
Modeling of the response of 
rivers to global change 

Erika Coppola 
ICTP, Trieste, Italy 

coppolae@ictp.it 



The background 
IPCC Fourth Assessment Report: Climate Change 2007 



Freshwater resources are among the systems and sectors that are vulnerable  
and have the potential to be strongly impacted by climate change 

Warming observed over the past several decades is consistently linked to changes  
in the hydrological cycle such as 

 increasing atmospheric water vapour  
 changing precipitation patterns, intensity and extremes 
 widespread melting of snow and ice  
 changes in soil moisture and runoff 

Climate models are consistent in projecting precipitation increases in the future in  
high latitudes and parts of the tropics, while in some subtropical and lower  
mid-latitude regions they are consistent in projecting precipitation decreases 
By the middle of the 21st century, annual average river runoff and water  
availability  -- increase by 10-40% at high latitudes and in some wet tropical  
areas -- decrease by 10-30% over some dry regions at mid-latitudes and in the  
dry tropics.  
Many semi-arid and arid areas (e.g., the Mediterranean basin,  
western USA, southern Africa and north-eastern Brazil) are particularly 
exposed to the impacts of climate change and are projected to suffer a  
decrease of water resources due to climate change. 



water supplies stored in glaciers and snow cover are projected to decline 

reducing water availability (through seasonal shift in  
stream flow, an increase in the ratio of winter to annual flows, and reductions in  
low flows) in regions supplied by melt-water from major mountain ranges,  
where more than one-sixth of the world population currently live.  

Sea-level rise is projected to extend areas of salinisation of groundwater and  
estuaries, resulting in a decrease of freshwater availability for humans and 
 ecosystems in coastal areas. 

Higher water temperatures, increased precipitation intensity and longer  
periods of low flows are expected 

exacerbate many forms of water pollution (from sediments, nutrients, 
dissolved organic carbon, pathogens, pesticides and salt, as well as thermal  
pollution), with negative impacts on ecosystems, human health and water system 
reliability . 



Climate change affects the function and operation of existing water 
infrastructure (including hydropower, structural flood defences, and 
irrigation systems) as well as water management practices. 

Globally, water demand will grow in the coming decades primarily due to 
population growth and increasing affluence. 

Regionally, large changes in irrigation water use as a result of climate 
changes are expected.  

Current water management practices are inadequate to cope with the 
negative impacts of climate change on water supply reliability, flood risk, 
health, energy and aquatic ecosystems. 



Characteristics of the four SRES storylines (based on Nakićenović and Swart., 
25 2000). 



The evidence 
IPCC Fourth Assessment Report: Climate Change 2007  



Average annual precpitation anomaly (%) over land relative to 1961-1990 



Annual global precipitation anomalies respect to 1981-2000 



Trend of annual precipitation amounts, 
1901-2005 (upper, % per century) and 
1979-2005 (lower, % per decade), as a 
percentage of the 1961-1990 average, 
from GHCN station data. Grey areas 
have insufficient data to produce 
reliable trends. 



Upper panel shows observed 
trends (% per decade, relative to 
1961-1990) for 1951- 
2003 in the contribution to total 
annual precipitation from very wet 
days (95th percentile and 
above). Middle panel shows, for 
global annual precipitation, the 
percentage change of very wet 
daycontribution to the total, 
compared to the 1961-1990 
average (after Alexander et al., 
2006). Lower panel shows regions 
where disproportionate changes in 
heavy and very heavy precipitation 
were documented as either an 
increase (+) or decrease (–) 
compared to the change in annual 
and/or seasonal precipitation 
(updated from Groisman et al., 
2005). 



Anomaly time series 
(departure from the long-
term mean) of polar surface 
air temperature (A and E), 
Northern Hemisphere (NH) 
frozen ground extent (B), NH 
snow cover extent for March-
April (C), global glacier mass 
balance (D). The solid red line 
in D denotes the cumulative 
global glacier mass balance; 
otherwise it represents the 
smoothed time series. 



