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Abstract

Understanding the near-surface soil thermal regime and its connection to the

atmospheric state is important for the assessment of several climate-related

processes. However, the lack of in situ soil temperatures measurements limits

the analysis of such processes. In this study, we have developed a quality-

controlled soil temperature database for Spain that consists of 39 sites span-

ning from 1987 to 2018. We have used this database to assess the near-surface

soil thermal regime. Likewise, we evaluate at seasonal to multidecadal time-

scales the land–air temperature coupling over Spain by analysing the structure

of the surface air temperature (SAT) and the ground surface temperature

(GST) covariance and also their long-term evolution. In addition, we have

employed the ERA5-Land reanalysis to test the consistence between observa-

tions and reanalysis. The results show that the near-surface soil thermal

structure is dominated by conduction despite some influence of hydrology-

related processes. Regarding the land–air temperature coupling, we have

found a strong connection between SAT and GST. However, in the summer

months there is an offset in SAT–GST at some sites due to limited evapora-

tion and enhanced sensible heat fluxes. Furthermore, multidecadal SAT–GST
decoupling may exist over some sites as a response to decreasing precipita-

tion. The ERA5-Land represents the observations' climatology well, but it

underestimates the summer soil temperature observations and the long-term

trends at some sites.
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1 | INTRODUCTION

Soil temperature is a key environmental variable that
is controlled by the energy and water exchanges at the

land surface and the thermal properties of the soil.
The surface energy balance establishes a link between
the atmosphere and the ground. This generally translates
into a strong connection between the state of the
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atmosphere and the land (Bonan, 2015) that result in a
coupling between the surface air temperature (SAT) and
the ground surface temperature (GST). In turn, the GST
affects the amount of heat flowing into/out-of the soil,
thus shaping the distribution of temperatures below the
surface.

The study of the subsurface thermal structure and its
connection to the atmosphere thermal state has been an
important field of research in climate science because of
the influence of the near-surface soil thermal regime on
water, heat and carbon exchanges (Steinert et al., 2021)
and biogeochemical processes like soil carbon stability
(Zhang et al., 2016). Likewise, a branch of paleoclimate
studies assume that subsurface temperatures record a
signal of the past surface temperature variations as a
result of the air–ground thermal connection and the
conductive propagation of surface temperature changes
into the subsurface (Cuesta-Valero et al., 2021). Under-
standing the connection between the atmosphere and
subsurface thermal state is also important for future
climate change assessments. It is expected that soil tem-
perature will increase over the 21st century as a response
to atmospheric warming at global (Soong et al., 2020) and
regional (Araghi et al., 2019) scales. This may potentially
enhance the carbon release from soils (Crowther et al.,
2016) and related climate feedbacks, or produce drier soil
conditions due to accelerated evaporation rates with
implications in the occurrence of extreme heatwaves and
drought events (Guerreiro et al., 2018; Chen et al., 2021).

In situ soil temperature observations allow exploring
the air–ground thermal connection. For instance, the down-
ward propagation of surface temperature changes have been
explored with the use of soil temperature observations.
Smerdon et al. (2004) showed that the downward propaga-
tion of surface temperature variations is effectively explained
by the laws of heat conduction that entail an exponential
decay and linear phase shift of surface temperature changes
as a function of depth (Carslaw and Jaeger, 1959). This is
supported by other works that yield similar evidence of the
prevalence of thermal conduction on controlling the distri-
bution of temperature in the subsurface (e.g., Putnam and
Chapman, 1996; Schmidt et al., 2001; Baker and Baker,
2002; An et al., 2016; Tong et al., 2017).

Similarly, land–atmosphere interactions can be ana-
lysed with the use of soil and air temperature observa-
tions. This is important because the bond between SAT
and GST may be altered by land surface changes altering
the ground surface energy balance. These changes occur
at different timescales, daily, seasonal cycles, decadal,
centennial and longer-term variations as a response to
external forcings (Melo-Aguilar et al., 2018). In such
cases, the temperature signal that propagates into the
subsurface may be decoupled from the temperature

variations in the overlying atmosphere. Smerdon
et al. (2003) showed that in areas with large amount of
snow cover, the coupling between the air and soil tem-
peratures at seasonal scales is interrupted because of the
insulating effect of snow cover. SAT and GST decoupling
may also develop at interannual to decadal timescales in
response to changes in snow cover seasonality (Beltrami
and Kellman, 2003; Bartlett et al., 2004; García-García
et al., 2019; Soong et al., 2020). Other factors can also lead
to short-term SAT–GST decoupling. For example, the type
of vegetation cover may produce large differences between
SAT and GST with the GST generally warmer than the
SAT on daily and annual cycles (Cermak et al., 2017).

The use of soil temperature data has provided insights
into the heat transfer mechanisms within the subsurface
and the role of surface processes on the SAT–GST cou-
pling at short timescales. However, most of these works
have been carried out at a few locations in North Amer-
ica because of the lack in ST observations in other parts
of the world.

In the recent decades, soil temperature databases with
local or regional coverage around the globe have been
developed. For instance, Hu and Feng (2003) developed
a soil temperature database for the U.S. including five soil
layers down to a depth of 1 m. Likewise, the U.S. Climate
Reference Network (USCRN; Bell et al., 2013) and the
Soil Climate Analysis Network (SCAN; Schaefer and
Paetzold, 2000) includes soil-temperature records since the
late 20th century. Some regional soil temperature observa-
tional datasets have also been developed in other parts of
the world such as Canada (Qian et al., 2011), China
(Zhang et al., 2016) and Russia (Zhang and Barry, 2000).

Despite the current developments in soil temperature
datasets around the globe, there are still limitations in their
spatial and temporal availability (Hao et al., 2014; Huang
et al., 2020) as ST has received less attention than other
meteorological variables (e.g., air temperature and precipita-
tion; Qian et al., 2011). Therefore, expanding the spatial and
temporal coverage of soil temperature databases is of great
interest to improve our understanding of processes that
influence the exchange of energy between the atmosphere
and the subsurface thermal state, the soil thermodynamics
and the response to atmospheric warming. This is relevant
for several climate studies, including agricultural appli-
cations, CO2 release from soils to the atmosphere (Hicks
Pries et al., 2017) and even paleoclimate reconstructions.

