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An effective climate-change-adaptation strategy should be based on user-
friendly and reliable climate services. Due to the lack of such services in
Ukraine, this study aimed to develop a web tool called “Climate Change
Viewer” (https://climate.uhmi.org.ua/) to visualize climate change in Ukraine
and support the development of adaptation measures on a regional scale.
The tool’s temperature and precipitation data sets include gridded observa-
tion-based time series (1946-2020), climate ERA5-Land reanalysis (1981-2020),
and high-resolution regional climate projections of the EURO-Cordex initia-
tive (1981-2100). Regular grids of historical data sets and climate projections
have been aggregated within the administrative units and main river basins
of Ukraine. Climate Change Viewer shows that the observed warming trend
across Ukraine remains within the projected range but exceeds the mean of the
climate models” ensemble. The projected precipitation tends to increase in
the northwestern and decrease in the southeastern parts of Ukraine through the
end of the 21 century. The tool’s user-friendly interface and regional binding
can help increase the awareness of national and local authorities, businesses,
and the public sector about future risks of warming and water availability. The
further development of Climate Change Viewer also considers other environ-
mental and sector-specific parameters.
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1. Introduction

Climate change affects Ukraine’s biodiversity, agriculture, forestry, hydro-
power, water supply, infrastructure, tourism, health, insurance due to the more
frequent droughts, heatwaves, wildfires, flooding in the Carpathians and Crimea,
lower soil water, redistributed precipitation and water flow, higher eutrophication,
and water-quality changes [1].

To sustain these challenges, Ukraine needs climate services that would be un-
derstandable for a wide range of end-users (businesses, national and local authori-
ties, the public sector, and individuals), thus helping them increase their awareness,
assess future risks, and develop cost-effective adaptation strategies. In an extended
sense, “climate service is the transformation of climate-related data — together with
other relevant information — into customized products such as projections, forecasts,
information, trends, economic analysis, assessments (including technology assess-
ment), counselling on best practices, development and evaluation of solutions and
any other service in relation to climate that may be of use for the society at large” [2].

Ukraine lacks a climate service that covers the whole country at the regional or
basin scales [3, 4]. Climate-related information is mostly scattered across the scien-
tific literature; it is not easily understandable and difficult to find for non-experts [5].
Currently, several global and pan-European web-atlases cover the Ukraine territory
by a few parameters or indicators; however, only with a country-scale resolution
(IPCC WGI Interactive Atlas [https://interactive-atlas.ipcc.ch/], IMPACT2C Web-
Atlas [https://www.atlas.impact2c.eu/], Climate Change Knowledge Portal [https://
climateknowledgeportal.worldbank.org/], Copernicus Interactive Climate Atlas
[https://atlas.climate.copernicus.eu/atlas]). Overall, an analysis of the current situa-
tion shows the absence of an integrated and systematic approaches in climate change
mitigation and adaptation strategies alongside the insufficient awareness of central
and local authorities, business, and society [3, 5, 6]. International experience further
underscores that, even where climate services exist, they are often underused due
to their design shortcomings. One of the key barriers is the overwhelming complex-
ity of many platforms, which are frequently developed using a capability-driven or
science-informed approaches that prioritize data availability over user needs [7, 8].
Calvo et al. [9] highlighted that multi-layered visualizations and technical terminol-
ogy can overload users’ cognitive capacities, thus reducing both comprehension and
trust. Their findings showed that simplifying the visual encoding and incorporat-
ing interactive elements can significantly reduce users’ cognitive loads and improve
usability. These insights underline the need for an intuitive, accessible, and user-
informed design — especially, for national or regional platforms that are intended to
support non-expert decision-makers in climate-adaptation planning.

