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A B S T R A C T   

In AQUACLEW (Advancing the QUAlity of CLimate services for European Water), a project funded by JPI Climate 
and the ERA-NET Consortium ‘European Research Area for Climate Services (ERA4CS), we examined different 
ways of improving the usability of existing Climate Services across Europe tackling key aspects in Climate 
Services improvement: user engagement, lack of resolution, uncertainties, and the need of an evaluation. The 
rationale of the project is based on an interactive process between service developers and users in seven study 
cases across Europe assessing the implications of Climate Service’ advancement in users’ decision-making pro
cess. A qualitative evaluation assessment allowed us to identify-four pillars when improving the quality of the 
climate services in the water sector: (1) Robustness, accounting for better quality of the service’ information in 
certain aspects; (2) Recruitment, understood as a need of involving users more actively in CS structures; (3) 
Reform, highlighting the possible need for changes in both the service structure and users mindsets; and (4) 
Reflection, as a process of continuous evaluation of the climate service during its life.   

Introduction 

Practical implications 

This study presents the experience gained in the AQUACLEW project, 
which had as main purpose to improve the quality of already existing 
Climate Services (CS) in the water sector. The need of improving instead 
of developing new CS has been a recurrent topic in recent years. The 
enormous effort carried out from different funding agencies, 

organisations, and international entities promoting and funding CS has 
not been equally reflected in their posterior usability. Therefore, why 
not identify weaknesses on existing CS and improve them? Previous 
studies pointed out some recurrent issues in CS as the main obstacles in 
CS’ uses: (i) the low level of user engagement in the co-development 
process, (ii) the low resolution in CS’ information and the lack of 
appropriate method for tailoring, (iii) the uncertainty in climate infor
mation cascading in impact assessments, and (iv) the lack of an active 
evaluation. Using these challenges as the starting point, this work 
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proposes and assesses the applicability of a general framework for 
improving the quality of already existing CS. The proposed framework is 
based on the premise that there is room from improvement in some 
already existing CS with users willing to enhance their involvement in a 
co-development process. We take advantage of the plethora of CS in the 
water sector to test the proposed framework, since the services devel
oped in this sector tackle interlinked issues and bring together users of 
different profiles. Seven study cases in the water sector across Europe 
with different developers and users were chosen to improve the existing 
CS through an advanced co-development process and to elaborate on the 
applicability of the proposed framework. 

In terms of practical implications, this study has identified four pillar 
to tackled when improving CS. We have called them the 4Rs:  

1. Robustness: understood as the need of accounting for improved 
methods and data, which can be updated with the most current 
scientific advancements, hence providing better quality of informa
tion. This potentially improves users’ trustiness in the CS, especially 
when the advancement has tackled three of the main challenges: 
quality of data, uncertainty assessment and improved resolution. 

2. Recruitment: understood mainly as user active engagement, high
lighting the need of involving users more actively in CS structures. In 
addition, by recruitment we refer to the need of including multiple 
users who might hold a key position in the governance mechanism of 
an organisation and play a role in the actual decision-making process  

3. Reform: understood mainly as the need to adapt the CS structure for a 
successful implementation of new methodologies and data. The 
notion could also reflect the need of broadening the mindsets of users 
and developers to beneficial but difficult to implement changes.  

4. Reflection: understood as a process of continuous evaluation during 
the life of the CS, that could help to identify the key aspect that have 
contributed and limited this improvement. 

During the implementation of the seven use cases the proposed 
framework was useful to improve the usability of already existing CS 
tackling and overcoming the water issues in decision-making. However, 
this approach has shown a very demanding interaction with a very 
exclusive target-oriented user. Hence, despite their potential, it might 
not be feasible to be widely applied due to the need of knowledge de
velopers for a limited number of users. Therefore, a substantial effort 
should be made in educational aspects to develop deeper user knowl
edge and reduce the role of service developers acting as knowledge 
purveyors. 

Improving the state-of-the-art in climate services 

An enormous effort from different funding agencies, organisations, 
and international entities has been made in the last decades to connect 
climate and society by promoting and funding Climate Services (CS) 
(Jones et al., 2014). Originally, CS were intended to provide users with 
timely and tailored climate-related knowledge and information for de
cision making processes (Vaughan et al., 2016). Nowadays, despite the 
goal of CS evolving into a co-creation mechanism, most CS still lack this 
feature in their development. Therefore, there is an increasing call for 
co-creation in the CS community, that build the bridge between users’ 
need and climate information and provide data, tools, and analysis to 
facilitate mitigation and adaptation strategies for different scales and 
sectors (Street, 2016). 

The success of a CS is usually measured by their actual usability 
(Larosa & Mysiak, 2020). This is still considered insufficient in most of 
the cases (Hewitson et al., 2017; Klein & Juhola, 2014), particularly for 
completing ‘the last mile’ where complex climate science data and in
formation become relevant for local adaptation and planning (Celliers 
et al., 2021). Several studies have pointed to the main obstacles in these 
achievements (Brasseur & Gallardo, 2016; Vaughan et al., 2016; Hewitt 
et al., 2017; Photiadou et al., 2021): 

