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The water cycle of the Baltic Sea has been estimated from the Gravity Recovery and Climate Experiment (GRACE) and the GRACE Follow-On satellite time-variable gravity measurements, and precipitation and evaporation from ERA5 atmospheric reanalysis data for the periods 06/2002 to 06/2017 and 06/2018 to 11/2021. On average, the Baltic Sea evaporates 199 ± 3 km3/year, which is overcompensated with 256 ± 6 km3/year of precipitation and 476 ± 17 km3/year of water from land. This surplus of freshwater inflow produces a salty water net outflow from the Baltic Sea of 515 ± 27 km3/year, which increases to 668 ± 32 km3/year when the Kattegat and Skagerrak straits are included. In general, the balance among the fluxes is not reached instantaneously, and all of them present seasonal variability. The Baltic net outflow reaches an annual minimum of 221 ± 79 km3/year in September and a maximum of 814 ± 94 km3/year in May, mainly driven by the freshwater contribution from land. On the interannual scale, the annual mean of the Baltic net outflow can vary up to 470 km3/year from year to year. This variability is not directly related to the North Atlantic Oscillation during wintertime, although the latter is well correlated with net precipitation in both continental drainage basins and the Baltic Sea.
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INTRODUCTION
The hydrological or water cycle refers to the continuous movement of water in the atmosphere, continents, oceans, and among them. It regulates the weather and determines the availability of fresh water, which is vital for both human and ecosystem life. Understanding the water cycle of a region is crucial to manage freshwater resources and then human and natural life. As the hydrological cycle is both cause and consequence of the climate of any region, it is vulnerable to climate change. At present, the global hydrological cycle is intensifying (Durack et al., 2012; Markonis et al., 2019), which is unsurprising under the ongoing global warming scenario (Held and Soden, 2006; Huntington, 2006; Greve et al., 2014). In addition, the monitoring of water cycles and their time evolution should be done at a regional scale since the response of each region to changes in the hydrological cycle is different. Giorgi (2006) estimated the vulnerability of several regions based on results from a multi-model ensemble of climate change simulations. The most vulnerable regions are the Mediterranean and northeastern Europe regions. The second most vulnerable regions are a tropical region (Central America) and three regions with high latitude cold climate (northern Europe, Greenland, and Northern Asia). Here, we study the hydrological cycle of the Baltic Sea, in northern Europe, following the same approach of a previous study focused on the Mediterranean-Black Sea system (García-García et al., 2022).
The Baltic Sea is an intracontinental and semi-enclosed basin of ∼ 380·103 km2 surrounded by nine countries: Denmark, Germany, Poland, Lithuania, Latvia, Estonia, Russia, Finland, and Sweden. It is a shallow sea with 55 m of average depth and 459 m of maximum depth (Daraghi et al., 2017). The continental drainage region is inhabited by ∼ 85 million people, whose livelihood largely depends on the sea. The Baltic Sea is connected to the North Atlantic Ocean at the North Sea through three consecutive straits. From the Baltic Sea to the North Sea, we find the following: 1) the Danish straits, which consist of three small straits: the Great Belt (60 km long and 16–32 km wide), the Little Belt (50 km long and 0.8–28 km wide), and the Øresund (118 km long and 4–28 km wide); 2) the Kattegat Strait (220 km long and 60–142 km wide); and 3) Skagerrak Strait (240 km long and 130–145 km wide) (Figure 1). Vertically, the Baltic Sea exchanges fresh water with the atmosphere via precipitation (P) and evaporation (E). Horizontally, the Baltic Sea receives fresh water from the surrounding lands (R), where the excess of P over E that is not stored on land must flow to the sea. Then, R accounts for river runoff, but also for surface runoff outside the course of the rivers and submarine groundwater discharge to the ocean. River runoff for this region has been previously estimated, from in situ observations and models, with values between 428 and 522 km3/year from different methodologies, data sets, and periods of time (see Table 1). Also horizontally, the Baltic Sea exchanges salty water with the North Sea in a way that can be approximated by a two-layer model: at the bottom layer, the North Sea introduces saltier (and denser) water into the Baltic Sea, while at the top one, fresher (and less dense) water flows in the opposite sense (e.g., The BACC Author Team, 2008; Hanninen et al., 2021). Outflow is lighter than inflow because P and R exceed E in the Baltic Sea freshening the water. The imbalance between the inflow and the outflow results in a net outflow leaving the Baltic Sea, denoted by N, that oscillates between 311 and 621 km3/year, as estimated from current and sea level observations, and numerical models (see Table 2). This situation opposes the one found in another semi-enclosed sea, the Mediterranean Sea, where E exceeds P and R, and highly saline water sinks to the bottom and then is transported to the North Atlantic Ocean through the Strait of Gibraltar, while less salty water flows near the surface in the opposite sense (Jordà et al., 2017, and references therein). The exchange of salty water together with other biogeochemical tracers is important, for example, for the organisms living in the deep waters of the Baltic Sea, which rely on the inflows of extremely salty and oxygenated water from the North Sea (Stramska and Aniskiewicz, 2019).
