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It is largely unknown, yet essential for the Baltic Sea state, the nutrient and pollutant loads from land, and the coastal-marine ecosystem health how freshwater discharges to the sea and their drought and flood extremes vary and change over the Baltic Sea Drainage Basin (BSDB). Based on four different (types of) datasets, we here compare these variations and changes over 1980-2010 across 69 large hydrological catchments in the BSDB. The datasets agree that the precipitation changes over the study period do not necessarily propagate to analogous changes for runoff and related discharges to the sea, with results showing various contrasting precipitation and runoff changes. The datasets differ markedly in that some model-based reanalysis datasets yield directly opposite water balance closures, implying persistent 30-year average regional storage wetting or drying depending on the dataset. For droughts and floods, dataset differences are overall greater for runoff than for precipitation, and widely used reanalysis data do not fully capture how extremely high and low flood- and drought-related runoff fluxes can be, as observed in the BSDB. These findings are important for plans and preparations to mitigate and/or adapt to changes and extremes in the Baltic freshwater conditions and discharges to the sea.
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1 INTRODUCTION
The flows of water on land and associated freshwater discharges from land to the sea—along with the loads of nutrients and pollutants these discharges carry—are essential for the quality and ecosystem health of coastal and marine waters (Häder and Barnes, 2019). To appropriately manage and plan for mitigating or adapting to changes in these discharges and their drought (low-flow) and flood (high-flow) extremes, the spatial covariations and temporal coevolution of water, climate, and other environmental and societal conditions need to be understood. This understanding is confused, however, by key knowledge gaps and open research questions (Blöschl et al., 2019; Zarei and Destouni, 2024a), along with the large spatiotemporal variability of water conditions and water-influencing human activities on land (Althoff and Destouni, 2023; Teuling et al., 2019). The combination may lead to quantification discrepancies and uncertainties between different observation- and model-based datasets for the same terrestrial water flux variables around the global land area (Zarei and Destouni, 2024b), calling for improved quantification of the variations and changes, and the drought and flood extremes, of the water fluxes on land and discharges to the sea.
Water balance closure is key to constraining and testing the realism of various dataset representations of the main water fluxes, storage changes, and their relationship on land. The main fluxes are those of precipitation (P), evapotranspiration (ET), and runoff (R; discharge divided by the contributing hydrological catchment area), and the associated water storage change (DS) that a possible imbalance of these fluxes implies as DS = P-ET-R. This water balance relationship applies at all scales, including various temporal ones (Berghuijs et al., 2014), and spatially over each hydrological catchment (Destouni and Verrot, 2014), multiple catchments in regional aggregations (Berghuijs et al., 2019; Moshir Panahi et al., 2020), and over the global land area (Lehmann et al., 2022). Different datasets can be used to quantify this relationship and the variations and changes in the linked hydro-climatic variables (Zarei and Destouni, 2024b), along with those of other climatic and additional driver-pressure variables (Althoff and Destouni, 2023; Teuling et al., 2019). As mentioned, the datasets may then disagree in their quantifications of the water fluxes and implications for water storage changes and discharge extremes. In view of this, we here aim to decipher: (i) if and how such dataset disagreements emerge for the runoff and discharges of water from the Baltic Sea Drainage Basin (BSDB); (ii) what the dataset agreements and differences are for the discharge extremes under droughts and floods; and (iii) which datasets are more and less realistic and relevant for the water aspects of (i)–(ii) in the BSDB.
To this end, we use the four comparative datasets included in the Baltic Hydro-Climatic Data (BHCD) synthesis for the BSDB by Zarei and Destouni (2025a). This was extracted from the Global Hydro-Climatic Data (GHCD) reported by Zarei and Destouni (2024b), using consistent catchment selection criteria for data quality and spatial and temporal coverage. Each dataset in the BHCD facilitates water balance closure for 69 non-overlapping hydrological catchments within the BSDB (Figure 1A), selected to fulfil the criteria of continuous multi-decadal data time series over the 30-year period 1980–2020. The Baltic multi-dataset and multi-catchment synthesis of the BHCD (Zarei and Destouni, 2025b) samples a broad range of hydro-climatic conditions, with widespread spatial coverage across the BSDB, based on which the research questions (i)–(iii) can be reasonably addressed.
