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FIGURE 5

River discharge monthly climatology (m3s−1) of the Albanian rivers 
considering the observation data updated by Vodopivec et al. (2022).

The CAd’s catchment area doubles the NAd subregion, but its 
freshwater discharge potential into the Adriatic Sea is three times 
higher than NAd and SAd subregions. Much of this potential comes 
from the Neretva River (Croatia), which alone adds 58% of the river 
discharges from the CAd. Other Croatian rivers, such as Cetina and 
Krka, add a further 27% due to the larger catchment area on the east 
coast. Almost all rivers in this subregion have river discharge values 
available in the literature, which allows for classifying the EFAS 
estimates as consistent for the entire CAd. The only exceptions were 
the Biferno (Italy) and Jadro (Croatia) Rivers, whose observations 
were underestimated by 50%.

SAd has a larger catchment area than NAd and CAd combined 
(Figure  3), and its contribution to the freshwater input into the 
Adriatic Sea follows this proportion (Table 2). However, as already 
discussed, this contribution could be more significant if discrepancies 
between literature data and EFAS estimates on discharges from Buna 
and Drin Rivers were overcome. On the other hand, considering the 
other subregion rivers, EFAS provided estimations in line with the 
referenced values again, especially when assessing the Albanian rivers 
that govern river discharges in SAd.

3.2 Second-level assessment

In this subsequent assessment phase, time series of daily averaged 
river discharges obtained from the hydrological monitoring networks 
along the Adriatic Sea basin are compared with EFAS reconstructions 
to assess the model skill to represent seasonal cycles, interannual and 
decadal trends, and the distribution parameters to classify extreme 
events. Unfortunately, the absence of daily discharge data reduced the 
number of rivers considered in this second-level assessment to 19, all 
located at SNAd and the western NAd from Isonzo River up to Tronto 
River (Figure 3).

The statistical indices obtained by comparing the observational 
data with the EFAS-modelled data are summarised in Table 3. The 
monitoring stations are 1.7 to 61.6 km from their respective river 
mouths (EFAS gridpoints), but only one-third are positioned up to 
10 km. On the other hand, the availability of the observation time 
series ranges from 1 to 20 years (366 to 7,494 days), of which 
two-thirds have about 10 years or more. However, only the Po River 
at Pontelagoscuro station has data covering the 32 years (11,545 days) 
evaluated in the present study.

Generally, the integrated analysis of statistical indices is quite 
complex and often points in different directions. Not all 
reconstructions well correlated with observed data present low bias 
and RMSE, or NSE and KGE close to ideal (1). For example, the 
Cesano River reaches RR = 0.75, but the bias overestimates by 
almost 5x and explains the strongly negative NSE and KGE 
(Table 3). It is true that high correlations and small bias result in 
high NSE and KGE (see the indices for Isonzo, Tagliamento, Adige, 
and Po Rivers). None of the small rivers showed high NSE and 
KGE. Most presented values close to zero, indicating a good 
representation of average river discharges but not their seasonal 
variations (Knoben et al., 2019). The other part showed strongly 
negative NSE and KGE, meaning neither the average is well 
represented in these reconstructions.

To explore the relationship between observed and 
reconstruction data, Figure  6 shows the daily average river 
discharges of three particular rivers presented in Table  3: the 
Isonzo, Po and Potenza Rivers. The Isonzo, also known as Soča, has 
the 7th and 5th largest freshwater discharge in the Adriatic Sea and 
SNAd, respectively (Table 2), and was selected to represent rivers 
with discharge observations near the river mouth. The 5 km 
separating the monitoring station (Grado) and the river mouth is 
amongst the shortest analysed in Table 3 (about 8 km following the 
river course) and presents discharge data since September 2015.2 In 
these 5 years of observed data (Figure 6), two annual river discharge 
peaks can be noticed, with the highest daily values reported during 
the winter (>600 m3s−1). The same applies to EFAS estimates, which 
correctly simulated the seasonal discharge cycle with a positive bias 
of 8.1% regarding the average discharge and good correlation, NSE 
and KGE (0.90, 0.81, and 0.86, respectively). An overestimation of 
autumnal discharges explains the positive bias. For example, the 
observed discharges were lower than expected in 2016 and 2019. 
However, as shown by the distribution parameters, EFAS was 
consistent with river discharges measured in Grado station, also 
providing realistic thresholds for extreme events of drought (P05) 
and flooding (P95). These suitable estimates result from a fair 
comparison where the short distance between Grado station and 
the river mouth (EFAS) minimises changes related to evaporation 
and human activities.

