t1.17

Figure 2. Scatterplots of (a) C versus surface water
content and (b) C versus the ratio of the soil dielectric
constant. For data where (TSurf � TDeep)

2 > 5K.
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236 to 0.41 K. The rmse for the summer periods is improved
237 especially, from 0.51 to 0.37 K. However, the higher
238 correlation between C and �00/�0 is not reflected in more
239 stable calibration at the interseasonal scale. This can be
240 attributed to the inconsistencies in Figure 2b at the high
241 moisture levels. The following section will test the two
242 parameterizations further at the interannual scale.

243 4.3. Interannual Calibration

244 [20] In order to compare the stability and robustness of the
245 new parameterization [New] and Wigneron’s parameteriza-
246 tion [Wig] at annual and interannual temporal scales, the
247 calibration is now extended to two years of the SMOSREX
248 data set. The calibration is repeated for the year 2004 and
249 for the years 2003 and 2004 combined. The calibration was
250 also tested for 2004 with the optimized parameters obtained
251 for 2003.
252 [21] The best fit parameters for the different temporal
253 scales and the rmse between the parameterized and the
254 theoretical effective temperature are listed in Table 1. It also
255 indicates, for each time period, the maximum error and the
256 occurrence of errors larger than 1 K. This provides a
257 quantitative assessment of the percentage of situations
258 where the model is not able to reproduce effective temper-
259 ature with a 1 K accuracy.
260 [22] Table 1 shows that the new parameterization indeed
261 improves upon the results with Wigneron’s method. The
262 rmse are lower than those obtained with [Wig] at the annual
263 and interannual scales. At the interannual scale (2003–
264 2004), the rmse decreases from 0.573 with [Wig], to
265 0.458 K with [New]. Maximum error decreases from 3.11
266 with [Wig] to 2.43 K with [New] and the occurrence of
267 errors larger than 1 K is 10 and 6 for the two models
268 respectively. The 1 K accuracy is thus ensured at this
269 interannual scale in 90% with [Wig] and 94% with [New].
270 The stability of the calibrated parameters for [New] is
271 particularly noteworthy. With only one parameter (�0 is
272 shown to be almost constant at any time scale) the param-
273 eterization is able to describe the variations of the effective
274 temperature encountered at different temporal scales.
275 [23] These results indicate that the [New] parameteriza-
276 tion takes into account the main processes that govern the
277 thermal sampling depth. For intermediate soil moisture
278 conditions, such as in April 2004, the two parameterizations
279 provide similar results which are in good agreement with
280 the theoretical formulation. The differences between the two
281 parameterizations are more significant in more extreme
282 conditions, such as soil freezing in February 2003 and a
283 very warm period in August 2003. In these conditions, the
284 relevance of the model is strongly dependent on the ap-
285 proach used to account for the effects of soil moisture in the
286 computation of the effective temperature. The [New] model
287 which represents this effect through the modifications of the
288 dielectric constant, is closer to the theoretical effective
289 temperature than the [Wig] parameterization. These results
290 underscore that the soil moisture influences the thermal
291 sampling depth through the soil dielectric profile.

293 5. Conclusion

294 [24] Because of the availability of a two year-long data
295 set of fine soil moisture and temperature profiles, it was

296possible to clearly show the effect of changes in soil water
297content through the year, on the effective temperature. The
298change from saturated surface conditions in January to
299below wilting point in July results in a strong expansion
300of temperature sensing depth for L band.
301[25] This strong variation in the temperature sensing
302depth is not fully reflected in the parameterization by
303Wigneron of Teff. This results in unstable values for the
304calibration parameters at the interseasonal scale.
305[26] The correlation of the sensing depth with �00/�0 is
306shown to be better than the correlation with water content.
307Therefore a new parameterization is proposed in which the
308effect of water content on the sensing depth is accounted for
309by means of the ratio of the soil dielectric constant. This
310incorporates the effect of the transition moisture and agrees
311better with the theoretical formulations for Teff. This param-
312eterization is an improvement on Wigneron’s parameteriza-
313tion in terms of rmse, and it describes the variations of
314sampling depth at the seasonal to interannual temporal
315scale.
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