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Abstract

Extreme weather and climate changes are emerging more frequently in Central Europe, Hungary, and in the near future the increase in
prolonged droughts, high-intensity precipitation events and the temporal variations of precipitation are expected, which may increase
the magnitude of local water damages (OVF, 2016). As a result of climate change, these extreme weather events will be more frequent,
however it is difficult to predict them, as until now insufficient amount of observations are available on smaller watercourses and on
refined territorial water balances. For the future assessment of the environmental and economic impacts of climate change, it is essential
to explore the integrated relationship of evapotranspiration, runoff, infiltration, surface and subsurface waters, and other hydrological
processes, which can fundamentally describe regionally the water management conditions.

In this research, an earlier study (DHI Hungary 2019) on the catchment area of the main canal of the Dong-ér Brook is pursued to
continue the development of the MIKE SHE model in a more complex manner. Within the frame of the present study, the relationship
between the individual hydrological parameters, the water balance components and extreme precipitation events (drought, heavy
rainfall events) for the entire drainage basin have been examined, besides, the expected effects of the predicted temperature rise on the
water balance is evaluated. Using data from 2018 as reference, the sensitivity of the changes in daily precipitation and daily mean
temperature has been assessed to estimate the effects of the future climate change on hydrological parameters and water balance
components.

Keywords: Dong-ér Brook, MIKE SHE, sensitivity analysis, water balance

perhaps the most significant consequences on the
Danube-Tisza Interfluve (Ladanyi, 2009), where the
study area is located. According to the experiences,
harmful water scarcity occurs in an average of 4 years per
decade in Hungary. At the same time varying amounts of
excess water occurs in most years, while it is not even
uncommon for the two extremes to occur in the same year,
such as between the Danube and the Tisza in 2000
(Rakonczai et al., 2014). An integrated approach is
necessary to evaluate the complex interrelationships of
hydrological processes and changes in water balance from
many aspects, thus provide effective solutions for the
complex modelling challenges in the presence of both

INTRODUCTION

Water management is playing an increasingly important
role in mitigating the effects of the extreme climate
changes. Based on Lower Tisza District Water Directorate
(ATIVIZIG) data in Hungary nearly 1100 settlements
over about 42000 km? area occasionally struggle with
severe inland water problems (ATIVIZIG, 2016). General
Directorate of Water management (OVF) emphasizes that
as result of climate change, extreme weather events are
becoming more frequent in Hungary, and soon an increase
in the regularity of high-intensity precipitation events
should be expected, which may increase the magnitude of

local water damages (OVF, 2016).

Extreme climatic events are also reflected in the
phenomenon of drought, with a longer degree, intensity
and duration. According to the survey results in South
Hungary by Ladanyi et al. (2014) water shortage was
more damaging than inland water. Consequently, the
changing climatic effects have a direct impact on
agriculture, causing greater damages mainly due to the
droughts and directly affect the sustainable development
of agriculture and food security (Singh, 2014, Ladényi,
2010). Due to climate change, precipitation has decreased
by at least 12% in recent decades in Hungary, with

inland excess water and drought. The topic is well
introduced by the Tisza River Basin Management Plan
(KOTIVIZIG, 2015).

As a result of the developments in the information
technology, the application of the geographical
information system (GIS) and various mathematical- and
physical-based hydrological modelling software has also
become feasible for related research. Among the many
models, the MIKE SHE model emerges as a tool capable
of implementing integrated water resources management.
The model tends to effectively simulate the interaction
between surface water and groundwater (Graham and
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Butts, 2005). The research group of Lu et al. (2006) also
had positive comments about the effectiveness of the
model in simulating temporal flow dynamics in the whole
basin. MIKE SHE is widely used in studies such as
calculating the effect of land use changes on components
of water balance in the unsaturated zone (UZ) and
saturated zone (SZ) (Asadusjjaman and Farnaz, 2014).
Some studies apply MIKE SHE and GIS to simulate
hydrological processes for several basins (Paparrizos and
Maris, 2015; Pravetz et al., 2015) and assessing the effects
of land change and climate change on groundwater and
ecosystem by Keilholz et al. (2015). Among the
hydrological models that have been verified on the
catchment area of the Fehérto-majsa Canal, which is
located next to the Dong-er catchment to the south by
Benyhe et al. (2015) include BUDYKO, HEC-RAS and
MIKE SHE and concluded that the MIKE SHE model was
more efficient than the other two. The process of
modelling inland excess water with MIKE SHE and using
satellite imagery for validation by van Leeuwen et al.
(2016) is another example showing the effectiveness of
the MIKE SHE model to predict the extent, location and
duration of inland excess water. The research team of
Nagy et al. (2019) built a MIKE SHE model to simulate
the accumulation processes of excess water, water
storage, and excess water maps for Dong-ér catchment
and have very remarkable results. However, the above
studies also have shown a disadvantage of this model is
that it requires many good quality input data. In Dong-ér
catchment, the data is not continuously measured, there is
no data for water level and discharge in the open channels,
and many parameters are not validated (e.g. LAI, root
depth. hydraulic conductivity). Nagy et al. (2019) has
calibrated the model focused on the groundwater levels
for 2015 and 2018-years' springtime. The comparison
between the modelled and measured groundwater level is
45 cm, which is very relevant considering the lack of input
parameters and the uncertainties. This result shows that
the integrated MIKE SHE model built for the Dong-ér
catchment has been relatively calibrated and can be
inherited to calculate and analyse many other aspects of
hydrology in the relationship between surface water and
groundwater.

In such areas where inland excess water and drought
are both affects the landscape heavily, understanding the
state of the water balance becomes even more imperative.
Importance of management, planning and optimal
consumption of water resources more effectively and
sustainably is even more crucial (EU Water Framework
Directive, 2000; OVF, 2009). Sipos and Pravecz (2014)
stated that only the local water balance models can be
considered reliable in order to make efficient and
economically sustainable water use options in the dry
season and water retention in the rainy season.

One of the advantages of MIKE SHE is that it
includes a comprehensive, integrated water balance tool
for the complete local and entire catchment water balance
for any time interval. Water balance output can include
area flows, storage changes and water balance changes
(DHI, 2017). The total water balance change value is
calculated for the entire model catchment. In addition,
there are water balance changes for each hydrologic

component. However, within the scope of this study, only
the variation of total water balance change under different
climatic conditions are considered, analyzed and
evaluated. The value of these parameters plays an
important role as the foundation for assessing the water
balance in the Dong-ér catchment. It is useful for
integrating, mapping and plotting water flow processes
between water balance components (Graham and Butts,
2005). There are many factors that affect directly and
indirectly on the water balance of a basin, the first of
which is precipitation and temperature. They are the two
main forces that operate the hydrologic cycle and have a
major impact on water balance. The question is how
changes in inputs due to climate change affect the outputs
of hydrological parameters and water balance
components. According to the studies of Hamby (1994)
and Lenhart et al. (2002) the variation in the input data
causes effects on the model results and it is necessary to
consider the sensitivity of the input data and apply the
sensitivity analysis method to determine which inputs
have the greatest influence on the outputs. Ibarra et al.
(2016) confirmed that setting up sensitivity analysis is
necessary to improve the accuracy and optimize the
calibration process. Besides, the sensitivity analysis
enables the estimation of the parameters and explains the
response of the model for the variation of the input data.
The objective of the study is to simulate different
climate conditions and use sensitivity analysis to evaluate
the influence of input parameters on hydrological
parameters and water balance components. However, to
perform these integration tasks, MIKE SHE needs a lot of
hydrological and meteorological data input (van Leeuwen
et al., 2016) and especially difficult for arcas with few
data such as Dong-ér catchment. Deterministic models
have uncertainties, these include reasons such as
measurement errors, variation of parameters on the sub-
grid scale and incorrect initial, boundary conditions
(Graham and Butts, 2005). Bahremnad and De Smedt
(2007) also highlighted sensitivity analysis as a valuable
tool to identify influential model parameters and thereby
make the model structure more stable. There are many
methods of sensitivity analysis that have been used in the
international literature, most of them are very complex
and the simplest approach to conceptualize is the one-at-
a-time method where sensitivity measures are determined
by varying each parameter independently while keeping
all other parameters do not change. The disadvantage that
it can only do local sensitivity analysis at a certain
selected point and not for the entire parameter distribution
(Hamby, 1994). However, with the flexible simulation
framework on spatial and temporal scale of the MIKE
SHE model, this disadvantage can be improved and gives
us an integrated view and more comprehensive. To
understand the hydrological phenomena that will occur in
the future, this study inherits the MIKE SHE data tree
built by Nagy et al. (2019). However, to apply the one-at-
a-time method, the variable parameters and the water
calculation module has been developed and used by
author to simulate and evaluate with an integrated
approach which manifestation of climate change has the
greater impact to the outputs of the hydrological
parameters and water balance components. To achieve
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these objectives, it is necessary to 1) review the suitability,
determining the advantages and disadvantages of the
MIKE SHE model for Dong-ér catchment, 2) simulate
hydrological and complex water balance processes under
different input variable conditions, 3) simulation results
are compared to see which factors are most affected and
most sensitive to variations in input data. Based on this
result, evaluate the effects of climate change on
hydrological parameters and water balance components in
the future.

STUDY AREA

The inland water system of the Dong-ér brook is in the
middle part of the sand ridge region of the Danube-Tisza
Interfluve, about 50 km from the southern border of
Hungary (Fig. 1). The total area of the catchment is 2127
km?, and it is characterized by a small relative relief
(<2m/km?).

In the initial section of the Dong-ér Brook the
surface water transport is minimal, the occasionally
drying riverbed is revealed only by the vegetation of
wetlands. Therefore, water resources of this area are not
suitable for utilization, rather the use of groundwater
resources comes to the fore (Kozak, 2020). The system of
small brooks collects and carries excess water into the
main Dong-ér Brook and then flows into the Tisza River
near the settlement of Baks. The gravitational flow
terminates only in the case of the formation of an extreme
Tisza flood wave. The discharge of the Dong-ér Brook is
2-3 m%/s during the normal period, meanwhile in times of
spring inland excess water it can excess 20-30 m%s.
However, in extremely dry summer days, the brooks dry
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out completely (K&K Mémodki Iroda Kft, 2013).
Prevailing wind direction NW, average wind speed about
2-3 m/s. The surface-forming activity of the wind shaped
the topography. The topography of the area basically
defines the water networks. The flow direction of the
Dong-ér is SW-NE, while the flow direction of the
tributaries is NW-SE, typically follows natural
deflationary depressions. In rainy years, groundwater can
appear in the deflation hollows, forming temporarily
inundated areas (Sipos and Pravecz, 2014).

Based on studies conducted by the Hungarian
Meteorological Service (2018) with two regional climate
models and two scenarios, the average temperature in
Hungary may increase by 3-4°C by the end of the century
and the 2°C threshold is expected to reach earlier. Dong-
ér catchment is one of the warmest and driest areas.
Therefore, the drought hazard is high in the area (Sipos
and Pravecz, 2014). The area under investigation is dry
continental temperate climate. According to the data from
Hungarian Meteorological Service (OMSZ) and from 25
available meteorological stations between 2010 and 2018,
the average annual rainfall in the area over the period is
611 mm, but in extreme cases it can reach as high values
as 842 mm (in 2014) or as low as 203 mm (2000). During
the period between 2000 and 2018, the lowest monthly
mean temperature was -5.2°C measured in February 2012
and January 2017, the highest was +24.5°C measured in
August 2018. The average thickness of the snow cover in
winter is about 18-22 cm. The most frequently mentioned
feature of climate change is rising temperatures.
According to the climate models adopted by the
Intergovernmental Panel on Climate Change (IPCC,
2018), the average temperature of the Earth could reach
an increase of 1.5°C in 2030-2052.
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Fig. 1 The study area
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Non-irrigated arable land dominates the area by
~41%, followed by pastures ~13%, by broad-leaved forest
~10% of the total study site, the rest are various small land
uses, like transitional woodland-shrub, complex
cultivation patterns, discontinuous urban fabric. Based on
the available agrotopographic map, the soils in the area
are extremely heterogeneous. The most typical soil types
are blown sand, humid sand, sandy soils, chernozem and
saline soils. These soils have the potential to infiltrate.
Since the late 1970s, the decreasing trend of the
precipitation induced significant decrease of the
groundwater level in the Danube-Tisza Interfluve, which
exceeds 2 meters on average (Fehér, 2019). Afterwards,
in the periods of persistent precipitation, water shortages
in the lower parts of the sand ridge have been restored; in
fact, sometimes the groundwater level has risen to
harmful level, causing surface overflows (Szatmari and
van Leeuwen, 2013).

DATA AND METHODS
Input data used in the model

Meteorological data

The most important meteorological data in a hydrological
cycle are precipitation, temperature and
evapotranspiration. For the observed precipitation in
study area, the daily data of 25 meteorological stations
was available in the period 2010-2018 from ATIVIZIG.
According to this, the average monthly precipitation of
the study area varies around 46 mm. According to the
OMSZ (2018a) database, in the drought year of 2000,
about half of the average monthly precipitation (29 mm)
was measurable in Szeged, but some extreme years, such
as the 2014 rainy year, also occurred in 89 mm in the study
area. Snow storage is a physical state of precipitation and
differs from the rainfall form in the time of accumulation,
so participate more slowly in the water cycle.
Temperature is a factor that can accelerate water
accumulation through melting. Temperature also affects
directly (e.g., pond water evaporation, soil evaporation)
and indirectly (transpiration by vegetation) on
evapotranspiration. As a result of temperature
fluctuations, several important climatic elements change,
and these greatly affect the water balance of the area.
Temperature data for 2014 and 2018 are taken from the
European Climate Assessment and Dataset (ECAD)
database for the period 2010-2018 by Nagy et al. (2019).
Daily average temperature data for the year 2000 are
obtained from the OMSZ (2018a) database by author.

Evapotranspiration is the most difficult parameter to
determine and there are no data in the study area. To
calculate the amount of evapotranspiration the Food and
Agriculture Organization of the United Nations (FAO)
recommends a combination of the FAO-56 Penman-
Monteith equations (Allen et al., 1998). Due to the lack of
input data, the use of the FAO-56 Penman-Monteith
equation is limited. The potential evapotranspiration
(ETP) can still be estimated more easily and simply by the
function for different temperature (T) values, to which the

following exponential function describes the relationship
well (Fiala et al., 2018):

ET,=ET, = 07T
K €]

Land cover data

The current modelling framework identified 23 different
land use classes. Each class has different characteristics of
canopy interception, transpiration, soil evaporation, flow
formation, and different water retention ability by roots.
The research is based on the Corine Land Cover (EEA,
2018), the de facto standard for land use and land cover
monitoring at the pan-European level (Feranec, 2016;
Aune-Lundberg and Geir-Harald, 2020). The Leaf Area
Index (LAI) is determined by the combination of MODIS
images (Myneni et al., 2015) and root depth values are
referenced from the results of scientific studies for
CORINE categories (Nagy et al., 2019).

Soil data

Exact determination of subsurface conditions (water
content of unsaturated and saturated soils) is crucial in our
model building scenario, since both Rakonczai et al.
(2011) and Farsang (2014) indicated significant
interrelationship between the soil and the water balance of
the site. The current model is based on the 250 m
resolution 3D Soil Hydraulic Database of Europe (Téth et
al., 2017). Since there is no reliable data source available
deeper than 2 meters for the study site (nor even
Hungary), the current research is based on the 2 m depth
soil layer of the database. The author has updated the
following parameters of the original model: saturated
water content, saturated hydraulic conductivity, and
moisture retention curve. The parameters of deeper
geological layers were spatially estimated based on 13
borehole records provided by ATIVZIG.

Topography

Since topographical conditions determine overland and
underground flows significantly, an accurate digital
elevation model is crucial for a successful modelling
scenario. The present study is based on a 10 x 10 m
resolution DEM. To run the MIKE SHE model, it is
necessary to convert the DEM data into a spatial
distribution grid point file (.dfs2). Point file was created
using ArcGIS and could be converted to a .dfs2 file using
the MIKE Zero Toolbox (DHI, 2017). The resulted spatial
distribution grid can be used as input data.

Water flows

Surface channels provide unobstructed gravitational flow
paths for the water into its recipient reservoir, thus proper
knowledge of the geometry of the channels and surface
depressions can significantly improve the model
reliability. In the current framework, the water network
geometry is provided by ATIVIZIG, and it can be
classified into two main groups. The first class includes
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brooks from the previous epoch, whereby paths are
provided, cross-sectional data are measured, and data is
set up as 3D GIS points. Other types of brooks are
managed by ATIVIZIG. In this case the pathlines are
provided as a polyline shapefile, the cross-section data is
defined by longitudinal profile and different cross-section
data. These data are set up in the specialized MIKE Hydro
hydraulic module. The module enables complex dynamic
river network modelling and can be linked to MIKE SHE
to comprehensively simulate hydrologic modelling of the
catchment under investigation.

Groundwater data

Groundwater has more stable water level and is less
affected by external factors than the unsaturated zone or
the channels. The groundwater series provided by
ATIVIZIG includes 33 groundwater measurement
stations with specific coordinates from 2010 to 2018. The
groundwater level changes according to topography and
all flows into the Tisza River and seasonal variation
greatly affects groundwater change. Based on the
measured data in the period 2010-2018, the highest
groundwater level in the study area usually occurs in
April-May, the lowest in October-December. However,
there are different rainfall and temperature conditions at
some measurement points, so the difference is up to 2-3
months of the year.

Computational layers

To simulate the flow processes occurring in the saturated
zone it is necessary to define computational layers. In the
MIKE SHE model the numerical vertical discretization is
defined by explicitly defining the lower level of each
calculation layer. The spatial distribution of lower level is
uniform, the value of aquifer lower level is -75 m. To
make corrections to the elevations layers, the minimum
layer thickness is applied with a value of 2 m, this is to
prevent zero-thickness or very thin layers. To define outer
boundary conditions this model applies a fixed head type,
based on a spatially distributed and time-varying dfs2 file,
extracted from the specified groundwater table. Specified
groundwater table is established based on daily
groundwater elevation data from 2010 to 2018. Specified
groundwater table is divided into 200 m x 200 m grid
cells. MIKE SHE then interpolates in both time and space
from the .dfs2 file to the local head boundary at each local
time step (DHI, 2017).

Calibration data

The MIKE SHE model built for Dong-ér catchment lacks
a lot of data such as brook water-level and discharges to
be fully calibrated and validated. The current model has
only been calibrated focused on groundwater data for
2018-years' springtime by Nagy et al. (2019). Comparing
simulation results and measured data, the variance is
about 45 cm, which is very suitable considering the lack
of input parameters and uncertainties (such as topographic
maps, vegetation features and soil characteristics). There
are many parameters that need calibration to make the

model more complete, for example a saturated hydraulic
conductivity for unsaturated flow calibration and
hydraulic conductivity, specific yield, specific storage for
groundwater flow calibration. However, due to the lack of
data and not the objective of the study, it was not
mentioned.

MIKE SHE output results

The output results obtained from the MIKE SHE
simulation depend on the selected modelling sequence.
According to the MIKE SHE User guide (2017), the
model saves the results in three groups of files, these are
1) ASCII files, which is a catalogue of all output files
(.sheres) of the simulation; 2) a binary output file
containing all the static information of the simulation
(frf); 3) the simpler, timeseries-generated dfs0, 2-
dimensionally defined dfs2, and 3-dimensional dfs3 files
(.dfs).

In this study only the results in .sheres format and
the time series results (dfs0, dfs2, and dfs3) for the water
balance are examined (Table 2). The water balance
simulation can be performed with a separate module,
Water balance calculation, which delivers results of a
post-processing of the data stored in the .sheres file.

The common understanding which states that all
water flows into system are positive and all outflows or
loss of water is negative. The storages of water system are
positive in case of storage increase. Positive water balance
change means that the change in storage plus the total
outflows is less than the total inflows (AStorage +
Outflow < Inflow).

Among several hydrological parameters and water
balance components, the following were examined in
Table 1-2.