The second time series in Figure  6 assesses the daily average 
discharges of Po River at Pontelagoscuro, chosen for its extended set 
of observed data. It is the only river in which the EFAS estimates were 
extracted from a gridpoint far from the Adriatic coast (~70 km) due 
to the model concept that makes the representation of deltas 
unfeasible. It is also worth remembering that Po River discharges are 

2 www.arpa.fvg.it
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partitioned into nine branches based on the estimated value in 
Pontelagoscuro (about 1.67 km from the monitoring station, Figure 6). 
The discharge measurements in Pontelagoscuro date back to the 1920s 
and allow EFAS to be assessed over the whole analysis window.3 The 
Po is the main river in the Adriatic basin and is responsible for 35% of 
freshwater discharge. Like the Isonzo River, its seasonal cycle has two 
annual peaks with exceptional discharges (P95) that exceed twice the 
average. Again, EFAS estimates showed exemplary skill in representing 
these features during the 32 years evaluated. Notably, the historical 
measurements at Pontelagoscuro were used on EFAS calibration and 
partially explained the low bias and RMSE (about 2.6 and 33.4% 
regarding the average discharge, respectively) and the high correlation, 
NSE and KGE highlighted in Figure 6.

Finally, Figure 6 compares the daily average discharges of the 
Potenza River estimated by EFAS and measured in San Severino 
Station, 42 km from the river mouth.4 The river dimension justifies 
this selection. Although amongst the lowest river discharge in the 
Adriatic, this river represents an essential group of small rivers on the 
western coast, which collect 8% of the freshwater delivered in the 
Adriatic Sea. With small catchments along the Apennines, these rivers 
usually exhibit a seasonal cycle with a single maximum discharge 
during the winter and a minimum in the summer. Since snow 
accumulation appears at low altitudes, its melting occurs in late winter, 
and the spring’s secondary maximum discharge is less evident than in 
Alpine rivers (Ricci et al., 2022). That is precisely what is observed at 
the San Severino station and estimated by EFAS for Potenza River over 
the 10+ years of available river discharge data. During this period, 

3 www.arpae.it

4 www.arpa.marche.it

EFAS estimates satisfactory represented observational discharges, 
especially during droughts, so critical for rivers of these characteristics. 
On the other hand, as indicated by the RR and RMSE, the flash flood 
cases (typical of Apennine rivers) were often overestimated and 
notably increased the average river discharge, Q3 and P95. 
Additionally, the negative values of NSE and KGE indicate that EFAS 
is a good predictor only for the mean discharge of Potenza River and 
not for its variations.

4 River discharge climatology

Every day from 1991 to 2022, the Adriatic Sea received about 
3,995 m3s−1 of freshwater discharges from hundreds of rivers and 
streams, besides the various water exchange channels along the Po 
River delta and the lagoon systems of Venice and Marano (Figure 7A). 
Throughout the year, two wet periods are observed in late autumn 
(Nov, 5,620  m3s−1) and in mid-spring (May, 4,545  m3s−1), mainly 
governed by the SNAd seasonal cycle, and interrupted by a dry period 
with minimum river discharges during the summer months (Aug, 
2,257 m3s−1). This pattern had already been reported previously by 
Struglia et al. (2004) but with different peak values (3,500, 1,600 and 
3,000 m3s−1 in May, August and November, respectively). We argue the 
difference is because their study evaluated only 78% of river discharges 
in the Adriatic Sea.

