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Abstract The UNEP GEMS/Water Programme
is the leading international agency responsible
for the development of water quality indicators
and maintains the only global database of water
quality for inland waters (GEMStat). The pro-
tection of source water quality for domestic use
(drinking water, abstraction etc) was identified
by GEMS/Water as a priority for assessment. A
composite index was developed to assess source
water quality across a range of inland water types,
globally, and over time. The approach for devel-
opment was three-fold: (1) Select guidelines from
the World Health Organisation that are appro-
priate in assessing global water quality for hu-
man health, (2) Select variables from GEMStat
that have an appropriate guideline and reasonable
global coverage, and (3) determine, on an annual
basis, an overall index rating for each station using
the water quality index equation endorsed by the
Canadian Council of Ministers of the Environ-
ment. The index allowed measurements of the
frequency and extent to which variables exceeded
their respective WHO guidelines, at each individ-
ual monitoring station included within GEMStat,
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allowing both spatial and temporal assessment of
global water quality. Development of the index
was followed by preliminary sensitivity analysis
and verification of the index against real water
quality data.
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Introduction

Any number of water quality measurements can
serve, and have already been used, as indicators of
water quality; however, there is no single measure
that can describe overall water quality for any one
body of water, let alone at a global level. As such,
a composite index that quantifies the extent to
which a number of water quality measures deviate
from normal, expected or ‘ideal’ concentrations
may be more appropriate for summarizing water
quality conditions across a range of inland water
types and over time. To date, no such global index
has been developed. However, such a global index
of water quality is needed to assess changes in
water quality over time and space and also to
evaluate successes and failures of international
treaties designed to protect aquatic resources.
For example, a global index could be a valuable
tool for tracking progress toward meeting the
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Millennium Development Goals and the Plan of
Implementation of the World Summit on Sustain-
able Development, as well as other internationally
agreed goals and targets.

A number of countries have begun the process
of developing composite indices of water quality
to describe the state of their domestic waters,
including the United States of America (Cude
2001), Taiwan (Liou et al. 2004), Argentina (Pesce
and Wunderlin 2000), Australia (ISC 2005),
Canada (Khan et al. 2003; Lumb et al. 2006;
CCME 2001) and New Zealand (Smith 1989, 1990;
Nagels et al. 2001). Similar to indices of economic
strength, such as Gross National Product (GNP),
these water quality indices take information from
a number of sources and combine them to develop
an overall snapshot of the state of the national
system. In the case of inland waters, the infor-
mation used to generate the indices typically con-
sists of concentrations of a number of different
water quality variables measured as part of rou-
tine national, regional, and local monitoring pro-
grammes. Just as in the case of economic indices
(Statistics Canada 2002; Esty et al. 2006), there is
considerable debate as to which measures should
be included in the derivation of an index, and
what type of information such a composite index
is able to provide to the general public and to pol-
icy makers (Harkness 2004). Despite the debate,
there is some agreement that water quality indices
are useful tools for comparing water quality across
systems and over time, and they can provide a
benchmark for evaluating successes and failures of
management strategies aimed at improving water
quality.

There are many global water quality issues,
and a number of priority issues of concern. One
of these is safeguarding drinking water supplies.
The protection of source water quality for do-
mestic use (drinking water, abstraction etc) was
identified by an experts’ group (UNEP workshop,
Vienna, Austria May 4th–6th 2005) as a prior-
ity for assessment (the full experts’ recommen-
dation report is available at: www.gemswater.org/
publications/index-e.html). Assessment of source
water quality was selected because of its impor-
tance to human health, because it could be con-
ducted on a global scale, and because it could be
developed using internationally recognized guide-

lines for drinking water quality, such as those from
the World Health Organisation (WHO 2004).

The overall goal of this study is to report on
the development, sensitivity analysis, and vali-
dation of a global index of source water qual-
ity. The water quality data used to analyze and
validate the index calculations have been de-
rived from GEMStat, an online global database
of water quality for inland waters maintained
by the UNEP GEMS/Water Programme (www.
gemstat.org). The performance of the index at
several geographic scales (global, regional, and
local) is examined and limitations to the data and
index are discussed along with suggestions for
future development.

Index development

The approach for developing an index for global
source drinking water quality has three parts:
(1) Guideline selection: Selecting guidelines that
are appropriate in assessing global water quality
for human health, (2) Variable selection: selecting
variables from GEMStat that have an appropriate
guideline and have reasonable global coverage,
(3) Station selection: selecting only stations that
measure variables consistently on an annual basis.

Guideline selection

The first objective was to select water quality
variables that could be associated with an existing
drinking water quality guideline. As the goal was
to develop a global index, the variables selected
were based on those in the World Health Organi-
sation’s Drinking Water Guidelines (WHO 2004).
The primary purpose of the WHO guidelines
is the protection of public health by describing
guideline values for constituents of water or in-
dicators of water quality. These guidelines divide
variables into two categories:

i. Health guidelines, which take into account
chemical and radiological constituents that
have the potential to have a direct adverse
effect on human health; and

ii. Acceptability guidelines, which include vari-
ables that may not have any direct health
effects but result in objectionable taste or

http://www.gemswater.org/publications/index-e.html
http://www.gemswater.org/publications/index-e.html
http://www.gemstat.org
http://www.gemstat.org
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Table 1 Comparison of WHO drinking water guidelines (GLs) for selected variables against guidelins from the European
Union (EU), United States (USEPA) and Australia