The most important spatial pattern (top) of the 
monthly Palmer Drought Severity Index 
(PDSI) for 1900 to 2002. The PDSI is a 
prominent index of drought and measures the 
cumulative deficit (relative to local mean 
conditions) in surface land moisture by 
incorporating previous precipitation and 
estimates of moisture drawn into the 
atmosphere (based on atmospheric 
temperatures) into a hydrological accounting 
system. The lower panel shows how the sign and 
strength of this pattern has changed since 
1900. Red and orange areas are drier (wetter) 
than average and blue and green areas are 
wetter (drier) than average when the values 
shown in the lower plot are positive (negative). 
The smooth black curve shows decadal 
variations. The time series approximately 
corresponds to a trend, and this pattern and its 
variations account for 67% of the linear trend 
of PDSI from 1900 to 2002 over the global land 
area. It therefore features widespread 
increasing African drought, especially in the 
Sahel, for instance. Note also the wetter 
areas, especially in eastern North and South 
America and northern Eurasia. 



Historical and recent measurements from 
Lake Tanganyika, East Africa: (a) upper 
mixed layer (surface water) temperatures; 
(b) deep-water (600 m) temperatures;  (c) 
depth of the upper mixed layer. (O’Reilly et 
al., 2003). 

Decrease in surface area of 
Mt. Kilimanjaro glaciers from 
1912 to 2003 (modified from 
Cullen et al., 2006). 



Drought and climatic changes in the Colorado River Basin 

The areal percentage under severe drought conditions in seventeen states of the 
Western U.S. (Figure courtesy Jon Eischeid, NOAA/CIRES) Note: PDSI refers to the  
Palmer Drought Severity Index 



F. Giorgi, E.-S. Im, E. Coppola, N.S. Diffenbaugh, X.J. Gao , L. Mariotti, Y. Shi.  Higher hydroclimatic intensity 
with global warming, Journal of Climate 2011 ; e-View  doi: 10.1175/2011JCLI3979.1  

Hydroclimatic Intensity index  HY-INT 

HY-INT = INT x DSL 

Increase of HY-INT measures a dominant increase of 
INT, DSL or both. In fact, larger increases of HY-INT 
would occur when both INT and DSL increase and this 
would register a change in the characteristics of the 
hydrologic cycle. 



1978: example of a year with 
relatively normal conditions; 
1989: example of a year with 
high HY-INT values over 
central and eastern Europe 
mostly due to relatively dry 
conditions (high DSL, 
Luterbacher et all, 2004);  
1997; example of year with 
high HY-INT due to relatively 
dry conditions over France 
and Italy and wet conditions 
(high INT) over northeastern 
Europe (Barredo, 2007);  
2002: example of year with 
high HY-INT due to relatively 
wet conditions over central 
Europe (Barredo, 2007);  
2003: example of year with 
high HY-INT due to relatively 
dry conditions over central 
Europe (Beniston, 2004; 
Schar, 2004). 



OBS 
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with global warming, Journal of Climate 2011 ; e-View  doi: 10.1175/2011JCLI3979.1  



Reanalysis 



The model projections 
IPCC Fourth Assessment Report: Climate Change 2007  



Fifteen model mean changes in 
a) precipitation (%), b) soil 
moisture content (%), c) runoff 
(%), and d) evaporation (%). To 
indicate consistency of sign of 
change, regions are stippled 
where at least 80% of models 
agree on the sign of the mean 
change. Changes are annual 
means for the scenario SRES 
A1B, for the period 2080–
2099 relative to 1980–1999. 
Soil moisture and runoff 
changes are shown at land 
points with valid data from at 
least 10 models. 



precipitation intensity 
(defined as the  annual 
total precipitation 
divided by the  number 
of wet days)  

changes in spatial 
patterns of dry days 
(defined as the annual 
maximum number of 
consecutive dry days) 

Changes in extremes based on multi-model simulations from nine global coupled 
climate models in 2080–2099 minus 1980–1999 for the A1B scenario 



Changes in annual runoff from an  ensemble of 12 models  for the 
period 2090-2099, relative to 1980-1999 



Possible impacts of climate change due to changes in extreme precipitation-related 
weather and climate events 



Observed changes in runoff/streamflow, lake levels and floods/droughts 









Number of people (millions) with an increase in water stress (Arnell, 2006b). Scenarios 
are all derived from HadCM3 and the red, green and blue lines relate to different  
Population projections. 



