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Abstract. Decreases in streamflow (Q) during dry periods can negatively affect river ecosystems and human societies, and 

understanding their causes is crucial to anticipate them. The contribution of increases in catchment actual evapotranspiration 

(E) to decreases in Q during dry periods remains poorly quantified. To address this gap, we performed a data-based analysis 

for 363 small (< 1000 km2) catchments without substantial water management influences in Germany over 1970–2019. We 15 

quantified trends in the magnitude of summer low flows, i.e., the minimum 7-day Q during summer months (7dQmin, JJA). We 

attributed these trends to their main potential predictors (namely, long-term variations in E, summer precipitation, P, as well 

as spring and winter P as proxies for storage). Furthermore, we assessed potential changes in the annual P-Q relationship of 

the catchments during a multi-year drought in the early 1990s, and investigated whether these changes were related with trends 

and anomalies in E and P. Summer low flows decreased (increased) significantly in 31 % (2 %) of the catchments, with a 20 

median trend of -3.7 % decade-1 across all catchments. Increases in E were a relevant driver of these decreases particularly in 

relatively more arid Eastern catchments (contribution to long-term dynamics of 7dQmin, JJA of 35 % based on multiple linear 

regression, and correlation coefficient between trends in 7dQmin, JJA and in E of -0.74). Changes in the P-Q relationship occurred 

in 26 % of the catchments that experienced a multi-year drought between 1989 and 1993, with lower Q than expected from 

the relationship before the drought. These changes occurred in catchments with concurrent strong increases in E (median trend 25 

of 6.1 % decade-1). Our findings point to the importance of increases in E, especially in more arid catchments, when assessing 

potential future decreases in Q during dry periods for water management and climate adaptation strategies. 

1 Introduction 

Long-term decreases in low flows and alterations in streamflow (Q) generation under extended dryness can alter habitat 

availability (Hauer et al., 2013; John et al., 2022) and human water supply (Garreaud et al., 2017; Montanari et al., 2023). As 30 

an example, Montanari et al. (2023) showed that the magnitude of summer low flows in the Po River (northern Italy) declined 

since the 1940s, with the minimum in 2022. This extreme event had severe ecological and socio-economic impacts, through 
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deterioration of water quality, reductions in power production (Montanari et al., 2023 and references therein), and restrictions 

on public water use (Avanzi et al., 2024) for instance.  

The magnitude of low flows (or shortly low flows in the following) has decreased in various regions worldwide over recent 35 

decades (Stahl et al., 2010; Fangmann et al., 2013; Thomas et al., 2015; Bormann & Pinter, 2017; Hammond et al., 2022; 

Chagas et al., 2022). Stahl et al. (2010) analysed summer low flows for 441 small catchments (area < 1000 km2) in Europe, 

and they found mostly decreases in summer low flows, i.e., drying conditions, between 1962 and 2004. Specifically, Stahl et 

al. (2010) reported decreases (increases) in minimum 7-day Q, typically used to assess potential ecological impacts, for 46 

(23) % of the catchments and in minimum 30-day Q, typically used to assess potential impacts on human societies, for 42 (24) 40 

% of the catchments. Bormann & Pinter (2017) later studied long-term variations in annual low flows for 79 small-to-large 

catchments (481–159300 km2) in Germany between 1950 and 2013, and they reported significant increases, i.e., wetting 

conditions, in minimum 7-day Q for 26 % of the catchments and decreases for 4 % of them. Bormann & Pinter (2017) showed 

that increases in low flows occurred in Southern and Western Germany, while decreases occurred in the North-East of the 

country. They argued that changes in climate and human activities drove this spatial pattern, with increases in air temperature 45 

leading to increases in winter low flows in large, snowmelt-affected catchments in Western Germany and changes in human 

activities, such as mining, to the decreases in the North-East of the country. Small catchments without substantial influences 

of water management (or shortly small catchments henceforth) allow to study changes mainly driven by climate (Thomas et 

al., 2015; Hodgkins et al., 2024). Furthermore, focusing only on the summer season avoids influences of snow processes into 

the generation of low flows (Floriancic et al., 2020). Yet, an updated assessment of changes in summer low flows for small 50 

catchments in Germany over recent decades is lacking.  