[image: Map of Scandinavia and parts of Europe featuring colored regions for different areas. Four box plots show various climate and terrestrial water flux statistics: B) Mean temperature in degrees Celsius, C) Mean precipitation in millimeters per year, D) Mean runoff in millimeters per year, and E) Mean evapotranspiration in millimeters per year. Each plot compares four datasets: Obs, Mixed, GLDAS, and ERA5 with varied central values and ranges.]FIGURE 1 | Locations and hydro-climatic variability of the 69 hydrological study catchments. (A) Map of the 69 non-overlapping catchments (colored fields) within the total Baltic Sea Drainage Basin (colored and gray fields). Boxplot statistics for the catchment-wise spatial and temporal (1980-2010) average (CSTA) values of: (B) air temperature at the land surface, (C) precipitation, (D) runoff, and (E) evapotranspiration, as obtained from the comparative datasets Obs, Mixed, GLDAS, and ERA5. Each boxplot shows the following CSTA statistics across catchments: median value (mid-line number), interquartile range (IQR: box, showing the middle 50% of the data), and data range up to 1.5 times below the 25% and above the 75% quartile values of the IQR.2 METHODS
The catchments included in the BHCD synthesis (Figure 1) have a total area of 722,235 km2 (Zarei and Destouni, 2025a), corresponding to nearly half of the total area of the BSDB (Hannerz and Destouni, 2006). These 69 Baltic catchments were selected consistently with the worldwide catchment selection in the GHCD (Zarei and Destouni, 2024b), based on requirements for the catchment data time series to: (a) include a minimum of 300 non-missing monthly runoff values over the total study period of 30 years; (b) be available for each comparative dataset; and (c) have maximal non-overlapping spatial coverage by including the largest possible catchments meeting the other inclusion criteria (a–b). These criteria were used for comprehensive and harmonized spatiotemporal data coverage, with open data accessibility. The criterion of non-overlapping catchments (c) was used to avoid double- or multi-counting of the same overlapping hydro-climatic conditions in the regional statistics.
The four comparative datasets in the BHCD, consistent with the GHCD, are: (I) Obs, based on in-situ measured data for runoff (R) (Do et al., 2018; Gudmundsson et al., 2018) and precipitation (P) (Schneider et al., 2016) and modelled data for average annual evapotranspiration (ET) based on the simplified water balance model ET ˜ P-R, assuming negligible average water storage change (DS ≈ 0); (II) Mixed, based on the same R and P data as Obs but using a different ET model, the “Global Land Evaporation Amsterdam Model” (GLEAM; Martens et al., 2017; Miralles et al., 2011), which facilitates calculation of water storage change as DS = P-ET-R; and two global reanalysis products that each provide a complete set of P, ET, and R data, from which DS can also be calculated as DS = P-ET-R, including (III) the “Global Land Data Assimilation System” (GLDAS; Beaudoing and Rodell, 2019; Rodell et al., 2004), and (IV) the “ECMWF Reanalysis 5th Generation” (ERA5; Hersbach et al., 2017) described in further detail by Hersbach et al. (2020). Additionally, data for air temperature at the surface (T) are also included in Obs and Mixed from GHCN-CAMS (Fan & Van den Dool, 2008), and in GLDAS and ERA5 from the corresponding reanalysis products.
Zarei and Destouni (2025a) provide further descriptions and details of the BHCD, including its data structure and metadata. Supplementary Material S1 explains in more detail the catchment selection approach. The selection of catchments is constrained by the availability of long-term, quality-controlled monitored discharge data, obtained in this study from the GSIM dataset (Do et al., 2018; Gudmundsson et al., 2018). The necessity of such discharge data is unavoidable for relevant water balance-constrained comparisons and reality checks of how different types of datasets agree and/or disagree with each other and with actual observation data in their representations of runoff and freshwater discharges from land to the sea. The monitoring data requirements imply a sampling bias toward catchments with existing hydrological infrastructure and monitoring capacity, and an underrepresentation of less-developed or remote parts of the BSDB—as is the case for other data-poor regions around the world—more or less similarly when using GSIM (Zarei and Destouni, 2024b) or other discharge datasets with comparable spatial coverage (Althoff and Destouni, 2023). In fact, the spatial bias is considerably smaller for the BSDB—with nearly half of its total area covered by the discharge data from GSIM—than the average spatial coverage globally by such high-quality long-term discharge data, which is typically no more than around one-third of the world’s total land area, excluding Antarctica (Althoff and Destouni, 2023; Zarei and Destouni, 2024b).
