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The annual ground surface freezing and thawing indices can be useful to assess the temporal changes of
ground thermal regime in permafrost and seasonally frozen ground regions. The previous analyses of in-situ
observation results show that the annual freezing/thawing index could be reliably obtained from monthly
observation data. We thus employ monthly ground surface temperature to calculate the annual surface
freezing/thawing index in Mongolia. In this study we used Mann–Kendal test and Sen-slope estimate to
perform the temporal and spatial trend analysis of annual surface freezing/thawing index at a set of 20
meteorological stations in Mongolia. The study indicates that the annual surface freezing index displays a
general increasing trend at 70% of stations although the trend is not statistically significant, which
corresponds to a slight winter cooling over the period 1987–2005 in Mongolia. However, the annual surface
thawing index shows a statistically significant increase in Mongolia during the past 19 years. The surface
thawing index has increased by 29 °C-days/yr in Mongolia, which is far greater than that in the high-
latitudinal regions of Northern Hemisphere during recent decades. The intensive increase of annual surface
thawing index is predicted to be responsible for the increase in active layer thickness, as well as the changes of
permafrost distribution in this country.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Mongolia is located in central Asia at the latitudes between 41°35′
N and 52°09′N and at the longitudes between 87°44′E and 119°56′E,
and occupies a territory of about 1.56 million km2 in area. The
Mongolian relief is characterized by relatively high elevation, which is
1580 m above the sea level on average in this landlocked country.
Owing to the continental cold and dry climate with severe winters in
Mongolia, approximately 67% of the country is underlain by
permafrost (Tumurbaatar and Mijiddorj, 2006). During the last
60 years, the mean annual air temperature in Mongolia has signifi-
cantly increased by 1.66 °C (Nandintsetseg et al., 2007) and the
warming trend was predicted to continue in the following 80 years
(Sato and Kimura, 2006). In the context of great warming occurring in
the last decades, the noticeable increase in permafrost temperatures
and active layer thickness has been observed in Mongolia (Sharkhuu
et al., 2007, 2008a; Zhao et al., 2010). The prominent permafrost
degradation has exerted profound influence on the stream hydrology,

taiga forest distribution, ecosystems, and sustainable development in
Mongolia (Bohannon, 2008; Dulamsuren et al., 2010).

The annual freezing and thawing indices of the ground surface are
one of the most important parameters to assess the permafrost and
seasonally frozen ground distribution and to estimate the seasonal
freeze and thaw depth in cold regions (Anisimov et al., 2007;
Frauenfeld et al., 2004; Nelson and Outcalt, 1987; Shiklomanov and
Nelson, 2002; Zhang et al., 2005), applied extensively in engineering
designs in cold regions (Lunardini, 1981), and considered as a useful
indicator of climate change as well (Frauenfeld et al., 2007). Freezing
index reflects combined magnitude and duration of air or surface
temperatures below freezing during given cold season and is one of
the major parameters used to assess the ground-freezing potential of
a given climate. The most important applications of freezing index are
to determine the seasonal ground frost depth, to estimate the effect of
freezing conditions on the soil foundations of structures, and to
provide implications for design of road pavement and maintenance
operations of infrastructures in cold regions (Schmidlin and Dethier,
1985; Steurer, 1996). Similarly, a close relationship between thawing
index and active layer thickness has been demonstrated in many
studies (Brown et al., 2000; Frauenfeld et al., 2004; Hinkel and Nelson,
2003; Nelson et al., 1998; Romanovsky and Osterkamp, 1997). In
Geocryology, the square root of surface annual thawing index is used
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to directly determine active layer thickness in Stefan equation (Nelson
and Outcalt, 1983, 1987; Zhang et al., 2005). An important parameter,
n-factor, was introduced to reflect the relationship between the air
temperature and the ground surface temperature in cold regions
(Lunardini, 1978). The surface freezing and thawing indices are
essential variables involved in the calculation of the n-factor.