Long-term decreases in summer low flows in small catchments may originate from long-term increases in catchment actual 

evapotranspiration (E), decreases in precipitation (P) during the summer season, and decreases in water storage in the 

catchments (S, Montanari et al., 2023). Over recent decades, E has increased in many regions following changes in climate 

and land cover (Duethmann and Blöschl, 2018; Teuling et al., 2019; Yang et al., 2023; Bruno & Duethmann, 2024). These 55 

increases in E contributed to decreases in annual Q on the long-term (Teuling et al., 2009a; Fischer et al., 2023; Renner and 

Hauffe, 2024) and during dry years, especially in mountain catchments (Tran et al., 2023). From reanalysis data, Montanari et 

al. (2023) showed that increases in E and decreases in snow storage co-occurred with decreases in summer low flows in the 

Po River. The relative importance of long-term variations in different hydro-climatic predictors, including E, to decreases in 

summer low flows has not been quantified though.  60 

Dry periods with abnormally low P can extend over multiple years (multi-year droughts). In some catchments, multi-year 

droughts led to changes in Q generation, with lower Q than expected from the typical annual P-Q relationship reported in 

Australia (Saft et al., 2015), California (Avanzi et al., 2020), Chile (Alvarez-Garreton et al., 2021), and Europe (Massari et al., 

2022). Massari et al. (2022) investigated potential changes in the P-Q relationship during various multi-year droughts that 

occurred in 210 catchments in Europe over 1980–2015 (e.g., the multi-year drought in Central Europe in the early 1990s, 65 

Spinoni et al., 2015). They found that these changes occurred in 33 % of the catchments, with a median decrease in Q across 



3 

 

the catchments of -28 % compared to the typical relationship. Potential causes of alterations in Q generation during extended 

dry periods are increases in E and decreases in S, with further influence of the severity of P deficits (Saft et al., 2016). Massari 

et al. (2022) showed positive E anomalies during the investigated multi-year droughts in Europe, which likely contributed to 

changes in the P-Q relationship. Positive E anomalies during multi-year droughts may be caused by high atmospheric 70 

evaporative demand in warm-dry conditions and sustained by a depletion of S (Massari et al., 2022). Underlying long-term 

increases in E may also lead to positive E anomalies during multi-year droughts and thus, to changes in the P-Q relationship. 

Gardiya Weligamage et al. (2023) investigated potential long-term increases in E for six catchments in South-Eastern Australia 

which experienced changes in the P-Q relationship during the Millennium drought (ca. 1997–2010). Yet, they showed stable 

E before and after the drought, and pointed to decreases in S as dominant driver of changes in the P-Q relationship during this 75 

event. Bruno & Duethmann (2024) reported robust increases in water balance-derived E in small catchments in Germany 

between the 1970s and 2000s, regardless of uncertainties in P data and in the consideration of potential S changes. However, 

whether changes in the P-Q relationship during the multi-year drought in Germany in the early 1990s occurred in catchments 

with long-term increases in E has not been assessed yet.    

To address the three research gaps delineated before, we set three working hypotheses:  80 

1. Summer low flows decreased in small catchments in Germany between 1970 and 2019.  

2. Increases in E were a relevant driver of decreases in summer low flows in small catchments in Germany between 

1970 and 2019. 

3. During the multi-year drought in Germany in the early 1990s, the occurrence of changes in the annual P-Q relationship 

was related with increases in E over past decades. 85 

To test these working hypotheses, we performed three main analyses (Fig. 1). Firstly, we detected trends in the magnitude of 

summer low flows (Sect. 2.4). Secondly, we attributed the trends in summer low flows to their main potential predictors (Sect. 

