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Abstract: Frost is one the most significant hazards affecting various aspects of human lives including
infrastructure, agriculture, economy and biodiversity. Water bodies are one of the key factors
controlling temperature fluctuations and frost. This study introduces a contemporary method for
identifying and spatially analyzing frost risk and also explores its spatial correlation with water
bodies. The proposed technique is based on coupling freely distributed geospatial data with a time
series of land surface temperature (LST) data from Moderate Resolution Imaging Spectroradiometer
(MODIS) sensor. A region located in NW Greece, which annually suffers from very low temperatures
and frost conditions and hosts important infrastructure and other human activities, was selected as a
case study. In total, 5944 images were processed covering a 14-year long period. A frost frequency
map of the study area was compiled along with two geospatial indices associated to distance from
rivers/lakes (Hydro Distance Index—HDI) and from the seashore (Sea Distance Index—SDI). Their
combined statistical and spatial correlation analysis indicated a protective buffer zone from frost at
distances up to 20 km from sea and up to 5 km from lakes and rivers respectively, suggesting that the
protective buffer zone depends on the water volume. Statistically, frost frequency was found to be
positively correlated with both SDI (rs = 0.527) and HDI (rs = 0.145). Also, the effect of topography
was examined in our analysis. Results showed that altitude and slope were moderately correlated to
frost frequency; yet, the significance of the correlation was reported to be lower to SDI. Furthermore,
the spatial autocorrelation analysis revealed a correspondence in the clustering of frost frequency
maps with the HDI and SDI. Our findings demonstrate that water bodies are a major controlling
factor for frost occurrence, by lowering frost frequency in water surrounding areas. Furthermore,
it highlights the promising potential of our proposed methodology in quantifying frost effects, which
can form a potentially useful tool assisting effective planning of protection measures and frost hazard
mitigation in general.
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1. Introduction

Geoenvironmental hazards and extreme natural phenomena, such as, frost, desertification, forest
fires and so forth, are affecting every year thousands of people globally. Water-related hazards are
among the most severe and influential ones for human life. Climate change along with unsustainable
human overexploitation of natural resources (qualitative and quantitative) has amplified the intensity
and frequency of their occurrences as well as their impacts [1]. Consequently, research in fields such
as flooding, rainfall, surface run-off decrease, and soil erosion is constantly evolving and enriched
with contemporary techniques, tools and data [2–6]. Furthermore, the indirect impact and influence
of surface water in natural processes that may lead to extreme phenomena such as extremely low
temperatures and frost have also been extensively investigated [7–15].

The spatiotemporal distribution of extreme low temperatures and frost risk has been the subject of
significant research during the recent decades. This is due to their severe consequences in infrastructure,
agriculture, biodiversity and human society in general, which have constituted frost risk mapping as a
major priority for environmental scientists and policy makers [16–20]. Major economic losses caused
by freezing of horticultural crops are observed throughout the world annually [21–27]. Frost has been
globally identified as a leading agricultural hazard, as it can occur in almost any location, outside the
tropical zones [28]. About two thirds of the world’s landmass is annually subjected to temperatures
below the freezing point and about half of it suffers from temperatures below −20 ◦C [29]. Apart from
the economic losses, there are also significant secondary effects on local and regional communities,
such as migration and unemployment [28].

Equally important are the severe impacts of frost on safe and timely transportation during winter
months, even in countries with mild climate such as Greece. During periods with extreme weather
conditions there is higher risk of car accidents caused by road slipperiness and in travelling delays due
to lower commuting speed [30,31]. In more extreme weather, the road may be inaccessible even for
emergency traffic such as ambulances, fire engines and police cars causing significant disturbances [32].
Taking into account of the severe consequences of frost, the ability of acquiring information on the
distribution of frost events is of crucial importance and it is important to obtain information concerning
not only when, but also where frost may occur in a region [33].

Nowadays, the rapid development in Earth Observation (EO) and Geographic Information
Systems (GIS) has improved our ability to perform frost risk mapping and prediction [16,18,20].
Remote sensing data of higher spatial and temporal resolution are constantly released providing
information concerning the spatiotemporal distribution of surface temperature [34]. Furthermore,
different studies based on the implementation of GIS with EO data have focused on analyzing the
effect of physiographic, topographic and human-induced factors in frost occurrence [35–37].

