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Abstract

:

Climate is probably the most important factor affecting river discharge and flow dynamics. Low flows in rivers during the warm period cause stress to aquatic ecosystems and pose a challenge to sustainable water management. Previous research has shown that the average minimum discharge of the 30 driest continuous days, known as Q30, is a suitable measure for ecological flow estimation in Lithuania. This study aims to examine whether large-scale atmospheric processes, so-called teleconnections, can have an impact on Q30 during the warm period. Hydrological data for 1961–2020 from 25 water gauging stations were used to search for hydrological response signals with five selected climate indices (NAO, SCA, POL, EA/WR, and EA). Pearson correlation and Wilcoxon–Mann–Whitney test approaches were applied. The results suggested that the EA/WR and NAO had the strongest influence on Q30 in the studied region during the warm period. The positive phases of the indices tended to cause a greater decrease in Q30 values due to the prevailing easterly edge of the anticyclonic circulation over the studied region determined by the EA/WR and NAO indices, while the negative phases of the mentioned indices caused an increase and greater dispersion of Q30.






Keywords:


teleconnection patterns; climate indices; lowland rivers; low flow; ecological flow; precipitation; geopotential height












1. Introduction


Climate is undeniably the most important factor that profoundly affects the hydrology of surface waters, from small streams to large rivers. It determines the intricate interaction of precipitation, temperature, and evaporation, influencing both the availability of water and the well-being of aquatic ecosystems. This transition from climate to rivers reveals a close link between climatic conditions and surface water hydrology [1,2,3]. The amount and timing of precipitation have a direct influence on river flows and dictate discharge and seasonal variations. At the same time, regional temperature dynamics influence thermal conditions, habitats, and aquatic life cycles. In combination with human-induced influences, this climatic control has a significant impact on water resources. For rivers, this means an unbalanced flow regime and increased flood and drought cycles, which make river management more difficult and overwhelm the demands of society [4,5].



Understanding the dynamics of river flows is crucial for sustainable river management. Both natural and anthropogenic factors influence river discharge. These factors include precipitation, temperature, vegetation cover, soil characteristics, and many more. This complex relationship between rivers and their environment has been thoroughly investigated in numerous studies. Some researchers have focused on the links between changes in river discharge and overall global changes in precipitation and temperature patterns [6,7], including regional analyses in Europe [4,8,9]. Other studies deal with the influence of anthropogenic factors on river discharge. For example, hydrological changes in the flow regime of rivers, which benefit human development in many ways, have an impact on the provision of ecosystem services. Studies in this regard provide a wealth of evidence on the negative impacts of economic activities on European rivers [10,11,12,13]. Effective river management requires a comprehensive understanding of the complex interplay of these factors to ensure the responsible allocation of water resources. Understanding the causality of changes in river discharge is extremely important as it allows us to unravel the complex network of factors that influence river discharge [14,15,16]. These factors, which have a profound influence on river discharge, include a wide range of natural and anthropogenic elements [17,18].



Atmospheric circulation patterns play an important role in the formation of runoff and can be a primary source of generative forcing for river systems. Extensive research around the world, including studies in Europe, has demonstrated the influence of different large-scale atmospheric circulation patterns on the climatic characteristics and hydrological behaviour of rivers and lakes [19,20,21,22,23,24,25]. For example, the seasonal variations in dryness and wetness and their links with large-scale atmospheric circulation and global sea surface temperature have been analysed [26]. Particularly noteworthy is the dynamic nature of these relationships, which vary and differ from one season to the next. Plewa et al. [23] focused on the links between lake water levels and indices of macroscale atmospheric circulation. An analysis of the relationship between water temperature and large-scale atmospheric circulation was also carried out [21]. Pandžić et al. [27] analysed the relationships between large-scale atmospheric circulation and monthly precipitation and river discharge. Some studies have assessed the impact of teleconnections on runoff [28,29,30]. The results of Lorenzo-Lacruz et al. [30] showed the dynamic interplay between runoff and atmospheric circulation in recent decades. Furthermore, the relationships between atmospheric circulation patterns and water surface temperature along the coast of the southern Baltic Sea were also investigated [31].