2.5). For this trend attribution, we quantified (i) the contribution of each predictor to the long-term temporal dynamics of 

summer low flows, and (ii) the strength of the spatial coherence between trends in summer low flows and in the considered 

predictors. Thirdly, we identified catchments that experienced a multi-year drought in the early 1990s, detected changes in 90 

their P-Q relationship during this event compared to the one before the drought, and analysed the underlying trends and 

anomalies in E and P, for catchments with change and no change (Sect. 2.6).      
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Fig. 1: Study design. (a) Working hypotheses and (b) overview of the methods used to test them. 

2 Data and methods 95 

2.1 Study catchments: streamflow data, clustering, and attributes 

We collected daily Q observations and catchment boundaries for 363 catchments in Germany (Fig. 2a) from the Environment 

Agencies of the German Federal States, the Global Runoff Data Center, and the Global Streamflow Indices and Metadata 

Archive (Do et al., 2018a; 2018b). These catchments have no substantial influences of water management, according to 

information from the Environment Agencies, and have an area between 50 and 1000 km2. Furthermore, the selected catchments 100 

have Q data covering at least 48 years between 1970 and 2019, with less than 5 % of missing values in each year to ensure 

sufficient data consistency, and they have mean annual runoff ratio less than 1, to minimize potential issues in annual Q and/or 

P data. Throughout the manuscript, we defined years on a hydrological basis, starting in November.  

To identify regions with homogeneous long-term variations in Q over the study period and ease the trend attribution (Fig. 1b), 

we grouped the catchments into clusters. To this end, we focused on variations in standardized monthly Q anomalies, rather 105 

than variations in a specific low-flow metric, since various metrics can characterize low flows. For comparability across 

catchments with potentially different hydrological regimes, we computed standardized monthly Q anomalies (or z-scores, ZQ) 

as: 
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𝑍Q𝑗

(𝑡) =
𝑄𝑗(𝑡) −  𝑄𝑗

̅̅ ̅

𝜎𝑄𝑗

  (1) 

where 𝑄𝑗
̅̅ ̅ is the mean and 𝜎𝑄𝑗

 the standard deviation in Q for month j (j = 1…12) over the study period. We then used a 

hierarchical clustering algorithm with Ward’s criterion to minimize the variance of ZQ within the clusters (Ward, 1963). We 110 

set the number of clusters as four (Fig. 2), since the within-cluster variance reduced comparatively less for higher numbers 

(Fig. S1).   

 

Fig. 2: Study catchments and streamflow (Q) data. (a) Map of catchment boundaries (blue lines) and their outlets (dots, coloured 

according to the cluster they belong to), with elevation from EU-DEM (2016) as background. (b-e) Average monthly standardized 115 
Q anomalies (ZQ) across the catchments in the different clusters (solid lines for data smoothed by generalized additive models).     

For catchment characterization, we derived a set of attributes regarding topography, climate, land cover, and hydrology as 

summarized in Table 1.   

Table 1: Summary of attributes for catchment characterization. Attribute, brief description with relevant references, data sources, 

median (first/third quartile) value across all catchments, and unit. See Fig. 3 and S2 for distributions of the attributes across the 120 
different clusters. 

Attribute  Description Data source 

Median 

(first/third 

quartile) 

Unit 

Area  Catchment area from catchment boundaries  

Environment Agencies of the German 

Federal States and the Global 

Streamflow Indices and Metadata 

Archive (Do et al., 2018a; 2018b) 

181 (106/331) km2 

Slope Catchment-average slope 
EU Digital Elevation Model (v1.1., EU-

DEM, 2016) 

5 (3/6) ° 

Mean 

elevation 
Catchment-average elevation  396 (216/507) m a.s.l. 



