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Abstract 

Groundwater’s global role as a vital source of fresh drinking water is well documented, 
and efforts are underway in many parts of the world to manage groundwater reserves 
responsibly and sustainably. A large percentage of the world’s population lives in cities and 
either depends on or is affected in some way by groundwater. This ever increasing demand on 
groundwater has led to overexploitation of the aquifers and degradation of groundwater 
quality particularly in the last 50 years. Available evidences indicate that regional changes in 
climate (i.e., increases in temperature and reduction in precipitation totals and patterns) have 
already affected groundwater resources and ecosystem in many parts of the world. In future, 
climate change is expected to intensify groundwater related problems due to reduced recharge 
rates and increased demand for domestic, agricultural and industrial water supply. Thus, the 
basic concern is the sustainable management of groundwater resources such that it is not 
depleted while the increasing demand is effectively satisfied. Based on these fundamentals, 
the purpose of this study is to present an overview of groundwater problem in different parts 
of the world and to present an overview of the current knowledge in the area of climate 
change impacts on water resources. Case studies from the Mediterranean Region, the Caspian 
Sea Region and the Aral Sea where safe water resources are typically scarce and became 
steadily scarcer are presented. In particular, access to high quality drinking water will become 
more of a problem than it currently is in these and in many other parts of the world. 
Decreasing precipitation and reduced recharge of groundwater resources are now considered 
to be one of the reasons for declining groundwater quality. Finally, these drastic changes in 
the hydrology of the groundwater system are also responsible for many changes in ecosystems 
where some are irreversible.  
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This paper is a general summary of the outcome of the NATO Advanced Research 
Workshop on “Climate Change and Its Effects on Water Resources” held in Çeşme-Izmir-
TURKEY on 1-4 September 2010. 

 

1. Introduction 

National and global security can be assessed in many ways but one underlying factor for 
all humanity is access to reliable sources of water for drinking, sanitation, agriculture, 
construction, daily living, energy, fishing, forestry, manufacturing, public health, recreation, 
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and transportation. The world's population is estimated to reach 7 billion in 2011. Projections 
recently issued by the United Nations suggest that world population by 2050 could reach 8.9 
billion (UN, 2004). Therefore, in many parts of the world, population growth and associated 
increased demand for water already threaten the sustainable management of available 
resources (Baba et al., 2011). Furthermore, there is increasing evidence that global climate 
patterns are changing and creating major influences on human survival on earth (Santer et al., 
1996; Baba, 2011). Global warming, climate change and sea level rise are expected to 
intensify problems related to the sustainability of available resources in many water-stressed 
regions of the world by reducing the annual supply of renewable fresh water and promoting  

the ingress of saline water into aquifers along sea coasts where 50% of the global population 
inhabit (Baba et al., 2011). 

Climate change is an important factor effecting water resources. Thus, the focus of 
scientific research in the first half of the 21st century is towards finding ways to mitigate the 
negative consequences of climate change on water resources (Arnell 2000, Alcamo et al. 
2000, Kamara, Sally 2004, Iglesias et al. 2006, Bates et al. 2008). As a consequence, water 
management is becoming a critical factor and is playing a decisive role in the geopolitical, 
economic and social grounds (Hrkal, 2011). Most scientists are confident that if current 
emissions of greenhouse gases continue, the world will be warmer, sea levels will be higher 
and precipitation distribution will be altered from their current conditions. As a consequence, 
regional climate patterns will likely to change and influence every day life in many parts of 
the world. According to Houghton et al. (1996), global temperatures are expected to rise faster 
over the next century than over any time during the last 10,000 years (Baba, 2011).  On the 
other hand, Hrkal (2011), bring in a different perspective to the issue and link climate change 
phenomena with geological events. According to him, data from geology show that the mean 
temperature on the Earth were about 12oC higher during the Eocene period (i.e. roughly 50 
million years ago) than its current level (Zachos et al. 2001, Katz et al. 1999) and the content 
of CO2 reached values fluctuating around 1000 ppm during the same era (Figure 1).  
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Figure 1. Changes in temperature on the Earth during the last 65 million years (Hrkal, 2011) 

 

According to Hrkal (2011), in the period between the Eocene and Oligocene the climate 
began to gradually cool down so that the Antarctic was covered with ice for 10 million years. 
This period was then followed by a warming up interval when the Antarctic glacier melted 
completely away. Another wave or spell of cooling down arrived as late as in middle of the 
Miocene, which is characterized by fierce, short-term climate oscillations, by alternating the 
so- called glacial and interglacial ages (Hrkal, 2011). On the contrary, recent studies on 
climate change and climate modeling indicate that, with at least a 90% probability, global 
warming is due to human activities and more specifically to gaseous emissions since the 
beginning of the industrial revolution in 1750 (IPCC, 2001; Ganoulis  and Skoulikaris, 2011). 

