
 

 

 

 

 

ESCUELA INTERNACIONAL DE DOCTORADO 
Programa de Doctorado en Tecnologías de la Computación 

e Ingeniería Ambiental 

 
 

Impact of climate variability and human activities on 
water resources 

 
 

Autor: 

Sitian Liu 

 

Directores: 

Dr. D. Javier Senent Aparicio 

Dr. D. Francisco Javier Alcalá García 

 

 

 

Murcia, septiembre de 2022 
  



  



 

 

 

 

 
ESCUELA INTERNACIONAL DE DOCTORADO 

Programa de Doctorado en Tecnologías de la Computación 
e Ingeniería Ambiental 

 

 
Impact of climate variability and human activities on 

water resources 
 

 
Autor: 

Sitian Liu 

 

Directores: 

Dr. D. Javier Senent Aparicio 

Dr. D. Francisco Javier Alcalá García 

 

 

 

Murcia, septiembre de 2022 
  



  



 

 

 

 

 

 

 

 

AUTORIZACIÓN DEL DIRECTOR DE LA TESIS 

PARA SU PRESENTACIÓN 

 

El Dr. D. Javier Senent Aparicio y el Dr. D. Francisco Javier Alcalá García como 

Directores(1) de la Tesis Doctoral titulada “Impact of climate variability and human activities 

on water resources” realizada por Dña. Sitian Liu en el Programa de Doctorado en 

Tecnologías de la Computación e Ingeniería Ambiental, autoriza su presentación a trámite 

dado que reúne las condiciones necesarias para su defensa. 

 

Lo que firmo, para dar cumplimiento al Real Decreto 99/2011 de 28 de enero, en 

Murcia a 01 de septiembre de 2022. 

 

Fdo.: Javier Senent Aparicio                Fdo.: Francisco Javier Alcalá García 

 

 

(1) Si la Tesis está dirigida por más de un Director tienen que constar y firmar ambos 

 

 

 



  



 

COMPENDIO DE PUBLICACIONES 

Esta Tesis Doctoral se presenta bajo la modalidad de compendio de publicaciones. 

Los artículos publicados en revistas indexadas que integran la tesis son los siguientes: 

 

 Publicación 1: Senent‐Aparicio, J.; Liu, S.; Pérez‐Sánchez, J.; 

López-Ballesteros, A., Jimeno-Sáez, P. Assessing Impacts of Climate 

Variability and Reforestation Activities on Water Resources in the 

Headwaters of the Segura River Basin (SE Spain). Sustainability 2018, 10, 

3277. https://www.mdpi.com/2071-1050/10/9/3277  

Impact Factor 2018 (JCR): 3.251; Category (JCR): 

ENVIRONMENTAL STUDIES; Ranking: 120/265 (Q2); Date of 

Publication: 2018. 

 

 Publicación 2: Senent‐ Aparicio, J.; Alcalá, F.J.; Liu, S.; Jimeno‐

Sáez, P. Coupling SWAT Model and CMB Method for Modelling of High–

Permeability Bedrock Basins Receiving Interbasin Groundwater Flow. 

Water, 2020, 12, 657. https://doi.org/10.3390/w12030657  

Impact Factor 2020 (JCR): 3.103; Category (JCR): WATER 

RESOURCES; Ranking: 31/94 (Q2); Date of Publication: 2020. 
 

 Publicación 3: Liu, S.; Pérez-Sánchez, J.; Jimeno-Sáez, P.; Alcalá, 

F.J.; Senent‐Aparicio, J. A novel approach to assessing the impacts of dam 

construction on ecohydrological conditions in the Castril River basin. 

Ecohydrology & Hydrobiology, 22(2022), 598-608.     

https://doi.org/10.1016/j.ecohyd.2022.08.004 

Impact Factor 2021 (JCR): 2.957; Category (JCR): ECOLOGY; 

Ranking: 84/173 (Q2); Date of Publication: 2022. 

 

  

https://doi.org/10.3390/w12030657
https://doi.org/10.1016/j.ecohyd.2022.08.004


  



 

ACKNOWLEDGEMENTS 

 I would like to extend my deep gratitude to all those who have offered me a lot of 

help and support during my doctoral study. 

      First and foremost, my sincere thanks go to Prof. Dr. Javier Senent Aparicio, my 

director and supervisor, who has offered me numerous valuable comments and 

suggestions with incomparable patience and encouraged me profoundly throughout my 

doctoral study. I also want to express my thanks to Prof. Dr. Francisco Javier Alcalá 

García, without his painstaking teaching and insightful advice, the completion of this 

thesis would have been impossible.  

Secondly, I would like to express my heartfelt thanks to all those who helped and 

cooperated with me in the process of my thesis writing. Also, I owe many thanks to my 

dear friends, Cynthia, Fannie, Queenie, Mareike. 

Last but not least, I would like to express my thanks to my beloved parents for 

their unfailing love and support. For so many years, they have always been supporting 

me and respecting me. Their love and care are the greatest fortune of my life. Mom and 

dad, I love you!     



  



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 “There is No Planet B”. 

  



  



INDEX 

AUTHORIZATION OF THE DIRECTORS 

COMPENDIUM OF PUBLICATIONS 

ACKNOWLEDGEMENTS 

INDEX .............................................................................................................................. 13 

ACRONYMS AND ABBREVIATIONS ....................................................................... 15 

INDEX OF FIGURES ..................................................................................................... 19 

INDEX OF TABLES ....................................................................................................... 21 

ABSTRACT ..................................................................................................................... 23 

RESUMEN ....................................................................................................................... 27 

I- INTRODUCTION ............................................................................................... 31 

I.1 Introduction....................................................................................................... 33 

I.2 Justification of the investigation ..................................................................... 34 

I.3 Objectives........................................................................................................... 36 

I.4 Structure of the thesis ...................................................................................... 37 

II- BACKGROUND AND LITERATURE REVIEW........................................... 39 

III- RESERCH METODOLOGY .............................................................................. 49 

III.1 Characteristics of the study area ................................................................ 51 

III.1.1 Headwaters of the Segura River Basin (HWSRB)................................ 51 

III.1.2 Castrill River Basin (CRB) ....................................................................... 54 

III.2 SWAT model ................................................................................................. 57 

III.2.1 Hydrological componentes of the SWAT model ................................. 60 

III.2.2 Senstivity analysis, calibration and validation of the SWAT model. 63 

III.2.3 Performance Evaluation Criteria of the SWAT model ....................... 64 

III.3 CMB method ................................................................................................. 66 

III.3.1 CMB Method application for aquifer recharge .................................... 67 

III.3.2 IGF series generation ............................................................................... 68 

III.3.3 BFLOW programme ................................................................................ 69 

III.4 IHA method and IAHRIS ............................................................................ 69 

III.4.1 IHA method .............................................................................................. 70 

III.4.2 IAHRIS ....................................................................................................... 71 



14 

III.4.3 FDC ............................................................................................................ 76 

IV- PUBLICATIONS ................................................................................................. 79 

IV.1 Publication 1: . Assessing Impacts of Climate Variability and 

Reforestation Activities on Water Resources in the Headwaters of the Segura River 

Basin (SE Spain) .................................................................................................................... 84 

IV.2 Publication 2: Coupling SWAT Model and CMB Method for Modelling 

of High–Permeability Bedrock Basins Receiving Interbasin Groundwater Flow ....... 98 

IV.3 Publication 3: A Novel Approach to Assessing the Impacts of Dam 

Construction on Ecohydrological Conditions in the Castril River Basin ................... 118 

IV.4 Summary of results and discussions ....................................................... 130 

IV.4.1 Impact of climate variability and reforestation activities on the 

components of water balance ....................................................................................... 130 

IV.4.2 Coupling SWAT model and CMB method for modelling of high–

permeability bedrock basins receiving Interbasin Groundwater Flow .................. 137 

IV.4.3 Impact of dam construction on ecohydrological conditions ........... 147 

V- CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS ................. 159 

VI- REFERENCES .................................................................................................... 165 

APPENDIX: QUALITY OF PUBLICATIONS ....................................................... 191 

  



15 

ACRONYMS AND ABBREVIATIONS 

  

AEMET Spanish National Meteorological Agency 

ALPHA_BF Baseflow alpha factor (days) 

BFLOW Baseflow Automated Digital Filter Program 

BIOMIX Biological mixing efficiency 

CANMX Maximum amount of water that can be trapped in the 

canopy when it is fully developed (mm) 

CEDEX Centre for Public Works Studies and Experimentation 

CH_K1 Effective hydraulic conductivity in tributary channel 

alluvium 

CH_K2 Effective hydraulic conductivity in main channel alluvium 

CH_N1 Manning's "n" value for the tributary channels 

CH_N2 Manning's "n" value for the main channel 

CH_S1 Average slope of tributary channels (m/m) 

CH_S2 Average slope of main channel along the channel length 

(m/m) 

CMB Atmospheric Chloride Mass Balance 

CN2 Soil Conservation Service curve number 

CRB Castril River basin 

DEM Digital Elevation Model 

EPCO Plant uptake compensation factor 

EQR Ecological Quality Ratio 

ESCO Soil evaporation compensation factor 

ET Evapotranspiration 

FDC Flow duration curve 

GIS Geographic Information System 

GRW Guadalquivir River watershed 

GW_DELAY Groundwater delay (days) 

GW_REVAP Groundwater revap coefficient 

GWQMN Threshold water level in shallow aquifer for base flow (mm) 

HRU Hydrologic response units 



16 

HRU_SLP Average slope steepness (m/m) 

HWSRB Headwaters of the Segura River basin 

HWSM Harmonized World Soil Map 

IAG Index of Global Alteration 

IAHRIS Indicators of Hydrologic Alteration in RIverS 

IGF Interbasin Groundwater Flow 

IGME Geological Survey of Spain 

IGN Spanish National Geographic Institute 

IHA Indicators of Hydrologic Alteration 

InNSE Inverse Nash-Sutcliffe Efficiency 

IPF Instantaneous Peak Flow  

LAT_TTIME Lateral flow travel time 

LULC Land-use and land-cover changes 

MAKESENS Microsoft Excel template application 

MAPAMA Ministry of Agriculture, Fisheries and Food of Spain 

MK Mann–Kendall 

MMDF Maximum mean daily flow 

MSE Mean square error 

NAO North Atlantic oscillation 

NSE Nash–Sutcliffe Efficiency   

OV_N Manning’s "n" value for overland flow 

PBIAS Percent bias 

QSWAT QGIS interface for SWAT 

R2 Coeficient of determination 

RCHRG_DP Deep aquifer percolation fraction 

RCP Representative Concentration Pathways 

REDIAM Andalusian Environmental Information Network 

REVAPMN Threshold depth of water in shallow aquifer for revap or 

percolation to deep aquifer to occur (mm) 

RMSE Root mean square error  

RSR Observations standard deviation ratio 

SCS Soil Conservation Service 

SLSOIL Slope length for lateral subsurface flow (m) 



17 

SLSUBBSN Average slope length (m) 

SOL_AWC Available water capacity of the soil layer 

SOL_BD Moist bulk density 

SOL_K Saturated hydraulic conductivity 

SPI Standardized Precipitation Index 

SRI Standardized Runoff Index 

SRW Segura River watershed 

SUFI-2 Sequential Uncertainty Fitting version 2 

SURLAG Surface runoff lag coefficient 

SVR Support Vector Regression machines 

SWAT Soil and Water Assessment Tool 

SWAT-CUP SWAT–Calibration Uncertainly Procedures 

USDA-ARS Agricultural Research Service of the United States 

Department of Agriculture 

USGS United States Geological Survey 

WFD Water Framework Directive 

 

 

 



18 



19 

INDEX OF FIGURES 

Figure 1. (a) Location of the headwater of the Segura River Basin (HWSRB) at 

Segura River Watershed (SRW); (b) Location of the Castril River Basin (CRB) headwater 

at Guadalquivir River Watershed (GRW); (c) Digital Elevation Model (DEM) of HWSRB; 

(d) DEM of CRB. ....................................................................................................................... 52 

Figure 2. L Location of El Portillo Reservoir .............................................................. 54 

Figure 3. Land-use map (scale 1:25,000) of the CRB headwater from the Andalusian 

Environmental Information Network (REDIAM) ............................................................... 55 

Figure 4. Hydrogeological map of the CRB headwater (scale 1:200,000) ............... 56 

Figure 5. The land phase of the hydrological cycle in SWAT (Neitsch et al., 2011)

 ..................................................................................................................................................... 58 

Figure 6. Spider charts of IAHRIS for usual, droughts and floods hydrological 

states ........................................................................................................................................... 75 

Figure 7. Definition of eco‐surplus and eco‐deficit in the flow duration curve (FDC)

 ..................................................................................................................................................... 77 

Figure 8. Flow diagram of the research framework. ............................................... 131 

Figure 9. Calibration (1954–1963) and validation (1964–1970) results of SWAT 

model in Anchuricas Reservoir ............................................................................................ 135 

Figure 10. Observed and simulated monthly streamflow discharge data for the 

period 1996−2015 (scenario C) in Anchuricas Reservoir .................................................. 136 

Figure 11. For the control period (1996–2005), parameterization of yearly P–R 

functions in the CRB and upstream GRW and SRW contributing areas; yearly R equals 

yearly baseflow. Yearly IGF series refers to the surface–weighed sum of upstream R = 

baseflow from GRW and SRW areas contributing to the CRB streamflow. In all cases, the 

Pearson coefficient of correlation is 1 .................................................................................. 140 

 Figure 12. For the full period (1951–2016), (a) surface–weighted yearly P series in 

the area compiled from the AEMET grid version 1.0 and cumulative deviation (CD) from 

mean yearly P in mm year−1; and (b) generated yearly baseflow series in the CRB and 

yearly surface–weighed IGF series from upstream GRW and SRW contributing areas in 

mm year−1, and IGF fraction relative to total CRB baseflow (IGF-to-CRB) dimensionless 

ratio. The control period (1996–2005) is grey shallowed (CP). Vertical dotted lines 

indicate selected time intervals for the SWAT model warm–up (W), calibration (C), and 

validation (V) phases ............................................................................................................. 140 

Figure 13. For the selected calibration period (1995−1997) and on a monthly scale, 

observed streamflow compared to (i) initial simulated streamflow without IGF and (ii) 

file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381297
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381299
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381302
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381302
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381304
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381304
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381309
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381309
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381310
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381311
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381311
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381312
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381312
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381314
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381314
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381314
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381314
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381314
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381312
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381312


20 

corrected simulated streamflow with IGF. The statistics NSE and PBIAS show the model 

performance achieved in each simulation .......................................................................... 141 

Figure 14. On a monthly scale, observed streamflow compared to corrected 

simulated streamflow with SWAT model for the calibration (a) and validation (b) phases

 ................................................................................................................................................... 144 

Figure 15. On a daily scale, observed streamflow compared to corrected simulated 

streamflow with SWAT model for the calibration (a) and validation (b) phases ......... 145 

Figure 16. Comparison of natural and altered inter-annual regime of the Castril 

River streamflow. ................................................................................................................... 149 

Figure 17. Monthly volumes in natural regime, clustering the data by type of year: 

wet, normal and dry. ............................................................................................................. 150 

Figure 18. Monthly volumes in altered regime, clustering the data by type of year: 

wet, normal and dry. ............................................................................................................. 150 

Figure 19. Flow duration curve (FDC) of the natural and altered regime ........... 156 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381312
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381312
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381312
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381312
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381312
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381312
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381312
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381312
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381312
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381312
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381312
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381312
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381312
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381312
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381312
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83381312


21 

INDEX OF TABLES 

Table 1. Land-use change in the HWSRB from 1956 to 2007 ................................... 53 

Table 2. Equations, ranges, and optimal values for some SWAT model 

performance statistics, after Moriasi et al. (2012). ................................................................ 65 

Table 3. Indicators of hydrological alteration (IHA) ................................................. 70 

Table 4. Parameters of IAHRIS..................................................................................... 71 

Table 5. List of parameters used by IAHRIS to obtain the IHA .............................. 73 

Table 6. Ranking of hydrological states in IAHRIS ................................................... 75 

Table 7. Hydrological state of IAG in IAHRIS ........................................................... 76 

Table 8. Trend analysis results ................................................................................... 132 

Table 9. The conversion percentage (%) of each land-use type from 1956 to 2007

 ................................................................................................................................................... 133 

Table 10. Calibration parameters ............................................................................... 134 

Table 11. Performance of SWAT model during calibration and validation periods 

in the HWSRB ......................................................................................................................... 135 

Table 12. Simulated average annual runoff and ET under various scenarios ..... 136 

Table 13. For the 10 km  10 km cells covering the CRB and upstream GRW and 

SGW contributing areas, nodal mean values and standard deviations of precipitation 

and net aquifer recharge. ....................................................................................................... 138 

Table 14. Fitting parameters for the CRB and upstream GRW and SGW areas . 138 

Table 15. For the control period (1996–2005), surface–weighted yearly series of (i) 

P and R in the CRB and in upstream GRW and SRW areas, and (ii) IGF from GRW and 

SRW areas contributing to CRB............................................................................................ 139 

Table 16. Description of parameters used for SWAT model calibration in the CRB 

headwater ................................................................................................................................ 143 

Table 17. SWAT model performance statistics for corrected simulated monthly and 

daily streamflow during calibration and validation phases ............................................ 146 

Table 18. Characterization of the inter-annual variability of natural and dam-

controlled Castril River streamflow..................................................................................... 148 

Table 19. Indicators of hydrological alteration (IHA) of habitual values for the 

natural and altered regimes; asterisk (*) denotes inverse values. ................................... 152 

Table 20. Index of global alteration (IAG) of habitual values for the natural and 

altered regime ......................................................................................................................... 153 

file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205850
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205851
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205851
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205852
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205853
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205854
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205855
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205856
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205857
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205858
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205858
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205859
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205860
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205860
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205861
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205862
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205862
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205862
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205862
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205862
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205862
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205862
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205862
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205862
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205862
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205862
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205862
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205862
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205862
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205862
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205862
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205862
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205862


22 

Table 21. Indicators of hydrological alteration (IAH) extreme values for the natural 

and altered regimes; asterisk (*) denotes inverse values. ................................................. 154 

Table 22. Index of global alteration (IAG) of extreme values for the natural and 

altered regimes ....................................................................................................................... 155 

 

 

  

file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205862
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205862
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205862
file:///C:/Users/pablobla/Desktop/Desk/UCAM/TesisPBG/Tesis_Pablo.doc%23_Toc83205862


23 

 

ABSTRACT 

This PhD Thesis assess the extent to which the global driving forces (climate 

change, groundwater dynamics, etc.) and human activities (land-use/land-cover 

changes, dam construction, etc.) interact and affect the hydrological regime in some 

selected basins in the semi-arid region of southeastern Spain. To conduct a 

comprehensive causal analysis, this PhD Thesis used the Soil and Water Assessment 

Tool (SWAT) hydrological model as the main tool and combined it with the Interbasin 

Groundwater Infiltration (IHA) method and the Chloride Mass Balance (CMB) method 

to make calculations of specifics water balance components. 

