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Abstract：The long-term safety of shallow disposal facility for short-lived low and intermediate 21 

level nuclear waste (LLW/ILW) relies on the performance of engineered barriers (caps and liners). 22 

Soil-atmosphere interaction may affect the capping material at shallow depths, due to changes of 23 

its coupled hydro-thermal-mechanical behavior under the effect of atmospheric conditions. This 24 

study aims to investigate the soil-atmosphere interaction at different time scales in the overburden 25 

of an LLW/ILW disposal facility, located in middle France. Actual meteorological data from 26 

Valencia El Saler station in Spain, including solar radiation, air temperature, latent heat, rainfall, 27 

and actual evaporation, at four different time scales (30 min, daily, weekly and monthly), were 28 

applied as the future climate conditions of the studied area based on climate analogues. A numerical 29 

approach combining a coupled hydro-thermal model and a soil-atmosphere interaction model was 30 

employed. Results show that the employment of meteorological data at a short time scale (30 min) 31 

can increase the simulation accuracy by capturing the extreme climate events and accelerating the 32 

soil-atmosphere interactions. Furthermore, the effect of future climate conditions in the long-term 33 

(7 years) on soil hydro-thermal behavior was examined. This enables a further detailed inspection 34 

of the climate’s role in the LLW/ILW storage system. 35 

Keywords: Soil-atmosphere interaction; Soil hydro-thermal behavior; Further meteorological 36 

information; Different time scales; Long-term estimation 37 

38 
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1. Introduction 39 

Nuclear waste is currently being disposed at a number of facilities all over the world [1–3]. 40 

Considering the decay of radioactivity, a near-surface type of disposal facility is usually proposed 41 

for the short-lived low and intermediate level nuclear waste (LLW and ILW) [4]. By contrast, the 42 

solution for the disposal of high-level and other long-lived nuclear waste (HLW) is a deep 43 

geological repository [2,5]. In the case of LLW/ILW repository, soil-atmosphere interaction may 44 

affect its capping material at shallow depths by the physical process of heat and mass transfer over 45 

time. For instance, cracks may be produced as a consequence of long dry and hot periods, 46 

significantly modifying the thermo-hydro-mechanical properties of the capping material; 47 

contaminant transport in the host geologic formation may be accelerated due to changes in soil 48 

temperature, water content and suction from weathering, etc. [6,7]. Hence, the effect of climate 49 

change must be considered in the assessment of the long-term performance of LLW/ILW disposal. 50 

Soil–atmosphere interaction drives water, energy and biogeochemical cycles, causing variations 51 

of soil moisture, temperature, and suction, etc. [8–10]. Over recent years, increasing awareness 52 

about the importance of soil-atmosphere interaction has led researchers to investigate the potential 53 

effect of climate change on the performance of waste covers and nuclear waste handing [11–16]. 54 

Fischer [13,14] undertook studies to determine the rates and directions of water movement through 55 

unsaturated sediments for the assessment of the contaminant movement near an arid LLW disposal 56 

facility. Phillips et al. [15] studied the mineral behavior and transformations brought on by climate 57 

change may affect the long-term performance of the cap and even the LLW disposal facility. Nasir 58 

et al. [16] investigated that both permeability and porosity of the near field sedimentary host rocks 59 

for the LLW/ILW disposal increase as a result of climate change. In summary, the evaluation of 60 

waste covers in terms of waste isolation and contaminant transport requires details of subsurface 61 
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flows which are significantly affected by climatic fluctuations. Specifically, the major threat to the 62 

integrity of nuclear waste isolation in the near-surface type of disposal facility is the water 63 

infiltration due to the potential movement of dissolved and mobilized radioactive constituents. 64 

Therefore, considering the long life of radioactive waste, it is of paramount importance to well 65 

determine the hydro-geologic characteristics of an LLW/ILW disposal facility in order to limit 66 

water flow in the vicinity of the disposal facility [13,14]. 67 

The soil hydraulic condition in the overburden of LLW/ILW disposal facilities is governed by 68 

precipitation and evapotranspiration which are associated with the changing climate conditions. 69 

Generally, long-term climatic cycles present a low frequency and small amplitude, having less 70 

impact on the capping material. However, the low-frequency extreme weather events, such as a 71 

long-term drought, may result in significant damage to cap materials [15,17]. The fundamentals of 72 

the safety assessment of waste disposal facilities of LLW/ILW/HLW in Belgium were discussed 73 

by van Geet et al. [12], emphasizing the importance of considering climate evolution. However, to 74 

the authors’ knowledge, no study has been undertaken to investigate the soil-atmosphere 75 

interaction in the LLW/ILW overburdens under the effect of future climate conditions.  76 

This study aims at better understanding the soil-atmosphere interaction in the overburden of the 77 

