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Abstract

:

In a lake catchment system, we analyzed the lake water-level responses to precipitation. Moreover, we identified the average precipitation retention time—due to subsurface flows—from the delay time calculated using the response function with data of water level and catchment precipitation (both rainfall and snowfall) collected over 30 years of continuous observations of Lake Biwa, Japan. We focused on the snow reserves and the water-level response delay due to the snowmelt of Lake Biwa catchment. We concluded that the average precipitation retention time of the catchment subsurface flow (i.e., above the impermeable layer) in Lake Biwa was approximately 45 days. Additionally, the precipitation retention time during snowmelt was shorter than that during the dry season. Overall, the shape of the response function reflects the lake system. This knowledge improves the understanding of lake systems and can be helpful for lake resource managers. Furthermore, finding the delay time from the response function may be useful for determining the contribution of rainfall to increasing the water levels of other lakes. Therefore, our results can contribute to the development of management strategies to address inland aquatic ecosystems and conservation.
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1. Introduction


Climate change can directly and indirectly impact watershed dynamics, nutrient loads, thermal structures, salinity regimes, pollutant dynamics, methane emissions, sedimentation processes, and inland aquatic ecosystems [1]. Lakes in arid or semi-arid areas are particularly vulnerable to climate change due to the limited water availability. For such regions, drivers of water shortage include increased water withdrawal during droughts and intensified agricultural use in the contributing catchment [1]. Many works have been devoted to study water-level changes in dry regions of Aral Sea [2,3], Lake Kinneret [1,4,5], Lake Urmia [6,7,8,9], and Lake Abert [10]. Many other lakes in arid areas are also reportedly shrinking and disappearing, presenting severe global issues [2,3,5]. While water storage is already an acute problem for lakes in arid areas, this problem is also receiving increasing attention for wet subtropical lakes due to changes in the water cycles caused by climate change.



Natural water-level fluctuations are an inherent feature of lake ecosystems, and a small change in water-level patterns could impact shoreline ecosystems [11] and a range of ecosystem services. For example, water-level dynamics are important for the survival of many species that have evolved synchronized life cycles to such fluctuation patterns [4,12,13,14]. Thus, the impact of water-level fluctuations in lake dynamics is important for ecosystems [15,16,17]. Lake Biwa is a large, deep subtropical lake located in central Japan; its outflow is controlled by underflow gates that are managed according to operation regulations for water supply, as well as hydropower, ensuring the maintenance of a certain water level that is conducive for fish breeding but prevents floods. The seasonal changes in the lake’s water level are important for the littoral zone ecosystem and the spawning habitats of endemic fish species [18,19,20,21]. Climate adaptive water-level management that helps to protect valuable habitats benefits from better knowledge of dynamic response relationships between precipitation and water-level changes.



The average retention time of precipitation at a subsurface of a catchment area and the duration it might take to affect lake levels can be estimated by calculating a response time of lake levels from given precipitation events [22]. The water level of a lake represents the balance of various forms of inputs and outputs, and each element has a unique temporal and spatial frequency scale. Although lake water-level fluctuation is complex, changes are often considered to occur linearly; in other words, a complex water-level fluctuation is a consequence of additive water balancing effects [4,23]. Therefore, individual mechanisms can be separated when divided by their frequencies when inherent oscillations for individual contributing phenomena are assumed. Impulse response functions describe the causal relationships between the input and output factors. They can be used to determine the time delay it takes for precipitation in the catchment to take effect on the water level of water bodies [22]. In hydrology, this method has been successfully applied to rivers and groundwater [24,25,26], but not to lakes.



The dynamics of water levels in Lake Biwa are complex due to its large (surface area of 670.25 km2) and complex catchment characteristics. Frequency analysis at the sub-annual scale may be an effective analytical approach to understand the seasonal-scale response of water levels to the climate. Factors directly affecting the changes in the water level include wind and waves (seconds–minutes), seiches (minutes–hours), rainfall (direct–months), river outflows (minutes–days), evaporation (direct–months), groundwater flux (days–years), and other factors such as direct water extraction. Over a short-term timescale of several days, heavy rainfall was found to have the strongest effect on water-level changes [23]. While rainfall on the lake’s surface directly contributes to the change in levels, rainfall on the catchment can take a long time (~months via subsurface, and ~years via groundwater) to take an effect.



In this paper, we examined the time lag between precipitation events and the subsequent water level changes to determine how a series of precipitation events produces the effects on water level. This helped clarify the causal relationships not explained in previous research. In this study, we aimed to conduct a frequency-based analysis of the medium-term water-level changes of Lake Biwa to physically analyze the medium-term changes. We considered timescales inherent to the factors responsible for the water-level changes to identify the specific factors implicated in the medium-term changes.