To identify and decipher key agreements and disagreements among the comparative datasets in the BHCD, we compare how each dataset quantifies the same hydro-climatic variation and change statistics of relevance for the freshwater discharges to the Baltic Sea. For annual average hydro-climatic conditions, the dataset comparisons concern the condition variations spatially among the catchments, and the temporal condition changes over the 30-year study period 1980-2010, and from the first (1980-1994) to the second (1995-2010) half of the period.
For the key water fluxes of precipitation and runoff, monthly fluxes are assessed separately for winter (DJF), spring (MAM), summer (JJA), and autumn (SON). The monthly flux assessments include the following statistics across catchments: median values; temporal coefficients of variation (CV (s/m); standard deviation (s) divided by the mean value (m)); and 1st and 99th percentile values of the monthly fluxes in each season over each of the subperiods 1980-1994 and 1995-2010. The 1st and 99th percentile values bound the lowest and highest 1% of the monthly fluxes, indicating the drought- and flood-related flux conditions, respectively, for each season and subperiod. The subperiod division yields a sample size of 3,105 monthly flux values for each 3-month season over the 15 years of each sub-period across the 69 catchments. This can reasonably indicate essential agreements and disagreements in how the comparative datasets represent the studied regional statistics and their changes between the sub-periods.
3 RESULTS
3.1 Variations and changes in water fluxes and storages
Figures 1B–E show boxplot statistics across the study catchments for the catchment-wise spatial and temporal (1980-2010) average (CSTA) values of air temperature at the land surface, and the fluxes of precipitation, runoff, and evapotranspiration. All datasets agree well on the CSTA statistics for temperature (Figure 1B). For precipitation, runoff, and evapotranspiration, the datasets differ more (Figures 1C–E). The flux differences are particularly important for the water storage changes they imply through the water balance relationship for each catchment (DS = P-ET-R; Figure 2A). On average across the catchments, this yields opposite directions for the regional area-weighted average water storage change implied by the Mixed and ERA5 datasets (Figure 2B). Specifically, Mixed yields overall negative, while ERA5 yields overall positive, storage change, implying persistent regional area-weighted average storage drying versus storage wetting, respectively, continuously over the whole 30-year study period across the BSDB catchments. In contrast to these opposite ERA5 and Mixed implications, but consistent with the DS ≈ 0 assumption of Obs, the regional area-weighted average storage change implied by GLDAS varies closely around zero over the whole study period.
[image: Multiple graphs depict water storage change, terrestrial water flux changes, and related trends. Panel A shows storage change per study catchment by latitude, with lines for the datasets: Obs, Mixed, GLDAS, and ERA5. Panel B displays area-weighted average storage change over time from 1980 to 2010. Panels C, D, and E present box plots for precipitation, runoff, and evapotranspiration trends, respectively, indicating 30-year changes for each dataset, labeled with corresponding numerical values.]FIGURE 2 | Terrestrial water changes across the Baltic study catchments. (A) The 30-year average storage change for each catchment in longitudinal order, and (B) the regional area-weighted average annual storage changes (solid lines) with associated regression lines fitted over 1980–2010 (dashed lines) and bands of ± one standard deviation around the average annual values (shaded areas). Boxplots of statistics across catchments are further illustrated for the slopes (in mm/year2) of regression lines fitted to the temporal variations over 1980–2010 of each catchment’s annual: (C) precipitation (P), (D) runoff (R), and (E) evapotranspiration (ET); the values written in parentheses below the boxplots show the changes over the 30 years of the study period 1980–2010 (in mm/year) implied by the median regression line slopes across all catchments. Each boxplot in panels (C–E) shows the slope statistics: median value (mid-line number), interquartile range (IQR: box, showing the middle 50% of the data), and data range up to 1.5 times below the 25% and above the 75% quartile values of the IQR. Each panel compares these results for the different datasets Obs, Mixed, GLDAS, and ERA5; note that the storage change implied by Obs is zero by assumption.The storage change implications of Mixed and ERA5 are physically unreasonable for several reasons:
	1. The directly opposite implications for the 30-year regional area-weighted average storage change—persistent wetting in ERA5 versus persistent drying in Mixed (Figure 2B; with the dataset differences far exceeding the respective standard deviation bands for each dataset)—which clearly cannot both be real for the same region at the same time.