LLW/ILW disposal facility, through identifying the soil coupled hydro-thermal responses to the 78 

future climate changes. A numerical approach combining a coupled hydro-thermal model and a 79 

soil-atmosphere interaction model was employed and implemented through the Finite Element 80 

Method using FreeFem++ code [18]. Considering climate analogues, actual meteorological data 81 

collected from Valencia El Saler station was employed as the future climate condition of the studied 82 

site located in middle France. Firstly, the meteorological data in the year 2000 collected at the time 83 

intervals of 30 min, daily, weekly, and monthly, were used to investigate the effect of the time scale 84 
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of climate conditions on the hydro-thermal behavior of the overburden soil. Moreover, the 85 

influence depths in terms of soil water content and temperature at different time scales were 86 

examined, respectively. Secondly, the meteorological data at the time scale of 30 min for a longer 87 

period from 2000 to 2006 (7 years) was employed to investigate the long-term soil-atmosphere 88 

interaction and the influence depths in terms of soil temperature and water content. 89 

 90 

2. Investigated site 91 

The studied site which was devoted to the storage of short-lived LLW/ILW was located at 92 

Soulaines (Aube), France. Figure 1a plots its stratigraphic profile, including three layers: a layer of 93 

nature backfill soil, a 5 m superficial layer and a natural Teguline clay layer of 50 to 70 m thickness. 94 

Specifically, the excavated zone is at a depth of -20~-30 m and the storage space for LLW/ILW is 95 

at a depth of -25~-35 m.  96 

For further study, the studied region is simplified as three layers with homogeneous soil for each 97 

(Figure 1b). The primary soil information of each layer is detailed in Table 1. The soil temperature 98 

at the bottom zone of the studied region was measured as 14°C [19]. The local water table was 99 

close to the bottom boundary of the natural Teguline clay layer. The soil thermal conductivity, 100 

water retention curve and hydraulic conductivity curve of each layer are detailed as follows.  101 

2.1 Layer 1 (L1) 102 

In terms of silt clay as the backfill material of L1, its parameters used for the assumed simulations 103 

were estimated from results obtained on a soil comparable to that at the site. The variation of soil 104 

thermal conductivity versus its volumetric water content is expressed in a linear relationship by 105 

equation (1) [20,21] (Table 2) and plotted in Figure 2a. The soil water retention curve (Figure 2b) 106 
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can be described by van Genuchten model [22–24]. The relevant parameters in equation (2) are 107 

listed in Table 2. Based on the soil water retention curve, its hydraulic conductivity curve is 108 

determined by equation (3) and drawn in Figure 2c. The saturated soil hydraulic conductivity is 109 

estimated as 1.0× 10-8 m/s [25]. 110 

2.2 Layer 2 (L2) 111 

KD2 instrument [26] was used herein to measure the thermal conductivity of the compacted 112 

Teguline clay. A linear relationship between soil thermal conductivity and volumetric water 113 

content is considered to fit the measured results [27,28]. The proposed relationship is expressed by 114 

equation (4) and presented in Figure 2a. Similar to the case of L1, van Genuchten model [24] is 115 

used to describe the variations of soil water retention and hydraulic conductivity of L2. Based on 116 

the measured data obtained by Cuisinier and Masrouri [29], the fitting curve is drawn in Figure 2b, 117 

providing the values of van Genuchten model parameters in Table 2. The hydraulic conductivity 118 

curve is determined with the measured saturated hydraulic conductivity 1.4×10-9 m/s [29] (equation 119 

(3) and Figure 2c). 120 

2.3 Layer 3 (L3) 121 

As far as the natural Teguline clay is concerned in L3, the thermal conductivity was measured by 122 

Zhang et al. [30], presenting slight variations versus soil dry density and water content. Therefore, 123 

its soil thermal conductivity is considered as a constant value of 2 W/(m.K) for the purpose of 124 

simplification. Based on the measured data obtained by Zeng et al. [31], the variations of soil water 125 

retention and hydraulic conductivity of L3 are described by equations (2) and (3). The fitting curves 126 

are plotted in Figures 2b and 2c, respectively. The measured saturated hydraulic conductivity is 127 

3.0×10-12 m/s.  128 
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2.4 Meteorological information 129 

Hallegatte et al. [32] presented a type of climate relocation based on the concept of spatial climate 130 

analogues, which specifies that a location that presently enjoys a climate close to the one another 131 

city will experience in the future (the end of the twenty-first century). Based on the acceptable 132 

analogues of climate relocation, the studied site in the central part of northern France may 133 

experience an eastern Spain type of climate in the future [33,34]. Thereby, the actual 134 

meteorological data collected from Valencia El Saler station was employed to represent the future 135 

climate conditions that the studied site located in middle France may experience. It is worth noting 136 

that in the current knowledge of climate change, the predicted future local climate conditions are 137 

always attached with uncertainties due to the limitations of climate models, internal climate system 138 

processes and socio-economical, demographic or technological evolutions. The measured solar 139 

radiation, air temperature, latent heat, rainfall and the estimated actual evaporation rate from 140 