Variable WHO EUa USEPA Australia

Ammoniacal-N 1.5 mg/L 0.50 mg/L No GL 0.50 mg/L
pH 6.5–8 No GL 6.5–8.5 6.5–8.5
Chloride 250 mg/L 250 mg/L 250 mg/L 250 mg/L
Iron 0.3 mg/L 0.2 mg/L 0.3 mg/L 0.3 mg/L
Lead 0.01 mg/L 0.01 mg/L 0.015 mg/L 0.01 mg/L
Arsenic 0.01 mg/L 0.01 mg/L 0.01 mg/L 0.007 mg/L
Copper 2.0 mg/L 2.0 mg/L 1.3 mg/L 2.0 mg/L
Faecal coliform bacteria 0 counts/100 mL 0 counts/100 mL 0 counts/100 mL No GL
aWHO guidelines for drinking water were used as a basis for the standards for the EU Drinking Water Directive

odour in the water. Water that is highly turbid,
highly coloured or that has an objectionable
taste or odour could lead the consumer to
believe that the water is unsafe.

To assess the robustness of the guidelines pro-
posed by WHO, comparisons with drinking wa-
ter quality guidelines currently in place in the
European Union, Australia and USA were con-
ducted. For this comparison some of the most
common variables measured and reported in
GEMStat were selected (ammoniacal-N, pH,
chloride, iron, lead, arsenic, copper and faecal
coliform bacteria) (Table 1).

The guidelines for the variables selected com-
pared well across nations and international agen-
cies, with only small deviations from each other
(Table 1). The only WHO guideline that was
substantially higher (and, therefore, less stringent)
than the others was ammoniacal-N (1.5 mg/L),
when compared to the EU and Australian guide-
line of 0.5 mg/L. The WHO guideline for pH was
slightly more conservative than US and Australian
guidelines, whereas the EU guideline for iron

was more stringent than WHO, US, or Australian
guidelines. The US guideline for lead was less
stringent than other agencies, but the US guide-
line for copper was the most stringent of all agency
guidelines. Finally, the Australian guideline for
arsenic was the most stringent of all agency
guidelines.

It was concluded that based on the variables
selected, WHO drinking water quality guidelines
were representative of a number of national
guidelines currently in place, and, therefore were
selected for use in the development of a global
index of source water quality. In addition, based
on the categorisation of the parameters by WHO,
three water quality indices (WQI) were developed
(Table 2).

Variable selection and global and regional
coverage of included variables

The variables listed under the WHO health
and acceptability categories were selected from
GEMStat for inclusion in the index (WHO 2004;
Table 3). Refinement of the database was needed

Table 2 Description of indices with details of types of variables included and justification of the index calculation

Index Parameters included Justification

Drinking WQI (DWQI) All parameters regardless Gives an overall ‘big picture’ as to the quality of water
of category

Acceptability WQI (AWQI) Parameters listed under the Provides an assessment of the public’s perception
acceptability category of the quality of water, rather than specific health

issues, as it assesses variables that cause
unacceptable taste or odour in drinking water

Health WQI (HWQI) Parameters listed under the Provides a more relevant assessment of water quality
health category as it includes only variables that have the

potential to result in adverse health effects in humans
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Table 3 List of all
possible parameters, and
their associated WHO
guideline and whether
they were measured in
20%, 35% and 50% of
countries in all regions:
Europe, Asia, Africa,
Americas and Oceania

Y Complete data,
LD lack of data,
NTU nephelometric
turbidity units
aMinimum (6.5) and
maximum (8) guidelines
for pH

Variable Guideline Country coverage selection criteria

(units of measurement) (mg/L) 20% 35% 50%

Health variables
2,4–D 0.03 LD LD LD
Aldicarb 0.01 LD LD LD
Aldrin and dieldrin 0.00003 LD LD LD
Antimony 0.02 LD LD LD
Arsenic 0.01 Y LD LD
Atrazine 0.002 LD LD LD
Barium 0.7 LD LD LD
Boron 0.5 Y LD LD
Cadmium 0.003 Y LD LD
Chromium 0.05 Y LD LD
Copper 2 Y Y Y
Cyanide 0.07 LD LD LD
DDT and metabolites 0.001 LD LD LD
Endrin 0.0006 LD LD LD
Fluoride 1.5 Y Y Y
Lead 0.01 Y Y LD
Lindane 0.002 LD LD LD
Manganese 0.4 Y Y Y
Mercury 0.001 Y LD LD
Nickel 0.02 LD LD LD
Nitrate 50 Y Y Y
Nitrite 3 Y Y LD
Selenium 0.01 LD LD LD

Acceptability variables
Aluminium 0.1 LD LD LD
Ammoniacal-N 1.5 Y Y Y
Chloride 250 Y Y Y
Hardness 200 LD LD LD
Hydrogen sulphide 0.05 LD LD LD
Iron 0.3 Y Y Y
pH (pH units) 6.5, 8a Y Y Y
Sodium 200 Y Y Y
Sulphate 250 Y Y LD
Total dissolved solids 600 LD LD LD
Turbidity (NTU) 5 LD LD LD
Zinc 3 Y Y LD

to ensure that the variables included in the index
calculations were similar; that there was a mini-
mum level of similarity in the variables included
to calculate an index value for each region: Asia,
Africa, Americas, Europe and Oceania. There-
fore, we determined criteria for the percent cov-
erage of variables by countries within each of the
regions.

