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SubpPLAN Project: 247708 - SUDPLAN

1 Management summary

SUDPLAN Common Services represents a common fumality to be used by the four
SUDPLAN pilot cities. The functionality is generahd can be used in all European cities. The
Common Services (CYffers urban downscaling services for intense alinhydrological
variables (including flooding, droughts and wateaikability) and air quality; accessible on the
web through the Scenario Management System (SMS).

The following downscaling functionality is implented in Common Services:

« Intense rainfall: urban downscaling — generatiostaidrt-term precipitation data (time series
or IDF curves) for urban hydrological climate chamgpact assessment

* | Hydrological conditions: urban downscaling — localibration of COVERED IN
hydrological variables and generation of futureaffiscenarios THIS REPORT

« Air quality: urban downscaling — generation of Ibftdgure air quality scenarios taking into
account local emissions

This report documents the hydrological downscatiagyices from an end user point of view. A
more detailed IT documentation can be found in@@C and Back-back end appendices of
D4.1.3 Concerted Approach V3. The present docundedcribes how the hydrological
downscaling model system fits and works inside @@mmon Service environment. An
important development has been the automatic edildr routine, which exemplify an
automation of model execution to optimise paramst#ings.

The use of the SUDPLAN platform to manage hydralagdownscaling will be demonstrated in
WP4 by external end users from the Swedish Waténdkity.

This is a public document available at http://sadptu/Results
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2 Hydrology: Local downscaling

Common Services (CS) provides the climate and enmiental information to end user through
the Scenario Management System (SMS), which is @hmontrol, visualisation and integration
workbench for all SUDPLAN components (Figure 1)stdndardized communication will assure
an easy setup connection to the Common Services fa@l other software which require climate

services of this type.

Figure 1 Overview of SUDPLAN
components. The communication
between Common Services and the
Scenario M anagement System uses
standar dized services (OGC).
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Figure 2 Technical solution of Common Services, with hydrological downscaling components mar ked.

The technical structure of Common Services istifiied in Figure 2. The rainfall and air quality
downscaling, together with the corresponding Paropean climate and environmental
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information, have been implemented in an existiogwsare, the Airviro system. Input and
output data is either point wise time series oddgd time series. The hydrological data is based
on point wise time series and irregular polygoradajpresenting watersheds, managed through
the existing HYPE model system. Therefore the Hzatk end solutions are also split in two
parts. The service layer does however streamli@edmmunication to all Common Services, so
that external end user applications will only héwdollow the OGC standards of four services
SOS, SPS, WMS and WFS in order to establish coneatian.

The hydrological downscaling components (markeBigure 2) form an extension of the HYPE
model system. This document describes how the dmling is performed in SUDPLAN.
Technical descriptions concerning the hydrologmaldel HYPE and other components of the
hydrological part of Common Services environmentfdand in D4.1.3 Common Services
concerted approach V3. The D4.1.3 document inclugjgsendices documenting the OGC
communication and also an appendix which documiregechnical solution of the back-back
end, i.e. how to communicate with the Common Sesjicselect model, model domain and
parameters, input data (emissions, forcing, boundanditions), proceed to execution and then
to access output. The description given in the gmegdocument focuses more the user
functionality, leaving the specific implementatiaand specification details to the D4.1.3
document.

The SUDPLAN platform to manage hydrological dowtiscp will be evaluated by
representatives from the Swedish Water Authoriflégese authorities, in total five representing
different Swedish regions, were formed in respottséhe EU water directive to provide a
comprehensive management of water related issues@aen. These users will, as part of WP4,
be trained to operate the SMS and Common Servidesy will, as external end-users, validate
the SUDPLAN functionality of running and visualibgdrological simulations for future years,
based on climate scenarios.

The procedure of hydrological downscaling startct®ating a sub-model of the Pan-European
hydrological model setup of HYPE, E-HYPE, for theer or stream running through the
specific city of interest and the catchment upstred the city. From the SMS, the user can run
an automatic calibration of the model to optimized®l parameterization for this catchment.
The user can also opt to add their own measureshalige data, if available, to improve this
calibration. Once the new, local hydrological modetalibrated, it can be used to run selected
climate scenarios.

Note, that unlike the other SUDPLAN downscalingvgsss, the spatial resolution of the output
remains the same at European and local scales.ohily the quality of the downscaled results
that is improved through calibration with local @athe following sections gives an overview of
the main concepts in SUDPLAN hydrological downsuogland climate scenario projections

2.1 Use case: Hydrological downscaling and calibration

The first aim of the service is to provide acceassesults of future hydrological scenarios on a
Pan-European scale, calculated with climate scesas input. The second aim of the service is
to provide an easy to use downscaling service Wiherend user can improve and adapt climate
scenario data to local measurements. An importantia defining the service has been to

minimize the required user input. Two types of ugscifications are needed to launch a model
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simulation, the geographic area of interest andstelected climate scenario, with a third option
given to add user’s local data.

Within the SUDPLAN Czech regional pilot definitigslan (D8.1.2) two use cases have been
defined that describe the main functionality of thalrological downscaling service. These use
cases is the basis for the downscaling functionalihis section gives a description of the basic
use cases, to give an understanding of the probkfiore describing how the functionality was
realised in the SUDPLAN SMS. The realisation adsh use cases in the SMS is described in
section 5 of this document.

2.1.1 Use case UC-832: Auto calibration of CS hydrologica | model

This use case provides automatic calibration of@GBehydrological model for one point in the
map. The goal with the service is to provide imgevsimulation results for upstream
watersheds in the service. The user needs to lgedog to the CS and has the option of
providing a time-series of discharge data from lacted gauging station or using an existing
station. The results of the service are new pamansets that can be used for subsequent runs of
the hydrological services and an improved hindadstlischarge at the site using the new
parameter set. The use case defines the followaps $or the user to perform the service:

1. See on a map the Q stations uploaded in SUDPLANualwhd new observed time series
to be used for calibration.

2. Choose point of interest by clicking on it on thepnThis should be the location of the

chosen gauging station or the point for which newging station data is to be uploaded.

Select the time series to be used for calibration.

Start automated calibration

Simulation progress visualisation

Retrieve and visualise time-series of simulated @vserved variables

o 0hw

2.1.2 Use Case UC-833: Execute CS hydrological model

In this use case the user wants to execute they@®lbgical model to simulate future climate
scenarios for the area upstream of the selected pbinterest (POI). Auto calibration (previous
use case) should have been performed for the spsteeam area before this step. The goal of
the service is to provide an analysis of the effexdtfuture climate on hydrological conditions,
based on a CS climate scenario. The hydrologicaleioses precipitation and temperature (P,
T) as input data from the climate projections al a® the newly calibrated parameter set. The
outputs of the use case are as time series of $wya®logical variables for the sub-basins
upstream of the point of interest. The use cas@ekefthe following steps for the user to
perform:

1. Select POI (should be the same catchment as faraliteation, otherwise the results will
be the same as in the Pan-European results)

2. Select climate scenario (note that the service esesected P (precipitation) and T
(temperature) from the climate model)

3. Select simulation period (default is the same paticlimate scenario)
4. Start model run

Copyright © SUDPLAN Page 9 of 48
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5. Simulation progress visualisation

6. Get back daily values time series of values foutr#p, T and model output variables
7. Export of visualised time series

2.2 Main principles for hydrological downscaling

Figure 5 shows the main principles for the hydralabdownscaling and the relation to the user
interaction performed from the SMS. The green pafrtbe figure are the main functions of the
hydrological downscaling CS, whereas the blue srtsv the interface to the SMS.

= Data + model [ FROM USER
~cs ! | |

= SMS user selection 1: user data: user selection 2:
- Define point-of-interest (POI) - runoff (Q) data - Climate scenario

T l""'"""""'l E-HYPE precalculated
i Add user Q-obs European scale
! to model setup climate scenario

local HYPE
S n

Model setup Create Model setup SET— Model st cenario simulatio
local Local scale Bl s Local scale
(Europe model (Uncalibrated) el SR

calibrated) (Calibrated)

HYPE downscaled
result database
for upstream area

[ Calibrated time series for selected POI ]

[ Downscaled model results in watershed format ]

/

( TO USER ]
Figure5: Components and data flows between SM S and CSfor hydrological downscaling.

