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ABSTRACT
The implementation of the European Union Water Framework Directive (WFD) presents an important method-
ological challenge for countries whose established environmental monitoring systems are not yet fully harmon-
ised with WFD compatible surface water body delineation and assessment structures. This situation is particular-
ly relevant for EU candidate countries, where existing station-based monitoring programmes must increasingly 
support integrated river basin assessment and alignment with the environmental acquis. This study addresses this 
challenge by developing a composite surface water quality index (SWQI) capable of integrating existing moni-
toring observations into a consistent quantitative river basin assessment while accommodating incomplete spatial 
harmonisation of water body delineation. The proposed framework integrates six physicochemical parameters—
dissolved oxygen (DO), biochemical oxygen demand (BOD₅), ammonium (NH₄), nitrite (NO₂), nitrate (NO₃) 
and total phosphorus (P-total)—through normalization, weighting and aggregation into a common 0–100 scale. 
A bounded continuous normalization approach was developed for observations exceeding Class V boundaries, 
preserving information on the severity of extreme observations while constraining scores within the defined 
scale. The framework was applied to 33 monitoring stations with complete six parameter datasets across five 
Albanian river basin reporting units. Mat recorded the highest basin level SWQI (98.79), followed by Drin-
Bunë (97.40), Shkumbin (94.29) and Seman (93.33), whereas Ishëm-Erzen recorded the lowest value (68.54). 
Sensitivity testing showed that the basin ranking remained unchanged under the specific parameter weighting, 
aggregation and normalization scenarios examined, although absolute SWQI values varied under some method-
ological configurations, particularly for Ishëm-Erzen. Comparison with the national environmental assessment 
further demonstrated that the SWQI provides complementary information rather than reproducing or replacing 
regulatory ecological status classification. The study demonstrates that station-based monitoring observations 
can be transformed into a transparent and reproducible basin level assessment even where WFD oriented spatial 
harmonisation is still progressing. Beyond Albania, the framework has potential as a transferable methodologi-
cal approach for EU candidate countries undergoing alignment with the WFD acquis, particularly where estab-
lished monitoring systems need to be progressively integrated with WFD compatible water body delineation 
and assessment structures.
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Received: 2026.08.31
Accepted: 2026.09.23
Published: 2026.10.07

Ecological Engineering & Environmental Technology, 2026, 27(11), 105–125
https://doi.org/10.12912/27197050/235939
ISSN 2719–7050, License CC-BY 4.0

ECOLOGICAL ENGINEERING 
& ENVIRONMENTAL TECHNOLOGY

https://orcid.org/0009-0005-4942-3893
https://orcid.org/0009-0003-0629-4847
https://orcid.org/0009-0002-9734-6958
https://orcid.org/0009-0008-9687-1279
https://orcid.org/0000-0003-2734-8296
https://orcid.org/0009-0002-1901-5897
https://orcid.org/0009-0008-6511-3926


106

Ecological Engineering & Environmental Technology 2026, 27(11), 105–125

INTRODUCTION

Surface water quality assessment is essential 
for understanding the environmental condition of 
river systems, identifying major pollution pres-
sures and supporting evidence-based water re-
source management. Rivers integrate the effects 
of natural processes and multiple anthropogenic 
pressures, including urban wastewater, agricul-
tural runoff, industrial activities and diffuse nutri-
ent inputs. Because these pressures may vary sub-
stantially along river networks, effective water 
quality assessment requires monitoring approach-
es capable of capturing both local conditions and 
broader spatial patterns at the river basin level.

The European Union Water Framework Di-
rective (WFD) 2000/60/EC established an inte-
grated framework for the protection and assess-
ment of European surface waters based on river 
basin management and the assessment of surface 
water bodies. Within this framework, assess-
ment is not limited to individual physicochemi-
cal measurements but involves the integration of 
monitoring information, ecological status, pres-
sures and management measures within a defined 
spatial structure. Surface water bodies represent 
a fundamental unit for WFD oriented status as-
sessment, while river basins provide the broader 
management framework within which water bod-
ies, pressures and measures are considered (Eu-
ropean Commission, 2003; European Parliament 
and Council, 2000).

Composite water quality indices (WQIs) have 
evolved through a range of numerical and clas-
sification-based approaches (Brown et al., 1970; 
Smith, 1989). Subsequent work extended these 
to parameter specific and classification-based 
formulations (Pesce and Wunderlin, 2000; Sarga-
onkar and Deshpande, 2003), and to aggregation-
based frameworks applied at basin scale (Lumb 
et al., 2006; Sutadian et al., 2016). By combining 
multiple parameters into a common scale, WQIs 
can facilitate spatial comparison, communication 
of complex monitoring results and identification 
of areas requiring greater management atten-
tion (Sutadian et al., 2016; Uddin et al., 2021). 
However, the construction of a composite index 
requires methodological decisions concerning pa-
rameter selection, normalization, weighting and 
aggregation (OECD et al., 2008; Sutadian et al., 
2016). These decisions can substantially influence 
the resulting index values and classifications, par-
ticularly when monitoring datasets contain highly 

variable or extreme observations. Consequently, 
the robustness of a composite index should be 
explicitly evaluated rather than assumed (Dobbie 
and Dail, 2013; OECD et al., 2008).

This issue is particularly relevant in Albania, 
where the national surface water monitoring sys-
tem and the development of the WFD oriented 
water body framework are progressing in paral-
lel. National environmental monitoring data are 
primarily collected and reported through moni-
toring stations and national river basin reporting 
structures, whereas the water resources manage-
ment framework is progressively incorporating 
more detailed river basin, sub-basin and surface 
water body delineation. As a result, the available 
national monitoring information does not yet pro-
vide a uniformly harmonised spatial relationship 
between every monitoring station, formally delin-
eated surface water body and river basin manage-
ment unit. This creates a practical methodological 
challenge for integrating existing monitoring ob-
servations into a consistent WFD oriented assess-
ment framework.

At the same time, Albania has an increas-
ingly valuable national evidence base for surface 
water assessment. The National Environment 
Agency (NEA; Albanian acronym AKM) pro-
vides monitoring observations and water quality 
assessments for the principal river systems (Na-
tional Environment Agency, 2025), while recent 
research has demonstrated the applicability of 
integrated WQI based approaches to individual 
Albanian river systems. In particular, Gjeçi et al. 
(2025b) applied physicochemical, nutrient and 
biological assessment approaches in the Erzeni–
Ishmi Basin, demonstrating substantial spatial 
variation in water quality conditions. The water 
resources management and geospatial frame-
works are also progressively developing more 
detailed water body delineation and ecological 
status information (Council of Ministers of the 
Republic of Albania, 2023; State Authority for 
Geospatial Information, 2025).

However, a nationally structured composite 
framework capable of integrating station based 
monitoring observations across multiple Alba-
nian river basin reporting units, while explicitly 
evaluating the effects of normalization, weight-
ing and aggregation choices, remains insuffi-
ciently developed.

Against this background, this study devel-
ops a SWQI framework specifically adapted to 
the Albanian national monitoring and river basin 
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reporting context. The proposed framework in-
tegrates six physicochemical parameters DO, 
BOD₅, NH₄, NO₂, NO₃ and total phosphorus (P-
total) into a common 0–100 scale. The index is 
calculated at monitoring station level and subse-
quently aggregated to the river basin level, while 
retaining the possibility of linking monitoring 
observations to formally delineated surface water 
bodies where such information is available.

A particular methodological feature of the 
proposed framework is the use of bounded con-
tinuous normalization for observations exceed-
ing the Class V boundary. This approach retains 
information on the severity of extreme observa-
tions while constraining normalized scores to 
the defined 0–100 range. In addition, the study 
explicitly evaluates the sensitivity of the result-
ing SWQI to alternative parameter weighting 
schemes, aggregation methods and normaliza-
tion treatments. This is intended to assess the 
sensitivity of the observed spatial patterns to 
methodological assumptions inherent in compos-
ite index construction.

The study has five main objectives: (i) to de-
velop a transparent and reproducible composite 
SWQI framework for integrating selected physi-
cochemical monitoring parameters in Albanian 
river systems; (ii) to apply the index to available 
national monitoring data and quantify surface 
water quality at monitoring station and river ba-
sin levels; (iii) to evaluate the sensitivity of the 
SWQI to alternative normalization, weighting 
and aggregation choices; (iv) to identify spatial 
differences in surface water quality among Alba-
nian river basins and monitoring locations; and 
(v) to compare the resulting SWQI patterns with 
national environmental assessments and available 
WFD oriented ecological status information.

The study therefore contributes a practical 
and adaptable composite assessment framework 
for Albania, particularly relevant to a monitoring 
context in which station based national observa-
tions coexist with the progressive development 
of a more harmonised WFD oriented water body 
framework. The proposed SWQI is intended 
as a complementary analytical tool rather than 
a replacement for regulatory ecological status 
classification, providing an integrated quantita-
tive signal that can facilitate spatial comparison, 
interpretation of multiple physicochemical pa-
rameters and identification of basins requiring 
greater attention. By explicitly testing normal-
ization, weighting and aggregation choices, the 

study also seeks to provide a transparent basis 
for evaluating the robustness and applicability of 
composite surface water quality assessment in a 
national river basin context.

STUDY AREA

River basin framework and spatial 
organisation

Albania is characterized by a dense river 
network and substantial spatial variability in to-
pography, hydrology, land use and anthropogenic 
pressures. Surface water management and assess-
ment are therefore organised within a river basin 
framework. Importantly, however, different na-
tional information systems have historically used 
different spatial reporting structures, reflecting 
their respective institutional mandates and data 
collection purposes.

The water resources management framework 
distinguishes seven river basin regions: Drin-
Bunë, Mat, Ishëm, Erzen, Shkumbin, Seman and 
Vjosa. This seven-basin structure is established 
in the current national regulatory framework and 
provides the basis for river basin management 
and the delineation of associated water resourc-
es. Decision of the Council of Ministers (DCM) 
No. 636, dated 5 November 2025, explicitly es-
tablishes these seven river basin regions and pro-
vides for the delineation of sub-basins in the Mat, 
Ishëm and Erzen regions (Council of Ministers of 
the Republic of Albania, 2025).

The national environmental monitoring 
framework, however, reports river monitor-
ing information using six basin categories, with 
Ishëm-Erzen treated as a combined reporting unit 
alongside Drin-Bunë, Mat, Shkumbin, Seman 
and Vjosa. This difference is important for the 
integration of monitoring and water management 
datasets and is directly relevant to the develop-
ment of a harmonised surface water quality as-
sessment framework.

The present study therefore adopts the six-
basin reporting structure of the AKM monitoring 
dataset for the quantitative analysis, while recog-
nising the seven-basin structure used by the water 
resources management framework. The distinc-
tion is maintained explicitly rather than attempt-
ing to reconcile the two systems by imposing 
a spatial classification that is not present in the 
original monitoring data.
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From river basins to WFD surface water 
bodies

The Water Framework Directive establish-
es the surface water body as a fundamental unit 
for the assessment and management of surface 
water status (European Commission, 2003; Eu-
ropean Parliament and Council, 2000). Ideally, 
a monitoring dataset intended for WFD oriented 
assessment would therefore establish a consistent 
spatial relationship between the monitoring sta-
tion, the delineated water body and the river basin 
management unit.

In Albania, this spatial structure is being pro-
gressively developed. The current water resourc-
es framework explicitly provides for the delin-
eation of sub-basins and other water resources, 
while WFD oriented water body information has 
already been developed for selected river basin 
areas. For example, the State Authority for Ge-
ospatial Information (ASIG), in cooperation 
with the Water Resources Management Agency 
(AMBU), has published ecological status datasets 
for surface water bodies derived from the Ishëm 
and Erzen River Basin Management Plans for 
2024–2029 (Council of Ministers of the Republic 
of Albania, 2023; State Authority for Geospatial 
Information, 2025). These datasets include delin-
eated surface water bodies and their ecological 
status information.

However, such water body delineation and 
identification are not yet consistently repre-
sented across the entire national monitoring 
dataset used in this study. The AKM monitor-
ing programme is primarily structured around 
monitoring locations and annual observations 
and therefore does not provide a uniformly ap-
plicable Water Body ID for all stations included 
in the present analysis. No Water Body ID was 
assigned or inferred for the 33 monitoring sta-
tions included in the quantitative analysis where 
an unambiguous linkage to a formally delineated 
surface water body was not available.

This situation creates an important methodo-
logical challenge: a national surface water quality 
index should be capable of using the information 
that is actually available from the monitoring net-
work without introducing artificial water body 
boundaries or identifiers.

Accordingly, the spatial structure adopted in 
this study is: Monitoring Station → River Basin 
→ Year → Water Quality Parameter. Where a for-
mally delineated Water Body ID is available, it is 

retained as an additional spatial attribute. Where 
it is not available, no artificial Water Body ID 
is assigned. This approach allows the proposed 
SWQI to operate within the existing national 
monitoring system while remaining compatible 
with the progressive development of the WFD 
water body framework.