The coupling analysis of variations In runoff with Iic teleconnection Indices showed significant correlations between runoff and the selected teleconnection indices [29]. This correlation highlights the important role that these indices play in runoff and its dynamics. In Europe, some studies have shown that river discharge is influenced by teleconnection patterns such as the North Atlantic Oscillation (NAO) and the Arctic Oscillation (AO), depending on the region and season [26,32,33]. The NAO has also been used as a model input for the prediction of winter runoff in large rivers in Europe [34]. For Northern Europe and the North Atlantic region, Kingston et al. [35] conducted a comprehensive study on the complicated interplay between large-scale atmospheric circulation and runoff. Their study revealed a complex relationship and made it clear that the link between Northern Hemisphere circulation indices and regional climate variables depends on the specific time scale and time periods considered in teleconnection studies. In addition, Bouwer et al. [36] provided valuable insights by showing significant correlations between the frequency of the western circulation type of large-scale weather conditions and discharge in different river catchments of Northern and Western Europe. Regional sensitivities of mean and maximum river discharge to climate variability using up to 608 stations across Europe have shown that the annual maximum discharge is more sensitive to atmospheric circulation variability than mean discharge [37]. Mean discharge fluctuated on average between 8 and 44%, while the peak discharges varied between 10 and 54% per index unit, with the discharges in Iberia and Scandinavia being more sensitive than those in Central and Western Europe. Studies in the central–eastern parts of Europe have shown contrasting results. The studies on discharge anomalies showed a weak correlation with the NAO, East Atlantic (EA), and Scandinavian (SCA) indices, while the East Atlantic/Western Russia (EA/WR) pattern had a stronger influence on discharge, especially in winter [27]. In the Mediterranean region, an analysis of possible links between the NAO and runoff revealed that topographic effects weaken the impact of the NAO on runoff reduction [38]. In the United Kingdom, an analysis of the River Ewe showed that the NAO and the AO have an impact on different runoff characteristics, especially in winter months [39]. In Central Finland, the analysis and variability of dryness and wetness and the role of teleconnection patterns were estimated [40]. The impacts of these teleconnections were best distinguished on annual, seasonal (all seasons except winter), and monthly time scales (in warm months). In addition, the NAO correlated positively with dryness and wetness, especially in the winter and cold months; the NAO was also the strongest atmospheric driver of all teleconnections in the study. In Sweden, the spatio-temporal effect of atmospheric teleconnection patterns on river discharge showed that river discharge during the accumulation period had a negative correlation of −0.44 with the SCA index averaged over the same period [41]. At the same time, there was a positive correlation of 0.42 with the NAO and 0.59 with the AO, in each case with a lead time of zero months and a 2-month time window. This means that the interaction between these teleconnection patterns can lead to either a positive or negative influence on their activity, which in turn leads to an increase or decrease in their individual impact on runoff in a linear or non-linear manner. In the western and southern parts of Romania, Birsan [28] found a strong negative correlation between the NAO and mean annual runoff. This correlation underlines the significant influence of the large-scale atmospheric circulation on the annual runoff discharge in these areas, as well as the important orographic role of the Carpathian Mountains. Stahl and Demuth [42] conducted a very detailed study of 74 basins in Germany and found that the effects of atmospheric circulation patterns and the response of runoff can be regionalised. The results showed considerable regional differences in the time lag of the response to drought and the corresponding atmospheric circulation patterns.



All previously mentioned studies have highlighted the role of atmospheric circulation in hydrological processes. For the selected region (in Lithuania), the low flow period in the rivers and its dependence on many factors is also a very important issue. Šarauskienė et al. [43] found that the intermittency of rivers in the surplus water zone is also related to atmospheric circulation and that intermittency processes are associated with the SCA index. Nazarenko et al. [44] claimed that the effects of climate change are noticeable in discharges in the western and central parts of Lithuania during low flow periods. The application of the HBV model has shown that climate change will affect low flow indicators, including the multiannual minimum and average of low flow, and that the impact will vary depending on the feeding source of the rivers [45]. The importance of low flow parameters was drawn by Virbickas et al. [46], as these indicators can be used to estimate warm season ecological flow (e-flow). The mentioned study conducted a hydro-ecological assessment based on the MesoHABSIM habitat modelling approach and determined the e-flow criteria by assessing the habitat needs of four cyprinid species found in regulated rivers. The e-flow suitable to fulfil the habitat needs of these species and indicative of good ecological status is represented by the multiannual mean of the average minimum discharge of 30 continuous days during the warm season (May–October). Moreover, the low flow and e-flow are linked in that ecological considerations should also be made during low flow and ensure that rivers maintain their ecological and environmental functions, even when the flow is reduced [47,48]. Short-term stressful low flows in Lithuania typically occur in late summer or early autumn [44]. All these findings call into question the current ecological flow regulation, which requires water users (primarily hydropower plant operators) to maintain a water flow equal to the multiannual mean of the average minimum discharge of 30 continuous days (Q30).



A review of various studies revealed the complex interplay between teleconnection patterns and various hydroclimatic variables. While there are few studies specifically linking teleconnections to low flow, it can be used as one of the potential variables for ecological flow estimation. This highlights the need for region-specific studies to understand the complex relationships between the atmospheric circulation indices and runoff characteristics of target rivers. Moreover, there is a general lack of assessment of influence of large-scale atmospheric circulation processes on various discharge indicators in the studied region and neighbouring regions. Previous studies conducted in other regions of Europe indicate that the effect of teleconnections can be regionalised, making it necessary to investigate these processes at smaller scales. Therefore, in this study, we have attempted to assess in detail the impact of teleconnection patterns on Q30 at a country level. The aim of this study is therefore to evaluate the effects of atmospheric circulation indices on lowland rivers in the south-eastern part of the Baltic Sea region. The focus was on Lithuanian rivers and their low flow variable Q30, which could be used to estimate the potential ecological flow during the warm season. Five teleconnection patterns expressed by circulation indices, North Atlantic Oscillation (NAO); Scandinavian pattern (SCA); Polar/Eurasian pattern (POL); East Atlantic/Western Russian pattern (EA/WR); and East Atlantic pattern (EA) [49], were used in this study. The main tasks in order to achieve the study objectives were to: (i) estimate the linear relations between the climate indices and Q30; (ii) assess the relation between the climate indices and Q30 using a non-parametric method and different temporal delay scenarios; (iii) evaluate the relationship between the climate indices and precipitation as drivers for low flow formation; and (iv) indicate the predominant atmospheric circulation over the study region during the low flow events. A better understanding of these drivers and their patterns can lead to more effective and sustainable water resources management, as well as prediction and preparedness for extreme events and hazards.




2. Study Area and Data


The focus of this study is on Lithuanian rivers. Lithuania is located in the south-eastern part of the Baltic Sea region. The country covers an area of 65.3 thousand km2 and is characterised by a dense river system, consisting of over 22,000 local and transboundary rivers and streams. The geographical and climatic conditions of Lithuanian rivers are similar to those of other rivers in the eastern and southern parts of the Baltic Sea basin region. Therefore, the findings of this study can be applicable to other countries in the Baltic Sea region when it comes to understanding the natural mechanisms that determine the behaviour of rivers. All rivers in the country can be categorised as lowland rivers due to the low altitude of their catchment areas (less than 300 m above sea level) [50]. Based on the Köppen–Geiger climate classification system, the Lithuanian climate is defined as a humid continental climate, with an average annual temperature of 7.4 °C and an annual precipitation of 695 mm for the period 1991–2020 [51]. In the country, the analysed low flow periods typically occur from August to September, occasionally from June to October, and very rarely beyond this period. These extended periods are mostly influenced by low precipitation and high temperatures, which increase evaporation. Twenty-five water gauging stations (WGSs) were selected for this study and are distributed across the entire study area (Figure 1).