2. Methods


2.1. Site Information


Lake Biwa is the largest freshwater resource in Japan, with a surface area of 670.25 km2 and a maximum depth of 104.1 m [27]. The catchment area of 3174 km2 gives it a combined water and land surface area of 3848 km2. Approximately one-third of this area is a plain that is generally <200 m high, i.e., <120 m above the lake surface (Figure 1). The northeast of Lake Biwa is bounded by the Ibuki Mountains, with an elevation of over 800 m. The lake is divided into two basins; the North Basin is wide and deep, while the South Basin is narrower and much shallower (Figure 1). The surface area and mean water depth of the North Basin are 618.65 km2 and 43 m, respectively, while those of the South Basin are 51.60 km2 and 4 m, respectively [28].



The catchment area of Lake Biwa is located along the boundary region between the Sea of Japan climactic zone (which experiences heavy precipitation in winter) and the Pacific Ocean climactic zone (which experiences a small amount of precipitation in winter), thereby leading to wildly fluctuating weather conditions from year to year. More than 450 rivers and streams flow directly into the lake, but there is only one natural outlet, the Seta River. The Seta River discharge is controlled by the opening and closing of multiple weirs. Its outflow is kept constant over a certain period, and, in such situations, it is suitable for estimating the delay time by using the response function.



To maintain the water level to some extent (e.g., fish breeding to prevent drying of eggs and to prevent floods by typhoons), the ranges are determined by administrative rules. The higher limit of the water level of Lake Biwa was assumed to be the standard water level of +0.3 m except during the flood period (15 June to 15 October), and the lower limit of the water level is set to the following values for two different periods: for June 16 to August 31 every year, it is −0.2 m; for September 1 to October 15 every year, it is −0.3 m [18,19,20,21]. The outflow from Lake Biwa is managed according to operation rules. The water levels of Lake Biwa are adjusted so that levels are between −0.3 and +0.3 m, and if the level exceeds this value, the water levels are decreased to +0.3 m for flood control as soon as possible. The volume of water discharged from Lake Biwa through the Seta River is controlled by the opening and closing of multiple weirs, and these stabilize the discharge to a relatively fixed rate; when the amount of discharge change is too large, especially after heavy rainfall, the discharge can be increased if necessary. Water levels are managed to support the spawning and hatching period of spring-breeding fish from March to June, as well as to support agricultural water use from June to September. During September–December, which is another spawning season for fish, water levels are not adjusted excessively. The influence of rainfall on the water level of Lake Biwa is reduced by artificially increased outflows. Various changes in the outflow amounts are achieved via weir operation. These changes take place over several hours to avoid an abrupt change within the range of 20–700 m3·s−1, which then has to be incorporated into the calculations of the water-level data. The effects of weir operation include the following: the reflection of the flow hardly reached the north basin due to topographic differences, while inverse flow was observed from the south to north (e.g., density currents, strong typhoon); however, these are not induced by the operation of weirs [19,29].




2.2. Water Flow from the Catchment Area to Lake Biwa and Its Water Balance


We focused on the snow accumulation/snowmelt process of water flow and analyzed the average retention time of precipitation at the surface of a catchment area for Lake Biwa, the schematic of which is shown in Figure 2. We standardized the output for water-level data in the lake obtained through rainfall (input) from 1 January 1983 to 31 December 2013, and we calculated the response function on the basis of the autocorrelation function of the input precipitation data (rainfall) and the cross-correlation of the input and output (water level) data.



To determine the precipitation retention time in the surface of the catchment area, we were required to simplify the calculations and neglect the changes in some factors (Figure 2). In humid areas, the changes in the lake surface area were small, and the seepage of groundwater into the lake was very slow; additionally, the ratio of evaporation to outflow in Lake Biwa was estimated to be ~2% [30,31]. The variation in evaporation was detected using fast Fourier transform (FFT) as the data had a clear periodicity. Unlike arid areas, the water level of Lake Biwa does not change significantly with daily evaporation [33,34]. Therefore, factors that cause changes in deep groundwater recharge and the evaporation of water from the lake surface were excluded from our calculations; the impact was not considered due to the above.




2.3. Data Acquisition


2.3.1. Water Level


The water levels of Lake Biwa have been measured since 4 February 1874, and they were most recently measured by the Ministry of Land, Infrastructure, Transport, and Tourism (MLIT). We used daily water-level measurements of Lake Biwa from 1 January 1983 to 31 December 2013, obtained at 6:00 a.m. every day, representing the water height relative to the Lake Biwa baseline of ±0 m (BSL: Biwako standard level; +84.371 m) [32]. Until March 1992, the water level was based on the level at the Toriigawa observation point (Figure 1). After 1992, the average water level of five observation points (Katayama, Omizo, Hikone, Katata, and Mihogasaki; Figure 1) was used as the water level of Lake Biwa.




