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Executive summary

HYDROLOGICAL CONDITIONS AND SIGNIFICANT EVENTS OF 2023

e Large-scale processes and WMO State of the Global Climate 2023 (WMO No. 1347)):
The year 2023 was marked by unprecedented heat, becoming the hottest year on record
at 1.45 °C above pre-industrial levels. The transition from La Nina to ElI Nino conditions,
as well as the positive phase of the Indian Ocean Dipole (I0D) contributed to this extreme
heat and diverse weather impacts ranging from heavy rains and floods to droughts.

¢ River discharge: Compared to the historical period, 2023 was marked by mostly drier-
than-normal to normal river discharge conditions. Similar to 2022 and 2021, over 50% of
global catchment areas showed river discharge deviations from near-normal conditions,
predominantly lower than normal, with fewer basins exhibiting above- and much-above-
normal conditions.

¢ River discharge: Large territories of North, Central and South America suffered severe
drought and reduced river discharge conditions in 2023. The Mississippi and Amazon
basins saw record-low water levels. The east coast of Africa experienced above- and
much-above-normal discharge. The Horn of Africa, which had suffered five consecutive
dry rainy seasons, was affected by flooding. In Asia and Oceania, large river basins — the
Ganges, Brahmaputra and Mekong - experienced lower-than-normal conditions over
almost their entire basin territories. The North Island of New Zealand and the Philippines
exhibited much-above-normal annual discharge conditions. In northern Europe, the entire
territory of the United Kingdom and Ireland saw above-normal discharge, as did Finland
and southern Sweden.

Reservoirs: The inflows into reservoirs showed a pattern similar to that of global river
discharge, with India, North, Central and South America, and parts of Australia experiencing
elow-normal inflow conditions. The basin-wide reservoir storage varied significantly,
lecting the influence of water management, with much-above-normal levels in basins
the Amazon and Parana, where river discharge was much below normal in 2023.

ke Coari in the Amazon faced below-normal water levels, leading to extreme water
s, and Lake Turkana, shared between Kenya and Ethiopia, had above-normal
wing much-above-normal river discharge conditions.

els: In South Africa the majority of wells showed above-normal groundwater
ve-average precipitation in recent years; the same was true in India,
Notable depletion in groundwater availability was observed
longed drought. In Chile and Jordan groundwater
declines due to over-abstraction rather
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e Evapotranspiration: Central and South America, especially Brazil and Argentina, faced
much-below-normal actual evapotranspiration (AET) in September-October—-November.
Mexico also experienced below-normal AET throughout almost all of 2023, reflecting
severe drought conditions.

e Snow water equivalent: Most catchments in the northern hemisphere (except those in
the northern United States and the Lena catchment far the eastern Russian Federation)
had below- to much-below-normal snow water equivalent (SWE) in March, indicating
lower-than-normal snow availability and below-normal spring flood potential. Seasonal
peak snow mass for 2023 was much above normal in North America and much below
normal in Eurasia.

e Glaciers: In 2023, glaciers lost more than 600 gigatons (Gt) of water, the largest mass
loss registered in the last five decades. Following 2022, 2023 is the second consecutive
year in which all glaciated regions in the world reported ice loss. Observed summer
mass loss over recent years indicates that glaciers in Europe, Scandinavia, the Caucasus,
north-western Canada, western South Asia and New Zealand have passed “peak water”
(the threshold of maximum runoff due to melting), while the southern Andes (dominated
by the Patagonian region), Russian Arctic and Svalbard seem to still present increasing
melt rates.

e Terrestrial water storage: Large parts of the continents experienced below-average
terrestrial water storage (TWS) conditions in 2023. Notable exceptions were sub-Saharan
Africa, the Tibetan Plateau and subregions of India, Australia and northern South America.

e High-impact hydrological events: Africa was the most impacted by extreme hydrological
events in terms of human lives lost: In Libya where two dams collapsed due to flooding,
over 11 000 lives were lost and the event affected 22% of the population. The floods also
affected the Horn of Africa, the Democratic Republic of the Congo, Rwanda, Mozambique
and Malawi, leading to additional toll of over 1 600 deaths. The southern United States,
Central America, Argentina, Uruguay, Peru and Brazil were affected by widespread drought
onditions, which led to a 3% loss in gross domestic product (GDP) in Argentina and the
est levels ever observed in the Amazon River and Lake Titicaca.

MENTS IN THE 2023 REPORT

pe: The 2023 report includes new chapters and three new hydrological
lumes, reservoir volumes, snow water equivalent), as well as an extended
us, it provides a more comprehensive view of the global water cycle.

rge measurement stations increased from 273
dwater data collection expanded to
ies in the previous year




¢ Model validation: Modelled river discharge values showed agreement with observed
data in over 73% of validated basins, especially in Central and Northern Europe, New
Zealand, Australia and selected river basins in India, Myanmar and South America. Still,
discrepancies between modelled and observed anomalies were not eliminated. Increased
observed data availability is important for validation to properly assess model reliability
in different regions around the globe. Intermodel comparison showed agreement in 97%
of basins.

REPORT IMPLICATIONS AND FUTURE OUTLOOK

By incorporating new elements, guided by observational data that is improved both in quality
and quantity compared to previous editions and modelling outcomes from multiple sources,
this report delivers a detailed overview of the state of global water resources for the year 2023.
Additional objectives for future editions of the report are to enhance the accessibility and
availability of observational data (through both better monitoring and improved data sharing),
further integrate relevant variables into the report, and encourage country participation to
better understand and report water cycle dynamics. Future reports are anticipated to include
even more observational data, supported by initiatives like WMO’s Global Hydrological
Status and Outlook System (HydroSOS), the WMO Hydrological Observing System (WHOS),
and collaboration with global data centres such as the Global Runoff Data Centre (GRDC),
International Soil Moisture Network (ISMN), International Groundwater Resources Assessment
Centre (IGRAC), GEMS/Water Data Centre and the International Data Centre on Hydrology of
Lakes and Reservoirs (HYDROLARE).




Foreword

The release of WMO’s State of Global Water
Resources Report for 2023 builds on the success
of the last two reports in this new annual series,
which was introduced in response to global calls
for an independent and consistent assessment
of water resources to inform policy discussions.
The reports have garnered significant attention
and endorsement from WMO Member States and
Territories, the international community, partners
and the media. They provide a clear overview of
the status of water resources in major basins,
comparing current data to long-term averages
across various variables that represent the water
cycle (also known as the hydrological cycle).

The 2023 edition of the report further expands on
its predecessors by including additional variables
such as in situ soil moisture data and reservoir
storage, an overview of cryosphere components
along with a review of major hydrological disasters that occurred globally in 2023. The report
also saw an exponential increase in contributions from WMO Members (through Hydrological
Advisors and assigned focal points) in terms of both in situ data and modelled data. The
report’s preparation also relied heavily on global hydrological and land surface modelling
systems, as well as remotely sensed data, ensuring broader global coverage and addressing
data gaps. Although data sharing and engagement have increased, achieving a globally uniform
report based solely on hydrological observations remains a challenge, necessitating further
investments in monitoring and data sharing in line with the WMO Unified Data Policy, and
promoted by the WMO Hydrological Observing System (WHOS). The report also highlights
the potential of Earth-system-based observations for infilling gaps in observational time
series, which can be of great benefit to WMO Members. In the future, WMO is committed to
including additional variables such as water quality in the annual reports as well as exploring
local trends via regional reports.

Future reports will directly benefit from WMO'’s Global Hydrological Status and Outlook System
(HydroSQS) as it becomes fully operational. The 2023 report illustrates the practical value of
an annual synthesis of global water resources, providing essential insights for large-scale
decision-making and policy development. It also supports and forms a solid backbone to
facilitate the United Nations Secretary-General’s vision of a comprehensive early warning
system (the Early Warnings for All (EW4AIl) initiative) and contributes to the achievement of the
Sustainable Development Goals (SDGs) related to water and climate. Appreciation is extended
to the steering committee, lead authors, and all contributors, including WMO Member National
Meteorological and Hydrological Services, global data centres and supporting organizations.

(Prof. Celeste Saulo)
Secretary-General
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Introduction

The State of Global Water Resources report series offers a comprehensive and consistent
overview of water resources worldwide, portraying the state of hydrological variables over
the course of a year. The report offers a systematic and standardized analysis of water
resources at a global scale, which responds to the main outcomes of the UN 2023 Water
Conference, which called for an “Operational Global Water Information System to support
water, climate and land management for socioeconomic resilience, ecological sustainability
and social inclusion by 2030""

The preparation of the 2023 report was made possible through continuous involvement
from WMO Members, represented by National Meteorological and Hydrological Services
(NMHSs), as well as other organizations, including data centres, the global hydrological
modelling community and the Earth observation community. The 2023 report offers advances
in methodology and data sources: new chapters and variables have been added, including
variables covering lake level, reservoir volumes and snow water equivalent, to present an even
more comprehensive overview of the year 2023 water condition globally.

The number of observed data points received from WMO Members, the Global Runoff Data
Centre (GRDC) and other partners for river discharge measurements increased significantly,
rising from 273 stations in 14 countries in 2022 to 713 stations in 33 countries in 2023. Similarly,
for groundwater, data for 35 459 wells from 40 countries were collected in 2023, compared to
8246 wells in 10 countries in 2022 (Figure 1). The Soil moisture chapter now includes observed
data provided by Members of the International Soil Moisture Network (ISMN), which were
used to validate modelled results.

Increasing participation in analyses for State of Global Water Resources reports

Countries

2023 I 54
2022 [N— 20
2021 |7

River discharge stations

2023 I 713
2022 I 273
2021 W 14

Groundwater wells

2023 I 35 459
2022 N 8246
2021

Variables

2023 | — 9
2022 I 7
2027 I 3

Figure 1. Increase in the number of countries, stations with observed river discharge data (both quality-controlled and not),
groundwater wells and variables available for reporting in the years 2021, 2022 and 2023



O

The global hydrological modelling and Earth observation communities have made substantial
contributions to the chapters on evapotranspiration, soil moisture, snow and ice cover,
terrestrial water storage, lake levels and reservoir volumes. In total, 16 different modelling and
Earth observation-based data products were used for the 2023 report. These contributions
have strengthened the analyses, particularly in ungauged or data-sparse regions, and have
extended the number of products used, thereby helping to reduce uncertainty in the findings.

The 2023 edition includes chapters on River discharge, Reservoirs, Lakes, Groundwater levels,
Soil moisture, Evapotranspiration, Terrestrial water storage and Snow cover and glaciers,
each offering global and/or regional insights. Snow cover and glaciers focuses on snow water
equivalent and the state of major glaciers worldwide. The High-impact hydrological events
chapter provides a global overview of significant hydrological events from 2023, while the
final Synthesis presents the major findings on the overall state of global water resources for
the year 2023.

The information presented in the report serves as a valuable resource for policymakers and
decision makers, as well as water and disaster risk reduction professionals, contributing to
a better understanding of global freshwater status and trends. In future editions, the report
will also provide a historical perspective on the state of global water resources, adding to
the understanding of regional and global trends.

The present report directly supports the United Nations 2030 Agenda (Sustainable Development
Goals (SDGs)), especially SDG 6: Clean Water and Sanitation, as well as other water-related
SDGs by providing critical data for sustainable water resources management, addressing
water scarcity, overabundance and water quality issues. The report also supports SDG 13:
Climate Action, informing strategies to align water resources management with climate change
mitigation, by improving understanding of climate-related impacts on water (hydrological)
systems. Furthermore, the report’s focus on observed and modelled datasets stresses the
importance of open data sharing, reinforcing SDG 17: Partnership for the Goals, by building
global partnerships and enhancing cooperation across national, regional and global scales.

Improving data sharing and engagement from WMO Members in future editions of the State
of Global Water Resources report will advance our understanding of the implications of
hydrological processes for water resources, benefiting policymakers and decision makers,
water resource managers, water users and the general public, and providing better validation
of modelling results for river basins around the globe. These reports are helping to create
an extensive global dataset of hydrological variables, which includes observed and modelled
data from a wide array of sources. Thus, this work enhances global data sharing efforts,
aligning with the focus of the global Early Warnings for All (EW4AIl) initiative on improving
data quality and access for water-related hazard monitoring and forecasting, and providing
early warning systems for all by 2027. It also aligns with WMO's Global Hydrological Status
and Outlook System (HydroSOS) which provides a framework for producing standardized
status and outlook indicators to explain the current status and seasonal and sub-seasonal
forecasts of hydrological conditions.
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THE BACKDROP: OVERVIEW OF CLIMATIC CONDITIONS IN 2023

The year 2023 was characterized by record-breaking temperatures, making it the hottest year
on record, with the global mean temperature reaching 1.45 °C (+0.12 °C) above pre-industrial
levels.? Concentrations of the primary greenhouse gases - carbon dioxide (CO,), methane and
nitrous oxide - continued to rise throughout 2023, with CO, concentrations reaching 419.3 parts
per million by the end of the year.® Also, the decadal average temperature (2014-2023) was
1.20 £ 0.12 °C above the pre-industrial average, marking this period as the warmest decade
on record, with unprecedented monthly temperatures for both oceans and the atmosphere.*

Fueled by heat, the year 2023 saw unprecedented extreme events in many parts of the world.®
Heatwaves hit Europe, North America and China, while Canada faced its most extreme
wildfire season ever recorded, with over 14.9 million hectares destroyed by fire.® In Libya,
intense rainfall led to the collapse of three dams, with over 4 700 people losing their lives and
8 000 people considered missing. Climate change likely contributed to increasing the event’s
rainfall intensity by up to 50%, as well as to increasing the probability of the event.”