Various studies have manifested the importance of several factors of temperature fluctuation and
frost risk [7–9,17,19,20,38–46]. These factors include geographical and geomorphological parameters,
such as latitude [38], elevation [8,33,45,46], slope gradient and aspect [7,8,18,33,47,48], topographic
curvature [45,49,50], soil moisture and distance from water bodies [7–15] and lastly, parameters
connected to land use/cover, such as vegetation or human activity [41,44,45,51,52]. The presence of
water surfaces and increased soil moisture have a protective role as far as frost risk is considered.
In particular, water bodies with wide extent, such as lakes, large rivers and the sea, through their
thermal inertia are connected to reduced frost risk levels, as they positively affect the temperature and
movement of cold air masses and reduce the intensity of radiation frosts [7,8].

Soil moisture and atmospheric moisture near the ground level are important parameters of
temperature fluctuation due to their effect on evapotranspiration [7]. In areas with high soil moisture,
the irradiated energy first evaporates moisture and then heats the surfaces during the day. As a
result, daytime temperatures in humid regions are significantly lower [53]. Similarly, during the
night, increased soil moisture affects the variation of minimum temperature, limiting the prevalence
of extreme low temperatures and the risk of frost on the land surface [54]. High levels of soil and
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atmospheric moisture are mainly found in areas with high precipitation rates and proximal to large
water bodies.

Building on previous studies [7–15], this study aims at investigating the correlation between frost
frequency and distance from rivers, lakes and the sea, in an extended area of northwestern Greece,
by processing and analyzing geospatial and satellite data via geostatistical techniques [55] and spatial
indices. In the selected study area, the protective buffer of water bodies against frost was found to
differentiate depending on the water volume, so longer protective distances were found to apply to the
influence of the sea and shorter distances applied to the effect of lakes and rivers. Also, since frost
occurrence is also influenced by other parameters and predominantly from landscape characteristics,
our analysis has been expanded to cover these factors and compare their influence against water bodies.

2. Materials and Methods

2.1. Study Area

Our study area is situated in northwestern Greece and covers an area of 8661 km2, having a
perimeter of 806 km (Figure 1). The area is characterized by extreme weather conditions during the
winter months, where frost conditions often occur. The landscape can be described as a mosaic of
extended flat shores in seaside regions and an alternation of valleys and mountainous areas with the
highest altitude at 2204 m. In the eastern part, the study area is maritime with low elevations and
mild slopes. In its central part the terrain is rough with mountain ranges trending mostly NNW-SSE
following the alpine deformation field with steep slopes mainly facing ENE-WSW. The western part
has a smoother relief with many rivers and streams flowing towards the sea.
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This specific area was selected, as a suitable test site for applying the developed methodology,
since it meets all the required criteria (dense and extended river network, lakes and proximity to the
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sea, along with extremely frequent low temperatures and frost occurrence). In addition, it hosts major
infrastructure, such as the Egnatia motorway (that is the predominant E-W trending transportation
route in South Balkans), which often experiences traffic disruptions due to frost. Lastly, agricultural
activities cover a major part of the studied area, which suffer from significant crop losses and financial
damage due to frosting occurrence.

The study area was defined based on the road axis of Egnatia motorway, one of the most significant
infrastructure works of Greece. A buffer zone of 15 km on each side of the western and central part
of the motorway has been analyzed, covering a length of almost 310 km. This part of the Egnatia
motorway has been found to be prone to weather extremes and terrain complexity. This is because it is
situated in a mountainous region of northern Greece, where during winter and early spring, frost and
snow conditions often occur. In general, the weather conditions along the motorway are diverse and
sometimes extreme, applying significant stresses and costs on the operation and maintenance as the
motorway crosses through rough landscape [56].

The main geological formations of the study area (flysch and Neogene marls) are impermeable
increasing surface runoff, therefore a high-density hydrographic network is developed. The area’s
drainage network is extensive and includes parts of the catchments of Greece’s three major river
systems (Aliakmonas, Kalamas and Arachthos). Furthermore, the study area includes Pamvotida, the
9th largest lake of Greece covering an area of almost 20 km2, as well as the artificial lakes of Polyfitos
(74 km2 area) and Aoos (12 km2 area).

2.2. Data

In our study a range of freely distributed geospatial datasets were combined, processed and
analyzed, which are summarized in Table 1 below.

Table 1. Data information.

Data Information Derived

Geographic Information Systems (GIS) data Hydrographic network, Lakes
Coastal water surfaces

Moderate Resolution Imaging Spectroradiometer (MODIS) data Land Surface Temperature (LST)
Advanced Spaceborne Thermal Emission and Reflection

Radiometer (ASTER) Global Digital Elevation Model (GDEM) Digital Elevation Model

GIS data were obtained from the national open database of Greece. Three different vector layers
were acquired concerning the hydrographic network, lakes and coastal water surfaces.