2.3.2. Outflow from Lake Biwa


There are four outlets in Lake Biwa: one major river discharge, two canal discharges, and one minor channel withdrawal for a hydropower station. The only natural river discharge from the lake is the Seta River, where the daily flow record was provided by MLIT. Discharge observations through the two canals and the channel of the hydropower station were provided by the Waterworks Bureau, the City of Kyoto, and the Kansai Electric Power Corporation. The volume of water discharged from Lake Biwa through Seta River is controlled by the opening and closing of the multiple weirs. Since 1972, the peak water level has been controlled to stay roughly at BSL. River discharge changes when the weirs open and close, and then settles down to a fixed rate. Because discharge rates fluctuate between 20 and 700 m3·s−1, theoretical changes in the water level of the lake over the course of a day can be 3, 32, and 90 mm when the discharge rates are 20, 250, and 700 m3·s−1, respectively. The other two discharges are canals for water supply to Kyoto city and a waterway to the Uji Power Plant; the fixed discharge rate is less than 30 m3·s−1.




2.3.3. Precipitation


We used daily (accumulated) precipitation values from 12 observation points that exist in catchment areas from 1 January 1983 to 31 December 2013 (Figure 1). Meteorological data were provided from the Japan Meteorological Agency (JMA). However, accurate snowfall measurements were not recorded by the rainfall gauges during the winters. The type of rain gauge is standard, which is essentially one that keeps accumulating water until it is measured and is emptied automatically. The resolution of this rain gauge was determined to be 0.5 mm from the tipping-bucket volume. The rain gauges were connected to a data logger that recorded their pulse outputs. This type of rain gauge has some time lag in snowfall and snowmelt season. To compensate for this lack of information, we used daily snow depth change from three observation points, published by the JMA (Figure 1).




2.3.4. Snow Density and Snow Water Equivalent


The snow depth was converted to the water volume (precipitation) using the snow density. We carried out field observations during the winter of 2001 to calculate this snow density. In addition, we used data from 16 surveys. In these surveys, snow conditions, depth, and weight were obtained, as shown in Table 1 (only for the snowmelt season). The average snow density was calculated from the snow weight and height. During the snowmelt season in this region, we used the average snow density as approximately 0.43 kg m−3 to calculate the equivalent precipitation (Table 1). The amount of snowfall was calculated as follows:


Daily Snowfall (kg m−2) = snow density (kg m−3) × Δ snow depth (m).










Precipitation = rainfall + snowfall.











We also refer to the snow water equivalent observed in the northern catchment area of Lake Biwa from 2009 to 2010. We carried out snowfall observations at two points (near-mountain area and mountain area) in the catchment area of Lake Biwa (Figure 1) during the winter of 2009/2010. The snow conditions, depth, and weight were measured in these surveys.




2.3.5. Dissolved Oxygen and Water Temperature


Dissolved oxygen (DO) levels and water temperature dynamics were used to justify the calculated delay times for snowmelt impacts on the lake. The water temperature and DO levels measured in Lake Biwa from 2009 to 2010 by the Lake Biwa Environmental Research Institute were also taken into account; these measurements were conducted every 2 weeks at eight depths in the northern part of the lake at the center of Imadsu-oki (Figure 1; [36]).





2.4. Impulse Response Function


One of the most important decisions regarding the use of the response function of endorheic and exorheic lakes is the shape of the response function. The shape of the response function reflects the lake system itself, and such knowledge enables a better understanding of lake systems and dominant processes within lakes to be obtained. Such information will further be helpful to lake resource managers. In contrast, wavelet transformation is a good method for identifying the change in periods, since it does not lose information on time when used in the frequency domain. However, we did not conduct wavelet transformation; there were many factors to consider. We first needed to identify and separate some of the more complex factors; wavelet transformation was the next step.



For calculating the response function, x(t) signifies the rainfall at a certain location representative of the lake’s watershed, and y(t) indicates the lake level; both x(t) and y(t) are functions of time. We assumed that y(t) could be described as a function of the integral of x(t) (t ≤ 0). More specifically, y(t) is the sum of the product of the past precipitation, x(t − τ), multiplied by the impulse response function, i.e., h(τ). Thus,


  y  t  =   ∫  0  + ∞   x   t − τ   h  τ   d τ  ,  



(1)




where τ is the time lag. Because h(τ) specifies the relationship of x(t) and y(t), it should reflect the process of how the lake level is affected by rainfall [37]. Here, h(τ) was determined using Equation (1) as an integral equation, as shown in the flow chart for calculating the response function (Appendix A) [22].



Since y(t) and x(t) are observable values, we can find h(τ) by solving Equation (1) as an integral equation. The impulse response function can also be explained as the response to the unit impulse; thus, in case x(t) = δ(t) in Equation (1), y(t) is equal to h(t), where   δ  t    is the delta function. The strict definition of the delta function is rather complicated, but it can be roughly defined as


   δ  t        = 0     t ≠ 0         = ∞   t = 0             and     ∫   − ∞  ∞  δ  t  dt = 1 .   