In November, the daily river discharge overcomes the annual 
average by 41%, often reaching 6,672  m3s−1 (Q3) and exceeding 
9,368 m3s−1 in extreme cases (P95, Figure 7A). This increase, in large 
part, arises from the higher frequency of extratropical cyclones 
crossing the Adriatic Sea in late autumn (Aragão and Porcù, 2022), 
which, consequently, increases the precipitation collected by Alpine 
and Apennine rivers distributed along SNAd (Figure 7B) and NAd 

TABLE 3 Statistical Indices computed for 19 Adriatic rivers with observational river discharges available daily.
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FIGURE 6

Daily averaged river discharge (m3s−1) of Isonzo, Po, and Potenza Rivers at the river mouth (EFAS gridpoint) and the monitoring station. EFAS 
reconstructions cover 1991–2022 (blue lines), whilst observations (magenta lines) include only the available period on each station. The embedded 
table shows the statistical indexes (grey) and the distribution parameters for the available period on EFAS (Sim, blue) and observations (Obs, magenta) 
and on EFAS but for the overlapping period with observations (Sim, dark blue).

(Figure 7C) basins. The slight detachment of the average (Avg) and 
median (Q2) curves in the previous months (quite evident in October, 
Figure  7B) is an indication of brief but intense rainfalls typically 
associated with cyclones, which are intense enough to increase the 
averaged river discharge but not often to modify its median.

In the following months (Jan-Mar), the freshwater input into the 
Adriatic Sea gradually decreases to its annual levels, mainly sustained 
by the CAd and SAd rivers (Figures 7D,E). Unlike the SNAd and NAd 
rivers, which experienced a significant decrease in this period 
(Figures 7B,C), the Central and Southern Adriatic rivers preserve 
their discharges about 50% above their annual averages throughout 
the winter, also supported by small rivers (annual discharges <1% of 
Adriatic Sea discharges), which present their highest participation 
within the overall discharge during these months. This winter 
behaviour, added by the low influence of snowmelt during spring 
(Ricci et al., 2022), defines the annual cycle of discharges within CAd 
and SAd catchments, i.e., a long and continuous period of 8 months 
(Oct–May) in which daily average river discharges range about 

30–50% above average, interrupted by intense dry spells peaking in 
August when discharges often drop to a meagre 25–30% of 
annual levels.

Before facing the dry summer months, the SNAd rivers receive an 
essential contribution of freshwater accumulated throughout the 
winter in the form of snow, which produces a secondary high-
discharge peak during spring due to snow melting stored in catchment 
areas along the Alps and Apennines (Raicich, 1996; Struglia et al., 
2004; Vilibić and Supić, 2005). Although the distribution parameters 
Q1 and Q3 (Figure 7B) present values close to the average discharge 
for May, the recent years have been marked by a significant reduction 
in snow accumulation during the winter in the Eastern Alps due to 
climate warming, suggesting that the current seasonal cycle may 
change in the coming years (Cozzi et al., 2012).

The dry period is the common feature amongst the seasonal 
cycles of river discharges in the four subregions of the Adriatic Sea. 
During the summer, the precipitation regime in the Central 
Mediterranean tends to be governed by thermal lows, which produce 
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isolated rains inland (Aragão and Porcù, 2022) but are insufficient to 
supply the water demand. Only a tiny part of these waters reaches the 
riverbeds since the major part evaporates, is absorbed by soil and 
vegetation, or is withdrawn for irrigation (Provini et  al., 1992; 
Montanari, 2012). Consequently, all rivers flowing to the Adriatic Sea 

present significant reductions in their discharges with a minimum in 
August when the statistical parameters show a discharge distribution 
with the slightest deviation in the 32 years evaluated. In this critical 
month, the Adriatic Sea experiences a 44% reduction in the 
freshwater input, mainly due to a significant reduction at the SNAd 
rivers (28%), which are responsible for 61% of the overall discharges. 
A 44% reduction is reasonable compared to the 36% reported by 
Struglia et al. (2004), valid for 78% of the overall discharges into the 
Adriatic Sea. In the other subregions, the discharge reductions are 
much more pronounced, CAd (61%), SAd (71%), and NAd (72%), 
since these regions are characterised by few rivers loaded by small 
catchment areas.

Amongst the 86 rivers evaluated, 61 were classified as minor. 
These rivers are highly susceptible to long periods of drought and may 
even experience zero flows in some months. As drought impacts are 
numerous and cumulative, Section 6 delves deeper into this topic and 
provides additional insights and trends with the help of a long-term 
climate indicator.