Following three consecutive years of La Nina that concluded in early 2023, El Nino conditions
started to emerge in the tropical Pacific Ocean during the boreal summer. However, the
atmospheric response lagged, and it was not until early September that El Ninho conditions
were fully established in both the ocean and the atmosphere.® This shift to El Nino resulted in
varied weather impacts, including heavy rains, floods, droughts and heatwaves. The Indian
Ocean Dipole (I0OD) showed its first positive phase since 2019, peaking in October, which
exacerbated dry and warm conditions in Australia and caused significant flooding in the Horn
of Africa. The North Atlantic Oscillation (NAO) experienced an unusual negative phase in June
and July, contributing to snow and ice melt in southern Greenland, as well as record-high
temperatures across eastern Canada and Europe (Ireland, Belgium and Italy, among others).

As shown in Figure 23 of State of the Global Climate 2023 (WMO-No. 1347), in 2023, total
precipitation exceeded the normal level in several regions, with hotspots in Asia and various
parts of Africa, Europe and North America. Significant rainfall deficits were observed in Central
and South America, Canada, the Mediterranean region, North Africa and others.

Preliminary data for September 2022-August 2023 show a significant loss in glacier mass
that would be the highest on record (1950-2023), with an average balance of -1.2 m of water
equivalent. This severe loss is mainly due to extreme melting in western North America and
the European Alps, where Switzerland’s glaciers have lost about 10% of their remaining volume
over the past two years. Snow cover in the northern hemisphere has been decreasing in late
spring and summer: in May 2023, the snow cover extent was the eighth lowest on record
(1967-2023). For North America the May snow cover was the lowest in the same period.
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DATA SOURCES

The data used in the report were gathered from various sources (refer to Box 1 and Data
sources in the Annex), including NMHSs, the Earth observation community (which provided
satellite-based observations) and the global modelling community, ensuring a robust, spatially
consistent and comprehensive analysis. The River discharge and Soil moisture chapters are
based on modelled and observed data. Where possible, in situ data were used to validate the
modelled results. Global hydrological modelling systems (GHMSs) contributed to obtaining
values for additional hydrological variables, in particular soil moisture, reservoir inflows,
actual evapotranspiration and terrestrial water storage. The Groundwater levels chapter is
based solely on observed data.

Box 1

DATA SOURCES 2023°

o Observed river discharge data: National Meteorological and Hydrological Services
(NMHSs), the Global Runoff Database Centre (GRDC),'° enhanced streamflow observations
using Earth-system-based products.”

. Simulated river discharge data: Ten global hydrological modelling systems (GHMSs).
o Inflow into selected reservoirs globally: Three GHMSs.

o Reservoir volume anomalies: United States National Aeronautics and Space
Administration (NASA)."

U Lake volumes: Global Water Monitor."3"*

U Groundwater data: International Groundwater Resources Assessment Centre (IGRAC)
for 40 selected countries.

. Soil moisture: Three GHMSs.
U Observed soil moisture: Observed data from the International Soil Moisture Network (ISMN).
. Evapotranspiration: Five GHMSs.

. Terrestrial water storage (TWS): Gravity Recovery and Climate Experiment and the follow-on
satellites (GRACE/GRACE-FO),"”® two GHMSs, ParFlow/CLM model for Central Europe.'®

. Glaciers: WMO Member States and Territories, World Glacier Monitoring Service (WGMS),
Central-Asian Institute for Applied Geosciences (CAIAG), German Research Centre for
Geosciences (GFZ), National University of Uzbekistan, Center for Glacier Research of
the National Academy of Sciences of Tajikistan and external experts.

e Snow water equivalent: Environment and Climate Change Canada (ECCC)."""®

. High-impact events: Contributions of WMO Members to WMO State of the Global Climate
Report, open data sources such as the EM-DAT database,'” ReliefWeb and others.




ANOMALY CALCULATION

For each of the variables presented in the chapters, the anomaly?° was calculated by comparing
the state in the year 2023 to the annual long-term means obtained from the historical period?
(observed and historical, respectively), as described in Box 2.

Further details of the methods (including an overview of all data sources), the GHMSs used
in the analysis, the definitions of the indicators used in the report, and additional results are
documented in the Annex.

Box 2

The annual mean of each hydrological variable (for example, river discharge, inflow into reservoirs) for
a defined reference period of data (modelled or observed) was calculated for each year. The ranking
of each respective variable in 2023 falls under categories based on the following definition:

much below normal: Q

.02 = 10th percentile

below normal: 10th < Q,,,, < 2bth percentile
normal:2 25th = Q,,, < 756th percentile
above normal: 75th < Q,,,, < 90th percentile
much above normal: Q22 > 90th percentile

Where results are obtained from several models, the above-specified rankings were assigned an
integer (“much below normal” =1, “below normal” =2, “normal” = 3, “above normal” =4, “much
above normal” = 5), and then an average was calculated across the outputs of the ensemble of
models for each of the basins. The resulting number was rounded and translated back into one
of the categories listed above.

Note that while the reference period for the data varies for the different variables (30 years (1991-2020)
for river discharge,? 20 years (2004-2023) for groundwater and 19 years (2002-2020) for terrestrial
water storage) based on data availability, the classification of the ranking remains the same. For
further information on the reference period used for each variable, refer to Table A2 in the Annex.
Note that the selection of different reference periods may influence the calculated results.




River discharge

This 2023 edition of the State of Global Water Resources report builds upon the Hydrobasins
level 4 delineation adopted by the previous report.?* The proposed delineation represents
approximately 986 river basins (with a minimum area threshold of 10 000 km?) around the globe
(Figure A1 in the Annex).

The river discharge analysis in the 2023 edition of the report, similar to the 2021 and 2022
editions, is based on in-situ data received from WMO Members represented by NMHSs,
mainly obtained via the GRDC database, supplemented with substantial contributions from
global hydrological models. The 10 GHMSs listed in the Annex, Table A3 were used for this
year's report, and all 10 were used for river discharge calculations. For more information
about the models, the input data used and other details, please refer to Global hydrological
modelling systems in the Annex.

The volume of observational data for the year 2023 has substantially increased (Figure 1). Only
stations with at least 345 days of data points for 2023 and covering the historical period of at
least 20 years (2001-2020) were selected for the analysis. At the time of preparation of this
report,?® observed daily river discharge data (covering the entire year 2023) were available
from 713 stations (see Figure 2 for gauge locations), in comparison with 273 stations used in
the 2022 edition and 38 stations in 2021. Most of these stations are located in Europe (48%)
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Figure 2. Observed mean river discharge for the year 2023 compared to the period 1991-2020 (for stations with a minimum of

20 years of data availability (2001-2020)); the dots are placed at the gauging station location (that is, the gauged basin outlet).

The results presented here were derived from the observed river discharge data, which were obtained from NMHSs and the GRDC
database. The results were also used to validate the simulated GHMS results in Figure 3, where the reference period was adjusted
to match the available in-situ data (see Figure A7 in the Annex). Regions in the map refer to the WMO regions.
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Figure 3. Mean river discharge for the year 2023 compared to the period 1991-2020 (for basins larger than 10 000 km?). The results
presented here are derived from the modelled river discharge data obtained from an ensemble of 10 GHMS simulations

(see Methods in the Annex). Inset (bottom left) shows the percentage distribution of the modelled catchment area under the given
conditions. Dark gray areas indicate no modelling data. The results were validated against hydrological observations wherever
available (see Figure A6 in the Annex).

and North America (20%), while Africa, South America and Australia have a share ranging
from 2% to 13%. The smallest proportion of available stations (around 1%) is found in Asia.

For the data obtained from GHMSs and from the observed river discharge stations, the mean
annual river discharge for 2023 was compared with historical values from 1991 to 2020 for
modelled results, or with at least 20 years (2001-2020) for observed data. The discharge
levels were then classified as normal, above normal, below normal, much above normal or
much below normal relative to these historical values (refer to Table A2 in the Annex for more
details). The Annex provides details on each of the GHMSs used, together with information
on their set-up and calibration with historical data, and on how simulations for 2023 were
produced. It also outlines potential sources of uncertainty associated with the modelling
framework applied. In basins where observed river discharge data was available, the trends
simulated by the GHMSs were validated.

Figure 2 presents the observed mean river discharge for the year 2023 against the selected
historical period (1991-2020), and Figure 3 presents the modelled mean river discharge for
the year 2023 against the selected historical period (1991-2020). The calculation is based on
ensemble results from the GHMSs (see the Annex for details on the method of calculations).
In cases where observation data were available, they were used to validate the model results
shown in Figure 3. A detailed presentation of the validation showing basins where the GHMS
simulations agreed with the observed data is provided in the Annex, Figure AG6.

Validation of modelled results showed good overall agreement?® (>69% of basins) between
observed and simulated anomalies (based on multi-model mean) for the year 2023, particularly
in Central and Northern Europe, New Zealand, Australia, the upper part of the Paranéa River
in Brazil and Paraguay, the Ganges in India and the Irrawaddy River in Myanmar. At the same
time, modelled anomalies disagreed with observations in South Africa, the upper Amazon
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Figure 4. The distribution of the area under different river discharge conditions for the years 1991-2023

basin, the Lule basin (Sweden), the Nelson and upper Mississippi basins in North America,
and the Niger River in Africa (for full validation results refer to Figure A6 in the Annex).
The location of the gauges with observed river discharge data is critical for reliable model
validation, as presented in the Annex, Figure A5; in some locations, such as the Amazon
river basin, gauges used for validation were too far away from the modelled outlets, which
can undermine the validation results. This underlines the importance of the availability and
comparability of the observed data and the modelled data.

With respect to the historical period, the year 2023 was characterized by mostly drier-than-
normal to normal conditions (Figure 4). Similarly to 2022 and 2021, in more than 50% of
global catchment area river discharge exhibited deviations from normal conditions; it was
predominantly lower than normal, with a smaller proportion of basins exhibiting above- and
much-above-normal conditions. At the global scale, the river discharge conditions in 2021
and 2022 followed a similar pattern, with more areas experiencing drier-than-usual conditions
compared to areas with wetter-than-usual conditions. In 2022, more area globally was under
normal conditions than in 2021.%

A comparison of the areas under different river discharge conditions for every year from 1991
to 2023 using a constant historical normal (1991-2020) showed a rising trend in dry areas over
time, with 2023 being the driest in the last 33 years, followed by 2021 and 2015. The last five
consecutive years showed some of the lowest percentages of area under normal conditions
over the past 33 years.

In 2023, below- and much-below-normal conditions prevailed in the Americas: across North
America, except for Alaska, 2023 mean discharge was lower to much lower than normal.
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The 2023 drought in the Mississippi and Ohio tributary basins, along with reduced groundwater
from three consecutive years of drought in the Missouri tributary basin, resulted in record low
water levels in the Mississippi River.22 The Yukon river basin in North America experienced
above- and much-above-normal discharge conditions.

Below- to much-below-normal conditions gripped almost the entire territory of Central
America and South America. On 26 October 2023 water levels in the Amazon river basin at
the port of Manaus reached their lowest recorded level since 1902 (12.70 m).?® The transition
from La Nina (2022/2023) to El Nino (2023) appears to have been a key climatic driver in this
record-breaking dry and warm situation, combined with a widespread anomalous warming
over the worldwide ocean.*

The east coast of Africa was characterized by above- and much-above-normal discharge — as
in the Limpopo and Zambezi river basins, and coastal catchments in Tanzania, Mozambique
and the Horn of Africa. The Horn of Africa, which had suffered five consecutive dry rainy
seasons, was affected by flooding, triggered by El Nino conditions.?' In Libya the annual
discharge conditions were indicated as above normal. The Niger, Lake Chad, Nile and Congo
basins were characterized by below-normal discharge conditions.

In Europe, the basins of the Danube and Dnieper were characterized by above-normal conditions.
Additionally, central and western Europe saw normal discharge conditions, and in Italy river
discharge remained normal. In Northern Europe, the entire territory of the United Kingdom
and Ireland saw above-normal discharge, as did southern Sweden, Norway and Finland. In
the Russian Federation, the basins in the European part of the country and in Siberia (the
Volga, Ob, and Northern Dvina) were characterized by lower-than-normal conditions, while a
number of river basins in eastern Siberia and the far eastern part of the country (such as the
Lena and Ussuri) and the Kamchatka Peninsula’s rivers saw above- and much-above-normal
discharge conditions.

Across the Middle East and Central Asia, discharge conditions remained lower than normal.
In Asia and Oceania, large river basins such as those of the Ganges, Brahmaputra and
Mekong experienced lower-than-normal conditions over almost the entire basin territories.
In Australia, basins on the northern coast saw above-normal discharge conditions, while the
Murray-Darling basin had predominantly normal conditions. The North Island of New Zealand
and the Philippines exhibited much-above-normal annual discharge conditions.




Reservoirs

This chapter presents the state of the reservoirs in 2023 based on data from two sources:
modelled inflow into selected reservoirs globally and anomalies in reservoir volume in 2023,
obtained from NASA, as a combination of satellite-based products, described in Biswas et al.3?

INFLOW INTO SELECTED RESERVOIRS

The inflow data were obtained from three sources that comprise satellite-based (Global
Water Watch) and GHMSs products, namely, the Wflow_sbm,3 CaMa-Flood with Dam3*3% and
World-Wide HYPE (WWH) models®® (more details listed in Table A3 in the Annex). All available
reservoirs from the above sources were included for analysis and were identified by their
GRanD ID.? Daily inflow data into the selected GRanD reservoirs were computed from the
three GHMS models for the historical period between 1991 and 2020 and for the year 2023.
Inflow anomalies were then calculated following the same method as for river discharge
(see Box 2). Results are presented in Figure 5. Water inflow into the reservoirs was selected
as an indicator due to its low dependency on water resources management strategies such
as reservoir operations.

Inflow into reservoirs in 2023 generally reflected the overall discharge conditions, with
the global balance being mostly below normal or normal. Specifically, reservoirs in India,
particularly along the west coast, experienced below- and much-below-normal inflows.
Similar conditions were observed on the east coast and the South Island of New Zealand.
In Australia, the Murray-Darling River also recorded below-normal inflows.

In North and South America, reduced water availability was evident with lower-than-usual
inflows into reservoirs, particularly in the Mackenzie River in North America, across the entire
territory of Mexico, and in the Parand River in southern Brazil and Argentina. Across the Middle
East and Central Asia, inflows into reservoirs remained lower than usual.