We then estimated the response function h(τ) through the mutual correlation function.


      C  xy    τ    =   x  t  y   t + τ    ¯        =   ∫   − ∞   + ∞   h  η    x  t  x   t + τ − η    ¯   d η  ,      



(2)




where the overbar stands for the ensemble mean. Moreover, the autocorrelation function is defined as


   C  xx    τ  =   x  t  x   t + τ    ¯  .  



(3)







Therefore,


   C  xy    τ  =   ∫   − ∞   + ∞   h  η   C  xx     τ − η    d η  .  



(4)







The complex Fourier transformation of the mutual correlation function    C  xy    τ    is the cross-spectrum,


   S  xy    ω  =  1  2 π     ∫   − ∞   + ∞    C  xy    τ   e  −  i ω τ     d τ  ,  



(5)




and the autocorrelation function    C  xx    τ    is the power spectrum,


   S  xx    ω  =  1  2 π     ∫   − ∞   + ∞    C  xx    τ   e  −  i ω τ     d τ  .  



(6)







The cross-spectrum can be rewritten as


      S  xy    ω    =  1  2 π     ∫   − ∞   + ∞    C  xy    τ   e  −  i ω τ     d τ    =  1  2 π     ∫   − ∞   + ∞     ∫   − ∞   + ∞   h  η   C  xx     τ − η    e  −  i ω τ     d η d τ        =  1  2 π     ∫   − ∞   + ∞     ∫   − ∞   + ∞   h  η   e  −  i ω η     C  xx    σ   e  −  i ω σ     d η d σ         =  1  2 π     ∫   − ∞   + ∞   h  η   e  −  i ω η     d η  ·  1  2 π     ∫   − ∞   + ∞    C  xx    σ     e  − i ω σ    d σ         = H  ω  ·  S  xx    ω  ,      



(7)




where   σ = τ − η  , and H(ω) is the system function (Fourier transformation of h(τ)),


  H  ω  =  1  2 π     ∫   − ∞   + ∞   h  η   e  −  i ω η     d η  ,  



(8)




which can be calculated from the cross- and power spectra as follows:


  H  ω  =    S  xy    ω     S  xx    ω    .  



(9)







Now, we can find the response function h(τ) via the reverse Fourier transformation of   H  ω   . We used the FFT method to convert    C  xy    τ    and    C  xx    τ    to    S  xy    ω    and    S  xx    ω   , respectively, as well as to convert   H  ω    to h(τ) [38].



The key information needed for our response function is the timing of the rainfall events (impulse) and the timing and shape of the water-level changes (response). The positive response function values imply that the output values respond positively to the impulse, i.e., they are positively correlated. To calculate the response functions, x(t) and y(t) were standardized to make the interpretation of h(τ) easier. The positive values of the τ displacement were used since the response functions were calculated to investigate responses to past events.



By using rainfall as the input and water level as the output, we calculated the cross-correlation function of the input and output and the autocorrelation function of the input. We then conducted a Fourier transformation and converted the results to the frequency domain; we divided the cross-correlation function,    S  xy    ω   , by the autocorrelation function,    S  xx    ω   . The positive values of the τ displacement were used as the response functions to investigate responses to past events. We subsequently performed a reverse Fourier transform to return to the time domain and identify the response function [38].



To investigate the influence due to the changes in the water-level observations, we compared the water-level data of Toriigawa (before) and the average of five points (after) from 1993 to 2013 (Figure A2). We conducted a paired two-sided t-test and calculated the value of the coefficient of correlation of Pearson. We first calculated the response function by using records from all 30 years (input data were rainfall data only). Next, we added the snowfall data converted into rainfall data. We used the data as precipitation; then, we compared the response function rainfall water level and precipitation water level. To identify the peaks of the calculated response function, we conducted a test whereby the peak of the response function by the paired two-sided t-test showed that the peak values and non-peak values did not correspond. This means the average of the peak values and the average of the non-peak values were not the same. Identification of the three peaks (45, 63, and 71 days) was conducted in the same way and verified with the paired two-sided t-test with correspondence, which showed that none were significant. These tests conclude that we could use 30 years of water-level data from 1983 to 2013 and could use and discuss the response function calculated using precipitation which included snowfall data converted into rainfall data. Then, we calculated the response functions by using each dataset for a 4 month duration and averaged the 30 year results over each season. The validity of the delay time calculated using the response function was verified using the water temperature, concentration of DO, and observed snow water equivalent, following the procedure outlined in the previous section.





3. Results and Discussion


3.1. Data Assimilation and Calculation of the Response Function


The time series of rainfall (input) and the water level of Lake Biwa (output) are shown in Figure 3. The standard point of BSL changed from Toriigawa to an average of five points (Katayama, Omizo, Hikone, Katata, and Mihogasaki; Figure 1) in 1992. Hence, we calculated two patterns of the response function from 1983 to 2013 (including Toriigawa) and from 1993 to 2013 (average of five points) in Figure 4. In addition, the water-level response functions with respect to the outflow were calculated (Figure 4).



