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Abstract 
 
A new assessment method of groundwater vulnerability was done using multilayer data analysis through GIS Spatial Analyst Tools. 
The method presented here refers at Beliș district territory and describes two tasks: (1) groundwater vulnerability determination 
from Water Surplus, Ecosystem Services, Aquifers map, and Infiltration map; (2) the future vulnerability assessment for 2050, 
considering four scenarios of land cover and climate data changes. First results, carried out by proposed method, show a very high 
vulnerability area of 2.44 km2 and a high vulnerability area of 24.09 km2 in Beliș district. The projections of land cover and climate 
data came to estimate the vulnerability of groundwater in 2050. Thus, the area of 3.02 km2, with highest vulnerability was found 
in scenario 2, under localities area increase and precipitation decrease. The findings demonstrate that both climate change and land 
cover are responsible for groundwater vulnerability. Further, the vulnerability mapping and land cover scenarios could be useful 
for delimitations of protected areas and development of plans’ management. 
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1. Introduction 

 
The groundwater vulnerability may be 

determined in different ways. Depending of the factors 
which influence the quality and quantity of 
groundwater, the vulnerability is going to be assessed 
through suitable tools. In general, the vulnerability of 
surface and groundwater water is related to 
agricultural and industrial activities or to the growth of 
human population (Batali et al., 2014; Eshleman, 
2004; Öztürk et al., 2013). The environmental changes 
may have a large influence, as well. Groundwater 
resources depend not only on human activity and land 
use, but also on the climate change influence (Bachu 
and Adams, 2003; Brouyère et al., 2004; Loàiciga et 
al., 2000; Prăvălie et al., 2014a).  

                                                            
 Author to whom all correspondence should be addressed: e-mail: stefan@geografie.ubbcluj.ro; Phone +40745628045; Fax: +40264596988 

A number of environmental factors influences 
the groundwater vulnerability, but primarily, the 
regional and local geology, climate change, and land 
use are the main factors that must be analysed into 
groundwater vulnerability analysis (Aktas, 2014; 
Allen et al., 2004; Civita, 2005; Craciun et al., 2011; 
Gavrilescu, 2009; Mattikalli and Richards, 1996; Park 
et al., 2001; Santos et al., 2014; Srivastava et al., 
2013). In mountain areas, the status of groundwater is 
especially got by the climate and land cover role. In 
the recent decades, a large part of aquifers have 
changed under climate warming. Many hydrological 
studies argue the negative impact of climate changes 
on ecosystems and on groundwater recharge (Campos 
et al., 2013; Long et al., 2013; Parmesan and Yohe, 
2003; Prăvălie et al., 2014b). In the same time, the 
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influence of land use changes on surface water 
resources, watershed, and groundwater impact were 
called by some authors (Calder et al., 1995; 
Gavrilescu, 2009; Li et al., 2007; Sliva and Williams, 
2001; Wang, 2001; Yan et al., 2013). 

In the area of interest for this study, namely 
Beliș, the climate is slightly changing and the recent 
deforestation could be problematic for groundwater 
vulnerability. These two factors, combined with 
chaotic texture of villages and poor sewerage 
infrastructure, contribute to increase of groundwater 
vulnerability.  

With a view to combat several causes of 
existing negative impact on water resources and to 
evaluate the spatial distribution of groundwater 
vulnerability, our methodology has come to identify 
and certify the vulnerability in Beliş district. 
Moreover, the proposed scenarios, with different type 
of land cover, could be a solution in the future 
arrangements and plans’ management of the district.  

The Beliș catchment area, together with 
Fântânele, Tarnița, Gilău, Drăgan and Iada 
reservoires, are the main drinking water sources for 
the northwestern Transylvania. From a climate and 
geomorphological point of view, the reservoirs from 
these areas have a high capacity for water storage 
behind the dams. The recharge of aquifers is done by 
precipitations.  

In this study a new assessment method of 
groundwater vulnerability, using GIS Spatial Analyst 
Tools, was developed to evaluate the impact of climate 
change and land cover on groundwater in Beliș 
district. As well as, the method could be applied in any 
other mountain areas, without loss in performances. 

