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Sketch of Python Framework for Data Analysis & UQ & SA
Use Case - LARSIM Model
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LARSIM Python Wrapper & Data Analysis
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LARSIM Python Wrapper & Data Analysis I
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LARSIM Python Wrapper & Data Analysis II
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LARSIM Python Wrapper & Data Analysis III
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Interface for LARSIM Python Wraper - Dash Application
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Interface for LARSIM Python Wraper - Dash Application I

Automatic and adaptable LARSIM simulation runs
Features: inspecting the forcing and output data, changing parameters, computing
GoF functions, etc.
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Interface for LARSIM Python Wraper - Dash Application II
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Interface for LARSIM Python Wraper - Dash Application III
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Uncertainty Quantification Execution Framework (UQEF) &
UQEFPP

For efficient, comprehensive, time-varying
uncertainty quantification and global sensitivity analysis
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General Story - UQ & SA & Environmental models

UQ - Quantifying uncertainty in the output of the model; Forward propagation of the
input uncertainty to the uncertainty in the model output or some QoI [Smith 2013]

SA - Apportioning output uncertainty to the different input factors; [Razavi et al. 2021]

Reasons for UQ & SA:
• Scientific discovery, explore causalities
• Decision support
• Support and complement model calibration
• Ranking - rank input factors according to the contribution on the output
• Screening - identifying (ir)relevant input factors (i.e., dimensionality reduction)
• Mapping - relating regions of the inputs and outputs
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UQEF & UQEFPP Functionalities I

Methods
1. Ensemble runs withe predefined values
2. Monte Carlo methods (i.e., sampling strategies - Halton, Sobol, Latin Hypercube)
3. Generalized Polynomial Chaos Expansion (gPCE)

• Transformation - from dependent variables to independent
• Point collocation method
• Pseudo-spectral projection with (sparse) quadrature rule

Definition of OoI and QoI
1. (Temporally varying) model output (e.g., discharge)
2. Some objective function / goodness-of-fit (i.e., NSE, RMSE) summing up the

whole period, or computed in the sliding window manner
Postprocessing

1. Statistics - mean, std
2. Surrogate gPCE model
3. Sensitivity Analysis

• Local, gradient-based analysis
• Global Variance-based - Sobol Indices
• Global active scores indices

4. Different visualization methods
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UQEF & UQEFPP Functionalities II
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General Polynomial Chaos Expansion (gPCE) I

f (t , θ) ≈
N−1∑
n=0

f̂n(t)ϕn(θ) =
N−1∑
n=0

< f (t , θ), ϕn(θ) >ρ ϕn(θ) (1)

Compute statistical properties of OoI

E [f (t , θ)] ≈ f̂0(t) (2)

Var [f (t , θ)] ≈
N−1∑
n=1

f̂ 2
n (t) (3)

The Pseudo-spectral Projection (PSP) Method
• Use quadrature rule to compute coefficients [Constantine, Eldred, and Phipps

2012]

f̂n(t) ≈
K−1∑
k=0

f (t , xk )ϕn(xk )wk (4)

• nodes, weights {xk ,wk}K−1
k=0 chosen w.r.t. the input probability distribution ρ(θ)

• evaluate the forward model f (t , θ) at each xk !
• From 1-d to d-dimensional space via tensor product formulations
• Sparse grids - minimize the number of deterministic forward simulations
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Sensitivity Analysis I

Problem

• How sensitive is f (t ,θ) (or some other QoI) to changes in θ ∈ X?
• What is the relative contribution of θi , i = 1, . . . , d to the output uncertainty?

Local sensitivity analysis

• asses the “sensitivity” around some nominal value, e.g. using gradients of output
w.r.t. inputs

Global sensitivity analysis

• based on analyzing a suitable “measure” of uncertainty, e.g. the variance

One-at-Time (OAT) vs. All-at-Time (AAT)

Time-varying vs. Aggregation over-time
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Global Variance-based Sensitivity Analysis II

Sobol’ Indices (SI) [Bauwens, Nossent, and Elsen 2011; Saltelli et al. 2010]
First order SI
fraction of the model output variance that would disappear on average if θi is fixed

Si (t) =
Var [E [f |θi ]]

Var[f (θ)]
=

Var[f ]− E [Var [f |θi ]]

Var[f ]
=

Vi (t)
Var[f ]

(5)

Total order SI evaluate the total effect of an input parameter

ST
i (t) =

E [Var [f |θ−i ]]

Var[f ]
=

∑
n∈Ai

Vn

Var[f ]
= 1 −

V−i (t)
Var[f ]

(6)