Modelling

In the first stage of the sensitivity analysis, the input data
can be divided into two groups, according to their
temporal variability. The first type is constant in long
timespan, including the topography, water networks
(rivers and lakes), soil properties, geological features.
This phenomenon has negligible changes or remains
unchanged in the long run without human activities. The
other group consists of data that change rapidly, whether
minute by minute, hour/day, or seasonally. Such features
are daily precipitation, daily mean temperature, reference
evapotranspiration, and land cover (including vegetation).

Thereafter the one at a time type sensitivity analysis
was elaborated by five MIKE SHE simulation scenarios,
including base simulation (BS), SIM1, SIM2, SIM3 and
SIM4 simulations (Fig. 2). Base simulation (BS) is used
to simulate integrated hydrological processes and water
balance in Dong-ér catchment in 2018. The following
factors supported the reason 2018 was chosen to run the
base model: 1) The model has been calibrated by Nagy et
al. (2019) according to the groundwater level measured in
2018. 2) The land cover data of the year 2018 used from
Corine Land Cover. 3) The latest van Genuchten
parameters of the moisture retention and hydraulic
conductivity have just been updated by the author from
the 3D Soil Hydraulic Database in the previous year
(Toth et al., 2017). 4) The precipitation measured in 2018



Table 1 Output hydrological parameters

Tran 2021 / Journal of Environmental Geography 14 (3—4), 1-13.

used for research (Source: DHI, 2017)

Parameters Units Notes
Actual evapotranspiration — Actual evapotranspiration is depending on water
(ActualET) availability at root depth and Leaf area index (LAI)
o E tion of water i tly through th f'th
Actual transpiration (Tu) mm/d vaporation of water is mostly through the pores of the
leaves.
. . Actual soil evaporation is depending on factors such as soil
Actual soil evaporation mm/d u I evap pending U
characteristics, land use, vegetation.
Depth of overland water m It is the amount of water at the surface.
Overland flow in x- and y-direction ~ m>/s Flow on the horizontal and vertical axis
. t lik land flow in y-direction, the vertical
Infiltration to unsaturated zone (UZ) mm/d Just like overland oWy c.h.rec 1on, the vertica,
i downward flows will be positive.
Unsaturated zone deficit is the amount of air in the
. nsaturated zone. Thus, a decreasing deficit means that the
Unsaturated zone (UZ) deficit mm unsatut “ us, 1ng deticl .
more air has been pushed out by the water, the soil
gradually becomes wetter.
Average water content in the root ) It is depending on precipitation, soil features, groundwater
zone flow and vegetation features.
Water content in unsaturated zone - Contrast to unsaturated zone (UZ) deficit
Uz
Z:Z?Zi;mterﬂ ow in x- and y- m’/s Groundwater flow is in the horizontal and vertical axis.

Table 2 Output water balance components used for research (Source: DHI, 2017)

Name of components and in parentheses are abbreviations

Units

Precipitation

Evapotranspiration Evapotranspiration (Evapotrans),

Infiltration includes evapotranspiration (Infilt.incl.ET).

Exfiltration includes evapotranspiration (Exfilt.incl.ET)

Flows

mm

Overland boundary outflow (OL Bou.Outflow).

Overland boundary inflow (OL Bou.Inflow).
Overland flow to river (OL->River/MOUSE).
Subsurface boundary inflow (SubSurf.Bou.Inflow).

Subsurface boundary outflow (SubSurf.Bou.Outflow).

Baseflow to river.
Baseflow from river

Storages

Canopy storage change (CanopyStor.Change).

Snow storage change (SnowStor.Change).
Overland storage change (OL Stor.Change).

Subsurface storage change (SubSurfStor.Change) includes both

unsaturated (UZ Stor.change)- and saturated zone storage changes

(SZ Stor.change),

Water balance change

is much closer to the multi-annual average compared to
the other years under investigation. Thereafter the base
simulation running for 2018 has been considered suitable
to perform one-at-a-time sensitivity analysis and the

outcomes were used as reference values to compare with
the other simulation scenarios.

The precipitation sensitivity analysis focused on the
years with extreme precipitation (drought, rainy) and the
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According to
groundwater data

in 2018
Resetup of Dong-ér —— OPTIMAL
MIKE SHEmodel calbration MODEL
Non-variable Input data
-Topography ;
-Soil
-Water networks; Variable

ete.

One-at-a-time
sensitivity analysis
method

Base simulation
2018 (BS)

SIM1: Precipitation
ofdrought season
2000. All other
inputs belong to
2018

SIM2: Precipitation
ofrainy season
2014, All other
inputs belong to
2018

Reference data

Hydrological and
water balance
results

Hydrological
parameters and
water balance

components
results are
SIM3: Temperature analyzed and
increasing +1.5°C. compared to
All other inputs each other

belong to 2018
Temperature

SIM4: Temperature
increasing +2.2°C.
All other inputs
belong to 2018

Fig. 2 Research workflow

year with average precipitation. In this part of the
research, the precipitation data of the (BS) model was
replaced by the drought season 2000 (SIM1), rainy season
2014 (SIM2), while keeping the other parameters of 2018
fixed. Thereafter the differences of the three models have
been compared to each other.

The temperature sensitivity analysis focused on the
effect of temperature increases on changes in results of
hydrological parameters and water balance components.
Based on the results of the IPCC (2018) and OMSZ
(2018b) climate models, the temperature data of 2018
(BS) reference model was increased by +1.5°C (SIM3)
and +2.2°C (SIM4), while the other parameters left
unchanged. Thereafter the differences of the three models
have been evaluated.

RESULTS

Due to time and hardware constraints, hydrological
results were only extracted from cells near the
settlement of Tiszaalpar, rather than from whole
catchments.

The area near the settlement of Tiszaalpar has a
low elevation, so it is more susceptible to groundwater
level rises by extreme precipitation events or flood
wave of Tisza. However, the simulation results in
Figure 3 show the opposite, specifically on September
13, 2014, with 49.8 mm of precipitation, but the depth
of overland water component gave a low value from
0.74 mm-0.77 mm, so there is no significant change for
heavy rain events. There is a direct correlation between
the precipitation events and infiltration because the top
surface soil has a high permeability, most of the
precipitation when reaching the surface is mostly
absorbed into the soil.

The amount of infiltration into the soil is 20.6 mm,
the unsaturated zone deficit is 14.8 mm. The water
leaving the system through evapotranspiration, whose
rate is from 1.1 mm/day to 4.1 mm/day on the 13
September of analysis years. However, the water content
(~16.5 mm) infiltrates to unsaturated zone does not
appear yet in the unsaturated zone (water content in
unsaturated zone is 0.5 mm) and in the root zone (0.4
mm). This can be explained as a quantity of infiltrated
water which is clinging to the dry soil particles, thus
temporarily stored in the upper soil layer and infiltrates
very slowly to the unsaturated zone because the leakage
coefficient of sand is very small, about 10~ m/s. Thus, it
can be affirmed that even in years with high precipitation
conditions like 2014, the rainfall shows no significant
correlation with surface water and groundwater. Among
the hydrological parameters related to the precipitation
events, the unsaturated zone deficit and infiltration are
found to be the most sensitive.

To explore the relationship and correlation between
water balance components for the entire catchment can
be performed with a Water balance calculation module
of the MIKE modelling environment (Figs. 4-5).

Based on the values of the accumulated water
balance components in the whole test years, it can be
concluded that the components of subsurface boundary
inflow, overland boundary outflow, evapotranspiration
and precipitation have a high impact on the entire
catchment water balance. The precipitation will
supplement the overland storage change (12 mm and 19
mm) in some deflationary depressions and low
permeable topsoil, the overland flow (-5 mm and -10
mm) direct addition to brooks (Fig. 4). However, these
amounts are not much compared to the amount of
precipitation and of overland boundary outflow.
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According to the results shown in Figure 5 can see
that as precipitation increases, the infiltration also
increases from 32 mm in 2000 to 138 mm in 2014
(increased rate is 331%). In all three years, the amount of
water lost through evapotranspiration was more than
precipitation, with the rate of 154% more in 2000, 7.7%
more in 2014 and 35% more in 2018. The year 2000 has
the largest difference rate, this further aggravates the
dehydration of the topsoil. Thus, it can be confirmed that
evapotranspiration includes direct evaporation and
indirect transpiration through vegetation which has
caused a large amount of water loss from surface- and
groundwater. The change in unsaturated water storage
(from 2000 to 2014 increased by 166 mm) is much larger

than that in saturated (increased by 35 mm), which again
shows that most of the water infiltration into the soil is
stored in the topsoil layer. Overland boundary outflow
values  were  higher for  precipitation  and
evapotranspiration in all three study years. Based on these
results, the above statement is confirmed that the source
of overland flow in the Dong-ér catchment is not primarily
the precipitation or the overland boundary inflow. The
question is where does overland boundary outflow
(surface water of brooks) get its water? The watercourse
nature of Dong-ér can rather be observed close to the inner
area of Kiskunhalas. From this point, the water supply of
the brook is gained from three sources. First, the
subsurface boundary inflow source from high elevation
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Fig. 4 Water balance values accumulated from the beginning to the end of the study years
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areas flows to the surface water in the lower area under
the influence of gravity. Figure 6 shows the elevation of
the groundwater level measurement stations and the
elevation of the terrain.

According to Figure 6 and to the principle of
communicating vessels, subsurface boundary inflow will
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and W directions. On this basis, it can be concluded that
the surface and groundwater dividing lines are unlikely to
fall into one. In the process of water moving underground,
an amount of water from 10 mm and 211 mm is stored at
the subsurface storage and shows an increasing trend for
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rainy events. In high elevation areas, the height difference
between the ground water level and the topography is not
large, even considering the brooks bottom elevation, it is
often lower than the groundwater level, so in the area near
the settlements of Kecskemét, Kiskunhalas and Bodcsa
groundwater continuously replenishes the brooks and the
deflation hollows. In low elevation areas such as Baks and
Tiszaalpar settlements, where the groundwater level is
also close to the terrain level, in the rainy season, when
the groundwater level rises, the phenomenon of upwelling
excess water inundation occurs and so on continuously
adding water to the brooks. Only an amount of -96 mm to
-105 mm of subsurface boundary outflow exits the
catchment system to join the Tisza River flow (Fig. 5).

Subsurface water flowing from the outside into the
Dong-ér catchment provides ~90% of the water for the
brooks (overland outflows). It can be confirmed that for
the entire water balance of the catchment, there is a close
relationship between the subsurface inflows and overland
outflow (surface water of brooks) components. In addition
to the subsurface water inflow from the outside, the
amount of rainwater that falls directly and infiltrates to
replenish water into the brooks, and the source of
wastewater from settlements, but according to actual
observations, this amount is not significant.

80%
67%

60%
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A comparison of the water balance results of
extreme precipitation events (2000 and 2014) shows that
the sensitivity is in descending order of the following
components: Infiltration include evapotranspiration
(331.3%), overland flow to river (100%), subsurface
storage change (-95.3%), evapotranspiration (75.4%) and
overland storage change (58.3%) (Fig. 5). Water balance
change from drought and rainy years are -497 mm and -
84 mm, so in a rainy year the system can store 413 mm
more, which is 877 million m? of water. Negative value of
water balance change shows that the amount of loss is
more than the amount that is in and flows into the system.
Thus, the conclusion is that even in the year with a lot of
precipitation, the water balance of Dong-ér catchment is
still lacking water.

The next section is to analyse the sensitivity of the
hydrological parameters shown in Figure 7 under the
influence of temperature increase +1.5°C and +2.2°C. The
actual evapotranspiration increased by 41% under the
influence of +1.5°C and increased by 67% when the daily
temperature increased by +2.2°C. The unsaturated zone
deficit parameter also showed high sensitivity, namely an
increase of 37% and 57%, respectively. A temperature
increases of +1.5°C causes actual transpiration to increase
by 6% compared to soil evaporation. The largest inverse
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Table 3 Change in accumulated water balance in the whole of 2018 due to temperature changes of + 1.5 °C and + 2.2 °C and the
differences compared to the reference value (DIFF1 and DIFF2)

Parameter Reference H15°C +)2.2°C Change (%) Change (%)

Precipitation (+)589 (+)589 (+)589 0 %
Evapotranspiration (-)795 (-)889 (-)924 12 16
OL boundary Inflow 0 0 0 0 0
OL boundary Outflow (-)1042 (-)1036 (-)1032 -1 -1
Canopy Storage change 0 0 0 0 0
Snow Storage change 0 0 0 0 0
OL>Brooks -)9 -)7 (-)6 -22 -33
OL Storage change 14 12 11 -14 221
UZ Storage change -98 -153 -168 -56 -71
SZ Storage change -39 -55 -63 -41 -62
Baseflow to brooks ()12 )11 ()10 -8 -17
Baseflow from brooks (H4 (+H)4 (+)4 0 0
Subsurface boundary inflow (H)1132 (1137 (H)1140 0 1
Subsurface boundary outflow (-)101 (-)97 (-)95 -4 -6
Infiltration include ET (+)109 (+)64 (+)43 -41 -61
Exfiltration include ET (-)1170 (-)1154 (-)1147 -1 -2
Water balance change (-)357 (-)506 (-)554 42 55

Note: The sign in parentheses indicates the direction of the water flow. Not in parentheses is the value

proportionality change is the overland flow in x-direction
parameter, even with a decrease of 21% for + 1.5°C and
28% for a temperature rise of + 2.2°C (Fig. 8). So, these
hydrological parameters are the most sensitive to
temperature rise.

Among the parameters in Figure 8, unsaturated
deficit, actual evapotranspiration and infiltration to
unsaturated emerged as the main factors, with higher
values than other parameters. Temperature rise has the
greatest effect on the value of the unsaturated deficit. In
addition, increasing temperatures also increase actual
evapotranspiration and naturally decrease the infiltration.
The rest of the parameters have intraday values less than
1.0 mm. Meanwhile, the amount of precipitation on
August 10, 2018 is zero. This again shows that the amount
of water present and operating on this day is derived from
the water that has been stored in the top layer from
previous periods. Precipitation that reaches the ground
surface, mostly infiltration into the deeper layers of the
soil with delay and the rest will flow on the surface in the
x direction (in the slope direction).

Based on the results in Table 3, the subsurface
boundary inflow, overland boundary outflow and
evapotranspiration components have a high weight on the
studied water balance. The water balance of the Dong-ér
catchment is highly dependent on the influence of
subsurface boundary inflow from the external area.
Evapotranspiration increases with increasing temperature
greatly reduced subsurface (UZ and SZ) storage (from -

48.5% to -66.5%). Overland storage change is reduced
from -14% to -21%, so the baseflow to brooks and the
sources to surface water are also reduced. Increasing
temperature does not change the baseflow from minimum
depths of brooks, where the water is always present, so
the value does not change compared to 2018 (all equal to
4 mm). The conclusion is that increasing temperatures
reduce the water retention of the brooks, especially in
areas where its terrain level is higher than the groundwater
level.

The overland boundary inflow in all three
temperature conditions is zero, thus the surface watershed
boundary has been correctly defined. Canopy and snow
storage change in all three temperature conditions are
zero, this is because the values are all very small, less than
0.03 mm so when rounding the number is zero.

The subsurface boundary inflow source is very
stable and plays an important role in the water balance of
the Dong-ér catchment. Subsurface boundary outflow
parameters tend to decrease from -4% to -6%, partly due
to additional seepage migration for groundwater and the
rest being evaporated by vegetation. When considering
the values of two parameters infiltration- and exfiltration
including ET, it can be concluded that meanwhile
temperature increases, infiltration decreases more
strongly (-41% and -61%), while exfiltration decreases
less.

The water balance change of 2018 show values
around -357 mm, which practically more than
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758 million m* of water is leaving the water system. The
increase in temperature of +1.5°C and +2.2°C reduces the
water balance of the Dong-ér catchment by 42% and 55%,
i.e., more than 316 million m®> and 418 million m® less
water than in 2018. Increased temperatures directly and
indirectly increase the amount of water lost through
evapotranspiration and thus the water balance of the basin
is significantly reduced. Based on these results, it can be
concluded that subsurface storage change, infiltration
include evapotranspiration, water balance change,
overland flow into the brooks, overland storage
components change to a greater extent than
evapotranspiration changes, i.e., greater than 12% and
16%, so these parameters are sensitive to the increasing
temperature of climate change.

CONCLUSION

The unsaturated zone deficit, infiltration to unsaturated
zone, evapotranspiration and overland flows parameters
seems to have a great weight in the daily hydrological
circulation and have a highly sensitive to climate change
conditions. The precipitation rapidly seeps the soil and
temporarily stored in the upper soil layer and infiltrates
into the deeper layers of the soil with delay and the rest
will flow on the surface in the x direction (in the slope
direction). During this time a large amount of water will
leave the system through evapotranspiration.

Based on the relationship  between
manifestations of climate change and water balance
components, probably the subsurface boundary inflow
and evapotranspiration are the two main driving forces
that constitute and regulate the water balance of the Dong-
ér catchment. According to the models, the water balance
in Dong-ér catchment is significantly determined by the
subsurface boundary inflow since it continuously supplies
about ~90% of the surface water. Subsurface boundary
inflow does not show a close relationship with
temperature change or extreme precipitation events.
Meanwhile, evapotranspiration is highly dependent on the
temperature. Due to the warming trend, the water
retention of the Dong-ér Brook showed a decreasing
trend, especially in areas where the groundwater level is
deeper than the bed level of the brook. The components
that play an important role in the water balance of the
Dong-ér catchment in descending order are as follows:
subsurface boundary inflow, overland boundary outflow,
evapotranspiration and precipitation. However, among
the components, subsurface storage change, infiltration
include evapotranspiration, overland flow to brook,
overland storage change and evapotranspiration
components are the most sensitive to climate change.

Based on the water balance change of the model,
the temperature increases of + 1.5°C and +2.2°C causes to
lose more water than during the drought period in the
Dong-ér catchment in 2000. Even such rainy years like
2014, the multi-annual water deficit can’t be replenished
from the system. Ultimately, this causes the water balance
of catchment to be in a state of water shortage. In the light
of climate change, water shortage is probably getting
worse in the Dong-ér catchment.

The results of the study have also shown the
effectiveness of the MIKE SHE model and the water
balance calculation module as useful tools to analyse and
evaluate the effects of the changing climatic conditions on
the hydrological parameters. However, the MIKE SHE
model also has disadvantages such as MIKE SHE only
calculating the permeability in the vertical direction, the
calculation of the permeability value wrong in the arca
with high slope. Besides, the need for a lot of data with
good quality, the difficulty of monitoring data, and
changing environmental conditions in the future are issues
that need to be improved, so the values of the calculated
parameters cannot be absolutely accurate but gives an
approximate value and trend.

The results of this study can be a reference for
managers, landowners and other stakeholders in the
planning, management and effective use of water
resources are in a state of decline in the context of
increasingly complex climate change.
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Abstract

The extreme weather events highlight the need to develop action concepts to maintain agricultural production security in the future.
Hydrological extremes can occur within a year in the form of surplus water (i.e. inland excess water), water scarcity or even drought.
These adverse effects are influenced, inhibited and also facilitated by human activity. Previously, complex amelioration interventions,
including subsurface drainage, aimed to improve the productivity of agricultural areas with unfavourable water management properties.
The current efficiency of the subsurface drain networks in the regulation of groundwater level or soil moisture content can be questioned
from several aspects. After the end of the socialist era (after 1990s), lack of maintenance and operation tasks have become typical, and
are still a problem today in Hungary. Unfortunately, there is no exact national cadastre on the tile drained areas, and data is only
available to a limited extent in the original amelioration plan documentations. In the present study, we aimed to reveal the possibilities
of delineating the subsurface drained areas, and to develop a new method of condition assessment. Three tile drained study sites were
selected on the Great Hungarian Plain in Central Europe. Our field investigations revealed the typical problems of the drained areas:
(1) excessive vegetation of the receiving channels; (2) inadequate condition of the receiving main channel bed; (3) soil compaction in
multiple layers above the drainage network; and (4) poor condition of outlets of the drain pipes. The developed methodology enabled
us to evaluate the soil and the surface/subsurface water of the tile drained areas, and the technical condition of the drains. The necessary
action plans or treatments were also outlined to replace the unused drain networks into use. Based on the scientific literature, we also
sketched the target conditions and technological solutions that are required for the installation of new drains. The organization of the
derived data into a GIS database could serve as a basis for the development of a cadastre of the tile drained areas based on a regional
approach.

