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“The environment is always a casualty of war. Always. Regardless of how
wars begin or end. And when the environment is a casualty of war, people
suffer long after the conflict has ended.”

Inger Andersen, UNEP Executive Director
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Key messages

The breach of the Kakhovka dam in June 2023 is a far-reaching environmental disaster that goes beyond
Ukraine’s borders; the magnitude of which might not be clear for years or even decades to come. Hundreds
of square kilometres were flooded, and thousands of square kilometres of reservoir and wetlands were
desiccated.

While the flooding downstream caused considerable environmental loss and damage, the situation
upstream of the dam is even more significant. The desiccation of the emptied Kakhovka reservoir has
rapidly transformed a mature and fully functioning aquatic ecosystem, existing since the dam's completion
around 70 years ago, into a riverine type of ecosystem in an initial stage of development. Much of the
damage in and around the Kakhovka water reservoir is highly likely to be irreversible, with some protected
areas located within the reservoir highly probable to have been entirely damaged.

Downstream, the immense high-velocity flood caused losses in natural habitats, plant communities and
species by washing away specimens, inundating habitats and depositing debris and sediments. The
event led to the release of chemical pollutants, including machine oil and liquid fertiliser, as a significant
number of sites storing chemicals were located in the flood zone. This could negatively impact fauna and
flora as well as residents in the affected area.

The fact that the disaster unfolded on the frontline of the war aggravates the environmental impacts
because detailed assessment, response and remediation is impossible to date due to active military
combat and the presence of mines and unexploded ordnances. Without safe access, the full environmental
consequences will remain unknown, but are likely to continue to worsen. While the lack of access and data
makes the development of detailed recommendations challenging, some actions stand out as critical to
start as soon as possible:



Coordination between all actors involved in conducting assessments of the various and wide-reaching
consequences of the Kakhovka breach is critical and must be under the leadership of the national and
regional authorities. The sharing of information and data between actors should be encouraged and
coupled with coherent and joint communication and advocacy on priorities. Planning and implementation
of assessments and associated action plans for remediation shall be done in consultation with relevant
stakeholders and with inclusive and effective public participation.

Even though affected protected areas remain inaccessible, national working groups or thematic task
forces need to be established. These groups should commence desk studies on groups of natural habitats
and species to facilitate the collection of baseline data on ecosystems, habitats and species of the affected
region—particularly within protected areas. Capacity building for these groups should be supported and
cooperation initiated and/or continued with relevant national, regional and international entities.

As soon as the security conditions allow, inspections, field inventories and assessments in all affected
protected areas should be undertaken to build upon baseline data collected through working groups
and task forces. Field assessments are critical for inventory of plant communities and species and should
focus specifically on red-listed species, allowing a more complete understanding of the event's impact on
biodiversity.

In the medium- and long-term, programs, action plans and remediation measures should be developed
and implemented for damaged habitats and species. This may also include the adjustment, modifications
or revisions of protected area management plans. Where possible, short-term remediation measures
should be undertaken. For instance, in the depleted Kakhovka reservoir, it is recommended to protect and
stabilise the soil through fast growing, non-invasive vegetation such as grass species, reeds or bulrushes.

Downstream, identified locations of chemical storages, or ‘hotspot sites’, should be prioritised for
on-site investigations. Soil sampling sensitive areas, e.qg. playgrounds and agricultural gardens as well as
hotspots, should be undertaken as a priority. Overall, the assessment and sampling programme should
support a targeted remediation programme, with a clear focus on major threats and a sound prioritisation
of action.

In flooded areas, a disaster waste management strategy needs to be developed, new dump sites
established and existing ones rehabilitated. Waste management activities should be supported, including
through provision of equipment for collection and sorting of waste. Temporary storage areas for waste
should be arranged and the planning of options for the disposal of chemical waste be initiated, with the
establishment of a mobile thermal waste disposal plant.

With the reconstruction of the Kakhovka dam a priority for the Ukrainian government, green solutions
and the use of nature-based solutions should be assessed and promoted for a sustainable recovery.
The upcoming update of the Dnipro River basin management plan should also take new realities and
recommendations into account. River basin management planning tools can serve as instruments for
overcoming the consequences of the Kakhovka Dam breach and form a base for recovery planning and
resource mobilization.

External financial and technical support is urgent and indispensable for the planning and implementation
of remediation and restoration actions needed in the region affected by the Kakhovka environmental
disaster. Additional support to environmental monitoring should be provided, linking to existing national
infrastructure, and building on existing projects. The Post-Disaster Needs Assessment for the Kakhovka
dam also forms a useful base for the identification of required funding.
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Executive Summary

The United Nations Environment Programme (UNEP) has the mandate of assisting countries, upon request,
with pollution mitigation and control in areas affected by armed conflict and war. In addition, Member states
adopted UNEA Resolution 3/7 to “work with national authorities and international organisations in the early
identification of conflict pollution” and to “undertake field-based and post-crisis environmental assessment
and recovery” in affected areas. UNEP has provided support to the Government of Ukraine in monitoring the
environmental impacts of the war and has had a presence in-country since March 2023.

The Kakhovka hydroelectric dam, situated on the Dnipro River in Ukraine’s Kherson Oblast, was breached in
the early hours of 6 June 2023 causing extensive flooding. The Ministry of Environment Protection and Natural
Resources (MEPNR) of Ukraine subsequently requested the support of UNEP to assess the environmental
consequences of the breach. Through activation of its emergency response network, including through the
UNEP/Office for Coordination of Humanitarian Affairs (OCHA) Joint Environment Unit (JEU), UNEP assembled
a core assessment team consisting of 22 experts representing 13 institutions.

The disaster unfolded on the frontline of the war, making the work of response and assessment teams
extremely difficult, with the south bank of the Kakhovka reservoir and downstream river inaccessible to date
(August 2023). It was thus agreed that the UNEP assessment would be conducted remotely, with only part of
the team present in Kyiv. The assessment was based on data provided by the Government of Ukraine and other
national and international institutions (including civil society actors), on analysis of satellite imagery and remote
sensing, consultations with key actors and expert judgement. The lack of first-hand data and access to affected
territories, made it hard to confidently assess or predict the environmental impacts of the breach. Yet, efforts
were made to characterise findings in terms of likelihood where some areas, such as the detailed impacts on
biodiversity and species, were purposefully left out of the scope of the analysis. Throughout the assessment,
accessing the baseline data collected by different actors and institutions proved cumbersome, and the lack of
data and coordination between sectors may compromise the achievement of a holistic understanding of the
environmental impacts of the breach.



The assessment focused on key environmental impacts of the dam breach, namely: 1) hydrological and
geomorphic impacts, including sediment mobilisation; 2) chemical contamination; 3) disaster waste; and 4)
ecology, including protected areas.

As a result of the breach, hundreds of square kilometres were flooded, and thousands of square kilometres of
reservoir and wetlands were desiccated. While the event is one of a larger series of environmental damages
caused by the war in Ukraine, it stands out in terms of scale and devastation. The dam breach impacts areas
well beyond the boundaries of the affected five administrative regions, considerably affecting the coherence
and ecological connectivity of the Pan-European Ecological Network (PEEN).