In this work, we have developed a database of Soil
Temperature Observations for Spain (SoTOS) that
includes records for five soil layers down to a depth of
1 m and surface air temperature (2 m above ground) at
39 observatories spanning from 1987 to 2018. We have
performed a data quality control (QC) in order to elimi-
nate erroneous measurements and homogenize the
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dataset. We use SoTOS to explore the shallow subsurface
thermal regime via the evaluation of the downward con-
ductive heat propagation (i.e., soil surface temperature
changes characteristics). Subsequently, we address the

coupling between SAT and GST at seasonal to mul-
tidecadal timescales.

Additionally, we compare SoTOS and the ERA5-Land
reanalysis (ERA5-L; Muñoz Sabater, 2019). The comparison

TABLE 1 List of AEMET weather stations included in SoTOS

Site Code Altitude (m.a.s.l.) Longitude (�) Latitude (�) Location

1 4642E 19 353.0903 37.2800 Huelva (Ronda este)

2 7178I 62 358.8306 38.0028 Murcia

3 4452 185 353.1708 38.8833 Badajoz (Talavera, base aérea)

4 4116I 622 356.2597 38.9508 Almagro (Famet)

5 4121 627 356.0803 38.9894 Ciudad Real

6 8178D 674 358.1392 39.0069 Albacete (Observatorio)

7 3469A 405 353.6606 39.4722 C�aceres (Carretera Trujillo)

8 B691 40 3.0197 39.7464 La Puebla

9 3260B 516 355.9506 39.8847 Toledo (Buenavista)

10 8096 956 357.8619 40.0667 Cuenca

11 8368U 900 358.8772 40.3517 Teruel

12 2444 1130 355.3214 40.6500 Ávila (Observatorio)

13 3168C 635 356.8258 40.6611 Guadalajara (El Serranillo)

14 2462 1890 355.9897 40.7806 Navacerrada (Puerto)

15 2465 1005 355.8728 40.9478 Segovia (Observatorio)

16 2867 790 354.5039 40.9456 Salamanca (Matac�an)

17 0200E 412 2.1253 41.4194 Barcelona (Fabra)

18 2614 656 354.2664 41.5167 Zamora (Observatorio)

19 0222 168 2.1689 41.6139 Caldes de Montbui

20 9771C 192 0.5950 41.6258 Lleida (Observatorio)

21 2422 735 355.2333 41.6500 Valladolid (Observatorio)

22 9434 247 358.9919 41.6619 Zaragoza (Aeropuerto)

23 2539 846 355.1500 41.7000 Valladolid (Villanubla)

24 0149D 280 1.8392 41.7211 Manresa (La Culla)

25 2030 1082 357.5333 41.7667 Soria (Observatorio)

26 0341 611 2.2278 41.8478 Tona (Escola)

27 1495 255 351.3680 42.2236 Vigo (Peinador)

28 1690A 143 352.1397 42.3278 Ourense (Granxa Deputaci�on)

29 2331 890 356.3675 42.3561 Burgos (Villafría)

30 1484C 107 351.3836 42.4400 Pontevedra (Mourente)

31 1549 534 353.4000 42.5639 Ponferrada

32 2661 916 354.3506 42.5889 Le�on (Virgen del Camino)

33 9091O 508 357.2772 42.8839 Vitoria

34 1428 364 351.5731 42.8994 Santiago de Compostela

35 1505 444 352.5439 43.1153 Rozas (Aer�odromo)

36 1024E 252 357.9605 43.3075 San Sebasti�an (Igueldo)

37 1249I 336 354.1267 43.3536 Oviedo (El Cristo)

38 1387 58 351.5806 43.3672 A Coruña

39 1111 52 356.2003 43.4917 Santander
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provides information regarding the consistency of ERA5-L
for representing the subsurface thermal state and the
land–air interactions from local to regional scales in Spain.
This analysis is relevant as ERA5-L is employed in climate
research, in operational weather prediction, drought, flood
risk management and soil moisture feedbacks on climate
(Gallego-Elvira et al., 2016).

2 | DATA

2.1 | Soil temperature observational
dataset for Spain

A set of soil temperature (ST) and surface air temperature
(2 m above ground; SAT) observations were collected

from the Spanish Meteorological Agency (Agencia Estatal
de Meteorología; AEMET) for a total of 39 sites over the
Iberian Peninsula and the Balearic Islands spanning from
1987 to 2018 (Table 1). The ST data are measured at
5, 10, 20, 50 and 100 cm depth (ST5, ST10, ST20, ST50 and
ST100, hereafter). The SAT and ST5, ST10, ST20 data are
provided on intradaily resolution with measurements
available at 0000, 0700, 1300 and 1800 GMT; for SAT,
daily maximum and minimum values are also available.
For the ST50 and ST100, only one observation per day is
taken at 1800 GMT.

The SAT data present a relatively homogeneous dis-
tribution of initial and final dates of available records in
1985 and 2018, respectively (Figure 1). The length of
available ST data is highly variable among sites and for
the different soil layers due to difference in the initial

FIGURE 1 Initial (left) and final (middle) date of records for each of the 39 sites considered in SoTOS. Percentage of missing values

relative to the time interval between the initial final dates of observations (right). Surface air temperature (SAT) and soil temperature (ST) at

5 and 100 cm are shown as examples (top to bottom). The arrows at some sites (e.g., 4, 5) point to the actual location while the symbol has

been moved to avoid overlap [Colour figure can be viewed at wileyonlinelibrary.com]
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and ending dates for ST records (Figure 1d,e,g,h). Thus,
the ST data do not cover the full 1987–2018 period at all
sites. In addition, missing data also affect the availability
of records (Figure 1c,f,i), while data are significantly
reduced for both ST5 and ST100. In a few cases, the miss-
ing data can reach up to 60–80%.

For the analyses developed in this study, daily aver-
ages are estimated from the available intradaily records.
For the SAT, the daily mean is obtained as the average
between the daily maximum and minimum values since
both of these records are available. This is a standard pro-
cedure to obtain daily average in meteorological tempera-
ture data (WMO, 2018). For ST5, ST10 and ST20 daily
maximum and minimum values are not available. There-
fore, the daily mean is calculated using the minimum
and maximum values among the four available daily
measures. The minimum temperature value is regularly
captured at 0700 GMT for soil layers close to the surface,
whereas the maximum value is recorded between the
1300 and 1800 depending on both depth and season.

2.1.1 | Quality control

We applied a QC to the original intradaily data and the
SAT daily maximum and minimum values before esti-
mating the daily averages. The QC consisted of a two-step
process that identifies suspicious data that are flagged as
measurement errors. The erroneous measurements were
corrected when possible or discarded otherwise.

