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A B S T R A C T

Soil temperature is a fundamental agrometeorological variable which has a measureable influence on the de-
velopment of plants. A comprehensive analysis of daily soil temperature trends at predetermined depths can
provide a quantitative understanding for the sustainable management of agricultural systems, such as mitigating
the adverse effects of anticipated temperature stress, supporting confidence levels of ideal seed sowing dates, as
well as irrigation treatment durations and intervals. In this paper, daily soil temperature trends were analyzed
(using the Mann-Kendall test) at depths of 5, 10, 20, 30, 50 and 100 cm at seven discrete meteorological stations
located throughout northeastern Iran during a consecutive period from 1993 to 2016. The results of this research
indicate that in most of the study stations there exists a non-significant negative trend in soil temperature in the
first half of January and also in the second half of December; these trends become significant as the soil gets
deeper. For the warmer months of the year, especially from April to the end of August, soil temperature trends
are positive and significant (or near significant) and these positive trends are of greater significance with a
corresponding increase in soil depth. Agri-environmental agencies and practitioners may benefit from the ap-
proach used in this research (i.e. using the Mann-Kendall test to analyze trends in daily soil temperature time
series) since it is an easily transferable approach that can provide a comprehensive geospatial and temporal
analysis of crop and plant patterns in different regions and environmental conditions. Additionally, farmers may
use daily soil temperature trends as a means to encourage the protection and mitigation of a variety of projected
environmental stresses, such as water scarcity, irrigation demands, seasonal temperature fluctuations, and re-
dundant crop rotation.

1. Introduction

Soil temperature is a strong diagnostic environmental indicator in
the determination of the rate and direction of soil physical processes
(e.g. thermal fluxes, humidity gradient, etc.) and is most apparent in
plant growth and distribution. The temperature of the soil substrate
plays a principal role in a variety of biological and microbiological
processes, such as in germination, seedling emergence and growth, and
root development (Hillel, 1998). In comparison to air temperature,
variations in soil surface temperature are much more pronounced as a
result of varying physical and biological soil attributes. The ideal soil
temperature band for plant growth is, by contrast, significantly nar-
rower than ambient air temperature, as plant root structure is in-
herently more sensitive to excessive temperature variations. Accord-
ingly, soils may be more tolerant of severe early season short-lived frost
events as the soil acts as a natural insulator of the germinating seed
(Pessarakli, 2002). If soil temperature (as well as other climatic con-
ditions) is closely monitored and farmers can plant at appropriate times

based on soil temperature trends, the benefit would be that a longer-
season hybrid could be selected with a corresponding higher yield po-
tential, as the soil temperature is one of the most influential factors of
the growing season (Sadras and Calderini, 2009). In addition to agri-
culture, soil temperature can have major effects on climatological and
hydrological processes. For instance, evaporation rate and water loss
from the soil surface, as well as snow-melting rate, are some of the
hydro-climatological processes that are affected by soil temperature.
These processes have an important role in producing atmospheric hu-
midity, especially in land areas, and consequently, the precipitation
rate and type can be affected indirectly by soil temperature in such
regions. Soil temperature varies in response to changes in the radiant
and thermal energy, as well as the latent heat exchange that takes place
through the soil surface (Hillel, 1998; Zhang et al., 2001). As such, the
soil thermal regime is affected by a variety of climatic and environ-
mental conditions such as precipitation, snowfall depth, vegetation type
and density, and soil moisture and texture (Oelke and Zhang, 2004;
Huang et al., 2012). In micrometeorological terms, soil is a significant
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sink (as well as potential source) of energy and has a correlation with
the adjacent surface air temperature and humidity (Ogée et al., 2001).
Focusing on the ecological health and resilience of plant life, soil
temperature has considerable influence, as roots in subzero soil tem-
peratures regularly fail to survive while other parts of the plant or tree
may remain relatively unaffected. Evidence of this is demonstrated in
seed germination, as different crop types are known to occur within an
optimal soil temperature range (Paul, 2007; Crawford, 2008; Dixon and
Tilston, 2010).

While air temperature trends have widely been investigated on
different spatial and temporal scales in most regions of the world
(Gadgil and Dhorde, 2005; Makokha and Shisanya, 2010; Martínez
et al., 2010; Tabari and Hosseinzadeh Talaee, 2011a,b; Croitoru et al.,
2012; Saboohi et al., 2012; Safeeq et al., 2013; Espírito Santo et al.,
2014; Araghi et al., 2015b), soil temperature variations have received
comparatively minimal attention and are rarely reported as indicators
of climate change (Helama et al., 2011; Bai et al., 2014). The majority
of publications on soil temperature are primarily focused on the mod-
eling, prediction or estimation of temperature values at various soil
depths (Carson, 1963; Parton and Logan, 1981; Hinzman et al., 1998;
Chen et al., 2003; Gao et al., 2007; Herb et al., 2008; Lei et al., 2011;
Ouzzane et al., 2015), while the number of studies investigating trends
in soil temperature and changes in thermal regime characteristics of soil
are lacking in comparison (Beltrami, 2001; Beltrami and Kellman,
2003; García-Suárez and Butler, 2006; Qian et al., 2011; Bai et al.,
2014). In regions with insufficient agri-planning, food production,
forestry, natural resource management, and successive crop and en-
vironmental data, there is a need for a comprehensive analysis of long-
term trends in soil temperature and other meteorological variables
(Decker, 1994; Hatfield, 1994; Hoogenboom, 2000; Venäläinen and
Heikinheimo, 2002). An important issue related to this is the unavail-
ability or lower accessibility of soil temperature data compared to other
hydro-climatological variables, such as air temperature. Current
methodologies favor monthly or annual time-scale data, however this
fails to encompass the frequency and intensity of daily variations in

meteorological variables since these short-term changes can negatively
affect (or sometimes terminate) plant growth (Taiz and Zeiger, 2002;
Carena, 2009; Beck, 2010). This paper explores daily soil temperature
data over a consecutive twenty four-year period from 1993 to 2016 in
northeast Iran. Individual daily soil temperature trend analyses were
performed separately, in order to capture temperature events that could
have otherwise been absent through weighted long-term scaling
averages. By performing this analysis, the resulting high-resolution
trend of daily soil temperatures can help increase agricultural respon-
siveness to daily-dependent activities (e.g. selecting the appropriate
planting date, protecting from heat or freezing stresses, etc.). Providing
a new perspective on daily soil temperature trends can facilitate the
sustainable management of agricultural and agronomical activities,
which can result in higher and more sustainable crop yields (Halbe
et al., 2013; Kolinjivadi et al., 2014; Straith et al., 2014; Inam et al.,
2015).