Climate change and land-use and land-cover changes (LULC) caused by human 

activities are significant contributors to ecosystem degradation and the availability of a 

basin's water resources. Climate change forecasts for the Mediterranean region this 

century reveal that rising temperatures, combined with less precipitation, have resulted 

in a 20% drop in water resources. Human activities, such as agricultural irrigation 

expansion and urbanization alter runoff regimes and have an impact on the availability 

of water resources. Significant LULC has occurred in southeastern Spain since the 1970s, 

as a result of the increasing abandonment of dryland farming and the implementation 

of reforestation programs to prevent ecoservices degradation in watersheds. It is critical 

to understand how these activities impact the quantity of water resources in the 

headwater of large basins in southeastern Spain like the Segura River basin. The SWAT 

model was used to investigate the aforementioned impacts. 

SWAT is the most widely used model for simulating the quality and quantity of 

surface water and groundwater balance components at different basin spatial scales, 

predicting the effects of climate change on the water balance components, and 

extrapolating the influence of anthropogenic activities on water resources. However, 

when it comes to modelling groundwater flow and storage, SWAT has substantial 

conceptual constraints, and other specificts techniques are needed. 

     Because the earth's surface water resources can no longer supply the needs of 

living things, which is especially evident in drylands, groundwater resources have 

become the focal point of water resource development. As the most important form of 

freshwater on land, groundwater and surface water are transformed into each other on 

a spatiotemporal distribution as an indivisible whole. The laws and simulations of 

surface water and groundwater have not been carried out jointly due to the complexity 
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of the hydrological cycle and the varied modes of occurrence and movement. The 

interaction between regional surface water and groundwater has become more and more 

common as a result of global changes and human activities, particularly large-scale 

groundwater extraction and inter-basin water transfer projects, especially in arid and 

semi-arid watersheds where water resources are scarce, surface water-groundwater 

exchange is more intense, and surface water and groundwater conversion is a factor that 

must be taken into account in the analysis of surface water and groundwater conversion. 

This study attempted to consider groundwater and surface water as a whole to provide 

a more trustworthy and accurate basis for water resource planning and management in 

order to better reflect the hydrological cycle process. 

Although the SWAT model considers shallow and deep groundwater in the 

structure, it is solely used to calculate watershed water balance; there is no dynamic 

mechanism to simulate and output the net groundwater resource. The Chloride Mass 

Balance (CMB) is a robust method to estimate net groundwater. SWAT model and CMB 

method were coupled in order to accurately replicate the specific groundwater situation 

of the Castril River basin (CRB) in the Guadalquivir River basin. This basin was chosen 

to assess the reliability of combining the SWAT model and the CMB method to improve 

streamflow modeling in high–permeability bedrock basins receiving Interbasin 

Groundwater Flow (IGF), in this case from the Segura River basin. 

Dam construction is also seen as having a significant impact on hydrological 

regime and ecosystems in the CRB. The impact of human activities has continued to 

change the hydrological regime of rivers and dependent ecosystems. The hydrological 

situation is the basic attribute and important driving force of the river ecosystem, and 

changes in the morphology of rivers and riparian zones, flow patterns, water quality, 

flora and fauna, and riparian vegetation, which affect the normal structure and function 

of the river ecosystem, and even an irreversible ecological crisis, will result from intra- 

and inter-annual variation. We provide a framework for assessing the effects of the El 

Portillo dam construction on streamflow regime and river ecosystem downstream. The 

streamflow regime data was compared with and without dam impact. IAHRIS 

(Indicators of Hydrologic Alteration in RIverS) which is a free Spanish software based 

on IHA method to assess the hydrologic alteration in rivers was used in this calculation.  

The introduced methodology and the conducted analysis of results make this PhD 

Thesis valuable to design water resources management strategies aimed to combat the 

negative effects of climate change and human activities in the headwaters of large river 

basins in semi-arid southeastern Spain, including the relevance of interbasin 

groundwater flow in streamflow and the effect of dam construction on river ecosystem 

downstream. 
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RESUMEN 

Esta tesis doctoral evalúa la medida en que las principales fuerzas impulsoras a 

escala global (cambio climático, dinámica de las aguas subterráneas, etc.) y las 

actividades humanas (cambios en el uso del suelo/cobertura del suelo, construcción de 

presas, etc.) interactúan y afectan el régimen hidrológico en algunas cuencas ubicadas 

en regiones semiáridas del sureste español. Para realizar un análisis causal completo, 

esta tesis doctoral utilizó el modelo hidrológico de la herramienta de evaluación de 

suelos y aguas (SWAT) como herramienta principal y lo combinó con el cálculo de 

indicadores de alteración hidrológica (IHA) y el método de balance de masa de cloruro 

(CMB) para realizar los cálculos de componentes específicos del balance hídrico. 

El cambio climático y los cambios en el uso y la cobertura de la tierra (LULC, por 

sus siglas en inglés) causados por las actividades humanas contribuyen 

significativamente a la degradación de los ecosistemas y la disponibilidad de los 

recursos hídricos de una cuenca. Las previsiones de cambio climático para la región 

mediterránea de este siglo revelan que el aumento de las temperaturas, combinado con 

menos precipitaciones, ha provocado una caída del 20 % en los recursos hídricos. Las 

actividades humanas, como la expansión del riego agrícola y la urbanización, alteran los 

regímenes de escorrentía y tienen un impacto en la disponibilidad de los recursos 

hídricos. Se han producido LULC significativos en el sureste de España desde la década 

de 1970, como resultado del creciente abandono de la agricultura de secano y la 

implementación de programas de reforestación para evitar la degradación de los 

servicios ecosistémicos en las cuencas hidrográficas. Es fundamental entender cómo 

estas actividades impactan en la cantidad de recursos hídricos en la cabecera de grandes 

cuencas en el sureste de España como la cuenca del río Segura. El modelo SWAT se 

utilizó para investigar los impactos antes mencionados. 

SWAT es el modelo más utilizado para simular la calidad y cantidad de los 

componentes del balance de aguas superficiales y subterráneas en diferentes escalas 

espaciales de cuencas, predecir los efectos del cambio climático en los componentes del 

balance hídrico y extrapolar la influencia de las actividades antropogénicas en los 

recursos hídricos. Sin embargo, cuando se trata de modelar el flujo y el almacenamiento 

de aguas subterráneas, SWAT tiene restricciones conceptuales sustanciales y se necesitan 

otras técnicas específicas. 
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     Debido a que los recursos hídricos superficiales de la tierra ya no pueden satisfacer 

las necesidades de los seres vivos, lo cual es especialmente evidente en las tierras secas, 

los recursos hídricos subterráneos se han convertido en el punto central del desarrollo 

de los recursos hídricos. Como la forma más importante de agua dulce en la tierra, las 

aguas subterráneas y superficiales se transforman entre sí en una distribución 

espaciotemporal como un todo indivisible. Las leyes y simulaciones de aguas 

superficiales y subterráneas no se han realizado de manera conjunta debido a la 

complejidad del ciclo hidrológico y los variados modos de ocurrencia y movimiento. La 

interacción entre las aguas superficiales y subterráneas regionales se ha vuelto cada vez 

más común como resultado de los cambios globales y las actividades humanas, 

particularmente la extracción de aguas subterráneas a gran escala y los proyectos de 

transferencia de agua entre cuencas, especialmente en cuencas áridas y semiáridas 

donde los recursos hídricos son escasos, el intercambio de aguas superficiales y 

subterráneas es más intenso, y la conversión de aguas superficiales y subterráneas es un 

factor que debe tenerse en cuenta en el análisis de conversión de aguas superficiales y 

subterráneas. Este estudio intentó considerar las aguas subterráneas y superficiales 

como un todo para proporcionar una base más confiable y precisa para la planificación 

y gestión de los recursos hídricos a fin de reflejar mejor el proceso. 

Aunque el modelo SWAT considera aguas subterráneas superficiales y profundas 

en la estructura, se utiliza únicamente para calcular el balance hídrico de la cuenca; no 

existe un mecanismo dinámico para simular y producir el recurso neto de agua 

subterránea. El balance de masa de cloruro (CMB) es un método robusto para estimar el 

agua subterránea neta. El modelo SWAT y el método CMB se acoplaron para replicar 

con precisión la situación específica de las aguas subterráneas de la cuenca del río Castril 

(CRB) en la cuenca del río Guadalquivir. Esta cuenca fue elegida para evaluar la 

confiabilidad de combinar el modelo SWAT y el método CMB para mejorar el modelado 

de caudales en cuencas de lecho rocoso de alta permeabilidad que reciben flujo de agua 

subterránea entre cuencas (IGF), en este caso de la cuenca del río Segura. 

También se considera que la construcción de presas tiene un impacto significativo 

en el régimen hidrológico y los ecosistemas en la cuenca del río Castril. El impacto de las 

actividades humanas ha ido modificando el régimen hidrológico de los ríos y los 

ecosistemas dependientes. La situación hidrológica es el atributo básico y motor 

importante del ecosistema fluvial, y los cambios en la morfología de los ríos y zonas 

ribereñas, patrones de caudal, calidad del agua, flora y fauna, y vegetación ribereña, que 

afectan la estructura y función normal del ecosistema fluvial, e incluso una crisis 

ecológica irreversible, resultará de la variación intra e interanual. Proporcionamos un 

marco para evaluar los efectos de la construcción del embalse del Portillo en el régimen 

de flujo y el ecosistema del río aguas abajo. Los datos del régimen de caudales se 
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compararon con y sin impacto de presa. En este cálculo se utilizó IAHRIS (Indicators of 

Hydrologic Alteration in RIverS), que es un software español gratuito basado en el 

método IHA para evaluar la alteración hidrológica en los ríos.  

La metodología presentada y el análisis de resultados realizado hacen que esta 

Tesis Doctoral sea valiosa para diseñar estrategias de gestión de los recursos hídricos 

dirigidas a combatir los efectos negativos del cambio climático y las actividades 

humanas en las cabeceras de las grandes cuencas hidrográficas del sureste semiárido de 

España, incluyendo la relevancia del flujo de agua subterránea entre cuencas en el flujo 

de corriente y el efecto de la construcción de presas en el ecosistema del río aguas abajo. 

 

 

Palabras clave: Modelo SWAT, método CMB, método IHA, software IAHRIS, 

hidrología de cabecera, flujo de agua subterránea entre cuencas, construcción de presas, 

ecosistema fluvial, Hidrología, Ingeniería Civil, Geografía Física, Geología Ambiental. 
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I- INTRODUCTION 

I.1 INTRODUCTION 

Water is the fundamental element for the survival of all living things on the 

Earth. The hydrological cycle is the link between geosphere-biosphere-atmosphere 

of the Earth ecosystems. As a result of global driving forces and human activities, 

the hydrological cycle mechanism in the formation and transformation of water 

resources at different scales in basins, regions and territories has become more and 

more complicated. The dichotomy between water and climate, water and ecology, 

water and society, water and economy has become increasingly prominent 

(Vörösmarty C. et al., 2004; Xia Jun, 2002). 

In recent decades, water resources have decreased significantly due to human 

activities and the effects of climate change (Li Y. Y. et al., 2016). This is particularly 

true in semi-arid regions, where water resources have become a key element of 

socio-economic development (Li Z. et al., 2016). 

    Hydrological models have become indispensable tools to cope with water 

management problems, due to the capability to simulate the hydrological cycle 

through holistic and multidisciplinary approaches under different climate, land 

use and water management scenarios (Trolle D. et al., 2012). The reliability of such 

models depends on the spatial and temporal scales covered, as well as the ability 

to conceptualize the functioning of the system (Hojberg A.L. et al., 2005; Beven K., 

2007; Alcalá F.J. et al., 2015). These basin-scale hydrological models are powerful 

decision support tools as they can provide insight into water management 

dilemmas, including the development of watershed management plans 

(Francesconi W. et al., 2016). Among them, the Soil and Water Assessment Tool 

(SWAT) is a physics-based semi-distributed eco–hydrological public domain 

model (Arnold J. G. et al., 1998), which has been used worldwide to simulate the 

hydrological cycle at different spatial scales in general, and the impacts of climate 

changes and human activities on watershed hydrology in particular (Zhang L. et 

al., 2017). 

https://cn.bing.com/dict/search?q=hydrological&FORM=BDVSP6&mkt=zh-cn
https://cn.bing.com/dict/search?q=cycle&FORM=BDVSP6&mkt=zh-cn
https://cn.bing.com/dict/search?q=hydrological&FORM=BDVSP6&mkt=zh-cn
https://cn.bing.com/dict/search?q=cycle&FORM=BDVSP6&mkt=zh-cn
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I.2 JUSTIFICATION OF THE INVESTIGATION 

Climate change projections during this century in the Mediterranean region 

show that rising temperatures, accompanied by reduced precipitation, have led to 

a reduction in water resources of more than 20 percent (Giorgi F. and Lionello P., 

2008). Human activities such as agricultural irrigation expansion and urbanization 

affect the availability of water resources by affecting runoff, especially true in 

Mediterranean Europewhere human activities have changed the landscape (Serra 

P. et al., 2008; Morán-Tejeda E. et al., 2012; García C. et al., 2017). A number of recent 

studies have examined the drivers of the hydrological cycle, concluding that 

climate change and land use/land cover change (LULC) are two key factors 

influencing hydrological processes in watersheds (Yang L., et al., 2017). Since the 

1970s, significant LULC has occurred in southeastern Spain as a result of the 

gradual abandonment of dryland farming activities and the implementation of 

reforestation programmes to prevent ecoservices degradation in watersheds (Boix-

Fayos C. et al., 2008). Due to severe water stress, it is important to assess the impact 

of forest restoration on water yields. Therefore, for Mediterranean basins with 

scarce data, SWAT models were used to analyze the effects of climate variability 

and reforestation activities on runoff and evapotranspiration (ET). 

    SWAT can be used to simulate the quality and quantity of surface and 

groundwater balance components at different basin scales, and predict the effects 

of climate change on the water balance (Molina-Navarro E. et al., 2018; Blanco-

Gómez P. et al., 2019), and extrapolate the impact of anthropogenic activities on 

water resources (Senent-Aparicio J. et al., 2018). So far SWAT is the most commonly 

used model (Fu B., et al., 2019). However, one disadvantage of SWAT is that it has 

significant conceptual limitations in simulating groundwater flow and storage 

(Luo Y. et al., 2012). 

    At present, the surface water resources on the Earth can no longer meet the 

survival and development of living things, so that groundwater resources become 

the focus of water resources development. The conversion of surface water and 

groundwater is an important process of water circulation, and almost surface water 

bodies in nature interact with groundwater (Hu LiTang et al., 2007). 

    Groundwater and surface water, as the most important form of freshwater on 

land, are transformed into each other on spatio-temporal distribution as an 
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indivisible whole. However, due to the complexity of the hydrological cycle itself, 

and the different modes of occurrence and movement, the laws and simulations of 

surface water and groundwater have been carried out in respective relatively 

independent fields for a long time (Maxwell R.M. and Miller N.L., 2005). Such 

simplification will inevitably lose some important dynamic factors in the 

hydrological cycle, making the established model greatly reduced in reflecting the 

physical process of the water cycle in the basin. 

With the impact of global changes and human activities, especially large-scale 

groundwater extraction and inter-basin water transfer project, the interaction 

between regional surface water and groundwater has become more and more 

frequent, especially in arid and semi-arid watersheds where water resources are 

scarce, surface water-groundwater exchange is more evident, and surface water 

and groundwater conversion is the factor must be taken into account in the analysis 

of water circulation and water resources management in the basin. In order to 

reflect the hydrological cycle process more reasonably, groundwater and surface 

water should be simulated as a whole to provide a more reliable and accurate basis 

for water resources planning and management (Sophocleous M., 2002). 

    In this complicated situation we cannot only use SWAT to model a watershed. 

Although SWAT model considers shallow groundwater and deep groundwater in 

the structure, it is only for the calculation of the watershed water balance, and there 

is no dynamic process to simulate and output the groundwater resource. SWAT 

model cannot perfectly simulate the regime flow in a watershed with interbasin 

groundwater flow. In order to accurately simulate the specific situation of a 

particular watershed, other specific methods should be coupled the SWAT model 

such as the Chloride Mass Balance (CMB) method (Alcalá and Custodio, 2008a; 

2008b; 2014; 2015). To evaluate the reliability of coupling SWAT model and CMB 

method to improve the streamflow modelling in high–permeability bedrock basins 

receiving Interbasin Groundwater Flow (IGF), the Castril River basin (CRB) in the 

headwater of the Guadalquivir River watershed (GRW) was taken as the research 

area. 

In CRB, the effect of dam construction is also considered as a key impact on 

hydrological alternation and river ecosystems. With the development and progress 

of economy and society, the impact of human activities on the ecosystem of rivers 
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and lakes continues to expand, and the hydrological situation of rivers is constantly 

changing, and even long-term degrading (Dong Z. et al., 2017). The hydrological 

situation is the basic attribute and important driving force of the river ecosystem 

(Jiang L. et al., 2014), and its intra- and inter-annual variation will cause changes in 

the morphology of rivers and riparian zones, flow patterns, water quality, flora and 

fauna, and riparian vegetation, which in turn affect the normal structure and 

function of the river ecosystem, and even an irreversible ecological crisis (Zuo Q. et 

al., 2015). In recent decades, due to the intensification of human activities, such as 

the construction and operation of a large number of water conservancy projects, 

the acceleration of urbanization, the destruction of vegetation and environmental 

pollution, as well as the impact of climate change, have had a profound impact on 

the river and destroyed the original river ecosystem. Therefore, carrying out 

hydrological change assessment, analyzing the characteristics of changes in 

hydrological conditions before and after human interference, and assessing the 

impact of hydrological changes on river ecosystems have become important 

research objects for river health assessment, river ecological management and 

ecological restoration in the world. 

I.3 OBJECTIVES 

In order to assess the extent to which the global driving forces (climate 

change, groundwater dynamics, etc.) and human activities (LULC, dam 

construction, etc.) affect the hydrological conditions, this study used the SWAT 

model as the main tool and combined with IHA method and CMB method to 

conduct a comprehensive analysis in the semi-arid region of southeastern Spain. 

Through the calculation and analysis of the results, suggestions for water resources 

management were given. 

To cope with this main objective, other partial objectives of this PhD Thesis 

were scheduled as follows: 

 To analyze the impact of climate variability and reforestation 

activities on runoff and evapotranspiration (ET). 

 To simulate high permeability bedrock basins receiving IGF by 

coupling SWAT model and CMB method 
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 To present a framework to assess the impacts of dam construction on 

streamflow regime and river ecosystem. 

 To explore the long-term trend of hydrologic metrics. 

 To analyze the possible causes behind flow changes and the possible 

ecological impacts in downstream reaches. 

 To provide several recommendations can be considered as 

management strategies to improve the hydrological conditions of the 

river, which in turn can greatly affect the ecological sustainability. 

I.4 STRUCTURE OF THE THESIS 

The overall structure of this PhD Thesis was divided into six chapters and an 

appendix. Following the brief introduction, Chapter I introduced the significance 

of the research and main objectives of the study. Chapter II overviewed research 

background and latest studies in hydrological models and associated research, 

such as coupling models. Chapter III described the study area and research 

methodologies. Chapter IV reproduced the three publications that make up this 

PhD Thesis and synthesized the results and discussions obtained. Chapter V 

presented conclusions and determined future research directions. Chapter VI 

contained a bibliography of references cited in this thesis. Finally, in the Appendix 

A, all information about the quality of the three published publications that make 

up this PhD Thesis is provided. 
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II- BACKGROUND AND LITERATURE REVIEW 

This chapter presented the literature review that frames the theoretical 

context on which this research is based. On the one hand, the most recent 

hydrological modeling research was included. In addition, the state of the art of 

research methods on hydrologic and ecological alteration due to natural variability 

and human intervention was inquired. 