We first assessed the distribution of variables
under 20%, 35% and 50% regional coverage lim-
its, meaning that each variable had to have been
measured in either 20%, 35% or 50% of countries

within each region (Table 3). The distribution
of acceptability variables was quite consistent at
all three criteria levels, with five variables mea-
sured in at least 50% of countries within each
region, and seven variables meeting the 35% and
20% regional country coverage criteria. The coun-
try coverage for health-related variables was less
comprehensive than the acceptability variables,
with only four variables having been measured
in 50% of countries in each region, compared
to 11 variables that were measured in 20% of
countries in each region. Since the inclusion of
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more variables should yield a more relevant water
quality index, the 20% criterion was selected as a
global distribution guideline for the development
of the indices. Thus, each variable included in the
index had to have been measured in at least 20%
of countries in each of the major regions.

Initial calculations of the water quality index
included faecal coliform bacteria (FCB) because
they were commonly reported in GEMStat and,
more importantly, their presence is directly linked
to the prevalence of waterborne diseases in hu-
mans. However, on initial calculation it was re-
vealed that FCB was strongly influencing the
index result (UNEP GEMS/Water Programme
2007). It would seem that because of the stringent
guideline set by WHO (0 counts per 100 mL),
FCB was consistently in exceedance and far out-
weighed any other health variable included in the
index equation. Due to this heavy influence on the
index it was not possible to compare stations that
had FCB with those that had not. It was decided
that removal of FCB was required from the health
criteria and separate assessment of FCB would be
conducted. As a result, the current indices did not
include any measurement of microbial data, which
is an important aspect in analysing the safety of
drinking water. The index developed here assesses
chemical contamination, and as such the inclusion
of microbial measurements into the current index,
or development of a microbial index, will be as-
sessed separately.

Station selection

Following selection of water quality variables
based on water quality guideline availability, as
well as based on global coverage of the different
water quality variables, the database used for in-
dex calculation was further refined to only include
data from stations where monitoring of several
variables was consistent over time. Thus, data
used for deriving an index were only selected from
stations where at least four variables were mea-
sured per year, and, that each of these variables
was measured at least four times per year, hence,
the ‘Four by Four’ (4 × 4) rule. This rule ensures
that only stations that regularly monitor vari-
ables were included and follows recommendations

made by the Canadian Council of Ministers for the
Environment (CCME 2001).

Following the decision to use the WHO guide-
lines and selection of variables, observations, and
monitoring stations to be used in index derivation,
the three indices (DWQI, HWQI, AWQI) were
developed. Separate databases were generated for
the derivation of each index and, for the purposes
of this investigation, the selection rules as outlined
above were applied to each database (Drinking,
Health and Acceptability), such that variables,
stations, and records in each database met all of
the following criteria:

1) Variables included were measured in at least
20% of countries in each major global region:
Asia, Africa, Europe, Oceania and Americas;
and,

2) Stations included measured at least four vari-
ables, four times per year (4 × 4 rule).

It is important to stress that while these indices
provided an overall picture of the quality of a
body of water, they can not be relied upon to
definitely determine if a water source is safe for
drinking. Primarily because of a lack of available
monitoring data, there are a number of variables
that were not included in the indices that could
still adversely affect the safety (from a human
health perspective) or acceptability of water for
drinking.

Derivation and application of the index

The equation used for the derivation of the indices
reported here was based on the water quality
index (WQI) endorsed by the Canadian Council
of Ministers of the Environment (CCME 2001).
The CWQI model was selected as it requires the
use of a benchmark or guideline which allowed
us to compare values to the World Health Or-
ganisation’s Drinking Water Quality Guidelines
(WHO 2004). Instead of normalizing observed
values to subjective rating curves, the Canadian
Water Quality Index (CWQI) compares observa-
tions to a benchmark, where the benchmark may
be a water quality standard or site specific back-
ground concentration (CCME 2001; Khan et al.
2003; Lumb et al. 2006). The CWQI quantifies
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for one station, over a predetermined period of
time (typically 1 year), the number of parameters
that exceed a benchmark, the number of records
in a dataset that exceed a benchmark, and the
magnitude of exceedance of the benchmark. The
index is flexible in terms of the benchmarks that
are used for calculation, and depends on the in-
formation required from the index. By applying
the Canadian index model and WHO guidelines
to our data set we were able to develop an index
that uses globally accepted guidelines for drinking
water.

The index allows measurements of the fre-
quency and extent to which variables exceed their
respective guidelines at each monitoring station.
The index was calculated on an annual basis re-
sulting in an overall rating for each station per
year. This allowed both the spatial and temporal
assessment of global water quality.

A full description of the index calculation has
been outlined by CCME (2001, 2005). In brief, the
Canadian Water Quality Index (CWQI) equation
is calculated using three factors as follows:

WQI = 100 −
⎛
⎝

√
F2

1 + F2
2 + F2

3

1.732

⎞
⎠

Where:

F1 represents Scope: The percentage of vari-
ables that exceed the guideline;

F2 represents Frequency: The percentage of in-
dividual tests within each variable that ex-
ceeded the guideline;

F3 represents Amplitude: The extent (excursion)
to which the failed test exceeds the guideline;
and The constant, 1.732, is a scaling factor
(square root of three) to ensure the index
varies between 0 and 100.

