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Abstract. The FRIEND-Water program (FWP) is the oldest and the most transverse program (i.e. Flagship
Initiative) within the Hydrological Intergovernmental Program (IHP) from UNESCO. FRIEND means “Flow
Regimes from International and Experimental Network Data”. The FWP is dedicated to allow large communities
of hydrologists and associated disciplines to collaborate across borders on common shared data and scientific
topics which are addressed through large world regions. The program has evolved in its 35 years of existence.
There are 8 large regions in the world which gather tenths of hundreds of researchers, and organize events
following several research topics defined according to each region priorities. The FWP is chaired by a scientific
committee gathering regional coordinators and thematic experts. Each region gives its research priorities which

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.



6 G. Mahé et al.: The UNESCO FRIEND-Water program

evolve according to the projections given by the member States during the IHP council every year. The future
activities of the FWP are defined by the upcoming IHP IX program and with the support of the newly created
Montpellier UNESCO Category II Center ICIREWARD, acting as FWP Secretariat.

1 Introduction

At the start in 1985 the purpose of the FWP was to allow
researchers from different countries and regions to conduct
studies on shared river basins, with the support of national
hydrological services which agreed to share data with the
UNESCO FRIEND-Water groups. Over time, most hydro-
logical services stopped sharing data and this is the current
challenge to reactivate the data exchange through new plat-
form facilities. The FRIEND-Water regional groups develop
studies on research topics specific to their regions. How-
ever, some topics are common to several regions such as
floods and low flows/drought, snow and glacier hydrology,
erosion/sedimentation and water quality. The ecohydrology
theme is of increasing interest among the different regions.
Its development within the FWP is in close link with the
Ecohydrology program of UNESCO IHP. A special session
on ecohydrology has been organized during the last Global
FRIEND-Water conference in Beijing in November 2018,
and further joint meeting are scheduled. In addition to the
Ecohydrology programme, there are several other thematic
IHP programmes and initiatives such as International Flood
Initiative (IFI), International Sediment Initiative (ISI), Inter-
national Drought Initiative (IDI), World large River Initia-
tive (WLRI) and UNESCO’s programme for Water and De-
velopment Information for Arid Lands – a Global Network
(G-WADI). It is important that FRIEND-Water should posi-
tions itself in a way that maximises complementarities and
synergies and minimizes duplication with other IHP initia-
tives and programmes. The activities of the program are de-
veloped through different meetings, workshops or confer-
ences, together with training sessions and field trips. Many
of the communications presented during the workshops are
published in special issues of regular indexed journals and
conference proceedings of IAHS, the International Associa-
tion of Hydrological Sciences, with which FRIEND-Water is
closely linked since the start. Furthermore, FRIEND-Water
intends to promote the dialogue between the scientific com-
munity, the user community and policy makers in studies re-
lated in the context of SDGs and Paris Agreement. Ongoing
research addresses groundwater, in particular shortage un-
der dry environmental conditions. The Groundwater Drought
Initiative (GDI) has been established across Europe. Large-
scale studies explored how groundwater pumping, which is
vitally important for irrigation and associated food security,
decreases streamflow globally, and estimate where and when
environmentally critical stream flows will no longer be sus-
tained. Furthermore, hydrological knowledge is more and

more used to study impacts of natural hazards on socio-
economic and environmental conditions. There is special at-
tention to the relationship between droughts and/or floods
and people. Classical bottom-up approaches which include
vulnerability are combined with top-down approaches to
change from reactive to pro-active risk management. In this
context, study of multi-hazards (coinciding and cascading)
is a focal area that aims at development of Early Warn-
ing Systems, including understanding, identification, moni-
toring and forecasting. Other studies deal with the processes
of transfer and transformation of matter within the large
global hydrological systems. With emphasis on rivers, lakes
and reservoirs, trying to understand the balance of sediments
and their role in primary production, and in particular water
quality. Currently, the different groups of the FWP are re-
lying on new space technologies to observe the spatial and
temporal dynamics of these processes. A particular case is
the use of satellite images as a tool to densify and extend
in situ observations which were traditionally measured in
a punctual manner at hydrological stations. This new type
of approach, applied at different scales, allows balances to
be made which help to understand the natural variability of
the systems, quantifying the transfer processes and determin-
ing possible impacts, driven either by climatic or by anthro-
pogenic causes. Based on the thematic scientific feedback
FRIEND-Water should also provide feedback to address hy-
drology and human nature interactions in the context of com-
plex water management problems.

Moreover, more studies are ongoing which use spatial cli-
mate (gridded) input data into hydrological models to assess
suitability of generated streamflow for rainfed agriculture,
engineering designs of hydraulic and flood protection struc-
tures and ecological conservation. The emphasis is to under-
stand suitability of global climate data in real life applica-
tions. This data increasingly becomes available to patch gaps
in observational climate records and useful in large ungauged
catchments/basins but needs verification in different areas as
some is derived from coarse networks of observational sta-
tions particularly in Africa.