• Computing by MC samples ⇒ #model_runs = N(d + 2)

SI and gPCE [Sudret 2008]

ST
i (t) ≈

∑
n∈Ai

f̂ 2
n (t)∑N−1

n=1 f̂ 2
n (t)

(7)
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UQ & SA in Hydrology

• Variogram Analysis of Response Surfaces (VARS Tool) [Bajracharya et al. 2020;
Gupta and Razavi 2018; Razavi 2016]

• Distribution-based sensitivity analysis - PAWN & Sensitivity Analysis For
Everybody - A Matlab toolbox for Global Sensitivity Analysi - SAFE [Pianosi,
Sarrazin, and Wagener 2015; Pianosi and Wagener 2018]

• Fourier based sensitivity analysis - FAST [Collins and Avissar 1994; Koo et al.
2020; McRae, Tilden, and Seinfeld 1982]

• gPCE and stochastic collocation or PSP approache [Fan et al. n.d.; Miller et al.
n.d.]

Important aspects of our framework:
• Different choice of the OoI/QoI
• Sparse Grid based PSP - optimizing the number of model runs [Buha et al. 2022;

Obersteiner 2020]
• Parallel execution of independent model runs [Künzner 2021]
• Parallel processing over time
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Study Case - Regen Catchment I

Catchment size: 2613, 40km2

Gauge zero point: 336, 95mNHN
River chainage: 29.54km
Data from 2003-2018
1h temporal and 1km2 spatial resolution
Data source - LfU Bayern
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Study Case - Regen Catchment II

UQ & SA Scenario:
• Examining the impact of 5 model parameters

on model output (i.e., discharge) under
high-flow conditions

• Hindcasting past data
(i.e., measured forcing data)

• Simultaneously changing the parameter
values over the whole catchment

Goal:
• Estimation of predictive model uncertainty

due to assumed uncertainty in 5 model parameters
• Get a better insight into

the model parameters -> model output relation
• Get the posterior distribution of the parameters

conditioned one some objective function (e.g., goodness-of-fit)
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Visualization of the results I
Time-varying influence of 5 parameters on model predictions under the
high-flow conditions

• QoI: Hourly discharge values
• Method: gPCE (Kronrod-Patterson sparse quadrature) q = 11; p = 6
• #model evaluations: 17103
• Computation time: ∼ 2 hours on 4 compute nodes

(28CPU+55GB RAM per node)
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Visualization of the results II

Parameters vs. GoF
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Visualization of the results IV
Parameters prior and “posterior” distribution
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Visualization of the results V

Sobol Total SI over time
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Conclusion and Future Works

• Proof of concept - we can run many LARSIM runs in a reasonable time
• Useful prior calibration tool (i.e., getting a better insight into the model parameters

-> model output relation)
• Produce surrogate models in the parameter space, e.g., gPCE or Active

Subspaces

Next steps...
• Account for distributed model parameters
• Account for other sources of the uncertainty, e.g., (spatial) input data
• Test learned surrogate models and uncertain bands on a future forecasting events

and measure their predictive skills Leandro et al. 2019

Note: Frameworks UQEF & UQEFPP Will be soon open-source on GitHub/GitLab
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Thank you!
Please feel free to contact me if you have further questions

ivana.jovanovic@tum.de

mailto:ivana.jovanovic@tum.de


References I

Bajracharya, Ajay et al. (2020). “Time variant sensitivity analysis of hydrological
model parameters in a cold region using flow signatures”. In: Water (Switzerland)
12.4. ISSN: 20734441. DOI: 10.3390/W12040961.
Bauwens, Willy, Jiri Nossent, and Pieter Elsen (2011). “Sobol’ sensitivity analysis

of a complex environmental model”. In: DOI: 10.1016/j.envsoft.2011.08.010.
URL: www.elsevier.com/locate/envsoft.
Buha, Ivana Jovanovic et al. (Apr. 2022). “Efficient Uncertainty Quantification and

Global Time-Varying Sensitivity Analysis Using the Spatially Adaptive Combination
Technique”. en. In: SIAM Conference on Uncertainty Quantification (UQ22). SIAM.
Atlanta, Georgia: SIAM.
Collins, Dan and Roni Avissar (June 1994). “An Evaluation with the Fourier

Amplitude Sensitivity Test (FAST) of Which Land-Surface Parameters Are of
Greatest Importance in Atmospheric Modeling”. In: Journal of Climate 7. DOI:
10.1175/1520-0442(1994)007<0681:AEWTFA>2.0.CO;2.