Information on the spatiotemporal variability of Land Surface Temperature (LST) was obtained
using MYD11A1 images retrieved from the Data Pool, courtesy of NASA EOSDIS Land Processes
Distributed Active Archive Center (LPDAAC), USGS/Earth Resources Observation and Science (EROS)
Center, Sioux Falls, SD, United States. The product MYD11A was selected from Aqua satellite which
provides information on night-time LST with a spatial resolution of 1 km on a daily basis. These are
Level 3 (L3) products in tiles of 1113 km2 and their estimated accuracy is 1 ◦K in land and under clear
sky conditions [57]. The study area is distributed in two MODIS tiles—column 19 and row 4 and 5. In
total, a time series was created by processing 5944 images, which correspond to the period from the
1 October to the 30 April of the years 2003 to 2016.

In addition, information on topography was obtained from the ASTER (Advanced Spaceborne
Thermal Emission and Reflection Radiometer) global digital Elevation Model V002 data, also available
from the online Data Pool, courtesy of the NASA Land Processes Distributed Active Archive Center
(LP DAAC), USGS/Earth Resources Observation and Science (EROS) Center, Sioux Falls, South Dakota,
United States. The dataset comprised of the granules N40E21-22, has a spatial resolution of 30 m and a
mean accuracy of 12.41–13.6 m for the area of Greece [58,59].
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The software platforms used for the processing and analysis of the above data included ArcGIS
10.4 maintained by the Environmental Systems Research Institute (Esri) in Redlands, CA, United
States, ENVI 5.1 (Environment for Visualizing Images) developed by Harris Geospatial Solutions
(Broomfield, CO, United States), XLSTAT by Addinsoft (New York, NY, United States) and GeoDA
developed by the Spatial Analysis Laboratory of the University of Illinois at Urbana-Champaign under
the direction of Dr Anselin [60].

2.3. Methodology

2.3.1. Overview

An overview of our proposed methodology is illustrated in Figure 2.
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2.3.2. Spatial Analysis of Water Bodies and Development of Indices

The first step involves the analysis of the inland water bodies (hydrographic network and lakes)
and the development of HDI (Hydro Distance Index) and SDI (Sea Distance Index), which represent
the spatial distribution and distance from rivers, lakes and the sea respectively. For these processes
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two raster layers were created, with the same spatial resolution of MODIS LST images (0.926 km2),
so that consistency would be maintained for further data analysis.

The development of the HDI index which is based on the relative distance from lakes and rivers
was accomplished by the following procedure. Firstly, the initial data (vector layers), concerning
spatial information on the hydrographic network and lake distribution, were clipped according to the
limits of the study area. Subsequently, a single vector layer was created by the union of the two initial
layers after the lakes’ layer was converted from polygon to polyline. Then the Euclidean distance from
rivers and lakes was calculated and the corresponding raster file was created. Finally, a logarithmic
transformation was performed using the natural logarithmic formula and the HDI was extracted.

HDI = ln(Euclidean Distance from Rivers/Lakes) (1)

Following the same procedure, the SDI was obtained (i.e., by the logarithmic transformation of
the raster file containing the estimation of the Euclidean distance from sea).

SDI = ln(Euclidean Distance from Sea) (2)

The logarithmic transformation of distance was selected as more representative of the protective
effect of water bodies against frost risk, as the intensity of the effect of water surfaces on temperature
fluctuations decreases with distance very abruptly and not linearly [29,33,36].

2.3.3. Frost Frequency Analysis

Frost frequency analysis in the study area was performed by processing the MODIS LST time series
data (from the MYD11A1 product), covering a 14-year period from 1st of October to 30th of April of the
years 2003–2016. The frost frequency map of the study area was compiled following the methodology
described in a previous study by [61]. The processing of the images included the identification of
areas where land surface temperature was below 0 ◦C. The latter indicated frost conditions and the
identification of areas where temperature information was recorded and distinguished from the no
data areas (due to cloud cover or other cause). The next step involved the stacking and summing up of
the results of the two processes in two corresponding composite images.

Finally, the frost frequency map was compiled, based on the two composite images, which presents
the frost frequency in relation to frequency of temperature detection by MODIS instrument. The values
of the frost frequency map ranged between 0 and 1 and corresponded to the times frost had been
detected per the times temperature information was available for each cell of the frost frequency map.
So, ‘0′ values corresponded to no frost detected in the images where temperature information was
available and ‘1′ values were assigned to cells were frost was recorded in all the images in which
temperature information was available.