Keywords: soil moisture regulation, tile drainage, condition assessment, GIS

million ha in France, and 6.8 million ha in Germany, 0.7

INTRODUCTION million ha in the Netherlands, and 0.04 million ha in

Human activity in agricultural areas fundamentally
influences the structure, the conditions and the water
management properties of soils. Typically, subsurface
water management is carried out worldwide to improve
soil conditions vulnerable to inland excess water or excess
salt content. Inland excess water is a temporary
inundation mainly on the agricultural fields which mostly
arises due to snow melting, heavy rainfall, lack of runoff,
upwelling of ground water, insufficient evaporation and
low infiltration capacity of the soil (Barta et al., 2013; Van
Leeuwen et al., 2013).

The problem of surplus water on agricultural fields
could be solved by construction of subsurface drainage
networks, which is common used all over the world. Tile
drainage is a form of water management that removes
excess water from the subsurface of the soil. In 1980,
subsurface drained areas covered 1 million ha in Sweden,
2.5 million ha in Finland, 3.8 million ha in the UK, 4

Hungary (Szinay, 1983). The extent of tile drained areas
has expanded greatly in the following decades. However,
in Hungary only limited data is available on their extent.
Hornyik (1984) stated that ca. 1.3 million ha arable land
was in need of subsurface drainage. Babics (1989)
referred that ca. 0.15 million ha had subsurface drained
until 1989. As a comparison, in the mostly mountainous
Slovenia, 72.000 ha of agricultural land have been drained
(Maticic and Steinman, 2007), and in the hilly Czech
Republic 1.1 million ha land had subsurface drains
(Tlapakova et al., 2017). Thus, we can state that the
amount of drains installed in Hungary lags far behind the
European average.

Tile drainage is studied from two main point of
views. The first group of researchers aimed to identify the
abandoned,  non-functioning  drainage  networks.
Tlaplakova et al. (2017) managed to detect drain tiles
using an aerial thermal camera. The differences in surface
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temperature caused by the difference in soil moisture
described by Tlapakova et al. (2017). They found that the
conditions for the identification of the drain networks by
remote sensing methods depend on the type of current
land cover. Tlaplakova et al. (2015) distinguished three
basic types of land cover for the best identification which
are (a) permanent grasslands, (b) green arable lands, and
(c) bare arable lands. The identification method was
associated ~ with  various  agrotechnical,  plant
developmental  (phenophases) and  precipitation
parameters (Tlapakova et al., 2015). Koganti et al. (2020)
applied ground penetrating radar (GPR) to detect
subsurface tile drains in agricultural areas. According to
their results, the detection of the drain tiles can be
particularly successful and accurate using ground
penetrating radar, but the results should be interpreted
together with the available blueprints of the examined
drainage networks. Djurovié¢ and Stricevi¢ (2004) studied
a newly installed drainage system. They concluded that
due to inadequate maintenance, the operational efficiency
of the drains fell to a minimum level in short period of
time.

The other group of researchers investigated the
operational efficiency of tile drainage networks. They
evaluated the role of the drains in crop yields
(Bukovinszky et al., 1983; Jiang et al., 2019), examined
the environmental effects of agrochemicals in natural
watercourses, and the recirculation of effluent drainage
waters (Shedekar et al., 2021), evaluated the efficiency of
subsurface irrigation through drains (Tolomio and Borin,
2019), simulated and modelled the effects and the
transport processes (Singh et al., 2006; Jiang et al., 2019;
Luo et al.,, 2010). Brandyk et al. (1993) found that
operation with a drainage-subirrigation system has
numerous limits and disadvantages. According to their
conclusions, the main problem is that it is not possible to
raise the groundwater level above the drains in the
summer season, especially in case of periods of drought.
Sojka et al. (2020) performed DRAINMOD computer
simulations to investigate the effect of climate change on
controlled drain systems. Their simulations reflect that by
applying controlled drainage and by blocking the outflow
of drains in the beginning of the spring season, it is
possible to retain water in the soil for later dry periods. A
number of publications (Fehér, 1979; Mile, 1986; Bognar
and Geredy, 1989; Forgoné, 1996) prove the beneficial
effects of tile drainage with proper use and maintenance
(groundwater level regulation, prevention of salinization
processes, water reclamation etc.) on agricultural
production (i.e. better yields, improved soil structure,
better air-water-nutrient turnover in soil, reduced and less
durable inland excess water cover on surface, increase in
the number of days suitable for tillage). Tolomio and
Borin (2019) investigated the effect of controlled drainage
as well as free drains (non-controlled outflow) on
groundwater levels at various crop fields. Their results
showed that controlled drainage reduced the amount of
effluent water by up to 69% compared to free drains. The
practice of controlled drainage (which provides precise
regulation of the groundwater level or soil moisture in the
area with water level control structures at the outlet of the
drainage pipes) is applied in the United States

(https://transformingdrainage.org) and in  several
European countries, but it was not widespread in
Hungary.

In addition to its beneficial effects on soil,
subsurface drainage can also have a negative impact on
the environment, primarily through the multiform
agrochemicals that the drains could deliver to the recipient
channels. Smith et al. (2015) reported the acceleration of
mobility of phosphorus depletion from drained areas. In
areas where 50-80% of agricultural land is drained, the
excess introduction of agrochemicals taken into the water
system can be critical. According to Shedekar et al.
(2021), approximately 35% of the excess nitrogen
entering U.S. water systems originated from drained
areas. Karasek et al. (2015) mentioned that the location of
drained areas is not completely known in many areas, and
areas that were once drained may also function as
grasslands that have now been declared nature reserves
due to land use changes. They proposed to restore the
drained areas to near-natural hydrological conditions to
prevent the areas from drying out.

The first Hungarian studies were conducted to
provide professional support for land amelioration
interventions. The studies were mainly evaluating the
effects of groundwater management on crop yields
(Bognar and Geredy, 1989), the role of salt and nutrient
movement (Bukovinszky et al., 1983; Lendvai, and Avas,
1983; Forgéné, 1996;), the possibilities of water
replenishment by drainage or double-purpose operation of
drains (Hornyik, 1984; Mile, 1986), or they analysed the
overall effectiveness of the interventions (Bukovinszky,
1983; Fehér and Szalai, 1986). Bukovinszky (1983)
emphasized that the comparative assessment of soil
conditions before and after the interventions could be
realized by continuous data collection and data provision
in accordance with a full range of professional criteria.
Several experiments were carried out on cultivated areas
of state-owned farms and agricultural cooperatives, or on
priority experimental sites of individual research institutes
and universities. Some experiments were set up on a
complex land amelioration model site, which made it
possible to determine the rate of deepening of the leached
soil layer and the yields that could be achieved in the long
run (Nyiri and Fehér, 1977). Bukovinszky et al. (1983)
studied the relationship between different plant species
and drain scaling (15, 20, 25 m spacing, 0.0-0.1% fall).
Their results showed that each plant species responded
differently to drainage, thus they concluded that the
application of different drainage pipe spacing according
to the related tillage may be helpful to increase crop yields
(Bukovinszky et al., 1983).

During the second half of the 20™ century,
researchers also dealt with the issue of dual operation of
subsurface drains. The professional application of dual-
purpose operation was only possible with a strictly and
precisely planned drainage service (operation and
maintenance), and only on suitable soils (Fehér and
Szalai, 1986). Csaplar (1989) examined the technical
conditions of the usability of the drain networks for water
replenishment. Based on the applied measurements, the
pressure loss of the water led into the drainage pipe from
the open channel was significant. In the case of pipelines
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longer than 100-120 m, the pressure drop was so
significant that no substantial water replenishment was
possible in the additional sections. Mile (1986) ran an
interesting experiment of water replenishment through
drains for 4 years. The results were encouraging, as
despite of a drought the wheat and maize had reasonable
yield on drained plots. Based on the results of their
annually repeated spring and autumn soil tests, it was
found that Na+ cations had accumulated to a harmful
extent in the soil layer close to the surface, which may
have been due to inadequate quality of restored irrigation
water in the drains. Molnar (1987) formulated his
statement, which is still valid today that water surplus and
water shortage can occur within one year. In his
experiments, water replenishment through the subsurface
drain system was carried out on a 1200 ha large test area.
Based on Molnar’s results (1987) drought damage can be
mitigated, if adequate deep tillage is applied (e.g. chisel-
ploughing), the drain system (tiles and channels) is
emptied in the non-growing season, and good quality
irrigation water is used. It was also emphasized that, in
practice, water replenishment through drains could only
be applied for a short time, otherwise harmful salts could
accumulate in the upper layers of the soil.

For almost 40 years, no comprehensive map, written
archive or cadastre has been created about the exact
location of tile drained areas in Hungary. However, for a
future reinterpretation of subsurface drainage, it is
required to know the location and condition of the areas
that were once treated. The latest edition of the cadastre
(Wittmann et al., 1981) contains the description of the tile
drained areas of Hungary in tabular form. According to
the cadastre, 40,000 ha of agricultural land was tile
drained, and the total length of the installed drains was
about 16,000 kilometres. The editors of the cadastre
suggested regular expansion and further development of
the cadastre in every five years, but this was not done. The
tile drainage of lowland areas became more extensive in
the 1980s and until 1989 the extent of the drained areas
reached 150,000 ha (Babics, 1989).

The creation of a “modern” cadastre which contains
tile drain lines and the required attribute data can now be
solved by creating a GIS database. The database could
include a base map, supplemented by point, line or
polygon features containing attribute data (basic data
from the design documentation and field survey results).
A cadastral database containing such data could be
suitable for carrying out spatial comparative studies, for
example examining the correlations between inland
excess water affected areas and subsurface drained areas,
or changes in groundwater conditions at the tile drained
areas.

The main goals of our research are to (1) explore the
conditions of subsurface drains at the study areas, to
determine their usability and formulate recommendations;
(2) to find out if the tile drains are able to collect the
excess water from the soil, and if the drains are able to
drive the collected water into the recipient channel. It is
also important to (3) evaluate the technical condition of
the recipient channel and determine: (a) if the channel is
capable to accept the effluent drain water, and (b) if the
collector channel is capable to lead away the collected

waters to the main channel system. Several field and
laboratory tests were performed in tile drained pilot areas
at different locations supplementing the traditional
methods with more modern ones.

STUDY AREA
Most of Hungary (54.2%) is cultivated, as the large
alluvial plains provide favourable topographical

conditions and rich soils for crop cultivation. However,
due to its low elevation, inland excess water can cause
serious problems in wet years, therefore, the deepest areas
were tile drained several decades ago. Three low-lying
study sites were selected for our investigations on the
eastern part of the Great Hungarian Plain.

The eastern part of the Great Hungarian Plain has
diverse geomorphology, characterized by the former
riverbeds of the Tisza River, the Koros River and its
influents, which form depressions on the cultivated fields.
These depressions toned to be drained because they are
the most affected by the inland excess water inundations
due to cohesive meadow and casting soils. The annual
precipitation is 500-550 mm. In addition to the frequent
droughts, the excess water can develop in the same year.
The depth of groundwater varies with seasonal
fluctuation. The land use is characterized by very high
proportion of arable land, that is well above the national
average. Main criteria for the selection of study sites were:
(1) being strongly affected by amelioration interventions,
(2) the availability of complete and detailed
documentation (land amelioration plan), (3) the owner of
the plot allowed and supported the field work, and (4)
close distance to the home institution (Szarvas) enabling
monitoring works. At one of the study site near Mezotur,
a more complex survey was carried out. On the other two
sites (near Zsadany and Csanytelek) less detailed studies
were performed, only the general condition of drainage
works and their environment were analysed (Fig. 1).

Land amelioration works in the Mezétur study site
(182 ha) were completed in 1989, but the operating permit
was only granted in 1994. Based on the soil database the
Mezé6tar study site has hydromorphic meadow soil prone
to salinization. During the implementation of the tile

0 25
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Fig. 1 The location of the pilot areas
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drainage interventions, a parallel network of free drains
was constructed on both sides of the field, while five
targeted drains were established in the inner areas of the
field (Fig. 2). In total 137 pipes, with a length of 33.2 km
were installed in the area. At the west side of the study
area, 46 drainage pipes were installed with uncontrolled
outflows to the recipient channel. The installation spacing
of the drains is 20 m and their installation depth varies
between 85 and 120 cm. Despite these subsurface water
management interventions, the area is still endangered by
inland excess water inundations, as it is shown on the
recent aerial photographs. Every autumn, the farmer of the
plot creates ditches to allow inland excess water to run off
the field in winter/spring period. Through these small
ditches, several cubic meters of valuable topsoil eroded,
causing sedimentation and blocked flow of accumulated
water in the recipient channel. It is unfortunate, that the
new owner, who acquired the land in the 1990s, does not
show interest in the previous subsurface water
management intervention. During the ordinary recipient
channel maintenance (reaping and burning of reeds), the
number of intact drainage pipes decreases and they
become less usable.

Amelioration and subsurface drainage interventions
also took place at the other two study sites before 1990.
At Csanytelek pilot site (70 ha) subsurface drainage
works were completed in 1987 with 28.8 km installed
drains with 20 m of spacing; and Zsadany site (121 ha)
has tile drained with 15 km installed drains with 20 m of
spacing in 1989. These areas also became privately owned
after being part of a large-scale farm, and similar
conditions prevail over them. The most typical crops
grown are cereals and corn.

METHODS

Considering that on tile drained areas, the agricultural
activity is the most relevant, the field and laboratory tests
focused on soil and water analyses. Our methodology
consists of several related parts and are described below:

U

Vs

Data collection

Amelioration planning documentation for the study sites
was obtained from the official archives (regional Water
Management Authority). The documentation included
permissions from design to operations, maps and
blueprints of the subsurface drained areas, site plans,
documentation of soil properties, cross sections of the
drain recipient channels and roads, groundwater data, etc.
After the data collection, paper maps of areas affected by
land amelioration including tile drainage, were first
identified on a base map and then georeferenced. In
addition to the archive plan, documentation of the
subsurface drainage interventions of the Mezdtur study
site we also collected remotely sensed data (orthophotos
from 2000, 2005, and 2007, high resolution satellite
imagery from Google Earth and UAV aerial imagery). In
the case of the Mezétur study site, we used an updated
digital version of the most detailed soil maps of Hungary
made before 1945.

Remote sensing methods

UAV aerial photography was applied for identifying and
mapping the drain network, as no precisely documented
data exists on the location of the tile drain systems. To
evaluate moisture conditions of the surface in case of bare
soil or vegetation coverage altogether 9 UAV flight
campaigns were executed at the Mezotar study site. Aerial
imagery acquisitions were performed with a fix-winged
Trimble UX5 HP, carrying a 36-megapixel (RGB + NIR
(red, green, blue + near infrared)) Sony Alpha 7 camera,
and a DJI Phantom 4 multicopter (for 12 megapixel RGB
+ NGB (red, green, blue + near infrared, green, blue)
recordings). We studied the visible differences in soil
moisture on the surface that could be used to identify the
locations of properly functioning drainage pipes.
Difference in surface reflectance was detected by 3-
channel (RGB; NGB) cameras (Fig. 3). In the case of
vegetation, multispectral or thermal images may provide
more accurate results, than ours (Tlapakova et al., 2017).

, % Targeted drains

|:| Examined area

— Open channels

\ 500 m
p —_—

Fig. 2 The study site at Mezotar and its tile drain system.
Note, that the drains terminate in artificial canals or in artificial lakes
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Fig. 3 False coloured composite image of drained alfalfa field
made from NIR, green and blue spectral bands. The red colour
indicates vegetation, blue colour indicates non-vegetation
surfaces

Normalized Difference Vegetation Index (NDVI) and
Green Normalized Difference Vegetation Index (GNDVI)
maps were calculated, whereupon the differences become
quantifiable. One of the campaigns was performed by the
Department of  Geoinformatics,  Physical and
Environmental Geography of the University of Szeged.
They applied multispectral and thermal sensors (senseFly
S.0.D.A / Parrot Sequoia+ / senseFly Deut T camera) on
a fix winged eBee senseFly drone to investigate the
operational efficiency of tile drain networks which
appearance is based on spectral and temperature
differences of the surface.

Soil sampling and analysis

During the Mezétur field campaign, we opened soil
profile to describe the soil type of the tile drained area and
characterize its mineral precipitations in each soil layer.
Undisturbed soil samples were taken from the wall of the
soil profile (0-130 cm) that we opened above a drainage
pipe (2 sample replicates per 7 depths). Undisturbed soil
samples were taken to determine the hydraulic
conductivity of the soil, and to measure the permeability
(k-factor) of the soil layers. A soil layer with a low k-
factor can impede the infiltration and migration of water
towards to the drains. The determination of the k-factor
based on Darcy's law (Gray and Miller, 2004). This allows
us to estimate the functionality of drainage in the area as
well as to determine the required agrotechnical
interventions. The k-factor can also be used to
characterize whether the distance of the drainage pipes in
the studied area is appropriate for the current soil
conditions. The k-factor values of each layer of the
studied soil profiles were so low, that their units were
expressed in mm/day rather than cm/day.

Open-face Auger sampling was used to determine
the soil texture, and the amount of water-soluble salts.
Laboratory analysis of auger soil samples was performed
to determine the texture of the soil and based on it, the
water management properties were evaluated. Open-face
Auger soil sampling was carried out above three drains,
in-between these drains, and at three non-drained control
points (from a depth of 0-100 cm, at every 10 cm) in order
to determine the soil texture and salt content. As the auger
soil sampling was performed in August 2019, during the
evaluation of the data it had to be considered that summers
are usually characterized by upward movement of soil
moisture content via evaporation. The analysis of soil

liquid limit, total dissolved salt content and the adsorbed
Ca, K, Mg, Na ions on the surface of soil colloids were
performed according to the relevant Hungarian laboratory
examination standards (MSZ-08-0205:1978
Determination of physical and hydrophysical properties
of soils; MSZ-08-0206-2:1978. Evaluation of some
chemical properties of the soil (pH value, phenolphtaleine
alkalinity expressed in soda, all water soluble salts,
hydrolite and exchanging acidity)). We also followed the
standard of MSZ-08-0214-2:1978 Quantitative and
qualitative definition of the exchangeable soil cations was
made using AAS Flame Photometry. The repetitive
measurements on the proportion and ionic composition of
salt content accumulated in deep soil layers or near the
soil surface refers to the quantity and direction of the
movement of salts, which was also monitored in tile
drained areas.

Based on the performed so0il penetrometric
measurements the soil moisture conditions and as well as
the soil compaction were determined with a custom
designed soil penetrometer, to reveal the presumed
moisture differences above or between the drain pipes.
Soil resistance and moisture were three times sampled in
0-100 cm in 47 points (24 points over drains, 21 points in-
between drains, 2 points in control area).

Water sampling and analysis

Water samplings were performed at the Mezdtar study
site from the effluent water of 5 drain outlets and from 3
sections of the recipient channel water. The comparison
of the results refers to the discharge of nutrients and
agrochemicals from the drains into the recipient water,
which might pose risk to the environment.

Discharge measurement of effluent drainage water
was also carried out, by measuring the filling time of the
sampler with a given volume, thus the discharge data were
expressed as liter/hour (I/h). By combining the discharge
of the effluent water and its nutrient content, the input of
harmful salts or pesticides into the recipient canal was
calculated. However, it must be noted, that this
calculation reflects the current state, and more repetitions
are needed for more accurate estimations. The discharge
of the drain water was highly fluctuating at the time of
sampling, the highest measured discharge was 18-22 I/h,
but there were also drain pipes with lower water discharge
(6.5-7.5 /h), being at the limit of measurability. For
comparison, Lendvai and Avas (1983) sampled drains
with a flow rate of 1800 1/h during their experiments.