The model execution includes the following steps:

1. Creation of the local sub-model from the Pan-Euanpmodel

2. Recalibration of the local sub-model (using histakiprecipitation and temperature
inputs)

3. Running of local sub-model to simulate future hydgical scenarios using local sub-
model (using climate scenario precipitation andgderature inputs)

The technical solution of the CS includes eachhefihdividual processes and (the green parts)
in Figure 5, as well as models, data and automatidhe steps linking each of these processes
(yellow in the figure). The implementation of theasedules and how they connect to the SMS
environment is further described in Section 4 amd this document
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Before and after each step described in the use, ¢hs user will be able to visualise the
modelled results and, where relevant, compare theseeasured results via the SMS. The
climate scenario precipitation and temperature ballstored. The local model setup including
any new Q data (observed discharge) added by #reansl new parameters resulting from auto
calibration will be stored by the CS, time-seriestpots from the scenario runs will be
temporary, and statistics calculated as a resutie@scenario runs will be stored and catalogued
by the SMS.

In the course of the project it was necessary terekHYPE functionalities and develop routines
for sub-model creation and auto calibration to supfhe use cases described.

2.3 Outputs

For the generation of Pan-European E-HYPE scemnani®, a post-processing is made to yield a
number of statistical variables of interest totiser. Table 1 lists these outputs including a short
description, valid for the PE visualisation.

Table 1 E-HYPE output data for spatial visualisatio  n and time series export on the Pan-European
scale

Raw model output (daily/monthly/annual/10-year)

Mean Q River discharge

Mean specific runoff Local runoff

Mean relative soil The soil moisture deficit in the root zone (in mmm)relation to the

moisture field capacity

Groundwater Relative groundwater level

DBS'-corrected Temperature after preparation for hydrological datian by DBS

temperature scaling

DBS-corrected Precipitation after preparation for hydrologicahsiation by DBS

precipitation scaling

Statistical output (only available as 30-year mean)

Cout_highflow-T10 The discharge magnitude thatwerage occurs once every 10 years.

Cout_highflow-T50 The discharge magnitude thatwerage occurs once every 50 years.

Mean High Flow The mean annual high water discharge in a rivedstr

(MHQ)

Mean Low Flow The mean annual low water discharge in a rivedstre

(MLQ)

Hydrological drought, | The number of days (per year) with hydrologicaludylat. This is

number of days defined as the number of days when the flow isérighan the 10
percentile of the flow in the reference period.

Hydrological drought, | The intensity of hydrological drought, i.e. how rhumelow a threshold

intensity value for the reference period the flow is for ting days.

Agricultural drought, | The number of days with agricultural drought. Santio the

number of days hydrological drought, but based on days over tie@dcentile of the
relative soil moisture compared to the referenceode

Agricultural drought, The intensity of agriculturddought, i.e. how much above a thresho|d

! Distribution Based Scaling
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intensity value for the reference period the retsoil moisture is for the dry
days.

Snow days The number of days where the snow dspttore than 1 cm.

Snow max Maximum snow depth

The output of the hydrological downscaling contahesmodel output and is summarised in
Table 2.

Table 2 Time series output from Common Services hyd  rological downscaling model HYPE

Output (daily values)

Mean Q River discharge

Mean specific runoff Local runoff

Mean relative soil The soil moisture deficit in the root zone (in mmm)relation to the
moisture field capacity

Groundwater Relative groundwater level

DBS*-corrected Temperature after preparation for hydrological datian by DBS
temperature scaling

DBS-corrected Precipitation after preparation for hydrologicahsiation by DBS
precipitation scaling

2 Distribution Based Scaling
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3 Hydrological downscaling using HYPE

The Hydrological Predictions for the EnvironmentY(PE) model is a dynamic, semi-distributed
and process-based model based on well-known hygloalband nutrient transport concepts [2].
It can be used for both small and large scale ass&#s of water resources and water quality. In
the model, landscape is divided into classes aowpr soil type, vegetation and altitude. The
soil representation is stratified and can be dide up to three layers, each with individual
characteristics and hence calculations. The madellates water flows, transport and turnover
of nitrogen, phosphorus and inert trace substaridesse substances follow the same pathways
as water in the model: surface runoff, macro ptow,ftile drainage and groundwater outflow
from the individual soil layers. Rivers and lake® a@escribed separately with routines for
turnover of nutrients in each environment. Modetftioients are global, or related to specific
characteristics of Hydrological Response Units (HRl&. combinations of soil type and land-
use. Internal model components are checked usimgsponding observations from different
sites [3]. A schematic overview of the model argl mtain components is given in figure 4.

Fertilizers,

Atmospheric Manure, Plant Evapo-
: deposition  Plant residues uptake transpiration
Rainfall, : B [ Denitrification
Main Snowmelt | o L L
river i Lo By 9

_——

Surface P ;
runoff “— /AV/'N&P pools!

r/ _— 1| Macro- .
pore W

\ ///N&P poolsi

Precipitation _— ;
flow /
Atmospheric Tile drain T QU \'\
deposition // Groundwater \ Reglonal
| Denitrification - N&P pools aE roundwater
Lake pd / o ~y — ﬁ
i 7 P — ow
outflow v v Groundwater |\  Stream & ////
f_ . e Local outflow depth ——
Mai i R ¥ river *\//// «--- = Nutrients
rain Regional +— = Water
river Sediments v = Llevel

groundwater flow

Lake Rivers Soil

Figure 4 The main components of the Hype hydrologic  al model.

So far, the HYPE model has been applied pan-Eurofeeavater (E-HYPEL1.0), while nutrients
are only modelled for Sweden (S-HYPE) and the Bdea basin (Balt-HYPE). The HYPE
model code is structured so that the model carabiyeapplied with high spatial resolution over
large model domains, which is also facilitated imkihg coefficients to physical characteristics
and the multi-basin calibration procedure [4]. Thedel is not calibrated site specifically, but
simultaneously for groups of parameters referrmglifferent parts of the model structure. This
makes the model robust for large regions althoymgitific sites may not be simulated as well as
if local calibration is applied.

In this section we will describe how SUDPLAN usesH#pe to perform hydrological
downscaling, including selection of relevant gepbieal area, automatic calibration and details
about the geographical and input parameters setegh in the project.
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3.1 E-Hype 2.0

A first version of a Pan-European hydrological mo¢@le-HYPE) with high resolution is
operational in the SMHI production environment. Thedel has been initiated and funded by
GMES and several EU FP7 projects (e.g. Geoland)dégn, OPERR, Ecosupport). The large-
scale application of the hydrological model is plalesdue to the ready availability of regional
and global databases which are handled in a spediegigned system for automatic generation
of model input data, WHIST [5]. The current versi@HYPE2.0) has been set up, calibrated,
and validated against observed time-series. Talgiwes an overview of input data for E-Hype
and E-Hype 2.0. E-Hype 2.0 gives the basic datgpdet the Pan-European data simulations as
well as for the local downscaling simulations aablié in SUDPLAN.

Table 3. E-HYPE 2.0 model applicationsand input data

E-HYPE2.0
Areal extent 8.8 million km2
Median Sub-basin 214 km2
Resolution
No. Sub-basins 35447
Topography/routing Hydrosheds [8] and Hydro 1K (for latitude > 60 HEQ
Forcing Data ERA-INTERIM

Landcover CORINE [10] and Globcover 2000 (for areas not covéne@CORINE) [11]
Urban Area Euroland SoilSealing 2009 [12]

Lakeareaand spatial  GLWD (Global Lake and Wetland database) [13]

distribution

L ake and reservoir GLWD (Global Lake and Wetland database) [13]

infor mation ERMOBST [14]

Irrigated area

FLAKE-Global [15]

International Water Power & Dam Construction yeai2011 [16]
ILEC World Lake database[17]

LEGOS [17]

Swedish Water archive (SMHI) [6]

European IrrigationMap [18]

GIAM [19]
Soil types European Soils Database [20] and DSMW (Digital $b of the World) [22]
Discharge GRDC [23], EWA [25], BHDC [24]
measur ements
Evapor ation COSMOJ[27 and FLUXDATA[28]
measur ements

3.2 Creation of local sub-model

The first step in selecting the local sub-modetasextract a relevant area and based on this
create a local version of E-Hype 2.0 for this ar&a.executable program, “SelectAro” was
developed to create this local sub-model from tae-Buropean model. Input to this program is
the sub-basin identification number at the outlethe local sub-model, i.e. the downstream
point-of-interest. This number is extracted whema @iser clicks on the sub-basin in the map. All

sub-basins upstream of the selected area(s) avmatitally selected by the executable program
to create a complete sub-model which can be rudYiyE.