The main objective of this study was to detect soil and air tem-
perature trends from 1993 to 2016 in Northeast Iran. To this end, soil
temperature time series at depths of 5, 10, 20, 30, 50 and 100 cm were
examined. The main method used in this study was the Mann-Kendall
test, which is a widely-used method in trend analysis studies. We se-
lected the same time period and tested the trend at different stations to
allow us to examine the spatial variation in trends. We also examined
trends for each day of the year separately, since this kind of analysis can
be useful for farmers and agricultural managers, who can use day by
day variations in soil temperature.

2. Materials and methods

2.1. Study region and data

Iran is located in Southwest Asia between 25°N and 40°N latitude
and between 44°E and 63°E longitude. Currently the second-largest
nation in the Middle East, Iran has a total area of 1,648,000 km2 and is
generally characterized by an arid or semiarid climate (Araghi et al.,

Fig. 1. Spatial distribution of the seven synoptic stations in the study region.
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2015a). The annual average precipitation in Iran is around 250 mm, but
local climatic regions may vary significantly, with annual precipitation
levels ranging from 0 mm in the central part of the country which is
commonly desert, to 2000 mm in coastal regions of the Caspian Sea in
the northern part of the country (Raziei et al., 2014). Khorasan Razavi,

a province of northeast Iran (illustrated in Fig. 1), is the geographical
boundary of this study. The methodology required the analysis of seven
individual synoptic, geographically discrete soil temperature stations.
Characteristics and locations of these synoptic stations are presented in
Table 1 and Fig. 1. The time period selected for this study is from 1993

Table 1
Identification and long-term climatic characteristics of the selected synoptic stations in the study region.

Station Name Longitude (°E) Latitude (°N) Elevation (m) Soil Type Average Precipitation (mm) Average Temperature (°C) Climate Type (De Martonne)

Ghoochan 58° 30′ 37° 04′ 1287 Clay Loam 315.2 12.7 Semi-Arid
Gonabad 58° 41′ 34° 21′ 1056 Sandy Loam 127 18.7 Arid
Mashhad 59° 38′ 36° 16′ 999.2 Loam 233.1 15.5 Semi-Arid
Sabzevar 57° 43′ 36° 12′ 977.6 Sandy Loam 182.6 17.9 Arid
Sarakhs 61° 10′ 36° 32′ 235 Clay Loam 185.5 18.7 Arid
Torbat Heydarieh 59° 13′ 35° 16′ 1450.8 Loam 253.5 14.3 Semi-Arid
Torbat Jam 60° 35′ 35° 15′ 950.4 Loam 164.9 16 Arid

Table 2
Descriptive statistics of air temperature and soil temperature for different depths of soil in the studied stations from 1993 to 2016.

Variable Name of Station Mean Max. Min. Range Standard Deviation Skewness Kurtosis No. of Gaps

Mean Air Temp. Ghoochan 13.3 38.6 −24.6 63.2 10.8 −0.09 −0.83 –
Gobanad 18.6 42.4 −18.6 61 11.3 −0.14 −0.97 –
Mashhad 16.2 41.8 −20 61.8 11.1 −0.11 −0.96 –
Sabzevar 18.8 42.2 −20.8 63 11.4 −0.08 −1.01 –
Sarakhs 19.2 45.2 −22 67.2 11.7 −0.09 −0.96 –
Torbat H. 15.1 38.4 −21.6 60 11.1 −0.17 −0.99 –
Torbat J. 16.6 41.4 −23.2 64.6 11.3 −0.15 −0.92 –

Soil Temp. (5 cm) Ghoochan 15.1 47.4 −9 56.4 11.8 0.29 −1.01 7
Gobanad 23.1 52.2 −6.8 59 13.4 0.11 −1.09 13
Mashhad 18.9 48.2 −10.6 58.8 13.2 0.23 −1.06 31
Sabzevar 21.7 53.6 −10 63.6 13.6 0.15 −1.08 31
Sarakhs 21.6 51 −9.2 60.2 12.8 0.11 −1.15 96
Torbat H. 18.5 46.4 −10.8 57.2 12.6 0.10 −1.17 9
Torbat J. 20.2 48.6 −12.8 61.4 12.8 0.13 −1.09 38

Soil Temp. (10 cm) Ghoochan 15.3 40.4 −6.8 47.2 10.7 0.11 −1.23 32
Gobanad 22.6 48.4 −3.6 52 11.9 −0.04 −1.19 13
Mashhad 18.6 43.6 −9.6 53.2 11.7 0.09 −1.18 17
Sabzevar 21.2 48 −7.8 55.8 12.2 0.01 −1.19 31
Sarakhs 21.2 43.6 −4.8 48.4 11.6 −0.01 −1.27 20
Torbat H. 18.1 43 −9 52 11.6 0.01 −1.22 9
Torbat J. 19.4 42.6 −11.2 53.8 11.2 −0.01 −1.19 41

Soil Temp. (20 cm) Ghoochan 14.9 36.5 −5.4 41.9 9.6 −0.01 −1.38 151
Gobanad 22.2 41.8 −1 42.8 10.8 −0.16 −1.35 14
Mashhad 17.7 37.6 −6.2 43.8 10.3 −0.03 −1.34 17
Sabzevar 20.6 39.6 −6.4 46 10.4 −0.15 −1.31 41
Sarakhs 20.1 40.4 −3.5 43.9 10.8 −0.07 −1.36 63
Torbat H. 17.5 38.6 −8 46.6 10.2 −0.13 −1.36 22
Torbat J. 19.3 38.8 −5.2 44 9.9 −0.11 −1.31 37