World reservoir
conditions in 2023
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Figure 5. Mean annual inflow into selected reservoirs in 2023 as compared to the historical period 1991-2020. The size of the dots corresponds to the

maximum storage volume of the reservoirs. The inset (bottom left) shows the percentages of reservoirs under the given conditions.
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In contrast, South African reservoirs saw higher-than-usual inflows following wetter-than-usual
discharge conditions. Northern Europe, particularly Sweden and southern Norway, also
experienced increased reservoir inflows. However, in the far north of Norway, inflows were
below normal.

RESERVOIR STORAGE

This section presents the results on basin-wide reservoir storage anomalies in 2023. The approach
used involves merging several satellite-based datasets, as described in Biswas et al.?® Monthly
individual reservoir storage time series were calculated and then accumulated into monthly
basin-wide reservoir storage time series for 237 basins (Figure 6).

Reservoir storage is influenced not only by climatic conditions and inflow into reservoirs
but also by anthropogenic regulation of the storage. The effects of management can lead to
results that differ compared to the inflow; for instance, inflow can be low, but water can be
stored, resulting in increased volume and decreased discharge downstream of the reservoirs.

In Africa, the Orange, Zambezi, Congo, and Nile river basins exhibited much-above-normal
reservoir storage levels. In Europe, the Danube and Rhine basins and the Iberian Peninsula
experienced much-below-normal reservoir storage. In contrast, Eastern European catchments
such as the Dniepr in Ukraine saw much-above-normal storage, as did the Volga, Enisey and
Ob river basins.

In North America, the Nelson River and upper parts of the Mississippi River had much-above-
normal basin-wide storage. However, catchments in the eastern and southern United States
and Mexico experienced much-below- to below-normal reservoir storage. In South America,
reservoirs in the Amazon and Paranéa basins had much-above-normal storage levels. In Asia,
the Ganges Basin in India and the Yangtze Basin in China saw above-normal reservoir storage.
In Australia, the Murray—Darling Basin experienced much-above-normal reservoir storage levels.

I | 11 | —
much below normal below normal normal above normal much above normal

Figure 6. The annual mean of monthly basin-wide reservoir storage in 2023 with respect to the reference period (2000-2023)
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akes

The water levels in 30 selected large lakes were obtained from the GloLakes product.3®
The GloLakes product estimates lake and reservoir storage data by combining measurements
of water levels and water body extents from various satellites, with additional local topography
information when needed.***' The data record starts in 1984 and is regularly updated as part of
the Global Water Monitor and associated annual summary report. To determine the dynamics
of lake and reservoir surface water extents, high-resolution optical remote sensing data from
Landsat and Sentinel-2 satellites were used. The anomaly was calculated with respect to the
1991-2020 historical period, and the 2023 annual volume anomaly is presented in Figure 7.

In the Amazon, the volume of Lake Coari was below normal. Record-breaking heatwaves and
reduced water levels caused the water temperature rise to 34 °C, leading to an algae bloom
and causing the death of a substantial number of pink dolphins (/nia geoffrensis).*>43

The volume of Lake Superior, the largest lake in North America, was above normal in 2023;
this began in December 2022.4* Despite the drought event that affected Central America,
Lake Nicaragua saw above-normal water volumes in 2023. Similarly, Lake Balaton in Central
Europe experienced much-above-normal volume levels, as did Lake Peipus in Estonia and
Lake Mélaren in Sweden.

In Asia, the Small Aral Sea and Lake Aydar in Kazakhstan and Uzbekistan, as well as Eling
Lake, Kaoyu Lake and Bositeng Lake in China, saw normal volumes in 2023. Hulun Lake
and Lake Khsanka, which is shared by China and Russia, also experienced above-normal
water volumes. Tonle Sap Lake in Cambodia, located in the Mekong river basin, exhibited
above-normal water volumes as well.

Lake Turkana, the world’s largest desert lake, which is shared between Kenya and Ethiopia,
had above-normal water volumes, following much-above-normal discharge conditions.
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Figure 7. Volume of 30 large lakes in 2023 as ranked with respect to the historical period 1991-2020 based on the GloLakes product

12


https://www.globalwater.online/

Groundwater levels

This section provides an evaluation of groundwater levels in 2023 in comparison with historical
records.*® It relies on in situ groundwater level monitoring data made available by the national
(subnational, in some cases) institutions in charge of groundwater monitoring. In total,
groundwater level monitoring data were collected for over 160 000 wells in 40 countries.
Data were collected over the period covering the last 20 years, from 2004 to 2023. Where it
was not possible to collect the data over this entire period, for instance in countries where
groundwater monitoring is less than 20 years old, data covering the last 10 years were used
instead. This is the case for Brazil, Bulgaria, Costa Rica and Israel. Groundwater level monitoring
data were first filtered to guarantee a certain level of data consistency and completeness.
After filtering, data could be analysed for some 35 459 of the wells.*® In total, the average
groundwater level in 2023 was much below normal in 6 756 wells (19%), below normal in
4 087 wells (11%), normal in 14 030 wells (40%), above normal in 3 489 wells (10%) and much
above normal in 7 097 wells (20%).

The results are shown on a world map and on a selection of regional maps (Figure 8a
and 8b). The results show that the ranking is rarely uniform over a given area, because of
the heterogeneous nature of aquifers and the importance of local variables influencing
groundwater levels, such as a pumping well or the vicinity of a river. Nevertheless, regional
patterns are observed, indicating that groundwater is also subject to regional influences.

The average groundwater level in 2023 was below normal or much below normal in a high
proportion of wells over a large part of North America, in particular in the western and
midwestern United States, and in central and northern Chile, western and southern Brazil,
Southern Europe (Portugal, Spain, most of France), Central Europe (Hungary, Austria, Bavaria
(Germany), the north of Poland), as well as in western and southern Australia.

Conversely, the average groundwater level in 2023 was above normal or much above normal
in a high proportion of wells in New England (United States), the Maritime provinces of
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Figure 8a. Mean groundwater levels in 2023 as compared to the historical period of 2004-2023 (2014-2023 in the case of Brazil,
Bulgaria, Costa Rica and Israel).

Note: There are 3 175 monitoring sites comprising two or more monitoring stations. The results of these stations have been slightly
displaced in the map to keep them from overlapping.
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Canada, along the Atlantic coast of north-eastern Brazil, Northern Europe (the British Isles
and Scandinavia), Israel, Southern Africa, several parts of India, the Republic of Korea, eastern
Australia, and the North Island of New Zealand.

It is not straightforward to identify the reasons behind these regional trends, because
groundwater is under the influence of climatic variables and other anthropogenic variables,
such as abstraction and land use. Some aquifers have a rapid response time between the
change in the boundary conditions (such as a groundwater recharge) and the corresponding
change in groundwater level,*” however the response time in other aquifers can be several
years or decades long. Nevertheless, some explanations can be put forward. In South Africa,
the high proportion of wells where the average groundwater level in 2023 was above normal
is consistent with the above-normal amount of rainfall received in 2023 and the years before,*®
while some of the wells with groundwater levels below normal can be linked to over-abstraction
for irrigation. The impact of high precipitation in recent years on groundwater levels has
also been observed in some parts of India,*® in Ireland,®® in Australia®®? and in Israel, for
example. High precipitation directly contributes to an increase in groundwater levels through
the recharge of aquifers. In countries where groundwater abstraction is significant, such as
Australia, high precipitation also tends to reduce groundwater abstraction, as more surface
water is available and the soil moisture is higher, which indirectly contributes to an increase
in groundwater levels. The high proportion of wells where the average groundwater level
in 2023 was below normal in Chile and in Jordan cannot be explained by climatic factors,
reflecting instead the long-term decline of groundwater levels due to over-abstraction.5354
Theresults from India are mixed, however they rely predominantly on data collected in
shallow dug wells (80% of total),*® where groundwater levels reflect the impact of the climate.
It would be necessary to distinguish the monitoring data collected in boreholes to assess
the impact of over-abstraction due to groundwater irrigation, which is particularly significant
in the north-west of the country.®¢5758 Finally, the high proportion of wells where the average
groundwater level in 2023 was below normal could reflect a combination of climatic drought
and over-abstraction. North America, for instance, was affected by the 2020-2023 North
American drought, but is also subject to groundwater depletion, in particular in California
and in the High Plains.®® Europe has also been affected by droughts in recent years, but there
are cases of groundwater over-abstraction, mostly in the southern part of the continent, for
example in France, Hungary and Spain.5®

Despite the significant number of countries covered in this evaluation, the data availability
is such that large parts of the world are missing from this analysis, in particular in Africa and
in Asia. This does not mean, however, that there are no data. There are several countries
where groundwater level monitoring data have been collected for less than 10 years (such
as the Gambia, Rwanda and Somalia). It will be possible to include these countries in the
evaluation within a few years, which is a promising prospect. There are also challenges
in accessing the latest data. Data from Croatia and Qatar could not be used because most of
the data from 2023 were not yet available for sharing.
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Soil moisture

Surface soil moisture is one of the crucial variables for hydrological processes. It influences
the exchange of water and energy fluxes at the land surface/atmosphere interface, impacts
streamflow generation, is important for biogeochemical cycles and co-controls vegetation
development. Understanding soil moisture patterns is essential for sustainable water resources
management and for the assessment and understanding of food production.®'2

OBSERVED SOIL MOISTURE FROM THE INTERNATIONAL
SOIL MOISTURE NETWORK

For the 2023 assessment, ISMN® applied strict filtering, selecting about 160 stations globally,
each with a minimum of 15 years of data and more than 50% data availability (monthly), to
visualize soil moisture in three categories: below normal, normal and above normal. The report
focuses on soil moisture at two depths: near-surface (up to 10 cm) and deeper (down to 0.5 m).
The analysis includes data from up to 154 near-surface stations and 90 deeper stations. The soil
moisture observations do not account for irrigation and may be influenced by human activities.

The data show variability in soil moisture across regions. In Europe, 47% of near-surface
stations reported below-normal or normal conditions, while the United States exhibited 81%
normal or above-normal conditions, although significant regional differences were noted
(Figure 9). It is reported that July was a very diverse month in terms of soil water availability.
While substantial parts of the United States were under dry conditions, simultaneously wet
conditions were observed over other parts of the country (10% of the contiguous United
States).’* Note that the surface soil moisture is very dynamic compared with deeper soil
layers where soil water is more persistent. A similar spatial clustering of in situ data can be
observed in the data from the deeper stations (Figure 10). Within these clusters the majority
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Figure 9. Soil moisture in July 2023 compared with all Julys 2008—2022 (15-year reference period) for the top layer of soil (down to 0.11 m).

The left panel shows the situation in the contiguous United States, whereas south-west Europe is shown on the right. Due to limited data availability
(data were available from 150 stations — 135 in the contiguous United States and 15 in Europe — all of which are displayed in the maps above), only limited
data coverage is achieved by using in situ soil moisture data.
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Figure 10. Soil moisture status down to 0.51 m depth
in September 2023 in the contiguous United States.
The reference data are the monthly averaged soil
moisture of all Septembers 2008-2015. Due to limited
data availability, data from only 88 stations located
in the United States could be analysed.



of soil moisture observation points reported above-normal conditions. Such conditions were
reported for the western United States, while other parts of the country endured drought
conditions. These findings highlight the need for long-term, widespread data to assess soil
moisture conditions accurately at regional and global scales.

MODELLED SOIL MOISTURE

The anomaly in surface soil moisture in 2023 has been obtained from three GHMSs (see
Table A1 in the Annex for model names) and ranked relative to the historical period 1991-2020
on a monthly basis to understand root zone soil moisture patterns (2 m depth). The anomaly
calculation used was the same as for river discharge and reservoir inflow (as per Box 1). The
results are presented in Figure 11.

December January

February

much below below normal above much above

Figure 11. Soil moisture in 2023 (Dec. 2022—Feb. 2023 and Jun.—Aug. 2023) as ranked with respect to the historical period
1991-2020. Greenland is masked in accordance with the Global Land Ice Measurements from Space (GLIMS).
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Soil moisture in 2023 was predominantly below normal and much below normal across large
territories globally throughout the year. For example, almost the entire territories of North
America, South America, North Africa and the Middle East experienced much-below-normal
soil moisture levels, particularly during June, July and August. In fact, according to the United
States Department of Agriculture (USDA), the proportion of the nation’s topsoil classified
as dry or very dry peaked at 58% in mid-September. The year 2023 ranks just behind 2022
in the recent historical record for dry soils.®® Over the same period of June-August, almost
the entire territories of Europe, the Russian Federation, Central Asia and China experienced
below-to much-below-normal soil moisture conditions. The same was observed in sub-Saharan
Africa, including the Horn of Africa, which was actually affected by flooding. Only in South
Africa, where 2023 was much wetter than usual, were soil moisture conditions above normal.

Alaska, north-eastern Canada, India and the north-eastern Russian Federation had much-
above-normal soil moisture conditions. Similar conditions were observed along the northern
and south-eastern coasts of Australia, as well as on the North Island of New Zealand, which
was affected by flooding.

Due to a mismatch in spatial representativeness and variation in the depth of the measurements
between the modelled soil moisture data and the data from ISMN stations, the validation
of modelled results was not possible. This highlights the importance of ensuring that
observations are accessible and applied with good spatial coverage. Additionally, there was
a variation in the scale of spatial representativeness between the modelled and observed
data: the observed soil moisture is only representative for a few cm® whereas the models
represent a few km?.
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Evapotranspiration

Actual evapotranspiration (AET), which is one of the key elements in the hydrological cycle,
refers to the process by which water is evaporated, encompassing evaporation from the soil or
vegetation surface (including interception evaporation) and transpiration from plants.5¢ Elements
influencing the rate of evapotranspiration include the level of solar radiation, atmospheric
vapour pressure, humidity, air temperature, wind, soil moisture content and vegetation
type and cover. This process is responsible for a large part of the water loss from the soil
during a crop’s growth cycle and is critical for understanding the state of water resources.
The rates of AET are controlled by the amount of water that is available (which is dependent
on the existing hydrological conditions in the basin) in addition to the meteorological forcing.