Drain pipes operated just during the winter-spring
period at the Mezdotar study site, so water samples could
be collected (and representative) just for this period to
understand whether excess salt, nutrients, or suspended
solids leave the soil during the winter, emphasising the
leaching role of the drains. As the water of the canals
usually is used for irrigation during the vegetation period,
the water was categorized in terms of suitability as
irrigation water (Filep, 1999). Water samples were
analysed in the accredited laboratory of the Research
Institute for Irrigation and Water Management (OVKI).
The analysed parameters were pH value, EC (Soil
electrical  conductivity),  bicarbonate, carbonate,
ammonium ion, ammonium-nitrogen, nitrate ion, nitrate
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nitrogen, nitrite, nitrite nitrogen, total nitrogen,
orthophosphate ion, orthophosphate phosphorus, total
phosphorus, total dry material, total solutes, total
suspended  solids, chloride, sulphate, calcium,
magnesium, potassium and sodium.

Condition assessment of the drains

Technical condition assessment of the recipients, used for
the determination of whether the recipient is suitable to
(1) provide the operating conditions for the reception, (2)
collect effluent drainage water. The actual condition of
the drain pipes was surveyed applying an endoscope
camera. On the photos, we looked for the presence of
sediments in drainage pipes and perforations in the
drainage pipes. Endoscope camera imagery was collected
from the undamaged drain pipes to determine if any
groundwater and soil moisture could infiltrate through the
perforations of the pipes, or to see whether the drained
water can flow through the pipe itself. Following Sojak
and Ivarson (1980) observations, an important aspect was
to observe the various sediments and mineral precipitates
on the inner surface of the drain pipes (e.g. iron ochre or
manganese oxide). Endoscope imagery was collected
using a waterproof tube camera with adjustable brightness
LED lighting, 5 m range, and 800x600 pixel resolution.
To validate the filtration of the drainage pipes, a soil
profile was also opened above one of the operating drains
which we mentioned earlier.

RESULTS
Soil characteristics of Mezétur study site

The soil texture determined from the Open-face Auger
soil samples (at 97 points) is 88% heavy clay and 12%
clay. Soil infiltration rate (k-factor) was determined from
undisturbed soil samples above the examined single drain
pipe at Mezotur site. The soil layers with the highest
infiltration rate (1.3-18.8 mm/day) were located directly
20 cm above and below the drain pipe (Table 1).

Several layers of the soil profile above the drain pipe
can be considered impermeable for water, as the water did
not get through the undisturbed soil samples during the
15-day laboratory test period at all. Based on the
evaluation of the total soluble salinity in the soil samples,
moderately saline and saline soil levels (total water

Table 1 The infiltration rates over a single examined drain pipe

Soil depth k-factor
[cm] [mm/day]
0 0.1565
15 0.8
25 0.035
50 1.134
80 0.518
100 1.3
120 18.8

soluble salinity 0.3-0.74 m/m%) appear both below and
above the drains. It limits the growth of roots of most
cultivated crops, and thus

has a yield-reducing effect (Soni et al., 2021). The results
show that soil layers shallower than 50 cm do not contain
harmful amounts of salts. The appearance of soil levels
with higher salinity showed a large variance under 50 cm.
There is no clearly detectable difference in the drained and
non-drained fields, but the deep salinity is characteristic at
the Mez6tar study site. Soil resistance and moisture content
values are related to each other; i.e. drier soils are more
difficult to penetrate. Tests can therefore be performed on
nearly saturated soils. In case of high replication rates, the
results of soil resistance were used to determine the location
of compacted layer (plough pan), which can prevent
precipitation or excess water from the surface to infiltrate
to deeper layers.

Identification of drain systems

In general, after a precipitation event, the wet and drier
parts of the study sites were easily separable in the case of
bare soil surface. Contrary to our expectations we could
not observe linear traces on UAV images suggesting the
presence of drains at Mezotur study site. We observed
drain lines only on the examined orthophotos (Institute of
Geodesy, Cartography and Remote Sensing of Hungary)
e.g. around Kunszentmarton, Hungary (Fig. 4).

The Mez6tar study site was also surveyed during the
vegetation period, when NDVI maps were created to
entrust the detection of developmental differences in plant

* 7 :, 7 { 1 , ;"I A

e suspected tile drains s recipient channel

Fig. 4 Appearance of tile drain lines near Kunszentmarton, Hungary. The drawn lines on the bare soil continue on the surface with
vegetation too, where the lines still could be observed due to differences in vegetation growth or species composition
(source: Institute of Geodesy, Cartography and Remote Sensing of Hungary)
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Fig. 5 Detail of the NDVI map of the Mez6tur study site.
The low NDVI values indicate the location of bare soil patches

where the vegetation was destroyed by inland excess water

grown and phenophase. In April 2018, the soil moisture
modifying effect of the drainage pipes on NDVI values
could not be convincingly demonstrated. Due to the
shallow roots of wheat grown in the area, the drainage
pipes did not directly affect the moisture conditions to the
near-surface root zone. At the same time, bare soil patches
at the location of dried out inland excess water
inundations or saturated soil conditions were very well
observed (Fig. 5).

It should be noted that the appearance of inland
excess water inundations fundamentally questions the
efficiency of the operation of the drains, or the application
of the correct agrotechnical treatments. In August 2018,
an aerial photograph of a harvested alfalfa field right next
to our pilot site was taken. Our experience suggests, that
alfalfa had faster growth along the assumed soil drain
pipes (Fig. 6). The original blueprint documentation
reflects, that the pipes extend from the alfalfa field to the
other plot with different land cover and land use, but there
is no visible trace of them on that field. The reason for this
phenomenon could be explained by the fact that alfalfa
roots can penetrate into the deeper soil layers (as “bio-

drains”), and thus they get better water supply along the
drains. Similar phenomena can be experienced in stubble
areas after crop harvest, where various weeds and
volunteer crops indicate the location of drainage pipes.
The UAV thermal imaging survey that was executed in
March 2021 did not yield the expected results at Mezotar
study site. The surface temperature showed no differences
that suggesting the presence of drains.

Condition assessment of drains

During the first field survey (August, 2018) at the
Mezétur test site, we found that only five drainpipe outlets
were visible in the side slope of the channel. In situ
inspection of the drain outlets was repeated three times.
Finally, the number of identified drainage pipe outlets or
their remains increased to 42 out of the 46 we found in the
documentation of the area. In our experience, the
documentation and the blueprints can only serve as an
approximate reference for finding drain outlets. Contrary
to the constant distance of 20 m stated in the plan
documentation, various distances of 15-25 m between
some pipes were found. In some cases, the PVC drain pipe
outlets were melted, as the result of inappropriate
maintenance of the channel: the farmer eliminated the
excess vegetation by periodic burning (Fig. 7A). Despite
of the critical injury of the pipelines, some pipes had
outflowing drainage water. Other evidence of improper
maintenance was a drain outlet (manufactured in 2012)
that was found in the non-drained side slope of the
channel, suggesting heavy disturbance (Fig. 7B).

Based on the results of the field inspections at Csanytelek
and Zsadany sites, we concluded that the drain systems
there are characterized by the same conditions and
maintenance problems as at Mezotur plot. The Mezotar
study site is unique, since here the outflow of drain pipes
was visible, though their condition was unsatisfactory
with a few exceptions. In the other two study sites, the
drain outflows had already been destroyed and the pipe
ends were buried in the side slope of the recipient channel.
During the field survey at the Csanytelek site, no pipe
outlets were found, but after the dredging of the drainage
canal and removing the sludge,

Fig. 6 Phenological differences in alfalfa plants over drains and the intermediate areas: (a) blueprint of the tile drains,
(b) vertical aerial photo of the alfalfa field (UAV), (c) oblique aerial photo of the alfalfa field,
where denser vegetation indicates the lines of the drain (UAV)
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Fig. 7 Typical conditions of the drain pipes at the Mezétur
study site: (a) melted PVC drain outlet in the channel side
slope, (b) a few years old relocated drain pipe outlet, (c) open
channel after sludge removal in Csanytelek, (d) ruptured drain
pipe in spreaded sludge

some outlets were visible, as the excavator machine cut
and teared the last sections of the pipes exposing them
(Fig. 7C-D). In the case of the Zsadany study site, after
the crop harvest the weeds in the field indicated the linear
pattern of the drains. To verify their existence, the buried
pipeline was excavated from the side slope of the recipient
channel (Fig. 8).

In the Mez6tar study site, endoscope camera inspections
of five drain outlets gave good results. The condition of
the inner tube was very good in the examined 4.5 m length
(Fig. 9). Precipitates around the pipe perforations were
visible, but these did not cause clogging. Most of the
inspected drains were found free of dirt, but we also found
a tube with sediment in the last 50 cm of the drain, at its
outlet. The results suggest that drain pipes are permeable
to water, and they can function. Along the recipient
channel most of the drain outlets were damaged or buried,
and they contained sediment. The causes of perforation
clogging and precipitation on the drain pipes were also
examined. We opened a soil section and performed a
mechanical slope excavation, which proved that the
perforations of the 30 years ago installed drain pipe are
still permeable to water, i.e. they are free of blockages
(Fig. 10).

Water quality of the drain and recipient waters

Compared to the recipient channel’s water, nitrate, total
nitrogen, total suspended solids, sulphate, calcium,
magnesium and sodium appeared in excess in the drained
water (Table 2). From the point of view of the Hungarian
irrigation water classification (Filep, 1999), the collected
inland excess water generated on the Mezotar study site
had good quality, thus it diluted the water of the recipient
channel. The results refer to wide range of parameters
(Table 2). However, according to the analysis of the
recipient water sample, its water quality was satisfactory

Fig. 8 Weeds indicate the location of the subsurface drain pipes (a) in Zsadany site.
The same pipes were found buried in the recipient channel’s side slope (b)

Fig. 9 The inspection of drain outlets and inner sections by endoscope camera



22 Tari et al. 2021 / Journal of Environmental Geography 14 (3—4), 14-25.

Fig. 10 Open perforations on drain tube (a), and the overview of one excavated pipe (b) with the following sections:
(1) drain outlet, (2) intermediate pipe (not always applied), (3) perforated drain tube

to be used for irrigation quality improvement. This raises
several environmental issues related to the protection of
surface water, as mixed water from surface runoff and
drainage effluent water has a direct and indirect impacts
on the recipient. According to our results, in February
2018 the electrical conductivity (EC) of the drained water
(mean: 2300 pS/cm) was almost three times higher than
the values of the channel samples (mean: 780 uS/cm). In
the samples from March 2018, in addition to the natural
increases of the electrical conductivity values in both
examined locations, the difference in mean values had
only double (drained water: 3300 uS/cm; channel water:
1630 uS/cm). The increase in conductivity values from
February to March can be related to the increase in
ambient temperature or the duration of the high
groundwater level. In terms of the electrical conductivity,
the drainage water has 2-3 times higher values than the
recipient water samples, which proves the role of drains
in the loss of water-soluble plant nutrients from the soil
(leaching)

DISCUSSION

On the selected study sites, various field and remote
sensing methods were applied to assess the condition of
the drained areas and to determine their future usability
(Fig. 11). The evaluation was greatly facilitated by
previous Hungarian research reports and results, mostly
from the period 1981-1990, which were focused on the
maintenance and proper operation of drain networks.

Based on the results of our studies, we have drawn the
following conclusions:

Babics's (1989) described ca. 150,000 ha of tile
drained land in Hungary, however their extent did not
change considerably in the last three decades. Tile
drainage constructions were uncommon, but in some
cases tile drainage was used as an accompanying element
of linear irrigation plants. In our investigations, we
reviewed a number of amelioration plan documentations
and blueprints. However, among the documentations, we
found only blueprints and descriptions of drain systems
with free outflow (free drains). Unfortunately, the practice
of controlled drainage, which is more widely used in other
countries (Tolomio and Borin, 2019), has not developed
in Hungary, except for at some experimental sites and
farms. The favourable effect of tile drainage on crops
which was reported by Bukovinszky et al. (1983) was not
verifiable in our study sites. The vegetation modifying
effect of tile drains was manifested only in the linear
patterns experienced during UAV remote sensing data
collection. Similar to the results of Tlapakova’s (2015)
research report, we found drainage trails on orthophotos
which could be validated with the related blueprints. We
also applied UAV thermal imagery, as described by
Tlapakova (2017) but we did not get the expected results.

According to our results and experiences, we can
state that intermittent outflow of inland excess water from
the surface is not impeded by drainage pipes, but rather
by soil with very poor water permeability. The soil is
compacted in several layers, despite the fact that,

Table 2 Mean values of the analysed parameters of the water samples collected from the drains and from the recipient channel.
(Only those parameters are indicated which showed large variations.)

Total Total
EC Nitrate nitrogen  suspended  Sulphate Ca Mg Na
[uS/em]  [mg/1] content solids [mg/1] [mg/1] [mg/l1] [mg/l]
[mg/1] [mg/1]
2018 drain 2300 130.5 345 14.25 1207 144 87.22  296.75
February  channel 780 18.4 6.05 38 189 5433 21.86 80
2018 drain 3300 46.1 12.35 88.6 2074 2332 15538 442
March channel 1630 6.7 2.85 37.25 569 133.5 5272 1785
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according to the farmers, they apply chisel-plough in
every 2-3 years. Based on these results, it is highly
recommended to perform periodic deep cultivation or
chisel-ploughing of the plot in order to improve the
infiltration properties and the air-water balance of the soil.
We agree with Fehér and Szalai's (1986) strict
recommendations on the maintenance required for dual-
operation of drains. However, we believe that following
these recommendations is the basis of single operation
drains.

It can be concluded, that nowadays the negligence of
subsurface drainage works is common in Hungary, thus
we assumed that the drain systems have lost their function
in subsurface water management. Karasek et al. (2015)
found that abandoned drained areas due to land use
change may continue to function. Thus, for example,
grasslands may dry out the soil more easily at a dry period.
In our opinion, the impact and functionality of abandoned,
non-maintained drainage systems is minimal. All these
results prove that the subsurface water management
interventions could work nowadays, while the beneficial
effect of the complex melioration have been eliminated.
The justification for the reactivation of drainage networks
is unequivocal, but this cannot be generalized. It depends
on the characteristics of the soils, actual weather
conditions, and applied agro-technics. From the point of
view of inland excess water management, the
improvement of unfavourable soil infiltration conditions
play key role in applying subsurface drainage. In this
context, it becomes necessary to use suitable
agrotechnical methods that facilitate the infiltration of
excess water into the deeper soil layers, and to establish
connection with the surface and subsurface drainage
network. Another critical point is to ensure the
longitudinal impermeability of the drains which typically
results from the destruction and clogging of the outlets.

Methods

Investigation of soil

Subsurface

Research goal

Find out if the examinated area has available
amelioration data to get a preview of the area (soil
properties, drainage network patterns etc.).

The main goal of the soil investigations is to
determine whether the soil is (2) permeable for
excess water from the surface, (2) excess water
could reach the drains.

Of course, maintenance work on open channel recipient
systems cannot be omitted either. Taking these factors
into account, the efficiency of the drains and the recipient
channel of the studied Mezétur study site can be estimated
as less than 50%, while the drainage network itself can be
considered  operational. = The  improvement of
unfavourable infiltration conditions due to heavy textured
soils requires a complex approach (agrotechnical
interventions, chemical soil conditioning, appropriate
surface water management and excess water control etc.).
In the absence of these interventions, the regulation of
groundwater and soil moisture cannot be realized even
after the restoration of drainage systems and their
recipient channels. Our water quality test results
confirmed the findings of Shedekar et al. (2021) that
drains are suitable for removing excess salts and
agrochemicals from the tile drained plots, but we did not
experience high discharge of drainage water at any of our
study sites. The Mez6tur study site is a typical example of
cultivating an agricultural field without considering the
possibilities and benefits of using the existing drainage
network. We recommend two main treatment options and
appropriate practices for using of drain networks in the
future (Fig. 11).

The first way of possible application is further
agricultural activity ignoring the existing drain network
supplemented with the application of appropriate
agrotechnics (e.g. chisel ploughing). Our other
recommendation is further agricultural activity using the
existing drain network, but it requires the following key
steps for its success: restoration of drains and renovation
of receiving channel; application of appropriate
agrotechnics; prioritize proper maintenance of the drain
network and channels; and training of farmers for proper
operation of drain networks.

Recommendations

Evaluation of the possibilities of future

use of the examined drained area

1 Further agricultural activity
ignoring the existing drain network

+ Application of appropriate
agrotechmics (eg. chisel ploughing).

or

Investigation of water

drained area

Remote sensing data survey

Technical condition assessment

The main goal of the water investigation is to
determine if operational drains could conduct
agrochemicals (nutriens, salts, herbicides etc.) to
the environment.

Our goal was to investigate if remotely sensed
data can be used to determine the efficiency of the
drianage by using vegetation indices.

The main goal of technical condition assesment of
the drains were: (1) if the tile drains are able to
collect the excess water from the soil, (2) if the
drains are able to drive the collected water into the
recipient channel. It is also important to evaluate
the technical condition of the recipient channel
and determine: (1) if the channel is capable to
accept the effluent drain water, and (2) if it is
capable to leads away the collected waters to the
main channel system.

2

Further agricultural activity using the

existing drain network

Restoration of drains and
renovation of receiving channel.

Application of appropriate
agr hnics (eg. chisel pl

Prioritize proper maintenance of
the drain network and channels.

Training of farmers for proper
operation of drain networks.

Fig. 11 Flow chart of the applied methods and their research goals to assess subsurface drain systems.
The figure also includes our recommendations for the future use of drained areas

ghing).
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CONCLUSIONS

Our aims were to evaluate whether the location of the
installed drainage networks can be delineated, whether
their operational efficiency can be assessed, and whether
they have a role in field-level drainage, water supply, or
water retention. The combined methods applied in this
survey are recommended to survey the condition of other
tile drained areas and they could be adapted for their
complex evaluation. Based on these results, interventions
that are essential to make a drain system functional can be
categorized into (1) reconstruction and (2) construction of
new drainage systems of drained areas of any kind have a
right to exist only with proper maintenance and operation.
Given that 150,000 ha of subsurface drainage has been
implemented in Hungary, with about 300,000 ha of buffer
area, the reactivation of drained areas combined with the
appropriate agro-technics would greatly contribute to
maintaining production safety in agriculture.
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Abstract

The self-heating of coal waste dumps is considered as a serious environmental issue, wherever active or inactive coal mining has been
present. This issue is introduced from two active coal mining regions from Poland (Upper Silesian Coal Basin) and Ukraine (Donetsk
Coal Basin) based on mineralogy, organic petrography and geochemistry, and remote sensing techniques. Thermally affected coal
wastes reveal changes recorded by organic and mineral matter. Irregular cracks and fissures appear within and at the edges of organic
matter particles, which are oxidised, devolatilised and plasticised. Mineral phases underwent oxidation, dehydration, structure
rebuilding and recrystallisation. Highest temperatures generated during the fire cause melting and paralava formation. During self-
heating, some chalcophile elements like Hg (mostly present as HgS), Pb, Zn can be enriched and released, or different organic pollutants
like phenols (originated from vitrinite particles), different PAHs with alkyl substitutes, chlorinated PAHs, or sulphur heterocycles are
formed. The introduced remote sensing techniques helped to localise and monitor hot spots with different temperature ranges. Applying
SWIR bands of Landsat hot spots from extremely burning dumps in Ukraine were successfully localised, however, only night-time
scenes with SWIR can be used. The sun’s disturbing effects should be considered as an influential factor for both thermal imaging
camera or satellite images. Thermal cameras can reveal the most detailed signs of low to high temperature anomalies with different

cracks and line shapes.