2.3.4. Topography Analysis

Frost occurrence is also influenced from the landscape characteristics. Therefore, the influence
of topography has also been taken into consideration in our study and its relationship with the frost
frequency map was investigated as well. In particular, the altitude, slope, aspect and curvature
(Figure 3) were analyzed and their correlation to frost frequency and the two indices (HDI, SDI) has
been evaluated.

In the aspect maps, a reclassification was required so as to assess the influence of the slope
orientation in temperature variation. The initial aspect values were grouped in 3 categories depending
on the amount of incoming solar radiation for each type of orientation [18,33,36] and their values were
reclassified accordingly. So, Northfacing slopes receive the lowest amount of solar radiation and the
value ‘1′ was assigned to them. Southfaced slopes were assigned the value of ‘3′ as incoming insolation
is the highest in south facing areas. Lastly, western and eastern slopes were assigned the value of ‘2’.

No such transformations were necessary for the altitude, curvature and slope parameters.
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2.3.5. Statistical Analysis

To assess the correlation between frost frequency, HDI, SDI and the landscape characteristics of
the study area, the following procedure was implemented. Firstly, a vector point layer was created
from the cell centroids of the frost frequency raster layer. Next, the cell values of the centroids of the
layers of frost frequency, HDI, SDI and the topography factors of altitude, slope, curvature and slope
aspect were extracted. An attribute table was created in ArcGIS, which consisted of approximately
13,000 point values. The table was extracted in Excel and was further processed with Excel’s statistical
extension, XLSTAT, in order to estimate the correlation among the raster layer values of the HDI, SDI
and the frost frequency using Spearman’s statistical index.

2.3.6. Moran’s I Autocorrelation Analysis

The final step of the process concerned the analysis of the spatial distribution and the detection of
spatial autocorrelation among frost frequency, HDI and SDI. This step is fundamental in identifying
the spatial patterns and the distribution of the studied variables. Spatial autocorrelation analysis can
assist in the documentation of the spatiotemporal variation and the understanding of the factors that
have a crucial effect in phenomena linked to weather conditions [62].

The analysis was performed after following some key stages. Firstly, the point layer containing
the centroid values of frost frequency, HDI and SDI was processed so as to estimate the spatial
autocorrelation of all the layers by the local Moran’s I statistical test (Local Indicators of Spatial
Association—LISA) [63]. After several trials, the K6-nearest neighbor matrix was selected as the most
representative and suitable for highlighting spatial patterns in the best possible way and identifying
optimum clustering of the data based on low and high statistically important values. The result of this
procedure was a map showing clusters of significant high and low values and a scatter plot indicating
the Moran’s I values for each variable (frost frequency, HDI and SDI).
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3. Results

3.1. Spatial Distribution of HDI and SDI

The spatial distribution of HDI and SDI in the study area is presented in Figures 4 and 5
correspondingly. They provide information on the relative distance of each point of the study area
from rivers and lakes (Figure 4) and the sea (Figure 5). These maps present the study area categorized
in five classes depending on the values of the indices. The maps categorization is implemented using
the Natural Jenks method. It is a data classification method that is based on the natural grouping
inherent in the data and maximizes the differences between classes [64]. However, the processing and
evaluation of the results was executed on the original indices values and not on the classes presented
in the maps.
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Figure 4. Spatial distribution of the HDI (Hydro Distance Index).

In the two maps (Figures 4 and 5), we can see red colored areas where the values of the indices are
higher, which correspond to higher frost risk areas, as they lie outside of the protective buffer zones of
water bodies. On the contrary, green colored areas, where the indices have lower values, are contained
in areas more protected from frost risk due to the effect of water bodies. By observing these maps, the
lateral proximity of the study area to the sea is evident in contrast to the diffused and varied dispersion
of water bodies (lakes-rivers).

3.2. Spatial Distribution of Frost Frequency

The frost frequency map of the study area, based on MODIS surface temperature data is illustrated
in Figure 6. The map highlights areas where frost frequency is high (red colored), in contrast to other
areas (yellow and green colored). Significant variability in frost frequency is observed across the study
area, even over short distances. The high variability reflects the rough landscape as a result of the
intense Alpine orogenic processes that influenced all the geomorphic parameters (such as slope, slope
aspect, etc.) that affect frost distribution.
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Figure 6. Frost frequency map of the study area showing the Egnatia motorway and the surrounding
water bodies.