I. Jovanovic Buha | Framework for UQ & SA - UQEF | LARSIM-Anwenderworkshop 2022 | 04.10.2022 27

https://doi.org/10.3390/W12040961
https://doi.org/10.1016/j.envsoft.2011.08.010
www.elsevier.com/locate/envsoft
https://doi.org/10.1175/1520-0442(1994)007<0681:AEWTFA>2.0.CO;2


References II

Constantine, Paul G, Michael S Eldred, and Eric T Phipps (2012). “Sparse
pseudospectral approximation method”. In:
Computer Methods in Applied Mechanics and Engineering 229, pp. 1–12.
Fan, Y R et al. (n.d.). “Parameter uncertainty and temporal dynamics of sensitivity

for hydrologic models: A hybrid sequential data assimilation and probabilistic
collocation method”. In: (). DOI: 10.1016/j.envsoft.2016.09.012. URL:
http://dx.doi.org/10.1016/j.envsoft.2016.09.012.
Gupta, Hoshin V. and Saman Razavi (2018). “Revisiting the Basis of Sensitivity

Analysis for Dynamical Earth System Models”. In: Water Resources Research
54.11, pp. 8692–8717. ISSN: 19447973. DOI: 10.1029/2018WR022668. URL:
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2018WR022668.
Koo, Hyeongmo et al. (May 2020). “A global sensitivity analysis approach for

identifying critical sources of uncertainty in non-identifiable, spatially distributed
environmental models: A holistic analysis applied to SWAT for input datasets and
model parameters”. In: Environmental Modelling and Software 127. ISSN:
13648152. DOI: 10.1016/j.envsoft.2020.104676.

I. Jovanovic Buha | Framework for UQ & SA - UQEF | LARSIM-Anwenderworkshop 2022 | 04.10.2022 28

https://doi.org/10.1016/j.envsoft.2016.09.012
http://dx.doi.org/10.1016/j.envsoft.2016.09.012
https://doi.org/10.1029/2018WR022668
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2018WR022668
https://doi.org/10.1016/j.envsoft.2020.104676


References III

Künzner, Florian (2021). “Efficient non-intrusive uncertainty quantification for
large-scale simulation scenarios”. Dissertation. München: Technische Universität
München.
Leandro, J. et al. (2019). “Forecasting upper and lower uncertainty bands of river

flood discharges with high predictive skill”. In: Journal of Hydrology 576.February,
pp. 749–763. ISSN: 00221694. DOI: 10.1016/j.jhydrol.2019.06.052. URL:
https://doi.org/10.1016/j.jhydrol.2019.06.052.
McRae, Gregory J., James W. Tilden, and John H. Seinfeld (1982). “Global

sensitivity analysis—a computational implementation of the Fourier Amplitude
Sensitivity Test (FAST)”. In: Computers Chemical Engineering 6.1, pp. 15–25.
ISSN: 0098-1354. DOI: https://doi.org/10.1016/0098-1354(82)80003-3. URL:
https://www.sciencedirect.com/science/article/pii/0098135482800033.
Miller, K L et al. (n.d.).

Efficient Uncertainty Quantification in Fully-Integrated Surface and Subsurface Hydrologic Simulations.
Tech. rep.

I. Jovanovic Buha | Framework for UQ & SA - UQEF | LARSIM-Anwenderworkshop 2022 | 04.10.2022 29

https://doi.org/10.1016/j.jhydrol.2019.06.052
https://doi.org/10.1016/j.jhydrol.2019.06.052
https://doi.org/https://doi.org/10.1016/0098-1354(82)80003-3
https://www.sciencedirect.com/science/article/pii/0098135482800033


References IV

Obersteiner, Michael (2020).
SparseSpACE - The Sparse Grid Spatially Adaptive Combination Environment.
https://github.com/obersteiner/sparseSpACE.
Pianosi, Francesca, Fanny Sarrazin, and Thorsten Wagener (Aug. 2015). “A

Matlab toolbox for Global Sensitivity Analysis”. In:
Environmental Modelling and Software 70, pp. 80–85. ISSN: 13648152. DOI:
10.1016/j.envsoft.2015.04.009.
Pianosi, Francesca and Thorsten Wagener (Oct. 2018). “Distribution-based

sensitivity analysis from a generic input-output sample”. In:
Environmental Modelling and Software 108, pp. 197–207. ISSN: 13648152. DOI:
10.1016/j.envsoft.2018.07.019.
Razavi, Saman (2016). “A new framework for comprehensive, robust, and efficient

global sensitivity analysis: 1. Theory IMPC: Integrated Modelling Program for
Canada View project Changing Cold Regions Network (CCRN) View project”. In:
DOI: 10.1002/2015WR017558. URL:
https://www.researchgate.net/publication/287149711.