The vulnerability of groundwater is important 
for development planning, and there are many 
methods used for quantitative assessment, suitable 
either for springs vulnerability, aquifers or surface 
waters. For delineation of spring protection zones’, the 
traditional methods are based on spring vulnerability 
degree, aquifers heterogeneity, surfaces runoff, 
discontinuities and protective cover layer in the 
recharge area (Civita, 2008; Pochon et al., 2008). In 
northern Apennines, Nistor et al. (2014) calculated the 
vulnerability of groundwater by VESPA index and 
continuous monitoring in situ of springs from 
fractured aquifers.  

An integrated approach for mapping 
groundwater vulnerability, based on SINTACS and 
GIS, was adopted by Civita and De Maio (1998) and 
Civita et al. (1999). Čenčur Curk et al. (2014) 
determine the groundwater vulnerability under climate 
change in South East Europe through GIS 
applications. They carried out the vulnerability map, 
taking into account the maps of Local exploitation 
index, Quality index, Ecosystem services, Gross 
Domestic Product (GDP), using the Hungarian 
method. The methodology proposed by Čenčur et al. 
(2014) started with precipitation and 
evapotranspiration data, from which the Local 
exploitation index was calculated by the ratio of Water 
demand and Total runoff.  

The surfaces water pollution index multiplied 
by aquifer infiltration factor were used to calculate the 
Groundwater quality index (Wochna et al., 2011).  

The present work aims at (1) estimating the 
groundwater vulnerability in Beliș district under 
climate and land cover change, and (2) at providing 
four scenarios to explain how the vulnerability is 
likely to change up to the current mid-century. The 
scenarios refer to 2050 and evaluate the vulnerability 
degrees in different climatic conditions and various 
types of land cover.  
 
2. Study area 

 
The Beliș district is located in the south-

western part of the Cluj County and spreads over a 
mountainous area of around 206 km2, including 6 
localities (Beliș, Bălcești, Dealu Botii, Giurcuța de 
Sus, Smida, and Poiana Horea) without waste water 
treatment. The population is connected to septic tanks 
and they use groundwater pumping systems for the 
domestic use. In some cases, e.g. Poiana Horea, the 
people constructed basins outside the village. Only 
Beliș and Giurcuța de Sus villages are connected to 
sewage systems.  

The Beliș district landscape presents three 
large mountain blocks, longitudinally separated by 
two main rivers from west to east: Someșul Cald in 
north and Beliș in south-central part. Transversal 
streams are crossing the mountain chain, leading to a 
fragmented relief. There are no heavy industry and no 
intense agricultural crops. In this study, we check the 
vulnerability in the context of the recent climate 
warming and land cover changes due to deforestations 
and grazing. Based on the International 
Hydrogeological Map of Europe, there are two main 
types of aquifers within the district: one is highly 
productive and the other one is classified as non-
aquiferous rocks (Fig. 1).  

The productive aquifers are found in the south-
western part of the interest area, where the geology is 
constituted by dolomites and calcareous rocks. In 
central and northern part of district, the substrate is 
prevalent with metamorphic rocks (Ianovici et al., 
1976), with limitation water that form the aquiclude. 
The karstic aquifers are highly vulnerable and aquifers 
with metamorphic rocks are classified as medium 
vulnerable (Civita, 2005; Piacentini and Zavatti, 
1994).  

The surface waters are preponderant tributaries 
to Someșul Cald River and Beliș Stream, which form 
a dam accumulation around 6 km2, situated in the 
north-eastern part of the district. This accumulation is 
called Fântânele Lake and it represents the most 
consistent water resource from the district. The lake 
extends from west to east along to Someșul Cald River 
and from south to north along Beliș Stream. The Beliș 
district has a continental temperate climate, with 
ocean influences from western part of Europe. After 
Koeppen classification, the area is included in Dfb 
climate. 
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Fig. 1. Location of the study area. Types of aquifers presented in Beliș district 
 

Because of its geographical position in west of 
Romania, the district feels very good the oceanic 
influence from Atlantic Ocean, and during the whole 
year, the seasons are fully humid. The Dfb climate is 
characterized by cold winters and warm summers 
(Kottek et al., 2006). 
 