WQI designations

The index equation generates a number between
0 and 100, with 0 indicating poor and 100 indi-
cating excellent water quality. Within this range,
designations have been set by CCME (2005) to
classify water quality as “poor” (0–44), “marginal”

(45–64), “fair” (65–79), “good” (80–94) or “excel-
lent” (95–100). These classifications were adopted
here for illustrative purposes. Validation and
expert opinion should be determined before des-
ignations are applied, but we would propose ap-
plying treatment descriptions to each designation
in future development of the index. For example,
applying descriptions as to the level of:

1) Removal processes—pre-treatment, floccula-
tion, sedimentation, coagulation and filtration
of water for drinking

2) Inactivation processes—primary or secondary
disinfection of water for drinking

Global water quality index

Once the indices were calculated, index values
were placed into their designations and the pro-
portion of stations within each designation and
region were calculated. For ease of illustration,
index values for DWQI only were grouped into
good–excellent, fair, and marginal–poor. The pro-
portions within each designation were then plot-
ted over time for each region (Fig. 1). A general
improvement in water quality in the Americas
could be detected over time with a reduction
in the proportion of stations categorized as fair,
marginal or poor. The pattern was less clear in
Asia, with fluctuations in the proportion of sta-
tions designated as good or excellent between 0.4
and 1 over time but with a high proportion of
stations with a good or excellent designation in
the most recent sampling years (2003–2006). In
Africa, the proportion of stations designated good,
or excellent, decreased with a corresponding in-
crease in the proportion of stations designated
fair, suggesting a slight deterioration in water
quality with time. In all three of these regions
(Africa, Asia and Americas) it would seem that
the proportion of good–excellent stations tended
to decrease as the number of monitoring stations
with calculated index values increased. This is an
interesting observation that could indicate that
the more stations included in the assessment of
these regions results in a more uniform distribu-
tion of stations within each category. In Europe,
there was very little deviation from the good,
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Fig. 1 Temporal trends in water quality (DWQI, HWQI
and AWQI) for the five major regions (Africa, Americas,
Asia, Europe and Oceania). Bars represent proportion

of stations within each region designated poor-marginal,
fair, and, good–excellent. Line indicates number of stations
included in the calculation

or excellent, designations of monitoring stations
over time, with a fairly consistent number of sta-
tions designated poor–fair since 1978. This fairly
consistent result does not seem to be affected by
the drop in number of stations between 1992 and
2001, indicating that the stations included within
this time-period seemed to be fairly representative
of water quality within this region. Unfortunately,
the lack of data for Oceania did not allow a
full temporal assessment; however, after 1985 the
proportion of stations designated good–excellent
increased. Again, similar to Europe, the number
of stations did not seem to have any bearing on
the designations, with a large increase in number
of stations in 1989 with no corresponding change
in station designations.

The development of the three indices outlined
in this report allowed assessment of water quality
not only temporally on a station-by-station basis
but also spatially across different regions, coun-
tries and/or watersheds. Sensitivity analysis and
validation of the indices also allowed for assess-
ment of the suitability of the WHO guidelines
and, specifically, whether they were too stringent,
or, whether additional variables needed to be
included that were not assessed by WHO. With
this in mind the following sections focus not only
on providing both a regional and watershed as-
sessment of drinking water quality but also on
investigating variable and/or guideline sensitivity
for the purposes of improving the database and/or
index calculation.
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Table 4 Number of stations, listed by country, for which
an HWQI and AWQI were calculated for the year 2002

Countries HWQI AWQI

Morocco 6 6
Argentina 5 7
Japan 11 13
Republic of Korea 1 1
Belgium 37 18
Poland 6 6
Switzerland 2 6
South Africa – 24
India – 24
Pakistan – 5
Russian Federation – 34

Sensitivity analysis

Sensitivity analysis was conducted to assess the
influence on index results of the variables included
in the calculation of each of the three indices. This
entailed removing each variable from the index
calculation and comparing the reduced indices
to the original index that included all measured
variables. The objective was to observe whether
the removal of any one variable changed the index
so much that it was no longer correlated with
the original indices. The sensitivity analysis was
conducted on the HWQI and AWQI only. DWQI
was omitted from this analysis since any variable
that influenced either HWQI or AWQI would
also automatically influence DWQI, since both
HWQI and AWQI are sub-indices of DWQI.

Sensitivity analysis was conducted on monitor-
ing data from 2002, the most recent year in which
data for all variables were available (Table 4). A

total of 68 stations had an HWQI designation and
144 stations had an AWQI designation in 2002.
Approximately 45% of stations were classed as
excellent and 25% were classed as good for health
aspects (HWQI) in 2002 (Fig. 2). Less than 2%
of stations with an HWQI were classed as poor
in the same year. For AWQI, approximately 30%
of stations were classed as good with less than
15% of stations classed as excellent, while the
majority (40%) of stations were classed as fair in
2002 (Fig. 2).

To determine which variables had greatest
influence on index results, the variables contribut-
ing to each index were selected for the sensi-
tivity analysis. Once each of the variables were
removed, the HWQI and AWQI were recal-
culated and plotted against the original index
(Fig. 3). For AWQI (Fig. 3a), the removal of
pH increased the number of stations designated
as excellent from approximately 15% to 50%
and reduced the number of stations designated
as marginal from approximately 40% to <10%.
Correlation analysis showed that all indices were
significantly inter-correlated regardless of which
variable was removed (p < 0.001). However, pH
showed the least strong, but still highly significant
(r = 0.832, P < 0.001), correlation to AWQI which
follows the pattern expected from Fig. 3a.

For HWQI (Fig. 3b), the removal of lead and
arsenic had the greatest impact on station designa-
tions. Removal of arsenic resulted in higher index
scores with more stations categorized as good or
excellent and fewer stations categorized as poor,
marginal or fair. Similarly, the removal of lead re-

Fig. 2 The number of
stations (percentage of
total stations globally) in
2002, categorised as poor,
marginal, fair, good and
excellent for both HWQI
and AWQI
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Fig. 3 Designation of
stations in 2002 (dis-
played as a percentage
of the total number of
stations) for a AWQI
[n = 144 stations] and
b HWQI [n = 68 stations],
and the contributions of
each variable to their
respective index

a

b

duced the amount of stations designated good and
increased the amount of excellent from 45% to
63%. However, the removal of these variables did
not significantly change the HWQI designations
(i.e. Pearson’s correlation analysis was not signif-
icantly different (p < 0.001)). This would suggest
that the HWQI was not particularly sensitive to
any one variable. It was concluded that no one
variable was strongly influencing the HWQI, sug-
gesting that the index value was robust regardless
of the variables that were included.