This chapter presents an anomaly of AET at the global scale for four seasons in 2023 with
respect to the historical period 1991-2020, derived from five GHMSs (listed in the Annex,
Table A1) and averaged over the river basins derived from the Hydrobasins level 4 delineation.®’

The seasons considered are: December-January-February (DJF) (includes December 2022),
June-July-August (JJA), March-April-May (MAM) and September-October—-November
(SON). As presented in Figure 12, during the DJF and JJA months, AET rates were normal
to below normal in sub-Saharan Africa, except for West Africa, the Niger and Lake Chad
catchments, and the coastal basins in South Africa. In the Horn of Africa, the situation changed
in the MAM and SON months, showing above-normal AET. In October, intense rainfall and
associated flooding impacted the region. Territories in Libya, which were struck by Cyclone
Daniel in September, exhibited much-above-normal AET over the SON period.

In India, the entire territory experienced much-above-normal AET during MAM, as did the
Arabian Peninsula and parts of the Volga and Don catchments in Eastern Europe. In the Russian

December-January-February March-April-May
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Figure 12. Seasonal actual evapotranspiration (AET) in 2023 as ranked with respect to the historical period 1991-2020 based on
an ensemble of five GHMSs
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Federation’s far eastern catchments, such as the Ob and Enisey, AET was much above
normal in both JJA and SON. Central Asian catchments, such as the Syr Darya, also saw
much-above-normal AET during SON.

In Central and South America, which were severely impacted by heatwaves and drought in 2023,
Brazil and Argentina experienced much-below-normal AET over large areas during SON.
Mexico saw much-below-normal AET in DJF, JJA and SON. In the central part of the United
States, AET was below normal or normal throughout the year, while northern catchments
like the Mackenzie had above-normal AET in MAM, JJA and SON.

New Zealand had much above-normal AET throughout the entire year. Australian catchments
were normal to below normal in AET during SON, mostly normal in MAM, and above normal
in the northern territories during DJF and JJA.

In Europe, the Iberian Peninsula’s catchments saw much-below-normal AET during MAM.

Over SON, the entire territory of Central, Eastern and Northern Europe exhibited above- and
much-above-normal AET.
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Terrestrial water storage

Satellite gravimetry is a remote-sensing-based method (used by GRACE and GRACE-FO
satellites)®®®° that is capable of observing all large-scale mass changes on and below the Earth’s
surface. This includes, in particular, those caused by water storage changes, including in surface
water, soil moisture, groundwater, as well as snow and ice. Terrestrial water storage (TWS),
defined as the sum of all these storage compartments, is expressed as an anomaly relative to
its long-term mean in equivalent water heights in centimetres as an area-averaged height of
the water column over the area being considered. This chapter provides results of the TWS
anomaly in the year 2023 obtained from the GRACE/GRACE-FO-based product.

The section on Terrestrial water storage in the Annex provides more details on TWS and how
TWS anomalies were calculated.

Figure 13 provides the TWS anomalies for 2023 in comparison to the 2002-2020 historical
period, that is, the same reference period as for the State of Global Water Resources 2022
(WMO-No. 1333). The TWS observations for 2023 reflect anomalies presented in previous
chapters for other variables and further emphasize several critical hotspots for the year 2023.
It should be noted that the integrative TWS signal shown here, also represents water storage
variations in the unsaturated zone deeper than the soil moisture data shown in a previous
chapter, besides groundwater.

In particular, large territories around the globe saw below- and much-below-normal TWS values
in 2023: Canada, Mexico and the southern United States as well as large parts of Southern,
Central and Eastern Europe. Also, Northern Europe saw some hotspots of much-below-normal
TWS conditions in Sweden and Norway.

In Africa, the entire area of sub-Saharan Africa exhibited much-above-normal TWS in 2023,
as did the Horn of Africa. These positive TWS anomalies reflect the strong overall and
longer-term water storage increase in these areas after 2019 in particular, that is, a signal
with longer persistence or memory effects, while below-average soil moisture conditions

| .5 |
much below below normal above much above

Figure 13. Terrestrial water storage in the year 2023 ranked with respect to the historical period 2002-2020, that is, the same
reference period as for the State of Global Water Resources 2022 (WMO-No. 1333). Note that Greenland and Antarctica are not
included, as theirice mass balance trends are large and therefore hide the other TWS anomalies when plotted with the same
colour range.
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in parts of the region in 2023 (see Soil moisture chapter) represent the short-term near-surface
dynamics. At the same time, TWS in Libya and Algeria remained much below normal in 2023.
The entire territory of the Middle East, Central Asia and northern India saw much-below-normal
TWS. On the other hand, in India, the upper Godavari river basin and basins in the central
and western part of the country experienced much-above-normal TWS anomalies in 2023.

In South America, dry conditions, with below-normal TWS, were experienced in the La Plata
region, with observations similar to those for soil moisture (see Soil moisture chapter).
Much-below-normal TWS was also visible in South America along the Andes range, in particular
in Patagonia, caused by ice-mass loss. In Australia, TWS was above normal to much above
normal in the Murray-Darling catchment. The North Island of New Zealand saw normal TWS,
while the South Island, on the contrary, saw much-below-normal TWS.

CASE STUDY ON THE WATER STORAGE SITUATION IN CENTRAL EUROPE
DURING 2023

Figure 14 shows the simulated yearly anomaly for 2023 with regard to 2011-2022 for subsurface
water storage (shallow groundwater from the land surface down to 60 m depth) and near-
surface subsurface water storage (which includes the root zone, from 0 to 2 m depth). Note
that contrary to TWS from satellite gravimetry discussed above, these water storage data
do not represent storage anomalies in surface water bodies, snow cover and glaciers. Much-
above-normal subsurface water storage is simulated in the Kingdom of the Netherlands and
north-western Germany due to a positive precipitation anomaly, leading to floods at the end
of the year in that region. Dry conditions prevailed in France, southern and eastern Germany,
the Alps, northern Italy and around the Baltic Sea. This dry anomaly is a continuation from
the 2022 drought and preceding drought years in the area. However, near-surface water

Total subsurface water storage Near-surface subsurface water

56°N |

54°N ||

Latitude

48°N

46°N |

o 5°E 10°E 15°E 0° 5°E 10°E 15°E
Longitude Longitude

Figure 14. Total subsurface water storage (0—-60 m) and near-surface subsurface water storage (0—2 m) in Central Europe in the
year 2023 ranked with respect to the historical period (2011-2022)
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storage modelling shows a weakening of negative anomalies in 2023, caused by above-normal
rainfall during spring and autumn. This is indicative of memory effects and the persistence
associated with such negative groundwater anomalies.”™

All data have been computed with the uncalibrated, physics-based model ParFlow/CLM at
aresolution of 0.6 km.”” Modelling approaches like this allow for a spatially continuous analysis,
eventually leading to a better planning and management of water resources. For example,
this hydrological modelling approach is used in a quasi-operational forecasting system, which
produces daily forecasts with a lead time of nine days (see the German Wasser-Monitor for
plant available water, www.wasser-monitor.de) as well as an experimental Water Resources
Bulletin (www.adapter-projekt.de/bulletin) providing seasonal forecasts four times per year of
the total subsurface water storage over the upcoming seven months. However, the simulation
results also show the need for in situ observations of various components of the water cycle
(soil moisture content, groundwater level, river discharge, etc.), for example for validation,
data assimilation and model-data fusion,’? which is only possible through dense hydrological
monitoring networks and open data sharing.
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Snow cover and glaciers

This chapter present the state of snow cover and glaciers in 2023, focusing on snow water
equivalent in March, peak snow mass over the northern hemisphere and glacier mass balance.

SNOW WATER EQUIVALENT

The March SWE in the northern hemisphere was obtained as an ensemble mean over the
1991-2023 period from four individual gridded products:

(1) The European Space Agency Snow CCI SWE version 2 product derived through a combination
of satellite passive microwave brightness temperatures and climate station snow depth
observations;”®

(2) The Modern-Era Retrospective Analysis for Research and Applications version 2 (MERRA-2)
daily SWE fields;™

(3) SWE output from the ERA5-Land analysis;”®
(4) The physical snowpack model Crocus’® driven by ERA5 meteorological forcing.

March mean data from each product were regridded to a common 0.5° x 0.5° regular grid and
averaged together (Figure 15). This is the same suite of products currently used to produce
annually updated SWE data for the Arctic Report Card”” and the Bulletin of the American
Meteorological Society (BAMS) State of the Climate Report.”® March 2023 SWE values were
converted to anomalies using the 1991-2020 reference period on a pixel-wise basis, as per Box 1.

In March, the SWE was much above normal in the northern catchments of the Lena and Khatanga
Rivers in the far eastern Russian Federation. The basins of the Dnieper, Don, Danube, Ural,
Yangtze and Amur all experienced below- to much-below-normal March SWE levels likely
due to earlier onset of snowmelt compared to the reference period as a result of increasing
temperatures. In North America, March SWE in the Nelson catchment was above normal,
and in the Columbia catchment, it was much above normal. The SWE in the Mackenzie and
parts of Yukon catchments was normal.

much below below normal above much above

Figure 15. March 2023 snow water equivalent anomaly compared with the reference period (1991-2020). Results are based on four
gridded products (see the Snow water equivalent section in the Annex for more details).
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PEAK SNOW MASS IN NORTH AMERICAN BASINS

Daily frequency SWE output from the Crocus-ERAbL snow model’® was aggregated over a
given land region to produce daily snow mass time series. Peak snow mass values were then
calculated for each water year, and the resulting series of values were used to calculate 2023
percentiles relative to the 1991-2020 reference period (Figure 16). In the majority of the North
American basins the peak snow mass in 2023 was within the historical normal. Only in the
Yukon, Nelson-Saskatchewan, Churchill and Colorado river basins and the Great Basin was
the peak snow mass above or much above normal. Seasonal peak snow mass for 2023 was
much above normal in North America and much below normal on the Eurasian continent.

GLACIERS

The present assessment of global glacier mass loss is based on a combination of glaciological
field measurements (~500 glaciers or 1% of global glaciers) and geodetic satellite measurements
(>200 000 glaciers or 96% of global glaciers) derived from the Fluctuations of Glaciers (FoG)
database compiled by the World Glacier Monitoring Service.8%® Winter and summer regional
balances are calculated by downscaling the annual values using seasonal observations from
FoG and the sine function analytical model proposed by Zemp and Welty (Figure 17).82

GLACIER CONTRIBUTION TO SEASONAL RIVER RUNOFF

The annual mass balance of a glacier, defined as the difference between winter snow
accumulation (mass gain) and summer melt (mass loss), reflects atmospheric conditions and
serves as a key indicator of climate change. The global net loss of glacier mass contributes
to sea level rise. Seasonal melting of ice and snow contributes to runoff. Therefore, glaciers
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Figure 16. Box and whisker plot (left) showing seasonal peak snow mass for 2023 compared to historical spread (1991-2020) over
various regions: entire northern hemisphere (NH), Eurasian continent (EA), North American continent (NA) and selected North
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2023 shown by red lines. Map (right) illustrates category rankings for 2023 snow mass compared to reference period.

25




Glacier mass change (Gt)

Glacier mass change (Gt}

Glacier mass change (Gt)

Glacier mass change [Gt)

1000 Global
3 Alaska Western Canada and USA
&0
_ 200 s
g‘ g G A0
s 100 &
§ 200 oo TN S| I
2 AR 1 R N1 . U T
[ £ 100 ]
£ 3 <
- 0- A 4 2300 g%
8 | ' e
n ~60-
T 1280 1990 2000 2010 2020 1960 1990 2000 2010 2020
E ar Yoar
- Arctic Canada North Arctic Canada South
% -500- 40- 10
L E & o, ;
(U] E. [} " E.
—10-
£ -2 | ] | £ :
—=1000- § 2 20-
y . , . ; a0 i
1980 1990 2000 2010 2020 i -e0 §-30
Year & -s0- = s
s -
' . 1980 1990 2000 2010 2020 1960 1990 2000 2010 2020
Annual mass loss 0.0 Annual mass gain ar 3
Greenland 30- Iceland .. Svalbard and Jan Mayen Scandinavia
7.5
200- = = =
g 8 & 5o
| F TN e el
I i I S 0 =TI TN 5 0 I i | | L
iy st O B W I 1 S M R Il
i g-10 £ _sg E_25-
i < £ =
-200- © _30- g et T
1960 1990 2000 2010 2020 1980 1990 2000 2010 2020 1980 1990 2000 2010 2020 1980 1890 2000 2010 2020
Year Year Yaar Yaar
North Asia Russian Arctic - Central Europe , Caucasus and Middle East
2- 60- :
1 g o g« g
o | :, g =
0 1 T TN m £ ookl b et : 2 i L ul
III I'l g |rl I | 20 e - :“‘II'| w I
; OO U T O L
E -0 52 ]
= -850 —4-
1980 1990 2000 2010 2020 1980 1990 2000 2010 2020 1980 1990 zoo0 2010 2020 1980 1930 2000 2010 2020
Yoar Yoar Yoar Yoar
i Central Asia 4 South Asia West " South Asia East 2 Tropics
a0+ z 5 10 g
HE : 18
20 H I |[ 2T g
Gy o SRH 3L L £ o0 . e — & O-uan T 2 o i 1|
STETTTR™Y L W] RER L IR |
5 3-10- 52
—40- % 3 15 3
- - = =la -3
- E-40 B g3
=20+ -4
1980 1980 2000 2000 2020 1980 1990 2000 2010 2020 1960 1990 2000 2010 2020 1980 1990 2000 2010 2020
Yoar Year Year Yaar
Southern Andes New Zealand Antarctic and Subantarctic
an- oo _ 150
& g
0. s ? s 100 P
| £ £ winter balance
I S ol | || I
] [ i | - - - - 0 - R
ol § T iy i | |I I
5! 5 -0 summer balance
~4g: 2 5 E
] & -100-
—80; = . A T .
1980 1990 2000 2010 2020 1980 1990 2000 2010 2020 1980 1990 2000 2010 2020
Yoar Year Year
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contribute to seasonal runoff even in years with balanced conditions or positive annual mass
balance. This can be seen in Figure 17, where negative summer mass balance values (ice
mass loss contributing to river flow) are measured even in years in which regions experienced
a net positive annual mass balance (blue bars, for example the early 1990s in Scandinavia,
or 1983 in most regions).