The selected WGSs provided very reliable discharge data for the period 1961–2020 (Table 1). These WGSs cover catchments with an area of 100 to 1000 km2 (7 WGSs), 1000 to 6000 km2 (13 WGSs), and over 10,000 km2 (5 WGSs). These data were obtained from the hydrological yearbooks of the Lithuanian Hydrometeorological Service under the Ministry of Environment. Only uninterrupted data series or those with only a few interruptions were used for this study (e.g., Šušvė–Josvainiai had 4 years of missing data, Dubysa–Lyduvėnai—2 years, Lėvuo–Kupiškis—6, and Bartuva–Skuodas—1).





 





Table 1. Main characteristics of the selected water gauging stations and order of dominant multiannual feeding source (g—groundwater, s—snow melting, r—rainfall; a capitalised letter indicates that the feeding source accounted for more than 50% of the total runoff).
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	No.
	River
	WGS
	Catchment Area (km2)
	Qannual of 1961–2020 (m3/s)
	qannual

(l/s × km2)
	Q30 of 1961–2020 (m3/s)
	q30

(l/s × km2)
	Feeding Source *





	1.
	Nemunas
	Druskininkai
	37,382.3
	202
	5.4
	112
	3.0
	G-sr



	2.
	Nemunas
	Nemajūnai
	42,869.0
	247
	5.7
	142
	3.3
	G-sr



	3.
	Nemunas
	Smalininkai
	81,129.7
	493
	6.1
	268
	3.3
	G-sr



	4.
	Merkys
	Puvočiai
	4296.9
	31.6
	7.4
	21.8
	5.1
	G-sr



	5.
	Ūla
	Zervynos
	679.0
	4.82
	7.1
	2.93
	4.3
	G-sr



	6.
	Žeimena
	Pabradė
	2595.4
	20.3
	7.8
	12.1
	4.7
	G-sr



	7.
	Verknė
	Verbyliškės
	694.3
	5.00
	7.2
	2.16
	3.1
	g-sr



	8.
	Strėva
	Semeliškės
	234.0
	1.64
	7.0
	1.00
	4.3
	G-sr



	9.
	Neris
	Vilnius
	15,218.8
	98.7
	6.5
	61.6
	4.0
	G-sr



	10.
	Neris
	Jonava
	24,544.9
	163
	6.6
	90.7
	3.7
	G-sr



	11.
	Šventoji
	Anykščiai
	3572.0
	26.5
	7.4
	10.3
	2.9
	g-sr



	12.
	Šventoji
	Ukmergė
	5381.1
	38.9
	7.2
	14.5
	2.7
	g-sr



	13.
	Šušvė
	Šiaulėnai
	162.4
	1.17
	7.2
	0.149
	0.9
	r-sg



	14.
	Šušvė
	Josvainiai
	1078.6
	5.50
	5.1
	0.623
	0.58
	r-sg



	15.
	Dubysa
	Lyduvėnai
	1073.2
	8.36
	7.8
	2.02
	1.9
	r-sg



	16.
	Šešuvis
	Skirgailai
	1876.3
	14.9
	8.0
	2.47
	1.3
	R-sg



	17.
	Jūra
	Tauragė
	1664.1
	21.9
	13.1
	3.71
	2.2
	R-sg



	18.
	Akmena
	Paakmenis
	314.0
	4.26
	13.6
	0.692
	2.2
	R-sg



	19.
	Minija
	Kartena
	1220.1
	16.5
	13.5
	2.92
	2.4
	R-sg



	20.
	Bartuva
	Skuodas
	616.7
	7.50
	12.2
	0.755
	1.2
	R-sg



	21.
	Venta
	Papilė
	1560.0
	9.66
	6.2
	1.66
	1.1
	r-sg



	22.
	Venta
	Leckava
	4060.0
	29.5
	7.3
	5.24
	1.3
	r-sg



	23.
	Nemunėlis
	Tabokinė
	2744.1
	19.4
	7.1
	3.08
	1.1
	r-sg



	24.
	Mūša
	Ustukiai
	2284.4
	10.2
	4.5
	1.37
	0.60
	r-sg



	25.
	Lėvuo
	Kupiškis
	303.3
	1.73
	5.7
	0.152
	0.50
	r-sg







Note: * According to Akstinas et al. [52].











Monthly precipitation data from 12 meteorological stations (monitored by the Lithuanian Hydrometeorological Service) covering the main selected river catchments were used for the climate data. Finally, five teleconnection patterns were selected: the North Atlantic Oscillation (NAO), the Scandinavian (SCA), the Polar/Eurasian (POL), the East Atlantic/Western Russian (EA/WR), and the East Atlantic (EA). These indices were selected on the basis of their known influence on the regional climate in most parts of Europe. The monthly data of the standardised indices for the period from 1961 to 2020 were provided by the National Oceanic and Atmospheric Administration (NOAA), National Weather Service, and Climate Prediction Centre (https://www.cpc.ncep.noaa.gov/data/teledoc/telecontents.shtml, last accessed on 6 November 2023). The NCEP–NCAR Reanalysis 1 data for the maps of geopotential height anomalies were provided by the NOAA Physical Sciences Laboratory (https://psl.noaa.gov, last accessed on 6 November 2023).