Based on the selected sub-basin and the derivaceapssub-basins, SelectAro reads the indata
files for E-Hype 2.0, selects data relevant for tieev model to be created and generates new
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input data files for the local model. This new miockn be used for predictions for the selected
area, but results can be improved by calibratiegniodel with local observed data.

3.3 Automated calibration

For SUDPLAN an automatic calibration routine hasrb@nplemented and added to the HYPE
model source code. The SUDPLAN system also proviegting and definition of inputs to the
automatic calibration routine so that initiation @fis routine is also automated. The auto
calibration builds on well-established numericaltmoels and the implemented package provides
a number of different algorithms for the expertruse this section we present an overview of
these functionalities and methods. We also giveesoasults for validating the algorithms. A
more detailed validation of the methods is presemtd 8.2.2 Czech Pilot V2 [29].

3.3.1 Provided methods for automatic calibration

The implemented auto calibration package providest @f methods for automatic calibration of
E-Hype with historical discharge data for a loaaaa All implemented methods are adaptations
of well-established algorithms within numerical iopzation. In this section we give a brief
overview of the selected functionality a more dethidescription of the theory behind the
functions is given in appendix A.

The auto calibration package offers two classesatibration methods, sampling methods and
directional methods. The sampling method offeredth®y package is thBrogressive Monte
Carlo method. This method provides a simple way to gather keogé of an objective function
by sampling of realizations of this function underiation of its argument values. The Monte
Carlo method relies on random sampling; parametts are generated without any form of
organization, and all parameter values are varietulsaneously. This method offers the
advantage of being applicable to parameter spacasyodimension. The Monte Carlo method
used in the auto calibration incorporates a refi@mnconsisting of a progressive, stage-wise
reduction of the parameter space around promisamgnpeter sets. The concept is based on the
radius of the original parameter space that isngefias half the distance between the original
parameter space boundaries. From the computatmmial of view, sampling methods present
the advantage that the amount of function evaluoatis prescribed by the user, which allows for
estimating rather accurately the computational tieggiired to perform the task.

The package offers two different classes of divectnethods Quasi Newton and BreQuasi-
Newton methods are a class of optimization methods basdtie first order Newton expansion
of the gradient of the objective function. Aftertelenining the gradient the method performs a
line search in the calculated direction. A widegaf methods satisfying these conditions have
been developed in the framework of optimizationteéehof those where of interest for our auto
calibration routine: Steepest descent, D&fd BFG$

In addition, the package implements a second dnechethod théBrent method. In the Brent
method, determination of the step direction isiatisince the method permutes through all

% Davidson-Fletcher-Powell formula
* Broyden-Fletcher-Goldfarb-Shanno formula
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dimensions of the parameter space, reducing thielgoto that of successive line searches.
Given a starting parameter sg,, the algorithm first proceeds to a line searchhgldhe
dimension of the first component, from boundarpoondary, but keeping the value of all other
parameter set components constant in the procéssliie search is performed so as to find a
first component value that improves the objectiwection in the sense of optimization. Once a
better value has been found, the parameter sstscbmponent is updated. The algorithm then
proceeds similarly to improve the other parametershe set component. Thus, the method
performs a series of successive updates of alhpetex set components, one after the other, in a
fixed order.

The Brent method does not make use of the knowlefigjee objective function gathered from
previous iteration. In addition, the steepest deisoeethod does not make use of the knowledge
of the objective function gathered from previowsations. Therefore, the DFP method was the
first quasi-Newton method tested for the auto catibn routine. As all quasi-Newton methods it
provides a faster progression than the Brent metfbd is due to optimizing all parameters
together, instead of looping through one paramedtartime. However, the curvature estimate by
the DFP formula was found to be poor, leading toaaoumulation of unnecessary small

suggested step:&k. A more robust update formula was therefore reglliand attention was
turned toward the nowadays widely accepted BFG3oaetOf the quasi-Newton methods, the
BFGS update was found to be the most robust and fastestod. It has the best ability to
estimate the objective surface curvature, whatltesuthe most efficient next step suggestions,
and overall the best progression for a given amotitéerations.

3.3.2 Line search algorithm

All directional methods above are dependent onrdeteng a step directiorﬁ,{, and the step

length, 4,., for each iteration. Provided a step directi&kl,, the other ingredient of directional
methods is the selection of a step len4,1,This is achieved by means of a so-called lineckea
algorithm. The line-search algorithm used in thébcation package is a mixture of interval
segmenting and quadratic fitting.

The interval segmentation part of the algorithm Ilmsed on the golden ratio,
= ﬂ = 1.618034, the only positive solution to the equatil + 1/ = @. Typically, a

test point is taken al — 1/ = 0.381966 within the interval, measured from the lower intdr
boundary. The objective function is evaluated themd the result is compared with earlier
evaluations of the objective function at the inéérloundaries. If the situation is favorable, a
new test point is obtained by quadratic fitting tbé three test points with a parabola, and
localization of the parabola minimum. Otherwise ititerval is further segmented, in accordance
with the golden ratio proportionality principle. Ahy rate, the most unfavorable boundary point
is always left out. Proceeding this way, the in&ng gradually reduced, until its size triggers
one or another condition for interruption.

All line search algorithms, incl. the one just désed, suffer the same problem: if the objective
function features a local minima, it cannot be gnéged that the algorithm will converge toward
the global minima. In the case at hand, this iartfea consequence of the assumption that the
objective function can be fitted with a quadratiadtion, by means of a parabola, which in itself
already implies the assumption that the functioovk® only one minimum over the interval of
interest. As this is generally not the case, cagmece toward the global minimum cannot be
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fully ensured. However, this algorithm was chosenauwse of its robustness and its capacity to
shrink the original interval size relatively quigkl

3.3.3 Interrupters

An important issue is to determine how to termintée calibration. In the ‘autocal’ package,
natural ways of termination for the optimizationthads above are implemented, either to stop
the line search algorithm, or to exit the optimizatwork all together. Here, we discuss those
termination methods, called interrupters.

3.3.3.1 Interrupters for sampling methods

Sampling methods do not terminate until the nunmddeiunction calls specified by the user is
reached.

- For the scan functionality, the amount of functwaills is given by the product of the
amount of grid points, in both dimensions.

- For the progressive Monte Carlo method, the totehlper of function calls is given by
N_-N_-N_, whereN, is the amount of successive sta@Vsis the amount of centers per
stage, antV, is the amount of run per center; the first stagguresh, - N_ function
calls by default, even if there is only one ceiftee mean of the user-specified parameter
space boundaries).

3.3.3.2 Interrupters for directional methods

For directional methods there are several ternonatriteria of interest:

- the maximum total calibration time, specified irurm

- a maximum amount of iterations allowed. For the nBrenethod, one iteration
corresponds to a full loop of line searches throalijiparameter space dimensions, incl.
the (optional) diagonal step. For the quasi-Newtwihods, one iteration corresponds to
the gradient determination, the inverse Hessiaardehation, as well as the subsequent
line search in the suggested direction.

- a precision for function value at optimum can beegi as well as a certain amount of
tolerated iterations. If the function value does$ vary more than the specified precision
within the specified amount of last iterations, ghgorithm will stop as it is considered to
no longer progress sufficiently.

- for each parameter value considered, a determmgti@cision must be specified.
Further, a certain amount of tolerated iteratioas te specified. If ALL parameter
values do not vary more than the specified pregisidhin the specified amount of last
iterations, the method is terminated because a¢bissidered that the optimal parameter
values are determined well enough.