This study aims to do the following: (1) bridge the gap between global climate
data availability and regional adaptation needs by developing a climate service
that is tailored to Ukraine’s territorial and administrative structure; and (2) display
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historical and projected annual and seasonal mean air temperatures and total pre-
cipitation at the country, oblast, rayon, and territorial community levels as well as at
the main Ukrainian river basin level. In contrast to a science-informed approach, this
study draws on user-centered insights from existing climate services (particularly,
the C3S Climate & Energy Education Demonstrator) to inform the interface layout
and functionality [10]. The developed design allows for extensions to other environ-
mental and sector-specific parameters in the future.

2. State of Problems

In recent years, the number of climate services has been growing rapidly —
aiming to deliver information, manage climate-related risks, and build resilience
to extreme events (aggregated at U.S. Climate Resilience Toolkit [https://toolkit.
climate.gov/tools], UNFCCC Nairobi Work Programme [https://www#4.unfccc.int/
sites/NWPStaging/Pages/Home.aspx], Climate-ADAPT [https://climate-adapt.eea.
europa.eu/en/countries-regions/countries]). A common problem is that researchers
and developers tend to overestimate the abilities of end-users or decision-makers,
thus assuming that complicated scientific information will be understood and ac-
cepted [11]. In their review, Hewitson et al. [12] pointedly summarized that “all of
the climate information websites grossly overestimate their ease of use.”

A desired climate service should be balanced between its simplicity and the
robustness of the provided information. Several studies have synthesized barri-
ers, requirements, and enablers for climate services based on interviews, webinars,
and workshops with end-users [11-16] (Table 1). In the context of temperature and
precipitation projections, Greis et al. [17] found that more-detailed representations
of uncertainty did not necessarily improve decision-making; in fact, unfamiliar or
overly complex visualizations were found to reduce both comprehension and trust.
These findings highlighted the fact that the effective communication of climate pro-
jections requires clarity and alignments with users” mental models. At the same time,
ensuring scientific robustness means that uncertainty should not be concealed. In
this context, Kause et al. [18] demonstrated that line charts with medians and per-
centiles combined with plain-language labels (e.g., “high greenhouse gas emissions
scenario” instead of “RCP8.5”) could offer a reasonable compromise.

Goodess et al. [10] tackled several of the challenges that were highlighted above
(such as the overcomplexity of interfaces, poor documentation, and a mismatch be-
tween user needs and presented information) during the development of the Co-
pernicus Climate Change Service (C3S) Climate & Energy Education Demonstra-
tor (C3S Edu Demo). They adopted an iterative user-driven approach that engaged
stakeholders from the outset, allowing for co-design and regular feedback [10]. This
process led to a platform that was user-friendly in both its functionality and sup-
porting documentation, effectively narrowing the usability gap and improving the
salience, credibility, and legitimacy of climate information.
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Table 1. Barriers to, enablers of, and requirements for uses of climate services

Barriers

Lack of awareness of climate information

Tradition of performing historical variability analysis (barrier for climate change or seasonal forecast services)

Unfamiliar terminology and/or methods

Complicated navigation (e.g., related data is spread across multiple sections)

Lack of explanations about displayed data (e.g., data-generation method, robustness)

Too many options to choose

Poor or unclear guidance

Enablers

User-friendly and intuitive interfaces

Accessible and jargon-free language

Useful form of information — not merely different types of climate information

Easy to access and download

Freely available (no cost)

Easy to use and/or compatible with organization’s software

Explanation or indicator(s) of potential impacts on sector

Access to user support

Building communities of practice and knowledge-brokering

Requirements

Scientific quality and robustness

Credibility of data source

Explanation or visualization of data uncertainty

Guidance on how to choose

Explanations about restrictions of data usage (e.g., accuracy of downscaling method)

No more than three clicks from initial website

Source: compiled from [11-16]

3. Material and Methods

3.1. Historical Monthly Air Temperature and Precipitation Data

Observational data such as station time series of essential climate variables must
be the main reference to evaluate any model simulations and calculations — includ-
ing gridded reanalysis products or climate model historical simulations.