Forest ecosystems in boreal Asia would suffer from floods and increased volume of  
Runoff associated with melting of permafrost regions 

The projected change of permafrost boundary in North Asia due to climate change by 
2100 (FNCRF, 2006). 



Current suitability for rain-fed crops 
Ensemble mean percentage change of  
annual  mean runoff 



Global Models 

Global models 

F. Giorgi, E.-S. Im, E. Coppola, N.S. Diffenbaugh, 
X.J. Gao , L. Mariotti, Y. Shi.  Higher 
hydroclimatic intensity with global warming, 
Journal of Climate 2011 ; e-View  doi: 
10.1175/2011JCLI3979.1  



Regional  
models 

F. Giorgi, E.-S. Im, E. Coppola, N.S. Diffenbaugh, 
X.J. Gao , L. Mariotti, Y. Shi.  Higher 
hydroclimatic intensity with global warming, 
Journal of Climate 2011 ; e-View  doi: 
10.1175/2011JCLI3979.1  



CLIMATE CHANGE 
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Asymmetries in the Capacity to Control the Resource 
Infrastructure gap: Reservoir water storage 

Charles J. Vörösmarty 

Water storage per person (m3) 



Global information 

Local scale information  

Impact models 

Adaptation and mitigation policies 

What do we need?  













Impact modeling – hydrological modelig 



Runoff  
Evapotraspiration 
Infiltration 

CHyM Rain 

E. Coppola, B. Tomassetti, L. Mariotti, M. Verdecchia and G. Visconti, Cellular automata  algorithms for drainage 
 network extraction and rainfall data assimilation, Hydrological Science Journal, 52(3), 2007 





Po river (Italy) (1 km resolution; 110945.0 km2  drained area) 
5 years RegCM-ERA40 simulation 1995-2000 
3 years RegCM-ECHAM5 A1B scenario simulation 1980/82 -2080/82 

Niger - Volta river (West-Africa)(9.5 km; Niger 2494084 km2,  
                                                               Volta 434235 km2 drained area) 
120 years RegCM-ECHAM5 A1B scenario simulation 1980/82 -2080/82 

Han-Kum-Nakdong river (Korea)(740 m; Han 19678 km2,  
                                 Nakdong 15848 km2, Kum 6769 km2 drained area) 

3 years RegCM-ECHAM5 A1B scenario simulation 1980/82 -2080/82 

Yellow – Yangtze river (China)(5.7 km, Yellow river 360431km2,  
                                                           Yangtze 564594 km2) 
1 years RegCM-ECHAM5 A1B scenario simulation 1961- 2071 

Case studies 



Mountains as a source of more 
than half the world’s rivers 



The Alps water tower of Europe 



What is a water tower ? 



What is a water tower ? 



The Alps water tower of Europe 
the river Po 



The Alps water tower of Europe: 
the 4 major rivers 
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Precipitation Evaporation 

Snow, ice Dams 

Components of the hydrological cycle under 
current climate (mm, Rhone) 

Courtesy of Martin Beniston  
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Average monthly discharge (mm, Rhone) 

Courtesy of Martin Beniston  



Avg. discharge1540 m³/s 

Average monthly discharge (mm, Po) 



Bias correction 

All aspects of the field statistics need to be corrected  
(frequency, mean,  variability). 

Bias correction needs to be robust: 

• Constant in time. 