While the flooding downstream gained significant attention, from an environmental perspective, the situation
upstream of the dam is even more significant. The desiccation of the emptied Kakhovka reservoir has rapidly
transformed a mature and fully functioning aquatic ecosystem, existing since the dam'’s completion around
70 years ago, into a riverine type of ecosystem in an initial stage of development. Much of the damage in and
around the Kakhovka reservoir is highly likely to be irreversible. Some of the protected areas located within the
reservoir, like the Velykyi Luh National Nature Park, consist entirely of either water or vegetation fully dependent
on water conditions, making it highly probable that they were entirely damaged. Groundwater levels in the
region are already falling and leading to subsidence, as to be expected with the disappearance of a large body
of water. The damage to ecosystems will have substantial and potentially permanent impacts on the region,
dependent on the reservoir for drinking water and irrigation. As the burden of climate change increases, the
region may be further impacted.

Downstream, the immense high-velocity flood caused losses in natural habitats, plant communities and species
by washing away specimens, inundating habitats and depositing debris and sediments. Around 12,000 hectares
of forest were flooded. However, there is expectation that these ecosystems, species and habitats may adapt.
The sediment deposits in the lowermost Dnipro River and delta were not major but still need to be investigated,
as the silt may contain increased levels of heavy metals, hydrocarbons, pesticides, fertilisers, nutrients and
other pollutants. Vulnerable populations, such as women and children, are expected to face additional risks and
health effects linked to chemicals exposure.

The event led to a confirmed release of chemical pollutants, including machine oil and liquid fertiliser, and
a significant number of sites where releases of chemicals may have occurred are located in the flood zone.
Even focusing only on large structures potentially containing significant amounts of chemicals, has led to the
identification of 54 facilities that should be considered pollution hotspots.

The large discharge of river water has temporarily affected certain areas of the Black Sea, but given the area has
always received freshwater intake the impact is unlikely to be consequential. However, there may be implications
for the ecology in the Dnipro delta which has become accustomed to higher levels of salinity. Sediment delivery
from the coastal flood water plume may reshape coastal morphology along the north-eastern Black Sea for
some months or years, especially by potential deposition of fine-grained sediment. This could in turn affect
transportation and economic uses of the coastal regions.

The frontline of the war cuts through territories affected by the breach, with mines, shelling and military combat
hindering access and making detailed assessments dangerous, if not impossible. In certain areas, significant
hazards originate from ammunition, explosive chemicals, radioactive contamination, landmines, unexploded
ordnances (UXOs) and other military equipment.

The report provides recommendations for immediate action to address the impacts of the breach. These relate
to the need for further coordination between actors on environmental assessments, under the leadership of
the national and regional authorities, where the sharing of information and data between actors should be
encouraged. Coherent communication and advocacy on the effects of the breach is important and should be
used to advocate for critically needed funding for assessments, remediation and recovery actions. Additional
support to environmental monitoring should be provided, linking to existing national infrastructure and building
on existing projects.

Xii



xiii

It is recommended that national working groups or thematic task forces be established immediately and
coordinate on the collection of baseline data on affected species and habitats, preparing the ground for on-site
assessments. These groups should involve relevant expertise and authorities.

Capacity building for these groups should be supported and cooperation initiated and/or continued with
relevant foreign state agencies, scientific and research institutions and individual experts. As soon as the
security conditions allow, inspections, field inventories and assessments in all affected protected areas should
be undertaken, which is critical for inventory of plant communities and species, with a special focus on red-
listed species. In the depleted Kakhovka reservoir, it is recommended to protect and stabilise the soil through
fast growing, non-invasive vegetation such as grass species, reeds or bulrushes.

When it comes to potential pollution caused by release of chemical substances, identified locations of chemical
storages, or so-called hotspot sites, should be prioritised for on-site investigations as soon as the situation
allows. Soil sampling sensitive areas, e.g. playgrounds and agricultural gardens as well as hotspots, should
be undertaken as a priority. Overall, the assessment and sampling programme should support a targeted
remediation programme, with a clear focus on major threats and a sound prioritisation of action. Identifying the
location of landmines and UXOs is a priority in post-disaster clean-up efforts.

The total amount of disaster waste is bound to reach at least two million m?, with the majority generated on
the southern side of the river. Therefore, a disaster waste management strategy needs to be developed, new
dump sites established and existing ones rehabilitated. Temporary storage areas for waste should be arranged
and the planning of options for the disposal of chemical waste be initiated, with the establishment of a mobile
thermal waste disposal plant.

When it comes to the outlook of the affected region, it is unfortunately fully dependent on the progression of the
war. While a quick reconstruction of the dam could stabilise water levels and prevent colonisation of the lakebed,
it is not clear when this can be initiated. Approaches suggesting that a smaller reservoir may bring benefits to
nature by more closely simulating a riverine environment should be considered. With the reconstruction of the
Kakhovka dam a priority for the Ukrainian government, green solutions and the use of nature-based solutions
should be assessed and promoted for a sustainable recovery. The upcoming update of the Dnipro River basin
management plan should also take new realities and recommendations into account and to serve as a recovery
instrument for overcoming the consequences of the Kakhovka Dam breach.

External financial and technical support is urgent and indispensable for the planning and implementation
of remediation and restoration actions that should be undertaken in the region affected by the Kakhovka
environmental disaster. The Post-Disaster Needs Assessment also forms a useful base for the identification of
required funding.

Without reservation the assessment concludes that the Kakhovka dam breach is a far-reaching environmental
disaster; the scale of which might not be clear for years or even decades to come. The sooner access to,
assessment of and remediation action in affected areas can start, the better. Without this, the environmental
consequences will continue to worsen.
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Introduction

This report contains a preliminary analysis of the environmental impacts of the Kakhovka dam breach, which
occurred in the early hours of 6 June 2023. It explores the environmental impacts of the breach through
highlighting both potential impacts (those yet to be established) and measurable or observable changes. A
detailed estimation of the full impacts on irrigation, drinking water and supply of water to industry, including the
Zaporizhzhia Nuclear Power Plant (ZNPP), and associated human health impacts, fall outside the scope of this
rapid assessment but pose a substantial concern.

The data used for the report has informed the Post-Disaster Needs Assessment (PDNA) conducted by the
United Nations (UN) in Ukraine in partnership with the European Union (EU), the Government of Ukraine and the
Kyiv School of Economics (KSE). Certain aspects have deliberately been left out of the scope of the report, even
though they could be considered to fall into the topic of environment, such as the loss of cooling water for the
ZNPP. Please refer to section 2.5 for details on the report scope.

The breach of the dam represents an environmental disaster of a massive scale, whose full extent and
implications will only be clear in years or even decades to come. However, it is clear that it is a continuation of
a wider suite of damage and environmental devastation caused by the ongoing war in Ukraine. Within each area
of environmental impact, be it chemical contamination, military waste or impacts on biodiversity, the war has
caused terrible damage. It will take several assessments, difficult prioritisation and significant funding to even
begin to address the full scale of environmental impacts within all parts of the affected territory.

It is within this context that this report was written - an unfolding war where multiple incidents and activities
are causing continuous, complex and serious damage to the environment, and where many effects may be
overlooked or not addressed.




Context



2.1. History and characteristics of the Kakhovka dam

Built between 1950 and 1956, the Kakhovka dam and hydroelectric power station was the second largest, and
southernmost, of the Dnipro cascade of six hydroelectric dams (Figure 1).

Located 12 kilometres (km) southwest of Kakhovka, the dam complex stood at a height of 30 metres (m), was
3.84 km in length and was traversed by both a highway and a railway line (Encyclopaedia of Ukraine 1988). The
Kakhovka dam'’s construction necessitated significant investment and the relocation of approximately 50,000
people. Combined, the Dnipro cascade of dams provided water supply for domestic, industry and irrigation
purposes in more than half of Ukraine’s territory — approximately 35 million people, including the low-water
regions of Donbas, Kryvyi Rih, the south of the country and, until 2014, Crimea (Scherbak 2019).

