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Dear Prof. Nunzio Romano,

Please find enclosed a point by point responseetadviewers’ comments, together with
changes in the revised version of our work. In o@se to the reviewers' comments, we
implemented a new data analysis procedure ablert@st flawed soil thermal conductivity
estimates. This greatly improved our results anéreconfident in the new retrieved values
of volumetric fraction of quartz. We used the dasblished by Lu et al. (2007) to validate
and discuss our results. For the sake of consigtéme empirical Lu et al. (2007) model was
used. We have endeavoured to characterize the frapancertainties in data and models.
We extensively revised the text, added new Figurables, and Supplements.

The Title and Abstract were rewritten.

Moreover, we made the soil profile data availaliiglee web and the Supplements provide all
the information needed to reproduce our calculation

Sincerely,

Jean-Christophe Calvet and co-authors



Calvet el al. (2015), www.soil-discuss.net/2/73713%)
Impact of gravels and organic matter on the thermal properties of grassand

soils in southern France

Response to Reviewer #ind changes in the revised version of the paper

(X. Xiao, xinhua.xiao@aamu.edu; xiaoxinhua2009@gmail com

The authors thank Dr. Xinhua Xiao (NC State UniitgrSoil Physics) for her review of the

manuscript and for the fruitful comments.

1.1 [Accuracy of predicative A models highly depends on accurate estimation akat and
g, which has been oversimplified as sand fractiont is interesting and important to
predict g and Asat in A models using data of soil texture and gravel andG@J and to
further examine their impacts onA models. The methodology in this work to address ¢
research question is appropriate. Discussion of med applicability is covered. The new
pedotransfer functions for Asat and g derived from their original data will add good
contribution to the literature. | however have maja concerns about the
presentation/organization of this paper that | feelin some sections focus is lacking
and/or reorganization needed. Better justification of adopting some key empirical

models and more relevant discussion are also degirg
RESPONSE 1.1
Many thanks for these positive comments. We wilbdo best to account for your remarks in

a revised version of the manuscript.

Additional comments

In response to the reviewers' comments, we have tised our approach. TheA retrievals
influenced by heterogeneities in soil properties & now sorted out. As a result, we now
obtain realistic A5 Values for 14 soils. We improved the assessmentuwicertainties on

the pedotranfer function for quartz volumetric fraction:



» avariety of pedotransfer functions is now proposednot only one

» aconfidence interval for the coefficients of pedoansfer functions is given

» the impact of errors on the volumetric heat capacit of soil minerals is assessed

» the data from Lu et al. (2007) are used as an indepdent benchmark to verify

the obtained pedotransfer functions.

In order to clarify the definition of symbols, the volumetric fraction of quartz is now
written as "fq" (instead of "q").
Finally, the Kersten number model of Lu et al. (20@) is now used instead of the Yang et

al. (2005) model.

1.2 [On obtaining site/station specificAsat and g values. Equations 7-11 are the core
functions for authors to enable retrieval of the de/station-specificAsat (and q value
accordingly) by parameter fitting via reverse modehg. | think these equations/models
(specifically Lu et al 2007 and Yang et al 2005) shld to some extent be justified why

they were chosen as opposed to other alternativewegtions in the literatures]

RESPONSE 1.2

Yes, two key equations are used Ag, and forkKe (Egs. (7) and (9), respectively).

For Aay we used the Lu et al. (2007) parameterization.ureigR1.1 shows that this

parameterization produces largky, values than thelyy estimates derived from Co6té and
Konrad (2005) for mineral soils. We checked thahg<Co6té and Konrad (2005) instead of
Lu et al. (2007) has a very limited impact.&g:andq retrievals £0.005 Wm'K ™ and<0.01

m>m™3, respectively).
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Figure R1.1- ModelledAqry for the range of porosity values encounterethigmstudy, using
Lu et al. (2007) and Coté and Konrad (2005).

In the first version of this work, we used the Kemsnumber calculation used by Yang et al.
(2005). Figure R1.2 shows the resultigvalue, together thK, value obtained using the Lu
et al. (2007) model for fine and coarse soils.ah de seen that most differences between
these models occur f&; values < 0.4. Since we only udeetrievals fors; values > 0.4, the
impact of the uncertainties in the determinatiorKgfis limited. However, using Lu et al.
(2007) instead of Yang et al. (2005) tends to peecemaller values ofsy:andf, retrievals, as
shown by Figs. R1.3 and R1.4. The impact of thestéer number calculation will be

discussed in the final version of this work.
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Figure R1.2- Kersten number vs. degree of saturation as rtextlBy Lu et al. (2007) for
coarse and fine soils, and as modelled by Yang €G05).
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Figure R1.3- As retrievals using the Kersten number as modelledubgt al. (2007) vs.

those using the Kersten number as modelled by ¥aag (2005).
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Figure R1.4- As in Fig. R1.3, except foy retrievals.

CHANGES 1.2 (Sect. 2.5)

In this study, the formula recommended by Lu et al(2007) is used:

a-133
K, = exp{a(l— S, ))}
with @ = 0.96 for Mnsang = 0.4 kg kg*, @ = 0.27 for Mnsang < 0.4 kg kg*, and
S, =6/6,, (9).
Mnsang represents the sand mass fraction of fine earth merals (values are given in
Supplement 1).
Following Peters-Lidard et al. (1998) Auhe is taken as 2.0 WritK ™ for soils with Mnsang

> 0.2 kg kg*, and 3.0 Wni*K ™ otherwise. In this study,Mnsang> 0.2 kg kg” for all soils

except for URG, PRG, and CDM.

1.3 [On discussion. First, the pedotransfer function forg (and thusAsat) was evaluated

with 11 stations/sites in this study but not testedOne alternative to be discussed is to



divide the 11 stations that some are used for moddevelopment and others for testing

its predictive/generalization powet]

RESPONSE 1.3

Yes, this is a very good point. In order to addrdss issue, we have used a simple
bootstrapping resampling technique consisting loutating a new estimate &f for each soil
using the pedotransfer function obtained withoungishis specific soil. Gathering these new
f, estimates, one can calculate new scores with cespehe retrieved, values. Also, this
method provides a range of possible values of deficients of the pedotransfer function
and permits assessing the influence of a giveetrieval on the final result.

These additional scores will be published in thalfversion of this work.

CHANGES 1.3

New Tables were added in order to list the potentlapedotransfer functions and the

associated scores (see below). The bootstrappinglescribed in Sect. 2.7.



Table 3 — Coefficients of four pedotransfer functionsfofor 14 soils of this study, together

with indicators of the coefficient uncertainty dexidl by bootstrapping and by perturbing the

volumetric heat capacity of soil minerain).

Predictor of fg

Coefficients for 14 soils

Confidence interval

from bootstrapping

Impact of a change of
+0.08 MJ m* K™ in Chmin

Ao ap ap a o a
Msand/ Msom 0.12 0.0134 |[0.10,0.14] [0.012,0.014] [0.11,0.13] [0.013,0.013]
Msand* 0.08 0.944 [0.00,0.11] [0.85,1.40] | [0.07,0.09] [0.919,0.966]
Msand 0.15 0.572 [0.08,0.17] [0.54,0.94]][0.14,0.17] [0.55,0.56]
1- Bai— fsand 0.73 -1.020 [0.71,0.89] [-1.38,-0.99]| [0.70,0.73] [-1.00,-0.99]

(*) only Mang Values smaller than 0.6 kg kg™ are used in the regression



Table 4 — Scores of four pedotransfer functiongpfor 14 soils of this study, together with

the scores obtained by bootstrapping, without trelg SBR soil. The MAE score of these

pedotransfer functions for three Chinese soilswét.al. (2007), for whichgandmsom < 40 is

given.

Predictor of fg

Regression scores

Bootstrap scores

Scores without SBR
(and MAE for 3 Lu soils)

re RMSD MAE r* RMSD MAE r* RMSD MAE

(m3m-3) (m3m-3) (m3m-3) (m3m-3) (m3m-3) (m3m-3)

Msand/ Msom 0.77 0.067 0.053]| 0.72 0.074 0.059]| 0.62 0.070 0.057
(0.135)

Msand* 0.74 0.072 0.052| 0.67 0.126 0.100| 0.56 0.075 0.056
(0.071)

Msand 0.67 0.081 0.060| 0.56 0.121 0.084| 0.56 0.075 0.056
(0.086)

1- Bt = fsand 0.65 0.084 0.064| 0.56 0.102 0.079| 0.45 0.084 0.061
(0.158)

(*) only Mang Values smaller than 0.6 kg kg™ are used in the regression



1.4 [Second, the impact of g oA prediction actually has been studied in Tarnawsket al
2009, in which q was shown mostly linearly dependéeon coarse fraction including sand
and gravel. Authors recognized that work in this pper yet need to perform enough
comparisons with that work and/or other related previous work in the literatures.]

RESPONSE 1.4

Yes. It is interesting to test the statistical tielaships we get between retrievals and soil
characteristics using the independent data fronetlLal. (2007) and Tarnawski et al. (2009).
We checked that the pedotransfer function(s) wefigeh our observations producka
values close to those observed for the fine-tegtune soils. For coarse-textured soils, our
pedotransfer function(s) tend(s) to overestimigfevalues. Note that Lu et al. (2007) obtained
a similar result with their model, which assumeat th = (1-£.) * msanp. It must be noted
that most of these soils contain very little orgamiatter and consisted of reassembled sieved

soil samples, while our data concern undisturbdéd.so

REFERENCES :

Lu, S., Ren, T., Gong, Y., and Horton, R.: An im@d model for predicting soil thermal
conductivity from water content at room temperat@ail Sci. Soc. Am. J., 71, 8-14,
doi:10.2136/sssaj2006.0041, 2007.

Tarnawski V. R., T. Momose , W. H. Leong, 2009: éssng the impact of quartz content on the
prediction of soil thermal conductivity.  Géotechueg 59 (4), 331-338,
doi:10.1680/geot.2009.59.4.331.

CHANGES 1.4 (Sect. 4.3)

The characteristics of ten Chinese soils used bytLal. (2007) to investigate soil thermal

conductivity are given in Table S1 (Supplement). Wsed three soils from the Lu et al.
(2007) data to validate our approach: Silty clagnho8, Silt loam 6, Silt loam 5. These soils
were used as they presand;ndmsom values lower than 40, as the soils consideredim t
study. The other seven soils were used to progtsaative coefficient values for contrasting
soil characteristicsandmsom > 40).

We derived gravimetric and volumetric fraction ofagtz Q andfg, respectively) from thdsa
observations of Lu et al. (2007). Figure 10 sholat t; correlates tamsang better thanQ.

Similar results are found for other predictors.sTis consistent with the results we obtained



for 14 French soils: pedotransfer functions for riugresent systematically better scores

usingfy instead ofQ, as shown by Fig. 5.
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Figure 5 - Fraction of variance?) of gravimetric and volumetric fraction of qua(e andfy,

red and blue bars, respectively) explained by varredictors.
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Table S3.1 — Soil characteristics of ten Chinese soils of Lale (2007).04, a4 f, andm,
stand for soil bulk density, porosity, volumetricadtions, and gravimetric fractions,
respectively.Asy experimental values are derived from Table 3 imm&aski et al. (2009).
Soil density is derived from porosity values inuggtEq. (1). The soils are sorted from the
largest to the smallest ratio wk.nqgt0 Msom. The ratio values smaller than 40 are in bold.

LU_Iet al. (2007: /]sat . gsat f%anc_i3 fglay_3 ];silt_3 f%OMS rnsansjl mclay_l rnsilt_l mgravt_ei mSOI\{Il mmd
So1s obsenvationgy md) (m¥m®) (m'm?) (m°'m?) (m’m?®) (m°m?) (kg kg!) (kg kg’ (kgkg’) (kgkg?) (kgkgh) —
(Wm'K™) Mgy
Sand 2 1.87 1567 0.41 0.548 0.035 0.006 0.001 0.929 0.060 0.010 0 0.001 1327.6
Sand 1 2.19 1567 0.41 0.553 0.029 0.006 0.001 0.939 0.050 0.010 0 0.001 1043.5
Loam 11 1.62 1350 0.49 0.253 0.046 0.208 0.003 0.499 0.090 0.409 0 0.003 1995
Clay loam 9 1.36 1270 0.52 0.152 0.143 0.181 0.003 0.319 0.299 0.379 0 0.003 118.2
Sandy loam 3 1.68 1333 0.49 0.333 0.060 0.104 0.009 0.664 0.119 0.208 0 0.009 77.2
Loam 4 1.40 1264 0.52 0.189 0.052 0.232 0.005 0.398 0.109 0.488 0 0.005 81.2
Silty clay loam 7 1.34 1267 0.52 0.090 0.128 0.256 0.004 0.189 0.269 0.538 0 0.004 48.5
Silt loam 5 1.38 1272 0.51 0.128 0.104 0.241 0.012 0.267 0.217 0.504 0 0.012 22.4
Silt loam 6 1.47 1255 0.52 0.051 0.089 0.328 0.008 0.109 0.188 0.694 0 0.008 13.0
Silty clay loam 8 1.31 1202 0.52 0.035 0.140 0.263 0.028 0.078 0.310 0.582 0 0.030 2.6
0.8 ' ' .
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Figure 10- Gravimetric and volumetric fraction of quartagtand bottom, respectively)
derived from thels;.observations of Lu et al. (2007) for 10 Chinesésgpven by Tarnawski
et al. (2009), vs. the gravimetric fraction of samg.q The three soils for whictnsandmsom <
40 are indicated by green diamonds.
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Table 6 — Pedotransfer functions §ffor 7 soils of Lu et al. (2007) with

msanc!mSOM > 40.

