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ABSTRACT 

Climate change, along with the changes in land use and land cover (LULC), is the key factor driving the 

changes in hydrological processes and dynamics in a basin. This thesis emphasized on understanding the 

impact of both long-term climate change and abrupt anthropogenic driven agricultural intensification or 

natural driven insect-induced forest disturbance on hydrological processes and dynamics at varying 

spatial and temporal scales in two diverting terrestrial environment.  

Two pattern-based investigations, one case study in a forest region in Central Europe and another in a 

semi-arid region in Central Asia, were aimed to answer the main research question “what are the 

responses of hydrological dynamics and the related hydro-geochemical conditions to climate change and 

certain changes in LULC at a basin-scale?”. The long-term hydro-climatic dataset was used for 

conducting statistical analyses and establishing hydro-climatic modelling at the basin scale. We further 

conducted process-based studies, attempting to understand how and why the specific hydrological 

dynamics were altered at smaller spatial and temporal scales: (i) a catchment-scale tracer-based 

experiment was conducted to examine multi-timescales changes in subsurface chemical composition and 

in runoff generation processes after bark beetle infestation; (ii) a soil column-scale theoretical analysis 

was studied to address the importance of velocity-celerity difference in studying tracer transport; (iii) 

two plot-scale model-based evapotranspiration estimations in a Soil-Vegetation-Atmosphere-Transfer 

(SVAT) model scheme were conducted to offer an alternative to better understand evaporation from soil, 

transpiration, and evaporation from canopy; and (iv) a plot-scale sap flow experiment was designed to 

estimate the canopy conductance during the vegetation period of beech forest.  

Two pattern-based case studies pointed out the significant hydrological responses to the warmer climate 

under different environment, in the studied mid-latitude Central Europe Mountain the runoff seasonality 

shifted in terms of total runoff share, occurrence of peak flows and low flows, while Central Asia 

experienced a decrease in river flow and significant changes in riverine nitrogen concentrations. The 

processes-based studies highlighted that complex hydrological processes including streamflow, 

subsurface flow, geochemical conditions, and evapotranspiration are actively interacting with the 

changes in climate and LULC. In the experimental catchments of Central Europe undergone climate-

induced bark beetle infestation, the geochemical changes, showing as an increased annual mean in-

stream electrical conductivity (EC), are profound in the disturbed catchments were rapid after extensive 

infestation and last long over decades. The old water with substances of nitrogen and carbon released by 

dead trees was mixing with the rainwater in the rainfall-runoff events, and the shifts in EC-discharge 
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hysteresis loops at each event implied changes in the subsurface chemical composition and runoff 

generation process. Such tracer-related studies require deep understanding in subsurface flow, we, 

therefore, proposed a celerity function that has been theoretically proved the usefulness when assists in 

studying runoff behaviours and tracer transport.  

Furthermore, evapotranspiration in the forested region is a key domain in the hydrological cycle. The 

newly developed SVAT model was applied in two different environments (i.e., forest and maize) where 

had full sets of dataset for validating the model, and the performance was better due to the more detailed 

description of energy transfer and the formation of advective soil vapour transport. One step forward, the 

results from sap flow experiment tracked the transpiration process in the beech forest, based on which 

the reversely-calculated canopy conductance was given to address the importance of knowing the 

site/species-specific canopy conductance for an area, which assists better understanding the transpiration 

process in newly formed beech stands after bark beetle outbreak in Central Europe. 

 

Key words: hydrological processes, runoff, climate change, agricultural intensification, forest 

disturbance, geochemical transformation, celerity, evapotranspiration, SVAT model, sap flow, stomatal 

conductance 

 



CONTENTS 

 

1. SCOPE AND AIM OF THE RESEARCH .................................................................................... 1 

2. RELEVANCE AND BACKGROUND OF THE RESEARCH .................................................. 4 

2.1 Climate change and relevant hydrological responses .............................................................. 4 

2.2 LULC change and its ecohydrological responses under changing climate ............................. 5 

3. PRINCIPAL CONCEPTS AND THEORIES ............................................................................ 10 

3.1 Catchment-scale runoff generation ....................................................................................... 10 

3.2 Tracer hydrology ................................................................................................................... 12 

3.3 Subsurface hydrology ........................................................................................................... 13 

3.4 Evapotranspiration and its modelling approaches ................................................................. 15 

4. CASE STUDIES OF THESIS ..................................................................................................... 18 

5. STUDY AREAS, MATERIALS AND METHODS .................................................................... 21 

5.1 Study areas ............................................................................................................................ 21 

5.2 Field experiments .................................................................................................................. 23 

5.3 Data synthesis and analysis ................................................................................................... 25 

5.4 Quantification methodologies ............................................................................................... 27 

6. SYNTHESIS OF RESEARCH FINDINGS ................................................................................ 33 

6.1 Climate change and ecohydrological responses .................................................................... 33 

6.2 Geochemical response after bark beetle infestation .............................................................. 35 

6.3 Evaporation processes ........................................................................................................... 37 

7. CONCLUSIONS ........................................................................................................................... 42 

8. REFERENCES ............................................................................................................................. 44 





Hydrological processes and dynamics in the changing climate and environment 

 

1 

1. SCOPE AND AIM OF THE THESIS 

Studying hydrological processes and dynamics requires multi-disciplinary knowledge, which is also 

crucial to the environmental managers and planners (Jørgensen, 2016). The scientific information on 

interactions of a climate-hydrology-ecosystem could be either used to diminish the environmental risks 

via effective measures or to manage natural resources through more sustainable strategies (Zalewski, 

2002). Climate change, along with the changes in land use and land cover (LULC), is the key factor 

driving the changes in hydrological processes and dynamics in a basin. Both long-term climate change 

and abrupt anthropogenic or natural disturbance may result in significant shifts in hydrological 

behaviours, further influencing its hydro-geochemical conditions in the basin.  

This thesis, therefore, examined the hydrological processes and dynamics under different environment 

at varying spatial and temporal scales. For this purpose, two types of LULC change were selected: one 

is a basin undergone natural disturbance (bark beetle infestation) in a mid-mountain forested region, 

and another one is a basin undergone anthropogenic disturbance (agricultural intensification) in a semi-

arid irrigated region. Two study areas are all in the terrestrial environment, and have diverting 

environmental problems but sharing one same driver – climate change, which could lead to additional 

changes in multiple elements of the hydrological system. Based on these two diverting study areas, the 

specific research question is: 

What are the responses of hydrological dynamics and the related hydro-geochemical 

conditions to climate change and certain changes in LULC at a basin scale? 

Specifically, for studying the natural disturbance in the mid-mountain forested environment, the study 

area placed in the upper Vydra basin, the Czech Republic, where experienced the abrupt insect-induced 

forest mortality in the past 30 years. A study was conducted to statistically assess the historical hydro-

climatic changes in the attempting to investigate below research questions: 

 What specific runoff behaviours are sensitive to climate change and natural forest disturbance?  

 What hydro-climatic indicators are suitable for detecting the extent and timing of such changes? 

For studying the anthropogenic disturbance in a semi-arid irrigated region, the example case of the large 

(covering 1.3% of the earth’s land surface) and extensively irrigated Aral Sea Drainage Basin (ASDB) 

in Central Asia was used. The historical hydro-climatic conditions in ASDB experienced dramatic 

changes due to both climate change and irrigation practices. The agricultural intensification area was 

convinced to be highly sensitive to future climate change (Törnqvist et al., 2015). A study was conducted 

aiming to use the multiple climate change scenarios to model possible runoff and its related retention–

attenuation of nutrient, and answering the research question: 

 What are the dynamics between future climate projections and runoff variations? 

 To what extent the projected future climate change and runoff can influence nitrogen loads and 

concentrations in the water systems of the basin?  

Though in the environment has relatively limited anthropogenic interventions, the land cover could still 

be altered by the changing climate, in the example of bark beetle infestation illustrating the growth of 
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beetle populations respond to the shifts in thermal condition and water stress (Anderegg et al., 2015; 

Bentz et al., 2010). Therefore, the projected climate warming and changing precipitation patterns could 

pose high future risks of infestation (Berg et al., 2006; Williams et al., 2013). In one of our key study 

sites, the upper Vydra basin has been experienced such risk. We examined the long term basin-scale 

hydro-climatic changes, and further aimed to scale down to its nested catchments, and investigated its 

possible hydrological and geochemical responses at the smaller spatial scale.  

The nested catchments experienced different stages of forest disturbance, we tracked the temporal 

dynamics over 7 years in each individual catchment using our monitoring network. The electrical 

conductivity (EC) was chosen to be the geochemical parameter reflecting the changes in water flow 

paths. In addition, we traded time for space in understanding the processes of forest decay, degradation, 

and regeneration in response to streamflow and geochemical conditions. The below-given research 

questions were formulated: 

 What extent does the bark beetle-induced forest disturbance alter geochemical conditions in 

small catchments at multiple timescales?  

 And what are the runoff generation mechanisms before and after the insect infestation?  

Understanding the implications from the above tracer-based study are important due to its complicity. 

The complex solute transport behaviours are caused by the pore water velocity distribution in the 

subsurface flow system (Beven and Germann, 1982; Freer et al., 2002; Uchida et al., 2004), which have 

been captured either by an experimentally-obtained breakthrough curve (Brusseau and Rao, 1990; 

Durner and Flühler, 1996; Flühler et al., 1996) or by natural and artificial tracers in a hydrological system 

(Kendall et al., 1999; Köhne et al., 2009). Therefore, theoretical analyses were conducted to assist in 

understanding the implications of the tracers in hydrological studies and how to accurately interpret tracer 

transport together with water flow, in which the research question was mainly dealing with:  

 What are the relations between celerity (pressure propagation), velocity (water transport), and 

tracer transport (pore velocity distribution)?  

 What soil hydraulic function could be used to express the tracer transport? 

This thesis started from understanding of the changes in hydrological patterns narrowing down to 

investigate the specific hydrological processes. Climate change may cause variations on metrological 

forcing of precipitation, air temperature, radiation, air humidity, and wind speed, while, ecosystem 

change or human activity may affect the LAI, stomata behaviours, albedo, surface roughness, and soil 

hydraulic properties. All changing variables in the system interact and are related to the 

evapotranspiration processes. Therefore, quantifications of evapotranspiration rate and understanding the 

evapotranspiration process are critical to study how and why the hydrological dynamics were shifted or 

changed under the changing environment. 

We here firstly developed a new numerical model, which simulated both energy and moisture transport 

in a soil–vegetation–atmosphere transfer continuum, being named as an SVAT model. The model 

developed by incorporating theories from soil physics, vegetation physiology, and atmospheric science 

(Gran et al., 2011; Overgaard et al., 2006), and tested in two types of vegetated area where had 
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comprehensive monitoring dataset of water and energy fluxes that can validate its utility and accuracy. 

Thereafter a sap flow experiment, along with soil profile monitoring, was carried out in one experimental 

plot at one of the nested small catchments in the upper Vydra basin. The 3-month high-frequent 

measurements enabling us to investigate quantify the transpiration process in Century European mid-

mountain beech forest on a more detailed level and the following questions were set up for the research.   

 How the evapotranspiration rates can be quantified in the forested area using only 

meteorological data?  

 What is transpiration behaviour of mountain beech forest in the study area? 
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2. RELEVANCE AND BACKGROUND OF THE THESIS  

2.1 Climate change and relevant hydrological responses 

Five Intergovernmental Panel on Climate Change (IPCC) assessment reports together presented a piece 

of clear evidence – global temperature warming (IPCC, 2007; IPCC, 2013). The recent IPCC (2013) 

report stated that a global mean surface temperature rise of approximately 0.85°C (ranging from 0.65°C 

to 1.06 °C) over the period 1880–2012 (IPCC, 2007; IPCC, 2013).  

The past climate signals and the knowledge of the system’s physical feedbacks and behaviours enable 

re-analysing the past and future climate in more detail by using climate circulation models (Christensen 

et al., 2007; Nicótina et al., 2008). The models used plausible physical processes embedded with a large 

variety of physical, chemical, and biological mechanisms and processes to represent energy and water 

fluxes across atmosphere, water, vegetation, and land surface (Hornbeck et al., 1970). Though the 

accuracy of climate change predictions is still questionable due to large uncertainties derived from such 

complicated models (Kriaučiūnien et al., 2009; IPCC, 2013), a rather confident message can be gained 

from many publications, for instance, a recently published IPCC report (IPCC, 2013) predicted that the 

annual mean temperature was likely to continuously increase, yielding a total increase between the range 

0.3°C and 4.8°C (based on a recently published set of greenhouse gas (GHG) emission scenarios) by 

2100 in comparison with the period of 1986 - 2005. 