6 

 

Snow 

fraction 

Ratio between P falling as snow (air 

temperature < 0°) and total P 

E-OBS dataset (v26.0e, Cornes et al., 

2018) 

0.07 (0.05/0.09) - 

Precipitation 

seasonality 

Seasonality index from Woods (2009), 0 

stands for uniform P throughout the year, 1 

for strong peak in summer season, -1 for 

strong peak in winter season 

0.04 (-0.03/0.16) - 

Aridity 

index 

Ratio between mean daily potential 

evapotranspiration (Penman-Monteith 

formulation, Allen et al., 1998) and P 

0.7 (0.61/0.81) - 

Urban areas 

Percentage of urban areas, croplands, 

pastures, and forests within the catchment 

Corine 2000 Land Cover data (v20.1, 

European Environment Agency, 2020) 

5 (3/7) % 

Croplands 43 (26/60) % 

Pastures 7 (4/13) % 

Forests 33 (21/45) % 

Sand 
Catchment-average percentage of sand, silt, 

and clay 

SoilGrids250m dataset (Hengl et al., 

2017) 

40 (34/45) % 

Silt 39 (36/43) % 

Clay 20 (17/22) % 

Runoff ratio 
Ratio between mean daily streamflow (Q) and 

P 

Environment Agencies of the German 

Federal States and the Global Runoff 

Data Center, E-OBS dataset (v26.0e, 

Cornes et al., 2018) 

0.34 (0.26/0.43) - 

Baseflow 

index 

Ratio between baseflow (Ladson et al., 2013) 

and Q 
0.66 (0.59/0.74) 

- 

 

According to these attributes (Table 1), the study catchments are predominantly small (median area of 181 km2 across the 

catchments), flat (median slope of 5 °), and lowland (median mean elevation of 396 m), especially in the Eastern and Northern 

clusters (Fig. 3a). They receive little snow (median snow fraction of 0.07) and P is generally distributed rather evenly 125 

throughout the year (slightly skewed to the summer season for the Pre-Alpine cluster in particular, Fig. 3b). The catchments 

are mostly humid, with an aridity index occasionally greater than 1, particularly in the Eastern cluster (Fig. 3c). The dominant 

land cover types are croplands and forests, with generally low presence of pastures and urban areas. The catchments exhibit 

mostly sandy and silty soils. Runoff ratios are generally low (median of 0.34) and the contribution of baseflow to Q moderate 

(median baseflow index of 0.66, Table 1).       130 
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Fig. 3: Selected attributes for the study catchments. Boxplots of (a) mean elevation, (b) precipitation seasonality, and (c) aridity index 

for all catchments and by cluster. Details on the attributes are in Table 1 and boxplots of additional attributes in Fig. S2. 

2.2 Precipitation data 

Given the focus of the work on long-term variations, we selected a gridded P dataset which interpolates data only from gauges 135 

with continuous record over time to minimize inhomogeneities from a varying number of gauges. The dataset, previously used 

in Hoffmann et al. (2018) and Bruno & Duethmann (2024), exploits the SPHEREMAP method (Shephard, 1968; Willmott et 

al., 1985) for the interpolation and provides daily P fields over Germany at a 0.11° resolution.  

We corrected the dataset for gauge undercatch following the method proposed for Germany by Richter (1995): 

 𝑃𝑐𝑜𝑟𝑟 = 𝑃𝑢𝑛𝑐𝑜𝑟𝑟 +  𝑎𝑃𝑢𝑛𝑐𝑜𝑟𝑟
𝑏 (2) 

with Pcorr as corrected P, Puncorr uncorrected P, a and b coefficients which vary with wind exposure of the gauges, precipitation 140 

type (rain or snow), and season. Here, we assumed for all grid cells the coefficients for moderately sheltered locations in 

Richter (1995), given the low sensitivity of long-term variations in P to the selected coefficients (Duethmann and Blöschl, 

2018). To discriminate between rain and snow, we relied on daily air temperature observations from the E-OBS dataset (v26.0e, 

Cornes et al., 2018). We then computed area-weighted catchment average time series from Pcorr fields (P in the following) for 

each catchment.   145 

2.3 Water-balance derived catchment evapotranspiration 

We derived annual E from the water balance: 

   𝐸 = 𝑃 − 𝑄 − Δ𝑆  (3) 

with P as annual precipitation, Q as annual streamflow, and ΔS as annual changes in S.  