In many regions, precipitation and snowmelt primarily drive seasonal streamflow, but glaciers
play a crucial role during specific months, especially in arid and semi-arid regions. Here,
the delayed release of meltwater from glaciers helps sustain river flows during the driest
months and periods of drought.8485386.87.88

As glaciers respond to warming, their runoff initially increases, reaching a point of “peak
water”,® after which it declines as glacier volumes shrink.® If temperatures continue to
increase, the glacier will disappear, and with it, its hydrological contribution. This trend is
expected globally, with significant reductions in glacier runoff by the century’s end, particularly
in Central Asia and the Andes, where glaciers provide over 50% of basin runoff. Many regions
with smaller glaciers have likely already passed peak water.®"

THE YEAR 2023 IN CONTEXT

In 2023, glaciers lost more than 600 Gt of water, the largest mass loss registered in the last five
decades. This is about 100 Gt more than in any other year on record since 1976, equivalent to
1.7 mm of contribution to global mean sea level rise. After 2022, 2023 is the second consecutive
year in which all glaciated regions in the world reported ice loss.

Global estimates of annual glacier mass loss are good indicators of annual glacier contribution
to global sea level rise. However, because winters and summers occur at different times of the
calendar year in the two hemispheres, looking at global winter and summer estimates is not as
good a proxy to understand the impact of annual glacier mass loss on the hydrological cycle.
Regional winter and summer mass balances, however, can provide a better understanding
of the evolution and impact of glacier contribution to runoff.

Glaciers in many regions were close to balanced or had slightly negative conditions during
the 1970s and 1980s, with alternating years of positive and negative balances. Since the
1990s, ice loss has been increasing in almost all regions, and it accelerated considerably
after 2000.%2 This is mostly due to regions consistently presenting larger summer melt than
winter accumulation after the 1990s (Figure 18).

In most regions dominated by small glaciers, peak water has already been reached, or it is
expected to occur within the coming decades.®® The slightly reduced summer balance trends
observed in Central Europe, Scandinavia, the Caucasus and Middle East, Arctic Canada North,
South Asia West and New Zealand over the last years might indicate that these regions have
passed peak water conditions. In contrast, the Southern Andes (dominated by the Patagonian
region) and Russian Arctic, as well as Svalbard and Jan Mayen, seem to present melt rates
that are still increasing slightly (Figure 17).

In Central Asia, approximately 28 000 glaciers in the Tien Shan and Pamir mountains serve
as vital sources of fresh water, providing essential meltwater for agricultural, domestic and
industrial use in the densely populated lowlands. However, over the years, most glaciers in
Central Asia have shown a negative trend in mass balance. Small glaciers, in particular, exhibit
more intensive retreat, evidenced by a significant reduction in area and surface elevation.
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Figure 18. Glaciers and their mass balances as measured by glaciological expeditions conducted in Central Asia in 2023

Source: Nikolay Kassatkin, Central Asian Regional Glaciological Centre under the auspices of UNESCO; Kabutov Khusrav, Center for Glacier Research of the National Academy of Sciences of Tajikistan;
Abror Gafurov, GFZ; Gulomjon Umirzakov, National University of Uzbekistan; Ryskul Usubaliev, CAIAG, lulii Didovets, Potsdam Institute for Climate Impact Research, Green Central Asia programme
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For instance, the Central Tuyuksu Glacier in Kazakhstan recorded a mass balance of -28.0 m
or —0.42 m water equivalent per year from 1958 to 2022. In Uzbekistan during the 2022/2023
season the Barkrak Glacier experienced its highest melt since surveys began in 2016, with
a change of —-81 cm. Figure 18 presents the mass balance data for the Barkrak and Tuyuksu
glaciers, alongside photos from other glaciers in the region obtained during expeditions in
2023, highlighting these changes.

Similarly, the glaciers of tropical areas (low latitudes) in northern South America (specifically in
Colombia) are also natural indicators of the climate change trend. The glacier area in Colombia
continues to decrease, despite the occurrence of the La Nina climate variability phenomenon
in 2021 and 2022. At the beginning of 2022, it was 33.09 + 0.63 km?, which, compared to the
area at the beginning of 2021 (34.20 + 0.67 km?), shows a reduction of approximately 1.11 km?
(3.2%) of the national glacier cover.%
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High-impact hydrological events

This chapter presents a non-exhaustive review of selected major extreme events that occurred
in 2023 (Figure 19). The events were selected based on the number of deaths (>100) or overall
impact on people affected/displaced, using data from several sources, including the EM-DAT
database,®® WMO State of the Global Climate 2023 (WMO-No. 1347), direct communication
of WMO Members to the WMO Secretariat through an online form and other public sources
such as ReliefWeb.

FLOODING IN LIBYA

The extreme Mediterranean tropical cyclone Daniel reached north-eastern Libya on 10 and
11 September, leading to unprecedented rainfall. Al-Bayda station recorded an extraordinary
414 mm of rain within a 24-hour period, which caused severe flooding across the area.
The most catastrophic effects were witnessed in Derna, where significant portions of the city
centre were destroyed and swept into the sea due to floodwaters and the collapse of two
dams.®® The disaster was unprecedented, leading to at least 4 700 deaths, with more than
8 000 missing.? It affected nearly 22% of the nation’s population.®® The estimated cost for
reconstruction and recovery from the devastating floods amounts to USD 1.8 billion, which
represents 3.6% of Libya’s gross domestic product (GDP) for 2022.%° The housing sector was
particularly hard hit, with over 18 500 homes either destroyed or damaged, accounting for
7% of all housing in the country.'?

FLOODING IN DEMOCRATIC REPUBLIC OF THE CONGO AND RWANDA

From 2 to 56 May 2023, a significant flooding event accompanied by landslides impacted
the Lake Kivu area, situated on the border between Rwanda and the Democratic Republic of
the Congo, in Central Africa. On 2 May, Mushubati in Rwanda recorded 182.6 mm of rainfall,
setting a new national daily record.’” The event resulted in at least 574 casualties, with 443 in
the Democratic Republic of the Congo and 131 in Rwanda.'?

FLOODING IN THE HORN OF AFRICA

Following five consecutive seasons of below-average rainfall, which led to one of the most
severe droughts ever recorded in the region, the Horn of Africa experienced significant flooding
in 2023, especially later in the year, due to heavy rains linked to El Nino and the positive Indian
Ocean Dipole.’® Starting in October, this persistent rainfall caused almost 4 million people to
be displaced throughout Somalia, Kenya and Ethiopia.'®® In these devastating events, more
than 350 persons lost their lives in Somalia, Kenya and Ethiopia.'®

FLOODING IN MOZAMBIQUE AND MALAWI

In March 2023, Malawi and Mozambique faced one of the most severe tropical cyclones on
record, Tropical Cyclone Freddy, which originated in the Western Indian Ocean and tracked
eastwards.'® This storm brought unprecedented rainfall to southern Malawi. The most
devastating effects of Freddy occurred during its final landfall, affecting both Mozambique
and Malawi with exceptionally intense rainfall, reaching up to 672 mm in Mozambique.'”’
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Figure 19. Selected notable high-impact hydrological events across the globe in 2023
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Both countries were still reeling from storms in 2022.1%81% Malawi, in particular, was significantly
affected by Freddy, with at least 679 lives lost,""® and Mozambique reported a further
165 fatalities."" The total cost of recovery and reconstruction is USD 680.4 million in Malawi.'?

DROUGHT IN CENTRAL AMERICA AND THE SOUTHERN UNITED STATES

Throughout 2023, a severe drought spread from the southern United States across much of
Mexico and Central America."”® Initially emerging in Honduras and Panama in April, the drought
extended to most of eastern Central America by May and reached much of Mexico by June and
July."* By late August, areas in eastern Texas and Louisiana (United States) were experiencing
exceptional drought conditions. Mexico recorded its driest year ever, with precipitation levels
21% below normal, impacting nearly all regions at various times throughout the year. However,
late in the year, tropical cyclones brought significant rainfall that alleviated drought conditions in
Baja California and some Pacific coastal areas.”® Also, in August 2023, the negative precipitation
anomaly showed slight improvement in eastern Central America, specifically Honduras, Nicaragua
and Guatemala, yet meteorological drought conditions continued to persist across the region.'®
Heatwave and associated drought caused USD 14.5 billion losses in the United States."”

DROUGHT IN ARGENTINA, URUGUAY AND BRAZIL

From August 2022 to March 2023 in Argentina, rainfall was 20% to 50% below normal across
much of the northern and central regions, marking the fourth consecutive year of significantly
reduced precipitation.””® Uruguay faced critically low water storage levels, affecting water
supply in Montevideo and other large centres."® In Brazil, the Amazon saw below-normal
rainfall, with eight states experiencing the lowest rainfall from July to September in over
40 years.”” On 26 October the Rio Negro at Manaus saw the lowest level recorded since
1902, with water levels reaching 12.70 m.'?» The Amazon region experienced a loss of storage
between 2022 and 2023, resulting in the longest drought ever recorded in the basin.'?2'2
In the central and north-eastern regions of Brazil, the gain in groundwater storage can be
associated with intense precipitation processes between 2022 and 2023,'?*'% interrupting a
long trend of storage loss.’?® In a complementary way, in the south-eastern portion of Brazil
a loss of storage was observed in the monitoring wells with a probable origin in the typical
pattern of precipitation induced by La Nifa — a dipole of anomalies between the north-east
and the south-west.'”” The drought led to a 3% GDP reduction in Argentina in 2023.128

DROUGHT IN PERU

During January 2023, several rivers on the Lake Titicaca drainage (TLD) in Peru presented
hydrological droughts characterized as extreme by the National Meteorological and Hydrological
Service of Peru (SENAMHI). Thus, the river discharges of the TLD tributaries to Lake Titicaca
in Peru (Ramis, Coata, Huancané and llave) presented anomalies characterized by SENAMHI
as “well below normal”; these droughts had been more extreme since the 1990s."?° These
rivers’ discharge anomalies in the TLD are associated with the precipitation deficits that
occurred during the pre-rainy-season period (October-December 2022), when the TLD and
the adjacent Andean—-Amazon region experienced reductions of up to 60% in precipitation.
Consequently, Lake Titicaca water levels decreased by 0.05 m from December to January.
Such conditions had not been seen since the El Nino-related drought of 1982/1983. This new
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historic drought was associated with southern moisture flux anomalies, which reduced
the input of moisture-laden winds from the Amazon Basin to the TLD. Anomalies of this type
in moisture transport had not been observed since at least the 1950s.'%°

FLOODING ON THE NORTH ISLAND OF NEW ZEALAND

In early 2023, the east coast of New Zealand’s North Island faced severe flooding during Cyclone
Gabrielle on 13-14 February, which delivered over 500 mm of rainfall in a day in some areas,
resulting in 15 deaths™' and economic losses estimated between USD 5.3 billion and 8.6 billion.'32133

FLOODING IN CHINA AND THE PHILIPPINES

In July 2023 Typhoon Doksuri (Egay) caused substantial flooding in both the Philippines and
China, with some of the most significant flooding occurring in the Beijing region from the
remnants of the storm. A 24-hour total of 744.8 mm was observed at Wangjiayuan Reservoir,
in the hills near Beijing. Doksuri led to 56 fatalities in China, and 45 in the Philippines.’3413%
Officials in China have estimated an economic loss of more than USD 13.2 billion.'3¢

FLOODING IN ITALY

Two intense rainfall events in the first half of May (1-3 May, 16-18 May) led to extensive
flooding in Italy.”®” The hydrological combination of the two intense weather events, which had
similar amounts of rainfall (210 mm total precipitation in the first one, 240 mm in the second
one),’*® amplified the impacts of the second one, resulting in the flooding of an area of 540 km?
with approximately 350 million cubic metres of water.”®® This impacted 100 municipalities
in the Emilia-Romagna region. Twenty three rivers overflowed, due mainly to diffuse levee
breaches, and 13 others rose to alarming levels, resulting in thousands of landslides, which
led to 15 persons losing their lives and 23 067 individuals being evacuated.'® The majority of
evacuees were in the Ravenna area (16 445), with 4 462 in the province of Forli-Cesena and
2 160 in the Bologna area.”” The flood caused USD 8.6-9.75 billion in losses.'#2143

Early warning systems in Italy*%*

STATE OF EMERGENCY AND ACTIONS TAKEN DURING THE EMILIA-ROMAGNA FLOODS,
MAY 2023

The national early warning service (network of regional coordinated centres) issued red alerts on
16 May with 24 hours’ notice and the description of the expected impacts, in particular, a forecast of
floods close to the embankment levels and historical maximums in the Romagna basins and tributaries
of the Reno River, and the possibility of numerous and extensive landslides. The precipitation
observed in the first half of May was eight times the climatological monthly average.'® Twenty
three rivers had overflowed by 25 May 2023, and 13 had reached threatening water levels, resulting
in thousands of landslides, 15 deaths, the evacuation of more than 23 000 people and the closure
of almost 700 roads.'#7148:149

Role of the Early Warnings for All (EWA4AII) initiative:

The advance prediction of the event, with the issuing of the civil protection red alert, allowed the
highest level of mobilization to be put in place, through the activation of the national Crisis Unit and
the regional mobile columns,® with numerous evacuations, both preventive and during the event.
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Synthesis

This 2023 edition of the State of Global Water Resources report continues to build on the
increasing engagement from WMO Members, NMHSs and global hydrological modelling
communities.