The first step detects extreme values that are measure-
ment errors with a high level of confidence. To do so, we
established two criteria: (a) unrealistically large or small
temperature values based on absolute values above 50�C
and below −50�C (Gonzalez-Hidalgo et al., 2015) and
(b) spikes in temperature data. The spikes are identified by
taking the differences between three consecutive measure-
ments, centered on each of the data points. The smallest
absolute difference is considered and compared with a
threshold value. If the difference exceeds this threshold, the
data point is flagged (spike) and deleted (Reek et al., 1992).
Imposing a correct limit to determine whether a certain
data point is an error is crucial to avoid eliminating
extreme values that are due to meteorological extremes.
We imposed a threshold of 10�C for maximum differences
representing a conservative approach. Figure 2a illustrates
results of the internal consistency check for site-16. The
erroneous data are flagged (red points) and deleted.

In the second step, other situations that affect the
quality of temperature data, such as changes in the aver-
age or trends over some periods of the time series, that is,
inhomogeneities (Gonz�alez-Rouco et al., 2001), are iden-
tified. Hu and Feng (2003) showed that, in some cases,

changes in the average/trend in some of the ST layers
can be corrected. This is possible if such a behaviour is
present over short periods of time and if there is a refer-
ence ST from a different soil layer that is not affected by
this situation. As it is assumed that soil temperature at
different soil layers is a function of the downward propa-
gation of the surface temperature signal through mostly
conductive heat transport, the ST at different soil layers
contains a similar long-term behaviour (trend) provided
that shallow depths are considered. Thus, the reference
depth trend can be used to estimate the corrected data for
the segment in the affected one (Hu and Feng, 2003),

STe=STc− ac+bctð Þ+ ar+brtð Þ−ΔSTrc, ð1Þ

where STe and STc represent the estimated and the origi-
nal ST in the affected segment, respectively, t is the time
in days, and ac+bct and ar+brt represent the linear fit to
the data for the affected ST and the reference ST in the
affected segment, with a and b as the regression coeffi-
cients. ΔSTrc is the difference in the temperature average
between the affected and reference ST, excluding the
affected segment. ΔSTrc is included to account for the
temperature variations with depth.

Equation (1) is employed to estimate the corrected
data for the segment of the ST20 (shaded region; 1990–
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Red circles in (a) stand for erroneous flagged and corrected data.

The shaded area in (b) highlights the period 1989–1994 in which

the ST20 presents a change in the trend that is not evident in the

ST at the other available layers. In this case, ST10 is used as a

reference for the correction of the change in the ST20 [Colour

figure can be viewed at wileyonlinelibrary.com]
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1994) in the example depicted in Figure 2b. In this case,
ST10 is used as the reference temperature. A summary of
the corrected segments and the percentage of fixed
records relative to the total length of the series is shown
in Table 2.

Similar to the changes in the average of time series,
there are cases with changes in the amplitude over seg-
ments of time series that also impact the quality of the
data. These types of errors can be detected by the cumula-
tive sum of squares (Peterson et al., 1998). In some cases,
it is possible to obtain corrected ST data for the segments
that exhibit such type of error (Hu and Feng, 2003). To do
so, the segment of the time series with the correct ampli-
tude is used to rescale the amplitude of the segment that
depicts this type of error. This procedure was only applied
for site-29, in which the original data are affected from
2002 to 2008 at all soil layers (Table 2).

2.2 | Reanalysis data

This study also considers the ERA5-L reanalysis that pro-
vides simulated fields of land surface states. The ERA5-L
runs the stand-alone H-TESSEL land surface model
(IFS, 2018), that is, not coupled to the atmospheric or
oceanic components. It is forced by atmospheric vari-
ables from the ERA5 atmospheric reanalysis (Hersbach
et al., 2020). ERA5-L has a spatial resolution of 9 km,
with hourly temporal frequency output covering the
period from 1981 to present. The H-TESSEL is discretized
into four layers (Table 3) down to a depth of 2.89 m.
The soil temperatures are defined at full layers while the
heat fluxes are defined at the interface between layer
i and i + 1. The model soil layer depths do not exactly
match those of the observations, however, the vertical
distribution of soil levels in the H-TESSEL land surface
model is comparable to those in SoTOS. To allow for

comparison, the ERA5-L soil layers are linearly interpo-
lated to the SoTOS layers.

We use soil temperature data from ERA5-L over the
region between 35�–45�N and 10�W–5�E, for the 1985–
2018 period at monthly resolution. Other variables such
as volumetric soil water content and 2 m air temperature,
are also considered for some analyses developed herein.

3 | METHODS

3.1 | Subsurface thermal regime

To assess the shallow subsurface thermal regime, we
evaluate the propagation of surface temperature varia-
tions into the subsurface. This process is controlled by
the one-dimensional time-dependent heat conduction
equation (Carslaw and Jaeger, 1959),

∂T
∂t

=κ
∂2T
∂z2

, ð2Þ

where κ is the thermal diffusivity of the medium, and z
and t stand for depth and time, respectively. Assuming
that the temperature variations at the surface can be rep-
resented by simple harmonic variations and considering

TABLE 2 Summary of the corrected ST data according to the changes in trend or amplitude over some segments of the time series,

indicating the site number (see Table 1), the corrected and reference ST layers, the time interval of corrected records and the percentage of

corrected records

Site Corrected ST layer Reference ST layer Corrected period % of data

Changes in trend 1 ST20 ST5 Aug 31, 1990–Feb 28, 1994 20.8

1 ST100 ST50 Aug 4, 1992–Oct 31, 1997 55.4

5 ST100 ST50 Jan 1, 1987–Dec 31, 1988 8.8

8 ST100 ST50 Jul 1, 1998–Feb 28, 2003 30.9

23 ST100 ST50 Jan 1, 2005–Dec 31, 2007 9.3

27 ST100 ST50 Jan 1, 1989–Dec 31, 1995 38.7

36 ST20 ST10 Jan 1, 1995–Mar 31, 1999 13.2

Changes in amplitude 29 ST20–ST100 Jan 1, 2002–Jan 31, 2008 29

TABLE 3 Soil layers and node depths in the H-TESSEL land

surface model. The node depth at which the soil temperatures are

defined corresponds to the middle of each layer

Layer Layer depth (m) Node depth (m)

L1 0–0.07 0.035

L2 0.07–0.28 0.175

L3 0.28–1 0.64

L4 1–2.89 1.945
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a homogeneous subsurface with no internal heat produc-
tion, the solution of Equation (2) as a function of time
and depth takes the form,

T z, tð Þ=Ae −z
ffiffiffiffiffiffiffi
π=τκ

p� �
cos

2π
τ
t−z

ffiffiffiffiffiffiffiffiffiffi
π=τκ

p� �
, ð3Þ

where A and τ represent the amplitude of the tempera-
ture change and the period of oscillation, respectively.
Equation (3) shows that the amplitude of the temperature
variations is attenuated exponentially with depth. Like-
wise, there is a linear phase shift (ϕ=z

ffiffiffiffiffiffiffiffiffiffi
π=τκ

p
) with

depth relative to the initial phase of the oscillation at the
surface.