[image: Figure 1]FIGURE 1 | Baltic Sea region. Cyan: Baltic Sea; brown: continental basins draining to the Baltic Sea; cyan + blue: the extended Baltic Sea; brown + red: continental basins draining to the extended Baltic Sea. Pink line: boundaries of the Skagerrak strait; yellow line: boundaries of the Kattegat strait.
TABLE 1 | Reported values of runoff into the Baltic Sea from the literature and estimated R in the present study. Units are km3/year. Acronyms: REMO, Regional Model; ECMWF, European Centre for Medium-Range Weather Forecasts; ECHAM, European Centre Hamburg Model; RCO, Rossby Centre Ocean Model; RCAO, Rossby Centre Atmosphere–Ocean Model; BALTEX, Baltic Sea Experiment; BACC, BALTEX Assessment of Climate Change for the Baltic Sea Basin.
[image: Table 1]TABLE 2 | Reported values of net seawater outflow from the Baltic Sea from the literature and the present study. Outflow means WT leaving the Baltic Sea. The extended Baltic Sea includes the Kattegat and Skagerrak straits. Units are km3/year. Acronyms: PROBE, Program for Boundary Layers in the Environment; CoastMab, a process-based mass-balance model for phosphorus for coastal areas; RCO-A, assimilation/reanalysis setup of the RCO model.
[image: Table 2]In 2002, the GRACE (Gravity Recovery and Climate Experiment) satellite mission was launched to estimate time-variable gravity data, which is corrected for some known geophysical signals as, for example, solid and ocean tides, pole tides, or gravitational perturbations from the Sun, Moon, and solar system planets. Assuming that the remaining gravity variations are produced by mass variations on the surface of the Earth (such as the water mass transport within the water cycle, the biggest mass variations of the Earth in the intra-annual timescale), the surface mass variation can be uniquely determined (Wahr et al., 1998; Chao, 2005). These data revolutionized the way to study the Earth (see Wouters et al., 2014, and references therein) since it produced a unique tool to understand the water mass transport in the Earth system, and hence the water cycle. In the Baltic region, GRACE data have been used to estimate the variability of the seawater budget, which explained more than half of the sea-level variations (Virtanen et al., 2010), and that of the terrestrial water budget in some coastal points (Pajak and Birylo, 2017). The main contribution of this study is a novel application of the GRACE data to estimate the net seawater mass exchange in the Baltic Sea using the algorithm proposed by García-García et al. (2020) that uses GRACE data to estimate the net water mass transport (WT) among ocean basins and that allows to track the oceanic components of the water cycle. When the algorithm is applied to semi-enclosed basins, it is possible to estimate the water mass exchange between the basin and the open ocean as shown for the Mediterranean Sea by García-García et al. (2022). An additional contribution is the use of GRACE data to estimate the water discharge from the continents in the Baltic Sea, which mainly is runoff. For this second objective, we followed the same methodology used for related problems in other regions. For example, independent of in situ observations, GRACE data have been used to estimate runoff of major river basins such as the Amazon (Syed et al., 2005; Eom et al., 2017), Paraná (Lee et al., 2018), Mississippi (Syed et al., 2005), Yellow River (Li et al., 2016), and smaller river basins (Lorenz et al., 2014). Due to the global nature of GRACE measurements, GRACE data have also been used to estimate the R of whole continents and the R received for whole ocean basins (Syed et al., 2009).