Kyiv HPP

Kaniv HPP

Kremenchuk HPP

Kamianske HPP

Dnipro HPP

Kakhovka HPP

Figure 1. Cascade of six hydroelectric dams on Dnipro River (Source: Dutch Disaster Risk Reduction and Surge
Support Programme 2023) Note: NRL stands for normal retaining level in metres, HPP stands for hydropower plant.

The Kakhovka dam held back the waters of the expansive Kakhovka reservoir that served a number of
functions: supplying hydroelectric stations, industrial plants, flood protection, freshwater-fish farms, recreation,
the Krasnoznamianka and Kakhovka Irrigation Systems and both the Dnipro-Kryvyi Rih and the North Crimean

Canals. Additionally, the reservoir created a deep-water route, allowing sea ships to sail up the Dnipro River
(Encyclopaedia of Ukraine 1988; Scherbak 2019).

The Kakhovka reservoir's flows were regulated seasonally and annually, with a normal retaining level set to 16
m. Restrictions on the reservoir's usage mandated that levels were not to fall below 14 m for ship navigability,
and 15.2 m for gravity intake into the North Crimean Canal (Scherbak 2019).




Being the last in a series of reservoirs along the Dnipro River, the Kakhovka reservoir is the receiver of pollution
from upstream sources as well as from tributaries and runoff. The Dnipro River and Kakhovka reservoir is
subject to eutrophication from nutrients stemming from municipal and agro-industrial facilities as well as
pollution from heavy industry including oil refining, metallurgy, petrochemistry and ore mining (Vasenko 1998).
Bottom sediments have the ability to take up and retain toxic compounds present in the water (Vasenko 1998),
and studies have indicated broad spectrum contamination of sediments in the reservoir, with a diverse range of
organochlorines, hydrocarbons and metals present, as well as cesium-137 and cesium-134 in sediment layers
corresponding to the period of the Chernobyl accident (Lockhart et. al 1998).

Downstream from the Kakhovka dam is the Dnipro-Boh estuary region, which is the largest estuarine ecosystem
in southern Ukraine. It includes the combined estuary and coastal areas of two rivers — the Dnipro and the
Southern Boh. Detailed information on the lower Dnipro hydrological regime can be found in Annex Il.

2.2. War in Ukraine

Since the Russian Federation invaded Ukraine on 24 February 2022, the country has experienced considerable
environmental destruction. Attacks on infrastructure and industry have resulted in pollution to air, water and
land; waste infrastructure has been overwhelmed; debris and hazardous waste created; agricultural lands and
forests burned, damaged and nature degraded (Niewiadomski 2022; United Nations Environment Programme
[UNEP] 2022).

Between February 2022 and May 2023, the Ecodozor platform (Ecodozor 2023), created by ZOI and the
Conflict and Environment Observatory (CEOBS) with support from UNEP and the Organization for Security and
Co-operation in Europe (OSCE), has recorded more than 1,800 incidents of war damage, as well as disrupted
or stalled operations of infrastructure and industry, and 917 facilities across Ukraine that may have caused
environmental damage. The tracking of environmental damage caused by the war is also conducted by the
Government of Ukraine (the Operational Headquarters at the State Environmental Inspectorate of Ukraine) as
well as other entities. Sites that have experienced damage include heavy industry such as metallurgy, mining,
chemical plants, machine building and construction; power generation facilities; food and agriculture; resources
supply; and other types of environmentally sensitive facilities.

With hostilities ongoing, remote assessments and use of satellite data has become critical in assessing the
damage, prior to verification from field and site assessment work, and to establish the character, magnitude
and significance of conflict-related environmental impacts and remediation requirements. It is recognized that
Ukraine and the wider region is at risk of being burdened with a toxic legacy long after the conflict ends (UNEP
2022).

The environmental pollution caused by the conflict, for instance as a result of infrastructure damage, present
differentiated risks to women, men and children in general and to women at the reproductive age and pregnant
women in particular (UNEP 2022). The war has also exacerbated the risk of gender-based violence and brought
new challenges for women and men, such as reinforcing traditional gender norms and increasing the risk of
economic abuse (UNDP 2023).

The Kakhovka dam has been under the control of Russian Federation forces since February 2022, which is
when they restarted the water supply to Crimea that had closed in 2014 (Osborn 2023). In November 2022, the
dam'’s sluice gates were opened resulting in the reservoir being drained to its lowest level in 30 years (14 m),
compared to the average annual level of 15.8 m (Scherbak 2019). This caused public concern over the role of
the reservoir water in cooling the ZNPP (Brumfiel 2023; Hydroweb 2023). From February 2023, water levels in
the reservoir began to rise again (Hydroweb 2023). Alleviated concern was short lived as it became apparent
that flow through the dam was not being adjusted to the Dnipro River's seasonal flow. Immediately before the
breach, the reservoir had reached its highest level in 30 years (17.5 m), causing water to spill over the top of the
dam (Harman and Bigg 2023; Hinnant and Stepanenko 2023; Hydroweb 2023).



https://ecodozor.org/index.php?lang=en
https://www.unep.org/resources/report/environmental-impact-conflict-ukraine-preliminary-review
https://www.unep.org/resources/report/environmental-impact-conflict-ukraine-preliminary-review

2.3. Kakhovka dam breach

The Kakhovka dam breach was caused by an explosion at the dam on 6 June 2023, at around 03:00, which
destabilised the massive concrete structure and caused a collapse of the wall, mainly along the spillways
next to the Kakhovka hydroelectric plant, which was also destroyed. The volume of water released has been
estimated to be some 30,000 m?3/sec immediately at the beginning of the breach (DHI A/S 2022), compared to
a mean daily run-off of 2,600 m? (UK Centre for Ecology & Hydrology [UK CEH] 2023), indicating a high volume
of water flow and associated force. The dam-break wave after its release was discharged into the water body of
the Dnipro River body adjacent to the dam. This probably reduced the hydro-mechanic power of the flood wave,
causing a fast but not torrential rise of the water levels as the flood peak magnitude attenuated downstream
along the Dnipro River. Within six hours the rising water reached the eastern fringes of Kherson city, with a
velocity of the deluge estimated to have been around 15 kilometres per hour (km/h).

Theincidentledtodevastating floodingdownstream, causing awide-ranging evacuation and severe humanitarian,
economic and environmental impact. Up to 4,000 people were displaced as a result of the flooding, and while
the official number of deaths is yet to be confirmed (UN OCHA 2023), estimations from the Ukrainian Interior
Ministry (Svoboda 2023) stand at 31 people killed in areas controlled by Ukraine, with unconfirmed accounts
indicating 53 people killed in areas controlled by the Russian Federation (TASS 2023). The gradual increase of
the water level is reflected in the relatively low number of casualties due to the flooding itself, and probably also
thanks to the general alertness of the Ukrainian authorities and communities.