We evaluated these characteristics in the 39 SoTOS
sites. The amplitude and phase of the annual signal from
the daily soil temperature measurements at 5, 10,
20, 50 and 100 cm depth are extracted using linear least-
squares fitting of the data to a sine-wave model of
the form,

T tð Þ=Asin
2π
τ
t−ϕ

� �
: ð4Þ

The annual signal is employed as a reference because
the seasonal cycle is closely approximated to a simple-
harmonic wave. Likewise, the annual signal is traceable
within the upper meter of the soil, whereas higher-
frequency oscillations (e.g., diurnal cycle) are completely
attenuated within the first meter (Putnam and
Chapman, 1996). The first soil layer (ST5) is used as a ref-
erence to estimate the phase shift of the subsequent
layers (i.e., ST10, ST20, ST50 and ST100). Once the ampli-
tude and phase shift of the annual signal have been
obtained for all of the available soil layers, a linear regres-
sion of both the natural logarithm of the amplitude and
phase shift versus depth is performed. In either case, the
regression slope allows estimating an apparent thermal
diffusivity (κ) as the propagation of the signal depends on
κ and the period of oscillation (see Equation (3)). The
apparent thermal diffusivity can be thought of as an
estimation of the conductive propagation of the surface
temperature variations in the shallow subsurface. SoTOS
allows for evaluating the subsurface conductive heat
transport assumption for various sites with different
climatological and soil thermal properties, thus expan-
ding on the analysis of previous works (e.g., Smerdon
et al., 2004).

For the implementation of this procedure, it is conve-
nient that temperature records for all soil layers at indi-
vidual locations have the same time span. All SoTOS sites
contain enough information to ensure that soil tempera-
ture records are available during a common time period

at all soil layers. However, the specific period of data
availability may differ from site to site due to the variabil-
ity in the temporal coverage of records for the different
sites (Figure 1). We have imposed a condition of a mini-
mum of 5 years of continuous data for all soil layers at
each of the sites so that the time span of available data is
sufficient to provide reliable results.

3.2 | SAT–GST coupling

To explore the relationship between SAT and GST at
interannual to decadal timescales, we employ the SAT
and the ST5 variables. The latter is considered as the GST
since this is the closest available level to the surface.
First, the Pearson's correlation coefficient between SAT
and GST is estimated over the whole available period
using monthly anomalies (i.e., annual cycle removed by
subtracting the corresponding monthly long-term aver-
age from each monthly value). Also, the differences
between the SAT and the GST mean values are evaluated
as this provides information about the energy exchange
across the air–ground interface (García-García et al.,
2019). Second, the temporal evolution of the SAT–GST
relationship is explored by estimating the SAT and GST
linear trends over the 1988–2018 period. This is done for
selected sites that include SAT and GST information for
the complete period. Such an assessment allows identify-
ing potential SAT–GST decoupling processes on inter-
annual to decadal timescales. The SAT–GST relationship
is addressed on seasonal and annual averages to explore
the variability in the energy exchanges at the surface
across the year.

All of the analyses described for SoTOS are also
implemented using the ERA5-L dataset. We describe the
consistency between observations and reanalysis through-
out the article.

4 | RESULTS AND DISCUSSION

4.1 | SAT and ST climatologies

Within the 1987–2018 period, the mean annual SAT is
above 10�C for the bulk of the SoTOS sites (Figure 3).
The highest values of approximately 20�C are recorded
over the southernmost part of the Iberian Peninsula
(e.g., sites 1 and 2) with a gradual decrease towards
northern Spain. However, there are some areas over
northeast Spain, the Ebro Valley and the Balearic Islands
in which the annual mean temperature can be as high as
in the southern half of the Iberian Peninsula (>15�C;
sites 17, 19, 20 and 22). The northern Inner Plateau

MELO-AGUILAR ET AL. 7



exhibits, on average, the coldest annual SAT with tem-
peratures around 11�C. The minimum annual SAT
(6.2�C) is observed at high elevation in the Sierra de
Guadarrama (site 14). The ERA5-L represents the mean
SAT of the SoTOS sites. Likewise, it shows a consistent
spatial distribution of temperatures in agreement with
the observations.

STs at all depths show a similar spatial distribution as
SAT in the observations and the reanalysis. Interestingly,
mean STs are warmer than SAT on average, which is
more noticeable in the SoTOS sites. Indeed, the SoTOS
sites show slightly higher STs than ERA5-L.

To provide a metric regarding the consistency bet-
ween ERA5-L and the observations, Taylor diagrams
(Taylor, 2001) are developed for the annual averages and
for the Northern Hemisphere winter (DJF) and summer
(JJA) seasons (Figure 4). This evaluation is carried out by
selecting the nearest grid points (co-located) in the
ERA5-L grid to the observational sites. For SAT, ERA5-L
reproduces the observations with a correlation above 0.9
(p < 0.05) and standard deviation ratios distributed

around 1 for the bulk of the sites both in the annual case
and the JJA and DJF seasons (Figure 4a,d). ERA5-L
shows lower skill reproducing the ST5 observations as the
correlation coefficients decrease for the annual average
in comparison to SAT, although most of them still have
high correlation (>0.7). Similarly, the standard deviation
ratios are systematically below 1 revealing that ERA5-L
underestimates the variability of observations. The JJA
and DJF cases suggest that most of the annual average
variability for ST5 is influenced by the JJA season as
the data in this season are spread towards lower corre-
lation coefficients and standard deviation ratios below
1. Whereas in DJF, correlation is higher and standard
deviation ratios cluster around 1 in most of the cases.
A similar picture to the ST5 is depicted for the ST100. The
correlation coefficients range from 0.4 to 0.9 in the
annual data, and the standard deviation ratios are distrib-
uted below 1. The JJA and DJF seasons show a wider
range of correlation values ranging from 0.2 to 0.95 and
standard deviation ratios below the 0.5 arc for the JJA
season. The reduction in the ability of the ERA5-L to
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FIGURE 3 Mean annual temperature for SAT, ST5, ST10, ST20, ST50 and ST100 (from a to f, respectively). The period employed to

obtain the mean values may differ from site to site because of the differences in the available data for both sites and variables. The mean

temperature from the ERA5-L reanalysis is shown in the background for the 1985–2018 period. The soil layers of ERA5-L have been linearly

interpolated to the SoTOS depths [Colour figure can be viewed at wileyonlinelibrary.com]
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reproduce the soil thermal state over the SoTOS sites
may be related to issues such as the model spatial resolu-
tion and the interpolation process (Yang and
Zhang, 2018). It may also be influenced by assimilating
only surface data (Balsamo et al., 2015) or to the use of a
shallow bottom boundary condition placement in the
model (Smerdon and Stieglitz, 2006). The lower fit in JJA
may be related to turbulent heat fluxes due to interac-
tions with vegetation (Johannsen et al., 2019).