For the net seawater mass exchange in the Baltic Sea, we have used time-variable gravity measurements from GRACE and GRACE Follow-On satellites (GRACE FO), as well as P and E, obtained from ERA5 atmospheric reanalysis data, to estimate the mean values and time-variable evolution of all the WT components involved in the water cycle of the Baltic Sea for the periods 06/2002 to 06/2017 and 06/2018 to 11/2021. GRACE and GRACE FO data are crucial to estimate R and N independently of in situ observations or models. The study is structured as follows: in the Methods and Data section, satellite-based gravimetric and reanalysis data used to study the hydrological cycle are described in detail, together with those methods applied to evaluate seasonal and nonseasonal signals of WT components, and their uncertainties; Results section shows the main results found for all WT terms, including the time mean, the seasonal cycle, and the nonseasonal signal, as well as their connection with the North Atlantic Oscillation; finally, in the Discussion and Conclusion sections the main results are discussed and outlined, respectively.
METHODS AND DATA
This section describes the following: 1) the methodology used to estimate R and N in the Baltic Sea, as well as the theoretical frame to estimate the associated errors; 2) the data used, consisting of time-variable gravity, and P and E atmospheric variables from a reanalysis atmospheric model, as well as the applied corrections.
Methods
The estimation of P, E, R, and N, as well as their time evolution, is key to understanding the regional water cycle. In the Baltic Sea, all WT components are related via the water balance equation:
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where the new term dW represents the change in water content in the region. According to the equation, positive (negative) values of N represent inflows to (outflows from) the Baltic Sea. If P, E, and dW are known, then R and N can be estimated in a two-step process (García-García et al., 2020; 2022). First, Eq. 1 is applied to the continental catchment region draining to the Baltic Sea, which is identified according to the global continental runoff pathway scheme (Oki and Sud, 1998). Note that in this case N = 0 and R is estimated as a residual. Second, Eq. 1 is applied to the Baltic Sea and N is estimated as a residual.
For each WT time series, the following harmonic regression model with linear trend, and annual and semiannual components has been considered (e.g., Jin and Feng, 2013; Fatolazadeh and Goïta, 2021):
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where t represents time, Ct is the value of the time series of interest at time t, (ω, A, ϕ) = (frequency, amplitude, phase), and the suffixes a and sa denote annual and semiannual terms, respectively. Note that [image: image] determines when the annual maximum is reached, since a degree is roughly equivalent to a day of the year. Using the angle subtraction cosine formula, the model in Eq. 2 can be written as a linear regression model with independent variables: cos (ωa · t), sin (ωa · t), cos (ωsa · t), and sin (ωsa · t). Then, Eq. 2 can be rewritten as
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where
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The parameters p0, p1, a1, b1, a2, and b2 in Eq. 3 are estimated by ordinary least squares. Then, (Aa, ϕa) and (Asa, ϕsa) are estimated from Eqs 4, 5, respectively. In particular, we have
[image: image]
The annual component is considered not statistically significant when the p-value for both coefficients a1 and b1 in the linear regression in Eq. 3 is greater or equal to 0.05. The same reasoning is used to assess the statistical significance of the semiannual component.
The reported standard deviations (SD) and 95% confidence intervals (CI) for the averages, trends, and seasonal signals of the components of the WT, as well as for correlations, have been evaluated using the stationary bootstrap scheme of Politis and Romano (1994) with the optimal block length selected according to Patton et al. (2009) as well as the percentile method. Note that each time series comprises 221 observations and can be seen as the junction of two evenly spaced time series (with 181 observations from June 2002 to June 2017, and 40 observations from June 2018 to November 2021) separated by a gap of 11 months. Since the stationary bootstrap assumes evenly spaced data, the distributions and the SD of the estimators of the quantities of interest were obtained by applying the bootstrap to the first series (of length 181). In all cases, the distribution of the estimator was approximately normal; thus, the corresponding 95% CI can be obtained as the mean of the bootstrap estimates plus/minus 2 SD. In order to make full use of the data, in the calculation of 95% CI, averages of the bootstrap estimates based on the reduced series (with 181 observations) were replaced by the estimate of the quantity of interest based on the original time series (with 221 observations). To simplify the notation, all results in this study are provided in the form estimate ±SD. The implementation of the stationary bootstrap used here is very similar to the one used in the study by García-García et al. (2020) and García-García et al. (2022), and further details can be found there. The number of bootstrap replications was set to 10,000.
As a sensitivity check, the analysis was repeated including a third cosine term in Eq. 2 to account for the 161-day signal due to the S2 aliasing in the GRACE data. The results of the analysis with and without this additional cosine term were identical.