Recent reports from the Intergovernmental Panel on Climate Change (2007) confirm 
that climate change is occurring at a larger and more rapid rate of change than was thought 
before. Eleven of the last twelve years (1995-2006) rank among the twelve warmest years in 
the instrumental record of global surface temperature (since 1850). The 100-year linear trend 
(1906-2005) of 0.74 [0.56 to 0.92]°C is larger than the corresponding trend of 0.6 [0.4 to 
0.8]°C (1901-2000) (Jia et al., 2010; Baba, 2011). Climate models are able to predict 
temperature increase after 1950 only if the man-induced gas emissions are taken into account 
(Figure 2). Climate change primarily and additionally man-made modifications in land use 
result in modifications of different components of the hydrological cycle, such as 
evapotranspiration and precipitation. This is already the case in arid or semi-arid climates like 
the Mediterranean, where data time series recordings have shown a decreasing trend in 
precipitation over the last few decades (Ganoulis and Skoulikaris, 2011).  

Constituting about 30% of all freash water, groundwater is a significant component of 
the freshwater cycle and its significance is becoming more prominent as the more accessible 
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surface water resources are increasingly more exploited. In many cases, groundwater is a 
sufficient, secure and cost-effective water supply. However, it is increasingly becoming 
stressed due to overexploitation, contamination and in some areas of the world due to climate 
change. It was emphasized in a technical paper by the second working group of the 
Intergovernmental Panel of Climate Change (Bates et al., 2008) that the information about the 
water-related impacts of climate change is insufficient, especially with respect to water 
quality, aquatic ecosystems and groundwater. Therefore, impacts of climate change on 
groundwater quantity and quality need to be comprehended and determined (Elci, 2011). 

Constituting about 30% of all freash water, groundwater is a significant component of 
the freshwater cycle and its significance is becoming more prominent as the more accessible 
surface water resources are increasingly more exploited. In many cases, groundwater is a 
sufficient, secure and cost-effective water supply. However, it is increasingly becoming 
stressed due to overexploitation, contamination and in some areas of the world due to climate 
change. It was emphasized in a technical paper by the second working group of the 
Intergovernmental Panel of Climate Change (Bates et al., 2008) that the information about the 
water-related impacts of climate change is insufficient, especially with respect to water 
quality, aquatic ecosystems and groundwater. Therefore, impacts of climate change on 
groundwater quantity and quality need to be comprehended and determined (Elci, 2011). 
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Figure 2. Comparison between observed and simulated temperature change (a) without and 
(b) with taking into account human gaseous emissions (Hadley Centre, 2005) (Ganoulis and 

Skoulikaris, 2011). 

 

The purpose of this study is to present a brief summary of the findings of a NATO 
Advanced Research Workshop that took place in Cesme-Izmir-Turkey during 1-4 September 
2010 to discuss the fundamental effects of climate change on surface and subsurface water 
resources. The study is complied to emphasize the main points of some of the research 
presented in this meeting. It also aims to present an overview of groundwater problem in 
different parts of the world (including case studies from the Mediterranean, Caspian and Aral 
Sea regions and other parts of the world) and to present an overview of the current knowledge 
in the area of climate change impacts on water resources.  

 

2. Effect of climate change on groundwater 

The most important pressure that climate change will exert on groundwater resources 
will be the changing rate of recharge which is closely related to the changes in precipitation. 
Therefore, following similar trends with precipitation, groundwater recharge rates will either 
decrease or increase for different geographical regions. For instance, IPCC reported that a 
more than 70% decrease in groundwater recharge is computed in north-eastern Brazil, 
southwest Africa and along the southern rim of the Mediterranean Sea, whereas more than 
30% increase in groundwater recharge is computed in Sahel, the Near East, northern China, 
Siberia and the western USA (Kundzewicz et al., 2007). However, the most dramatic impacts 
of changing recharge rates on groundwater resources is foreseen at the locations where 
precipitation and accordingly recharge is expected to decrease. Decreasing recharge rates will 
definitely affect the quantity of the available groundwater resources, while the quality of the 
groundwater resources, especially in coastal regions, will be threatened by the saltwater 
intrusion and salinisation due to the increased evapotranspiration (Mimura et al.,2007). 
Consequently, decreasing recharge rates will also enhance the impacts of processes which 
have already been observed, such as saltwater intrusion (Yazıcıgil et al., 2011). 