Along with the increasing air temperature, climate change associates with the changes in global mean 

water vapour, precipitation and evapotranspiration rates, the variations show large differences in space 

(IPCC, 2013). Theoretically, warmer air implies a higher evaporation rate and a greater proportion of 

liquid to solid precipitation. Such changes in physical mechanisms are associated with potential changes 

in precipitation amount and seasonality, and particularly in spatial distribution of the precipitation. For 

instance, in Central Asia, the observed mean annual precipitation has increased in outer and eastern 

ranges, while decreased at higher altitudes in the inner ranges (Sorg et al., 2012). The changes in 

precipitation in turn affect directly or indirectly water availability (in terms of soil moisture and 

groundwater reserves) and streamflow regime (in terms of pattern, magnitude, frequency of flood or 

drought episodes, timing, duration and change rate) (H.Gleick, 1989; Dam, 1999; Barnett et al., 2005; 

Milly et al., 2005).  

In recent decades, the understanding of the climate change shifted from a simplified cause-effect 

approach to a feedback-oriented approach for modelling the system (Sklash et al., 1986; Eltahir, 1998). 

The improvement in understanding of the feedback system and climate sensitivity moves the projection 

towards better simulating how human activities will be developed under different conditions to respond 

to the changing climate (Manabe and Stouffer, 1980; IPCC, 2013; Voldoire et al., 2013). No matter in 

physical or social aspects regarding climate change, the plausible climate change projections and the 

analyses of its effects are considered as an important basis for future regional development planning 

(Milly et al., 2005). 



Hydrological processes and dynamics in the changing climate and environment 

 

5 

Climate change will have a range of consequences at different spatial and temporal scales which will 

impact hydrological processes. Basin-scale studies were conducted worldwide aiming to obtain more 

profound understanding of climate change impacts under each specific regional environment. Studies 

found that the largest and the most sensitive changes in the hydrologic cycle are expected to occur in 

mid- to high-latitude snow-dominated mountainous regions (Barnett et al., 2005), and in arid and semi-

arid regions (Lioubimtseva and Henebry, 2009; Jarsjö, 2012; Sorg et al., 2012), respectively.  

In a snow-dominated mountainous basin, the hydrologic responses to climate warmer summarized as the 

changes in the runoff timing associated with reduced snowpack accumulation and earlier melting time 

(Beniston, 2003; Eckhardt and Ulbrich, 2003; Adam et al., 2009). The melting influences discharge rates 

and timing in the rivers that originate in mountains, therefore, shifts in snow-pack duration and amount 

as a consequence of climate change will be crucial factors in water availability for basins (Beniston, 

2003). The consequences for river runoff are likely to affect not only the basin itself, but also in the 

lowland regions especially when the extreme events (floods or drought) occur. In summer, mean monthly 

groundwater recharge and streamflow are likely to reduce dramatically in the basin which could 

potentially lead to problems for the whole region concerning water quality, groundwater withdrawals, 

and functionality of reservoirs (Eckhardt and Ulbrich, 2003). Even though the snow-dominated 

mountainous basin share similar trends, each basin characterized by its geophysical conditions owning 

individual responses to the changing climate, Langhammer et al. (2015) provided additional inputs for 

understanding the impact of climate change to runoff regimes in such an environment.  

In a semi-arid basin, shrinkage of the Aral Sea in the past century is a shred of alerting evidence that 

states the combination of elevated temperature and decreased precipitation could cause a manifold 

increase in potential evapotranspiration, leading to severe water stress conditions and reduction on river 

discharge in the outlet (Arora and Boer, 2001; IPCC, 2007; Micklin, 2007; Shibuo et al., 2007). IPCC 

(2013) revealed that the frequency and severity of extreme events would rise. Taken together, as the 

current marginality of soil-water and nutrient reserves has reached their tolerances, some ecosystems in 

semi-arid regions may be among the first to show the effects of climate change. In the Aral Sea Drainage 

Basin (ASDB), most of the croplands are open-channel irrigated due to low and highly variable rainfall, 

therefore, the evaporation loss will increase under warmer climate (Törnqvist and Jarsjö, 2012). 

Therefore, understanding the future trend of river runoff in the entire basin, in particular in the lowland 

areas, was crucial for regional planning and water resource management.  

 

2.2 LULC change and its hydrological responses under changing climate 

Change in land cover stemming from land uses represents either a major source or a major element of 

global environmental change (Turner et al., 1994). LULC is defined by the attributes of the earth's land 

surface and immediate subsurface, including biota, soil, topography, surface and groundwater, and 

human structures (Lambin et al., 2003). The magnitude of changes in LULC is large over the past 

century, which significantly affects the functionality of the Earth system. Moreover, LULC change, in 

turn, contributes to local and regional climate change as well as to global climate warming (Houghton, 
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1999; Pielke, 2005). Feddema et al. (2005) found through models that the future LULC will most likely 

continue to be an important influence on climate for the next century. This finding opens new possibilities 

for modelling climate change by adding the accurate full range of phenomena caused by LULC changes.  

Most current research tracks under this topic were mainly focused on studying the interactions between 

climate change and the changes in vegetation cover (Matthews, 1983; Stow et al., 2004), agricultural 

intensification (Tilman, 1999; Shibuo et al., 2007), and urbanization (Carlson and Arthur, 2000; Kalnay 

and Cai, 2003). Furthermore, studies on exploring the LULC on either systematic global environmental 

changes (e.g., changes in bio-geo-chemical circles and climatic variation), or cumulative global 

environmental changes (e.g., deforestation, biodiversity reduction, and land/soil degradation) are also 

been recognized as important research directions (Lambin et al., 2003). Natural landscape transitions or 

anthropogenic changes are affected together under climate change, and many studies (Birsan et al., 2005; 

Ma et al., 2010; Ahmad et al., 2012; Zhang and Wei, 2012) pointed out both long-term and abrupt 

changes may result in significant shifts in runoff regime, especially in response to extreme runoff events 

like floods and droughts. In such a complex system, the understanding of each hydrological domain under 

different environment is vital to the whole picture towards global perspective. The river is increasingly 

investigated as a landscape itself (Robinson et al., 2002) and as an ecosystem that is strongly influenced 

by their surroundings through which they flow at multiple scales (Allan, 2004).  

Forest disturbance is the most significant drivers of land cover changes, in particular in a montane 

environment with coniferous forest and the boreal forest, the vulnerability of forest disturbances is highly 

linked to the increasingly warmer and drier climate (Seidl et al., 2017). Except for the natural processes, 

agricultural intensification is one of the key anthropogenic land-use processes influencing the regional 

environment, in particular in the semi-arid area where has a large-scaled irrigation system. Such land use 

is convinced to be highly sensitive to future climate change (Jarsjö et al., 2012). Therefore, two main 

LULC types were emphasized below for detailed reviews.  

 

2.2.1 Forest disturbance 

Forest disturbance is one of the causes of driving severe land cover change, which has strong impacts on 

rainfall interception, evapotranspiration, surface soil hydraulic conductivity and soil storage which 

consequently results in changes in the runoff formation process and basin water yields (Bosch and 

Hewlett, 1982; Buttle and Metcalfe, 2000; Beudert et al., 2007; Pomeroy et al., 2012).  

Climate change, namely increasing air temperature and changing precipitation, can affect forests through 

altering occurrence, timing, frequency, duration, extent, and intensity of various natural disturbances, 

including fire, drought, introduced species, insect and pathogen outbreaks, storms (e.g., hurricanes, 

windstorms, and ice storms), or landslides (Dale et al., 2001). Except for the climate-driven factors, 

logging (Hill et al., 1995), pollution (Gundersen et al., 2006), urbanization (Browder, 2002), agricultural 

activities (Grau et al., 2005) and environmental management options (Kaimowitz, 1996) are also the 

common causal factors of forest disturbance. The insect-induced forest disturbance is one of the most 
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sensitive disturbance to the changing climate, which is largely controlled by thermal variation and water 

stresses (Berg et al., 2006; Bentz et al., 2010; Williams et al., 2013).  

From the eco-biological perspective, a recent synthesis of historical data from the southwestern United 

States showed that the increasing air temperature is related to increase forest drought stress, tree 

mortality, and large bark-beetle outbreaks (Williams et al., 2013). Furthermore, considering current 

projections of continued climate warming, there are apparent risks of movements northward and towards 

higher elevations of bark beetle species that currently are limited by climatic conditions (Bentz et al., 

2010). The prolongation of the warm season can also support the second generation of bark beetles (Seidl 

et al., 2011), and will likely expand the extent of the affected areas. Additionally, until vegetation 

sufficiently regenerates, infested areas will constitute a carbon source that contributes to increased 

atmospheric concentrations of carbon dioxide (Kurz et al., 2008). The tree mortality caused by climate 

change-associated stresses and bark beetle outbreaks poses a significant threat to current forest 

ecosystems and is emerging as a global concern. 

For hydrologists, there is a need to understand and ultimately quantify how potential changes in 

vegetation structure and function may dampen or amplify changes in the timing and magnitude of 

streamflow associated with warmer temperatures. Tree devastation commonly impacts the prevailing 

water balance by decreasing the overall evapotranspiration (Ford and Vose, 2007; Redding et al., 2008; 

Bearup et al., 2014), causing increases in overland flow or groundwater flow depending on soil 

infiltration capacity, which results in potentially more water available for streamflow. The soil infiltration 

capacity can in turn depending on ambient conditions, either be enhanced through the favourable texture 

of dead material like needle litter from dying trees and through creation of macropores when dead trees 

fall down (Adams et al., 2012), or be reduced if soil organic material is washed away (Xiong et al., 

2011). 

Additionally, forest disturbance can affect the geochemical conditions in soil and water, leading for 

instance to changes in carbon (Kaňa et al., 2013; Reed et al., 2014), nutrient (Huber et al., 2004; Beudert 

et al., 2007; Mikkelson et al., 2013); and trace metal balances (Bearup et al., 2014). Such changes can 

be complex, as exemplified by pine forest subjected to insect infestation, and studies (Vitousek et al., 

1979; Clow et al., 2011; Edburg et al., 2012; Mikkelson et al., 2013) found common features: nitrogen 

(N) rich needles initially decay more quickly than the low N high carbon (C) branches, and after the tree 

dieback, the released N and C from the tree trucks then accumulate in the soil, which acts as a sink, and 

is available for transport with the subsurface flow, or uptake by the subsequent regenerating forest. 

Although previous studies provided valuable insight regarding relevant processes, there is still a 

knowledge gap concerning the implications between different temporal scales regarding potential 

variations of hydro-geochemical conditions. New understanding could reflect mechanisms behind the 

accumulative impacts of bark beetle infestations on hydrogeochemical conditions at various temporal 

scales. 
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2.2.2 Agriculture intensification  

Land use has generally been considered a local environmental issue, but it is becoming a global concern 

as worldwide changes to forest, agriculture lands, water system, and air are being driven by the need to 

provide food, fibre, water, and shelter to human beings (Foley et al., 2005). The intensive agriculture 

largely replies on the renewable water resources, especially in semi-arid and arid regions of South-

Eastern Australia (Walker et al., 2009), Central Asia (Shibuo et al., 2007), the Middle-East (Venot and 

Molle, 2008), Northern Africa (Kotb et al., 2000) and the Western United States (Hauer and Lorang, 

2004) are currently diverted and used for irrigation. Meeting irrigation needs of water demanding crops 

(e.g., rice and cotton) in such extensive agricultural areas largely enhance the water loss through 

evapotranspiration (ET) by approximately 2 000 km3/year, which constitutes a majority of the total 

freshwater consumption (Foley et al., 2005; Shibuo et al., 2007; Jarsjö et al., 2012; Törnqvist and Jarsjö, 

2012). Such significant changes could lead to a decrease in runoff and alternations in hydrological 

conditions and water availability at local, to basin, even to global scales. Particularly, in basins 

characterized by increasing agricultural water diversions and decreasing runoff, available water must be 

increasingly recirculated in order to meet irrigation needs (Jarsjö et al., 2017). 