The relationships between the daily water level of Toriigawa and average five points are shown in Figure A2, and the R2 values were 0.91 from 1993 to 2013 (m_Toriigawa = 7634, n_5 points = 7634). Subsequently, the two response functions were compared, and their correlations were calculated. We tested whether the correlation coefficients for the two calculated functions were equal, and the value of R2 was 0.53 (Figure A3).




3.2. Identification of the Peaks Calculated Using the Response Function


The rainfall data did not include the snowfall data, and the effect of snowfall may have been underestimated (Figure 5a). Therefore, we calculated the water-level response function with respect to the average precipitation, as shown in Figure 5b. Until day 131, the shapes of the response functions of rainfall water level and precipitation water level were similar, according to the results of the paired two-sided t-test (R2 = 0.95, m_Rainfall = 130, n_Precipitation = 130, p < 0.05) (Figure A4). The response function of rainfall water level became positive approximately on days 1–3 because of the changing river inflow from the catchment (Figure 5b) [19]. The clearest peaks were obtained on days 45 and 63–71 (Figure 5b).



We conducted a test whereby the peak of the response function during the 30 years (of observation) was calculated on days 45, 63, and 71. The obtained peak and around-peak (before and after the peaks) values were verified with the paired two-sided t-test with correspondence; none were significant (n_day 45_water level = 16, n_day 63_water level = 16, n_day 71_water level = 16, p >0.05). This means that the average of the peak and average of the non-peak values were not the same. Therefore, we concluded that the values of the peaks were τ = 45 days, τ = 63 days, and τ = 71 days. Notably, in the data collected over 30 years, a significant difference was observed between the average values of the peaks calculated on days 45 and 71; thus, these were considered to be two different peaks.




3.3. Calculation of the Seasonal Response Function


As for the response functions of the precipitation water level and precipitation water volume, they were calculated for 4 month periods from 1983 to 2013 (Figure 6a,b), and there were 24 results for each season (i.e., 4 months). For example, the figure heading “from January” represents the period from January to April. During the snowfall season in February, a positive peak appeared on day 45 (Figure 6a). The peak value of the response function between February and April (snowmelt season) during the 30 years was identified on day 45. During the snowmelt season, which started in March, two peaks appeared: one on days 28–31 and another on day 56 (Figure 6b). In April, a positive peak appeared on day 56 (Figure 6a,b). Meanwhile, in May, a positive peak appeared on approximately day 45 (Figure 6a). In June, two positive peaks appeared on approximately days 45 and 71. During July and August, a positive peak appeared on approximately day 45. As for September and November, a slight response was detected on approximately days 63–71 (Figure 6a). Lastly, in December and January, slight and weak positive responses were calculated on approximately days 45 and 63 (Figure 6a). In December (snowfall season), two peaks appeared: one on days 28–31 and another on day 56 (Figure 6b).




3.4. Use of the 30 Year Data


We focused on the past 30 years of observations to ensure data quality, consistency, and representativeness of the recent climate. Precipitation and water level are two of the most basic observations made in lakes for water resource management. Although there are data for 140 years of observation for Lake Biwa, we focused on the past 30 years with consistent data quality (e.g., precipitation gauging technologies). In addition, the response function analysis produced a single output (a function), representing all data being used, and the analysis did not account for any changes or shifts in the system. For the aim of capturing the representative response shapes of the lake and its catchment of recent years, it was ideal to focus on recent decades of data, rather than the full length of available observation.




3.5. Inflow Due to Snowmelt Water


We obtained data regarding the snow water equivalent in plain and mountain regions in 2003, 2008, and 2009. We compared these results with the calculated response function (especially clear peaks of 25–35 and 45 days). The clear peak appeared at ~45 days in the snow period, especially in February and March (Figure 5b and Figure 6a). In addition, in the snowmelt season (March), two clear peaks appeared at approximately 25–35 and 45 days in the snowmelt season when the soil was saturated with snowmelt water (Figure 6b). These results suggest that the precipitation retention time during the snowmelt season was shorter than that in other seasons.