4.2 | Subsurface thermal regime

4.2.1 | Conductive heat transport

Figure 5a illustrates the time series of daily SAT and ST
data for site 2. Note that there may be gaps in the ST
data. Despite such gaps, there are some periods in which
data are available at all depths (e.g., 1997–2015). These
periods of corresponding coverage of ST data permit the
extraction of both the amplitude and phase of the

different soil layers in a homogeneous frame, so that the
analysis of the conductive heat transport can be per-
formed. All the SoTOS sites contain ST information at all
depths for corresponding periods of at least five consecu-
tive years (not shown).

The amplitude and phase of the annual signal for
SAT and ST at all depths are extracted using a linear
least-squares fitting as described in section 3. This infor-
mation is employed to represent the annual cycle
(Figure 5b). Interestingly, the SAT annual signal shows a
lower amplitude relative to the ST at the upper layers.
This feature is common to the majority of the SoTOS
sites. The nature of such a response is discussed in
section 4.3.1. A simple visual inspection reveals the
amplitude attenuation and phase shift with depth of the
downward propagating wave, visible, for example, in
ST100 relative to the upper layers. This, qualitatively illus-
trates the characteristic of the conductive heat transport
of the surface temperature signal into the soil.

To provide a quantitative measure on the conductive-
dominated shallow soil thermal regime, a linear
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regression model is applied to the natural logarithm of
the amplitude (Ln-A, hereafter) and the phase shift (P-S,
hereafter) versus depth (Figure 6). The regression lines
show the linear dependence of both Ln-A and P-S with
depth. In all SoTOS cases, the r2 of either the Ln-A or P-S
is above 0.95. The resulting slope is used to estimate an
apparent thermal diffusivity of the shallow subsurface, as
an average over the entire year across the subsurface's
upper meter (indicated in each of the panels), and to
obtain a metric of conductive heat transport (see
section 3).

The resulting thermal diffusivity obtained from the
Ln-A and P-S can often be different for the SoTOS sites.
In some cases, such difference is relatively small within
the range of a few tenths of 1×10−7m2 � s−1 (e.g., site 2),
while some other cases show larger differences (e.g., site
21). In previous works that have used a similar approach
to estimate the subsurface apparent thermal diffusivity,
the values obtained from either the Ln-A or the P-S
closely coincide (e.g., Smerdon et al., 2003; 2004). How-
ever, SoTOS differs from those case studies by including

ST observations only for the subsurface upper meter,
whereas in other works, the soil temperature profiles go
down to at least 3 m depth and reach >10 m. In such
cases, the bottom part of the soil profiles is less affected by
soil hydrology-related processes (e.g., evapotranspiration)
that may have a considerable influence on altering the
pure conductive regime (see section 4.2.2). Gao et al. (2008)
found that, for the diurnal cycle, estimating the near-
surface soil thermal diffusivity from the amplitude attenu-
ation or the phase shift with depth may yield slightly dif-
ferent results if only thermal conduction is considered.
Likewise, Tong et al. (2017) showed that the estimation of
the amplitude and phase of the daily cycle at different
depths is highly sensitive to small changes in liquid water
flux. Thus, neglecting nonconductive subsurface processes
when estimating apparent thermal diffusivity might pro-
duce the differences in the apparent thermal diffusivity.

4.2.2 | Soil moisture influence on the
apparent thermal diffusivity

Even though we have not considered the effect of soil
hydrology in our estimation of the apparent thermal dif-
fusivity, the influence of soil water content can be
observed in the spatial distribution of estimated apparent
thermal diffusivities (Figure 7). The results of the
ERA5-L, shown in the background, are based on interpo-
lated ST layers to the SoTOS depths. Thus, in both cases,
the thermal diffusivity represents the mean value over
the upper 1 m depth. The ERA5-L apparent thermal dif-
fusivity yields lower values than those obtained from the
observations using either the Ln-A or P-S. Therefore, the
results have been scaled by a factor of 2 to improve spa-
tial patterns visualization. There is a similar pattern in
the observations and the reanalysis, with larger values
over the northern coastal edge of the Bay of Biscay
(e.g., sites 36, 37 and 39) and some other sites dispersed
over the Peninsula (e.g., sites 3, 21 and 25). The ERA5-L
soil moisture content (Figure 7c) reveals a strong influ-
ence of soil water content on the apparent thermal diffu-
sivity. In general, larger thermal diffusivities coincide
with larger soil water content. This relationship is espe-
cially evident in the Ln-A map (Figure 7a), but such a sig-
nal can also be detected in the P-S map (Figure 7b).
Although other factors such as the soil texture and min-
eralogy, bulk density, salt concentration and organic mat-
ter content also influence soil thermal diffusivity (Abu-
Hamdeh and Reeder, 2000), the soil water content
accounts for a large part of the spatial variability in the
apparent thermal diffusivity for the study area as soil
water content affects the soil thermal conductivity (Patil
et al., 2011) and the volumetric heat capacity (McCumber
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and Pielke, 1981). In the case of the ERA5-L data, there
are also differences in the estimation of the apparent
thermal diffusivity form the Ln-A and the P-S. In this
case, besides the thermal effects related to phase changes,
which are included in the H-TESSEL model, the errors in
the representation of the amplitude attenuation and
phase shift with depth due to having a shallow boundary
condition at the bottom may also have an effect. It can be
around 20% in amplitude and 5% in phase shift for the
propagating of signals between 1 day and 1 year (Viterbo
and Beljaars, 1995).