5 River discharge trends

Since the EFAS reconstructions date back to the early 1990s, 
assessing how much river discharges have changed in the past three 
decades and which subregions were most influenced is essential to 
understanding the current freshwater dynamics in the Adriatic Sea. 
Figure 8 presents the monthly averages of river discharges into 1991–
2022 for the Adriatic Sea and its subregions, as well as the statistical 
distribution parameters and the respective trends expressed by linear 
regression for the entire analysis period (32 years) and the last decade.

In general, the time series presented in Figure 8 aligns with the 
previously discussed seasonal climatology, where the SNAd tends to 
guide the overall river discharge in the Adriatic Sea with two yearly 
peaks. Moving south (Figures 8C–E), the number of yearly peaks 
decreases gradually, reaching a clear single annual peak in CAd and 
SAd. Although the river discharge into the Adriatic Sea during the 
32 years evaluated indicates a non-statistically significant negative 
trend, different responses are observed between the northern and 
southern subregions supported by statistically significant trends 
(except CAd). In the northern region, both SNAd and NAd 
(Figures  8B,C) have exhibited a decreasing trend over time, in 
agreement with the results of Giani et al. (2012), Appiotti et al. (2014) 
and Djakovac et al. (2015). The negative trend in SNAd is more than 
three times that of the Adriatic Sea. According to Montanari (2012), 
who analysed almost 100 years of observational discharges of the main 
Adriatic river, Po River at Pontelagoscuro, the non-significant trend 
for the 32 years raises concerns as it results from a fragile balance 
between intense drought and flood periods. On the other hand, the 
southern subregions, CAd and SAd, recorded positive trends, 
especially for SAd rivers (Figure 8E), with continuously ascendent 
discharges from Buna, Vjiose and Seman. These positive trends derive 
from two particular dry periods in southern Italy during the early 90s 
and the early 00s (Mendicino et al., 2008).

Reducing the analysis period to the last 10 years (2013–2022), 
negative trends are observed in river discharges from all subregions of 
the Adriatic, including the overall trend that shows a 170 m3s−1 drop 
by year (Figure  8A). In this case, all trends met the statistical 
significance criterion of 95% and had the lowest river discharges of the 

FIGURE 7

Monthly climatology of the overall river discharge (m3s−1) into (A) the 
Adriatic Sea, (B) SNAd, (C) NAd, (D) CAd, and (E) SAd during 1991–
2022, shown by average (Avg, magenta line), median (Q2, blue line), 
1st (Q1) and 3rd (Q3) quantiles (blue area), and bottom (P05) and top 
(P95) 95th percentiles (light blue area). Additionally, the overall river 
discharge considering only small rivers (annual discharges <1% of 
Adriatic Sea discharges) is presented (green line). The respective 
annual averaged river discharges are presented in the last column 
and the embedded table.
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last 32 years in 2022, driving the strong negative trend. Proportionally, 
these trends point to a 10-year accumulated drop of 36, 24, 43 and 
29% in SNAd, NAd, CAd and SAd (Figures 8B–E), resulting in a 35% 
reduction in river discharges from the Adriatic Sea since 2013. 
According to Pintori and Serpelloni (2023), only the Po River basin 
lost about 80 billion tons of freshwater during the 2021–2022 drought 
as a result not only of the lack of precipitation but also the water use 

in manifold activities of local economies deeply dependent of water 
resources (see Crovella et al., 2022; Mazzoni et al., 2022 and Pronti and 
Berbel, 2023).

Another noteworthy piece of information extracted from Figure 8 
concerns extreme events. Taking the upper and lower 95th percentiles 
as a reference, it is possible to assess the frequency of flood and 
drought events over the 32 years evaluated. For example, comparing 
the SNAd river discharges of the first and the last 10 years analysed 
(Figure 8B), there are only three records under the P05 threshold in 
the first decade against five records in the last decade, showing that 
extreme drought event frequency almost doubled within the three 
decades analysed. Although these numbers suggest an increase in 
months with low discharges and follow the negative trend for the 
SNAd, this relationship appears somewhat unbalanced with the 
extreme flooding events. In the last 10 years (2013–2022), the SNAd 
experienced a double of months exceeding the P95 regarding the first 
decade evaluated (1991–2000), showing that the total number of 
extreme events is continually growing, regardless of whether it is a 
drought or flood event. This result reinforces the fragile balance 
highlighted by Montanari (2012), where average river discharges tend 
to increasingly compensate alternating extreme events of low and 
high discharges.