3. Materials, data and methods 

 
3.1. Field data sets 

 
Field input data sets are based on aerial photo 

dating to 2012 with a 5× 5 m spatial resolution, 
International Hydrogeological Map of Europe 1500 
(IHME1500), Digital Elevation Model (DEM), 
topographical maps 1:25000, and population 
statistical data of Beliș district villages. These data sets 
are indispensable for obtaining derived maps that 
serve to calculate the groundwater vulnerability. 

 
3.2. Climate data 

 
Annual precipitation and temperatures data for 

the year 2012 from Vlădeasa meteorological station 
served to calculate the evapotranspiration and further 
to mapping the runoff for present. The estimated 
potential evapotranspiration for the 2021-2050 period 
was retrieved from the results reported within the 
project CC-WARE (Čenčur Curk et al., 2014), using 
the Thornthwaite’s formula (Thornthwaite, 1948).  
3.3. Methods 

 
3.3.1. Overall of the approach 

Integrated analysis, based on GIS techniques 
and remote sensing, offers the successful treatment of 
spatial and temporal data (Nasef, 2012). In order to 
find relevant impact of recent climate warming, land 
cover, hydrographical network, and aquifers on 
groundwater, we used the Spatial Analyst Tools in aim 
to find the critical zones of groundwater vulnerability.  

Spatial Analysis focused on Beliș, a mountain 
district of Western part of Transylvania, was carried 
out using ESRI ArcGIS 10.1 software. This software 
was chosen because of its high capacity in the spatial 
analysis and of its tools to data projection (McCoy and 
Johnston, 2002). Thus, a new method in three steps 
was bringing forward to assess the groundwater 
vulnerability in mountain areas: (i) preparation of 
vector data, (ii) raster data extraction, and (iii) 
vulnerability calculation through GIS Spatial Analyst 
Tools. Further, the future projections of land cover and 
climate data models published by Čenčur Curk et al. 
(2014) in Report 3 of CC-WARE European Projects 
were used to calculate the groundwater vulnerability 
for the year 2050. For vulnerability calculation, all 
features fields were normalized.  

 

3.3.2. Vector data collection 
The vector data was created in 

ETRS_1989_LAEA Projection. Manual 
vectorization, based on ArcGIS 10.1 software, was 
used to extract vector data of land cover and network 
drainage.  
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The district aquifers were digitized from IHME 
at 1:1,500,000 scale, available as WMS service on 
web-site 
(http://www.bgr.de/Service/groundwater/ihme1500/?).  

The topographical maps 1:25000, elaborated 
by Military Topographic Directorate-MTD (1962), 
checked in field and remote sensing investigation by 
aerial photo was used in the attempt to extract network 
drainage vector data. Automatic vectorization was 
applied to transform the raster maps into vector data, 
in aim to compare the square area of degrees 
vulnerability resulted for present and for future 
scenarios. Elshehaby and Taha (2009), Fuller and 
Aboudarham (2004), Hadeel et al. (2010), Raup et al. 
(2007), Wilson et al. (1999), agree on the manual 
vectorization because of its precision, even if the 
method is tedious.   

 
3.3.3. Raster data extraction 

In this study, the groundwater vulnerability of 
Beliș district was determined by the two main factors: 
land cover and climate data. The basic input data are 
the following: the annual rainfall, crop 
evapotranspiration, land use, domestic water demand, 
hydrogeological map, DEM, infiltration coefficient. 
From the above mentioned data the derived raster 
maps (Fig. 2) that serve to groundwater vulnerability 
calculation by Spatial Analysis are: Water Surplus 
map, Ecosystem Services map, Aquifers map, 
Infiltration map. 
 
3.3.4. Water Surplus map 

In aim to calculate the Water Surplus (Eq. 1), 
the runoff (Eq. 2) and Domestic Water Demand (Eq. 
3) were estimated at spatial level. The Water Surplus 
map became as differences between these two 
parameters.  

The runoff value (Eq. 2) was obtained through 
difference between annual rainfall and crop 
evapotranspiration (ETc). 
 