Shrinkage and degradation of waterbody are suffering from severe environmental problems such as cruel 

desiccation, land degradation, desertification, contamination, salinization, and loss of biodiversity. 

Especially, Central Asia’s closed and terminal lakes are very susceptible to the changes in water balance 

and the potential changes in this region as a result of two mechanisms- rapidly climatic variability and 

anthropogenic pressures (Qi and Kulmatov, 2008). Since the 1960s, the large-scale irrigation was 

implemented to provide water to cotton production in Soviet Central Asia, ever-increasing water 

withdrawal from the two inflowing rivers, Amu Darya and Syr Darya, has resulted in the dramatic decline 

of the level, area and volume of the sea (Saiko and Zonn, 2000; Jarsjö et al., 2011; Törnqvist et al., 2011). 

Over the last 5 decades, the highly managed basin has exacerbated the vulnerability of such arid regions 

to react even to relatively minor climate variations, particularly in the western parts of Turkmenistan, 

Uzbekistan, and Kazakhstan (Arora and Boer, 2001; Lioubimtseva and Henebry, 2009; Jarsjö et al., 

2011). Under the future climate change, their response to hydrological events is fundamentally changed 

through regulation (e.g., Palmer et al., 2008), and the spread of water at the land surface through irrigation 

means that the basin-scale ET and runoff can become considerably more sensitive to changes in average 

temperature (e.g., Jarsjö et al., 2012). 

Changes in LULC and water utilization of the past century have considerably impacted the cycling of 

water and water-borne substances (Foley et al., 2005; Jarsjö et al., 2017). The intense agriculture in such 

basins can also considerably contribute to pollutant and nutrient releases of pesticides, herbicides, 

fungicides and nitrogen, and salt accumulation in agricultural regions worldwide (Foley et al., 2005; 

Gordon et al., 2008; Törnqvist et al., 2011). Once released, the modified hydrological conditions of 

managed basins can also fundamentally impact the water-borne transport pathways, travel times, 

retention-attenuation and discharge of substances into downstream recipients (Palmer et al., 2008). 

Observations across different scales ranging from laboratory experiments, upscaling to agricultural plots 

and to hydrological basins show that increasing degree of water recirculation is commonly associated 
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with increasing nutrient attenuation and decreasing downstream nutrient concentration, which may be 

due to increased nutrient exposure in surface water that can favour nitrogen removal through 

denitrification, or increased flow path lengths through groundwater systems that can have a filtering 

effect (Takeda et al., 1997; Feng et al., 2004; Hitomi et al., 2006; Jarsjö et al., 2017). As the decrease in 

river runoff in the lowland regions affect not only the water cycle, but also the nitrogen circle (Törnqvist 

et al., 2015), a followed up study was needed to predict the potential change of nitrogen cycle under 

different climate change scenarios. Such change will limit the access to the suitability of drinking water 

and post water-borne health risk in the region (Törnqvist et al., 2011), which would be important for 

many highly managed basis in arid and semi-arid regions of Central Asia and worldwide.  
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3. PRINCIPAL CONCEPTS AND THEORIES 

3.1 Catchment-scale runoff generation  

Theories in this chapter was used to obtain a holistic conceptual model for understanding the regional 

hydrological behaviours. The wide range of runoff generation processes provide a foundation for 

studying the hydrological processes and behaviours in a basin.  

The hydrological system is heterogeneous at all scale, which attributes to the spatial or temporal 

variations in soil hydraulic properties (Abdul and Gillham, 1989; Zhao et al., 1995; Gannon et al., 2014; 

Geris et al., 2014), topography (Anderson and Burt, 1978; McGuire et al., 2005), and land use (Bronstert 

et al., 2002; Bachmair and Weiler, 2012; Muñoz-Villers and McDonnell, 2013). Consequently, the 

storage and flow velocity in a system expresses a nonlinear behaviour at various scales. Therefore, 

quantifying and modelling such complex responses of a catchment to various rainfall events require a 

better understanding of the runoff sources, flow paths, and transit time distributions (Burns et al., 2001; 

Tetzlaff et al., 2014). Headwater catchment transmits waters to the outlet of stream, processing beyond 

the permanent stream channel itself (Hewlett and Hibbert, 1967; McDonnell and Beven, 2014).  

Classical runoff generation theories explore the contribution of the surface runoff to peak streamflow. 

The Horton overland flow is triggered by a rainfall intensity threshold, and it is often called infiltration-

excess overland flow, which explains during the storm such surface runoff occurs when the rainfall 

intensity exceeds soil infiltration capacities (Horton, 1933). The Horton overland flow is often used for 

the semi-arid areas where the storage capacity is difficult to be filled, and the soil permeability is low 

(Bonell and Gilmour, 1978). While, the Dunne overland flow is triggered by a rainfall magnitude 

threshold, and it is often called saturation overland flow, which conceptualizes the occurrence of such 

surface flow is when (or after) a sufficient amount of rainfall filling the soil moisture deficit till saturated 

(Dunne, 1978). The theory of saturated overland flow has been extensively adopted in conceptual 

hydrological models, such as TOPMODEL (Beven and Kirkby, 1979), Xinanjiang Model (Zhao, 1992), 

VIC model (Liang et al., 1994), and FLEXTOP (Savenije, 2010), which suitably simulate the runoff 

generation in a humid vegetated area where the water storage capacity is low but soil permeability is 

high.  

Recently, it is recognized that the subsurface stormflow (more detailed subsurface flow was described in 

Chapter 3.3) hydraulically links the hillslope (lateral subsurface flow) and riparian area (saturated 

overland flow) (McGuire et al., 2005; Weiler and McDonnell, 2007). Driven by the hydraulic gradient 

(Seibert et al., 2003; Weiler et al., 2006), the lateral subsurface flow transports waters through hillslope 

from near-saturated areas to the riparian area, and supports generating the base flow of a stream (Weiler 

et al., 2006). However, if the magnitude of rainfall infiltration surpasses a certain threshold, the lateral 

subsurface flow occurs as the preferential flow via paths with high-permeability, such as macropores or 

pipes, which significantly and rapidly contributes to the peak streamflow (Weiler et al., 2003; Uchida et 

al., 2004; Weiler and McDonnell, 2004; Weiler and McDonnell, 2007). Subsurface stormflow may 

enhance the development of hydraulic connectivity, which most probably occurs in the root zone with 

abundant preferential flow paths (Uchida et al., 1999; Weiler et al., 2003; Weiler et al., 2006). The 
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infiltration may cause a rapid rise of the water table and an elevation of the capillary fringe to the surface, 

which yields an increasing fraction of the drainage area to contribute overland flow to the streamflow, 

and such mechanism is named as “groundwater ridging” (Sklash and Farvolden, 1979; Bonell, 1998). 

A general conceptual model of runoff generation for the catchments in Upper Vydra Basin  

A conceptual model given here (Fig. 1) is the baseline hypothesis that we adopted for the initial analysis. 

After the changing LULC, e.g., different stages of bark beetle outbreak, the runoff generation processes 

slightly altered under different conditions in different catchments.  

 

 

Figure 1. Conceptual model of the runoff generation for the catchments in the upper Vydra basin. 

 

 Hillslope: It is also called uplands, where the groundwater level is commonly below the soil 

surface. Hillslope is characterized as a hydrological landscape unit transporting energy, materials, 

and water downgradient to lower areas or a river channel, in the forest headwater catchments, 

majorly  through subsurface flow (Wilson et al., 1990; Bonell, 1998; Uchida et al., 2004; Bachmair 

and Weiler, 2012). However, the velocity of subsurface flow is depending on the depth of 

groundwater and the connectivity of flow path (Sklash and Farvolden, 1979; Seibert et al., 2003; 

Gannon et al., 2014; Tetzlaff et al., 2014). A rise of groundwater may induce an expansion of the 

saturation area for the following runoff generation from the riparian area or springs in the form of 
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overland flow, under which the water level variation is depending on the drainable porosity of soil 

porous medium. 

 Wetland: It is a hydrological landscape unit almost maintaining saturation of surface and 

subsurface water body, where the hydrological response is instant achieved by the transmission of 

pressure wave, namely, owning a very high celerity. A rising water level in hillslope can instantly 

cause a volumetric flow increment through the transport the water to the river system. Wetland has 

a hydrological function of damping the velocity of surface runoff, which provides a transition zone 

for stormflow to infiltrate the water into the soil (Bullock and Acreman, 1999; Haidary et al., 2013).  

 Riparian zone: It is characterized by a high water table, and under different wetness condition 

along with the rising and falling of saturation and the adjacent water body, the size is subject to 

expand and shrink (Naiman and Décamps, 1997; Hangen et al., 2001). Riparian areas are an 

interface of vegetated ecosystems buffering between land and a river or stream, appearing as 

swamps, marshes, or bogs, among which wetland is a part of area inundated or saturated by surface 

(ground) water at a frequency and duration sufficient to support the micro-ecosystem (Naiman and 

Décamps, 1997; Ilhardt et al., 2000). 

 

3.2 Tracer hydrology  

The spatial and temporal heterogeneity of the catchment characteristics and hydro-pedagogical 

conditions make the runoff generation mechanisms hard to be assembled only by localized observation 

of soil moisture and groundwater (McDonnell, 2003), therefore, the tracers (e.g. chloride, bromide, 

isotopes, EC, and lithium) are often adopted to differentiate the flow path the resident time of waters in 

different contributing areas. It is possible to use a tracer to study runoff behaviour considering the 

different characteristics of new water (i.e., precipitation water) and old water (the water stored in the 

catchment prior to a hydrologic event) (Pinder and Jones, 1969; Buttle, 1994; Laudon and Slaymaker, 

1997; Rice and Hornberger, 1998; Weiler et al., 2003; Blume et al., 2007; Pellerin et al., 2008; Park et 

al., 2011).  

Many tracers experiments found that during a storm event, the old waters in soil and groundwater release 

to generate the streamflow, while, the event tracer signals also occur in the stream via a “shorter” paths 

(Phillips, 2010). The infiltration in the soil layer facilitates the mixing process of the event water with 

the stored pre-event water in the matrix, and the mixed water is successively transported via the 

preferential flow paths (Uchida et al., 1999; Weiler and McDonnell, 2007). Such mixing process is 

complicated in hillslopes or riparian area, and also name as an ‘‘effusion confusion’’ effect (Weiler and 

McDonnell, 2007; Phillips, 2010). The physical explanation of such an “old water paradox” needs 

explicit quantifications of both the threshold behaviours of a contributing area in response to the 

rainstorm (Bishop et al., 2004; Botter et al., 2010; Phillips, 2010; McDonnell and Beven, 2014; Tetzlaff 

et al., 2014). Thus, more thorough studies on quantifying the contributing components of runoff 

generation processes in a catchment in time and space, such as the spatial distribution of riparian areas 

and hillslopes (Bonell, 1998), and temporal distribution of dry and wet periods. 
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Although tracking input-output mass and concentration of the conservative tracers remain high 

uncertainty in the experiments and interpretations, insights on the temporal and spatial tracer movements 

allow hypothesizing the dominant flow paths and internal mixing processes in/between different land 

units of/ between (a) catchment(s)(Muñoz‐Villers and McDonnell, 2012; Hrachowitz et al., 2013; 

Tetzlaff et al., 2014). Solute transport in a catchment is often analysed according to a time-variable theory 

of residence times in a hydrological system due to their high variability in time and space, which largely 

relies on the high-frequency measurements of in-and-out fluxes on mass and concentration (Botter et al., 

2008; Beven, 2010; Botter et al., 2010).  

The single-event analysis based upon tracer data is often constrained by nature of the non-linear 

catchment behaviours and the limitations of the temporal data. Moreover, considering the high analytical 

costs of isotopes, and the feasibility of using EC as a tracer for hydrograph separation (Pinder and Jones, 

1969; Nakamura, 1971; Laudon and Slaymaker, 1997; Moore et al., 2008; Pellerin et al., 2008; Khaledian 

et al., 2012; Muñoz‐Villers and McDonnell, 2012; Zabaleta and Antigüedad, 2013).  