Predictor of fg

Regression scores

for 7 Lu soils with

msanJmSOM > 40

Coefficients

re RMSD

(p-value) (Mm’m3) (m’m?3)

MAE

Msand / Msowm

msand*

Msand

1- asat - fsand

0.40  0.089
(0.13)
0.82  0.073
(0.005)
0.82  0.048
(0.005)
0.81  0.050
(0.006)

0.075

0.054

0.042

0.043

0.20 0.000148

0.07 0.425
0.04 0.386
0.44 -0.814

(*) only Mg Values smaller than 0.6 kg kg™ are used in the regression
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Figure 11 - Estimatediss;:and volumetric fraction of quartg (top and bottom,
respectively) vs. values derived from thg;observations of Lu et al. (2007) given by
Tarnawski et al. (2009) for 10 Chinese soils, usirgggravimetric fraction of sand;angas a
predictor offy. Dark dots correspond to the estimations obtairs#y themsangpedotransfer
function for southern France and the three soisviich mgandmsom < 40 are indicated by
green diamonds. Red triangles correspond to tlimasbns obtained using tmasang
pedotransfer function for the seven soils for whigh,dmsom > 40.
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soils for whichmgandmsom < 40 are indicated by green diamonds.

1.5 [Focus. | believe the pedotransfer function and it®valuation constitute the main
contribution of this work. The derivation of soil thermal properties from soil
temperature profile, the soil temperature resolutiom (0.1 C) and its impact on the model
applicability can be concise. To me Figure 3 seendsspensable. The Conclusion section

also needs revision with a concise description caraing these]

RESPONSE 1.5

Yes. In the revised version of this work, we widleua slightly more sophisticatgdetrieval
technique able to cope with soil heterogeneitieg (he response to Reviewer 2). The details
will be described in a supplement, making the ntexh more concise.

CHANGES 1.5

Part of the technical developments were moved to Pplements. The evaluation of

potential pedotransfer functions is the main focusf the revised version of the paper. A
new Section 4.4 addresses the issue of using a Engredictor across soil types. It is
shown that the gravimetric fraction of sand within soil solids, including gravels and
SOM, is a good predictor of the volumetric fractionof quartz when a large variety of soil

types is considered.

1.6 [Organization. Section 4.1 is about evaluating impacof gravel and SOM with

sensitivity analysis. | suggest it be included/appeled following the pedotransfer

14



functions in the Results section. Indeed authors tended doing so (in Page 740 Line 6

“in Sect 3 a sensitivity analysis oAsat to SOM and gravel fractions”)]

RESPONSE 1.6
We agree. Sect 4.1 will be moved to Sect. 3.

CHANGES 1.6

Sect 4.1 was moved to Sect. 3.3.

1.7 [On Abstract. Authors should do better job in thesesections. In Abstract the last
three sentences are key results and conclusionstbis work and need a great expansion
with details; conversely the remaining should be nre concise. Please rewrite it and
include question, significance, methodology, reswlt conclusion and this work’s impaci

RESPONSE 1.7
We agree. The Abstract will be rewritten.

CHANGES 1.7

New abstract:

"The information on quartz fraction in soils is usually unavailable but has a major effect
on the accuracy of soil thermal conductivity modelsand on their application in land
surface models. This paper investigates the influee of quartz fraction, soil organic
matter (SOM) and gravels on soil thermal conductivty. Field observations of soil
temperature and water content from 21 weather statins in southern France, along with
the information on soil texture and bulk density, ae used to estimate soil thermal
diffusivity and heat capacity, and then thermal coductivity. The quartz fraction is
inversely estimated using an empirical thermal condictivity model. Several pedotransfer
functions for estimating quartz content from soil exture information are analysed. It is
found that the soil volumetric fraction of quartz (fy) is systematically better correlated to
soil characteristics than the gravimetric fraction of quartz. More than 60 % of the
variance of f; can be explained using indicators based on the gafraction. It is shown
that SOM and (or) gravels may have a marked impacon thermal conductivity values
depending on which predictor offy is used. For the grassland soils examined in this
study, the ratio of sand to SOM fractions is the b& predictor of f,. An error
propagation analysis and a comparison with indepereht data from Lu et al. (2007)
show that the gravimetric fraction of sand is the rost robust predictor of f; when a
larger variety of solil types is considered."

1.8 [Page 738 Line 11. “there is no map of q"? Reword tolarify .]

15



RESPONSE 1.8
We mean that todayy estimates are not given in global digital soil siapherefore, land

surface modellers need to use a pedotransfer amfir g.

1.9 [Page 745 Line 9. How/why is 0.4 chosen/set as chituffsaturation degree?

RESPONSE 1.9

In dry conditions, conduction is not the only meuken for heat exchange in soils, as the
convective water vapour flux may become significé®thelde et al., 1998, Parlange et al.
1998). Also, th& functions found in the literature display moreiahility in dry conditions
(see Fig. R1.2). Therefore, this threshold valug;af 0.4 results from a compromise between
the need of limiting the influence of convectiorf, tbe shape of th&. function on the
retrieved values odsy; and of using as many observations as possiliteeinetrieval process.
For example, if we had taken a threshold of 0.6wweld not have been able to retriedg;
for SBR, SVN, LZC, PRD, LGC, BRN, and CBR.

REFERENCES :
Schelde, K., A. Thomsen, T. Heidmann, P. Schjonnamgl P.-E. Jansson: Diurnal
fluctuations of water and heat flows in a bare,sdihter Resour. Res., 34, 11, 2919-2929,

1998.

Parlange, M.B., A.T. Cahill, D.R. Nielsen, J.W. Hagns, O. Wendroth: Review of heat and
water movement in field soils, Soil & Tillage Resdg 47, 5-10, 1998.

CHANGES 1.9

Sect. 2.6: "The threshold value of Sd = 0.4 resulfsom a compromise between the need

of limiting the influence of convection, of the shpe of the Ke function on the retrieved

values ofAsat, and of using as many observations as possiliethe retrieval process."
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1.10 [Page 745 Lines 15-17. | suggest an explicit speaiiy that the three “contrasting
retrieved values of Asat” are for high, medium and low levels ofAsat values

respectively]

RESPONSE 1.10
Agreed.

CHANGES 1.10

Start of Sect. 3.1: "Figure 3 shows retrieved and wdelled | values vs. the observed
degree of saturation of the soil, at a depth of 001m, for contrasting retrieved values of
Asa, from high to low Asy values (2.80, 1.96, 1.52, and 1.26 Wm-1K-1) at tB8R, MNT,
MTM, and PRD stations, respectively."

1.11 [Page 746 Eq 13. | suggest relating thBsatMOD equation to Eq. 12 for quartz

pedotransfer function and further to Asat]

RESPONSE 1.11
Yes, the use of Eq. (13) in determining a pedofearfanction will be discussed.

CHANGES 1.11

Sect. 3.3: "These results are illustrated in Fig. 81 the case of themsand® pedotransfer
function. Figure 8 also shows that using thé.,; observations instead oB.avop (EQ. (13))
has little impact on Asamop (Sect. 3.2)."

1.12 [Page 747 Lines 1-4 about Eq 14. | do not see how G is related toAsat here. |
do not see dMOD is mentioned elsewhere. This dMOI distracting/interruptive to the
0satMOD and can be deleted

RESPONSE 1.12
Eq. (14) is equivalent to Eq. (1). The impact ohgsEqgs. (13)-(14) in the sensitivity study

(current Sect. 4.1) will be shown and discussed.

CHANGES 1.12
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Sect. 3.3: "These results are illustrated in Fig. 81 the case of thems,nd* pedotransfer
function. Figure 8 also shows that using thé.,: observations instead 0B.awmop (EQ. (13))
has little impact on Asamop (Sect. 3.2)."

1.13 [Page 756 Table 2. The 6 stations with no eligibldgervations (n = 0), filtered by

saturation degree of 0.4, can be simply omitted ste they are not informative]

RESPONSE 1.13
Agreed.

CHANGES 1.13

New Table 2 is as follows:

Table 2—-Thermal properties of 14 grassland soils in soutli@anceAs,;, fg andQ retrievals

using theAd model (Egs. (7)-(9) and Eq. (10), respectively) degree of saturation values

higher than 0.4, together with the minimized RMS&ween the simulated and observed

values, and the number of usédbservationsn). The soils are sorted from the largest to the

smallest ratio 0fMsangto Msom.

. . Q
Station Station full name W r#f;(‘l) (Vl\jr':w/l'lstl) (mgﬁn _3) 0 E:
SBR  sSaABRES 2.80 0.255 6 0.62 0.96 37.2
LGC LA-GRAND-COMBE 2.07 0.311 20 0.44 0.77 26.6
CBR  CABRIERES-D'’AVIGNON 1.92 0.156 20  0.44 0.88 18.4
LZC  LEZIGNAN-CORBIERES 1.71 0.107 20 0.29 0.51 17.3
SVN  saAvENES 1.78 0.163 20 0.34 0.61 15.4
MNT  moNTAUT 1.96 0.058 20 0.42 0.76 13.8
BRN BARNAS 1.71 0.131 20 0.25 0.40 13.5
SFL  SAINT-FELIX-DE-LAURAGAIS 1.57 0.134 20 0.22 0.37 12.5
URG  yrGoNs 1.37 0.066 20  0.05 0.10 6.2
LHS  LaHAS 1.57 0.136 20 0.26 0.45 5.3
CDM  conpom 1.82 0.086 20 0.26 0.44 5.0
PRG  pEYRUSSE-GRANDE 1.65 0.086 20 0.18 0.32 3.7
PRD PRADES-LE-LEZ 1.26 0.176 20 0.14 0.28 3.7
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1.14 [Page 762 Figure 4 legend. These three stations werhosen as examples to

illustrate contrasting levels ofAsat values. | suggest specifying this in legenid

RESPONSE 1.14
Agreed.

CHANGES 1.14

Start of Sect. 3.1: "Figure 3 shows retrieved and wdelled | values vs. the observed

degree of saturation of the soil, at a depth of 00lm, for contrasting retrieved values of
Asa, from high to low Asy values (2.80, 1.96, 1.52, and 1.26 Wm-1K-1) at tB8R, MNT,
MTM, and PRD stations, respectively."

1.15 [Page 764 Figure 6. | may have missed, but | do neee the top and middle plots

mentioned in the text]

RESPONSE 1.15
Yes. The Figure is insufficiently discussed in tagt. More emphasis will be put on the use

of pedotranfer function(s) for quartz in the redisersion of this paper.

1.16 [Page 739 Line 15-16. “hydrom-eteorology” should beroperly hyphenated as

“hydro-meteorology” .]

RESPONSE 1.16
Yes. This typo will be corrected.

1.17 [Page 751 Line 16. To be more accurate, change “proged for quartz’ to
“proposed for volumetric fraction of quartz” .]

RESPONSE 1.17
Agreed.
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1.18 [Page 760 and page 761. Figure 2 and Figure 3 arespiaced and with wrong

legend; the figures should be swapped if they are be included]

RESPONSE 1.18
Agreed.
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Calvet el al. (2015), www.soil-discuss.net/2/737 %)
Impact of gravels and organic matter on the thermal properties of grassland

soils in southern France

Response to Reviewer #2nd changes in the revised version of the paper

(T. Ren,tsren@cau.edu.gn

The authors thank Dr. Tusheng Ren (China Agricaltumniversity, Beijing) for his review of

the manuscript and for the fruitful comments.