Conclusions from sensitivity analysis

The Pearson’s correlation matrix for both HWQI
and AWQI revealed that regardless of which

variable was removed, the indices were still signif-
icantly correlated. This would indicate that both
indices were not strongly driven by one particu-
lar variable, but rather by the combination of all
variables.

Index evaluation: Vistula River, Poland

Overview

To validate the three indices against real water
quality monitoring data both from GEMStat and
from published literature, a station-level assess-
ment of the indices was conducted. The stations
selected for validation were chosen within the
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same river basin, to allow assessment on both a
temporal and spatial (upstream to downstream)
scale. The river basin selected was the Vistula
River in Poland. This river was of particular in-
terest for this study as the water quality within
the Vistula River basin has deteriorated during
the last 30 years due to both urban and indus-
trial growth (Laenen and Dunnette 1997). De-
spite showing a slight improvement in the last
decade, the issue of water quality is still of concern
as it is used to supply drinking water for many
communities; there are approximately 30 surface-
water intakes within the river basin. The major
issue with regards to water quality is that most
of the heavy industry is located in the upper part
of the river, polluting the river from upstream to
downstream (Laenen and Dunnette 1997).

The Vistula River is the longest river in Poland,
spanning 1,047 km and draining an area of
194,424 km2. Vistula flows from south to north,
originating at Barania Góra (1,220 m high) in
the Beskidy Mountains and discharging into the
Vistula Lagoon and Gdañsk Bay of the Baltic

Sea (Fig. 4). Water quality monitoring stations are
located in three of the large Polish cities through
which the Vistula River flows (Fig. 4).

The first objective was to assess the water qual-
ity (overall, health and acceptability) of the Vis-
tula River over time. An overview of the temporal
trends of all three indices at each station on the
Vistula River is illustrated in Fig. 4. Two clear
patterns were observed:

1) Spatial: at each time point the quality of water
improved from upstream (Krakow) to down-
stream (Tczew); and

2) Temporal: over time the quality of water, with
respect to health and overall drinking water
quality variables, improved in the upstream
and midstream sites. The quality of water with
respect to acceptability improved at all three
sites from 1992 to 1997, with little change in
acceptability after 1997.

In addition, the trends in DWQI, HWQI and
AWQI correspond well at each site along the

Fig. 4 DWQI, HWQI and AWQI at three sites along
the Vistula River (Tczew, Warsaw and Krakow) between
1992 and 2003. Dashed lines correspond to index designa-

tions where: 0–44 = poor, 45–64 = marginal, 65–79 = fair,
80–94 = good, 95–100 = excellent)
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Table 5 Pearsons correlation matrix for DWQI and AWQI against the contributing variables at Krakow, Warsaw and
Tczew

Variable Krakow (upstream) Warsaw (midstream) Tczew (downstream)

DWQI AWQI DWQI AWQI DWQI AWQI

Ammoniacal-N −0.902 ∗ ∗ −0.828 ∗ ∗ −0.894 ∗ ∗ −0.867 ∗ ∗ −0.238 −0.245
Chloride −0.831∗ −0.791∗ −0.724 −0.802∗ −0.533 −0.326
Iron −0.916 ∗ ∗∗ −0.875 ∗ ∗ −0.829∗ −0.658 −0.648 −0.810 ∗ ∗
Sodium −0.828∗ −0.790∗ −0.719 −0.807∗ −0.464 −0.269
pH −0.095 −0.062 0.469 −0.534 0.157 −0.400
Sulphate −0.887 ∗ ∗ −0.841 ∗ ∗ −0.954 ∗ ∗∗ −0.782∗ −0.683 −0.557
Zinc −0.188 −0.025 −0.734 −0.590 −0.273 −0.060

*p < 0.05; **p < 0.01; ***p < 0.001

Vistula River. This was especially true at Tczew
and Krakow where the trends over time are very
similar. The water quality at Warsaw was desig-
nated as excellent for HWQI but marginal to good
for AWQI. As a result, the DWQI fell between
the two resulting in a fair to good rating.

To understand the temporal patterns in the
indices, the variables that contributed to each in-
dex over time were examined (Tables 5 and 6).
Assessment of the variables was conducted on a
site-by-site basis and correlation analysis of the
variables against the index value was conducted
for each station over time.

Results

The correlation analysis conducted with raw data
and the index values are presented in Tables 5 and
6 for all three indices. A summary of the results is
presented on a site by site basis as follows.

Krakow (upstream)

The HWQI and AWQI had a number of variables
that consistently exceeded guideline values at
Krakow. Lead and cadmium exceeded guidelines
in all years in the HWQI, with mercury exceeding
between 1992 and 1995. Chloride, ammoniacal-
N and sodium exceeded guidelines in all years in
the AWQI with iron failing to meet the guideline
between 1992 and 1996. When the raw data were
compared statistically to the indices, ammoniacal-
N, chloride, iron and sodium were all significantly
correlated with AWQI (Tables 5 and 6). For
HWQI, chromium, manganese and mercury were
significantly correlated with the index. Although
cadmium was not significantly correlated, it still
demonstrated a good relationship with HWQI
(Tables 5 and 6). When the two indices were
combined into the DWQI similar significant re-
sults were observed (Tables 5 and 6).