Data
Net precipitation, P–E, is obtained from the ERA5 reanalysis (Hersbach et al., 2018; data accessed on 26/01/2022), which incorporates observational data into general-circulation modeling supplied by the European Centre for Medium-Range Weather Forecasts (ECMWF). It provides monthly (and hourly) coverage of all continents and seas. As data are available in a 0.25° regular grid for 2002–2021, they have been resampled to a 0.5° regular grid by simple averaging to match the spatial resolution of the continental drainage basin data.
Water mass budget variations, dW, are estimated from the RL06 GRACE mascon (mass concentration) v2 solution provided by the Center of Space Research (CSR) at the University of Texas at Austin (Save et al., 2016; Save, 2019; data accessed on 26/01/2022) for the period of May 2002–November 2021. Time series have missing values between the end of the GRACE mission and the beginning of the GRACE FO, that is, from July 2017 to May 2018. Moreover, the values of 12 single months and 5 pairs of consecutive months were missing and have been linearly interpolated. Data are on a 0.25° regular grid, but we have re-gridded them to 0.5° regular grids as we did for P–E. Note that the obtained spatial resolution is still finer than the ∼ 300 km ( ∼ 3° near the Equator) resolution of GRACE, which measures gravity anomalies from month to month with respect to a dynamic geophysical model that accounts for solid and ocean tides, among other factors. Assuming that the gravity changes are produced by mass changes on the Earth’s surface, such as in the oceans, the mascon solution can be interpreted as water mass (W) budget anomalies (Chao, 2016). Time variations of W (that is, dW) are estimated as the discrete central derivative of W,
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where t refers to any given month. As a result, dW data span from June 2002 to June 2017 and from June 2018 to November 2021. The same months are selected for P–E data.
In the mascon solution, the following usual corrections are applied by CSR to time-variable data, which include measurements from both GRACE and GRACE FO missions: 1) a solution from Satellite Laser Ranging was used to replace the C20 coefficient (Cheng and Ries, 2017); 2) C30 coefficient is also replaced, but only in data from the GRACE FO; 3) an estimate of the degree-1 coefficients was added (Swenson et al., 2008; Sun et al., 2016); 4) a glacial isostatic adjustment correction (GIA) was performed (Peltier et al., 2018). Moreover, we applied the following corrections: 5) the bottom pressure product (GAD), which accounts for nontidal fluctuations in both the atmosphere and the ocean, was added back to GRACE data with the mean value of the ocean set to zero to avoid inconsistencies with the following correction; 6) the degree-0, ΔC00, that accounts for changes in the total mass of the Earth. When the atmosphere is accounted for, there is no mass variation, and ΔC00 = 0. However, when the atmosphere is excluded, the global mass of the Earth changes due to an exchange of water between the surface and the atmosphere. This mass exchange is not observed in GRACE since degree-0 coefficients are set to zero when atmospheric and dynamic oceanic mass changes are removed during the processing executed prior to data publication. To restore this signal, we add the ΔC00 term from ERA5 P–E to dW (Chen et al., 2019; García-García et al., 2020; 2022). Errors in the estimate of the ΔC00 term propagate to the values of dW, but they do not affect the estimates of R and N from Eq. 1, since the ΔC00 term vanishes due to the residual estimate between dW and P–E. In fact, adding ΔC00 from P–E to GRACE is numerically equivalent to setting ΔC00 of P–E to zero as far as Eq. 1 is concerned.
Volume transport is obtained from P–E by multiplying it (mm/month) with the surface of a cell grid in m2 unit. On the other hand, the GRACE units are kg/m2 for W and (kg/m2)/month for dW. Hence, dW provides mass transport when it is multiplied by the surface of a cell grid in m2. To compare dW and P−E, dW units are converted to volume transport units assuming a water density of 1,000 kg/m3 for fresh water and 1,025 kg/m3 for ocean water. In what follows, all results will represent volume transport and will be given in km3/year.
RESULTS
We will consider two regions for the study of the hydrological cycle: 1) the Baltic Sea, with its western boundary defined by longitude 13° E in the Arkona Sea, and 2) the extended Baltic Sea, which includes the Kattegat and Skagerrak straits (Figure 1). We will show all results for 1), while those for 2) will be available as Supplementary Material. These results will be discussed in the context of previously published studies. The mean estimates of each WT component in Eq. 1 for both continental drainage and oceanic basins of the Baltic Sea are shown in Figure 2 (those for the extended Baltic Sea are shown in the Supplementary Figure S1). Additionally, the seasonal and nonseasonal signals of the WT components are studied. Finally, the influence of the North Atlantic Oscillation (NAO) is also explored.