2.1 [This paper investigates the influences of quartz &ction, soil organic matter (SOM)
and gravel component on soil thermal conductivity. Field observations of soll
temperature and water content from 21 weather sta@ins in southern France, along with
the information of soil texture and bulk density, were used to estimated soil thermal
diffusivity and heat capacity, and then thermal coductivity. The quartz fraction was
inversely estimated with an empirical thermal condetivity model. A pedotransfer
function was further proposed for estimating quartz content from soil texture
information. The effects of SOM and gravels on thanal conductivity values were also
discussed. The information of quartz fraction in asoil is usually unavailable but has a
major effect on the accuracy of many thermal condutvity models and their
applications in other comprehensive model (e.g., ¢hland-surface models). Therefore,
the topic is interesting and has general applicatits in soil sciences and related areas.
However, | have some concerns about the current appach for estimating soil thermal

properties and quartz content, the presentation ofhe results, and the conclusionk.
RESPONSE 2.1
Many thanks for these encouraging comments. We dallour best to account for your

remarks in a revised version of the manuscript.

Additional comments




In response to the reviewers' comments, we have tised our approach. TheA retrievals
influenced by heterogeneities in soil properties & now sorted out. As a result, we now
obtain realistic Asy: values for 14 soils. We improved the assessmentuwicertainties on
the pedotranfer function for quartz volumetric content:

» avariety of pedotransfer functions is now proposedot only one

» aconfidence interval for the coefficients of pedoansfer functions is given

» the impact of errors on the volumetric heat capacit of soil minerals is assessed

* the data from Lu et al. (2007) are used as an indepdent benchmark to verify

the obtained pedotransfer functions.

In order to clarify the definition of symbols, the volumetric fraction of quartz is now
written as "fy" (instead of "q").
Finally, the Kersten number model of Lu et al. (208) is now used instead of the Yang et

al. (2005) model.

2.2 [First, the method presented in the paper is based ainly on the 1D heat transfer
equation and the de Vries (1963) mixed model for goheat capacity. The authors
estimated the apparent soil thermal diffusivity at 10-cm depth from temperature
measurements at 5, 10, and 20 cm depths, and caklmteld soil heat capacity from the
information of soil texture, bulk density, and wate content at 10 cm. To apply the 1D
Fourier heat transfer equation, they assumed thathe soil physical properties were
uniform and isothermal in the 5-20 cm layer, whichwas not the case. They stated that
“soil properties are relatively homogeneous”, buttiis difficult to accept this because 1)
at least 14 soils had a gravel fraction over 10% ¢high as 70% in some soils); 2) there
were strong soil moisture and temperature gradientsn the 0-20 cm layer; and 3) the
existence and spatial distribution of grass roots @re ignored. The authors are required
to convince the readers that the 0-20 cm soil layewas uniform, and soil temperature

and water content measurements at each depth werepresentative values of the depth.



Otherwise, the soil thermal diffusivity estimates ee flawed, and further analysis is

invalid.]

RESPONSE 2.2

Yes, we agree. This is a very good point.

We acknowledge that the impact of vertical heteneges inA values has to be properly
accounted for in thd retrieval technique we used. In order to addressissue, we revised
our data analysis procedure in order to limit #ffect as much as possible. In particular, we
used only the soil temperature data presentindasively low vertical gradient close to the
soil surface, where most differences with deepgerare found. This refined data sorting
increased thelgy retrieved value for all the stations. A very iming side effect of the
improved procedure was that LHS, SVN, and PRD nmggnt non-zero values @f On the
other hand, the NBN observations are now filteredas NBN presents very large differences

in soil density from one soil depth to another. Tieg procedure is described below.

The 1D Fourier equation in heterogeneous soil ¢mrdi can be written as:

"ot~ az\” oz (R1)

and discretized as:

T," —Tin_l — 111 /]i+]/2in11 _Ai—l/Zyin _l_} Ai+1/2ViT11 _/]i—J/zyin_l

At C,|2 Az 2 Az

m m

(R2)
In this study, we assume that the retriededhlues, at a depth e00.10m, are representative
of a bulk soil layer including the three soil temrgdare probes used to retrieve the thermal
diffusivity, and do not differ much from the intadial A values along the bottom and top

edges of the considered soil lay@tA{, andAi.1 2, respectively):
A=A = Ay (R3)
and, at a given time,
n n _
A=Ay = Ai+:l/2yir11 Ai—j/Zyin (R4).

In reality, differences may occur:



Considering the temperature gradient r&jg at a given timen:

A
v =i (RO)

and combining Egs. (R4), (R5) and (R6), the re&tbV can be written as:

Since soil temperature gradients were more proredintose to the soil surface and since soil

R =

density presented smaller values close to thesadidce, théd\\, Rrg, andRrcAA values were
> 0. Since in the soils considered in this studjfedénces in soil density were much less
pronounced at depth than between #3e05m and-0.10m soil layers, we considered that

Air12 Was closer to the final value to be retrievéd than the initiald retrieval:

A=A+ R A (R8).
Eq. (R8) shows that the targét value is larger than the initial retrieval. The relative error
on A* can be written a&cAA/A* (dimensionless). We usd@cAA/A* as an indicator of the
guality of theA retrieval, with large values &cAA/A* corresponding to erroneous estimates.
In the revised data analysis procedure, a subs@0 df retrievals per station was used, at
most, corresponding to the lowdRtsAA/A* values, with the conditioRrcAA/A* < 10%.
Since the NBN station presentBgzAA/A* values systematically higher than 10%, the NBN
data were excluded from the analysis.

The impact of the refined data selection is illatd in Fig. R2.1 for the MNT station. For the
LHS soil, which presented the highdsRMSD together witlg=0, the new procedure permits

obtaining a non-zero value gf(Fig. R2.2).



2.5} .

A (Wm™K™)
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Figure R2.1- Retrieved and modelletlvalues (dots and solid line, respectively) vs. the
observed degree of saturation of the soil, at #&defp0.10 m for the MNT station. The 20

retrievals used to fils,;are represented by large dots.

0.0 L ! ! !
00 02 04 08 08 1.0
Degree of saturation (—)

Figure R2.2- As in Fig. R2.1, except for LHS station.
In practise, theAA term was estimated using top-soil and deep drgitlenbservations (at
—-0.05m and-0.10m, respectively) and the sensitivitybfo changes in dry densitiA/Aps.
The latter was derived numerically using the E@8){13) model, in soil wetness conditions
ranging from&; = 0.4 toS; = 1. Since the derivation &4/Apy depends on the obtained
pedotransfer function (Eq. (12)A/Apy values were recalculated with the new pedotransfer

function, and a few iterations permitted refinihgde estimates.



At saturation & = 1) AA/Ags ranged between 0.840° Wm’K kg™ for PRD to 1.2410°
Wm?K kg™ for SBR. At = 0.4,AM/Apy ranged between 0.460° WmPK kg™ for PRD
to 0.8x107> Wm?K kg™ for SBR.

The Apy term ranged from 10 kg thfor CBR to 284 kg i? for NBN. Rr¢ ranged between
0.5 and 2.4, with a median value of 1.3.

CHANGES 2.2

The data selection method described above was inded in a Supplement, together with
Fig. S2.1. It is mentioned that the NBN, PZN, BRZ,and MJN observations are
completely filtered out using the conditionRrcAA/A* < 10%.

MNT LHS

3.0 ' ' T T 3.0 T T T T

25} . 250 .
~ 2.0 20} -
x x
't 1.5 £ 1.5
= S
< 1.0 < 1.0

0.5 0.5

0.0 1 1 L L 0.0 ] 1 ! !

0.0 02 04 06 08 1.0 00 02 04 06 0.8 1.0
Degree of saturation (-) Degree of saturation (—)

Figure S2.1- Retrieved and modelletlvalues (dots and solid line, respectively) vs. the
observed degree of saturation of the soil, at #defp0.10 m for the MNT and LHS stations.

The 204 retrievals used to filsy are represented by large dots.

2.3 [Second, the de Vries (1963) mixing model was appli¢o estimate soil volumetric
heat capacity. To do so, a fixed value of 2.0 MJ ®-K-1 was used for soil solids. The

authors should give justification to use a constantalue for the 21 soils with different



textures. Tarara and Ham (1997) used a value of 29MJ m-3 K-1. A soil-specific value

may be better for estimating the volumetric heat cpacity of soil solids}

RESPONSE 2.3

Yes, soil-specific values for the volumetric heapacity of soil mineralsG,mir) may be more
appropriate than using a constant standard valogeker, we were not able to find such
values in the literature and we did not measuedhantity.

We investigated the sensitivity of our resultshese uncertainties, considering the following
minimum and maximunChmin values:Chmin = 1.8 J m®> K™ and Cymin = 2.2 J m® K™, The
impact of Cymin On the retrieved values dl;; and g is presented in Figs. R2.3 and R2.4,
respectively. The impact @mi, on theq pedotransfer function will be published in theafin

version of this work.

Thermal conductivity at saturation
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Figure R2.3- Impact on the retrievedk,; of using values o€nmin = 1.8 J it K™* andCpmin =
2.2 J ni* K instead ofChmin = 2.0 J i K™,
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Figure R2.4- As in Fig. R2.3, except for volumetric fractiohquartz.

CHANGES 2.3 (Sect. 4.1)

" In this study, the de Vries (1963) mixing models applied to estimate soil volumetric

heat capacity, and a fixed value of 2.0 MJ M K™ is used for soil minerals (Eq. (6)). Soil-

specific values forCpmin may be more appropriate than using a constant staftard value.

For example, Tarara and Ham (1997) used a value {92 MJ ni® K™ However, we did

not measure this quantity and we were not able tdrfd such values in the literature. We

investigated the sensitivity of our results to thesuncertainties, considering the following

minimum and maximum Cpmin Values: Chmin = 1.92 MJ m* K™t and Cimin = 2.08 MJ mi®

K™ The impact of Chmin ON the retrieved values ofdsy: and fq is presented in Fig. 9. On

average, a change of +4 0.08 MJ nmi® K™ in Cimin triggers a change inAsy and fq of +
1.7 % (- 1.8 %) and + 4.8 % ¢ 7.0 %), respectively."



Thermal conductivity at saturation
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Figure 9 - Impact of using values @min = 1.92 MJ it K™* andCpmin = 2.08 MJ nt K™
instead ofChmin = 2.0 MJ n? K™ on (top) the retrievedss, (bottom) the volumetric fraction

of quartz.

REFERENCES:
de Vries, D.A.: Thermal properties of soils, in W.R Van Wijk (ed.), Physics of plant
environment, pp. 210-235, North-Holland Publ. Co Amsterdam, 1963.



Tarara, J.M., and J.M. Ham: Measuring soil water catent in the laboratory and field

with dual-probe heat-capacity sensors, Agron. J.,8 535-542, 1997.

2.4 [In addition, what were the volumetric fractions of grass roots in the 0-20 cm soil
layer? Does the heat capacity of grass roots havesgnificant influence on the bulk soil
heat capacity?

RESPONSE 2.4

The grasslands considered in this study are nensitely managed. They consist of set-aside
fields cut once or twice a year. Calvet et al. @)9§ave an estimate of 0.160 kg’rfor the
root dry matter content of such soils for a sitesouthwestern France, with most roots
contained in the 0.25m top soil layer. This repnése@ gravimetric fraction of organic matter
< 0.0005 kg k', i.e. less than 4% of the lowesgom values observed in this study (0.013 kg
kg™) or less than 5% ofsom values. We checked that increasiiagy values by 5% has

negligible impact on heat capacity and onAlretrievals.

CHANGES 2.4

New Sect. 4.1: " The grasslands considered in thudy are not intensively managed.
They consist of set-aside fields cut once or twice year. Calvet et al. (1999) gave an
estimate of 0.160 kg fif for the root dry matter content of such soils fora site in

southwestern France, with most roots contained inhe 0.25m top soil layer. This
represents a gravimetric fraction of organic matters 0.0005 kg kg', i.e. less than 4% of
the lowestmsom values observed in this study (0.013 kg Rb or less than 5% offsom

values. We checked that increasindsom values by 5% has negligible impact on heat

capacity and on theA retrievals".

REFERENCE:

Calvet, J.-C., Bessemoulin, P., Noilhan, J., Bern€., Braud, I., Courault, D., Fritz, N.,

Gonzalez-Sosa, E., Goutorbe, J.-P., Haverkamp, Rlaubert, G., Kergoat, L., Lachaud,
G., Laurent, J.-P., Mordelet, P., Olioso, A., PérisP., Roujean, J.-L., Thony, J.-L., Tosca,
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C., Vauclin, M., Vignes, D.: MUREX: a land-surfacefield experiment to study the
annual cycle of the energy and water budgets, AnGeophys., 17, 838-854, 1999.