Keywords: coal waste dumps, self-heating, remote sensing, organic — inorganic pollutants

INTRODUCTION

Coal wastes are produced during coal mining and coal
processing. Usually, such wastes contain 5-30% organic
matter and ca 70-95% of minerals, mainly sulphides (e.g.,
pyrite or sphalerite), alumino-silicates, carbonates, and
other minerals rich in heavy metals (Skarzynska, 1995;
Finkelman, 2004; Huang, 2004; Siit6 et al., 2007; Zhao et
al., 2008a, 2008b; Kang et al., 2011; Xiao et al., 2015).
After deposition in dumps located in close vicinity of coal
mines, the waste starts to weathering what might lead to
the exothermic oxidation of the organic mater known as
self-heating, which may lead to self-ignition (Zhang and
Kuenzer, 2007; Carras et al., 2009; Masalehdani et al.,
2009; Misz-Kennan and Fabianska, 2011). Susceptibility
to self-heating is increased by air temperature, wind,
organic-matter rank, ash content, surface area exposed to
air, particle size, moisture and oxygen content, shape,
layering and compaction of the dumped pile (Skarzynska,
1995; Lohrer et al., 2005; Pone et al., 2007). In the case
of bituminous or sub-bituminous coals and coal wastes,
the temperature increases slowly until a threshold
temperature of 60—80°C, and then the temperature rises
fast, followed by self-ignition and burning of the waste.
The temperature inside a coal waste dump is typically
highly variable ranging from ambient to ~ 500°C,
however, at the end stages of heating in the subsurface,
the self-combustion temperatures can reach up to 1000—

1300°C (Carras et al., 1994, 1999; Skarzynska 1995;
Heffern and Coates 2004; Siit6 et al., 2007; Querol et al.,
2008; Ribeiro et al., 2010; Jendrus 2016).

Coal-waste dumps, are typically occupying large
areas and are located nearby urban areas, thus they have
potential health and environmental impacts (Querol et al.,
2008; Zhang, 2008; Zhao et al., 2008b; Li, 2010; Liu and
Liu, 2010; Li et al., 2011; Zhou et al., 2014; Nadudvari et
al., 2020a, 2021b). Toxic elements in coals are associated
with organic matter and minerals, e.g., clays and sulphides
(Vassilev et al., 2001; Ciesielczuk et al., 2014). Such
waste dumps emit enormous quantities of greenhouse
gases: CO,, CHy, and such harmful compounds as NO,
NHs, SOy, H,S, HCIl, CH»O, benzenes, phenols, PAHs,
heavy metals (Kruszewski et al., 2018, 2020; Nadudvari
et al.,, 2021b). In the dumps elevated Hg (~100-1078
mg/kg) and Pb concentrations (~600-2000 mg/kg) can be
reached, reflecting evaporation of these metals from
deeper parts of the dumps. The acidic pH levels (3.0-4.5)
may help to mobilise these elements (Nadudvari et al.,
2021b).

The aim of the paper is to describe and understand
the complex processes occurring within coal waste dumps
based on organic petrography, mineralogy, and organic
geochemistry and combine remote sensing techniques. On
the selected Polish dumps the ongoing self-heating was
well documented e.g. Misz-Kennan and Fabianska
(2011), Néadudvari (2014), Fabianska et al. (2019),
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Kruszewski et al. (2018) and Nadudvari et al. (2018, 2021,
2021b) therefore these researches were provided good
insight about the state of self-heating, pollution levels —
especially heavy metals e.g. Hg, Pb or organic pollutants:
benzene, phenols, PAHs. In Poland and Ukraine many of
those coal waste dumps are surrounded by urban areas
(Fig. 1), so their self-heating pose a serious threat to the
local community through, among others, environmental
pollutions, odorous smells and surface collapsing.
Therefore the application of remote sensing techniques
and thermal imaging cameras are crucial to protect society
- prevent self-heating, conduct its proper monitoring and
warn about the hazard.

STUDY AREA

The self-heating phenomenon of coal waste dumps most
often occurs in coal basins, where the large number of
dumps are created near the coal mines. In this paper, we
focus on some of the largest coal basins in Europe: Upper
Silesian Coal Basin (USCB; southern Poland) and
Donetsk Coal Basin (DCB; eastern Ukraine) (Fig. 1). In
both basins, large-scale coal mining began in the 19th
century. Since then, many dumps have been created there,
which have subsequently undergone numerous processes.
As the waste in both cases came from coal mines, their
composition was relatively similar. The coals of the DCB
and USCB are from bituminous coal to anthracite and
have high ash yields and high sulfur contents (Panov et
al.,, 1999; Kedzior, 2019). The dumps in USCB are
characterised by enormous diversity in the area, volume,
and shape. These objects often fit well into the highly
urbanised landscape (especially in the Katowice district).
In the DCB case, dumps have large-area with a typically

conical structure (for this reason such dumps are often
called as Donetsk type — Fig. 1D). These dumps stand out
above the landscape, towering over the surrounding
settlements. Regardless of the differences and similarities
between the two basins, the self-heating phenomenon was
detected in both regions, and its impact on the natural
environment and society was determined (Panov et al.,
1999; Fabianska et al., 2019; Nadudvari et al., 2018,
2020a, 2021b; Abramowicz et al., 2021).

METHODS

Approx. 500-1000 g were taken from the dumps up to 10
cm-s depth and collected/stored in alumina foil to prevent
other organic matter contamination. Samples were
manually cleaned from roots, wood tissues and dried at
room temperature (ca 22°C) for ca. 5 days. After they
were uniformed and about 200 g milled and powdered in
arotary mill very fine grain size. These samples were used
for GC-MS analysis.

For petrographic analyses the samples were air
dried, crushed to < Imm, embedded in epoxy resin and
polished blocks were prepared. Sometimes also oriented
fragments of coal wastes were embedded in epoxy resin,
and polished blocks were prepared. Samples were
examined in reflected white fluorescent light. That allows
to identify various macerals and forms of alteration of
organic matter. The identification was carried out at 500
points in each sample according to ISO 7404-3 (2009). At
the same time, minerals and mineral phases were
identified. The aim of petrographic investigations was to
establish the maceral composition of the wastes and their
degree of alteration. Reflectance measurements were
carried out at 50—100 points on each sample depending on
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Fig. 1 Location of the studied coal wastes dumps from Poland and Ukraine. Background map: GoogleEarth — 2021



28 Nadudvari et al. 2021 / Journal of Environmental Geography 14 (3—4), 26-38.

the number of available particles and according to ISO
7404-5 (2009). The vitrnite reflectance was aimed to
determine the rank of original organic matter and their
thermal alteration. It was done using Axioplan II optical
microscope equipped with immersion objective and
applied magnification of 500X.

Gas chromatography-mass spectrometry (GC-MS)
samples were powdered (ca 18-20 g) and extracted using
dichloromethane (DCM) and methanol (1:1) with an
ultrasonic bath at 30-40°C for 15-20 min. The extracts
were pooled, filtered, and the solvents evaporated at room
temperature. The dry residue was dissolved in 0.5 ml of
DCM and analysed by GC-MS an Agilent Technologies
7890A gas chromatograph and Agilent 5975C Network
mass spectrometer with a Triple-Axis detector (MSD) at
the Institute of Earth Sciences, Faculty of Natural
Sciences, University of Silesia. Helium (grade 6.0) was
used as a carrier gas at a constant flow of 2.6 ml/min.
Separation was obtained on fused silica capillary column,
DB-5 (60 m x 0.25 mm i.d.; film thickness 0.25 um)
coated with a chemically bonded phase (5% phenyl, 95%
methylsiloxane), for which the GC oven temperature was
programmed from 45 (1 min) to 100°C at 20 °C/min, then
to 300°C (held for 60 min) at 3°C/min, with a solvent
delay of 10 min. The GC column outlet was connected
directly to the ion source of the MSD. The GC-MS
interface was set at 280°C, while the ion source and the
quadrupole analyser were set at 230 and 150°C,
respectively. Mass spectra were recorded from 45 to 550
da (0—40 min) and 50 to 700 da (> 40 min). The MS was
operated in the electron impact mode, with an ionisation
energy of 70 eV. The results were obtained in full scan
mode and processed with the Hewlett-Packard
Chemstation software. The studied compounds were
identified according to their mass spectra (using peak
areas acquired in the manual integration mode), by
comparison of peak retention times with those of standard
compounds, by interpretation of MS fragmentation
patterns, and from mass spectral databases GEOPETRO,
NIST17 (National Institute of Standards and Technology)
and Wiley (WI10N11) (Philp, 1985; McLafferty and
Stauffer, 1989).

Mineral phase identification was established using
X-ray diffraction and scanning microscopy. Powdered
samples were determined using a fully automated X-ray
Philips PW 3710 diffractometer operated at 45 kV and 30
mA, CuKa radiation, and equipped with a graphite
monochromator. Mineral morphologies and spatial
relationships between components were examined in thin
sections and samples fragments using a Philips XL 30
ESEM/TMP  scanning electron  microscope in
environmental mode, coupled with an energy-dispersive
spectrometer (EDS; EDAX type Sapphire). Analytical
conditions of the SEM included: accelerating voltage of
15 kV; a working distance of ca 10 mm; counting time of
40 s. All these researches were carried out at the Faculty
of Natural Sciences, University of Silesia, Sosnowiec,
Poland.

The remote sensing and thermal camera monitoring
possibilities of self-heating coal waste was applied by
Landsat satellite and thermal camera images. Application
of remote sensing for such hot spots must be taken into

account solar influences (e.g., different albedo, slope,
aspect or vegetation cover) can significantly influence
thermal anomalies (Zhang and Kuenzer, 2007). However,
extended observation permits persistent heat sources due
to self-heating to be recognised, as well as their migration,
intensification, and disappearance, when they are hot
enough for detection with satellite sensors (Nadudvari,
2014). Using the Thermal Infrared Sensors (TIRS) of
satellite images, i.c., Landsat series, ASTER is the cost-
effective and time-saving technique for monitoring coal
waste fires and detecting their thermal anomalies. Several
authors have successfully applied Landsat, ASTER night-
time and winter-time images for localising such coal- or
coal-seam fires worldwide (e.g., Voigt et al., 2004;
Gangopadhyay et al., 2005; Chatterjee, 2006; Zhang and
Kuenzer, 2007; Prakash et al., 2011; Guha and Kumar,
2012). Therefore, to monitoring such coal waste fires,
only night-time and/or daylight snow-covered images
should be used (Nadudvari et al., 2021a). The most
effective sensor for hot spot detection is Landsat 7 ETM+
as the TIRS band has 60 m resolution compared with
Landsat 4-5 TM (120 m) or Landsat 8 OLI (100 m)
because ETM+ can detect properly smaller hot spots
which Landsat 8 OLI, or TM cannot. However, adding the
SWIR (short wavelength infrared) bands (30 m) can
precise the TIRS temperatures (Nadudvari et al., 2020b).
Lower temperature phenomena, such as small ground
thermal anomalies, must be studied in the thermal infrared
(TIR) window (8-14 um) (Bonneville et al., 1985;
Bonneville and Kerr 1987). Self-heating can also be
classified using the self-heating intensity index (SHII)
introduced by Nadudvari et al. (2021a). It can be
calculated from the highest (pixel max), and lowest (pixel
min) values based on the area of a coal waste dump taken
from Landsat, ASTER (TIRS) bands. This index can help
to classify the fires of ongoing self-heating where snow-
covered or night-time Landsat, ASTER images are
available (Nadudvari et al., 2021a). However, in the case
of daylight cold, snow-covered images, the albedo, solar
radiation, slope and aspect can significantly impact the
thermal anomalies. That can indicate low thermal activity,
which is usually visible on Landsat thermal map with a 2—
3°C difference between pixel max (hot spot)—pixel min
(cold, snow-covered surface with no thermal activity).
Hot spots with lower thermal activity or their extensions
smaller than the TIRS satellite sensor capabilities making
difficult to detect such hot surfaces (Nadudvari and
Ciesielczuk, 2018; Nadudvari et al., 2021a).

Pictures from the camera mounted on the drone can
reach a resolution of several centimetres, therefore such
measurements provide the best option to monitor self-
heating dumps. It is mainly due to the distance of the
measuring device from the measured surface and the
specification of used devices. Pictures from the drone can
be planned depending on weather and terrain conditions.
On the other hand, generally available satellite images are
taken at specific times and under a fixed lens setting,
regardless of weather and terrain conditions. It introduces
additional uncertainty to the results presented by the
satellite images and necessitates appropriate corrections
(e.g., radiometric calibration, atmospheric correction,
etc.).
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RESULTS AND DISCUSSION
Coal petrography

All components present in coal wastes were divided into
mineral and organic particles. Mineral particles are
composed of minerals and various mineral phases and
quantitatively usually dominate in coal wastes. Organic
particles are composed of organic matter that was altered
to various degrees (Misz-Kennan et al., 2020). With
regard to various levels of alteration organic matter is
further divided into three groups: unaltered (1), altered (2)
and newly formed (3).

The first group in coal wastes is representing the
original organic matter i.e. huminite/vitrinite, liptinite and
inertinite maceral groups (Fig. 2A) showing the same
optical features (colour in reflected light, reflectance,
fluorescence, morphology) as unaltered macerals. For
their further division the terminology described in, ICCP
(1998, 2001), Sykorova et al. (2005) and Pickel et al.
(2017) was used.

In second group (altered particles), the particles
showing such signs of the alteration as paler colour,
paler/darker colour oxidation rims, cracks and fissures,
plasticised edges and higher vitrinite reflectance

Fig. 2 Characteristic forms of self-heated coal wastes from
Upper Silesian Coal Basin. A: well-preserved trimacerite
particle; B — C: irregular crack with oxidation rims; D — F:
thermally altered particles with paler oxidation rims; E: particle
with devolatilisation and plasticised edges in paler colour
caused by temperature; G — H: chars containing randomly
distributed pores.

(Misz et al., 2007; Misz-Kennan, 2010; Misz-Kennan and
Fabianska, 2010, 2011; Ribeiro et al., 2016; Misz-Kennan
et al., 2020). Cracks and fissures occur within the
particles, and their size varies from a few to a few tens of
pum (Fig.2B, C and F). Cracks can also occur
perpendicular to the edges of particles (Fig.2C).
Oxidation rims that are paler with higher reflectance or
darker with lower reflectance comparing to the central
part of the particles occur around the edges and/or around
the cracks and fissures (Fig.2F). With prolonged
oxidation, gradually, the whole particle becomes paler in
colour (Fig. 2E). Some particles have rounded edges
caused by the plasticity of organic matter that was a
consequence of a higher heating rate. Oxidation rims can
also occur around such plasticised edges (Kus and Misz-
Kennan, 2017). Another form of alteration are pores
caused by devolatilisation that are usually round or oval,
and their size varies from a few to a few tens of um. Their
presence causes the classification of the particle as
porous, while the absence of pores makes the particle
massive (Misz-Kennan, 2010; Misz-Kennan et al., 2020).

The third group contains particles representing
products of low-temperature oxidation, self-heating or
self-combustion. The following forms are included in this
group: pyrolytic carbon forming from condensation of
organic compunds previusly released from decomposition
of organic matter (Kwiecinska and Pusz, 2016); bitumen
being a product of expulsion of hydrocarbons from
organic matter, mostly liptinite and vitrinite, during self
heating, occurring as small droplets and /or thread like
structures (Misz et al., 2007; Misz-Kennan, 2010; Misz-
Kennan and Fabianska, 2010, 2011) or can fill cracks and
various empty spaces (Gentzis and Goodarzi, 1989;
Alpern et al., 1992; Jacob, 1993; Sykorova et al., 2018)
and appearing in fluorescent with yellow — oragne to light
green colour (Nadudvari and Fabianska, 2016). Chars
derived largely from vitrinite and inertinite as product of
self-heating or spontaneous combustion and containing
randomly distributed pores (Kwiecinska and Petersen,
2004; Lester et al., 2010). Graphite mostly formed from
precipitation of carbon-saturated C—O—H fluids as product
of self-heating or spontaneous combustion (Kwiecinska
and Petersen, 2004). Coke formed from organic matter
heated in the strongly limited access of air and hardened
into coke as a product of self-heating or spontaneous
combustion (Kwiecinska and Petersen, 2004; Suarez-Ruiz
and Crelling, 2008).

The presence of individual forms of organic matter
gives an indication of the heating history of the dumps
(Fig. 2). The presence of unaltered organic matter
suggests that the wastes were recently deposited or were
not influenced by oxidation/weathering (Fig. 2A). The
paler the colour of the forms and higher reflectance
indicates thermal alteration (Fig.2D and F). Massive
forms suggest that the heating rate was low, while the
presence of porosity caused by devolatilisation and
plasticised edges suggests a higher rate of temperature
increase within the dump (Fig. 2E). Moderately altered
organic matter in the wastes has irregular cracks and
fissures, cracks perpendicular to the edges of particles,
paler/darker in colour oxidation rims forming around the
edges and/or cracks (Fig. 2B and C), and chars formed by
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high temperatures during self-heating — combustion
(Fig. 2G and H).

Mineralogy

The mineral composition of coal wastes deposited in
dumps in the Upper Silesian Coal Basin reflects the
primary composition of gangue rocks and mineral matter
associated with coal seams. They are quartz, clay minerals
as illite, montmorillonite or kaolinite, chlorite, micas,
mainly muscovite with associated dispersed organic
matter. Subordinately occur Na- and K-feldspars,
carbonates such as calcite, dolomite, siderite or siderite-
magnesite, framboidal pyrite, and accessory zircon,
monazite and xenotime. Self-heating and self-ignition
processes that led to short or long-termed coal-waste fire
with or without oxygen access can modify the primary
mineral composition. Structures of mineral phases which
are not stable at higher temperatures can be destroyed, and
amorphous and metastable phases formed. Highest
temperatures can lead to melting and paralava formation
(Ciesielczuk et al., 2014, 2015; Pierwola et al., 2018).
Overburned parts of the dumps dominate in combusted
phases as cristobalite-tridymite, celsian, anorthite,
cordierite, indialite, mullite, olivine, augite, spinel group,
hematite, and glass. Minerals as anatase, lead, zinc, iron
sulphides and chalcopyrite occur in traces. Exhalating
phases with sal ammoniac, native sulphur and K-, Mg-,
Fe-, NHy4-, Al-sulphates, and chlorides are blooming
around vents. Additionally, gypsum, bassanite and
goethite can form due to weathering (Fig. 3-4).
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Heavy metals in coal wastes are associated with
silicates (especially clays), carbonates, sulphides, oxides,
and phosphates (Swaine, 1994). Chalcophile elements,
ie. As, Se, Cd, Cu, Pb, Zn, Hg, are associated with
sulphide minerals as chalcopyrite (CuFeS,), galena (PbS),
and sphalerite (ZnS) or as organically-bound species
(Taylor et al., 1981; Raask, 1985; Finkelman, 1995;
Monterroso and Macias, 1998). Pyrometamorphic and
weathering processes influence the chemical composition
of the wastes. During combustion, As, Hg, Se, and Cd can
be released from sulphide minerals as these elements are
highly volatile (Zhou and Ren, 1992; Querol et al., 1995;
Luo et al., 2002; Gtodek and Pacyna, 2009; Pirrone et al.,
2010; Langner et al., 2013). According to Nadudvari et al.
(2021b) the concentration of Pb, Cd, Zn, Hg, As in
thermally-altered coal waste and samples rich in pyrolytic
bitumen is enriched. Important to note is that clinkers, the
burnt-out product of coal waste fire considered for
reusage, may also contain higher concentrations of them.

Mercury in bituminous coals is mainly related to
pyrite or other Fe-sulphides, whereas, in lower rank coals,
it tends to be organic-bound (Kolker et al., 2006; Hower
etal., 2008). Hg concentration in coals from USCB ranges
from 0.1 to 0.4 mg/kg. During combustion, Hg starts to be
released at 100—-150°C, and ~90% of it in coal is emitted
into the atmosphere (Liu et al., 2000; Guo et al., 2003;
Wagner and Hlatshwayo, 2005). Therefore in self-heated
coal wastes at low temperatures, Hg enrichment is not
significant and ranges from 0.2 to 0.5 mg/kg (Hlawiczka
et al., 2003; Abramowicz et al., 2021), whereas at high
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Fig. 4 SEM-BSE images of mineral phases affected by self-heating of coal wastes
at the Bytom (A-E) and Czerwionka-Leszczyny (F) dumps (coordinates: 50.159672N, 18.679375E)

temperatures reaches the value of 1078 mg/kg (Nadudvari
et al., 2021). In Poland, it is estimated that 24% of Hg
emissions come from coal which is burnt in power plants
and individual homes (Hlawiczka et al., 2003; Gtodek and
Pacyna, 2009).