The quasi-Newton family of methods can furtherrderrupted by yet another criterion:
- a lower tolerance for the gradient norm can beifipdcand the algorithm stops as soon
as the gradient norm of the objective functioroisnd lower than the specified tolerance.

3.3.3.3 Interrupters for the line search algorithm

Termination of the line search algorithm can bggered in two ways:
- the algorithm stops as soon as the interval lersgthorter than a user-specified tolerance
- termination is triggered if, for ALL parametersetimterval length corresponds to
parameter values smaller than the specified poesi
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3.3.4 Evaluations and conclusions

In the performed evaluations the goal was to ingatt the optimal performance of each of the
methods. Therefore we have run the algorithms uaihggh number of steps trying to find the

optimal parameter setup for the local model. Tdlddows the stopping conditions used for each
algorithm. For the Monte Carlo method, we only usestopping criteria based on number of
iterations, while we for the other methods alsok&mb at other criteria, such as, change in
parameter values and improvement in result criteria

Table 4: Stop conditionsused in evaluating the different algorithms

I nterruptor Monte Brent Quasi-

Carlo Newton
Max amount of iterations Featured Featuréeatured
Max amount of time - Featured-eatured
Criteria changed less than specified tolerance pver Featured Featured
specified amount of iterations
ALL parameter values changed less than specified Featured Featured
tolerance over specified amount of iterations
Gradient norm smaller than specified tolerance - - Featured
Perpendicularity of gradient and step - - Featured

The evaluations were performed based on the E-Hyd&Emeterization. The driving data based
on Pan-European information were replaced withlldata for the Prague area. The results were
evaluated against observed data from 2 gaugingssatThis evaluation shows (Table 5) that
the Monte Carlo methods gives the best performdocehe auto-calibration (mean?R.45),
however, the drawback of this method is that iumegs most time for the computation. Another
interesting method is BFGS which also shows an siras good result (mearf B.29) using less
than half the computation time and number of mode$ compared to Monte Carlo.

Table 5: Result of the evaluations

Calibration Method | Mean R? | Modéd runs | Time
E-HYPE default (none) | -0.29 1 10s
1 | Monte Carlo 0.45 30 000 3 days 19h
2a| BFGS 0.29 13534 1 day 11h
2b | DFP -0.06 3183 8h
3 | Brent 0.26 23 958 2 days 16h

Finally we wanted to investigate whether it wasgiae to reduce the computation time by
changing the stop conditions forcing the calibmatimethods to perform a lower number of

iterations. Figure 5 shows a plot over the improgetrexpressed as meah flar each iteration

of three of the methods. This graph shows thathallmethods give a high improvement for the
first iterations, while subsequent runs give le$sam improvement. This is promising as it

suggests that it should be possible to achieve ehnfaster auto calibration by performing a

lower number of iterations and using the meam&the stopping criteria. However, as shown by
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the DFP method, the increase in performance caorae points be stabilized at one level, and
then suddenly increase after several iterationshvinieans that that’Ralone as a stopping
criteria may not be sufficient. We will further iestigate these issues to improve the computing
time of the auto calibration method.
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Figure 5 improvement of the auto calibration result per iteration.

3.4 Local HYPE Scenario Simulation

The goal of the hydrological downscaling serviceiprovide an analysis of the effects of future
climate on local hydrological conditions, based arCS climate scenario. The local model
created and calibrated based on the local aredoaabtldata can be run via the SMS to calculate
these predictions. The hydrological model usesipitation and temperature (P, T) from the
climate projections as well as the newly calibrapedlameter set as input data. Note that the
precipitation and temperature data from the clingatgections have been bias corrected using
the method of Yangt al. [30], Distribution Based Scaling (DBS). The outpuaf the scenario
can be the same as for the pan-European applisaiien spatial maps of hydrological states as
well as time-series of some hydrological varialdl@sthe sub-basins upstream of the point of
interest. For the implemented SUDPLAN prototype aemonstrate the functionality with a
selection of these variables.
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4 Technical description of the service

This section gives an overview of the implement&d fApplication Programming Interface) for

providing the hydrological downscaling functionglito other applications. A more detailed
description of the API is given in Appendix A of 43. The implementation covers the Back-
back-end of the hydrology part of the common sewjid.e. the web-services to run Hype-
simulations and store the results of these modm.ru

4.1 General architecture

SOS/SPS

!

SOS/SPS

Java-API back-back end

|

WMS/WES server Time Series repository Hype runner

web service web service

Catchment areas Time Series Hype model

PE result repository Repository

Figure 6: General architecture for the hydrological downscaling CS service.

Conceptually the back-back end consist of threearsépd parts, the hype simulation

functionality, a repository for storing and accagstime series data and finally a WMS/WFES

server. Therefore, the implementation of the baatkbend of the common services consists of
the following four parts:

* A web-service to run Hype simulations. This welvger access the E-hype model and
provides functionality for running E-hype 2.0 simtibns, as well as access to downscaling,
area selection and auto calibration of E-hype feelacted area.

* A web-service to store time-series, in particutas tncludes methods for storing and
retrieving results from E-Hype simulations.

* A Java API to access those web services, whichigieemthe interface to the back-end
functionality.

* A WMS/WES server for access to geospatial datagteice map layers and geographic
information on basins that can be used for exatgplesualize upstream basins.
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4.2 Overview of the API

In this section we give a brief description of tin@in functionality of the provided Java API.
More details about the functionality are given ipp&ndix 2 of the D4.1.2 Concerted Approach
V2.

4.2.1 Time Series results repository

Time-series data can be storegoeTimeSeries) in and retrieved from getTimeSeries,
getTimeSeriesMonthly,  getTimeSeriesDaily.  getTimeSerieslOYears) the  “Time-series
Repository”. The result when retrieving a time-aeris simply a list of date-value pairs. The
repository can also be queried to retrieve metaalatat time-seriegdéscribeTimeSeries). This
operation returns information such as unit, resotutand which variable the time-series
represents. Finally there is a possibility to deteaailable time-series identifiers or all availab
time series identifiers for a specific badirst{imeSeries).

4.2.2 Hype model runner

The functionality provided by the Hype Model runian be divided into three different groups;

1. preparing a simulation by setting up parameterafdownscaled simulation,
2. setting up an automatic calibration and finally
3. running the simulation scenario.

Setting up a simulation scenario involves settimyimber of parameters. First, there is a need to
create a work area at the “Hype Model runneregteSmulation). A handle to this work area
that can be used to set properties and perforroraéibbn on the simulation before execution is
returned. This involves selecting simulation scengsetDefaultScenario), the geographical
point of interest for the simulationsgPointofinterest) and selecting the time frame
(setSmulationTime).

When properties are set, a simulation can be gt@eSmulation). As a result a handle to the
running simulation process is returned. This hawdle be used to poll the status of the running
process detExecutionStatus).

When the execution status indicates that the ekatig complete the result can be stored in the
“Time-series repository” oreSmulationResult). When storing the simulation result a unique
identifier is connected to the time-series fordasgrieval.

The procedure for auto calibration for an areaeis/similar to the above process. Also for the
calibration process a work area has to be createthé processc(eateCalibrationSmulation).

It is possible to reuse results from a previousbcation to perform further calibrations of the
model (seCalibrationFrom). The relevant sub-area for the simulation is ek
(setPointofinterest, createSubmodel). The observation data from the calibration isled from
the repositorydetTimeSeries) and merged to the given model datergeObservations).
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4.3 APl usage for the given use cases

In this section we show how the API is used fordheve use cases.

43.1

UC-832 Auto calibration of CS hydrological model

This section describes necessary steps used inddisase.

4.3.2

Upload observed time-seriesoreTimeSeries

Prepare a calibration

Calibrate ModelcreateCalibrationS mulation

Retrieve a previously stored time-serigTimeSeries

Add time-series to modetnergeObservations

Create sub-modetreateSubmodel

Wait until it is donepgetExecutionStatus, until status is DONE.

Start the calibration simulationunS mulation
Wait until it is donegetExecutionStatus, until status is DONE.