2.5 [Third, no independent data or measurements were udgo evaluate the estimates of
soil thermal conductivity and quartz fraction. In Table 2, for example, the estimated
thermal conductivity values for saturated soils raged from 0.52 to 2.79 W m-1 K-1 for
15 soils, all were much lower than the published sailts of Lu et al. (2007) and
Tarnawski et al. (2011). The authors may need to & the results by compare the
model estimates against thermal conductivity measements with the line-source probe

or the heat pulse techniqug

RESPONSE 2.5

It must be noted that in many studies (e.g. Lulet2807) Asy; estimates are derived from
reassembled sieved soil samples excluding the Igrawdile our data concern undisturbed
soils.

In our revised analysis, we founily values ranging between 1.26 Wi and 2.80
Wm™K™. These values are consistent Wit values reported by other authors. Tarnawski et
al. (2011) gavelsy values ranging between 2.5 WAd™ and 3.5 WritK™ for standard
sands. Lu et al. (2007) gaxey values ranging between 1.33 W™ and 2.2 WritK ™.

CHANGES 2.5

New Sect. 4.3 (Applicability of the newAsss model to other soil types) uses the Lu et al.

(2007) data as an independent benchmark.

2.6 [Finally, 1 do not think the empirical equations (13 and (14), and related results and

discussion, are related to and helpful for the purpse of this papei.

RESPONSE 2.6
The empirical Eq. (13) fofs,:is used for the end-to-end simulation for the gty study of

Table 3, as such an equation has to be used inslamfigce models. Eq. (14) is equivalent to

11



Eq. (1). The impact of using Eq. (13) in the sewisyt study (current Sect. 4.1) will be shown
and discussed. Note that we found and correctedgairb the program we developed to
perform this sensitivity analysis. In the revised@muscript, the sensitivity study will be
performed with and without using this equation, dod several plausible pedotransfer
functions.

CHANGES 2.6

Sect. 3.2: "Modelled values 0fAsar (Asammop) can be derived fromfquop using Eq. (10)
together with &, observations. Thedsamon r’, RMSD, and mean bias scores are given in
Table 5. Again, the best scores are obtained usitige MsandMsom predictor of fq, with r2,
RMSD, and mean bias values of 0.86, 0.14 WiK™, and +0.01 Wnm'K™, respectively
(Fig. 7)."

Sect. 3.3: "Figure 8 shows that using thé.,; observations instead of@amop (EQs. (13))

has little impact on Asamop (Sect. 3.2)."

Modelled Asat (Wm™'K™)
N
T
|

= _

N=14, R*=0.86, RMSD=0.14 Wm K™’
mean bias = +0.01 Wm™ K™
O 1 | |

0 1 2 3 4
Observed Asat (Wm™'K™)

Figure 7 — Asamop values derived from theénsang / msom pedotransfer function for the
volumetric quartz fractions, using obseng values, vsAg, retrievals.
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Figure 8 — Asamop Vvalues derived from thewand pedotransfer function for the volumetric
quartz fractions, using or noBawmop (EQq. (13)) (dark dots and opened diamonds,
respectively), vsdsy retrievals: (top) full model, (middiéyom = 0.013 mim™3, (bottom)fsom

= 0.013 mMm™ andfyaver= 0 MPM™.

Table 5— Ability of the Egs. (10)-(13) empirical model totiesate A4 values for 14 soils and
impact of changes in gravel and SOM volumetric enhffgavel = 0 n’m~ andfsom = 0.013
m°m~ (the smallesfsom value, observed for CBR)? values smaller than 0.60, RMSD
values higher than 0.20 WH{™*, and mean bias values higher (smaller) than +@-00L0)
are in bold.

r? RMSD  Mean bias

Model configuration Predictor off (WmK?  (Wwm'kK?h
Model usingé&, observations Msand/ Msom 0.86 0.14 +0.01
Msand' 0.83 0.15 -0.01
Msand 0.81 0.16 -0.03
1- esat_ fsand 0.82 0.16 -0.03
Full model using@amop (Egs. (13)) Msana/ Msom 0.85 0.14 +0.03
Msand 0.84 0.15 -0.03
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1- gsat_ fsand 0.82 0.16 -0.02

same with: Msand/ Msowm 0.57 0.35 +0.20
fsom = 0.013 mim™3 Msand 0.83 0.15 +0.00
Msand 0.81 0.16 -0.02

1- gsat_ fsand 0.83 0.15 -0.02

same with: Msand/ Msowm 0.87 0.19 -0.12
foraver= 0 NEM Msand 0.70 0.23 +0.11
Msand 0.79 0.17 +0.04

1- BGiat— fsand 0.81 0.17 +0.05

same with: Msand/ Msowm 0.63 0.31 +0.16
fsom = 0.013 nim™ Msand" 0.52 0.36 +0.24
andfgravei= 0 mm=3 Msand 0.59 0.29 +0.16
1 - Biat— fsand 0.70 0.25 +0.16

(*) only Mg values smaller than 0.6 kg kg™ are used in the regression

2.7 [The current title does not fully represent the corgnt of this paper. The title talks
about the effects of gravels and organic matter osoil thermal conductivity values. In
the text, on the other hand, the authors spent a ieffort on discussing the influences of
guartz content on soil thermal conductivity. The ttle also addresses the grassland soils,

but the detailed information about grass cover andoots was missing.

RESPONSE 2.7
Yes, in the revised version of the manuscript,dfiects of gravels and organic matter on soil
thermal conductivity values will be included in thesult section. More information of

vegetation characteristics will be given.

CHANGES 2.7

Title: "gravels and organic matter" was replaced by"quartz".

Section 3: Sect. 4.1 was moved to Sect. 3.3.

New Sect. 4.1: " The grasslands considered in thsudy are not intensively managed.
They consist of set-aside fields cut once or twice year. Calvet et al. (1999) gave an
estimate of 0.160 kg fif for the root dry matter content of such soils fora site in

southwestern France, with most roots contained inhe 0.25m top soil layer. This

14



represents a gravimetric fraction of organic matters 0.0005 kg kg', i.e. less than 4% of
the lowestmsom values observed in this study (0.013 kg Rb or less than 5% offsom
values. We checked that increasindsom values by 5% has negligible impact on heat

capacity and on theA retrievals".

2.8 [Page 739 Line 7-8: The authors stated that soil thmal conductivity was hard to
obtain directly and in situ. This is not true today Recent advances in line-source probe
and heat pulse method have made it easy to monitsoil thermal conductivity in the
field (e.g., Bristow, K.L., G.J. Kluitenberg, and R Horton. 1994. Measurement of soil
thermal properties with a dual-probe heat-pulse mdtod. Soil Sci. Soc. Am. J. 58:1288—
129; Zhang, X., J. Heitman, R. Horton and T. Ren. @14. Measuring near-surface soil
thermal properties with the heat-pulse method: corection of ambient temperature and
soil-air interface effects. Soil Sci. Soc. Am. J.871575-1583. The authors may also
include the reference of Bristow (1998) who invegiated the influences of quartz
fraction on soil thermal conductivity.]

RESPONSE 2.8

Yes, this sentence will be rephrased. Note howthagrsuch measurements are currently not
made in operational meteorological networks. Usstgndard soil moisture and soll
temperature observations is a way to investigatarsrmal properties over a large variety of
soils, as the access to such data is facilitated dmline databases (e.qg.

https://ismn.geo.tuwien.ac.at/).

CHANGES 2.8

Introduction:

"The construction and the verification of the A models is not easy a4 is often measured
in the lab on perturbed soil samples (Abu-Hamdeh etal.,, 2000; Lu et al.,, 2007).
Although recent advances in line-source probe anddat pulse method have made it
easier to monitor soil thermal conductivity in thefield (Bristow et al., 1994; Zhang et al.,
2014), such measurements are currently not made iwmperational meteorological

networks."
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"The information on quartz fraction in a soil is usually unavailable as it can only be
measured using X-ray diffraction or X-ray fluorescance techniques, which are difficult
to implement (Schénenberger et al., 2012). This has major effect on the accuracy of

thermal conductivity models and their applications(Bristow, 1998)."

2.9 [Page 740 Line 21: Fig. 2 should be cited as Figh8re. Page 741 Line 17: ‘Figure 3’
should be ‘Figure 2’]

RESPONSE 2.9
Yes. This typo will be corrected.

2.10 [Page 740 Line 23-26: How were gravel and SOM contisndetermined? Grass roots
may also influence soil thermal conductivity and hat capacity in the shallow soil layers,
but were ignored in the paper. Please give suppony evidence about this. In addition,

what depth was bulk density measured? Did soil bulklensity differ with depth?]

RESPONSE 2.10

Soil texture, gravel and SOM fractions were measlrg an independent laboratory we
contracted (INRA-Arras) from samples we collecteditu.

We checked that grass roots should not signifiganfluence our results (see RESPONSE
2.4). One cannot exclude large root density valtexy close to the soil surface during the
plant growth period, but the new data sorting pdoce we implemented limits these soil
heterogoneity effects (see RESPONSE 2.2).

Bulk density was measured at all depth®.05 m,-0.10 m,—-0.20 m) using unperturbed
oven-dried soil samples collected using metal d@dmns of known volume. Most differences
were observed from0.05 m to—-0.10 m, as soil density is lower close to the swfalhe
largest difference was observed for NB#84 kg m* at—0.05 m with respect t60.10 m, or
-18%). For the 14 stations now presenting successfetrieval,-0.05 m density relative
differences with respect to density-#.10 m range fronx3% or less (MNT, SFL, LGC,
CBR, LHS, SVN, PRD) to aboutl3% (SBR, BRN, PRG), and frorY% to—9% for CDM,
LZC, MTM, and URG.
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CHANGES 2.10
See Supplement 1 (Table S1.1) and Supplement 2.

2.11 [Sect. 2.5: The estimated thermal conductivity valuewere used to retrieve quartz
content data using the empirical thermal conductily models. Leong et al. (2009) tried
to use the Lu et al. (2007) model to inversely estate quartz content in soil samples. In
this work, the authors used the Yang et al. (2003hodel. Please explain why the Yang et
al. (2005) model was used, and how the quartz conteestimates from the two models

may differ.]

RESPONSE 2.11

Yes, in the first version of this work, we used Kersten number calculation used by Yang et
al. (2005). Figure R2.5 shows the resultitgvalue, together thk, value obtained using the
Lu et al. (2007) model for fine and coarse soil€ain be seen that most differences between
these models occur f&; values < 0.4. Since we only udeetrievals forS; values > 0.4, the
impact of the uncertainties in the determinatiorKgfis limited. However, using Lu et al.
(2007) instead of Yang et al. (2005) tends to pcecsmaller values ofs;:andq retrievals, as
shown by Figs. R2.6 and R2.7. The impact of thestéer number calculation will be
discussed in the final version of this work.

1.0

0.8

0.6

Ke (-)

0.4 -

Lu coarse
0.2 = Lu fine
===Yang

0.0

Sd ()
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Figure R2.5- Kersten number vs. degree of saturation as restlby Lu et al. (2007) for

coarse and fine soils, and as modelled by Yang €@05).
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Figure R2.6- Asg retrievals using the Kersten number as modelledubgt al. (2007) vs.

those using the Kersten number as modelled by ¥aag (2005).
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Figure R2.7- As in Fig. R2.6, except fayretrievals.

18



CHANGES 2.11 (Sect. 2.5)

"In this study, the formula recommended by Lu et al (2007) is used:

a-133
K, = exp{a(l— S, ))}
with @ = 0.96 for Mnsang = 0.4 kg kg*, @ = 0.27 for Mnsang < 0.4 kg kg*, and
Si =6/, (©).
Mnsang represents the sand mass fraction of fine earth merals (values are given in
Supplement 1).
Following Peters-Lidard et al. (1998) Auhe is taken as 2.0 WritK ™ for soils with Mngsang
> 0.2 kg kg*, and 3.0 Wni'K ™ otherwise. In this study,Mnsaq > 0.2 kg kg™ for all soils
except for URG, PRG, and CDM."

2.12 [Sect. 2.6: More in-depth explanations are requiredo explain the calculation of

guartz content]
RESPONSE 2.12
Yes, we will publish a Supplement to the final vensof the paper explaining the various

calculation steps.