Surface water monitoring network

The national surface water monitoring pro-
gramme provides the principal observational 
basis for the present assessment. AKM reports 
monitoring stations across the major Albanian 
river systems and provides water quality classi-
fications based on the monitoring observations. 
The 2025 monitoring framework covers the six 
reporting categories Drin-Bunë, Mat, Ishëm-Er-
zen, Shkumbin, Seman and Vjosa.

The map illustrates (Figure 1) the spatial 
distribution of the national river monitoring net-
work and the reported water quality classes of the 
monitored locations. It provides the geographical 
context for the observations used in this study and 

Figure 1. Spatial distribution of surface water 
monitoring stations and reported water quality classes 

in Albania, 2025. Source: National Environment 
Agency (AKM), Environmental Status Report 2025 
(RGJM 2025) (National Environment Agency, 2025)
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demonstrates the spatial coverage of the national 
monitoring programme.

For the quantitative SWQI assessment, com-
plete numerical observations for all six selected 
physicochemical parameters were available for 
33 monitoring stations distributed across five 
basin reporting units: Drin-Bunë, Mat, Ishëm-
Erzen, Shkumbin and Seman.

Vjosa remains part of the national six ba-
sin monitoring framework and the overall study 
context but was not included in the quantitative 
SWQI calculation because numerical observa-
tions for NO₂, NO₃ and P-total required for the 
six-parameter index were not available in the da-
taset used for this study. No values were imputed 
for the missing parameters.

Rationale for the basin level SWQI 
approach

The differences between the national moni-
toring structure and the progressively developing 
WFD water body framework provide an important 
methodological rationale for the present study.

Rather than requiring complete water body 
delineation as a prerequisite for quantitative as-
sessment, the proposed SWQI is designed to op-
erate directly from observed monitoring station 
data, while retaining the possibility of linking sta-
tions to formally delineated water bodies where 
such information is available.

The analytical framework therefore consists 
of two complementary spatial levels:
	• Monitoring station level, where the six select-

ed physicochemical parameters are normalised 
and aggregated to calculate the SWQI,

	• Basin level, where station-level SWQI values 
are aggregated to provide a comparative rep-
resentation of the physicochemical monitoring 
signal across the included monitoring stations 
within each basin.

The basin-level aggregation should therefore 
be understood as a network-based comparative 
indicator rather than a spatially weighted estimate 
of the mean condition of all surface waters within 
a basin. This distinction reflects the structure of 
the available monitoring data and avoids assign-
ing hydrological or spatial weights that cannot be 
consistently derived for all monitoring locations.

This structure is particularly relevant for 
countries in which the transition towards fully 
harmonised WFD oriented monitoring and water 

body delineation is still progressing (European 
Commission, 2003; European Parliament and 
Council, 2000). It allows existing monitoring data 
to be transformed into a transparent and repro-
ducible composite indicator without assuming a 
level of spatial harmonisation that is not yet con-
sistently available.

The proposed approach is therefore intended 
not as a substitute for WFD ecological status as-
sessment, but as a complementary methodology 
capable of integrating heterogeneous monitoring 
observations into a consistent quantitative frame-
work. It can also provide a basis for future inte-
gration with WFD water body datasets as national 
delineation and spatial identification become pro-
gressively more comprehensive.

DATA AND METHODS

Data sources and monitoring network

The analysis was based exclusively on the 
station-specific surface water monitoring values 
reported by the National Environment Agency 
(NEA/AKM) in the 2025 Environmental Status 
Report (RGJM 2025). The values were used as 
reported in the official source dataset, without 
additional statistical aggregation or annual aver-
aging by the authors. All 198 numerical obser-
vations used in the quantitative SWQI analysis 
correspond to the 2025 monitoring year and com-
prise 33 monitoring stations × 6 selected physi-
cochemical parameters. The present study there-
fore treats each reported station-parameter value 
as the source observation for 2025 and does not 
reinterpret it as an annual mean, median, maxi-
mum, or other statistic unless such aggregation is 
explicitly specified in the NEA source.

The assessment considered the six river basin 
areas represented in the NEA monitoring frame-
work: Drin-Bunë, Mat, Ishëm-Erzen, Shkumbin, 
Seman, and Vjosa. The RGJM 2025 reports moni-
toring results for individual river stations and pro-
vides their physicochemical quality assessment 
according to a five-class reference framework.

For the development of the proposed SWQI, 
six physicochemical parameters were selected: 
DO, BOD₅, NH₄, NO₂, NO₃, and total phosphorus 
(P-total). These parameters were selected to rep-
resent complementary aspects of oxygen condi-
tions, organic pollution, and nutrient enrichment 
and because corresponding Class I–V reference 
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thresholds are reported in the national surface wa-
ter assessment framework.

The final quantitative SWQI dataset com-
prised 33 monitoring stations from five river ba-
sins—Drin-Bunë, Mat, Ishëm-Erzen, Shkumbin, 
and Seman—for which numerical observations 
were available for all six selected parameters. A 
complete-case approach was used: a monitoring 
station was included in the quantitative SWQI cal-
culation only when numerical observations were 
available for all six selected parameters. Stations 
with one or more missing parameters were exclud-
ed from the quantitative SWQI calculation rather 
than being assigned imputed values. This criterion 
was applied uniformly across all basin reporting 
units to ensure that the same six-parameter index 
was calculated for every included station. Because 
complete-case selection may affect the spatial rep-
resentativeness of the quantitative dataset, the re-
sulting SWQI is interpreted as an assessment of 
the monitored stations meeting the six-parameter 
completeness criterion rather than as an uncondi-
tional assessment of the entire river basin.

Selection of water quality parameters

The SWQI incorporates six physicochemi-
cal parameters: DO, BOD₅, NH₄, NO₂, NO₃, and 
P-total. These parameters were selected to repre-
sent three complementary dimensions of surface 
water quality: DO, organic and nitrogenous pol-
lution (BOD₅ and NH₄), and nutrient enrichment 
(NH₄, NO₂, NO₃ and P-total), consistent with the 
use of physicochemical parameters in composite 
surface water quality assessment (Sutadian et al., 
2016; Uddin et al., 2021).

The parameter selection was defined a priori 
based on three criteria. First, the selected param-
eters had to be consistently available within the 
national surface water monitoring dataset used in 

the study. Second, each parameter had to have cor-
responding national Class I–V reference bound-
aries that could be incorporated into a common 
normalization framework. Third, the selected pa-
rameters were required to provide complementa-
ry information on the principal physicochemical 
dimensions represented in the available monitor-
ing framework, namely oxygenation, organic pol-
lution, and nutrient enrichment.

Other parameters available within the broad-
er monitoring programme were not incorporated 
into the present SWQI where their observations 
were not sufficiently consistent across the sta-
tions included in the quantitative assessment and/
or where directly compatible Class I–V reference 
boundaries were not available within the source 
classification framework. This criterion was ap-
plied to ensure that the final index could be calcu-
lated consistently across monitoring stations with-
out introducing imputation or non-comparable 
reference scales. The monitoring information and 
national classification boundaries used as the ba-
sis for the present assessment were obtained from 
the national environmental monitoring framework 
(National Environment Agency, 2025).

The selected parameters are therefore intended 
to provide a transparent and reproducible compos-
ite representation of the physicochemical water 
quality information consistently available in the 
national monitoring system, rather than to repre-
sent the full range of ecological or chemical quality 
elements required for WFD ecological status as-
sessment (European Parliament & Council, 2000).

The national classification framework pro-
vides Class I–V reference boundaries for the six 
selected parameters, which form the reference 
basis for the normalization procedure described 
in the normalization of water quality parameters 
(National Environment Agency, 2025). These 
boundaries are presented in Table 1.

Table 1. Reference concentration boundaries used for SWQI normalization

Parameter Class I Class II Class III Class IV Class V

DO (mg O₂/L) >7 >6 >5 >4 <3

BOD₅ (mg/L) <2 <3.5 <7 <18 >18

NH₄ (mg N/L) <0.05 <0.30 <0.60 <1.50 >1.50

NO₂ (mg N/L) <0.01 <0.06 <0.12 <0.30 >0.30

NO₃ (mg N/L) <0.8 <2 <4 <10 >10

P-total (mg P/L) <0.10 <0.20 <0.40 <1.0 >1.0

Note: National Environment Agency (AKM), Environmental Status Report 2025 (RGJM 2025) (National 
Environment Agency, 2025). 
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The reference boundaries in Table 1 repro-
duce the five-class Albanian physicochemical riv-
er water quality classification framework report-
ed by the National Environment Agency (AKM) 
in the Environmental Status Report 2025 (RGJM 
2025). In the present study, these legally and 
administratively established national reference 
boundaries are used solely as reference points for 
SWQI normalization and are not interpreted as 
WFD ecological status thresholds.

For the numerical normalization procedure, 
the based reference inequality limits reported 
in the NEA classification framework were op-
erationalised using the corresponding numerical 
breakpoints of 7, 6, 5, 4 and 3 mg O₂/L for dis-
solved oxygen. These numerical breakpoints are 
used solely for the interpolation procedure devel-
oped in this study and do not modify the official 
NEA classification presented in Table 1. 

The five reference classes were not directly 
adopted as SWQI classes. Instead, they were used 
as reference points for transforming the measured 
concentrations into continuous, dimensionless 
quality scores ranging from 0 to 100.

For the purposes of the proposed SWQI, the 
five reference classes were assigned the anchor 
scores shown in Table 2.

The anchor scores presented in Table 2 were 
defined specifically for the proposed SWQI and 
represent a methodological scoring convention 
rather than an official NEA scoring system or a 
regulatory classification of surface water status. 
The equally spaced values of 100, 80, 60, 40 and 
20 were selected to preserve the ordinal structure 
of the five national reference classes while pro-
viding a simple, transparent and monotonic ba-
sis for continuous interpolation between adjacent 
class boundaries. This approach avoids assigning 
identical scores to all observations within a class 
and allows differences in measured concentra-
tions to be retained in the composite index. The 
anchor values should therefore be interpreted as 
relative quality scores linked to the national refer-
ence framework, rather than as empirically cali-
brated ecological response functions.

Because the anchor scores are a methodolog-
ical choice of the present study, their influence 
on the resulting SWQI was evaluated through 

an additional sensitivity analysis. Alternative 
monotonic anchor-score configurations were 
applied while keeping the NEA reference con-
centration boundaries, equal parameter weight-
ing, normalization procedure and arithmetic 
aggregation unchanged. Although the alterna-
tive configurations produced differences in the 
absolute SWQI values, the basin-level ranking 
remained unchanged across all tested configura-
tions. The largest variation occurred for Ishëm-
Erzen, for which the SWQI ranged from 64.67 
to 70.43 across the tested configurations. The re-
sults therefore indicate that the principal spatial 
ranking remained unchanged under the tested 
anchor-score configurations, while the precise 
absolute index values and, near an interpretation 
threshold, the qualitative category may be sensi-
tive to the scoring convention.

Normalization of water quality parameters

Because the six parameters have different 
measurement units, concentration ranges, and re-
lationships with water quality, the observed values 
were transformed into dimensionless scores on a 
common 0–100 scale, with higher scores repre-
senting better physicochemical water quality con-
ditions (OECD et al., 2008; Uddin et al., 2021).

A piecewise linear interpolation was applied 
between adjacent reference class boundaries. For 
parameters for which increasing concentrations 
indicate deteriorating water quality (BOD₅, NH₄, 
NO₂, NO₃, and P-total), the normalized score for 
an observation located between two consecutive 
class boundaries was calculated as:
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6  
 

(7) 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑏𝑏 = 1

𝑛𝑛𝑏𝑏
∑ 𝑆𝑆𝑛𝑛𝑏𝑏

𝑠𝑠=1 𝑊𝑊𝑊𝑊𝐼𝐼𝑠𝑠  (8) 
 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠
𝑔𝑔𝑔𝑔𝑔𝑔 = (∏ 𝑁𝑁𝑖𝑖,𝑠𝑠

6

𝑖𝑖=1
)

1/6

 (9) 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠
ℎ𝑎𝑎𝑎𝑎𝑎𝑎 = 6

∑ (6
𝑖𝑖=1 1/𝑁𝑁𝑖𝑖,𝑠𝑠)

 (10) 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠

𝑚𝑚𝑚𝑚𝑚𝑚 = 
= min (𝑁𝑁1,𝑠𝑠, 𝑁𝑁2,𝑠𝑠, 𝑁𝑁3,𝑠𝑠, 𝑁𝑁4,𝑠𝑠, 𝑁𝑁5,𝑠𝑠, 𝑁𝑁6,𝑠𝑠) (11) 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑏𝑏
∗ = 1

𝑛𝑛𝑏𝑏
∑ 𝑆𝑆
𝑛𝑛𝑏𝑏

𝑠𝑠=1
𝑊𝑊𝑊𝑊𝐼𝐼𝑠𝑠

∗ (12) 

 

	 (1)

where:	Ni is the normalized score, CL and CU are 
the lower and upper concentration bound-
aries of the relevant interval, SL and SU are 
their corresponding normalized scores.