The 2023 report benefitted from a significantincrease in observed data points. The number of
in situ discharge measurement stations rose from 273 in 14 countries in the previous annual
report to 713 stations (out of 1 595 stations that were available in total, many of which could
not be used because of gaps in the time series) in 33 countries. There was also a substantial
increase in groundwater data collection, with data from over 35 000 wells in 40 countries
being used (out of more than 130 000 from which data were originally collected), compared
to 8 246 wells in 10 countries in 2022. This increased availability of data has been crucial for
assessing water resource conditions more extensively and validating the modelling tools
used. The majority of data points for discharge were concentrated in Europe and North
America, with 46% and 21% of the stations, respectively. Meanwhile, Africa, South America
and Asia were still underrepresented, underscoring the need for increased and improved
hydrological monitoring efforts and data sharing in underrepresented regions, particularly in
the developing countries. Also, stations in Europe were located mainly in Scandinavia, which
could influence the interpretation of the results, as the signal from Southern/Central Europe
will be missing from any analysis based on in situ observation only. The contribution from
the International Soil Moisture Network (ISMN) underscores the importance of in situ soil
moisture data. These soil moisture measurements are foundational for validating satellite and
modelled soil moisture products and are crucial for environmental assessments. However,
challenges persist with in situ data (out of 3 000 stations in the ISMN network, only 160 could
be used for this study due to data gaps), including their localized nature, lack of standardization
across institutions and difficulties in maintaining data continuity when sensors are replaced.
Despite these challenges, in situ data remain vital as the only direct measure of soil water
availability. The 2023 report also highlighted the potential usage of Earth observation-based
products to augment existing observation data by infilling gaps. In general, an urgent need
remains for more support from WMO Members to build better monitoring networks and use
innovative methods to improve data management and data sharing.

The 2023 reportincludes new chapters and variables, such as lake volumes, reservoir volumes
and snow water equivalent, thus offering a more comprehensive picture of the global water
cycle. This expanded scope contributes to a better understanding of the interconnectedness
of different hydrological factors and their impact on water resource management. Substantial
contributions from the global hydrological modelling community strengthened the analysis of
variables such as evapotranspiration, soil moisture, snow and ice cover and terrestrial water
storage (TWS). These contributions are particularly valuable for data-sparse regions and help
reduce uncertainty in the findings, providing more reliable information for policymaking.

Validation of modelled results for 2023 showed agreement in over 73% of basins between
observed and simulated anomalies, especially in Central and Northern Europe, New Zealand,
Australia, the upper Parana River in Brazil and Paraguay, the Ganges in India and the Irrawaddy
River in Myanmar. However, discrepancies between modelled and observed anomalies
were noted in South Africa, the upper Amazon basin, the Lule basin in Sweden, the Nelson
and upper Mississippi basins in North America, and the Niger River in Africa. While models
are able to provide a coherent and trustworthy picture of the discharge conditions in many
catchments around the world, validation of the results plays a critical role in the assessment
of the results. In general, a global systematic observing system for the global hydrological
cycle is still lacking, due to lack of in situ measurements and/or data exchange. This report
highlights the benefit of having both better monitoring and the implementation of the WMO
Unified Data Policy for hydrological observations to ensure that Members are able to calibrate
and run hydrological models which help in assessing the current status as well as make
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forecasts, thus aiding water management. The principle of having a common method, used
across the globe, for the indicator calculations and common variables also underpins the WMO
HydroSOS initiative to unite hydrological monitoring and forecasting systems worldwide.

The year 2023 was marked by unprecedented heat, becoming the hottest year on record at
1.45 °C above pre-industrial levels. Europe, North America and China faced heatwaves, while
Canada experienced its most extreme wildfire season ever, with over 18 million hectares
affected. The transition from La Nina to El Nino conditions contributed to this extreme heat
and varied weather impacts, including heavy rains, floods and droughts. Total precipitation
in 2023 exceeded the long-term normal in several regions, including East and Central Asia,
parts of North Asia, the western Indian summer monsoon area, and parts of Africa, Europe
and North America. Significant rainfall deficits were observed in south-eastern South America,
the Amazon basin, much of Central America, southern Canada, the western Mediterranean
region, and parts of Africa and Asia.

The year 2023, compared to the historical period, was marked by mostly drier-than-normal to
normal discharge conditions. Similar to 2022 and 2021, over 50% of global catchment areas
showed river discharge deviations from near-normal conditions, predominantly lower than
normal, with fewer basins exhibiting above- and much-above-normal conditions.

In the Americas, below- and much-below-normal conditions prevailed across large territories.
Throughout most of North America, except for Alaska, 2023 was characterized by below- to
much-below-normal discharge conditions. In fact, in the southern United States drought
conditions had already been in place for more than three years. In 2023 Central America and
South America also experienced below-normal to much-below-normal conditions across
almost their entire territories. In 2023, every country in the Amazon basin saw record low
levels of rainfall. As a result, reservoir inflows were lower than usual across North and South
America, particularly in the Mackenzie River in North America, Mexico and the Paranéa Riverin
southern Brazil and Argentina. Groundwater levels in North America were also below normal,
particularly in the western and central United States, as they were in central and northern
Chile, and in western and southern Brazil, likely due to prolonged drought conditions. Also,
soil moisture was below normal across North and South America during June—August. As
reported by the United States National Oceanic and Atmospheric Administration (NOAA),""
2023 ranks just behind 2022 in the recent historical record for dry soils in the United States.
Following reduced water availability, the AET values were much below normal in Central
America, Brazil and Argentina in September—November, and over the entire year in Mexico.
Much-below-normal TWS values reflected significant water storage deficits in this region;
for example, the La Plata region saw below-normal TWS, consistent with dry soil moisture
conditions. North America’s Nelson and Columbia catchments saw above- and much-above-
normal March SWE, respectively. Also, the peak snow mass in the southern Colorado basin
and Great Basin was much above normal. Glaciers in the southern Andes (dominated by the
Patagonian region) presented slightly increasing melt rates.

Discharge conditions in Europe saw varying patterns. Northern Europe, including the United
Kingdom and Ireland, experienced above-normal river discharge, and groundwater levels were
also above-normal. Reservoir inflows in Northern Europe, particularly Sweden, were higher
than usual, reflecting the discharge patterns. Only the far north of Norway saw below-normal
inflows. Central and Western Europe exhibited normal annual discharge conditions; however,
northern Italy was hit by a devastating flood. Much-above-normal subsurface water storage
was observed in the Netherlands and north-western Germany due to positive precipitation
anomalies, leading to year-end floods in those regions. Meanwhile, dry conditions persisted
in France, southern and eastern Germany, the Alps, northern Italy and the Baltic Sea area,
continuing the drought trends from previous years, although near-surface water storage
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showed some improvement in 2023 due to above-normal spring and autumn rainfall. The TWS
was below normal and much below normal across Southern, Central and Eastern Europe,
with some hotspots in Sweden and Norway.

The Iberian Peninsula faced much-below-normal AET during spring, while Central, Eastern
and Northern Europe exhibited above- and much-above-normal AET over the autumn months.
Groundwater levels were below normal in Southern Europe, including Portugal, Spain and
most of France, as well as Central Europe. Soil moisture conditions were predominantly below
normal, particularly during June, July and August. March snow mass for 2023 was much
below normal in the Eurasian continent, the basins of the Dnieper, Don, Danube, Ural, Amur
and Yangtze all experienced below- to much-below-normal March SWE levels. Groundwater
levels in Southern Europe, including Portugal, Spain and most of France, as well as in Central
Europe, were below normal. Glaciers of Europe and the Caucasus showed slightly reduced
summer balance trends in 2023 as well as previous years.

Africa was hit by severe floods in 2023. Libya, Mozambique, Malawi, the Democratic Republic
of the Congo, Rwanda and the Horn of Africa (which had suffered from five consecutive low
rainy seasons) all faced severe flooding, likely triggered by El Nino conditions. The floods
led in total to more than 12 600 casualties, with over 11 000 victims in Libya alone. The east
coast of Africa, including the Limpopo and Zambezi river basins, experienced above- and
much-above-normal river discharge. Reservoirs in South Africa saw above-normal inflows
following above-normal discharge conditions. Soil moisture levels across sub-Saharan Africa
were generally below normal, except in South Africa, which experienced above-normal
soil moisture conditions. Evapotranspiration (AET) rates in sub-Saharan Africa during the
December-February and June-August months were normal to below normal, except for West
Africa and the coastal basins in South Africa. The Horn of Africa showed above-normal AET
during the March—May and September—-November months, with intense rainfall and associated
flooding experienced in October. Groundwater levels across much of North Africa, including
Libya, were below normal, reflecting long-term declines likely due to over-abstraction rather
than climatic factors. Sub-Saharan Africa and the Horn of Africa both experienced much-
above-normal TWS in 2023, reflecting a significant and persistent increase in water storage
since 2019, highlighting long-term positive trends in these regions.

In Asia significant flooding occurred in the Philippines and China due to Typhoon Doksuri. The
east coast of the North Island of New Zealand faced severe flooding during Cyclone Gabrielle.
Major river basins such as the Ganges, Brahmaputra and Mekong experienced below-normal
conditions throughout most of the year. The northern and eastern coasts of Australia saw
above-normal discharge conditions, while the Murray-Darling basin experienced predominantly
normal conditions; the reservoirs there had above-normal inflows. The Murray-Darling
Basin also experienced above- to much-above-normal TWS, while New Zealand saw mixed
conditions, with the North Island having normal TWS and the South Island experiencing
much-below-normal TWS. Soil moisture levels were predominantly below normal in Central
Asia and China during the summer months. However, India saw much-above-normal soil
moisture conditions, indicating regional variability. Evapotranspiration (AET) rates were high
across several regions. India experienced much-above-normal AET during the March—-May
period, and catchments in the far eastern Russian Federation, such as the Ob and Enisey, also
saw much-above-normal AET during June—August and September—-November. Central Asian
catchments like that of the Syr Darya experienced above-normal AET during September—
November. Groundwater levels in several parts of India were above normal due to increased
rainfall. However, over-abstraction impacted groundwater levels in the north of India, with
most data reflecting climatic conditions. The eastern basins of the Danube and Dnieper saw
above-normal discharge conditions. In 2023, SWE levels varied, with northern catchments
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of the Lena and Khatanga Rivers in the far-eastern Russian Federation experiencing much-
above-normal SWE in March. However, most catchments below 50°N latitude had below- to
much-below-normal March SWE, indicating an earlier onset of snowmelt due to rising
temperatures. The slightly reduced summer glacier balance trends observed over western
South Asia and New Zealand over the last few years might indicate that these regions have
passed peak water conditions, while the Russian Arctic and Svalbard still seem to present
slightly increasing melt rates. In Central Asia, most glaciers have shown a negative trend
in mass balance. Small glaciers, in particular, exhibit more intensive retreat, evidenced by
a significant reduction in area and surface elevation, as is the case for the Central Tuyuksu
Glacier in Kazakhstan and Barkrak Glacier in Uzbekistan.
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Due to the clustering of available observation points the map in Figure 9 could not reproduce this observation.
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Annex. Technical annex

METHODS

This Annex provides high-level information on the main methodological steps applied to
portray the state of global water resources in the year 2023.

For the State of Global Water Resources 2023 report, the resolution of primary hydrological
basins was increased, resulting in 986 basins spanning the globe. The basin map was based
on Hydrosheds level 4 data.! The original dataset contained about 1 300 basins. However,
due to global hydrological modelling system (GHMS) resolution, basins with a drainage area
of less than 10 000 km? were filtered out together with some regions (such as Greenland),
leaving 986 basins (Figure A1).

DATA SOURCES

Several sources of information on water resources were used to produce this report (refer
also to the overview provided in Table A1 of this Annex), in particular, the following:

e Observed river discharge data were obtained from the National Meteorological and
Hydrological Services (NMHSs), the Global Runoff Data Centre (GRDC)? and enhanced
streamflow observations using Earth system-based products.?

e Simulated river discharge data were obtained from 10 GHMSs. For more information on
the models used, please refer to the Global hydrological modelling systems section of
this Annex.

* Inflow into selected reservoirs globally was obtained from Wflow_sbm,* CaMa-Flood?®
and World-Wide HYPE model (WWH).5

e Reservoir volume anomalies were obtained from the United States National Aeronautics
and Space Administration (NASA), following the methodology described by Biswas et al.”