CHANGES 2.12 (Sect. 2.6)

"Only A observations forSy values higher than 0.4 are used because in dry alitions:,
(1) conduction is not the only mechanism for heatxehange in soils, as the convective
water vapour flux may become significant (Scheldetal., 1998, Parlange et al. 1998), (2)
the K functions found in the literature display more vaiability, (3) the Asy retrievals are
more sensitive to uncertainties ind observations. The threshold value 0§y = 0.4 results
from a compromise between the need of limiting thfluence of convection, of the shape
of the K¢ function on the retrieved values ofAsy, and of using as many observations as

possible in the retrieval process."
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2.13 [Sect. 3.2: | am not sure how useful to develop theedotransfer functions for
estimating quartz content. It is apparent that all errors in the measurement (e.g.,
temperature, water content, bulk density, and gravkfraction) and calculations (thermal
diffusivity and heat capacity) have been includedni the results of quartz content. In
addition, | had a hard time to figure out how quartz content was related to the fraction

of soil organic matter (Eq. [12])]

RESPONSE 2.13
In the revised version of the manuscript, we wilprove the description and the assessment
of the uncertainties affecting the obtained peahstier function(s).

CHANGES 2.13

We improved the assessment of uncertainties on thgedotranfer function for quartz
volumetric content:
» avariety of pedotransfer functions is now proposednot only one
» aconfidence interval for the coefficients of pedoansfer functions is given
» the impact of errors on the volumetric heat capacit of soil minerals is assessed
» the data from Lu et al. (2007) are used as an indepdent benchmark to verify

the obtained pedotransfer functions.

2.14 [Sect. 4.2: The authors suggested that the very lovalues of quartz content might
be caused by (1) the natural heterogeneity of s@koperties, (2) the living root biomass,
and (3) stones that were not accounted for in ther@vel fraction. All these factors lead to
inaccurate estimates of soil thermal diffusivity ad heat capacity. Therefore, | wonder if
it is correct to include all the 21 stations in ths work. On those soils with high fractions
of gravel (and stones) and grass roots, it is impsible to obtain representative
temperature and water content data at each depth,ral it is inappropriate to apply the

1D heat transfer equation to estimate soil thermatliffusivity. ]

RESPONSE 2.14

The difficulties we had can be explained by hetenaities in soil properties, soil density in
particular. An enhanced procedure was implementedrder to mitigate this effect (see
RESPONSE 2.2). LHS, SVN, and PRD now present nom-zelues ofg and the NBN
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observations are filtered out. We had no difficulymeasuring soil temperature and soil
moisture, including at the BRN soil presenting lugest fraction of gravel (see Fig. R2.8).
Note that the sensors we use are designed to workuch difficult conditions. The

ThetaProbe and PT100 sensors have very strong0ddsm and 0.10 m long, respectively.
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Figure R2.8- Soil temperature and soil moisture measuredd9zt the BRN station at a

depth 0f-0.10m
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CHANGES 2.14 (Supplement 1)
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Figure S1.2- Soil temperature (top) and volumetric soil maist(bottom) measured in 2009

at the Barnas station (BRN) at a deptk-0f1.0m.

2.15 Most symbols in this paper are not properly defined

RESPONSE 2.15

We tried to use symbols used in other works. It laél made clear that in this study(fsom)
represents the volumetric fraction of quartz (SOMEhin the whole soil volume, while in
many studies, it represents the volumetric fractbquartz (SOM) within the volume of soil
solids.

CHANGES 2.15 (Sect. 2.5, Eq. (11))

In order to clarify the definition of symbols, the volumetric fraction of quartz is now

written as "fq" (instead of " "):
fq = Q X (1_ gsat)

with Q representing the fraction of quartz within soil sdids.

2.16 [Table 1: The soil texture should be mentioned togeér with the particle size
distribution. |

RESPONSE 2.16
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A new table will be added, listing the particleesdistribution observations.

CHANGES 2.15
Supplement 1, Table S1.1.

2.17 [Figure 2 and 3 do not match with their captiong

RESPONSE 2.17
Yes. This typo will be corrected.

2.18 [Figure 4: How were the solid lines obtained? For th SBR site, why a large
variation in thermal conductivity was observed in anarrow range of degree of
saturation? How come a gravel soil (the PRD site)ad very low thermal conductivity in

the degree of saturation range of 0.4-0.5 rangg?

RESPONSE 2.18

For several soils (SBR, SVN, LZC, PRD, LGC, BRNd&@BR), noA retrieval or very fewl
retrievals were obtained f& > 0.6. Since we did not use the data for Sd < &.4arrow
range ofS; is used for these soils. In the revised analyse RESPONSE 2.2), the lowdst

retrieval values are not considered as they résuit heterogeneities in soil density.

CHANGES 2.18

Sect. 2.6: "The threshold value of Sd = 0.4 resulfsom a compromise between the need
of limiting the influence of convection, of the shpe of the Ke function on the retrieved

values ofAsat, and of using as many observations as possibiethe retrieval process."
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Impact of gravels-and-organic-matteguartz on the thermal

properties of grassland soils in southern France
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CNRM,-GAME UMR 3589 (Météo-France, CNRS), Toulouse, France
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Abstract

The information on guartz fraction in soils is usudly unavailable but has a major effect on

the accuracy of soil thermal conductivity models agh on their application in land surface

models. This paper investigates the influence of autz fraction, soil organic matter (SOM)

and gravels on soil thermal conductivity. Field obsrvations of soil temperature and water

content from 21 weather stations in southern Francealong with the information on soil

texture and bulk density, are used to estimate saihermal diffusivity and heat capacity, and

then thermal conductivity. The quartz fraction is inversely estimated using an empirical

thermal conductivity model. Several pedotransfer factions for estimating quartz content

from soil texture information are analysed. It is bund that the soil volumetric fraction of

quartz (fq) is systematically better correlated to soil charateristics than the gravimetric

fraction of quartz. More than 60 % of the varianceof f, can be explained using indicators

based on the sand fraction. It is shown that SOM ai (or) gravels may have a marked

impact on thermal conductivity values depending onwhich predictor of f, is used. For the

grassland soils examined in this study, the ratiofosand to SOM fractions is the best

predictor of f;. An error propagation analysis and a comparison vh independent data
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from Lu et al. (2007) show that the gravimetric fraction of sand is a better predictor offq

when a larger variety of soil types is considered.
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1. Introduction

Soil moisture is the main driver of temporal chanae values of the soil thermal conductivit

The latter is a key variable in land surface modeBMs) used in hydrometeoroloqgy, for the

simulation of the vertical profile of soil tempeaues in relation to soil moisture. Shortcomings

soil thermal conductivity models tend to limit tihmpact of improving the simulation of so

moisture in LSMs. Models of the thermal conductiviif soils are affected by uncertaintie

especially in the representation of the impactodf groperties such as the volumetric fraction

quartz {g), soil organic matter, and gravels. As soil organatter and gravels are often neglect

in LSMs, the soil thermal conductivity models usadmost LSMs represent the mineral fir

earth, only. Todayf, estimates are not given in global digital soil siand it is often assume

that this guantity is equal to the fraction of sand

in

of

ed

e

Soil thermal properties are characterized by twy \kaiables: the soil volumetric heat capacity

(Cr), and the soil thermal conductivit)( in Jm*K™* and Wm'K™, respectively. Provided the

volumetric fractions of moisture, minerals and engamatter are knowrnCy can be calculated

easily. On the other hand, the estimationdofelies on empirical models and is affected

by

uncertainties (Peters-Lidard et al.,, 1998 ; Tarkaves al., 2012). The construction and the

verification of thed models is not easy akis-difficult-to-measure-directly-in-situ-—afisl often

measured in the lab on perturbed soil samples (Adordeh et al., 2000Lu et al., 200Y.

Although recent advances in line-source probe aat pulse methods have made it easiel

to

monitor soil thermal conductivity in the field (Btow et al., 1994: Zhang et al., 2014), such

measurements are currently not made in operatioveéorological networkdVoreover, for

given soil moisture conditions] depends to a large extent on the fraction of sailenals
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presenting high thermal conductivities such as tgudrematite, dolomite or pyrite (Coété and

Conrad, 2005). At mid-latitudes, quartz is the mdnver of A. The information on quartz

fraction in a soilfraction—ef-gquartas usually unavailablgeneralhyunkrowsas it can only be

measured using X-ray diffraction or X-ray fluoresce techniques, which are difficult to

implement (Schonenberger et al., 2012)is has a major effect on the accuracy of thermal

conductivity models and their applications (Bristch998).

Today, most of the Land Surface Models (LSMs) usetheteorology and hydrometeorology
simulate A following the approach proposed by Peters-Lidardale (1998). This approach
consists of an updated version of the Johanserbj1®ddel, and assumes that th@umetric
gravimetricfraction of quartz4Q) is equal to therelumetriegravimetricfraction of sandvithin

mineral fine eartfisand. This is a strong assumption, as some sandy (®gs calcareous sands)

may contain little quartz, and as quartz may bendoin the silt and clay fractions of the soil
minerals. Moreover, soil organic matter (SOM) anavgls are often neglected in LSMs, and the
A models used in most LSMs represent the mineraldaréh, only. Yang et al. (2005) and Chen
et al. (2012) have shown the importance of accogntor SOM and gravels il models for
organic top soil layers of grasslands of the Tibgtiateau.

In this study, an attempt is made to use routirteraaticsei-meisture-andoil temperature sub

hourly measurements to retrieve instantanemis thermal diffusivityt values at 21 weathe

stations of the Soil Moisture Observing System -tddmlogical Automatic Network Integrated
Application (SMOSMANIA) network (Calvet et al., 20Pin southern France, at a depth of 0.10

m. Using information on soil moisture, soil textureilggravel content, soil organic matter, and

bulk density A values are derived from soil thermal diffusivitydsheat capacityl he response o

A to soil moisture is investigated and the feagibitif modelling thed value at saturationi{)
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with or without using SOM and gravel fraction obs#ions is assesseasing an empirical

thermal conductivity model based on Lu et al. (200he volumetric fraction of quartA,, g

valves—afis retrieved by reverse modellinggether withQ-. Pedotransfer functions are further

proposed for estimating quartz content from soduee information.

The field data and the method to retrie¥evalues are presented in Sect. 2. Thand fq

retrievals are presented in Sect. 3 together wikresitivity analysis ofis;:to SOM and gravel
fractions. Finally, the results are discussed iot.S& and the main conclusions are summarized

in Sect. 5Technical details are given in Supplements.
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2. Data and methods

2.1. The SMOSMANIA data

The SMOSMANIA soil moisture network was developed @alvet et al. (2007) in southern
France in order to validate satellite-derived sodisture products (Parrens et al., 2012), assess
land surface models used in hydrological modelsager et al.,, 2011) and in meteorological
models (Albergel et al., 2010), and monitor the actpof climate change on water resources and
droughts. The station network forms a transect éetwthe Atlantic coast and the Mediterranean
sea (Fig. 1). It consists of pre-existing automatEather stations operated by Meteo-France,
upgraded with four soil moisture probes at fourtdep0.05 m, 0.10 m, 0.20 m, and 0.30 m. In
general, the stations are located on former cu#d/eields and consist of grasslands. Soil
properties were measured at each stations usihgauples collected during the installation of
the probes. The 21 stations cover a very largeerarigsoil texture characteristicEi§—2see

vith-depth

Supplement )1 A
{from-0-05-mte-0-20-m)-ata-given-statieBther properties such as the gravimetric fractiotihe

Soil Organic Matter (SOM) and of gravels were deieed from the soil samples. In addition,

the bulk dry density of the soijpf) was measured using unperturbed oven-dried soipks
collected using metal cylinders of known volumeofah7x10™ m®).

Twelve SMOSMANIA stations were activated in 2006siouthwestern France. In 2008, nine
more stations were installed along the Mediterrarezast, and the whole network (21 stations)

was gradually equipped with temperature sensdiseatame depths as soil moisture probes. The
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soil moisture and soil temperature probes consiefefihetaprobe ML2X and PT100 sensors,
respectively.

The ThetaProbe sensors provide a voltage signahits of V. In order to convert the voltage
signal into volumetric soil moisture content 3(m ™), site-specific calibration curves were
developed using in situ gravimetric soil samplasdib stations, and for all depths (Albergel et
al., 2008). In this study, the calibration was sed in order to avoid spurious high soil moisture

values during intense precipitation events. Logsstiurves were usédee Supplement instead

of exponential curves in the previous version efdata set.

The soil temperature observations are recordedaviisolution of 0.1 °C.