[image: Figure 2]FIGURE 2 | WT time series in the Baltic Sea (Kattegat and Skagerrak straits are excluded) for both (A) continental drainage basins and (B) ocean basins. Thick lines depict the 12-month moving average. Negative (positive) values of N correspond to Baltic Sea outflows (inflow). The labels in the y-axis of each time series correspond to their mean, maximum, and minimum values.
Mean Values of WT
The mean values of all WT components of the Baltic Sea are shown in Table 3. The continental drainage basins receive net precipitation of 484 ± 20 km3/year, which produces R = 476 ± 17 km3/year (Table 1). This estimate of R agrees with the average of reported values of river runoff (Table 1). P also exceeds E in the sea, producing a net inflow of P−E = 57 ± 7 km3/year, in contrast with the global ocean or the Mediterranean-Black Sea system where E exceeds P (Hartmann, 1994; García-García et al., 2020; García-García et al., 2022). Then, the excess fresh water given by P−E + R leaves the Baltic Sea through the Arkona Sea at a mean rate of 515 ± 27 km3/year. Surprisingly, this value is identical, within error estimates, to the average net outflow, 508 ± 23 km3/year, estimated from previously reported values (Table 2), despite the differences in the targeted period of study, methodology, and data used. The net WT component N is the result of a stratified water exchange in both senses. Saltier water from the Atlantic Ocean enters the Baltic Sea near the bottom at a mean rate of 1,301 ± 227 km3/year, while less salty water leaves the Baltic Sea near the surface at a mean rate of 1,793 ± 214 km3/year.
TABLE 3 | Mean, annual, and semiannual signal, estimated from Eq. 2, for WT components for both the Baltic Sea and the extended Baltic Sea (Kattegat and Skagerrak straits are included) shown in Figure 2 and Supplementary Figure S1. Time spans from 06/2002–06/2017 to 06/2018–11/2021. Units are km3/year for mean values and amplitudes, and degrees for phases. In each cell the following are reported: 1) the point estimate (based on the original time series) plus/minus the standard deviation (SD; estimated by bootstrap based on the reduced series, that is from 181 observations); 2) the 95% confidence interval, CI, computed as the point estimate plus/minus 2 SD. Empty cells correspond to the amplitude of a phase of periodic (annual/semiannual) components not statistically significant at the significance level α = 0.05. Regional surface areas are estimated with our grid resolution (see Figure 1). Negative N means a flux from the Baltic Sea to the North Sea. For the conversion of mass transport to volume transport, water density is fixed to 1,000 kg/m3 for fresh water and 1,025 kg/m3 for seawater.
[image: Table 3]When the region is extended to include the Kattegat and Skagerrak straits, the drainage basin increases from 1.64 · 106 km2 to 2.01 · 106 km2, and the oceanic surface area increases from 0.38 · 106 km2 to 0.45 · 106 km2. On land, the net precipitation increases to P−E = 628 ± 23 km3/year, and the drainage to the sea increases to R = 618 ± 21 km3/year (Table 3). In the ocean, net precipitation is 73 ± 8 km3/year, which together with the contribution of R yields a net outflow to the North Sea of 668 ± 32 km3/year. A schematic representation of the averaged water cycle of the Baltic Sea and that of the extended Baltic Sea are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Mean WT components that make up the water cycle in the extended Baltic Sea (Kattegat and Skagerrak straits are included). Units are km3/year and errors are the standard deviation of the mean estimated by stationary bootstrap based on the reduced series (with 181 observations).
Seasonal Signal of WT
The Baltic Sea (either including the Kattegat and Skagerrak straits or not) receives an excess of fresh water that must leave the basin. However, the water mass imbalance is not compensated instantaneously, and a climatological signal arises in all WT components and water mass budgets. To analyze such climatology, the annual cycle of each WT component is estimated by averaging the signal of all Januarys, all Februarys, and so on. Figure 4 shows the average year or climatology for all WT components displayed in Figure 2.
[image: Figure 4]FIGURE 4 | Climatology (monthly averages) of signals shown in Figure 2.