For dissolved oxygen, for which higher con-
centrations represent better water quality condi-
tions, the interpolation direction was reversed:

	

 

 

 

𝑁𝑁𝑖𝑖 = 𝑆𝑆𝐿𝐿 + (𝑆𝑆𝑈𝑈 − 𝑆𝑆𝐿𝐿) 𝐶𝐶𝑖𝑖 − 𝐶𝐶𝐿𝐿
𝐶𝐶𝑈𝑈 − 𝐶𝐶𝐿𝐿

 (1) 

 
𝑁𝑁𝐷𝐷𝐷𝐷 = 𝑆𝑆𝐿𝐿 + (𝐷𝐷𝑂𝑂𝑖𝑖−𝐷𝐷𝑂𝑂𝐿𝐿) (𝑆𝑆𝑈𝑈−𝑆𝑆𝐿𝐿)

𝐷𝐷𝑂𝑂𝑈𝑈−𝐷𝐷𝑂𝑂𝐿𝐿
  (2) 

 

𝑁𝑁𝑖𝑖 = 𝑆𝑆𝑉𝑉
𝐶𝐶𝑉𝑉
𝐶𝐶𝑖𝑖

  (3) 

 
𝑁𝑁𝐷𝐷𝐷𝐷 = 𝑆𝑆𝑉𝑉

𝐷𝐷𝑂𝑂𝑖𝑖
𝐷𝐷𝑂𝑂𝑉𝑉

  (4) 
 

𝑤𝑤𝑖𝑖 = 1
6 = 0.1667 with ∑ 𝑤𝑤𝑤𝑤 = 16

𝑖𝑖=1  (5) 
 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠 = ∑ 𝑤𝑤𝑖𝑖
6

𝑖𝑖=1
𝑁𝑁𝑖𝑖,𝑠𝑠 (6) 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠 = 

=
𝑁𝑁𝐷𝐷𝐷𝐷,𝑠𝑠 + 𝑁𝑁𝐵𝐵𝐵𝐵𝐷𝐷5,𝑠𝑠 + 𝑁𝑁𝑁𝑁𝐻𝐻4,𝑠𝑠 + 𝑁𝑁𝑁𝑁𝑂𝑂2,𝑠𝑠 + 𝑁𝑁𝑁𝑁𝑂𝑂3,𝑠𝑠 + 𝑁𝑁𝑃𝑃-total,𝑠𝑠

6  
 

(7) 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑏𝑏 = 1

𝑛𝑛𝑏𝑏
∑ 𝑆𝑆𝑛𝑛𝑏𝑏

𝑠𝑠=1 𝑊𝑊𝑊𝑊𝐼𝐼𝑠𝑠  (8) 
 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠
𝑔𝑔𝑔𝑔𝑔𝑔 = (∏ 𝑁𝑁𝑖𝑖,𝑠𝑠

6

𝑖𝑖=1
)

1/6

 (9) 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠
ℎ𝑎𝑎𝑎𝑎𝑎𝑎 = 6

∑ (6
𝑖𝑖=1 1/𝑁𝑁𝑖𝑖,𝑠𝑠)

 (10) 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠

𝑚𝑚𝑚𝑚𝑚𝑚 = 
= min (𝑁𝑁1,𝑠𝑠, 𝑁𝑁2,𝑠𝑠, 𝑁𝑁3,𝑠𝑠, 𝑁𝑁4,𝑠𝑠, 𝑁𝑁5,𝑠𝑠, 𝑁𝑁6,𝑠𝑠) (11) 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑏𝑏
∗ = 1

𝑛𝑛𝑏𝑏
∑ 𝑆𝑆
𝑛𝑛𝑏𝑏

𝑠𝑠=1
𝑊𝑊𝑊𝑊𝐼𝐼𝑠𝑠

∗ (12) 

 

	 (2)

Table 2. Quality scores assigned to the reference classes

Reference class Class I Class II Class III Class IV Class V

Normalized quality score 100 80 60 40 20
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where:	DOi is the observed dissolved oxygen 
concentration, DOL and DOU are the 
lower and upper numerical DO boundar-
ies of the relevant interval; and SL and SU 
are the corresponding lower and upper 
SWQI anchor scores. 

For the numerical normalization procedure, 
the reference inequality limits reported in the 
NEA classification framework were operation-
alised using the corresponding numerical break-
points of 7, 6, 5, 4 and 3 mg O₂/L for dissolved 
oxygen. These numerical breakpoints and their 
corresponding anchor scores are used solely for 
the interpolation procedure developed in this 
study and do not modify the official NEA classi-
fication presented in Table 1. This procedure pre-
serves information contained in the continuous 
measured concentrations rather than assigning 
the same score to all observations falling within 
a particular reference class.

For dissolved oxygen, observations above 
the Class I reference boundary of 7 mg O₂/L 
were assigned the maximum normalized score 
of 100. This treatment follows directly from the 
structure of the national reference framework, 
which defines Class I as >7 mg O₂/L without 
specifying an upper numerical boundary (Na-
tional Environment Agency, 2025). Because no 
higher reference point is available within the 
national classification framework, a further in-
terpolation interval above 7 mg O₂/L cannot be 
defined consistently from the available reference 
classes. Assigning 100 to observations above 7 
mg O₂/L therefore represents a pragmatic bound-
ary treatment within the proposed normalization 
procedure, rather than an assumption that all DO 
concentrations above 7 mg O₂/L are ecologically 
equivalent. The approach does not distinguish 
among higher DO observations, including the 
maximum observed value of 12.40 mg O₂/L, and 
this loss of differentiation is recognised as a limi-
tation of the reference-based normalization.

Treatment of observations beyond the 
Class V boundary

Particular attention was given to observa-
tions extending beyond the reported Class V 
boundary. Three alternative approaches were 
considered during methodological testing: lin-
ear extrapolation beyond Class V, assignment of 
a fixed Class V score, and bounded continuous 

normalization. Treatment of extreme observa-
tions is an important methodological consid-
eration in composite indicator construction 
(OECD et al., 2008).

The bounded continuous normalization ap-
proach was retained for the final SWQI because 
it provides a compromise between two compet-
ing requirements for observations exceeding the 
Class V boundary: retaining information on the 
relative severity of exceedance and maintaining 
a bounded 0–100 index. A fixed Class V score 
would treat all observations beyond the Class 
V boundary as equivalent and would therefore 
discard potentially relevant information on the 
magnitude of severe pollution. In contrast, un-
restricted linear extrapolation would preserve 
proportional differences but could produce 
negative scores and values outside the defined 
index range. 

The bounded continuous formulation was 
therefore selected as a mathematical scoring con-
vention that preserves the ordering and relative 
differentiation of extreme observations while con-
straining their scores to the 0–20 interval associ-
ated with the lowest reference class. This formu-
lation is not intended to represent an empirically 
established ecological dose-response relation-
ship. The influence of this choice was evaluated 
through comparison with linear extrapolation and 
Class V capping, with the resulting basin-level 
values reported in Table 9. 

For parameters for which increasing concen-
trations represent deteriorating water quality, ob-
servations exceeding the Class V boundary were 
transformed using:

	

 

 

 

𝑁𝑁𝑖𝑖 = 𝑆𝑆𝐿𝐿 + (𝑆𝑆𝑈𝑈 − 𝑆𝑆𝐿𝐿) 𝐶𝐶𝑖𝑖 − 𝐶𝐶𝐿𝐿
𝐶𝐶𝑈𝑈 − 𝐶𝐶𝐿𝐿

 (1) 

 
𝑁𝑁𝐷𝐷𝐷𝐷 = 𝑆𝑆𝐿𝐿 + (𝐷𝐷𝑂𝑂𝑖𝑖−𝐷𝐷𝑂𝑂𝐿𝐿) (𝑆𝑆𝑈𝑈−𝑆𝑆𝐿𝐿)

𝐷𝐷𝑂𝑂𝑈𝑈−𝐷𝐷𝑂𝑂𝐿𝐿
  (2) 

 

𝑁𝑁𝑖𝑖 = 𝑆𝑆𝑉𝑉
𝐶𝐶𝑉𝑉
𝐶𝐶𝑖𝑖

  (3) 

 
𝑁𝑁𝐷𝐷𝐷𝐷 = 𝑆𝑆𝑉𝑉

𝐷𝐷𝑂𝑂𝑖𝑖
𝐷𝐷𝑂𝑂𝑉𝑉

  (4) 
 

𝑤𝑤𝑖𝑖 = 1
6 = 0.1667 with ∑ 𝑤𝑤𝑤𝑤 = 16

𝑖𝑖=1  (5) 
 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠 = ∑ 𝑤𝑤𝑖𝑖
6

𝑖𝑖=1
𝑁𝑁𝑖𝑖,𝑠𝑠 (6) 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠 = 

=
𝑁𝑁𝐷𝐷𝐷𝐷,𝑠𝑠 + 𝑁𝑁𝐵𝐵𝐵𝐵𝐷𝐷5,𝑠𝑠 + 𝑁𝑁𝑁𝑁𝐻𝐻4,𝑠𝑠 + 𝑁𝑁𝑁𝑁𝑂𝑂2,𝑠𝑠 + 𝑁𝑁𝑁𝑁𝑂𝑂3,𝑠𝑠 + 𝑁𝑁𝑃𝑃-total,𝑠𝑠

6  
 

(7) 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑏𝑏 = 1

𝑛𝑛𝑏𝑏
∑ 𝑆𝑆𝑛𝑛𝑏𝑏

𝑠𝑠=1 𝑊𝑊𝑊𝑊𝐼𝐼𝑠𝑠  (8) 
 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠
𝑔𝑔𝑔𝑔𝑔𝑔 = (∏ 𝑁𝑁𝑖𝑖,𝑠𝑠

6

𝑖𝑖=1
)

1/6

 (9) 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠
ℎ𝑎𝑎𝑎𝑎𝑎𝑎 = 6

∑ (6
𝑖𝑖=1 1/𝑁𝑁𝑖𝑖,𝑠𝑠)

 (10) 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠

𝑚𝑚𝑚𝑚𝑚𝑚 = 
= min (𝑁𝑁1,𝑠𝑠, 𝑁𝑁2,𝑠𝑠, 𝑁𝑁3,𝑠𝑠, 𝑁𝑁4,𝑠𝑠, 𝑁𝑁5,𝑠𝑠, 𝑁𝑁6,𝑠𝑠) (11) 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑏𝑏
∗ = 1

𝑛𝑛𝑏𝑏
∑ 𝑆𝑆
𝑛𝑛𝑏𝑏

𝑠𝑠=1
𝑊𝑊𝑊𝑊𝐼𝐼𝑠𝑠

∗ (12) 

 

	 (3)

For dissolved oxygen, observations below 
the Class V boundary were treated in the oppo-
site direction:

	

 

 

 

𝑁𝑁𝑖𝑖 = 𝑆𝑆𝐿𝐿 + (𝑆𝑆𝑈𝑈 − 𝑆𝑆𝐿𝐿) 𝐶𝐶𝑖𝑖 − 𝐶𝐶𝐿𝐿
𝐶𝐶𝑈𝑈 − 𝐶𝐶𝐿𝐿

 (1) 

 
𝑁𝑁𝐷𝐷𝐷𝐷 = 𝑆𝑆𝐿𝐿 + (𝐷𝐷𝑂𝑂𝑖𝑖−𝐷𝐷𝑂𝑂𝐿𝐿) (𝑆𝑆𝑈𝑈−𝑆𝑆𝐿𝐿)

𝐷𝐷𝑂𝑂𝑈𝑈−𝐷𝐷𝑂𝑂𝐿𝐿
  (2) 

 

𝑁𝑁𝑖𝑖 = 𝑆𝑆𝑉𝑉
𝐶𝐶𝑉𝑉
𝐶𝐶𝑖𝑖

  (3) 

 
𝑁𝑁𝐷𝐷𝐷𝐷 = 𝑆𝑆𝑉𝑉

𝐷𝐷𝑂𝑂𝑖𝑖
𝐷𝐷𝑂𝑂𝑉𝑉

  (4) 
 

𝑤𝑤𝑖𝑖 = 1
6 = 0.1667 with ∑ 𝑤𝑤𝑤𝑤 = 16

𝑖𝑖=1  (5) 
 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠 = ∑ 𝑤𝑤𝑖𝑖
6

𝑖𝑖=1
𝑁𝑁𝑖𝑖,𝑠𝑠 (6) 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠 = 

=
𝑁𝑁𝐷𝐷𝐷𝐷,𝑠𝑠 + 𝑁𝑁𝐵𝐵𝐵𝐵𝐷𝐷5,𝑠𝑠 + 𝑁𝑁𝑁𝑁𝐻𝐻4,𝑠𝑠 + 𝑁𝑁𝑁𝑁𝑂𝑂2,𝑠𝑠 + 𝑁𝑁𝑁𝑁𝑂𝑂3,𝑠𝑠 + 𝑁𝑁𝑃𝑃-total,𝑠𝑠

6  
 

(7) 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑏𝑏 = 1

𝑛𝑛𝑏𝑏
∑ 𝑆𝑆𝑛𝑛𝑏𝑏

𝑠𝑠=1 𝑊𝑊𝑊𝑊𝐼𝐼𝑠𝑠  (8) 
 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠
𝑔𝑔𝑔𝑔𝑔𝑔 = (∏ 𝑁𝑁𝑖𝑖,𝑠𝑠

6

𝑖𝑖=1
)

1/6

 (9) 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠
ℎ𝑎𝑎𝑎𝑎𝑎𝑎 = 6

∑ (6
𝑖𝑖=1 1/𝑁𝑁𝑖𝑖,𝑠𝑠)

 (10) 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠

𝑚𝑚𝑚𝑚𝑚𝑚 = 
= min (𝑁𝑁1,𝑠𝑠, 𝑁𝑁2,𝑠𝑠, 𝑁𝑁3,𝑠𝑠, 𝑁𝑁4,𝑠𝑠, 𝑁𝑁5,𝑠𝑠, 𝑁𝑁6,𝑠𝑠) (11) 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑏𝑏
∗ = 1

𝑛𝑛𝑏𝑏
∑ 𝑆𝑆
𝑛𝑛𝑏𝑏

𝑠𝑠=1
𝑊𝑊𝑊𝑊𝐼𝐼𝑠𝑠

∗ (12) 

 

	 (4)

where:	DOV represents the Class V boundary for 
dissolved oxygen. The resulting score is 
likewise constrained to the 0–20 interval.