The observations from the 48 soil moisture probed fiom the 48 temperature probes are
automatically recorded every 12 minutes. The dataavailable to the research community
through the International Soil Moisture Network wste (https://ismn.geo.tuwien.ac.at/).
Figure23 shows soil temperature time series at the Sailit-Bé-Lauragais (SFL) station on 2
February 2015. The impact of recording temperatuitie a resolution of 0.1 °C is clearly visible
at all depths as this causes a levelling of theesur

In this study, sub-hourly measurements of soil erafure and soil moisture at a depth of 0.10 m

are used, together with soil temperature measuresnan).05 m and 0.20 m, from 1 January

2008 t028-30 FebruarySeptembeR015.

2.2. Soil characteristics

The porosity values at a depth of 0.10 m are listedable 1 together with gravimetric and

volumetric fractions of soil particle-size rangsar{d, clay, silt, gravel) and SOM. The porosity,



163 or soil volumetric moisture at saturatiof4), is derived from the bulk dry densimy, together

164  with soil texture and soil organic matter obsexwvadi as:

rnsand + I'nclay + msilt + mgravel + n]SDM

Ot =1- Py
165 = IOmin IOSDM
166 or
167 Hsat =1- fsand - fclay - fsilt ~ fgravel - 1:SOM 1)

168 wheremy (fy) represents the gravimetric (volumetric) fractwinthe soil component. The fy
169 values are derived from the measured gravimetactiivns, multiplied by the ratio oby
170 observations t@, the density of each soil componenValues ofosom = 1300 kg 1t and omin =
171 2660 kg it are used for soil organic matter, and soil mirenaspectively.

172

173

174  2.3. Retrieval of soil thermal diffusivity

175

176  The soil thermal diffusivity[y,) is expressed in fa* and is defined as:

177 Dh== @)

178 In this study, a simple numerical method is usetoeve instantaneous values bf, at a depth
179 of 0.10 m using three soil temperature observatain@.05 m, 0.10 m and 0.20 m, performed
180 every 12 minutes, by solving the Fourier therm#udion equation. The latter can be written as:

a_T = i A a_T
181 h ot 07 07 (3).
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In this study, given that soil properties are ey homogeneous on the vertical (Sect. 2.1),

values oDy, can be derived from the Fourier one-dimensional la

aT _ . 87T

E“ h? (4).

However, large differences in soil bulk densitynfr the top soil layer to deeper soil layers were

observed for some soils (see Supplement 1). Inr aodkémit this effect as much as possible, we

only used the soil temperature data presentindasively low vertical gradient close to the sdi

surface, where most differences with deeper lageesfound. This data sorting procedure|is

described in Supplement 2.

Given that three soil temperaturggi ranging from 1 to 3) are measured at depths—0.05 m,

7, =-0.10 m, andzs = —0.20 m, the soil diffusivityDy atz = z = -0.10 m can be obtained by
solving the one-dimensional heat equation, usifigi@ difference method based on the implicit
Crank-Nicholson scheme. When three soil depthcansideredz.i1, z, z:1, the change in soil

temperaturel; at depthz, from timet,.; to timet,, within the time intervalAt = t, - t,.1 can be

written as:
R 7 R A T e 7 |
At "2 Az, 2 Az, with
_Tin_Tir—1 _A'+A'+
%n - AZI : ’Azm _%1 andAZi = Z| - Zi—l (5)

In this studyAz =-0.05 m,Az.1 =-0.10 m, and a value dft = 2880 s (48 minutes) is used.
It is important to ensure th&l, retrievals are related to diffusion processes amigt not to the

transport of heat by water infiltration or evapaat(Parlange et al., 1998 ; Schelde et al., 1998).

10
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Therefore, only situations for which changes in smisture at all depths do not exceed 0.001

m>m’® within theAt time lag are considered.

2.4. From soil diffusivity to soil thermal condugty

The observed soil properties and volumetric soilistboe are used to calculate thleil

volumetric heat capacit@, at a depth of 0.10 pusing the de Vries (1963) mixing mod&heC,

values, in units of JitK ™, are calculated as:

Ch = HChwater + 1:minChmin + 1:SOM ChSOM (6)

where @ and fmin_represent the volumetric soil moisture and theuwwtric fraction of soil

minerals, respectivelaad-walues of 4.210° IJmi*K ™, 2.0<10° Im*K ™, and 2.%10° Inmi*K™?, are

used forChwater Crmin, Chsom, respectively.

The A values at 0.10 m are then derived fromBeandC;, estimates (Eqg. (2)).

2.5. Soil thermal conductivity model

In dry conditions, soils present low thermal cortolity values @qry). Experimental evidence

show thatlqyy is negatively correlated with porosity. For exaeyplu et al. (2007) give:

A, = 051- 056x Hsat (in Wm*K?) (7)

dry

When soil pores are gradually filled with watértends to increase towards a maximum value at

saturation fsa). Between dry and saturation conditioAss expressed as:

A= Adry + Ke(/‘sat _Adry) (8)

11
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where Kc is the Kersten number. The latter is related éoviblumetric soil moistured, i.e. to the
degree of saturatiorg(). In this study, the formula recommended¥spngLu et al. 6652007

is used:

K, = expall-5," 9 ko =explie-1-1457)).

with @ = 0.96 forMnsang> 0.4 kg kg*, @ = 0.27 forMnsang< 0.4 kg kg', and

witn_ k=036 g S, =6/6,,

S )

Mnsangrepresents the sand mass fraction of mineralefarth (values are given in Supplement ).

Following Peters-Lidard et al. (1998)ue is taken as 2.0 WK™ for soils withMnggng> 0.2

kg kg, and 3.0 WritK ™ otherwise. In this studWlnsana> 0.2 kg kg* for all soils, except for

URG, PRG, and CDM.

The geometric mean equation féy proposed by Johansen (1975) for the mineral coemsn

of the soil can be generalized to include the S@&frhal conductivity (Chen et al., 2012) as:

In(/.lsat) = fq In (Aq)-'_ fother In (Aother )+ Hsat In (/lwater )+ fSDM In (ASDM )

(10)

whereg, is the volumetric fraction of quartz, adg= 7.7 WK™, Agther = 2.0 WK™, Aeter
= 0.594 Wm'K™, Asom = 0.25 Wm'K™ are the thermal conductivities of quartz, soil enais
other than quartz, water and SOM, respectively. Udlametric fraction of soil minerals other

than quartz is defined as:

f

other

=1-f, -6, — foum

12
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with To =Qx(1-6,) (11)

2.6. Reverse modelling

The Asat values are retrieved through reverse modellinggugie A model described above (Eq
(7)-(11)). Thed model is used to produce simulationsiait the same soil moisture conditions
those encountered for thievalues derived from observations in Sect. 2.4.d&given station, a

set of 401A-simulations is produced foksy ranging from 0 Witk to 4 Wmi'K™, with a

resolution of 0.01 WK ™. The Asy retrieval corresponds to the simulation presenting the

lowest root mean square difference (RMSD) valuéh witspect to thel observations. Onlyl

observations fo%; values higher than 0.4 are usbédcausasin dry conditions: (1) conduction i$

not the only mechanism for heat exchange in sa#sthe convective water vapour flux may

become significant (Schelde et al., 1998, Parlasgd. 1998), (2) th&, functions found in the

literature display more variability, (3he Asq retrievals arererymoresensitive to uncertainties i

A observationsebtaired—in—dry—conditions The threshold value o%; = 0.4 results from a

compromise between the need of limiting the infbeeof convection, of the shape of tke

function on the retrieved values 4f;; and of using as many observations as possibtben

retrieval process. Moreover, the data filtering hteque to limit the impact of soi

heterogeneities, described in Supplement 2, is wessdlect validl observations.

Finally, thefsg value is derived from the retrievelda by-solving Eq. (10)previced—atteast

U7

as
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»]

13



269
270

271

272

273

274

275

276

277

278

279

280

281

282

283

2.7. Scores

Pedotransfer functions for quartz athgare evaluated using the following scores:

» the Pearson correlation coefficien},(and the squared correlation coefficier) {s used

to assess the fraction of explained variance,

» the RMSD,

» the Mean Absolute Error (MAE), i.e. the mean ofdbie differences,

* the mean bias, i.e. the mean of differences.

In order to test the predictive and generalizatiower of the pedotransfer regression eqguation

simple bootstrapping resampling technique is ukemhnsists in calculating a new estimatd of

for each soil using the pedotransfer function atgdiwithout using this specific soil. Gatherin

these new, estimates, one can calculate new scores with cespéhe retrieved, values. Also,

this method provides a range of possible valueth@fcoefficients of the pedotransfer functic

and permits assessing the influence of a gfyestrieval on the final result.
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284
285
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287
288
289
290
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292
293
294
295
296
297
298
299
300
301
302
303
304
305
306

307
308

3. Results

3.1. Asarandfg retrievals

Retrievals oflsyandfy could be obtained for 14 soiBigure 34 shows retrieved and modelldd

values vs. the observed degree of saturation ofthle at a depth of 0.10 m, for contrastir

retrieved values ofdsar, from high to low Asy values (2.8079, 19645, 1.52, and 1.263-70

WmK™) at the SBR, MNTMTM, and PRD stations, respectively.

All the obtainedisy:andfqg retrievals are listed in Table 2, together witt AlRMSD values and
the number obvailableselectedd observations. Fosix-threestationssoils (CRD, PZN-MZN,
andVLV -MIN—anrdBRZ), the reverse modelling technique described irt. 326 earnetcould
not be implementedappliedas not enough observations could be obtained frvalues higher

than 0.4 For four soils (NBN, PZN, BRZ, and MJN), all theretrievals were filtered out as th

obtained values were influenced by heterogeneitiesil density (see Supplement Fpr the

other U5 statiensoils Asqtandfqg retrievalsawere obtained using subset of 24 retrievals per

soil, at most, corresponding to the soil tempemtata presenting the lowest vertical gradig

close to the soil surface (Supplementé?-to-1939A-ebservationskorthe-fve-stations(LHS,

3.2 ApPedotransfer functianfor quartz
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310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

The fsg retrievals can be used to assess the possibditestimatefyg using other soil

characteristics, which can be easily measutediher issue is whether volumetric or gravimet

fraction of quartz should be used. Figure 4 preséme fraction of varianca® of Q andf,

explained by various indicators. A key result iatthy is systematically better correlated to s

characteristics tha®. More than 60 % of the variance fgfcan be explained using indicato

based on the sand fraction (eitlfighqOr Msand. The use of other soil mineral fractions does

give good correlations, even when they are assatiatthe sand fraction as shown by Fig. 4.

example, théyave;andfyavetfsangindicators present low? values of 0.04 and 0.24, respectively

Thef, values cannot be derived directly from the indicgs illustrated by Fig. 5: assumige

fsanatends to markedly underestimatg; Therefore, more elaborate pedotransfer equatomg

needed. They can be derived from the best indisatasing them as predictors of,. The

modelledf, is written as:

sat sand

(12)
whereP represents the predictor ffr*-=0-78,Ftestp-vale=0-0003-RMSD=0.07m>).
The values ofpop vs. ¢ are shown in Fig..5
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340
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343

344

345

346

347

348

349

350

351

352

353

The ay anda; coefficients are given in Table 3 for four pedosfer functions based on the bqg

predictors off,. The pedotranfer functions are illustrated in FigThe scores are displayed

Table 4. The bootstrapping indicates that the S&ilg soil has the largest individual impact

the obtained regression coefficients. This is winy $cores without SBR are also presented

Table 4.

For themsangpredictor, a® value of 0.56 is obtained without SBR, againsae of 0.67 when

all the 14 soils are considered. An alternativethis msang pedotransfer function consists |

considering onlynsangvalues smaller than 0.6 kg kdn the regression, thus excluding the SH

soil. The corresponding predictor is calleghnd. In this configuration, the sensitivity df to

Msang IS mMuch increased (witly = 0.944, againsk; = 0.572 with SBR). For SBRi; is

overestimated by the.nd equation but this is corrected by thgop limitation of Eq. (12), and

in the end a bettef score is obtained when the 14 soils are considefed0.74) .

Values ofr? larger than 0.7 are obtained for two predictor§;afnsandmsom andmsand. A value

of r2 = 0.65 is obtained for + B4 — fsang (the fraction of soil solids other than sand). T

MsandMsom predictor presents the baétand RMSD scores in all the configurations (redoess

bootstrap, and regression without SBR). Anotheraitaristic of themsandmsom pedotransfer

function is that the confidence interval for #aeanda; coefficients derived from bootstrapping

narrower than for the other pedotransfer functidrable 3), indicating a more robust relationsH

of fq with msandmsom than with other predictors.