Accordingtothe Ukrainian Government, nearly 4,400 houses were flooded largely in the Kherson and Mykolaivska
Oblasts in the south of Ukraine. Due to the floodwaters downstream of the dam and the desiccation of the
reservoir, access to clean water emerged as a key humanitarian need (UN OCHA 2023). As of 22 June 2023,
all four main canal networks, including the North Crimean Canal, had become disconnected from the reservoir
(Rivault et al. 2023). In July, it was estimated that the depletion of the Kakhovka reservoir impacted the water
supply for up to one million people. Additionally, supplies of electricity and gas were disrupted (UN OCHA 2023).
The combined negative impact on water and energy supply has gendered implications, for instance, increased
burden of care work for women (UN Women 2022). Throughout the humanitarian response, Ukrainian and
international partners were not able to access the areas beyond the control of Ukraine, on the left/southern side
of the Dnipro River, impacting the assessment of needs and provision of humanitarian assistance.

The Kakhovka dam breach affected five administrative oblasts of Ukraine (Figure 2), namely Dnipropetrovsk,
Zaporizhzhia, Kherson, Mykolaiv and Odesa oblasts. The most extensive northern part of the desiccated
Kakhovka reservoir is shared mainly by Dnipropetrovsk Oblast and Zaporizhzhia Oblast, the narrower southern
part of this reservoir and all inundated areas along the Dnipro River downstream from Kakhovka belong to
Kherson Oblast. Areas along the coastline of the Dnipro-Boh estuary and the Black Sea that mainly suffered
from long-range waterborne pollution (see section 3.3.1) are located in Kherson Oblast, Mykolaiv Oblast
and Odesa Oblast. However, the impact of the dam breach has a much broader spatial scale, well beyond
the boundaries of these five administrative oblasts of Ukraine considerably also affecting the coherence and
ecological connectivity of the Pan-European Ecological Network (PEEN).




Figure 2. Map of Ukraine, March 2014. Annotated with red star to show location of Kakhovka dam
(Source: Map No. 3773 Rev. 6, United Nations)

Due to the elevation of the area immediately downstream of the Kakhovka dam, where a cliff borders the right
side of the river, the flooding mainly affected the left (south-eastern) side of the river and the low-level areas in
the estuary southwest of Kherson. On the right (north-western) side, flooding also occurred mainly along the
riverbed of the Inhulets River, a tributary to the Dnipro River. The Inhulets River runs north-south and enters
the north side of the Dnipro river bank just upstream of Kherson (Figure 5). In addition to affecting nature
reserves and natural land, the deluge impacted developed areas, including residential areas, homes, shops
and roads, which took a harder hit than the agricultural areas surrounding the Dnipro River. According to UK
CEH (2023), 62 per cent of the land inundated by the downstream flood from the Kakhovka dam breach is
classified as herbaceous wetland; 5 per cent is classified as built-up land; cropland is less than 2 per cent (at
approximately 871 hectares (ha). It should be noted that the Ukrainian Government estimated a total of over
2,000 ha of agricultural land to have been affected by flooding (Ukraine Government 2023). Additionally, flooded
horticulture installations may increase the estimates of damage to crops.

Upstream of the dam, the impacted territory is vast, primarily due to the fact that the region relied on the
reservoir for drinking water and irrigation. Before the war, about 5,840 km? of cropland on both sides of the
Dnipro River could potentially be serviced by the irrigation canals, with more than half the area reliant on
irrigation systems. These areas yielded about two million tonnes of grain and oil seeds in 2021, according to the
Ukrainian government (BBC News 2023). Ukrainian authorities have estimated that a million and a half hectares
of agricultural land will not be used to their full potential and that it will take up to seven years to restore the
irrigation (Ukraine, Ministry of Agrarian Policy and Food 2023a).




2.4. UNEP assessment

Following the official request for support from the Ministry of Environment Protection and Natural Resources
(MEPNR), UNEP activated its emergency response network, including through the UNEP/OCHA Joint
Environment Unit (JEU) and assembled a core team consisting of 22 experts representing 13 institutions. The
following entities were involved:

UNEP (six experts)

HKV, mobilised through the Dutch Disaster Risk Reduction and Surge Support Programme (DRRS),
commissioned by the Dutch Government (three experts)

Ministry of Water and Infrastructure Management of the Netherlands (two experts), mobilised through
UCPM

United States Environmental Protection Agency (EPA, two experts)
United States Geological Survey (USGS, two experts)

Federal Ministry for the Environment, Nature Conservation, Nuclear Safety and Consumer Protection of
Germany (one expert), mobilised through UCPM

Food and Agriculture Organization (FAQ, one expert)

Ramsar Convention on Wetlands (one expert)

Swiss Agency for Development and Cooperation (SDC, one expert)
Swedish Civil Contingencies Agency (one expert), mobilised through UCPM
UNEP DHI Slovakia (one expert)

United Nations Development Programme (UNDP, one expert)

Supported by the UNEP Senior Programme Officer based in Kyiv, a small team consisting of three experts
was deployed to Kyiv to coordinate with the governmental counterparts and other on-the-ground partners on
the assessment. Available data and reports from around 20 additional entities were accessed in producing
this report. The assessment coincided with the development of the Post-Disaster Needs Assessment (PDNA)
conducted under the auspices of the United Nations Country Team in Ukraine, the European Union, the
Government of Ukraine and in cooperation with the Kyiv School of Economics. The environment chapter of the
PDNA was coordinated by UNEP and drew on the analysis and findings of this assessment.

2.5. Scope of the environmental assessment

MEPNR officially requested UNEP's support to assess the environmental risks of the dam breach, with a focus
on:

1. hydrological and geomorphic impacts, including sediment mobilization;
2 chemical contamination (of water and soil affected by flood waters);

3. disaster waste; and

4 ecosystem impacts, including protected areas.

The hydrological analysis of the event and resulting deluge forms the basis of estimates of sedimentation
and disaster waste. The section on chemical contamination considers both potential releases from industry,
infrastructure and settlements, as well as the potential contamination of sediments. A detailed understanding
of these elements is vital for an in-depth analysis of the impacts on ecology downstream of the dam. The




assessment focuses on the area both upstream and downstream of the Kakhovka dam. Downstream, the
primary focus is the river and surrounding flooded areas. Despite the Black Sea being around 90 km downstream
of the dam, impacts on the Black Sea from the water pulse and associated sediments have also been considered.
Upstream, the main focus of the assessment is the ecological impacts on the Kakhovka reservoir caused by its
desiccation. The reservoir was 240 km long and up to 23 km wide and had a surface area of 2,155 km? when the
reservoir was full (Encyclopaedia of Ukraine 1988).

Other issues such as water supply and termination of supply to regions surrounding the reservoir are expected
to be substantial, with Ukrainian authorities informing that almost 6,000 km? of agricultural land will remain
without irrigation (UN OCHA 2023). However, these impacts fall within the mandate of other UN agencies,
notably FAO, and are therefore not considered in detail in this report. Similarly, the assessment acknowledges
the critical implications of the draining of the reservoir on the cooling water of the ZNPP, as well as the potential
implications of subsidence due to groundwater reduction on the ZNPP structures, yet does not cover these
elements in the report as they fall within the mandate of the International Atomic Energy Association (IAEA).

This preliminary assessment has made extensive use of other rapid assessments conducted by other agencies
and actors, notably UN agencies, European Commission's Joint Research Centre (JRC) and the UK CEH with HR
Wallingford (HRW). It is hoped that this report will provide a useful entry point for further studies and analysis,
including an assessment that will be conducted by the Secretariat of the Ramsar Convention on Wetlands in
line with Resolution XIV.20 adopted at the Ramsar Convention COP14.