Conversely, Figure 8E shows five records under the P05 threshold 
in the first decade compared to only one recorded in the last decade, 
following Mendicino et al. (2008) results. Combining these numbers 
with seven records exceeding the P95  in the last decade and the 
absence of such records during the first decade, a compelling 
explanation can be established for the positive trend observed in the 
SAd. In this case, as SAd presents a seasonal cycle of river discharge 
with a single annual peak, months with high discharge are often 
consecutive by two to four consecutive months, which could 
be understood as exceptional seasons instead of exceptional months. 
This feature distinguishes the south Adriatic Sea subregions by its 
well-defined seasonal cycle of river discharges, whilst the north 
subregions tend to present isolated single months with exceptionally 
high discharges.

6 Long-term climate indicator

As discussed before, to understand the climate river discharge 
changes, the analysis must go further than identifing the number and 
frequency of months with discharges under a specific threshold. For 
this reason, Figure 9 shows the Standardised Flow Index considering 
a time window of 12 months (SFI12) computed using the monthly 
averaged river discharge presented in Figure  8. The time window 
could be easily modified to aggregate 3 or 6 months to assess short and 
medium-term moisture and precipitation conditions. Nevertheless, 
once the target here frames the climatological scale and the seasonal 
cycle was widely discussed in Section 4, the 12-month aggregation was 
applied to identify long-term precipitation patterns which could 
influence river discharges, reservoir levels and groundwater levels 
(Marcos-Garcia et al., 2017).

As expected for a large river basin such as the Adriatic Sea, the last 
32 years of river discharges showed a balanced SFI12 alternating 
between wet and dry periods. However, the SFI12 trend indicates an 
increasing intensification and extension of wet and dry periods, i.e., 
presenting shorter and near-normal intensities in the first decade 

FIGURE 8

Monthly averaged river discharges (m3s−1, dark blue bars) into (A) the 
Adriatic Sea, (B) SNAd, (C) NAd, (D) CAd, and (E) SAd during 1991–
2022. The monthly river discharge trends are presented for the last 
32" years (green line, the whole period) and only for the last 10" years 
(magenta line). As a reference, the distribution parameters are 
presented in the sidebar (as in Figure 7).
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analysed and more extended and intense periods in the last 10 years 
(Figure 9A). Although the SFI12 distribution shows about 18% of 
months under moderate to extreme wet conditions against 16% under 
dry conditions, the last presents a constantly increasing intensity since 
2008 with a cyclic frequency of about 4–5 years. It is worth mentioning 
that the balanced SFI12 found for the Adriatic Sea is a result of its 

hydrological basin dimensions, which comprise river discharge 
deficits of some sub-basins constantly neutralised for high discharges 
in others, and vice-versa. As the analysed catchment area decreases, 
the range of variability on sub-basin discharges increases, triggering 
accumulated effects of wet and dry periods on the hydrological basin.

The long and dry period identified between 2008 and 2022 in the 
Adriatic Sea primarily responds to continuous reductions in the SNAd 
river discharges. As indicated in Figure 9B, the period was the longest 
and the only one with negative SFI12 reaching extreme values in 2022. 
According to Bonaldo et al. (2022), as drought periods are increasing 
in frequency, events like the one of 2022 will become ordinary in the 
relatively near future. This result supports Pintori and Serpelloni 
(2023), who also pointed out the period as the most extreme drought 
in recent decades, but based on observational data through the 
Standardised Precipitation and Evapotranspiration Index (SPEI) also 
for 12 months, proving once again the accuracy of the EFAS model in 
identifying the most relevant extreme events. In 2020, the SNAd’s 
SFI12 shifted, whilst the Adriatic Sea oscillated through positive and 
negative values in response to the low discharges still registered along 
other Adriatic subregions (Figures  9C–E), following their river 
discharge trends (Figure 8).