Water Surplus = Runoff – Domestic Water Demand, 
[mm/year] (1) 
 
Runoff 2012 = Annual rainfall 2012 – ETc, [mm/year]
 (2) 
 
Domestic Water Demand for = Localitypopulation  100 

 365, [mm/year] (3) 
 
Firstly, the potential evapotranspiration (ET0) 

and evaporation were calculated, using Thornthwaite 
(1948) method (Eq. 4). Multiplying the ET0 by crop 
coefficient (Kc), the ETc was obtained (Eq. 7).  

 

 month/cm
I

T10
b1.6=ET

α
i

i0 






  (4) 

 
where:  

ET0 = potential evapotranspiration; 
bi = radiation parameter for specific latitude;  

Ti = monthly air temperature;  
I = annual heat index (see Eq. 5); 
α = complex function of heat index (see Eq. 6). 
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where: Ti = monthly air temperature. 
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
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where: I = annual heat index. 
 

 month/mmKET=ET c0c  (7) 

 
where: 

ETc = crop evapotranspiration 
ET0 = potential evapotranspiration 
Kc = crop coefficient 

 
3.3.5. Ecosystem Services map 

The Ecosystem Services map is related to 
surfaces pollution index released by each type of land 
cover and surfaces waters. Based on literature of 
speciality (Wochna et al., 2011), we assigned a 
vulnerability coefficient value for each land cover 
from Beliş district. Summing the land cover 
coefficient vulnerability with fresh waters coefficient 
vulnerability, the Ecosystems Services map was 
carried out (Eq. 8). Considering the local conditions, 
the highest value of vulnerability factor is 4.5, chosen 
for localities. For the fresh waters, a minimal factor 
value of 0.05 was chosen, because of some pollutant 
sewers and spillages originated from the proximity of 
houses near streams. Table 1 presents the 
normalization values of vulnerability coefficient 
factor related to Beliș land cover used latter in the 
spatial analysis. 

 
ES = Coefficient Vulnerability of Land Cover + 
Coefficient Vulnerability of Fresh Waters (8) 

 
Table 1. Vulnerability coefficient factor of land cover 

 
Type of land 

cover 
Normalized vulnerability 

coefficient 
Forest 0.55 

Woodland shrubs 0.66 
Pasture 0.77 

Localities 1 
Lake 0.05 

 
3.3.6. Aquifers map 

The Aquifers vulnerability map has taken into 
account the type of geological composition of the 
aquifers. Thus, the coefficient of aquifers vulnerability 
was chosen for each polygon features, using vector 
data, further conversed into raster data. For this study, 
a value of 0.66 was assigned to aquifers, formed by 
dolomites and limestone, and a value of 0.5 for the 
aquifers formed by metamorphic crystalline rocks.  



 
Vulnerability of groundwater under climate change and land cover  

 

 2963

3.3.7. Infiltration map 
The Infiltration map represents the ratio 

between the infiltration coefficient of each aquifer 
type and slope vulnerability index (Eq. 9). In the 
present study, the dolomites and limestone aquifers 
has a value of infiltration of 0.7 and the metamorphic 
crystalline aquifers has a value of infiltration of 0.1. 
The slope vulnerability index was obtained from the 
reclassification of derived slope map from the DEM. 
Thus, four equal classes from 0 to 90 degrees for 
slopes were established, further reclassified in four 
equal classes from 0 to 1. In the Infiltration map 
calculation, we agree to use the slope map in detriment 
of the DEM, because the infiltration rate depends 
directly on the type of rock and slope, not on altitude. 
For the groundwater vulnerability, the Infiltration map 
is higher in the areas with high infiltration value of 
geological substrate and flats areas, while on the high 
slopes, the surfaces flow is higher and infiltration 
became smallest/lowest. For this reason the DEM 
cannot be used direct for the Infiltration map.  

 
IM = Infiltration Coefficient / Slopes (9) 

 
3.3.8. Vulnerability mapping based on GIS Spatial 
Analyst Tools 

The maps of Water Surplus, Ecosystem 
Services, Aquifers, and Infiltration were integrated 
into spatial analysis through GIS Spatial Analyst 
Tools. Each of them were classified after Civita (2005) 
and Piacentini and Zavati (1994) criteria, in five 
vulnerability degrees and in the vulnerability 
calculation these maps were reclassified from 1 to 5 
(Table 2).  
 