The low level of user engagement in the co-development process. Two 
factors are usually identified as main causes of a lack of continuous 
interaction between service developers and users during the co- 
development of the CS, where collaboration, common understanding, 
and trust should be established. Firstly, users are not familiar enough 
with climate information and consequently have a low level of aware
ness regarding climate change and future scenario changes (Vincent 
et al., 2017). Then, the difficulties of covering a wide range of users’ 
requirements within the same CS usually dilutes users’ demands in 
favour of a compromise solution and causes a loss of interest in the 
service by some of the users (Vaughan et al., 2016). For instance, CS 
under the water sector cover a large range of issues (e.g., water alloca
tion, hydropower production, farmers crop management, biodiversity 
changes linked with water, or urban flooding) that make tailored CS 
necessary in order to adequately cover all requirements. Moreover, this 
heterogeneity can be extrapolated also to users’ profiles, who are often 
connected to different technical standards and directives (Bessembinder 
et al., 2019). These facts hamper the co-development process and imply 
the need of having a sufficient heterogeneous and representative group 
of users (Buontempo et al., 2014) with a continuous dialogue, in which 
consensus between actors must be achieved (Dessai & Hulme, 2004). 
This task can be difficult to reach especially when experiencing user 
fatigue from superficial engagement (Vogel et al., 2019). 

The low resolution in CS’ information and lack of appropriate method for 
tailoring: The large spatial resolution developed at global or continental 
scales and used by CS, makes the climate information provided not 
immediately applicable for decision-making. Although the spatial res
olution of climate models and projections has increased from around 
100–50 km to 25–10 km (Jacob et al., 2020) in recent decades, this 
higher resolution is still insufficient for local applications or is not in the 
appropriate form. Thus, users are reluctant to justify changes in their 
decision-making process based on low-resolution information (Dessai 
et al., 2005). Additionally, in impact modelling in the water sector, 
hydrological models usually require climate data inputs at a higher 
resolution than that provided by climate models. Different bias correc
tion and statistical downscaling methods can adjust climate model data 
to solve this scale issue; however, the methods could introduce changes 
in the analysed climate signal if the method does not account for that 
specific signal. Furthermore, these general methodologies are applied 
without a deep local analysis, which is usually necessary for impact 
assessments (Maraun et al., 2015). 

The uncertainty in climate information cascading in impact assessments: 
Quality assured climate information tailored to specific needs, sectors 
and regions is a primary ingredient for successful decision-making (Viel 
et al., 2016; Webber & Donner, 2017; Ernst et al., 2019; Merks et al., 
2020; Photiadou et al., 2021). Service developers often endeavour to 
reduce the uncertainties in data and increase the robustness of the in
formation. Regarding quality of data, uncertainty emerges as a crucial 
fact to consider. The climate community uses the spread of ensembles 
from different simulations to quantify and communicate uncertainty. In 
impact assessments in the water sector, this methodology is also applied, 
and relevant impact indicators are usually provided by the CS. When the 
CS covers a large area, which is common, the hydrological models 
producing this data usually sacrifice the local data quality in exchange 
for better performance across a large domain (Donnelly et al., 2016; 
Arheimer et al., 2020; Merks et al., 2020). This often leads to biases 
between the hydrological ensemble means and the observations, 
increasing thus the levels of uncertainty initially provided. It is consid
ered difficult to judge the overall reliability of individual models or 
projections (and often not scientifically appropriate) but allowing a 
case-based tailored selection increases the usefulness of the CS in real- 
life decision-making. 

The lack of an active evaluation: Vincent et al., (2018) highlight that 
the co-development process is lacking a ‘golden recipe’, specially it does 
not vouch for an active evaluation when the CS design is concluded. The 
lack of evaluation metrics or processes that help to assess the success of 
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an already running CS has been widely discussed in the literature 
((McNie, 2012; Brooks, 2013; Vogel et al., 2017; Vaughan et al., 2019). 
An active evaluation will help CS providers to track performance, 
identify and evaluate processes that need refining, measure impact, set 
goals, and inform stakeholders (Brooks, 2013). However, their defini
tion faces several problems regarding the qualitative nature of the facts 
to assess with numerous intangible factors that can influence this 
success. 

All these identified limitations can be considered not only when co- 
developing new CS, but also, they can be seen as aspects to account for 

when improving already existent CS. This paper proposes and assesses a 
general framework for improving the quality of already designed CS in 
the water sector through an advanced co-development process between 
the two main agents involved: developers and users. This was the main 
goal of AQUACLEW (Advancing the QUAlity of CLimate services for 
European Water), a project funded by JPI Climate and the ERA-NET 
Consortium ‘European Research Area for Climate Services (ERA4CS). 

Fig. 1. Scheme of the interactive process carried out in the AQUACLEW project.  

Table 1 
Summary of the meetings carried out in the step a) Water issue definition.   

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 

Participants        
Organization 

(no. of 
participants) 

SMHI (2)/The 
County 
Administrative 
Board of 
Jönköping (4) 

GEUS (3)/Senior 
specialists from 
SEGES and Central 
Denmark Region (3) 

TUDO (2)/City 
of Hagen (4) 

INRAE (2)/EDF 
(4) 

BOKU-University of 
Innsbruck (3)/Federal 
government of Upper 
Austria – Municipality 
of Schwertberg (2) 

UCO (2)/Coast of 
Granada 
Municipalities – 
Endesa Hydropower – 
Regional Water 
Planning Office (5) 

UGR (2)/Andalusian 
Regional 
Government – 
Provincial Coastal 
Service – Port 
Authority (4)  

Meetings        
Number 2 2 2 2 2 2 2 
Timing* Months 1 and 3 Months 1 and 2 Months 2 and 3 Months 2 and 3 Months 2 and 3 Months 1 and 4 Months 1 and 3 
Type Online meeting/ 

telephone call 
In person/Online 
meeting 

In person/ 
Online meeting 

In person/ 
Online meeting  

In person/Online 
meeting 

In person/Online 
meeting  

Interaction        
Type Brainstorming 

dynamic/ 
Discussion 

Brainstorming/ 
dynamic/ 
Discussion 

Brainstorming 
dynamic/ 
Discussion 

Brainstorming 
dynamic/ 
Discussion 

Brainstorming 
dynamic/Discussion 

Brainstorming 
dynamic/Discussion 

Brainstorming 
dynamic/Discussion 

*The months are referred to the beginning of the project. 