* Lake volume data were provided by the Global Water Monitor.2®°

Figure A1. Global coverage of selected hydrological basins
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Table A1. Data sources per chapter

Institution Product name Key reference

discharge
Reservoirs
Ground-
Evapotrans-
piration
Terrestrial
water storage
Snow cover
and glaciers
Extreme
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Observed datasets

Members

Global Runoff Database GRDC, 2023
Centre (GRDC), Germany

International Groundwater
Resources Assessment
Centre (IGRAC),
Netherlands

International Soil Moisture
Network (ISMN), Germany

World Glacier Monitoring
Service (WGMS),
Germany

Central-Asian Institute
for Applied Geosciences
(CAIAG)

National University of
Uzbekistan

Center for Glacier
Research of the National
Academy of Sciences of
Tajikistan
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Institution

Product name

Key reference

Models and Earth observation datasets

Goethe University
Frankfurt, Germany

WaterGAP 2.2e

Miller Schmied et al., 2021;"
Miller Schmied et al., 2023

Institute of Atmospheric CSSPv2 Yuan et al., 2018™
Physics, Chinese Academy | Conjunctive
of Sciences Surface-
Subsurface
Process version 2
(CSSPv2)
Helmholtz Centre for mesoscale Samaniego et al., 2010;"
Environmental Research — | Hydrologic Kumar et al., 2013;"®
UFZ, Germany Model (mHM) Samaniego et al. 2019
Swedish Meteorological World-Wide Arheimer et al., 2020"
and Hydrological HYPE (WWH)
Institute (SMHI), Sweden version 1.3.9
DHI, Denmark DHI-GHM Murray et al., 2023
University of Tokyo, Japan | CaMa-Flood Hanazaki et al., 2022;'°
with Dam Yamazaki et al., 20112°

University of Tokyo/Japan
Aerospace Exploration
Agency, Japan

Today’s Earth -
Global (TEJRAS5)

Yoshimura et al., 2008;%
Ma et al., 2021?2
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discharge

Reservoirs
Soil moisture
Evapotrans-
Snow cover
and glaciers

Models and Earth observation datasets

European Commission Global Flood Alfieri et al., 2013;%
Joint Research Centre Awareness Grimaldi et al., 20222*
(JRC) System (GloFAS)

Deltares, Netherlands Wflow_sbm Verseveld et al., 2022;%

Imhoff et al., 2021;%
Eilander et al., 2021%7

Brigham Young University, | GEOGLOWS Hales et al., 202228
USA

Research Centre Jilich, ParFlow/CLM Belleflamme et al., 20232°
Germany

Environment and Climate | Crocus ERAbS Mudryk et al., 2023;3%°
Change Canada Mudryk et al., 2024%
NASA, USA - Biswas et al., 202132
Australian National Global Water Hou et al., 2022;33
University, Australia Monitor Hou et al., 20243

GFZ Research Centre for GRACE Landerer et al., 202035
Geosciences, Germany

University of Stuttgart Remote Sensing- | EImi et al., 20243¢
Germany based Extension
of GRDC (RSEG)
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e Groundwater data were provided by the International Groundwater Resources Assessment
Centre (IGRAC) for 40 selected countries.

e The global terrestrial water storage (TWS) anomaly was obtained from the GRACE project®’
globally and locally for Central Europe from the Water Resources Bulletin, based on the
physics-based model ParFlow/CLM.38

e Glacier data were obtained from WMO Member States and Territories, the World Glacier
Monitoring Service (WGMS), Central-Asian Institute for Applied Geosciences (CAIAG),
German Research Centre for Geosciences (GFZ), National University of Uzbekistan, Center
for Glacier Research of the National Academy of Sciences of Tajikistan and external
experts.

e Snow-water equivalent data were obtained from Environment and Climate Change
Canada®*° and from two GHMSs: Today's Earth — Global (TEJRA55)4*2 and mesoscale
Hydrologic Model (mHM).

¢ Qualitative and quantitative information on high-impact events was obtained from open
data sources, such as the EM-DAT database (CRED, 2023),%* ReliefWeb, WMO State of the
Climate reports and others.

VARIABLE RANKING (ANOMALY CALCULATION)

To provide a coherent picture across different datasets obtained, a consistent method of
variable ranking was applied to the variables listed in the previous section: river discharge,
inflow into reservoirs, groundwater level, soil moisture, evapotranspiration and TWS.

Averages over historical periods for modelled and observed datasets were calculated for each
year. The resulting array was ranked. The yearly average of a selected variable for the year
2023 was then compared to this ranked array and classified according to the following rule:

much below normal: Q,,,; =< 10th percentile

below normal: 10th < Q,,,, < 25th percentile
normal: 25th =< Q,,, < 75th percentile
above normal: 75th < Q,,, < 90th percentile

much above normal: Q,,,; = 90th percentile

Depending on the variable in question, the historical period varied, constrained by the data
availability. Refer to Table A2 for selected historical periods and to dataset-specific chapters
of the main report for more details.

For the modelled data, where several data sources (ensembles of models) have been used
(specifically, for data from GHMSs on inflow into and discharge from reservoirs), the averaging
of the variable ranking results was done at the basin level. For each model in the ensemble,
the above-specified rankings were assigned an integer (“much below normal” = 1, “below
normal” =2, “normal” = 3, “above normal” =4, “much above normal” =5), and then an average
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was calculated across the outputs of the ensemble of models for each of the basins. The
resulting number was rounded, and the average discharge ranking was derived for each
basin, according to the thresholds listed above.

Table A2. Historical periods of selected datasets

Dataset Selected Length of
historical period | historical period

Simulated river discharge
from GHMSs 1991-2020 30 years
Observed river discharge Varying between
from GRDC and NMHSs <2001-2020 20 to 30 years
Inflow into reservoirs 1991-2020 30 years
Reservoir storage 2000-2023 24 years
Lake level 1991-2020 30 years
Groundwater level 2004-2023 20 years?
Evapotranspiration 1991-2020 30 years
Soil moisture modelled 1991-2020 30 years
Soil moisture observed 2008-2022 15 years
Snow water equivalent 1991-2020 30 years
Terrestrial water storage
(TWS) 2002-2020 19 years

210 years for Brazil, Bulgaria, Costa Rica and Israel

GLOBAL HYDROLOGICAL MODELLING SYSTEMS

The 2023 report predominantly uses outcomes from the GHMSs sourced from the modelling
community. Despite improved availability, observed discharge data were still not sufficient to
ensure a consistent global overview, requiring the need for an alternative source for discharge
data. The simulated discharge produced by multiple GHMSs was analysed using the subbasin
map obtained after processing the level 4 Hydrosheds dataset (Figure A1).

In total, 10 GHMSs were used in the modelling exercise:

e  World-Wide HYPE v1.3.94

e  WaterGAP 2.2e%

e (CSSPv2 Conjunctive Surface-Subsurface Process (CSSPv2)4¢
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* mesoscale Hydrologic Model (mHM)#7:4849

e DHI-GHM?®®

e CaMa-Flood with Dam?®'52

e Today's Earth — Global (TEJRAB5)%354

e Global Flood Awareness System (GloFAS)55%6
e  Wflow_sbm?®7.5859

e GEOGLOWS®®

The global hydrological modelling community was requested to provide historical simulations for
the chosen 986 basins for the years 1991-2020 and the target year of 2023, using meteorological
input data of their choice. Before submitting the outputs, the modelling teams were required
to complete a modelling dictionary, offering necessary technical details about the model and
input data sources. An ensemble of models was employed to address potential uncertainties
in the simulations, and the 2023 discharge ranking was conducted initially for the simulated
discharge from each model for each basin, then averaged across all models for each basin
(refer to the Variable ranking section for more details).

Table A3 shows a technical breakdown of the various GHMSs, and the Validation of modelled
results section summarizes the models’ spatial coverage and provides a graphical representation
of trends simulated by each model for each basin. Due to time restrictions, it was not feasible
to homogenize input data sources for model setup across all modelling groups. Regarding
climate forcing, all GHMSs used ERAb reanalysis data,®' except for the WWH and TEJRA55
models, which were driven by the HydroGFD® and JRA-55% datasets, respectively.

RIVER DISCHARGE

OBSERVED DATA AND VALIDATION OF MODELLED RESULTS
General availability of discharge data from GRDC and NMHSs for the year 2023

Observed discharge data were obtained from GRDC® and received from the NMHSs. Two
selection criteria were adjusted to increase the potential volume of observed data: the historical
period was permitted to span a minimum of 20 years, instead of 30 as for the modelled data,
and datasets not yet subjected to quality checks were included. NMHSs could also supply
calculated anomalies in case of data sensitivity.

In total, observed data from 713 stations for the year 2023 were collected from the GRDC
database and NMHSs. Two subsets were derived from the total pool for further detailed
analysis. The first subset, consisting of 713 stations with a maximum of 20 days of missing
data in 2023, was selected for evaluating the 2023 discharge anomaly. The second subset,
comprising 131 stations, was identified for validating the GHMSs' results. These stations were
selected from the 713 stations based on their proximity to the chosen HydroBASIN outlet,
ensuring a closer match between the observed and modelled data.
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Table A3. Characteristics of global hydrological modelling systems used in the report

Model name Institution Spatial coverage Sipeie) m_odel il @i
resolution product used
WaterGAP 2.2¢e Goethe University Frankfurt Global 0.5° x 0.5° GSWP3-ERA5
Conjunctive Surface- Institute of Atmospheric Global 0.25° ERAB, with

Subsurface Process version 2

Physics, Chinese Academy of

precipitation replaced

(CSSPv2) Sciences by MSWEPv2
mesoscale Hydrologic Model Helmholtz Centre for Two setups available: Last version was ERA5
(mHM) Environmental Research - UFZ | (1) global and (2) individually based on the 0.25°

delineated and calibrated resolution

GRDC basins
World-Wide HYPE (WWH) Swedish Meteorological and All continents except On average HydroGFD
version 1.3.9 Hydrological Institute (SMHI) Antarctica 1 000 km?
DHI-GHM DHI The model covers land surface 0.1°x 0.1° ERA5

of the globe between 80°N and
60°S

CaMa-Flood with Dam

University of Tokyo

90N°-60°S, 180°W-180°E
(without Greenland)

0.25° lat./lon. deg.

ERA5-land runoff

Today’s Earth — Global University of Tokyo/Japan 90N°-60°S, 180°W-180°E 0.25° lat./lon. deg. | JRA-55

(TEJRABGSG) Aerospace Exploration Agency | (without Greenland)

Global Flood Awareness European Commission Joint Global except for Antarctica 0.05° ERA5

System (GloFAS) Research Centre (JRC) (90°N-60°S, 180°W-180°E) (~5 km, gridded)

GEOGLOWS Brigham Young University Global Irregular grid, ERAS
~150 km?

Wflow_sbm Deltares Global 30 arcsec ERAS

(0.0083° ~ 1 km)
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Figure A2 presents the location of the 713 gauges for which data were received from the GRDC
database and NMHSs for discharge anomaly analysis for the year 2023 and the 131 gauges
selected for validation of modelling results, including the respective Hydrobasins where those
were located. Note that the ranking of the streamflow for 2023 estimated from the ensemble
of GHMSs might differ from the results obtained from the observed streamflow data at a finer
spatial scale. Therefore, WMO emphasizes the importance of the availability of local in situ
data for producing accurate global products such as the assessments presented in this report.

Figure A3 presents the locations of the 828 gauge stations for which data were obtained
from the Remote Sensing-based Extension of GRDC (RSEG) dataset, which combines gauge
discharge and remote sensing observations.®® This product extends the GRDC time series
using a stochastic nonparametric mapping algorithm derived from remote sensing data.

Figure A2. Location of gauges in the GRDC database and for which data were received from NMHSs (green points), and those
selected for validation, along with the respective Hydrobasins in which those gauges were located (blue points)

and Oceania  Europe L -
1.5%

v = | E—_________________J}
much below below normal above much above

Figure A3. Location of gauges for which data were obtained from the Remote Sensing-based Extension of GRDC (RSEG)
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VALIDATION OF MODELLED RESULTS

The discharge ranking obtained from the GHMS simulations was validated with discharge
ranking obtained from the available observed data. Annual averages of flow observations from
2023 were ranked against the hydrological normals (obtained from at least 20 years of flow
observations) at each WMO basin (where observed flow data were available). The discharge
rankings from simulated and observed data for the year 2023 were classified by the sign of
change with respect to the long-term normal (that is, “below”, “above” or “normal”) and
then compared to each other. Note that in large basins where some of the downstream units
(according to the WMO basin classification) import a considerable amount of water resources
from the upstream catchments, comparisons/validations done between results from modelled
data and observations for only one gauge per WMO basin might lead to inaccurate results.
Therefore, using observations from intermediary gauges or redefining of the catchment areas
must be considered in the future to minimize uncertainties in the results.

Figure A4 shows model agreement on the state of the annual river discharge with respect to
the mean (above, below, normal (that is, no change)) among GHMSs used in the simulation
task for each basin. The results show that more than 50% of GHMSs agree on the sign of
trends for 97% of the area globally. Moreover, the agreement for Australia and South America
is higher, lying between 75% and 100%.

Figure A5 presents observed discharge anomaly for the year 2023 for selected basins. Figure A6
shows the validation of trend simulations for the 2023 discharge. Areas where simulated and
observed trends disagree on the direction of change are indicated by hashing.

The validation of modelled results showed agreement between observed and simulated
anomalies for the year 2023 in New Zealand, the eastern and northern part of Australia,
Myanmar, northern India, the United Kingdom, Norway, Finland, Latvia, Estonia, Austria,
Slovakia, Hungary, the eastern part of Ukraine, the western part of Canada, the eastern and
southern part of the United States and Paraguay. Modelled trends disagree with observations

L - W 1
25%-50% 50%-75% 75%-100% NA

Figure A4. Share of GHMSs that agree on the sign of changes in the annual river discharge with respect to the mean (above, below,
normal) for each basin
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in the southern part of Europe (for example, Greece and Albania), Sweden, Southern Africa,
the upper Amazon and the central part of the United States. In general, GHMS simulations
align with observations in 69% of the basins with available observational data.

In some areas (for example, Great Britain and Ireland), there was a mismatch between the resolution
of the models (catchments above 10 000 km? were selected for the analysis) and the observed

[ o I — — R — m— o [ o |
much below below normal above much above NA

Figure A5. River discharge in 2023 as ranked with respect to the historical period 1991-2020. The results presented here were
derived from the observed discharge data, which were obtained from NMHSs and the GRDC database. Dots represent the location
of received observed gauges. Grey areas indicate missing discharge data.

much below below normal above much above

GHMSs disagree with observations [ GHMSs agree with observations GHMSs agreement <50%

Figure A6. Validation of trends simulations for the 2023 discharge. Areas where simulated and observed trends agree on the
direction of change is indicated by a bold outline. Areas where GHMSs disagree with each other are marked with left slanting
hashing, and areas where GHMSs disagree with observations are marked with right slanting hashing.
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datasets. The provision of a “national outflow” data series for the United Kingdom allowed
for a simple validation of these model results, though this case underlines the importance of
scale in small nations, and the need for better spatial representation of relevant catchments.

Figure A7 presents discharge ranking results obtained for each of the basins from 10 GHMSs.
The results for the Wflow_sbm model are presented only for Europe.
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Figure A7. Simulated discharge rankings for the year 2023 for each basin by each of the GHMSs grouped by region.