• Few parameters (many degrees of freedom…) 



Seasonal mean  

C. Piani, J.O. Haerter, E. Coppola (2009): Testing a statistical bias correction method for 
daily precipitation in regional models over Europe, Theoretical and Applied Climatology 



Discarge after bias correcting (two years only) 



Evolution of global and alpine 
temperatures, 1901-2000 
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Changes in water availability for the 
Rhône River 
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Courtesy of Martin Beniston  



Climate futures 
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Winter temperatures at Säntis (2,500 m ): 
1961-1991 and 2071-2100 
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Global Regional 

19 models 10 models 



Coppola E. and Giorgi F., 2010 

Global Regional 

Ensemble average 
surface air 
temperature and 
precipitation  change 
(A2 scenario, 2071 
2100 minus 1961 
1990) 

winter 

summer 



Coppola E. and Giorgi F., 2010 

Ensemble average precipitation [%]  
changes over the Alps region. For  
each mean change value the  
corresponding inter-model standard  
deviation of the changes is reported 
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Changes in extreme 
precipitation in the Alps 

Increase in both extreme dry (drought prone) and wet 
(flood prone) seasons 

Coppola E. and Giorgi F., 2010,  
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Precipitation Evaporation 

Components of the hydrological cycle by 2100 
(mm, Rhone) 

Courtesy of Martin Beniston  



Glacier retreat: 
Italian Alps 



2000 

Glacier retreat: 
Tschierva Glacier, Engadine 
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2050? 
+3°C? 
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Snow and ice 

Components of the hydrological cycle by 2100 
(mm, Rhone) 

Courtesy of Martin Beniston  



Grande Dixence, Switzerland 
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Dams 

Components of the hydrological cycle by 2100 
(mm, Rhone) 

Courtesy of Martin Beniston  
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Average discharge by 2100 (mm, Rhone) 

Enhanced 
flood risk 

Enhanced 
drought risk 

Winter Spring Summer Autumn 

Beniston, 2004: 
Climatic Change and Impacts, 
Springer Publishers 



Average discharge change by 2100 (%, Po) 

Coppola 2010,  
personal comun. 



• Shift of the spring peak toward 
the early part of the season  

• Decrease of runoff during the  
summer months (Jul. and Aug.) 

• Increase of the autumn  runoff 

Coppola 2010,  
personal comun. 



Po river (Italy) (1 km resolution; 110945.0 km2  drained area) 
5 years RegCM-ERA40 simulation 1995-2000 
3 years RegCM-ECHAM5 A1B scenario simulation 1980/82 -2080/82 

Niger - Volta river (West-Africa)(9.5 km; Niger 2494084 km2,  
                                                               Volta 434235 km2 drained area) 
120 years RegCM-ECHAM5 A1B scenario simulation 1980/82 -2080/82 

Han-Kum-Nakdong river (Korea)(740 m; Han 19678 km2,  
                                 Nakdong 15848 km2, Kum 6769 km2 drained area) 

3 years RegCM-ECHAM5 A1B scenario simulation 1980/82 -2080/82 

Yellow – Yangtze river (China)(5.7 km, Yellow river 360431km2,  
                                                           Yangtze 564594 km2) 
1 years RegCM-ECHAM5 A1B scenario simulation 1961- 2071 

Case studies 





2. > Validation of  RegCM3 over Africa 
driven by ERA-Interim reanalysis  

3. > Regional model simulations  of  
projected climate change over Africa 

Regional Climate Simulations 



   Domain, Topography, Subregions and Data 



  CRU 

  RegCM3 

  RegCM3-CRU 

  Temperature Climatology 



  CRU 

 GPCP 

  RegCM3 

  Discrepancies between 
Observed Climatologies: 
Maxima over Ethiopia Highlands 
in CRU not found in GPCP  

 Additional Peaks over Complex 
Terrains not found in Observation 

  Precipitation Climatology 



  Mean Annual Cycle over Homogeneous Climate Subregions 

  Semi-Arid Subregions: 
  West Sahel: JAS 

  Equatorial Subregions: 
  Guinea Coast: MJJ and ASO  



2. > Validation of  RegCM3 over Africa 
driven by ERA-Interim reanalysis  

3. > Regional model simulations  of  
projected climate change over Africa 

Regional Climate Simulations 



   Future Scenarios of Concentrations and Emissions of 
Greenhouse Gases  

CO2 Emissions  CO2 Concentrations  

A2 A2 

B1 B1 

A1B A1B 



JJA 

ECHAM5  RegCM3 

  Temperature Change 



  Precipitation Change 

JJA 

ECHAM5 RegCM3 



  Precipitation Regressions into ENSO3.4 SST anomaly index 



Difference in regional climate  
response to local forcing 

We want to assess the precipitation variability in western 
Africa connected to SST forcing compared to the effects of 
soil moisture feedback.  
Statistical approach by Notaro et al.2008 