	2. The 30-year regional average cumulative water level rise for ERA5 and drop for Mixed that their respective area-weighted average water storage changes imply; such water level changes are unreasonably large in both directions. Consider, for example, the regional average groundwater table level existing beneath the entire land surface of all catchments. This would rise by 1.3–1.7 m according to ERA5 and drop by 8.5–11 m according to Mixed, based on their respective area-weighted average storage change values and a typical average aquifer porosity value of around 0.3–0.4. Such dramatic average water level changes are not seen or reported across the BSDB catchments (see further discussion about this below).
	3. The much larger spatial variations emerging from both ERA5 and Mixed for the local catchment-wise average water storage changes—even between directly adjacent catchments (around the respective directly opposite area-weighted average storage change levels implied by these datasets)—than the corresponding variations seen for GLDAS (Figure 2A). Such large spatial variations are physically unexplained and unrealistic for nearby catchments sharing similar overarching hydro-climatic conditions.

Further regarding reason (2), water level drops of the overall average magnitude implied by Mixed may occur locally—for example, in some drying and/or highly water-consuming parts of the world (Destouni et al., 2010; Moshir Panahi et al., 2020)—but have not been reported and are unrealistic on average across the Baltic study catchments. Such a regional average water level drop would be dramatically notable if it had really occurred. The regional average water level rise implied by ERA5 is also physically unrealistic, considering that groundwater levels in this region are typically around 1–2 m below the land surface (Verrot and Destouni, 2015); a regional average groundwater level rise of the same magnitude—i.e., full water saturation more or less all the way up to the surface—is also not reported and would be dramatically notable, e.g., for forestry and agriculture, if it had actually occurred.
Despite their differences for water storage changes, the datasets more or less agree on the median water flux changes across the catchments (Figures 2C–E). The datasets consistently show a relatively small median increase in precipitation by 4.5–12 mm/year, a considerably greater median increase in evapotranspiration by 27–51 mm/year, and a median decrease in runoff by 24–57 mm/year over the 30-year period. Regarding clear dataset disagreements, ERA5 differs most from the other datasets for both runoff and precipitation, as well as in the spatial variability of changes around the median change values (i.e., spatially between catchments; shown by the boxes and whiskers in Figures 2C–E). Obs differs from the other datasets for the spatial variability of ET, as its assumption of ET = P-R with DS = 0 implies no storage change that can dampen the evapotranspiration variations calculated in this way (Figure 2E). Yet, this deviation for Obs is still smaller than the spatial variability deviation of ERA5 for runoff (Figure 2D; note that the y-axis scale for R in Figure 2D is greater than that for ET in Figure 2E).
3.2 Flux seasonality and drought-flood extremes
Considering the seasonal variations in monthly precipitation and runoff, the datasets agree that the catchment-median monthly precipitation is greatest, while the corresponding monthly runoff is essentially smallest in the summer (JJA; Figures 3A,B), when monthly evapotranspiration is also large (not shown); note that Obs and Mixed include the same precipitation and runoff data and are therefore shown together in Figures 3, 4. The datasets also largely agree on the median seasonal values and temporal CV of monthly precipitation (Figures 3A,C), even though ERA5 overall implies somewhat larger values, as it does for annual precipitation (Figure 1C).