 

3.3 Subsurface hydrology 

Subsurface flow is an essential part of the hydrological cycle, in which the infiltration or exfiltration in 

the vadose zone and groundwater flow are correlated with the evaporation and streamflow generation  

(Freeze, 1972; Nielsen et al., 1986; Beven, 1989; Kampf and Burges, 2007; Monteith and Unsworth, 

2013; Moene and van Dam, 2014).  

The Darcy-Richards equation and its simplifications (for sequentially coupling models) are all based on 

the physical principles of mass and momentum conservation (D'Odorico et al., 2005; Kampf and Burges, 

2007), which is frequently coupled with the equations expressing solute transport, thermal transport, and 

soil mechanics. Such coupling has been widely used to quantify the interaction between water flow and 

the other physical phenomena in the subsurface flow system (Kampf and Burges, 2007; Cainelli et al., 

2012; van Genuchten et al., 2014). However, the physical-based Darcy-Richards equation cannot fully 

describe the complex phenomena of preferential flow in the heterogonous soil porous medium (Beven 

and Germann, 1982; Freer et al., 2002; Uchida et al., 2004; Beven and Germann, 2013). The activated 

preferential flow causes subsurface stormflow in hillslope and catchment after certain saturation or 

rainfall amount (Uhlenbrook, 2006; Zehe et al., 2010), and contributes a peak flow of the streamflow 

(Beven, 1981; Uchida et al., 2004; Nieber and Sidle, 2010).  

The paradox and threshold behaviour mentioned in previous Chapter 3.2 may reflect on a bimodal 

behaviour of the hydrological system, namely, the tracer/solute transport and the streamflow formation 

are controlled by both of the preferential flow and the matrix flow. Many field studies indicated that the 

occurrence of preferential flow to the total effective runoff may increase in rainfall magnitude, especially, 

under the high intensity storm the contribution of preferential flow to the peak subsurface flow may be 

beyond 90% (Uchida et al., 2001). 
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The simulation and physical interpretation of subsurface water and tracer transport are necessary to be 

improved by involving the subsurface flow’s velocity and celerity (McDonnell and Beven, 2014). As the 

celerity mainly describes the pressure wave and fluid wave under a disturbance, it is possible to be 

mathematically defined and even used as an important indicator to quantitatively describe the various 

hydraulic behaviours and transport phenomena for multiple scales. The explicit and systematic definition 

and quantification of velocity and celerity could assist in understanding of the complex transport 

phenomena and threshold hydrologic behaviours in the subsurface hydrological system.  

In general, celerity denotes the velocity of wave prorogation (e.g., heat wave, pressure wave, fluid wave, 

etc.) induced by a perturbation (i.e. the tiny change of state variable or flux on the boundary) (Singh, 

2002). For a block of soil as a simple subsurface flow system, a pressure wave propagation under a 

perturbation at the surface boundary is following different mechanisms depending on whether the 

subsurface flow system is confined or not (Fig. 2). 

 

 

Figure 2. Conceptual sketch showing the pressure propagation and water flow under an increase of 

pressure head in the confined and un-confined soil with different saturation states.  

 

In a confined saturated soil (Fig. 2a), the pressure propagation strongly depends on the compressibility 

of water and soil porous medium, in which the pressure wave instantaneously emerges without the need 

to cause an observable water flow. While the occurrence of a pressure wave under an unsaturated state 

in a confined soil (Fig. 2b) is influenced by entrapped air that cannot freely escape from the porous 

medium. Such a condition might happen as a special case of ponding infiltration in natural soil, which 

consequently hampers the infiltration (Wang et al., 1998; Kuang et al., 2013). The compressed air 

transmits pressure from the ponding surface directly to the deep soil, which causes a fast response on the 

groundwater table, known as the Lisse effect (Weeks, 2002; Kuang et al., 2013; Waswa et al., 2013). 

Weeks (2002) concluded that the Lisse effect only happens under an ideally-designed experimental 
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environment. In natural soils, the unsaturated flow generally takes place under an unconfined condition 

(Fig. 2c). In our study, it is assumed that all air stored in pores can freely escape during an infiltration 

event. The pressure propagation in such an unsaturated soil can be considered as equivalent to water 

particle movement. Table 1 listed the equations of velocity and celerity under different conditions. 

 

Table 1. A summary of three continuity equations for expressing different velocities under various 

conditions  

Flow types All conditions Unsaturated 

infiltration
 

Unconfined 

Groundwater flow
 

Saturated flow 
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Notation of Table: m is a parameter for power law equation; the average pore velocity v  (LT-1); 
r (-) 

is the residual water content of the specific water capacity, 
s (-) is the water content under saturation 

state, sK (LT-1) is the saturated hydraulic conductivity, and
SS  (L-1) is the specific storage.  

 

3.4 Evapotranspiration and its modelling approaches 

Climate change may cause variations on metrological forcing of precipitation, temperature, radiation, 

humidity, and wind speed, while, ecosystem change or human activity may affect the LAI, stomata 

behaviours, albedo, surface roughness, and soil hydraulic properties. All changing variables in the system 

are interacted and related with the evapotranspiration processes.  

Evapotranspiration (ET) drives the hydrological process through energy-driven water-phase changes 

between systems of soil-vegetation-atmosphere, which performs a rather complex process attributable to 

the spatial and temporal variation (Gharun et al. 2014: Eagleson, 1982; Rodriguez-Iturbe and Porporato, 

2004). ET is one of the components in water balance which is usually quantified by indirect estimation 

approach of combining measurement and modelling approach in the open environmental system. For 

instance, for large-scaled estimation, one can use an empirical function of air temperature and 

precipitation. For this type of study, identifying the components of ET is vital for understanding how ET 

is regulated is crucial for water yield management in water supply catchments. 
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In a vegetated area, ET consists of three components: interception, transpiration, and soil evaporation 

(Savenije, 2004; Lawrence et al., 2007; Blyth and Harding, 2011), and its rate is affected by 

meteorological condition, vegetation dynamics, and also strongly interacted with the soil moisture and 

temperature dynamics of the near-surface soil profile (Entekhabi et al., 1996; Rodriguez-Iturbe, 2000; 

Seneviratne et al., 2010). Specifically, the interception diminishes the precipitation (both amount and 

intensity) that arrives at soil surface causing more gradual infiltration, and the infiltrated precipitation 

can increase soil moisture that will be subsequently consumed for transpiration and soil evaporation. 

Transpiration is directly conducted through the opening stomata of leaves to obtain carbon for 

photosynthesis, and simultaneously consumes soil moisture in the root zone by uptake process. The 

transpiration rates is governed by the physiological behaviour of leaf stomata, which is dictated by the 

meteorological conditions and soil moisture stress (Rao and Agaewal, 1984; Lin et al., 2015). Moreover, 

the distinct canopy characteristics (e.g., leaf area and leaf morphology) (Vertessy et al., 1995; Granier et 

al., 2000; Roberts, 2000) and stand characteristics (e.g. stand age and structure) (Vertessy et al., 1995; 

Ewers et al., 2005) also affect the pattern of transpiration. As a result, actual rates of ET are less than 

potential rates due to the variable resistance of leaves to molecular diffusion of water to the atmosphere, 

imposed by stomata and other features of plant leaves (Dickinson et al., 1991). Soil evaporation delivers 

water from unsaturated zone to soil surface, which is sustained by moisture transport driven by liquid 

water exfiltration, phase change, and upward vapour flow. Additionally, the moisture and temperature 

dynamics on soil surface mutually dictate the variations of albedo, emissivity, and vapour pressure, 

which influence the energy budget and evaporation fluxes (Eltahir, 1998; Seneviratne et al., 2010).  

Understanding evaporation interaction with land and climate is essential, because ET holds a key role in 

regulating hydrological flows as well as atmospheric feedback. Consequently, quantification of the land-

atmosphere interaction needs an integrated modelling system that incorporates theories from soil physics, 

vegetation physiology, and atmospheric science (Gran et al., 2011). Such an integrated model provides 

a vertical “view” of the energy and mass transfers in a soil–vegetation–atmosphere transfer (SVAT) 

continuum. The details of SVAT model scheme were further described in Chapter 5.4.3.  

In snow-dominated mountain environments, understanding how vegetation water use will change with 

warming requires taking a coupled eco-hydrologic perspective. There is a need to understand the 

interactions between vegetation characteristics and changes in the hydrologic cycle, including reduced 

and earlier snowmelt, changes in precipitation, as well as interactions among radiation, temperature, and 

vapour pressure deficits as drivers of ET. Therefore, understanding the stomatal conductance of certain 

tree species is vital to evaluation of local or region ET rate.  

For estimating the evapotranspiration fluxes, many methods have been used a combination of physical 

principles with local-scale measurements, such as lysimeter, eddy covariance, and sap flow 

measurement. Those evapotranspiration measurements estimate either the total amount (e.g. Eddy 

covariance and lysimeter) or transpiration (e.g. sap flow) alone, however, all of which need expensive 

equipment, systematic calibration and regular maintenance (Zhou et al. 2006, Abraha and Savage 2012, 

Allen et al. 2011). Therefore, an advanced physical-based model combined with the long-term hydro-
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meteorological measurements data is necessary to be developed, calibrated, and validated for supporting 

the hydrological simulation and prediction under a long time span. 

The current physical-based hydrological model focuses on describing the water cycle in a 

hillslope/catchment, yet the energy cycle is not sufficiently addressed, which often estimates the potential 

evapotranspiration (i.e. the quantity of evapotranspiration when sufficient water is available) with a 

standard Penman-Monteith equation (Allen et al., 1998) or a Shuttleworth-Wallace equation (Zhou et 

al., 2006; Ridler et al., 2014), though, the actual evapotranspiration is commonly calibrated by assuming 

the catchment is a closed system in which controls water storage and evapotranspiration with water inputs 

(e.g. precipitation) and outputs (e.g. streamflow and groundwater leakage). To sum-up, water-balance-

based methods highly rely on long-term measurements of precipitation and stream discharge, still, the 

energy balance is far not rigorously satisfying.  

Land-surface models here are developed to integrate water, vapour, momentum, and carbon fluxes to 

support the climate prediction at a global scale. Such model adopts a detailed leaf physiological 

measurement of stomatal behaviour to study the feedback mechanism of vegetation characteristics with 

respect to canopy structure, leaf area index (LAI), and stomatal conductance under the changing 

environment. The benchmark studies among land-surface models indicate that the simplification of soil 

physical and hydrological module may result in a difference (maybe physically unrealistic) in the soil 

moisture distribution, and weaken the simulating ability on the energy fluxes.  
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4. CASE STUDIES OF THESIS  

The above-risen research questions were examined in various environments, enabling to study the effects 

of climate change and LULC change on the hydrological processes in different spatial and temporal 

scales. The results were demonstrated on the following case studies in 7 papers (where the stars marks 

indicate working as the corresponding author), representing the core of the research agenda within the 

doctoral studies.  

Paper I. Langhammer, J., Su, Y., and Kaiglová, J., 2015. Runoff Response to Climate Warming 

and Forest Disturbance in a Mid-Mountain Basin. Water, 7, 3320-3342. 

DOI:10.3390/w7073320 

The research area located in a Mid-Mountain Basin (upper Vydra basin), experiencing both climate 

change and bark beetle induced forest disturbance. Such a case offered a unique opportunity to examine 

the complexity of the accumulative impact of climate change and land cover change on runoff regime. 

Based on long-term hydro-climatic data, this study using a combination of statistical analyses to show 

existing changes in different runoff regimes. The observed changes in the mid-mountain basin highlight 

the sensitivity of such a hydrological system. The complexity with the changing environment also poses 

the importance of follow-up researches in this field.  

Paper II. Jarsjo, J., Törnqvist, R., and Su, Y., 2017. Climate-driven change of nitrogen 

retention–attenuation near irrigated fields: multi-model projections for Central Asia. 

Environmental Earth Sciences, 76, 117. DOI:10.1007/s12665-017-6418-y 

The research area located in the semi-arid region with intensive irrigation practices, high water losses 

through ET and increased concentration of nutrients and pesticides under climate change were 

challenging the regional ecohydrological system. The existing studies in this region drove research focus 

to model the potential hydrological responses under different climate change scenarios. The hydrological 

simulations assisted to further calculate the changes of nitrogen concentration under the projected 

climate-related runoff change. The climate-driven changes of hydro-chemical conditions are likely to be 

shared with many highly managed basins in arid and semiarid regions worldwide. 