The lack of first-hand data and access to the territories affected by the breach, notably the reservoir area and
the north and south sides of the Dnipro River downstream of Nova Kakhovka, make it hard to confidently assess
or predict the environmental impacts of the breach. Information from media and open sources has been used
where official data was unavailable. Throughout the assessment, accessing the baseline data collected by
different actors and institutions proved cumbersome, and the lack of data and coordination between sectors
may compromise the achievement of a holistic understanding of the environmental impacts of the breach.

The assessment is based on existing data, should be considered indicative and will need verification on the
ground. The authors recognize that key impacts may have been overlooked and recommend that the findings
and conclusions included in this report are reassessed as data becomes available and access to the affected
territories restored. It should be noted that efforts have been made to make use of the recommended UN
terminology and naming of places and locations. Where maps and figures of other entities have been used,
discrepancies may occur.




Findings



3.1. Hydrological impacts

To understand the initial and culmination phases of the flooding, it is necessary to know the detailed topography
of the river valley and floodplains, the initial water level in the reservoir, the exact dimension of the opening in the
dam structure (and its subsequent evolution) and the available water volume. Field measurements of the water
discharge during the event were not performed due to the lack of access to the area. The hydrological impacts
of the event therefore had to be assessed using numerical hydrodynamic models, coupled with verification
through satellite imagery analysis, as that displayed in Figure 3. Several numerical models had been developed
as early as 2022 to simulate the effects of a dam breach, and were used by the authors together with other
assessments to provide information on the effects of the breach. The key models studied by the authors of this
report were:

+ 2D model of the lower Dnipro River from Balabyne to Stanislav, including the reservoir, the dam site and
the Dnipro River downstream of the Kakhovka dam to the Dnipro - Boh estuary, set up in MIKE 21 FM
modelling tool, by DHI in October 2022 and adjusted in June 2023 (DHI A/S 2022).

+ 1D model of the dam breach combined with 2D model of the Dnipro River downstream of the Kakhovka
dam, set up by HR Wallingford (UK CEH 2023)

+ JRC model (Santini et al. 2023)
+ Swedish 2D model, set up in HEC-RAS 2D modelling tool in October 2022 (Wilderang 2022).

This report is mostly based on the results of the DHI model in MIKE 21 FM from October 2022 and adjusted
in June 2023, while the results of other models were used primarily to verify the DHI model results. It should
be noted that any model will include a number of assumptions and estimations, for instance, related to the
bathymetry of the Dnipro River channels and the Kakhovka reservoir. The analysis also built on monitoring
data provided by government agencies, information provided through a number of consultation meetings with
on-the-ground institutions and individuals, as well as expert judgement.

Figure 3: Satellite image shows the Nova Kakhovka dam breached ( Image from Skysat courtesy of © 2023 Planet Labs PBC, available
under a Creative Commons BY-NC 2.0 license at https://www.planet.com/gallery/#!/post/destruction-of-the-kakhovka-dam)




While the DHI model describes the initial and culmination phases of the event well, in reality the water levels
dropped faster than in the model. This can be attributed to the underestimated dimensions of the river channels,
invisible under water in the used digital elevation model and the enlargement of the opening in the destroyed
dam during the breach. The use of more accurate hydraulic conditions evolving during the dam breach would
create more detailed models. The results obtained by the DHI model are detailed below.

3.1.1. Water discharge

The Kakhovka dam breach resulted in an extremely high deluge of water. Prior to its destruction the dam was
filled to an unprecedented high-water level of 17.5 m above sea level (Figure 4), the reason for which is unknown
at this time.

Figure 4. Water level in the reservoir from gauging station from 2016 until 9 June 2023 (Source: Hydroweb 2023)

The peak water discharge at the time of the event was estimated comparing the results of DHI and UK CEH
numerical hydrodynamic models which gives a range of water discharge as follows:
+  Kakhovka dam breach site: 30 000 - 50 000 m?/s
Kherson: 25 000 - 35 000 m3/s
Outflow to Dnipro-Boh estuary: 23 000 - 32 000 m?/s

Comparison with usual floods

Establishing the context of this river's historical range of flow variability is important for understanding likely
ecosystem impacts, because the ecosystem will have become relatively adapted to the flow regime it has
experienced in historical time. Little information is available thus far on the historical flow statistics to evaluate
exactly how the dam-burst flood fits into that pattern (considering both natural, pre-dam and the post-dam
regulated flow history).




The severity of the dam breach event can be illustrated by comparing the peak discharge with discharges of
previous floods. This analysis indicates that the estimated peak discharge at Kakhovka dam corresponded to:

18 to 30 times average discharge (1,680 m3/s)

10times the maximum discharge that occurred at Kakhovka dam between 2000 and 2021 (max. discharge
4,100 m®/s recorded in April 2013) (Ukraine, State Agency of Water Resources 2023)

When comparing the flood to the flow statistics set up for the dam (see Annex II), with the caveat that it is
unclear whether those annual flood probabilities were calculated with respect to only the dammed flow regime,
or also to the natural flow regime, we see that the flood corresponded to:

3to 5times Q1% (100-year flood)
210 3.5times Q 0.1% (1,000-year flood)
1.3 to 2 times Q 0.01% (10,000-year flood)

While this would indicate that the event corresponded to a 10,000-year flood, it should be seen as indicative
only, as it is not clear whether the flow statistics cited by Scherbak (2019) were based on dam-era flows or also
pre-dam (natural) era flows. Yet, from the available hydrological information, the dam-burst flood peak appears
to be larger than any flow in the historical record for this lowermost reach of the river and delta.

It is estimated that the water rose from normal conditions to a devastating magnitude within minutes. In
Kherson the flooding was apparent around 6 to 10 hours after the dam breach and the rise of the water to flood
took several hours.

The flooding duration was approximately 14 days, during which practically the whole volume of the reservoir,
18 km?, passed through the flooded section of Dnipro. This represents between 30 to 50 per cent of the usual
total annual volume of the lower Dnipro water flow. The complete hydrographs of the simulated water discharge
(DHI A/S 2022) are not displayed in this report, as satellite imagery shows that especially the later phases of
the event, with descending water levels, were not correctly simulated by the model. This is due to deviations of
the model from the real dimensions of the river channel bathymetry and the differences in the modelled versus
real opening in the destroyed dam.

3.1.2. Flood extent

The extent of flooding was determined both in terms of metres above common levels (depth) as well as the
spatial extent (area km?). The extent was defined by the topography of the Dnipro River valley and the Dnipro-
Boh estuary (refer to earlier images).

Area affected

The maximum observed water extent occurred between 6 and 9 June 2023 (Figure 5). The flood waters also
raised the water levels of the Dnipro River tributary, the Inhulets, which runs from north to south and enters
the Dnipro just upstream of Kherson as clearly seen in Figure 5. On 9 June, around 620 km? of land within the
analysed area of 19,000 km?appeared to be flooded (United Nations Satellite Office [UNOSAT] 2023a). This
figure was confirmed by MEPNR, which estimated the total flood extent to have reached over 630 km? (Ukraine,
MEPNR 2023). Between 3 and 5 July 2023, UNOSAT observed that the flooded land had reduced to around 40
km? (UNOSAT 2023a).




Figure 5. Satellite imagery analysis of maximum flood extent observed by UNOSAT in the downstream of the Kakhovka dam
(Source: UNOSAT 2023c)

Water depth

In Nova Kakhovka, downstream of the dam, the maximal operational water level is defined as 4.7 m (Scherbak
2019), which was exceeded by more than 6 m at the peak of the flood, corresponding to the calculated estimate
for a 10,000-year flood (P= 0.01 per cent). It should be noted that it is unclear whether this level for a 10,000-
year flood was set looking at historical (pre-dam construction) or post-dam construction levels. According
to information provided by the State Water Resources Agency of Ukraine, the ‘critical water level' at Kherson
gauging station was defined to be 1.5 m. This critical water level was exceeded by more than 4 m (culmination
at 5.37 mon 8 June at 03:00).