Simulation progress visualizatiogetResul tfileStatus

Handle simulation result
Store simulation result in result repositostoreS mulationResult

Retrieve simulation resulgetTimeSeries

UC-833 Execute CS hydrological model

This section describes necessary steps used indhisase.

See what Scenarios exisistScenarios

Prepare model run

Create SimulatiorcreateSmulation

Select simulation periodetSmulationTime
Select POlsetPointOfInterest

Start model runtunSmulation
Wait until it is donegetExecutionStatus, until status is DONE.
Simulation progress visualizatiogetResul tfileStatus

Store result in result repositorstoreS mulationResult

Retrieve simulation resulgetTimeSeries
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5 Realisation in the SMS client

In this section we will describe how the hydrologgal calibration and simulation scenarios
have been integrated with the SMS client.

The first steps in the auto calibration use cass,the user select his point of interest, andyassi
time series to this area. In figure 7 and 8 we show this is done in the SMS client. Figure 7
shows the selected catchment area. In the catchanemta pre-loaded gauging station with data

is shown and the user can select this for calimnatn later steps. Figure 8 shows the same area,
with all upstream basins visible for the user.
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Figure 7: One sub-basing selected with available ¢ alibration data.

Copyright © SUDPLAN Page 23 of 48



SuDPLAN Project: 247708 - SUDPLAN

s Nvigator o S
Novigator Search Tools Plugine  Bdras  Window tldp‘ File Edit History GeoSearch Bookmark Edras Window Help

B

Do ¢~ (35 ix) e - x iR WA —

-5 Airquality
Bt [ORNEAR-AERY » [SRUN: Y- A - P I
&[] Demo
13 Monitor Stations
-1 Buchenhofen
-1 Dillingen Measures
@11 LGteststation
&1 Linz Measurements

& Hydrology CS

o

@

11 Q-station 545223
-1} Q-station 5454117
-1 Station 3201
@11 station 3202
-1 station 3203
11 Station 3204

@ Linz

@~ Rainfall

[ Time series
@ | Wuppertal

[L, Hydrolagy CS | GeoServerW... * |

ical drought, intensity{

logical drought, number ¢
gricultural drought, intensity(]
gricultural drought, number of

o
Y

[ Tlastributes 4 & = x \ [e0x

Layer Style | mnfo Progress / Transparency
Ay -8 World Map —

ey - 5 eys ORI

< | = 1:5 EPSG:4326) (14.20,48.82) (14.200,48.820)

o I [ Descriptions loaded successfully LX)

l”:igur'e 8: The upstream areas of the selected area h ighlighted.

The user can now create a local model by righkitlgz on the selected area. This result in a
dialogue where the name of the new local model maspecified (figure 9 left). The created
local model shows up in the left pane of the SUDRL&ent (figure 9 right).
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&= S 63 LenalarsTest
€2 Lenas new model
[#-62 Lenas test model
62 Local Model for catchment area 503131
€2 Local Model for catchment area 503131 (Diefflen)
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€2 Local Model for catchment area 503162 (Diefflen)
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[#-62 tect

Figure 8: Creation of a local model in the SMS clie  nt.

After the creation of a local model, the user casign time series for calibration and then start
the calibration. The SUDPLAN system provides tegtind definition of inputs to the calibration
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routine so that initiation of this routine is auta@d to simplify for the end user. For the
prototype we use the Brent method for Calibratldowever, for future developments a selection
of methods with different properties can be offerlde resulting calibrated model shows up in
the left pane of the SMS client (figure 9). The rusan select this result and compare the
measured data with the calibrated time seriesr@id0).

&2 Local model for 545117 created by Lena
[=-&2 pers test

| Simulations

[} 4 pers test Calibration run

! Result of Calibration run pers test Calibration run
(= 2 pers test Calibration input
Q-data 545117
. Monitor Stations

Figure 9: Resulting calibrated model in the left pa  ne of the SMS client.
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” Fidureglﬂo':'l\/lﬁeﬂélsﬁr.ediérﬁ calibrated data for the poi  ntof interest.

T o W

Running a simulation is performed in a similar waye simulation is started by selecting a
calibrated model, the desired climate scenariotithe range and possibly meta-data about the
calibration (Figure 11) and after this the simwatwill be started. A progress bar indicates the
running process (Figure 12).
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Figure 11: Selecting scenario for a simulation.
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Figure 12: Progress indicator during simulation.
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6 Conclusion

This report describes the hydrological downscabegvices and focuses on the back-back end
implementation as well on the necessary extensionsthe context of E-Hype. The
implementation provides functionality for creating sub-model of the Pan-European
hydrological model, E-HYPE, for the river or streanmning through the specific city of interest
and the catchment upstream of the city. In additioe automatic calibration package for
optimizing model parameterization based on measdrecharge data is supported. The new
local hydrological model can be used to run chadenate scenarios. We also provide an API
that encapsulates and exposes the back-back ectibfuadity.

Moreover, the API is integrated into the Hydrolai€ommon Services with the SUDPLAN
platform, the SMS and its user interface. We wilttlier evaluate the application with end users
regarding the expected functionality, ease of ugkraore detailed specifications of calibration
routines and model output.
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Improved use of RCM simulations in hydrologicahtdite change impact studies, Hydrol.
Res., 41, 211-229.
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7 Glossary

2D Two-dimensional, typically a field that varigseast-west
and north-south direction. The field may also varime
—this is typical for e.g. air pollution and popudet density.
The former varies from one hour to another whike |titer
maybe varies from one year to another.

3D Three-dimensional, typically a field that varieseast-west
and north-south direction as well as verticallye Tield
may also vary in time.

4D Four-dimensional. Most often 3D field that exfily also
varies in time.

It could also be when a certain 3D parameter €e.g.
particular air pollutant) also varies accordingtmther 3D
parameter (e.g. temperature). It will then be guedio
study the variation of the first 3D parameter dsrection
of space (x,y,z) and the second parameter.

Airviro Air quality management system consisting ddtabases,
dispersion models and utilities to facilitate datdlection,
emission inventories etc, see http://www.Airvirotsree/

Climate scenario Climate scenarios means the resulting climate evolution
over time, as simulated by global (GCMs) and reglion
(RCMs) climate models. Climate scenarios are prisioic
certain emission scenarios that reflect differemn®mic
growth and emission mitigation agreements.

=

Common Services Common Services is the climate downscaling services fg
rainfall, river flooding and air quality, developéedthe

SUDPLAN project and accessed through the SUDPLAN
platform (Scenario Management System)

Common Services server | Common Services models will be executed at a SMHI
server, accessible through OGC communication.

Emission scenario These are of three types, of which the first onteeisind
the climate scenarios used in all SUDPLAN Common
Services. The two remaining emission scenario tgpes
only relevant for air quality downscaling.
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IPCC emission
scenarios

European tracer
gasemissions (air
pollutants)

Local emission
scenarios

IPCC emission scenarios are estimates of future global
greenhouse gas concentrations based on assumations
global development (economic growth, technical ttgwe
ment, mitigation agreements, etc). During the fingi
years of the SUDPLAN projects, the climates scesari
based on SRES (Special Report on Emission Scepario
A1B scenario from the®™assessment have been used. The
SRES emission scenarios do not include emissiotigeof
pollutants of interest for air quality. If availa@dihe climate
scenarios based on th8 &ssessment RCP (Representative
Concentration Pathways) emissions scenarios vgidl be
used within the SUDPLAN project. They include
emissions of air pollutants.

[

European tracer gas emissions (air pollutants) thus may or
may not be included in IPCC emission scenarios. For
creating Pan-European air quality fields under aten
scenarios driven by the SRES A1B emission scenario,
SUDPLAN uses tracer gas emissions from the momentec
RCP emission scenarios. This inconsistency wikdeed
when climate scenarios based on RCP emission segnar
are available.

Local emission scenarios (to the atmosphere) are those of a
particular European city. These will to a largeeext
influence future air quality in the city, but hakttle
influence on global climate, nor do they influerate
pollution concentrations in incoming long-range
transported air. SUDPLAN will typically need gridtle
emissions with 1x1 km or finer spatial resolutieni@put
to its urban air quality downscaling model.

Hind cast

A simulation of a historical period. Gftdone to compar
model simulations with data which is available dgrthat
period.