Another way to address the influence of soil water
content on the shallow subsurface thermal regime, is to
compare the evolution of the apparent thermal diffusivity
and its relationship to soil moisture. Although no mea-
surements of soil moisture are available for the SoTOS

sites, the ERA5-L data can be used as an alternative.
Likewise, observed precipitation may be used as a proxy
for soil moisture as the spatio-temporal variability of soil
moisture depends on precipitation (Sehler et al., 2019).
To estimate the variations with time in the apparent ther-
mal diffusivity, we have selected the sites with the longest
consecutive ST records at all depths. The thermal diffu-
sivity is estimated for chunks of three consecutive years
using a 1-year moving window. The same approach is
applied to ERA5-L using the co-located grid points to the
observational sites in SoTOS over the 1981–2018 period.

Figure 8 illustrates the evolution of the apparent ther-
mal diffusivity from SoTOS and ERA5-L, the ERA5-L co-
located grid point soil water content as the weighted
average over the layer thickness for the upper meter of
the soil and the observed precipitation for sites 28. The
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SoTOS thermal diffusivity spans from 1987 to 2003. Only
the results from the Ln-A are depicted because in the
reanalysis, the results from the P-S show less variability
with time. Note that there is good agreement between
ERA5-L soil moisture and precipitation with a Pearson
correlation coefficient of 0.67 (p < 0.05). Similarly, the
apparent thermal diffusivity from SoTOS and ERA5-L
show similar variability (r = 0.44) and also to the varia-
tions in soil moisture and precipitation. The temporal
variability in the apparent thermal diffusivity and soil
moisture/precipitation suggests that the variation in soil
water content influences the thermal diffusivity variabil-
ity with time. The effect of soil water content on thermal
conductivity is shown in a study carried out in the
Czech Republic where the high-est thermal conductivi-
ties were measured in soils with relatively high soil water
content (Kodešov�a et al., 2013).

Despite the differences between the Ln-A and P-S
thermal diffusivity estimates, the resulting values, in
either case, agree with in situ measurements in different
parts of the world. For instance, measured thermal diffu-
sivity of soil, in the area of Ogun state (Southwestern
Nigeria) for the upper 1.5 m soil depth ranges from 3.46
to 7.5 × 10−7 m2�s−1 for sandy soils with relatively low
soil moisture content (Oladunjoye and Sanuade, 2012).
Similarly, S�aez Bl�azquez et al. (2017) found that soil ther-
mal conductivity for the Avila region (Spain) ranges from
�1.44 to 2.5 W�m−1�K−1 depending on the soil type and
moisture conditions. Assuming typical values of density
(ρ) and specific heat (cp) for soil mineral and soil organic
matter around 1,800 kg�m−3 and 1,400 J�kg−1�K−1

(Kluitenberg, 2002), these conductivity values would
roughly correspond to thermal diffusivities of 6–
10× 10−7 m2�s−1 (κ=α=cpρ). This range of variations is
similar to the estimated thermal diffusivity from the anal-
ysis developed herein.

4.3 | Land–atmosphere interactions

4.3.1 | SAT–GST coupling

The SAT–GST coupling is usually assessed by analysing
the differences between SAT and GST mean values as
well as their covariance structure over a reference time
period since this provides information on the interactions
across the air–ground interface (Bartlett et al., 2004; Gon-
z�alez-Rouco et al., 2009; Melo-Aguilar et al., 2018).
Figure 9 shows the SAT–GST differences (top) and the
correlation coefficients (bottom) for DJF (left) and JJA
(centre) seasons separately and for the annual average
(right). For a few SoTOS sites (i.e., sites 6, 14, 26, 38 and
29), the existence of missing data in GST, either in DJF
or JJA over relatively large periods, prevents calculating
the correlation coefficients. Therefore, these sites are
excluded from the analysis.

For DJF, there is a strong bond between SAT and
GST as low nonsignificant differences and high correla-
tion coefficients (>0.9) are calculated for most of the
SoTOS sites. The ERA5-L data agree in representing the
SAT-GST differences and correlations in DJF. The
reanalysis correlations show a general distribution of
values above 0.95 except in the mountain areas. Particu-
larly, the low correlation coefficients over the Pyrenees
are worth noting. A similar pattern with high negative
SAT–GST differences is observed over this region, which
is likely the response to the snow cover insulating effect
that prevents the contact of the cold air with the ground
surface (Melo-Aguilar et al., 2018).

The JJA maps show different behaviour compared to
DJF since the majority of SoTOS sites show negative
SAT–GST differences with some large values distributed
over both the northern and the southern plateau and the
Mediterranean and Atlantic coasts that can reach >7�C

-30

-20

-10

 0

 10

 20

 30

P
R

E
C

P
 a

no
m

al
y 

(m
m

)

PRECP

-0.03

-0.02

-0.01

 0

 0.01

 0.02

 0.03

S
m

oi
s 

an
om

al
y 

(m
3  m

-3
)Smoisk SoTOS

 3

 8

 13

1986/01/01 1994/01/01 2002/01/01 2010/01/01 2018/01/01

Site-28

k 
(m

2  S
-1

 ×
 1

0-7
)

k ERA5-L

FIGURE 8 Evolution of thermal diffusivity in SoTOS (ERA5-L) estimated for chunks of three consecutive years within the 1994–2014
(1981–2018) period using a 1-year moving window. The thermal diffusivity is presented only for the ln-A analysis as described in Figure 6.

The entire soil mode profile is employed to estimate the thermal diffusivity of ERA5-L. The reference depths to evaluate the relationship

between amplitude attenuation and phase shift with depth are the midpoint of each model soil layer (i.e., 0.035, 0.175, 0.64 and 1.945 m

depth). The estimated thermal diffusivity from ERA5-L is scaled by a factor of 2 for visibility. Precipitation (volumetric water content) is also

shown over the full 1981–2018 period as an average of three consecutive years to match the thermal diffusivity estimations. The ERA5-L

volumetric water content is presented as a weighted average over the entire soil profile (i.e., L1, L2, L3 and L4). Results are shown for site

28 as an example [Colour figure can be viewed at wileyonlinelibrary.com]