Note: 1—DHI-GHM, 2 — GloFAS, 3— TEJRA55,4 - WWH, 5-mHM, 6 — WaterGAP 2.2e, 7— CaMa-Flood, 8- CSSPv2,
9- GEOGLOWS, 10 - Wflow_sbm. Grey area indicates no data values for a specific basin.
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RESERVOIRS

INFLOW INTO SELECTED RESERVOIRS

The modelled results for the inflow into 926 reservoirs globally were obtained from three
main sources: Wflow_sbm,% CaMa-Flood with dam®6¢ and WWH.®® The reservoirs were
selected based on overlap between those three sources and identified by their GRanD id.”®
Daily inflow into selected GRanD reservoirs has been computed for the period 1991-2023.

Wflow_sbm:”" Daily inflow and daily reservoir volumes were calculated for the period 1991-2023
for the selected GRanD reservoirs.

CaMa Flood with Dam: The CaMa-Flood model’? along with the Dam operational scheme by
Hanazaki et al.”® was used to conduct global simulations. The model can simulate river flows
encompassing 2 169 global dams and reservoirs with a drainage area of at least 1 000 km?.
The information for each reservoir, such as the dam’s name, coordinates, storage capacity and
drainage area, in the model is based on information from GranD.” The model configuration,
done by Hanazaki et al.,”® enables global simulations at a spatial resolution of 0.25° using MERIT
Hydro’® as a baseline topography. The same model configuration settings, utilizing ERA5-Land
reanalysis data’” from 1991 to 2023 for runoff forcing, have been used for the current global
simulations. The temporal resolution of the model is one hour. However, keeping in view the
reporting requirements, the outputs have been prepared at 24-hour intervals.

Calibration of the model with the Dam operational scheme is unavailable. However, Hanazaki
et al.”® conducted model validation based on simulations spanning 2001 to 2019. Validation for
the model is accessible for the daily streamflow discharge of 687 gauges (located downstream
of dams) from GRDC and other institutions worldwide. The accuracy of discharge hydrographs
compared to observations was evaluated by calculating Nash-Sutcliffe efficiency (NSE)”®
and peak discharge error (PDE).%° In addition to the 687 global gauges, validation is also
available for inflow, outflow and storage at the Seminoe and Trinity reservoirs using insitu
observation data.

World-Wide HYPE v1.3.9: Daily inflow into GRanD reservoirs and daily reservoir volume
have been delivered for the period 1991-2023. The World-Wide HYPE model was calibrated
in a stepwise manner using 2 475 discharge gauges and evaluated against an additional
2 863 independent discharge gauges.? The model includes around 13 000 lakes and
2 500 reservoirs. These are described in a general fashion based on information from
the GRanD database. Except for a handful of places, the operating routines of the reservoirs
have not yet been calibrated in WWH.

RESERVOIR STORAGE

Anomalies in basin-wide reservoir storage were calculated in line with the methodology
described by Biswas et al.?? A total of 50 068 reservoirs were selected worldwide from different
dam datasets,?3848%86 g|| of which were within the 233 selected basins around the world. For
each of the selected reservoirs, the area-elevation curve was generated using the SRTM
elevation dataset following the methodology described in the Global Reservoir Assessment
Tool.?” From the area-elevation curve, the accumulated storage for each elevation band was
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Figure A8. Surface water extent

attimestamp 1 and t—1, and

S, S,., Storage—> the area-elevation-storage curve used
for calculation of monthly storage

calculated using Equation 1 to form a complete area-elevation-storage curve for individual
reservoirs. Secondly, water extent area time series for each of the reservoirs were extracted
using the application programming interface (APl) and the GWW (Global Water Watch)s®
time-series data.

S _Ai+Ai+l (h
L= ) .

i+1 i+l

~h)+S, fori=0ton-1 (1
where S is storage, A is area and 4 indicates elevation.

The water extent area time series were prepared using data from multiple satellites (Landsat
series, Sentinel 2). The surface water extent time series data were then converted into monthly
median time series spanning from 2000 to 2023. From the surface water extent area time series
of the individual reservoir, monthly storage was calculated using the area-elevation-storage
curve (shown in Figure A8). Finally, monthly individual reservoir storage time series were
accumulated into monthly basin-wide reservoir storage time series for 237 basins.

The annual mean of monthly basin-wide reservoir storage for the reference period (2000-2023)
of modelled data was calculated for each year and then ranked according to the rule described
in the Anomaly calculation section.

Lake and reservoir storage data in the GloLakes product are estimated by combining satellite
measurements of water levels and water body extents from various satellites, along with local
topography information where necessary.®? The data record extends from 1984 onwards.
The dynamics of lake and reservoir surface water extents were estimated using high-resolution
optical remote sensing data from Landsat and Sentinel-2. Water level fluctuations were measured
with ICESat-2 laser altimetry, supplemented by radar altimetry data from Topex/Poseidon,
Jason-1, -2, -3, and Sentinel-3 and -6 instruments.
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For lakes with a surface extent between 0.1 km? and 500 km?, the absolute water storage
dynamics from 1984 to 2020 were estimated using a geostatistical model based on available
water area and surrounding slope measurements. The historical absolute water storage
estimates were extended to near-real-time monitoring using the volume-height relationship
when radar or lidar altimetry data were available after 2020.

For lakes with a surface extent larger than 500 km?, the height and area at capacity were
estimated by determining the maximum observed surface water height and extent, respectively,
and calculating the lake storage volume. If satellite-derived water height and extent were not
available simultaneously, the lake storage volume estimates were extended using volume-height
or volume-extent relationships based on the available observed height or extent.

GROUNDWATER

The methodology used to report on groundwater levels was developed and consolidated
in 2023. It is described in a methodology report published in February 2024, which is available
in IGRAC’s GitHub repository. This document provides complementary information on
the collection and the selection of the data and on the mapping of the results.

Groundwater level monitoring data were collected from 40 countries. The data were downloaded
from the websites of the institutions in charge of groundwater monitoring, where available.
Otherwise, the data were requested. Table A4 indicates how the data were collected for each
country.

Table A4. Groundwater data sources per country

# Country Data source Link
1 Australia Downloaded http://www.bom.gov.au/water/groundwater/
explorer/map.shtml
2 Austria Downloaded https://ehyd.gv.at/
3 Belgium | Brussels Requested Environment and Energy Administration of

the Brussels-Capital Region

Wallonia Downloaded https://piezometrie.wallonie.be/home.html

Flanders Downloaded https:/www.dov.vlaanderen.be/portaal/

4 Brazil Requested Geological Survey of Brazil (SGB)

5 Bulgaria Requested Ministry of Environment and Water —
TheExecutive Environment Agency (ExEA)

6 Canada Requested Natural Resources Canada (NRCan/RNCan)

7 Chile Requested General Directorate of Water (DGA)

8 Costa Rica Requested Ministry of Environment and Energy -
Department of Water Development

9 Cuba Requested National Institute of Hydraulic Resources (INRH)

10 | Czech Republic Requested Czech Hydrometeorological Institute

11 | Denmark Downloaded https://data.geus.dk/JupiterWWW/
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12 | El Salvador Requested Ministry of Environment

13 | Estonia Requested Geological Survey of Estonia

14 | France Downloaded https://ades.eaufrance.fr/Spip?p=

15 | Germany? Downloaded https://gruvo.bgr.de/website/fss

16 | Hungary Requested Hungarian Hydrological Forecasting Service

17 | India Requested India Water Resources Information System (WRIS)

18 | Ireland Downloaded https://www.epa.ie/

19 | Israel Requested Hydrological Service

20 | Jamaica Requested Water Resources Authority

21 | Jordan Requested Ministry of Water and Irrigation

22 | Republic of Korea Requested Korea Water Resources Corporation (K-WATER)

23 | Latvia Downloaded https://videscentrs.lvgmc.lv/noverojumu-arhivs/
pazemes/

24 | Lithuania Downloaded https://www.lIgt.It/epaslaugos/elpaslauga.xhtml

25 | Luxembourg Requested Water Management Administration

26 | Mexico Requested National Water Commission (CONAGUA)

27 | Namibia Requested Ministry of Agriculture, Water and
Forestry — Department of Water Affairs and
Forestry — Division Water Environment

28 | Netherlands Downloaded https://www.broloket.nl/ondergrondgegevens

29 | New Zealand Requested GNS Science

30 | Norway Downloaded https://www.nve.no/english/

31 | Poland Downloaded https:/www.pgi.gov.pl/psh/
materialy-informacyjne-psh/

32 | Portugal Downloaded https://snirh.apambiente.pt/

33 | Slovakia Requested Slovak Hydrometeorological Institute

34 | South Africa Requested Department of Water and Sanitation (DWS)

35 | Spain Requested Ministry for the Ecological Transition and
the Demographic Challenge (MITECO)

36 | Sweden Downloaded https:/www.sgu.se/grundvatten/
grundvattennivaer/matstationer/

37 | Switzerland Requested Swiss Federal Office for the Environment (FOEN)

38 | Thailand Requested Department of Groundwater Resources (DGR)

39 | UK Requested British Geological Survey (BGS)

40 | USA Downloaded | https://cida.usgs.gov/ngwmn/index.jsp

2 The website identifies reference monitoring stations in the country and provides the links to the states’ websites
where the data can be downloaded.
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The data selection procedure works with a threshold, to specify the minimum number of
years for which at least one data point is available. The threshold was set by default to 80%,
which means that the time series that are selected have data for at least 16 years out of 20.
However, in the case of Namibia the threshold was lowered to 60% to accommodate for the
data gaps over the period 2017-2021.

Several boreholes are located at the same site to monitor different aquifers at various depths.
To provide a clear representation of overlapping boreholes, a geographical information system
(GIS) tool called “displacement tool” was used. This tool slightly offsets overlapping points,
positioning them next to each other, as shown in Figure A9. In the first example in the figure,
three different boreholes are at the same location; the average groundwater level in 2023 is
“normal” in two of them and “above normal” in the third one. In the second example, two
boreholes are at the same location; the average groundwater level in 2023 is “below normal”
in both of them.

See further details at the IGRAC website.

Figure A9. Representation of overlapping boreholes

SOIL MOISTURE

The anomaly in surface soil moisture in 2023 was obtained from three GHMSs (see Table A1 for
model names) and ranked relative to the historical period 1991-2020 (Figure 9) on a monthly
basis to understand root zone soil moisture patterns (2 m depth).

EVAPOTRANSPIRATION

The actual evapotranspiration at the global scale for four seasons in 2023 with respect to the
historical period 1991-2020 was derived from five GHMSs (listed in Table A1) and averaged
over the river basins derived from the Hydrobasins level 4 delineation.®

SNOW WATER EQUIVALENT

The daily SWE output was obtained from the Crocus-ERA5 snow model®? and aggregated over
a given land region to produce daily snow mass time series. Peak snow mass values were
then calculated for each water year, and the resulting series of values were used to calculate
2023 percentiles relative to the 1991-2020 reference period.

Ensemble-mean, March-mean SWE fields over the 1991-2023 period were calculated using
data from four individual gridded products:

(1) The European Space Agency Snow CCI SWE version 2 product derived through a combination

of satellite passive microwave brightness temperatures and climate station snow depth
observations;®
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(2) The Modern-Era Retrospective Analysis for Research and Applications version 2 (MERRA-2,
GMAO 2015) daily SWE fields;

(3) SWE output from the ERA5-Land analysis;®
(4) The physical snowpack model Crocus®® driven by ERA5 meteorological forcing.

March-mean fields from each product were regridded to a common 0.5° x 0.5° regular grid
and averaged together. This is the same suite of products used to produce annually updated
SWE data for the Arctic Report Card® and the Bulletin of the American Meteorological Society
(BAMS) State of the Climate Report.®” March 2023 SWE values were converted to percentiles
using the 1991-2020 reference period on a pixel-wise basis.

In addition, the March SWE in the Northern Hemisphere was obtained for 2023 and compared
to the 1991-2020 reference period based on two GHMSs: mHM and TEJRAL5. Results are
presented in Figure A10.

mHM

TEJRAbS

I — & |
much below below normal above much above NA

Figure A10. March 2023 snow water equivalent anomaly compared to the reference period (1991-2020)
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TERRESTRIAL WATER STORAGE

GLOBAL

Satellite gravimetry is the only remote-sensing-based method capable of observing the whole
water column, including surface water, soil moisture, groundwater, and snow and ice. This
report presents an analysis of the TWS anomaly between the years 2002 and 2023, observed
with the Gravity Recovery and Climate Experiment (GRACE) mission (2002-2017) and its
successor GRACE-Follow-On (Grace-FO) (since 2018).%%°° The GRACE data provide the TWS
anomaly compared to the baseline of 2004-2009, and then Equation 2 is used to adjust
the TWS anomaly compared to the baseline of 2002-2020.

The TWS anomaly in equivalent water heights in centimetres was calculated according to
Equation 2:

= TWS,- X (2)

anomaly

where TWS, (cm) is the TWS value of the month 7 of the current year, and X is the long-term
average TWS (cm), as calculated for 2002-2020. Equivalent water height is the theoretical
mean height of the water column over the whole are being considered.

TWS for the year 2023 was ranked in a manner similar to that used for discharge. However,
the time series of TWS data were too short (19 years) to perform ranking on the yearly values,
therefore an index for each month was computed and then aggregated to the yearly mean
values.

CASE-STUDY ON TERRESTRIAL WATER STORAGE

In the case study on the hydrological situation in central Europe, the main variable of interest
is the anomaly in subsurface water storage.

Subsurface water storage was calculated based on prognostic output from the ParFlow
integrated hydrologic model and prescribed ParFlow soil hydraulic properties as provided
through the external parameter fields for each model layer and grid element as in Equation 3:

S, =sat, @, dzk (3)

ij,k

Where S (L) is the water storage per model layer k, sat,; () is the simulated relative saturation,
@, (=) is the porosity for a grid element with indices i,j,k in the lateral and vertical direction,
and dz, (L) is the vertical extent of each model layer; layers have a laterally constant thickness.

The total subsurface water storage can be obtained by adding S along the vertical axis overall
model layers; in the data used here, this is 15 layers with a variable thickness, with a vertical
model extent from —-60 m to 0 m. The near-surface root zone water storage is provided for
the uppermost 9 layers from -2 m to 0 m depth.
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