Climate warming observed over the past several decades is consistently associated with 
changes in a number of components of the hydrological cycle and hydrological systems such 
as: changing precipitation patterns, intensity and extremes; widespread melting of snow and 
ice; increasing atmospheric water vapour; increasing evaporation; and changes in soil 
moisture and runoff. There is significant natural variability in all components of the 
hydrological cycle, often masking long-term trends. There is still substantial uncertainty in 
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trends of hydrological variables because of large regional differences, and because of 
limitations in the spatial and temporal coverage of monitoring networks (Huntington, 2006). 
At present, documenting interannual variations and trends in precipitation over the oceans 
remains a challenge (IPCC, 2008; Baba, 2011). 

The changes in temperatures and in precipitations levels and distribution will directly 
affect the water demand, quality and watershed. Pollution will be intensified by runoff in 
catchments and from urban areas. Rivers will have lower flows particularly in summer, and 
the sea temperature, salinity and concentration of CO2, nitrates and phosphates will also be 
affected. The most visible impact will be the floods, which will be higher and more frequent. 
In addition, increased evapotranspiration will also lead to higher irrigation water withdrawals 
and declining levels in groundwater aquifers. The changes in the frequency of extreme events 
might be the first and most important change registered in the Mediterranean and Aral 
Region. Many scientists have been working about the effect of climate change on water 
resources. Most studies have been carried out around Mediterranean Region. For instance, 
Howard (2011) reported on the impact of climate change on Mediterranean Region. He 
mentioned that the combined population of countries that rim the Mediterranean Sea is 
projected to increase by over 100 million between 2000 and 2025 with the vast majority of 
this growth occurring in the 12 drier SEMED countries (Benoit and Comeau, 2005). Due to 
population growth alone, it is estimated that by 2025, 10 of the 12 SEMED countries will be 
consuming over 50% of their renewable water resources, with 8 of them exceeding 100%. 
Most of the demand increase will come from irrigation and domestic supply needs. Yılmaz 
and Yazıcıgil, (2011) reviewed the situations of the current knowledge in the area of climate 
change impacts on Turkish water resources with emphasis on past and predicted future trends 
in atmospheric variables (precipitation, temperature) and hydrologic variables  (streamflow 
and groundwater levels). Prominent long-term observed changes that are consistent over 
Turkey include increase in annual minimum temperatures and summer temperatures and 
decrease in winter precipitation. Streamflow and groundwater levels are found to respond to 
the changes in atmospheric variables, indicating potential water scarcity problems in many 
regions. This situation is exacerbated due to population growth and over-exploitation of water 
resources. General Directorate of State Hydraulic Works (DSI) is the main investing 
institution responsible for the utilization of all water resources of Turkey. DSI have been 
monitoring water levels in different part of Turkey. Data from DSI demonstrate that 
groundwater levels of western Anatolia are on a declining pattern from 1970 to 2009 (Figure 
3) (Murathan, 2009). The factor responsible for declining water table is the significant 
increase in groundwater pumping coupled with decreased recharge rates. Gunduz and Simşek 
(2011) also investigated the influence of declining precipitation totals and anthropogenic 
stress in The Torbali-Bayindir aquifer in western Turkey (Figure 4). They mentioned that long 
term analysis of the data demonstrated a general declining pattern in groundwater levels at an 
average rate of about 0.75 m/year, which is partly associated with decreasing precipitation 
patterns and partly with overexploitation of the aquifer. The results further indicated a very 
fast response of the groundwater levels to precipitation events (Gunduz and Şimşek, 2011). 

 



 

 

126

 

 

Figure 3. Distribution of groundwater level in Kucuk Menderes plain, Western Turkey, 
(Murathan, 2009) 

 

Elçi (2011) presented the results of a modeling study on the impact of climate change 
on Izmir-Tahtali (western Turkey) groundwater system., where Tahtalı dam reservoir was 
built on the Tahtalı stream to meet about 35−40% of Izmir’s total drinking water demand. He 
used a numerical groundwater flow model by considering the IPCC’s “Special Report on 
Emission Scenarios” (SRES) scenarios. Based on these results he concluded that the largest 
component in water budget is and will be net groundwater recharge, which is predicted to 
decrease for the 2050 scenario causing a reduction of 29062 m3/d in the water inflow to the 
system. Furthermore, he also found out that spring discharge rates are predicted to decrease 
by 5.2%. Groundwater seepage to the Tahtalı reservoir and Izmir bay is predicted to decrease 
by 2.4%. Another significant outcome from the water budget analysis is the change in the 
water interaction between the streams and the aquifer. For the current climate, streams are 
gaining 6207.20 m3/d of water. The overall net direction of water flow is expected to reverse 
for the 2050 scenario, as the net loss of water from the streams is predicted to be 477.81 m3/d 
(Elçi, 2011).  
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Same problem can be observed in the Caspian Sea Region and in Aral Sea basin. For 
example, the major potential hazard of climate change on Kyrgyz Republic is expected to be 
the reduction of the mountain rivers runoff. This statement is correct as agriculture (being a 
basis of economy of the state) is based on irrigation farming. Mountainous rivers are the main 
source of irrigation. Because of shortage of surface water resources, the problem arises as to 
increase of the irrigation systems efficiency and use of ground waters for irrigation (Litvak, 