Table 2 
Summary of the meetings carried out in the step b) Benchmark selection.   

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 

Participants        
Organization The County 

Administrative 
Board of Jönköping 

Senior specialists 
from SEGES and 
Central Denmark 
Region 

City of Hagen EDF Federal government 
of Upper Austria – 
Municipality of 
Schwertberg 

Coast of Granada 
Municipalities – Endesa 
Hydropower – Regional 
Water Planning Office 

Andalusian Regional 
Government – 
Provincial Coastal 
Service – Port 
Authority  

Interaction        
Type Online 

questionnaire 
Online 
questionnaire 

Online 
questionnaire 

Online 
questionnaire 

Online questionnaire Online questionnaire Online questionnaire 

Responses 1 1 1 1 2 3 3  

Meetings        
Number 1 1 1 1 1 1 1 
Timing* Month 4 Month 4 Month 4 Month 4 Month 5 Month 5 Month 5 
Type In person In person In person In person In person In person In person 

*The months are referred to the beginning of the project. 
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Methodology 

The AQUACLEW rationale 

The rationale of the proposed framework is based on the initial 
premise that there is room for improvement in some already existing CS. 
To identify these needs users in the water sector, who have previous 
experience using climate data were chosen as testers of the framework. 
Seven study cases across Europe were selected. The proposed framework 
was divided in in five steps (Fig. 1):  

a) Water issue definition, the identification of an actual problem to be 
solved or a question to be answered is key for users’ involvement. In 
addition to that, it is also key to understand the limitation of the 
information they are currently using and to value the advancement 
in decision making that can be achieved at the end of the process. 
This actual water issue to be solved was identified by users thanks to 
two initial meetings between users and developers. The first meeting 
consisted of a brainstorming of ideas (e.g., How do you used climate 
information in your decision-making? What can be done for using 
this information in other aspects of your decision-making process?) 
The second one in a refinement of these ideas and in the selection of 
an actual water issue (Table 1). 

Table 3 
Summary of the meetings carried out in the step c) Co-development strategy and d) Analysis of the advancement.   

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 

Participants        
Organization 

(no. of 
participants) 

SMHI (2)/The 
County 
Administrative 
Board of Jönköping 
(4) 

GEUS (3)/Senior 
specialists from 
SEGES and 
Central Denmark 
Region (3) 

TUDO (2)/City 
of Hagen (4) 

INRAE (2)/EDF 
(4) 

BOKU-University of 
Innsbruck (3)/Federal 
government of Upper 
Austria – Municipality 
of Schwertberg (2) 

UCO (2)/Coast of 
Granada Municipalities 
– Endesa Hydropower – 
Regional Water 
Planning Office (5) 

UGR (2)/Andalusian 
Regional 
Government – 
Provincial Coastal 
Service – Port 
Authority (4)  

Meetings        
Number 3 3 4 5 4 4 4 
Timing* Months 4, 16 and 26 Months 5, 20 and 

28 
Months 5, 12, 
23 and 28 

Months 4, 16, 
20, 24 and 28 

Months 5, 18, 23 and 
27 

Months 5, 12, 23 and 
28 

Months 5, 13, 23 and 
28 

Type In person/Online 
meeting/Online 
meeting 

In person/In 
person/Online 
meeting 

In person/In 
person/Online 
meeting/ 
Online meeting 

In person/In 
person/In 
person/Online 
meeting/Online 
meeting 

In person/Online 
meeting/Online 
meeting/Online 
meeting 

In person/In person/ 
Online meeting/Online 
meeting 

In person/In person/ 
Online meeting/ 
Online meeting  

Interaction        
Type Interactive 

Discussion 
Interactive 
Discussion 

Interactive 
Discussion 

Interactive 
Discussion 

Interactive Discussion Interactive Discussion Interactive 
Discussion 

*The months are referred to the beginning of the project. 

Fig. 2. Evaluation of the proposed framework assessing: (i) benchmark and advancement in CS, (ii) impact on decision-making and (iii) assessment of change.  
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b) Benchmark selection, once the water issue was chosen, users were 
asked to define trough an online questionnaire: the way this issue 
was currently tackle, the climate information they currently use, the 
CS that provides this information and the limitations they find to 
solved it using this information. This information was used to define 
the CS’ current status as a benchmark to start to work with, all 
possible improvements were compared to this reference (Table 2).  

c) Co-development strategy, in this stage in an initial meeting, the defined 
benchmark was finally agreed, and a work plan was designed 
together, - with the aim of carry out an advancement in the selected 
benchmark. To guarantee the continuous interaction between ser
vice developers and the users along the workplan, continuous 
meetings were carried out. These meetings were intended to show 
developers progresses and the level of success achieved from the 
users’ perspective. The number of meetings varied depending on the 
study case, but they were never lower than 3, including the initial 
one on this stage, during the implementation of the improvement 
(Table 3).  

d) Analysis of the advancement, the quality of the new advancements was 
assessed comparing them to the benchmark initially defined. This 
analysis was carried as part of the co-development strategy defined 
in the previous paragraph. An iterative process was developed until 
reaching the targeted aim. Through this participatory process, 
different issues were tackled regarding some key aspects previously 
identified: user engagement, lack of resolution, uncertainties, and 
the need of an evaluation.  

e) Decision-making implementation, this step was intended to occur by 
the user in their decision-making process. However, this was not 
feasible within the duration of the project. 