I. Jovanovic Buha | Framework for UQ & SA - UQEF | LARSIM-Anwenderworkshop 2022 | 04.10.2022 30

https://github.com/obersteiner/sparseSpACE
https://doi.org/10.1016/j.envsoft.2015.04.009
https://doi.org/10.1016/j.envsoft.2018.07.019
https://doi.org/10.1002/2015WR017558
https://www.researchgate.net/publication/287149711


References V

Razavi, Saman et al. (Mar. 2021). “The Future of Sensitivity Analysis: An essential
discipline for systems modeling and policy support”. In:
Environmental Modelling and Software 137, p. 104954. ISSN: 13648152. DOI:
10.1016/j.envsoft.2020.104954.
Saltelli, Andrea et al. (2010). “Variance based sensitivity analysis of model output.

Design and estimator for the total sensitivity index”. In:
Computer Physics Communications 181.2, pp. 259–270. ISSN: 0010-4655. DOI:
https://doi.org/10.1016/j.cpc.2009.09.018. URL:
https://www.sciencedirect.com/science/article/pii/S0010465509003087.
Smith, Ralph C (2013).

Uncertainty quantification: theory, implementation, and applications. Vol. 12. Siam.
Sudret, Bruno (2008). “Global sensitivity analysis using polynomial chaos

expansions”. In: Reliability Engineering and System Safety 93, pp. 964–979. ISSN:
09518320. DOI: 10.1016/j.ress.2007.04.002.

I. Jovanovic Buha | Framework for UQ & SA - UQEF | LARSIM-Anwenderworkshop 2022 | 04.10.2022 31

https://doi.org/10.1016/j.envsoft.2020.104954
https://doi.org/https://doi.org/10.1016/j.cpc.2009.09.018
https://www.sciencedirect.com/science/article/pii/S0010465509003087
https://doi.org/10.1016/j.ress.2007.04.002


References VI

Xiu, D and G E Karniadakis (2002). “The Wiener-Askey Polynomial Chaos for
Stochastic Differential Equations”. In: SIAM Journal of Scientific Computing 24,
pp. 619–644.

I. Jovanovic Buha | Framework for UQ & SA - UQEF | LARSIM-Anwenderworkshop 2022 | 04.10.2022 32



Extra Slides



General Story - UQ & SA & Environmental models I

Terms of Interest:
• Uncertain Inputs, e.g., parameters, forcing data, initial state, etc.
• Output of Interest (OoI), e.g., any (spatio-temporal) model response
• Quantity of interest (QoI), e.g., objective function, goodness-of-fit, etc.
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General Polynomial Chaos Expansion (gPCE) I

• Approximate a random variable f (t , θ) by truncated expansion of orthogonal
polynomials (analogy with Fourier series) [Xiu and Karniadakis 2002]

f (t , θ) =
∞∑

n=0

f̂n(t)ϕn(θ) ≈
N−1∑
n=0

f̂n(t)ϕn(θ) (8)

• type of polynomials chosen w.r.t. parameter distribution ρ(θ)
• exploit orthonormality of the underlying basis

f̂n(t) =< f (t , θ), ϕn(θ) >ρ=

∫
Ω

f (t , θ)ϕn(θ) ρ(θ) dθ (9)
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Sketch of our In-house software solution

Our software relies on Chaospy library, UQEF library Künzner 2021, and other Python libraries (e.g., mpi4py, Pandas, Plotly)
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World of UQ Software - No need to code from scratch

SG++ 

MUQ 

UQTk 

Cossan 

Dakota 

Queso 

smartUQ 

chaospy 

UQLaB PSUADE 

  

TASMANIAN 

The World of UQ Software 

SIAM UQ 18, MS Software for UQ, Dirk Pflüger & Tobias Neckel 

Openturns 

Uranie 

source of  world map: http://en.wikipedia.org 

Mystic 

SIAM conference UQ 18, minisymposia 88, 102, 115, and 128: Software for UQ, Tobias Neckel & Dirk Pflüger
see also https://www5.in.tum.de/wiki/index.php/SIAMUQ18_-_Slides_Minisymp_Software4UQ
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Study Case - Regen Catchment

UQ & SA Scenario:
• Examining the impact of 5 model parameters on model output (i.e., discharge)

under high-flow conditions

Parameters:
• EQD - Rretaining constant of the slow runoff storage
• EQD2 - Retaining constant of the fast runoff storage
• Dmax - maximum drainage of the soil storage at filling level
• A2 - Threshold value of the fast and slow direct runoff
• BSF - Exponent of the soil moisture saturation area function
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