In our pilot climate service project, we utilized station time series of month-
ly air temperatures (mean, minimum, and maximum) and monthly sums of the
atmospheric precipitation that was collected at all of the available 178 temper-
ature and 224 precipitation meteorological stations in Ukraine during the period
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of 1946-2020. Due to the Second World War (1939-1945), almost all of the Ukrainian
weather stations have been missing for several years; therefore, it would be problem-
atic to perform a thorough quality control and relative homogenization of the time
series with a longer observational period (as compared to 1946-2020). The sources
of the data and a detailed methodology of their quality control and homogenization
by means of HOMER software [19] are presented in [20].

Since precipitation records often omit wind-induced undercatch corrections, we
calculated this based on the Bryazgin methodology [21]. Developed specifically for
monthly precipitation data, this methodology relies on wind speeds and the forms of
precipitation (liquid, mixed, and solid). The average monthly wind speed at a height
of 10 m was determined using sub-daily observations for the period of 1976-2020 [22].
For the period of 1961-1975, long-term monthly wind speeds were used at the
weather stations. Due to the absence of wind measurements at 46 stations, these
wind speeds were obtained from the nearest weather stations with similar physical
and geographical conditions. Lastly, we assumed that those months with observed
blizzards were those where the average monthly wind speed exceeded 6 m/s —
the threshold at which blowing snow begins to enter the rain gauge receiver [21].

Quality controlled and homogenized station time series were gridded by
MISH interpolation software [23] (developed at the Hungarian Meteorological Ser-
vice). The MISH algorithm adopts the ideas of geostatistical spatial modeling (like,
e.g., krigging) while taking advantage of the valuable climatological/statistical in-
formation that is contained in long homogenized data series. Terrain elevation, local
topography components, and distances from the Black Sea and the Sea of Azov sea-
shores have been used as additional deterministic predictors. Gridded time series
were obtained with a spatial resolution 0.1° x 0.1°.

In addition to the observation-based gridded data sets, we utilized climate
ERA5-Land reanalysis [18] for river basins, as the observational data did not cover
the transboundary parts of the river basins.

3.2. Climate Projections of Temperature and Precipitation

The selections of regional climate models (RCMs) and general circulation mod-
els (GCMs) in this study were based on the standardized multi-model ensemble that
was developed under the EURO-CORDEX initiative [25, 26], which included sim-
ulations that were forced by the RCP4.5 and RCP8.5 greenhouse gas concentration
scenarios [27] (Table 2). The ensemble included simulations with a consistent spatial
resolution (0.11° grid), bias correction techniques [28-31], and a diverse combination
of RCM-GCM chains to span the main sources of uncertainty; namely, the scenario,
model, and internal variability [25]. This ensemble has become a standard reference
for impact and adaptation research in Europe. While our study does not introduce
a new selection method, it therefore relies on the best-available peer-reviewed en-
semble that was constructed to maximize the scientific robustness and relevance for
regional-scale impact studies.
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Grid nodes were averaged within the Ukrainian border, administrative oblasts,
rayons, territorial communities, and river basins (including the transboundary parts
of the Dnipro, Don, and Dniester basins). The spatial aggregation of climate projec-
tions within the administrative and river basin polygons did not introduce addition-
al uncertainty beyond that which was already present in the climate model ensem-
ble. On the contrary, the ensemble means over the defined spatial units tended to
smooth out any local-scale variability and reduce any random noise; this potentially
enhanced the robustness of the regional signals [32]. While this process can obscure
local extremes or microclimatic effects, it remains appropriate for regional adap-
tation planning (where decision-making typically occurs at the administrative or
basin-wide levels).