Qualitative evaluation to advance gained knowledge 

To assess the proposed framework, for instance the improvements 
performed in comparison to the initial benchmark and the impact of 
alternating the decision-making process, we designed a qualitative 
approach in the questionnaire format. Each use case had to discussed 
and answer the questionnaire during an online meeting held between 

Fig. 3. Case studies carried out in the project. Each box summarises the users involved (dark grey, bottom left), resolution required (blue, bottom right), water issue 
(white, top left) and the targeted advancement (light grey, top right). (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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Table 4 
Summary of answers to the first block of question in the qualitative assessment: 
Benchmark and advancement in CS.   

What was the 
benchmark in 
your case study? 

What were the 
new methods 
used? 

What were the 
comparison 
between 
existing and 
new methods? 

Which 
innovations and 
advancements 
were achieved? 

Case 
1 

The clients used 
the information 
provided by the 
national CS 
(50x50 km 
CORDEX 
climate 
scenarios, 
downscaled and 
bias adjusted 
using DBS), 
which was used 
for calculating 
hydrological 
indicators for 
future scenarios 
using the 
hydrological 
model S-HYPE 

The new 
methods use 
higher 
resolution for 
climate data 
(11x11 km 
EURO- 
CORDEX). In 
addition, the 
new methods 
include the 
development of 
a new technique 
for downscaling 
and bias 
adjustment and 
the use of E- 
HYPE as 
hydrological 
model. 

The main 
comparison 
was done 
between the 
hydrological 
indicators 
calculated by 
the pan- 
European 
model E- 
HYPE, forced 
by EURO- 
CORDEX 
11x11km and 
the local 
model S-HYPE 
forced by 
CORDEX 
50x50km 

The comparison 
demonstrates 
the areas for 
potential 
improvements 
and allows to do 
a deeper 
regional 
analysis at the 
county scale, 
anticipating for 
local climate 
regimes, and 
elaborating on 
future changes. 

Case 
2 

The national CS 
used by the 
clients provides 
information 
based on three 
scenarios: wet, 
dry, and 
middle. 
However, it 
does not 
provided 
information on 
the uncertainty 
of the 
projection 
neither on 
seasonal 
changes in 
extreme values. 

The new 
methods include 
the use of bias- 
corrected 
climate 
information 
using a 
distribution- 
based scaling 
form 16 EURO- 
CORDEX. This 
analysis also 
incorporates an 
assessment on 
model 
uncertainty in 
three future 
periods. 

The main 
comparison 
was done 
between 
previous 
projection, 
which were 
just an 
average value, 
and new 
projection, 
which 
includes a 
band of 
uncertainty. 

The most 
important 
achievement is 
the use of an 
ensemble of 
climate models 
to assess the 
climate model 
uncertainty. In 
addition to the 
application of 
detailed 
evaluation 
metrics that 
were relevant 
for users’ 
involvement. 

Case 
3 

The city of 
Hagen used 
climate data 
from DWD and 
from 12 
weather 
stations for 
defining 
flooding risk 
maps. They 
apply a flat 10 
% climate 
change 
surcharge in 
heavy 
precipitation 
based on an 
extrapolation of 
the data of the 
last 15 years. 

The new 
methods include 
the use of an 
adjusted 
statistical 
scaling 
technique that 
analyses 
historical 
rainfall data on 
heavy rainfall 
days. This was 
applied to 
derive future 
precipitation 
intensities on 
heavy rainfall 
days based on 
temperature 
scenarios. These 
maps are the 
inputs in flood 
risk map 
definition. 

The main 
comparison 
was done 
between 
previous and 
new flooding 
maps, with 
higher 
similarities in 
recent future 
scenarios but 
with 
significant 
changes at the 
end of the 
century. 

The most 
important 
achievement is 
the 
incorporation of 
future climate 
data using 
actual climate 
change 
scenarios. 

Case 
4 

The CS used by 
the users 
provide key 
information to 
optimize 
reservoir 

The new 
methods have 
developed an 
energy indicator 
based on 
existing CS and 

The main 
comparison 
was done 
between both 
old and new 
indicators. 

The most 
important 
achievement is 
that the new 
indicator 
developed  

Table 4 (continued )  

What was the 
benchmark in 
your case study? 

What were the 
new methods 
used? 

What were the 
comparison 
between 
existing and 
new methods? 

Which 
innovations and 
advancements 
were achieved? 

operations for 
both 
hydropower 
production and 
water storage 
management. 
However, 
energy aspects 
are sometimes 
missing in these 
assessments. 

including future 
demand on 
electricity and 
prices for 
facilitating 
decision- 
making, 
foreseeing 
developments, 
and adapting 
the demands at 
the regional and 
local levels 

The new 
indicator 
allows 
comparing 
historic and 
future periods 
of hydro- 
climate 
conditions. 

considers the 
potentially 
available water 
volumes to 
reservoir 
optimization 
and 
hydropower 
production and 
gives an 
indication of 
how risk-based 
reservoir 
management 
rules can 
potentially be 
impacted. 