We also discuss the effect of snow accumulation in mountain regions in the winter season. The accumulation of snow in the Lake Biwa drainage basin is unique compared to that in other cold regions, such as Hokkaido and the Tohoku mountains; it is a warm snowy region in which rainfall, snowfall, snowmelt, and snowmelt runoff occur simultaneously, even during the winter. In this region (catchment area of Lake Biwa), snowfall begins in mid-December. In the mountains, a small amount of this snow settles on the ground; however, in the plains, it melts immediately (Figure 7a,b) [39,40]. Peak snowfall occurs from late January to mid-February (Figure 7a). In the plains, the snowmelt that occurs soon after snowfall results in infiltration. In the mid-mountain areas, this occurs only in late February to early March, once the snow has had time to accumulate and after the temperatures increase. In high mountainous areas, snowmelt occurs in late March to early April as temperatures increase even further (Figure 7b). Although this system is extremely complex, efforts have been made to estimate snowmelt volume using various models [40,41,42]. When the quantity of rainfall considered in the study included the effect of snowfall, two responses (a moderately hilly region and a mountainous region) were possible. The two types of responses could be identified from snow observations collected in the northern Lake Biwa catchment area in 2009 (Figure 7a). In this area, the snow cover period was ~80 days in the moderately hilly region (between plains and mountainous areas) and ~100 days in the mountainous region (Figure 7a,b). These are considered as snow cover delay response times. Herein, according to Figure 5b, there were large peaks around 240–300 days. If the snow cover delay response times were 80–100 days (snow accumulation period) and 25–70 days (approximately retention time) of the maximum retention time caused by snow cover and snowmelt delay (between 105–170 days), it indicated that a longer delay time (around 240–300 days) could have been caused by another factor or process (pathway) of flow into lake, and this must be clarified in the future.



The seasonal data report the occurrence of a positive response in February for approximately 45 days (Figure 6a). From March to April, snowmelt water had a considerable effect; after the release of a considerable amount of water, the time required for the intermediate outflow (including temporary infiltration of the water into the ground, flowing into the rivers, and flowing into the lake) was about 25–35 days. Even outside of the snowmelt season, the positive response took approximately 45 days during the irrigation period (Figure 6a). In addition, during another period, the positive response took 60–70 days (Figure 6a,b). These results suggest that the subsurface flow required a delayed response time of 25–70 days. Therefore, we concluded that the average precipitation retention time of subsurface flow is approximately 45 days in the wet season, 25–35 days in the snowmelt season, and 60–70 days in the dry season.



The calculated delay times were verified using the water temperature and concentration of DO. Before the snowmelt season, the surface water temperature gradually decreased; however, at depths of 60–80 m or at the bottom of the lake, the DO began to recover (i.e., increases again) in winter, when snow fell in December and snowmelt began in February/March (Table 2).



Thermocline deepening can be explained by the observed water temperature (Table 2). The recovery of DO was delayed by approximately 1 month at the deepest point (100 m) compared to that at other depths (Table 2). The observed DO recovery at the lake bottom can be explained by lake mixing; thus far, the DO concentration of snowmelt water from the river is considerably higher than that of the lake. In addition, the snowmelt water from the river is muddy, and the snowmelt water sinks deeper than the surface layer of the lake when it flows out of the river [40,41,42,43]. Although the observation interval was 2 weeks, the estimated delay time was approximately 25–35 days. Furthermore, the DO recovery stopped from May 2010; thus, the supply of DO was snowmelt water with a delay of 30–45 days. This result suggested that our estimated delay might be appropriate. Therefore, we concluded that the delay in the recovery of DO, owing to the delay in the inflow of river water or subsurface flow, is one of the factors that can influence the retention time of the lake.