Table 2. Vulnerability classes 
 

Vulnerabilit
y class 

Normalized 
vulnerability class  

Reclassification 
vulnerability 

class 
Very low < 0.05 1 

Low 0.05 - 0.2 2 
Medium 0.2 - 0.6 3 

High 0.6 - 0.8 4 
Very high 0.8 - 1 5 

 
The spatial analysis of multilayers data 

requires an equation that contains the weights from 0 
to 100 for each integrated map. In order to decide the 
maps weights, we consulted literature of speciality 
(Daly et al., 2002; Dixon, 2005; Stempvoort et al., 
1993) adapted to hydrology vulnerability studies. 
Generally, the aquifer media has a medium 
implication in final results and Dixon (2005) attributed 
a weight of 3 for aquifers and topography, for a 1-5 
scale, in his DRASTIC method for groundwater 
vulnerability mapping. Aller et al. (1987), mentioned 
by Stempvoort et al. (1993), chose weight of 3 for 
aquifer media and a weight of 1 for topography.  

For this reason, we prefer to use a 0.25 and 0.2 
weights for aquifers, respectively for topography, for a 
0-1 scale. Regarding at Ecosystems Services weight, a 
medium-high of 0.4 parameter was chosen, because in 

this study the major focus is on land cover impact. Dixon 
(2005) chose a high parameter of 5 for soil media. The 
difference to 1 was used for Water Surplus, so it was of 
0.15 weight. For the Beliș district, the groundwater 
vulnerability formula was agreed in Eq. (10). 

 
GW V = WS  0.15 + ES  0.4 +AQ  0.25 + IM  
0.2 (10) 
 
where: 

GW V = Groundwater Vulnerability; 
WS = Water Surplus; 
ES = Ecosystem Services; 
AQ = Aquifers; 
IM = Infiltration map. 

 
3.3.9. Future projections of groundwater vulnerability 

In aim to observe how groundwater 
vulnerability will change in the future, we provide four 
scenarios for 2050. These scenarios are based on 
climate change data, population increase, and land 
cover changes. Thus, since the precipitations are likely 
to decrease, an increasing of population with 30% is 
expected, of localities with 30%, of forest with 30%, 
and of pastures with 30%, the four projections of 
groundwater vulnerability being mapped. Land cover 
in five classes (Fig. 2) was obtained from aerial photo 
that reflects the Beliș district land cover: forest, 
pastures, woodland and transitional shrubs, artificial 
areas and lake. These classes are useful to calculate 
crop evapotranspiration and runoff maps. 

The Buffer Tool was used to calculate the 
increase in area of localities, forest and pastures. 
Buffer Tool is a function through which the ArcGIS 
software creates a vector data, largest or smallest, 
keeping the set at an equal distance around the input 
features. The new obtained features were extracted 
from the land cover map, modified by 30% in the area, 
and after that being integrated again in the land cover 
map, in order to calculate the runoff. The future land 
cover projection map was clipped in favour of the 
Fântânele Lake, district limit and localities.  

The first scenario was projected, based on 
precipitations decrease and on the presence of the 
same land cover and population. With this scenario, it 
follows how to change the vulnerability, if only 
climate will change. Decrease in precipitations and 
present land cover and present population were used 
to generate the maps that determine the groundwater 
vulnerability. A value of 550 mm/year was used for 
2050 precipitations. The precipitation value was 
carried out from the precipitation grid model 
published in the report of Čenčur Curk et al. (2014). 
The temperature data were obtained from three RCMs 
(RegCM3 – ITCP, Aladin – CNRM, Promes – 
UCLM), run under the A1B SRES IPCC scenario, 
which presume balanced energy sources within a 
consistent economic growth, into the context of 
population increasing, until the mid of 21st century, 
and rapid introduction of more efficient technologies 
(Houghton et al., 2001).  
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Fig. 2. Land cover and future scenarios: (a) Beliș district 
present land cover; (b) Localities projection with more than 
30%; (c) Forest projection with more than 30%; (d) Pasture 

projection with more than 30%. 
 