By examining the frost frequency map from west to east, we can firstly see the very low and low
frost frequency zones in the western part which extend over an area up to 20 km from the sea. As
shown in the geomorphological map (Figure 1), this region is characterized by intense relief with an
altitude up to 1450 m and is crossed by the branches of two major rivers.

Then further to the east, a moderate to high frost frequency zone is traced. This is the most rough
and high altitude terrain along the study area, reaching up to 2000 m elevation. Two lakes are observed
within this part, the western is Pamvotida (500 m altitude) and the eastern is the artificial lake that is
filled by the sources of the Aoos river (1300 m altitude). The influence of those two lakes against frost
frequency seems to extend up to distances of 5 km.

Eastwards, there is an area of moderate altitude, surrounded by two mountain ranges, according
to the geomorphological map of Figure 1. Several major rivers cross this region and although altitude
does not differentiate in this region, frost frequency varies from low to high levels.
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The next part of the study area is very mountainous in the north without any major rivers and
very high to high frost frequency was recorded. On the contrary, its south part includes branches of a
major river as well as the artificial lake of Polyfitos. Moderate to very low frost frequency has been
recorded in this part, which can be attributed to the combined effect of the lake, the river that supply
the lake, as well on the surrounding topography.

The eastern end of the study area is of great interest, as it is a low land region, a valley which is
crossed by three major rivers that flow into the sea where agricultural activities dominate. Contrary to
what might be expected, moderate to high frost frequency was recorded in the area and only small
regions of low frost frequency are observed in the coastal zone, reaching to distances up to 5 km from
the sea.

Figure 6 displays the distribution of frost occurrence along the Egnatia motorway and some key
observations can be extracted. About half of the road length lies in areas of moderate to high frost risk.
Especially the central part of the motorway crosses areas of high frost frequency, as they are exposed
to low temperatures during the winter months. The western part of the motorway is in an area of
very low—low frost risk, which can be attributed mainly to the short distance from the sea. Also, the
north-central part of the motorway is characterized by low to moderate frost risk. In this area, the
drainage network is dense and in particular some rivers cross the area at short distances from the
motorway. Lastly, the eastern tip of the motorway is characterized by low frost occurrence, which can
be attributed to the combined influence of the sea, lakes and rivers that prevent frost phenomena in
the area.

3.3. Statistical Analysis

The recorded frost frequency levels as well as the spatial distribution of HDI and SDI were
analyzed in order to quantify and evaluate the correlation between the indices and frost frequency.

In addition, the effect of topography on the variation of frost frequency, HDI and SDI was explored,
by incorporating the factors of altitude, slope, curvature and slope aspect. Table 2 displays the results
of the correlation analysis of frost frequency in relation to the HDI, SDI and the topographic parameters,
using the Spearman’s correlation coefficient (rs). The rs values that indicate moderate (rs ≥ 0.3) and
strong (rs ≥ 0.5) correlation are marked in bold.

Table 2. Spearman’s statistical correlation analysis (rs) among frost frequency, SDI, HDI and topography.

Variables Frost Frequency SDI HDI Altitude Slope Aspect Curvature

Frost Frequency 0.527 0.145 0.306 −0.193 −0.002 −0.02
SDI −0.052 0.589 0.147 0.010 −0.018
HDI 0.260 −0.061 0.009 −0.023

Note: HDI, Hydro Distance Index; SDI, Sea Distance Index.

Table 2 shows that there is a strong positive correlation between frost frequency and distance
from the sea, as the Spearman’s correlation coefficient is 0.527, indicating that as the distance from
sea increases, frost frequency is higher. The correlation between frost frequency and distance from
water bodies is still a positive one, but has a relatively low value (rS = 0.145), indicating a rather weak
correlation. The conclusion that can be drawn is that even though there is a clear tendency for increased
frost occurrence in areas far from lakes and rivers this is not statistically strong for our study area. This
is probably because other factors are also superimposed (e.g., altitude, aspect) on the frost occurrence.
Concerning the topography effect on frost frequency distribution, it can be observed that altitude is
the dominating factor in our analysis, as the Spearman’s correlation coefficient is 0.306, showing a
moderate correlation; however, it is lower to the correlation of frost risk with SDI. Also, slope has a
weak negative correlation with frost frequency, indicating that there is a reverse correlation between
frost and slope steepness so that frost frequency is higher in relatively flat areas. This is consistent to
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previous findings [18,33,36]. Lastly, curvature and slope aspect do not seem to be correlated to frost
frequency, which can be attributed to the raw spatial resolution of MODIS images from which the frost
frequency was derived.