Modelled values 0flsat (Asamop) can be derived fromfymongmos using Eq. (10jogether with&sa

observationsand-The Asamop #e#ewing—rz, RMSD, and mean bias scores afgained—for
Asasiop-With-respeet-to-thd retrievals—0-87-0-15- WK -and=0-01- Wri 'K ™ respectively

{Fable-3piven in Table 5Again, the best scores are obtained usingrig/msom predictor of

st
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355

356

357

358

359

360

361

362

363

364

365

366

367

368

f,, with r>, RMSD, and mean bias values of 0.86, 0.14 ¥ and +0.01 WK™, respectively

Fig. 7).

Finally, we investigated the possibility of estiingt &, from the soil characteristics listed i
Table 1 and of deriving a statistical model 85 (Gamon). We found the following statistical
relationship betweeBamon, Meay, Msir, @NAMsop:

mcl ay

6,

sat|

vop = 0456—0.0735—2 + 2238m,, (13)

ms'lt
(r? = 0.48, F-tesp-value = 0.0027, RMSD=0.036°m™>).
Volumetric fractions of soil components need tacbasistent withBanwop and can be calculate

using the modelled bulk density valudsrived fromé&amopasusing Eq. (1).

0 — 1- HsatMOD (1.1)
- [= " o )
dMOD m +m _ +m _ +m m R
Teand T Thday T theit T gravdHsow
pmin IOSOM

Equations 1010) to (134) constitute an empiricand-to-endmodel ofAsa: Table3-5 shows that

using &amop (Egs. (13)-(14)) instead of thef, observations has little impact on tAewop

Scores.
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379

380

381

382

383

384

385

386

387

388

389

390

3.34-2 Impact of gravels and SOM epare-Asat

Gravels and SOM are often neglected in soil theromlductivity models used in LSMs.

Mereoveritis—often—assumed—thatis—equaltofsana—The Egs. (10)-(34) empirical model
obtained in Sect. 3.2 permits the assessment afrtpact ofg;-fgravel aNdfsom 0N Asae Table3-5

shows the impact ohsamop scores of imposing null values to-of fgraveranda small value ofsom

to all the soils.and-of-assuming—-Fsana—The combination of these assumptions is evalua

also.

Imposingfsom = 0.013 mMm™2 (the smallesfsoy value, observed for CBR) has a limited imp3

on the scores, except for the.ndmsom pedotransfer function. In this cask, is overestimated

by +0.20 Wm*K™, and r? drops to 0.57.

Neglecting gravelsf{..e.= 0 nPm™>) also has a limited impact but triggers the unstéretion

(overestimation) 0flsy for the MsandMsom (Msand) pedotransfer function, by0.12 Wni*K™

(+0.11 Wm*k™.

On the other handitiappears thatombining these assumptions has a marked impaatl dine

pedotransfer functions.Adglecting gravel$fgaver=0-rtm3-and imposindsom = 0.013 mMm™

has a major impact oA, the modelledis,; is overestimatedy all the pedotransfer function

(with a mean biasfranging from+0.165 Wm ™K ™ to +0.24 Wm'K ") andr? =0-65s markedly

smaller_especially for themsang and msand pedotransfer functionswhie—the—full-meodelis

virtually-unbiased-and-presents’aralue-of 0-87These results are illustrated in Fig. 8 in the c:

of themsand pedotransfer function. Figure 8 also shows tlsta the&, observations instead g

ted,

\Ct
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392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

Bamon (Eq. (13)) has little impact orsamop_(Sect. 3.2) but tends to enhance the impaci

neglecting gravels. A similar result is found wille msangpedotransfer function (not shown).

locti ot mationf+0. T bt : 2

(12)-Gravels-and-silt have the largestimpaat’™dr’-=0-12 and*-=0.38 respectively).

4. Discussion

4.12. Sources of uncertainties in heat capacity estirhaiksalues-ofg
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415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

In this study, the de Vries (1963) mixing modelaisplied to estimate soil volumetric heat

capacity, and a fixed value of X10° Jmi’K ™ is used for soil minerals (Eq. (6)). Soil-specific

values forCnmin may be more appropriate than using a constantdatdnvalue. For example,

Tarara and Ham (1997) used a value of 2192 Jni®’K ™. However, we did not measure thjs

quantity and we were not able to find such valughe literature.

We investigated the sensitivity of our results hese uncertainties, considering the following

minimum and maximunChmin values:Cpmin = 1.9%10° J nmi® K™ and Cyin = 2.0&10° J m®

K. The impact of changes @min 0n the retrieved values df, andf, is presented in Fig. 9. Of

-7

average, a change of +)(0.0810° J m® K" in Cqmin triggers a change ity andf, of + 1.7 %

(= 1.8 %) and + 4.8 %(7.0 %), respectively.

The impact of changes i@nmin 0N the regression coefficients of the pedotrankfections is

presented in Table 3 (last column). The impacteiywmall, except for tha; coefficient of the

Msand pedotransfer function. However, even in this calse impact ofCmin On thea; coefficient

is_ much lower than the confidence interval given thg bootstrapping, indicating that the
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438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

relatively small number of soils considered in ttisdy (as in other studies, e.g. Lu et al. (200

is a larger source of uncertainty.

Moreover, dncertainties in thee feiay, fsit, fgraver OF fsom fractions may be caused by (1) th

natural heterogeneity of soil properties, (2) tkimmg root biomass, (3) stones tkaemaynotbe
accounted for in the gravel fraction.

In particular, during the installation of the preb& was obswed that stones are presentrat
feursome stations. Stones are not evenly distributed in ¢b#, and it is not possible tq
investigate whether the soil area where the temyergrobes were inserted contains stones §
must be left unperturbed.

The grasslands considered in this study are nensntely managed. They consist of set-as

fields cut once or twice a year. Calvet et al. @9§ave an estimate of 0.160 kdzn‘or the root

dry matter content of such soils for a site in baugstern France, with most roots contained

the 0.25m top soil layer. This represents a gratriméraction of organic matter smaller thd

0.0005 kg k@, i.e. less than 4% of the lowesgow values observed in this study (0.013 ka'kg

or less than 5% ofsom values. We checked that increasiggw values by 5% has negligibl

impact on heat capacity and on theetrievals.

4.3. Applicability of the news;:modelto other soil types

The Asa values found in this study are consistent withugalreported by other authors. In th

study, Ass; values ranging between 1.26 Wi and 2.80 WiitK™ are found (Table 2)|
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464

465
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467
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469

470

471

472

473

474

475

476

ar7

478

479

480

481

Tarnawski et al. (2011) gavéy values ranging between 2.5 Whid™ and 3.5 WritK™ for

standard sands. Lu et al. (2007) galsg values ranging between 1.33 Wi and 2.2

Wwm k™

A key component of thels;; model is the pedotransfer function for quartz (E)). Thef,

pedotranfer functions proposed in this study aetan basic soil characteristidhe current

global soil digital maps provide information ab@®M, gravels and bulk density (Nachterga¢

et al., 2012). Therefore, using Eq. (1) and Eqs(18) at large scale is possible, and porosity ¢

be derived from Eq. (1).On the other hand, the suggesfigdedotranfer functions are obtaing

for temperate grassland soils containing a ratimelel amount of organic matter, and are valid

MsandMsom ratio values lower than 40 (Table 2). These equoatishould be evaluated for oth

regions. In particular, hematite has to be consiidogether with quartz for tropical soil

Moreover, while the pedotransfer function we getég; (Eq. (13)) is valid for the specific site

considered in this study and is used to conduckémsitivity study of Sect. 3.3, Eq. (13) canr

be used to predict porosity in other regions.
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497
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499
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In order to assess the applicability of the pedtier function for quartz obtained in this stud

we used the independent data from Lu et al. (2@0d) Tarnawski et al. (2009), for ten Chine

soils (see Supplement 3 and Table S3.1). These amilsist of reassembled sieved soil samy

and contain no gravel, while our data concern uandigd soils. Moreover, most of these so

contain very little organic matter and the,ndmsowm ratio can be much larger that timg,ndmsom

values measured at our grassland sites. For tHeredlbh soils used to determine pedotrang

functions for quartz, thenandmsom ratio ranges from 3.7 to 37.2 (Table 2). Only ¢ghseils of Lu

et al. (2007) present such low valuesnef,dmsom. The other seven soils of Lu et al. (200

presentmsandMsom Values ranging from 48 to 1328 (see Table S3.1).

We usedis, experimental values derived from Table 3 in Tarsidvet al. (2009) to calcula@

andfg for the ten Lu et al. (2007) soils. Figure 10 shdie statistical relationship between the

quantities anansang Very good correlations d@ andf, with menqare observed, witf values of

0.72 and 0.83, respectively. This is consistenhwitir finding thatf, is systematically bette

correlated to soil characteristics th@riSect. 3.2).

The pedotransfer functions derived from Frenchsst@hd to overestimatig for the Lu el al.

(2007) soils, especially for the seven soils présgms,.dmsom Values larger than 40. Note th

Lu et al. (2007) obtained a similar result for @atextured soils with their model, whid

assumed) = msang For the three other soils, presentimgndmsom values smaller than 46,

MAE values are given in Table 4. The best MAE sqt671 nim™) is obtained for thensand

predictor offy.

These results are illustrated by Fig. 11 for ming,q predictor offy. Figure 11 also shows tlig

and As,; estimates obtained using specific coefficient&@ (12), based on the seven Lu et

(2007) soils presentingsandmsom Values larger than 40. These coefficients arengtegether
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521

522

523
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526

with the scores in Table 6. Table 6 also presesgdivalues for other predictorsfgfit appears

that msang gives the best scores. The contrasting coeffioraides between Table 6 and Tablg

(Chinese _and French soils, respectively) illustréte variability of the coefficients o

pedotransfer functions from one soil category totla@r, and thénsandmsom ratio seems to be §

good indicator of the validity of a given pedotrimgunction.

On the other hand, thesandMsom ratio is not a good predictor §ffor the Lu et al. (2007) soild

presentingnsandMsom values larger than 40, antipresents a small value of 0.40 (Table 6). T

can be explained by the very large rangengf.dmsom values for these soils (see Table S3.

UsingIn(msandMsowm) instead ofmsandMsom IS & way to obtain a predictor linearly correlated,.

This is shown by Fig. 12 for the ten Lu et al. (ZD8oils: the correlation is increased to a lal

extent ¢ = 0.60).

4.4. Cammsangbased, pedotransfer functions be used across soil types ?

Given the results presented in Tables 3, 4, andl €&an be concluded thats.ng is the best

predictor off, across mineral soil types. The.ndmsom predictor is relevant for the mineral soi

containing the largest amount of organic matter.

The results presented in this study suggest tleatnih{msowm ratio can be used to differentiaf

temperate grassland soils containing a rather langeunt of organic matter (3.7MsandMsom <

40) from soils containing less organic matt@g.(dmsom > 40). Themsangpredictor can be use

in_both cases, with the followina, anda; coefficient values in Eq. (12): 0.15 and 0.572 {

MsandMsom ranging between 3.7 and 40 (Table 3), and 0.040a8886 formsandmsom > 40 (Table

6), respectively.
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Although themsandmsom predictor gives the best scores for the 14 grassland soils considered in

this study, it seems more difficult to apply thiegictor to other soils, as shown by the high

MAE score (MAE = 0.135 fim?®) for the corresponding Lu et al. (2007) soils iabe 4.

Moreover, the scores are very sensitive to errothe estimation ofmsom as shown by Table 5

Although themsand predictor gives slightly better scores thagq(Table 4), they coefficient in

more sensitive to errors @nmin (Table 3), and the bootstrapping reveals largedamties inag

anda; values.

4 .54. Prospects for using soil temperature profiles

Using standard soil moisture and soil temperatusservations is a way to investigate soil

thermal properties over a large variety of soifsttee access to such data is facilitated by on

databases (Dorigo et al., 2013).

