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Å  Aquifer sustainability     
     and environmental flow  
      (GW Directive/WFD): 

Å Aquifer sustainability (max 30 

% abstraction of recharge to 

groundwater aquifers) 

Å Ecological flow sustainability 

(DVFI/macroinvertebrates, 

DVPI/macrophyttes and  

     DFFVa/fish) 



Figure by IWMI 

Assessing groundwater 

quantitative and chemical 

status  
(according to EU directives ï WFD/GWD) 

Groundwater dependent terrestrial and associated aquatic ecosystems 

Aquifer sustainability (saltwater intrusion) 

Ecological flow rivers  

(groundwater associated wetlands) 

Protection of ecosystems and drinking water 
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Definitions of aquifer safe yield and  
environmental flow requirements  
 



Environmental  flow requirements  



  

Historical background for Denmark  
Assessment of sustainable groundwater abstraction 2003  

 

 

 

 

Exploitable 

ressource 

Groundwater 

abstraction 

Å Sustainable groundwater abstraction has 
been assessed based on simple indicators, 
and DK model -  

    (Henriksen et al. 2008; Olsen et al. 2013)  
 

Å GWDTE has not been included yet in WFD 
RBMP quantitative status assessment  
 

Å New ecological flow hydrological regime 
indicators for fish, macrophytes  and 
plants were implemented based on 
NOVANA data (GEUS report 2014/74)  
 

Å Need for scientifically based sustainability 
indicators for aquifer sustainability, 
GWDTE and ecological flow (GEUS report 

2013/30)  
 

Å Small streams (75 % of all Danish 
streams) are considered as the most 
vulnerable to groundwater abstraction; 
these have not been included in RBMP2  

 
->pre -project Web - interface/small 
streams and further consolidation  

 

 

Henriksen et al. 2008 

Last nationwide exploitable gw ressource 

assessment (2003) 



 

Goals:  
īMore  transparent and harmonised  methodology  

īDK model quantify impacts of abstractions on eco -
hydrological indicators and groundwater safe yield  

 

RBMP2: Modelled based  assessment  of 
quantitative  status of groundwater  

National 

hydrological  

model based on 7  

sub-models 
Å 500x500 m 

Å 10-15 layers 

Abstraction 

2007-2011 

1 

2 

3 4 

5 

6 
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Updating  

Å Extension of river network > 
850 streams, ~ 6.000 km 
(in total 15.770 km)  

Å New waste water discharge 
data (AU -bioscience)  

Å New dynamic precipitation 
correction  

Å New soil parameters (AU -
agroscience )  

Å 400 New groundwater 
bodies (3D)  

Å Inverse calibration with 
PEST 

Opportunity  

Å Daily flow for different  

     scenarios => ecological flow  

Å Safe yield and water balance 
assessments for aquifers 
and catchments  

Development of DK 
model 2013/14  

River network 
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ü 45 % 

ü 33-45 % 

ü 10-33 % 

ü   5-10 % 

ü   0-  5 % 

ü increase 
        * due to treated 

       waster water 

       discharge 

Reduction  in river 
discharge Qmm  due to 

groundwater abstraction 
( % reduction in Q median min)  

Sub-catchment scale: 

2700 ID15 ~ 15 km2 



Empirical equations was 
derived from observed 
biological quality elements 
and daily discharge data for 
2004 -2010 for 61 -122 
monitoring stations from the  

NOVANA program:  

Å DVFI (N=122/R2=0,44),  

Å DVPI (N=91/R2 = 0,34)  

Å DFFVa (N=61/R2=0,49)  

 

Aarhus University -  
Bioscience  

(Graeber et al., 2014)  

 

Empirical equations for larger 
rivers  

Macroinvertebrates 

          Macrophyttes 

Fish 



Simulated ecological flow  
based on DK model and  
empirical equations  

 

DVFI 
Current abstraction 

DVPI 
Current abstraction 

DFFVa 
Current abstraction 

Status 
 

High 
 

Good 
 

Moderate           
 

Poor 
 

Bad 



Model simulated changes in DVFI 
(macroinvertebrates) and DFFVa  (fish)  

Model simulated changes in DVFI and DFFVa. 

Sub-catchments with red color has > 80 % 

probability for reduced ecological status (e.g. from 

good to moderate), orange colors has 50-80 % 

probability and yellow 20-50 % probability for 

reduced ecological state (by one class) 

EQR  

threshold  

values 



Sjælland  

Reduction median min Q (%) 
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Related groundwater bodies (9) 

Reduction in low flow (%) Related GW bodies 



Sjælland  

DVPI EQR change (3 GW bodies)  

377 

378 

406 

DVPI 

377 
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365 

356 
406 

DVFI EQR change (5 GW bodies)  

DVFI 



Sjælland  

DFFVa EQR change (7 GW bodies)  

DFFVa 
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GW Abstraction > 30 % of Recharge 

Red: Poor chemical status 

Green: God chemical status 

Underlined: Poor quantitative status 

(water balance test) 



RBMP2 in Denmark ï  
Overall result for groundwater bodies  
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Good 

Poor 

Trend -> poor 

>80 % risk 

50-80 % risk 

20-50 % risk 

Aquifer sustainability                      Ecological flow sustainability 



Background   

Å Web - interface for municipalities for screening purposes with new 
indicators for DVFI, DVPI and DFFVa. User needs and small rivers?  