Table 2. List of regional climate models (RCMs)
forced by general circulation models (GCMs) used in Climate Change Viewer

General circulation |~ Ensemble member Regional climate model Bias-correction method
model (per model)
CNRM-CM5 rlilpl CCLM4-8-17 v1-SMHI-DBS45-MESAN
CNRM-CM5 rlilpl ARPEGES51 v1-IPSL-CDFT21-WFDEIL
CNRM-CM5 rlilpl ARPEGE51 v1-IPSL-CDFT22-WFDEI
CNRM-CM5 rlilpl RCA4 v1-SMHI-DBS45-MESAN
CNRM-CM5 rlilpl RCA4 v1-IPSL-CDFT21-WFDEIL
CNRM-CM5 rlilpl RCA4 v1-IPSL-CDFT22-WFDEI
EC-EARTH r12ilpl CCLM4-8-17 v1-SMHI-DBS45-MESAN
EC-EARTH r12ilpl RCA4 v1-SMHI-DBS45-MESAN
EC-EARTH r12ilpl RCA4 v1-IPSL-CDFT21-WFDEIL
EC-EARTH r12ilpl RCA4 v1-IPSL-CDFT22-WFDEI
EC-EARTH rlilpl RACMO22E v1-IPSL-CDFT21-WFDEI
EC-EARTH rlilpl RACMO22E v1-IPSL-CDFT22-WFDEIL
EC-EARTH rlilpl RACMO22E v1-SMHI-DBS45-MESAN
EC-EARTH r3ilpl HIRHAMS5 v1-IPSL-CDFT21-WEFDEI
EC-EARTH r3ilpl HIRHAMS5 v1-IPSL-CDFT22-WFDEIL
EC-EARTH r3ilpl HIRHAMS5 v1-SMHI-DBS45-MESAN
IPSL-CM5A-MR rlilpl WREF331F v1-IPSL-CDFT21-WFDEI
IPSL-CM5A-MR rlilpl WREF331F v1-IPSL-CDFT22-WFDEIL
IPSL-CM5A-MR rlilpl RCA4 v1-SMHI-DBS45-MESAN
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Table 2. cont.

IPSL-CM5A-MR rlilpl RCA4 v1-IPSL-CDFT21-WFDEI
IPSL-CM5A-MR rlilpl RCA4 v1-IPSL-CDFT22-WFDEI
HadGEM2-ES rlilpl CCLM4-8-17 v1-SMHI-DBS45-MESAN
HadGEM2-ES rlilpl RACMO22E v1-IPSL-CDFT22-WFDEI
HadGEM2-ES rlilpl RACMO22E v1-SMHI-DBS45-MESAN
HadGEM2-ES rlilpl RCA4 v1-SMHI-DBS45-MESAN
HadGEM2-ES rlilpl RCA4 v1-IPSL-CDFT21-WFDEI
HadGEM2-ES rlilpl RCA4 v1-IPSL-CDFT22-WFDEI
MPI-ESM-LR rlilpl CCLM4-8-17 v1-SMHI-DBS45-MESAN
MPI-ESM-LR rlilpl REMO2009 v1-IPSL-CDFT21-WFDEI
MPI-ESM-LR rlilpl REMO2009 v1-IPSL-CDFT22-WFDEI
MPI-ESM-LR rlilpl RCA4 v1-SMHI-DBS45-MESAN
MPI-ESM-LR rlilpl RCA4 v1-IPSL-CDFT22-WFDEI

Source: [19]

3.3. Climate Change Viewer’s Technical Environment

From a development perspective, Climate Change Viewer represents a light-
weight Web GIS portal that integrates climate data with geospatial layers through
a responsive browser-based interface; the set of technologies is illustrated in Fig-
ure 1. The project source code is freely available from the GitHub repository [33].

We adopted the MVW (model-view-whatever) architectural design pattern to
enable the easier scaling and maintenance of the platform while also accelerating
its development [34, 35]: Model represents the data that is retrieved from the data-
base via client-server communication and implemented through an API (applica-
tion programming interface) using HTTPS requests and responses; View refers to the
rendered web page, including components such as maps, graphs, menus, timeline
sliders, dropdown menus, and pop-up windows; and Whatever acts as the logic layer
that responds to user interactions (e.g., button clicks or slider movements) and po-
tentially updates View with new data from Model.

