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Abstract. Drought is recognized as one of the most complex natural
hazards that have a large negative impact on society, economic sectors and
the environment. Drought events affect freshwater resources and can
become a great threat to urban water supply systems. According to climate
change projections with an increase of air temperature and duration of dry
periods, cities may experience a serious water shortage in the future that
can limit sustainable urban development. Water-related consequences in
urban areas can concern various socio-economic sectors as well as urban
ecosystems. This paper focuses on drought in urban areas as an event of
below-average natural water availability that can result in difficulties in
meeting the water needs of socio-economic sectors and ecosystems
particularly vulnerable to drought. Drought vulnerable sectors were
identified within the local context of the City of Wroclaw area. Long-term
analyses of meteorological and hydrological indicators were performed in
order to estimate the drought hazard in Wroctaw. A combination of water
shortage hazard and the vulnerability of water users were the basis to
assess local drought risks. Reducing the drought risk requires coherent
actions from both city and water managers. The paper presents a set of
recommendable measures to avoid potential water shortages and to cope
with impacts of drought in the Wroclaw area.

1 Introduction

The agglomeration of people, assets and economic activity make cities particularly
vulnerable to natural hazards. An increase of both a city’s population and urban areas
results in an increased demand for products and services with greater water footprints.
Observed and projected changes in a climate are likely to impact water resources [1]. The
sustainable growth of cities depends on reliable water supply systems that are able to meet
water demands and are robust enough to cope with drought [2]. Drought is defined as a
sustained and regionally extensive occurrence of below average natural water availability
[3] resulting from a range of phenomena which starts from precipitation deficit propagating
over time and affecting the successive components of a hydrological cycle [4]. A lack of
precipitation which lasts for a longer period of time can lead to the first phase of drought -
meteorological drought. A further shortage of precipitation leads to water deficit which
causes soil drought and finally groundwater recharge reduction evolves into a hydrological
drought. This phase causes a decrease in groundwater heads, groundwater discharges as
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well as streamflow decline [5, 6]. The impacts of a drought differ between different city
sectors and the drought phase. Drought formation is usually associated with high air
temperature, low relative humidity and greater sunshine. In combination with excessive
heating driven by urban development, drought periods can intensify and promote the
formation of unfavourable urban climates that become a threat for human health and
services for urban dwellers. Drought persistence is likely to alter water availability and
trigger water resources scarcity. In cities the scarcity of water resources can also be
associated with poor water management caused by the systematic growth of impervious
area that increases the surface runoff and reduces water storage in soils. Droughts in urban
areas represent situations that require action from water managers to avoid a potential water
shortage or to manage the current one [2]. For effective drought management it is
advocated to apply a risk approach based on drought hazard estimation and drought
consequences in order to identify and apply measures to counteract drought and drought
related consequences through preparation, response/recovery and adaptation planning.
Drought mitigation relies on an effective water management system with special emphasis
on rainwater collection, storage and treatment. To mitigate the impacts of drought related
thermal factors (heat waves) it is tactical to ensure a sustainable city design that guarantees
a percentage of surface that is permeable and biologically active, and protect ecological
corridors and secure aeration wedges airing and cooling the city.

The purpose of this study is to assess the risks associated with drought formation,
evolution and persistence in the city of Wroctaw for the urban population, environment and
economy sectors based on a multi-risk approach. An analysis of long-term meteorological
and hydrological parameters was performed in order to estimate drought hazards. The main
socio-economic sectors and urban ecosystems were examined in terms of their
vulnerabilities to drought and drought related hazard. Estimated risk levels were used to
identify a set of measures to avoid a potential water shortage and cope with the impacts of
drought including educational, organizational and technical solutions.

2 Materials and methods

2.1 Study Area and Database

Wroctaw is located in the south-west part of Poland. With an area of 293 km? and a
population close to 640 000 inhabitants (in 2017 according to the Statistical Office in
Wroclaw) it is one of the largest Polish cities. The geographical location of Wroctaw in the
temperate climate zone with oceanic and continental influences causes a large variability of
weather conditions. The city area is cut by the Oder River and its tributaries and an
extensive system of drainage and irrigation ditches.

A primary water source for Wroctaw comes from surface water. Resources are secured
by two retention and flood prevention reservoirs on the Nysa Klodzka River (an Oder
tributary): the Nysa reservoir and the Otmuchow reservoir. The size of the Nysa reservoir
covers the entire current-use requirement of the Wroctaw water company (24.15 million
m?) with a 92-day reserve. Surface water from the Olawa River is the direct resource for
one of water treatment plants in Wroctaw. Some water is taken to irrigate the 1026 ha water
bearing area along the left bank of the Otawa, where it undergoes natural ground filtration
and is the infiltration water source for the second water treatment plant.

Analyses of drought and drought related conditions were carried out on the basis of
measurements from the meteorological station Wroctaw-Strachowice and 5 water gauge
stations operated by the Institute of Meteorology and Water Management-National
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Research Institute IMGW-PIB). Climatological and hydrological investigations were based
on daily data recorded within the period of 1981-2015.