In the continental drainage region of the Baltic Sea, both P and E climatologies show a good agreement in spring and summer, with maximum values of 1,822 ± 99 km3/year and 1,759 ± 18 km3/year occurring in July for P and E, respectively (Figure 4A). In autumn and winter, E is reduced much more than P, reaching a minimum of 109 ± 10 km3/year in December and January. This disagreement during the cold season is probably due to the increase of snow percentage in P, which is harder to evaporate than liquid water. This result agrees with the annual cycle of dW, which mimics the P−E climatology, showing a Pearson correlation of 0.81 ± 0.02 between the original time series (Figure 5A). Positive (negative) values of dW represent an increase (decrease) in the water budget. In particular, dW shows a mean value of 340 ± 80 km3/year for autumn and winter, when snow accumulation (and low E) is expected, and −317 ± 95 km3/year for spring and summer, when ice melting (and E) takes place. dW and E are strongly anticorrelated, showing a correlation coefficient of −0.76 ± 0.02 between their original time series. The annual maximum and minimum of dW are reached in December (547 ± 66 km3/year) and May (−605 ± 40 km3/year), respectively. This minimum is produced by the annual maximum of R = 654 ± 71 km3/year, although there is no significant correlation between dW and R.
[image: Figure 5]FIGURE 5 | Pearson correlation coefficients between (A) all seasonal signals shown in Figure 2 and (B) all nonseasonal signals shown in Figure 7.
In the Baltic Sea, the annual cycle of dW mimics that of P and E, despite Pearson correlations between the original time series being 0.36 ± 0.05 and 0.35 ± 0.045, respectively. Hereafter, when SD is given with more than two decimals, it is used to reconstruct the 95% CI as plus/minus 2 SD if needed. Both dW and P present maximum values from August to November and minimum from February to April (Figure 4B). The annual maximum of E is reached between August and October, while the annual minimum takes place between February and May, when sea-ice coverage is maximum (Omstedt et al., 1997; Vihma and Haapala, 2009). The larger values of dW found during the second half of the year represent an increase in the water budget, which is related to a minimum net outflow N = 390 ± 42 km3/year from July to December. From January to May, N is almost doubled up to 678 ± 38 km3/year. Except for this half-year difference, N mirrors the month-to-month variability of R, presenting a significant Pearson correlation between the original time series of −0.88 ± 0.015 (Figure 6A), reminding that negative values of N represent the Baltic outflow. Then the greater the R, the larger (in absolute value) the N, that is, the larger the output. As shown in Figure 4B, the annual maximum of R (654 ± 71 km3/year) is reached in May, which results in the annual maximum magnitude of N (814 ± 85 km3/year).
[image: Figure 6]FIGURE 6 | (A) Seasonal and (B) nonseasonal water transport from land to the Baltic Sea (red curve) and net outflow from the Baltic Sea (black curve). Black curve represents −N. As N is multiplied by −1, positive (negative) values of black curve represent above-average (below-average) flows. Correlations between R and N are negative in both cases.
The seasonal signals of WT components, of both continental and oceanic regions, in the extended Baltic Sea are almost identical to those of the (non-extended) Baltic Sea, although with larger absolute values for P, E, R, and N (Supplementary Figure S2).
Nonseasonal Signal of WT
The nonseasonal signal is obtained by subtracting the climatology from the original signal. This way is more appropriate than fitting an annual sinusoid since the average year is not always sinusoidal in shape (Figure 4). In general, all components show a larger nonseasonal variability on land than in the ocean (Figure 7). All components present a nonsignificant linear trend.
[image: Figure 7]FIGURE 7 | Nonseasonal signal of WT components shown in Figure 2. The labels in the y-axis of each time series correspond to their mean, maximum, and minimum values.
On land, the nonseasonal variability of P is the largest one, and it is propagated to P–E, dW, and R. Pearson correlation coefficients between P and P–E, R, and dW are 0.98 ± 0.0025, 0.74 ± 0.035, and 0.42 ± 0.06, respectively (Figure 5B). Note that 1) the correlation between the original time series of P and P–E was very low (0.15 ± 0.05), but there is a high correlation of 0.98 ± 0.003 between the nonseasonal time series; 2) the correlation between the original time series of P–E and E is –0.70 ± 0.025, but it is not statistically significant between the nonseasonal time series. This means that P–E on land is driven by E at a seasonal scale and by P at a non-seasonal one. In the Baltic Sea, P and P–E show a high correlation (0.85 ± 0.025) for the nonseasonal signals and a lower one for the original signals (0.53 ± 0.05). On the contrary, E and P–E show a similar correlation around –0.35 ± 0.065 for both seasonal and nonseasonal signals. Then, P has more influence than E on P–E variability at both seasonal and nonseasonal scales. It is also significant that the P signal is similar over both continents and ocean (the corresponding correlation coefficient is 0.86 ± 0.025), unlike E, for which no significant correlation is found between the continental and oceanic signals.