Case 
5 

The 
government 
authorities who 
are working to 
manage the 
risks of pluvial 
flash floods, 
based their 
assessment on 
the national 
design 
precipitation 
values, which 
does not 
include 
projected 
climate 
changes.  

The new method 
includes the use 
of pan-European 
CS information 
in the 
assessment of 
potential pluvial 
flash flood 
impacts under 
future climate 
change applying 
change rates for 
sub-daily 
precipitation 
and 
relationships 
between 
precipitation 
and 
temperature.  

The most 
important 
achievement is 
the 
incorporation of 
climate change 
data in the 
definition of 
pluvial flash 
flood. 

Case 
6 

The different 
users in the area 
used the 
information 
provided by 
national CS, 
which did not 
include a 
proper 
uncertainty 
quantification 
over complex 
terrain led to 
users being 
reluctant to use 
it. 

The new method 
accounts for 
uncertainty 
using stochastic 
simulations over 
streamflow 
projection for 
assessing the 
provision of 
water allocation 
in the study 
basin and 
allowing deeper 
insight to the 
potential future 
seasonal regime. 

The main 
comparison 
was done 
between 
previous 
indicators, 
which were 
just an 
average value, 
and new 
projection, 
which 
includes a 
band of 
uncertainty. 

The most 
important 
achievements 
are the fact of 
accounting for 
uncertainty 
linking pan- 
European and 
local scales. 

Case 
7 

The data used 
were lacking 
local high- 
resolution bias- 
corrected 
ensemble of 
climate 
projections, 
which implies 
that future 
assessments 
need to be 
based on 
predefined 
storm shapes. 

The new method 
allows an 
adequate 
reproduction of 
random 
temporal 
evolution of 
storm events, 
without 
predefined 
geometries, for 
helping in the 
planning of 
nourishment 
projects and 
design of beach 
protection 
infrastructures  

The most 
important result 
is the inclusion 
of climate 
change aspects 
which were not 
being used for 
any planning 
strategies by the 
users in their 
corresponding 
management 
issues.  
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the developers and the users. The questionnaire was organized around 3 
blocks assessing different aspects: (i) Benchmark and advancement in CS 
(ii) Impact on decision making, (iii) Assessment of change (Fig. 2). 

Results 

Case studies overview 

The seven present a large heterogeneity with respect to the water 
issue they are dealing within. In addition, these issues are representative 
of the vast variety of issues dependant on water or as broadly accepted 
the water sector, i.e., biodiversity changes, agricultural production, 
flooding assessment, hydropower production, water allocation and 
fluvial-coastal interaction across the continent (Fig. 3). A large mis
cellany was also shown regarding the user profiles (for instance: mu
nicipalities, senior experts, electricity companies or governmental 
agencies) and spatiotemporal scales required by users. 

Details for each case study regarding the water issue, the aimed 
advancement, the users involved, and the spatiotemporal resolution 
needed are summarized in Fig. 3. 

The differences in study cases have allowed the application of the 
framework in a more flexible manner, adapting it to each users’ needs, 
helping to improve the quality of the service in decision-support and 
consequently, increasing user-uptake. 

Qualitative evaluation assessment 

Benchmark and advancement in CS 
Table 4 summarizes the answers of the qualitative assessment 

regarding the section benchmark and advancements in CS carried out in 
each case study. The mentioned variability among the different water 
issues in each study case is reflected in the benchmarks initially set 
(Table 4, first column). They show not only differences in the users’ use 
of the current CS data but also in the limitations they perceived in the 
way CS was used in their decision-making process. This benchmarking 
was the starting point for the service developers and users to identify 
where the focus of the improvement should be targeted (Table 4, second 
column). The comparison between both is highlighted in Table 4 third 
column and the final achievement in the fourth column. 

When analysing the answers of this block of the assessment three 
main methodological aspects regarding the improvement were identi
fied as key: i) the need of improved quality of data and methods to be 
used, ii) a better understanding of uncertainty to trust the information 
provided by the CS and thus, being able to incorporate it in the decision- 
making process and iii) an improvement of resolution to be able to apply 
CS’ data at the local scale. 

Improved quality of data and methods. The improvement of data and 
methods used in the CS was the fundamental principle in the proposed 

Table 5 
Summary of answers to the second block of questions in the qualitative assessment: Impact on decision making.   

What do the results from the workflow 
mean for the water management issue? 

What will be the decisions your results will 
be used for? 

What will add your results to the decision- 
making process of the user? 

What obstacles do you expect or have for 
integrating the improvement in your 
decision-making process? 

Case 
1 

The results are in line with previous 
ones; therefore, they serve to increase 
trust in current management decisions. 

The outcomes from this case study can 
be used to support further 
environmental management 
programmes being for instance 
considered as part of the coming 5-year 
planning processes. 

The addition of biodiversity indicators 
based on different ecological thresholds. 

The main obstacles will appear when 
users see differences between old and 
new outcomes. In these cases, users 
claim a decision cannot be 
made. 

Case 
2 

The inclusion of uncertainty in climate 
projections helps to perform a more 
intelligent decision-making process 
based on science and users’ 
requirements. 

The results will help the decision- 
making process for future agricultural 
planning, developing frameworks for 
the near- and long-term futures. 

The outcomes will help the users to shape 
up recommendations for the farmers using 
solid supporting information based on 
state-of-the-art. 