There are two kinds of freezing and thawing indices in terminology
of climatology; air freezing/thawing index and surface freezing/thawing
index. Generally, the air and surface freezing/thawing indices are
defined as the cumulative number of degree-days below/above 0 °C for
air temperature and ground surface temperature respectively during a
given timeperiod. There are a lot of studies to introduce the freezing and
thawing indices of air temperature (Frauenfeld et al., 2007; Hanson et
al., 2010; Jiang et al., 2008; Schmidlin and Dethier, 1985; Steurer, 1996;
Wu et al., 2008). The widely applied air freezing/thawing index during
the past decades was described by Frauenfeld et al. (2007), while at
present there are relatively few literature demonstrating the surface
freezing and thawing indices because of unavailability of consecutive
instrumental records of long-term ground surface temperature time
series.

In this paper we document the variations of surface freezing/thawing
index in Mongolia, on the basis of analysis of continuous instrumental
records of monthly ground surface temperature series at 20 meteorolog-
ical stations relatively evenly distributed in this country from 1987 to
2006. The 3-year observation of ground surface temperature acquired by
infrared sensor and thermistor sensor at the depth of 5 cm at a
representative automatic weather station is used to assess the validity
of usingmonthlyground surface temperaturedata in the calculationof the
approximate annual surface freezing/thawing index. The estimation of
variations in the annual freezing/thawing index would be counted on to
enhance our understanding of climate change and variations in thermal
regime of ground surface near the southern boundary of Siberian
permafrost regions.

2. Data and methodology

We use mean monthly ground surface temperature data to
calculate the surface freezing/thawing index at 20 meteorological
stations (Fig. 1), whose ground surface temperature series is available
and continuously covering the period of 1987–2006. The ground

surface temperature was measured at a depth of 0 cm at each
standard meteorological station. The monthly ground surface tem-
perature series dataset was provided by the Institute of Meteorology
and Hydrology of Mongolia (IMH). Few missing values are interpo-
lated from themonthly air temperature series at the same station over
the same period by means of linear regression methods at the 99%
confidence level. The distribution of those selected 20 stations is
relatively even in the country. The elevation of stations ranges from
747 m to 2417 m.

We define the freezing period to be July–June (next year) in order
to sum the freezing index in a continuous cold season and the thawing
period of January–December. The surface freezing/thawing index is
calculated using the following equations.

FIs = ∑
MF

i=1
jTsij⋅Di; Tsi < 0oC

TIs = ∑
MT

i=1
Tsi ⋅Di; Tsi > 0oC

where FIs and TIs are the annual surface freezing and thawing indices
respectively; MF and MT are those months when the mean monthly
temperature is above/below 0 °C during the freezing/thawing
periods; Tsi is the mean monthly surface temperature; D is the
number of days in the month of MF or MT. Therefore, time series of
annual freezing/thawing index from 1987 to 2005 were obtained.

The estimation of accuracy of using monthly air temperature
observations in the calculation of the approximate annual air
freezing/thawing index was discussed in previous studies (Frauenfeld
et al., 2007; Zhang et al., 1996). Zhang et al. (1996) revealed the
magnitude of the error for using monthly air temperature to estimate
the air freezing/thawing index was less than 5%. On a regional basis,
Frauenfeld et al. (2007) discovered that the relative errors for the
freezing/thawing index are generally low across the Northern
Hemisphere on the basis of analysis of ERA-40, CRU TS2.1, and CAI
1.02 datasets. In this study, we used the daily ground surface
temperature dataset obtained from an automatic weather station in
Davaat (Fig. 2), which was deployed in June, 2007 in Khentei
mountainous regions. The ground surface temperature was observed