The water depth during the culmination of the flood event in most of the floodplain and on the islands in the
upper part of the section between the dam and the Inhulets River (shown as the tributary entering Dnipro River
just upstream of Antonivka in Figure 6) reached between 6 m and 10 m, from the Inhulets River to Kherson 4 m
to 6 m, and from Kherson to estuary 2 m to 4.5 m. The simulated water depth in the flooded area is displayed
in Figure 6.




Figure 6. Water depth in flooded area (Source: DHI A/S 2022)

Flow velocity

An understanding of the flow velocity of the released water is important in order to evaluate the erosion and
sedimentation effects (see section 4.2). The flow velocity was estimated using the DHI model (DHI A/S 2022).
According to the model, in the upper section below the Kakhovka dam to Korsunka village, the flow velocities
in the river channels were two to three m/s. In the section between Lvove and Kherson the flow velocities in the
river channels were one to two m/s and downstream of Kherson the flow velocities in the river channels were
about one m/s.

Flow velocities in floodplains and on islands were in most places between 0.3 and T m/s. The simulated flow
velocities are indicative and based on the uncalibrated model. However, since the model results for flooding
culmination are only 0.26 m below the recorded water level in Kherson, this suggests fairly reliable model
results. The simulated flow velocity in the flooded area is displayed in Figure 7.




Figure 7. Flow velocity in the flooded area (Source: DHI A/S 2022)

Bed shear stress

The bed shear stress indicates the force per unit area exerted by water on the channel as it moves downstream.
Understanding the bed shear stress is important for estimating sediment transport and for the prediction of
fate and transport of environmental contaminants. The bed shear stress in the river channels was estimated
using the DHI model (DHI A/S 2022) and used as inputs to the estimation of sedimentation effects of the breach
(see section 4.2). The bed shear stress varied mostly from 20 to 50 N/m? in the upper section close to the dam
breach and from 5 to 10 N/m?in the lower section from the mouth of the Inhulets River to the delta.

The bed shear stress on floodplains and islands varied mostly from 1-10 N/m? with maximums up to 20 N/m?,
with higher values in the upper part from the Kakhovka dam to the Inhulets River and lower values from the
Inhulets to the Dnipro mouth. The simulated bed shear stress in the flooded area is displayed in Figure 8.




Figure 8. Bed shear stress in the flooded area (Source: DHI A/S 2022)

3.2. Sediment-related and geomorphic impacts

The geomorphic impacts of the dam breach detail the extent to which different layers of the riverbed and river
sides were impacted by the event through erosion and the deposit of sediments. Understanding these effects
is important to determine the potential mobilisation of pollutants from sediments contained in the reservoir and
deposited with the floodwaters. As the grain size of the sediments was not known to the authors of this report,
the above-described hydraulic characteristics (flow velocity and bed shear stress) could not be directly used
for the assessment of sediment transport and analysis of erosion and sedimentation. Instead, the analysis of
available satellite imagery formed the basis of the assessment of sediment-related and geomorphic impacts.

Sediment-related and geomorphic impacts are determined by the combination of flow conditions and sediment
supply (including the grain size of sediment available for entrainment and transport). The flow history that
determines geomorphic effects includes not only the peak magnitude but also the shape of the hydrograph,
including the duration of high flows and the rate at which the flow rose (rapidly in the case of this event). All of
these flow characteristics would ideally be evaluated against historical data in order to better characterise the
dam-burst flood in the context of historically occurring flow patterns. This would include data on the natural and
dam-regulated flow regime in the Dnipro River over the last decades to a century.




3.2.1. Amount of sediments mobilised

The Dnipro watershed terrain produces relatively little sediment, and fluvial sediment loads in the lowermost
hundreds of kilometres of the river would naturally be low (compared to most other major world rivers) because
of the low gradient in this setting. Milliman and Farnsworth (2011) estimated that the Dnipro’s annual watershed
sediment yield is in the order of tens of tons per square kilometre (<30 t/km?/yr.), and that the annual sediment
load entering the Black Sea from the river mouth is around 2.3 Mt/yr. These values account for upstream
dams substantially limiting fluvial sediment export, even though human activities including agriculture will
also elevate sediment yields above natural levels. This annual sediment load is far lower than for other large
continent-draining rivers such as the Orinoco River (210 Mt/yr.) or the Mississippi River (400 Mt/yr.) (Milliman
and Farnsworth 2011).

In view of the low sediment export from the Dnipro River, low sediment yields even upstream (in a low-gradient,
low-sediment-production geography) and the fact that Kakhovka dam was the furthest downstream in a
series of six large dams with no major tributaries entering the mainstem river between the final two dams, the
sediment flux into Kakhovka reservoir was evidently also quite low. The value estimated by an Ukrhydroenergia
official (2023) of 0.5 Mt/yr. is consistent with what could be expected in a dam located furthest downstream in
a series of dams, where most of the sediment entering this cascade is likely to have been trapped in reservoirs
upstream (Scherbak 2019; Ukrhydroenergia Official 2023). Similarly, the amount of sediment accumulated in
the Kakhovka reservoir since its construction is expected to have been very low, and it is unlikely that a well-
developed reservoir sediment delta deposit existed. It is also unlikely that any substantial amount of reservoir
storage capacity had been lost to reservoir sedimentation during the reservoir's active lifespan. An exception to
this would be if the next dam upstream had been operated to flush sediment deliberately at any time in the past,
but presently there is no information indicating this was done.

In view of the above assessment, the amount of sediment available in the reservoir to mobilise and transport
downstream during the dam-breach flood was presumably relatively small. The sediment transported to the
lowermost river and delta (and Black Sea) due to the dam-breach flood was more likely to have been sourced
from erosion of the pre-dam riverbed upstream of the dam, and from the river corridor downstream of the dam
(entrained during the flood flow), than to have been mobilised from a reservoir sediment delta. The geomorphic
appearance of the drained reservoir in recent imagery supports this interpretation, as the satellite images
appear to show fluvial morphology (with meander bends and scroll bars) in the drained reservoir rather than the
appearance of a newly incised reservoir delta responding to rapid, major base-level fall.

The floods washed away soil and sediment sourced from downstream of the dam, adding to what has been
entrained and transported from the reservoir substrate itself. Part of this sediment load has been deposited
within the flooding area, covering the area with a blanket of fine sediment. These deposits may pose a high
risk to the environment, depending on the associated pollutants and their concentration, and is dependent on
pollution sources upstream of the area (see section 3.3.3). Fine sediments are often more contaminated than
coarse sediments because some types of pollution, which bind to the surfaces of sediment particles, are more
concentrated in fine sediment because it has a higher ratio of grain surface area to volume. In areas where
water is caught due to the topography of the land or the drainage is slow there will be a higher risk of severe
contamination — depending on the contamination of the flood water and of the suspended solids and materials
brought along by the deluge.