The alternative normalization approaches 
were subsequently examined through sensitiv-
ity analysis. The resulting differences in absolute 
SWQI values did not alter the overall ranking of 
the assessed basins.
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Parameter weighting

Following normalization, equal weights were 
assigned to the six parameters:

	

 

 

 

𝑁𝑁𝑖𝑖 = 𝑆𝑆𝐿𝐿 + (𝑆𝑆𝑈𝑈 − 𝑆𝑆𝐿𝐿) 𝐶𝐶𝑖𝑖 − 𝐶𝐶𝐿𝐿
𝐶𝐶𝑈𝑈 − 𝐶𝐶𝐿𝐿

 (1) 

 
𝑁𝑁𝐷𝐷𝐷𝐷 = 𝑆𝑆𝐿𝐿 + (𝐷𝐷𝑂𝑂𝑖𝑖−𝐷𝐷𝑂𝑂𝐿𝐿) (𝑆𝑆𝑈𝑈−𝑆𝑆𝐿𝐿)

𝐷𝐷𝑂𝑂𝑈𝑈−𝐷𝐷𝑂𝑂𝐿𝐿
  (2) 

 

𝑁𝑁𝑖𝑖 = 𝑆𝑆𝑉𝑉
𝐶𝐶𝑉𝑉
𝐶𝐶𝑖𝑖

  (3) 

 
𝑁𝑁𝐷𝐷𝐷𝐷 = 𝑆𝑆𝑉𝑉

𝐷𝐷𝑂𝑂𝑖𝑖
𝐷𝐷𝑂𝑂𝑉𝑉

  (4) 
 

𝑤𝑤𝑖𝑖 = 1
6 = 0.1667 with ∑ 𝑤𝑤𝑤𝑤 = 16

𝑖𝑖=1  (5) 
 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠 = ∑ 𝑤𝑤𝑖𝑖
6

𝑖𝑖=1
𝑁𝑁𝑖𝑖,𝑠𝑠 (6) 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠 = 

=
𝑁𝑁𝐷𝐷𝐷𝐷,𝑠𝑠 + 𝑁𝑁𝐵𝐵𝐵𝐵𝐷𝐷5,𝑠𝑠 + 𝑁𝑁𝑁𝑁𝐻𝐻4,𝑠𝑠 + 𝑁𝑁𝑁𝑁𝑂𝑂2,𝑠𝑠 + 𝑁𝑁𝑁𝑁𝑂𝑂3,𝑠𝑠 + 𝑁𝑁𝑃𝑃-total,𝑠𝑠

6  
 

(7) 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑏𝑏 = 1

𝑛𝑛𝑏𝑏
∑ 𝑆𝑆𝑛𝑛𝑏𝑏

𝑠𝑠=1 𝑊𝑊𝑊𝑊𝐼𝐼𝑠𝑠  (8) 
 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠
𝑔𝑔𝑔𝑔𝑔𝑔 = (∏ 𝑁𝑁𝑖𝑖,𝑠𝑠

6

𝑖𝑖=1
)

1/6

 (9) 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠
ℎ𝑎𝑎𝑎𝑎𝑎𝑎 = 6

∑ (6
𝑖𝑖=1 1/𝑁𝑁𝑖𝑖,𝑠𝑠)

 (10) 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠

𝑚𝑚𝑚𝑚𝑚𝑚 = 
= min (𝑁𝑁1,𝑠𝑠, 𝑁𝑁2,𝑠𝑠, 𝑁𝑁3,𝑠𝑠, 𝑁𝑁4,𝑠𝑠, 𝑁𝑁5,𝑠𝑠, 𝑁𝑁6,𝑠𝑠) (11) 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑏𝑏
∗ = 1

𝑛𝑛𝑏𝑏
∑ 𝑆𝑆
𝑛𝑛𝑏𝑏

𝑠𝑠=1
𝑊𝑊𝑊𝑊𝐼𝐼𝑠𝑠

∗ (12) 

 

	 (5)

Equal weighting was adopted because the 
six parameters were considered complementary 
components of the proposed composite index and 
the available monitoring dataset did not provide a 
sufficiently justified basis for assigning objective-
ly different parameter weights (Dobbie and Dail, 
2013; OECD et al., 2008).

Equal weighting was nevertheless treated as a 
methodological assumption rather than an inher-
ent property of the index. Its influence was there-
fore evaluated through a dedicated weighting sen-
sitivity analysis.

Aggregation and calculation of the SWQI

The final station level SWQI was calculated 
using weighted arithmetic aggregation:

	

 

 

 

𝑁𝑁𝑖𝑖 = 𝑆𝑆𝐿𝐿 + (𝑆𝑆𝑈𝑈 − 𝑆𝑆𝐿𝐿) 𝐶𝐶𝑖𝑖 − 𝐶𝐶𝐿𝐿
𝐶𝐶𝑈𝑈 − 𝐶𝐶𝐿𝐿

 (1) 

 
𝑁𝑁𝐷𝐷𝐷𝐷 = 𝑆𝑆𝐿𝐿 + (𝐷𝐷𝑂𝑂𝑖𝑖−𝐷𝐷𝑂𝑂𝐿𝐿) (𝑆𝑆𝑈𝑈−𝑆𝑆𝐿𝐿)

𝐷𝐷𝑂𝑂𝑈𝑈−𝐷𝐷𝑂𝑂𝐿𝐿
  (2) 

 

𝑁𝑁𝑖𝑖 = 𝑆𝑆𝑉𝑉
𝐶𝐶𝑉𝑉
𝐶𝐶𝑖𝑖

  (3) 

 
𝑁𝑁𝐷𝐷𝐷𝐷 = 𝑆𝑆𝑉𝑉

𝐷𝐷𝑂𝑂𝑖𝑖
𝐷𝐷𝑂𝑂𝑉𝑉

  (4) 
 

𝑤𝑤𝑖𝑖 = 1
6 = 0.1667 with ∑ 𝑤𝑤𝑤𝑤 = 16

𝑖𝑖=1  (5) 
 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠 = ∑ 𝑤𝑤𝑖𝑖
6

𝑖𝑖=1
𝑁𝑁𝑖𝑖,𝑠𝑠 (6) 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠 = 

=
𝑁𝑁𝐷𝐷𝐷𝐷,𝑠𝑠 + 𝑁𝑁𝐵𝐵𝐵𝐵𝐷𝐷5,𝑠𝑠 + 𝑁𝑁𝑁𝑁𝐻𝐻4,𝑠𝑠 + 𝑁𝑁𝑁𝑁𝑂𝑂2,𝑠𝑠 + 𝑁𝑁𝑁𝑁𝑂𝑂3,𝑠𝑠 + 𝑁𝑁𝑃𝑃-total,𝑠𝑠

6  
 

(7) 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑏𝑏 = 1

𝑛𝑛𝑏𝑏
∑ 𝑆𝑆𝑛𝑛𝑏𝑏

𝑠𝑠=1 𝑊𝑊𝑊𝑊𝐼𝐼𝑠𝑠  (8) 
 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠
𝑔𝑔𝑔𝑔𝑔𝑔 = (∏ 𝑁𝑁𝑖𝑖,𝑠𝑠

6

𝑖𝑖=1
)

1/6

 (9) 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠
ℎ𝑎𝑎𝑎𝑎𝑎𝑎 = 6

∑ (6
𝑖𝑖=1 1/𝑁𝑁𝑖𝑖,𝑠𝑠)

 (10) 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠

𝑚𝑚𝑚𝑚𝑚𝑚 = 
= min (𝑁𝑁1,𝑠𝑠, 𝑁𝑁2,𝑠𝑠, 𝑁𝑁3,𝑠𝑠, 𝑁𝑁4,𝑠𝑠, 𝑁𝑁5,𝑠𝑠, 𝑁𝑁6,𝑠𝑠) (11) 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑏𝑏
∗ = 1

𝑛𝑛𝑏𝑏
∑ 𝑆𝑆
𝑛𝑛𝑏𝑏

𝑠𝑠=1
𝑊𝑊𝑊𝑊𝐼𝐼𝑠𝑠

∗ (12) 

 

	 (6)

where:	SWQIs is the SWQI for monitoring station 
s, Ni,s is the normalized score of parameter 
i at station s, and wi is the corresponding 
parameter weight.

Under equal weighting, Equation 6 becomes:

	
𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠 = 

=
𝑁𝑁𝐷𝐷𝐷𝐷,𝑠𝑠 + 𝑁𝑁𝐵𝐵𝐵𝐵𝐷𝐷5,𝑠𝑠 + 𝑁𝑁𝑁𝑁𝐻𝐻4,𝑠𝑠 + 𝑁𝑁𝑁𝑁𝑂𝑂2,𝑠𝑠 + 𝑁𝑁𝑁𝑁𝑂𝑂3,𝑠𝑠 + 𝑁𝑁𝑃𝑃-total,𝑠𝑠

6  
 

(7) 
 

	(7)

The resulting index theoretically ranges from 
0 to 100, with higher values representing better 
overall water quality conditions.

Arithmetic aggregation was selected as the 
primary method because it provides a transpar-
ent and readily interpretable composite score. 
However, alternative aggregation methods were 
tested as part of the sensitivity analysis (Dobbie 
and Dail, 2013; OECD et al., 2008).