[image: Four bar charts labeled A to D compare seasonal metrics for monthly precipitation and runoff from different data sources, covering 1980-94 and 1995-2010. Charts A and C display the median value and the coefficient of variation of monthly precipitation, respectively, while charts B and D depict the median value and the coefficient of variation of monthly runoff, respectively. Data sources include observed records, GLDAS, and ERA5 datasets. Seasons are winter (DJF), spring (MAM), summer (JJA), and autumn (SON).]FIGURE 3 | Seasonal statistics of precipitation and runoff over 1980–1994 and 1995–2010 across the Baltic catchments. The statistics shown are: the median monthly (A) precipitation and (B) runoff, and the temporal coefficient of variation (CV; standard deviation divided by the mean (s/m)) of monthly (C) precipitation and (D) runoff in winter (DJF), spring (MAM), summer (JJA), and autumn (SON) for all datasets, Obs, Mixed, GLDAS, and ERA5.[image: Four bar charts labeled A, B, C, and D show seasonal percentiles of monthly precipitation and runoff for different decades. Panels A and B represent the first percentile, while C and D represent the ninety-ninth percentile. Each chart compares data from observations, GLDAS, and ERA5 across two periods: 1980-1994 and 1995-2010. Seasons are winter (DJF), spring (MAM), summer (JJA), and autumn (SON).]FIGURE 4 | Seasonal 1st and 99th percentile values for monthly precipitation and runoff over 1980–1994 and 1995–2010 across the Baltic catchments. The 1st percentile values for monthly (A) precipitation and (B) runoff, and the 99th percentile values for monthly (C) precipitation and (D) runoff are shown for the seasons of winter (DJF), spring (MAM), summer (JJA), and autumn (SON).With regard to changes from the first to the second half of the study period, the datasets largely agree that the median monthly precipitation has slightly increased in winter and spring, remained more or less the same in summer, and slightly decreased in autumn. For the median monthly runoff, when the datasets show a change between the subperiods, that is mostly a decrease. The datasets also agree in showing decreased temporal CV of monthly precipitation across the seasons and datasets (Figure 3C), but increased CV of monthly runoff except in spring (Figure 3D).
Regarding dataset differences, these are overall greater for both the median and the CV of monthly runoff (Figures 3B,D) compared to precipitation (Figures 3A,C). For runoff, the GLDAS and ERA5 datasets, with runoff data from global land surface and climate modelling, respectively, show overall smaller median runoff values across the seasons than the Mixed and Obs datasets with runoff data based on ground observations (Figure 3B).
For the drought and flood extremes of monthly precipitation and runoff, we compare the 1st and 99th percentile values that bound the lowest and the highest 1% of these monthly fluxes in the different seasons, respectively, and indicate the changes in these extremes from the first to the second half of the study period (Figure 4). Previous work has shown that changes in the 1st and 99th percentile values for monthly fluxes are consistent with the changes in the corresponding percentile values for more fine-resolved, daily flux intensities, even though the monthly averaging to some degree dampens the change magnitudes compared to those of the daily flux intensities (Destouni and Verrot, 2014).
Consistently across the datasets, the drought-related 1st percentile values in summer (JJA) and autumn (SON) increase for precipitation (Figure 4A) and decrease or show little change for runoff (Figure 4B) across the BSDB catchments. For flood conditions, the datasets agree in showing little change or slight increase in the 99th percentile value for precipitation across all seasons (Figure 4C). For runoff, the datasets mostly agree in indicating decreased 99th percentile values during the spring snowmelt (MAM; Figure 4D) when the average monthly runoff fluxes are the highest (Figure 3B).
Dataset differences for drought and flood extremes are overall greater for runoff (Figures 4B,D) than precipitation (Figures 4A,C), and also greater for the drought-related 1st (Figure 4B) than the flood-related 99th (Figure 4D) percentile values. The ERA5 runoff results differ particularly strongly for the drought-related lowest 1% of the runoff fluxes, which are overall higher (less extremely low) in this dataset than the others. That is, compared to the ground observation data for runoff in Mixed and Obs, as well as to the model-based runoff data in GLDAS, the ERA5 data do not fully capture how low runoff can be in the most severe drought conditions across the BSDB catchments. For floods, the ground observation data for runoff in Obs and Mixed show overall higher 99th percentile values than both ERA5 and GLDAS; the model-based data in the latter two datasets thus do not fully capture how high runoff can be in the most severe flood events across the BSDB catchments.