New eco - hydrological indicators  (WFD -RBMP2)  

Å Large rivers (> 2 m width/ ~ ID30 km2 scale or larger):  

ï Ecological flow for type 2 and 3 rivers Hydrological regime indicators for 
DVFI/macroinvertebrates, DVPI/ macrophyttes  and DFFVa/fish  

Å Small rivers (<= 2 m width/ ~ ID10 km2 scale):   
ï How can river flow be estimated, and how to best implement 

methodology for such rivers (including new relevant indicators for 
DFFVø/trout and macroinvertebrates)  

Methodology   
ï Questionnaire (98 municipalities) -> what do municipalities need?  

ï Interviews/focus group (5 municipalities)  -> in depth exploration  

ï Uncertainty assessment (Test case Karupå -Storå -Skjernå -Gudenå -Nørre  
å; test of DK model performance for large and small rivers; Decision 
making under uncertainty by use of Bayesian network)  

Results and discussion  

 

 

Pre - project  2015 - 2016  
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Goal  and objective  
(in Danish)  
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- What are the needs of municipality for Web-interface 

    and screening tool? 

-   Consolidation of modelcomplex + small rivers? 



Results survey (20 questions)  
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Å PhD work of Mehrdis  Danapour  
(spatial parameterisation and 
evaluation of groundwater 
models)  

 
Å Model optimised for fast runs 

(MSHE 2016, 500m grid, 4 
model layers)  
 

Å Suitable for PEST inverse 
calibration  
 

Å Focus on irrigation and 
ecological flow indicator 
calibration  

Uncertainties related to model based 
screening approach? Test case  

- Skjern Å, Storåen, Karup Å, Nørre Å and Gudenåen   
- focus  on irrigation  and ecological  flow indicators  

 



Calibrated  toward :  
 

Å 25 river discharge  
     stations (>30 km 2 )  

 
Å Piezometric  head 

observations  
     (2640 boringer)  
 
Å Estimeret årlig markvanding  

 
Kalibreret i PEST med forskellige 
objektiv funktioner for vandføring 
(kalibreringsmål)  

 
Å Traditionel (NSE, Fbal , 

Fbal sommer )  
 

Å 28 Økologiske flowindikatorer 
(BFI, DVFI, DVVFa  osv.)  

Integrated modelling in Central 
Jutland  

-  Focus on irrigation and ecological flow  

Middelfejl 3,2 % 

RMSE = 16,7 mio m3/år 



Calibration:  
 

Å Calibration 2000 - 2006  
Å Validation 1995 - 1999  
 
Å 13 calibration parameters (Ks, 

rootdepth ,  irrigation, drains, 
leachage )  
 

Å Calibrated in PEST with different 
objective functions for discharge 
(calibration goals)  
 

Å Traditionel  (NSE, Fbal , 
Fbal summer )  
 

Å 28 Økologiske  flowindikatorer  
(BFI, DVFI, DVVFa  ovs .)  

Integrated modelling in Central 
Jutland  

-  Focus on irrigation and ecological flow  



Calibration results  
Traditional OBF  

 



Calibration results  
Ecological flow OBF  



Calibration results  
ECO2   



Results   



Composite sensitivity  
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Tabel 6.6 Relativ følsomhed/composite sensitivity (0-100) 

Kalibrerings- 

\ mål 

Parameter 

RSME 

vanding 

NSU Fbal Fbal-S Tryk- 

niveau 

DVFI DFFVa BFI 

Draen-east  19 22 50 41 75 94 100 100 

Draen-west 52 57 93 15 95 84 65 79 

kx5-gl 15 49 97 32 85 100 66 40 

Leak-west 5 9 16 15 52 92 50 40 

Rd_ww_jb1 100 45 100 93 49 38 40 27 

Leak-east 3 9 41 55 27 89 44 41 

ss1-ss 0.4 5 17 19 27 54 45 29 

kx13_topt 0.4 3 14 10 31 67 46 29 

kx2-ler 20 100 45 38 100 83 39 41 

kx1-ss 7 47 58 21 55 49 32 60 

 



Small rivers ï uncertainty  
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DCE methodology 

SWAT 

 

GEUS DK model 

Approach 

 

Test performance 

(NSU + Fbal) 

for DCE stations 

(observed  

Discharge) 



Hydrographs ï examples from DK 
model (large rivers)  