Organic geochemistry of coal wastes

Phenols (phenol Cl1 - methylphenols and C2 -
dimethyphenol, and ethylphenols) are typical products of
self-heating dumps and are usually commonly identified
in coal waste samples (Fig. 5). That reflects the thermal
destruction of vitrinite via coking conditions they may
represent the relatively early stages of self-heating (Skret
et al., 2010; Misz-Kennan and Fabianska, 2011;
Nadudvari et al., 2015). Especially high concentrations
occur in samples containing pyrolytic bitumen or
thermally affected wastes, whereas burned out coal wastes
(clinker) usually contains no or small concentrations since
phenols are easily evaporable by higher temperatures or
leached by water (Nadudvari et al.,, 2015, 2016).
Therefore, the identification of these toxic compounds is
important around those dumps, especially in Ukraine,
where a large number of burning coal waste dumps pose
a serious environmental-pollution threat (Nadudvari et al.,
2021a). Phenols easily dissolve in water and are prone to

leaching. Potential environmental hazards of phenols are
related to their toxicity; they irritate skin and cause
necrosis, damage of kidneys, liver, muscle, eyes, and are
carcinogenic (Clayton and Clayton, 1994; EPA, 2000).
PAHs are another significant pollutants formed by
self-heating (incomplete combustion) see (Fig.5).
Usually, 2- and 3-ring PAHs dominate in these wastes
(Néadudvari et al., 2021b). The majority of PAHs are
carcinogenic, mutagenic, generally stable and tend to
accumulate in the environment (Wagoner, 1976; Grimmer
et al., 1983; Achten and Hofmann, 2009; Prus et al.,
2015). In the study of Nadudvari et al. (2021b)
phenanthrene, anthracene, chrysene, benzo[a]anthracene,
benzo[a]pyrene, benzo[b]fluoranthene, and
benzo[k]fluoranthene in many samples several times
surpassed the acceptable values of Polish limits for post-
industrial areas (Dz.U., 2016). Lifetime cancer risks in the
vicinity of the dump are high due to the heavy metal and
PAH pollution, especially when there are elevated Hg
concentrations (~100-1078 mg/kg), Pb (~600-2000
mg/kg) considered. Additionally, the low pH levels (3.0—
4.5) may help to mobilise these elements (Nadudvari et
al., 2021b). Such coal wastes are also a source of other
toxic compounds such as pyridines, quinolines, light
sulphur compounds like thiophenol, benzo[b]thiophene or
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Fig. 5 Representative TIC - Total Ion Chromatograms of self-heated coal wastes in Poland. By6 (Bytom dump): thermally altered,
Rc6 (Rybnik — Rymer dump): precipitated (pyrogenic) bitumen crust, Bi7 (Bytom dump): thermally altered coal waste.

more harmful chlorinated PAHs present in the bitumen
(Fabianska et al., 2014; Nadudvari et al., 2018), and also
identified in emitted gases (Kruszewski et al., 2018).
Chlorinated compounds formed during self-heating, e.g.
dichloropropane, dichloromethane, chloroethene,
chlorobenzene, dichlorobenzenes, and trichlorobenzene
were previously reported by Kruszewski et al. (2018) or
Néadudvari et al. (2018, 2021b). These compounds are
considered persistent organic pollutants (POPs)
(Nadudbvari et al., 2018). These compounds, e.g. phenols,
quinolines, pyridines, chlorinated PAHs are commonly
identified in waste water from coking plants (Sun et al.,
2018; Gao et al., 2019). Abundant naphthalene together
with alkyl derivatives is characteristic for the expelled
pyrogenic bitumen (Fig. 5) that lacks heavier PAHs and
nitrogen heterocycles because of their higher boiling
temperatures (Nadudvari et al., 2018). Also, oxidation
products of PAHs can be recognised (Fig.5) e.g.
transformation fluorene to fluorenone, or anthracene to
anthracenedione.

Typical characteristical feature of organic matter
caused by pyrolysis during self-heating is the monomodal
Gaussian distribution of short to middle chain n-alkanes
(Fig. 5 - By6) and the high contents of alkylbenzenes and
alkylmethylbenzenes (Nadudvari et al, 2020a).
According to Radke and Willsch (1993), large quantities
of n-alkanes (n-Ci5—Cz), long-chain alkylbenzenes,
alkyltoluenes, and benzo[b]thiophenes are produced
between 170 and 360°C through the primary cracking of
the coal matrix. Also, self-heating hot spots are
characterised by high concentrations of emitted gases like
H», CO,, CHy4, C2H, C;Hs, CyH4 and with two, three times
less O, content (Fabianska et al., 2019; Nadudvari et al.,
2020a).

Remote sensing and thermal camera monitoring
possibilities

Self-heating hot spots on coal waste dumps usually appear
as high-temperature surface anomalies (Figures 6 and 7).
According to the self-heating intensity index (SHII),
burning dumps in Figure 6 (SHIIL: A: 21; B: 14.5, C: 11,
D: 7.5) and Figure 7 (SHIL: 9) can be classified as extreme
self-heating with extended high surface temperatures. The
index is also suitable to describe a long-term self-heating
evolution (see Nadudvari et al., 2021a). The highest
surface temperatures were detected in Ukrainian dumps
(Figure 6B and D) reaching 327 — 376°C. It may indicates
opened fires or strong smouldering on the surface. Such
surface temperature anomalies can be visible on day-
time—night-time Landsat SWIR bands in case of cooling
lava flows (Rothery et al., 1988; Pieri et al., 1990;
Oppenheimer 1991; Nadudvari et al., 2020b) or burning
coal seam fires (Chatterjee, 2006; Huo et al., 2014). The
SWIR bands (Fig. 6) were counted according to
Nadudvari et al. (2020b), who applied e.g. SWIR and
NIR, red, green, blue, panchromatic bands for lava flow
surface temperature detections. However, applying SWIR
or TIR bands of night-time Landsat images for burning
coal wastes similarly to lava flow temperature estimations
seems to be the best way to avoid sun disturbance. The
NDSI vs TIRS is also a good option for self-heating hot
spot determinations (Fig. 7). Therefore the availability of
night-time or snow-covered Landsat scenes always limits
the application of such satellite images.

Remote sensing measurements using a thermal
imaging camera are one of the possibilities of thermal
monitoring of coal-waste dumps. This kind of camera
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Fig. 6 Ukranian coal waste dumps from the Donetsk Coal Basin. Location of the dumps:
A: 48,225887N, 38,243042E; B: 48.213413N, 38.244355E; C: 47.999718N, 37.947060E; D: 47.985495N, 37.986345E.
The Landsat 7 ETM+, night-time satellite image acquired: 13.05.2002 — scene center time: 18:52:12.
Background map: GoogleEarth —2021.

operates based on infrared radiation in the wavelength
range from 780 nm to 1 mm. These devices provide data
in the form of a raster image in which all pixels have
assigned thermal values. The accuracy of measurements
varies depending on the class and type of equipment and
how it is used. Thermal imaging cameras can be collected
in fieldwork directly from the ground or placed on an
unmanned aerial vehicle (Abramowicz and Chybiorz,
2020). However, to obtain reliable results, photos should
be taken in appropriate conditions - in the absence of
wind, fog, rain, air pollution, and with stable air
temperature and total cloud cover (alternatively before
sunrise or after sunset). In the case of very diverse objects,
such as dumps, using the camera should be adapted to the
shape and land cover of the measured object. Using a
handheld camera from the ground makes it possible to
reach surfaces that are difficult to get from the air, e.g.,
areas covered by dense vegetation or with difficult relief.
However, taking such photos is more labour-intensive and
time-consuming compared to aerial photos. Photos from

the air are a good way, especially in massive objects, the
surface of which cannot be accessed in any other way.
Infrared images (satellite, aerial and terrestrial)
enable only mapping the surface temperature of coal-
waste dumps. Invasive methods should be used to
measure the actual temperatures at the epicentre of a
subsurface fire, including a pyrometer with a probe
(Abramowicz and Chybiorz, 2019). Unfortunately, unlike
camera images, measurements with a pyrometer provide
only point data that require subsequent interpolation.
Interfering with the body of the dump by making holes to
measure the subsurface temperatures carries additional
risks because such interference adds air to the interior of
the dump. If higher targets do not require it, it is worth
staying with the surface temperature analyses based on
infrared images. On their basis, it is possible, inter alia, to
the determination of the impact of a fire on the vegetation
cover (Abramowicz et al., 2021b) or land development
(Abramowicz et al., 2021a). Subsurface fires not only
affect the place of their location but also interfere with the
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Fig. 7 An example of a self-heating dump (Szarlota) from Poland, Upper Silesian Coal Basin (coordinates: 50.062546N,
18.441930E; satellite image: Landsat 7 ETM+, data acquired: 26.02.2001 — daylight snow-covered image).NDSI - Normalised
Difference Snow Index. Southern part of the dump is constructed after the image acquisition. High NDSI values indicate abundant
snow cover and below 0.4 melted snow which correlating with the TIRS image. Background map: GoogleEarth — 2021.

elements of the environment directly below, above, or
next to the thermally active zones, including soil, water,
air, and vegetation (Homoki et al., 2000; Abramowicz et
al., 2021b; Lewinska-Preis et al., 2021; Nadudvari et al.,
2021a).

In Figure 8 the burning Anna dump (Poland) is
presented, and the image was taken by a drone. The dump
was flattened, and currently, the fire was extinguishing as
the surface temperatures indicate it (<30°C). However,
this dump underwent a strong self-heating on the eastern
and southern part in 2010 or 2018 as detected by archive
satellite images (Nadudvari, 2014, Nadudvari et al.,
2021b). The drone image reveals more details, e.g.
erosion gullies could promote self-heating, as it is seen on
the southern part or initial stages of self-heating on the
west side of the dump (Fig. 8 and 9B). Also, such fires
usually are visible as cracks, line shapes (Fig. 8 and 9A-
B) or extended spots (Fig. 9C) in such detailed thermal
images. After burning out, blocks can erode or slide down
(Fig. 9B), which may intensify the fire by more oxygen
access to the deeper hot spots.

Fig. 8 Thermal image of Anna-Wrzosy dump (Poland) taken
with the IR camera on a drone - resolution 20 cm (background:
orthophotomap with resolution 3.5 cm). The drone operations
were carried out before sunrise on 05.11.2020 in windless and
rainless weather and with an air temperature of 5°C.
(coordinates: 50.045445N, 18.421978E)

CONCLUSIONS

Self-heating and self-ignition processes affect poorly
constructed coal waste dumps all over the world. They are
uncontrolled, hard to extinguish and difficult to predict.
Examples from the Upper Silesian (Poland) and Donetsk
Coal Basins (Ukraine) were studied in detail to help to
understand the phenomena.

Thermal alteration of coal particles causes their
devolatilisation and plasticisation. Moderate heating
causes the formation of irregular cracks and fissures
perpendicular to the edges of particles, paler/darker in
colour oxidation rims forming around the edges and
cracks. Additionally, expelled pyrogenic bitumen is also
a common form around self-heated particles. Oxidation
rims are usually paler than the central part of the particles.
With prolonged oxidation, gradually, the whole particle
becomes paler in colour up to whitish.

The primary mineral matter of coal wastes is
composed of quartz, clay minerals as illite,
montmorillonite or kaolinite, chlorite, micas, mainly
muscovite with subordinate feldspars, carbonates, pyrite,
chalcopyrite and accessory zircon, monazite, apatite and
xenotime. Unstable minerals under higher temperature
phases rebuild their structures, releasing hazardous
elements like Pb, Cd, Zn, Hg, As. These elements migrate
from the hot spots and enrich in the cooler surface in e.g.
sulphide minerals as HgS.

Different organic pollutants like phenols
(originated from vitrinite particles), different PAHs with
alkyl substitutes or oxidised PAHs, chlorinated PAHs, or
sulphur heterocycles are formed. Therefore the high
concentrations of PAHs and heavy metals making these
coal waste dumps are potential risk for humans as they
might contribute to cancer.

The introduced different remote sensing
techniques helped to localise and monitor hot spots with
different temperature ranges despite disadvantages of
these methods. The application of SWIR bands of Landsat
contribute to the successfull localisation of hot spots of
extremely burning dumps in Ukraine. However, only
night-time scenes with SWIR can be used, but these night-
time data are rarely available and usually cloudy. The
snow-covered images can be used to localise the hot spots;
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Fig. 9 Infrared photos of selected coal-waste dumps in the Upper Silesian Coal Basin (Poland): A: Bytom dump (27.05.2021, air
temperature: 17°C), coordinates: 50.377516N, 18.900200E; B: Anna-Wrzosy dump in Pszow (01.11.2020, air temperature: 6°C); C:
Czarny Las dump in Ruda Slaska (02.11.2019, air temperature: 10°C), coordinates: 50.280664N, 18.850826E

however, better TIRS band resolution of Landsat 7 ETM+
is more advantageous. The sun’s disturbing effects should
be considered as an influential factor for both thermal
imaging camera or satellite images. Thermal cameras can
reveal the most detailed signs of low to high temperature
anomalies with different cracks and line shapes. Our
research indicates the only by combining the different
investigation techniques, such as applied here, the
understanding of complex processes occuring within coal
waste dumps can be achieved.
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Abstract

River Maros/Mures has one of the largest alluvial fans in the Carpathian Basin. On the surface of the fan several very wide, braided
channels can be identified, resembling increased discharges during the Late Glacial. In our study we investigated the activity period of
the largest channel of them, formed under a bankfull discharge three times higher than present day values. Previous investigations
dated the formation of the palacochannel to the very end of the Pleistocene by dating a point bar series upstream of the selected site.
Our aim was to obtain further data on the activity period of the channel and to investigate temporal relationships between maximum
palaeodischarges, deglaciation phases on the upland catchment and climatic amelioration during the Late Pleistocene.

The age of sediment samples was determined by optically stimulated luminescence (OSL). The investigation of the luminescence
properties of the quartz extracts also enabled the assessment of sediment delivery dynamics in comparison to other palaeochannels on
the alluvial fan.

OSL age results suggest that the activity of the channel is roughly coincident with, but slightly older than the previously determined
ages, meaning that the main channel forming period started at 13.50+0.94 ka and must have ended by 8.64+0.82 ka. This period cannot
directly be related to the major phases of glacier retreat on the upland catchments, and in terms of other high discharge channels only
the activity of one overlaps with a major deglaciation phase at ~17-18 ka. Based on these, high palacodischarges can be rather related
to increased Late Glacial runoff, resulted by increasing precipitation and scarce vegetation cover on the catchment. Meanwhile, the
quartz luminescence sensitivity of the investigated channel refers to fast sediment delivery from upland subcatchments. Therefore, the
retreat of glaciers could affect alluvial processes on the lowland by increasing sediment availability, which contributed to the

development of large braided palaeochannels.

Keywords: OSL dating, River Maros/Mures, deglaciation, luminescence sensitivity, sediment delivery

INTRODUCTION

According to Starkel (2002, 2007) and Vandenberghe
(2008), in Eastern and Northern Europe the periods of
the most intensive fluvial activity can be related to the
beginning of interstadials, partly as a consequence of the
accelerated retreat of ice sheets and mountain glaciers.
This hypothesis however needs to be attested at different
catchments at different latitudes (Antoniazza and Lane,
2021). The key to this question is to find relationships
between archives located on upland catchments and on
alluvial fans.

Alluvial fans are major elements of the central part
of the Carpathian Basin, and as such research related to
these geomorphological units has a well-established
literature in Hungary (e.g. Gabris, 1995; Gabris and
Nador, 2007; Mez6si, 2011; Kiss et al., 2015). Among
these sedimentary bodies the Maros/Mures Alluvial Fan
is one of the largest ones, and special in several respects:
fluvial activity has been the dominant process up till the
river regulation works and this is recorded by a complex

set of palaeochannels; parts of the river’s upland
catchment were affected by glaciation during the Last
Glacial Maximum and the Late Glacial. Consequently,
the alluvial fan 1is an excellent candidate for
investigating upland—lowland interactions under the
changing environment of the Late Pleistocene and the
Holocene.

The evolution of the Maros/Mures Alluvial Fan, the
discharge and age of its palacochannels have been
extensively studied by previous authors (Katona et al.,
2012; Sipos, 2012; Siimeghy et al., 2013; Kiss et al.,
2013, 2014, 2015; Siimeghy, 2014). A great number of
paleodrainage directions were identified, being active
from the Late Glacial to the Early Holocene (Kiss et al.,
2013, 2015; Simeghy, 2014). Based on the
reconstruction of the channels, the discharge and
sediment transport capacity of the river increased
significantly during this period. Bankfull discharge
calculations suggest that by the end of the Pleistocene,
the river was several times larger than today, and its
dimensions steadily decreased during the Holocene
(Kiss et al., 2014).
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According to Kiss et al. (2014) and Siimeghy
(2014), the highest bankfull discharge palacochannels
were occupying the northern half of the alluvial fan and
were active between 15.242.0 ka and 9.6+1.3 ka (Fig.
1B). These channels had mostly a braided pattern, and
the largest of them, located near Oroshaza
(palacochannel “D” on Fig. 1B) could have a bankfull
discharge of ~2600 m3/s (Katona et al., 2012). During
the transition from the Late Glacial to the Holocene, only
slight variations can be detected in bankfull discharge
values (Kiss et al., 2015; Siimeghy, 2014).

Previous research has shown that climate change
played a major role in affecting water and sediment
yields, and thus determining fluvial aggradation and
erosion processes (Vandenberghe, 2008; Gabris, 2013).
For example, the climatic fluctuations of the Pleistocene
and parallel variations of runoff and vegetation cover
resulted a cyclic change in the activity of Eastern
European sub-basins, which could lead to the formation
of sediment pulses (e.g. Starkel et al., 2007, Antoniazza
and Lane, 2021). Furthermore, changing runoff and
sediment conditions could also affect the number of
sediment cycles observed along rivers. Similar processes
were hypothesised for River Maros/Mures (Sipos,
2012), draining the waters of several mountain ranges of
the Eastren and Southern Carpathians, which were
heavily glaciated during the Pleistocene (Urdea, 2004).
The repeated retreat of glaciers could alter both the water
and sediment discharge of the river (Sipos, 2012).

Recent surface exposure dating (SED) results in the
northern and southern valleys of the Retezat Mts.
(Southern Carpathians), being the highest mountain
range on River Maros/Mures catchment, suggest that the
maximum extent of glaciers and the onset of
deglaciation occurred at ~20-21 ka, the same as in the
rest of Europe. Deglaciation in the area was uneven, and
several separate stages can be identified on the basis of
the age of moraines at different altitudes (Ruszkiczay-
Riidiger et al., 2016, 2017, 2021). However, due to rapid
glacier retreat, these phases partially overlap
(Ruszkiczay-Riidiger et al., 2021). Based on the
measurements of Ruszkiczay-Riidiger et al. (2016), the
youngest moraines in the northern valleys of the Retezat
Mts. are related to a minor glacial advance at ~14.5 ka
during the GI-1 interstadial (Belling/Allered). There is
no direct evidence for later glaciation cycles in the area,
i.e the last moraines in the area have been stable for
nearly 13.5 ka (Ruszkiczay-Riidiger et al., 2016).

Based on the above, the major aim of the present
study was to investigate the possible temporal linkages
between Late Glacial deglaciation processes on the
upland catchment and lowland fluvial processes related
to River Maros/Mures, with special emphasis on the
largest palacochannel identifiable on the alluvial fan of
the river. Besides, by using a novel approach we
attempted to assess the dynamics of sediment delivery
from upland sediment sources.

STUDY AREA AND SAMPLING

River Maros/Mures is the fourth largest river of the
Carpathian Basin, and it is the largest tributary of the
Tisza River (Fig. 1A). The area of its catchment is
~30,000 km?, it drains the waters of the Transylvanian
Basin, and it is bordered by the Apuseni Mountains and
the Eastern and Southern Carpathians. The highest range
on the catchment, affected greatly by Pleistocene
glaciation is the Retezat Mts., with a maximum height of
2509 m (Fig. 1A). The northern, western and major
southern exposure valleys of the mountain range are all
drained to River Strei, a tributary of the Maros/Mures. The
actual mean discharge of the river at its lowland section is
160 m*/s, while its bankfull discharge can reach 850 m’/s
(Fiala et al., 2007).