Soil Temp. (30 cm) Ghoochan 14.8 32.4 −4.2 36.6 9.2 −0.04 −1.44 7
Gobanad 22 41 −1.6 42.6 10.3 −0.17 −1.39 16
Mashhad 17.5 36.2 −5.6 41.8 9.5 −0.06 −1.38 21
Sabzevar 20.4 37.8 −5.2 43 9.8 −0.15 −1.34 60
Sarakhs 20.6 39.8 −0.8 40.6 10.1 −0.09 −1.42 18
Torbat H. 17.3 34.6 −5.6 40.2 9.8 −0.14 −1.41 9
Torbat J. 19.4 36 −2.6 38.6 9.2 −0.13 −1.39 37

Soil Temp. (50 cm) Ghoochan 15.2 29.7 −3 32.7 8.5 −0.05 −1.43 7
Gobanad 22.3 39.4 1.6 37.8 9.1 −0.20 −1.38 33
Mashhad 18.1 31.8 −0.4 32.2 8.4 −0.04 −1.42 26
Sabzevar 21.2 36.2 −0.2 36.4 8.8 −0.13 −1.37 10
Sarakhs 21 38.8 1 37.8 9.2 −0.11 −1.42 6
Torbat H. 17.9 32 −0.9 32.9 8.9 −0.13 −1.44 11
Torbat J. 19.9 33.2 0.4 32.8 8.4 −0.11 −1.41 37

Soil Temp. (100 cm) Ghoochan 15.5 27.6 1.4 26.2 6.8 −0.04 −1.41 8
Gobanad 22.6 38.3 1.2 37.1 7.3 −0.16 −1.44 94
Mashhad 18.5 29.7 5.5 24.2 6.7 −0.03 −1.45 24
Sabzevar 21.1 30.6 5.6 30.6 6.9 −0.09 −1.41 123
Sarakhs 21.2 33.8 4.8 29 7.7 −0.09 −1.46 48
Torbat H. 18.1 29.6 3.4 26.2 7.2 −0.11 −1.45 12
Torbat J. 19.9 31 5 26 6.7 −0.09 −1.43 37
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to 2016. The selected stations for this research have minimal gaps in
their soil temperature datasets in the studied temporal period. The data
gaps were filled using simple techniques such as averaging and linear
regression, since these gaps are very scarce and over limited temporal
ranges. The total number of data points for each variable (i.e. air
temperature and soil temperature at different depths) was 8766 (i.e.
365 days/year for 24 years, plus 6 days for leap years: 1996, 2000,
2004, 2008, 2012 and 2016). According to Table 2, the number of gaps
in soil temperature data ranged from 7 to 151, or 0.08% to 1.72% of the
total data.

Soil temperature data in the selected stations were measured using
mercury-in-glass thermometers for the various depths of soil, and the
measurement area was a level plot of bare ground. To perform a better
trend analysis and for comparison purposes, the mean daily air tem-
perature data were also collected for the same temporal period (from
1993 to 2016) in the selected synoptic stations. The mean daily air
temperature dataset for the selected stations in this temporal period
have no missing values. Typically, the air temperature is measured 8
times a day at 3 h intervals (i.e. 0000, 0300, 0600, 0900, 1200, 1500,
1800 and 2100 GMT). It should be noted that tests of data quality are
performed for all of the meteorological variables in the synoptic sta-
tions by the Iran Meteorological Organization (IRIMO). The quality
controls which are usually performed by IRIMO for the reported data
consist of the randomness and homogeneity tests, and also detecting
and fixing the outliers. As shown in Table 1, most of the selected me-
teorological stations reside in arid and semi-arid climates, which is
comparable to much of Iran.

For the purpose of this analysis, soil temperatures were not only
captured at these seven individual stations, but also at six different
depths for each: 5, 10, 20, 30, 50 and 100 cm. Additionally, daily
sampling intervals for each station were marked at 0300, 0900 and
1500 GMT. Typical for this region, the soil types adjacent to the se-
lected stations are primarily comprised of different concentrations of
loam soil. Loam, being rich in mostly sand and silt with a smaller
amount of clay, is the most preferred moderate soil type in agricultural
and agronomical activities (Warrick, 2002; Hillel, 2004; Kirkham,
2005). This investigation examined how soil temperature has changed
each day of the year over a twenty four-year interval. To perform the
analysis, a seventy two-value time series was prepared for each day of
the year (three daily measurements for a twenty four-year period) at
each respective soil depth. For instance, the soil temperature time series
at different depths in Mashhad synoptic station for the day of July, 7 is
presented in Fig. 2. It should be noted that a longer time series is more
suitable for statistical analysis, but the data used in this study were the
entire available record of soil temperature in Iran. Weather stations in
Iran started measuring soil temperature in July 1992, and therefore no
data from the first half of 1992 was available. Hence, we used all
available soil temperature measurement records from 1993 to 2016 for
this study. We think the results from the available data present a useful
overview of phenomena that occurred in the past and allow readers to
see the soil temperature trends occurring in this part of the world.

2.2. Mann-Kendall (MK) trend test

There are many applicable parametric and non-parametric statis-
tical tests for detecting trends in time series. Parametric tests are more
powerful, but they require data to be normally distributed. These cri-
teria do not exist in many time series, especially in hydrology and cli-
matology, and for this reason, non-parametric tests are more useful in
these kinds of studies. The Mann-Kendall (MK) test is a widely used
non-parametric test for detecting trends in time series, and is very
popular in both hydrological and climatological studies (Nalley et al.,
2012, 2013; Pingale et al., 2014). In the MK trend test, the correlation
between the rank order of the observed values and their order in time is
considered. The original MK test is as follows (Mann, 1945; Kendall,
1975):
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where xd and xc are data points in the time series, n is the length of the
data and tc is the summation of t, which is the number of ties or du-
plicates of the extent c. Previous studies on the MK test have shown that
the existence of seasonal patterns in time series, and also significant lag-
1 autocorrelation, will affect the results of MK tests (Hirsch et al., 1982;
Hirsch and Slack, 1984; et al., 1998). One of the best and easiest ways
to detect seasonality patterns and significance of lag-1 autocorrelation
in a time series is an autocorrelation plot called a correlogram (Wei,
2006; Box et al., 2008; Wilks, 2011). In a correlogram, autocorrelation
coefficients are plotted versus different lags. Lag-k autocorrelation
coefficient (rk) in a time series can be calculated using the following
equation (Yue et al., 2002; Wilks, 2011):
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where E x( )t is the mean of the sample data. If sample data are serially
correlated, the significance of the lag-1 serial autocorrelation at the
significance level of α= 0.1 of the two-tailed test is assessed using the
following equation (Maidment, 1993):
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Previous studies have shown that if lag-1 serial autocorrelation of a
time series is significant, the positive (negative) autocorrelation will
make the variance estimation be less (more) than the actual value and
this wrong estimation will, in turn, erroneously increase (or decrease
respectively) the MK Z-value. In such cases, the modified version of the
MK test must be used (Hamed and Ramachandra Rao, 1998):
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where n *e is the effective sample size and ρ f( )e is the autocorrelation
function between the ranks of the original time series, which can be
achieved using the inverse of Eq. (10). If data has a seasonality pattern,
another modified version of the MK test must be employed (Hirsch
et al., 1982; Hirsch and Slack, 1984; Araghi et al., 2015b). If matrix x
shows a series of observations recorded during p seasons and n years,
the ranks of series in matrix x are given in matrix r:
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The following equations must be used for calculating the MK sea-
sonal statistic:

Fig. 2. Soil temperature at different depths at the Mashhad synoptic station on July 7 over 24 years (Note: There are three measurements for soil temperature on July 7 in each of the 24
studied years. This is the same for all other days of the year.).
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where σg
2 is the variance of Sg which is the MK test statistic for each

season, σgh is the covariance of Sg and Sh and can be calculated using
Eqs. (18)–(20), and n is the number of observations. Kgh and rgh are two
parameters needed for the calculation of σgh. More detailed explana-
tions on this modified version of the MK test can be found in relevant
papers (Hirsch et al., 1982; Hirsch and Slack, 1984; Yue et al., 2002).

3. Results and discussion

In Table 2, some of the descriptive statistics for air temperature and
soil temperature at various depths are presented. As can be seen in this
table, ranges of soil temperature values decrease by increments of depth
in soil, and extreme values of soil temperature occasionally occur at
lower depths. As mentioned in section 2.2, autocorrelation coefficients,
especially for lag-1, allow one to determine the appropriate MK test that
must be taken into consideration. To view autocorrelation coefficients
versus different lags, a correlogram must first be plotted. For example,
correlograms for July 7 of the Mashhad synoptic station are presented
in Fig. 3. As can be seen in this figure, periodical patterns are clearly
visible for soil temperature at depths of 5, 10 and 20 cm, as a regular
oscillation in the autocorrelation coefficients can be seen. However, at a
depth of 30 cm, lag-1 autocorrelation is not significant and discernable
periodical patterns are non-existent. For depths of 50 and 100 cm, the
lag-1 autocorrelation coefficient is significant but no periodical pattern
is presented in the autocorrelation results. In this case, the modified
version of the MK test by Hirsch and Slack (Hirsch et al., 1982; Hirsch
and Slack, 1984) must be used for soil temperature series at depths of 5,
10 and 20 cm, the original version of the MK test must be employed for
depths of 30 cm, and the modified version of the MK test by Hamed and
Ramachandra Rao (1998) must be used for soil temperature series at
depths of 50 and 100 cm.

It should be noted that the behavior of autocorrelation coefficients
at shallow depths (i.e. 5, 10, 20 cm) is related to the similarity between
measured values taken at the same time (e.g. 0900 GMT). There are
three lags between each similar measuring time, and consequently, the
autocorrelation coefficients are high and positive at every third lag. In
contrast, measured values taken at different times are negatively cor-
related. This results in negative autocorrelation coefficients at lags of 1,
2, 4, etc. The judgment process to select the most suitable MK test for
each dataset has been done for individual time series in each day of the
year, as well as for all of the stations in this study. The final MK test
results for soil temperature series of different depths are presented in
Figs. 4–9. It should be noted that these figures contain a 95% con-
fidence interval limit, which is specified by dashed horizontal lines.

As can be seen in Fig. 4, relative to all stations, the 5 cm depth soil
temperature trend in January is not significant, although it has negative
and positive values in the first and second halves of the month,

respectively. Similar behavior of MK Z-values can be seen in December,
but in reverse (positive and negative values in the first and second
halves of the month, respectively). For February, MK Z-values for the
first half of the month are approximately zero or have negative values.
However, soil temperature trends in this month are not significant for
all stations. From March 1st to the end of September, similar variations
in most of the stations can be observed, but in the station of Gonabad
(Fig. 4b), significant positive MK Z-values exist from the beginning of
March to the end of August, and MK Z-values are nearing significance in
September as well. An interesting result from this figure can be seen in
October, in which the MK Z-values for all of the stations are positive,
and in some stations (i.e. Ghoochan, Gonabad and Sabzevar) sig-
nificant. October is one of the most critical months for agricultural
harvesting and planting activities in Iran.

For most of the studied stations, MK Z-values are positive significant
or near significant. In November, a sharp downward trend in MK Z-
values is observed, followed by an equally sharp upward trend in the
first half of December. Overall, it seems that for soil temperature at a
depth of 5 cm, only Gonabad station has a period (from the beginning of
March to the end of September) with a positive significant trend; for the
other stations, relatively similar variations in MK Z-values occur. As can
be seen in Fig. 4, the variations in MK Z-values of air temperature (red
solid lines) and soil temperature at a depth of 5 cm (blue dashed lines)
are relatively similar. There exist some small differences, especially in
the warmest months of the year (from June to August), for all stations
except Sarakhs (Fig. 4e) and Torbat Jam (Fig. 4g), which have the
greatest similarities between air temperature and soil temperature MK
Z-values (see Fig. 4). An interesting occurrence can be observed during
the period from May to September in Gonabad, where the soil tem-
perature MK Z-values are greater than the air temperature MK Z-values.
This station has the lowest amount of precipitation among all of the
studied stations. In general, most of the precipitation in the studied
region occurs between November and April, whereas the warmest and
driest part of the year is usually between June and August. It is well
known that a great deal of heat transfer takes place between the Earth’s
surface, the sun and the atmosphere (Ahrens, 2011) although dry soil
cannot transfer heat as well as wet soil (Hillel, 1998). The driest soil
layers exist at Gonabad station during the warmest part of the year, and
it is expected that the trend of the soil temperature will be more than
that of the air temperature.