The interannual variability of P, P–E, and R is quite strong, showing differences of around 200–250 km3/year between some annual averages. Such differences even reach values around 470 km3/year for N. For example, in 2012, both P and P–E showed an above-average annual mean value of 1,406 km3/year and 643 km3/year, respectively, which produced a maximum R = 658 km3/year. On the contrary, in 2006, a below-average P = 1,159 km3/year produced a below-average P–E = 444 km3/year, which in turn produced a below-average R = 395 km3/year. Although P–E was 40 km3/year lower than average during this year, R decreased double that amount, 81 km3/year, because there was an extra accumulation of water in the continents of 41 km3/year. On the other hand, the correlation between R and N increases in magnitude from –0.88 ± 0.015 (original series in Figure 2) to –0.92 ± 0.01 for the nonseasonal signals (Figure 6). This means that the water transported by R into the Baltic Sea produces almost simultaneously, or with a lag of less than a month, an outflow from the Baltic Sea. The above-average R in 2012 produced an above-average outflow of water mass from the Baltic Sea of 833 km3/year, while the below-average R in 2006 reduced N to more than half until 360 km3/year. The reduction of N is larger than that of R because P–E over the Baltic Sea also showed an above-average annual mean in 2012 (110 km3/year) and a below-average in 2006 (53 km3/year) that increased and reduced N, respectively.
Although the climatology of N shows an outflow from the Baltic Sea every month of the year, it can sporadically reverse. For example, in October 2015, the net WT was N = 927 km3/year (1,400 km3/year more than the average value in October), which represented a huge net inflow to the Baltic Sea from the Atlantic Ocean that doubled the mean outflow of the 2002–2021 period. This event was produced by extremely low values of R and unusual high net evaporation over the Baltic Sea (Figures 6, 7), that is, by a decrease of freshwater input. On the other hand, a positive value of dW indicates an increment of the water mass budget in the Baltic Sea, which should have been produced by a Major Baltic Inflow (MBI). The MBI plays an important role in the Baltic Sea conditions because it introduces large volumes of saline and oxygen-rich water into the bottom layers that partially determine the faunal and floral composition. These three events (low R, high net E, and MBI) agree with the fact that the lower the runoff, the larger the deep-water salinity (Hänninen et al., 2000). However, note that N is not a direct estimate of MBI since some water transport models suggest that an increase in the outflow in the uppermost layer is related to an increase in the inflow in the bottom layer (Lehman and Hinrichsen, 2002). Mohrholz et al. (2015) reported a very strong MBI produced by wind anomalies in December 2014. In that month, N showed 523 km3/year more than the average value found for all Decembers, which is a third of the anomaly reported in October 2015. However, the MBI of December 2014 was stronger than that of October 2015 (Mohrholz, 2018).
The extended Baltic Sea shows the same kind of nonseasonal variability (Supplementary Figure S3) and the relationship between the WT components (Supplementary Figures S4, S5) above shown for the Baltic Sea.
Influence of NAO on WT
The NAO is a climate atmospheric index that summarizes the surface pressure variability over the North Atlantic. It can be estimated as the sea level air pressure differences between the high-pressure system located over the Azores islands and the low-pressure system over Iceland. Then, changes in the NAO are associated with changes in the westerly winds in the North Atlantic, which influence weather conditions in Europe and eastern North America. In particular, NAO effects are stronger in winter, when positive (negative) phases of NAO produce above-average (below-average) P and temperature in northern Europe, and below-average (above-average) P and temperature in the Mediterranean region and Hudson Bay area (Hurrell, 1995; Hurrell et al., 2003). In the Baltic Sea, positive (negative) winter NAO decreases (increases) the sea-ice extent (Omstedt and Chen, 2001; Heino et al., 2008), and rises (drops) the sea level (Andersson, 2002). We explore the influence of winter NAO on WT components of the Baltic Sea region as follows. The NAO index estimated by NOAA (https://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml; data accessed on 26/01/2022) and the nonseasonal time series shown in Figure 7 are averaged over winter months (December to March), and their Pearson correlation coefficients are estimated. Only 5 out of the 10 WT components present a statistically significant correlation: 0.64 ± 0.09 for continental P, 0.78 ± 0.05 for continental E, 0.52 ± 0.12 for continental P–E, 0.39 ± 0.16 for oceanic P, and 0.55 ± 0.12 for oceanic P–E. We have not found a significant correlation between NAO and R for the period 2002–2021, but it does not mean that it does not exist for a different period. For example, Johansson (2016) found a correlation of 0.47 between NAO and runoff for the period 1990–2009, but not for the period 1960–1979.