During the current phase of the FRIEND-Water program
(2018–2022) (Fig. 1), it has been recommended to all re-
gional groups to promote training sessions and workshops
on the theme of spatial hydrology, which is a research field
that can bring future major improvements in hydrological
sciences, closely related to the processing and share of huge
hydrological databases. It has been also recommended to de-
velop the information about the program to a large public,
including scholars and civil society and to closely fit with
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Figure 1. The 8 regions of the FRIEND-Water program during the
phase 2018–2022.

the orientations of the Strategic Plan for the IHP-IX that was
adopted by the 24th Session of the Intergovernmental Coun-
cil of the UNESCO IHP (UNESCO, 2021).

2 Regional FRIEND-Water cooperations

2.1 AMIGO FRIEND-Water

Currently, the main challenge will be to implement a stan-
dard framework for assessing the conditions and evolution
of rivers, considering hydrogeomorphological and ecological
properties, which should be a priority for all future river man-
agement works. Recently, we have started to apply the River
Styles framework to carry out hydrogeomorphological stud-
ies with an approach adapted to the local reality, focusing on
the development of protocols and procedures (many of them
automated using GIS/RS techniques) to assess the condition
of rivers in South America and the Caribbean (Gallay et al.,
2019). This would allow prioritizing rivers in terms of their
conservation and restoration, as well as orienting sustainable
management strategies in them, where the hydrogeomorpho-
logical factor is sometimes incorporated in a limited way in
most of the engineering projects developed along the river-
banks (Nardini et al., 2020). This approach must necessarily
take into account in a comprehensive manner the different
morphologies and varieties of rivers and also the particular
nature of human disturbances (e.g. water diversions, reser-
voirs, gravel mining, urban sprawl, forestry activities, among
others) and their distribution across regions.

South American region has a strong vulnerability face
to climate change and it affects not only rainfall regimes
and temperature extremes, but also water resources systems.
Many countries experiment a serious concern with glacier re-
treat since last decades caused by a regional warming. In gen-
eral, Andean mountain catchments are also being affected by
anthropogenic interventions, affecting water resources avail-
ability and water security (Laqui et al., 2018; Yepez et al.,
2017, 2018). In Andean context, some hydrological pro-
cesses are still unknown and misunderstood because of data
scarcity, increasing the gap between decision makers and de-
velop. Beside, this alteration of the hydrological cycle is ex-

acerbated with large scale climatic phenomenon as El Niño,
producing droughts or floods, being more remarkable on both
sides of the Andes, over Pacific coast and Amazonian regions
(Rau et al., 2018). Therefore, researches are expected to pro-
vide reliable databases, scientific evidence and communicate
to improve water management practices.

The Andes of South America and their surrounding basins
are regions sensitive to climate change and tectonic events.
Feedback between climate, tectonics and anthropogenic ac-
tivities has a profound impact on the current landscape. Addi-
tionally, such processes have a significant impact on the bio-
diversity of species. Our investigations use thermochronol-
ogy and quantitative geomorphology techniques to model the
landscape evolution and analyze the influence of these inter-
actions on biodiversity. A combined effect of increased tec-
tonic, climatic and anthropogenic activities produces an in-
crease in the sedimentation rates of rivers. Through numer-
ical modeling, thermochronology and cosmogenic nuclides
it is possible estimate long-term erosion rates and compare
them with short term (or current) erosion rates in order to
discriminate the events that generate these increases (Ferreira
Araújo et al., 2017).

Land-use changes lead to disturbances on weathering pro-
cesses and nutrient cycles. Chemical weathering of continen-
tal rocks plays a central role in regulating the carbon cycle
and the Earth’s climate, as well, in the supplying of essential
nutrients, such as N, P and trace metals, for the ecosystems.
However, man-induce changes on land use and hydrological
features associated with natural resources exploitation, water
extraction, damming and urbanization can alter water-rock
interaction times, flow regimes, sediment transport (Carretier
et al., 2018; Laraque et al., 2019), which in turn, affect nat-
ural weathering regime and elemental biogeochemical cy-
cles. Human activity can also impact weathering via acid
rain. Burning of fossil fuels releases nitrogen and sulfur com-
pounds that later form nitric and sulfuric acids in rainwater.
These are stronger acids than carbonic acid and they acceler-
ate rock dissolution and negatively impact upon ecosystems.
Our study aims to understand how climate change and an-
thropic actions can modify weathering processes at local and
global magnitudes, at short and large scale-times, and impact
aquatic ecosystems (Moquet et al., 2018).