The second scenario takes into account the 
population increase with 30%, and the localities 
extension that will increase with 30%. In this scenario, 
we applied a buffer distance value of 25 m, to find the 
30% increase in the area of localities polygons. In the 
Scenario III, the forest increase by 30% was projected. 
A buffer value of 155 m was established, in the attempt 
to obtain the 30% increase in forest area. For this 
scenario, the decrease in precipitations was considered 
and an ETc of 637.5 mm was calculated from the land 
cover and actual evapotranspiration models. The forest 
feature was clipped under localities and Fântânele Lake 
polygons. The Scenario IV combines the precipitations 
information and land cover projected with increase with 

30% of pasture area. We agree that precipitations 
decrease at 550 mm/year and an ETc of 425 mm was 
calculated. In order to identify the right value of more 
than 30% in area, a buffer value of 40 m was applied at 
pasture feature. Table 3 resumes the main input data of 
each scenario. 
 
4. Results  
 

Overall, the results presented below show the 
groundwater vulnerability in Beliş district and four future 
scenarios, based on Spatial Analysis in GIS. The analysis 
was made to look for estimating the spatial distribution 
of the groundwater vulnerability under recent climate 
changes and land cover modifications. From the applied 
method, it is revealed that the south western part of the 
district is more vulnerable. At the same time, the artificial 
areas appear on the groundwater vulnerability map like 
high and very high vulnerability areas. From the first 
results, our method shows that the vulnerability area, 
with high and very high degree, extends for future 
decades. From the analysis of present and future 
groundwater vulnerability projections, it was observed 
that the very high vulnerability degrees are found 
generally in localities’ areas and south-western part. 
For identification of the spatial distribution of 
groundwater vulnerability areas, we mapped and 
discuss below the present vulnerability map and the 
four future scenarios.  

Figs. 3-7 depict the Water Surplus, Ecosystem 
Services, Infiltration map, and Aquifers map, carried 
out through the raster data calculation for present and 
future scenarios. The findings show a low 
vulnerability in the lands covers by forest. From 
Scenario III, a decrease fraction of groundwater 
supply resulted, due to a high capacity of forest for 
evapotranspiration. In this case, the advantage brought 
forward is that in the forest area the quality of surface 
waters and groundwater is higher than in the other type 
of land cover, because of low pollution index. A very 
high and high vulnerability were found by 
vulnerability mapping in this period in Beliș district. 
A total of 2.44 km2 area of very high vulnerability and 
an area of 24.09 km2 with high vulnerability were 
calculated for 2012. The high values of vulnerability 
are located in south-western part of the district (Fig. 8) 
and are found there because of high infiltration 
coefficient and of aquifers characteristics.

 
Table 3. Future scenarios for 2050 

 
Scenario Precipitation projection Land cover projection Population projection 

I 
Decrease of precipitation  

at 550 mm / year 
Present land cover, no modifications No modifications 

II 
Decrease of precipitation  

at 550 mm / year 
Increase of localities area by 30% Increase of population by 30% 

III 
Decrease of precipitation  

at 550 mm / year 
Increase of forest area by 30% No modifications 

IV 
Decrease of precipitation  

at 550 mm / year 
Increase of pasture area by 30% No modifications 
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Fig. 3. Illustration of the underlying derived maps considered 

for Spatial Analysis related to present 
Fig. 4. Illustration of the underlying derived maps considered 

for Spatial Analysis related to Scenario I 
  

  
Fig. 5. Illustration of the underlying derived maps considered 

for Spatial Analysis related to Scenario II 
Fig. 6. Illustration of the underlying derived maps considered 

for Spatial Analysis related to Scenario III 
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Fig. 7. Illustration of the underlying derived maps considered for Spatial Analysis related to Scenario IV 
 

 
Only 5.55 km2 of area was generated by 

ArcGIS software for very low vulnerability that 
represents the fresh waters territory. Expectedly, the 
largest areas for this scenario have medium and low 
vulnerability.  

The Scenario I was generated with the present 
land use data and present domestic water demand, 
using the decrease of rainfall. The results (Fig. 9) of 
Scenario I indicate an increase of very high 
vulnerability with 1.8 km2. In the same time, the areas 
with high vulnerability increase from 24.09 km2 to 
40.08 km2. The medium and low vulnerability areas 
decrease and the very low vulnerability areas 
remained constant. In the Scenario II, localities and 
domestic water demand were projected, with an 
increase of 30%, and rainfall decrease was considered.  