Paper III. Su Y., Langhammer, J., and Jarsjo, J., 2017. Geochemical responses of forested 

catchments to bark beetle infestation: Evidence from high frequency in-stream 

electrical conductivity monitoring. Journal of Hydrology, 550, 635-649. 

DOI:10.1016/j.jhydrol.2017.05.035 

In the bark beetle-infested upper Vydra basin, four nested small catchments were selected as the study 

sites to investigate the hydrological and geochemical responses at different stages after the insect-induced 

forest disturbance. The high frequency and long term monitoring of in-stream electrical conductivity 

(EC), hydro-climatic conditions, and vegetation dynamics allowed using EC as indicators to conduct 

hypotheses for possible runoff generation mechanisms and understand the potential geochemical 

transformation processes. The comparisons between catchments and within each catchment provided 
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solid signals of the changes in hydrogeochemical conditions. Considering the current observations, 

projections of continued climate warming, and the increasing spread of bark beetle outbreaks in the mid-

latitudes, understand the insect-induced hydrogeochemical changes at the catchment-scale is vital for 

forested regions worldwide.  

Paper IV. Shao, W., Su, Y.*, Yang Z., Ma, X., and Langhammer, J., 2018. Quantify the pore 

water velocity distribution by a celerity function. Geofluids, 2018, 19. 

DOI:10.1155/2018/1054730. 

Under the study of using EC as a tracer to understand the runoff generation process, the difference of 

celerity-velocity opened a new direction to better understand the water flow and tracer transport in the 

subsurface system. This study attempted to investigate the mechanism of pressure propagation and tracer 

transport in a subsurface flow system by analysing the celerity in unsaturated flow. This initial attempt 

was at a theoretical basis, a celerity function was proposed based on a pore bundle model and explained 

how to use it for potential subsurface flow analysis. Commonly used breakthrough curves can be derived 

from the proposed celerity function, which offers a possibility to quantify the advective tracer transport 

for different soils.  

Paper V. Shao, W., Su, Y., and Langhammer, J., 2017. Simulations of coupled non-isothermal 

soil moisture transport and evaporation fluxes in a forest area. Journal of hydrology 

and hydromechanics, 66, 1-6. DOI: 10.1515/johh-2017-0038 

Paper VI. Shao, W., Coenders-Gerrits, M., Judge, J., Zeng, Y., Su, Y.*, 2018. Simulation of 

non-isothermal soil moisture transport and evaporation fluxes in a maize cropland. 

Journal of Hydrology, 561, 833-847. DOI: 10.1016/j.jhydrol.2018.04.033. 

Two studies were carried on to show great potential to incorporate well-established land-surface scheme 

and parameterization strategies with a physical-based subsurface hydrological model to build a new soil-

vegetation-atmosphere transport (SVAT) model. Such a process-based model, based on physical 

principles and current scientific understanding of relevant processes of soil physics, hydrological and 

meteorological science, results in a more reliable and accurate prediction of evapotranspiration and 

streamflow under the changing environment. We tested the model in the forested area over the vegetation 

period (summer) as well as in designed crop plot with changing LAI to show the performance. Two study 

areas had intensive measurements of water and energy fluxes, which allowed to validate the model being 

prepared for the region with limited water and energy measurements but only simple climatic data.  

Paper VII. Su, Y. *, Shao, W., Vlcek, L. and Langhammer, J., 2019. Ecohydrological 

Behaviour of Mountain Beech Forest: Quantification of Stomatal Conductance 

Using Sap Flow Measurements. Geosciences, 9(5), 243. DOI: 

10.3390/geosciences9050243. 

Stemming from the interests in ET, transpiration is one of the key components of the evaporation fluxes 

in forested area. Therefore, accurate estimation of the ET largely depends on how to calculate the 
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transpiration, in particular in a basin has changed significantly in its forest status. An experimental plot 

was set up in the upper Vydra basin, the sap flow of beech trees was measured with high-frequency from 

vegetative to deciduous period for investigating transpiration pattern. The stomatal conductance was 

reversely calculated based on the parametrization of Jarvis-Stewart model, which can also help to better 

understanding the evapotranspiration process in newly formed beech stands after bark beetle outbreak in 

central Europe. 
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5. STUDY AREAS, MATERIALS AND METHODS 

5.1 Study areas 

Two main research areas were selected aiming to examine the ecohydrological conditions at varying 

spatial and temporal scales. One basin, the ASDB, undergone anthropogenic disturbance with large-scale 

irrigation intensification in a semi-arid region of Central Asia, and this study area was used for Paper II. 

Another basin, the upper Vydra basin, undergone natural disturbance with bark beetle infestation in a 

mid-mountain region of Central Europe, and this study area was used for Paper I, III, and VII. Such 

two terrestrial basins where have diverting environmental problems were used for this thesis together to 

understand the ecohydrological processes and dynamics under different environment.  

Aral Sea Drainage Basin, Central Asia  

 

Figure 3. Location map of the Aral Sea Drainage Basin, Central Asia, and its two principal rivers Amu 

Darya and Syr Darya. Irrigated areas are shown in green. The size of Aral Sea is given for the year of 

1960 and 2005.  

 

The ASDB given in Fig. 3 owns an area of 1 874 000 km2, covering the main part of Central Asia, which 

is shared by six countries - Kazakhstan, Turkmenistan, Uzbekistan, Afghanistan, Kyrgyzstan, and 

Tajikistan. Two principal rivers - Amu Darya and Syr Darya - originate in the mountains of Tajikistan 
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and Kyrgyzstan, which are the sources of 67% of ASDB’s renewable water resources from. The Amu 

Darya River Basin (ADRB) has an extent of 465 000 km2 (Asarin et al., 2010). The endorheic ASDB has 

an arid continental and semi-arid climate with extreme temporal and spatial variation of precipitation and 

temperature owning to its broadly variable topographical, geological and geographical structures 

(Lioubimtseva and Henebry, 2009).  

The agriculture in ASDB largely relies on a surface irrigation system, and the extent of the irrigated areas 

increased rapidly from 2.5 million hectares (ha) in 1910 to 7.4 million ha (i.e. occupy 75% of the area) 

in 1990 (Jarsjö et al., 2011). More than 90% of the total river runoff in the downstream regions is 

currently diverted through irrigation canals to irrigated fields (Cai et al., 2003). The river runoff was 

decreased from 70 km3 year-1 before irrigation started down to around 6 m3 s-1h after1980. The agriculture 

there generally has a high utilization rate of fertilizer and pesticide, which contains high N (Törnqvist et 

al., 2011). Consequently, after the irrigation started the total amount of N applied to the basin was 

increased from 160 000 ton year-1 in 1960 up to 420 000 ton year-1 in 2000 (Jarsjö et al., 2017).  

Upper Vydra Basin, Central Europe 

 

Figure 4. a) The location of the upper Vydra basin, ending at the Modrava gauging station (49° 1' 

30.0216'' N, 13° 29' 47.1624'' E). The location and border of four experimental catchments are given 

with names. b) Forest cover change as a result of bark beetle infestation over the year 1984-2011.  
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The upper Vydra basin covering 90.1 km2 is located in Sumava National park, in Central Europe (Fig. 

4a). This region has typical mid-latitude montane climate featuring with 3.6 ºC of mean annual air 

temperature and 1 370 of mean annual precipitation, from which approximately 40 % comes as snow 

(Kliment et al., 2011; Langhammer et al., 2015). As it is the headwater area, the area consists of many 

small streams, and the hydrological responses to rainfall events are relatively fast. The annual discharge 

rate is 3.34 m3 s-1. 

Since the 1990s, one of the dominant tree species - Norway spruce (Picea abies) - has started to be 

subject to bark beetle (Ips typographus [L.]) infestations, which caused more than 50% of the basin 

experienced tree mortality in 2010 and some areas have regenerated relatively rapidly now (Hais et al., 

2009; Langhammer et al., 2015) (see Fig. 4b). 

 

5.2 Field experiments  

Nested experimental catchments 

Table 2. Basic physiographic and land cover characteristics of the four experimental catchments. The 

red dots in the maps indicate the locations taken water samples for snapshot analysis. 

Catchment PTA ROK HAJ BRE Legend & unit 

Topography 

&  

snapshot 

locations 

    
 

Vegetation 

dynamics  

    

 
Initial year 

of major 

infestation 

2014 

(least disturbed) 

2010 

(newly disturbed) 

< 1996* 

(highly disturbed) 

<1996* 

(highly disturbed) 
 

Note: * the initial year of major bark beetle infestation in HAJ and BRE was between 1984-1995 (Hais 

et al., 2009; Langhammer et al., 2015).  

 

The hydro-meteorological monitoring is based on the automated sensor network consisting of 11 gauging 

stations successively installed in the study area by Charles University in Prague (CUNI) since 2005. 
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Among these potential study areas, four experimental catchments - Hajenka (HAJ), Breznicky (BRE), 

Rokytka (ROK), and Ptaci (PTA) - were established (Fig. 4a) to study the ecohydrological behaviours in 

a higher spatial resolution with more intensive temporal resolution. Four catchments represent different 

stages and magnitudes of bark beetle-induced forest disturbance, ranging from essentially healthy to 

heavily damaged catchment over the monitoring period (see Table 2).  

In these four experimental catchments, hydrological stations (see Fig. 4a) measured water table and EC 

at 10-minute intervals from 2009 till now. The water stages were converted to streamflow (Q in m3 s-1) 

using the rating curve, which was derived by hydrometric measurements using an acoustic Doppler 

velocimeter and a salt dilution method (Su and Langhammer, 2014). Water samples of precipitation were 

collected from Modravsky meteorological station since 2013, which assisted in obtaining the 

characteristics of long-term precipitation EC.  

For each site, snapshot sampling methods were used to obtain EC in different locations and at multiple 

vertical layers including surface water, spring water, soil water, and groundwater, and Table 2 showed 

the snapshot sampling locations. 

 

Sap flow experimental plot  

In the ROK catchment, we selected two locations, K1 and K2, installing two tensiometers (T8 

Tensiometer, UMS) to measure soil pore water pressure and soil temperature at depth of 20 cm and 60 

cm in the soil with 30-min interval (Fig. 5ab). The probe K1 is located in former spruce forest (Picea 

abies), now is covered with dead spruce forest stands caused by bark beetle outbreak, and small seedlings, 

and a new generation of spruce forest. We used this study area for applying the SVAT model.  

At the K2 location, six beech trees with different ages and truck diameters were installed with EMS 81 

sap flow sensor (EMS Brno, CZ) within a square area (3030 m) of 900 m² in this study (Fig. 5cd). The 

square area consisted of 32 beech trees with the mean age of 55 years and the mean trunk diameter of 

0.9 m (at a height of 1 m) (Fig.5e). The leaf area index (LAI) was measured by hemispherical photos. 

The photos were taken by camera Nikon COOLPIX 995 with Nikon Fisheye lens Converter FC - E8 

0.21x in a square (30x30 m) in a step of 10 m. Thus, 16 pictures were taken and analyzed for leaf area 

index in Gap Light Analyzer (GLA) software (Frazer et al., 1999). 
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Figure 5. (a-b) Study area –ROK and the location of the plot. (c) Scheme of tree distribution for sap flow 

measurement at the 30x30 m experimental plot. The size of the green dot represents the size of the tree 

trunk. d) Photo of one installed EMS 81 sap flow device at 1 m above the ground in Tree No. 1. e) Tree 

trunk diameter (unit in m) distribution at 1m height within 32 beech trees over the experimental plot. 

Note: the green dots mark the measured trees. 

 

5.3 Data synthesis and analysis  

For a long-term historical study for the upper Vydra basin (Paper I), daily and monthly hydro-climatic 

long-term observations (1961–2010) of precipitation, air temperature, and discharge were obtained from 

the various Czech Hydrometeorological Institution (CHMI) stations. Based on the data, statistical and 

analytical methods were applied including double-mass curve analysis, recursive digital filter, Mann-

Kendall test, CUSUM analysis, Buishand's and Petitt´s homogeneity tests, and ordinary Kriging.  

