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Abstract

Assessing the needs for adaptation and mitigation strategies to climate change and variability in Niger River Basin
is a key for future development in Western Africa. There are two major challenges in terms of the assessment:
the first is that future projections in water availability based on the historical trends are hard to assess under
uncertainty, and the second is that human activities and population growth play a decisive but very uncertain
role in environmental impacts. In order to address both challenges, we have developed a geovisual analytics tool
for exploring simulation results under combinations of climate models, climate policies, and future population
growth. Moreover, our tool is capable of ensemble-visualization and allows users to explore agreement levels
among different climate models to assess future uncertainty.

Categories and Subject Descriptors (according to ACM CCS): I.3.8 [Computer Graphics]: Applications—

1. Introduction

The Niger River is the principal river of West and Cen-
tral Africa and the third longest river in the continent.
Its drainage basin covers 2.27 million km2 and traverses
nine countries: Benin, Burkina Faso, Cameroon, Chad, Côte
d’Ivoire, Guinea, Mali, Niger, and Nigeria [AG05]. Al-
most 100 million people in those countries depend on the
Niger River in terms of irrigation, fisheries, livestock herd-
ing, drinking water, hydropower generation and navigation.
Water management, climate change, and population growth
are key problems in the Niger River Basin [OA13]. Previous
research shows that future hydrological projections in the
context of climate change scenarios are uncertain and that
population growth also plays a major role in water resource
scarcity [Ker10]. To effectively understand the future of the
Niger River Basin and the needs of climate adaptation and
mitigation, this study develops a new visual analytics tool to
assess the expected impact of climate change and population
growth under different future scenarios in the basin.

Scenario analysis is considered to be a very impor-
tant tool to assess climate change and its relevant poli-
cies [vVIK∗11], allowing analysts to explore the complex
and uncertain future interactions among population growth,

greenhouse gas emissions, climate, and ecosystems. This pa-
per integrates climate and population growth models into a
unified framework through a geovisual analytics approach,
in order to support climate scenario analysis in the Niger
River Basin. The proposed framework consists of two ma-
jor views: the simulation view and the uncertainty view. The
simulation view allows analysts to explore simulation results
under each combination of climate models, climate policies,
and future population growth. The uncertainty view allows
users to explore agreement levels among different climate
models.

2. Related Work

Climatological data have multiple sources such as clima-
tological stations and climate models, as well as relevant
social and environmental data, all of which have associ-
ated uncertainties. Visualization has been shown to improve
understanding uncertainty in climate studies [PWB∗09b,
PWH11]. For example, Kaye et al. [KHH12] suggested six
guidelines to develop an approach to map climate vari-
ables and uncertainty. Brus et al. [BVP13] demonstrated
several uncertainty visualization methods in climatological
data with interpolation methods, in order to help decision-
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support. Sanyal et al. [SZD∗10] presented Noodles, a visu-
alization tool to understand ensemble uncertainty within nu-
merical weather models. Similarly, Potter et al. [PWB∗09a]
presented Vi-SUS/Climate Data and Analysis Tools (CDAT)
to explore ensemble datasets from multiple numeric cli-
mate models for uncertainty exploration purposes. In addi-
tion to uncertainty visualization in climate models and ob-
servations, similar research approaches have been applied
to understand the impact of climate change on relevant so-
cial and environmental fields, such as global water balance
[SCFM03] and rural landscapes [DLS∗05]. In this paper, we
integrate scenario analysis and uncertainty analysis through
a visual analytics approach.

3. System Design

The proposed system integrates climate models and popula-
tion models into a geovisual analytics tool. It allows analysts
to design different future scenarios in terms of water supply
and water demand under uncertainty, in order to explore wa-
ter scarcity in the context of climate change in Niger River
Basin. In this section, we will introduce all models imple-
mented to calculate water supply, water demand, and water
scarcity, as well as our visual analytics environment.

3.1. Water Supply

Water supply was estimated from outputs of different com-
binations of Global (GCMs) and Regional (RCMs) Cli-
mate Models. These were provided by the Coordinated
Regional Climate Downscaling Experiment (CORDEX), a
project sponsored by the World Climate Research Program
that uses a set of advanced RCMs to dynamically down-
scale the latest set of GCM climate scenarios and predictions
produced within the 5th Coupled Model Intercomparison
Project (CMIP5) [GA09]. The GCM-RCM combinations of
CORDEX were run in a historical period from 1950 to 2005
and for future climate projections from 2006 to 2100 un-
der the newly developed Representative Concentration Path-
ways (RCPs) [VEK∗11].