Fig. 1. The relatively even distribution of 20 meteorological stations and an automatic weather station used in this study in Mongolia.
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at an interval of 30 min by an infrared temperature sensor
manufactured by Campbell Scientific, Inc (Fig. 2) and by a thermistor
located at the depth of 5 cm from the ground surface (Fig. 3). The
infrared temperature sensor provides a non-contact method for
measuring the ground surface temperature and its absolute accuracy
amounts to ±0.5 °C at the temperature ranging from −40 °C to 70 °C.
The infrared temperature sensor is deployed on the weather station
tripod (1.5 m above the ground surface) (Fig. 2). The observation data
obtained from the infrared temperature sensor corresponds to the
surface temperature of vegetation in summer and to the surface
temperature of snow cover in winter. In order to well represent the
ground surface temperature which integrates the effects of vegetation

and snow cover (Romanovsky et al., 2010; Sharkhuu et al., 2008b;
Smith et al., 2009), we further utilized the observation data of ground
surface temperature at the depth of 5 cm to assess the relative error
of calculating surface freezing/thawing index by using monthly ob-
served data. A small pit was excavated in the ground surface till the
depth of 65 cm when the automatic weather station was installed.
Five calibrated thermistors (PT-100) were installed in the pit at
irregular intervals from the surface. The thermistors (PT-100) are
located at the depth of 5 cm, 15 cm, 40 cm, 50 cm, and 65 cm
respectively, in the light of the different soil structures (Fig. 3). The
range of the thermistors was −40 °C to +20 °C and the accuracy was
±0.1 °C. The observation data of ground surface temperature at the
depth of 5 cm were used in this study. The observation data from June
14, 2007 to November 5, 2010 is available for covering 3 entire cold
and warm seasons to calculate the freezing and thawing indices
(Figs. 4 and 5). Both Figs. 4 and 5 illustrate that the transition from
above- to below-freezing temperature (and vice versa) occurs rather
quickly and only slightly impacts less than one month. The annual
freezing/thawing indices from daily and monthly temperature values
are calculated respectively to analyze the relative errors defined by
Frauenfeld et al. (2007). The results indicated that the relative error
for annual freezing index is less than 1.5% and for annual thawing
index less than 2.2% for the entire period of observation from infrared
sensor measurements (Table 1). Similar to the observation from
infrared temperature sensor, the relative error for annual freezing
index is less than 1.5% and for annual thawing index less than 1.2% for
the entire period of 3-year observation from thermistor sensor
measurements (Table 2). Therefore, we assume that less error is
involved in the estimation of annual freezing/thawing index using
monthly observation data in Mongolia.

The significance of statistical trends in annual surface freezing/
thawing index was examined using the non-parametric Mann–Kendall
trend test (Kendall, 1975; Mann, 1945). Mann–Kendall test is a rank-
based nonparametric test which was widely used for detecting
trends in climate research because of its robustness and suitability for
analyzing non-Gaussian distribution data (You et al., 2010). TheMann–
Kendall test statistic (S) is given by

S = ∑
n−1

i=1
∑
n

j= i + 1
sgn xj−xi

� �
ð1Þ

Fig. 2. A full view of an automatic weather station deployed at Davaat, in the continuous
permafrost regions of Mongolia. The continuous observation data of ground surface
temperature obtained from infrared temperature sensor were used in this study to
validate the annual surface freezing/thawing index based on calculating monthly
surface temperature data.

Fig. 3. The thermistors (PT-100) were installed in the excavated soil profile at the depth
of 5 cm, 15 cm, 40 cm, 50 cm, and 65 cm respectively from the ground surface. The daily
observation data from the depth of 5 cm were used to validate the annual surface
freezing/thawing index based on calculating monthly surface temperature data.
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Fig. 4. The schematic of the freezing/thawing index calculation using daily ground
surface temperature data measured by infrared temperature sensor at Davaat station
acquired from June 14, 2007 to November 5, 2010. The freezing/thawing index
corresponds to the time series integrals in blue/orange respectively.
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sgn θð Þ =
1 if θ > 0
0 if θ = 0

−1 if θ < 0

8<
: ð2Þ

where, n is the data set record length; xj and xi are the sequential data
values.