01/01/2000 to 31/12/2000 are plotted in Figure 3 at different time scales (30 min, daily, weekly 141 

and monthly respectively). They were used to study the effect of climate conditions at different 142 

time scales on the interaction between soil and atmosphere. Figures 3a, 3b, and 3c demonstrate the 143 

diurnal and seasonal variations of solar radiation, air temperature, and latent heat, with higher 144 

values in the summer period and lower values during the wintertime. However, it is observed that 145 

rainfall data does not vary seasonally (Figure 3d). Similar to the results of latent heat, evaporation 146 

data presents the highest value in summer (Figure 3e). In addition, the comparison of each climate 147 

factor at different time scales suggests that the smaller fluctuations are obtained at a longer time 148 

scale. Especially, the extreme climate conditions, such as the highest temperature and the most 149 

torrential rainfall events, can be identified at the time scale of 30 min.  150 
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Furthermore, meteorological information at the time scale of 30 min in the period from 151 

01/01/2000 to 31/12/2006 (7 years), was employed to study the long-term soil hydro-thermal 152 

behavior (Figure 4) in the future.  The annual variations of solar radiation, air temperature, latent 153 

heat, rainfall, and the estimated evaporation are plotted in Figures 4a~e, respectively, displaying 154 

an apparent seasonality. The peak values of solar radiation (Figure 4a) and air temperature (Figure 155 

4b) are observed in summertime and wintertime of each year. Specifically, the magnified image of 156 

solar radiation above 800 W/m2 displays an increasing trend, reflecting the warming climate 157 

condition as time continues. The effect of climate change on the variations of latent heat and 158 

evaporation is identified by higher values of latent heat and evaporation in the wintertime of years 159 

2003, 2004, 2005 and 2006 than those of the years 2000, 2001 and 2002. Besides, more frequent 160 

rainfall events (Figure 4d) are recorded in the years 2003, 2004, 2005 and 2006. 161 

 162 

3. Numerical approach 163 

3.1 Introduction of the numerical approach 164 

A numerical approach combining a coupled hydro-thermal model and a soil-atmosphere interaction 165 

model developed by An et al. [10] was employed in this study. The coupled hydro-thermal model 166 

was used to describe the coupled water and heat flow in unsaturated soil. The soil-atmosphere 167 

interaction model was applied to describe the continuous water and heat transfer between soil and 168 

atmosphere, which can be expressed by energy and mass balance, respectively. Details of the 169 

numerical formulation and computational aspects have been presented by An et al. [10], and 170 

therefore, they are not repeated herein. 171 
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3.2 Model dimensions and boundary conditions 172 

Figure 5 displays the applied model dimensions: BC1 and BC 3 represent the bottom and top 173 

boundaries, respectively; BC 2 and BC 4 are the lateral boundaries. The height and width of the 174 

studied zone are 71 m and 10 m, respectively. 175 

On the first day of the year 2000, the soil volumetric water content was measured as 5.8% and 176 

the soil temperature was 11.67 ºC at the ground surface. Meantime, the soil temperature was 177 

measured to be 14 ºC at the saturated bottom boundary (BC1). Thereby, the initial conditions about 178 

soil temperature and water content/suction were defined in a linear relationship with depth. No 179 

water and heat transfer were considered at the lateral boundaries. Based on the soil-atmosphere 180 

interaction model, the soil heat flux and evaporation/infiltration were applied as the thermal and 181 

hydraulic conditions at the top boundary, respectively. The details are explained as follows: 182 

Energy balance 183 

In the case of heat transfer between soil and atmosphere, solar radiation is usually the only exterior 184 

heat resource. Specifically, the net solar radiation equals the sum of latent heat, soil heat, and 185 

sensible heat. The energy balance is described by: 186 

n ER G L H= + +  (5) 

where Rn (W/m2) is the net solar radiation flux; G (W/m2) is the soil heat flux; LE (W/m2) is the 187 

latent heat flux; H (W/m2) is the sensible heat flux. The net solar radiation at 30 min is estimated 188 

by:  189 

( ) ( ) ( )0.5 41 si
n si c c e e d a

so

R
R R a b a b e T

R
α σ

  
= − − + +  

  
 (6) 
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where the solar radiation Rsi (W/m2) was measured as shown in Figure 3a; Ta (ºC) is the recorded 190 

air temperature (Figure 3b); the definition and values of other parameters were detailed by An et 191 

al. [10].  192 

The measured values of latent heat at different time scales are introduced in Figure 3c. 193 