In the upper Vydra basin, four nested catchments (Paper III) were selected and using high frequent 

hydro-climatic data together with EC to study the responses of hydro-geochemical behavior in each 

catchment under different forest disturbance stages. The hydrochemistry for the pre-infestation 

comprising in total of 115 measurements in the study area resulted from Vesely and Majer, (1998)’s study 

in the 1990s and Ruzicková and Kotrbová (2000)’s study during 1997. The data were aggregated in 

yearly, daily and hourly values according to the temporal resolutions required by the different analytical 
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methods applied including Mann-Kendall test, Pearson correlation test, Friedman test, etc. At the event-

scale analysis, method proposed by Zuecco et al. (2016) was used to categorize the EC-Q hysteresis loop 

(see Chapter 5.4.2).  

The modelling approach was used in Paper II to study the impact of climate change on future streamflow 

and nitrogen concentration. Outputs of changed T and P from 73 GCM projections (△T and △P) for 

different time periods following the reference period 1961-1990 were extracted from two previous 

studies (Jarsjö et al., 2012; Lioubimtseva and Henebry, 2009). The results were used as input in the 

hydrological modelling and further calculated in the nitrogen retention-attenuation model (Chapter 

5.4.1).  

In the theoretical analysis in Paper IV, the celerity was firstly defined according to the continuum 

equations, and then based on the conceptualization of a pore bundle model, a mathematical derivation 

and the kinematic ratio can be illustrated. Under unit hydraulic gradient condition, the celerity function 

is formulated as a first-order derivative of the soil hydraulic conductivity function to manifest the pore 

water velocity distribution, which can further be used to derive a breakthrough curve. The soil hydraulic 

characteristic of typical soil textures is re-analysed by using the unmodified and modified Mualem-van 

Genuchten and Brooks-Corey models with standard parameter sets. In the end, the celerity-effective 

saturation curve was applicable to the bimodal soil hydraulic functions to demonstrate the distributions 

of pore water velocities for natural soil.  

Newly proposed SVAT model (Chapter 5.4.3) only required the measurements of net radiation, rainfall, 

atmospheric temperature, wind speed, and air humidity as the model input. Two study sites (Paper V, 

VI) were used for testing the performance of the model, and the model performance is evaluated by 

comparing simulations with measurements using the bias and root-mean square error (RMSE), including 

the energy fluxes of latent heat, sensible heat, and ground heat fluxes, as well as soil temperature and 

soil moisture content at different soil depths. The sap flow technique was used to obtain transpiration 

rate (see Chapter 5.2), which was used to infer the stomatal conductance (see Chapter 5.4.4). In Paper 

VII, the Jarvis-Stewart model was used to describe the response of stomatal conductance under the 

multiple environmental stress of net radiation (Rs), vapour pressure deficit (D), temperature (T), and soil 

moisture content (θ). Moreover, the impact of parametrization of stomatal conductance on transpiration 

rate was quantified with two methods: one used inversely estimated stomatal conductance, and the other 

used typical stomatal conductance of broad leaf forest adopted from a lookup table in an existing 

literature. Finally, the pattern of transpiration rate during the transition period from vegetative period to 

defoliated period was analysed. 
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5.4 Quantification methodologies 

5.4.1 Semi-distributed hydrological model and nitrogen retention-attenuation model 

The water flow routines of the PCRaster based Polflow model (De Wit 2001) were used to quantify the 

changes in river discharge from projected future climate change(Shibuo et al. 2007; Destouni et al. 2010; 

Jarsjö et al. 2012; Törnqvist and Jarsjö 2012; Asokan et al. 2010). The model is based on a water balance 

approach of Q=P-ET-ΔS, where ΔS is the storage change which is assumed to be negligible on the 

considered long-term basis. Under current irrigation practices, the modelling in this study described in 

Shibuo et al. (2007) and Jarsjö et al. (2012) to examine climate change impacts. P and T data from CRU 

TS 2.1 database (Mitchell and Jones, 2005) was used to calculate potential ET (ETp) using Langbein 

method (1949) and actual ET (ETa) using Turc method (Turc 1954). Irrigation water was rerouted from 

the river to irrigated areas according to Global map of irrigated areas (Siebert et al., 2005) and applied 

as extra precipitation. Digital elevation data from Shuttle Radar Topography Mission (SRTM 2004), was 

used to generate flow pathways and flow accumulation of runoff R expressed as R=P-ETa. The river 

discharge (Q) in a specific point was generated as the sum of flow accumulation in all contributing 

upstream grid cells. 

We used the paired △T and △P output from the considered 73 GCM models mentioned in Chapter 5.3, 

the hydrological model would be run 73 times. We here instead discretize the total prediction envelopes 

of △T and △P using even spacing, choosing a resolution that gives a matrix of 11*11 nodes that hence 

requires a total of 121 runs of the hydrological model. The △T and △P values of each node are then 

added to an observed historical baseline map (from the CRU TS 2.1 database; Mitchell and Jones, 2005) 

of current temperature (T0) and current precipitation (P0), i.e., T(modelled) = T0 +△Ti and P(modelled) = P0 +△Pj. 

This results in 121 maps with distributed runoff values, from which the cumulative river discharge 

Q(modelled) at the basin outlet are extracted  (more hydrological model details are given in a separate 

paragraph below). The 121 values of Q(modelled) hence correspond to the 121 different combinations of 

T0+△T and P0+△P according to the nodes of the matrix. The change in river discharge △Q(modelled) is 

obtained by subtracting a Q0 (modelled) result from Q(modelled), where Q0 (modelled) is obtained for △T=0 and 

△Q=0. The values of those nodes are finally interpolated to produce a continuous hydrological response 

map that visualizes the responses of river flow to climate change. 

Analogous to the work of Törnqvist et al. (2015) we assume that nitrogen undergoes first-order 

degradation along hydrological flow-pathways, expressed as exp[-λT], where λ is the attenuation rate 

and T is the mean travel time. The magnitude of internal flow redistribution within the basin is 

characterized by a water recirculation ratio r, as defined previously in Fig.1b. A certain fraction (f) of 

Qdiv is assumed to be lost through ET over the irrigated fields. This dimensionless fraction is expressed 

as f = ETirr/Qdiv where ETirr is the additional ET (expressed in units of flow) from the irrigation of the 

basin. ETirr was calculated from the hydrological modelling as the total ET under conditions of irrigation 

and water rerouting (ETirr+nat) minus natural ETnat, i.e., ET without rerouting of river water. The nitrogen 

attenuation rate λ was further assumed to change as function of r due to increased flow-path lengths, 

where λ(r) = λ(1 + αr) and α is a constant that allows for the different significance of r on the attenuation 
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effect for different conditions. The outflow-inflow concentration ratio (Cout/Cin) can then be expressed 

analytically as (Törnqvist et al. 2015):  

𝐶𝑜𝑢𝑡(𝑟) 𝐶𝑖𝑛⁄ =
1+𝑓𝑟

1+𝑟
exp[𝛽 ∙ 𝜆𝑇] (1 −

𝑟

𝑟+1
exp[𝛽 ∙ 𝜆𝑇])⁄       (1) 

where  = (1 + r)∙((f  1)r/(1 + fr)  1) 1, Cout(r) is the concentration at the basin outlet, and Cin is the 

concentration of upstream runoff.  

An effective value of the basin-scale attenuation product λT for nitrogen was estimated by matching 

Equation (1) to observation data from the 20-year period 1960-1980 with a low r-value (1.4). The basin 

characteristic λT-value was then tested to fit observation data from 1981-2000 that were characterized 

by a much larger r (5.7) due to irrigation intensification. For these periods, monthly observations of 

dissolved inorganic nitrogen concentrations [DIN] were available from at Kziljar gauging station close 

to the Aral Sea outlet (Nasrulin and Zahidova 2002). Dissolved inorganic nitrogen concentrations were 

computed as the sum of NO3-N, NO2-N, and NH4-N concentrations. As also explained in Törnqvist et 

al. (2015), the main reason for focusing on DIN is that it comprises highly soluble and dominant (in 

particular NO3
-) forms of nitrogen in agriculturally impacted river systems, and since monitoring data 

existed for these fractions. The data was used to estimate Cout (r=1.4) and Cout(r=5.7). Corresponding Cin 

values were calculated as basin-scale N input not taken up by crops divided by upstream modelled R 

(R=P-ETnat). The derived basin-scale value of λT for nitrogen was used in combination with GCM-based 

projections of future river flow to estimate possible climate-driven changes in riverine nitrogen 

concentrations at the outlet. 

 

5.4.2 Tracer hysteresis evaluation model 

In the event-scale analysis, refined hourly data were used. Specifically, an event is defined as the periods 

with more than 0.2mm/h of rainfall (Muñoz-Villers and McDonnell, 2013), and separated by a dry period 

of at least 6h (Sidle et al., 2000). Furthermore, the standard deviation of precipitation (PSD, -), mean 

intensity (PI, mm/h) and maximum intensity (PImax, mm/h) of each rainfall event is calculated based on 

data from at least 5 stations to ensure the runoff behavior of each catchment in response to relatively 

similar rainfall conditions. The indices of total runoff depth (R, mm), RC (i.e., R/P), lag time between 

rainfall peak and discharge peak (Tlag(P-Q), h), lag time between EC peak and discharge peak (Tlag (EC-Q), 

h), coefficient of determination between EC and R (r2,-), the duration of the rising limb (Tr, h), and 

maximum EC (ECmax, µs/cm) was calculated.  

We employed the method proposed by Zuecco et al. (2016) to categorize the EC-Q hysteresis loop based 

on its direction, shape, and size. First, Q and EC data were normalized to range between 0 and 1 as Q′(-

) and EC′(-) (Su et al., 2017). Based on Zuecco et al. (2016), the difference ∆A[i,j] in the definite integrals 

of the rising and falling parts of the hysteresis curves was calculated as follows: 

∆A[𝑖,𝑗] = ∆A𝑟[𝑖,𝑗] − ∆A𝑓[𝑖,𝑗] = ∫ 𝐸𝐶′𝑟(𝑄′)𝑑𝑄′𝑗

𝑖
− ∫ 𝐸𝐶′𝑓(𝑄′)𝑑𝑄′𝑗

𝑖
    (2) 
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In this study, we set the intervals of integrations as 0.05 using a linear function, with an equal width 

between the lower and upper limits of integration. Values of minimum, maximum, and the sum of ∆A[i,j] 

were calculated and used as the indices, denoted as ∆Amin, ∆Amax, and ∆Asum, respectively. Following 

the procedure given by Zuecco et al. (2016), these indices were then used to determine one of eight 

identified EC-Q hysteresis classes. If the dependent variable decreases from the initial state, eight types 

can be identified.  

 

5.4.3 SVAT Model 

The model proposed in Paper V and Paper VI conceptualized the energy and water transport (Fig. 6). 

The land-surface module in Fig.6a describes the energy and vapour transport soil-canopy 

evapotranspiration system. Radiative transfer is quantity the incoming and outgoing long-wave and 

short-wave radiation fluxes separately, and estimate net radiation energy of the canopy layer and soil 

surface layer. A two-layer energy network is designed to facility the partitioning of the evapotranspiration 

into transpiration, soil evaporation and interception evaporation, which driven by the energy fluxes 

component of latent heat, sensible heat and ground heat fluxes and connected with resistance coefficients. 

The influence of radiation, foliage temperature, vapour pressure deficit and soil moisture deficit on 

stomatal resistance and transpiration will be explicitly formulated by the Jarvis-Stewart (JS) model to 

introducing the dynamic interaction between transpiration and environmental stress (Jarvis 1976, Stewart 

1988) (This JS model was further used in Paper VII when calculating the stomatal conductance, see 

Chapter 5.4.4). The influence of soil moisture deficit on evaporation reduction is formulated with soil 

surface resistance equation (van de Griend and Owe 1994). The aerodynamic resistance coefficients are 

formulated by widely-used Monin-Obukhow similarity theory and eddy diffusion theories to support the 

land-surface-atmosphere interaction (Choudhury and Monteith 1988, Sellers et al. 1996). 

The canopy hydrology in Fig 6b describes the processes of the interception and throughfall, and the 𝐸𝑡 

and 𝐸𝑖. Rainfall Initially reaches the vegetation canopy, some of which can penetrate through the canopy 

directly reaching the soil surface, while, some of which will be intercepted by the leaves and branches of 

vegetation canopy, and along with the canopy interception storage increasing, throughfall, and stem flow 

(summed as water dripping) will be formed. Canopy hydrology process is calculated by a water balance 

equation (Eltahir and Bras 1993). The total water uptake by plant is equal to the actual transpiration rate, 

but spatially distributed water uptake is according to the variation of soil moisture and root density 

distribution. In the water scarce region, the diminished water uptake rate of upper and dryer soil layers 

are compensated by the enhanced water uptake form the lower wetter layers (Yadav et al. 2009). 