λ is the instantaneous feedback of a variable s on a 
variable a at time t, 
where  
•   s is a slow varying variable (Soil Moisture or SST) 
•   a is a fast varying atmospheric variable (Precipitation) 
λ represents the fraction of precipitation change attributed 

to variations in mothly Soil Moisture or SST 



RegCM3 

ECHAM5 

λ(SM,P) λ(SST,P) λ(SM,P)/λ(SST,P) 

  Feedback parameter λ 



2 > Calibration Runs  

3 > Transient Scenario Simulations 

4. Hydrological Simulations 

1 > Experiment Design 



Experiment Description 

Regional Climate Model (RegCM3) simulations 
► Control simulation using ERA-Interim as boundary 
conditions (1990-2007)    [Sylla et al. 2009] 
► Scenario simulations using ECHAM5-GCM A1B 
(1980-2100)  [Mariotti et al. 2010, submitted] 

Cetemps Hydrological Model CHyM [Coppola et al. 
2007] has been coupled with RegCM3 

►  hydrological model calibration run - regional model 
perfect boudary simulation output as input 
(1990-2005) 

►  Transient hydrological scenario simulations - 
regional climate model output from the A1B transiet 
simulation as input (1980-2100)  

Niger 

Volta 



2 > Calibration Runs  

3 > Transient Scenario Simulations 

4.Hydrological Simulations 

1 > Experiment Design 



NAWUNI 

PWALAGU 

BAMBOI 

LAWRA 

Niger River 

Niger: 

• Length 4180 km , it s the third-
longest river in Africa, after the 
Nile and the Congo/Zaire Rivers, and 
the longest and largest river in West 
Africa. 

• The catchment area covers 7.5% of 
the continent and spread over 10 
countries. 

• The water is partially regulated through dams 
mainly used for hydropower and for irrigation. 

Volta River 

Volta: 

• Length 1600 km  
• The catchment area stretches over approximately 
400 000 km2, making it the ninth most important 
river basin in Sub-Saharan Africa. 
• Situated in a very arid region, this is one of the 
poorest regions of the world. 
• There is extensive use of the water resources for 
electricity generation and irrigation. 
• The Akosombo dam  in Ghana generates 
80% of the power produced in the 
country. 

KOULIKORO 

TOSSAYE 

BANANKORO 

NIAMEY 



Seasonal Runoff  for MJJAS 



Niger Monthly Discharge (1990-2005) 

NIGER monthly  Banankoro  Koulikoro  Tossaye  Niamey  
CHyM-Obs Bias (m3/s)  42.24  -103.42  506.81  -234.60  
CHyM-Obs Bias (%)  5.84  -9.46  95.95  -30.20  
Correlation Coeff.  0.78  0.76  0.95  0.77  
RMSE (m3/s)  35.88  59.47  19.82  30.33  



Volta Monthly Discharge (1990-2005) 

Volta monthly  Lawra  Bamboi  Nawuni  Pwalagu  
CHyM-Obs Bias (m3/s)  30.44  -11.49  -82.60  2.8  
CHyM-Obs Bias (%)  47.64  -3.17  -31.39  3.07  
Correlation Coeff.  0.62  0.63  0.66  0.56  
RMSE (m3/s)  8.14  28.03  23.24  8.37  



2 > Calibration Runs  

3 > Transient Scenario Simulations 

Hydrological Simulations 

1 > Experiment Design 



Runoff  Seasonal Change 



Generalized Extreme Value (GEV) 
Niger 

Volta 



Niger – Mean Annual Cycle 

Biasutti and Sobel [2010-GRL] The shift of the 
discharge is probably due to the shift of the 
monsoon seasonal cycle in response to 
increasing greenhouses gases. In particular, the 
rainy season of the semi-arid African Sahel is 
projected to start later and become shorter. 