The main challenge will be the 
communication with the municipalities. 
Changing their mindset regarding the 
use of several models instead the use of 
one. 

Case 
3 

The users appreciated to have a city- 
wide map of simulated flooding due to 
a heavy rainfall event, which 
incorporates a scientifically based 
method for estimating the impact of 
climate change on heavy rainfall 
events. 

The planners intend to use the results 
for checking the suitability of future 
residential and commercial areas to be 
designated in the new land-use main 
plan, which is currently under 
preparation. 

The main value highlighted by the users is 
that the new results are robust enough to 
withstand possible legal cases. 

The need of a reformulation in how 
users interact with climate information. 

Case 
4 

The indicator proposed addressed 
users’ needs. However, first it is 
necessary to enhance the robustness of 
the analysis including some specific 
constrains that can be different 
between reservoirs. 

The results obtained by the new 
developed methodology have the 
potential to be operationally adopted in 
a near future. 

The indicator proposed was useful to 
address the typical operational problem 
during the periods when tensions might 
appear, and a lower flexibility of the 
system might pose a challenge to 
hydropower production. 

The need of including extra changes 
that might be feasible under current 
regulatory frameworks (e.g., the 
concession regulations for the contracts 
allowing the management of 
hydroelectric large reservoir). 

Case 
5 

The results present a contribution to 
broad the current users-knowledge 
about the impact of climate change in 
pluvial flash flood. 

This new method provides crucial 
information for the development of 
future strategies in the client 
organization regarding the impact of 
pluvial flash flood. 

The results indicate that the intensities of 
convective precipitation events are 
expected to exhibit a stronger increase 
with decreasing temperatures. 

The need of change the way users are 
used to work with climate data. 

Case 
6 

The definition of targeted indicators 
combining pan-European with local 
information and accounting for 
uncertainty has increased the users’ 
confidence level. 

The results will be used for planning 
the future operational rules in the 
reservoirs of the basin to guarantee 
both, the future environmental flow 
levels, and their impact on water 
allocation. 

The defined indicators have given key 
information for decision making, 
accounting for number of days when 
hydropower cannot produce energy and 
number of days below a certain threshold. 

The main challenge is connected to the 
size of the organization, which might 
difficult the decision of incorporating 
this new methodology. It will require 
making contacts with other 
departments and having a collective 
agreement of how to incorporate this 
information. 

Case 
7 

The results include climate change 
aspects which were not used for any 
planning strategies by the users in their 
corresponding management issues 
before. 

The outcomes allow a probabilistic 
approach towards management 
decision such as maritime structures 
planning, coastal retreat adaptation 
and nourishment works. 

The results are a noticeable upgrade form 
the current decision-making process as 
they include the use of sea-level rise and 
the generation of maritime projections. 

The main obstacles are to train 
personnel on the methods and the lack 
of computational power when apply the 
new method at the users’ level.  
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framework. All case studies developed a new advancement, which to 
certain extent, impacted the decision-making process, guaranteeing in 
this way the better use of CS information. For the case study in Austria 
which tackle pluvial flash floods in the pre-Alpine region a new method 
was developed for the extrapolation of historical precipitation- 
temperature relationships to future temperature projections deriving 
future precipitation intensities on heavy rainfall days and precipitation 
changing rates (Huber et al., 2020). The same method was successfully 
applied to the German case study which delt with urban flooding. The 
French case study involved the definition of novel indicators for hy
dropower management based on reservoir filling curves and climate 
projections (Lemoine et al., 2019), while for the Swedish case study the 
creation of a protocol to prioritise climate indicators for biodiversity 
management derived from higher resolution data was deemed neces
sary. In line with that, in the water allocation study case (Southern 
Spain), more complex indicators than those provided by the initial CS 
based on specific allocation demands were also defined (Contreras et al., 
2020a). Finally, for the fluvial and coastal interactions in southern Spain 
the method was refined to use non-stationary mixed distribution models 
to fit the main maritime variables (Lira Loarca, et al., 2021). 

Better understanding of uncertainty. Uncertainty in the information pro
vided by the services was identified by the users of the case studies as 
one of the factors hindering the trust in CS. Although some users were 
familiar with terminology, its implications and how to use it, others 
recognized uncertainty as a barrier for the proper use of the information. 
Among the study cases, some of them directly deal with that issue in 
their proposed advancement. For instance, the two of the study cases in 
Denmark and in Southern Spain for coastal flooding, the users at the 
time of the benchmarking were not considering uncertainty in their 
process of decision-making for distinct reasons but mostly due to pri
mary lack of information and then lack of capacity to use such infor
mation. It was then proposed to use the traditional approach in climate 
science; that is the use of the spread of an ensemble of climate run 
projections, to quantifying hydrological uncertainty, in seasonal 
changes in river discharges and groundwater depth for the Danish basin 
(Pasten-Zapata et al., 2019) and maritime uncertainty in wave heights 
for Southern Spain (Lira-Loarca et al., 2021). The Danish case study 
elaborated more by assessing uncertainty through the evaluation of the 
simulation skill of climate models in the historical period and the ability 
of hydrological models to reproduce hydrological processes under 
changing climate conditions (Pasten-Zapata et al., 2021). Finally, the 
Spanish case study dealing with water allocation resources proposed a 
new method for simulating uncertainty in streamflow indicators using a 
stochastic approach based on the errors of purpose specific metrics 
quantified in the reference period (Pimentel et al., 2021). It was shown 
that this approach could lead to a better representation of uncertainty, 
removing all the noise found when instead using a multimodel ensemble 
mean for assessing changes over small watershed over complex terrains 
(Contreras et al., 2020a; b, Pérez-Palazón et al., 2018). 