The largest area resulted in such a low 
vulnerability (Fig. 10), as that with 93.77 km2, 
followed by medium and high area of 43.99 km2, 
respectively of 39.87 km2. An area of 3.02 km2, with 
a higher vulnerability was calculated.  

An increase in forest area with 30%, to the 
detriment of pastures and woodland-transitional 
shrubs area, was projected for 2050 in Scenario III. 
Climate change criteria were applied in calculation of 
runoff, considering the decrease in rainfall data.  

 

In Scenario III, the medium and low vulnerability 
areas are predominant (Fig. 11). Thus, 118.54 km2 of 
low vulnerability area and 45.02 km2 of medium 
vulnerability area were obtained. The very high 
vulnerability area occupied 1.77 km2, and 14.51 km2 

represent the area with high vulnerability.  
          The last scenario takes into account the decrease 
of rainfall and increase of pasture area to the detriment 
of forest and woodland-transitional shrubs. A 
substantial area of 41.31 km2 was calculated for high 
vulnerability area and 50.04 km2 for medium 
vulnerability area. The low vulnerability area occupies 
87.67 km2 and it extends in the central and northeast 
part of Beliș district (Fig. 12). The very high 
vulnerability area diminishes with 0.62 km2, in terms of 
the present scenario. 

We anticipated these findings, because of a 
high infiltration coefficient of geological substrate in 
this sector of district. Scenarios I, II, and IV are very 
similar and present almost the same trend of high 
vulnerability values. Oppositely, the values of 
Scenario III are similar to the present values of 
groundwater vulnerability map, even if the rainfall 
amounts are decreasing. These results are very good, 
with a view to encourage and protect the future 
groundwater safety. 
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Fig. 8. Groundwater vulnerability map of Beliș district related to present 
 

 
 

Fig. 9. Groundwater vulnerability map of Beliș district related to Scenario I 
 

 

 
 

Fig. 10. Groundwater vulnerability map of Beliș district related to Scenario II 
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Fig. 11. Groundwater vulnerability map of Beliș district related to Scenario III 
 

 
 

Fig. 12. Groundwater vulnerability map of Beliș district related to Scenario IV 
 
5. Discussion 

 
The main goal of the present paper was to map 

the vulnerability of groundwater in Beliș district, 
under climate data and land cover for 2012 year and to 
predict the vulnerability for 2050, using four 
scenarios. Spatial Analysis in ArcGIS 10.1, supported 
by climate data and remote sensing, would 
demonstrate that vulnerability mapping of 
groundwater was possible, attributing five 
vulnerability degrees with spatial reference.  

Overall, the groundwater vulnerability maps 
carried out by us for the Beliş district are in line with 
maps carried out by Čenčur Curk et al. (2014). They 
used the Spatial Analyst Tools and the weights were 
attributed after Hungarian method. On the maps 
presented by Čenčur Curk et al. (2014) the Beliş 
district territory has medium and low vulnerability. 
They obtained only two classes of groundwater 

vulnerability, because of 25 x 25 km grid resolution. 
The differences between our method and Čenčur Curk 
et al. (2014) method is that we used the Water Surplus 
map into spatial analysis, while the they used the Local 
Water Exploitation index.  

The topology and morphological features of 
the terrain is our new proposed method, taken into 
account the Infiltrations map, while the Čenčur Curk 
et al. (2014) integrated the Gross Domestic Product 
map.    

In the method presented here, the land cover 
projections were done through a new approach, based 
on buffering, while in the study presented by Čenčur 
Curk et al. (2014), the future scenarios of land cover 
were used from PRELUDE future land use change 
scenarios, published by the EEA (2007).     