To implement the MVW pattern, we selected the Vue.js open-source JavaScript
framework. Vue supports the architectural approach by clearly separating the data-
handling (Model), user interface rendering (View), and interaction logic (Whatever). It
also provides a well-organized project structure upon its initialization, along with
preconfigured scripts for running, testing, and building the application; this can typ-
ically be executed with minimal setup through one or two commands, thus reducing
the reliance on extensive terminal input [36].
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Vue also facilitates the development of single-page applications (SPAs); this
offer a more seamless and responsive user experience as compared to traditional
multi-page applications (MPAs). Unlike MPAs (which reload entire pages with each
user action), SPAs dynamically render the content within a single page. This results
in faster navigation, a simplified application structure (with one .html file serving
multiple components), and the more efficient use of resources such as dynamic im-
ports and real-time updates [37].

We used the Leaflet JavaScript library to enable an interactive web-map inter-
face (which supports actions like zooming, panning, and clicking on polygons) and
to integrate base maps and vector overlays. Its extensive plugin ecosystem allows for
the incorporations of additional features such as tile layers, layer controls, legends,
and custom markers; these enhance both the usability and functionality [38]. The
vector layers are prepared in the GeoJSON format, which is natively supported by
Leaflet. While the attribute tables of these GeoJSON files contain pre-calculated data
for ten-year periods, the annual and seasonal values for the individual years are re-
trieved from the server dynamically when a polygon is clicked.

For creating interactive charts, we utilized Chart.js; this leverages an HTML5 can-
vas for better performance and provides robust compatibility across all modern
browsers.

To enable client-server communication through API, we employed the Axios
JavaScript library because of its capability to centrally intercept HTTPS requests and
responses as well as its automatic JSON data transformation.

The climate data sets were located in a PostgreSQL database within a Docker
container in order to enhance the scalability and streamline the deployment (Fig. 1).
A Caddy web server handled HTTPS connections and route requests as a reverse
proxy. The application was developed in Python using the Flask-RESTful extension;
this simplified the creations of RESTful APIs to retrieve data from the PostgreSQL
database and serve it to the clients. This architecture provided a scalable and trans-
ferable solution for the web platform.

Leaflet of. A

python

¥ —axios @ —
Vuejs F 1 as k PostgreSQL
[V &
Chart.js @ C(Jddl}w docker
Client-side technologies Server-side technologies

Fig. 1. Climate Change Viewer’s technical environment



Climate Change Viewer: User-Friendly Web Tool... 57

The data structure within the database follows a three-tier hierarchy: schema —
table — column. Schema groups tables by data type, distinguishing between historical
and projected climate data as well as by spatial references such as polygonal vector
layers (e.g., oblasts, rayons) or point-based data (e.g., meteorological stations). Each
table corresponds to a specific spatial unit (e.g., Kyivska Oblast or the Chernihiv
meteorological station), while the columns represent the associated attributes (in-
cluding the year, season, percentile, and parameter [temperature or precipitation]).

3.4. Climate Change Viewer’s Interface Design

To overcome cognitive barriers and reduce information overload, Climate
Change Viewer’s interface is designed with several user-friendly features:

— light and recognizable interface (including full-screen map, left-side menu,
standard icons, and timeline slider);

- single webpage layout (for maintaining user’s attention);

— tooltips that explain scientific terminology (thus, making data more accessible);

— ‘ready-to-use” design (meaning that users can access tool without undergo-
ing complex setup procedures).

We relied on C3S Edu Demo’s insights on which climate change information
should be displayed: anomalies for all polygons on a map, and yearly graphs for
a selected polygon in a chart [10].

The interface functionality includes a menu (for selecting the parameters), a ten-
year time slider (for choosing the displayed period on a map), dropdown menus (for
selecting the season and emission scenario), a layer’s panel (for switching between
geometry files), and a button (for downloading a JPG file of the map) (Fig. 2).