Hydrological modeling is used to assess the influence that changes in climate, 

land use, topography, geology, vegetation cover, and soils have on hydrological 

processes (Kiros G. et al., 2015; Krysanova V. and Srinivasan R., 2014; Singh and 

Woolhiser, 2002). All of these variables have non-uniform distributions, timings, 

and responses, which affects the complexity of physical models that attempt to 

explain a basin's hydrology (Srivastava et al., 2006; Singh and Woolhiser, 2002). 

Hydrological modeling has a long history. It all started with the development 

of civil engineering in the nineteenth century, which was used to create highways, 

canals, rrigation systems, dams, bridges, and sewage and water delivery systems. 

Until the mid-1960s, hydrologic modeling was largely concerned with the creation 

of concepts, theories, and models to describe the many mechanisms involved in the 

hydrologic cycle, such as infiltration, evaporation, overland flow, and baseflow 

(Singh and Woolhiser, 2002). 

From then to now, model development has coincided with increases in 

computer processing power, resulting in numerous models being developed, their 

typologies multiplying, their practical applications expanding, and the modeling 

theory itself advancing significantly (Cabezas F., 2015; Jodar-Abellán A. et al., 

2019). The integration of models of diverse components of the hydrological cycle, 

and thus the simulation of almost the entire basin, was made possible by this 

significant advancement in computer technology. The Stanford Watershed Model-

SWM (now termed HSPF) was the first comprehensive example of conceptual 

modeling of the hydrological cycle (Crawford and Linsley, 1966). Beginning in the 

1970s, computer processing power expanded at an exponential rate, resulting in 

unprecedented breakthroughs in basin hydrology. Numerous models were 

developed, including the SSARR model (Rockwood D.M., Davis E.D., and 
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Anderson J.A., 1972), the HYOM model (Williams J.R. and Hann R.W., 1973), the 

Sacramento model (Burnash R. J., Ferral R. L., and McGuire R. A., 1973), the tank 

model (Sugawara M., Ozaki E., Wantanabe I., and Katsuyama Y., 1976), 

TOPMODEL (Beven K. J. and Kirkby M. J, 1979), CREAMS (Knisel W. G., 1980), 

HEC-1 (Hydrologic Engineering Center [HEC], 1981), SHE (Systeme Hydrologique 

europeen) (Abbott M. B., Bathurst J. C., Cunge J. A., O'Connell P. E., and 

Rasmussen J., 1986), and the ARNO model (Todini E., 1996). Some of the earlier 

models had flaws, such as missing critical processes like evapotranspiration or 

subsurface flow, which rendered them useless. Furthermore, even models that 

could include more processes did not do so with enough spatial resolution to be 

truly successful in replicating basin processes (Arnold J.G. et al., 1998). Early 

hydrological models handled input parameters as aggregates for the entire basin, 

ignoring the spatial diversity of hydrological processes, due to still limited 

computational capacity and geographic databases (Zhang et al., 2016). 

It was not until the twenty-first century, with significant advances in 

computing and software development – particularly with the introduction of 

Geographic Information Systems (GIS) and the development of databases – that it 

was realized. Consider the territory's existing spatial dispersion, which is causing 

a proliferation of physically based distributed models. 

Water management in arid and semi-arid regions, large-scale floods, the 

influence of climate change, and the impacts of land management have all 

prompted the development of models that simulate large areas. The US 

Agricultural Research Service (ARS) developed SWAT, which has the added 

benefit of being free software. It is a conceptual, semi-distributed, physically based 

model that is one of the most widely used hydrological models at the basin scale 

(Grusson Y. et al., 2017). According to Jodar-Abellán A., Pla-Bru C., and Valdés-

Abellán J. (2019), the reference paper received 2,391 citations in 2017, far more than 

other hydrological models' corresponding articles. 

SWAT has been effectively employed for a variety of applications around the 

world, including evaluating water supplies, water quality, land use changes, and 

the impact of climate change (Krysanova V. and White M., 2015). Many earlier 

research has demonstrated SWAT's capacity to model runoff under various 

environmental and physical conditions, and it has been frequently utilized for 
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modeling the rainfall-runoff process (Srivastava P. et al., 2006; Gassman P.W. et al., 

2007; Cibin R. et al., 2010; Rahman K. et al., 2013; Wang G. et al., 2014). 

SWAT is a basin-wide and well-established hydrologic model that is 

frequently used to simulate streamflow. Climate change, land cover change, and 

human activities are all assumed to be influencing runoff in the basin. In recent 

decades, human activities and climate change have contributed to a growing 

scarcity of water resources in most river basins (Vorosmarty C.J. et al., 2000). As a 

result, determining and measuring the factors that influence runoff variation has 

become a popular research issue. Because hydrological responses to climate change 

and human activities differ depending on location, they are usually investigated at 

the basin scale. Many studies on the variation analysis of hydro-climatic 

parameters have been conducted around the world (Hamlet A.F. et al., 2007; Yang 

Y.H. and Tian F., 2009; Kliment Z., 2009). 

Climate change and land-use/land-cover changes (LULC) are two well-

known elements that influence watershed hydrological processes (Wei X. et al., 

2013). Recently, researchers have focused their efforts on better understanding the 

relative affects and contributions of the two variables on hydrological cycles and 

water resources (Karlsson I.B. et al., 2016). Increased air temperature raises 

atmospheric water vapor levels and modifies regional weather circulation patterns, 

resulting in changes in precipitation occurrence, frequency, and severity, as well as 

intensification of the hydrological cycle. Soil erosion is mostly caused by intense 

but brief precipitation episodes; thus, variations in precipitation frequency and 

intensity affect soil erosion and vegetation cover (Lal R. and Pimentel D., 2008; 

Routschek A. et al., 2014). 

On the other hand, LULC is known to disrupt the hydrological cycle, 

including transpiration, interception, and conservation (Tomer M.D. and Schilling 

K.E., 2009). Increased flooding and drought occurrences, land degradation related 

to soil erosion, reduced agricultural productivity, and deterioration of fragile 

natural eco systems have all resulted from land-use change such as 

afforestation/deforestation, desertification, urbanization, and wetlands 

reclamation (Lorup J.K. et al., 1998). Deforestation, for example, might improve 

streamflow, resulting in short-term positive feedbacks. Furthermore, forest 

removal increases the likelihood of damaging floods and increases soil erosion. 
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Deforestation can also result in lower precipitation due to decreased 

evapotranspiration (ET) (Panday P.K. et al., 2015). Several research has looked into 

the potential decline in water production owing to forestation practices. The 

influence of vegetation changes on water output was investigated in 94 distinct 

basins (Bosch J.M. and Hewlett J.D., 1982). The result showed that eucalypt and 

pine forest types reduce water yield by 40 mm per 10% change in cover, but 

shrubland reduces yield by four times (10 mm). Another research used a fuzzy 

linear regression approach to analyze 145 basins and came to similar findings 

(Sahin V. and Hall M.J., 1986). Brown A.E. et al. (2005) analyzed 166 basins, 

focusing not only on water yield but also on low flows. Sun G. et al. (2006) 

investigated the possible magnitude of yearly water production reduction due to 

forestation across China, finding that it can range from 30% in tropical areas to 50% 

in semiarid regions. The regeneration with pine trees reduced runoff by up to 18% 

in a Mediterranean mountain basin was presented (Llorens P. et al., 2003). 

Vegetation types and distributions can impact air humidity, temperature, 

precipitation, and as a result, the hydrological cycle. Several pioneering research 

have investigated the relationships of forest change, climate, and hydrological 

activity, despite the fact that the corpus of scientific literature on this topic appears 

to be sparse (Tague G. et al., 2008). 

The identification of climate change and LULC consequences on streamflow 

variability in arid to semi-arid regions (Gao L. et al., 2016) is always fascinating. 

The majority of research explored the influence of climate change on hydrological 

components (Lee M.H. and Bae D.H., 2015), and just a few looked at the combined 

effects of climate change and LULC change on a river basin's water resources 

(Zhang A.J. et al., 2012; Zhang Y. et al., 2014). Most studies used hydrological 

modeling to examine differences in hydrological processes at the river-basin size 

(Fossey M. et al., 2016; Marhaento H. et al., 2017). To evaluate the attribution of 

these fluctuations in streamflow in a river basin, some research employed 

hydrological models and classical statistical approaches (Wagner P.D. et al., 2016; 

Woldesenbet T.A. et al., 2017; Yan, R. et al., 2017). 

When establishing a hydrological model, it is generally assumed that the 

aquifer boundary is consistent with the basin boundary and is determined by the 

topography. However, in many cases aquifers usually extend to more than one 

basin and in many cases this assumption cannot be met (Mul M. L. et al., 2007). 
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Water abstraction by pumping (Ladouche B. et al., 2014; Charlier J.B. et al., 2015), 

overbank flow phenomena (Bates P.D. and De Roo A.P.J., 2000; Moussa R. and 

Bocquillon C., 2009], and IGF (Eakin T.E., 1966, Pedro-Monzonis M. et al., 2014) are 

examples of hardly or not measurable flows that can have a noticeable impact on 

water balance.  

Natural IGF, i.e. groundwater flow under surface topographic divides can 

have a big impact on water and chemical fluxes to surface water and important 

consequences for watershed science and management. IGF, which is typically 

present at sites catalogued as groundwater bodies over the world (Genereux D.P. 

et al., 2002), is an expected feature of some groundwater flow systems. Given the 

correct topography and length/depth ratio of the groundwater system, IGF can be 

achieved even in homogenous isotropic geological materials (To'th J.A., 1963).  

IGF may obey structural and lithostratigraphic controls in more realistic 

heterogeneous and anisotropic geological settings (e.g. Eakin T.E., 1966; Parker J.M. 

et al., 1988; Hudson M.R. and Mott D.N., 1997; Thyne G.D. et al., 1999). Physical 

techniques such as soil–water budget and water–table fluctuation (when sufficient 

data are available) (Rahayuningtyas C. et al., 2014; Han M. et al., 2015), tracer 

techniques measuring mostly environmental chemicals and stable isotope contents 

of stream water (Obuobie E., 2008; Alcalá, F.J. et al., 2018), and groundwater 

modeling tools for indirect evaluations (Kim N.W. et al., 2008; Bouaziz L. et al., 

2018) have traditionally been used to identify and quantify IGF. Palanisamy and 

Workman (2014) created the KarstSWAT Model to model IGF in watersheds 

characterized by typical karst features, determining input (preferential recharge in 

sinkholes) and output (punctual discharge in springs) water component dynamics. 

The KSWAT model was developed by Malagó et al. (2016), and it was based on a 

combination of two previous SWAT applications: (1) a SWAT model adaptation to 

consider fast preferential infiltration through caves and sinkholes up to deep 

aquifers developed by Baffaut and Benson (2009), and (2) a karst–flow model in 

Excel to simulate punctual spring flow discharge developed by Nikolaidis et al. 

(2013). In a karst–dominated location in Germany, Nguyen et al. (2020) suggested 

a two–linear–reservoir model to capture the duality of aquifer recharge and 

discharge processes. Although there is still interest in the SWAT model, to our 

knowledge, it has yet to be integrated with the CMB method to improve the 
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hydrological cycle simulation in basins where groundwater flow divides and 

surface topographic divides disagree. 

The hydrological situation is the basic attribute and important driving force 

of the river ecosystem (Jiang L. et al., 2014), and its intra- and inter-annual variation 

will cause changes in the morphology of rivers and riparian zones, flow patterns, 

water quality, flora and fauna, and riparian vegetation, which in turn affect the 

normal structure and function of the river ecosystem, and even an irreversible 

ecological crisis (Zuo Q. and Liang S., 2018). In recent decades, due to the 

intensification of human activities, such as the construction and operation of a large 

number of water conservancy projects, the acceleration of urbanization, the 

destruction of vegetation and environmental pollution, as well as the impact of 

climate change, have had a profound impact on the river and degradated the 

original river ecosystem.  

Large dams became significant and visible technologies for water resource 

management in the twentieth century. The construction of dams for development 

and economic progress increased dramatically from the 1930s to the 1970s, and the 

trend culminated in the 1970s (WCD, 2000). Dams, on the other hand, play both 

positive and negative roles in the context of environmental flow, depending on the 

space and time (Dwivedi V.K. et al., 2010). According to the World Resources 

Institute (WRI), at least one large dam alters 46 percent of the world's 106 primary 

watersheds. Furthermore, dam development has regulated more than 60% of the 

world's rivers (Revenga C., Brunner J., Henninger N., Kassem K. and Payne R., 

2000). Dams are the most significant physical danger to watershed ecosystems, 

fragmenting and changing aquatic and terrestrial ecosystems with a variety of 

consequences that vary in duration, magnitude, and degree of reversibility. 

River damming has long been employed in Mediterranean areas to deal with 

precipitation's natural cycle (Hooke J.M., 2006). Precipitation and runoff are out of 

phase with water demand in these areas, and rivers are more severely dammed 

than in humid areas, resulting in artificially lowered flood peaks and higher 

summer base flows (Kondolf G.M. and Batalla R.J., 2005; Grantham T.E. et al., 2013). 

Flow management in Spain became more intense in the second part of the twentieth 

century, when more than 1300 big dams were built (MMA, 2006), causing 

significant changes in the volume of flows and reversals of natural seasonal cycles 
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in the rivers (Batalla R.J. et al., 2004; Grindlay A.L. et al., 2011; Lorenzo-Lacruz J. et 

al., 2012). 

Dams and reservoirs have changed natural hydrological regimes, reducing 

ecological services and endangering freshwater biodiversity (Magilligan F.J. and 

Nislow K., 2005). Hydrological alteration caused by river damming have a global 

environmental impact, affecting the volume and timing of natural flow regimes 

and endangering the biodiversity of fluvial ecosystems (Poff N.L. et al., 2007; Döll 

P. et al., 2009). The dam's water holding structure obstructs the natural river flow 

regime, causing environmental, ecological, and aquatic life problems, as well as 

morphological changes in the river (Mitra S. and Singh A., 2018). Non-native 

species may thrive in the riparian environment downstream of a dam (Zeiringer B. 

et al. 2018). Because the evolution, adaptation, development, and preservation of 

river habitats rely on water availability, the natural river flow is critical for fluvial 

communities and their ecological integrity (McManamay R.A. and Bevelhimer M.S., 

2013). 

Dam construction has resulted in significant reductions in native fish variety 

in many Spanish rivers (Aparicio E. et al., 2000). Reduced hydrological variability 

and sediment supply downstream of dams has altered river geomorphic patterns 

and increased vegetation encroachment, which prevents natural riparian zone 

dynamic succession (González del Tánago M. et al., 2015; Lobera G. et al., 2015). As 

a result, a better knowledge of reservoirs' cumulative ecohydrological impacts on 

flow regime through time is required. 

In order to assess the river's ecological health and the degree of hydrological 

alteration caused by reservoirs and dams, and to redesign environmental flows for 

river management departments, indicators are needed to assess the river's 

ecological health and the degree of hydrological alteration caused by reservoirs and 

dams. The "natural flow regime" concept was established in the 1990s for the 

ecological restoration of rivers that had been disrupted by anthropogenic activities 

(Matteau M. et al. 2009). The reconstruction of natural flow regimes has been 

studied numerous times since the notion was introduced (Karr J.R. 1991; Ritcher 

B.D. et al. 1996; Poff N.L. et al. 1997). 

Over 170 hydrological metrics have been published to characterize various 

characteristics of the flow regime (Olden J.D. and Poff N.L., 2003), but there has 
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been little study of the association between indicators or the statistical redundancy 

involved (Gao Y., Vogel R.M., Kroll C.N., Poff N.L., and Olden J.D., 2009). Richter, 

Baumgartner, Powell, and Braun (1996) established the Indicators of Hydrologic 

Alteration (IHA), which have been the most commonly used metrics for evaluating 

the influence of regulation on flow regimes. Many regulated rivers across the world 

have effectively employed the IHA method to assess hydrological disturbance (Hu 

W. et al., 2008; Shiau J.T. and Wu F.C., 2004; Chen Y.D. et al., 2010; Yang Z. et al., 

2012; Jiang L. et al., 2014; Wang Y. et al., 2015). The IHA evaluates hydrological 

alterations using 33 parameters that describe the magnitude, timing, frequency, 

duration, and rate of change in streamflow. Changes in these streamflow features 

must be assessed in order to understand and forecast the impact of changing flow 

regimes on riverine biota, including fish (Fantin-Cruz I. et al., 2015; Sakaris P.C., 

2013). 

The concepts of "ecodeficit" and "eco-surplus," which are based on flow 

duration curves (FDCs), were first suggested by Homa et al. (2005) and Vogel et al. 

(2007) in an effort to construct an overall measure of habitat alteration based on 

streamflow data. These metrics can be calculated for any time period (season or 

year) and show the shortage or excess of streamflow caused by flow regulation 

during that time period. These two ecoflow metrics illustrate the tradeoff between 

human and ecological demands for available water in a numerical and graphical 

format. The eco-deficit and eco-surplus statistics might be useful in determining 

how much a river has altered hydrologically. Among all the indices in the 

simulated data set, the yearly eco-deficit appears to be the best generalized index 

(Gao B. et al., 2012; Gao Y. et al., 2009; Zhang Q. et al., 2015). 

For optimizing the natural biogeochemical process and for varied 

hydrophytic communities, environmental flow design necessitates freshwater 

quantity, quality, and timing of water flow. One strategy to reduce the escalating 

impacts of hydrological alteration in the world's rivers is to use environmental low 

management in the river system (Tonkin J.D., Jähnig S.C., and Haase P., 2014). 

As a result, there is a need to manage the environmental flow in order to 

recover and preserve the socially, environmentally, and economically feasible 

choice while reducing the negative impacts of dams and supporting freshwater and 

estuarine ecosystems (The Brisbane Declaration, 2007). 
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III- RESEARCH METODOLOGY  

Chapter III was divided into four parts. Section III.1 described the main 

characteristics of the study areas. Section III.2 presented the SWAT hydrological 

model, as well as the sensitivity analysis, calibration and validation of the model. 

Section III.3 described the CMB method. Finally, Section III.4 presented the IAH 

method and the IAHRIS software. 

III.1 CHARACTERISTICS OF THE STUDY AREAS 

The two study areas are located in the semi-arid region of southeastern Spain. 

The first is the headwater of the Segura River Basin (HWSRB) at Segura River 

Watershed (SRW) and the second is the Castril River Basin (CRB) headwater at 

Guadalquivir River Watershed (GRW). The GRW is adjacent to the SRW (Figure 1). 

The HWSRB flows to the Anchuricas Reservoir, which has a capacity of 6 Mm3 for 

power generation (Figure 1a). The CRB headwater extends from the GRW–SRW 

divide to the El Portillo Reservoir, which has a capacity of 33 Mm3 (Figure 1b). 