We extracted runoff spatial outputs at 44 km resolution
from five GCM-RCM combinations for the historical pe-
riod and the RCP45 and RCP85 future emission scenarios.
Runoff was aggregated at an annual scale. Since the land
surface components of the water cycle simulated by climate
models are often affected by bias and different sources of
uncertainty [HLP13, e.g.], we performed a simple bias cor-
rection of the annual runoff using the mean annual climato-
logical runoff observed at four stream gauge stations (Fig.
1 (b)). Observed discharge records were derived from the
Global Runoff Data Centre. The maps of bias-corrected an-
nual runoff were used to estimate the water supply following
Vörösmarty et al. [VDGR05]. Specifically, for each pixel,
water supply was computed as the sum of the local runoff
plus river corridor discharge. The resulting maps of water

supply have a resolution of 30 sec and units of m3/year (as
shown in Fig. 1 (b).)

3.2. Water Demand

Water demand can be measured in multiple ways. For ex-
ample, it can be measured in terms of the liters of water
per person needed based on daily usage such as drinking
and bathing, or based on usage by different sectors such as
agricultural and industrial demand. In this paper, we use the
Falkenmark index [Fal89], which is an average regional in-
dicator that measures water demand by the total cubic me-
ters of water per person per year in a region. In this mea-
sure, the number of people in a region or cell is directly
used as a proxy for water demand. To this end, we have
collected and generated historical population data as well
as population projections. Historical population density data
(in person/km2) is collected from the Gridded Population
of the World (GPW) v3 from the Socioeconomic Data and
Applications Center (SEDAC), Columbia University, which
contains estimations of global population density for 1990,
1995 and 2000 (resampled to 30 arc-second (approx. 1km)
resolution).

We projected the spatial distribution of future popula-
tion through the year 2100 using two different models. The
first is an exponential growth model assuming that popula-
tion in the basin will grow at a given percentage each year.
The second model for population projection is based on the
Shared Social Path (SSP) population projections of Moss et
al. [MEH∗10]. The SSP provides the projected total popu-
lation for each of the basin countries at 5 year intervals until
2100. We have used GIS to overlay a layer of administrative
boundary shapefiles extracted from GADM [RHM] with the
GPW population density layer. The GPW population density
data for 2000 is used as the base case scenario. Each pixel
of population density raster is scaled up to form a future pre-
diction based on the ratio between the total population of the
target year per SSP to which country the pixel belongs, and
the total population of the base year.

3.3. Water Scarcity

Based on the per capita water usage in cubic meters, the
water conditions in a pixel can be categorized per Falken-
mark [Fal89] as: no stress (greater than 1700), stress (be-
tween 1000 and 1700), scarcity (between 500 and 1000),
and absolute scarcity (less than 500). To apply the Falken-
mark indicator, we (i) calculated the water availability per
capita per year as the ratio between water supply and popu-
lation layers (in m3/person year), and (ii) classified the sup-
ply demand ratio according to the thresholds of 500, 1000
and 1700 (Fig. 1(c) ).
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Figure 1: Simulation view for the RCP85 emission policy
with MPI-ESM-LR GCM and CCLM RCM in climatologi-
cal mean condition in 2050. From top to bottom, and left to
right: (a) Water scarcity map in the 4 scarcity levels using
Falkenmark indicator, (b) Water supply map with gauge sta-
tion view and river networks, (c) Water demand map with
political boundaries using a 1% exponential growth model,
(d) Control panel for composing water scarcity scenarios.

3.4. Visualization

The goal of our visualization platform is two-fold: 1) to sim-
ulate historical and future scenarios, and; 2) to compare and
analyze the uncertainty associated with these scenarios. Two
visualization views are designed accordingly.

The first view is the simulation view (Fig. 1), which con-
sists of three map panels for geographical information (about
water supply, demand, and scarcity, resp.) and one control
panel that allows users to enter parameters and generate sce-
narios. Quantities of water supply and demand were color-
coded in an intuitive manner in the map panels. The blue
color was used (shown in Fig. 1(b)) to present water supply,
and tones from deep blue to light blue represent water sup-
ply values from large to small. Similarly, orange colors were
used in Fig. 1(c) to represent different levels of water de-
mand. For water scarcity (Fig. 1(a)), four colors: light green,
yellow, orange, and red were used to represent increasing
levels of water scarcity defined by the Falkenmark index,
with alarming colors such as yellow and red indicating areas
of scarcity.

In addition to basic information about spatial distributions
of water supply and demand, we used interactive visual ele-
ments on top of the base layers to provide users with rich
information about data, modeling inputs, and spatial con-
texts. As shown in Fig. 1(b), we have implemented popup
windows to visualize the volume of stream flows at stream
gauge stations, which were used to derive and calibrate the
amount of water supply. Time series of stream flows (m3/s)
by month were plotted as line charts for different climate
models.