Samples for OSL dating were collected from
sediments related to the largest palacochannel generation
(palacochannel “D”), located north of the axis of the
alluvial fan, along the Kétegyhaza — Oroshdza —
Hoédmezdévasarhely line. This channel was also
investigated by Kiss et al. (2014) and Siimeghy (2014) at
Oroshaza (Fig. 1B). Based on their data, the channel was
active between 12.4+2.1 and 9.6+1.3 ka (Siimeghy,
2014). The channel is characterised by a change from a
braided to a meandering channel pattern near Oroshéaza
and a braided pattern again on its lower reaches. The
width of the channel can reach up to 1000 m, its average
bankfull depth was estimated to be 2.8 m on the basis of
topographical and shallow geophysical surveys (Katona
et al., 2012). The bankfull discharge of the palacochannel
was estimated to be ~2600 m®/s (Katona et al., 2012;
Stimeghy, 2014).

Sediment samples were collected 30km
downstream of the Oroshaza site (Kiss et al., 2014) near
the former confluence with the palaeo-Tisza River
(Fig. 1B). A total of four samples were collected from two
sampling sites in a recently opened sand quarry, located
in the area of the former village of Csomorkany, north-
east of the town of Hodmezdévasarhely (Fig. 1B).

The first sampling point (CSOM1) represents the
point bar on the left bank of the former palacochannel,
while at the second sampling point (CSOM?2) an aeolian
sand sheet with parabolic dune forms was sampled
(Fig. 1C). Based on the topography and the dominant
wind direction (N-NW), the aeolian sediments
investigated were blown out from the abandoned channel,
and can indicate the minimum age of fluvial activity.

At the first CSOMI1 profile, coarse grain cross-
bedded deposits were observed, interbedded with thin
silty layers, referring to a cyclic deposition during channel
development (Fig. 2). The first sample (OSZ1468) was
collected at 81.5 m asl., from a cross-bedded, coarse-
grained fluvial deposit, while the second sample
(OSZ1467) was taken from a sand layer between two silty
deposits (Fig. 2). The third sample (OSZ1466) was
collected at 82.5 m asl., from, above the topmost silt layer.

At the second sampling point (CSOM2), one sample
was collected (OSZ1469) at a depth of 70 cm compared
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to the ground surface level (~85.2 m asl), from a medium
to coarse-grained, homogeneous, unstratified sand

deposit. Based on its stratigraphic features the deposit was
interpreted as an aeolian sand sheet; its material was
presumably blown out of the already abandoned channel

(Fig. 2).
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Fig. 2 The vertical position of sampling profiles and
sampling points with the obtained OSL ages and quartz
sensitivity values.

METHODS

The geomorphology of the study area was studied on the
basis of a topographic map (scale of 1:10000).
Geomorphological features were mapped using ESRI
ArcGIS 10.4.1 (Fig. 1C).

At both sites, OSL samples were taken from an open
profile of the sand quarry using an Eijkelkamp
undisturbed sampler with light tight steel cylinders. An
additional ~500 g of sediment was taken from around the
OSL samples to determine the environmental dose rate
necessary for age calculation. As most of the surface
sediments have been removed by quarrying, the original
altitude of the terrain could only be estimated using
topographical maps (scale: 1:10000) made well before the
opening of the quarry. The exact elevation of sampling
points (m asl) was measured using an RTK GPS.

Optically Stimulated Luminescence (OSL) is a
method to investigate the age of the last deposition of
sediments, and thus it is suitable to date fluvial activity
periods, for example the formation of palaecochannels and
point bars (Rittenour, 2008). Although, the method is
primarily used for dating, there is a number of additional
information provided by luminescence measurements that
can help to refine geomorphological reconstruction. One
of these is measuring the OSL response to unit radioactive
dose, by which the so called luminescence sensitivity, a
parameter largely dependent on the petrological
background and the sedimentation history of grains
(Sawakuchi et al., 2018, Bartyik et al., 2021a), of the
investigated mineral extract (this time quartz) can be
assessed (Gray et al., 2019).

The preparation of the collected OSL samples has
followed usual laboratory techniques (Mauz et al., 2002;
Sipos et al., 2016). First a 1 cm thick layer was removed
from each end of the sampling cylinders. The samples
were then dried to constant weight to determine in situ
water content. The coarse-grained sand was separated
using sieves of 150-200 pm and 220-300 pm. The most
abundant fraction was then subjected to acid treatment,
using 10% HCI to remove the carbonate content and 10%
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H,0, to remove the organic matter content of the sample.
The quartz fraction, essential for OSL measurements, was
separated using an adjustable density heavy liquid (LST-
Fastfloat). The separated quartz minerals were subjected
to a 40% hydrogen fluoride (HF) treatment for further
purification and accurate calculation of the dose rate. The
clean quartz grains were spread on a 1 cm diameter
stainless steel disc using a 2 mm mask. For luminescence
sensitivity measurements, grains were placed in 1 cm
diameter stainless steel cups. The weight of the samples
in the sample carrier was recorded using an analytical
balance for the mass normalisation of results later.

Equivalent dose (D.) and sensitivity measurements
were both carried out using a RIS@ TL/OSL-DA-20
luminescence reader. Irradiation was made using a
calibrated *°Sr/°°Y beta source. Luminescence intensities
were detected through a Hoya U-340 filter placed between
the sample and the photomultiplier.

The Single Aliquot Regeneration (SAR) protocol,
developed by Wintle and Murray (2006), was used to
determine the De of quartz samples. Prior to De
measurements a combined preheat and dose recovery test
was performed on two samples (OSZ1466, OSZ1469) in
order to determine optimal heating parameters. Based on
the dispersion, skewness and kurtosis of single aliquot
results, the minimum age model (MAM) was used to
calculate sample equivalent dose values (Galbraith et al.,
1999; Arnold et al., 2007).

The Iluminescence sensitivity of samples was
assessed using both OSL and TL (thermoluminescence)
responses for the same dose. Measurements and
evaluation followed the steps of Nian et al. (2019) and
Bartyik et al. (2021a). The previously bleached samples
were irradiated with a uniform dose of 24 Gy. OSL
sensitivity was determined using the first 0.5 s of the
continuous wave OSL (CW-OSL) luminescence decay
curves. For calculating TL sensitivity, the signal obtained
in the 80-120°C range (TL 110°C peak) of the growth
curve was integrated. These data were then normalised by
sample mass, dose and background. The error of
sensitivity results is expressed both using standard error
(SE) and standard deviation (SD), the later one is put in
parentheses hereinafter.

Environmental dose rate (D*), which is also
essential for the calculation of the OSL age, was
determined by measuring the specific activity of sediment
samples using a Canberra XtRa extended range gamma
spectrometer equipped with a Coaxial type Germanium
detector. The cosmic dose rate was calculated using the
empirical formula of Prescott and Hutton (1994).

RESULTS AND DISCUSSION
Luminescence properties

The preheat and dose recovery tests on sample OSZ1466
and OSZ1467 resulted very high recuperation values,
close to the 5% threshold at all temperature ranges
investigated (Fig.3). In such cases, as suggested by
Murray and Wintle (2003), an additional high temperature
stimulation (280°C) (Hot Bleach) was added to the
SAR protocol at the end of each measurement cycle.
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Fig. 3 Preheat and dose recovery test results for samples
0SZ1466 and OSZ1469.

Consequently, the error caused by high recuperation
values could be significantly reduced. Based on the
combined preheat and dose recovery tests, a 200°C
preheat temperature was chosen for subsequent
measurements, as samples passed other SAR criteria
(Wintle and Murray, 2006) also at this temperature
(Fig. 3).

During sensitivity measurements, each sample
produced an adequate amount of luminescence signal.
The lowest sample in the CSOM1 section, OSZ1468, had
a sensitivity of 1324+34(84) cts/mg/Gy, while the two
samples above (0OSZ1467, OSZ1466) had slightly lower
values: 85+12(30) cts/mg/Gy and 105+£13(33) cts/mg/Gy
(Table 1). Sample OSZ1469 with an aeolian origin had
the highest CW-OSL sensitivity, being 155+£27(66)
cts/mg/Gy.

In terms of the TL 110°C peak sensitivity values, no
significant differences could be identified at the CSOM1
profile (Table 1). OSZ1466 yielded 1517+148(419)
cts/mg/Gy, OSZ1467 1447+106(300) cts/mg/Gy and the
lowest sample OSZ1468 1530+£211(597) cts/mg/Gy.
However, the OSZ1469 sample from CSOM?2 had a TL
sensitivity of 2160+£290(821) cts/mg/Gy, which is
significantly higher than in the case of the previous
samples (Table 1).

After plotting the two sensitivity parameters against
each other it became possible to compare quartz
sensitivities to previous data obtained from other
sediments related either to the Maros/Mures, Tisza or
Danube Rivers (Fig.4) investigated by Bartyik et al.
(2021a). The detailed comparison of the CW-OSL and TL
110°C peak sensitivities of the Csomorkany quartz with
the results of the Carpathian Basin fluvial samples
(Bartyik et al., 2021a), reflects that the CSOM1 section
samples represent a transitional sensitivity level (Fig. 4).
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Table 1 Dose rate, equivalent dose and sensitivity data of the investigated samples.

Lab ID 0SZ1466 0SZ1467 0SZ1468 0SZ1469
Altitude of the sample [m asl] 82.5 82 81.5 84.8
Water content [%] 10£2 10£2 10+2 1042

U [ppm] 1.35+0.02 1.470.02 1.2140.02 1.5120.02

Th [ppm] 4.8120.11 5.1120.12 43320.11 527+0.12

K [ppm] 1.34+0.04 1.26+0.04 1.1440.03 1.2120.04

D* [Gy/ka] 1.8540.04 1.65+0.04 1.6020.04 1.8440.04

D. [Gy] 19.97+1.73 21.3841.94 21.66+1.44 15.93+1.46

Age [Ka] 10.80+0.97 12.95+1.25 13.50+0.94 8.64+0.82

CW-OSL s‘“'[r;i;t/:lig%r;;’aniSE(SD) 105£13(33) 85+12(29) 132£34(84) 155427(66)

TL T10°C peak sensitivity meanSE(SD) 15174148(419) 1447+106(300) 15304211(597) 2156+290(821)
[cts/mg/Gy]

It is also clear that the CSOMI1 samples have
considerably lower CW-OSL values compared to the
mean of all other Maros/Mures sediments (175£10(67)
cts/mg/Gy) from other palaeochannels on the alluvial
fan (Bartyik et al., 2021a; Fig. 4). This average value
is only approached by the aeolian sample in the
CSOM2 profile (0OSZ1469). The same trend can be
identified concerning the TL 110°C peak sensitivity. In
this case the average value of CSOM1 samples, being
1476+86(437) cts/mg/Gy is also significantly lower
than the average TL sensitivity of other samples from
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the alluvial fan, being 2193+£146(506) cts/mg/Gy. From
among the samples studied by Bartyik et al. (2021a)
one represented the same palacochannel, but was
collected at the Oroshaza site investigated by Siimeghy
(2014). This sample plots very close to CSOMI
samples and just like these it can clearly be
differentiated from other Maros/Mures Alluvial Fan
samples (Fig. 4). Consequently, the low sensitivity of
samples is not site specific, but can be characteristic for
the entire palaeochannel.

Palaeochannel ”D”
fluvial (Simeghy, 2014)

4

Palaeochannel "D"”
o fluvial (this study)

©
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Fig. 4 CW-OSL and TL 110°C peak sensitivity results compared to the sensitivity results of Bartyik et al. (2021a). Values measured
for the fluvial samples at the Csomorkany site and at the upstream Oroshaza site are circled with a dashed line.
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Low sensitivity values experienced in case of
palacochannel “D” can be explained by two factors.
Firstly by the increased contribution of catchments rich in
low sensitivity quartz to the sediment mixture of the
palacochannel. For example, it was demonstrated by
Bartyik et al. (2021b) that the quartz sensitivity in a major
tributary of the Maros/Mures (River Strei), collecting the
sediments of the Northern and Southern slopes of the
Retezat Mts., is lower than the sensitivity of quartz from
other catchments. Consequently, after the deglaciation
this catchment could provide a considerable input to the
main river. Secondly, as the number of sedimentary cycles
can increase significantly the sensitivity of quartz grains
(see e.g. Preusser et al., 2006; Fitzsimmons, 2011), the
fast transfer of sediments from the upper catchments to
the alluvial fan can also explain the low sensitivity of
fluvial sediments related to palaeochannel “D”. Taking
into consideration that the redeposited acolian sample at
the investigated site (OSZ1469) has higher sensitivity
than fluvial ones, it seems probable that the second factor,
i.e. limited sediment recycling due to fast sediment
transfer can be the main reason behind low sensitivity
values of palacochannel “D”.

OSL quartz ages

The lowermost sample (OSZ1468) from the CSOMI
profile gave an age of 13.504+0.94 ka. A very similar result
was obtained for the sample above (OSZ1467), giving
an OSL age of 12.95+1.25 ka, meaning practically

Bartyik et al. 2021 / Journal of Environmental Geography 14 (3—4), 39-46.

that the two layers can be related to the same fluvial
cycle. These ages refer to channel sediment deposition
during the GI-1 interstadial. The topmost sample at the
CSOMI1 profile is significantly younger and refers to
another depositional event, in the Early Holocene at
10.80+0.97 ka. These data, by considering the
uncertainty of OSL ages refer to a channel forming
fluvial activity between ~14.5 and 9.8 ka ago (Table 1.,
Fig. 5).

The results of the samples from the CSOM1 profile
are mostly in agreement with the OSL ages measured by
Kiss et al. (2015) and Siimeghy (2014) on the upstream
part of the same palacochannel, determining an activity
period between 12.4+2.1 and 9.6+1.3 ka. However, the
present results slightly push back the start of major
channel development along the investigated channel
generation.

Sample 0SZ1469, collected from the CSOM2
profile gave an OSL age of 8.64+0.82 ka, which is
considerably younger than the fluvial records of the
Csomorkany sampling site. During this period, the
Maros/Mures already shifted to the southern part of its
alluvial fan (Kiss et al., 2015). The stratigraphy and the
geomorphological setting suggest that acolian activity
started in the area after the avulsion, as the channel
became dry. The higher luminescence sensitivity sample
(0OSZ1469) also refers to aeolian redeposition which can
significantly increase sensitivity values as demonstrated
by Fitzsimmon (2011) or Sawakuchi et al. (2011).
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Relationship of fluvial activity and deglaciation history

If the activity periods of palaeochannels along with their
attributed discharge values determined by Kiss et al.
(2015) and Katona et al., (2012) are compared to the
deglaciation phases of the Retezat Mts., one can see that
the lowest bankfull discharge palaeochannel “Al1”
coincides with the M1 (~22-20 ka) and M2 (~17-18 ka)
deglaciation periods of the Late Glacial (Fig. 5). The
elevation of M1 and M2 terminal moraines on the
northern and southern slopes is 1080-1130 m asl. and
1220-1610 m asl (Ruszkiczay-Riidiger et al., 2021),
respectively, equalling to equilibrium line altitudes (ELA)
of 1830-1900 m and 1960-1970 m (Ruszkiczay-Riidiger
et al., 2016). This means that the most intensive retreat of
glaciers did not have a significant effect on the discharge
of River Maros/Mures on the alluvial fan.

The activity of channels with significantly higher
discharges (palacochannels: A2, B, C and D) can rather
be related to deglaciation phases M3 and M4, occurring
after minor glacier advance, leaving behind moraines at
1700-1880 m and 2050-2010 m asl, respectively, i.e. the
ELA ascended to ~2040-2200 m asl. in this period
(Ruszkiczay-Riidiger et al., 2017; 2021). This also means
that during these late phases the condition of glaciers
affected only the top most region of the mountain range,
thus melting could not significantly contribute to the high
discharges experienced in terms of the palacochannels on
the alluvial fan (Fig. 5). Moreover, palacochannel “C”
with a bankfull discharge of ~2500 m?/s was dated to GS-
2 stadial, a cold period presumably resulting glacier
advance anyway.

Although the activity of the now investigated
palaeochannel “D” started during deglaciation phase M4,
it also coincides with the GI-1 interstadial (Rasmussen et
al., 2014), notable of large discharges on other Carpathian
Basin rivers as a matter of precipitation increase (see e.g.
Gabris, 1995, Gabris and Nador, 2007).

At the same time, the braided pattern of
palacochannels from this period suggests a high
availability of sediments on the catchment that can be
partly caused by coarse grain sediments released from
previously glaciated valleys on the upland catchment
(Antoniazza and Lane, 2021), and the time lag between
the adaptation of vegetation to climate change
(Vandenberghe, 2008). Both leading to the initiation of
sediment pulses towards the alluvial fan. Thus, due to the
rapid warming (GI-1) and cooling (GS-1) of the climate,
coarse grain sediments accumulated previously as a
matter of limited runoff could be mobilised on the upper
catchment. Consequently, deglaciation rather contributed
to the changing sediment regime, the development of
sediment pulses and the changing style of river channels
on the alluvial fan.

CONCLUSIONS

The obtained ages pushed back the activity of the largest
palaeochannel (palacochannel “D”) on the alluvial fan of
River Maros/Mures by approximately 1.0 ka compared to
earlier studies. Still, the ages between 13.5+0.9 (this
study) and 9.6+1.3 ka (Kiss et al., 2014), representing the

channel forming period of the investigated palacochannel,
cannot be directly related to the major deglaciation phases
of the Retezat Mts. Thus, the extremely high discharge
inferred from the studied channel occurred as a matter of
increased precipitation during the GI-1 interstadial and
the delayed appearance of vegetation cover, both
contributing to very high runoff values. Concerning other,
relatively high discharge palacochannels (A2, B, C)
activity periods overlap with the final deglaciation phases
of the Retezat Mts, but these final phases affected very
limited areas on the upland catchment, and therefore,
could not significantly contribute to increased runoff.
Though deglaciation did not affect significantly
plaeodischarge values, sediment availability supposedly
increased during the climatic amelioration. From upland
sub-catchments a considerable amount of coarse grain
sediment could be mobilised after the retreat of glaciers,
and consequently shallow, braided channels could
develop on the alluvial fan. Increased sediment delivery
was also supported by the measured luminescence
sensitivity values. Sediments associated with the fluvial
activity of the investigated palacochannel exhibit lower
quartz luminescence sensitivity than any other previously
investigated palacochannels on the Maros/Mures Alluvial
Fan. Low values could be caused by 1) more active
sediment supply from previously glaciated sub-
catchments rich in low luminescence sensitivity quartz
grains, and 2) faster delivery of grains towards the alluvial
fan, whereby the grains were not subjected to several
cycles of deposition which could enhance their sensitivity.
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Abstract

The recent complications in the weather system, which oftentimes lead to flight cancellation, delay and diversion have become a critical
issue in Nigeria. This study however considers the weather related parameters and their impacts on flight disruption in the country.
Weather data (on thunderstorm, wind speed and direction, visibility and cloud cover) and flight data (delay, cancellation and diversion)
were collected from Murtala International Airport, Ikeja-Lagos, Nigeria. The data covered the period between 2005 and 2020. However,
Regional Climate Models (RCMs) were also used to run climate data projections between year 2020 and 2035 in the study region. The
study employed Statistical Package for Social Sciences (SPSS) software for the descriptive and inferential analysis. Time series
analysis, Pearson Moment Correlation for interrelationship among the weather parameters and the flight disruption data, and multiple
linear regression analysis were applied to determine the influence of weather parameters on flight disruption data. Results show that
cloud cover and high visibility are negatively correlated. Wind speed has positive relationship with wind direction; and an inverse
relationship between visibility, thunderstorm, and fog. Direct relationship exists between highest visibility and thick dust, wind speed
and cloud cover. Thick dust, wind speed and cloud cover indicate increased visibility level in the study area. Flight delay is prominent
over flight diversion and cancellation, which indicates their relevance in air traffic of the study area. The prediction model indicates
high degree of cloud cover at the beginning of every year and later declines sharply in 2035, the visibility flattens out by the year 2025,
and low pattern of thick dust was calculated in the same pattern in 2011, 2016 and 2027. Based on this conclusion, the study
recommends accurate weather reporting and strict compliance to safety regulations, and attention should be paid to changing pattern
of weather parameters in order to minimize fight related disasters.