As discussed in Section 5, the vulnerability of NAd rivers to 
drought events is even more prominent in Figure 9C (2007–2013), 
when two periods of intense drought caused more than 18 months 
with SFI12 at extremely negative levels. This result postulates the NAd 
rivers as the most exposed to extreme drought events. According to 
Ricci et al. (2022), these systematic reductions in freshwater inputs in 
NAd derive from modifications in the seasonal precipitation cycle. 
Additionally, this vulnerability is amplified given the characteristics 
of most of NAd rivers (western coast), which naturally reduce their 
levels during the summer months (some of them dry completely), 
exposing the entire coastal region to deficits of biomass loads, 
increases of salinity in surface waters and, consequently, significant 
changes in the vertical distribution of nutrients (Zavatarelli et al., 
1998; Cozzi and Giani, 2011).

Whilst 2008–2022 was marked by extreme drought events in the 
northern subregions of the Adriatic Sea (SNAd and NAd), the CAd 
and SAd subregions experienced exceptionally wet periods, with 
some months classified as extremely wet in both subregions during 
2010 (Figures 9D,E). In 2012, the SFI12 accumulated in CAd and 
SAd also presented negative values but not as intense as in SNAd and 
NAd and then shifted to positive for 3–4 years. Despite the 
substantial difference between the total volume of freshwater 
delivered at each Adriatic Sea subregion, several pieces of evidence 
suggest that the whole Adriatic Sea discharge is governed by a 
balanced relationship between discharges from the northern (SNAd 
and NAd) and southern (CAd and SAd) regions, triggered by 
changes in the seasonal cycle of precipitation which rarely presents 
the same trend simultaneously in both areas. Many studies in the 
literature show the Mediterranean precipitation variability intensely 
correlated with several atmospheric teleconnections, such as El Niño 
Southern Oscillation (ENSO), North Atlantic Oscillation (NAO), 
East Atlantic Pattern (EAP), Scandinavian (SCA) and others 
(Quadrelli et al., 2001; Philandras et al., 2011; Krichak et al., 2014; 
Sánchez and Aragão, 2021). According to Kalimeris et al. (2017), 
along the Adriatic coast, most of the variability in local precipitation 
occurs at bi-decadal scales, when the SCA effects weaken due to the 
dominant Bora circulation, but the EA can temporarily affect the 

FIGURE 9

Standardised Flow Index (SFI) for (A) the Adriatic Sea, (B) SNAd, 
(C) NAd, (D) CAd, and (E) SAd from 1991 to 2022 with a 12-month 
timescale. Positive values represent wet months (blue areas), whilst 
negative values represent dry months (magenta areas). The intensity 
scale ranges from Near Normal (NN+ and NN-) to Moderate (Mod 
±1.0), Severe (Sev" ±" 1.5) and Extreme (Ext" ±" 2.0), and their respective 
frequencies are presented in the sidebar.
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decadal variability during winter. On the other hand, at short time 
scales (months), precipitation strongly correlates with NAO and 
other Atlantic patterns rather than Arctic patterns (Romano et al., 
2022). Nevertheless, it is essential to highlight the lack of studies 
dedicated to the Adriatic Sea that provide a detailed evaluation of 
the interaction of these teleconnection components through 
different temporal scales.

7 Discussion and final remarks

This study revisited the freshwater inputs into the Adriatic Sea via 
river discharges over the last climatological period (1991–2022) 
obtained from the EFAS reconstructions and a careful and accurate 
method for identifying rivers, allowing accounting discharges of all 
rivers with average daily runoff exceeding 1 m3s−1. In total, 86 rivers 
compose the freshwater balance in the Adriatic Sea, evaluated 
individually and by each Adriatic subregion, and taking advantage of 
dedicated climate indicators computed daily, monthly and annually 
to quantify river discharge’s extreme levels (wet and dry) and classify 
seasonal cycles within a climatological scale.