3. Methods


The aim of the present study is to quantify possible relationships between large-scale atmospheric circulation processes (known as teleconnections) and low flow parameters expressed by Q30, i.e., the average minimum discharge of the 30 driest continuous days. For this purpose, the annual Q30 values of the warm season (May–October) were derived from daily hydrological observations for each WGS. Moreover, the date (month and day) on which the Q30 event occurred was recorded. Five atmospheric circulation indices (NAO, SCA, POL, EA/WR, and EA) and their monthly standardised values were considered to establish possible relationships between large-scale atmospheric circulation processes and Q30. To investigate possible accumulative delay effects of the atmospheric circulation processes, six different scenarios of temporal delay were developed. Scenarios 0, consisting of A, B, C, D, E, and F, differed in the duration of the specific atmospheric circulation index value tested with Q30. In scenario A, an effect was sought based on the previous month’s index value; in scenario B, the sum of the previous two months’ index values was considered; the monthly range was also extended in scenarios C (3 months), D (4 months), E (5 months), and F (6 months). This set of scenarios was supplemented by an additional adjusted scenario that took into account the day of the Q30 event, namely, Scenario 1 with attribution to accumulative months, i.e., A1, B1, C1, D1, E1, and F1. If Q30 was recorded on days 1 to 15 of the month, scenarios A1 to F1 behaved exactly like their counterparts A to F. However, if the Q30 event occurred on day 16 to the end of the month, scenario A1 tests Q30 against the index value of the same month. The other scenarios were constructed accordingly, i.e., the index value of the same month plus 1 previous month was used for scenario B1, 2 previous months for C1, 3 previous months for D1, 4 previous months for E1, and 5 previous months for F1.



Two quantitative approaches were used to determine the relationship between the indices and Q30. In the first approach, Pearson’s correlation coefficient was calculated between the annual series of atmospheric circulation index values and a corresponding series of Q30 values of all analysed years to check whether there was a linear relationship between the two datasets. In addition, the linear relationships between the monthly precipitation amount and the monthly standardised values of the individual climate indices were tested. The analysis was performed for six different accumulation periods (1 to 6 months), as in the case of Q30, to cover up to half a year of possible climate signals on precipitation patterns. The potential lag of precipitation with respect to the variability of the climate indices was tested up to 12 months before the precipitation month.



In the expectation of possible relationships, an alternative approach was considered, namely, the use of the Wilcoxon–Mann–Whitney test [53]. This test is a non-parametric method that can be used to quantify whether two populations are statistically identical under the null hypothesis or whether one population tends to have higher values than the other. It divides the dataset into two equal populations accordingly. The test was applied as follows: the first 20 and the last 20 years were selected from all years of a single time series (each corresponding to a particular combination of WGS, Q30 value, and accumulative delay scenario of the index) ordered by the atmospheric circulation index. Each of the resulting 40 years was assigned either a first rank (the first 20 years with a negative phase of the index) or a second rank (the last 20 years with a positive phase index). The second step of the ranking was ordered by Q30 (from lowest to highest), resulting in ranks 1 to 40. Finally, the two sets of ranks (negative and positive phases of the index) were compared using the Wilcoxon–Mann–Whitney test according to the ranking of the second step. The results of the test were categorised into statistical confidence levels of 90%, 95%, and 99%, but only results of ≥95% were considered statistically significant and interpreted as there being a high probability of an effect of the climate indices on Q30.



Based on the statistically significant relationships, the anomalies of the geopotential height of the isobaric 500 hPa surface (Z500) were calculated to indicate the main atmospheric circulation situations over the studied region. The anomaly maps were generated using the NOAA Physical Sciences Laboratory (PSL) Monthly Composites application (https://psl.noaa.gov/cgi-bin/data/composites/printpage.pl, last accessed on 6 November 2023). To create the maps, for each rank (first and second rank of each index), a set of 5 of the most frequent years with statistically significant relationships between the WGSs was selected from the top and bottom rankings according to Q30. Therefore, 5 of the 20 selected years (25%) were used to indicate the prevailing atmospheric circulation over the target region during the negative and positive index phase based on the Q30 size. The same years were used to create the heatmaps of the temporal change of the Z500 anomalies over the year to highlight the main development features between 40 and 60° N latitude and from 45 W to 45 E longitude during the low and high Q30 values.




4. Results


4.1. Correlation Analysis between Climate Indices and Low Flow


In the first phase of the data analysis, the Pearson correlation coefficient was calculated to investigate possible relationships between the data series of the annual Q30 values of each analysed WGS and the series of the corresponding indices at each temporal delay scenario. In most scenarios, there were negative correlations between Q30 and the indices (Figure 2). To maintain hydrological similarities, the order of the rivers based on hydrological regionalisation was applied [52]. Most correlations were relatively weak. On average, the correlation between the NAO index and Q30 was −0.187 but ranged from −0.43 to 0.13 and was mostly negative. The weakest correlations occurred in the A1 scenario with a 1-month temporal delay (−0.12 on average). However, as the accumulative lag increased, the negative correlations became more pronounced, dropping to −0.28 in scenario F (6-month lag). There were some groups of rivers that reacted similarly to the index. The Šventoji River, a tributary of the Neris, displayed relatively stronger correlations in the first six scenarios (A to C1, with a lag of 1 to 3 months). Additionally, the Neris River also showed more pronounced negative correlations with the Šventoji catchment area for scenarios A1, B1, and C1, which fell to −0.43.



The correlation between Q30 and the SCA index was relatively low on average (0.037), but correlation coefficients ranged from −0.38 to 0.26, depending on the scenario. The group of rivers consisting of the WGS of Neris and Šventoji had the relatively strongest correlation coefficients for scenarios B, C, and C1 and included an average coefficient of −0.34 for the mentioned scenarios. For the longer accumulative period of scenarios, D to F (4 to 6 months), the correlation gradually became positive. This regularity indicates the possible opposite effect of the longer accumulative lag time compared to the shorter one.