As for the SDI distribution, it is also strongly correlated to the altitude, which was expected as
coastal areas generally are by definition at or near sea level. However, there is not a perfect positive
correlation, showing that the variation of SDI can be only partly linked to altitude fluctuations. The
other topographic factors have a weak correlation with the SDI. It is important to note that, according
to our results, the SDI and HDI are not correlated, as the Spearman’s correlation coefficient is −0.052,
which indicates that the two variables are independent to each other.

Lastly, the HDI correlation to topography is basically linked to altitude as there is a moderate
positive correlation (rS = 0.260), indicating that since water flows with gravity, water bodies tend to be
concentrated in lower altitudes. HDI does not seem to correlate with slope, curvature and aspect, as
the Spearman’s correlation coefficient values are very low, close to zero.

3.4. Spatial Autocorrelation

The spatial patterns of frost frequency with the HDI and SDI distribution in the study area were
further investigated. The degree of spatial autocorrelation of the indices and frost frequency and the
identification of areas with significantly lower or higher values was attempted based on the local
Moran’s I statistical test, using the K6-nearest neighbor matrix. The existence of spatial clusters was
investigated, which refers to areas where the values of a variable are more similar to its surrounding
areas compared to a spatial randomness case study.

The maps of spatial patterns included classification of the study area based on the statistically
significant values of the local Moran’s I index into five classes, with a statistical significance level of
0.005. Figures 7–9 show the produced LISA cluster maps, which classify the study area by type of
spatial autocorrelation, as well as the scatterplots of the clustering of frost frequency, the SDI and HDI.
The dark red locations represent spatial clusters of high values surrounded by high values, forming
a high-high region. Respectively, the dark blue locations indicate spatial clusters with low values
surrounded by low values, forming a low-low region. The spatial outliers are regions with high values
surrounded by low value regions or the opposite and are marked with light red or light blue and are
called high-low and low-high regions respectively.
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In Figure 7 frost frequency is presented based on the statistically significant values of the local
Moran’s I index into five classes. The existence of areas with statistically high frost frequency values is
obvious in the central and north-central sections of the study area. In major parts of these regions,
clusters of high SDI and HDI values have been identified (Figures 8 and 9), indicating that high frost
frequency clusters could be linked to limited proximity to sea and water bodies. An extended cluster
of significantly low frost frequency is observed in the western end of the study area. The latter can be
linked to a similar but not so extended low SDI cluster near the coastline and to a smaller and scattered
low HDI cluster. This indicates that low levels of frost risk in this area could be attributed to a great
extend to the combined effect of sea and water bodies. Similar assumptions can be made concerning
the low frost frequency cluster in the eastern part of the study area. According to the scatterplot of
Figure 7, the Moran’s I value is positive (Moran’s I = 0.73), indicating that there is an overall pattern of
clustering of frost frequency values. The above results suggest a strong positive spatial autocorrelation
that is statistically significant.

The map presenting the classification of the study area in 5 classes depending on the values of the
SDI is presented in Figure 8. Significantly low values are clustered in the western and eastern parts
of the study area, extending to a zone of about 10 km from the coastline. The western low cluster
shows a significant correspondence to the low cluster of the frost frequency map, which confirms the
low levels of frost frequency of the area. The eastern low cluster has a similarity to the low clusters
of frost frequency only towards its south part, indicating that other frost risk factors dominate in the
rest of the area. An extended cluster of high SDI values is noticed in the central part of the study area.
This region is not proximal to the sea and, in a major part of its extent, clusters of high frost frequency
have been identified. In the scatterplot of Figure 8, Moran’s I value is positive and quite close to 1
(Moran’s I = 0.91), indicating that the SDI values are highly clustered.

Lastly, the study area map which refers to the values of the HDI and is classified in 5 classes is
presented in Figure 9. The low clusters of HDI, which can be linked to the protective effect of water
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bodies against frost, seem intensely concentrated around the riverbeds and the lakes and they are
surrounded by outliers (high-low areas). From the HDI cluster map, it can be derived that statistically
significant low values of the HDI, extend to short distances from water bodies, reaching up to 5 km
from riverbeds and lakeshores. On the contrary, high clusters which refer to areas where the HDI
values are significantly higher, cover larger areas, over which there is no protective effect of water
bodies against frost as the hydrographic density is low. The strong positive correlation of the HDI
clusters, which is statistically significant as Moran’s I value is above 0.5, is presented in the scatterplot
of Figure 9 (Moran’s I value is 0.54).