Themean E[S] and variance Var[S] of the statistic Smay be given as

E Sð Þ = 0 ð3Þ

Var Sð Þ =
n n−1ð Þ 2n + 5ð Þ− ∑

q

p=1
tp tp−1
� �

2tp + 5
� �

18
ð4Þ

where tp is the number of ties for the pth value and q is the number of
tied values. The second term represents an adjustment for tied or
censored data. The normal Z-test statistic is calculated by

Z =

S−1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var Sð Þp if S > 0

0 if S = 0
S + 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var Sð Þp if S < 0

8>>>>>><
>>>>>>:

ð5Þ

A positive or negative value of Z indicates an upward or downward
trend, respectively. To test for either an increasing or decreasing trend at
thep significance level, thenull hypothesisH0ofdata being independent
random variables is accepted if |Z|≤Zp/2, where FN(Zp/2)=p/2, FN being

the standard normal cumulative distribution function. In this study, the
significance level of p=0.01 and p=0.05 are adopted.

Linear trends for annual surface freezing/thawing index are
obtained using Kendall's τ-based Sen's robust slope estimator (Sen,
1968). The slope estimates are determined by

β = Median
Xj−Xk
j−k

� �
for all k < j ð6Þ

where 1<k< j<n. β is the median over all possible combinations of
pairs for the whole data set. A positive value of β indicates an upward
trend, while a negative value of β indicates a downward trend.

3. Results and discussion

Table 3 summarizes the annual trends of surface freezing and
thawing indices at the selected 20 stations in Mongolia during the
period 1987–2005. As for the reminiscent reflector of cold-season
temperature climatology, the surface freezing index at Baruunturuu
and Uliastai station shows a significant increase at a rate of 18 °C-
day/yr and 39 °C-day/yr at the 95% level of confidence. However, no
significant change in surface freezing index for the time period 1987–
2005 is observed at the other 18 stations. The annual surface freezing
indices at only 30% of stations in Mongolia display decreasing trend
but statistically insignificantly. In general, the annual surface freezing
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Fig. 5. The schematic of the freezing/thawing index calculation using daily ground
surface temperature data measured by thermistor (PT-100) at the depth of 5 cm at
Davaat station acquired from June 14, 2007 to November 5, 2010. The freezing/thawing
index corresponds to the time series integrals in blue/orange respectively.

Table 1
Relative error in the freezing/thawing index from infrared temperature sensor
observations at Davaat for three entire cold and warm seasons. FIsd and TIsd denote
the freezing and thawing indices calculated by daily ground surface temperature data
respectively; FIsm and TIsm denote the freezing and thawing indices calculated by
monthly ground surface temperature data.

FIsd FIsm TIsd TIsm RE of FIs RE of TIs

2007 3637 3584 1.46%
2008 3605 3582 1400 1369 0.62% 2.20%
2009 4306 4295 1366 1337 0.26% 2.13%
2010 1480 1466 0.93%

Table 2
Relative error in the freezing/thawing index for the ground surface temperature at the
depth of 5 cm observations at Davaat for three entire cold and warm seasons. FIsd and
TIsd denote the freezing and thawing index calculated by daily ground surface
temperature data respectively; FIsm and TIsm denote the freezing and thawing index
calculated by monthly ground surface temperature data.

FIsd FIsm TIsd TIsm RE of FIs RE of TIs

2007 1617 1592 1.50%
2008 1129 1126 1160 1159 0.22% 0.05%
2009 1857 1850 1153 1147 0.40% 0.50%
2010 1040 1027 1.22%

Table 3
List of the selected 20 stations in Mongolia, including the Country code, Station name,
Latitude (Lat.), Longitude (Lon.), Elevation (Ele.), and annual rate of surface freezing
index (RFI) and thawing index (RTI) obtained from non-parametric Mann–Kendall trend
test and Sen's slope estimates, P value denotes the significance level during the period
1987–2005.