4 CONCLUDING DISCUSSION
Various disciplines and sectors relate to the environmental and ecosystem status of the coastal and marine waters of the Baltic Sea and may use different datasets to assess the freshwater discharges to the sea from the BSDB, as well as their spatial variations, temporal changes, and drought and flood extremes. Comparative testing has largely been lacking regarding how consistently and robustly different datasets represent these water aspects for the Baltic region. This study addresses that gap, using water balance closure for consistent synthesis, constraint, and comparison of the implications of different (types of) datasets.
The implications addressed and compared here concern the same spatial variation, temporal change, and drought and flood extreme aspects, as provided by each dataset in the BHCD. Data from the BHCD can also be used to assess other aspects, such as broader spatial-temporal trends and their significance and confidence levels in relation to relevant prevailing variations and uncertainties around the average trends. For the comparative aims of this study, the assessment of realism and relevance in divergent dataset implications concerns the physical reasonableness and relation to observations of the same water aspects, addressed consistently for the same spatial scale and time period across all datasets, irrespective of what significant or insignificant broader trends may be determined from each dataset. Concretely, this means assessing as physically unreasonable the 30-year cumulative regional average water level rise versus drop implied by ERA5 versus Mixed, because their implications are directly opposite, with the differences far exceeding several standard deviations of each dataset (Figure 2B). Moreover, such regional average water level changes are unobserved, even though they would be dramatically notable had they actually occurred. For drought and flood extremes, if the lowest or highest 1% of actually measured regional water fluxes are lower or higher, respectively, than the corresponding flux percentiles in the model-based datasets, then the latter clearly do not fully capture the lowest and highest flux extremes observed in the region. Furthermore, when datasets essentially agree, their convergent implications are robust and can be considered more realistic than just one selected implication from various contrasting ones.
Overall, the comparative datasets agree that the precipitation changes over the study period in the BSDB catchments do not necessarily propagate to analogous changes in runoff and discharges to the sea. The datasets instead converge in showing some contrasting precipitation and runoff changes. The contrasts highlight that terrestrial water changes are not just simply binary, with all water fluxes either accelerating or decelerating. The changes are more complex in that different change directions may prevail concurrently for precipitation, runoff, and evapotranspiration fluxes and their extremes, along with the related water storage changes. The complexity reflects the interactions between the fluxes and storage changes and how they modulate and propagate anomalies, changes, and extreme events from precipitation to runoff.
Regarding dataset disagreements, as mentioned, the widely used global reanalysis data in ERA5 and model (GLEAM) based data for evapotranspiration in Mixed yield physically unreasonable water balance closures for the BSDB catchments considering, for example, the directly opposite implications of average water storage wetting according to ERA5 and drying according to Mixed-GLEAM. For drought and flood extremes, the dataset discrepancies and related uncertainties are overall greater for runoff than precipitation. For runoff under flood conditions, ERA5 and GLDAS show lower values than the ground observation data in Obs and Mixed for the highest 1% monthly fluxes. For runoff under drought conditions, ERA5 shows higher values than the other datasets for the lowest 1% monthly fluxes. The ERA5 data thus do not fully capture how extremely high and low the regional runoff fluxes may be during floods and droughts, respectively. Moreover, in the event of observation inaccuracies, the Obs and Mixed datasets tend to be conservative, encouraging consideration of more extreme runoff fluxes than the model-based datasets in flood and drought plans and preparations.
These findings are important for consistent understanding and consideration of the conditions, changes, and extremes of the freshwater discharges to the Baltic Sea. As some datasets disagree on these discharge aspects—even implying opposite related regional water level changes—it is important to be cautious and acknowledge that not all datasets can be right and some may be misleading. Relying uncritically on misleading datasets can distort our understanding and lead to poor decisions for efforts to address major challenges for the future of the Baltic Sea.
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