Table 6 Pearsons correlation matrix for DWQI and HWQI against the contributing variables at Krakow, Warsaw and
Tczew

Variable Krakow (upstream) Warsaw (midstream) Tczew (downstream)

DWQI HWQI DWQI HWQI DWQI HWQI

Cadmium −0.686 −0.725 −0.578 −0.757∗ −0.694 −0.883∗
Chromium −0.676 −0.807∗ −0.809∗ −0.931 −0.608 0.423
Copper −0.364 −0.168 −0.749∗ −0.820 0.104 0.049
Lead −0.076 −0.099 −0.856 ∗ ∗ −0.929 ∗ ∗∗ −0.590 −0.800∗
Manganese −0.933 ∗ ∗∗ −0.917 ∗ ∗∗ −0.879 ∗ ∗ −0.850 ∗ ∗ −0.731 −0.590
Mercury −0.855∗ −0.864 ∗ ∗ −0.690 −0.863 −0.887 ∗ ∗ −0.763
Nitrate −0.567 −0.830 0.722 LD −0.353 −0.391
Nitrite −0.571 −0.572 0.228 LD −0.356 −0.428

LD lack of data to complete correlation analysis
*p < 0.05; **p < 0.01; ***p < 0.001
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Warsaw (midstream)

Lead was the predominant variable in exceedance
for HWQI, and, ammoniacal-N, iron, pH and
chloride were consistently in exceedance for
AWQI. Interestingly, no exceedances were mea-
sured past 1998 for any of the health variables
which resulted in an excellent rating for HWQI.

Cadmium, lead and manganese were all signif-
icantly correlated with HWQI (Tables 5 and 6).
The correlation with mercury was not significant;
however, a good relationship was still observed
(r = −0.863, p = 0.137). Ammoniacal-N, chloride
and iron were all significantly correlated with
AWQI (Tables 5 and 6). pH was not significantly
correlated even though it was in exceedance of the
maximum guideline at various times throughout
the monitoring period; however, when the extent
of exceedance is assessed, at no point does pH
exceed 8.5. Therefore, the lack of significance
with AWQI was probably reflective of the small
deviations in pH values between 1992 to 2003.
When the two indices were combined into the

DWQI similar significant results were observed
(Tables 5 and 6).

Tczew (downstream)

The variables that exceeded the guideline at
Tczew were cadmium, lead and mercury which
were all significantly correlated with the HWQI
(Tables 5 and 6). AWQI did not show such a
strong correlation to all of the contributing vari-
ables as in the previous sites i.e. only iron was
significantly correlated (Tables 5 and 6). Mer-
cury, manganese and cadmium were significantly
correlated with DWQI (Tables 5 and 6). The cor-
relation results for this index were not as reflective
of the HWQI or AWQI as they were in the previ-
ous two sites.

Discussion

A clear spatial gradient was observed in concen-
trations of ammoniacal-N, sodium and chloride,

Fig. 5 Concentrations of ammoniacal-N, chloride, sodium and iron (mg/L) at three sites along the Vistula River (Tczew,
Warsaw and Krakow) between 1992 and 2003. Solid line represents drinking water guideline
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where the concentrations decreased from up-
stream to downstream; all three variables con-
sistently exceeded their respective guideline at
Krakow but not at the other two stations (Fig. 5).
Furthermore, general decreases in the concentra-
tions of iron and ammoniacal-N between 1992
and 2003 corresponded to increases in AWQI
over the same time period at all three sites.

The spatial patterns in water quality in the
Vistula River can be attributed to both an-
thropogenic and geological influences. High,
but decreasing, ammoniacal-N concentrations at
Krakow and, to a lesser extent, at Warsaw, most
likely reflect municipal sewage contamination/
inputs (Krzyzanowski and Slaski 2005; Buszewski
and Kowalkowski 2003; Laenen and Dunnette
1997). In contrast, the major sources for chlorides
and sulphates in the Vistula are both geological
and anthropogenic (Laenen and Dunnette 1997).
The Vistula River flows through industrialized
and highly urbanized regions of Poland, and re-
ceives major inputs from industrial pollution and
saline mine waters. For example, the hard coal
mines in southern Poland discharge into the upper
part of the Vistula River, upstream of Krakow.
Kowalkowski et al. (2007) reported that the mines
discharge approximately 9,000 tonnes of sulphates
and chlorides per day, two thirds of which are car-
ried off by the Vistula River. This would account
for the elevated sodium and chloride concentra-
tions observed at Krakow, which were well above
guideline concentrations and approximately one

order of magnitude higher than those observed at
Warsaw and Tczew. Although sulphates did not
exceed the guideline at any time or station, there
was still a significant inverse relationship observed
between sulphates and the AWQI and DWQI
at Krakow and Warsaw (Tables 5 and 6). This
would suggest that a decrease in overall pollutant
loadings occurred at both a spatial (upstream to
downstream) and temporal (1992 to 2003) level,
which was reflected in the index values.

Discharge is likely to play a factor in down-
stream changes in water quality, since the con-
centrations of most chemical constituents is
approximately inversely proportional to water
flow (Laenen and Dunnette 1997). On an annual
basis, AWQI was significantly correlated with
discharge (r = 0.772, p < 0.001), suggesting that
the improvement in water quality from upstream
to downstream was, in part, due to a dilution
effect. Chloride, sodium and sulphates, three of
the main drivers of the AWQI, also were signifi-
cantly negatively correlated to discharge (Fig. 6),
supporting the dilution hypothesis.