Correlations between the POL index and Q30 ranged from −0.36 to 0.2, but the overall tendencies indicated more cases of negative correlation. The relatively strongest negative correlations were found in the WGSs in the western part of Lithuania. Here, the strongest coefficients reached −0.36 according to scenarios B, C, and C1. The increased lag time of 4and 6 months decreased the correlation for most rivers.



The EA/WR index showed the most pronounced results, as the correlation coefficients varied from −0.46 to 0.12. Most correlations were negative. The response of Q30 to the EA/WR index gradually increased on average from −0.16 at 1-month lag (scenario A1) to −0.27 at 3-month lag (scenario C). The relationship between EA/WR and Q30 in scenarios D and E decreased but remained as strong as in scenarios F and F1. The average correlation per scenario was −0.25 for F and −0.27 for F1. Šventoji-Anykščiai WGS showed the relatively highest values for 2- and 3-month lags (all scenarios B and C, with correlations averaging −0.42 across these scenarios). Further relatively stronger correlations occurred in scenarios B, C, and C1 at Verknė–Verbyliškės (−0.36), Merkys–Puvočiai (−0.35), Dubysa–Lyduvėnai (−0.30), and Nemunas–Smalininkai (−0.36) WGSs.



The relationships between Q30 and the EA index indicated the relatively weakest correlations despite the large variability from−0.28 to 0.30 but, on average, the correlations for each given scenario were low (0.09 to 0.07). The rivers in eastern Lithuania (Nemunas and its tributaries) show slightly positive correlations in scenarios A to C (1- to 3-month lag). Most of the values in scenarios D to F1 were close to zero.




4.2. Climate Indices’ Signals in Low Flow Data


The Wilcoxon–Mann–Whitney test was performed to determine dependencies between the analysed atmospheric circulation indices and Q30 at the same 25 water gauging stations. The relations between the climate indices and the low flow parameter were tested for different scenarios of temporal response from the onset of the oscillation to the Q30 event, corresponding to the same scenarios from A to F1 with accumulative lag times from 1 to 6 months. The results showed whether the climate index signal on Q30 of certain WGS was reflected according to the different delay scenarios and what the statistical significance of the relationship found (Figure 3).



The EA/WR climate index had the strongest relation with the Q30 of the studied rivers. In most WGSs (20 out of 25), the statistically significant relations (with a confidence level of ≥95%) were found at least once per analysed scenario (Figure 3). For other climate indices such as the NAO and SCA, statistically significant relations were only found for 11 and 8 WGS, respectively, in 16 analysed scenarios. For the NAO index, the strongest response occurred in scenarios with an accumulative lag of 4 months (scenarios D and D1; 7 and 5 WGS, respectively, showed a statistically significant relationship). The weakest response was seen in scenarios A, E, E1, F, and F1, with only 1–3 WGS in each of these scenarios showing a significant relationship with the NAO. Q30 of the Neris River and its tributary Šventoji River were strongly influenced by the NAO and the peak strongest response was observed in scenarios C1, D, and D1, implying a lag of 3–4 months. Two WGSs, Mūša–Ustukiai and Nemunėlis–Tabokinė of northern Lithuania, also displayed significant responses to the NAO according to different scenarios (Figure 3).



To illustrate the character of the relations, the distribution of the standardised values of Q30 assigned to the first rank (negative index phase) and the second rank (negative index phase) was also presented on the basis of the statistically significant relations (Figure 4). The 20 years with the highest (positive) NAO values corresponded predominantly to one third of the lowest Q30 values. In contrast, the 20 years with the lowest (negative) NAO values did not correspond to any specific Q30 value but showed a tendency for Q30 values to increase during the negative phase for most scenarios.



For the SCA index, the relationship between the index and Q30 occurred at several stations in scenarios C to F (3- to 6-month lag), with the peak response occurring in scenarios D and E with 4- and 5-month lags, respectively (Figure 3). The highest number of statistically significant relationships was found in the Neris and Šventoji group of rivers, with no obvious peak, and in Merkys, where the peak in scenario E corresponded to a 5-month accumulative delay. Akmena–Paakmenys also responded strongly to this index, with the highest values occurring in scenario E1, which corresponds to a 5-month accumulated delay. This type of relationship occurs most frequently in scenario E1, suggesting that Q30 responds to the oscillation with a 4-month accumulative delay. The 20 years with the highest (positive) SCA values accumulated in the lower half of the Q30 values, and similarly to the NAO, the 20 years with the lowest (negative) SCA values were spread over a wide range of Q30 values but tended to increase Q30 (Figure 4). Sixteen WGS had a statistically significant relationship with POL, and the most significant relationships occurred in the scenarios with the longest cumulative delays F and F1, corresponding to 6 months (Figure 3). This index seems to have much weaker effects in the other scenarios, with the exception of Šušvė–Josvainiai, which had continuously shown significant responses to the changes in this index. The obtained signalling character tended to decrease the Q30 values with the increase of the POL index within the positive phase, as the 20 highest values of the positive oscillation corresponded to the lower half of the Q30 values, while the 20 lowest values of the POL index were associated with an increase of Q30 (Figure 4).