DISCUSSION
Assuming the water budget equation, we used an atmospheric reanalysis and satellite-based time-variable gravity data to estimate the hydrological cycle of the Baltic Sea and its continental catchment region for the period 2002–2021. We provide the annual mean, climatology, and nonseasonal signals for all WT components. In general, the mean hydrological cycle and the climatology of P−E are similar to those reported by Jacob (2001) from a global and a regional climate model.
We have estimated a freshwater input from the continent, including superficial runoff (in river courses or not) and underground water discharge, of R = 476 ± 17 km3/year. Our results about the climatology of R share some important features with previous studies based on almost a century of data and reconstructed data. In agreement with the existing literature (Cyberski and Wróblewski, 2000; Meier and Kauker, 2003), we found an annual maximum in May. There are, however, some important differences. In particular, in comparison with previous studies of the climatology of R, we found: 1) a lower annual range (264 km3/year versus ∼ 480 km3/year); 2) a larger increase from September to the local maxima in October (164 km3/year versus 12 km3/year); and 3) a lower annual maximum (654 km3/year versus 728 km3/year). These differences may be a consequence of a real change in the climatology but also of the different periods and methodology used. At the interannual scale, we have reported values of R = 395 km3/year in 2006 and R = 658 km3/year in 2012. This type of variability has been observed in previous studies. For example, Winsor et al. (2001) reported an annual mean river runoff of ∼ 330 km3/year in 1976 and ∼ 535 km3/year in 1981 (see also Meier and Kauker, 2003).
Another key result of this study is the estimated net water mass exchange between the Baltic Sea and the Atlantic Ocean. We report a mean net outflow of 515 ± 27 km3/year that evacuates the surplus of fresh water in the Baltic Sea, whose 92% comes from R. In addition, N shows a clear annual cycle with an amplitude of 189 ± 39 km3/year that peaks around September 16. On average, all months present a net outflow from the Baltic Sea, although in particular months, N flows in the opposite direction. On top of the climatology, N shows a significant interannual variability mainly driven by R. It is worth noting that such interannual variability is observed in both surface outflow and near-bottom inflow (Lehmann and Hinrichsen, 2002).
CONCLUSION
During the last 2 decades, knowledge of the dynamics of the Earth system has undergone a tremendous advance, thanks to the GRACE missions, whose data have become key for many new applications aimed to enhance our knowledge in relevant problems. In this study, we illustrate the fundamental role of GRACE data for the study of the net seawater mass exchange in the Baltic Sea (and the hydrological cycle in the region) using an algorithm proposed by García-García et al. (2020). When the exchange of water can only take place along one path, as is the case with semi-enclosed basins like the Baltic Sea, the algorithm provides net WT through that path. Using GRACE and ERA5 data as inputs, we have estimated the mean values, the climatology, and the interannual variability of the water exchange between the Baltic Sea and the open ocean, and also for an extended region including the Kattegat and Skagerrak straits. In this case, the mean net outflow from the extended Baltic Sea to the North Sea is 668 ± 32 km3/year, which is 30% larger than the net outflow from the non-extended Baltic Sea. This increment is produced by a continental contribution of 618 ± 21 km3/year, which is also an increase of 30% with respect to the non-extended Baltic Sea. In the annual amplitude, a smaller increment of 8% is observed, although it is not statistically significant. The overall conclusion is that the difference in water transport between the extended and non-extended regions considered in this study is mainly produced by the mean value.
The strengths of the methodology presented in this study are the following:
1) The results are independent of those reported in previous studies, which were mostly based on in situ observations and models.
2) The studied regions can be easily redefined, which makes possible the estimation of net water fluxes at any passage or section. This can be useful to make comparisons with independent studies or to define boundary conditions for oceanic models.
3) The results are based on two datasets (GRACE/GRACE-FO and ERA5) which are expected to be updated periodically. Therefore, the proposed methodology is a potential tool for continuously monitoring the hydrological cycle of the Baltic Sea, as well as to understand its time evolution. In this respect, when longer time series will be available, the proposed methodology would allow to detect the predicted changes consequence of the ongoing climate change.
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