2.2 CONGO FRIEND-Water

As referred to the study of Alsdorf et al. (2016), the Congo
River basin although being the second largest river in the
world by the discharge, it remains largely understudied. It is
thus very important to strengthen the research and knowledge
capacity in this region of the world, based on the emerging
new research teams over the many countries that share the
Congo River (Beighley et al., 2019; Trigg and Tshimanga,
2020). The Congo River Basin exhibits tremendous hetero-
geneities, out of which it emerges as an intricate system
where complexity will vary consistently over time and space.
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Increased complexity in the absence of adequate knowledge
will always result in increased uncertainties. One way of sim-
plifying this complexity is through an understanding of or-
ganisational relationships of the landscape features, which
is termed here as catchment classification (Tshimanga et al.,
2021). This is one of the major tasks to start with at the inter-
national level, in order to develop further multidisciplinary
studies on the basis of this global knowledge shared among
all teams. During the past 12 months, there has been a first
attempt to establish a framework of catchment classification
using an a priori approach. Various methods, including GIS
and multivariate analyses, were combined to define the sub-
basin units and group them in homogeneous regions. A set
of 1740 catchment units were partitioned across the whole
Congo River Basin, based on a set of comprehensive crite-
ria, including the natural break of the elevation gradient (199
units), inclusion of socio-economic and anthropogenic sys-
tems (204 units), and water management units based on tra-
ditional (socio-hydrology) nomenclature of the rivers within
the basin (1337 units). The identified catchment units were
used to assess existing datasets of the basin physical proper-
ties, necessary to derive descriptors of the catchments charac-
teristics. Assessment of relationships between physical basin
attributes and the catchments through PCA showed that 15
variables out of 26 initially selected contained the informa-
tion necessary to explain the spatial distribution and group-
ing of the sub-basins. These 15 variables were included in
a cluster analysis using unsupervised classification (hierar-
chical agglomerative clustering), which identified 11 groups
of homogenous catchments based on the use of the environ-
mental descriptors derived from the available physical basin
property datasets. This constitutes therefore an a priori clus-
tering of the catchment classification framework for the CRB
and should be considered as an initial phase of the iterative
process of catchment classification. This a priori clustering
will be further used to derive functional relationships of the
catchments, necessary to enable hydrological prediction and
water management in the basin. The framework is therefore
an efficient tool that will help synthesize our understand-
ing of the interaction between climate variability, catchment
characteristics (e.g. vegetation, soils, topography) (Mushi et
al., 2019) and the resulting hydrological response. It is also
a crucial step in improving predictions in ungauged basins,
and the new insights of the Congo river hydrology obtained
from the most recent field campaigns will help improve the
accuracy of the satellite derived hydrological data (Carr et al.,
2019). Within FRIEND-Water-UNESCO, we intend to pro-
mote the use of this framework to address the challenge of
generalizing knowledge derived from local observations and
understanding of the catchment response characteristics, as
well as the underlying process controls; to provide guidance
for measurement and modelling, and constraints for predic-
tions in ungauged basins and to estimate impacts of environ-
mental changes.

2.3 EURO FRIEND-Water

Closely inter-related key issues and challenges to large-scale
hydrology were identified to improve prediction of hydrolog-
ical systems behavior (surface/sub-surface) on large spatial
and time scales (i.e. continental – multidecadal) under chang-
ing environmental conditions (Massei et al., 2018; Kingston
et al., 2020). Large-scale hydrology depends on interactions
across the ocean-atmosphere-vegetation/soil/aquifer system.
Detection of climate indices and large-scale patterns directly
from hydrological data (Renard and Thyer, 2019) is required.
Characterizing non-stationarity and time-scale dependence
of large-scale relationships also appears fundamental (Diep-
pois et al., 2013). Other remaining challenges to be stud-
ied are how climate system models are capable of repre-
senting large-scale relationships at different temporal scales,
or how to assess whether model performance in simulating
hydroclimatic variables results from realistic large-scale cli-
mate processes, or from other compensating biases (Dieppois
et al., 2019). Improved knowledge on large-scale relation-
ships would also lead to more skilful hydrological forecasts
(Lavers et al., 2017).

As catchment characteristics play a dominant role in fil-
tering out climate variability on river flow, including hydro-
logical extremes (Van Lanen et al., 2013), efforts need to
focus on improving representation of key hydrological pro-
cesses on the large scale, very often oversimplified in large-
scale models. For instance, lateral re-distribution by hillslope
processes, landscape (Laizé and Hannah, 2010) or subsur-
face heterogeneities (Hartmann et al., 2017), or the role of
groundwater on large-scale hydrological response (Sidibe et
al., 2019) needs to be accounted for.

The last decade, substantial progress has been on the de-
tection and projections of hydrological extremes, including
drought (e.g. Stahl et al., 2012; Prudhomme et al., 2014).
Emerging topics have been identified, such as flash droughts,
multi-year droughts (where these were not reported be-
fore), cold-climates’ droughts, anthropogenically-enhanced
droughts (Teuling et al., 2016).

Another major challenge that remains is the attribution
of the causes and processes leading to low flow (events),
streamflow droughts, and intermittent flow. These necessities
improved knowledge on how weather anomalies eventually
end up as hydrological drought (groundwater, streamflow),
i.e. how climate and catchment controls, and human drivers
affect drought development and termination (Van Loon et al.,
2016). Groundwater, as an important catchment control, re-
quires more attention (Stoelzle et al., 2014). A step forward
is the pan-European Groundwater Drought Initiative (GDI1)
that recently has been established. Furthermore, attribution
calls for further development of hydrological models that dy-
namically consider changing environmental conditions im-

1https://www2.bgs.ac.uk/groundwater/waterResources/
groundwaterDroughtInitiative/home.html, last access: 6 Jan-
uary 2021)

Proc. IAHS, 384, 5–18, 2021 https://doi.org/10.5194/piahs-384-5-2021

https://www2.bgs.ac.uk/groundwater/waterResources/groundwaterDroughtInitiative/home.html
https://www2.bgs.ac.uk/groundwater/waterResources/groundwaterDroughtInitiative/home.html


G. Mahé et al.: The UNESCO FRIEND-Water program 9

plying focus on more process-based rather than a calibration-
based modelling approach.