For soil temperature trends at depths of 10 cm (which is the most
important depth for successful agricultural productivity), it appears
that approximately the same MK Z-value fluctuations exist as are found
in soil temperature trends at a depth of 5 cm. For most of the stations,
there are negative but not significant MK Z-values in the second half of
December and the first half of January, although for most of the sta-
tions, the MK Z-values are negative and significant for the last days of
December (see Fig. 5). Parallel to observed soil temperature trends at a
depth of 5 cm at the Gonabad station, a positive and significant trend is
detected from March until the end of September. Additionally, the trend
remains positive and significant (or near significant) in October for all
other stations. Another notable item of interest can be observed from
July through the end of September in the identified data from the
Torbat Heydarieh station (Fig. 5f), which has negative and significant
(or near significant) MK Z-values in its soil temperature at a depth of
10 cm during this time period. Further observations suggest that ap-
proximately the same variations occur at the Mashhad synoptic station
(Fig. 5c) during this temporal period, while the Mashhad station MK Z-
values are not significant for most of the same period. As can be seen in
Fig. 5, the variations in MK Z-values for air temperature and soil tem-
perature at the 10 cm depth are relatively similar, although there exist
some differences, especially between May and September. The varia-
tions in Gonabad and Torbat Heydarieh stations during warmer months
are more pronounced than those at other stations, although the MK Z-
values are only significant at the Gonabad station during these months
(i.e. from June to August).
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Existing research indicates that increasing the depth of soil will in
turn decrease the amplitude of the overall temperature change within a
specified temporal period (Hillel, 1998). Although this concept depends
on several factors, such as soil texture, moisture content and vegetation
coverage, it usually remains visible at depths of 20 cm or more
(Kirkham, 2005; Dixon and Tilston, 2010; Huang et al., 2012). As
shown in Fig. 6, the variations in MK Z-values are relatively unaffected,
as in previously noted figures; however, there are several noticeable
differences. Unlike the aforementioned depths of 5 and 10 cm, station
Sarakhs has a positive and significant trend in most days from the end
of February to the end of October. This observed trend is somewhat
similar to station Sabzevar, although the MK Z-values are not significant
for Sabzevar. For October, MK Z-values are positive and significant (or
near significant) for most of the studied stations. The MK Z-values and
corresponding trends in the first half of January and second half of
December are quite analogous to the previous figures, which are for 5
and 10 cm soil depths. Furthermore, most of the positive and significant
(or non-significant) MK Z-values belong to a period between March and
September. Another distinguishing observation of this figure is the
negative MK Z-values found in the Ghoochan station (Fig. 6a) during
the period from July to the end of September. Although this trend was

established in previous figures for station Ghoochan, it was not as
pronounced as in this particular figure. As can be seen in Fig. 6, var-
iations in air temperature MK Z-values and soil temperature MK Z-va-
lues over the year are relatively similar, but compared to the previously
discussed soil depths (5 and 10 cm) the differences at 20 cm are more
obvious. For instance, at Sarakhs station (Fig. 6e), a relatively constant
difference between the soil temperature and air temperature MK Z-
values can be observed, while for Sabzevar station, these differences
only occur from August to mid-November. These differences may be
affected by various factors, such as precipitation regime or groundwater
level at the station, cold or heat advections, etc., which should be
studied in more detail in future research.

For depths of 30 cm (see Fig. 7), the trend lines appear less-irregular
in shape; the reason for this apparent smoothness has been explained in
the previous paragraph. For station Ghoochan (Fig. 7a), a negative and
significant trend in most of the days between July and September 15 is
detected. Torbat Heydarieh station (Fig. 7f) has MK Z-values similar to
those at Ghoochan, but only until mid-September. Variations in MK Z-
values for January and December are relatively similar to those found
at previous depths (Figs. 4–6), but at the 30 cm depth, the trend is
negative and significant in the second half of December and first half of

Fig. 3. Correlogram plots for soil temperature series at different soil depths for July 7 at the Mashhad synoptic station over a period of twenty four years from 1993 to 2016.
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January for station Torbat Heydarieh (Fig. 7f). For other stations, the
end of December and first few days of January have a noticeable ne-
gative and significant (or near significant) trend in the overall soil
temperature. The greatest numbers of days with positive significant
trends are found in the Mashhad (Fig. 7c), Sabzevar (Fig. 7d) and
Sarakhs (Fig. 7e) stations. At these soil depths, a positive trend in soil
temperature for days in October is apparent, as previously discussed.
Consequently, most of the positive trends in soil temperature are found
in warmer months of the year. Most of the positive MK Z-values appear

between the beginning of March and the end of August in the studied
stations, with the exception of the Ghoochan station. As can be seen in
Fig. 7, variations in soil temperature MK Z-values at the 30 cm depth
are relatively similar to the variations in air temperature MK Z-values at
most of the studied stations. This similarity is prevalent in the colder
months of the year for all stations, and it seems that the precipitation
regime in this region is a major factor.

In Fig. 8, short-term variations are less pronounced than those found
at shallower depths (Figs. 4–7). The majority of the stations exhibit

Fig. 4. MK Z-values for air temperature (red solid line) and
soil temperature (blue dashed line) time series in each day of
the year during the period of 1993–2016 for a depth of 5 cm
(a:Ghoochan, b:Gonabad, c:Mashhad, d:Sabzevar, e:Sarakhs,
f:Torbat Heydarieh, g:Torbat Jam). (For interpretation of the
references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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relatively similar trend behavior, however for the months of July and
August, only Ghoochan and Torbat Heydarieh display negative MK Z-
values; Ghoochan values (Fig. 8a) are significant in most of the days
during this period. Positive and significant trends are clearly observed
at Gonabad (Fig. 8b) and Sarakhs (Fig. 8e) stations during June, July
and August, while at both of these stations, MK Z-values decrease sig-
nificantly and eventually reach zero during the first half of September.
Similar to previous figures, positive and significant (or near significant)
MK Z-values are observed from March through August, and after this 6-

month period, an observable downward trend commences. However,
for October (as shown in previous figures), MK Z-values remain positive
and significant or near significant. Ghoochan and Torbat Heydarieh
(Fig. 8f) stations display different behaviors in the variations of their
MK Z-values during the studied period compared to the other stations.
The reason behind this seemingly divergent trend after August remains
unclear, and further research to explore this is required. In Fig. 8, the
differences between air temperature and soil temperature MK Z-values
can be seen more clearly, perhaps because the short-term variations in