The soil multi-phase flow in Fig 6c describes the water, vapour, air, and heat transport in a root zone to 

more accurately describe the energy balance in the subsurface system. The liquid water flow is described 

by the equation of Darcy-Richards, the upper boundary conditions include flux boundary condition for 

non-ponding infiltration and the pressure head boundary when ponding and overland flow occurs. The 

vapour flow (gas phase) is a convection-diffusion equation with the upper boundary of soil evaporation 
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rate, and the airflow is simplifying considered to enhance evaporation during the drought condition. The 

heat flow equation includes thermal convection (originated from the mass transport of water, air, and 

vapor flow), and thermal conduction. The group of equations is coupled with the source/sink term of 

vaporization/condensation and root water uptake treated as a fully coupled PDEs system, and 

simultaneously solved by finite difference numerical approaches (Celia et al. 1990, Pinder and Celia 

2006) and combined with the Picard iteration technique (Grifoll et al. 2005).  

 

 

Figure 6. SVAT Model conceptualization and governing equations/theories of each module. Et, ES, and 

Ei is transpiration, soil evaporation, and canopy interception evaporation. All red arrows represent the 

energy flux and the blue arrows indicate water flux. Air temperature, precipitation, wind, and humidity 

are the input for the model. The detailed components and used coupling approaches. 

 

5.4.4 Stomatal conductance model  

The potential evapotranspiration (i.e. the amount of water evaporates to the atmosphere with a sufficient 

water supply) from a single-layer system can be estimated by the latent heat flux density through the 

analytically-expressed PM equation, which was done in Paper VII. In the vegetated area, transpiration 

rate is dictated by the parameter of stomatal conductance, 𝑔𝑐(m s-1). If the transpiration rate (e.g., from 

sap flow measurement) and climatic measurements are available, the stomatal conductance then can be 

inversely estimated by rearranging the PM type equation: 

𝑔𝑐 =  
𝑔𝑎 𝛾 𝜆 𝐸

∆ 𝑅𝑐𝑎𝑛+ 𝜌𝑎𝐶𝑝(𝑒𝑠−𝑒𝑎)𝑔𝑎−𝜆𝐸(∆+𝛾 )
         (3) 

where 𝐸 (mm s−1) is the stand transpiration calculated from the sap flow measurements (Su et al., 2019). 
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Generally, the stomatal conductance is controlled by the stomatal aperture in response to the availability 

of energy, carbon, and water in soil (Farquhar and Sharkey, 1982). Considering the impact of multiple 

environmental factors on stomatal conductance, this study adopted the JS model (Jarvis, 1976; Stewart, 

1988) consists of multiplicative nonlinear functions of environmental variables (Jarvis, 1976; Zhang et 

al., 2011; Naithani et al., 2012; Wang et al., 2014): 

𝑔𝑐 = 𝐼𝐿𝐴𝐼𝑔𝑐,𝑚𝑎𝑥∏𝑖𝐹𝑖(𝑥)          (4) 

where 𝐼𝐿𝐴𝐼  is the leaf area index (2.2 is the value used in this study), and 𝑔𝑐,𝑚𝑎𝑥   (m s-1) denotes the 

theoretical maximum 𝑔𝑐 under the optimal water, nutrient, and climatic conditions.  

The functions 𝐹𝑖 are a set of scaling terms that reduced a maximum value of canopy conductance (𝑔𝑐,𝑚𝑎𝑥) 

in response to changes in net radiation (Rs), vapour pressure deficit (D), temperature (T), and soil water 

content (𝜃). The values of functions 𝐹𝑖 range between 0 and 1, therefore any changes in the values of Rs, 

D, T, and 𝜃 will proportionally modify the parameters 𝑔𝑐,𝑚𝑎𝑥  to give an estimations of 𝑔𝑐 controlling 

transpiration rate. The following four multiplicative stress functions are taken from previous studies 

(Stewart, 1988; Magnani et al., 1998; Granier et al., 2000; Zhou et al., 2006).  

The response of transpiration to net radiation was presented by a hyperbolic saturating function at leaf, 

tree, and canopy scales (Stewart, 1988; Granier et al., 2000; Zhou et al., 2006). 

𝐹1(𝑅𝑠) =
𝑅𝑠

1000

1000+𝑘𝑐

𝑅𝑠+𝑘𝑐
         (5) 

where 𝑘𝑐 is a fitted parameter describing the curvature. 

The effect of vapour pressure deficit 𝐷(kPa) on canopy conductance is expressed by an exponential 

equation (Whitley et al., 2009), which is traditionally defined by Jarvis (1976) and Stewart (1988): 

𝐹2(𝐷) = exp (−𝑘𝐷)         (6) 

where k is a free parameter, describing the decrease in gc with increasing D.  

The influence of temperature on canopy conductance was represented by a bell-shaped function (Jarvis, 

1976; Magnani et al., 1998; Zhang et al., 2003) 

𝐹3(𝑇) =
𝑇−𝑇𝑚𝑖𝑛

𝑇𝑜𝑝𝑡−𝑇𝑚𝑖𝑛
[

𝑇𝑚𝑎𝑥−𝑇

𝑇𝑚𝑎𝑥−𝑇𝑜𝑝𝑡
]

𝑇𝑚𝑎𝑥−𝑇𝑜𝑝𝑡

𝑇𝑜𝑝𝑡−𝑇𝑚𝑖𝑛        (7) 

where 𝑇𝑚𝑖𝑛 and 𝑇𝑚𝑎𝑥 (K) are minimum and maximum temperatures that indicate the temperatures below 

and above which complete stomatal closure occurs, and 𝑇𝑜𝑝𝑡 is the optimum temperature that indicates 

the temperature of maximum stomatal opening. Canopy temperature was assumed to equal air 

temperature, since temperature gradients are usually small in forest canopies (Magnani et al., 1998).  

The impact of soil water restrictions on canopy conductance is expressed by a three-phase relationship 

(Zhou et al., 2006; Whitley et al., 2009): 
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𝐹4(𝜃) = {

1,                       𝜃 ≥ 𝜃𝑓

𝜃−𝜃𝑟

𝜃𝑓−𝜃𝑟
,       𝜃𝑟 < 𝜃 < 𝜃𝑓

0,                       𝜃 ≤ 𝜃𝑟

        (8) 

where 𝜃𝑓 is the field capacity below which the plant transpires less than its maximum value, and 𝜃𝑟 is 

the residual soil moisture content, i.e., willing point below which the plant stops transpiration. 
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6. SYNTHESIS OF RESEARCH FINDINGS  

6.1 Climate change and ecohydrological responses  

In the study (Paper I) placed in the upper Vydra basin, Central Europe, the long term hydro-climatic 

changes over the period of 1961-2010 was analysed, and the results showed a clear increasing trend of 

annual air temperature, which was occurring in the rest of the world including another study area in 

Central Asia in Paper II. Under the climate warmer, the annual precipitation did now show consistent 

tendency in two places due to the heterogeneity of climate-land-vegetation-soil feedback. However, the 

apparent changes of the hydrological regimes were observed in both places, which all causing the 

changes in their geochemical conditions.  

 

 

Figure 7. (a) Mann-Kendall test of seasonal and monthly trend of P and Q during 1961-2010. Blue 

indicates increasing trend while red indicates decreasing trend, and darker color indicates more 

significant trend. (b) Changes in frequency and seasonality of days with POT; and (c) Changes in 

frequency and seasonality of days with LOF.  

 

In the upper Vydra basin, forest disturbance was an add-in driving factor since the 1990s, and the 

observed changes mainly occurred in runoff seasonality and intra-annual variability but not the annual 

runoff balance. The seasonal runoff shifted from summers by an 18% decrease to springs by a 10% 

decrease (Fig.7, and more details see Paper I), which could largely attribute to the climate-driven 

changes in the snow-melting process. The occurrence of peak flows (POT) doubled but shifted from late 

spring to early spring (Fig. 7b), while the occurrence of low flow (LOF) shifted from autumn to mid-

winter with a two-thirds decrease in days till 1990 followed an increase (Fig. 7c). Changes in POT and 

LOF may be caused by changes in forest cover due to bark beetle infestation. The observed runoff regime 
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change indicates the sensitivity of the mid-latitude montane basin to climate change as well as to land 

cover change, and the inconsistency of the changes worldwide highlights the importance of more studies 

from the varying environment.  

One important highlight from Paper I is the necessity of splitting the upper Vydra basin into smaller 

catchments to understand the impact of forest disturbance to the runoff regime before moving forward 

to project the future impact of climate change on the hydrological system.  

 

 

Figure 8. (a) The modeled flow change △Q in the Amu Darya river near its outlet, in response to windows 

of △T and △P combinations that covers all △T and △P combinations of the considered 73 GCM 

projections including 14 GCM projections from AR4 for 2025 (Jarsjö et al. 2011), 51 GCM projections 

from AR4 for Central Asia around 2025, 2050 and 2100 (Lioubimtseva and Henebry 2009), and 8 output 

of the best-performing CMIP5 models for ASDB around 2025 and 2085 (Asokan et al., 2016) shown with 

black (triangles and square) symbols. The ensemble mean values and standard deviation of the multi-

model output from AR4 are indicated with colored symbols and error bars; (b) r-value of ADRB and (c) 

N concentrations in its downstream river water in years 2025, 2050 and around 2085-2100, based on 

output from CMIP5 and AR4 climate models. 

 

Unlike the small basin, in the ASDB, when the spatial scale increased up to the large basin, the temporal 

scale was enhanced to annual mean conditions. The annual runoff decreased by around 70 km3year1 

during the 1960-2000, and the N fertilizer application in the ADRB and the water recirculation rate were 

increased. For the basin covering 1.3% of the earth’s land with high population, the future climate-driven 

projections of changes in runoff regime and nitrogen retention-attenuation are crucial for the regional 

management and planning. Paper II found from converging 73 multi-model projections that △T= 5C 

and △P=13 mmyear1 in the region will likely cause △Q= - 7 km3year1 (negative value indicates decrease 

comparing to the current condition) till 2100 in its principal Amu Darya River in 2100. As projected, 

once △Q= - 4 km3year1, the degree of river water and irrigation water re-use (the recirculation ratio, r) 

will change from the current value of 5.7 to over 100 in 2100 under both scenarios (Fig. 8ab). Using a 



Hydrological processes and dynamics in the changing climate and environment 

 

35 

basin-scale analytical recirculation model adopted for nitrogen loading conditions of ADRB, the climate-

driven enhancement of r-value may considerably decrease the riverine DIN-concentrations at the outlet 

(Fig. 8c). More generally, if current agricultural practices are maintained in ADRB, the recirculation of 

already saline return flows may increase in the future as the result of climate-related water shortage. The 

present results furthermore imply that such high sensitivity of riverine nitrogen concentrations to climate 

change can be common in highly managed basins across the world.  

 

6.2 Geochemical response after bark beetle infestation  

 

Table 3. Summary of the findings in Paper III, listing the effects of insect-induced forest disturbance on 

in-stream EC at multiple timescales. The Fig. 9 summarized the EC characteristics in each studied 

catchment, which assisting in interpreting the findings.  

Multiple 

timescales 

Findings in Paper III Implications 

Annual 

 Increased annual average in-stream EC 

values in the bark beetle-infested 

catchments, with particularly elevated EC 

values during base flow conditions. (Fig. 10) 

 Associated with the initiation of regeneration 

in the highly disturbed catchments, EC 

decreased.  
 No trend in annual average R and RC in any 

of the considered catchments.  

 Increased EC is caused by the cumulative loading of 

soil water and groundwater that discharge excess 

amounts of substances such as nitrogen and carbon, 

which are released via the decomposition of the 

needles, branches, and trunks of dead trees, into 

streams.  

 Decreased EC is likely caused by vegetative uptake 

of the excess nitrogen. 

 The expected runoff increase related to transpiration 

loss and interception reduction (due to tree 

mortality) was small or masked by other factors. 