Considering the convection of airflow in soil-atmosphere interaction, the sensible heat was 194 

estimated following the same method presented by An et al. [10]. With the obtained values of net 195 

solar radiation, latent heat and sensible heat fluxes at different time scales, the soil heat flux 196 

boundary condition at the soil surface at the corresponding scale can be determined based on 197 

equation (5).  198 

Mass balance  199 

In terms of bare soil during rainfalls, water reaches the ground surface and infiltrates into the soil 200 

continuously until the rainfall rate exceeds the soil infiltration capacity. In that case, the process of 201 

runoff begins. However, it stops as soon as the rate of rainfall becomes lower than the actual rate 202 

of infiltration. Meanwhile, evaporation occurs spontaneously due to the gradient in temperature 203 

and relative humidity near the soil-atmosphere interface. The mass balance during soil-atmosphere 204 

interaction is expressed as: 205 

 nf off aP I R E= + +  (7) 

where P (m/s), Inf (m/s), Roff (m/s) and Ea (m/s) represent the rainfall, infiltration, runoff and actual 206 

evaporation rates on soil surface, respectively. Field rainfall was monitored at different time scales 207 

of 30 min, daily, weekly, and monthly (Figure 3d). Around 97% of the measured rainfall rates are 208 

less than 5.5 mm/30min, which means that most of the runoff rates are in the range from 0.025 to 209 
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0.05 mm/30min [35]. Therefore, runoff is considered to be negligible in this study. Actual 210 

evaporation rate (Figure 3e) was estimated based on the values of latent heat: 211 

( )a E w vE L Lρ=  (8) 

where LE (W/m2) is the latent heat flux (Figure 3c); Lv (J/kg) is the latent heat of water vaporization; 212 

ρw represents the water density (kg/m3). With the available information about rainfall and actual 213 

evaporation rates, the water flux boundary condition (Inf) at the soil surface can be estimated at 214 

different time scales. 215 

Firstly, with the meteorological information collected every 30 minutes and soil parameters, the 216 

numerical investigation was performed at a time step of 30 min for the year 2000. Afterwards, the 217 

simulation scenarios at time scales of daily, weekly and monthly were implemented respectively, 218 

at a time step of 1 day, for the year 2000 with the inputting data (rainfall, latent heat, air temperature, 219 

and solar radiation, etc.) at the corresponding time scale. Finally, the simulation was carried out at 220 

a time step of 30 min for 7 years (from 2000 to 2006) with the meteorological data at the time scale 221 

of 30 min. 222 

 223 

4 Results and discussion 224 

4.1 Soil hydro-thermal behavior at different time scales in one year (2000) 225 

4.1.1 Soil hydro-thermal behavior at the time scale of 30 min 226 

Figures 6a and 6b depict the variations of soil volumetric water content and temperature at depths 227 

of 0 m, -0.25 m, -0.5 m, -0.75 m, -1.0 m and -1.5 m in the year 2000. It appears that soil volumetric 228 

water content increases significantly in response to rainfall events on 14/01/2000, 20/03/2000, 229 

09/06/2000, and 22/10/2000, etc. It keeps a decreasing tendency as the result of evaporation during 230 
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the drying periods. As the depth increases, soil volumetric water content shows much smaller 231 

fluctuations compared to that at near soil surface points (Figures 6a).  232 

In terms of the soil temperature at the studied depths, they present a general increasing trend 233 

from the winter to the summer, approaching the peak values on 18/08/2000. Afterwards, they start 234 

to decline gradually until the end of the year 2000. The distinct seasonal variation of soil 235 

temperature is observed with larger values in the summer and lower values in the winter (Figure 236 

6b), showing a good agreement with the heat-related climate factors (solar radiation, air 237 

temperature, etc.). Similar to the result of soil volumetric water content, the surface soil temperature 238 

shows more significant variations compared to other depths.  239 

To further explore the influence depth of the soil-atmosphere interaction, the calculated soil 240 

volumetric water content and temperature profiles in the zone with depth 0~-21 m are presented in 241 

Figures 7a and 7b, respectively. The soil volumetric water content below -4.8 m keeps nearly stable, 242 

indicating that the influence depth of climate conditions is limited to this value. Figure 7b shows 243 

that the influence depth of climate conditions is limited to 12 m depth in terms of soil temperature. 244 

Furthermore, a larger amplitude is identified in the profiles of soil temperature, compared to that 245 

of soil volumetric water content, reflecting the significant contribution of the surface thermal 246 

boundary conditions. It is therefore necessary to investigate the influence depths of temperature 247 

and volumetric water content separately, as suggested by An et al. [10]. 248 

 249 

4.1.2 Soil hydro-thermal behavior at different time scales  250 

The variations of soil volumetric water content at different time scales (30 min, daily, weekly, 251 

and monthly) are plotted for depths 0 m (Figure 8a), -0.25 m (Figure 8b), -0.75 m (Figure 8c), and 252 