2011).  

Figure  4. Change in groundwater levels in a monitoring well in Torbalı-Bayindir plain, 
Western Turkey 

 

It is also reported that mismanagement of water resources increase the influence of the 
impacts associated with climate change, particularly around Aral Sea basin. It is determined 
that the size and water balance of Aral Sea is fundamentally determined by river inflow and 
evaporation from its surface. Once the world’s fourth largest lake, the Aral Sea has 
dramatically shrunk since 1960s (Figure 5). In 1900s, the area and the volume of the Aral Sea 
were 68,320 km2 and 1066 km3, respectively. The Aral Sea Basin receives the bulk of its 
water from the two major rivers of the region, the Amu Darya and Syr Darya with a combined 
average annual flow of 115.6 km3. The average annual river flow in to the Aral Sea during 
1927-1960 periods was stable. The large-scale development of water resources, mostly for 
irrigation, has changed the hydrological cycle in the region and caused serious environmental 
problems in the Aral Sea Basin including but not limited to the shrinkage of the sea 
(Kokishev, 2011). 

3. Groundwater and ecosystem 
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An economic gain of use has led to a global explosion of groundwater development in 
the last several decades. Groundwater processes have been severely threatened, mostly by 
human actions such as changing soil uses and vegetation, modifying surface and groundwater 
flow systems, and introducing pollutants in the soil and water systems (Arellano, 2005). 
Consequently, groundwater reserves have been depleted extensively. Continuing use of 
groundwater, which is initially supplied from the storage, causes increasing derivation of 
additional water from surface water bodies such as, streams, lakes and wetlands (Bayarı 
2005). Groundwater dependent ecosystems can only maintain their current composition and 
functioning by the groundwater input. Ecosystems are significantly influenced by changes in 
groundwater depth, pressure, flow rate and quality. Various pollutants such as pesticides, 
herbicides, fertilizers and other chemicals affect groundwater quality. Other pollutants having 
highly toxic features for environment such as industrial effluents, irrigation return-waters, and 
leachate from waste disposal areas may also affect groundwater quality (Yüce, 2005). The 
quality of groundwater, the main source of drinking water in the most countries, is 
increasingly threatened by anthropogenic activities such as industrial processes, intensive 
agriculture, irrigation, tourism, transportation. 

Once vulnerability of water resources to climate change is assessed, the reactions of 
habitats and consequently the ecosystems to these changes are estimated. This requires the 
essential knowledge of ecohydrological variability of ecosystems. The next step is then to 
establish a true interdisciplinary study highlighting the ecohydrological approach, to 
adequately address the questions related to the space-time links between climate-soil-water-
landscape and vegetation (Ekmekçi and Tezcan, 2005). For example, the hyporheic zone 
refers to the saturated pore space in sediments beneath and lateral to a stream/river channel, 
that is strongly influenced by the interactions between surface and subsurface waters as a 
biologically important ecotone. The hyporheic zone can be defined in many ways; however, it 
essentially describes the extent to which nutrient-rich surface waters penetrate the shallow 
subsurface in the immediate vicinity of a flowing surface water body, to provide essential life 
support for a distinct and often dynamic community of invertebrates (the hyporheos) and 
micro-organisms (Howard, 2005). Agricultural activity is the major factor effect quantity and 
quality in most country. Also, illegal drilling for water and the excessive use of pesticides 
have been effected water resources. Mismanagement has affected the quality of fresh water, 
the pollution of resources by pesticides and their residues, the intrusion of seawater into 
coastal aquifers, and the gradual desertification of land by diverting rivers toward cultivating 
crops or poorly placed ornamental plants that require huge quantities of water. 