Early Warning Systems (EWS), incl. monitoring and fore-
casting, will be further developed to mitigate and adapt to
hydrological extremes and to enable rapid pro-active risk-
management rather than a re-active approach. In this context,
a critical appraisal of indices and indicators will be done.
Furthermore, hydrological knowledge is more and more used
to study impacts of drought on socio-economic and environ-
mental conditions (Stahl et al., 2016; Blauhut et al., 2015; Su-
tanto et al., 2019a). Classical bottom-up approaches, which
use hazard, exposure and vulnerability as a basis are com-
bined with top-down approaches to change from reactive to
pro-active risk management. In this context, study of multi-
hazards (coinciding and cascading) is becoming a focal area
(Sutanto et al., 2019b) in the further development of EWS.

Transnational hydroclimatic data are fundamental to in-
vestigate hydrological extremes and large-scale variation in
hydrology. Flow data from European river will be regu-
larly updated, as part of further development of informa-
tion systems the Global Runoff Data Centre (GRDC) and
other relevant data centres and observational networks of the
Global Terrestrial Network for Hydrology (GTN-H)2 are in-
volved in. We will encourage hydrometeorological services
to provide these data. Large-scale hydrological data rescue
(Le Gros et al., 2015) needs continuation, as well as, re-
construction of long-term, high-resolution climate datasets
(Devers et al., 2020), and use of remote sensing prod-
ucts (e.g. GRACE). Compatibility between, or merging of,
national-scale datasets (Caillouet et al., 2019) is planned to
be further investigated to contribute to large-scale databases.

2.4 FRIEND-Water AP

In Asia Pacific region, water resources in many countries are
affected by climate change (Yang et al., 2019). Increasing
dry season duration, longer and more serious droughts (Wei
et al., 2019), could cause water shortage occurred on a large
scale and reduce water quality, affect strongly water security
and sustainable development. Besides, rising sea levels lead
to flooding in the delta and coastal areas, increasing saline
intrusion in estuaries and coastal plains and causing erosion
and sedimentation to upset the natural and ecological balance
(Li et al., 2018; Xi et al., 2019), seriously affecting coastal ar-
eas. Thus, researches are hoped to provide useful information
and solutions related to ensuring water security in the context
of clear climate change today.

The downstream of international rivers, is often suffering
from water-related disasters (Try et al., 2018), facing water
scarcity and declining water resources due to overexploita-

2GTN-H is a federation of global water data centres, inter
alia the GRDC and GEMS/Water Data Centre and operates under
the auspices of WMO and the Global Climate Observing System
GCOS, http://www.gtn-h.info (last access: 6 January 2021)

tion, thus water resources in the Asian countries are hid-
ing many unsustainable factors for development (Kondolf et
al., 2018). Water scarcity and water shortage will increase
sharply compared to today and most river basins are in a
state of stress on water use (Hiraga et al., 2018), especially
during the dry season. Water tensions will be severe in key
economic basins (Kositgittiwong et al., 2017). Thus, one im-
portant topic in Asia is how to reduce the stress on water use,
especially during the dry season?

Due to rapid increase of population, industrial and ex-
panded agricultural production, pollution of surface water
has been increased in both level and scale (Zhang et al.,
2018; Nguyen et al., 2019). Water is available in many places
but cannot be used due to its poor quality. Especially, sur-
face water and ecohydrosystem in many urban areas, and
industrial parks has been seriously affected due to the un-
treated wastewater or incompletely treated wastewater. In
some countries in Asia Pacific, lack of large investment in in-
dustrial and urban wastewater treatment, no effective mech-
anisms and policies to reduce water pollution, over use of
fertilizers and chemicals in the agricultural sector . . . have
accelerated pollution level in this region. Thus, the develop-
ment of researches related to minimize water degradation is
firstly needed (Le et al., 2017; Uk et al., 2018).

Rapid increase in water demand accelerates the ground-
water exploitation, leading to over-exploited. Groundwater
level in some areas has been continuously reduced and more
important, groundwater quality is at high risk of pollution
(e.g. As) (Hoa et al., 2020). Thus, studies should be focused
on providing information concerning reasonable exploitation
of groundwater and protection of both quantity and quality
of groundwater.

2.5 FRIEND-Water AOC

In West and Central Africa, as in other regions of the world,
studies have shown a growing risk of extreme events (excess
rain and temperature, lack or scarcity of rain, etc.) with the
advent of global warming of the planet, but which is not with-
out consequences for the capacities of production systems
and water resources (Sidibe et al., 2018, 2020; Amoussou et
al., 2020). Thus, we are witnessing the destruction of natural
and human ecosystems and the loss of biological diversity
by overflowing waters (flooding), very marked drying up of
beds and anthropogenic pressure. Changes in precipitation
and temperature, as well as non-linear effects on humidity,
evapotranspiration and soil, affect the quantity and quality of
water resources, agriculture, fishing and livestock (Amous-
sou, 2010; IPCC, 2013) and therefore on the life of the local
population.