-1.5 m (Figure 8d), respectively. At each depth, a similar variation tendency is observed among the 253 
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results of soil volumetric water content at different time scales. Generally, the results at the time 254 

scale of 30 min depict the maximum and minimum values, except the unexpected daily results on 255 

21/03/2000. In the daily results on the soil surface (Figure 8a), soil water content increases sharply 256 

to 35% on 21/03/2000 and then exhibits a general decreasing trend with a few jumps due to rainfall 257 

events until 11/06/2000. The daily results show a consistent variation mode as the 30 min results 258 

but with a higher value over the dry periods, suggesting the continuous effect of the unexpected 259 

daily rainfall data on 21/03/2000. In the same rainfall event, a more significant increase in water 260 

content is observed in the 30 min results compared to other results. This suggests that a time scale 261 

as short as 30 min is capable of increasing the accuracy of simulation results by accelerating the 262 

iteration rate of soil-atmosphere interaction. Furthermore, the daily fluctuations of soil water 263 

content are more evident at the time scale of 30 min than others, especially for the period with 264 

intense rainfall (23/10/2000 to 31/12/2000).  265 

Figure 9 plots the evolutions of the soil temperature at different depths at different time scales 266 

(30 min, daily, weekly, and monthly). It appears that at the soil surface, the fluctuations are more 267 

significant at the time scale of 30 min than others (Figure 9a). As the studied point goes deeper, 268 

the difference between the soil temperatures at different time scales is becoming smaller.  269 

The simulated soil volumetric water content and temperature profiles at time scales of daily, 270 

weekly and monthly are plotted in Figures 10a, 10b, and 10c, respectively. The influence depths 271 

of climate conditions on soil volumetric water content are about 5.2 m, 11.6 m, and 11.6 m at the 272 

time scales of daily, weekly, and monthly, respectively. They are larger than that of 30 min (4.8 273 

m). This is attributed to the effective mass interaction between soil and atmosphere at the time scale 274 

of 30 min. On one hand, rainfall events occur during some specific periods rather than continue at 275 

a constant rate for daily/weekly/monthly. Hence, soil water content varies more quickly due to the 276 
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rainfall at the time scale of 30 min than those of other time scales. On the other hand, due to the 277 

monthly average evaporation rate at the soil surface, water content at the time scale of monthly 278 

decreases for a longer period compared to others (Figure 8d). Thereby, when the 279 

evaporation/rainfall at the time scale of 30 min is applied as the hydraulic boundary condition, they 280 

lead to a shallower influenced zone compared to the results of other time scales.  281 

On the other hand, similar to that of 30 min results, the influence depths of climate conditions 282 

on soil temperature is limited to around 12.0~12.8 m at time scales of daily, weekly, and monthly. 283 

The effect of time scale on the influence depth of climate conditions in case of soil temperature is 284 

not significant as the results of soil water content. It may be attributed to the participation of soil 285 

surface temperature in the estimation of sensible heat and hence the value of heat flux boundary 286 

condition, which may lead to the same amount of energy transfer between soil and atmosphere at 287 

different time scales. Additional work is required to further clarify this point. In the region below 288 

the influenced zone, both soil volumetric water content and temperature remain stable as their real 289 

initial conditions during the studied period. It is thereby suggested to measure the real initial soil 290 

conditions in the area of interest for the evaluation of LLW/ILW storage system’s performance.  291 

 292 

4.2. Soil long-term hydro-thermal behavior for 7 years (2000-2006) 293 

4.2.1 Variations of soil volumetric water content and temperature  294 

Figure 11a plots the changes in soil volumetric water content at different depths (0 m, -0.25 m, -295 

0.75 m, and -1.5 m) from 01/01/2000 to 31/12/2006. It is observed that soil volumetric water 296 

content increases because of rainfall and keeps a decreasing tendency due to evaporation in the 297 

drying periods. Moreover, soil volumetric water content at the surface point shows much larger 298 

fluctuations compared to that of other depths. 299 
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The evolutions of the soil temperature at different depths during the studied period are illustrated 300 

in Figure 11b. Soil temperatures at these studied points present apparent seasonal variations with 301 

larger values during the summer period and smaller values in the wintertime. A larger variation 302 

amplitude of soil temperature is also identified at the soil surface than other depths. Moreover, over 303 

time, the peak temperature in the summer goes up gradually, evidencing the effect of climate 304 

change on soil temperature in the long term. 305 

 306 

4.2.2 Influence depths 307 

Soil volumetric water content profiles at different times at depths of 0~-21 m during the years 2001, 308 