Basin level SWQI

Following calculation of station-level SWQI 
values, a basin-level index was calculated as the 
arithmetic mean of the monitoring-station SWQI 
values within each basin:

	

 

 

 

𝑁𝑁𝑖𝑖 = 𝑆𝑆𝐿𝐿 + (𝑆𝑆𝑈𝑈 − 𝑆𝑆𝐿𝐿) 𝐶𝐶𝑖𝑖 − 𝐶𝐶𝐿𝐿
𝐶𝐶𝑈𝑈 − 𝐶𝐶𝐿𝐿

 (1) 

 
𝑁𝑁𝐷𝐷𝐷𝐷 = 𝑆𝑆𝐿𝐿 + (𝐷𝐷𝑂𝑂𝑖𝑖−𝐷𝐷𝑂𝑂𝐿𝐿) (𝑆𝑆𝑈𝑈−𝑆𝑆𝐿𝐿)

𝐷𝐷𝑂𝑂𝑈𝑈−𝐷𝐷𝑂𝑂𝐿𝐿
  (2) 

 

𝑁𝑁𝑖𝑖 = 𝑆𝑆𝑉𝑉
𝐶𝐶𝑉𝑉
𝐶𝐶𝑖𝑖

  (3) 

 
𝑁𝑁𝐷𝐷𝐷𝐷 = 𝑆𝑆𝑉𝑉

𝐷𝐷𝑂𝑂𝑖𝑖
𝐷𝐷𝑂𝑂𝑉𝑉

  (4) 
 

𝑤𝑤𝑖𝑖 = 1
6 = 0.1667 with ∑ 𝑤𝑤𝑤𝑤 = 16

𝑖𝑖=1  (5) 
 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠 = ∑ 𝑤𝑤𝑖𝑖
6

𝑖𝑖=1
𝑁𝑁𝑖𝑖,𝑠𝑠 (6) 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠 = 

=
𝑁𝑁𝐷𝐷𝐷𝐷,𝑠𝑠 + 𝑁𝑁𝐵𝐵𝐵𝐵𝐷𝐷5,𝑠𝑠 + 𝑁𝑁𝑁𝑁𝐻𝐻4,𝑠𝑠 + 𝑁𝑁𝑁𝑁𝑂𝑂2,𝑠𝑠 + 𝑁𝑁𝑁𝑁𝑂𝑂3,𝑠𝑠 + 𝑁𝑁𝑃𝑃-total,𝑠𝑠

6  
 

(7) 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑏𝑏 = 1

𝑛𝑛𝑏𝑏
∑ 𝑆𝑆𝑛𝑛𝑏𝑏

𝑠𝑠=1 𝑊𝑊𝑊𝑊𝐼𝐼𝑠𝑠  (8) 
 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠
𝑔𝑔𝑔𝑔𝑔𝑔 = (∏ 𝑁𝑁𝑖𝑖,𝑠𝑠

6

𝑖𝑖=1
)

1/6

 (9) 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠
ℎ𝑎𝑎𝑎𝑎𝑎𝑎 = 6

∑ (6
𝑖𝑖=1 1/𝑁𝑁𝑖𝑖,𝑠𝑠)

 (10) 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠

𝑚𝑚𝑚𝑚𝑚𝑚 = 
= min (𝑁𝑁1,𝑠𝑠, 𝑁𝑁2,𝑠𝑠, 𝑁𝑁3,𝑠𝑠, 𝑁𝑁4,𝑠𝑠, 𝑁𝑁5,𝑠𝑠, 𝑁𝑁6,𝑠𝑠) (11) 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑏𝑏
∗ = 1

𝑛𝑛𝑏𝑏
∑ 𝑆𝑆
𝑛𝑛𝑏𝑏

𝑠𝑠=1
𝑊𝑊𝑊𝑊𝐼𝐼𝑠𝑠

∗ (12) 

 

	 (8)

where:	SWQIb represents the basin level index 
and nb is the number of monitoring sta-
tions included in basin b.

Equal station weighting was adopted as a 
deliberate design choice because the available 
monitoring dataset does not provide a sufficiently 
consistent basis for assigning weights according 
to river length, discharge, basin area, water-body 
size, population, or other spatial representative-
ness criteria. Under this formulation, each in-
cluded monitoring station contributes equally to 
the basin-level indicator. The approach therefore 
provides a monitoring-network-based compara-
tive representation of the physicochemical condi-
tions observed at the included stations, rather than 
a spatially weighted estimate of the mean water 
quality of the entire basin.

This choice is appropriate for the present da-
taset because the monitoring network is station-
based and is not yet consistently linked to formal-
ly delineated WFD surface water bodies across 
the full dataset. Applying spatial or hydrological 
weights that are not consistently available could 
introduce additional assumptions and potentially 
create a false impression of spatial precision. The 
quantitative analysis therefore retains the ob-
served monitoring network structure and applies 
the same aggregation rule across all five assessed 
basins. The resulting basin-level SWQI should 
consequently be interpreted as a comparative in-
dicator of the water quality conditions represent-
ed by the available monitoring network, rather 
than as a spatially exhaustive estimate of mean 
water quality across each basin.

To assess the sensitivity of the SWQI to the de-
gree of compensation among parameters, three al-
ternative station-level aggregation methods were 
applied to the six normalized parameter scores: 
geometric mean, harmonic mean and minimum/
non-compensatory aggregation. In all cases, ag-
gregation was performed first at the monitoring-
station level using the final bounded continuous 
normalized scores, followed by arithmetic aver-
aging of the resulting station-level scores within 
each basin. Thus, the sensitivity analysis varied 
only the parameter aggregation rule, while keep-
ing the final bounded continuous normalization, 
equal parameter weighting and basin-level arith-
metic aggregation unchanged (Dobbie and Dail, 
2013; OECD et al., 2008).

For the geometric aggregation, the station-
level score was calculated as:
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𝑁𝑁𝑖𝑖 = 𝑆𝑆𝐿𝐿 + (𝑆𝑆𝑈𝑈 − 𝑆𝑆𝐿𝐿) 𝐶𝐶𝑖𝑖 − 𝐶𝐶𝐿𝐿
𝐶𝐶𝑈𝑈 − 𝐶𝐶𝐿𝐿

 (1) 

 
𝑁𝑁𝐷𝐷𝐷𝐷 = 𝑆𝑆𝐿𝐿 + (𝐷𝐷𝑂𝑂𝑖𝑖−𝐷𝐷𝑂𝑂𝐿𝐿) (𝑆𝑆𝑈𝑈−𝑆𝑆𝐿𝐿)

𝐷𝐷𝑂𝑂𝑈𝑈−𝐷𝐷𝑂𝑂𝐿𝐿
  (2) 

 

𝑁𝑁𝑖𝑖 = 𝑆𝑆𝑉𝑉
𝐶𝐶𝑉𝑉
𝐶𝐶𝑖𝑖

  (3) 

 
𝑁𝑁𝐷𝐷𝐷𝐷 = 𝑆𝑆𝑉𝑉

𝐷𝐷𝑂𝑂𝑖𝑖
𝐷𝐷𝑂𝑂𝑉𝑉

  (4) 
 

𝑤𝑤𝑖𝑖 = 1
6 = 0.1667 with ∑ 𝑤𝑤𝑤𝑤 = 16

𝑖𝑖=1  (5) 
 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠 = ∑ 𝑤𝑤𝑖𝑖
6

𝑖𝑖=1
𝑁𝑁𝑖𝑖,𝑠𝑠 (6) 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠 = 

=
𝑁𝑁𝐷𝐷𝐷𝐷,𝑠𝑠 + 𝑁𝑁𝐵𝐵𝐵𝐵𝐷𝐷5,𝑠𝑠 + 𝑁𝑁𝑁𝑁𝐻𝐻4,𝑠𝑠 + 𝑁𝑁𝑁𝑁𝑂𝑂2,𝑠𝑠 + 𝑁𝑁𝑁𝑁𝑂𝑂3,𝑠𝑠 + 𝑁𝑁𝑃𝑃-total,𝑠𝑠

6  
 

(7) 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑏𝑏 = 1

𝑛𝑛𝑏𝑏
∑ 𝑆𝑆𝑛𝑛𝑏𝑏

𝑠𝑠=1 𝑊𝑊𝑊𝑊𝐼𝐼𝑠𝑠  (8) 
 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠
𝑔𝑔𝑔𝑔𝑔𝑔 = (∏ 𝑁𝑁𝑖𝑖,𝑠𝑠

6

𝑖𝑖=1
)

1/6

 (9) 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠
ℎ𝑎𝑎𝑎𝑎𝑎𝑎 = 6

∑ (6
𝑖𝑖=1 1/𝑁𝑁𝑖𝑖,𝑠𝑠)

 (10) 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠

𝑚𝑚𝑚𝑚𝑚𝑚 = 
= min (𝑁𝑁1,𝑠𝑠, 𝑁𝑁2,𝑠𝑠, 𝑁𝑁3,𝑠𝑠, 𝑁𝑁4,𝑠𝑠, 𝑁𝑁5,𝑠𝑠, 𝑁𝑁6,𝑠𝑠) (11) 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑏𝑏
∗ = 1

𝑛𝑛𝑏𝑏
∑ 𝑆𝑆
𝑛𝑛𝑏𝑏

𝑠𝑠=1
𝑊𝑊𝑊𝑊𝐼𝐼𝑠𝑠

∗ (12) 

 

	 (9)

where:	Ni,s is the normalized score of parameter i 
at monitoring station s.

For the harmonic aggregation, the station-
level score was calculated as:

	

 

 

 

𝑁𝑁𝑖𝑖 = 𝑆𝑆𝐿𝐿 + (𝑆𝑆𝑈𝑈 − 𝑆𝑆𝐿𝐿) 𝐶𝐶𝑖𝑖 − 𝐶𝐶𝐿𝐿
𝐶𝐶𝑈𝑈 − 𝐶𝐶𝐿𝐿

 (1) 

 
𝑁𝑁𝐷𝐷𝐷𝐷 = 𝑆𝑆𝐿𝐿 + (𝐷𝐷𝑂𝑂𝑖𝑖−𝐷𝐷𝑂𝑂𝐿𝐿) (𝑆𝑆𝑈𝑈−𝑆𝑆𝐿𝐿)

𝐷𝐷𝑂𝑂𝑈𝑈−𝐷𝐷𝑂𝑂𝐿𝐿
  (2) 

 

𝑁𝑁𝑖𝑖 = 𝑆𝑆𝑉𝑉
𝐶𝐶𝑉𝑉
𝐶𝐶𝑖𝑖

  (3) 

 
𝑁𝑁𝐷𝐷𝐷𝐷 = 𝑆𝑆𝑉𝑉

𝐷𝐷𝑂𝑂𝑖𝑖
𝐷𝐷𝑂𝑂𝑉𝑉

  (4) 
 

𝑤𝑤𝑖𝑖 = 1
6 = 0.1667 with ∑ 𝑤𝑤𝑤𝑤 = 16

𝑖𝑖=1  (5) 
 

𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠 = ∑ 𝑤𝑤𝑖𝑖
6

𝑖𝑖=1
𝑁𝑁𝑖𝑖,𝑠𝑠 (6) 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑠𝑠 = 

=
𝑁𝑁𝐷𝐷𝐷𝐷,𝑠𝑠 + 𝑁𝑁𝐵𝐵𝐵𝐵𝐷𝐷5,𝑠𝑠 + 𝑁𝑁𝑁𝑁𝐻𝐻4,𝑠𝑠 + 𝑁𝑁𝑁𝑁𝑂𝑂2,𝑠𝑠 + 𝑁𝑁𝑁𝑁𝑂𝑂3,𝑠𝑠 + 𝑁𝑁𝑃𝑃-total,𝑠𝑠
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For the minimum/non-compensatory ap-
proach, the station-level score was defined as:
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For each alternative aggregation method, 
the resulting station-level scores were subse-
quently aggregated to the basin level using the 
arithmetic mean:
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where:	SWQIb* represents the basin-level SWQI 
under the respective aggregation method 
and nb is the number of monitoring sta-
tions included in basin b.

Interpretation of SWQI values

The resulting 0–100 SWQI was interpreted 
using five qualitative categories developed spe-
cifically for the proposed composite index. The 
interpretation thresholds for these categories are 
presented in Table 3.

These thresholds are interpretative categories 
developed for the proposed SWQI and are not 
direct equivalents of the five physicochemical 
quality classes reported by the NEA or of Water 
Framework Directive ecological status classes. 
Their purpose is to facilitate interpretation and 
comparison of the composite index.

The sensitivity of these interpretative bound-
aries was evaluated by testing alternative thresh-
old configurations. The resulting basin classifica-
tions remained unchanged.

Sensitivity and robustness analysis

A multi-dimensional sensitivity analysis 
was undertaken to evaluate whether the result-
ing basin assessment was dependent on specific 
methodological assumptions, consistent with 
recommended robustness testing principles for 
composite indicators (Dobbie and Dail, 2013; 
OECD et al., 2008).

Weighting sensitivity
The equal weighting configuration was com-

pared with alternative weighting scenarios that 
assigned greater emphasis to dissolved oxygen, 
organic pollution, nutrients, and a pollution 
conservative scenario. The parameter weight-
ing schemes used in the sensitivity analysis are 
presented in Table 4. The alternative weighting 
scenarios were defined to test the influence of dif-
ferent parameter priorities within the six-param-
eter framework, with the parameter weights con-
strained to sum to 1.00. Equal weighting corre-
sponds to 1/6 for each parameter and is displayed 
as 0.1667 after rounding.

The equal weighting configuration represents 
the primary formulation of the SWQI, whereas 
the alternative scenarios were used exclusively 
for sensitivity testing. The resulting basin level 
SWQI values are presented in Table 7.

Normalization sensitivity
Alternative treatments of observations ex-

tending beyond Class V were compared, includ-
ing linear extrapolation, a fixed Class V floor, 
and bounded continuous normalization. Although 
these alternatives produced differences in the 
absolute SWQI values, the basin-level ranking 
remained unchanged under the scenarios tested. 
Bounded continuous normalization was therefore 
retained for the final index because it preserves in-
formation on the severity of extreme observations 
while maintaining the normalized score within 
the defined 0–100 range (OECD et al., 2008).