12 MELO-AGUILAR ET AL.

http://wileyonlinelibrary.com


in absolute value. Likewise, the correlation coefficients
decrease for some of the SoTOS sites, although they are
still high (>0.5) in all cases. ERA5-L shows good agree-
ment with the SAT–GST differences in the summer
months with negative differences that coincide with those
of SoTOS. However, the SAT–GST differences are of
smaller magnitude compared to SoTOS. Likewise, ERA5-L
does not represent the lower correlation depicted by some
SoTOS sites in this season. Other works have also found
that ERA reanalysis products (e.g., ERA5-L, ERA5 and
ERA-Interim/land; Balsamo et al., 2015) tend to underesti-
mate GST observations. Johannsen et al. (2019) showed
that these products underestimate summertime daily
maximum GST over the Iberian Peninsula. Similarly, a
cold bias has also been reported over China, especially
during summer (Yang and Zhang, 2018; Li et al., 2020).
Johannsen et al. (2019) found that the treatment of

vegetation cover in the H-TESSEL may partially explain
the underestimation of the GST since ERA5 overestimates
the total vegetation cover over the Iberian Peninsula. The
latter may lead to a higher surface–atmosphere coupling
via turbulent exchanges dissipating more energy from the
ground surface back to the atmosphere, especially in semi-
arid regions. Indeed, the location of most of the SoTOS
sites corresponds to bare soil, short grass and shrub sur-
faces (not shown). These land cover types have been
shown to enhance the land surface radiative heating. A
dry bare surface would warm more than a vegetated cov-
ered area and consequently have a larger SAT–GST offset
(Cermak and Bodri, 2018).

The annual average indicates a larger influence from
JJA since there is a general distribution of warmer GST
relative to SAT for both SoTOS and ERA5-L with nega-
tive differences that range from 0 to −5�C. The lower
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FIGURE 9 Mean SAT-GST differences at the 39 sites for (a) DJF, (b) JJA and (c) annual. Pearson correlation coefficients between SAT

and GST for (d) DJF, (e) JJA and (f) annual. The period of reference to estimate the differences and correlations may differ from site to site,

depending on the available data for each of the sites. Black (red) contour circles show statistical significant (nonsignificant) values (p < 0.05).

To evaluate the significance, a t test has been applied and temporal autocorrelation has been considered. The grey-coloured sites represent

those locations with no sufficient data to estimate the correlations. The SAT–GST differences are calculated from absolute temperature data

using the original daily values while for the estimation of the correlation coefficients, monthly anomalies are employed. The results from the

ERA5-L dataset are shown in the background [Colour figure can be viewed at wileyonlinelibrary.com]
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correlations over the Pyrenees depicted in DJF in the
ERA5-L data are also observed in the annual average,
thus, highlighting the influence of the winter season on
the annual average over this area.

The combined analysis of SAT–GST differences and cor-
relations indicates a stronger SAT–GST coupling in DJF
compared to JJA over Spain. Larger SAT–GST offset in JJA
relative to DJF has been reported by Putnam and
Chapman (1996), who explored the SAT and GST relation-
ship using observational data from one location in an arid
region of northwest Utah. They showed that radiative
heating of the ground surface during the summer months
leads to large SAT–GST offset from March through
October. They found that the annual cycle of GST minus
SAT differences closely tracks the annual solar cycle. In the
winter months, as the solar radiation decreases, the differ-
ences between SAT and GST average to zero. A similar
physical response may explain the SAT–GST relationship
over some sites included in SoTOS, especially those located
over the Inner Plateau, the Ebro Valley and the coastal
areas of the Mediterranean sea and the Atlantic Ocean. The

latter is due to the high solar irradiance in the summer
months (Sancho-Avila et al., 2012) and the low precipita-
tion rates over the mentioned areas (Serrano-Notivoli
et al., 2017). The soil moisture content from the ERA5-L
provides additional support since the areas with low (high)
water content in the first model layer closely coincide with
the areas of high (low) SAT–GST differences during the
summer months (not shown). As less water is available to
evaporate, the energy that reaches the land surface is
mostly balanced by sensible heat, thus reinforcing the radi-
ative heating of the ground surface. Indeed, the JJA SAT–
GST differences and volumetric water content for the first
model layer have a spatial pattern correlation of 0.67.

4.3.2 | Interannual to decadal SAT–GST
relationship

At this point, the question of seasonal effects on the
SAT–GST relationship at longer timescales is remaining.
If the seasonal SAT–GST offset does not change from
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FIGURE 10 Temperature trends for the 1988–2018 period for SAT (top) and GST (right). Trends are calculated from monthly

anomalies and indicated in �C�decade−1. Black (red) contour circles indicate statistical significant (nonsignificant) values (p < 0.05). To

evaluate the significance of trends, a t test has been applied. Temporal autocorrelation has been considered for the estimation of both the

standard deviations of the regression residuals and the reduced degrees of freedom using a lag-1 autoregressive statistical model (Santer et

al., 2000; Hartmann et al., 2013). Note that only selected SoTOS sites are coloured as these are the sites including GST information or the

complete 1987–2018 period. The grey-coloured sites represent the locations that have no sufficient data to estimate the trends. The results

from the ERA5-L dataset are shown in the background [Colour figure can be viewed at wileyonlinelibrary.com]
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year to year, the effect would be a constant bias with no
consequences on the SAT–GST tracking at longer than
annual timescales (Bartlett, 2005). However, if the rela-
tive influence of seasonal processes changes with time,
the long-term SAT–GST coupling may change. In the pre-
sent study, SoTOS allows for evaluating the SAT–GST
relationship over a three-decade period for the sites
with the most extensive length in observations for both
SAT and GST. For those sites, the SAT and GST linear
trends for the annual data and DJF and JJA seasons are
estimated to assess their evolution at interannual to
multidecadal timescales. In general, positive trends are
observed in the SAT for the annual averages, with some
SoTOS sites delivering statistically significant values
(Figure 10). The GST trend maps also show a predomi-
nant picture of positive values. However, there are some
differences relative to SAT for some of the SoTOS sites.
For instance, a pattern of larger GST increase relative to
SAT emerges over the Inner Plateau. Likewise, sites
29 and 30 show significant negative trends. The ERA5-L
data also show widespread GST warming over Spain.
However, it underestimates the larger GST warming
compared to SAT shown by some of the SoTOS sites
(e.g., 5, 16, 21 and 23).

The trend analysis for DJF and JJA provides insights
into the mechanisms that control annual data response.
While DJF shows negligible positive trends for both SAT
and GST, the JJA months show widespread warming
over the Peninsula, denoting a larger contribution to the
annual averages. Likewise, in JJA, the same pattern as

the annual case of larger GST warming relative to the
SAT for some SoTOS sites is observed, particularly over
the Inner Plateau. The latter is not fully captured by
ERA5-L. The trend analysis based on a Mann–Kendall
test (Mann, 1945; Kendall, 1975) shows consistent results
(not shown) with the linear trends, thus providing confi-
dence on the analysis.