The data extraction method proved to be a necessary step for a 
suitable representation of river discharges in all subregions of the 
Adriatic Sea and the most diverse classes of river basins. The 
assessment against observational data was possible for 67 of 86 
identified rivers, which account for more than 96% of freshwater 
inputs into the Adriatic Sea. The EFAS estimates proved reliable even 
for small rivers, supported by relatively small errors and a correlation 
of 0.91. EFAS strongly underestimated the river discharges in the 
Venice and the Marano Lagoons, showing that the representation of 
lake and lagoon outflows is still imprecise due to the lack of 
observational measurements in situ, i.e., along the coast (outlets) and 
river mouths. Concerning the most significant rivers (those with 
average river discharges over 5% of the Adriatic overall or 200 m3s−1), 
only the Albanian rivers (Buna and Drin) presented discharge 
estimates conflicting with observational data, justified by several 
river course modifications for hydroelectric plant purposes after the 
free available data on literature. Although Vodopivec et al. (2022) 
have recently updated the monthly climatology of discharges from 
the Buna+Drin and Seman Rivers, these data have not yet been 
assimilated by EFAS. Furthermore, they are still insufficient to 
quantify River Drin discharges individually, resulting in the most 
significant bias between observed (692 m3s−1, Ludwig et al., 2009) 
and reconstructed (13 m3s−1, EFAS) mean river discharges found 
throughout the Adriatic Sea. Given the relevance of these rivers to 
the Adriatic hydrographic basin, the free availability of continuous 
and updated measurements of river discharges is exceptionally 
urgent for a better representation of these rivers in 
hydrological models.

The seasonal cycle analysis allowed the identification of two river 
discharge regimes in the Adriatic Sea. The first is characterised by 
two annual flood peaks in November and May, separated by a dry 
peak in August, whilst the second presents only one flood peak in 
December and a dry peak in August. The regime with two annual 
floods is exclusively found in the 43 rivers of the SNAd, which, given 
their dimensions, govern 61% of the overall discharges in the 
Adriatic Sea and lead the entire basin to this regime. However, due 
to the successive reduction in snow accumulation over the Alpine 

and Apennine areas during the winter months, there is a high risk 
of the secondary flood peak disappearing in May.

Over the past 32 years, river discharges have shown different 
trends along the Adriatic Sea subregions, where a delicate balance 
between dry seasons in some subregions has been slightly balanced 
by flood seasons in others and vice versa. This delicate balance, 
combined with the diversity of its river basins, prevents us from 
estimating a trend with statistical significance for the Adriatic Sea. 
However, the river discharge trends are forthright when computed 
individually for each subregion, balancing slightly negative trends in 
the northern subregions (−0.6% and − 1.0% per year in SNAd and 
NAd) with intriguingly positive trends in the southern subregions 
(+0.4% and + 1.3% per year in CAd and SAd). When the analysis 
window narrows to the last decade (2013–2022), the balance breaks 
down, and a strong negative trend emerges across the entire Adriatic 
Sea, without exception, indicating reductions of −4.2% per year in 
freshwater input throughout the river basin. According to the SFI 
results, a climate indicator used to estimate the long-term impact of 
drought and flood periods on river discharges, 2022 was crucial for 
the last negative decadal trend. During this year, the northern 
Adriatic experienced the driest period in the last 32 years, whilst the 
southern Adriatic experienced river discharge reductions during 
flood months. Nevertheless, the most worrying element about the 
extreme drought of 2022 is that this year is part of a drought cycle 
that has continuously reduced freshwater availability in the Adriatic 
Sea every 4–5 years since 2008.

Finally, it is noteworthy that the study comprises data on the daily 
river discharges of 86 rivers, including the corresponding discharges per 
subregion (SNAd, NAd, CAd, and SAd) and the entire Adriatic Sea, 
defining the framework for monitoring the hydrological cycle trends and 
the indicators that might allow reveal sudden changes. Furthermore, the 
data set provides the geographical coordinates of each river mouth and 
the Adriatic subregion to which it pertains. The data span from January 
1, 1991, to December 31, 2022, with daily frequency and are expected to 
improve the representation of riverine freshwater inputs in 
hydrodynamic, biogeochemical, and oceanographic simulations 
dedicated to the Adriatic Sea. It will be interesting to continue this work 
for years to come and connect with the ocean circulation-induced 
changes, as shown by Verri et al. (2024).
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