Fig. 5. MK Z-values for air temperature (red solid line) and
soil temperature (blue dashed line) time series in each day of
the year during the period of 1993–2016 for a depth of 10 cm
(a:Ghoochan, b:Gonabad, c:Mashhad, d:Sabzevar, e:Sarakhs,
f:Torbat Heydarieh, g:Torbat Jam). (For interpretation of the
references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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soil temperature MK Z-values are very low compared to previously
discussed depths (i.e. 30 cm and less). It can be observed at this depth
that the MK Z-values of soil temperature are greater than the air tem-
perature MK Z-values, especially in the warmer months and at the more
arid stations, Gonabad and Sarakhs. In contrast, at stations with colder
climates (i.e. Ghoochan and Torbat Heydarieh), the soil temperature
MK Z-values are less than the air temperature MK Z-values. This is an
interesting result and shows that trends in soil temperature at various
depths in the same location can be different than those of the air

temperature.
The plot for the 100 cm depth (see Fig. 9) is a good example of a plot

with minimal observable variations (i.e. smoothness). The greatest
concentration of days with positive and significant (or near significant)
MK Z-values are during the 6-month period from April to the end of
September, which is an interval for root system growth and develop-
ment in plants. At station Torbat Jam (Fig. 9g), negative and significant
MK Z-values are observed for most days between January and De-
cember. MK Z-values at most stations are transformed during the first

Fig. 6. MK Z-values for air temperature (red solid line) and
soil temperature (blue dashed line) time series in each day of
the year during the period of 1993–2016 for a depth of 20 cm
(a:Ghoochan, b:Gonabad, c:Mashhad, d:Sabzevar, e:Sarakhs,
f:Torbat Heydarieh, g:Torbat Jam). (For interpretation of the
references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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half of March and the second half of November. In October, MK Z-va-
lues are positive and significant (or near significant) for all of the sta-
tions and this is replicated throughout the previously analyzed soil
depths in this study. It can be seen in Fig. 9 that the soil temperature
MK Z-values for almost all of the stations are greater than the air
temperature MK Z-values, although the differences are more obvious at
the stations with more arid climates, such as Gonabad (Fig. 9b), Sab-
zevar (Fig. 9d) and Sarakhs (Fig. 9e). It can be concluded from this
figure that trends in deeper sections of soil can be significant, while the

air temperature trends at the same location are not significant. As can
be seen in this figure, the soil temperature MK Z-values have greater
absolute values for positive and negative trends in warmer and colder
parts of the year, respectively. This is a noticeable result, which in-
dicates that any (positive or negative) trend in air temperature can
occur more intensively at the 100 cm soil depth.

As seen in Figs. 4–9, deeper sections of soil at the studied stations
demonstrate positive trends, especially during warmer parts of the year.
This tendency will reduce the duration of root growth and may cause

Fig. 7. MK Z-values for air temperature (red solid line) and
soil temperature (blue dashed line) time series in each day of
the year during the period of 1993–2016 for a depth of 30 cm
(a:Ghoochan, b:Gonabad, c:Mashhad, d:Sabzevar, e:Sarakhs,
f:Torbat Heydarieh, g:Torbat Jam). (For interpretation of the
references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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additional thermal stress for sensitive grains or plant types. In addition,
the negative trend in MK Z-values during the colder months of the year,
especially December and January, indicates the increased risk of frost
hazard. A variety of commercially available agricultural crops and trees
can tolerate prolonged exposure to subzero air temperatures, but the
corresponding root structures are inherently more sensitive in frost-
stressed soil substrates. Interpreting Table 3 shows that there is no
positive significant trend for any day of the year at station Ghoochan for
depths of 50 and 100 cm (see Table 3, column titled Max.).

Comparatively, Torbat Jam station depths of 50 and 100 cm have ne-
gative and significant trends. For 5–30 cm depths, the MK Z-values are
negative and not significant (see Table 3, column titled Min.). For
stations with warmer climates (Gonabad, Sarakhs and Sabzevar), there
are no negative significant MK Z-values at the deeper depths, however
at the 100 cm depth, Sabzevar has an observable negative and sig-
nificant MK Z-value, and further research is needed to explain this
phenomenon.

For a better investigation of the differences between air temperature

Fig. 8. MK Z-values for air temperature (red solid line) and
soil temperature (blue dashed line) time series in each day of
the year during the period of 1993–2016 for a depth of 50 cm
(a:Ghoochan, b:Gonabad, c:Mashhad, d:Sabzevar, e:Sarakhs,
f:Torbat Heydarieh, g:Torbat Jam). (For interpretation of the
references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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and soil temperature MK Z-values over the year in the studied stations,
RMSE values were computed for each station and at each soil depth
using the MK Z-values for air temperature and soil temperature. As can
be seen in Table 4, the sum of the RMSE values increases as soil depth
increases. This indicates that similarities in soil temperature and air
temperature are more prevalent at the shallow soil depths, especially at
depths less than 30 cm. Based on this result, similar trends in air and
soil temperatures cannot be expected in deeper sections of soil, even in
the same geographic location.