The EA/WR index interacted most strongly with the potential ecological flow variable of Q30 compared to the other climate indices, regardless of the time lag. However, this index showed the strongest impact on Q30 at an accumulated delay of 3 months before the Q30 event, as scenarios C and C1 had 15 and 16 WGS, respectively, with a statistical confidence level of ≥95% (Figure 3). A second and smaller peak of the WGSs involved occurred 5 months before the Q30 event. The effect of the index is visible on most of the analysed rivers, but the largest response to the EA/WR index was shown for the Neris and Šventoji River group. Similarly, to other scenarios, Q30 tends to be low during the positive phase of the index, while negative index values were accompanied by multiple high Q30 values (Figure 4). In contrast to EA/WR, EA seemed to have the weakest impact on the studied area during the dry period, where only six WGSs responded statistically significantly to this index (Figure 3). Only Venta–Leckava and Šušvė–Šiaulėnai had some repeated statistically significant tendencies within the different scenarios, with no clearly defined accumulation time when this index would have the strongest impact on Q30.




4.3. Climate Indices Relation with Precipitation


Based on the previous results, the relations between monthly precipitation and the monthly average of each climate index were tested. This analysis was used to reveal whether a linear relation exists between the climate indices and the amount of precipitation over Lithuania, as precipitation plays an important role in the formation of low flows and river flow in general. The relations were analysed for six different cumulation periods ranging from 1 to 6 months (Figure 5). The results also indicated the potential lag of precipitation with respect to the climate signal, as the relations were tested up to 12 months before the precipitation month. The relatively strongest correlations were found for the NAO and EA/WR indices. For the 1-month accumulation period, the strongest relationships with the warm season were defined in June for the NAO index, in July for the EA/WR index, and in September for the POL index. All these indices were negatively correlated with precipitation and their coefficients varied between −0.42 and −0.45. Only the correlation between the SCA index and precipitation reached −0.50, but the strongest relations were found in the cold months of January, February, and November. Meanwhile, the NAO index correlated positively with precipitation and had a correlation coefficient of 0.50 at the beginning of the year. Longer accumulation periods increased the correlations between precipitation and the NAO, SCA, and EA/WR climate indices. The relatively highest correlation between the NAO and precipitation was found for a 4-month accumulation period, but the strength of the relationship depended on the season. In the cold season, the relatively highest positive correlation (0.64) was found in March, while in the warm season, the negative correlation of −0.43 was found in August. The strongest relationship between the EA/WR index and precipitation was found for the 3-month accumulation period, as the correlation was 0.51 in August. The extended accumulation period up to 5 and 6 months strengthened the relations for the POL index but did not noticeably change the correlation for the EA/WR index. The relatively weakest relations were obtained for the EA index and despite the accumulation period, the correlation coefficients did not exceed 0.30 in the warm season. All these results indicate the existing linear relations between some of the climate indices and precipitation, which could explain the influence of the indices on the low flow parameters. Therefore, the following analysis of the differences in the atmospheric circulation expressed by the geopotential height anomalies was performed to explain the potential influencing mechanisms.




4.4. Atmospheric Circulation during the Low Flow


To determine the atmospheric circulation during low flow, the most dominant years of the rivers with statistically significant relations were selected to highlight differences in the formation of the Q30 magnitude. The previous results of the statistically significant relationships showed that the lowest Q30 values prevailed during positive indices and, conversely, the highest Q30 values prevailed during negative indices. The produced 500 hPa geopotential height (Z500) anomaly maps showed the main differences in atmospheric circulation in the years with the highest and the lowest Q30 values (Figure 6). The maps showed that negative Z500 anomalies of up to 30–45 m above the study area were observed during the highest Q30 values, i.e., they fell in the years of the first group—indices of the negative phase. The central parts of the anomalies were mainly located over the southern part of the Baltic Sea and southern Scandinavia for the NAO, SCA, and POL indices. Moreover, the spread of the negative anomaly extended over the whole of Northern Europe, while the study area was located on the eastern periphery. In the case of the EA/WA index, the negative anomaly of Z500 was located over Western Europe with a large spatial extent. In the current situation, Lithuania was located in the north-eastern part of the observed anomaly. The distribution of the pressure gradients among the NAO and EA/WR indices showed a clear distribution and interaction of the anticyclonic circulation centres over the North Atlantic and West Siberia with the cyclonic centres over Western and Northern Europe. The strongest negative anomaly of Z500 was found for the EA index and reached up to 60 m. The central part of this anomaly coincided with the study area in the south-eastern part of the Baltic Sea region and covered almost all of Northern, Central, and Eastern Europe, with a negative anomaly of more than 20 m. These negative anomalies caused the presence of a cyclonic circulation that brought excess moisture to the target region. Due to its location in Eastern Europe, most of the incoming air masses were expected from the south. At the same time, the lowest Q30 values were observed during the positive phases of the indices. Accordingly, the maps of the Z500 anomalies showed the opposite regularities to those of the negative phases, because the positive Z500 anomalies were fixed over the study area. However, the anomalies were not very pronounced, as, on average, only 15–20 m anomalies were detected for the NAO, SCA, and POL indices. Especially for the EA/WR index, the anomaly maps indicated almost regular perennial Z500 conditions for the analysed region. The highest positive Z500 anomaly was again found for the EA index, when an anomaly of up to 35 m was found over Western Europe, which included all surrounding areas in its area of influence. In most cases, the study area was located in the eastern or south-eastern part of the positive Z500 anomaly, which determined blocking conditions for moisture transfer from the west. Moreover, such conditions cause relatively cool and dry air transfer from northern latitudes.