In order to enhance the evaluation of the auto correlation analysis, Figure 10 has been produced
showing the frost frequency in relation to the water bodies and the sea. It displays frost frequency
spatial distribution, the high and low value clusters of frost frequency as well as the water bodies of
the study area and the sea. The analysis of this map highlights the existence of statistically significant
low frost frequency in the western part of the study area. This zone of low frost frequency extends up
to 20 km from the sea and is crossed by two major rivers that flow into the sea, Kalamas (symbolized
as R1 in Figure 10) and Acherontas (R2). Another region of low frost frequency is located in the
eastern part, in distances up to 5 km from the artificial lake of Polyfitos (L3) and the riverbanks of the
Aliakmon river (R4). Also, in the south-central part, there is a low frost frequency zone extending up
to distances of 5 km from river channels that form part of the Pineios drainage network (R3). Two low
frost frequency clusters of smaller extend are located next to the lakes of Pamvotida (L1) and Aoos (L2)
reaching up to 3.5 km from the shore lakes. Lastly, a major high frost frequency cluster is traced in the
central part of the study area. This high cluster is in a high-altitude area (600–2000 m) promoting frost
occurrence. Even though towards its western part it is crossed by a rather dense drainage network,
frost occurrence is still high because these catchments are small, drain small water quantities, thus
having a lower impact on frost occurrence.
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Figure 10 provides also a frost hazard assessment along the Egnatia motorway. From west to east,
the first 60 km of the motorway cover a low frost frequency area, partly attributed to the protective
effect of the sea and the surrounding rivers. The next 90 km of the motorway crosses an area of
moderate frost frequency levels, which includes a low frost frequency zone of almost 3 km, close to the
lake Pamvotida and then for the next 60 km again the motorway crosses an area mainly of moderate
frost risk levels. Then, there is the part of the Egnatia motorway which is most prone to frost (with a
length of almost 85 km) where a high frost frequency cluster is observed. During winter, high levels of
preparedness are required along this part of the motorway for timely mitigation measures against frost.
Lastly, the remaining 70 km of the motorway are classified as moderate frost risk zone.

4. Discussion

The present study analyzed the protective effect of surface water bodies (rivers, lakes, sea) against
frost risk in an area of northwestern Greece. The hydrographic network (including lakes) and water
bodies in general have been identified as one of the most important factors in differentiating surface
temperature and reducing frost frequency [29,33,36,59]. The mechanisms involved in the protective
effect of water against frost are associated to the thermal inertia of water bodies of wide extend and to
the evapotranspiration of soil moisture, which prevents extreme temperature phenomena, such as
frost [7,8,53].

Research on the influence of rivers on temperature variation has been carried out by Fridley [7]. In
particular, the distance from rivers was used as an index for predicting surface temperature variation
and a steady trend of higher relative temperatures was found in areas close to rivers. More specifically,
areas within distance of 1 km from rivers, were found to be warmer with differences up to 2 ◦C [7].
Furthermore, the effect of a lake (Salt Lake Uyuni, 800 km2) on surface soil temperature was studied
by Pouteau et al. in an area of Bolivia [36]. The lake was found to pose a substantial influence on
the local surface temperatures up to a distance of 10 km and as a result, it prevents frost phenomena.
Similar findings have been confirmed by the current study, even though they offer mostly a qualitative
assessment rather than a quantitative one.

A frost frequency map was generated by EO data, obtained by MODIS sensor with spatial analysis
of 1 km2. According to this map, the effect of sea and lakes—rivers on the risk of frost fluctuations
appear to extend to a zone of 20 km and 5 km respectively. These results are in agreement with other
similar studies from different settings [29,33,36,59].

According to the frost frequency map, topography seemed to pose an influence on frost occurrence,
which is consistent to previous studies [7,8,33]. However, a significant part of frost variation was not
linked to the landscape features of the study area. For example, in the western region of our study area,
low frost frequency was recorded although its undulating terrain and altitudes up to 1450 m. Also,
in the lowland valley located in the eastern end of our study area, moderate to high frost frequency
was found. Only in the region close to the coast and towards the artificial lake, there were lower frost
frequency levels.

Our research included also the statistical correlation analysis between frost frequency and water
bodies. Frost frequency and distance from the sea displayed a very strong positive correlation implying
that the risk of frost increases with distance from the sea. In addition, a similar but lower correlation
existed between frost frequency and the distance from lakes and rivers. However, this correlation
needs further study due to the shorter buffer zones involved in lakes and rivers; therefore a higher
spatial resolution is required. It is expected that the water volume influences the extend of the buffer
zone and a higher spatial resolution can clearly resolve and quantify these effects in the surrounding
area of rivers and lakes.