Keywords: weather parameters, air traffic, flight delay, flight diversion, flight cancellation

INTRODUCTION

Weather is extremely changeable because the atmosphere
that constitute it is never static. Consequently, it is crucial
to understand the mechanism of this variation to mitigate
the negative effects on the society. The general public and
the aviation industry in particular have become aware of
this variability, and feel its negative impacts where they
live. There has been an increasing awareness, concern and
studies on weather parameters as one of the causes of air
disasters over the years. The importance of such studies
cannot be overemphasized if air safety must be achieved.
However, there is still low level of recognition and
research attention on some weather parameters in Nigeria.

Aviation is one of the critical parts of any national
economy. It provides fastest means of moving people and
goods among the world’s nations for enabling economic
growth (Waitz et al.,, 2004). The volume of air
transportation is increasing rapidly; though the safety of
aviation becomes an important problem over many
countries. As noted by McFadden and Hosmane (2001),
accident of an aircraft usually leads to human injury and
loss of life. As noted by Nwaogbe et al. (2013), air
transportation is a major industry in its own right and it
also provides important inputs into wider economic,

political, and social processes. The demand for its
services, as with most transport, is a derived one that is
driven by the needs and desires to attain some other final
objective. Lack of air transport, as with any other input
into the economic system, can prevent efficient growth.

The Nigerian aviation industry witnessed its darkest
period between 2003 and 2010, when several aircraft
accidents occurred, resulting in loss of lives. It was
however observed that air crashes occurred between 2003
and 2006 mostly as a result of weather and wind shear
anomalies. Knecht (2008) confirmed that most of the
plane crashes could be associated with poor conditions of
weather and some other factors. Similarly, flight delay,
cancellation, diversion and air craft accidents affect the
Nigerian Aviation Industry as Ayoade (2004) has earlier
noted that “the vagaries of weather with references of the
various meteorological parameters act malevolently
against most of man’s socio-economic activities”.
Consequently, flight delay, flight cancellation, and flight
diversion were adopted as control measure of avoiding
aircraft accidents.

Weather, which is defined as the snapshot of
atmospheric conditions and a technical status report of the
earth atmosphere heat energy budget or simply defined as
an everyday experience (Stringer, 1989), can evolve at a
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rapid rate over a wide spatial extent when compared with
other factors that may affect the safe conduct of flight.
Thus, the spectrum of weather information is an important
component for flight safety and the efficient management
of air transport in future (Mirza et al., 2009).

In some cases, weather is completely neglected. For
instance, Arizona-Ogwu (2008), in a study on safety of air
transport in Nigeria reported that experts attributed the
causes of air disaster to pilot error (human related), pilot
error (weather related), pilot error (mechanical related),
other human error, weather, mechanical failure, sabotage
etc. Nevertheless, he attributed it to out-dated air crafts
being flown everywhere in Nigeria rather than what the
experts revealed. He also reported that between 1988 and
2005 (in 17 years), the private airlines recorded 12
crashes, of which only one had no casualties, while the
total deaths recorded was 762. There are three major
weather phenomena, which pose severe threat to air
transportation under the two distinct seasons observed in
Nigeria. Thunderstorms occur within the wet/rainy
season, while fog and dust haze (harmattan) are typical in
the dry period of the year. This implies that the
phenomenon of plane crash is tied to these two major
seasons in Nigeria.

Thus, assessment of relevant weather parameters
that include temperature, humidity, wind, cloud cover,
visibility, fogs, thunderstorms, and dust haze is critical for
aviation activities. This is more so considering aviation as
one of the earliest industries involved in using weather as
the basis for its operational decision making. Good
knowledge of flight operation vis-a-vis operational
weather situation is a precondition for passengers’ safety
and protection of goods. Riehl (1965) has shown that low
ceilings and visibilities cause the major traffic disruptions
at airport terminals, and the problem is said to remain
unchanged over the years. In addition, Smith (1975)
reports that despite increasing sophistication of automatic
landing equipment, poor visibility from layer of fog, mist

or thick haze and low cloud ceilings is probably the major
impediment to airport operations throughout the world.
The major challenges facing the aviation industry has
been to adapt to the vigorous of an extreme and variable
weather environment. In prospect of this fact, it becomes
highly desirable to ascertain the nature of weather
parameters in an area. This is because the safety of
modern air communication is closely tied to accurate
weather reports from the meteorological stations, and
weather conditions influence the performance and
durability of aircraft engines. More so, wind affects the
degree of smoothness of the air and brings about changes
in weather, which makes a difference between safe flight
and disaster. The apprehension is that, the incessant flight
cancellation, re-routing, delay, diversion of recent, mostly
because of this natural factors (bad and inclement
weather) may remain or even increase with the present
concept of climate change and its resultant global
warming if something is not done to mitigate the situation.

The focus of this study is on the statistical analysis
of weather parameters for flight operation in Lagos, Ikeja,
Nigeria; aiming to describe various parameters
influencing flight operation, and relationship among
weather parameters for supporting sustainable flight
planning. Evaluating the effects of cloud cover,
thunderstorm, visibility, wind speed and direction on
flight operation and how weather conditions could be
managed for sustainable flight operation in Murtala
Mohammed International Airport is the prime focus of
this study.

STUDY AREA

The Murtala Mohammed International Airport owned and
operated by the Federal Airport Authority of Nigerian
(FAAN) is situated in the suburb of Ikeja, 22 km
northwest of Lagos. The coordinate of the airport is
06°34°39°’N and 03°19°16”’E (Fig. 1).
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Fig. 1 Map of Lagos State showing study area at the Murtala Mohammed International Airport
(source: Ministry of Lands and Housing, Ikeja, 2020)
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Lagos experiences tropical wet and dry Savannah climate
AW according to the Koppen climate classification. The
heavy rainy season is between April and June, and the
milder rainy season occurs between October and
November. A very brief dry season is in August and
September, whereas a long dry period occurs from
December to March. The average rainfall between May
and July is over 300 mm, while it is only 75 mm to 100
mm in August and September. In January, the average
rainfall is only 35 mm (Fig. 2). The long dry season is
followed by dry wind coming from the Sahara Desert,
which is the most intense during the months from
December to February (Pospichal, et al., 2010).

Temperature in Lagos does not vary greatly. March
is generally the hottest month, with an average
temperature reaching 29°C (Fig. 3). July is usually the
coolest month, averaging 25°C. The average temperature
in January is 27°C. Temperature in Lagos rarely gets
colder than 20°C and rarely gets hotter than 30°C. The
month with the highest average low temperature is March
(23.8°C). The coldest month (with the lowest average low
temperature) is August (21.7°C).

400 mm -
300 mm <

200 mm 4

Hepue ey

100 mm

0mm T T T T T T T T T T T T
Jan Feb Mar Apr May Jun  Jul Auwg Sep Ot MNov Dec

Fig. 2 Average monthly rainfall (mm) in Lagos
(source: weather-and-climate.com)
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Fig. 4 Average wind speed (m/s) in Lagos
(source: weather-and-Climate.com)

Furthermore, Lagos state is under the influence of
the south west trade wind at most times of the year, and
this account for its moderate temperature throughout the
year. The highest average wind speed recorded was
between July and August, which is above 6 m/s (Fig. 4).

METHODS

In this study monthly mean temperature, wind, visibility,
cloud cover, thunderstorm, fog, and dust data were used
for the period of 2005-2020. These parameters were
selected because they were available from ground
measurements. The possibilities of these parameters are
noticed in reduction of visibility, creation of turbulence,
and general poor aircraft performance. The focus was on
analysing wind speed and direction (knot), cloud cover
(okta), thunderstorm, fog (mm), dust, visibility (mi) as
they affect flight delay, cancellation, and diversion in the
study areca. The monthly data were obtained from the
Nigerian Meteorological Agency (NIMET), and monthly
flight disruption data on flight diversion, delay and
cancellation were collected from Nigerian Civil Aviation
Authority (NCAA), Oshodi, Lagos State, Nigeria.
Regional Climate Models (RCMs) were used to run
climate data projections between year 2020 and 2035
within the study region.

The study employed Statistical Package for Social
Sciences (SPSS) software for the descriptive and
inferential statistics that include, time series for trend
analysis, Pearson ~ Moment Correlation for
interrelationship among the weather parameters and the
flight disruption data, and multiple linear regression
analysis to determine the influence of weather parameters
on flight disruption data. The correlation was tested at 5%
level of significance with Pearson Product Moment
Correlation. The rational for the choice of the statistics is
due to the fact that all the weather variables are metric.
The OFD is a simple device suitable for the detection of
fog and cloud. Calculations show that the OFD responds
to visibility reductions by droplets in the size range of 2—
20 mm. Fog is large density of small water droplets that
are small enough to "float" in the air. The size of fog
particles is typically 5-50 um (0.005-0.05 mm). The dust
measuring device PCE-MPC 20 was used to measure the
particles in the atmosphere. The measurable particle sizes
in the particle collector are 0.3, 2.5 and 10 pm.

RESULTS AND DISCUSSIONS

Relationship among weather parameters in the study area

Table 1 shows the correlation between all studied weather
elements in the study area. The results of the analysis
indicate that all the tested weather parameters have
correlation coefficients that are far from the value of 1.0.
However, there is an inverse relationship between highest
visibility and visibility, thunderstorm, fog, and wind
direction; while direct relationship exists between highest
visibility and thick dust, wind speed and cloud cover.
Also, the correlation matrix (Table 1) indicates negative
relationship between the highest wvisibility and
thunderstorms, thick dust, fog, cloud cover and wind
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Table I Correlation matrix of weather parameters in the study area.

A AT
Highest visibility 1.000

Visibility -0.077 1.000

Thunderstorm -0.058 -0.108 1.000

Thick dust -0.076 -0.000 -0.031 1.000

Fog -0.117 0.016 -0.142 -0.004 1.000

Wind speed 0.133 0.003 -0.157 0.028 -0.052 1.000

Cloud cover -0.029 -0.144 -0.109 0.073 0.027 0.058 1.000

Wind direction -0.072 0.085 -0.125 0.122 0.135 0.470 0.095 1.000

direction with -0,077, -0.58, -0.076, -0.117, -0.029 and
-0.072 respectively. This simply explained by the
influence of these parameter on visibility. It is worthy to
note that dust, wind speed and cloud cover could indicate
increased visibility level as an environmental factor in the
study area. However, wind speed has positive relationship
with recorded highest visibility of the study area.
Thunderstorm has negative relationship with highest
visibility, visibility, dust, winds, fog and cloud cover.
Further, it was established that cloud cover and highest
visibility are positively correlated. This shows that the
highest visibility experience in the study area depends on
the level at which cloud cover is perceived. Wind
direction (0.470) has positive relationship with wind
speed.

There is negative relationship between thick dust
and fog (r=0.00, p>0.05). However, all other weather
elements show positive association with thick dust. The
association is, also, not significant. There is no
relationship between fog (r=0.00, p>0.05) and thick dust,
whereas, wind speed (r=0.03, p>0.05), cloud cover
(r=0.07, p>0.05), and wind direction (r=0.12, p>0.05)
show direct correlation with thick dust but the
relationships are not significant.

The relationship between fog and wind speed (r=-
0.05, p>0.05) is negative; while cloud cover (r=0.03,
P>0.05) and wind speed (r=0.14, p>0.05) show positive
relationship with fog, although, the correlation is not
significant in any of the cases. Both cloud cover (r=0.06,
p>0.05) and wind direction (r=0.5, p<0.05) show positive
relationship with wind speed but not significant. There is
a significant moderate relationship between wind speed
and wind direction. It is evident, that strong vertical wind
shear is important to severe thunderstorm development.
Wind shear influences a storm in potentially several ways

of significant increase of wind speed with height will tilt
a storm's updraft, strong upper tropospheric winds
evacuates mass from the top of the updraft, directional
shear in the lower troposphere helps initiate the
development of a rotating updraft, and the shear
environment important in determining the thunderstorm
type. This relationship could mean that wind speed is
propelled by the direction of increased wind pressure. The
relationship between cloud cover and wind speed (r=0.01,
p>0.05) is positive but weak and not significant.

Impact of weather parameters on flight disruption in the
study area

The effect of weather elements on flight operations in the
study area was presented in Table 2 with multiple linear
regression output. Three approaches were designed to test
the impacts of weather elements on flight disruption data.
Flight disruptions were measured by numerically
capturing number of flight delay, number of flight
diversion, and number of flight cancellation over time.
Table 2 presents statistics of recorded flight disruption
parameters in the study area. It was revealed that flight
delay has the mean of 44.06, flight diversion has 22.13,
and flight cancellation has 19.19. Considering these
calculated means, it is obvious that flight delay is
prominent among other parameters of flight disruption in
the study area. However, the results of mean on flight
diversion and cancellation are not too far apart, which
indicates their relevance in air traffic. To this, Rodenhuis
(2004) submitted that critical weather phenomenon
reduces the operational capacity of regions entire airspace
through delays, diversion and flight cancellations.

In Table 3, the multiple linear regression model
presents highest visibility, thunderstorm and dust, cloud

Table 2 Recorded annual flight disruptions between 2005 and 2020

Variables N Minimum Maximum Mean Std. Deviation
Diversion 16 11.00 40.00 22.1250 8.77021
Delay 16 16.00 70.00 44.0625 17.22196
Cancellation 16 3.00 30.00 19.1875 6.77465
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Table 3 Regression analysis of the effect of weather parameters on flight disruption in the study area

Coefficient p-value Beta coefficient
Delay
Highest Visibility 4.619 0.000 0.511
Visibility -0.009 0.207 -0.159
Thunderstorm 3.328 0.001 0.434
Thick dust 0.876 0.616 0.051
Fog -2.755 0.345 -0.118
Wind speed -1.535 0.323 -0.140
Cloud cover 2.377 0.636 0.053
Wind direction 0.125 0.108 0.183
Constant -243.132 0.577
Diversion
Highest Visibility -0.067 0.936 -0.016
Visibility -0.005 0.373 -0.178
Thunderstorm 0.339 0.640 0.093
Thick dust 0.957 0.471 0.125
Fog -1.711 0.439 -0.154
Wind speed -0.242 0.837 -0.046
Cloud cover 3.529 0.619 0.089
Wind direction 0.059 0.313 0.181
Constant -152.595 0.645
Cancellation
Highest Visibility 0.567 0.156 0.155
Visibility -0.001 0.760 -0.033
Thunderstorm 1.709 0.000 0.550
Thick dust -0.965 0.125 -0.148
Fog -0.854 0.409 -0.090
Wind speed 2.201 0.000 0.491
Cloud cover -3.466 0.875 -0.015
Wind direction 0.033 0.223 0.120
Constant 6.774 0.965

cover and wind direction with positive beta values of
0.511, 0.434, 0.051, 0.053, and 0.183 respectively. This
result indicates that climate data (Coeff=4.62, p<0.05)
and thunderstorm (Coeff=3.33, p<0.05) are significant
predictor of flight delay relating to diversion indicates
cloud cover with (Coeff=3.53, p<0.05). The beta
coefficient has positive values on high visibility,
thunderstorm, tick dust, cloud cover and wind. This
indicates that for every l-unit increase in the weather
parameters that were positive, the delay in flight will
increase by the beta coefficient values. However, the
negative values explained 1-unit reduction by the beta
coefficient values.

Further, it was indicated in Table 3 that cloud cover
has significant impact on flight diversion. It was also
revealed that thunderstorm (Coeff=1.71, p<0.05) and
wind speed (Coeff=2.20, p<0.05) have significant
influence on flight cancellation. The thunderstorm has
highest beta coefficient being the prominent predictor of
flight cancellation. It was observed that the faster the wind
speed coupled with high degree of thunderstorm, more
flight cancellations are usually recorded. The study of
Weli and Ifediba (2014) confirmed that various weather
hazards which include thunderstorm, fog, dust haze and
line squall affect flight operation such as flight delays,

diversion and cancellation. Also, the current study
supports the findings of Schaefer and Millner (2001) who
opined that weather is the single largest contributor to
delays in the efficiency of flight operation. It is becoming
the dominant cause of delay in Nigeria. Flights can incur
delays while airborne or on the ground, for example, a late
arrival of one flight may cause a late departure of the next
flight on the itinerary of the aircraft.

Projection of weather parameters from 2005 to 2035

This study revealed how the studied weather parameters
have contributed, and will contribute to disruption of
aircraft operation between years 2005 and 2019 with
projection from 2020 to 2035. The annual mean wind
speed and direction, annual average of flight disruptions,
horizontal visibility, annual total cloud cover, and annual
average of fog, haze and thunderstorm were major
parameters under consideration.

The highest visibility occurred as seasonal
phenomenon from the year 2006 to the peak of year 2020
(Fig. 5). However, the highest visibility declines sharply
with a rise in 2025. It was further observed that the
visibility will flatten out beyond year 2025.
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Thunderstorm shows a seasonal trend throughout
2005 to 2006 after which it reached its peak in 2020 with
sharp upward increase in 2026, 2030 and 2034 (Fig. 6).

The thick dust had a very low abundance in 2005 and
ceased to exist shortly after until 2008 when it peaked to
its first highest point. It declined to zero level in 2011 till
2015 and peaks upward in 2019 (Fig. 7). This low pattern
of thick dust was observed in the same configuration in
2011, 2016 and 2027.

Figure 8 shows that the trend of fog increases in
2015 and 2030 with possible sharp decline in 2035. Trend
shows a regular short period of peak for fog. Almost every
year is devoid of long period of fog. Fog continued to exist
in short period from 2005 to 2013, however, it ceased to
exist from 2015 to 2020. The observed trend further
indicates visible pattern of fog between 2023 and 2028,
which may not have regular trend until 2035.

In Figure 9, the trend of wind speed shows somewhat
smooth directional pattern starting at a high level in 2005
and keeps declining gradually in each successive year till
2011. Later in 2013, the trend peaked to reach its highest
point with downward trend till 2035.

The trend in Figure 10 shows high degree of cloud
cover at the beginning of every year and later declines
sharply. However, the trend further shows declining
pattern in 2035. Figure 10 further indicates consistent
declining pattern of cloud cover in 2035. However, the
lowest downward trend would be observed in 2031. Cloud
cover shows a seasonal pattern throughout the reviewed
period and it is forecast that the trend will continue till
2034.

Q 4
z 7
&
g
= B4
S
E
=~ o
2 77
o
2005 2010 2015 2020 2025 2030 2035 (Year)
Fig. 5 Projected trend of the highest visibility
from 2005 to 2035
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Fig. 6 Projected trend of thunderstorms
from 2005 to 2035
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Fig. 7 Projected trend of thick dust
from 2005 to 2035
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Fig. 8 Projected trend of fog
from 2005 to 2035.
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Fig. 9 Projected trend of wind speed
from 2005 to 2035
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Fig. 10 Projected trend of cloud cover
from 2005 to 2035
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CONCLUSION

This study has analysed weather parameters along with
identified cases of flight disruptions in Nigeria. It was
established that cloud cover and highest visibility are
negatively correlated. This shows that the highest
visibility experienced in the study area depends on the
level at which cloud cover is perceived. Wind direction
has positive relationship with wind direction. It was
established that there is an inverse relationship between
visibility, thunderstorm, fog, and wind direction; while
direct relationship exists between highest visibility and
thick dust, wind speed and cloud cover. It is worth to note
that dust, wind speed and cloud cover could indicate
increased visibility level as an environmental factor in the
study area.

Considering the calculated means for flight
disruption parameters, it is obvious that flight delay is
prominent over flight diversion and cancellation.
However, the results of the mean on flight diversion and
cancellation are not too far apart, which indicates their
relevance in air traffic. The prediction model indicates;
high degree of cloud cover at the beginning of every year
and later declines sharply in 2035, regular short period of
peak for fog, that the visibility will flatten out by the year
2025, and that low pattern of thick dust was observed in
the same pattern in 2011, 2016 and 2027. Based on this
conclusion, the study recommends accurate weather
reporting and strict compliance to safety regulations, and
attention should be paid to changing pattern of weather
parameters in order to minimize fight related disaster.
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