Seasonal 

 Consistently yielded similar increasing EC 

trends during all four seasons, in particular 

the trend is clear in the least disturbed 

catchment and in the newly disturbed 

catchment. 

Daily 

 Daily EC variability was larger in the least 

disturbed catchment and in the newly 

disturbed catchment than two highly 

disturbed catchments, which was related to 

elevated instream EC under base flow 

conditions. 

 The mobilization and downward percolation of 

nutrients and carbon from litter and decomposing 

needles may be considerable after infestation-

induced tree mortality even during moderate rain and 

infiltration events.  

 The lack of nutrient uptake by trees could further 

enhance the cumulative loading of groundwater that 

discharges into the streams. When the system is 

flooded under event conditions, substance-enriched 

soil water and groundwater may be mixed with and 

diluted by low-salinity event water in a similar 

manner.  

Event 

 The positive EC-Q relationships and counter 

clockwise hysteresis loops were observed in 

the least disturbed catchment and during the 

early period of the newly disturbed 

catchment. 

 In the highly disturbed catchment, the 

decreasing EC in response to increasing Q 

at the beginning of the events as well as the 

net decrease in in-stream EC during the 

course of the events 

 Healthy forest system required event flows to 

mobilize substances in the soil and groundwater 

systems, and a large fractions of total annual in-

stream substance loads are released during limited 

peak flow periods.  

 When the system is flooded under event conditions, 

substance-enriched soil water and groundwater may 

be mixed with and diluted by low-salinity event 

water, leading to a negative EC-Q relationship. 
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We placed our study in Paper III focusing on understanding the impact of the bark beetle infestation 

induced land cover change in small catchments within the upper Vydra basin. Four catchments featuring 

different stages of forest disturbance representing least disturbed catchment, newly disturbed catchment, 

and two highly disturbed catchments depending on its extent and initial year of the infestation. Our 

findings (Table 3) were based on statistical analysis using 10min high-frequency 7-year long-term data, 

and implications of our finding (Table 3) based on theories in Chapter 3.1, Chapter 3.2, and Chapter 

3.3. We showed the results by different timescales, and we also found that those changes are inter-related. 

For instance, the infestation-induced changes in event-scale dynamics may be largely responsible for the 

observed shifts in annual average conditions. A comparison of the EC response patterns of catchments 

with newly disturbed and those in regions severely infested prior to the monitoring period together proved 

that hydrogeochemical conditions in the disturbed catchments have relatively long-lasting effects. As the 

climate-driven bark beetle outbreaks will likely spread in the mid-latitudes, our study provided a better 

understanding of the mechanisms behind the hydrogeochemical changes in catchments following insect 

infestation.  

 

 

Figure 9. The EC characteristics in streams, soil, and ground water, and precipitation.  

When implying tracer in the catchment study, we bear in mind that the difference of velocity and celerity 

for expressing the speed of tracer/mass flow and flood wave was important. Hereafter, we clearly showed 

a theoretical study in Paper IV which provided all useful constitutive relationships under the unit 

hydraulic gradient condition formulated by the two often-used models - Brooks-Corey model and the 

modified Mualem -van Genuchten model in Table 4. We highlighted the importance of understanding 

the tracer transport, which helped us to understand the implications in any tracer-based study, e.g., like 
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study similar as Paper III. However, the proposed celerity function is still at the theory stage based on 

a pore bundle model, which will need more experiments to testify the feasibility to use in the hillslope 

scale and catchment scales. This theoretical analysis only offered a breakthrough perspective when we 

using any type of tracer in the water system, to distinguish the flood wave away from the tracer transport. 

 

Table 4 Constitutive relationships under the unit hydraulic gradient condition formulated by the 

Brooks-Corey model and the modified Mualem -van Genuchten model  
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Notation of Table:   (L-1) n  (-) and m  (-) are the fitting parameters for the Brooks-Corey model (detonated 

with subscription of “BC”) and Mualem-van Genuchten model (detonated with subscription of “VG” );   is 

effective saturation (-) that is defined as: 
   /r s r      

;  is the correction factor to modify the van-

Genuchten model 
   /s r m r      

, with

VG
VG

VG( ) 1
m

n

m r s r sh        
  , sh

 is the minimum 

capillary height, which becomes zero when m s 
, VGl

 is pore connectivity parameter, and is usually assumed 

to be 0.5. 

 

6.3 Evaporation processes 

Estimating evaporation in forest area, the commonly used Penman-Monteith equation coupled with 

Richards’ equation underestimated the total evaporation rate, while a model integrating a non-isothermal 

multi-phase flow model with a two-layer energy model largely in Paper V improved the model accuracy. 

Our proposed SVAT model was further testified its performance in cropland in Paper VI with varying 

LAI, which helped to examine the model accuracy throughout the entire vegetation period from non-

vegetated to LAI=3.2. Paper VI proved the importance of considering advective vapour transport in 

simulating soil moisture content and temperature at the soil surface, which further can affect the 

simulated evaporation fluxes. An extended study test was conducted for one experimental plot (K2 in 
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Fig.5 ab) in the upper Vydra basin.  

 

 

Figure 10. Simulations of a 2-month vegetation period in the year of 2013 by using our proposed SVAT 

model.  
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The forcing climate data given in Fig. 10a were used in the proposed model for partitioning the 

evaporation rate. The well-fittings of the soil temperature, and pore water pressure head suggested that 

the soil physics behaviour was well described by the proposed model. Fig. 10 showed the ability of the 

model, it can model different components of ET rate, enabling understand the evaporation process in 

more detail. In particular, such a model would be useful for projecting the future change in such an area 

with forest disturbance. The functionality of the vegetation under the dry or water deficit condition alters 

the ET rate, which would be neglected from the simple model. From another perspective, the capacity of 

vegetation transpiration is lower when there is less water in the soil, consequently, when the temperature 

increases as projected by climate change models, the total ET amount from the vegetation should 

decrease. Such an effect will not be considered in any of the simple model for calculating ET. 

 

 

Figure 11. Stand transpiration measured with sap flow sensors (black dots), evaporation estimated from 

FAO Penman–Monteith model (i.e. reference evaporation; red square with line), evaporation estimated 

by PM-JS with calibrated parameters (blue diamond with line), and with Zhou et al. (2006)’s parameters 

(diamond with line) over DOY 253-DOY 302. 

 

Figure 12. The diurnal pattern of the measured sap flow in 6 trees (the sizes of the six trees in 

corresponding numbers are given in Fig. 5c.) at two selected days – DOY 205 and DOY 207. 
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During the simulation period, the soil moisture dynamic controls the resistance coefficient of soil surface 

and foliage stomata resistance (i.e, canopy conductance), and furthermore the energy fluxes of latent heat 

components. Therefore, we conducted sap flow measurements to understand local transpiration process, 

and Paper VII used sap flow to reversely calculate the canopy conductance and examining the goodness 

of such a method. We can effectively use calculated conductance to either calculate the evaporation (Fig. 

11), and the results show large consistency with the measurements. Such an approach offers a new way 

to estimate the ET in the area with less monitoring.  

 

 

Figure 13. Response of stress functions in canopy conductance to (a) net radiation (Rs), (b) vapor 

pressure deficit (D), (c) temperature (T), and (d) soil moisture (𝜃). The line for each sub-figure 

was using the parameter given by Zhou et al. (2006) and the equation is given on each sub-figure. 

 

Paper VII also obtained knowledge on the diurnal pattern of the six individual trees with different ages, 

see Fig. 12. With such information we can classify the forest in the catchment, and calculated the ET in 

more accurate way. We can observe that there was a drop in transpiration at midday in DOY 205 when 

it was a sunny day. It can be explained by a limitation of photosynthesis due to the stomatal closure to 

prevent the water loss from intensive solar radiation and high temperatures. On the contrary, DOY 207 

did not show such phenomenon, because the temperature and radiation were not higher than DOY 205. 

In general, we found that the tree age led to the difference in absolute value of transpiration but the 
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diurnal pattern of this tree species responding to certain climatic conditions are identical, which were 

used as an evidence for lumping the data for modelling in Paper VII. 

We here using our measured sap flow data to study the importance of radiation, temperature, vapour 

pressure deficit, and soil moisture to the canopy conductance (Fig. 13). The response of stomatal 

conductance showed no pattern with solar radiation and soil moisture, but it did show a clear correlation 

with the vapour deficit, in particular when explaining the midday drop. The relation to temperature was 

rather scattered as the measured period was in the moderate climate. Worth mentioning in Paper VII, 

the parameterization of the Jarvis–Stewart model was used to describe the response of stomatal 

conductance under the varying environmental conditions of net radiation, vapour pressure deficit, 

temperature, and soil water content (Fig. 13). One important message we got from this study was that 

the parametrization of stress functions based on the typical deciduous forest does not perfectly represent 

the measured stomatal response of newly formed beech stands. This finding implies that different 

environment (even different season in one same area) and different species could lead to different 

response function of canopy conductance. Therefore, it is necessary to conduct the sap flow 

measurements in the changing forest after disturbance as the transpiration process might change 

significantly. This study can provide valuable data to better understanding the evapotranspiration process 

in newly formed beech stands after the bark beetle outbreak in Central Europe.  
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7. CONCLUSIONS 

The thesis was focused on understanding the hydrological processes and behaviours, which was based 

on analysing the historical data, developing proper models, and conducting an in-site experiment. Two 

key study areas were located in two basins of diverting environment in Central Asia and Central Europe, 

where have different environmental problems but all sharing one common driving factor - climate 

change. Under the changing climate over nearly half-century, two different environment offered deep 

insights on how the earth was altered on the hydrological system.  

 In the upper Vydra basin (mid-mountain in Central Europe) experiencing forest disturbance and 

climate change, statistically found even the annual water balance over had no apparent change, 

regional runoff regime at smaller temporal scale was altered. 

 Warmer climate and bark beetle-induced tree mortality in the upper Vydra basin affected 

seasonal runoff (shifted from summers to springs), occurrence of peak flow events (doubled 

since the 1980s with a seasonal shift from late spring towards the early spring), and occurrence 

of low flow events (dropped two-thirds with a seasonal shift from autumn to mid-winter).  

 In the Aral Sea Drainage Basin (a semi-arid region in Central Asia, covering 1.3% of the earth’s 

land surface) experiencing intensive agriculture and warmer climate, the decrease in annual 

runoff of the principal river Amu Darya and an increase of internal recirculation ratio were 

found in historical data.  

 Climate-driven projections for the ASDB found most likely river flow will continuously 

decrease at the basin outlet, which will increase internal nutrient recirculation ratios, 

average transport distances, and attenuation.  

This thesis started from an understanding of the changes in hydrological patterns narrowing down 

to investigate the specific hydrological processes at smaller spatial and temporal scales, covering 

studies on the geochemical transformation, tracer transport, and evapotranspiration process. 

Knowledge and lessons we learnt from theoretical analysis, modelling, and in-site experiment were 

summarized below.  

 Geochemistry at the catchment scale changed over studied 7 years at multi-timescale after bark 

beetle infestation, and the changes in the disturbed catchments were rapid after extensive 

infestation and last long over decades. 

 Along with tree mortality, increased annual mean in-stream electrical conductivity (EC) is 

likely caused by the cumulative loading of soil water and groundwater with substances of 

nitrogen and carbon released by dead trees. The observed EC decreases associated with the 

initiation of regeneration in the affected catchments was likely caused by vegetative uptake of 

the excess nitrogen. 

  After infestation the EC-discharge hysteresis loops at the event-scale shifted from positive 

to negative relationships, implying changes in the subsurface chemical composition and in the 

interactions with runoff. 
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 The proposed celerity function has been theoretically proved the usefulness when assist in 

studying subsurface flow and tracer transport, in particular the kinematic ratio (a ratio between 

celerity and average velocity) could be used to predict the first arrival time of a tracer.  

 A newly proposed model coupling an SVAT model with a non-isothermal multi-phase flow 

model was applied in two different environment (forest and maize), and the performance was 

better due to more detailed description of energy transfer and the formation of advective soil 

vapour transport.  

 Reversely-calculated canopy conductance based on sap flow measurement had substantially 

improved the estimation of transpiration during the vegetative period, which can help to better 

understand the evapotranspiration process in newly form beech stands after bark beetle 

outbreaks in central Europe.  
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