On the reservoir sedimentation rate, there is a high level of uncertainty. According to the Scherbak (2019)
Environmental Impact Assessment, the Kakhovka reservoir receives an average of 0.5 Mt of sediments annually
from upstream, which is less than in any other reservoir in the cascade. The reservoir itself produced some
22,000 megatonnes of sediment annually, originating from erosion from soils and overland flow, including from
agricultural areas as well as from streambank and channel erosion and other hydrological and geomorphic
processes. The reservoir traps most of the sediments, with less than one per cent discharged at the average
rate of water flow of 1,340 m%/s. In terms of particle size distribution, the mineral component of suspended
solids is dominated by dusty silt soil (Scherbak 2019).




Sediment stability and resistance to erosion depends on several factors, including hydraulic conditions of
the water body, the material density, grain size, content of organic materials, gas volume, consolidation time,
mineralogy, temperature and biological colonisation. Additionally, erosion will depend on bed shear stress
caused by water run-off. Erosion processes would have been highly variable spatially and temporally depending
on localised sediment-flux gradients (and difficult to predict or model with detail in three dimensions).

However, it is likely that erosion of bed sediments did not occur in large quantities except in the immediate
vicinity of the dam structure. Within the zones of increased shear stress connected to the torrential water flow
at the locations of the dam breaches sediment abrasion could have happened. In contrast, it is likely that the
gradual decrease of the water-surface elevation kept sediments largely unaffected in most parts of the reservoir.

This assumption is supported by the shrinking surface of the water body of the reservoir, reflecting the slow
decrease in the rate of water spill from the dam. Starting at a size of 2,000 km? on 16 June (10 days after
the dam breach) it had decreased to 60 per cent of its original size. The reservoir then further diminished by
5 per cent daily until 22 June, slowly exposing more and more of the reservoir bed. On 7 July, the surface of
the remaining water area was reduced to 10 per cent, much of it reflecting what we assume (based on its
morphology) to be the historical course of the Dnipro' (Kuchma 2023).

The possible mobilization and distribution of legacy contamination potentially deposited within the reservoir
is dependent on the mobilization of sediments during the dam breach. For a full discussion on contaminants
in sedeiments, please refer to section 4.3.3. The main sources of sediments mobilised during the dam breach
event are:

1. Reservoir — mostly the area close to the dam, where the high velocity of the water is expected to have
caused erosion and release of sediments close to the dam breach.

2. Breach opening in the dam structure. Another source of eroded sediments (and construction material
debris) is the 'hole’, or opening, in the breached dam, and the areas closely downstream. The final depth of
the ‘hole’ is at the time of writing unknown and will need to be surveyed later. As the reservoir emptied faster
than in the numerical models it is likely that the bottom of the opening is below the original riverbed and
below the concrete foundations of the dam. A large part of the eroded sediments stem from the washed-
away island between the hydroelectric plant and locks. This material can be assumed to be composed of
the original soils excavated from the construction pit of the Kakhovka dam in the 1950s. This material was
probably not highly contaminated.

3. Downstream river section. Parts of the riverbed, banks and islands downstream of the breached dam that
experienced very high flow velocities and high shear stress. Most of these areas are located close to the
dam, but also include areas further downstream. These locations can be reasonably well defined through
analysis of satellite imagery.

4. New erosion — sedimentation processes in the emptied reservoir area. Sediments which are likely to have
been eroded in the 'new river section’ within the emptied reservoir, from banks which are exposed, bare and
until now free of vegetation. Erosion is caused by flow velocities during higher discharges, either natural, or
generated by hydroelectric peaking flow operations. The erosion processes are likely to occur particularly
immediately downstream of the Dniprovska hydroelectric power plant, where the released water does
not contain sufficient amounts of sediments and hence the so-called ‘hungry water' phenomenon exists
(Kondolf 1997) wherein sediment-depleted water released from a dam will begin transporting sediment
entrained from the riverbed immediately downstream of the dam. It can be assumed that a significant part
of these sediments will deposit within the river section in the area of the emptied reservoir. It is expected
that the erosion and sedimentation processes within the new river section of the emptied reservoir will
mitigate gradually over time and a state closer to dynamic equilibrium will occur.

1. By 13 June 2023, a total of 14.4 km?or 72.5 per cent of the water had been lost. This is equal to a third of the volume of Lake Constance, the third
largest lake in middle Europe, measured both by volume and by size.
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A satellite image of the lower Dnipro stretch between Nova Kakhovka and Kherson is provided in Figure 9.
The photo shows the area before the dam breach (upper part of the figure) and after the dam breach event
(lower part of the figure). In the north-eastern part of the lower image, part of the emptied reservoir is visible
immediately upstream of the breached dam. The light brown colour indicates the dried bottom of the reservoir
with exposed sediments without vegetation. The main river channel is also visible in this part. In the middle part
of the lower image another patch of pale brown colour indicates erosion and sedimentation processes below
the breached dam. The white spots are clouds, not relevant for the analyses.

Figure 9. Situation before dam breach (top image on 5 June 2023) and after dam breach (bottom image on 4 July 2023)
(Source: Sentinel-hub EO-Browser3 2023)




Satellite imagery was used to define the likely locations of deposited sediments. Figure 10 shows the land
cover estimation where the light coloured (beige) sediments near the Kakhovka dam are likely to have a larger
grain size (sand). These sediments appear near the breached dam because flow velocities were highest there,
evidently removing finer materials (red in Figure 10). This sediment likely stems from erosion of the main
channel upstream of the dam during the emptying of the reservoir. The darker-coloured sediments (brown/grey
colours) are most probably fine sediments such as silt and clay which were transported in suspension in the
water (pink in Figure 10) and settle in more quiescent flow conditions. These fine sediments are predominant in
the downstream section especially around Kherson and spread over the full inundated extent.
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Figure 10. Land cover classification from Sentinel-2 images (Source: Sentinel-hub EO-Browser3 2023). Note that a difference in colouring
could also result from removal of vegetation due to high flow velocities in the flooded area. The red areas downstream near the delta in
Figure 6 are most probably not sandy deposits but built-up areas. It is hard to distinguish in the spectra what is built up and what is sand.

Figure 10 shows that fine sediments may have spread over 31,000 ha, while coarse sediments are to be found
on 12,000 ha of land. It is estimated that almost all of the fine sediment—the exact amount is still in question—
originates from the reservoir, as there is no other possible source of fine sediment in this area (Gorelick et al.
2023). Fine sediments are mostly deposited in the floodplains (pink in Figure 10).

Satellite imagery was used to analyse the erosion that took place downstream of the reservoir by comparing it
to an image before the dam breach. These locations are mostly found near the Kakhovka dam, its islands and
along the banks of the main channel (Figure 11).
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Figure 11. Constant water and eroded areas after the dam breach just below the dam. The island in the middle has suffered some erosion
(Source: Sentinel-hub EO-Browser3 2023)

Locations with major erosion and sedimentation at the dam breach site and downstream are visible on satellite
images (Figure 12)

Figure 12. Localities with major erosion and sedimentation at the dam breach site and close
downstream, identified on satellite images Sentinel-2 (Source: Sentinel-hub EO-Browser3 2023)




In the absence of a major sediment supply from the reservoir deposit, it is reasonable to expect that new
sediment deposits downstream will be of limited thickness and volume, rather than a widespread massive new
sediment deposition event. The authors of this report did not receive reports of widespread, thick deposition
in the lower river channel or floodplain that would have substantially increased future flood risk due to bed
aggradation. Therefore, the Kakhovka dam destruction does not appear to have a similar geomorphic effect
downstream as other intentional large dam destructions have had, in which major sediment deposition (from
erosion of large reservoir deposits) caused metres of bed aggradation and substantial changes to channel
morphology as described by East et al. (2018) and Ritchie et al. (2018).