Country
code

Sta. name Lat.
(N)

Lon.
(E)

Ele.
(m)

RFI P
value

RTI P
value

442770 Altai 46°24′ 96°15′ 2181 4 0.3121 31 0.0059
442650 Baitag 46°07′ 91°28′ 1186 12 0.1315 17 0.0072
442130 Baruunturuu 49°39′ 94°24′ 1232 18 0.0126 16 0.0709
443520 Bayandelger 45°44′ 112°22′ 1101 −5 0.6368 29 0.0002
442870 Bayankhongor 46°08′ 100°41′ 1859 4 0.3632 16 0.0344
442640 Bulgan 46°05′ 91°32′ 1190 20 0.0619 37 0.0000
442590 Choibalsan 48°05′ 114°33′ 747 15 0.1039 35 0.0001
442980 Choir 46°27′ 108°13′ 1286 −4 0.6102 33 0.0010
443730 Dalanzadgad 43°35′ 104°25′ 1465 1 0.5000 26 0.0005
443170 Erdenetsagaan 45°54′ 115°22′ 1076 8 0.1815 32 0.0021
442850 Hujirt 46°54′ 102°46′ 1662 5 0.2878 32 0.0039
442180 Khovd 48°01′ 91°34′ 1405 −3 0.5831 24 0.0250
442310 Muren 49°38′ 100°10′ 1283 −12 0.9082 28 0.0039
443540 Sainshand 44°54′ 110°07′ 938 −4 0.6102 27 0.0001
443250 Tooroi 45°09′ 97°46′ 2417 14 0.1815 23 0.0026
442820 Tsetserleg 47°27′ 101°28′ 1691 3 0.4169 32 0.0002
442120 Ulaangom 49°48′ 92°05′ 939 −2 0.6102 26 0.0021
442140 Ulgii 48°56′ 89°56′ 1715 8 0.2006 27 0.0032
442720 Uliastai 47°45′ 96°51′ 1759 39 0.0006 29 0.0105
443040 Undurkhaan 47°19′ 110°38′ 1033 22 0.2207 24 0.0002

Notes: Units of RFI and RTI are °C-day per year.
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indices show an increasing trend in Mongolia during the last 19 years
although no significant trend is detected, implying an insignificant
winter cooling.

The annual surface thawing index at all stations shows a
statistically significant increase at a significance level of 0.10 and
the annual surface thawing index at most of stations has noticeably
increased at a significance level of 0.05 over the time period 1987–
2005 (Table 3). Mann–Kendall trend tests show a significant increase
of annual surface thawing indices at 80% of stations at the 99% level of
confidence. The Sen's slope analysis shows that the annual surface
thawing indices are increasing at a rate ranging from 16 °C-day/yr to
37 °C-day/yr in Mongolia. The great increase in annual surface
thawing index corresponds to an intensive summer warming on the
Mongolian Plateau.

The spatial pattern of annual surface thawing index trends is
shown in Fig. 6. Themost significant trends are observed in the central
(5 stations) and eastern regions (2 stations). A large magnitude of
increasing surface thawing index was discovered in the eastern slope
of the Hangai Mts. in continuous permafrost regions of the central of
Mongolia (Tsetserleg and Hujirt Station in Fig. 6), which amounts to a
rate of more than 30 °C-day/yr. In permafrost regions, active layer
thickness was dependent on surface thawing index to a great extent.
The intensive increase of annual thawing index in Hangai Mts. is
predominantly responsible for an increasing rate of 0.5–2.0 cm/yr in
active layer thickness in this region (Zhao et al., 2010).