This climate change/variability coupled with demographic
change and land degradation affects the functioning of the
terms of the hydrological balance and the frequency of ex-
treme events and therefore the water levels in the lakes (Zare
et al., 2017), the hydraulicity downstream of the structures,

https://doi.org/10.5194/piahs-384-5-2021 Proc. IAHS, 384, 5–18, 2021
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the modes of resource use in the developed sites, the dams,
the safety of river water and the feminine management of the
resource. To this end, it is important to accentuate studies
on hydrological standards, intensity, duration and frequency
(IDF) of storms, cold or heat waves on the one hand, the in-
crease of the extent of regions affected by drought and un-
expected floods, with unevenly distributed consequences for
many regions of the world, particularly in developing coun-
tries (Parkes et al., 2019), and especially in Sahel (Descroix
et al., 2018). In order to overcome these hydrological catas-
trophic events, the Friend AOC network with the support of
the Research Institute for Development (IRD) has written
and submitted a GDRI project entitled: “Hydrological Stan-
dards in West Africa and Power station for a better design of
hydraulic structures”,

Hydrological networks quality has been decreasing con-
tinuously since decades in the region, despite very huge sup-
port from international organization. Thus spatial hydrology
development and use are of utmost importance in the region,
and the first studies since some years are very encouraging
(Bogning et al., 2020). It must be associated with a signifi-
cant increase of data sharing with large communities of re-
searchers (Dieulin et al., 2019).

In addition, in the lagoon system of the coastal regions,
the alternation of high and low water generates sometimes a
predominance of the sea current with a strong sediment tran-
sit, and sometimes a predominance of the river current with
addition and deposition of sediment on the shore. The mech-
anism of flood transport of sediments from developed basins
occurs from upstream to downstream with the deposit of fine
particles at the entrance to the floodplains. In addition, in pe-
riods of high water, the river current which feeds the lagoon
systems increases and exceeds in force the coastal or lagoon
current, there is therefore an increase in the solid charge and
deposit of coarse sands due to the weakening of the current.
For this purpose, there is an elevation of the bottom of the
bed on one side and the digging of the other side related to
the reinforcement of the current. All of this creates distur-
bances with the rising tide, causing flocculation and rapid
deposition of sediment in the lagoon system, which causes
the decline in fishery productivity of water bodies.

The socio-economic and ecological importance of the
coastal zones of West and Central Africa in general and la-
goon in particular (Adeaga et al., 2017) in a context of envi-
ronmental crisis leads to a reflection on the functioning, the
evolution as well as the management of the use of resources
of lagoon spaces. Thus, the animation of this new theme with
that of eco-hydrology is necessary to better characterize the
hydrological and sedimentary dynamics of the environment
in the context of global changes, and sea-level rise, already
impacting most coastal areas around the world.

2.6 FRIEND-Water SA

Monitoring of water surfaces and floods by remote sensing
Radar is a very important issues for hydrological studies. In
the case of Mozambique and Tanzania in the semi-arid ru-
ral areas of southern Africa where the availability of water is
a major issue for agriculture, the monitoring of surface wa-
ter is particularly important (André et al., 2016; Mzava et
al., 2019), particularly in ungauged watersheds. In addition,
large cities, due to the weakness of water facilities, are par-
ticularly vulnerable to large-scale floods. Radar images are
particularly well suited to the seasonal observation of water
surfaces in tropical environments because the Radar signal
is freed from cloudiness, which on the contrary constitutes a
major limitation of the use of optical images in these environ-
ments. In addition, Radar images are very robust for detect-
ing surfaces in water (source, etc.), the signal backscattering
being very low (almost zero). On a Radar image, the pixel-
waters are those whose values are less than 0.05.

The possibilities offered by the European Space Agency
(Copernicus) thanks to its Sentinel 1 sensors make it possi-
ble to have at least one image per month. Sentinel 1 (Radar)
monthly time series of images can thus be created. Man-
agement of hydro agricultural resources in ungauged water-
sheds: the case of the Kilombero watershed in Tanzania (Jo-
hansson and Abdi, 2020). The Kilombero watershed is a ter-
ritory which potential in terms of water and agricultural re-
sources make it a national issue. Indeed, the Tanzanian gov-
ernment wants to make these vast flood plains the granary
of Tanzania through an agricultural irrigation project. At the
same time, the Tanzanian government plans to build a large
hydroelectric dam, downstream from the Kilombero water-
shed, which will mobilize almost 66 % of the water resources
in the watershed. The management of water in this watershed
could therefore arise in terms of competing for access to wa-
ter between these two projects of national importance. Con-
sideration should be given so that agricultural production in
the plain upstream also allows optimal production of hydro-
electricity downstream from the watershed. In addition, to
better manage water resources, it is important to have a good
hydro-environmental and socio-economic database. How-
ever, since the 1980s, no hydro-environmental and socio-
economic measures have been taken on this 35 000 km2 wa-
tershed. The first step will be to create a database (hydro-
logical, climatic, land use, agricultural, socio-demographic
and tourist) in order to better understand the functioning of
this territory, which constitutes a national economic issue.
In a second step, we will model the environmental dynam-
ics from the database thus created. From an operational per-
spective, the database will assist in the management of water
resources in the Kilombero watershed.

A second research direction which is of major importance
is the impact of climate variability and human pressures on
surface conditions. A follow-up of the relationships between
climatic variability and vegetation must be first analyzed to
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understand the natural dynamics of the landscape (Brou et
al., 2018; Brou, 2019). This study is based on the assump-
tion of an increasing vulnerability of forest ecosystems due to
changes in the climate regime recorded during the last thirty
years.