2.2 Identification of key urban components

Many city components are likely to suffer from drought and drought related hazards. The
vulnerability of a particular city component is a measure of consequences of the analysed
natural hazard for this component and the ability to cope with its impacts. Social, economic
and environmental sectors of the city of Wroclaw were analysed in terms of their individual
vulnerabilities to different drought phases. A set of key urban components were identified
while analysing the city master plans, strategies, regulations and policies as well as
consequences of historical drought events together with press and literature reports. The
drought and drought related consequences for the respective city components are
summarised below.

High air temperatures, together with intense solar radiation, cause strong human thermal
stress, overloading the cardiovascular system, respiratory system and disorders of the
body's thermal management. In the case of prolonged heat waves, mortality associated with
cardiovascular and respiratory diseases increases, and the number of accidents on roads and
in the workplace rises as well [7, 8, 9, 10]. These effects are particularly felt by people
living in the central districts of the city (due to building density, the high proportion of
impermeable surfaces, poor ventilation and the urban heat islands effect). Rainless periods
cause an increase in the concentration of allergens and dustiness in the air and lead to
worsening symptoms of allergies and respiratory diseases. The most vulnerable group are
small children, the elderly people and chronically ill persons.

Increases in air temperature are likely to raise the energy demand caused by air
conditioning. It may reduce the efficiency of power production from fossil fuels, biofuels,
hydropower and some solar power systems as they often require sustainable supplies of
water for cooling. Issues related to restrictions on the temperature of cooling water returned
to water bodies, also pose challenges to production from power plants.

Drought conditions are likely to impact the city water supply system by affecting the
quality and quantity of the raw material introduced into the system. High temperatures
increase the amount of bacteria in the network and reservoirs, causing the need to intensify
water disinfection methods. Long-lasting dry periods, lead to increased water demand,
including the irrigation of home gardens, and pose a threat related to the reduction of water
pressure in taps in peripheral housing estates. In sewage and wastewater management, high
temperature contributes to the increase of odor nuisance at sewage management facilities.

In the case of road and public urban transport, high temperatures may contribute to the
increase of the susceptibility of bituminous surfaces to the impact of vehicles and,
consequently, the need to limit the movement of heavy vehicles. There is a risk of
overheating of vehicle engines and other technical devices. Heat waves reduce the comfort
of journeys. In the rail subsystem, high temperatures may additionally cause overheating of
railways and rail infrastructure causing speed limits as well as interruptions in power supply
in traction due to possible overloading of power grids.

Low flows and hydrological droughts are a big threat to industry as the availability of
water is crucial for many technological and cooling processes. Water scarcity can limit
industrial production including crucial branches for Wroclaw: the electrotechnical industry,
the car industry, the pharmaceutical industry, the biotechnology industry and the food
industry. Low flows and hydrological droughts also limit open water related recreational
activities like sailing, fishing, swimming. Drought impacts the city’s green areas with the
increased water stress and endangers water sensitive plants and animal species.
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2.3 Drought and related hazard assessment

Drought and drought related hazard assessments were done with the use of a set of indices
and indicators based on meteorological and hydrological variables. Drought is usually
categorized by the magnitude of deviation from normal conditions. Over the years, various
researchers have proposed different indices to identify onset and characterize and quantify
the attributes of different drought phases [i. e. 11, 12, 13, 14, 15].

The selection of the employed set of indices and indicators was done with reference to
the identified key city components vulnerable to different drought phases. The following
indices were applied to describe extreme events for the city of Wroctaw: Extreme hot days
(EHD) - defines days with the daily maximum temperature higher than the 98™ percentile
of long term observations; Heat waves (HW) - periods of at least three consecutive days
with daily maximum air temperature higher than 30°C [16]; Cooling degree days (CDD) —
represents the accumulated deviation of the air temperature over the days with the
temperature exceeding the assumed threshold value, i.e. 27°C to provide information on the
local cooling energy demand [17]; Long lasting dry spells (LLDS) - defines a series of
consecutive days without precipitation or with daily totals < Imm lasting more than 10
days; Low flow index - represents the period of the river flows below the assumed
threshold value [19, 3, 20]; Standardized Precipitation Index (SPI) [13] is a standardized
value of the totals of precipitation in a given time interval, and was used to identify periods
of meteorological drought (MD); Standardized Runoff Index (SRI) - a standardized value of
the runoff value and was used as an indicator of hydrological drought (HD) [18].

2.4 Multi-risk assessment

To assess the risks related to droughts and its derivative hazards, a multi-risk approach was
used. This approach considers both hazard and vulnerability interactions in order to present
a cause-effect matrix of hazard probability and vulnerability correlations. In the study, a
semi-quantitative analysis was performed to obtain a 5-level classification of the hazard and
vulnerability assessment individually. The hazard probability classification was based on
the analysis of a long-term series presenting variability and trends in patterns of each of the
adopted set of indices and indicators. A trend analysis was supported with investigations of
the projected climate changes from regional climate models according to the RCP 4.5 and
RCP 8.5 concentration pathways for the 2050 time horizon. The classification assigns the
probability of a hazardous event occurrence (P): low (1), occasional (2), medium (3), high
(4), very high (5). Vulnerability classification was done with reference to the observed and
potential consequences of the analysed hazards for the particular city component.
Respective categories of vulnerability described impacts in terms of time and resources
required to return to normal conditions and the size of losses: negligible (1), marginal (2),
serious (3), critical (4), catastrophic (5). A combination of this information indicated
respective risk levels: low (L), medium (M), high (H), very high (V).