Furthermore, the statistical correlation of frost frequency, HDI, SDI and the topographic parameters
were analyzed, in order to assess also the effect of topography in our results. Altitude and slope
displayed moderate levels of correlation to frost frequency but lower compared to the correlation
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between SDI and frost frequency. This finding is also in accordance to previous studies which have
found that the influence of the topographic factors varies according to the scale of study [7,8].

Frost risk spatial variability in relation to surface water bodies was further investigated by
analyzing the spatial autocorrelation patterns of frost frequency and the HDI and SDI distribution.
The cluster maps of frost frequency and SDI displayed a similar spatial pattern across several regions
of the study area. Clusters of high SDI values are observed in the central parts of the study area which
are more prone to low temperatures and frost risk in the winter months. On the contrary, low SDI
clusters are observed in the western and eastern edges of the study area where frost risk occurrence is
lower. In addition, the frost frequency and the HDI map seem to follow a similar pattern in the eastern
central regions of the study area. Clusters of high frost risk are observed in parts of clusters of high
HDI values. These areas are more susceptible to frost risk and are characterized by low density of
surface water bodies.

Lastly, the proposed methodology was applied on a major infrastructure work, the Egnatia
motorway, showing that a more accurate zonation in relation to frost risk can be accomplished through
this application. An enhanced ability to predict frost risk along the motorway can be achieved which
can lead to planning of more effective mitigation measures.

To sum up, according to the results of this study, the effect of sea on the temperature fluctuations
and frost frequency is obvious and appears to extend at a zone up to 20 km. However, our results
suggested that the effect of lakes and rivers is less intense and more variable, as it extends at distances
up to 5 km, which is in agreement with findings of other studies [7,8]. Also, it is worth noting that the
effect of lakes and rivers generally depends on their relative size and water volume and occasionally
may be overprinted on a case by case basis by other factors, such as altitude, slope and slope orientation
(aspect). Our analysis regarding the topographic parameters and the frost frequency showed that
the altitude and the slope exert the main influence at least for such square km scales provided by
MODIS data. It is expected that the other topographic parameters such as aspect and curvature can be
identified in studies of higher spatial resolution [7,8] since their characteristics change significantly on
the sub-km scaling.

The application of the methodology presented in this work can have a significant contribution to
research related to the risk posed by extreme low temperatures and to the targeted design of mitigation
measures. It must be underlined that the methodology of this research is based on the coupling of open
EO and geospatial data and contemporary software and scientific processing and analysis techniques
and methods. Given the proper attention and optimum use, this methodology has the potential to
become an important operational tool against frost occurrence for researchers, planners, civil protection
services and stakeholders in general.

In order to further develop the proposed methodology, it is necessary to study various areas with
variations in the density and characteristics of their hydrographic network in relation to the frequency
of frost. However, it must be noted, that if our methodology is applied in areas with different water
bodies characteristics (volume, altitude etc.), it is expected to generate slightly different results (e.g., in
areas close to Danube, where it would be the dominant water body, it would have the most important
protective effect against frost). Thus, although the approach can be applied without bias in any site
characterized by low temperatures and frost, the results must be carefully interpreted taking into
account each time the peculiarities of each test site. Future research might focus on exploring the use
of higher spatial resolution EO data than MODIS. Such analysis is expected to increase the spatial
resolution of frost occurrence, emphasizing on the effect of rivers and lakes.

5. Conclusions

The main aim of this work was the investigation of the effect of water bodies on temperature
fluctuations and the correlation patterns that existed between sea, lakes and rivers and frost frequency.
The proposed methodology is based in the coupling of freely distributed EO and geospatial data,
contemporary software and scientific processing and analysis techniques. The results showed in the
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selected study area the existence of a protective buffer zone from frost at distances up to 20 km and 5 km
from sea and water bodies, respectively. In the geographical scale of the study used in this research
(of 1 km), sea proximity was proven to have the highest effect on frost fluctuations, followed by lake
and river proximity. As for the influence of landscape characteristics on frost frequency, the most
important factor was altitude, secondly slope whereas aspect and curvature did not show significant
correlation. This was one of the primary applications in Europe which can lead to the planning of more
targeted and effective mitigation measures against frost, through the more accurate quantification of
frost effects.
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