To conduct this study, it is important to update the knowl-
edge of climate parameters, in particular the amount of rain
and its distribution throughout the year. Equally important is
the study of the trend and frequency of climate data for the
longest series of observations available on the watershed. The
study of the sensitivity of vegetation to climatic variations is
carried out by means of a rain/NDVI co-variation analysis.
Several parameters will make it possible to follow the inter-
annual seasonal variability of the vegetation: the start and end
dates, the duration, the amplitude, the maximum of the vege-
tative season (Boussougou et al., 2017). To better understand
local dynamics, Sentinel 2 images should be used. The com-
parison of images from several dates will allow to assess, by
site, the levels of transformation of landscapes in relation to
the degree of soil degradation.

The use of spatial data represents an important skill to
strengthen the capacities of students in the monitoring and
management of water resources at better spatio-temporal res-
olutions. In the context of global environmental changes, this
training in geomatics is intended, ultimately, to strengthen
the capacities of master and doctorate students in hydrol-
ogy and geography in the field of monitoring water resources
through the use of data spatial. This geomatics training is part
of a favorable regional and international context marked by
the availability of a large quantity of Sentinel, Landsat satel-
lite images in particular. In addition, the development of GPS
makes it possible to collect terrain data with more precision.
The objective is to allow users in environmental sciences, en-
vironmental managers or developers, to acquire the concep-
tual bases, methods of use and processing of remote sensing
data. Applications in the field of water resources and coastal
zones must be developed.

2.7 MEDFRIEND-Water

The Mediterranean basin is characterized by limited and un-
evenly distributed water resources and a considerable devel-
opment of anthropogenic activities. Hydro-climatic projec-
tions predict a decrease in average annual rainfall and runoff
in this region of the world. Moreover, water demands have
doubled since the 1950s and are expected to increase with
the expansion of irrigated areas and urban areas. For the
Mediterranean basin, according to climate projections, the
temperature will increase by 2 to 4 ◦C and rainfall will de-
crease by 4 % to 30 % by 2050. This decrease in precipita-
tion will cause a decrease in flow for all four seasons. As a
result of these climate changes, extreme peak flows are ex-
pected to increase dramatically. Hydrological droughts will
worsen in summer, mainly in the Mediterranean region. The
most extreme events are expected to occur in summer, with

extreme droughts in the Mediterranean region. The Mediter-
ranean countries are expected to face increasing water short-
ages. These projections also lead to an increase in the number
of days per year when river flows will be below the minimum
in the Mediterranean regions. Climate projections show a de-
crease in groundwater resources in the Mediterranean basin.
Overexploitation of groundwater in Mediterranean countries
will lead to alarming levels of groundwater and increased
pumping costs. Also, soil water stress conditions will drasti-
cally reduce agricultural production yields. Water consump-
tion is already higher than water availability and is expected
to be critical for global warming. In the countries on the
southern shore of the Mediterranean and Spain, the situation
of water resources will become more unsustainable in the fu-
ture, which will have a negative impact on the availability of
water resources to ensure sustainable development in these
countries.

Thus, the major research topics to deal with in priority in
the Mediterranean area are:

– Extreme events or hydrological extremes and water-
related disasters (Tramblay and Somot, 2018; Hadour
et al., 2020);

– Erosion and transport of solids (Hallouz et al., 2018;
Kotti et al., 2018);

– Integrated Water Resources Management (Marignani et
al., 2017; Khater et al., 2019);

– Groundwater and global changes (Kuper et al., 2017;
Dubois et al., 2018; Erostate et al., 2020);

– Ecohydrology (Amrouni et al., 2019; Ben Moussa et al.,
2019);

– Water in agriculture (Venot et al., 2017; Kuper et al.,
2018; Reca-Cardena and Lopez-Luque, 2018).

Transversal topics will be of high importance for instance
water in the city, education to water questions, participatory
science, transition toward a more ecological approach of the
water cycle and use. It will be developed through improved
connections with all the sectors of the society, and the devel-
opment of new tools to communicate and disseminate knowl-
edge, mainly web-based.

A high-level challenge is also to improve the co-
development of research projects between countries of the
Mediterranean and SubSaharan countries, and the Water
family of UNESCO is a very good support to this.