Even without major downstream sediment deposition in the lowermost Dnipro River and delta, some sediment
accumulation is expected on localised spatial scales, which may require localised mitigation. As sediment
deposition depends on flux gradients that can be quite variable locally, it is probable that some new bed
aggradation and local sand and mud deposits will form on the downstream side of obstacles in the flow path
and could require clean-up.

Geomorphic effects of the dam-breach flood will include fluvial, coastal and potentially aeolian (wind-shaped)
landforms. From the satellite imagery, it appears that the June 2023 flood inundated areas that were also
inundated either historically (though the assessment did not have records of floods this large in recent decades)
or prehistorically well-before dam construction. That means that the geomorphic impacts are within a range
that this geomorphic system can accommodate, even if the ecosystem had not recently been exposed to, and
forced to adapt to, this extent of flooding.

Satellite imagery taken just before the breach (Figure 13) shows large areas of aeolian landforms on the river-
left (south/east) side of the river corridor, which appear to have been formed over a long period of time by wind
action on a high-sediment-supply landscape, with spatially extensive dunes. Any new sediment deposits in the
lower river and delta will also be subjected to wind-reworking over time, which could create new or enlarged
areas of wind-formed dunes and produce aeolian dust unless or until those deposits become vegetated.

Figure 13: Satellite image of Dnipro Delta taken on 3 June 2023 (Source: Sentinel-hub EO-Browser3 2023)
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Coastal effects of the sediment plume entering the Black Sea include temporary high turbidity, which will limit
light in the coastal water column with associated ecosystem effects. The sediment from the coastal plume is
expected to be predominantly fine-grained (silt and clay) and could deposit new mud drapes in coastal areas.
The extent of these morphodynamic changes is presently unknown, but it is possible that nearshore deposition
could impede transportation or economic uses of the shoreline for months to a year or more.

3.2.2. Future geomorphic impacts

Provided the Dnipro dam hydropeaking continues, in the medium to long term it is expected that banks in the
upper part of the reservoir will be eroded. This is because the water surface area of the reservoir has decreased
from a buffer of 2,000 km? to a channel of 200 m to 300 m in width. Therefore, increased flow velocities—
changes in discharge of up to 1,000 m%/s in several hours or days—could lead to water level differences of
several metres, causing riverbanks to weaken due to seepage and undercutting. Sand banks are especially
vulnerable to this type of seepage erosion. The amount of erosion depends on the soil combination of the banks
(what percentage consolidated fine sediments and/or coarser sandy sediments) and the levels of hydropeaking
(and the resulting flow velocities).

There is (still) little sediment coming in via the Dnipro dam. This causes ‘hungry water’ (Kondolf 1997), which
is sediment-depleted water that will encourage new entrainment and transport of more riverbed sediment in
the main river channel. This will lead to erosion of the reservoir deposits in the main riverbed starting directly
downstream of Dnipro dam and working its way downstream. This is erosion in the vertical plane. Erosion of the
floodplains surrounding the main channel is not to be expected, provided the top layer consists of consolidated
fine sediments which are hard to erode and provided the floodplain is not subject to high flow velocities coming
from the Dnipro dam. To confirm this, soil surveys will be required.

Satellite imagery of the emptied reservoir shows one main channel with large floodplains in which small creeks
and ponds can be found (Figure 14). The main channel is around 200 m to 300 m wide and runs through the
wide floodplains with the area covered by sediments, most of which are brown or dark grey. As the upstream
dams trap most of the sediments, and because of their colour, it can be assumed that these are fine sediments
(clay/silt) normally travelling as suspended sediment in the water. These new flood plains in the reservoir are
likely to consist of poorly erodible clay and peat deposits, covered with a layer of consolidated reservoir mud
deposits. Around the main channel, along the sides of the reservoir and near the breached Kakhovka dam lighter
sediments can be found. Due to the expected higher flow velocities around the main channel and near the dam
breach and due to the colour of the sediment, these sediments are expected to be sand. However, it could also
be dried clay which can also have a light colour.




Figure 14. The upstream area of the breached Kakhovka dam (5 July 2023) (Source: Sentinel-hub EO-Browser3 2023)

When it comes to the main river channel within the former reservoir, significant changes are not expected
as the river course seems relatively stable. Despite the above-mentioned bank erosion due to hydro peaking
downstream of the Dnipro dam, the meandering pattern appears more or less fixed, presumably by a relatively
low erodibility of the former wetlands that form the flood plains in this section. This is confirmed by the historical
maps prior to construction of the dams showing that the river has, more or less, returned to its prior path (UK
CEH 2023, Figure 15). Similar creeks and ponds present in the upstream part of the dam still seem to be there
now. Consequently, it can be expected that a layer of fine and consolidated sediment has accumulated over
the floodplains over a period of years since the dam was installed and the reservoir was formed. Under current
conditions taking into account the upstream dams we do not expect the sediments from the floodplains in the
emptied reservoir to erode because they will not be influenced by flow velocities high enough to transport the
consolidated sediments.
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Figure 15. Main channel (dotted red line) near the dam (denoted with the yellow circle in the top image)
on 18 June 2023 and from a 1940s map (before implementation of dam) (Source: UK CEH 2023)



Within the middle part of the reservoir, the river has returned to its original channel and therefore has more
erosive power. Any sedimentation of the past decades will be eroded within the channel. The erosion wave from
upstream will pass this place eventually, but there may also be a backwater effect from downstream causing
it to incise. In general, this area could be an area of channel incision. Directly upstream of the dam, some
sedimentation of the main riverbed can be expected, although the sediment supply arriving from upstream
will continue to be relatively low. This part is already heavily eroded due to the breach and with some new
sedimentation will move toward a new bed equilibrium.

Downstream of the dam, sediments were flushed from the main channel, causing incision of the channel.
Provided most of the reservoir deposition was removed during this event, it will depend on the resistance of the
remains of the dam structure and the water levels downstream whether this section will further incise, or will
show some deposition. Due to higher flow velocity some bank erosion around the main channel could be seen.
It is not expected that the channel would shift substantially over time.

Wind erosion

It has also been estimated that the destruction of the dam will affect the drainage of the Dnipro riverbed with
possible consequences including sandstorms, accelerated effects of climate change (which potentially stresses
vegetation that would stabilise sediment deposits) and potential desertification of neighbouring regions. These
effects are most likely to be felt in Kherson, Zaporizhzhia, Dnipro and Donetsk Oblasts (Sergatskova 2023). The
level of wind erosion on the now dry (drier) floodplains will depend on the type of sediment in the reservoir; a large
clay content (finer but cohesive sediments) will not be mobilised as easily as coarser, less cohesive sediments.
Fine sediment could now blow away easily and could be fertile if it remains in place long enough to become
vegetated before it is reworked by wind. See section 4.3 for a discussion around the potential contaminants
contained in the sediments. These areas may already have received seeds from the surrounding area where
the next few months will indicate the extent and type of vegetation that can grow on these floodplains. While
invasive species are a cause for concern, it is likely that vegetation establishing itself will be similar to the
vegetation in the surrounding area. Should trees die following a decrease in groundwater levels (see section
3.2.3), wind erosion may increase further. The most common type of tree in the shelter belts of the reservoir are
Crimean pine trees which do not have deep roots and may be impacted by the decrease in groundwater levels.

3.2.3. Implications on future river basin hydrological regime

In order to assess the 