To measure the differences between predicted values, the Root
Mean Square Error (RMSE), was used (Hyndman and Koehler, 2006).
Table 5 illustrates finite variations and trends at each discrete soil
depth. For example, Mashhad station MK Z-values at depths of 5 and
10 cm are similar to Ghoochan station, while for the other depths (20,
30, 50 and 100 cm), soil temperature in Mashhad remains similar to
Torbat Jam. From this table, it appears that stations with relatively
similar climates have comparable variations in their MK Z-values for
depths of 5 and 10 cm, as is observed for stations Mashhad and

Fig. 9. MK Z-values for air temperature (red solid line) and
soil temperature (blue dashed line) time series in each day of
the year during the period of 1993–2016 for a depth of
100 cm (a:Ghoochan, b:Gonabad, c:Mashhad, d:Sabzevar,
e:Sarakhs, f:Torbat Heydarieh, g:Torbat Jam). (For inter-
pretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Ghoochan, as well as Sarakhs and Torbat Jam. The non-parametric MK
Z-value analysis appears to have natural limitations, as it appears to
have no usable function for depths greater than 20 cm. For example, at
depths of 20 to 100 cm, stations Torbat Jam and Mashhad, with dif-
ferent climates, share a strong commonality in soil profile trends, yet
their respective RMSE remains significantly small. Consequently, at the
Gonabad station, depths of 20 and 50 cm are more similar to stations
Sabzevar and Sarakhs, respectively. These two stations have compara-
tively similar climates to Gonabad, however, at depths of 30 and
100 cm, variations of MK Z-values are similar to stations Mashhad and
Torbat Heydarieh, which do not have the same climate as Gonabad.
These unexpected results warrant further investigation in future

studies. Unfortunately, there is no similar completed study on the topic
of trend analysis of soil temperature in Iran in the literature, and further
studies on this topic are needed to compare the results of this study with
others.

The analysis described in this study is useful in that it may be used
by farmers to increase the accuracy of anticipated daily soil tempera-
ture trends throughout the year at a variety of stratified depths. The
interpretation and integration of these spatial-temporal trends for soil
temperature at specified depths may provide a beneficial baseline es-
timate for the effective long-term management and planning of agri-
cultural practices, such as appropriate regional crop selection, sowing
date based on the soil temperature variations and root resistance, plant

Table 3
Descriptive statistics of MK Z-values for different depths of soil in the studied stations.

Depth Name of Station Mean Max. Min. Range Standard Deviation Skewness Kurtosis

5 cm Ghoochan 0.10 2.89 −2.86 5.74 0.91 −0.08 0.12
Gobanad 1.29 4.06 −2.39 6.43 1.20 −0.35 −0.30
Mashhad 0.06 2.57 −2.17 4.74 0.89 −0.02 −0.42
Sabzevar 0.17 2.86 −2.92 5.77 0.96 0.10 0.03
Sarakhs 0.65 2.99 −2.21 5.19 0.93 −0.11 −0.35
Torbat H. −0.46 2.20 −3.09 5.29 0.92 0.30 −0.18
Torbat J. 0.43 2.54 −1.86 4.39 0.85 −0.14 −0.31

10 cm Ghoochan −0.08 2.53 −2.84 5.37 0.90 −0.20 0.14
Gobanad 1.08 4.21 −2.65 6. 86 1.39 −0.32 −0.65
Mashhad −0.13 2.28 −2.26 4.55 0.93 0.03 −0.63
Sabzevar 0.13 2.52 −2.42 4.94 0.87 0.09 0.18
Sarakhs 0.56 3.30 −2.12 5.42 0.87 −0.14 −0.02
Torbat H. −0.61 2.08 −3.07 5.14 0.99 0.27 −0.44
Torbat J. 0.44 2.42 −1.80 4.22 0.87 −0.16 −0.40

20 cm Ghoochan −0.42 2.38 −3.64 6.03 1.01 −0.14 −0.01
Gobanad 0.42 3.37 −2.37 5.74 1.09 0.08 −0.41
Mashhad 0.33 2.45 −2.10 4.55 0.94 −0.19 −0.56
Sabzevar 0.62 3.17 −2.26 5.43 0.88 −0.01 0.66
Sarakhs 1.64 4.02 −1.16 5.18 0.86 −0.49 0.26
Torbat H. −0.21 2.48 −3.24 5.71 1.20 −0.05 −0.96
Torbat J. 0.27 2.38 −1.98 4.37 0.76 0.09 −0.08

30 cm Ghoochan −0.51 2.58 −4.08 6.67 1.18 −0.11 −0.12
Gobanad 0.19 3.46 −2.29 5.75 1.14 0.20 −0.57
Mashhad 0.52 2.58 −2.09 4.67 0.92 −0.27 −0.40
Sabzevar 1.20 3.28 −1.54 4.82 0.81 −0.24 0.17
Sarakhs 0.94 3.26 −1.96 5.22 0.97 −0.48 −0.38
Torbat H. −0.45 2.53 −3.55 6.08 1.19 0.26 −0.48
Torbat J. 0.44 2.61 −1.69 4.30 0.74 0.03 0.09

50 cm Ghoochan −0.60 2.19 −3.80 5.99 1.11 −0.11 −0.27
Gobanad 1.77 4.61 −1.26 5.86 1.38 0.12 −0.97
Mashhad 0.52 3.74 −2.62 6.37 1.32 −0.32 −0.91
Sabzevar 0.72 2.46 −1.86 4.31 0.83 −0.43 −0.51
Sarakhs 1.42 3.98 −1.67 5.64 1.41 −0.29 −1.03
Torbat H. −0.39 1.89 −2.36 4.26 0.89 0.30 −0.37
Torbat J. 0.53 2.61 −2.23 4.84 1.09 −0.42 −0.91

100 cm Ghoochan −0.22 1.93 −2.69 4.62 1.10 −0.21 −0.84
Gobanad 1.39 3.32 −1.61 4.93 0.95 −0.50 −0.24
Mashhad 0.99 3.29 −2.37 5.66 1.38 −0.49 −0.94
Sabzevar 1.35 4.62 −2.33 6.94 1.86 −0.37 −1.09
Sarakhs 1.89 4.06 −0.60 4.66 1.08 −0.32 −0.78
Torbat H. 1.00 2.59 −1.39 3.98 0.82 −0.58 −0. 51
Torbat J. 0.70 3.38 −3.07 6.45 1.71 −0.63 −0.95

Table 4
RMSE values to detect similarity of MK Z-value variations between surface air temperature and soil temperatures at various depths in the studied stations.

Depth (cm) Ghoochan Gonabad Mashhad Sabzevar Sarakhs Torbat H. Torbat J. Sum.