III.1.1 Headwater of the Segura River Basin (HWSRB)  

The Segura River Basin is one of the most arid regions in the Mediterranean area, 

and its flow pattern shows great heterogeneity (Belmar O., et al., 2011). The HWSRB 

is in the province of Andalusia, and was selected mainly to study how climate 

change and land-use/land-cover changes (LULC) determine the flow pattern in 

this semiarid region. As mentioned earlier, the LULC of HWSRB has changed 

dramatically since the 1970s due to the reduction of rainfed agriculture and the 

increase of forest cover. The HWSRB reforestation strategy was to introduce pine 

species, using pinus nigra in the upper part of the basin, and using pinus pinaster 

and pinus halepensis in the middle and lower parts (Araque Jiménez E. F, 2017). 

Former research shown how the increase in vegetation cover leads to a decrease in 

both sediment yield and runoff generation (Quiñonero-Rubio J.M., et al., 2016). 

Even worse, other research predicted that water volumes of the HWSRB would 
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decline by more than 50% by the end of the century (Senent-Aparicio J. et al., 2017). 

The Anchuricas Reservoir was built in 1957.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. (a) Location of the headwater of the Segura River Basin (HWSRB) at Segura 

River Watershed (SRW); (b) Location of the Castril River Basin (CRB) headwater at 

Guadalquivir River Watershed (GRW); (c) Digital Elevation Model (DEM) of HWSRB; 

(d) DEM of CRB. 
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As a typical Mediterranean climate, precipitation is mainly concentrated in 

spring and autumn. Based on data from 1951 to 2015, the average annual 

precipitation was above 800 mm, ranging from 381 mm to 1447 mm. The HWSRB 

has an area of 235 km2 with elevation ranging from 898 to 1912 m. The average 

annual temperature is 11.8 °C. 

The average monthly flow varies from 0.74 m3/s in August to 4.82 m3/s in 

February. The land cover in the basin is predominantly (approximately 81%) 

dominated by forests characterized by Mediterranean shrub vegetation; the rest 

being bareland areas at summits. The predominant soil type is Rendzic Leptosol, 

stony, high carbon content and well drained (Senent-Aparicio J. et al., 2017).  

Table 1 compares the land use situation in HWSRB in 1956 and 2007. As can 

be seen, from 1956 to 2007, the area devoted to shrubland and rainfed agriculture 

decreased and forests increased. Compared to 1956, the urban areas, water bodies, 

and barren lands have not changed much, but the grassland and forest area 

increased by 5.56 and 34.26 km2, respectively. During the same period, the area 

devoted to rainfed agriculture, shrubland and woodland/shrub transition 

decreased by 11.56, 14.79 and 15.60 km2, respectively.  

 

Land Cover Type 

Area Coverage 

(km2) 

Area Coverage 

(%) 

Change  

1956–2007 

1956 2007 1956 2007  By km2 By % 

Urban Areas 0.16 0.21 0.07 0.09 0.05 +0.02 

Water Bodies 0.00 0.44 0.00 0.19 0.44 +0.19 

Barren Land 0.49 2.13 0.21 0.90 1.64 +0.69 

Grassland 30.96 36.52 13.13 15.49 +5.56 +2.36 

Forests 54.91 89.17 23.29 37.82 +34.26 +14.53 

Rainfed Agriculture 17.04 5.48 7.23 2.32 −11.56 −4.91 

Shrubland 82.16 67.37 34.85 28.57 −14.79 −6.28 

Transitional 

Woodland/Shrub 
50.06 34.46 21.23 14.62 −15.6 −6.61 

Table 1. Land-use change in the HWSRB from 1956 to 2007 
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III.1.2 Castril River Basin (CRB) headwater 

The Castril River is a mountain stream supplied by aquifers at the headwater 

of GRW in the province of Granada in Andalusia, adjacent to SRW (Figure 1b). The 

headwater sector of the CRB covers 120 km2. The Castril River flows 40km from the 

carbonate southern slopes of the Segura Mountains and southward among the 

Sierra de Castril (West) and Sierra Seca (East) Mountains (Paz C. et al., 2017) to the 

El Portillo Reservoir (Figure 2) with elevation ranging from 2,130 to 837. The El 

Portillo Reservoir was built in 1999. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The climate is typical continental Mediterranean with dry summers and cold 

winters (Capel-Molina J.J., 1981). The annual average temperature is about 8ºC, 

with winter temperature lower than 0ºC and summer temperature over 40ºC. 

Average annual precipitation is about 770 mm and average annual potential 

evapotranspiration is about 800 mm (Vanderlinden K. et al., 2004). Most rainfall 

occurs from autumn to spring. Winter is dominated by cold north wind and humid 

west wind, while in summer and autumn it is dominated by southeast wind. The 

summer high temperature and less rainfall coincide with each other (Trigo R. et al., 

2004). 

Figure 2. Location of El Portillo Reservoir 
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The CRB headwater is located in the Sierra de Castril Natural Park, so the 

land use is dominated by forests, grasslands, woodlands and shrublands, sparse 

vegetation areas, barren lands, and marginal irrigated crops (Figure 3). The absence 

of permanent human settlements avoids the impact of human production and 

domestic water use on the research. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Two studies were conducted in this high-permeability bedrock basin, 

namely, modeling of received Interbasin Groundwater Flow (IGF) and assessing of 

the impacts of the El Portillo Reservoir construction on hydrologic alternation and 

river ecosystem. 

The CRB water balance is influenced by IGF, which is a naturally occurring 

groundwater flow below the topographic divide between SRW and GRW. The 

magnitude of the IGF may be particularly relevant in high-permeability bedrock 

areas, which can maintain permanent streamflow during the dry seasons, thereby 

Figure 3. Land-use map (scale 1:25,000) of the CRB headwater from the Andalusian 

Environmental Information Network (REDIAM). 
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modifying the water balance of the area that most rainfall-runoff modeling tools 

can evaluate (Nguyen V.T., et al., 2004). 

Geologically, this study area belongs to the Prebetic domain of the External 

Zone of the Alpine Betic Chain. According to the types of permeability and storage 

capacity reported by the Geological Survey of Spain (IGME) (1988, 1995) and ITGE–

CGH–DGCA (2001), and the bottom-top lithostratigraphic distribution in the 

region, the geological structure can be divided into four main formations with 

different hydraulic bahaviour: (1) Triassic gypsum–rich marls and clays with 

occasional limestones are low permeable formation that form the impervious 

boundary of local aquifers; (2) Jurassic and Cretaceous carbonate formations form 

highly permeable aquifers with a thickness of up to 300 m; (3) Jurassic and 

Cretaceous marls and calcareous marls are low permeable formation; (4) Late 

Quaternary alluvial deposits appear intermittently in the valley, forming 

temporary unconfined aquifers (Figure 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 Figure 4. Hydrogeological map of the CRB (scale 1:200,000) 



CHAPTER III: RESEARCH METHODOLOGY 57 

III.2 SWAT MODEL 

Since the mid-1980s, with the continuous development of computer 

technology and Geographic Information Systems (GIS) and Remote Sensing (RS) 

technology, distributed hydrological model which can easily and objectively reflect 

the impact of climate and uncertainty in spatial distribution of surface attributes on 

runoff generation, has gradually become one of the important tools and methods 

for modern water resources and water environment research. Among them, the 

SWAT (Soil and Water Assessment Tool) model plays an important role in the 

distributed hydrological model with powerful function, advanced model structure 

and efficient calculation, and can be modeled in the area where the data is lacking. 

SWAT is a physically based, semi-distributed, continuous simulation model that 

operates on a daily scale. SWAT was jointly developed in 1994 by the Agricultural 

Research Service of the United States Department of Agriculture (USDA-ARS) and 

Texas A&M AgriLife Research, part of The Texas A&M University System. SWAT 

was primarily created to predict the impact of human activities on water resources 

and sediments in large and complex watersheds, with a variety of soil types, 

different land uses and exploitation conditions over time. Combined with the GIS 

platform, the model uses spatial data information provided by GIS and RS to 

simulate a variety of different hydrophysical processes in complex watersheds, 

including the transport and transformation of water, sediments, chemicals and 

pesticides, and has been widely used in many countries around the world (Arnold 

J.G. et al., 1998). 

The simulation of SWAT model includes atmospheric precipitation, surface 

runoff, subsurface flow, evapotranspiration, groundwater flow, river network flow 

concentration and other processes. SWAT requires a digital elevation model 

(DEM), a soil map, and a land use map for the hydrological division of the basin, 

the climate data is also integral. The integration of this spatial information is done 

with the help of GIS systems, with specific plugins in ArcGIS and QGIS. These data 

are used as inputs for the hydrological simulation analysis of surface runoff and 

groundwater recharge. The SWAT model first divides the study area into several 

hydrological response units (HRUs) based on DEM map, land use, soil type and 

meteorological data, and then establishes a hydrophysical conceptual model on 

https://cn.bing.com/dict/search?q=Uncertainty&FORM=BDVSP6&mkt=zh-cn
https://cn.bing.com/dict/search?q=Spatial&FORM=BDVSP6&mkt=zh-cn
https://cn.bing.com/dict/search?q=Distribution&FORM=BDVSP6&mkt=zh-cn
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each HRU, with runoff calculation on each unit the model finally connects all the 

HRUs by the river network in the whole study area. 

The hydrological simulation in SWAT is separated into two phases: land 

phase and routing phase (Neitsch et al., 2011). The land phase of the hydrologic 

cycle (Figure 5) determines the amount of water, sediments, nutrients and 

pesticides incorporated into the main channel of each sub-basin. The movement of 

water, sediments and other components determined in the first phase to the 

watershed outlet is controlled through the routing phase. 

 

Figure 5. The land phase of the hydrological cycle in SWAT (Neitsch et al., 2011) 
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SWAT simulates the water balance components taking precipitation, runoff, 

evapotranspiration, permeation and return flow variables into accout (Abbaspour 

et al., 2015). The water balance equation that governs the hydrological components 

modeling of the SWAT model is as follows: 

SWt = SW0 + ∑(Rday − Qsurf − 𝐸𝑇𝑖 −Wseep − Qgw)

𝑡

𝑖=1

 (1) 

where SWt is the final soil water content (mm H2O), SW0 is the initial soil water 

content (mm H2O), t is the time (days), Rday is the amount of precipitation on day 

i (mm H2O), Qsurf is the surface runoff amount on day i (mm H2O), ETi is the 

amount of evapotranspiration on day i (mm H2O), Wseep is the amount of water 

that enters the vadose zone from the soil profile on day i (mm H2O), and Qgw is 

the return flow amount on day i (mm H2O).  

The recharge of underground water is calculated by: 

Wrchrg,i = (1 − exp ⌊−1/δgw⌋) ⋅ Wseep +  exp ⌊−1/δgw⌋ ⋅ Wrchrg,i−1 (2) 

where Wrchrg,i is the amount of recharge entering the aquifers on day i (mm H2O), 

δgw is the delay time or drainage time of the overlying geologic formations (days), 

Wseep is the total amount of water exiting the bottom of the soil profile on day i 

(mm H2O), and Wrchrg,i−1 is the amount of recharge entering the aquifers on day 

i-1 (mm H2O).  

The climate of a basin determines the moisture and energy inputs that control 

the water balance. The climatic variables required by SWAT are daily precipitation, 

maximum and minimum air temperature, solar radiation, wind speed and relative 

humidity. These variables can be entered as observed data or generated during the 

simulation. 

The SWAT model assumes for the modeling of the water in the channel 

circulates through trapezoidal channels and in a free sheet regime. SWAT uses 

Manning's equation to define the rate and velocity of flow. The water circulates 

through the channel network using the variable storage routing method or the 

Muskingum method. With this procedure, the flows generated in each HRU are 

aggregated along the drainage network until reach the model outlet. 
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III.2.1 Hydrological components of the SWAT model 

When water precipitates from the atmosphere to the land surface, a part can 

be intercepted by the vegetation cover and the rest infiltrates through the soil 

reaching the underlying aquifer or forms surface and subsurface flows, which by 

runoff reach the main water channels, thus contributing to increase the flow of 

rivers in the short term. A variable fraction evapotranspirates and returns to the 

atmosphere. 

All the processes involved in the land phase of the hydrological cycle are 

described in the next sub-sections. 

III.2.1.1 Surface runoff 

Surface runoff occurs when precipitation reaching the land surface exceeds 

its infiltration capacity. This infiltration decreases as soil moisture increases. In 

SWAT, surface runoff can be calculated using two different methods: (i) the United 

States Soil Conservation Service (SCS) curve number (CN) method (USDA-SCS, 

1972) and (ii) the Green & Ampt infiltration method (1911). This research has used 

the curve number method to estimate surface runoff in the hydrological models of 

the study areas. 

The curve number varies nonlinearly with soil moisture content and 

decreases as the soil approaches wilting point from values close to 0 for very high 

permeability conditions (e.g. sinkholes in kastic areas) to 100 for very low 

permeability conditions (e.g. pavemented urban areas) or when soil is fully 

saturated or frozen. 

III.2.1.2 Interception by vegetation 

A fraction of the precipitation never reaches the land surface. This fraction is 

intercepted by the vegetation cover and is available for direct evaporation. When 

the curve number method is used to calculate surface runoff, the water intercepted 

by the vegetation cover is considered in the runoff balance. The maximum value of 

intercepted water by each type of vegetation in the basin is defined in SWAT, this 

being the first water that disappears when evaporation is considered. 



CHAPTER III: RESEARCH METHODOLOGY 61 

III.2.1.3 Infiltration 

Infiltration is the amount of water that enters the soiland flows downward 

below the soil root zone through the unsaturated zone. In this process, the soil 

becomes increasingly moist, causing saturation. The excess of water flowing 

downward below the root zone (the zone of influence of evapotranspiration) is 

named infiltration and decreases over time. Infiltration is determined as the 

difference between the amount of precipitation and surface runoff. 

III.2.1.4 Subsurface flow 

The subsurface flow originates in the unsaturated zone, including the soil 

root zone. This fraction of in-transit infiltrating water does not reach the saturated 

zone and leaves the unsaturated zone to contribute to the channels water flow. In 

SWAT it is calculated by a kinematic storage model developed by Sloan, Morre, 

Coltharp, & Eigel (1983). This model takes the variation in conductivity, slope and 

soil water contentinto account for its calculation. 

III.2.1.5 Evapotranspiration 

Evapotranspiration is the sum of two water balance components: 

evaporation and transpiration. Evaporation encompasses all the processes by 

which liquid or solid water present on or near the land surface and in the soil turns 

into vapor, including evaporation from rivers and lakes, water on the land surface, 

the soil and the vegetation cover, and sublimation from ice and snow. 

Transpiration includes the water fraction that plants exchange to the atmosphere 

to complete its functional cycles, including direct flows from the stems and leaves 

and indirect ones from the roots in the soil.  Evapotranspiration may be defined 

as a potential, possible value without water limitations or an actual value attending 

to the net available amount of water to be evapotranspired. 

The SWAT model offers three methods to calculate potential 

evapotranspiration: Penman-Monteith (Monteith, 1965), Hargreaves (Hargreaves, 

Hargreaves, & Riley, 1985), and Priestley-Taylor (Priestley & Taylor, 1972). 

Penman-Monteith, uses data on solar radiation, temperature, relative 

humidity and wind speed are required, Priestley-Taylor uses data on solar 

radiation, temperature and relative humidity, and Hargreaves uses maximum and 
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minimum temperature data only. Due to the easy access to the data, Hargreaves 

and Penman-Monteith are more widely used methods to calculate 

evapotranspiration. In this research, Hargreaves is the method chosen to calculate 

evapotranspiration. 

III.2.1.6 Percolation  

Percolation is the infiltration water fraction minus the percolation flow that 

moves downward through unsaturated zone. It is calculated for each soil layer in 

the unsaturated zone. When the soil water content exceeds the soil field capacity of 

one layer, then the water percolates to the next layer. When the soil layer is frozen, 

SWAT does not calculate the water flow of the layer. Temperature is a determining 

factor in this process, which means when the temperatures below 0°C, the water in 

the ground is frozen and the flow does not occur. 

III.2.1.7 Channels 

Two different types of channels are considered in SWAT (i) the main channel 

network and (ii) tributary or secondary channels. The tributary channels are 

responsible for collecting surface runoff from the sub-basins and directing it to the 

network of main channels. The subsurface flow in SWAT connects directly with the 

main network. Secondary channel attributes are used to calculate the time of 

concentration for each of the sub-basins. 

III.2.1.8 Return flow and aquifer recharge  

Return flow, or baseflow, is the groundwater fraction that contributes to the 

channels water flow from the aquifers. Aquifer recharge is the fraction of 

percolation flow that reachs the saturated zone and contributes to the aquifer 

storage. The SWAT model divides the groundwater dynamics into two layers (i) a 

shallow, unconfined aquifer, which provides baseflow to surface streams in the 

basin; and (ii) a deep, confined aquifer that supplies baseflow to surface streams 

outside the basin (Arnold, Allen, & Bernhardt, 1993). In addition to return flow, the 

groundwater stored in the shallow aquifer can replenish moisture in the soil in very 

dry conditions or be directly removed by phreatophytic vegetation when the water 

table is shallow. 
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III.2.2 Sensitivity analysis, calibration and validation of the SWAT model 

The adjustment of the defining parameters of SWAT is carried out through a 

calibration procedure consisting of three different stages: sensitivity analysis, 

calibration and validation.  

Sensitivity analysis determines how much changes in model parameters 

affect the model outputs. It is a necessary process to identify the key parameters 

needed for calibration (Ma L. et al., 2000), and to select those parameters that have 

a significant impact on the model results. Model calibration is the process of 

estimating the value of parameters by comparing model simulation outputs with 

observed data for the same conditions. The validation process consists of running 

the model using the parameters determined in the calibration to demonstrate that 

the model is sufficiently accurate for the case study. 

The calibration can be done manually or automatically. Manual calibration is 

based on a trial-and-error process, which means when the number of parameters 

is large manual calibration becomes a slow and complex task. Automatic 

calibration optimizes parameter values using numerical methods. As SWAT is a 

model with a multitude of parameters and complex operation, automatic 

calibration is recommended. For this purpose, the SUFI-2 (Sequential Uncertainty 

Fitting version 2) (Abbaspour K. C. et al., 2004) algorithm implemented in the 

SWAT-CUP (SWAT – Calibration Uncertainly Procedures) software package has 

been used in the different models developed in this PhD Thesis. As a calibration 

algorithm, the SUFI-2 algorithm requires fewer simulations to achieve the same 

level of performance compared to the other calibration options. Furthermore, SUFI-

2 was found to be quite efficient for time-consuming large-scale models (Yang J. H. 

et al., 2008).  

The calibration process for adjusting the values of the selected parameters 

using SUFI-2 algorithm includes the following steps: 

1. Definition of the objective function dependent on the project  

  objectives. 

2. Definition of the absolute maximum and minimum values of  

  the parameters based on their physical characteristics. 

3. Sensitivity analysis of the parameters selected in the model.  
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4. Definition of the initial values of the calibration parameters. 

5. Running N simulations (n > 500) and saving the output variables  

  obtained, including the following steps: 

a. Calculation of the objective function of each simulation. 

b. Calculation of the sensitivity of each parameter. 

c. Calculation of 95% of the prediction sensitivity (95PPU). 

6. Definition of the updated intervals for each parameter and repetition  

  of the simulations until the desired adjustment is achieved.  

Sensitivity analysis is estimated according to the variations in the objective 

function that evaluates the model calibration’s effectiveness. It is computed by 

altering each parameter one by one, while all other parameters remain the same. 