1)

Hot spot

Point (or small area) which is very difet from its
surroundings. In the present context, most oftegh hi
concentrations of air pollutants, or extreme metkgical
conditions.
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N

Information product

Raw data, such as the restlisathematical modelling,
and the analysis thereof, will often need to bekpged in
such a way as to be accessible to the varioushstiders
of an analysis. The medium can be one of a widetyar
such as print, photo, video, slides, or web pagks.term
information product refers to such an entity.

Mockup

A model of a design used for demonstratirge
functionality of a system.

—

Model

Amodel is a simplified representation of a system, usua
intended to facilitate analysis of the system tlgtou
manipulation of the model. In the SUDPLAN contehe t
term can be used to refer to mathematical models of
processes or spatial models of geographical entitie

l

PMig

‘PM10’ shall mean particulate matter which passesugh
a size-selective inlet as defined in the referane¢hod for

the sampling and measurement of PM10, EN 1234, avi

50 % efficiency cut-off at 1@m aerodynamic diameter;

PM; 5

‘PM2,5" shall mean particulate matter which pag
through a size-selective inlet as defined in theremce
method for the sampling and measurement of PM2\b
14907, with a 50 % efficiency cut-off at 2,5m
aerodynamic diameter;

Ses

Profile

Within SUDPLAN gorofile is a set of configuration
parameters which are associated with an individual
group, and which are remembered in order to fatdit
repeated use of the system.

Regional downscaling

A climate scenario may be dsmaled to a higher spatial
resolution, typically 25-50 km, by a Regional Cliima
Model (RCM). The regional downscaling in SUDPLAN
will be performed by SMHI's RCM (RCA, see belowlar
will generate climate scenarios at 44 or 22 km|cggm.

Report

Areport is a particular type of information product whict
is usually static and might integrate still imag&stic data
representations, mathematical expressions, andtivarto

communicate an analytical result to others.

—

Copyright © SUDPLAN

Page 32 of

48



SuDPLAN

Project: 247708 - SUDPLAN

Scenario

Ascenario is a set of parameters, variables and other
conditions which represent a hypothetical situateord
which can be analysed through the use of modedsder
to produce hypothetical outcomes.

In SUDPLAN a scenario is an individual model sintiga
outcome to be used in urban planning. The model
simulation may or may not include Common Services
downscaling (with specific input) and may or may no
include a local model simulation (with specific ut@nd
parameters).

Scenario Management
System

Scenario Management System is synonymous with
SUDPLAN platform

Scenario Management
System Framework

The Scenario Management System Framework is the main
Building Block of the Scenario Management System. |
provides the Scenario Management System core
functionalities and integration support for theesth
Building Blocks.

Scenario Management
System Building Block

Scenario Management System Framework is compose
three distincBuilding Blocks: The Scenario Management
System Framework, the Model as a Service BuildilugiB
and the Advanced Visualisation Building Block.

d of

Street canyon

Volume between high buildings inesitiDue to poo
circulation (and high emissions) prone to pooraaiality.
Street canyons have unexpected circulation patténos
dedicated models are needed to study air pollitere.

-

SUDPLAN application

ASUDPLAN application is a decision support system
crafted by using the SUDPLAN platform and integrgti
models, data, sensors, and other services to meet t
requirements of the particular application.

SUDPLAN platform

TheSUDPLAN platformis an ensemble of software
components which support the development of SUDPL
applications.

AN

SUDPLAN system

SUDPLAN system is synonymous with SUDPLAN
application
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Urban downscaling This refers to further downsaabhthe regional climate
scenarios for Europe to the urban scale within SLANP,
This will be possible for

a) rainfall/precipitation where the temporal resolution will
be 30 minutes or less. The spatial resolution vglthat of
a precipitation gauge, i.e. representative foriatgather
than a certain area.

b) hydrological variables (river runoff, soil moisture etc)
where the temporal resolution is daily and theiapat
resolution linked to catchment areas which pregaratint
approximately 35000 and with average size 246 km

c) air quality (PM, NO2/NOx, SO2, O3, CO). The temporal
resolution will be hourly for gridded output fieldsd the
spatial resolution typically 1x1 kilometres.

User The ternuser refers to people who have a more or less
direct involvement with a system. Primary users are
directly and frequently involved, while secondasgrts
may interact with the system only occasionallytwotigh
an intermediary. Tertiary users may not intera¢hwhe
system but have a direct interest in the perforraarche
system.

Web-based Computer applications are said twdiebased if they rely
on or take advantage of data and/or services wdreh
accessible via the World Wide Web using the Interne
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8 Abbreviations and Acronyms

Acronym Description

AlB Emission scenario used for global climate miaglin IPCCs Fourth
Assessment Report (AR4)

Airviro Air quality management system to facilitatata collection, emission
inventories etc, se&tp://www.airviro.smhi.se/

CS Common Services

AVDB Airviro Time Series database (used for storag€ommon Services)

AR4, AR5 Fourth and Fifth Assessment Report of IPCC

AQ Air Quality

C API Application Programming Interface written@n

CMIP5 Coupled Model Intercomparison Project, pHageoordinated model
exercise in support to AR5)

CS Common Services (SUDPLAN functionality)

CT™M Chemistry Transport Model

CTREE FairCom CTREE database (Index database ot@&DB)

DBS Distribution-Based Scaling, a method to biasexi (i.e. remove systematic
errors in) the temperature and precipitation ofRI&M output

Dow SUDPLAN Description of Work

DSS Decision Support Systems

ECHAMS GCM developed at Max Planck Institute fortsterology, DE

ECMWF The European Centre for Medium-Range Wedtbhegcasts (also co-
ordinating FP7-SPACE project MACC)

EDB Airviro Emission database

EEA European Economic Association

E-HYPE HYdrological Predictions for the EnvironméBuropean set-up),
hydrological rainfall-runoff model developed anc&dsy SMHI

EM&S Environmental Modelling and Software

ESA European Space Agency

ESDI European Spatial Data Infrastructure

EU European Union

GCM Global Climate Model or, equivalently, GeneCailculation Model.
Physically based computer model that simulateglibieal climate on a 200-
300 km resolution. Can be used both to reprodusterical climate and
estimate future climate, e.g. in response to chenggreenhouse gas
concentrations.

GHG GreenHouse Gases

GTE Georeferenced Time-series Editor

GIS Geographic Information System

HadCM3 GCM developed at Met Office Hadley Centr&, U
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—

HIRLAM High Resolution Limited Area Model, numericaeather prediction model
developed and used operationally by SMHI

ICT Information and Communication Technologies

ID Identifier

IDF-curve Intensity Duration Frequency-curve, aveufor a table of values) showing
the rainfall intensity associated with a certaimadion (i.e. time period) and
frequency (i.e. probability, generally expressea asturn period).
Calculated from short-term rainfall observationd andely used in design @
urban drainage systems.

IEMSs International Environmental Modelling & Sotive Society

IFIP International Federation for Information Pres&g

IPCC The Intergovernmental Panel on Climate Chathgeleading body for the
assessment of climate change

IPR Intellectual Property Rights

ISAM Indexed Sequential Access Method, a methodnidexing data for fast
retrieval

ISO International Standardization Organisation

ISESS International Symposium on Environmental\8afé Systems

IST Information Society Technology

MATCH Multiple-scale Atmospheric Transport and Chsiny modelling system, a
CTM developed and used by SMHI.

MODSIM International Congress on Modelling and Siation

OASIS Organization for the Advancement of Structured imfation Standards

Open Advanced System for Disaster and Emergencyalyement (FP6
project)

OGC Open Geospatial Consortium

o&M Observation and Measurements

ORCHESTRA Open Architecture and Spatial Data Intiftessure in Europe (FP6 IST-
511678)

0OSGeo Open Source Geospatial Foundation

OSIRIS Open architecture for Smart and Interoperabtworks in Risk managemet
based on In-situ Sensors (FP6 IST-33799)

PMC Project Management Committee

RC Rossby Centre, climate research unit at SMHI

RCA Rossby Centre Atmospheric model, RCM develdpe8MHI and used in
SUDPLAN

RCM Regional Climate Model, commonly used to insgethe spatial resolution @
climate scenarios to 25-50 km in a specific region.