3 Results

3.1 Drought hazards estimation

Drought and drought related phenomena hazards were estimated on the basis of the
observed variabilities of the respective indices within the period 1981-2015 as well as
projected climate change scenarios. Due to the observed and projected increase of air
temperature, the highest probability of event occurrence was attributed to the extreme hot
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days, the cooling degree days as well as heat waves. The probabilities of occurrence of long
lasting dry spells, dry spells with a high temperature and meteorological drought as their
consequence were estimated as a high. Low flows and hydrological droughts were assessed
on the level of medium probability of occurrence (Tab. 1).

Table 1. Drought and related hazards assessment.

observed frequency . Lo
h h P
azards and trend climate change projections
EHD several times a year; intensity may become critical over the 5
rising next few years
cDD over a dozen days a intensity may become critical over the 5
year; rising next few years
HY several times a year; intensity or frequency may become 5
rising critical over the next few years
.. intensity may become critical over the
LLDS once a year; rising Y may v 4
next ten years
every 4-8 years; no intensity or frequency may become
LF o 3
trend critical over the next decades
every 2-3 years; no intensity or frequency may become
MD .. 4
trend critical over the next ten years
every 4-8 years; no intensity or frequency may become
HD o 3
trend critical over the next decades

3.2 Vulnerabilities of city components

Vulnerability represents the propensity or predisposition of a community, system, or asset
to be adversely affected by a certain hazard. City key component vulnerabilities were
quantified according to the adopted vulnerability scale while analysing reported in different
mass media losses and consequences, expert judgments of the City Council members and
stakeholders representing different city sectors. In the City of Wroclaw the highest
vulnerability values due to drought and drought related hazards were assigned to water
supply, energy, industry, transportation, green areas, and a sensitive population (Fig. 1).
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Fig. 1. Estimated vulerability levels for the analysed city components for extreme hot days, cooling
degree days, heat waves and meteorological drought the hazards (upperm panel) and for long term dry
spells, dry spells with a high temperature, low flows and hydrological drought hazards (lower panel).

3.4 Drought risk assessment and mitigation measures

The resulting matrix presents the main hotspots that require appropriate measures to
mitigate the effect of drought and drought related phenomena in the City of Wroclaw area
(Table 2). The highest risk values were attributed to the events of a very high probability of
occurrence and catastrophic or critical consequences i.e. the impact of high temperatures on
a sensitive population, energy and transport. High risks due to hydrological drought were
found for water supply, energy and industry as well as for green areas. Risk levels
correspond to the need to undertake the appropriate actions to mitigate potential drought

consequences.

Table 2. Risk assessment matrix.
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Green areas H H H M H M H
Industry H H H|M H M H
Population H H H|M H M| M
Sensitive population A% A% V| M H M| M
Healthcare infrastructure M H HI M| M L M

An analysis of the resulting matrix indicated that for the City of Wroclaw area it is
recommendable to develop and implement measures supportive to water management and
town planning that concentrates on: i) development of the system of information on drought
and related phenomena hazards, ii) improve outdoor human thermal comfort in city area,
iii) managing energy system reliability and peak demand, iv) upgrading water supply safety
and v) development of a system of green-blue infrastructure.

4 Discussion

According to the high impact scenario, most European cities will suffer from the increase of
both drought and river flood risks. Guerreiro et al. [21] revealed an increase in the number
of days and heat wave duration and the maximum heat wave temperature for all
S71analysed European cities with the highest increase for the cities of Central Europe. In
Poland observed and projected future climate change, are mainly expressed in a significant
increase in air temperature and changes in the structure of precipitation [22, 23].
Projections of SPI values for Poland indicate a decrease of dryness intensity during the
winter months and an increase in the summer period within the 21% century [24]. These
factors may have an explicate effect on water resources while even now the availability of
surface water resources is relatively low. At the same time, surface water resources are one
of the main water supply sources for many urban areas. Therefore changes in climate may
have a range of interrelated short- and long-term consequences for cities (i.e. human health,
economic activities, social systems), depending on city preparedness and resilience.
Climate changes may also affect cities indirectly by reduced agricultural production and
disturbed food security as well as a reduced snowpack accumulation limiting river network
reinforcement [25]. The recommended method for drought mitigation is an approach based
on risk management [26, 27, 2]. According to this approach, the applied measures focus on
supressing the probability of hazard occurrence and reducing its consequences. It can be
achieved through a systematic approach comprising sustainable urban planning and water
management [28]. For the City of Wroclaw the most vital activities included measures to
protect the sensitive population against high temperatures, improve urban water budget, and
ensure water and energy supply during peak demands.
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