Uhrsntn oo ssogen e 2y | s ot Climate Change Viewer
) & g g

I
T 05 0 05 1

Fig. 2. Climate Change Viewer’s interface (https://climate.uhmi.org.ua/)



58 V. Osypov et al.

Clicking on a polygon opens the yearly graphs, which show the ensemble of
climate models (mean and spread) as well as any observed values. Users can display
absolute values or anomalies, apply a five-year moving average for smoothing, and
remove desired lines by clicking on the corresponding items in the legend.

The data is available for meteorological stations and grid points and are aggre-
gated at the country, oblast, rayon, territorial community, or main river basin levels.

4. Results
4.1. Historical Air Temperature and Precipitation

Climate Change Viewer tracks temperature and precipitation changes across
Ukraine (including its administrative regions and river basins) from 1946 to the pres-
ent day. For instance, the recent climate norm (1991-2020) shows an average warm-
ing of 1.2°C across Ukraine relative to the period of 1961-1990, with greater increas-
es in the winter and summer (1.5°C each) and lesser increases in the spring (1.1°C)
and autumn (0.7°C) (Fig. 3). The warming was more pronounced in the north and
west than it was in the east and south. For example, the Autonomous Republic of
Crimea and the Luhansk region observed a warming level of 1.0°C, while the Kyiv
and Lviv regions experienced warming levels of 1.3°C and 1.2°C, respectively.

The average change in precipitation across Ukraine was negligible, with
a 2% loss during the 1991-2020 period relative to 1961-1990. However, there were
surpluses in the spring (4%) and autumn (11%) and decreases in the winter (—9%)
and summer (-8%).

4.2. Climate Projections of Air Temperature and Precipitation

Under both the RCP4.5 and RCP8.5 emissions scenarios, all of the climate mod-
els project a warmer climate for Ukraine (Fig. 4). In the near future (2021-2050), both
scenarios exhibit a similar trend — a warming trend of around 1.4°C as compared to
the period of 1981-2010, with the highest increases in the winters (at 1.6°C). In the
distant future (2071-2100), projected temperature increases are 2.3°C and 4.2°C
under RCP4.5 and RCP8.5, respectively, with the greatest warming occurring in
the winters (2.7°C and 4.9°C, respectively). However, the current warming rate
in Ukraine already exceeds the mean of the RCM ensemble (Fig. 4), with an average
increase of 0.58°C per decade for the period 1991-2020 as compared to the 0.43°C per
decade that was expected under RCP8.5.

The annual total precipitation may change in both directions; most likely, it will
show a slight increase for the year as a whole but with no major changes in the sum-
mer (Fig. 5). In the near future (2021-2050), the ensemble mean of total precipitation
is projected to increase by 6% under both RCP4.5 and RCP8.5 as compared to the
period of 1981-2010, with the greatest rises in the winter (10%) and the lowest in
the summer (1%). In the distant future (2071-2100), the expected changes indicate
surpluses of 9% and 11% but losses of 2% and 3% in the summers under RCP4.5
and RCP8.5, respectively.
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Fig. 5. Annual (a) and summer (b) total precipitation
projected by regional climate model (RCM) ensemble within Ukraine (1981-2100)
and observed by ground stations (1981-2020)

Since 2015, the observed air temperatures in Ukraine have consistently exceed-
ed the ensemble mean of the regional climate model projections, while the observed
precipitation has shown a decreasing trend. However, it is still too early to determine
whether these patterns represent a sustained trend, as a period of 5-10 years is too
short for robust climate signal detection. As reviewed by Jose et al. [39], uncertain-
ties in climate projections stem from multiple sources, including the model struc-
ture, emission scenarios, downscaling techniques, and internal climate variability.
The observed divergence in temperature may reflect a complex interaction between
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global drivers and regional amplification mechanisms that are not fully captured by
the ensemble mean. Nevertheless, the full range of the model projections has reli-
ably encompassed observed variability, thus indicating that the utilized ensemble
remains a credible basis for climate-informed planning and risk assessment.

5. Discussion

We developed a novel climate service in Ukraine — the web-based climate-
change-tracking platform called Climate Change Viewer. The platform was based
on high-resolution RCMs that are aggregated within administrative units from the
country to the territorial community levels as well as within the main river basins of
Ukraine. This layout aimed to support regional climate-change-adaptation policy as
well as adaptation strategies in river-basin-management plans.