2.8 NILE FRIEND-Water

The Water Research Centre, University of Khartoum is a
multidisciplinary research and capacity building center es-
tablished by the University of Khartoum in 2009 with the
aim of conducting multi-disciplinary research and develop-
ment studies addressing the challenges related to water and
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environmental management in Sudan and the region (Salih,
2018; Basheer et al., 2018). One of the top priority research
areas is trans-boundary water management in the Nile basin.
Demand for water throughout the basin is constantly grow-
ing due to economic development and population growth.
Following this rapidly increasing demand, riparian countries
have acknowledged the need for joint planning and manage-
ment. Numerous studies have demonstrated that the river has
great potential which, through sustainable and cooperative
management and development, could greatly benefit all the
basin countries. A research area of specific interest to the Wa-
ter Research Centre is the Water Energy Food (WEF) Nexus
investment and management in the basin. The WEF supply
pressures, the growing understanding of the interlink ages
between the three resources, and the failure of fragmented
management of the different WEF sectors have led to the
emergence of such Water-Energy-Food nexus thinking. Al-
though WEF in stressed trans-boundary Basins such as the
Nile are subject to high pressure due to competition between
riparian countries over the three resources, a systematic un-
derstanding of how cooperation between riparian countries
impacts the WEF nexus is still lacking (Wheeler et al., 2018;
Basheer and Elagib, 2019). Another trans-boundary manage-
ment challenge is the coordinated operation and manage-
ment of new water-related infrastructure across the basin’s
international borders. This is particularly true given that wa-
ter rights are highly politicized and decisions of exploita-
tion are often guided by ambitious national development
plans and complex political dynamics. A good example is the
Grand Ethiopian Renaissance Dam (GERD) on the Blue Nile
which makes cooperative management between the coun-
tries of Ethiopia, Sudan, and Egypt an urgent matter. To en-
hance confidence building and enhance cooperation in the
Nile Basin the Water Research Centre has developed a strat-
egy for training and capacity building in Water Diplomacy
and Cooperation (Salih, 2019). A number of workshops have
been conducted in which participants from the Nile Basin
Countries from relevant disciplines were brought together
and trained on trans-boundary water governance and insti-
tutions, water laws and conventions, concepts of conflict
and conflict resolution mechanisms, negotiations and media-
tion concepts, role of media in water diplomacy, the role of
women in water diplomacy and the role in science in sup-
porting negotiations and water cooperation. An important re-
search area in WRC is the study of hydrological extremes.
Sudan, being situated on the eastern edge of the African Sa-
hel, is a well-documented region in facing the problems of
climatic change/variability and rainfall fluctuations creating
severe floods and drought scenarios (Abdo, 2019). Over the
past 50 years, Sudan has encountered a number of high flash
floods and droughts that have caused widespread damage on
a massive scale to infrastructures, agriculture, health and ed-
ucational sectors, and loss human and animal lives. Other re-
search areas the Centre is involved in include irrigation man-
agement and water use efficiency, water harvesting and man-

agement of groundwater recharge, urban water management,
echo-hydrology, water quality management and groundwater
assessment, development and management (Basheer et al.,
2019).

In 2014 the WRC was promoted to a Centre of Excellence
in Water Research by the Ministry of Higher Education and
scientific Research. In 2017 WRC was selected as one of the
AU-NEPAD Centers of excellence in water science and tech-
nology in Africa and it is now hosting the secretariat of group
of centres in central and Eastern Africa. Over the years,
WRC has developed scientific collaboration with many uni-
versities, research institutions, specialized networks and pro-
grams nationally, regionally and internationally. These in-
clude UNESCO IHP, Global G-Wadi (Water and Develop-
ment Information), African G-Wadi, Arab G-Wadi, Interna-
tional Flood Initiative (IFI), International Sediment Initiative
(ISI), World Bank-Nile Basin Initiative NBI/, Eastern Nile
Technical Regional Office (ENTRO), UNESCO-IHE, Delft
the Netherlands, UNECEF, Cologne University of Science
and Technology, Germany, Imperial College of Science and
Technology, London, UK, Oxford University, Oxford, UK as
well as many Regional Universities including Addis Ababa
University, Nairobi University, Kenyatta University, Dar es
Salam University, Cairo University, and Ain Shams Univer-
sity. WRC has participated in the two phases of the FRIEND-
Water/NILE project and produced a number of papers in the
flood frequency, low flow frequency, watershed management
and rainfall runoff modeling components.

3 Future FRIEND-Water program developments

3.1 Ecohydrology

Ecohydrology and multiscale studies are a key interest for the
future FWP. As more and more well known, the stationarity
is dead. As more and more known, the Earth is a non-linear
complex system. Recent discoveries on the importance of liv-
ing things and their environmental feedbacks, on the role of
homeostatic processes and breakpoints confirm that global
warming is only part of the current ecological crisis which is
also manifested by the loss of biodiversity, the loss of soil fer-
tility, the water pollution but also the drastic increase in dis-
eases that affect the entire living world. The current COVID-
19 pandemic is just one more dramatic example! The water
cycle is at the center of all of these interlocking systems (Or-
ange and Breil, 2018). Also it becomes obvious to hydrolo-
gists that it is essential to cross the scales of spatial studies,
from large to small watersheds, and vice versa. Understand-
ing the why of a hydroclimatic rupture and its consequences
will therefore require interdisciplinary perspectives. It then
appears that the study methods promoted by the ecohydrol-
ogy must also belong to the research corpus of hydrologists.

Ecohydrology is among the key words of the future FWP
directions. Then, related to the goal of the IHP9 to achieve
Sustainable Water Management (SWM), the FWP will get
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some interests to incorporate ecohydrology among its key
tools. In this context, significant challenges of scientific fields
appear to be addressed:

– developing dynamic hydrological models based on
changing environmental conditions (e.g. soil-water dy-
namics) (Hang et al., 2018),

– climate change and sustainable ecological transition
(e.g. urban-rural association),

– nature-based solutions as a rising awareness towards en-
vironment (e.g. REUSE-Soil-Biodiversity nexus).

– rainwater management in urban areas (e.g. flashfloods).