2002, 2003, 2004, 2005, and 2006 are plotted in Figure 12, respectively. The influence depths of 309 

climate conditions on soil volumetric water content vary slightly for different years: 4.0 m for the 310 

year 2001 (Figure 12a), 4.8 m for the year 2002 (Figure 12b), 6.0 m for the year 2003 (Figure 12c), 311 

3.2 m for year 2004 (Figure 12d), 8.0 m for year 2005 (Figure 12e) and 10 m for year 2006 (Figure 312 

12f). Among the studied period, the influence depth in terms of soil water content presents the 313 

largest and smallest values in the years 2006 and 2004, respectively. However, more frequent 314 

rainfall events (Figure 4d) are recorded in the years 2003, 2004, 2005 and 2006. It infers that the 315 

relationship between the influence depth and the changing climate conditions is not significant as 316 

expected. This may be attributed to that the value of net water flux conditions is governed by both 317 

rainfall and evaporation on the soil surface.   318 

On the other hand, the soil temperature profiles in different years (2000 to 2006) at depths of 0~-319 

21 m are shown in Figure 13, presenting the influence depths of climate conditions: 18.4 m in the 320 

year 2001 (Figure 13a), smaller than 20 m in other years (Figures 13b~f).  The influence depth of 321 

climate conditions on temperature increases as time continues. It is inferred to be related to the 322 
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warming climate conditions produced by the increasing solar radiation from the year 2000 to the 323 

year 2006 in Figure 7a. 324 

As shown in Figures 12h and 13h, in the studied period of seven years (2000 to 2006), the 325 

influence depths of climate conditions are estimated to be larger than 20 m for both soil water 326 

content and temperature. It indicates that the overburden and the current storage space for 327 

LLW/ILW are potentially situated in the weather influenced zone in the future. Therefore, further 328 

investigation about the effect of soil water content and temperature on the performance of 329 

LLW/ILW storage system is required to minimize the negative weather influence on LLW/ILW 330 

storage and to provide a practical suggestion for future site selections. Based on the results of each 331 

year and seven years, it is inferred that the influence depths of climate conditions vary significantly 332 

in different studied periods. The differences are governed by the climate conditions of the studied 333 

periods. During the longer studied period (7 years), the influence of climate conditions on the 334 

variations of soil volumetric water content and temperature is accumulated, leading to a deeper 335 

influenced zone compared to that of each year. It may be attributed to the effect of wetting-drying 336 

cycles during the longer period on the changes of soil microstructure, allowing heat and water 337 

transport to a deeper zone.  338 

 339 

5. Conclusions 340 

In this study, the effect of climate conditions on soil water content and temperature in the 341 

overburden of LLW/ILW disposal facility were numerically investigated at different time scales 342 

(30 min, daily, weekly and monthly) and in the long term (7 years). Actual meteorological 343 

information data from Valencia El Saler station in Spain were used as the future climate conditions 344 
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of the studied site in middle France based on climate analogues. The obtained results allow the 345 

following conclusions to be drawn: 346 

(1) The variations of soil volumetric water content and temperature in the near-surface zone 347 

are mainly affected by the hydraulic (evaporation/infiltration) and thermal (soil heat flux) 348 

boundary conditions at the soil-atmosphere interface. At soil surface, distinct daily and 349 

seasonal variations of soil temperature can be observed, with higher values during the 350 

summer period and lower values in the wintertime. In the deeper zone, both soil volumetric 351 

water content and temperature show much smaller fluctuations compared to those of near 352 

soil surface zone. 353 

(2) The calculated results in terms of soil volumetric water content and temperature present a 354 

similar variation tendency at the same depth for the four different time scales. However, in 355 

general, the results at the time scale of 30 min depict the maximum and minimum values 356 

because of the extreme climate events recorded at this time interval. The daily fluctuations 357 

of soil water content and temperature are more evident at the time scale of 30 min than 358 

those of other time scales, especially at soil surface point. As a result, the employment of 359 

meteorological information at a short time scale (30 min) can increase the accuracy of 360 

simulation results by capturing the extreme climate events and accelerating the iteration 361 

rate of soil-atmosphere interaction. Thereby, it is suggested to apply the meteorological 362 

information at a short time scale (30 min) to estimate the soil hydro-thermal behavior in the 363 

geotechnical and environmental contexts. 364 

(3) In terms of influence depth for soil water content in the year 2000, it is limited to 4.8 m, 5.2 365 

m, 11.6 m, and 11.6 at the time scale of 30 min, daily, weekly, and monthly, respectively. 366 

The mass transfer between soil and atmosphere at the time scale of 30 min is more effective 367 
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than others. However, the influence depth in terms of soil temperature is limited to 368 