4. Conclusions


We estimated the timescale of the response in Lake Biwa by calculating response functions. Spectral analysis was performed using the impulse response function technique with 30 year water-level and meteorological data to determine the average precipitation retention time of this lake. The response function of the precipitation water level was the strongest for the river inflow on approximately days 1–3, and the subsequent clear peaks appeared on days 25–35, 45, and 60–70. As for the calculated seasonal response function, the average precipitation retention time in the Lake Biwa catchment system was approximately 45 days. In addition, the precipitation retention time during the snowmelt season was shorter (i.e., 25–35 days) than that during the dry season (i.e., 60–70 days), except during the paddy irrigation season (May–August). Even though the precipitation retention time varied with seasons and surface conditions, according to the seasonal changes in the shape of the response function of the precipitation water level (and precipitation water volume), we conclude that the average precipitation retention time of the subsurface flow in Lake Biwa is approximately 45 days. Overall, the shape of the response function reflects the lake system, and this knowledge contributes to a better understanding of lake systems and can be helpful for lake resource managers. Moreover, inferring the delay time from the response function may also be useful for determining the contribution of rainfall in increasing the water levels of other lakes.
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Figure A1. Flowchart for calculating the response function. Figure cited from [22]. 
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Figure A2. Relationship between Toriigawa and five points (Katayama, Omizo, Hikone, Katata, and Mihogasaki; Figure 1). BSL used the data of Toriigawa before 1992; after 1992, BSL used the average of five points. 
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Figure A3. Relationship of calculated response functions from 1983 to 2013 and from 1993 to 2013. The dotted line represents the 95% confidence interval. 
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Figure A4. Relationship of the water-level response functions of rainfall water level and precipitation water level until day 131. 
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Figure 1. Lake Biwa and its catchment area, with main inflowing rivers and major outflow (Seta River), as well as the locations of water-level and discharge gauges, and meteorological stations. Observation points of the snow water equivalent. These two points were in the same catchment area of the Ane River. 
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Figure 2. Schematic model showing the water flow from the catchment area to Lake Biwa and its water balance. The values of water balance are cited from [30,31,32]. 
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Figure 3. Time series of the input (rainfall) and output (water level of Lake Biwa) data, between 1983 and 2013. 
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Figure 4. Response functions used for the rainfall water level. All data were standardized. 
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Figure 5. (a) Seasonal water level (averaged), outflow (accumulated), rainfall (accumulated), and precipitation (accumulated) for Lake Biwa and its catchment area, between 1983 and 2013. The average snow density (0.43 kg·m−3) was used to convert the snow depth change into snowfall (Table 1). The seasonal outflow traces the change in rainfall. (b) Response functions for the precipitation-water level. All data were standardized and compared with those in Figure 4. The resulting differences represent the effect of snow accumulation and snowmelt. 
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Figure 6. Response functions of (a) the precipitation water level and (b) the precipitation water volume calculated for 4 month periods from 1983 to 2013. The plot under the heading “from January” was from January to April; similarly, all other plots represent 4 month periods. The bold line represents the mean of the calculated response function, and the dotted line represents the median of the calculated response function. The area with hatching lines represents 25–75% of the calculated range. 
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Figure 7. Observed snow water equivalent (1–2 times/week) at the north catchment area of Lake Biwa, from December 2009 to March 2010 (Figure 1). (a) Observed seasonal snow water equivalent at Yanagase (between plains and mountainous areas) and Nakakawachi (mountainous area), between December 2009 and March 2010. (b) Seasonal observed snowfall and estimated snowmelt at Yanagase and Nakakawachi, between December 2009 and March 2010 calculated from Figure 7a. 
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Table 1. Observed average snow density at the north catchment area of Lake Biwa during the winter of 2001 †.
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	Date
	Weather
	Snow Depth (cm)
	Snow Water Equivalent (mm)
	Snow Density (kg·m−3)
	Air Temperature (°C)
	Surface Snow Temperature (°C)





	24 February 2002
	Sunny
	82.6
	36.5
	0.442
	2.9
	−1.0



	28 February 2002
	Cloudy
	74.6
	32.9
	0.441
	1.7
	−0.9



	5 March 2002
	Cloudy
	59.4
	25.9
	0.436
	1.5
	−2.1



	14 March 2002
	Rainy
	20.5
	8.6
	0.418
	5.4
	−2.2



	17 March 2002
	Sunny
	10.1
	4.6
	0.454
	13.2
	−3.0







† Only the snowmelt season is shown (cited [35], Figure 1).
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Table 2. Water temperature and DO † levels measured in Lake Biwa from 2009 to 2010 ‡ [36]. The yellow color in the table refers to the deepening of thermocline, indicating the depth of lake mixing.
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Water Temperature (°C)