RCP4.5 Radiative Concentration Pathways: A sebaf €mission scenarios to be
used for the AR5 simulations. The scenarios areedaaccording to their
radiative forcing at 2100, e.g. 4.5 Wim

RNB Airviro Field database

SANY Sensors Anywhere (FP6 IST-033654)

SDI Spatial Data Infrastructure

f
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SISE Single Information Space in Europe for theiEemment
SISE Single Information Space in Europe for theiEemment
SMHI Swedish Meteorological and Hydrological Insté

SMS Scenario Management System

SOA Service Oriented Architecture

SOS Sensor Observation Service

SPS Sensor Planning Service

SWE Sensor Web Enablement

SUDPLAN Sustainable Urban Development PLANner fonate change adaptation
SWE Sensor Web Enablement

Thd To be determined

UWEDAT AIT environmental data management and mamgpsystem
WCC World Computer Congress

WCS Web Coverage Service

WFS Web Feature Service

WP Work Package

WPS Web Processing Service

WMS Web Map Service
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Appendix A: Auto calibration: methods and functions

In this appendix we give a more detailed descnptbthe theory of the methods used in the
auto calibration package. All functionalities déised in this appendix are discussed and
illustrated in terms of seeking a minimum, andstrated over the 2-parameter test function :

z z x 2 o 1 . __—
7 = Y I 2 5 A 3 By, mxT oyt —(x21)® —y*
- fle,v)=3(1—x)° -e 10 (5 x ¥ ) e —3 e

The global minimum of this function lies at= 0.228879, y = —1.626176, which is therefore
the target parameter set for all optimization noesi described and illustrated here.

Throughout the discussion of optimization methedsuse mathematical In what follows,
parameter sets are considered as vectors, and withedector notationi.e. . In this spirit, a
particular component @ therefore refers to an individual parameter valiiee vector size,
denotedV, corresponds to the amount of parameters invdlvélge optimization problem, and is
referred to as thdimensions of the problem. Finally, curly brackets refer ttsembles of several

parameter sets.e. E}.

1. Sampling methods

A simple way to gather knowledge of the objectiwrdtion is to sample evaluations of this
function under variation of its arguments valueamgling can be performed by either an
organized (scan mode) or a random (Monte Carlo inaaigation of the parameter set. Provided
that the amount of sampling points is sufficientédch the functions complexity, sampling
methods can give a rough estimation of the optinfeumther, they are found useful to provide a
starting point for directional optimization algdmibs.

From the computational point of view, sampling noeth offer the advantage that the amount of
function evaluations is defined by the user, whicprinciple allows for estimating rather
accurately the computational time required to penfthe task.

1.1 2-parameter organized scan

This is a functionality incorporated in the optiaion package that allows for systematically
varying two parameter values, with constant intebetween values. Though limited to two
parameter values, this method not only providesiekgvay to roughly determine the objective
function value optimum within a given parametercgydut also returns a matrix of objective
function evaluations sampled over the parametaresgad, that can be used for visualization.

Figure 5 illustrates the scan functionality for test objective function (F1), for a 100x100
equidistant sampling over the argument interwats[—3.0,3.0], ¥ € [—2.5,2.3]. A simple
analysis of the function evaluations matrix progiderough estimate of the global minimum of
the objective function over that interval.
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Figure Al: visualization of the test objective fun ction by 2-parameter scan

1.2 Progressive Monte Carlo method

The Monte Carlo method relies on random sampliagafeter sets are generated without any
form of organization, and all parameter valuesvargeed at once. With respect to the organized
2-parameter scan functionality described abovs,rttéthod offers the advantage of being
applicable to parameter spaces of any dimensidres Monte Carlo method used here
incorporates a refinement, consisting in a progvesstage-wise reduction of the parameter
space around promising parameter sets. The corsxcleased on the radius of the original
parameter space, denotchere, that is defined as half the distance betwleeoriginal
parameter space boundaries. The algorithm reqtieesser to specify a few numerical
parameters:

the parameter space shrinking coefficient fromestagstaged: 0< ¢ < 1,

the amount of stage¥,

the amount of centers (parameter sets corresportalithg most optimal objective function
evaluations at previous stag®),

the amount of objective function evaluations perteg N,

The initial stage of the algorithm (referred toséege 0) corresponds to a usual, simple Monte
Carlo sampling phas@!, - N, vectorsy, whose components are all limited to the intefvall],
are randomly generated. Those vectors are substgaemponent-wise multiplied with the
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initial parameter space radiug, and an ensemble of parameter sets is then otithinaedding
the products to the center of the parameter spmce,

Eﬁ}zﬁu‘i'f'ﬁ

In this formula the multiplication sign refers toraponent-wise multiplication. The objective
function is evaluated for each parameter set oktiemble. The results are sorted in accordance
to the optimization criteria, and tiM best parameter sets are retained as parameter spac
centers for the next stage.

Denoting the stage index with 1 = k == N, — 1, the following algorithm is applied at each of
the subsequent stages:

» determine the stage parameter space radiys: &~ -

« using each of th&/_ best parameter sets retained from the previoge gia, as a
temporary parameter space center, successivelyagete ensembles oW, parameter
sets each, using the equation

. Pl=pt+ 27 Vo

« check that all parameter sets fall within the avaiparameter space boundaries, and
regenerate those who do not, until they comply wWithoriginal boundaries

» evaluate the objective function for &l - N_. parameter sets

» sort the results in accordance with the optimizatioteria, and retain th¥, best
parameter sets as parameter space centers foexhstage

Each stage of the method requifs N, function calls, and total computational work oé th
method corresponds M. - N, - N, function calls.

To illustrate the process we applied the progresslente Carlo method to the test objective
function (F1). Figure 6 shows the progression efalgorithm over the first 6 stages represented
from above by means of elevation lines. In the eddeand, we chose to run 15 evaluations per
center {V, = 15), and retain the 6 best parameter sets for stagggessionyi, = 6). Further,

the radius shrinking factor was taken relativelyaind = 0.6, ensuring a relatively fast

algorithm progression.

Figure A2a) shows the initial stage, where theremgarameter space is sampled; the black dots
show the 6 best parameter sets out of¥heN_=90 function evaluations performed. Those best
parameter sets are used as temporary parameter ggaers in the next stage (grey dots in
figure A2b), where 15 new parameters sets are geteonly within each of the 6 local, shrunk
parameter spaces, sketched in grey. The paranat$er@responding to the 6 minimum
sampling values are marked in black. This iterapixecess is then repeated until the prescribed
amount of stagegy., is reached.
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Figure A2: progression of the Monte Carlo method o ver the 6 first stages

2. Directional methods

The idea behind directional methods is to proghesa a given set of model parameters toward

a new set, in a way that corresponds to an imprew¢in the sense of optimization of the
objective function. This is achieved by determinandirection of improvement and the optimal
step length in that direction for each iteratioenidting parameter sets as vectors, progression at
iterationk is given by the equation

ﬁik+1 = ﬁk + 4, d,
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wherep, is the starting parameter set at iteraﬁoéﬁk is the step direction art, is the step
length. The new parameter spf,.,, corresponds to an improvement of the objectivetion
and serves as starting point for the next iterafidrerefore, at each iteration the task of the

optimization algorithm is essentially to first detene the step directiora_i,{, and then the
optimal step lengthi,..

Determination of the direction is achieved by meafnsiethods that fall into two categories: the
Brent method, described in section 2.1, where tiye direction is successively permuted
through all dimensions of the parameter spacepirescribed, organized manner; and the quasi-
Newton family of methods, described in section %Bere the step direction is a function of the
objective function gradient evaluatedgat The step length on the other hand is obtainea by
unique line-search method.

Before discussing the technicalities behind thaBerdnt methods, it is necessary to point out
that directional methods require an entry pdiet,a starting parameter sg,, from which to
progress. This is usually provided by means of@sguor by means of a parameter set obtained
by one of the sampling type of routines descrilmeskiction 3.2.1. Further, it must be
emphasized that the optimization performances departhe starting sep,. Application of the
optimization algorithms to various starting set#l whviously lead to different optimization

times, and can even possibly lead to differentaflogptima. It is therefore essential to provide
the algorithm with an adequate starting setthe best set obtained by Monte Carlo sampling, or
a qualified guess based on a priori knowledge efihjective function.