Threshold sensitivity
The sensitivity of the proposed SWQI in-

terpretation thresholds was evaluated using two 

Table 3. Proposed interpretation thresholds for the 
SWQI

SWQI range Interpretation

90–100 Excellent

70–<90 Good

50–<70 Moderate

25–<50 Poor
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alternative configurations: 90/75/50/25, in which 
the Good-category boundary was increased from 
70 to 75, and 85/70/50/25, in which the Excellent-
category boundary was lowered from 90 to 85. 
The resulting classifications for all five basins 
under the proposed and alternative configurations 
are presented in Table 10. All five basins retained 
the same qualitative classification under both al-
ternative configurations. Thus, the qualitative in-
terpretation of the current basin-level results was 
unchanged under the tested threshold configura-
tions. These results indicate stability of the basin 
classifications with respect to the specific thresh-
old alternatives examined, but do not imply that 
the interpretation thresholds are universally robust.
The sensitivity analysis was limited to the weight-
ing, aggregation, normalization and interpretation-
threshold scenarios examined here; other sources 
of uncertainty, including alternative parameter 
sets, spatial weighting, temporal aggregation and 
uncertainty propagation, were not evaluated.

External consistency assessment

To provide an external consistency assess-
ment, the basin level SWQI results were com-
pared with the classifications reported in the 2025 
NEA/RGJM assessment (National Environment 
Agency, 2025). The comparison was conducted 
to examine whether the spatial pattern identified 
by the proposed SWQI was broadly consistent 
with, or meaningfully different from, the national 
regulatory assessment.

This comparison was not treated as formal 
validation because the SWQI and the national as-
sessment are based on different assessment frame-
works and are not intended to represent identical 
constructs. The SWQI provides a composite as-
sessment of the physicochemical parameters in-
cluded in the present study, whereas the national 
assessment follows the applicable regulatory as-
sessment framework. The comparison was there-
fore used as an external consistency assessment 

rather than as evidence of equivalence between 
the two assessment approaches.

Data quality control and reproducibility

A final source-to-dataset audit was conducted 
before the calculation of the final SWQI results. 
The numerical observations entered into the SWQI 
dataset were systematically compared with the cor-
responding station-specific observations reported 
in the 2025 NEA/RGJM source material. The final 
quantitative dataset comprised: 33 stations × 6 pa-
rameters = 198 parameter observations.

All 198 observations matched the source data, 
with no numerical discrepancies identified. The 
Supplementary Excel dataset provides the corre-
sponding source value for each of the 198 param-
eter observations together with the station, year, 
parameter and verification information, allowing 
the traceability of each observation used in the 
SWQI calculation to be independently checked.

A second level of quality control verified the 
calculation sequence from normalized param-
eter scores to weighted sub-indices, station lev-
el SWQI values, basin level averages, and final 
SWQI interpretation classes.

This two-stage verification provides a repro-
ducible calculation chain from the original moni-
toring observations to the final basin-level SWQI 
results. The supplementary workbook provides the 
198 parameter observations, station metadata, nor-
malized scores, station-level SWQI calculations, 
basin-level results and sensitivity outputs through 
formula-linked calculation sheets, allowing the re-
ported results to be independently checked.

RESULTS

Parameter level results

The parameter level analysis provides an 
initial overview of the water quality conditions 

Table 4. Parameter weighting schemes used in the SWQI sensitivity analysis

Scenario DO BOD₅ NH₄ NO₂ NO₃ P-total

Equal 0.1667 0.1667 0.1667 0.1667 0.1667 0.1667

DO priority 0.30 0.15 0.10 0.10 0.15 0.20

Organic priority 0.25 0.25 0.15 0.05 0.10 0.20

Nutrients priority 0.15 0.15 0.20 0.10 0.20 0.20

Pollution conservative 0.10 0.20 0.20 0.10 0.15 0.25
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captured by the six parameters included in the 
proposed SWQI. The final dataset used for the 
quantitative assessment comprises complete six-
parameter observations for 33 monitoring stations 
distributed across five river basins, with all ob-
servations corresponding to the 2025 monitoring 
year. The normalized scores were calculated using 
the final bounded continuous normalization pro-
cedure described in the Data and Methods section. 
Descriptive statistics for the six parameters and 
their normalized scores are presented in Table 5.

The results show substantial differences in the 
normalized scores and therefore in the contribu-
tion of individual parameters to the composite in-
dex. NO₃ and NO₂ recorded the highest mean nor-
malized scores, at 99.34 and 98.36, respectively, 
followed by DO at 97.09. In contrast, BOD₅ and 
NH₄ produced considerably lower mean normal-
ized scores of 67.58 and 73.49, respectively, in-
dicating that these parameters exerted the great-
est downward influence on the composite index. 
P-total had an intermediate mean normalized 
score of 88.90, although its score range indicates 
the presence of stations with substantially poorer 
phosphorus conditions.

The parameter level results therefore demon-
strate that the high SWQI values observed in sev-
eral basins do not result from uniformly optimal 
conditions across all parameters. Rather, they re-
flect the combined effect of generally high scores 
for DO, NO₂ and NO₃ and lower scores associ-
ated particularly with BOD₅, NH₄ and, at some 
locations, P-total.

Station level SWQI results

The final SWQI calculation produced values 
for 33 monitoring stations across the five quan-
titatively assessed river basins. The station level 
results demonstrate both generally high-water 
quality scores and substantial spatial variability 
within some basins.

The greatest within basin variability was 
observed in Ishëm-Erzen, where station level 
SWQI values ranged from 36.06 at L2 to 96.58 at 
Er1. This indicates that the basin level result in-
corporates pronounced spatial differences in the 
quality conditions observed among individual 
monitoring locations.

The compensatory behaviour of the arithmetic 
aggregation is illustrated by station L2 in Ishëm-
Erzen, where the maximum observed values of 
BOD₅ (114.00 mg/L), NH₄ (24.00 mg N/L) and 
P-total (2.25 mg P/L) occurred simultaneously. 
These observations resulted in normalized scores 
of 3.16, 1.25 and 8.89, respectively, while the re-
maining parameters at the station received sub-
stantially higher normalized scores. The resulting 
station-level SWQI was 36.06. Thus, although the 
extreme parameter values strongly reduced the 
composite score, they did not determine it alone, 
because the arithmetic aggregation permits com-
pensation among parameters.

Seman also showed considerable within basin 
variability, with station level SWQI values rang-
ing from 73.30 at Gj4 to 97.78 at Se6. In com-
parison, the Mat basin exhibited relatively homo-
geneous high scores, ranging from 95.16 at Ma2 
to 100.00, while Shkumbin showed a narrower 
range of 91.44–96.43.

These results indicate that basin-level aver-
aging provides a useful overall measure but can 
mask substantial spatial heterogeneity between 
monitoring stations. The complete numerical 
dataset used for the SWQI calculation is pro-
vided in the Supplementary Excel dataset. The 
dataset contains the station ID and monitoring 
location, coordinates, basin, river, Water Body 
ID where an unambiguous identifier is available, 
year (2025), the six original source measure-
ments (DO, BOD₅, NH₄, NO₂, NO₃ and P-total), 
measurement units, corresponding normalized 
scores, and the resulting station-level SWQI. A 
source-to-dataset audit sheet is also provided, 

Table 5. Descriptive statistics of the selected water quality parameters and their normalized scores

Parameter Mean observed 
value Minimum Maximum Mean normalized 

score
Normalized score 

range
DO (mg O₂/L) 9.35 1.80 12.40 97.09 12.00–100

BOD₅ (mg/L) 11.66 1.60 114.00 67.58 3.16–100

NH₄ (mg N/L) 2.59 0.013 24.00 73.49 1.25–100

NO₂ (mg N/L) 0.00969 0.0007 0.058 98.36 80.80–100

NO₃ (mg N/L) 0.4965 0.072 1.16 99.34 94.00–100

P-total (mg P/L) 0.1988 0.002 2.25 88.90 8.89–100
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documenting the correspondence between each 
numerical observation and its source value and 
confirming the consistency of the 198 parameter 
observations used in the analysis. Water Body 
IDs are reported only where an unambiguous 
identifier is available in the source information; 
no Water Body ID has been inferred where such 
linkage is unavailable.

Completeness and representativeness of the 
quantitative dataset

The quantitative SWQI assessment was based 
on 33 monitoring stations for which complete ob-
servations were available for all six selected pa-
rameters. Stations with incomplete six-parameter 
records were not included in the numerical index 
calculation, and no missing values were imputed. 
Consequently, the quantitative results represent 
the physicochemical conditions captured by the 
complete-case monitoring subset rather than the 
full monitoring network.

The principal exclusion from the basin-level 
quantitative assessment was Vjosa, for which 
numerical observations for NO₂, NO₃ and P-total 
required for the six-parameter SWQI were not 
available in the source material. The remaining 
five quantitatively assessed basin reporting units 
contained stations meeting the complete-case cri-
terion. Because the available source dataset does 
not provide a sufficiently consistent set of six-
parameter observations for all excluded stations, 
a formal statistical comparison between included 
and excluded stations was not undertaken.

The results should therefore be interpreted as 
monitoring-network-based basin comparisons, 
rather than as estimates of the condition of every 
location within each basin. This distinction is par-
ticularly relevant for basins with heterogeneous 
monitoring coverage and supports the interpreta-
tion of basin-level SWQI values together with the 
underlying station-level results.

Basin level SWQI results

The final basin-level SWQI values were cal-
culated as the arithmetic mean of the station-level 
SWQI values within each basin, with each includ-
ed monitoring station receiving equal weight. This 
aggregation provides a network-based compara-
tive representation of the physicochemical condi-
tions captured by the monitoring stations rather 
than a spatially weighted estimate of basin-wide 
water quality. The results are presented in Table 6.

The median and interquartile range (IQR) 
were calculated from the station-level SWQI 
values to characterize the distribution of obser-
vations within each basin. Given the small and 
unequal numbers of monitoring stations, basin-
level differences are interpreted descriptively 
rather than as evidence of statistically significant 
differences. The results show a clear descriptive 
differentiation in the monitoring-network-based 
SWQI among the five quantitatively assessed ba-
sin reporting units. Mat recorded the highest ba-
sin level SWQI (98.79), followed by Drin-Bunë 
(97.40), Shkumbin (94.29), and Seman (93.33). 
All four basins therefore fall within the proposed 
SWQI category of Excellent. The relatively close 
mean SWQI values for Shkumbin (94.29) and Se-
man (93.33) should be interpreted in conjunction 
with their station-level distributions rather than as 
evidence of a statistically significant difference.

In contrast, Ishëm-Erzen recorded a sub-
stantially lower SWQI of 68.54, placing it in the 
Moderate category and clearly distinguishing it 
from the other four basins.

The results also highlight the importance of 
considering within basin variability. Despite its rel-
atively high basin level score, Seman contains sta-
tions with substantially lower SWQI values. The 
same pattern is more pronounced in Ishëm-Erzen, 
where the difference between the highest and low-
est scoring stations exceeds 60 SWQI points.

Table 6. Final basin level SWQI results

Rank River basin No. of Monitoring 
stations Mean SWQI Median SWQI IQR Proposed SWQI 

class
1 Mat 4 98.79 100.00 1.21 Excellent

2 Drin-Bunë 7 97.40 98.67 1.70 Excellent

3 Shkumbin 4 94.29 94.64 1.38 Excellent

4 Seman 8 93.33 95.90 2.20 Excellent

5 Ishëm-Erzen 10 68.54 63.75 19.57 Moderate

Note: The SWQI classes are interpretation categories developed specifically for the proposed index and are not 
equivalent to WFD ecological status classes or the national regulatory water-quality classification. 
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The unequal number of monitoring stations 
among basins should also be considered when 
interpreting the basin-level comparison. Ishëm-
Erzen is represented by 10 stations, Seman by 
8, Drin-Bunë by 7, and Mat and Shkumbin by 4 
stations. Because the basin-level SWQI is calcu-
lated as an equal-weighted mean of station-level 
scores, differences in the number and spatial dis-
tribution of monitoring stations may influence 
the representation of within-basin variability. The 
basin ranking should therefore be understood as 
a comparison of the physicochemical monitor-
ing signal represented by the available station 
networks, rather than as evidence of equal spatial 
representativeness among basins.

Sensitivity and robustness results

Weighting sensitivity
The robustness of the basin level results to 

parameter weighting was assessed by comparing 
the equal weighting configuration with four alter-
native weighting scenarios: DO priority, organic 
pollution priority, nutrient priority, and a pollu-
tion conservative configuration.

Although the absolute SWQI values varied 
according to the weighting configuration, the ba-
sin ranking remained unchanged across all five 
scenarios. Mat consistently ranked first, while 
Ishëm-Erzen consistently ranked fifth. This indi-
cates that the principal spatial pattern identified by 
the SWQI is not dependent on the equal-weight-
ing assumption (Table 7).