Since long-term data on S across a large number of small catchments are not available, we approximated S with the dynamic 

storage of the catchments (Sdyn, that is the portion of S connected to variations in Q; Staudinger et al., 2017). Kirchner (2009) 150 

showed that Sdyn can be derived from the Q time series and recession characteristics of the catchments, under the assumption 

of Q mainly controlled by it. To verify this assumption for the study catchments, we followed an approach similar to Kirchner 

(2009). Specifically, we computed the percentage of winter days over the study period with (i) rising Q (dQ/dt > 0) when P 
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exceeds Q and (ii) decreasing Q (dQ/dt ≤ 0) otherwise. These conditions indicate limited influence of additional stores which 

are fed during P events and then sustain Q during dry periods. The percentages of days for which Sdyn can be thought as the 155 

main source of Q spanned between 54 and 72 % across the catchments, meaning that the assumption underlying the method 

proposed by Kirchner (2009) is met for most of the time in all catchments. We followed the details in Bruno & Duethmann 

(2024; Text S1 herein) for the derivation of the recession characteristics and Sdyn. To constrain unrealistic values in Sdyn, we 

did not rely on the long-term water balance as in Bruno & Duethmann (2024), but we derived Sdyn between Q1 (Q exceeded 

99% of the days) to avoid numerical issues with low Q and Q85 (Q exceeded 15% of the days) to minimize high Q events with 160 

relevant surface processes not controlled by Sdyn (Staudinger et al., 2017).        

2.4 Trend detection for summer low flows 

We characterized summer low flows in terms of their magnitude, by averaging Q over a moving window of 7 days and then 

selecting the minimum during the summer months June, July, and August (7dQmin, JJA). To analyse the influence of the adopted 

low-flow metric on the results, we used two alternative metrics which we derived by extending (i) the moving window to 30 165 

days (30dQmin, JJA) and (ii) the summer season from May to October (included, 7dQmin, M-O). We also characterised general 

long-term variations in Q, and considered annual Q and the centre of mass date of Q (CMDQ). CMDQ is the time of the year 

when half of the annual Q has occured and as such, a metric for Q timing (Court, 1962; Han et al., 2024).    

We detected long-term variations through trend analysis. We used the Sen’s slope estimator (Sen, 1968) as a measure of the 

magnitude of the trends and the Mann-Kendall test, with trend-free prewhitening to avoid lag-one autocorrelation, to evaluate 170 

their significance (Yue et al., 2002). For all statistical tests throughout the manuscript, we used a 5 % significance level. 

2.5 Trend attribution  

As predictors of trends in summer low flows (7dQmin, JJA in the following), we considered variations in E, summer P (PJJA) and 

S. We used PMAM and PDJF as proxies of storage recharge in the seasons preceding the summer, similarly to what done by 

previous work to overcome the unavailability of long-term data on soil moisture and groundwater storage for the study 175 

catchments (Duethmann et al., 2015; Saft et al., 2016; Laaha et al., 2017). To disentangle the relative contribution of these 

predictors, we performed two analyses.  

Firstly, we used multiple linear regression to model the temporal dynamics of summer low flows (7dQmin, JJA in Eq. (4)), from 

the dynamics of the predictors, both at a catchment- and cluster-scale: 

   7𝑑𝑄𝑚𝑖𝑛,   𝐽𝐽𝐴 =  𝛼1𝐸 +  𝛼2𝑃𝐽𝐽𝐴 + 𝛼3𝑃𝑀𝐴𝑀   + 𝛼4𝑃𝐷𝐽𝐹   + ε (4) 

with αi (i = 1…4) the regression coefficient for each predictor and ε the model residuals. We adopted 5-year averages to focus 180 

on long-term dynamics and reduce potential uncertainties in water balance-derived E. Moreover, for the cluster-scale analysis 

we used average time series across the catchments in each cluster to minimize uncertainties in E for specific catchments, while 

analysing the main signal at a regional scale. We evaluated the considered predictors for multicollinearity and discarded those 
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models with variance inflation factor ≥ 10 (Draper and Smith, 1998). We assessed the performance of the multiple linear 

regression models in terms of coefficient of determination (R2) between simulated and observed summer low flow. We 185 

determined significant predictors according to a two-sided t-test, and expressed the contribution of each predictor j (j = 1…4) 

as: 

   
𝐶𝑗 =  

|𝛼̃j|

∑ |𝛼̃i|
4
i=1

∗ 100 (5) 

where 𝛼̃i (i = 1…4) are the standardized regression coefficients (i.e., centered around their mean and scaled by their standard 

deviation) of the considered predictors. We quantified the uncertainty in the regression coefficients as their standard errors. 