The SUFI-2 algorithm calculates the statistical values of the t-stat and p-value by a 

multiple regression analysis in the sensitivity analysis of each of the parameters.  

The higher the value of t-stat and lower the p-value statistic (values less than 

0.05), the more sensitive the parameter considered (Abbaspour K. C. et al., 2007). 

The parameter calibration and validation process begins when the most 

sensitive parameters have been detected, in many cases depending on the results 

of their initial values. The warm-up period (first 2 - 5 years) is used to stabilize the 

model and improve the quality of the simulation, and the parameter values at the 

end of the warm-up period are taken as the initial values. 

Validation consists executing the model with the values of the parameters 

that were determined during the calibration process, and comparing the 

predictions to observed data not used in the calibration. In this way, the validity of 

the model is guaranteed in conditions other than the calibration phase. 

III.2.3 Performance Evaluation Criteria of the SWAT model 

Quantitative information is used to cross-validate the SWAT model results. 

For model efficiency criteria, the most common statistics are Nash-Sutcliffe 

efficiency (NSE), inverse Nash-Sutcliffe Efficiency (lnNSE), coeficient of 

determination (R2), percent bias (PBIAS), root mean square error (RMSE), and 

observations standard deviation ratio (RSR) (Table 2). 
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Statistic and Equation Description 

NSE: Nash– Sutcliffe Efficiency Coefficient.  

= 1 −
∑ (Qobs i − Qsim i)

2n
i=1

∑ (Qobs i − Q̅)
2n

i=1

 

NSE indicates a perfect 

match between observed and 

simulated data and the range is 

between −∞ and 1. Higher than 0.5 

is considered satisfactory. 

lnNSE 

= 1 −
∑ (ln(Qobs i) − 𝑙𝑛 (Qsim i))

2n
i=1

∑ (ln(Qobs i) − ln(Q)̅̅ ̅̅ ̅̅ ̅)2n
i=1

 

lnNSE is the logarithmic 

form of the model efficiency 

coefficient. NSE emphasizes the 

high flows, and lnNSE emphasizes 

the low flows. 

𝑅2: 𝐶𝑜𝑒𝑓fi𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝐷𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 

=

(

 
∑ (𝑄𝑜𝑏𝑠 𝑖 − �̅�)
𝑛
𝑖=1 (𝑄𝑠𝑖𝑚 𝑖 − 𝑄𝑠𝑖𝑚 𝑖̅̅ ̅̅ ̅̅ ̅̅ )

√∑ (𝑄𝑜𝑏𝑠 𝑖 − �̅�)
2𝑛

𝑖=1 √∑ (𝑄𝑠𝑖𝑚 𝑖 − 𝑄𝑠𝑖𝑚 𝑖̅̅ ̅̅ ̅̅ ̅̅ )2𝑛
𝑖=1 )

 ² 

R2 indicates the degree of 

linear relationship between 

simulated and observed data and 

the range is from 0 to 1. Higher than 

0.5 is considered satisfactory. 

PBIAS: Percent Bias 

= 
∑ (Qobs i − Qsim i) ∙ 100
n
i=1

∑ (Qobs i)
n
i=1

 

PBIAS calculates the average 

trend of the simulated data to be 

larger or smaller than their 

observed counterparts. The optimal 

value is 0, and between ±25 is 

acceptable.  

RMSE: Root Mean Square Error  

= √∑(𝑄obs 𝑖 − 𝑄sim 𝑖)
2

𝑛

𝑖=1

 

RMSE indicates a perfect 

match between observed and 

predicted data when it equals to 

zero. Increasing RMSE values 

indicate that matching is getting 

worse. 

Table 2. Equations, ranges, and optimal values for SWAT model 

performance statistics, after Moriasi D. N. et al. (2012). 
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𝑅𝑆𝑅: Ratio of RMSE to Standard deviation of  

observations data.  

=
𝑅𝑀𝑆𝐸

𝑆𝑇𝐷𝐸𝑉𝑜𝑏𝑠
=
√∑ (𝑄obs 𝑖 − 𝑄sim 𝑖)

2𝑛
𝑖=1

√∑ (𝑄𝑜𝑏𝑠 𝑖 − Q𝑠𝑖𝑚 𝑖̅̅ ̅̅ ̅̅ ̅̅ )2𝑛
𝑖=1

 

RSR is the ratio of the RMSE 

to standard deviation of observed 

data, and its range is between 0 and 

∞. The lower RSR, the lower RMSE 

and better the model performance. 

Lower than 0.7 is acceptable. 

where n is the total number of observations, Qobs i and Qsim i are the observed and 

simulated discharges at i th observation, �̅� is the mean of the observed data over 

the simulation period, and 𝑄𝑠𝑖𝑚 𝑖̅̅ ̅̅ ̅̅ ̅̅  is the mean of the simulated data over the 

simulation period.    

III.3 CMB METHOD 

SWAT has significant conceptual limitations in simulating groundwater flow 

and storage (Luo Y. et al., 2012), which can lead to poor model performance in 

groundwater-dominated watersheds (Ficklin D.L. et al., 2012). One of these 

limitations is SWAT’s inability to consider the Interbasin Groundwater Flow (IGF). 

IGF is defined as the naturally occurring groundwater flow beneath the surface 

topographic divide that defines the basin boundary introduced by SWAT model or 

other hydrological models, and contributes to the baseflow of another basin 

different to what it was generated (Genereux D.P. et al., 2005). The magnitude of 

IGF may be particularly associated with high-permeability bedrock areas, such as 

steep karst massifs. IGF maintains streamflow in dry seasons, thereby significantly 

altering the water balance of a region (Nguyen V.T. et al., 2020). IGF is often 

difficult to measure, although it is a common hydrological process in high-

permeability bedrock areas. 

Long-term net aquifer recharge (R) and discharge in steep basins with 

increased flow in natural (undisturbed) states can be equated when groundwater 

extraction, direct evapotranspiration from shallow aquifers, and underflow into 

deep aquifers are almost zero (Alcalá F.J. et al., 2011; Andreu, J.M. et al., 2011). In 

this undisturbed hydrological regime, net aquifer recharge is equal to the baseflow 

component of streamflow (Rutledge A.T. et al., 1996; Lim K.J. et al., 2005; Plesca I. 

et al., 2012; Lee J. et al., 2018), narrowing down to the implementation of 
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appropriate and feasible techniques to determine R. Average R can be determined 

using different methods (Scanlon B.R. et al., 2002; McMahon P.B. et al., 2011), one 

of which is independent and well-known method is atmospheric chloride mass 

balance (CMB) (Claasen H.C. et al., 1986; Dettinger, M.D., 1989; Wood, W.W.; et al., 

1995; Sami K. et al., 1996; Scanlon B.R. et al., 2006).The CMB method has been 

widely used for different topographical, climatic, and geological changes to 

measure long-term R when the chloride content of the water table is a function of 

the atmospheric chloride content and can be used as a proxy for the recharge 

chloride content. By validating the long-term stability of the CMB variables (Alcalá 

F.J. et al., 2014; Alcalá F.J. et al., 2015), the CMB method has recently been used to 

assess the spatial distribution of average R from precipitation and its uncertainty 

in continental Spain. This data availability is why the CMB method was chosen to 

assess IGF in areas where there are no human activities neither geological features 

contributing non-atmospheric hloride sources. 

III.3.1 CMB Method application for aquifer recharge  

As described above, the CMB is one of the most widely used methods to 

estimate R. The CMB is a global method based on the principle of mass 

conservation of a conservative tracer, in this case the chloride ion, atmospherically 

contributing to the land surface.  

By validating the long-term stability for the CMB variables: atmospheric 

chloride bulk deposition, chloride output fluxe from surface runoff, and chloride 

content in recharge water, the CMB method has recently been used to determine 

the spatial average R and its natural uncertainty (standard deviation) on 

continental Spain (Alcalá F.J. et al., 2014; Alcalá F.J. et al., 2015; Alcalá F.J. et al., 

2008a). This assessment analyzed the effects of hydraulic properties (permeability 

and storability) of different aquifer lithologies on the R estimates and the potential 

contribution of non-atmospheric chloride sources (Alcalá F.J. et al., 2008b).  

The hydrological significance and reliability of distributed R was determined 

by comparing with local potentially trustworthy R values, including some aquifers 

near the study areas with similar typology. The CMB variable is regionalized by 

using ordinary kriging on the same 4976 nodes of a 10 km x 10 km regular grid to 

estimate average R and its uncertainty in each grid node. The assessment covered 
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10 years, which is a critical balance period for achieving a relatively stable CMB 

mean and standard deviation. This period coincides with the ten-year global 

climate cycles acting on the Iberian Peninsula, with roughly five years of positive 

and negative phases not perfect along with the North Atlantic Oscillation trend 

(Hurrell J.W., 1995; Trigo R. et al., 2004).   

III.3.2 IGF series generation 

As mentioned earlier, under natural (undisturbed) regime when 

groundwater extraction, direct evaporation of shallow aquifers, and underflow 

into deep aquifers are almost zero, long-term steady R and IGF in steep high-

permeability bedrock basins with gaining streams can be equated (Rutledge A.T. 

et al., 1996; Lim K.J. et al., 2005; Plesca I. et al., 2012; Lee J. et al., 2018). When the 

human water use is virtually null and the hydrogeological functioning is well 

defined, the fraction of R produced in upstream contributing areas can be used as 

a reliable proxy for the baseflow component. 

A procedure was introduced to obtain the yearly R series, by adopting the 

temporal structure of the yearly P series of the control period (Pulido-Velazquez D. 

et al., 2018). The model uses a correction function that forces the control R series to 

have the same relative deviation as the control P series, while maintaining the 

magnitude of its initial mean and standard deviation. The calibration function is 

used to obtain the yearly R series, assuming that the correction function is 

unchanged. The process consists of the following steps: 

Average change of mean and standard deviation of P and R for the same 

control period:  

∆µ =
µ(𝑅) − µ(𝑃)

µ(𝑃)
 (3a) 

∆𝜎 =
𝜎(𝑅) − 𝜎(𝑃)

𝜎(𝑃)
 (3b) 

where ∆µ is the change in mean and ∆𝜎 is the change in standard deviation. 

Standardization of the yearly P series: 
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𝑃𝑛𝑖 =
𝑃𝑖 − �̅�

𝜎𝑅
 (4) 

where Pi is i–year P and Pni is its standardised value, �̅� is mean P, and 𝜎𝑅  is 

standard deviation of mean R. 

Generation of yearly R series from yearly P series:  

𝑅𝑖 = µ𝐶 + 𝜎𝐶 · 𝑃𝑛𝑖 (5) 

where Ri is i–year R, and µ𝐶 and 𝜎𝐶 are expressed as: 

µ𝐶 =  µ(𝑃) · (1 + ∆µ) (6a) 

𝜎𝐶 =  𝜎(𝑃) · (1 + ∆𝜎) (6b) 

III.3.3 BFLOW programme  

The Baseflow Automatic Digital Filter (BFLOW) was employed to divide 

daily streamflow records into baseflow and surface runoff components. This 

recursive digital filter technique was first used for baseflow analysis (Nathan and 

McMahon, 1990). Filtering baseflow (low-frequency signal) from streamflow (high-

frequency signal) is equivalent to filtering low-frequency signals in signal 

processing, according to the BFLOW hypothesis (Arnold J.G. et al., 1995). Despite 

the lack of a true physical basis for this technique, it is objective and repeatable, and 

it produces results that are comparable to those achieved using other most 

sophisticated automated models or tedious manual techniques. Many research 

including the SWAT Model (Plesca I. et al., 1995; Meaurio, M. et al., 2015) have 

employed BFLOW. BFLOW's baseflow was enhanced by adding IGF. 

III.4 IHA METHOD AND IAHRIS 

In order to quantitatively assess the extent to which human activities affect 

the hydrological regime, many researchers have implemented different methods 

since the 1970s, the most widely used was the IHA (Indicators of Hydrologic 

Alteration) method. This PhD Thesis used the IAHRIS (Indicators of Hydrologic 

Alteration in RIverS) version 2.2 software package to calculate the IHA of CRB. 



70  LIU SITIAN 

IAHRIS is a free software developed by the Centre for Public Works Studies and 

Experimentation (CEDEX). 

III.4.1 Indicators of hydrologic alteration (IHA) 

The IHA method established 33 quantifiable hydrological parameters related 

to the ecological environment from the five aspects of flow regime, timing, 

frequency, duration and rate of change (Richter B.D. et al., 1996). IHA was 

originally designed to analyze hydrologic effects of dams by comparing 

streamflow in “with dam” and “without dam” periods. The method assumes that 

natural flow modification alters the ecosystem. The numerical changes of 

hydrological parameters reflect the degree of hydrological changes, while the 

differences in hydrological parameters can also reflect the differences in ecological 

hydrology, and certain hydrological parameters depict a certain aquatic 

environment.  

The IHA parameters contains five categories (Table 3): (1) magnitude of 

monthly streamflow, (2) magnitude of annual extreme flow, (3) frequency and 

duration of high and low pulses, (4) rate and frequency of flow changes, and (5) 

timing of annual extreme flow. The IHA covers most flow components and can be 

used to analyze high information and non-redundant indices.  

 

Group Parameter 

Magnitude of monthly 

streamflow 

Mean flow in January, mean flow in February, mean flow 

in March, mean flow in April, mean flow in May, mean 

flow in June, mean flow in July, mean flow in August, 

mean flow in September, mean flow in October, mean flow 

in November, mean flow in December. 

Magnitude of annual 

extreme flow 

One-day maximum flow, three-day maximum flow, 

seven-day maximum flow, 30-day maximum flow, 90-day 

maximum, one-day minimum flow, three-day minimum 

flow, seven-day minimum flow, 30-day minimum flow, 

90-day minimum flow. 

Table 3. Indicators of hydrological alteration (IHA).  
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Frequency and duration of 

high and low pulses 

Low pulse count, low pulse duration, high pulse count, 

high pulse duration. 

Rate of flow change Rise rate, Fall rate, Number of reversals. 

Timing of flow 
Date of annual maximum flow, date of annual minimum 

flow, number of zero flow days. 

III.4.2 IAHRIS 

IAHRIS (Martínez C. and Fernández J.A., 2010a & 2010b) is a free software 

developed by CEDEX to evaluate the degree of hydrological changes through a 

series of indicators. IHARIS is suitable for Spain because the hydrological alteration 

is assessed according to the criteria established by the Spanish Hydrological 

Planning Instruction. In IAHRIS, the IHA value is obtained by comparing 19 

parameters (Table 4) of the natural flow and the altered flow. Three of them are 

derived from annual flow, six are derived from monthly flow, and the rest are from 

daily flow. These indicators are divided into usual values, maximum extreme 

values (floods) and minimum extreme values (droughts). The impact on the 

ecosystem is considered from five aspects: magnitude, variability, seasonality, 

duration and frequency at each level. 

 

Group Aspect Description Parameter 

Usual 

values 

Annual 

and 

Monthly 

volumes 

Magnitude  Mean of annual volumes. P1 

Variability 
Difference between maximum and 

minimum volume in the year. 
P2 

Seasonality 
Months of maximum and 

minimum volume in the year. 
P3 

Daily 

flows 
Variability 

Differences between average flows 

of 10% and 90% percentiles. 
P4 

Table 4. Parameters of IAHRIS 
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Extreme 

values 

Maximum 

daily flow 

(floods) 

Magnitude 

and 

frequency 

Average of Yearly maximum daily 

flow. 
Qc (P5) 

Effective discharge. QGL (P6) 

Connectivity flow. QCONEC (P7) 

Usual flow in flooding (5% 

exceedance percentile). 
Q5% (P8) 

Variability 

Coefficient of variation of yearly 

maximum daily flow. 

Coefficient of variation of usual 

flow in flooding. 

Cv (Qc) (P9) 

 

Cv (Q5%) 

(P10) 

Duration 
Consecutive days in a year with 

exceedance percentile below 5%. 

Duration of 

flooding 

(P11) 

Seasonality 

Average number of days per 

month with exceedance percentile 

above 5%. 

One value 

per month 

(P12) 

Minimum 

daily flow 

(droughts) 

Magnitude 

and 

frequency 

Average of yearly minimum. Qs (P13) 

Usual flow in droughts (95% 

exceedance percentile). 
Q95% (P14) 

Variability 

Coefficient of variation of yearly 

minimum daily flow. 

Coefficient of variation of usual 

flow in droughts. 

Cv (Qs) 

(P15) 

 

Cv (Q95%) 

(P16) 

Duration 

Consecutive days in a year with 

exceedance percentile below 95%. 

Duration of 

droughts 

(P17) 

Average number of days per 

month with null flow. 

One value 

per month 

(P18) 
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Seasonality 

Average number of days per 

month with exceedance percentile 

below 95%. 

One value 

per month 

(P19) 

By comparing and calculating these parameters, 21 IHA values can be 

obtained (Table 5). Each IHA value can correspond to the original and altered 

hydrological conditions. The natural parameter value vs. the altered parameter 

value ratio ranges from 0 to 1, where 1 means no alteration and 0 means total 

alteration. When IAH is higher than 1, the obtained value is substituted by its 

inverse in order to maintain proportionality in the variation of both regimes 

(natural vs. altered), avoiding the compensations that would arise in global 

alteration index calculus for indices lower and higher than 1. Fernández et al. (2012) 

and Pérez-Sánchez et al. (2020) provide a detailed description of the IAHRIS 

method. 

 

Group Aspect IHA Indicator Description Parameter 

Usual 

Values 

Magnitude 

 

IAH1 Magnitude of annual volume. P1 

IAH2 
Magnitude of monthly 

volume. 
P1 

Variability 
IAH3 Habitual variability. P4 

IAH4 Extreme variability. P2 

Seasonality 
IAH5 Seasonality of maximums. P3 

IAH6 Seasonality of minimums. P3 

Floods 

Magnitude 

and 

frequency 

IAH7 
Magnitude of maximum 

floods. 
P5 

IAH8 
Magnitude of effective 

discharge. 
P6 

IAH9 
Frequency of connectivity 

flow. 
P7 

IAH10 Magnitude of usual floods. P8 

Table 5. List of parameters used by IAHRIS to obtain the IHA 
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Variability 
IAH11 

Variability of maximum 

floods. 
P9 

IAH12 Variability of usual floods. P10 

Duration IAH13 Floods duration. P11 

Seasonality IAH14 
Seasonality of floods (1 for 

each month). 
P12 

Droughts 

Magnitude 

and 

frequency 

IAH15 
Magnitude of extreme 

droughts. 
P13 

IAH16 Magnitude of usual droughts. P14 

Variability 
IAH17 

Variability of extreme 

droughts. 
P15 

IAH18 Variability of usual droughts. P16 

Duration 

IAH19 Duration of droughts. P17 

IAH20 
Number of days of null flow 

(1 for each month). 
P18 

Seasonality IAH21 
Seasonality of droughts (1 for 

each month). 
P19 

 

Significant inter-annual and seasonal variability, as well as frequent floods, 

characterize Mediterranean rivers (Fernández J.A. et al., 2012). As a result, typical 

inter-annual values must first be studied and discretized. The goal of discretisation 

is to define streamflow thresholds such that years can be classed as wet, normal, or 

dry. In a natural regime, a year is deemed wet if its annual volume is higher than 

the 25th percentile. The year is termed dry if the annual volume is less than the 75th 

percentile, and the years between the 25th and 75th percentiles are classified as 

normal. As a result, for each type, an indicator is obtained. The following equation 

can be used to produce a weighted year indicator. 
 