Aggregation sensitivity
The sensitivity of the results to the aggre-

gation method was assessed by comparing 
arithmetic, geometric, harmonic and minimum/
non-compensatory aggregation at the station 
level. For each alternative method, the six nor-
malized parameter scores were first aggregated 
at each monitoring station, after which the re-
sulting station-level scores were averaged arith-
metically within each basin. Thus, the sensitivi-
ty analysis varied the parameter aggregation rule 
while keeping the normalization procedure, pa-
rameter weights and basin-level spatial aggrega-
tion unchanged. This approach is consistent with 
recommended robustness testing of composite 
indicators, where alternative aggregation struc-
tures can be examined to assess the influence of 
compensability on composite results (Dobbie 
Dail, 2013; OECD et al., 2008). The resulting 
basin-level SWQI values are presented in Table 
8. Using the final bounded continuous normal-
ization, Mat recorded values of 98.79, 98.69, 
98.58 and 94.29 under arithmetic, geometric, 
harmonic and minimum/non-compensatory 
aggregation, respectively. The corresponding 
values for Drin-Bunë were 97.40, 97.14, 96.84 
and 86.56; for Shkumbin, 94.29, 93.78, 93.23 
and 76.07; for Seman, 93.33, 91.80, 89.78 and 
71.50; and for Ishëm-Erzen, 68.54, 51.15, 36.72 
and 23.53. Despite these differences in absolute 
values, all four aggregation methods produced 
the same basin ranking: Mat > Drin-Bunë > 
Shkumbin > Seman > Ishëm-Erzen.

Table 7. Sensitivity of basin level SWQI to alternative weighting schemes

Basin Equal weighting DO priority Organic priority Nutrient priority Conservative

Mat 98.79 98.99 98.36 98.85 98.57

Drin-Bunë 97.40 97.75 96.39 97.54 96.92

Shkumbin 94.29 95.38 92.59 94.46 93.27

Seman 93.33 94.38 91.49 93.19 91.87

Ishëm-Erzen 68.54 72.46 62.88 66.56 62.05

Table 8. Basin-level SWQI results under alternative aggregation methods

River basin Arithmetic Geometric Harmonic Minimum/non-
compensatory

Mat 98.79 98.69 98.58 94.29

Drin-Bunë 97.40 97.14 96.84 86.56

Shkumbin 94.29 93.78 93.23 76.07

Seman 93.33 91.80 89.78 71.50

Ishëm-Erzen 68.54 51.15 36.72 23.53
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Normalization sensitivity 

The three tested treatments of observations 
extending beyond the Class V boundary—linear 
extrapolation, Class V capping and bounded con-
tinuous normalization—were compared using the 
same source observations, parameter weights and 
aggregation procedure. The resulting basin-lev-
el SWQI values are presented in Table 9. The 
alternative normalization approaches produced 
differences in absolute SWQI values, particu-
larly for Seman and Ishëm-Erzen, but the basin 
ranking remained unchanged across all three ap-
proaches. The final bounded continuous approach 
was retained because it preserves information on 
the severity of observations beyond the Class V 
boundary while maintaining the normalized score 
within the defined 0–100 scale.

Threshold sensitivity. The sensitivity of the 
proposed SWQI interpretation thresholds was 
evaluated by applying alternative threshold con-
figurations to the final basin-level SWQI values. 
Because these thresholds are applied after the 
SWQI calculation, they do not alter the numeri-
cal index values. The resulting classifications for 
all five basins under the tested threshold configu-
rations are presented in Table 10. All five basins 
retained the same qualitative classification across 
the tested configurations, indicating that the inter-
pretation of the basin-level results was not sensi-
tive to the threshold alternatives examined. The 
qualitative classification remained unchanged un-
der the tested interpretation thresholds.

Overall robustness

Taken together, the sensitivity analyses showed 
that the principal basin-level ranking remained un-
changed under the specific methodological config-
urations tested. Changes in parameter weighting, 
aggregation method and normalization treatment 
did not alter the ranking of the five quantitative-
ly assessed basins. Although the absolute SWQI 
values varied under some alternative configura-
tions, particularly for Ishëm-Erzen, the distinc-
tion between the four higher-scoring basins and 
Ishëm-Erzen as the lowest-scoring basin was con-
sistently preserved. These results indicate that the 
principal basin-level ranking was not altered by the 
specific methodological assumptions examined.

External consistency assessment with the 
national regulatory classification

To provide an external consistency assess-
ment, the basin-level SWQI results were compared 
with the classifications reported in the 2025 NEA/
RGJM assessment (National Environment Agen-
cy, 2025). Because both the SWQI normalization 
and the NEA/RGJM assessment are linked to the 
national regulatory classification framework, this 
comparison should not be interpreted as indepen-
dent validation of the SWQI. It is intended as a 
diagnostic assessment of the behaviour of the 
proposed composite index rather than as an as-
sertion that the SWQI categories are equivalent to 
the national regulatory classification.

Table 9. Basin-level SWQI results under alternative treatments of observations beyond Class V

River basin Linear extrapolation Class V capping Bounded continuous

Mat 98.79 98.79 98.79

Drin-Bunë 97.40 97.40 97.40

Shkumbin 94.29 94.29 94.29

Seman 93.74 93.38 93.33

Ishëm-Erzen 69.49 71.74 68.54

Table 10. Basin-level SWQI classification under alternative interpretation thresholds

River basin SWQI Proposed 90/70/50/25 Alternative 90/75/50/25 Alternative 85/70/50/25

Mat 98.79 Excellent Excellent Excellent

Drin-Bunë 97.40 Excellent Excellent Excellent

Shkumbin 94.29 Excellent Excellent Excellent

Seman 93.33 Excellent Excellent Excellent

Ishëm-Erzen 68.54 Moderate Moderate Moderate
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The comparison indicates that the two ap-
proaches do not necessarily produce identical as-
sessments. This is expected because the proposed 
SWQI combines six selected physicochemical 
parameters into a continuous composite score, 
whereas the 2025 NEA/RGJM assessment fol-
lows its own regulatory classification framework 
and may be influenced by individual parameter 
exceedances and monitoring locations (National 
Environment Agency, 2025).

The most notable difference occurs for the 
Seman Basin. Despite its high basin-level SWQI 
of 93.33, corresponding to the proposed Excel-
lent category, the 2025 NEA/RGJM assessment 
identifies poorer conditions within the basin. The 
persistence of this difference under the alternative 
normalization treatments indicates that it cannot 
be attributed solely to the treatment of observa-
tions exceeding the Class V boundary.

The comparison therefore highlights an im-
portant characteristic of the proposed SWQI: its 
compensatory structure can produce a high over-
all score even when one or more individual pa-
rameters or monitoring locations indicate poorer 
conditions. The SWQI should consequently be 
interpreted as a complementary composite as-
sessment rather than as a replacement for the 
regulatory classification. For Ishëm-Erzen, the 
SWQI provides a more differentiated signal of 
poorer overall conditions. Its basin-level score 
of 68.54 places it in the Moderate category, 
and the basin also displays the largest within-
basin variability among the five quantitatively 
assessed basins. Its consistently low ranking 
across the sensitivity analyses is also observed.

Vjosa. A numerical SWQI was not calculated 
for Vjosa. Although Vjosa is included in the six-
basin study area and in the qualitative assessment 
of the NEA monitoring framework, station-spe-
cific numerical observations for NO₂, NO₃ and 
P-total were not available in the source dataset 
for the required six-parameter calculation. These 
values were therefore not imputed, and Vjosa was 
excluded from the quantitative basin ranking.

Summary of the main findings

The results demonstrate a differentiation in 
surface water quality among the five river basins 
for which a complete six-parameter SWQI could 
be calculated. Mat, Drin-Bunë, Shkumbin and Se-
man recorded Excellent basin-level SWQI values, 
while Ishëm-Erzen was classified as Moderate.

The parameter-level results indicate that NO₂, 
NO₃ and DO contributed the strongest positive 
influence to the composite scores, whereas BOD₅ 
and NH₄ represented the principal parameters re-
ducing SWQI values, with P-total contributing 
more strongly at selected stations.

The basin ranking remained unchanged un-
der all tested weighting configurations, aggrega-
tion methods and normalization approaches. Al-
though the absolute SWQI values varied under 
some methodological configurations, particularly 
for Ishëm-Erzen, the principal basin-level rank-
ing remained stable. The interpretation-threshold 
sensitivity analysis also showed that the qualita-
tive classification of the five quantitatively as-
sessed basins remained unchanged under the 
tested threshold configurations. Taken together, 
these results indicate that the principal basin-lev-
el ranking remained unchanged under the specific 
methodological scenarios tested.

DISCUSSION

Basin level differentiation and the meaning 
of the SWQI pattern

The application of the proposed SWQI dem-
onstrates a clear differentiation in the physico-
chemical monitoring signal among the five river 
basins for which complete six-parameter datasets 
were available. This differentiation should be in-
terpreted as a comparison of the monitoring sta-
tions meeting the complete-case criterion rather 
than as an unconditional assessment of the overall 
quality of each basin. Mat recorded the highest ba-
sin level SWQI (98.79), followed by Drin-Bunë 
(97.40), Shkumbin (94.29), and Seman (93.33), 
whereas Ishëm-Erzen recorded a substantially 
lower value of 68.54. Under the proposed interpre-
tative thresholds, the first four basins were classi-
fied as Excellent and Ishëm-Erzen as Moderate.

The significance of this result is not that the 
SWQI establishes a new regulatory ecological sta-
tus classification or provides a spatially exhaus-
tive estimate of basin-wide water quality. Rather, 
it provides a continuous and directly comparable 
representation of the physicochemical monitoring 
signal captured by the included stations within 
each basin reporting unit. This distinction is im-
portant because the basin-level index is based on 
equal weighting of monitoring stations and does 
not account explicitly for differences in river 
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length, discharge, basin area, water-body size, 
population, or spatial representativeness. The re-
sulting basin-level SWQI should therefore be in-
terpreted as a monitoring-network-based compar-
ative indicator rather than as a spatially weighted 
estimate of the condition of the entire basin. This 
is particularly useful where monitoring observa-
tions are available at individual stations but the 
spatial organization of the monitoring informa-
tion is not yet uniformly aligned with WFD water 
body delineation. The index therefore provides an 
intermediate analytical layer between individual 
observations and basin level interpretation.

Considerable within basin variability, par-
ticularly in Seman and Ishëm-Erzen, also dem-
onstrates that basin level aggregation should be 
interpreted together with station level results. The 
SWQI therefore provides a summary of the moni-
tored physicochemical signal rather than a sub-
stitute for station level diagnosis. This distinction 
is important for management applications. A high 
basin level SWQI does not necessarily mean that all 
monitoring locations or all parameters are perform-
ing well, while a lower basin level score provides 
a signal that warrants examination of the underly-
ing station and parameter level observations. In this 
respect, the principal value of the SWQI lies in its 
ability to support screening, comparison and priori-
tisation, while preserving the underlying monitoring 
data for more detailed assessment.

Parameter level contributions and within 
basin variability

The parameter level results provide important 
context for interpreting the basin level index. DO, 
NO₂ and NO₃ generally produced the highest nor-
malized scores, while BOD₅ and NH₄ represented 
the principal downward influences on the com-
posite index. P-total showed an intermediate con-
tribution overall but produced substantially lower 
scores at selected monitoring stations.

This pattern demonstrates one of the advan-
tages of retaining the parameter level information 
alongside the composite score. A single SWQI 
value cannot identify which water quality di-
mensions are responsible for a relatively low or 
high score. The combination of parameter level 
normalized scores and the composite index, how-
ever, makes it possible to distinguish between 
basins with generally favourable conditions and 
basins in which the overall result is affected by 
particular parameters or localized observations.

The particularly pronounced within basin 
variability observed for Ishëm-Erzen is therefore 
important. The difference between its highest and 
lowest scoring stations exceeds 60 SWQI points, 
while Seman also contains stations with substan-
tially lower scores despite its high basin level av-
erage. These findings indicate that spatial hetero-
geneity is an important feature of the monitoring 
data and that basin level averaging should not be 
interpreted as evidence of spatial uniformity.

This also reinforces the methodological deci-
sion to retain continuous normalized scores rather 
than replacing the individual observations with 
categorical classes before aggregation. Continu-
ous normalization preserves differences between 
observations within and beyond the reference 
classes and allows those differences to contribute 
proportionally to the final index.

Why does Ishëm-Erzen produce a 
substantially lower SWQI?

Its SWQI of 68.54 is approximately 25 points 
below Seman, the next-lowest basin, and its fifth-
ranked position remained unchanged across all 
tested weighting, aggregation and normalization 
scenarios, although the absolute SWQI value was 
sensitive to the methodological configuration.

The importance of Ishëm-Erzen is therefore 
not simply its lower absolute value. It is the con-
sistency of its relative position. Under alternative 
weighting configurations, its SWQI varied from 
62.05 to 72.46, but it remained the fifth ranked 
basin in every scenario. Similarly, alternative ag-
gregation methods produced larger changes in 
the absolute value of the index, particularly for 
Ishëm-Erzen under less compensatory approach-
es, but did not change the basin ranking.

This indicates that the relative position of 
Ishëm-Erzen was not altered by the specific meth-
odological scenarios examined. The result is con-
sistent with a broader pattern present across the 
monitored parameters and stations.