Improved resolution. Higher spatial resolution datasets were a common 
demand in almost all study cases. The resolution of CS’ information, 
usually provided at pan-European scales, was seen as a disadvantage for 
decision-making at such local scale as the case studies. Dealing with this 
issue, one study case used a new dataset at higher resolution than the 
previously used (EURO-CORDEX 11x11 km (EUR-11) vs 50x50 km 
(EUR-44), (Berg et al., 2019) and a new method for downscaling 
meteorological forcing that runs through the impact models (Berg et al., 
2021; Schmith et al., 2021). In the Spanish case for the water allocation, 
downscaling was directly performed to streamflow instead of meteoro
logical forcing data at watershed scale lumping the scale effects usually 
found in small mountain-coastal watersheds. Over these watersheds 
where snow plays a key role, the traditional bias adjustment techniques, 
which are carried out independently for precipitation and temperature, 

Table 6 
Summary of answers to the third block of questions in the qualitative assess
ment: Assessment of change.   

Successful factors that 
benefited during the 
process 

Factors that limited 
during the process 

What was the main 
message about 
advancing CS would 
you like others to take 
away? 

Case 
1  

- The use of the same 
method for bias 
adjustment. 

The use of 
hydrological models 
already available in 
house. 

The use of a 
defined system for 
post-processing.  

- The availability of 
climate information 
only for three climate 
models. 

The different 
observational datasets 
and setups in both 
hydrological models. 

Users can 
successfully use a 
pan-European CS for 
local decision- 
making. The 
increased resolution 
allowed for more 
detail information at 
a county level. 
Moreover, it is 
important to be sure 
that the prioritised 
climate indicators 
can show the right 
information. 

Case 
2  

- The constant 
interaction with 
users. 

The fact of having 
the client on board, 
which guarantee the 
development of a 
tailored approach. 

The previous 
expertise in CS 
developing  

- The initial users’ 
reluctancy 
consequence of the 
limiting information 
provided by the 
current CS. 

The substantial 
number of resources, 
human and technical, 
needed to produce the 
required data for 
other study cases. 

Climate science must 
consider the needs of 
users in its 
development. 
Initially, we were 
faced with clients 
that thought that the 
available CS did not 
consider their needs. 
Therefore, it is key to 
provide useful 
information for the 
user based on their 
needs, but also this 
information should 
be scientifically 
relevant to 
stablishing a fruitful 
link. 

Case 
3  

- The previous 
working experience 
with users. 

The fact that 
climate change 
aspects was 
accepted as a 
relevant issue to be 
included in the city 
planning.  

- The difficulties to 
stablish a clear 
comparison with the 
benchmark due to the 
different nature of the 
methodology used. 

The difficulties to 
focus the interest of 
the planners in far 
future. 

The new method has 
a scientific 
background going 
further than a simple 
trend extrapolation 
of historic rainfall 
data. Therefore, it is 
considered more 
robust and suitable 
for incorporation 
into planning and 
decision-making 
than the previous 
one. 

Case 
4  

- The engagement of 
stakeholders during 
the entire process.  

- The numerous 
challenges of using CS 
data: downloaded, 
scaled, bias adjusted, 
prepared to be used in 
hydrological 
modelling 

Useful indicators can 
be developed based 
on climate change 
projection available 
in different CS. 

Case 
5  

- The availability of 
different data 
sources in several 
CS. 

The good 
cooperation in the 
trans-national 
consortium within 
the project  

The inclusion of 
convection and the 
use of potential of 
temperature-based 
scaling approach are 
key aspects that 
permit climate 
models to improve 
the estimation of 
heavy precipitation 
events. 

Case 
6  

- The fact of working 
hand by hand with 
the client in the  

- The difficulties 
linking different 
spatiotemporal scales 

Users’ participation 
should go further 
than the initial CS 

(continued on next page) 
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usually shift the timing of snowfall and produce significant error in 
streamflow representation (Pimentel et al., 2021). In the Granada case 
study and within an inter-university collaboration, the developers used a 
state-of-the-art ensemble of wave climate projection in the Mediterra
nean Sea with EUR-11 climate projected data improving the model 
evaluation for both the past and projections (Lira Loarca, et al., 2021). 

Therefore, more robust methods and data are needed when 
improving the quality of already existing CS, being especially important 
to tackle the three above mentioned aspects. Therefore, we identify 
robustness as a first pillar in improving the quality of already existing 
CS. 

Impact on decision making 
Table 5 summarizes the answers of the qualitative assessment 

regarding the impact on the perception of users in their decision-making 
process. 

In general, users highly valued the achieved improvements and their 
potential usefulness in their decision-making process (Table 5, columns 
1–3). However, they also highlighted that some reformulation in the 
status of the CS might be needed for a successful implementation of the 
new advancement. Sometimes, these advancements can imply a sub
stantial change, modification, or inclusion that is difficult to put into 
practice due to some extend the rigid structure in some of the users’ 
organizations. They usually claim that CS are focus on delivery, putting 
the emphasis on products rather than processes, on assumptions that 
demand, and usually lacking economic evaluation (Findlater et al., 
2021). 

