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Objetivo

To incorporate two alteration patterns (reservoir operation and
climate variability) in a non‐stationary low flows frequency
analysis, using the GAMLSS (Generalized Additive Models for
Location, Scale and Shape) framework
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Selection of random variable and analysis

Testing stationarity

Potential drivers of change (covariates)

Parameter estimation

Model selection & exploitation

Methodology



Case study
Upper Cauca River
South West of Colombia
Tropical climate
Water Supply to Cali Metropolitan 

Area (3 million inhabitants)
Salvajina Reservoir: 848 Hm3

Station Salvajina Juanchito

Basin area (km2) 3,652 8,556

regulated area 0% 43%

Mean flow 

(m3/s)

1965-1984 143 288

1986-2015 127 290

Minimum flow 

(m3/s)

1965-1984 29 50

1986-2015 15 86



Salvajina reservoir
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Case study: the problem

In Juanchito, environmental flow 
must be 140 m3/s 95% of the time

Mainly to guarantee dilution of 
contamination (large industrial area 

upstream)

In 2006‐2009 there was 102 water 
supply cutoff due to 

contamination

• Annual minimum monthly discharge in m3/s: Am
• Low flow duration in days: Dmin



Climatic variability

• EL NIÑO: droughts, fire forests, 
energy failures, problems in river 
navigation, heat waves, …

• LA NIÑA: floods, land slides, 
diseases, pests, erosion, …



Stationarity?

Series  Station Period  Pettit Mann‐

Kendall

Annual minimum monthly flow (m3/s) Salvajina 1965‐2015 2000 P1 (‐) P1

Annual minimum monthly flow (m3/s) Juanchito 1950‐2015 1983 P1 (+) P1

Annual low flow duration (days) Juanchito 1950‐2015 1983 P1 (‐) P1



Covariates: reservoir indices
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: drainage area of dam  in km2, 
: drainage area of flow gauge station in km2,
: average volume of water at dam in Hm3 

:	reservoir capacity in Hm3

̅: mean annual runoff at the flow gauge station  in Hm3 

n : reservoir number upstream the station



Covariates: reservoir influence
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Covariates: climatic influence
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GAMLSS non-stationary models
 Parametric distributions for the response variable Y

 we used several different distributions (Gumbel, Gamma 2p, 
Generalized Gamma, Lognormal 2p, Weibull and Negative 
binomial type I)

 Distribution parameters are nonlinear function of covariates 
	
:

 using penalized beta splines and cubic splines smoothing 
functions

 potential covariates: EIs and climatic indexes 



	~ ; stationary

	~ ; with covariates

Models



Non-stationary model selection

 Selection of the models:
 Generalized Akaike Information Criterion (GAIC)

 Schwarz Bayesian Criterion (SBC)

 The model fit performance is evaluated by investigating the 
normality and independence of the (normalized quantiles) 
residuals
 qq-plots and worm plots
 Compute the first four moments of the residuals and Filliben

correlation coefficient 



Annual Low Flow: Salvajina
 Gumbel
Model Mu Sigma df GAIC Mean Var. Skew. Kur. Fill.
M0 1 1 2.00 412.05 8.1E‐03 1.10 0.38 2.60 0.99

M1 PDO
MEI PDO 5.00 393.93 1.3E‐02 1.05 0.13 2.01 0.99



 LogNormal
Model Mu Sigma df GAIC Mean Var. Skew. Kur. Fill.
M0 1 1 2.00 675.91 ‐9.4E‐17 1.02 0.20 2.27 0.99

M1
ONI
IE
CCC

1 5.00 633.99 ‐4.9E‐16 1.02 0.12 2.64 1.00

Annual Low Flow: Juanchito



Negative Binomial type I
Model Mu Sigma df GAIC Mean Var. Skew. Kur. Fill.
M0 1 1 2.00 608.12 2.4E‐02 1.02 ‐0.49 2.27 0.98

M1 PDO
cs(IE,2.99)

ONI
IE 8.99 546.92 ‐1.4E‐03 0.91 ‐0.23 2.72 0.99

Low Flow Dration: Juanchito



Calibration period: 1951‐2005
Validation period: 2006‐2015 (hindcast
with perfect prediction of covariates)

2008, 281
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Discussion
Stationary hypothesis have been the
cornerstone in FFA

Floods are independent & identically
distributed (i.i.d.)

Is it true?

Many years ago:

“Is it possible that climatic oscillations can exist alone (with no effect upon anything
else) ? … So far, we are completely in the dark as the plotting of meteorological
observations alone will not determine it.”

Brückner, 1890



 And recently ...

“Stationarity is dead…….and cannot be revived”. “New statistical models and
procedures are needed to dynamically capture the evolution of probability density
functions over time”

Milly, et al., 2008

Discussion



 However, more recently

“Stationarity is undead: uncertainty dominates the distribution of extremes“.
”Thus, complex non-stationary models do no not provide better .. results than
the stationary models because what really matters are … the interval
estimates”.

Serinaldi and Kilsby, 2015

Discussion



Conclusion
 In many places it has been found clear teleconnections

between flow records and
 Dam construction and land use changes
 Climatic variability

 Quantile uncertainty is very high, especially for floods
=> reduce uncertainty introducing more information

 Non-stationary models with external covariates using GAMLSS
are very flexible and produce a reasonable interpretation of
historical records and meaningful flow forecast
 Unfortunately, currently we don’t have predictions of climate

indices (with exception of ENSO)
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