A keylimitation of the data used in this studywever s that soil temperature observatiomyg (

14

are recorded with a resolution&T; = 0.1 °C only (see Sect. 2.T)his low resolution affects the

accuracy of the soil thermal diffusivity estimatesorder to limit the impact of this effect, a dat

filtering technique is used (see Supplement 4)&nd retrieved with a precision of 18 %.
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It can be noticed that i, datawere recorded with a resolution of 0.03 °C (whiolresponds to

the typical uncertainty of PT100 probeB), could be retrieved with a precision of about 5| i

the conditions of Eq.34.37). AlternativelyEg—{#A-conditions—could-berelaxed-in-orderto g
more values ofl estimates o5, > 0.4 (Sect. 2.6) and increase the nundfeusable stations
Therefore, one may recommend to revise the cumesattise of most observation networ

consisting in recording soil temperature with aohetson of 0.1 °C onlyMore precision in the

estimates would permit investigating other procgsseheat transfer in the soil such as thd

related to water transport (Rutten, 2015).
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5. Conclusions

An attempt was made to use routine soil temperatndesoil moisture observations of a netwg
of automatic weather stations to retrieve insta@bas values of the soil thermal conductivity

a depth of 0.10 m. The data from the SMOSMANIA ragty in southern France, are used. Fir

the thermal diffusivity is derived from consecutiveasurements of the soil temperatatex-438

derived from the thermal diffusivity retrievals afrdm the volumetric heat capacity calculats
using measured soil properties. The relationshtp/dsen thed estimates and the measured s

moisture at a depth of 0.10 m permits the retrievals;; for 145 stations.The Lu et al. (2004

empiricat-etassicA model is then used to retrieve the quartz voluimetontent by reversq

modelling. Fertfourstations—towvalves—ok.rand-nrulvalues—of-are-obtained,—probably it
Aanumber of

pedotransfer functianis proposed fovolumetric fraction oiquartz, for the considered region

France.For the grassland soils examined in this studyrdiie of sand to SOM fractions is th

best predictor ofy. A sensitivity study shows thafravelshave-a-majorimpact-ofs.rand-that

omitting gravels andthe SOM informationhas a major impact ovs.tends—to—enhance—thi

impaet Eventually, an error propagation analysis and apasison with independemts,; data

from Lu et al. (2007) show that the gravimetriccfran of sand within soil solids, includin

gravels and SOM, is a good predictor of the voluimétaction of quartz when a larger variety

soil types is consideredhi
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694 Table 1 — Soil characteristics at 10 cm for the 21 statiohshe SMOSMANIA network.
695 Porosity values are derived from Eq. (1). Solicttian values higher than 0.3 are in bold. The
696 stations are listed from West to East (from togdttom). oy, G f, andm, stand for soil bulk
697 density, porosity, volumetric fractions, and gragtnt fractions, respectively.

698

Statien ,Od esat fsand fcla fsilt fgravel fSOM Msand mclay Mt rrlgravel Msom
Sal  (kgm¥ (m'm?¥ (m°m?) (mm) (m'm?) (m°m?) (m'm*) (kg kg") (kg kg) (kg kg") (kg k") (kg kgl)

SBR 1680 0.352 0.576 0.026 0.013 0.002 0.032 0.911 0.041 0.020 0.003 0.024
URG 1365 0.474 0.076 0.078 0.341 0.005 0.025 0.149 0.153 0.665 0.009 0.024
CRD 1435 0.438 0.457 0.027 0.033 0.000 0.045 0.848 0.051 0.060 0.000 0.041
PRG 1476 0.431 0.051 0.138 0.138 0.214 0.028 0.092 0.250 0.248 0.385 0.025
CDM 1522 0.413 0.073 0.241 0.231 0.012 0.030 0.128 0.422 0.404 0.020 0.026
LHS 1500 0.416 0.102 0.202 0.189 0.051 0.039 0.181 0.359 0.335 0.091 0.034
SVN 1453 0.445 0.127 0.073 0.176 0.162 0.017 0.233 0.133 0.322 0.296 0.015
MNT 1444 0.447 0.135 0.066 0.230 0.102 0.020 0.248 0.121 0.424 0.188 0.018
SFL 1533 0.413 0.127 0.071 0.118 0.250 0.021 0.221 0.123 0.205 0.434 0.018
MTM 1540 0.405 0.110 0.081 0.076 0.297 0.032 0.189 0.140 0.131 0.512 0.027
LZC 1498 0.429 0.129 0.066 0.068 0.292 0.015 0.229 0.117 0.121 0.519 0.013
NBN 1545 0.401 0.063 0.135 0.075 0.290 0.035 0.109 0.232 0.130 0.499 0.030
PZN 1311 0.495 0.222 0.074 0.131 0.054 0.023 0.450 0.151 0.266 0.111 0.023
PRD 1317 0.494 0.038 0.052 0.069 0.326 0.021 0.076 0.105 0.139 0.659 0.021
LGC 1496 0.428 0.253 0.044 0.042 0.214 0.019 0.451 0.078 0.074 0.380 0.017
MZN 1104 0.560 0.212 0.037 0.045 0.097 0.049 0.510 0.089 0.109 0.234 0.057
VLV 1274 0506 0.294 0.054 0.086 0.031 0.029 0.614 0.112 0.179 0.064 0.030
BRN 1630 0.379 0.105 0.009 0.016 0.474 0.016 0.171 0.015 0.027 0.774 0.013
MJIJN 1276 0.506 0.064 0.029 0.056 0.317 0.028 0.133 0.060 0.118 0.661 0.029
BRZ 1280 0.508 0.097 0.074 0.109 0.190 0.020 0.202 0.154 0.228 0.396 0.021
CBR 1310 0.501 0.120 0.057 0.068 0.241 0.013 0.243 0.116 0.139 0.489 0.013

699
700
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700 Table 2— Thermal properties of 14 grassland soils in soutl@anceAss fq andQ retrievals
701 using thed model (Egs. (7)-(9) and Eqg. (10), respectively)degree of saturation values higher
702 than 0.4, together with the minimized RMSD betw#sn simulated and observddvalues, and
703 the number of used observationsn). The soils are sorted from the largest to thellestaratio

704 of msangto Msom.
705

706

707

708

709

710

711

712

A

URG  yrcons 1.28 043 0102 62 |
CRD  CREONDARMAGNAGC - - - 0 |
PRG  pEYRUSSEGRANDE 159 026 0165 94 |
SFE SAINT-FELIX-DE-LAURAGAIS 140 614 6183 1648 |
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717
718
719
720
721

722
723
724

- RMSD Mean bigs

Medel-configuration WK™ WK
Full-moedel-usingilarobservations 0-870-03) 0-15(1-08)  -0.01(+0:62)
Full-medel-usingdamon(Eqs—13)(14)) 0-880-61) 014102)  -0.03(+0;62)
—same-with:fsqu-=0 0.87{0:00)  023(1.18) +0.12(+078)
—same-withdson= =4sand 0-:86(0-02)  -0:22(1-06)  +0-00(+0;64)
=Hsand 0-860-12) 0:2640-82)  —0:22(+0;37)
—same-withfgraver= =foand 0.7740-7) 0:25(0-81)  —0.15(+0{39)
—same-withfgaver=0 6-65-(6:07) 0:29(166) +015(+073)
—same-Withfgaver=0:fsom= =fsand 6:610-64) O042(117) +0:24+6:83)
—same-with:fgaver=—0-andison=—0 0:51(0:01) 0:56(134)  +06:41(+1:01)
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724
725
726
727

728

729 Table 3 — Coefficients of four pedotransfer functions feffor 14 soils of this study, togethe

Predictorofy #  RMSD
XY
fsand 666 0609

——fay—*+fgraver=fson 638 612

730 with indicators of the coefficient uncertainty, ed by bootstrapping and by perturbing t

731 volumetric heat capacity of soil mineragin). The best predictor is in bold.

=

Coefficients for 14 soils Confidence interval Impact of a change of

Predictor off, from bootstrapping +0.08x10° I m* K™ |n
Chmin
= a ao ay ao a

Msand/ Msom 0.12 0.0134 [0.10,0.14] [0.012,0.014]][0.11,0.13] [0.013,0.013]
Msand” 0.08 0.944 [0.00,0.11] [0.85,1.40] |[0.07,0.09] [0.919,0.966]
Msand 0.15 0.572 [0.08,0.17] [0.54,0.94] |[0.14,0.17] [0.55,0.56]
1= Biar— fsand 0.73 -1.020 [0.71,0.89] [-1.38,—0.991| [0.70,0.73] [-1.00,—0.99]
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732
733

(*) only mgangvalues smaller than 0.6 kg kare used in the regression
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733
734
735
736

737
738
739
740
741
742
743

Table 4 —Scores of four pedotransfer functionsfofor 14 soils of this study, together with th

scores obtained by bootstrapping, without the saS&8R soil. The MAE score of thes

pedotransfer functions for three Chinese soils wfek al. (2007) for whiclmsandmsom < 40 is

given. The best predictor and the best scoresdveld.

Predictor offq

Regression scores

Bootstrap scores

Scores without SBR
(and MAE for 3 Lu sails)

e

D

2

r RMSD MAE | r* RMSD MAE | r* RMSD MAE

(m3m-3) (m3m-3) (m3m-3) (m3m-3) (m3m-3) (m3m-3)

Msand/ Msom 0.77 0.067 0.053]| 0.72 0.074 0.059] 0.62 0.070 0.057
(0.135)

Msand 0.74 0.072 0.052] 0.67 0.126 0.100| 0.56 0.075 0.056
(0.071)

Msand 0.67 0.081 0.060] 0.56 0.121 0.084| 0.56 0.075 0.056
(0.086)

1~ Qo= fsand 0.65 0.084 0.064] 0.56 0.102 0.079| 0.45 0.084 0.061

(0.158)

(*) only meng values smaller than 0.6 kg kg™ are used in the regression
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743
744
745
746

747
748
749
750

Table 5— Ability of the Egs. (10)-(13) empirical model totiesate As; values for 14 soils andg

impact of changes in gravel and SOM volumetric enhtfyayer = 0 MPm > andfsoy = 0.013

m°m™> (the smallesfsoy value, observed for CBR)? values smaller than 0.60, RMSD valu

11

higher than 0.20 WK™, and mean bias values higher (smaller) than +3-00.0) are in bold.

r’ RMSD  Mean biag

Model configuration Predictor off, (Wm'K™  (Wm'K™?
Model usingés,;observations Msand/ Msom 0.86 0.14 +0.01
Msand 0.83 0.15 -0.01
Msand 0.81 0.16 -0.03
1 - es_a - fmd 0_82 0_16 —003
Full model using@amon (Egs. (13)) Msand/ Msom 0.85 0.14 +0.03
Msand” 0.85 0.14 -0.03
Msand 0.84 0.15 -0.03
1 - Giar—fsand 0.82 0.16 -0.02
same with: Msang/ Msom 0.57 0.35 +0.20
fsom=0.013 mMim> Meand® 0.83  0.15 +0.00
Msand 0.81 0.16 -0.02
1 - Bar—fsand 0.83 0.15 -0.02
___same with: Msang/ Msom 0.87 0.19 -0.12
foraver= 0 mgm—g E‘Sﬂd*_ 0.70 0.23 +0.11
Msand 0.79 0.17 +0.04
1- Bt~ fsand 0.81 0.17 +0.05
same with: Msand/ Msom 0.63 0.31 +0.16
fsom = 0.013 mMm® Meand 0.52  0.36 +0.24
andfgrave= 0 I'Tﬁ’n_3 Msand 0_59 0_29 +0.16
1- 95 - fsand M) 0_25 +0.16

(*) only meng values smaller than 0.6 kg kg™ are used in the regression




750
751

752
753

754
755

Table 6 — Pedotransfer functions &f for 7 soils of Lu et al. (2007) withnsandmsom > 40. The

best predictor and the best scores are in bold.

Regression scores

Predictor offq for 7 Lu soils with Coefficients
MsandMsom > 40
re RMSD MAE
(p-valug) (M°'m®) (M’m3)|  a a
Msang/ Msom 0.40 0.089 0.075 0.20 0.000148
(0.13)
Msand 0.82 0.073  0.054 0.07 0.425
(0.005)
Msangd 0.82 0.048 0.042 0.04 0.386
(0.005)
1- Grar— fsana 0.81 0.050 0.043 | 0.44 -0.814

(0.006)

(*) only meng values smaller than 0.6 kg kg™ are used in the regression
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Fig. 1— Location of the 21 SMOSMANIA stations in south@&rance.
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794 Fig. 23 — Soil temperature measured at the Saint-Félikaleagais (SFL) station on 2B
795 February 2015, at depths of 0.05, 0.10, 0.20, a@ ®. Levelling is due to the low resolution of
796 the temperature records (0.1°C).
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Fig. 10 —Gravimetric and volumetric fraction of quartz (tapd bottom, respectively) derived

from theAs;;0bservations of Lu et al. (2007) for 10 soils givey Tarnawski et al. (2009), vs. th

gravimetric fraction of sanghang The three soils for whicimsandmsom < 40 are indicated by
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