2.1 Brent method

In the Brent method, determining the step directsomivial since the method permutes through
all dimensions of the parameter space, reducingrbielem to that of successive line searches.
Provided a starting parameter g#t, the algorithm first proceeds to a line searcimgithe
dimension of the first component, from boundarpoondary , but keeping the value of all other
parameter set components constant in the prochsdinke search is performed so as to find a
first component value that improves the objectivection in the sense of optimization. Once a
better value has been found, the parameter sstefimponent is updated. The algorithm
proceeds similarly to improve the second paransgecomponent, maintaining all other
components constant, including the corrected din&. This iteration continues for all parameter
components. Therefore, the method performs a sefi®sccessive updates of all parameter set
components, one after the other, in a fixed order.

Once all components have been updated once, adareh is performed along the diagonal
joining the current, fully updated parameter set the starting parameter set. Since the line
search is diagonal, all components are subjeat tgpaate. The resulting parameter ggtis

then used as starting parameter set for the rexgtibn. The same procedure is repeated for
several iterations, until one of the conditions$topping the algorithm is triggered; see section
3.3.4 for a description of implemented interrupters

The Brent method is illustrated in Figure A3, whigris applied to the test function (F1). For the
sake of illustrative clarity, the starting parametet, drawn as a purple dot in illustration a)swa
chosen relatively far from the optimum, in partaxular from the results given by the Monte
Carlo method.
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Figure A3: progression of the Brent method with di agonal step
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Fig. A3b) shows the line search performed boundaiyeundary along the x-dimension, and the
inset shows the that minimum along that line ia@iroximately 0.58 times the parameter space
width. The resulting updated parameter set, mank#dda purple dot, is the starting point of the
next line search, performed along the y-dimensse® Fig. A3c). A new, lower minimum is
found and the parameter set is updated accordingly.

When all dimensions have then been looped thraaigjhe search along the diagonal joining the
current and initial parameter sets is performedl)@strated in Figure A3d). A parameter set
relatively close to the global minimum is foundatiserves as starting parameter set for the next
iteration, illustrated in figure A3e)-g). The ldggure, figure A3h), shows the total path followed
by the method until the global minimum was apprcdied to sufficient accuracy and one of the
interrupters for the method was triggered.

2.2 Quasi-Newton methods

Quasi-Newton methods are based on the first oréartdh expansion of the gradient of the

objective function. Denoting the objective functifnthe current parameter gatand the

parameter set corresponding to the optinf:;g,gg, the Newton series for the gradient gives:
VF@B)ls,, = V@, + (Be— Pope) Hlz,,, + 0% B

whereH is the Hessian matrix (second order partial dékiea of the objective function). Since,

by definition, the gradient vanishes at optimunscdrding the higher order terms gives the

following formula for the step directiorﬁk =D~ Pop:

d,= —H;, - V()

Popt

Pi

Assuming that higher order derivatives do not dbate to the above expressi@ﬁ};, would

point directly at the optimum if both terms in vepression could be exactly determined. This
however cannot be achieved in practice, even withedimits of approximations to second order
derivatives.

The gradient at the current parameter stfiz)

., can be evaluated numerically only, at
Pr

relatively low computational cost. The method afitcal differences was found to be most
practical, and the option of using a 2-, 4-, 68guoints stencil is implemented in the
optimization package; higher order stencils welengd for in an attempt to average the
eventual accumulation of numerical errors in thaeleation of the objective functioh,
Evaluation of the inverse HessiaH,‘ll?;upr, Is however a priori impossible since the optimum

set,ﬁwr, is the unknown of the problem. Instead, the invétessian has to be approximated and

computed afresh or updated at each iteration. Eyrthe matrix{ has to satisfy a series of
requirements, known as theolfe conditions, for the method to converge toward an optimum. In
particular, one of the requirements ﬁggt to correspond to a minimum is that the inverse
Hessian must be symmetric and positive definiteah iteration of the algorithm.

A wide range of methods satisfying those conditioage been developed in the framework of
optimization. Three of those methods retained tienton and were implemented.
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2.2.1 Steepest descent

As its name indicates, the steepest descent methimdited to follow the opposite of the
gradient, and the inverse Hessian matrix is alvegyggoximated as a unit matrix, without any
form of updating:

H =1

A unit matrix verifies the Wolfe conditions trivigl

2.2.2 DFP (Davidson-Fletcher-Powell formula)

The DFP quasi-Newton method was developed in 193&1€. Davidson. The Davidson-
Fletcher-Powell formula provides an update forlassian matrix that maintains symmetry and
positive definiteness.

Denoting the difference in gradient between thetlas steps with
J_*;k = vf[ﬁk + dk) - vf(ﬁkj )
the DFP update formula for the Hessian updatéh®next iteration is
- =T 3 5T 4+ T
Hysq =(]1 - ay Yy dy ] He (1—ap dp ¥ ) + @ B B

where a, := 1/ jr,{r &k Is a scalar factor common to all terms. For imm@ating the quasi-
Newton algorithms, it is rather the inverse Hessleat is useful. In this case update of the
inverse is given by:

H .. .~l=pg -1 _ -
S ‘ J_';klr H, ™" Vi

The products in the expression are performed igfitrand they take either the form of dot

products between vectors, or regular matrix prazlust the very first iteratiork(= 0), the

inverse Hessiaf, ~* is estimated by taking,™* = 1, a regular unit matrix of dimension equal

to the optimization problem parameters amount. Trhies that the first step of the DFP quasi-

Newton method is completely identical to a steegestent step.

The DFP method was the first quasi-Newton methstktefor the auto calibration routine. As
all quasi-Newton methods, in principle it provigetaster progression than the Brent method,
because it optimizes all parameters together,adsdé looping through one parameter at a time.
However, the curvature estimate by the DFP forrmda found to be poor, leading to an

accumulation of unnecessary small suggested &if@pg, more robust update formula was
therefore required, and attention was turned towaechowadays widely accepted BFGS
method.

2.2.3 BFGS (Broyden-Fletcher-Goldfarb-Shanno form  ula)

The BFGS formula, was suggested in 1970 to supetttedDFP formula and can be seen as the

dual of the latter as it simply inverses the raﬂfeék andy,. The formula for the Hessian update
is therefore:

3 a T

H,d, d, H s T

Hyppy =H, — k_. rk k_. : + a, Vi
d, H, d,
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or, equivalently, for the computationally more ugefiverse Hessian:
— 3 s T _ = 5 T =5 s T
Hpyq 1:[:]1_9::{ dk}’k)Hk t (ﬂ_ka}’k dy, )"‘ a, dy d,
where the scalat, is defined as above. As with the DFP method, trerse Hessian is
approximated as a unit matrix at the very firgtat®ns, and the progression of the algorithm
starts with a pure steepest descent step.

Figure A4 illustrates the progression of the BFG&hud, applied to the test function (F1). The
starting pointp,, i.e. the dark green dot in Fig. A4a), is the same athiillustration of the

Brent method. The figure features in light greemdhxiliary points for derivative computation
by central differences. The first BFGS step, a [stieepest descent step, places the next guess
outside the parameter boundaries (blue line, sugge®xt point not featured). The maximum
allowed value oft is determined to be around 0.4, and the line bedetermines the optimum to
be aroundt = 0.21, giving the starting point for the next iteratisimown as a dark green dot in
Fig. A4b). The algorithm is repeated to find adhpoint, Fig. A4c)-d). At iteration 3, Fig. Ade)-
f), the suggested next point lies well within treeameter space ardds allowed to be as large as
1.618034, the golden ratio.

The same method is applied until one of the comiétifor algorithm termination is triggered.
Fig. A4g) shows the global path taken by the BF@&sgNewton method. In Fig. A4h), we
compare with the path taken by the DFP algorithimene DFP iteration steps are shown with
red dots.
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Figure A4: progression of the BFGS quasi-Newton me  thod
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