During the evaluation, some of the case studies reported that dealing 
with climate change aspect is complex. Even though several users 
acknowledged the improvement carried out by the new methods, there 
is still a dissent over who should be responsible for producing, main
taining, and providing the necessary data in the CS and for considering 
climate aspects and taking the appropriate action (Clifford et al., 2020; 
Webber, 2019). Although in the new advancements within the project 
we did not directly address the issue of governance, the users have 
gained new awareness and understanding for the usefulness of CS and 
can take this further within their institution and processes. 

In addition, developers must be open to substantial changes in the 
CS’ structure, for instance remove old data, include new improved 
methodologies in data production. CS should not be a rigid structure 
where changes cannot be done but life “products” in which the 
advancement in science and users’ need goes can be easily included 
(Mauser et al., 2013). 

Therefore, this block of answer suggests that a reform in the CS might 
be needed for adapting the current CS structure to the new proposed 
advancement for a successful implementation in the actual decision- 
making. Reform is identified as the second pillar in improving the 
quality of already existing CS. 

Assessment of change 
The last block of answers deals with the evaluation of change. Simple 

feedback questions regarding the factors that limited or enhanced the 
advancement give an overview of the actual change achieved after 
applying the proposed framework. This approach has drawn several 
different reflections for both users and developers that on the one hand 
helped during the implementation of the framework and on the other 
hand, can provide useful information for other users in the imple
mentation of the framework on their CS (Table 6). 

A successful factor highlighter by most study cases is the key role of 
an active collaboration between providers and users when improving 
the quality of existing CS. This co-interaction has proven to be crucial for 
user uptake, understanding, and valuing the information provided by 
the CS. Moreover, broadening the involvement of users around the CS 
also helped to discover different perspectives and explored the appli
cability of the CS creating a solid linkage to provide quality feedback and 
avoiding user fatigue of a more superficial engagement (Vogel et al., 
2019). 

Regarding limitations, the collected answers reinforce initial limi
tations found in previous studies regarding users’ knowledge and uptake 
from CS (Vaughan et al., 2016; Photiadou et al., 2021). In general, 
during the initial stages, users claimed not to use CS’ information in their 
decision-making processes since neither CS were initially designed for 
their specific issues nor the indicators provided were adjusted to their 
needs. Inaccessibility to the CS’ information due to the language was 
also highlighted as a limitation. In general, global, and continental’ CS 
did not cater for languages other than English. Users highlighted the 
need for an intermediary to translate not only climate data but also the 
scientific concepts, metadata information or manuals. It was also 
remarkable the users’ eagerness for trustable data but the inability to 
process this large information by themselves. 

Hence, recruitment, understood here as user engagement, has being 
shown in this third block of the assessment as a crucial need for 
involving more actively users in improving the quality of existing CS. 
Recruitment is therefore, the third pillar in the CS improvement process. 

Finally, the assessment process itself constitute a fourth pillar. The 
reflection process carried out can identify the key aspect for evaluating 
the actual improvement of CS. Here, with reflection we refer to a simpler 
approach, for instance a simple auto-evaluation after the implementa
tion of the advancement in a periodic way that could help to identify the 
key aspect that have really contributed and limited this improvement. 

Conclusions 

First, The AQUACLEW’ proposed framework has proved to improve 
the usability of already existing CS tackling and overcoming the water 
issues in decision-making through a lengthy co-development approach 
through a modelling chain with several steps and an active communi
cation with continuous exchanges between users and developers. 
However, this approach has shown a very demanding interaction with a 
very exclusive target-oriented user. Hence, despite their potential, it 
might not be feasible to be widely applied due to the need of knowledge 
developers for a limited number of users. Therefore, a deeper effort 
should be made in educational aspects to develop deeper user 

Table 6 (continued )  

Successful factors that 
benefited during the 
process 

Factors that limited 
during the process 

What was the main 
message about 
advancing CS would 
you like others to take 
away? 

definition of 
indicators that 
account for water 
management issues. 

The fact of having 
information 
aggregated at the 
watershed scale in 
the CS 

(pan-European vs 
local). 

The users’ 
difficulties in 
understanding CS’ 
information since the 
language used, 
English, is different to 
their mother tongue. 

The initial users’ 
lack of confidence in 
climate change data. 

The lack of 
knowledge of some 
climate aspect by the 
users. 

design, broadens the 
co-design concept to 
a co-advance design. 

Case 
7  

- The previous 
expertise of the 
team working with 
maritime climate.  

- The lack of maritime 
climate variables 
projected at local or 
regional scales. 

The computational 
effort required to 
obtain the targeted 
variables. 

It is crucial to 
account for the 
random behaviour of 
storm events without 
the use of predefined 
geometries and 
include the 
generation and use of 
maritime climate 
projections.  
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knowledge and reduce the role of service developers acting as knowl
edge purveyors (i.e., Crochemore et al., 2021, Conteras et al., 2020). 
Moreover, the assessment done has allowed us to identify-four pillars to 
tackle when improving the quality of CS in the water sector (Fig. 4): (1) 
Robustness, accounting for better quality of the CS’ information in 
certain aspects; (2) Recruitment, understood as a need of involving users 
more actively in CS structures; (3) Reform, highlighting the possible 
need of changes in both CS structure and users mindsets; and (4) 
Reflection, as a process of continuous evaluation during the life of the CS. 
The 4Rs were the interconnectors in a CS and were regularly visited to 
improve the quality of the service (Fig. 4). Each R represents a funda
mental aspect of our case studies from scientific methods and data to 
user engagement, decision-making support, and finally an evaluation 
process. 
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