We implemented native design, tooltips, and simplified scientific language
into the Climate Change Viewer interface to overcome the cognitive barriers of end-
users. On the other hand, the completeness of the provided information — 32 RCMs
forced by the two more probable boundary greenhouse gas emission scenarios
(RCP4.5 and RCP8.5) [40] — enables a risk-informed decision analysis, which means
considering a possible range of future scenarios. Compared to global-scale por-
tals, Climate Change Viewer provides a more accessible and localized user experi-
ence — particularly, for non-expert audiences. For example, the Copernicus Interactive
Climate Atlas limits users to country-level selections even though it also includes
high-resolution EURO-CORDEX projections (https://atlas.climate.copernicus.eu/);
sub-national exploration is only possible via manual polygon drawing. More critical-
ly, international tools often overwhelm users with a wide range of data sets and choic-
es, thus requiring technical knowledge to distinguish among multiple climate mod-
els, scenarios, or bias-correction methods. As was demonstrated by Calvo et al. [9],
such complexity leads to higher cognitive loads, causing users to discontinue their
use rather than consult the documentation to gain an understanding of the data struc-
ture. In contrast, Climate Change Viewer enables immediate one-click access to tem-
perature and precipitation projections for clearly defined administrative and river
basin units in Ukraine. Its native-language interface, simplified parameter selection,
and familiar geographic layouts help reduce decision fatigue, thus making it far more
usable for local authorities and stakeholders who lack technical climate expertise.

The presented spatial and temporal changes in temperature and precipitation
can serve as a basis for raising awareness and identifying those risks that are related
to heat stress, water availability, and water quality. For example, Figure 6 shows
that, despite the overall annual increase, precipitation will likely decrease in the
summers across the Crimean Rivers basin, the Azov Sea River basin, the Black Sea
River basin, the Lower Dnipro, and the Don River basin, thus causing water and
temperature stresses for crops, water-supply risks for households and irrigation,
aquatic contamination due to higher eutrophication, and lower dissolving abilities
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of the rivers. As highlighted by Snizhko et al. [41], Ukraine’s water security is being
increasingly compromised not only by climate change but also by the wartime de-
struction of the water infrastructure. The projected reductions in river discharges —
especially in the southern regions — pose serious risks to irrigation, drinking water,
and energy generation in those areas that are already vulnerable to drought and
conflict. In this context, the availability of gridded climate projections and historical
baselines that are aggregated to administrative and hydrological units can support
more-effective risk-informed planning.

Since Ukrainian legislation requires the development of climate-adaptation
strategies at the level of administrative-territorial units, Climate Change Viewer pro-
vides the necessary spatial granularity to enable evidence-based decision-making
by local authorities. This function is aligned with the requirements that are outlined
in the official methodological recommendations [42] for the development of region-
al environmental-protection programs. Furthermore, the same ensemble of climate
projections that is used in the viewer has been applied in the national assessments of
climate threats [43], which identified those regional hazards that are associated with
temperature and precipitation changes. Since the data in Climate Change Viewer
is aligned with the paper report, this enables users to go further by exploring and
downloading the underlying projections for their own follow-up research.

This potential is already being realized in practice. For example, Kireitse-
va et al. [44] used Climate Change Viewer to obtain temperature projections for the
Zhytomyr territorial community under the RCP4.5 and RCP8.5 scenarios and con-
ducted multivariate statistical analyses to inform local adaptation strategies. Their
work demonstrates how the tool can serve as a data gateway for conducting lo-
calized assessments of climate risks, validating long-term temperature trends, and
identifying those patterns that are relevant to municipal climate-resilience planning.