The most important factor that influenced the 
degree of groundwater vulnerability is climate change, 
land cover and aquifers characteristics.  
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Table 4. Percentage area of groundwater vulnerability calculated in Beliş district 

 
Vulnerability 

classes 
Related to present (%) Scenario I (%) Scenario II (%) Scenario III (%) Scenario IV (%) 

Very high 1.3 1.6 2.2 1.6 7.5 
High 12.4 20.2 20.2 6.8 15.0 

Medium 21.1 22.9 22.5 23.4 26.1 
Low 57.9 48.0 47.8 60.3 44.2

Lower 7.3 7.4 7.3 7.9 7.2 
 
It was observed that the decrease of 

precipitation has a direct negative impact on runoff 
and Water Surplus, which is easily distinguished from 
the future vulnerability maps. With regard to the 
present vulnerability, groundwater map was related 
into results that the largest area is low vulnerable and 
occupied by forest. In the same time, we expect to 
obtain high values for vulnerability in proximity of 
village’s area, but we didn’t expect a very high 
vulnerability in Giurcuța de Sus, because it is almost a 
small settlement, but it is possible, due to population 
water demand. 

In the future period, the generated scenarios 
came to support the quantification of groundwater 
vulnerability under climate change and land cover 
changes. It was demonstrated that Scenario I, Scenario 
II and Scenario IV are very similar. In both scenarios, 
the runoff decrease as rainfall decrease and a 
considerable area of low vulnerability switches in 
medium class (Table 4).  

In the Scenario II, the very high vulnerable area 
extends because of localities area extending. 
Expectedly, the Scenario III generated the largest area 
with low groundwater vulnerability. The increase of 
forest area makes the vulnerability of groundwater in 
forested area to decrease, even if the climate change 
has a strong impact. 

In the case of Scenario IV, the future pastures 
expansion contributes to a high vulnerability 
extension, in comparison to present and a decrease of 
low vulnerability by 14.72 km2. Eshleman (2004) 
reports in generally that the forest soil has a high 
infiltration capacity. Consequently, it is easily to 
understand that the forest represents the better 
ecosystem for quality water. For a high quality of 
groundwater, the forest ecosystems services provide 
the optimum land cover, but they have a major rate for 
ETc (Calder et al., 1995; Li et al., 2007) and from the 
quantity point of view, the aquifers’ recharge is 
smallest. The study has demonstrated that the forest 
area indicates a low vulnerability. The high and very 
high area of vulnerability in Beliș district is caused by 
two different reasons, depending on spatial spread of 
settlements and geological substrate composition. 
Thus, even if there is no hard industry in Beliș district, 
the villages and human activities could cause a high 
degree of vulnerability. The main sources are the 
missing seepage and septic tanks. 

The limitation of our research is given by a lack 
of determination of groundwater vulnerability through 
other methods. The springs monitoring and 

groundwater measurements with piezometers may be 
some solutions. On these aspects, the study could be 
more precise in particular locations of the districts, but 
cannot be generalized to the entire area of Beliş 
district.  

For these reasons we consider that GIS Spatial 
Analyst is the best tool to assess the groundwater 
vulnerability under climate change and land cover at 
spatial level. Moreover, we strongly believe that these 
limitations influence the results in a less measure, and 
we think that the methods presented here may be 
applied to others mountain areas.  

 
6. Conclusions 

 
The vulnerability of groundwater, based on 

climate change and land cover, sometimes is hardly to 
be determined, because of multiple factors, which 
affect the entire hydrological system. Using GIS 
applications, a new assessment method presents how 
to determine the groundwater vulnerability in 
mountain area, integrating the land cover, geological 
substrate, anthropogenic component, and climatic 
data.  

The high potential of GIS Spatial Analysis 
allows us a detailed vulnerability study of the 
groundwater in the present and future, indicating how 
the degree of vulnerability changes, if the land cover, 
populations, and climate data will changes. During the 
research, it was related that a high vulnerability areas 
of groundwater are more influenced by the calcareous 
and dolomitic substrate in the south eastern part of the 
district, but also the threats of groundwater are 
surrounding the localities. Our new assessment 
methodology provides also a simply method to project 
the future scenarios of land cover, based on buffer 
tool.  

The findings are very helpful for hydrogeology 
studies from Western Carpathians and for sustainable 
environment. In our future activity, we want to focus 
on wells measurements and pollution discharge points, 
in an attempt to make chemical analysis of water 
samples and to establish the vulnerability, based on 
test sites. The present work contributes significantly to 
the possibility of protection delineated zones and of 
making future plans of management. Until now, no 
publications related to groundwater vulnerability and 
future scenarios have been published about Western 
Transylvania, an area where Cluj-Napoca city and 
others important localities have their own water 
supplies.   
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