In addition, the heatmaps of the changes in the Z500 anomalies since the beginning of the year were created to indicate the main temporal development patterns for the two groups of years over time and zonal direction (Figure 7). The averaged 40–60° N latitude anomaly showed the main distribution of positive and negative Z500 anomalies for each selected index. In the years of the first group with the highest Q30 values, the positive Z500 anomaly dominated over the North Atlantic between 45 W and 10 W longitude compared to the years of the second group in most months of the warm season. This regularity caused predominant negative anomalies of Z500 and the subsequent cyclonic circulation eastward from 0 E and especially in the analysed region between 20 E and 30 E longitude. The POL and EA indices differed by the contrast in the Z500 anomalies between February and May for the first group years. There was an intense circulation within the region of the mentioned indices during the high low flow values. On the other hand, the lowest Q30 values were found during the years of the second group with low contrast and amplitude anomalies over the North Atlantic (between 45 W and 10 W longitude). Most of the obtained anomalies were relatively low and more cases of negative anomalies were detected than in the years of the first group. Consequently, more positive anomalies of the Z500 between 0 E and 30 E longitude were found in the years of the second group. The temporal development scales of the NAO, SCA, and EA/WR indices indicated a strong contrast between positive and negative Z500 anomalies for the January–March period during the low Q30 values.





5. Discussion


This study investigated the important area of understanding the complex interplay between teleconnection patterns and low flows in lowland rivers. Teleconnection indices, consisting of NAO, SCA, POL, EA/WR, and EA, have often been used as indicators of climate variability in scientific studies and selected to test certain hypotheses based on physical processes. The results of this study revealed remarkable relations between these teleconnection patterns and the annual values of Q30, while not exceptionally robust, show clear patterns of significant response. In most cases, the indices show negative correlations with Q30 values, with the exception of the SCA index for longer accumulation periods. On average, all indices show relatively weak correlations between the different accumulation scenarios. However, the non-parametric Wilcoxon–Mann–Whitney test revealed a strong Q30 response to the EA/WR climate index, as 20 out of 25 analysed WGS showed statistically significant relationships at least once per applied accumulative delay period. Moreover, the NAO index also had a strong influence. The character of the obtained relation was reflected by lower values of Q30 during the positive phase of the indices and vice versa. This is consistent with previous studies that have frequently found correlations between river discharge and the NAO in different regions of Europe [54,55]. Significant correlations, especially between 1973 and 1998, were observed for rivers in the Iberian Peninsula, with values of −0.76 for the Douro, −0.77 for the Tagus, and −0.79 for the Guadiana. These correlations were consistently higher than in previous decades, as noted by Trigo et al. [55]. In Lithuania, the development of dry periods was related to the negative NAO/AO phase and it was concluded that the sustained phase of dry periods appears to be less dependent on anomalous atmospheric circulations [56]. The seasonal dependence was noted by Giuntoli et al. [57], as the seasonal climate indices show a delay period, so that the summer hydrological droughts of northern France are linked to the NAO index of previous seasons. Accordingly, different delay periods should be taken into account in the search for interrelations. In the south-eastern Baltic Sea catchment, Wrzesiński and Paluszkiewicz [58] found significant positive correlations between the NAO and river discharge in the winter season, in contrast to negative correlations in the spring. Furthermore, Birsan [28] discovered strong negative correlations between the NAO (December–March) and the mean annual runoff in Romania, highlighting the role of large-scale atmospheric circulation and the orographic effects of the Carpathian Mountains. Jalón-Rojas and Castelle [59] investigated the influence of large-scale climate variability on winter river discharge in Western Europe. The strongest correlations were found with the NAO index, especially in the far northern regions (with correlation coefficients of up to 0.56) and in the southern latitudes (with only 0.72).



Based on the correlations between precipitation and atmospheric circulation, this study found that the NAO and EA/WR show a relatively stronger correlation with precipitation during the warm season than do the other indices. These correlations were influenced by the chosen accumulation period, with the NAO showing the strongest negative correlations during the summer months, particularly June, July, and August. The EA/WR index had the strongest negative correlations in August. These results agree with those of Sukhonos and Vyshkvarkova [60]. The AO and NAO have a greater influence on the extremes in winter (positive correlation), while the EA/WR pattern has a greater influence on the region in summer and has a negative correlation. The results of Burt and Howden [61] are consistent with previous studies showing a remarkable positive correlation between precipitation in mountainous regions and the NAO in autumn, winter, and spring. Conversely, there is a clear negative correlation in the English lowlands in summer. In Serbia, the dominance of the NAO in winter, EA/WR in autumn, and EA in all seasons for cold–dry and warm–dry conditions were emphasised [62]. Devi et al. [63] developed a simple seasonal forecast model for the prediction of winter precipitation and found a significant negative correlation of −0.57 with the NAO. Significant positive correlations were also found between EA/WR and cold–dry conditions in autumn and negative correlations between EA/WR and warm–dry conditions in summer. However, some studies have provided results that despite the strong correlation between rainfall and river discharge, no significant correlations were found between precipitation over northern Spain and the NAO index [64].