Metals were the main variables that exceeded
guidelines in the HWQI at all three sites (Fig. 6).
HWQI tended to improve over time, which was
in direct response to a reduction in concentrations
of metals at all sites (i.e. cadmium and mercury
decreased at all three sites, lead decreased at both
Tczew and Warsaw, manganese decreased at both
Krakow and Warsaw and chromium decreased
at Krakow; Fig. 7). Temporally, it would seem

Fig. 6 Instantaneous discharge (m3/s) and concentrations in sodium (mg/L), chloride (mg/L) and sulphate (mg/L) at all
three sites (Krakow, Warsaw and Tczew) along the Vistula River between 2000 and 2003
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Fig. 7 Concentrations of cadmium, chromium, mercury, manganese and lead (mg/L) at three sites along the Vistula River
(Tczew, Warsaw and Krakow) between 1992 and 2003. Solid line represents drinking water guideline

that metal contamination has been improving in
the Vistula river at all three sites. This improve-
ment could possibly be due to improved treat-
ment or a reduction in the amount of industrial
discharge. Spatially, both lead and cadmium de-
creased in concentration from upstream to down-
stream and consistently exceeded the guideline at
the upstream site (Fig. 7). Again, this decrease
in concentration could have been due to dilu-
tion. Similar to AWQI, HWQI was significantly
correlated with discharge (r = 0.711, p < 0.001),
suggesting that the major source of metals is orig-
inating from upstream. This corresponds to previ-
ous observations that suggest the main source for
contaminants are the coal mines located in the up-
per part of the Vistula River basin, as well as the

zinc and lead mines in the Przemsza River, a main
tributary to the Vistula River upstream of Krakow
(Gueguen and Dominik 2003). Even though the
concentrations of various metals decreased from
upstream to downstream, cadmium and lead still
remained above the guideline value. High con-
centrations of heavy metals in water including
cadmium, lead and chromium have been re-
ported in the Bay of Gdansk, and were attributed
to the direct discharge of the Vistula River
(Pempkowiak et al. 2006). In addition, Beldowski
and Pempkowiak (2007) have also reported the
Vistula River is the main source of mercury into
the Gdansk bay; our results correspond well with
these observations. Overall, we could conclude
that the HWQI was reflective of the spatial and



Environ Monit Assess (2009) 156:73–90 87

temporal changes in concentrations of variables,
specifically metals, from the upstream to down-
stream sites.

When the two indices were combined into the
DWQI, similar results were observed at both
Warsaw and Krakow, indicating DWQI was rep-
resentative of AWQI and HWQI at these sites
(Fig. 4, Tables 5 and 6). However, the temporal
pattern of AWQI and HWQI were reflective of
very different issues within the river. AWQI was
reflective of the salinity and ammoniacal-N issues,
and HWQI was reflective of metal contamination.
By comparison only cadmium was significantly
correlated with the DWQI at Tczew, which was
not reflective of the AWQI and HWQI results. It
would seem that when the indices are combined
at this site, the correlation with variables was lost.
This is a concern, especially if DWQI was the
only index used to accurately reflect the status
of water quality in the Vistula River. HWQI and
AWQI, it seems, were more sensitive than the
DWQI to pick up on the slight deviations in the
variables reported at this site, where guideline ex-
ceedances were less extreme than those at the mid
and upstream sites. Hence, the HWQI and AWQI
were more reflective of the situation within the
Vistula River at this site. This improved sensitivity
justifies our decision to split the overall DWQI
into two indices, the HWQI and AWQI.

In summary, the significant correlations be-
tween the variables in that exceeded guidelines
and the indices related well to previous studies
conducted within the Vistula River, with high
metal content reflected in the HWQI, and, high
chloride and ammoniacal-N content reflected in
the AWQI. Most importantly the variables corre-
lated well with their respective indices, suggesting
that both HWQI and AWQI were truly reflective
of the different variables included within their
calculation. On the whole, the indices were a good
reflection of water quality in the Vistula River.
The DWQI, while corresponding well to the other
two since it demonstrated similar temporal and
spatial patterns, did not seem to be as sensitive
or as descriptive as the HWQI or AWQI. This
was especially true for the downstream site at
Tczew, where the correlations of the DWQI to

the respective variables were lower. The HWQI
and AWQI were more reflective of the exceeded
variables. This highlights the importance of the
different indices. The DWQI can provide a very
broad overview of the situation, but HWQI and
AWQI were far more sensitive to deviations from
the guideline and more descriptive in specific is-
sues of concern. This is not to say that the DWQI
was not useful, more that the decision to use either
indices is dependent on the type of question or
analysis that is being conducted.

One of the most interesting observations was
the gradients in different variables from up-
stream to downstream. Specifically, certain met-
als, namely cadmium, copper, lead and zinc
decreased in concentration from upstream to
downstream with a corresponding increase in
HWQI. Ammoniacal-N, sodium, sulphates and
chloride also demonstrated a decrease from up-
stream to downstream with a corresponding in-
crease in AWQI. When both AWQI and HWQI
were assessed against instantaneous discharge, it
was clear that the improvement in water quality
from upstream to downstream, was, in part, due
to a dilution effect.

Therefore, not only were these indices reflec-
tive of the real data on a temporal basis, but also
on a spatial scale from upstream to downstream.
In conclusion, this case study has demonstrated
the usefulness and sensitivity of the indices devel-
oped and it is recommended that further develop-
ment and application of the indices be made.