    Indicator weighted year = 0.25 Indicator wet year + 0.5 Indicator normal 
year + 0.25 Indicator dry year 

(7) 
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IAHRIS uses the colors recommended by the Ecological Quality Ratios (EQR) 

(WFD, 2000) to classify the IHA into five hydrological states (Table 6). The higher 

the value of the index is, the lower the hydrologic alteration is, which indicates 

excellent ecological status with blue color. And respectively green, yellow, orange 

and red means good, moderate, deficient and very deficient status. 

 

Category 
Level I  

Excellent 

Level II  

Good 

Level III  

Moderate 

Level IV 

Deficient 

Level V  

Very 

deficient 

Range 0.8 < IHA ≤ 1 0.6 < IHA ≤ 0.8 0.4 < IHA ≤ 0.6 0.2 < IHA ≤ 0.4 0 < IHA ≤ 0.2 

Two types of results for each of the three groups (usual, droughts and floods) 

are also provided by IAHRIS. On one side, there is a spider chart that shows the 

value of each IHA (Figure 6). On the other side, an index of global alteration (IAG) 

is calculated for usual values, droughts and floods. The IAG is quantified by the 

ratio between the areas of the natural and altered polygons of the spider chart. A 

color code has been established to display the hydrological states (Table 7). 

Table 6. Ranking of hydrological states in IAHRIS. 

Figure 6. Spider charts of IAHRIS for usual, droughts and floods 

hydrological states. 
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Categor

y 

Level I  

Excellent 

Level II  

Good 

Level III  

Moderate 

Level IV 

Deficient 

Level V  

Very 

deficient 

 

Range 
0.64 < IAG ≤ 

1 

0.36 < IAG ≤ 

0.64 

0.16 < IAG ≤ 

0.36 

0.04 < IAG ≤ 

0.16 

0 < IAG ≤ 

0.04 

 

III.4.3 FDC 

A modest collection of representative indicators has been designed for 

efficiently determining the shift of flow regimes in order to solve the problem of a 

large number of parameters and redundant information. The flow duration curve 

(FDC) is constructed from the runoff data in specific time intervals and to provide 

a measurement of the time percentage during which a specific flow is equalized or 

exceeded. An annual FDC can reflect the variability of daily streamflow during a 

typical period. The FDC plots can be calculated as follows: 

pi = i / (n + 1) (8) 

where i is the rank and n is the total number of days. 

On the basis of flow duration curve (FDC), Vogel et al. (2007) proposed the 

concepts of eco‐surplus and eco‐deficit, which are the eco-flow metrics represent 

the amount of water shortage (eco‐deficit) or excess (eco‐surplus) in the river 

ecosystem requirement at different time scales. Eco-surplus manifests the altered 

“with dam“ median annual flow duration curve above the natural “without dam“ 

flow duration curve. Eco-deficit is where the altered median annual FDC below the 

natural median yearly FDC (Vogel et al., 1995). The eco-surplus and eco-deficit 

were defined as eco-flow indicators which can inspect the overall gain or loss of 

water flow in a dam-effected river (Figure 7). 

 

 

 

 

Table 7. Hydrological state of IAG in IAHRIS. 
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    Figure 7. Definition of eco‐surplus and eco‐deficit in the flow duration curve (FDC)    

Vogel et al. (2007) also introduced the range of variability method for 

assessing river flow regime changes via IHA measures. The 25th and 75th 

percentile ranges of these metrics being indicated as river management targets. 

According to some study, the terms eco-surplus and eco-deficit can be revised, and 

the 75th and 25th percentiles FDC should be utilized as the upper and lower 

bounds of the river ecosystem conservation target downstream, respectively (Gao 

B. et al., 2012). The area between the 25th percentile FDC and the annual or seasonal 

FDC was classified as eco-deficit if the annual or seasonal FDC of a given year was 

below the 25th percentile FDC. This value shows the level of water shortage 

compared to the river ecosystem's needs. If a given year's annual or seasonal FDC 

is higher than the 75th percentile FDC, the area between the 75th percentile FDC 

and the annual or seasonal FDC is referred as the eco-surplus.  
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IV- PUBLICATIONS 

This chapter presented the summary of the publications that make up this 

PhD Thesis. The thesis was organized into three sections, each of which included a 

research article published in an indexed scientific journal. The application of the 

SWAT model for evaluating water resources in the two studied basins was a 

common denominator in these three articles. 

 Publication 1: Climate change and land-use/land-cover changes 

(LULC) caused by human activities are significant contributors to 

ecosystem degradation and the availability of a basin's water 

resources. It's critical to understand how these activities affect the 

quantity of water resources in basins such as the Segura River Basin. 

This article used the Soil and Water Assessment Tool (SWAT) to 

investigate the aforementioned implications in the Headwater Segura 

River Basin. SWAT was validated with a Nash-Sutcliffe efficiency 

(NSE) and a percent bias (PBIAS), showing that it accurately matched 

monthly streamflow. Land-use maps of 1956 and 2007 were used to 

create a set of scenarios that allowed us to evaluate the effects of these 

activities on both joint and individual water resources. Since the 1970s, 

a reforestation plan implemented in the basin increased the forest 

cover while reducing rainfed agriculture and shrubland areas. A drop 

of 26.3 percent in the quantity of produced water resources was 

resulted by climate change and the expansion of forest land. 

 Publication 2: The second part of the research combined the Soil and 

Water Assessment Tool (SWAT) Model and the Chloride Mass 

Balance (CMB) Method to improve the modelling of streamflow in 

high–permeability bedrock basins receiving Interbasin Groundwater 

Flow (IGF). IGF refers to naturally occurring groundwater flow under 

a topographic divide, implying that the baseflow estimated by typical 

rainfall–runoff models may be significantly lower than the actual 

amount. Most hydrological models overlook the IGF with simple 
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simplifications because identifying and quantifying it is so 

challenging. The Castril River Basin (CRB) headwater was selected to 

demonstrate the issue and to suggest the CMB method suitability for 

determining the magnitude of the IGF contribution to baseflow. The 

CMB method demonstrates that IGF varies neither annually nor 

seasonally in this headwater basin with negligible groundwater 

exploitation, and constitutes around 51% of mean yearly baseflow. 

Simulated streamflow was modified based on this external IGF 

evaluation, resulting in a reduction in the percent bias (PBIAS) of the 

SWAT model from 52.29 to 22.40. During the calibration and 

validation phases of the SWAT model, corrected simulated 

streamflow was used. The total SWAT model performance was 

measured using the Nash–Sutcliffe Efficiency (NSE) Coefficient and 

its logarithmic values (lnNSE). This methodological framework 

provides a new formulation of system conceptualization and a 

repeatable method for dealing with similar basins, demonstrating 

that IGF has a major influence on the baseflow components. 

 Publication 3: The hydrological situation is the basic attribute and 

important driving force of the river ecosystem, and changes in the 

morphology of rivers and riparian zones, flow patterns, water quality, 

flora and fauna, and riparian vegetation will affect the normal 

structure and function of the river ecosystem, and may even result in 

an irreversible ecological crisis. We offer a paradigm for assessing the 

effects of dam construction on flow regime and ecosystem in the final 

section of the study. The flow regime data with and without dam 

influence were compared in this study. In this work, IAHRIS 

(Indicators of Hydrologic Alteration in RIverS) was used, which is a 

free Spanish software based on the IHA approach for assessing 

hydrologic alteration in rivers. The findings revealed that alteration 

for usual values remained between excellent and good, whereas 

drought and flood values shifted from good to moderate. The river's 

flow regime was adjusted by the dam according to the current 

situation. The river's overall hydrological seasonality was preserved. 

Extreme flows were managed at different times, with high flows 



CHAPTER IV: PUBLICATIONS 83 

being reduced during floods and low flows being increased during 

dry periods. Due to the dam's high flow control, there was primarily 

an eco-deficit between 4% and 26% of the Flow duration curve. In 

other intervals, the eco-surplus increased. The dam's regulation of 

high and low streamflows can be considered as the cause of variations 

in the river's biological influence. This research can help decision-

makers identify methods to mitigate the negative effects of dam 

construction.    
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IV.4 SUMMARY OF RESULTS AND DISCUSSIONS 

IV.4.1 Impact of climate variability and reforestation activities on the 

components of water balance  

To investigate the effect of climate variability and reforestation activities, a 

25-m resolution digital elevation model (DEM) from the National Geographic 

Institute (IGN, 2018) was used. The soil information was taken from the 

Harmonized World Soil Map (HWSM) (Nachtergaele F.O.; Van Velthuizen H.; 

Verelst L. and Wiberg D., 2012), which has a spatial resolution of about 1 km. The 

Andalusian Network of Environmental Information (REDIAM) of the Regional 

Government of Andalusia (REDIAM, 2010) provided the land use data in 1956 and 

2007 at a scale of 1: 25,000. The SWAT model was driven by meteorological data 

from a variety of sources, including precipitation and temperature data. The 

precipitation data came from the AEMET grid, version 1.0, which offers daily 

rainfall in Spain for the 1951–2016 period with a spatial resolution of 5 km. More 

information about this dataset can be found in Peral-García et al. (Peral García C., 

Navascués Fernández-Victorio B., and Ramos Calzado P., 2017). Temperature data 

were gathered from the fifth version of the SPAIN02 high-resolution 

(approximately 10 km) gridded dataset, which covers the years 1951 to 2016. 

Herrera et al. (Herrera S., Fernández J. and Gutiérrez J.M., 2016) provided detail 

documentation of the development and analysis of the SPAIN02 dataset. The 

streamflow discharge data at the basin outlet were accessible on the 

Hydrographical Study Centre website (MAGRAMA, 2018).  

IV.4.1.1 Model setup and research framework 

The land use, soil, and slope maps were used to divide the data into 

hydrologic response units (HRUs, which are unique computational units of land 

coverage and soil types with uniform hydrologic responses, as defined above). To 

exclude minor land uses, soils, and slopes in each sub-basin and improve model 

processing, 10% threshold values were defined, and the SWAT interface identified 

44 HRUs. The interface employed these threshold values to filter out minor land 

uses, soil types, and slopes in each sub-basin. 
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In this study, the calculated parameters to estimate the impacts of 

reforestation activities were based on the land use data of 1956 from the natural 

1951–1970 period. The model validation and calibration were done by using 

streamflow discharge data from 1 January 1964 to 31 December 1970 and from 1 

January 1954 to 31 December 1963, respectively. The first three years (1951–1953) 

as a warm-up period were employed to allow the model parameters to approach 

equilibrium. The sequential uncertainty fitting tool (SUFI-2) in the SWAT 

Calibration and Uncertainty Programs (Abbaspour K.C., 2012) was used for 

sensitivity analysis and automatic calibration. To begin, a global sensitivity 

analysis was used to determine the most important parameters in managing 

streamflow. After 500 model runs, a ranking of parameter sensitivities was created 

to see the impact of each parameter on the objective function (Abbaspour K., 

Vaghefi S. and Srinivasan R., 2018). The Nash–Sutcliffe coefficient (NSE) was 

employed as the goal function in an automatic calibration procedure to select the 

best parameter values based on the observed streamflow. A total of 1000 

simulations were run, with the parameters revised after the first 500 simulations. 

Three simulation experiments were set up at the HWSRB to study the impacts 

of climate and land use on water resources: scenario A used land use and climate 

conditions around the 1950s and 1960s (land use in 1956 and climate for the period 

1951–1970); scenario B fixed land use in 1956 and actual weather conditions for the 

period 1996–2015; and scenario C used land use in 2007 and actual climate 

Figure 8. Flow diagram of the research framework. 
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conditions for the period 1996–2015. The effects of climate variability (the 

variations between B and A), reforestation (the difference between C and B), and 

all factors (the difference between C and A) on water resources were evaluated 

using these scenarios (Figure 8). 

IV.4.1.2 Model setup and research framework 

The MK test was used to evaluate the yearly and monthly trends in 

precipitation, temperature, and streamflow from 1951 to 2015. Table 8 showed the 

values of the MK test statistic (Test Z) and Sen's slope for various months.  

Table 8. Trend analysis results. 

Month 

Precipitation 
Maximum 

Temperature 

Minimum 

Temperature 
Streamflow 

Test 

Z 
Sig. 𝑸𝒊 

Test 

Z 
Sig. 𝑸𝒊 

Test 

Z 
Sig. 𝑸𝒊 

Test 

Z 
Sig. 𝑸𝒊 

Jan −0.42  −0.19 −0.53  −0.01 −1.74 a −0.02 −0.98  −0.03 

Feb 0.06  0.03 −0.42  −0.01 −1.78 a −0.02 −1.12  −0.03 

Mar −1.46  −0.51 1.00  0.02 −2.78 c −0.02 −1.32  −0.05 

Apr −0.70  −0.17 1.22  0.02 −1.14  −0.01 −1.14  −0.03 

May 0.59  0.17 1.27  0.02 −0.12  0.00 0.30  0.00 

Jun −2.26 b −0.33 3.95 d 0.06 1.55  0.01 1.13  0.01 

Jul −1.48  −0.04 3.43 d 0.04 −0.43  −0.01 1.61  0.01 

Aug 0.03  0.00 3.39 d 0.04 1.03  0.01 1.83 d 0.01 

Sep 0.43  0.07 −0.29  0.00 −0.35  0.00 0.23  0.00 

Oct −0.41  −0.12 0.43  0.01 −0.39  0.00 −0.79  −0.01 

Nov −0.50  −0.17 −1.39  −0.02 −1.52  −0.02 −1.15  −0.02 

Dec −1.54  −0.67 −0.59  −0.01 −1.47  −0.02 −1.93 d −0.05 

Annual −1.59  −2.22 2.16 b 0.02 −1.35  −0.01 −0.67  −0.12 

Test Z is the MK test statistic; 𝑄𝑖  is the Sen’s slope estimator; a indicates a significance 

level of 0.1; b indicates a significance level of 0.05; c indicates a significance level of 0.01; 
d indicates a significance level of 0.001.  
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As shown in Table 8, the biggest slope in terms of precipitation can be noticed 

in March, June and December. It was found that eight of the twelve months had a 

downward trend. On a seasonal scale, the most significant reductions occur in the 

summer and winter months. With a slope of 2.22 mm/year, yearly precipitation 

dropped over the study area. Streamflow and precipitation were all on the decline. 

Between October and April, streamflow decreases dramatically due to the interplay 

of reforestation and climate variable factors. 

At the 5% significant level, the annual maximum air temperature showed a 

significant rising trend. In June, the trend reached its peak magnitude. With the 

exception of the winter months, the maximum air temperature increased 

throughout the year. When compared to the increasing magnitude of the maximum 

air temperature, the decreasing magnitude of the minimum air temperature was 

smaller. The decreasing magnitudes in the cold months were larger than in the 

warm months when compared to the monthly changes. In March, the drop in 

minimum air temperature was very noticeable, with 0.01 level of significance. 

In summary, the mean annual rainfall in the recent 1996–2015 period declined 

by 81 mm compared to the 1951–1970 period, while the mean annual temperature 

in the HWSRB increased by 0.13 °C, showing that the climate is becoming warmer 

and drier. Climate change and intensive human activities have both contributed to 

a 16 percent decline in mean annual streamflow in recent years. 

The land uses in the HWSRB in 1956 and 2007 are showed in Table 9, which 

presented that the shrubland and rainfed agriculture areas decreased and the 

forests area increased. All the details of the land-cover type changes can be found 

in Table 9. 

Table 9. The conversion percentage (%) of each land-use type from 1956 to 2007. 

Land Cover Type 
Area Coverage (km2) Area Coverage (%) Change (1956–2007) 

1956 2007 1956 2007 By km2 By % 

Urban Areas 0.16 0.21 0.07 0.09 0.05 +0.02 

Water Bodies 0.00 0.44 0.00 0.19 0.44 +0.19 

Agricultural Land 17.04 5.48 7.23 2.32 −11.56 −4.91 

Grassland 30.96 36.52 13.13 15.49 +5.56 +2.36 
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Forests 54.91 89.17 23.29 37.82 +34.26 +14.53 

Shrubland 82.16 67.37 34.85 28.57 −14.79 −6.28 

Transitional 

Woodland/Shrub 
50.06 34.46 21.23 14.62 −15.6 −6.61 

Barren Land 0.49 2.13 0.21 0.90 1.64 0.69 

IV.4.1.3 Sensitivity analysis, calibration and validation of the SWAT model  

The global sensitivity analysis found that the most influential parameters 

were the effective hydraulic conductivity in tributary channel alluvium (CH_K1), 

the U.S. Soil Conservation Service curve number (CN2), the moist bulk density 

(SOL_BD), the saturated hydraulic conductivity (SOL_K), the groundwater delay 

(GW_DELAY), the maximum canopy storage (CANMX), the lateral flow travel 

time (LAT_TTIME) and the available water capacity of the soil layer (SOL_AWC). 

The soil evaporation compensation factor (ESCO) parameter was not considered in 

the sensitivity analysis, but it was still added as a significant parameter according 

to the earlier research for this basin (De Almeida Bressiani D., Srinivasan R. and 

Jones C.A., 2015; Senent-Aparicio J., et al., 2017). Table 10 shows the adjusted values 

and ranges for each parameter. 

Table 10. Calibration parameters. 

Parameter Description Value Range Adjusted Value 

CH_K1 
Effective hydraulic conductivity in 

tributary channel alluvium. 
0 to 300 17.94 

LAT_TTIME Lateral flow travel time. 0 to 180 109.95 

CN2 SCS runoff curve number. –20% to +20% +8.75% 

SOL_K Saturated hydraulic conductivity. 0 to 2000 0.054 

GW_DELAY Groundwater delay (days). 0 to 500 242.46 

CANMX Maximum canopy storage. 0 to 100 8.65 

SOL_AWC Available water capacity of the soil layer. 0 to 1 0.0567 

SOL_BD Moist bulk density. 0.9 to 2.5 2.40 

ESCO Soil evaporation compensation factor. 0 to 1 0.5725 
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Table 11 shows the performance of SWAT model in calibration and validation 

periods. The R2, NSE, PBIAS and RSR of the calibration period (1954–1963) for 

monthly runoff were 0.87, 0.86, −14.11% and 0.38 respectively. The R2, NSE, PBIAS 

and RSR of the validation period (1964–1970) for monthly runoff were 0.93, 0.88, 

−17.23% and 0.35 respectively. The model had good performance both in the 

calibration and the validation period.  

Table 11. Performance of SWAT model during calibration and validation 

periods in the HWSRB. 

Period R2 NSE PBIAS RSR 

Calibration (1954–1963) 0.87 0.86 −14.11 0.38 

Validation (1964–1970) 0.93 0.88 −17.23 0.35 

Scenario C 0.72 0.85 21.93 0.53 

 

Figure 9 shows observed and simulated monthly streamflow discharge data 

in the Anchuricas Reservoir for the calibration (1954–1963) and validation (1964–

1970) periods. In addition, this research also validated the model by comparing the 

simulated results using the 2007 land-use map (scenario C) with observed 
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Figure 9. Calibration (1954–1963) and validation (1964–1970) results of SWAT model in 

Anchuricas Reservoir 
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streamflow discharge during the period 1996–2015 (Figure 10). The values of model 

evaluation statistics such as NSE, R2, PBIAS and RSR were 0.72, 0.85, 21.93 and 0.53, 

respectively (Table 11). These values indicate that the calibrated model 

satisfactorily simulates the monthly runoff. 