The annual surface freezing/thawing index data of 20 stations are
averaged into a time series representing Mongolia for the period
1987–2005, which is shown in Figs. 7 and 8. Fig. 7 show that the
annual surface freezing index displays an apparent increase from the
middle of 1990s. The trend analysis of annual surface freezing index
time series by Mann–Kendall test indicates the presence of a positive
trend at the 90% level of confidence. The analysis of annual surface
freezing index by Sen's slope method reveals that the annual surface
freezing index is increasing at a rate of 7 °C-days/yr in Mongolia. The
significant increase of annual surface freezing index corresponds to a
slight decrease of winter air temperature (−0.119 °C/yr) for the
period of 1990–2006 reported by Dagvadorj et al. (2009). Frauenfeld
et al. (2007) observed a statistically significant decrease of 8.7 °C-

day/yr from the 1966/1967 to 2001 in the high latitudes north of 50°N
in Northern Hemisphere. In addition, Wu et al. (2008) found that the
surface freezing index on Qinghai–Tibet Plateau had also decreased
by about 2 °C-day/yr on a decadal scale over the period 1961–2000.
The nearly opposite trends of annual surface freezing index between
Mongolia and high-latitudinal regions of Northern Hemisphere;
Qinghai–Tibet Plateau are possibly due to the use of time series of
temperature data over different period. However, it can be inferred
that differentmodes ofwinter climatic changes exist betweenMongolia
and the other regions of Northern Hemisphere.

As for the time series of annual surface thawing index, the trend
analysis by Mann–Kendall test and Sen's slope estimation shows that
the annual surface thawing index has increased at a rate of 29 °C-
days/yr at a significance level of 0.001 in Mongolia in the last 19 years.
The time series of annual surface thawing index is given in Fig. 8. This
figure shows the significant increase in annual surface thawing index

Fig. 6. Spatial distribution pattern of annual trend slopes for surface thawing index at the selected 20 weather stations for 1987–2005 periods. The map of permafrost distribution is
drawn after Tumurbaatar and Mijiddorj (2006). The size of triangles is proportional to the magnitude of increasing trend of annual surface thawing index.
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through the 1987–2005 period. The increasing trend is particularly
noticeable since the beginning of 1990s. The increasing magnitude of
annual surface thawing index at all stations is far greater than that in
the high-latitudinal regions of Northern Hemisphere (4.4 °C-day/yr)
from 1971 to 2002 reported by Frauenfeld et al. (2007). The great
increase of annual surface thawing index indicates that summer
warming plays a predominant role in the climatic warming in
Mongolia. The noticeable increase of annual surface thawing index
is in coincidence with a drastic increase in summer air temperature
(0.106 °C/yr for the period 1981–2006 and 0.147 °C/yr for the period
1990–2006 at a significance level of 0.01) in Mongolia, which is
reported by Dagvadorj et al. (2009). Corresponding to the remarkable
summer warming, Sharkhuu and Anarmaa (2006) reported that the
active layer thickness had increased by 3–30 cm and extensive
permafrost degradation has been occurring since the beginning of
permafrost monitoring in Mongolia.

4. Conclusions

A set of 3-year continuous daily observation data of ground surface
temperature at an automatic weather station in the central Mongolian
Plateau is used to assess the accuracy of using monthly observation
data to calculate surface freezing/thawing index. The result has shown
that the relative errors of surface freezing/thawing index between
using daily and monthly measured data are less than 2% for
calculation of surface freezing index and less than 3% for calculation
of surface thawing index. Consequently we assumed that it is reliable
to use monthly ground surface temperature data to obtain annual
surface freezing/thawing index in Mongolia.

The application of trend detection techniques to 20 meteorological
stations has resulted in the identification of annual freezing/thawing
index trends in Mongolia. The annual surface freezing index generally
shows an increasing trend although no significant trends were
detected over the period 1987–2005. However, the annual surface
thawing index has significantly increased at a rate of 29 °C-days/yr
during the past 19 years. Spatial trends indicate that the most
significant increase in annual surface thawing index occurred in the
central and eastern Mongolia, which could be primarily responsible
for the increase of active layer thickness and changes of permafrost
distribution in this regions during recent decades. This result could
provide important implication for mapping permafrost distribution
and estimating active layer dynamics responding to a warming
climate in recent decades.
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Fig. 8. The time series of annual surface thawing index in Mongolia for the period of
1987–2005. The bold line is the 5-year smoothing average.
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