The geopotential height anomalies maps of the 500 mb isobaric surface (Z500) showed that at high Q30 values, the negative Z500 anomalies of 30–45 m prevailed in the southern part of the Baltic Sea and extended over Northern Europe in the case of the NAO, SCA, and POL indices. In the case of EA-WR, the negative Z500 anomaly was observed over Central Europe (eastern France), but the north-eastern edge covered the study area. At low Q30 values, positive Z500 anomalies prevailed, but they were not as pronounced as in the previously discussed case and averaged 15–20 m in the central parts. However, they were sufficient to have a reducing effect on the Q30 size. In the southern Baltic Sea region, the composite analysis of 500 hPa geopotential height anomalies during dry periods showed different patterns, from weak high-pressure gradients to mild cyclonic circulations [56]. In the longest dry episodes in Lithuania, there was a distinct pattern at the 500 hPa level with a positive anomaly up to 90 m over Scandinavia and a negative centre over Western Europe, the Mediterranean, and the Balkans. This indicates that anticyclones over Scandinavia cause persistent precipitation deficits in Lithuania [56]. It is comparable to the summer Scandinavian blocking high and the positive phase of the Scandinavian teleconnection pattern, although it is less pronounced in summer [65,66]. Analysing the role of teleconnection patterns in the variability and trends of growing season indices across Europe revealed very similar trends [67]. In summer, the NAO weakens and shifts northwards, while the positive SCA phase reduces precipitation in Scandinavia and increases it over the north-eastern Atlantic. In the positive EA/WR phase, the height anomalies are positive over the North Sea and Mongolia and negative over Western Russia, resulting in southerly winds in winter and northerly winds from April to October in Eastern Europe. The same was confirmed by Ionita [32], who showed that the EA/WR is strongest in winter, with a positive EA/WR phase associated with dry conditions in Southern Europe and heavier precipitation over Scandinavia, as well as higher temperatures over Northern and Central Europe but cooler temperatures over Southern Europe. Lim [68] also confirmed that the negative EA/WR phase is associated with cooler temperatures in Western Europe and warmer temperatures in Eastern Europe. In the Mediterranean, especially in the western and northern regions, the positive phase of the EA oscillation contributes to dry and warm months associated with subtropical conditions [69]. Conversely, the negative mode of the EA favours wet and cold months, especially in the northern and western parts of the basin. The EA/WR oscillation effectively predicts dry–warm and wet–cold events in the eastern Mediterranean. In addition, Putniković et al. [70] found a consistently negative correlation between the EA/WR index and the geopotential height at 500 hPa over Russia, north of the Caspian Sea, throughout the year. The strongly negative EA/WR phase corresponded to positive temperature anomalies in Eastern Europe, while the strongly positive phase led to below-average temperatures.



This study addresses the complex interplay between teleconnection patterns and the behaviour of lowland rivers, focusing on the influence of atmospheric circulation indices as drivers of the parameters of potential ecological flow. This analysis reveals remarkable relations between selected teleconnection patterns and annual Q30 values, showing a consistent response. The relations showed negative associations with Q30 values, especially the Q30 connection with the EA/WR index. Based on these results, future research could focus on the genesis of individual low flow events, paying additional attention to macrocirculation patterns that would indicate the precise development of target events. In essence, this study highlights the crucial role of teleconnection patterns in the formation of low flow and the response of lowland rivers to climate variability and provides valuable insights for further research and forecasting efforts.




6. Conclusions


This study investigated the relationships between five atmospheric teleconnection patterns (NAO, SCA, POL, EA/WR, and EA) and the average minimum discharge of the 30 driest continuous days in the warm season (Q30). Statistical analysis using the Wilcoxon–Mann–Whitney test investigated significant relationships between low flow and atmospheric circulation under different accumulative delay scenarios. The results revealed clear patterns between the selected teleconnections and the annual values of Q30. The EA/WR had the strongest interaction with Q30 regardless of temporal delay. Even 20 out of 25 WGSs showed statistically significant responses to the EA/WR index by the analysed scenarios. Most WGSs responded to the 3-month accumulative delay before the Q30 event. Meanwhile, the NAO and SCA showed a weaker impact on Q30, especially in the group of WGS of the Neris and Šventoji rivers for the 4-month accumulative delay. The POL index demonstrated a strong impact on Q30 only for the longer 6-month accumulation period. The general tendencies disclosed that the lowest Q30 values prevailed during the positive phases of the climate indices. These conditions were determined by the prevailing of anticyclonic circulation, as the analysed region was located at the eastern edge of the positive geopotential height anomalies of the 500 hPa isobar surface. Accordingly, the eastern edge of obtained anomalies played a crucial role in the formation of Q30 with respect to climate indices that caused the anomalies of such shape. Conversely, the highest Q30 values and their larger dispersion were observed during the negative phases of the analysed climate indices when the negative geopotential height anomalies dominated over the study area.
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Figure 1. Spatial distribution of the selected WGSs and MSs. 
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Figure 2. The correlations between Q30 and selected climate indices (NAO, SCA, POL, EA/WR, and EA) for all analysed WGSs according to different scenarios. 
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Figure 3. Results of the Wilcoxon–Mann–Whitney test between Q30 and the studied climate indices (NAO, SCA, POL, EA/WR, and EA) for all selected WGSs according to different scenarios. The green boxes indicate that there is a borderline statistical relation (90%) or that the relationship is statistically significant (95% and 99%). 
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Figure 4. Distribution of 20 standardised values of Q30 corresponding to negative phases of the studied index (a first rank, marked as purple bars) and 20 standardised values of Q30 corresponding to positive phases of the studied index (a second rank, marked as green bars). The Q30 value was normalised, taking into consideration the maximum Q30 value of each WGS. The row of purple/green bars inside each graph represents a river with a statistically significant relation (≥95%). 
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Figure 5. Correlation between monthly precipitation and selected climate indices for different accumulation periods (1 to 6 months). A negative month value on the vertical axis indicates the month of the previous year. 
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Figure 6. Spatial distribution of geopotential height anomalies of 500 hPa isobaric surface (generated by the NOAA PSL Monthly Composites application) during the warm season for the first (years with negative index phase and the highest Q30) and second (years with positive index phase and the lowest Q30) group years by selected climate indices. 
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Figure 7. Temporal change in the anomalies of the geopotential height of the 500 hPa isobaric surface (based on data from the NOAA PSL Time Section Plots Using Gridded Daily Data application) over the year for the first (years with negative index phase and the highest Q30) and second (years with positive index phase and the lowest Q30) group years according to selected climate indices. 






Figure 7. Temporal change in the anomalies of the geopotential height of the 500 hPa isobaric surface (based on data from the NOAA PSL Time Section Plots Using Gridded Daily Data application) over the year for the first (years with negative index phase and the highest Q30) and second (years with positive index phase and the lowest Q30) group years according to selected climate indices.



[image: Water 16 00066 g007]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/license