 

IV.4.1.4 Impacts of climate and LCLU changes on Runoff and ET at HWSRB  

Table 12 shows the annual mean runoff and ET simulated by SWAT under 

the three different scenarios analyzed.  

Table 12. Simulated average annual runoff and ET under various scenarios. 

Scenarios Climate LUCC 
P 

(mm) 

Runoff 

(mm) 

ET 

(mm) 

Runoff  

change  

ET  

change  

A 1951–1970 1956 895.4 363.7 493.1   

B 1996–2015 1956 814.1 302.0 479.9 –61.7 −13.2 

C 1996–2015 2007 814.1 267.9 524.9 –95.8 +31.8 
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Figure 10. Observed and simulated monthly discharge data for the period 1996−2015 

(scenario C) in Anchuricas Reservoir 
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The results show how both climate variability and reforestation plans 

decreased runoff. Compared with Scenario A, the simulated runoff decreased by 

95.8 mm in Scenario C, which was a combined effect of climate change and the 

reforestation. When compared Scenarios A and B with the impact of climate 

change, it showed that surface runoff decreased significantly by 61.7 mm, which 

accounted for 64.4% of the total runoff reduction.  

ET was discovered that increased by 31.8 mm with the combined effect of 

climate and LCLU changes. Even the temperature increased slightly but with the 

significant decrease in precipitation, the climate change caused a decrease of 13.2 

mm in ET. This suggested that the reforestation planscontributed to a 45 mm 

increase in ET values, greatly exceeding the impact of the climate variability on ET. 

IV.4.2 Coupling SWAT model and CMB method for modelling of high–

permeability bedrock basins receiving Interbasin Groundwater Flow 

IV.4.2.1 Estimating IGF using CMB datasets  

As introduced in Section III.1, the entire hydrogeological system that 

contributes to streamflow at the CRB headwater outlet encompasses the CRB 

headwater surface as well as some hydraulically related nearby areas from the 

GRW and SRW. Once a steady hydrogeological functioning without land-use 

changes and water usages was proven, the 10 km × 10 km nodal mean values and 

standard deviations of R from the CMB method (Alcalá and Custodio, 2014; 2015) 

can be considered to be identical to nodal mean values and standard deviations of 

baseflow.  

For the control period (1996–2005), nodal mean R varied between 143 and 332 

mm/year, implying recharge–to–precipitation ratios of 0.29–0.37; mean R standard 

deviation varied between 39 and 90 mm/year, implying that the given coefficients 

of variation of mean annual R (mean value/standard deviation) were in the 0.27–

0.30 range (Table 13).  

Fitting parameters were determined to construct the yearly R data series in 

the CRB and upstream GRW and SRW contributing areas for the control period 

(1996–2005), which are shown in Table 14. The resultant surface–weighted yearly 

P and R series are shown in Table 15. 
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Table 13. For the 10 km  10 km cells covering the CRB and upstream GRW and 

SGW contributing areas, nodal mean values and standard deviations of 

precipitation and net aquifer recharge. 

 CRB  GRW  SRW 

Cell 1 S P 2 CVP R CVR  S P CVP R CVR  S P CVP R CVR 

3200       3.2 894 0.31 315 0.27  0.8 894 0.31 315 0.27 

3201 10.4 909 0.33 332 0.27  20.2 909 0.33 332 0.27       

3202 60.6 693 0.34 229 0.28  4.8 693 0.34 229 0.28       

3203 7.1 486 0.35 143 0.27             

3275       1.0 813 0.32 276 0.27  21.7 813 0.32 276 0.27 

3276 22.0 668 0.33 206 0.29  14.5 668 0.33 206 0.29  25.0 668 0.33 206 0.29 

3277 1.8 517 0.35 153 0.30  1.1 517 0.35 153 0.30       

3349       0.1 687 0.32 212 0.27  0.5 687 0.32 212 0.27 

3350       2.0 612 0.33 186 0.28  0.5 612 0.33 186 0.28 

Sum 101.9      46.9      48.4     

SWA 3  692 0.34 227 0.28   787 0.33 269 0.28   736 0.32 239 0.28 

1 Cell ID as in Figure 1c, after Alcalá and Custodio (2014; 2015). 2 S is surface in 

km2, P and R are mean precipitation and mean net aquifer recharge over the 

control period (1996–2005) in mm year–1, and CVP and CVR are the dimensionless 

coefficients of variation of mean P and R over the control period (1996–2005) as 

fractions. 3 SWA is surface–weighted average. 

Table 14. Fitting parameters for the CRB and upstream GRW and SGW areas 

Parameter 1 CRB GRW SRW 

Δμ –0.67 –0.66 –0.67 

Δσ –0.73 –0.71 –0.72 

μC 227 269 239 

σC 63.1 74.9 66.8 

1 Δμ and Δσ are dimensionless, and μC and σC are in mm year–1. 
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Table 15. For the control period (1996–2005), surface–weighted yearly series of 

(i) P and R in the CRB and in upstream GRW and SRW areas, and (ii) IGF from 

GRW and SRW area contributing to CRB. 

Year P 1 Pni 1 R, CRB 1 R, GRW R, SRW IGF,GRW+SRW 2 

1996 1037.9 1.76 338.5 401.4 357.1 378.9 

1997 978.9 1.47 319.8 379.2 337.3 357.9 

1998 472.3 –1.08 159.2 188.7 167.4 177.9 

1999 575.4 –0.56 191.9 227.5 202.0 214.6 

2000 669.5 –0.09 221.7 262.9 233.6 248.0 

2001 742.6 0.28 244.9 290.4 258.1 274.0 

2002 616.8 –0.35 205.0 243.1 215.9 229.3 

2003 723.7 0.19 238.9 283.3 251.8 267.3 

2004 641.5 –0.23 212.9 252.4 224.2 238.1 

2005 406.9 –1.40 138.5 164.1 145.5 154.7 

Mean 3 686.6  227.1 269.3 239.3 240.1 

SD 199.2  63.1 74.9 66.8 66.8 

CV 0.29  0.28 0.28 0.28 0.28 

1 P and R are annual precipitation and net aquifer recharge in mm year–1, and Pni 

is dimensionless normalized yearly P. 2 IGF is Interbasin Groundwater Flow in 

mm year–1. 3 Mean and SD are mean and standard deviation over the control 

period (1996–2005) in mm year–1, and CV is dimensionless coefficient of variation 

as a fraction. 

Yearly R and P series for the control period (1996–2005) were compared in 

each area. The resulting parametric functions allowed for the extension of the 

calculated yearly R series to cover the yearly P full record in the 1951–2016 period 

(Figure 11). Figure 12 depictes the yearly baseflow series supplied by the CBR, as 

well as the yearly surface–weighted IGF series given by upstream GRW and SRW 

regions. IGF was slightly higher than baseflow supplied within the CRB and 

accounted for around 51% of total CRB baseflow. 
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Figure 11. For the control period (1996–2005), parameterization of yearly P–R functions in 

the CRB and upstream GRW and SRW contributing areas; yearly R equals yearly 

baseflow. Yearly IGF series refers to the surface–weighed sum of upstream R = baseflow 

from GRW and SRW areas contributing to the CRB streamflow. In all cases, the Pearson 

coefficient of correlation is 1. 

Figure 12. For the full period (1951–2016), (a) surface–weighted yearly P series in the 

area compiled from the AEMET grid version 1.0 and cumulative deviation (CD) from mean 

yearly P in mm year−1; and (b) generated yearly baseflow series in the CRB and yearly 

surface–weighed IGF series from upstream GRW and SRW contributing areas in mm year−1, 

and IGF fraction relative to total CRB baseflow (IGF-to-CRB) dimensionless ratio. The control 

period (1996–2005) is grey shallowed (CP). Vertical dotted lines indicate selected time 

intervals for the SWAT model warm–up (W), calibration (C), and validation (V) phases. 
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IV.4.2.2 Comparison of SWAT model results with and without IGF 

The CRB was divided into 29 subbasins after DEM analysis and SWAT Model 

implementation. A total of 149 HRUs were created using a combination of land 

uses, soil types, and slope ranges (<2%, 2–8%, >8%). To improve model processing, 

the HRU definition thresholds were set to 5%. The Hargreaves non–global method 

was used to simulate potential evapotranspiration experiences (Hargreaves G.H. 

and Samani Z.A., 1982), so only the precipitation and temperature data were 

required to run SWAT model. 

The SWAT model was implemented on a monthly scale with and without 

IGF from 1995 to 1997. When IGF was not included, the observed and initial 

simulated streamflows differed significantly (Figure 13). The discrepancy between 

observed and corrected simulated streamflow shrank dramatically when IGF was 

added as an additional baseflow fraction. The statistics NSE and PBIAS improved 

when IGF was counted, according to this preliminary evaluation of model 

performance (Figure 13). In absolute terms, the model's performance improved by 

nearly 100%. 

 

    Figure 13. For the selected calibration period (1995−1997) and on a monthly scale, 

observed streamflow compared to (i) initial simulated streamflow without IGF and (ii) 

corrected simulated streamflow with IGF. The statistics NSE and PBIAS show the model 

performance achieved in each simulation. 
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IV.4.2.3 Calibration and validation of SWAT model including IGF 

The following datasets were used to establish the SWAT model: (1) the 25-m 

resolution DEM from the Spanish National Geographic Institute (IGN); (2) the 

land-use map (scale 1:25,000) from the Andalusian Environmental Information 

Network (REDIAM); (3) the 1-km resolution georeferenced soil data from the 

World Soil Coordination Map; (4) the 5-km resolution nodal daily precipitation 

series cover the period 1951–2017 in Spain from the AEMET grid version 1.0; (5) 

the 10-km resolution nodal daily temperature series for the period 1951–2016 from 

the fifth version of the high resolution SPAIN02 grid; and (6) the 24-h streamflow 

records downloaded from the CEDEX website.  

The SUFI–2 algorithm of SWAT–CUP (Calibration and Uncertainty 

Programs) to calibrate and validate the SWAT model was used. Twenty-one 

commonly used flow calibration parameters and their ranges were first selected 

based on the past simulation experiences (Senent-Aparicio J. et al., 2017; Jimeno-

Sáez P. et al., 2018). The final ranges used and the final fitted values of these 

parameters are given in Table 16. 

Two iterations (representing 500 simulations each) were undertaken with the 

goal of attaining an acceptable calibration, the first including 13 parameters on a 

monthly scale and the second including 8 parameters on a daily scale. A five-year 

warm-up period was given to reduce the effect of the initial soil-water condition 

(Abbaspour K.C. et al., 2016). The calibration and validation phases were chosen 

from the 1995-1997 and 1982-1984 periods, respectively. Because the downloaded 

daily streamflow series was discontinuous, the calibration and validation time 

intervals were carefully chosen to minimize the impact of existing data gaps. The 

statistics NSE, lnNSE, R2, PBIAS, RMSE, and RSR were used to determine model 

efficiency criteria. 

The magnitude of calibrated GW_REVAP, ESCO, LAT_TTIME, GWQMN, 

and ALPHA_BF parameters were quite close to those obtained in previously-

modelled regions with similar orography, geology, climate, and land use (Senent-

Aparicio J. et al., 2017; Jimeno-Sáez P. et al., 2018). The ESCO was similarly 

comparable to those used in other Mediterranean karst regions, where annual 

actual evapotranspiration is typically 0.7–0.9 times annual precipitation (Alcalá F.J. 

et al., 2011; Andreu J.M. et al., 2011; Vanderlinden K. et al., 2004). ALPHA BF's low 
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value suggested a delayed aquifer reaction (Arnold J.G. et al., 2019; Moral F. et al., 

2008). 

Table 16. Description of parameters used for SWAT model calibration in the CRB 

headwater. 

Parameter1 Description 
Range used in 

calibration 

Fitted 

value 

r_CN2.mgt SCS runoff curve number. –0.1 to 0.1 0.08 

v_ALPHA_BF.gw Baseflow alpha factor (day−1). 0 to 1 0.11 

a_GW_DELAY.gw Groundwater delay time (day). 0 to 60 2.82 

a_GWQMN.gw 
Threshold depth of water in the shallow 

aquifer for return flow to occur (mm). 
–200 to 1000 898.00 

v_GW_REVAP.gw Groundwater revap coefficient. 0.02 to 0.1 0.09 

a_RCHRG_DP.gw Deep aquifer percolation fraction. –0.05 to 0.05 0.04 

a_REVAPMN.gw 

Threshold depth of water in shallow 

aquifer for revap or percolation to deep 

aquifer to occur (mm). 

–500 to 500 –61.00 

v_CANMX.hru Maximum canopy storage (mm). 0 to 8 0.47 

v_EPCO.bsn Plant uptake compensation factor. 0.5 to 1 0.56 

v_ESCO.bsn Soil evaporation compensation factor. 0.3 to 0.8 0.61 

r_SOL_AWC.sol 
Available water capacity of the soil layer 

(mm H2O/mm soil). 
–0.02 to 0.02 –0.02 

v_LAT_TTIME.hru Lateral flow travel time (day). 0 to 180 76.50 

v_SLSOIL.hru 
Slope length for lateral subsurface flow 

(m). 
0 to 150 1.35 

r_SLSUBBSN.hru Average slope length (m). –0.5 to 0.5 0.08 

r_HRU_SLP.hru Average slope steepness (m/m). –0.5 to 0.5 0.40 

v_OV_N.hru Manning’s ‘n’ value for overland flow. 0.01 to 1 0.61 
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r_CH_S1.sub 
Average slope of tributary channels 

(m/m). 
–0.5 to 0.5 0.26 

v_CH_N1.sub 
Manning’s ‘n’ value for the tributary 

channels. 
0.01 to 30 1.68 

r_CH_S2.rte 
Average slope of main channel along the 

channel length (m/m). 
–0.5 to 0.5 –0.04 

v_CH_N2.rte 
Manning’s ‘n’ value for the main 

channel. 
0.01 to 0.3 0.04 

v_SURLAG.bsn Surface runoff lag coefficient. 0.05 to 24 20.71 

1 (r_) refers to relative change, i.e., the current parameter must be multiplied by (1 

+ the value obtained in calibration), (v_) means that the existing parameter value 

must be replaced by the value obtained in calibration, and (a_) refers to absolute 

change, i.e., the fitted value must be added to the existing value of the parameter. 

Model calibration (1995–1997) and validation (1982–1984) were conducted 

using corrected streamflow records with IGF. During the calibration and validation 

periods, observed streamflow and corrected simulated streamflow were compared 

on monthly (Figure 14) and daily (Figure 15) scales. The fitted SWAT model 

matched the trend of the streamflow hydrograph nearly precisely. Both monthly 

and daily streamflow simulations revealed that the higher fluctuations in the 

simulated peaks and the lesser ones in low flows. 

 

 

 

 

 

 

 

 

 

 

 

    Figure 14. On a monthly scale, observed streamflow compared to corrected simulated 

streamflow with SWAT model for the calibration (a) and validation (b) phases. 
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The SWAT model performance for high and normal flows reduces in the face 

of predominant low flows, as many other SWAT modellers have shown in other 

similar aquifer-fed karst regions (Jimeno-Sáez P. et al., 2018; Senent-Aparicio J. et 

al., 2019). It was also can be seen in Figure 15, low flows predominate in the CRB 

daily streamflow record. NSE and InNSE were used respectively to measure the 

high flows and the low flows to reduce the problem of the squared differences, and 

the resulting sensitivity to extreme values of NSE. The model performance statistics 

for monthly and daily simulations in Table 17 revealed that calibration and 

Figure 15. On a daily scale, observed streamflow compared to corrected simulated 

streamflow with SWAT model for the calibration (a) and validation (b) phases. 
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validation of monthly corrected streamflow showed good agreement between 

simulated and observed data. 

Table 17. SWAT model performance statistics for corrected simulated monthly 

and daily streamflow during calibration and validation phases. 

Statistic Time step Calibration Validation 

NSE Monthly 0.77 0.8 

R2 Monthly 0.92 0.89 

PBIAS Monthly 19.82 17.25 

RSR Monthly 0.48 0.44 

lnNSE Daily 0.81 0.64 

 

As a result, the SWAT model performed well and can be utilized for further 

research in the CRB and other comparable high-permeability bedrock basins, 

where IGF has a large influence on the baseflow component. This requires a 

confidence assessment of IGF or, at the very least, a trustworthy external 

assessment. The SWAT–CMB application indicated the following overall 

difficulties, as discussed for other groundwater and surface water coupling 

models: (1) groundwater and surface water bodies have different spatial (size and 

volume) and temporal (renovation rate) scales, although the coupling model can 

only replicate the same spatial and temporal scale in both types of bodies; (2) the 

coupling models exhibited flaws in the coupling mechanism processing, 

necessitating significant simplification of the coupling process, resulting in model 

distortion; and (3) this coupling model was developed for a specific region or 

problem, and although good results were obtained, there was no general 

adaptability, necessitating additional hydrogeological knowledge of local 

applications to contribute for changes in scale effects, actual flow conditions water 

uses, and sources of chloride in the case of the CMB method. 
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IV.4.3 Impact of dam construction on ecohydrological conditions  

The following data were used in this paper: (1) A 25-m resolution DEM from 

the Spanish National Geographic Institute (IGN). (2) Land use map at a scale of 

1:25,000 was provided by the Andalusian Network of Environmental Information 

(REDIAM). (3) Soil data were obtained from the World Soil Coordination Map with 

the resolution of 1 km. (4) Precipitation was obtained from the AEMET grid version 

1.0, which provided daily rainfall in Spain from 2001 to 2018 with the resolution of 

5 km. (5) Temperature data from 2001 to 2018 were provided from the fifth version 

of a high-resolution (approximately 10 km) dataset called SPAIN02. (6) The 

streamflow discharge data were collected on the CEDEX website. 

The open source QGIS interface for SWAT (QSWAT 1.8) was used to set up 

the SWAT model. The SUFI–2 algorithm of SWAT–CUP (Calibration and 

Uncertainty Programs) to calibrate and validate the SWAT model was used. 

IV.4.3.1 Inter-annual variability of natural and dam-controlled Castril River streamflow 

The IAHRIS divided the 17 years of the research period into wet, normal and 

dry years according to the 25th and 75th percentiles of the annual volume in natural 

regime, which is named natural volume in Table 18. By comparing the natural 

annual regime with the altered annual regime, which is named altered volume in 

Table 18, it can be seen that the dam adjusted the annual flow according to the 

actual situation of each year (Figure 16). The patterns in both series are pretty 

similar as shown in Figure 16. However, in dry and normal years, the volume in 

the dam-controlled stream was virtually always higher than in the natural regime. 