Importantly, the present dataset does not pro-
vide a sufficient basis for attributing this pattern 
to a particular pressure source. The SWQI identi-
fies a lower physicochemical water quality signal, 
but identifying the causes of that deterioration 
would require integration with pressure informa-
tion, land use data, discharge information, hydro-
morphological characteristics and other relevant 
environmental datasets.
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This is an important distinction for the inter-
pretation of the index: SWQI is diagnostic at the 
level of water quality condition, but not by itself 
a pressure attribution tool. Gjeçi et al. (2025b) 
provides contextual information on water qual-
ity conditions in the Erzeni–Ishmi system based 
on NEA/AKM monitoring data collected during 
2021–2024. Because the underlying monitoring 
network and data source may overlap with those 
used in the present study, this study is not treated 
as an independent validation source. Differences in 
study period, parameter selection and assessment 
methodology nevertheless provide useful context 
for interpreting the observed spatial variability.

Why Seman differs from the 2025 NEA/
RGJM assessment?

The comparison with the 2025 NEA/RGJM 
assessment provides an important contextual per-
spective on the SWQI results. The basin level 
SWQI identified Seman as the second highest 
quality basin, with a score of 93.33, correspond-
ing to the “Excellent” category under the pro-
posed SWQI classification. This result differs 
from the national assessment, which indicates 
less favourable conditions for parts of the Seman 
system (National Environment Agency, 2025).

The comparison with the national assessment 
should not be interpreted as formal validation of 
the SWQI, because the two approaches address 
related but conceptually different assessment 
objectives. Rather, the comparison provides an 
external diagnostic check of whether the basin 
level signal identified by the SWQI is broadly 
consistent with, or meaningfully different from, 
the national regulatory assessment. The observed 
difference for Seman is therefore interpreted as 
evidence of the influence of aggregation and 
compensation within the composite index rather 
than as evidence that one assessment is intrinsi-
cally more correct than the other.

The relatively high Seman SWQI can be ex-
plained partly by the compensatory nature of the 
arithmetic aggregation used in the primary for-
mulation. High normalized scores for several pa-
rameters and monitoring stations can offset lower 
scores for individual parameters or locations. 
Consequently, a basin may obtain a high overall 
SWQI even when localized exceedances or poor-
er individual observations are present. This illus-
trates an important distinction between a com-
posite index designed to summarize continuous 

physicochemical conditions and a regulatory 
assessment framework that may apply different 
classification rules and assessment elements.

Gjeçi et al. (2025a) provides contextual infor-
mation on water quality variability within the Se-
man Basin based on NEA/AKM monitoring data 
from 2020–2024. Because the data source and 
monitoring network may overlap with those used 
in the present study, these results are not treated as 
independent validation. Differences in study pe-
riod, parameter selection, index formulation and 
aggregation approach provide contextual informa-
tion for interpreting the present basin-level results.

The SWQI should therefore be interpreted as 
a complementary quantitative indicator of physi-
cochemical water quality rather than as an alterna-
tive to the national ecological status assessment.

Compensatory versus non compensatory 
aggregation

The aggregation sensitivity analysis provides 
further insight into the behaviour of the SWQI. 
The final index uses arithmetic aggregation, which 
permits compensation between relatively high 
and low parameter scores. Alternative geometric, 
harmonic and minimum/non-compensatory ap-
proaches were therefore tested specifically to de-
termine whether the basin ranking depended on the 
degree of compensation permitted between param-
eters (Dobbie and Dail, 2013; OECD et al., 2008).

The alternative approaches produced increas-
ingly lower absolute SWQI values as the degree 
of compensation was reduced, particularly for 
Ishëm-Erzen. Its basin-level SWQI decreased 
from 68.54 under arithmetic aggregation to 51.15 
under geometric aggregation, 36.72 under har-
monic aggregation and 23.53 under minimum 
aggregation. Nevertheless, all four aggregation 
methods produced the same basin ranking: Mat > 
Drin-Bunë > Shkumbin > Seman > Ishëm-Erzen.

This result indicates that the principal spatial 
differentiation observed in the study is not sim-
ply a consequence of choosing arithmetic ag-
gregation, although the absolute magnitude and 
interpretation of the composite score are clearly 
aggregation dependent. The minimum/non-com-
pensatory approach is particularly conservative 
because the lowest parameter score at each sta-
tion determines the station-level result, prevent-
ing compensation among parameters at that stage.

The choice of arithmetic aggregation in the 
final SWQI was therefore made to provide an 
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integrated measure of the overall physicochemi-
cal monitoring signal rather than to reproduce a 
worst-parameter regulatory classification. The ag-
gregation sensitivity analysis nevertheless shows 
that the principal basin ordering was preserved 
under the less compensatory formulations tested.

This distinction is well recognized in the 
composite indicator literature (Dobbie and Dail, 
2013; OECD et al., 2008).

Implications for WFD implementation and 
the evolving water body framework

The findings have particular relevance for Al-
bania because the national monitoring structure 
and WFD oriented spatial delineation are not yet 
uniformly aligned across all monitoring stations 
included in the analysis (European Commission, 
2003; European Parliament & Council, 2000).

The present study deliberately does not infer 
Water Body IDs where an unambiguous linkage 
to a formally delineated surface water body is un-
available. Consequently, the SWQI operates on 
the monitoring station river basin reporting unit 
structure supported by the available national da-
taset rather than imposing a retrospective WFD 
water body structure.

Rather, it reflects the practical situation in 
which environmental monitoring systems can 
contain valuable observations before the com-
plete harmonisation of all monitoring locations 
with WFD water body delineation. In this con-
text, the SWQI can serve as an intermediate ana-
lytical framework. It allows existing monitoring 
information to be quantitatively integrated while 
the spatial architecture required for full WFD im-
plementation continues to develop.

Once Water Body IDs become consistently 
available and linked to monitoring stations, the 
methodology can be extended without fundamen-
tally changing its mathematical structure. The sta-
tion level SWQI could be aggregated by formally 
delineated water body and subsequently related to 
river basin management units.

Transferability to EU candidate countries

The methodological implications extend be-
yond Albania. Many countries progressing to-
wards EU accession face the challenge of align-
ing existing national monitoring systems with the 
spatial, methodological and reporting require-
ments associated with the WFD.

The proposed framework offers a potentially 
transferable approach because it does not require 
complete spatial harmonisation as a prerequisite 
for the initial integration of monitoring informa-
tion. It can operate with station based observa-
tions, provided that the observations are suffi-
ciently complete and traceable, while allowing 
the spatial framework to evolve as water body 
delineation becomes more comprehensive.

The transferability of the approach should 
nevertheless be understood as methodological 
rather than regulatory. The SWQI does not pro-
vide a substitute for WFD ecological status as-
sessment, and its parameter set, reference bound-
aries and interpretation thresholds would need to 
be adapted to the national regulatory and environ-
mental context of another candidate country.

Its potential value lies instead in providing a 
structured pathway for transforming fragmented 
or differently organized monitoring information 
into a transparent composite signal that can sup-
port basin level comparison and prioritisation. In 
this sense, the Albanian case provides a practical 
example of how a composite indicator can func-
tion as a bridge between existing monitoring in-
frastructure and progressively harmonised WFD 
oriented assessment systems.

Limitations and future development

Several limitations should be considered 
when interpreting the results.

First, the quantitative assessment used a com-
plete-case selection criterion, whereby only moni-
toring stations with numerical observations for all 
six selected parameters were included. Although 
this approach ensures that the same six-parameter 
SWQI is calculated consistently across all includ-
ed stations and avoids introducing imputed val-
ues, it may introduce selection bias if monitoring 
completeness is systematically related to basin, 
station characteristics or water-quality conditions. 
The available source dataset did not provide a suf-
ficiently consistent basis for a formal statistical 
comparison of included and excluded stations 
across all six parameters. Consequently, the po-
tential effect of monitoring completeness on spa-
tial representativeness cannot be fully quantified 
in the present study. Vjosa provides the clearest 
example, as numerical observations for NO₂, NO₃ 
and P-total required for the six-parameter calcula-
tion were not available in the source material. The 
basin-level results should therefore be interpreted 
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as assessments of the complete-case monitoring 
subset rather than as unconditional estimates of 
water quality throughout each basin. Future ap-
plications should explicitly assess monitoring 
completeness and, where sufficient data become 
available, compare complete and incomplete 
monitoring subsets or apply appropriately justi-
fied missing-data approaches.

Second, the basin-level SWQI uses equal 
weighting of monitoring stations, while the num-
ber and spatial distribution of stations differ among 
basins. Ishëm-Erzen is represented by 10 sta-
tions, Seman by 8, Drin-Bunë by 7, and Mat and 
Shkumbin by 4 each. Equal station weighting was 
selected because consistent information on river 
length, discharge, basin area, water-body size and 
other spatial or hydrological weighting variables 
was not available for all stations in a form that 
could be applied uniformly. This approach avoids 
introducing unsupported weighting assumptions, 
but it also means that the basin-level SWQI is in-
fluenced by monitoring-network density and spa-
tial coverage. The resulting index therefore char-
acterizes the physicochemical monitoring signal 
represented by the included stations rather than 
providing a spatially exhaustive estimate of basin-
wide water quality. This potential network-related 
bias should be considered when comparing basins 
with different monitoring densities. Future applica-
tions should investigate spatially or hydrologically 
informed aggregation, particularly as monitoring 
stations become more consistently linked to for-
mally delineated WFD surface water bodies.

Third, the analysis is based on the available 
monitoring observations and therefore represents 
the conditions captured by the monitoring net-
work rather than a complete spatial representa-
tion of all surface waters within each basin. The 
relatively large within basin variability observed 
in Seman and Ishëm-Erzen illustrates why moni-
toring network density and spatial representative-
ness remain important considerations.

Fourth, the present SWQI is restricted to six 
physicochemical parameters. It therefore does not 
incorporate biological quality elements, hydro-
morphological elements or all river basin specific 
pollutants relevant to the broader WFD ecological 
status framework. The SWQI should consequently 
not be interpreted as an ecological status index.

Five, the 90/70/50/25 interpretation thresh-
olds are proposed SWQI categories, developed 
specifically to facilitate interpretation of the com-
posite score. They are not direct equivalents of 

the national physicochemical classes or WFD 
ecological status classes. The sensitivity testing 
nevertheless showed that alternative threshold 
configurations did not alter the qualitative classi-
fication of the five quantitatively assessed basins.

CONCLUSIONS

This study adapted and applied a composite 
SWQI framework to assess and compare the physi-
cochemical monitoring signal represented by mon-
itoring stations across Albanian river basin report-
ing units using six physicochemical parameters: 
DO, BOD₅, NH₄, NO₂, NO₃, and total phosphorus 
(P-total). The assessment was based on monitoring 
data from 33 stations distributed across five river 
basins with complete six parameter datasets. A 
bounded continuous normalization approach was 
applied to retain information from observations ex-
ceeding Class V conditions while constraining the 
resulting scores to the 0–100 scale.

The results showed descriptive differentiation 
in the monitoring-network-based SWQI among 
the assessed basin reporting units. Mat recorded 
the highest basin level SWQI (98.79), followed 
by Drin-Bunë (97.40), Shkumbin (94.29), and 
Seman (93.33), while Ishëm-Erzen recorded the 
lowest value (68.54). Under the proposed SWQI 
classification, the first four basins were classified 
as Excellent, whereas Ishëm-Erzen was classified 
as Moderate. The station level results also dem-
onstrated considerable within basin variability, 
particularly in Ishëm-Erzen and Seman, showing 
that basin level aggregation can mask important 
spatial differences between monitoring locations.

The parameter level assessment showed that 
DO, NO₂ and NO₃ generally contributed the high-
est normalized scores, whereas BOD₅ and NH₄ 
represented the principal downward influences on 
the composite index. P-total showed an intermedi-
ate contribution but generated substantially lower 
scores at selected stations. These results demon-
strate the importance of interpreting the composite 
SWQI together with the underlying parameter lev-
el results, particularly where individual parameters 
indicate localized poorer water quality conditions.

The sensitivity analysis showed that the prin-
cipal basin-level ranking remained unchanged 
under the specific weighting, aggregation and 
normalization scenarios examined, although ab-
solute SWQI values varied under some method-
ological choices.
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Comparison with the 2025 NEA/RGJM as-
sessment demonstrated that the SWQI should be 
interpreted as a complementary assessment tool 
rather than a replacement for the national regulato-
ry classification framework. Differences between 
the two approaches, particularly for Seman, high-
light the influence of parameter selection, aggre-
gation and the compensatory nature of composite 
indices. The comparison was used as an external 
consistency assessment rather than as formal vali-
dation, because the SWQI and the national regula-
tory assessment are based on different assessment 
frameworks and are not intended to represent iden-
tical constructs. The SWQI is therefore most ap-
propriately used alongside individual parameter 
results and the national regulatory assessment to 
support interpretation of water quality conditions.
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