 

4. Sustainability of water resources 

Scientific studies show that water challenge, which will be faced particularly by Asian 
countries in next decades, has to be set in the development strategies in order to ensure a 
healthy environment and a well being for the local populations. The effective management of 
a water resource requires us to strike a balance between the water requirements of humans and 



 

 

129

the natural ecology of catchments. To achieve this objective more data needs to be obtained 
for a better assessment of the situation. Hence the following tasks are deemed important: 

Installation of multi purpose monitoring equipment for measurements of climate 
conditions such as precipitation and temperature. 

Installation of multi purpose monitoring equipment for measurements of groundwater 
and surface water levels and quality indicators. 

Identification, characterization and monitoring of groundwater-surface water 
interactions. 

Monitoring the impacts of groundwater abstractions and contaminants on groundwater 
fed rivers, lakes and wetlands. 

Monitoring and advancing binational cooperation in transboundary groundwater 
management. 

Monitoring efficient use of surface and ground water for irrigation. 

Use of water-saving irrigation technologies. 

Reduction in water demands and promoting conservative use of water in agricultural 
and industrial sectors. 

Design of comprehensive water policies and integrated planning  

Use of improved technologies for water treatment and re-use. 

Training and dissemination of information. 

2002 

2001 1993 1960 

2006 2004 
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Consequently; water sustainability is crucial problem for all living beings. Therefore it 
required levels of decision-making, good governance, law, and administration, economic and 
other policy instruments, roles of users, politicians, and groundwater experts, data collection and 
monitoring, preferable management regimes. In addition, efforts should focus on water 
conservation, which includes reducing losses, enhancing saving and promoting management of 
this resource as an economic commodity (apart from the portion that must be considered as a 
human right) and less as a political asset or as a national privilege. Increased water prices for all 
users, particularly for the consumers in agriculture and industrial sectors, would help regulate the 
demand for water. Consequently, pricing could be used effectively for achieving sustainability in 
water management. 

Consequently; water sustainability is crucial problem for all living beings. Therefore it 
required levels of decision-making, good governance, law, and administration, economic and 
other policy instruments, roles of users, politicians, and groundwater experts, data collection and 
monitoring, preferable management regimes. In addition, efforts should focus on water 
conservation, which includes reducing losses, enhancing saving and promoting management of 
this resource as an economic commodity (apart from the portion that must be considered as a 
human right) and less as a political asset or as a national privilege. Increased water prices for all 
users, particularly for the consumers in agriculture and industrial sectors, would help regulate the 
demand for water. Consequently, pricing could be used effectively for achieving sustainability in 
water management. 

 

Conclusion 

Population growth and a changing climate seriously threaten water resources of the world, 
with particular emphasis on Mediterranean Region, Aral Region, Africa, and South of Asia. 
Important resource management decisions will be required but any such effort will prove 
inconsequential unless reliable predictions can be made of the influence that changing conditions 
will have on the hydrologic cycle and available water reserves (Howard, 2011). By 2050, it is 
expected that world population could reach about 9 billion and many countries will face water 
shortage conditions. An inevitable consequence of this phenomenon would be an increase in 
over-exploitation and increased use of unsustainable water supplies (i.e., deep groundwater). 
Furthermore, decreased recharge due to changing climate patterns and associated declines in 
groundwater levels, deterioration in water quality due to increased demand, sea water intrusion 
along coastal aquifers and salinization could also be other listed as other consequences of this 
problem. Finally, sustainable management, of water resources should be seen as the key for 
sustainability of life in this planet. 
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Based on the monitoring data and climate projections scientists highly agree that 
freshwater resources are vulnerable and have the potential to be strongly impacted by climate 
change in the long-run. However, there is no consensus about the degree of impact of human 
activities on climate change. By modeling studies, Intergovernmental Panel for Climate Change 
(IPCC) estimates the expected changes in the climate on a global scale for different emission 
scenarios. Then these results are used as an input for regional climate models.  If we assume that 
climate change scenarios will be realized in the future, we can foresee that there will be effects 
of climate change on watershed ecology and on the water resources. For example variations in 
precipitation and temperature will increase the risks of flooding and drought in many areas, will 
directly affect the water demand and water quality. Changes in water quantity and quality will in 
turn affect food availability, stability, access and utilization. Water quality of surface runoff from 
urban and rural areas will change. Function and operation of existing water infrastructure 
(including water treatment, hydropower, drainage and irrigation systems) will be effected.  
Increase in water demand may result in insufficient capacity of reservoirs and transfer of water 
from other watersheds might be necessary.  

Within the scope of this paper, the impacts of climate change on freshwater resources; their 
availability, quality, quantity, uses and management is evaluated. Impacts on ecology are 
mentioned. Several management alternatives to reduce the potential adverse effects of climate 
change are identified; merits and tradeoffs involved are discussed.  
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