We acknowledge that the global trend in climate services is shifting from simple
data provision toward fully co-produced decision-support tools [45, 46]. Howev-
er, the number of open-access web-based climate services remains limited in the
Ukrainian context. Therefore, the current version of Climate Change Viewer fo-
cuses primarily on the technical environment, spatial structure, and user interface
design for delivering reliable climate data in an accessible format. The viewer was
developed using open-source technologies such as Vue.js, Leaflet, Flask-RESTful,
and PostgreSQL; these allowed for fast, flexible, and low-cost implementation.
This development approach demonstrated a scalable and transferable model that
could be adopted by other low- and middle-income countries that are facing sim-
ilar budgetary and institutional limitations. At the same time, we emphasize that
future improvements to Climate Change Viewer should move toward a more fully
co-produced service [46]. As resources will allow, comprehensive user experience
research, usability testing, and early stakeholder engagement should be integrated
into the development process in order to ensure that the platform effectively meets
diverse user needs and policy contexts.
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Fig. 6. Total precipitation anomalies [%] in summers projected by regional climate model
(RCM) ensemble across Ukrainian river basins, including transboundary parts of Dnipro,
Don, and Dniester basins in near (2031-2040) (a) and distant futures (2081-2090) (b)
compared to period of 1981-2010
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In the future, the methodology could be applied to visualize changes in weather
parameters (e.g., wind speed, solar radiation, and relative humidity), weather ex-
tremes (e.g., heatwaves, tropical nights, freeze-thaw days, and cold-spell durations),
hydrological parameters (discharge, soil water, surface/groundwater flow, etc.),
water-quality parameters (sediment, nitrogen/phosphorus loads, etc.), and other
derived sector-specific indicators [47]. Water-sector-related parameters are particu-
larly relevant in the Ukrainian context, where the water supply and sanitation sector
was identified as the most vulnerable to climate change by 67% of the surveyed
local governments [5]. Despite the frequent mentions of water-related risks such as
droughts, floods, and reduced river flows, Ukrainian municipalities currently lack
the necessary tools for accessing high-resolution projections of hydrological varia-
bles. Extending Climate Change Viewer to include discharge and evapotranspira-
tion projections would directly address this gap and support evidence-based plan-
ning for local adaptations and water-resource management.

6. Conclusion

Climate Change Viewer is a web-based platform that disseminates historical
and projected climate changes in Ukraine at the country, regional, and river basin
levels (https://climate.uhmi.org.ua/). Its current initial release includes air tempera-
ture and precipitation as the main drivers of our economic and environmental pro-
cesses. The interface enables analyses of spatial, temporal, and seasonal variations
and uncertainties, as it displays a map of anomalies for selected geometries (admin-
istrative units or river basins) and an annual graph of ensemble means and ensemble
spreads for selected polygons.

All climate models project a warmer climate for Ukraine — an increase of 1.4°C in
the near future (2021-2050) compared to 1981-2010 under both RCP4.5 and RCP8.5,
with increases of 2.3°C and 4.2°C in the distant future (2071-2100) under RCP4.5
and RCP8.5, respectively.

Under both RCP4.5 and RCP8.5, the total precipitation is expected to increase
by 6% (the ensemble mean within Ukraine) in the near future (2021-2050) and by 9%
and 11%, respectively, in the distant future (2071-2100) as compared to the period
of 1981-2010. However, the model spread shows that a slight decrease in precipita-
tion is also possible. Moreover, the precipitation is likely to decrease in the summers
in the southern and eastern parts of Ukraine, enhancing the risks to agriculture and
fresh-water supplies.

The initial version of Climate Change Viewer was focused on a scalable and
user-friendly design for visualizing climate variables and their related indicators
in time and space. The platform can be expanded to include meteorological, hydro-
logical, hydrochemical, agrometeorological, and agricultural variables. By bridging
the gap between global data sets and local decision-making needs, the viewer of-
fers a practical low-cost example of how open-source tools can provide high-impact
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climate services in resource-constrained contexts. Its regional granularity, intuitive
interface, and accessibility make it especially valuable for supporting adaptation
planning across Ukraine’s administrative and hydrological units.
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