5 0.82 1.26 0.88 0.82 0.57 1.07 0.57 5.99
10 0.83 1.29 0.96 0.72 0.65 1.32 0.58 6.35
20 1.02 0.71 0.89 1.05 1.46 1.03 0.75 6.91
30 1.32 0.78 0.83 1.52 0.98 1.24 0.81 7.48
50 1.31 1.96 1.19 1.25 1.66 1.28 0.98 9.63
100 1.13 1.55 1.43 2.33 1.89 1.23 1.61 11.17
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protection, and mitigation of thermal stresses occurring in soil by
analyzing the daily soil temperature trends and optimum soil tem-
perature ranges for each crop type.

4. Conclusion and recommendations

This comprehensive statistical analysis provided the daily soil
temperature trends of six preselected stratified depths of 5, 10, 20, 30,
50 and 100 cm, within seven discrete synoptic stations throughout a
northeastern province of Iran during a continuous period from 1993 to
2016. Trend analysis of soil temperature at different depths and for
each day of the year individually over a 24-year period revealed that
the trend in warmer months of the year (especially from April to the
end of August) is positive and significant (or near significant) over the
24 years of this study, and that the significance of MK Z-values in-
creases with increasing soil depth. For the first half of January and the
second half of December, a negative and near significant MK Z-value
was observed, which suggests that in the beginning and end of the year,
the overall soil temperature trend remains negative for most of the
studied soil depths. Approximating the soil temperature trends for each
day of the year can provide a useful and applicable service for en-
vironmental and agricultural practitioners alike, as most of the agri-
planning processes generally depend on climatic daily variations and

tendencies (Seemann et al., 1979; Mavi and Tupper, 2004). The trend
lines presented may provide farmers with the ability to successfully
develop robust inferences on daily or seasonal soil temperature trends
throughout the year for a specific soil depth. This analysis may provide
supplementary guidance on regional crop rotation activities, sowing
date, and mitigation of frost or heat stress. The extrapolation of this
methodology and subsequent results has geographical and agrome-
teorological limitations. Additional investigations of soil temperature in
different regions of Iran, as well as other countries, should be con-
sidered, since studies on soil temperature trend analysis is lacking in
comparison with atmospheric temperature and precipitation trend
analysis. In addition, it would be interesting to study the coupling of
regional climate models, such as RegCM, with land models such as the
Common Land Model (CLM), to simulate soil temperature over time,
and then compare trend differences between the outputs of this climatic
modeling with the results of statistical studies (such as this research). It
would be very helpful, especially as a data assimilation method, in
improving land modeling algorithms and schemes. Additionally, it may
be interesting to employ remote sensing resources and techniques to
estimate soil temperature trends over time. Comparing the results of
soil temperature trend analysis based on non-statistical methods with
statistical methods based on observations (such as in this study) would
be useful in the appropriate calibration of models and methods. Overall,

Table 5
RMSE values to detect similarity of MK Z-value variations over the year in the studied synoptic stations (Note: minimum values for each station are bolded).

Reference Station Depth (cm) Ghoochan Gonabad Mashhad Sabzevar Sarakhs Torbat H. Torbat J.

Ghoochan 5 – 1.78 0.65 0.87 1.08 0.98 0.85
10 – 1.92 0.72 0.75 1.12 0.96 1.08
20 – 1.42 1.01 1.42 2.32 1.21 1.01
30 – 1.56 1.50 2.16 2.04 1.44 1.34
50 – 3.06 1.95 1.85 2.81 0.87 1.76
100 – 1.79 1.45 2.11 2.30 1.44 1.38

Gonabad 5 1.78 – 1.80 1.65 1.17 2.03 1.35
10 1.92 – 1.82 1.72 1.33 2.22 1.19
20 1.42 – 1.09 0.89 1.52 0.96 0.96
30 1.56 – 0.80 1.43 1.12 0.87 0.91
50 3.06 – 1.55 1.45 0.82 2.59 1.56
100 1.79 – 1.03 1.51 1.01 0.78 1.41

Mashhad 5 0.65 1.80 – 0.76 0.99 0.86 0.75
10 0.72 1.82 – 0.74 0.95 0.81 0.98
20 1.01 1.09 – 0.97 1.57 1.17 0.65
30 1.50 0.80 – 1.10 0.79 1.23 0.62
50 1.95 1.55 – 0.95 1.19 1.45 0.56
100 1.45 1.03 – 1.09 1.19 0.84 0.76

Sabzevar 5 0.87 1.65 0.76 – 1.04 0.98 0.81
10 0.75 1.72 0.74 – 0.88 0.99 0.93
20 1.42 0.89 0.97 – 1.23 1.28 0.81
30 2.16 1.43 1.10 – 0.81 1.96 1.05
50 1.85 1.45 0.95 – 1.22 1.43 0.75
100 2.11 1.51 1.09 – 1.19 1.42 1.08

Sarakhs 5 1.08 1.17 0.99 1.04 – 1.35 0.74
10 1.12 1.33 0.95 0.88 – 1.42 0.73
20 2.32 1.52 1.57 1.23 – 2.05 1.56
30 2.04 1.12 0.79 0.81 – 1.61 0.91
50 2.81 0.82 1.19 1.22 – 2.32 1.24
100 2.30 1.01 1.19 1.19 – 1.12 1.55

Torbat H. 5 0.98 2.03 0.86 0.98 1.35 – 1.09
10 0.96 2.22 0.81 0.99 1.42 – 1.39
20 1.21 0.96 1.17 1.28 2.05 – 1.11
30 1.44 0.87 1.23 1.96 1.61 – 1.26
50 0.87 2.59 1.45 1.43 2.32 – 1.28
100 1.44 0.78 0.84 1.42 1.12 – 1.21

Torbat J. 5 0.85 1.35 0.75 0.81 0.74 1.09 –
10 1.08 1.19 0.98 0.93 0.73 1.39 –
20 1.01 0.96 0.65 0.81 1.56 1.11 –
30 1.34 0.91 0.62 1.05 0.91 1.26 –
50 1.76 1.56 0.56 0.75 1.24 1.28 –
100 1.38 1.41 0.76 1.08 1.55 1.21 –
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the results of this study showed that soil at the studied stations is get-
ting warmer in the warmer months of the year, especially in deeper
layers, and cooler at the beginning and end of the year at all studied
depths.
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