12.0~12.8 m, indicating the insignificant effect of time scale. It may result from the same 369 

amount of energy transfer between soil and atmosphere at different time scales. Additional 370 

work is required to further clarify this point.  371 

(4) The change of soil temperature in the long term (7 years) indicates that the peak 372 

temperatures of the summer periods show an increasing trend from 01/01/2000 to 373 

31/12/2006, reflecting the effect of the warming climate on soil temperature. Moreover, the 374 

influence of climate conditions on soil hydro-thermal behavior is accumulated over time, 375 

leading to a deeper influenced zone (> 20 m) in a longer studied period. It indicates that the 376 

overburden and the current storage space for LLW/ILW are potentially situated in the 377 

weather influenced zone in the future. 378 

(5) This study infers that a further investigation about the effect of soil water content and 379 

temperature variations on the performance of LLW/ILW storage system is required. It also 380 

enables a further detailed inspection of climate’s role in the LLW/ILW storage system to 381 

minimize the negative influence of climate change on LLW/ILW storage and to provide a 382 

practical suggestion for site selections.   383 
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Table captions 497 

 498 

Table 1. Soil properties of each layer in the study region 499 

Table 2. Soil thermal conductivity, water retention curve and hydraulic conductivity curve of each 500 

layer in the study region 501 

 502 

 503 

Figure captions 504 

 505 

Figure 1. (a) Schematic diagram of the studied region and (b) detailed soil information of different 506 

layers 507 

Figure 2. Soil properties of three layers: (a) the variations of soil thermal conductivity versus 508 

volumetric water content; (b) the variations of soil water retention versus suction, and (c) the 509 

variations of soil hydraulic conductivity versus suction 510 

Figure 3. Field meteorological information recorded from 01/01/2000 to 31/12/2000 at different 511 

time scales (30 min, daily, weekly and monthly): (a) solar radiation, (b) air temperature, (c) latent 512 

heat, (d) rainfall and (e) actual evaporation rate (calculated) 513 

Figure 4. Field meteorological information from 01/01/2000 to 31/12/2006 at the time scales of 30 514 

min: (a) solar radiation, (b) air temperature, (c) latent heat, (d) rainfall and (e) actual evaporation 515 

rate (calculated) 516 

Figure 5. Numerical model dimensions used in this study 517 

Figure 6. At the time scale of 30 min:  the variations of (a) soil volumetric water content and (b) 518 

soil temperature at depths of 0 m, -0.25 m, -0.5 m, -0.75 m, -1.0 m, and -1.5 m during the studied 519 

period 520 

Figure 7.  At the time scale of 30 min: (a) soil volumetric water content profiles and (b) temperature 521 

profiles at different times in zone 0~-20 m 522 
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Figure 8. Soil volumetric water content variations at different time scales (30 min, daily, weekly 523 

and monthly) at depths of (a) 0 m, (b) -0.25, (c) -0.75 m, and (d) -1.5 m 524 

Figure 9. Soil temperature variations at different time scales (30 min, daily, weekly and monthly) 525 

at depths of (a) 0 m, (b) -0.25, (c) -0.75 m, and (d) -1.5 m 526 

Figure 10. Soil volumetric water content and temperature profiles in zone 0~-20 m during the year 527 

2000 at different time scales: (a) daily; (b) weekly, and (c) monthly 528 

Figure 11. At the time scale of 30 min, the variations of soil (a) volumetric water content and (b) 529 

temperature at depths of 0 m, -0.25, -0.5 m, -0.75 m, -1.0 m, and -1.5 m from 01/01/2000 to 530 

31/12/2006 531 

Figure 12. At the time scale of 30 min, soil volumetric water content profiles at different times in 532 

zone 0~-20 m during different studied periods: (a) year 2001, (b) year 2002, (c) year 2003, (d) year 533 

2004, (e) year 2005, (f) year 2006, and (g) from year 2000 to 2006 534 

Figure 13. At the time scale of 30 min, soil temperature profiles at different times in zone 0~-20 m 535 

during different studied periods: (a) year 2001, (b) year 2002, (c) year 2003, (d) year 2004, (e) year 536 

2005, (f) year 2006, and (g) from year 2000 to 2006 537 

 538 
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Tables 551 

 552 

 553 

 554 

 555 

Table 1. Soil properties of each layer in the study region 556 

 557 

Layer Soil  Depth (m) Porosity Dry density (Mg/m3) 

L1 Silty clay 0~-1 0.35 1.3 

L2 Compacted Teguline clay -1~-36 0.37 1.7 

L3 Natural Teguline clay -36~-71 0.256 2.0 
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 593 