A comparison between SAT and GST differences to
precipitation reveals a strong influence of water availabil-
ity on the SAT–GST relationship (Figure 11). Variations
in summer precipitation, and also in SON season (not
shown), highly correlate to SAT–GST differences. Fur-
ther, decreasing precipitation over the last few decades
controls the warmer GST response relative to SAT at this
site on interannual to multidecadal timescales. This effect
dominates the annual average response, thus leading
to SAT–GST decoupling at these timescales. In DJF,
there is a more stable evolution of SAT-GST differences.
In this season, the low incoming energy limits evap-
orative processes, thus, variations in winter precipitation
do not impact the SAT–GST relationship. Gallego-Elvira
et al. (2016) evaluated the soil moisture control on land
surface energy balance using satellite observations and
reanalysis data. They found that the land surface warms
faster than the overlying atmosphere under water-stressed
conditions due to limitations on evaporation and enhanced
sensible heat fluxes. Additionally, they showed that this
effect is larger over short vegetation and bare soil areas
than forested regions due to differences in aerodynamic
resistance and hydrological dry spell behaviour. These are
indeed the dominant land surface conditions of most of
the SoTOS sites (not shown), thus, contributing to the
larger GST increase compared to SAT.

The existence of changes in the SAT–GST relation-
ship with time suggests some SAT–GST decoupling at
interannual to multidecadal timescales. Nevertheless,
these results should be interpreted with caution as trends
based on short records are very sensitive to the beginning
and end dates due to the natural variability and some-
times do not indicate an actual long-term trend
(Hartmann et al., 2013). Despite this, SoTOS shows some
consistent patterns over the Inner Plateau that point to
multidecadal SAT–GST decoupling.

5 | CONCLUSIONS

Here, a soil temperature observational dataset for Spain
was developed including observations at five different
soil layers (5, 10, 20, 50 and 100 cm depth) at 39 meteo-
rological stations where SAT records also exist. We
performed a quality control procedure which resulted
in the deletion of 6,193 erroneous records (0.19%)
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from a total of 5 × 106 measurements. Likewise, 23,817
(0.47%) records were corrected either from changes in
the trend or in variance over segments of the series.
The quality control procedure improved data quality
but is not necessarily error free. Future work may
incorporate additional corrections. The final dataset
is presented at a daily temporal resolution spanning
from 1987 to 2018.

The development of SoTOS offers a unique opportunity
to evaluate the performance of regional-climate model sim-
ulations on representing the temporal and spatial variabil-
ity of soil temperatures. This is relevant because soil
temperature is a key variable that influences the represen-
tation of many physical processes in the atmosphere and
below the surface in numerical weather prediction,
regional modelling and land-reanalysis approaches. A more
realistic simulation of subsurface temperatures (Soong
et al., 2020) can ultimately influences relevant climate and
socio-economic aspects such as food production or extreme
heatwaves and droughts events (Ukkola et al., 2018), with
relevance for Sustainable Development Goals objectives
(United Nations, 2015).

We showed that the ERA5-L adequately represents
the SAT and ST climatology over the SoTOS sites. Never-
theless, ERA5-L tends to underestimate the summer ST
observations at some SoTOS sites. Our result agrees with
previous work on the consistency of ERA reanalysis prod-
ucts over the Iberian Peninsula and China (Yang and
Zhang, 2018; Johannsen et al., 2019; Li et al., 2020).

We used SoTOS to evaluate the shallow subsurface
thermal regime and the coupling between SAT and GST
on seasonal to multidecadal timescales.

The results show that the conductive model (i.e.,
amplitude decay and phase shift with depth of surface tem-
perature changes) explains most of the thermal regime
within the shallow subsurface. Nonetheless, there are some
deviations from the purely conductive propagation of the
annual surface temperature signal both in the observations
and the ERA5-L. Such deviations yield different results to
the apparent thermal diffusivity of the shallow subsurface
from the amplitude decay or the phase shift variations as a
function of depth for the bulk of the SoTOS sites. We have
shown that this may be the result of soil hydrology pro-
cesses such as latent heat release/uptake that alter the con-
ductive regime. However, in the ERA5-L case, besides the
influence of nonconductive processes, other factors associ-
ated to the shallow bottom boundary condition placement
in the H-TESSEL land surface model may distort the heat
propagation regime.

The influence of soil water content on the deviations
from the purely conductive propagation is evident in the
spatial distribution of thermal diffusivity and soil water
content. On a regional scale, the spatial pattern of

apparent thermal diffusivity roughly coincides between
the estimates from observations and reanalysis. The
ERA5-L data show that areas with high (low) soil water
content coincide to areas with high (low) apparent ther-
mal diffusivity. Likewise, in the temporal domain, soil
water content variations are correlated to changes in the
apparent thermal diffusivity. Despite the influence of soil
water content, the estimated apparent thermal diffusivity,
assuming purely conductive regime, is within the range
of measured thermal diffusivity at different locations,
including some areas in the Iberian Peninsula.

Our results show a strong connection between SAT
and GST over Spain. Nevertheless, during the summer
months, SAT–GST decoupling may exist due to radiative
heating of the ground surface, leading to warmer GST
relative to the SAT. This physical response is mainly
driven by incoming solar radiation in JJA and the low
precipitation rates on summer in the region. As water
becomes a limiting factor, the incoming energy heats the
ground surface faster than the air above. This is a general
pattern in the centre and the southern parts of Spain.
Also, the predominant location over bare soil and short
grass surface characteristics of the sites included in
SoTOS enhance the ground surface's radiative heating
during the summer months. Some consistent variations
in the SAT–GST relationship on interannual to mul-
tidecadal timescales over some SoTOS sites were found.
The latter is represented by a higher GST increase rela-
tive to SAT over the last three decades as a response to
decrease in precipitation (and soil moisture) increasing
the radiative heating of the ground surface. The ERA5-L,
does not show the same SAT–GST decoupling as it
underestimates the decadal soil temperature trends over
the 1988–2018 period.

Even though the results suggest that some SAT–GST
decoupling may exist at decadal timescales, this does not
necessarily imply that the SAT–GST coupling is
corrupted at longer timescales. The use of soil tempera-
ture observational datasets with longer temporal coverage
would be desirable to further explore this issue. However,
the availability of long-term ST measurements is limited.
The use of Earth System Models output or long-term
reanalyses covering the full 20th century (e.g., Laloyaux
et al., 2016; Poli et al., 2016) or even extending back to
the mid-19th century (Slivinski et al., 2019) emerges as
an opportunity to continue this line of research.
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