Summary and future directions

This paper outlines the development and appli-
cation of one of the first water quality indices
designed for use at the global scale. The need to
develop a global water quality index was identified
by UNEP as a priority for assessment and, as such,
this study marks an important starting point for
future work.

In the development of this report, we identified
a number of advantages of not only the index itself
but also the methodology used to calculate the
index. Firstly, the index examines water quality
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on a station by station basis, giving a value for a
specific year and location. This allows assessment
both spatially, at the drainage basin, regional and
national level, and temporally, on a station by sta-
tion level if historical data are available. The index
is also flexible in terms of the variables that are in-
cluded within the calculation. For example, water
quality monitoring variables could be chosen for
inclusion in the index to reflect effects on aquatic
biodiversity, or rates of eutrophication in inland
waters, or simply to assess the overall health of
an aquatic system. There are certain basic moni-
toring criteria that must be met: specifically, the
variables must be measured consistently at a spe-
cific site and the variables measured should be
related to a specific end-point for comparison (e.g.
a benchmark or guideline concentration needs to
be identified). Once variables have been selected
and benchmark concentrations have been selected
for comparison, the index calculation is fairly sim-
ple. The flexibility and ease of computation of the
index is a great advantage for stakeholders world-
wide, such as water managers using this index.

The index also examines deviations from glob-
ally recognized guidelines i.e. World Health
Organisation Drinking Water Guidelines, and as
such does not assume a preconceived notion of
what is good. Most water quality indices rely on
normalizing data variable by variable according
to expected concentrations and some interpreta-
tion of ‘good’ versus ‘bad’ concentrations. For
example, Pesce and Wunderlin (2000) normalized
their data to a common scale, Stambuk-Giljanovik
(2003) calculated a weighted average index from
normalized values, and, Tsegaye et al. (2006) stan-
dardized values to the maximum concentration
for each variable. The overall index values cal-
culated in this report were directly related to set
guidelines and, as such, are sensitive to deviations
from these guidelines and reflective of real water
quality conditions. Designations of index values
into good or bad categories was attempted within
this report, however these are illustrative and can
be adapted on a case by case basis.

Although a significant effort has been made
in the development of an index to assess global
drinking water quality, there are a number of
issues that need to be addressed for their future
development.

Firstly, in the development of this index it was
necessary to establish specific criteria for inclu-
sion of variables into the calculation. A number
of variables are outlined by the World Health
Organisation as having either health or accept-
ability guidelines related to drinking water. How-
ever, it was not possible to include all of these
variables as there were inconsistencies in mea-
surements on a global basis. Because of this, we
established certain criteria for inclusion of vari-
ables and monitoring data in the index. Specif-
ically, the variables included had to have some
representation in all the five major regions in
the world (Europe, Asia, Oceania, Africa and
Americas), and, stations within these regions were
only selected if they measured at least four of
these variables, four times a year. Of course, by
including these rules we limited our analysis to
only those monitoring stations that had adequate
replication and appropriate geographical repre-
sentation. This resulted in two issues. Firstly, the
variables included in the index were not all en-
compassing of the variables outlined by WHO
in their guidelines for drinking water. As such,
certain priority pollutants may have been missed:
for example in areas of intense agriculture, the
inclusion of certain pesticides would be essential
but were not included in this analysis. Secondly,
because we accepted stations that had measured
at least four variables out of the total variables
selected, index calculations for certain stations
would be based on variables that were not in-
cluded in the index calculations for others. Al-
though the variables included would be related
to either health effects of acceptability issues,
comparing among stations may not always be
appropriate if the variables measured are very
different. With these issues in mind, future devel-
opment should include an assessment to prioritize
pollutants to establish a framework for develop-
ment of a DWQI, HWQI or AWQI for individual
countries or areas. This would include establish-
ing relevant variables that must be measured and
included in the calculation of the index.

Secondly, the WHO guidelines used in this
study are specifically for drinking water, and as
such do not represent guidelines for source water.
The data in GEMStat are predominantly mea-
surements of natural surface waters or ground-
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water, and therefore there are limitations in the
variables chosen. We only selected variables that
were considered to have a human health or ac-
ceptability issue in water with no further treat-
ment required. Variables such as biochemical
oxygen demand (BOD) or dissolved oxygen (DO)
are not recognised variables affecting drinking wa-
ter. However, these variables may cause consider-
able problems if that water body is intended as a
source to be treated for drinking since increased
aeration or biological treatment of the water may
be required to establish its suitability for drinking.
As it stands, the use of the WHO guidelines for
drinking water was a useful tool to assess water
quality against stringent guidelines and will be
useful as an assessment tool for situations where
the water body is used as drinking water, with little
or no treatment. It is recommended, however,
that further development of the guideline include
variables that will affect the quality of water as
a source for drinking. In this regard, it would
also be useful to gain expert opinion with regards
to establishing treatment level categories for the
index values, as opposed to the current good, fair
or bad designations used in this report.

Finally, it was noted that the DWQI was not as
sensitive in revealing temporal and spatial trends
as the HWQI or AWQI. It was thought that the
significance of individual variables were lost due
to the higher number included within the indices,
possibly obscuring information. If this is the case
then it is recommended that future investigations
compare different methods of calculation. For ex-
ample, using the ‘minimum operator’ approach
outlined by Smith (1989, 1990).

In conclusion, the drinking water quality index
developed made a significant contribution to the
issue of global water quality assessment. Valida-
tion and sensitivity analysis revealed the index was
reflective of the real data obtained from GEM-
Stat, and allowed assessment of water quality on
both a temporal and spatial scale. A number of
advantages of using this method were highlighted.
In addition, important suggestions were made for
the development of the index, which is now in
progress.
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