Indeed, in the regulated regime, two of the years that would be considered dry in 

the natural regime (2001–2002 and 2005–2006) were normal, decreasing the number 

of dry years. In wet years the opposite is true, with a 7.72 percent fall in peak 

volume on average. The exception is the final year of the study (2017–2018), when 

annual volume increased by 20.39 percent, transforming the year from normal to 

wet under the altered regime. In the period 2001–2018, the inter-annual water 

balance shows a volume increase of 9.64 percent in the altered regime compared to 

the natural regime. While the overall inter-annual picture is fairly favourable in 

terms of environmental challenges, intra-annual changes in streamflow are critical 

to the conservation and livelihood of the riverine ecosystem (Richter B.D. et al., 
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1996, Li F. et al., 2014). To ensure the river's health, a regulated flow regime should 

replicate natural flow regimes as closely as feasible, including in-stream and out-

of-stream situations (IFC, 2004). 

Table 18. Characterization of the inter-annual variability of natural and dam-

controlled Castril River streamflow. 

Type of year 

Wet1 Normal1 Dry1 

Year 
Natural 

Volume 

Altered 

Volume 
Year 

Natural 

Volume 

Altered 

Volume 
Year 

Natural 

Volume 

Altered 

Volume 

2008–

2009 
106,807 104,566 

2002–

2003 
73,001 85,020 

2001–

2002 
39,551 59,456 

2009–

2010 
144,569 131,733 

2003–

2004 
74,797 84,182 

2004–

2005 
27,120 25,407 

2010–

2011 
109,821 103,285 

2006–

2007 
61,122 67,063 

2005–

2006 
38,136 58,139 

2012–

2013 
162,440 139,806 

2007–

2008 
49,920 59,625 

2011–

2012 
41,318 40,789 

   
2013–

2014 
100,447 83,745    

   
2014–

2015 
59,226 66,044    

   
2015–

2016 
62,217 62,620    

   
2016–

2017 
42,485 53,282    

   
2017–

2018 
89,669 107,952    

1 Wet year if annual volume (Mm3) is ≥ 103,627; normal year if annual volume (Hm3) is < 103,627 

and > 41,902; dry year if annual volume (Hm3) is ≤ 41,902. 
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IV.4.3.2 Intra-annual variability of natural and dam-controlled Castril River streamflow  

The monthly volumes in natural and altered regime are showed in Figure 17 

and Figure 18, respectively. As shown, the natural flow regime hydrograph is 

compared to the hydrograph altered by the dam. Intra-annual variability analysis 

shows the separation of two main seasonal periods: a low flow period from May to 

October and a spring higher water volume period from November to April, 

peaking in March. Although the tendencies in the three types of years (wet, normal, 

and dry) follow similar patterns in general, the variances in steepness and peaks 

are important. Autumn and winter could see more big changes in the flow regime. 

Indeed, in wet years, the difference in volume between the altered and natural 

regimes was 106.38 percent in October, while in normal years, the gap was 122 

percent in December and 77 percent in November. Except in August when there 

was a lack of rainfall during the summer season, and in spring during wet and 

normal years when the greatest values were recorded, volumes were often larger 

in the altered regime. Despite this, in dry and normal years, the natural regime was 

below the altered regime for nine and eight months, respectively. The results of the 

preceding studies all point to the same conclusion: the El Portillo Reservoir has a 

strong regulatory effect on the watershed's volume regimes. The river's maximum 

flow regime decreased following the dam's completion during high-volume 

periods due to flood retention and peak reduction in wet years, while the river's 

Figure 16. Comparison of natural and altered inter-annual regime of the Castril River streamflow. 
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minimum flow increased in dry years to meet downstream water requirements. 

Despite the fact that the annual average volumes for all year types were higher in 

the altered regime than in the natural regime, seasonality variations, particularly 

during wet years, might significantly alter floodplain conditions (Zheng Y. et al., 

2019) and the river eco-environment (Ngor P.B. et al., 2019; Lin Z. and Qi J., 2017; 

Pool T. et al., 2017; Zhang Z. et al., 2016; Arias M.E. et al., 2014; Junk W.J. et al. 1989). 

Figure 17. Monthly volumes in natural regime, clustering the data by type of year: wet, 

normal and dry. 

Figure 18. Monthly volumes in altered regime, clustering the data by type of year: wet, 

normal and dry. 
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IV.4.3.3 Indicators of hydrological alteration  

In the period 2001–2018, IAHRIS parameters were used to compare the 

regulated-altered and natural-modelled volumes in the Castril River under the 

influence of dam construction. Table 19 shows the typical values for the normal, 

wet and dry years, as well as the weighted year. 

The average annual volume differences between the natural and altered 

regimes were less than 10% in normal and wet years, but reached 20.49 percent in 

dry years. The average annual volume in the weighted year was 3.76 percent more 

than in the natural regime due to dam regulation. Under both regimes, maximum 

volumes remained between March and April, and the minimum volumes were 

moved forward from September to October in the natural regime and in August in 

the altered regime. In all of the year types, seasonality produced the most 

significant changes. In normal years, it ranged from 0.70 (good) to 0.91 (excellent), 

but the seasonality of minimum values in wet (0.46) and dry (0.33) years resulted a 

moderate alteration in minimum values in the weighted year (0.55). During the 

summer season, the average number of days with a flow below the 95th percentile 

in the examined series increased in the regulated regime, particularly in August 

(5.2 days) and September (3.3 days). During the rest of the year the number of days 

with extremely low volumes (below the 95th percentile) decreased, especially in 

the autumn, when the difference reached an average of 6.2 days in November. In 

nearly half of the indicators for the three year types, the magnitude and variability 

showed inverse values, indicating that the altered volumes were higher than in the 

natural regime. This ensures the required availability of habitat for aquatic and 

terrestrial organisms (Gonçalves Moreira De Jesús M.T., 2003), riverine soil 

moisture, spawning area access (Friday M. and Haxton T., 2021; Hayes D.S. et al., 

2018), habitat heterogeneity and quality and non-exclusive competition between 

species (Arthington A.H., 2012).  

The hydrological status of the river is summarized in Table 20. Overall, the 

usual value results indicated a good hydrological state. The IAG calculation result 

was between 0.47 and 0.65, which showed that the hydrological state was good, 

especially in the normal years.  
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Table 19. Indicators of hydrological alteration (IHA) of habitual values for the 

natural and altered regimes; asterisk (*) denotes inverse values. 

Group Aspect Code Value Spider Chart 

Usual 

Values 

–  

Wet 

year 

Magnitude 
IAH1 0.92 

 

IAH2 0.72* 

Variability 
IAH3 0.67* 

IAH4 0.67 

Seasonality 
IAH5 0.88 

IAH6 0.46 

Usual 

Values 

–  

Normal 

year 

Magnitude 
IAH1 0.87* 

 

IAH2 0.71* 

Variability 
IAH3 0.83 

IAH4 0.82* 

Seasonality 
IAH5 0.91 

IAH6 0.70 

Usual 

Values 

–  

Dry year 

Magnitude 
IAH1 0.81 

 

IAH2 0.68* 

Variability 
IAH3 0.81 

IAH4 0.71* 

Seasonality 
IAH5 0.79 

IAH6 0.33 

Usual 

Values 

–  

Weight-

ed year 

Magnitude 
IAH1 0.87 

 

IAH2 0.70 

Variability 
IAH3 0.77 

IAH4 0.76 

Seasonality 
IAH5 0.87 

IAH6 0.55 



CHAPTER IV: PUBLICATIONS 153 

  Table 20. Index of global alteration (IAG) of habitual values for the natural and 

altered regime. 

Aspect Value Code Level 

Usual Values – Wet year 0.51 IAGH WET YEAR Good 

Usual Values – Normal year 0.65 IAGH NORMAL YEAR Excellent 

Usual Values – Dry year 0.47 IAGH DRY YEAR Good 

Usual Values – Weighted year 0.54 IAGH WEIGTHED YEAR Good 

 

Table 21 and Table 22 show the calculated results of extreme values which 

are floods and droughts. The IAG value of droughts was 0.69 which means an 

excellent status, and IAG value of floods was 0.35 in a moderate status close to the 

threshold of good (0.36). This indicated that the extreme values in floods were more 

deficient than extreme values in droughts.  

As shown in Table 21, the flood spider chart revealed the most attenuation in 

the studied area. Regarding to the IHA values of floods, it can be seen that the 

results of frequency of connectivity flow (IAH9) and floods duration (IAH13) were 

both deficient, with values of 0.28 and 0.37, respectively. These altered regimes 

showed a significant reduction in flow connectivity (QCONEC). This volume is 

especially important in terms of riparian habitat dynamics and flood-dependent 

ecosystems. This connectivity ensures access to this band as well as enough 

moisture, both of which are critical for various degrees of biota and habitat 

rejuvenation (Martinez C. and Fernández J.A., 2010a and 2010b). Moreover, 

numerous researchers have looked into the consequences of altered flood regimes 

on river fauna and flora (Hickey J.T. and Salas J.D., 1995; Richter B.D. and Richter 

H.E., 2000; Whipple A.A. et al., 2016). Macroinvertebrate communities require 

transversal connectivity in order to preserve their variety and functionality (Collier 

K.J. and Scarsbrook M.K., 2000). Furthermore, erosion and sedimentation processes 

may be jeopardized, and hydraulic variability in riverbeds and floodplains may be 

reduced, according to geomorphological considerations (Guo L. et al., 2018; Wohl 

E. et al., 2015; Thoms M.C. and Sheldon F., 2002). In addition, the magnitude of 

maximum floods (IAH7) and variability of maximum floods (IAH11) were 

moderate, with values of 0.55 and 0.53, respectively. This indicated that flood flows 
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can be well controlled under the influence of dams in flood conditions, but the 

decline in hydrological connectivity to flood plains can lead to a biodiversity loss. 

The spider-chart visually showed the values of each indicators of floods. 

For the droughts, the number of days of null flow (IAH20) was 1, and the 

magnitude of usual droughts (IAH16) and duration of droughts (IAH19) were in 

close proximity to 1, both with values of 0.98. And as with the normal values, the 

seasonality of droughts was the most affected parameter. The IAH21 for droughts 

(seasonality) had a value lower than 0.6, which is the threshold between moderate 

and good status. As can be seen from the spider-chart, the seasonality of droughts 

of the inner polygons shrunk the most inward with the calculated value 

0.56. During the driest seasons, these variances can have an impact on water 

quality, phenological synchronism among numerous vegetal and animal species 

(Naiman R.J. et al., 2002) and the colonization of exotic species (Bunn S. and 

Arthington A., 2002). The worst results were recorded between August and 

November, when the year's driest season ended. The rest of the indicators stayed 

in the good–excellent range, indicating that there will be no major issues during 

droughts that could harm the riverine environment or hydraulic conditions. 

Indeed, dam regulation moderating droughts ensures habitat availability and 

aquatic habitat sustainability (Bae M.J. and Park Y.S., 2019, Aspin T.W.H. et al., 

2019). 

Table 21. Indicators of hydrological alteration (IAH) extreme values for the natural and 

altered regimes; asterisk (*) denotes inverse values. 

Group Aspect Code Value Spider Chart 

Floods 

Magnitude 

and 

frequency 

IAH7 0.55* 

 

IAH8 0.81* 

IAH9 0.28 

IAH10 0.92 

Variability 
IAH11 0.53 

IAH12 0.72 

Duration IAH13 0.37 

Seasonality IAH14 0.86 
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Droughts 

Magnitude 

and 

frequency 

IAH15 0.82* 

 

IAH16 0.98* 

Variability 
IAH17 0.76 

IAH18 0.74* 

Duration 
IAH19 0.98 

IAH20 1.00 

Seasonality IAH21 0.56 

 

   Table 22. Index of global alteration (IAG) of extreme values for the natural and 

altered regimes. 

Aspect Value Code Level 

Floods 0,35 IAGF Moderate 

Droughts 0,69 IAGD Excellent 

IV.4.3.4 Flow Duration Curve and Ecosystem  

Annual eco‐surplus and eco‐deficit were used to analyze in flow regime 

annual changes. The flow duration curve (FDC) was produced by using natural 

and altered regime flows with the effect of El Portillo Reservoir, which is shown in 

Figure 19. According to the curve, the altered regime in the range of 4% to 26%, 

showed a decrease in peak flows under the influence of dam, which can be 

regarded as eco-deficit. In addition, the altered regime was higher than the natural 

regime, both were eco-surplus. 

Based on previous analyses of the IHA indicators and the FDC eco-surplus 

and eco-deficit, the El Potillo Reservoir significantly altered the hydrological 

situation of the lower reaches. The magnitude, frequency, timing, duration, and 

rate of change of hydrological conditions are five key components of flow regime 

that measure ecological processes in river ecosystems. Ecological deficits and 

ecological surpluses can be used to assess the impact of dam construction on the 

trade-off between ecological and human activities on water demand. 
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    Figure 19. Flow duration curve (FDC) of the natural and altered regime.  

These results demonstrate how the lower reaches of the dam generally 

maintained the hydrological seasonality but with a large variation due to the 

increase in low flows and the decrease in high flows between the natural and 

altered regimes. The changes in maximum and minimum flows, reduction of the 

hydrological connectivity, and high duration in floods affect the inundation of 

floodplains and river habitat ecosystems downstream. Moderate changes in 

droughts through the regulation of dams ensure the availability and sustainability 

of aquatic habitats (Bae M.J. and Park Y.S., 2019; Aspin T. W. H. et al., 2019). 

Previous studies have mentioned that increasing low flows has a positive impact 

on both the structure and function of river ecosystems (Rolls R. J., Leigh C., and 

Sheldon F., 2012; Poff N. L. and Zimmerman J. K. H.., 2001; Marchetti M. P. and 

Moyle P. B., 2001). But there were also other analyses of the effects of low-flow 

restoration on the long-term structure of aquatic populations and communities in 

river ecosystems have been met with mixed results (Daufresne M. et al., 2015; 

Bradford M. J. et al., 2011). The decrease of high flows reduced the transport of 

sediment and organic resources that caused a decline in the habitat suitability. 

Hydrological connectivity between the river and floodplain is essential for 

floodplain habitats and biodiversity. The loss of connectivity to floodplains means 

that the riparian habitats cannot be restored but only continue to age, and species 

https://cn.bing.com/dict/search?q=been&FORM=BDVSP6&cc=cn
https://cn.bing.com/dict/search?q=met&FORM=BDVSP6&cc=cn
https://cn.bing.com/dict/search?q=mixed&FORM=BDVSP6&cc=cn
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regeneration is seriously endangered (Nilsson C. and Svedmark M., 2002). It may 

also lead to a reduction in habitat availability for aquatic organisms and a reduction 

in the food supply of aquatic animals (Gao B. et al., 2012). 
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V- CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS 

The use of SWAT applications in hydrological modeling has been widely 

promoted in the scientific community in order to protect the sustainable 

development of ecosystems under the combined influence of climate change and 

human activities, and its simulation results will influence water resource 

management decision-making. This PhD Thesis proposes methodological 

innovations around the SWAT model to try to solve complex hydrological and eco-

systemic problems that involve (totally or partially) the groundwater component 

and the regulation of streamflow in semi-arid basins in southeastern Spain. The 

experimental implementation has focused on two basins at the headwaters of the 

Segura River and the Guadalquivir River, while scientific advances have been 

channeled through three articles published in high-impact indexed journals. 

The Publication 1 used the SWAT model to identify the influences of climate 

variability and human activities on water resources in the HWSRB, the first study 

area. The SWAT model was shown to be capable of reproducing the hydrological 

conditions of the HWSRB. The statistical results of calibration were NSE = 0.86, RSR 

= 0.38 and PBIAS = –14.11, while the validation results were NSE = 088, RSR = 0.35 

and PBIAS = −17.23, indicating that the SWAT model performed well. The decrease 

of rainfed agriculture and shrubland areas, and the increase of forests, was the main 

trend in land–use/land-cover change, both of which are a result of the reforestation 

plan carried out during the 1970s. Both the climate change and reforestation lead 

to a reduction of the HWSRB's streamflow. Climate change contributed 64.4 

percent more than the replanting plan (35.6 percent). However, for the ET in the 

HWSRB, the results demonstrated that the reforestation plan had a greater impact 

than climate variability. 

To sum up, the reforestation plan can prevent soil erosion but cause the 

reduction of runoff. These findings could have far-reaching consequences for a 

region that is already under water stress. In order to sustain the water yield, future 

reforestation plans in this area should focus on strengthening native shrub 

vegetation rather than expanding the forested area. In order to build sustainable 

strategies, the reforestation plan's effects should be factored into water resource 

management plans. 
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The Publication 2 combined the SWAT model and the CMB method to 

simulate streamflow in the CRB headwater. This second study area is a 

representative high-permeability bedrock basin where streamflow is considerably 

influenced by IGF from upstream areas. The SWAT model should not be used alone 

to model these aquifer–fed mountain basins, so it can be used in conjunction with 

other specific methods to appropriately quantify IGF. On the basis of the available, 

well-checked CMB datasets in continental Spain, the well-known hydrogeological 

functioning of the area, the negligible use of groundwater and the absence of non-

atmospheric sources of chloride, the CMB method was applied for the IGF that 

adds to the baseflow produced within the CRB.  

When using simulated streamflow with IGF, the SWAT model's performance 

improved considerably. The SWAT model exhibited good performance both in 

daily and monthly simulations when using the CMB-based IGF estimates for 

streamflow adjustment. So, the CMB was revealed to be a feasible method for IGF, 

allowing for similar net aquifer recharge to the baseflow contributing to streamflow 

in the headwater of large river watersheds. 

IGF accounts for around 51% of total baseflow in the CRB. As a result of its 

significant impact, IGF should be addressed in order to improve water resource 

appraisal and management in basins like the CRB. But as methiond before, 

although good results have been achieved, this coupling model was developed for 

a specific region has no general adaptability. Assessment of IGF must rely on other 

methods or techniques specifically adapted to the hydrogeological features of the 

studied area. 

The Publication 3 used the IAHRIS software and the IHA method to 

investigate how the construction of the El Portillo Reservoir has impacted on the 

hydrological and ecological statuses of the Castril River downstream. The the IHA 

metrics and eco-flow metrics were obtained by comparing the natural flow without 

dam's influence to the altered flow under dam's influence. These representative 

factors might be considered in the design of dam operations for river ecosystem 

restoration and protection. More extensive information on changes in hydrological 

conditions can be found in IHA indicators. The influence of dam operation on river 

ecosystems under flow changes demonstrates the ecological surpluses and deficits. 
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To be specific, the river's flow regime was adjusted by the dam according to 

the actual status. The river's overall hydrological seasonality was preserved, with 

flow changes being more noticeable in autumn and winter than in other seasons. 

Extreme flows were managed at varying periods, with high flows being reduced 

during floods and low flows being increased during dry periods. 

The altered regime resulted in a significant reduction in flow connectivity. 

Controlling flow peaks downstream of the dam has reduced river-riverine-flood-

plain hydrological connectivity, potentially limiting sediment and organic resource 

transit and jeopardizing habitat rejuvenation and floodplain biodiversity. 

The results of the flow duration curve (FDC) showed that the CRB's 

ecological and hydrological statuses had both eco-surplus and eco-deficit when the 

dam was operational. Due to the dam's high flow control, there was primarily an 

eco-deficit in the range of 4% to 26% of FDC. The eco-surplus in other intervals 

increased. The dam's regulation of high and low flow values can be considered as 

the cause of variations in the river's biological influence. The eco-flow metrics (eco-

surplus, eco-deficit) have a strong relationship with the IHA indicators and may be 

cross-verified with the majority of ecological information. 
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