	
Observation Point

	
Depth\Month-Year

	
Oct-09

	
Nov-09

	
Dec-09

	
Jan-10

	
Feb-10

	
Mar-10

	
Apr-10

	
May-10






	
The center of Imadsu-oki

	
0.5m

	
22.7

	
20

	
17.7

	
14.6

	
13.4

	
11.4

	
10.0

	
8.7

	
8.3

	
7.9

	
8.2

	
8.1

	
9.1

	
10.4

	
14.4

	
16.8




	
5 m

	
22.6

	
19.6

	
17.0

	
14.6

	
13.4

	
11.4

	
10.0

	
8.7

	
8.3

	
7.9

	
7.9

	
8.1

	
8.6

	
9.1

	
12.9

	
12.9




	
10 m

	
22.6

	
19.6

	
17.0

	
14.6

	
13.4

	
11.4

	
10.0

	
8.7

	
8.3

	
7.9

	
7.9

	
8.1

	
8.2

	
8.8

	
12.4

	
11.1




	
15 m

	
22.2

	
19.6

	
16.9

	
14.6

	
13.4

	
11.4

	
10.0

	
8.7

	
8.3

	
7.9

	
7.8

	
8.0

	
8.2

	
8.7

	
11.5

	
10.6




	
20 m

	
13.9

	
17.4

	
16.8

	
14.6

	
13.4

	
11.4

	
9.9

	
8.7

	
8.3

	
7.9

	
7.9

	
7.9

	
8.2

	
8.7

	
11.2

	
10.1




	
30 m

	
9.8

	
9.8

	
10.5

	
11.2

	
10.2

	
11.4

	
9.9

	
8.6

	
8.3

	
7.9

	
7.9

	
7.9

	
8.2

	
8.6

	
9.4

	
9.4




	
40 m

	
8.8

	
8.5

	
8.9

	
8.8

	
8.8

	
10.1

	
9.9

	
8.6

	
8.3

	
7.9

	
7.9

	
7.8

	
8.2

	
8.4

	
8.8

	
8.9




	
60 m

	
8.3

	
8.0

	
8.1

	
8.2

	
8.1

	
8.4

	
8.8

	
8.6

	
8.3

	
7.9

	
7.6

	
7.7

	
8.0

	
8.1

	
8.3

	
8.5




	
80 m

	
8.2

	
7.9

	
7.9

	
7.9

	
7.9

	
8.2

	
8.3

	
8.4

	
8.3

	
7.7

	
7.5

	
7.6

	
7.6

	
7.9

	
8.0

	
7.9




	
Bottom from l m

	
8.1

	
7.8

	
7.8

	
7.9

	
7.9

	
8.1

	
8.2

	
8.3

	
8.3

	
1.6

	
7.5

	
7.6

	
7.6

	
7.8

	
7.8

	
7.9




	

	
Dissolved Oxygen (mg/L)




	
Observation Point

	
Depth\Month-Year

	
Oct-09

	
Nov-09

	
Dec-09

	
Jan-10

	
Feb-10

	
Mar-10

	
Apr-10

	
May-10




	
The center of Imadsu-oki

	
0.5m

	
8.7

	
9.2

	
9.4

	
10.0

	
10.4

	
10.5

	
9.8

	
9.7

	
10.6

	
11.1

	
11.6

	
12.0

	
12.0

	
12.1

	
11.3

	
10.6




	
5 m

	
8.7

	
9.2

	
9.6

	
9.9

	
10.3

	
10.5

	
9.8

	
9.7

	
10.6

	
11.1

	
11.6

	
12.0

	
12.0

	
12.3

	
11.8

	
11.1




	
10 m

	
8.5

	
9.0

	
9.4

	
9.9

	
10.2

	
10.5

	
9.8

	
9.6

	
10.5

	
11.0

	
11.6

	
11.9

	
12.0

	
12.4

	
11.6

	
10.9




	
15 m

	
7.7

	
8.9

	
9.4

	
9.9

	
10.3

	
10.4

	
9.7

	
9.7

	
10.5

	
11.0

	
11.7

	
11.8

	
12.0

	
12.3

	
11.6

	
10.9




	
20 m

	
5.9

	
7.5

	
8.8

	
9.8

	
10.3

	
10.4

	
9.7

	
9.6

	
10.5

	
11.0

	
11.6

	
11.8

	
11.9

	
12.1

	
11.6

	
10.6




	
30 m

	
7.8

	
7.7

	
7.1

	
7.1

	
8.9

	
10.3

	
9.6

	
9.6

	
10.5

	
11.0

	
11.6

	
11.8

	
11.8

	
12.0

	
11.2

	
10.5




	
40 m

	
8.1

	
8.6

	
7.3

	
6.8

	
7.3

	
9.3

	
9.1

	
10.1

	
10.5

	
11.0

	
11.2

	
11.6

	
11.8

	
11.8

	
11.0

	
10.3




	
60 m

	
9.2

	
9.0

	
8.3

	
7.0

	
6.6

	
7.0

	
6.4

	
10.1

	
10.5

	
10.9

	
11.2

	
11.0

	
11.2

	
11.5

	
10.7

	
10.2




	
80 m

	
6.9

	
7.6

	
7.2

	
5.8

	
4.1

	
5.2

	
5.6

	
6.9

	
10.4

	
11.2

	
11.0

	
10.9

	
10.1

	
10.6

	
9.9

	
9.2




	
Bottom from l m

	
2.5

	
3.6

	
4.1

	
3.8

	
3.6

	
2.8

	
5.0

	
3.9

	
10.2

	
11.1

	
11.0

	
11.0

	
10.0

	
10 2

	
9.3

	
8.8




	

	
Snow Water Equivalent (mm)




	
Observation Point

	
Month-Year

	
Oct-09

	
Nov-09

	
Dec-09

	
Jan-10

	
Feb-10

	
Mar-10

	
Apr-10

	
May-10




	

	

	

	

	

	

	
12/1

	
12/23

	
1/9

	
1/21

	
2/8

	
2/22

	
3/5

	
3/22

	
4/2

	

	

	




	
Yanagase

	
Mid-mountain areas

	
0

	
84

	
320

	
354

	
424

	
398

	
83

	
0

	
0




	
Nakakawachi

	
Mountain areas

	
0

	
195

	
432

	
604

	
716

	
779

	
621

	
382

	
0








† DO: dissolved oxygen. ‡ These measurements were conducted every two weeks at eight depths in the northern part of the lake at the center of Imadsu-oki (Figure 1; [36]). Observed average snow water equivalent at the north catchment area of Lake Biwa during the winter of 2009 (Figure 1).
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