The control panel (Fig. 1(d)) provides a summary of ba-
sic model parameters. Data were organized by the modeling
year and then by the types of water demand/supply mod-
els. A slide bar and dropdowns were used to allow a user

to select any modeling year and combinations of water sup-
ply model and demand models. To facilitate decision mak-
ing and communication in a collaborative environment, we
have developed an interface to allow users to store interest-
ing scenarios as model profiles in a database. We have also
implemented other features to facilitate data exploration. For
example, when exploring maps with dragging or zooming,
three maps are synchronized to the same zoom level and
view center, which helps in targeting problem areas. Users
are also allowed to use an “area selection” mode to highlight
regions of interest.

In Fig. 2, following Kaye et al. [KHH12], we used a two-
dimensional color matrix that employs color and hue in or-
der to simultaneously visualize the average intensity of wa-
ter scarcity as predicted by the models as well as uncertainty
associated with ensemble predictions using multiple models.
The same four colors as in the simulation view were used to
represent average water scarcity.

To visualize the uncertainty from ensemble prediction, we
introduce the level of agreement among model predictions
as a measure of uncertainty. We employ tones as a second
channel and use lighter colors to indicate greater uncertainty
about an ensemble-predicted water scarcity level. The agree-
ment level is measured as the percentage of the dominant
water scarcity value out of all predicted water scarcity val-
ues. For example, if 3 out of 5 water demand/supply models
predicted “absolute scarcity” for a cell, and the other two
predicted “scarcity” and “stress”, respectively, the agree-
ment (or certainty) level is 3/5 = 60%. In this case, the color
of the cell would be salmon red, corresponding to the sec-
ond column and first row in the legend. By definition, the
greater the agreement level, the lower the uncertainty is in
an ensemble prediction. We have also explored using an en-
tropy metric to evaluate uncertainty of ensemble prediction
as the chaos/entropy in the ensemble of model results, which
showed similar spatial patterns of uncertainty as in Fig. 2.

4. Implementation

Our system was implemented using open-source and
standards-compliant technology to be maintainable and
replicable. GeoServer (hosted in Tomcat server) was used
to render geospatial data as a standard Web Mapping Ser-
vice (WMS), which was consumed by the map engine –
the lightweight Leaflet JavaScript library. All data were con-
verted to the GeoTIFF format before being imported into
GeoServer. The water scarcity computation was carried out
using the GDAL open-source C++ library via its Java in-
terface. The interface and GUI elements were programmed
using standard HTML5 and JavaScript, and therefore do not
depend on a specific browsers or platform.
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5. Case Study

We focus here on the comparisons of water scarcity com-
puted from combinations of five different water supply mod-
els under the RCP45 emission scenario and one water de-
mand model (with a 1% exponential growth) as shown in
Fig. 2. In total, there are five combinations of water models.
We categorize the agreement level into four regions: 40%,
60%, 80%, and 100% for each level of water scarcity.

Figure 2: Agreement view for 5 combinations of water
models in 2025. Color matrix (right) shows the visualiza-
tion scheme. Each row represents different levels of water
scarcity with color; each column represents different agree-
ment levels (40% to 100%) with hue.

From Fig. 2, we can observe that under the assumption of
relatively mild future population growth (1%), there is lit-
tle water scarcity (or absolute scarcity) over the majority of
in the basin. Notable exceptions are areas around the cities
of Niamey and Sokoto (see also a closer view in Fig. 3),
where there is significant water scarcity partly due to the
much higher population density there. However, from the
tones of the color, we can observe that the five models reach
low levels of agreement on the water scarcity around the two
cities for 2025 projections. This case study exemplifies the
uncertainty associated with ensemble predictions that can be
explicitly visualized with our tool and can be neglected when
only mean values of model results are used. With our tool,
we have also identified cases in which the models predict
water scarcity with higher levels of agreement over a longer
term. As shown in Fig. 3, we can observe that the future
trend of water scarcity of the cities Sokoto (pentagram) and
Katsina (X-Star) are converging. While some surrounding
regions (the lighter red regions) have higher uncertainty in
2025, they are mostly turning into the absolute scarcity cat-
egory with high certainty in the more distant future.

6. Conclusion

In this paper, we present a visual analytic framework for
analyzing water stress or scarcity in the Niger River Basin.
Basin-wide water demand and supply as well as derived wa-
ter scarcity are visualized using interactive maps, which can
provide the user with auxiliary information such as the cli-
matological input, population distribution, and geographical

Figure 3: Converging trend of two cities from 2025 to 2100.
The pentagram and X-Star stands for Sokoto and Katsina.

context within which water scarcity occurs. More impor-
tantly, we develop an ensemble visualization tool that facil-
itates users in exploring different future scenarios by allow-
ing multiple water supply and demand models to be used to
predict future patterns of water scarcity.
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