 594 

 595 

Table 2. Soil thermal conductivity, water retention curve and hydraulic conductivity curve of 596 

each layer in the study region 597 

 598 

Layer Soil thermal 

conductivity 

Soil water retention curve  Soil hydraulic conductivity 

curve  

  ( )1
m

nr
e

s r

S
θ θ αψ
θ θ

−−  = = +
 −

(2) 

( )
2

0.5 1/

e eS 1 1 S
m

m

sK K  = − −
  

(3) 

θs  θr  α  n Ks  

L1 1.55 0.47λ θ= +  (1) 0.32 0.00 0.0285 1.627 1.0×10-8 

L2 4.53 0.15λ θ= + (4) 0.37 0.004 3.5×10-4 1.60 1.4×10-9 

L3        λ =  2.0 0.245 0.004 8.0×10-5 1.80 3.0×10-12 

Comments:      λ (W/(m⋅K)) is soil thermal conductivity; 

θ  is soil volumetric water content; 

Se is soil effective saturation; 

θs is saturated volumetric water content; 

θr is residual volumetric water content; 

α (kPa-1), m and n are soil constants, m = 1-1/n; 

K  (m/s) is soil hydraulic conductivity; 

Ks (m/s) is soil saturated hydraulic conductivity. 
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Figures 610 

 611 

 612 

(a) 

 

(b) 

 

 613 

 614 

Figure 1. (a) Schematic diagram of the studied region and (b) detailed soil information of different 615 

layers 616 

 617 
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(a) 

 

(b) 

 

(c) 

 

Figure 2. Soil properties of three layers: (a) the variations of soil thermal conductivity versus 618 

volumetric water content; (b) the variations of soil water retention versus suction, and (c) the 619 

variations of soil hydraulic conductivity versus suction 620 
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(d) 

(e) 

 622 

Figure 3. Field meteorological information recorded from 01/01/2000 to 31/12/2000 at different 623 

time scales (30 min, daily, weekly and monthly): (a) solar radiation, (b) air temperature, (c) latent 624 

heat, (d) rainfall and (e) actual evaporation rate (calculated) 625 
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(e) 

 

 632 

Figure 4. Field meteorological information from 01/01/2000 to 31/12/2006 at the time scales of 633 

30 min: (a) solar radiation, (b) air temperature, (c) latent heat, (d) rainfall and (e) actual 634 

evaporation rate (calculated) 635 
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 644 

Figure 5. Numerical model dimensions used in this study 645 
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 655 

Figure 6. At the time scale of 30 min:  the variations of (a) soil volumetric water content and (b) 656 

soil temperature at depths of 0 m, -0.25 m, -0.5 m, -0.75 m, -1.0 m, and -1.5 m during the studied 657 

period 658 
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 662 

Figure 7.  At the time scale of 30 min: (a) soil volumetric water content profiles and (b) temperature 663 

profiles at different times in zone 0~-20 m 664 
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(d) 

 

 668 

Figure 8. Soil volumetric water content variations at different time scales (30 min, daily, weekly 669 

and monthly) at depths of (a) 0 m, (b) -0.25, (c) -0.75 m, and (d) -1.5 m 670 
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(d) 

 684 

Figure 9. Soil temperature variations at different time scales (30 min, daily, weekly and monthly) 685 

at depths of (a) 0 m, (b) -0.25, (c) -0.75 m, and (d) -1.5 m 686 
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 705 

      Soil volumetric water content profiles Soil temperature profiles 
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 706 

Figure 10. Soil volumetric water content and temperature profiles in zone 0~-20 m during the year 707 

2000 at different time scales: (a) daily; (b) weekly, and (c) monthly 708 
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 727 

Figure 12. At the time scale of 30 min, soil volumetric water content profiles at different times in 728 

zone 0~-20 m during different studied periods: (a) year 2001, (b) year 2002, (c) year 2003, (d) year 729 

2004, (e) year 2005, (f) year 2006, and (g) from year 2000 to 2006 730 
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 731 

Figure 13. At the time scale of 30 min, soil temperature profiles at different times in zone 0~-20 m 732 

during different studied periods: (a) year 2001, (b) year 2002, (c) year 2003, (d) year 2004, (e) year 733 

2005, (f) year 2006, and (g) from year 2000 to 2006 734 
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Year 2004

 1500 days          

 1560 days    

 1680 days    

 1800 days
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Year 2005

 1860 days          

 1920 days    

 2040 days    

 2160 days
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Year 2006

 2220 days          

 2280 days    

 2400 days    

 2520 days
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 0 day           120 days    

 240 days     360 days   

 480 days     600 days

 720 days     840 days

 960 days     1080 days

 1200 days   1320 days

 1440 days   1560 days

 1680 days   1800 days

 1920 days   2040 days

 2160 days   2280 days

 2400 days   2520 days
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