Ecohydrology is among the key words of the future FWP di-
rections. Then, related to the goal of the IHP9 to achieve Sus-
tainable Water Management (SWM), the FWP will get some
interests to incorporate the ecohydrology among its key tools.
Active partnership between EcoHydrology theme and the fu-
ture FWP is scheduled through the opening of demosites.
Since 2011 UNESCO-IHP promotes the establishment of
various demonstration sites around the world to apply Eco-
hydrology solutions in watersheds at all scales. Each demon-
stration site aims to apply Ecohydrology principles and solu-
tions to solve both social and environmental issues (Riaux et
al., 2020). These solution-oriented projects and methodolo-
gies are shown in a web-platform (http://ecohydrology-ihp.
org/demosites/#demosites, last access: 6 January 2021) to
disseminate the acquired information to UNESCO’s Member
States and the general public. This information is dedicated
to allow to applicate SWM in other locations.

Then, it is scheduled to propose the opening of 2 joint EH-
FRIEND-Water demosites, one in Tunisia dealing with water
quality remediation in highly polluted environments (around
Bizerte), in relationship with surface and groundwater hy-
drology; another one in West Africa in Senegal (Roupsard et
al., 2018; Faye et al., 2020), called Dakar’2030, dealing with
the combination of rainwaters and wastewaters management
in the Region of Dakar to water and re-green soils against
soils and sea pollution.

3.2 Databases

Regarding the accessibility of data and open access data, the
accent should be put on how to connect directly to existing
web database, as well as to develop API to deal with con-
nectivity issues. In some countries, even if there is open data,
challenges refer to the infrastructure, as communication net-
works focus on mobile phone; the facility to upload data is
not always there. It is necessary to address this, incl. the ques-
tion of communication software. The world water data cen-
tres federated within the GTN-H (inter alia the Global Runoff
Data Centre (GRDC), the GEMS/Water Data Centre for Wa-
ter Quality (GWDC) the Global Groundwater Monitoring

Network (GGMN) operated by IGRAC) mostly operates un-
der auspices of UN organization such as the WMO, UNEP or
UNESCO and can guarantee long-term operational services
to the scientific communities and local stakeholders world-
wide since decades. These data centres should be recognized
and considered for data rescue due to their long-term pro-
vision of homogenized and quality-assured in-situ observa-
tions. Vice versa FRIEND-Water communities could support
the data centres in raising awareness of difficulties in data ac-
quisition as well as lags in open data policies and technical
requirements (e.g. APIs, provision of standards). Research
is also necessary for link in-situ with satellite-born observa-
tions. Also, here FRIEND-Water could play a crucial role.
Third action involves support to projects or initiatives with
focus on surface water, river. Groundwater must not be for-
gotten, as well as interface areas like wetlands and coastal la-
goons, as those play important role in the emission of GHGs.
In addition, scaling should be addressed, as well spatial anal-
ysis of water data and other water-related data (uses, energy,
virtual vs real, raw vs. reclaimed . . . ), at various scales, ap-
propriate to the targets of communication. Implementation
of experimental basins or watersheds is an interesting con-
cept; in order to enable benchmarking, and use a methodol-
ogy that can tackle multidisciplinary factors and approaches.
Additionally, not only environmental settings, geopolitical
settings, historical background, as well as demography and
socio economic situations, but also water stress (considering
surface and groundwater) should clearly be determined. Ex-
change of experiments, of data treatment, and also solutions
could be organized through UNESCO Water family. Sharing
data must become an open space in the entire UN Water fam-
ily.

4 Conclusion: toward the implementation of the IHP
IX program

The FWP is the most well know program from the IHP across
the world. Since 36 years its success comes as well from its
very large field of interest covering all topics of hydrology,
than from its capacity to gather lot of people to share data,
methods, tools and results in local to international events
supported by the UNESCO Water Division. The FWP has
developed a close relationship with the International Asso-
ciation of Hydrological Sciences-IAHS, which gives a sci-
entific background to the program, and supports the publi-
cation of proceedings for each global conference. The FWP
has changed over time, to follow the global directions given
by the member States in each phase of the IHP program.
The next IHP IX phase program will foster actions towards
five main objectives: Scientific research and innovation; Wa-
ter Education in the Fourth Industrial Revolution including
sustainability; Bridging the data-knowledge gap; Inclusive
water management under conditions of global change; Wa-
ter Governance based on science for mitigation, adaptation
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and resilience. FWP, as the only transversal Water program
of the IHP, will be able to support these five main objec-
tives, both by launching regional initiatives towards a bet-
ter integration of the multidimensional aspects of the water
sciences including developed links with education, sustain-
ability, governance, and so on, and by keeping a tight link
with the IAHS scientific most recent outcomes and initia-
tives, as for instance the recent FRIEND-Water African Ini-
tiative (Mahe et al., 2020) to bring regional inputs to the 23
UPH – Unsolved Problems in Hydrology – (Bloschl et al.,
2019).

Recently the FWP has been given the support of a Secre-
tariat based in the UNESCO category 2 Center of Montpel-
lier ICIREWARD. The next global FWP conference is sched-
uled in Dakar, Senegal in March 2023.
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After publication, the authors noticed that the map dis-
played in Fig. 1 is outdated and must not be considered as
it is. However, the FRIEND-Water regions are correct.
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