SHIFT 
a 

c 

KOULIKORO 
TOSSAYE 

BANANKORO 

NIAMEY 



Volta – Mean Annual Cycle 

NAWUNI 

PWALAGU 

BAMBOI 
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Po river (Italy) (1 km resolution; 110945.0 km2  drained area) 
5 years RegCM-ERA40 simulation 1995-2000 
3 years RegCM-ECHAM5 A1B scenario simulation 1980/82 -2080/82 

Niger - Volta river (West-Africa)(9.5 km; Niger 2494084 km2,  
                                                               Volta 434235 km2 drained area) 
120 years RegCM-ECHAM5 A1B scenario simulation 1980/82 -2080/82 

Han-Kum-Nakdong river (Korea)(740 m; Han 19678 km2,  
                                 Nakdong 15848 km2, Kum 6769 km2 drained area) 

3 years RegCM-ECHAM5 A1B scenario simulation 1980/82 -2080/82 

Yellow – Yangtze river (China)(5.7 km, Yellow river 360431km2,  
                                                           Yangtze 564594 km2) 
1 years RegCM-ECHAM5 A1B scenario simulation 1961- 2071 

Case studies 



Korea 

RegCM-ECHAM 20km A1B scenario 1950-2100 



A1B scenario simulation 



Annual discharge cycle  at the river mouth 

No big change is found 
neither  in the annual mean  
discharge nor in the discharge  
timing 



Po river (Italy) (1 km resolution; 110945.0 km2  drained area) 
5 years RegCM-ERA40 simulation 1995-2000 
3 years RegCM-ECHAM5 A1B scenario simulation 1980/82 -2080/82 

Niger - Volta river (West-Africa)(9.5 km; Niger 2494084 km2,  
                                                               Volta 434235 km2 drained area) 
120 years RegCM-ECHAM5 A1B scenario simulation 1980/82 -2080/82 

Han-Kum-Nakdong river (Korea)(740 m; Han 19678 km2,  
                                 Nakdong 15848 km2, Kum 6769 km2 drained area) 

3 years RegCM-ECHAM5 A1B scenario simulation 1980/82 -2080/82 

Yellow – Yangtze river (China)(5.7 km, Yellow river 360431km2,  
                                                           Yangtze 564594 km2) 
1 years RegCM-ECHAM5 A1B scenario simulation 1961- 2071 

Case studies 



China 

RegCM-fvGCM 20km A2 scenario 1950-2100 



A2 scenario simulation 



Annual discharge at the river mouth 

Shift of the OCT-NOV  peak toward 
the early part of the summer for the 
Yellow river and from summer to 
spring for the Yangtze river  



Take home messages 
 Evidence that climate change is going to impact the water resources are certain 

 Future projection with their uncertainty are going to impact regions of the world  
in a different way 

 We do need regional action to be ready to mitigate the consequence of climate  
change therefore we do need more and more the use of impact models to 
quantify  the impact of CC 

 Work is still needed to be able to downscale the climate model signal to the  
typical impact model scale 



Thanks!  





What is a Watershed 

Common Definitions:  

The specific land area that drains water into a river system 
or other body of water. 

      
     Many Hydrologic 

Texts 

It's the area of land that catches rain and snow and 
drains or seeps into a marsh, stream, river, lake or 
groundwater. 
       
     The rest of them 



What is a Watershed “ Another 
Definition” 

Watersheds are nature's way of dividing up the 
landscape. Rivers, lakes, estuaries, wetlands, 
streams, even the oceans can serve as catch basins 
for the land adjacent to them. Ground water aquifers 
serve the same purpose for the land above them.  

The actions of people who live within a watershed 
affect the health of the waters that drain into it. 

EPA. Surf Your Watershed 



What is a Watershed? “ the one I like” 

"that area of land, a bounded 
hydrologic system, within which 
all living things are inextricably 
linked by their common water 
course and where, as humans 
settled, simple logic demanded 
that they become part of the 
community."   

John Wesley Powell -- scientist, geographer, 
and leader of the first expedition through the 
Grand Canyon in 1869. 



Nature’s Way  Terrain 



Nature’s Way  Terrain 



A Close-up 



Trace The Water Drop 



The Watershed 
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System representation 



HEC’s System representation 