As a second analysis, we assessed the strength of the spatial coherence between catchment-scale trends in summer low flows 190 

and trends in predictors through a correlation analysis (Pearson’s correlation coefficient, r) performed for each cluster. We 

quantified trends in predictors as described for summer low flows (Sect. 2.4).  

We repeated both analyses for the alternative low flow metrics (Sect. 2.4). 

2.6 Change analysis during multi-year drought  

We identified catchments that experienced a multi-year drought (or drought in the following) based on annual P standardized 195 

anomalies (ZP): 

   
𝑍𝑃(𝑡) =

𝑃(𝑡) − 𝑃̅

𝜎𝑃

∗ 100  (6) 

where 𝑃̅ is the mean and 𝜎𝑃 the standard deviation in annual P over the study period. We relied on the criteria of Saft et al. 

(2015) and Massari et al. (2022) to determine start and end years of the drought for each catchment. Firstly, we computed 3-

year moving averages of ZP (3yZP) to minimize the potential influence of single wet years in the identification of the drought 

(Saft et al., 2015). We then considered multi-year droughts as periods with consecutive negative values in 3yZP, by discarding 200 

end years with (i) ZP > 0.15 for that year, and (ii) 0 < ZP < 0.15 for both that year and the previous one (Saft et al., 2015). 

Finally, we retained only catchments that experienced a multi-year drought longer than 3 years with mean ZP < -0.8 and 

concomitant Q data available (Sect. 2.1), to ensure relevant drought severity (Massari et al., 2022) and data consistency. 

For each catchment with a multi-year drought, we identified changes in the P-Q relationship during this event compared to the 

conditions before the drought basing on the approach of Saft et al. (2015). To ensure that annual Q data is approximately 205 

normally distributed for subsequent parametric analyses, we applied a Box-Cox transformation (Box and Cox, 1964): 

   
𝑄𝐵𝐶 (𝑡) =

𝑄(𝑡)𝜆 −  1

𝜆
  (7) 

where λ is a transformation parameter that we determined through maximum likelihood estimation (Massari et al., 2022). We 

then identified changes in the P-Q relationship during the multi-year drought through multiple linear regression (see Sect. 2.5 

for methodological details on the regression): 

   𝑄𝐵𝐶 =  𝛽1 +  𝛽2𝐼 + 𝛽3𝑃 +  𝜀1  (8) 
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with QBC as the Box-Cox transformed Q (Eq. (7)) before and during the multi-year drought, I a binary indicator (1 for years in 210 

the multi-year drought and 0 for years before), P annual precipitation before and during the multi-year drought, βi (i = 1…3) 

regression coefficients, and ε1 model residuals. A significant β2 indicates a change in the P-Q relationship, as compared to the 

one before the drought. For catchments where these changes occurred, we quantified their magnitude as: 

   𝐶𝑃−𝑄 𝑟𝑒𝑙 =  
(𝛽1+ 𝛽2𝐼+𝛽3𝑃∗+𝜀1)− (𝛽1+𝛽3𝑃∗+𝜀1) 

(𝛽1+ 𝛽2𝐼+𝛽3𝑃∗+𝜀1)
 *100 (9) 

with P* as a representative annual P, given by the average between the minimum and average P over the years before and 

during the multi-year drought (Saft et al., 2015) to account for non-linearities in non-transformed P data. 215 

Finally, for each catchment where a multi-year drought occurred, we quantified trends (Sect. 2.4) in E and P over the period 

from 1970 to the end of the multi-year drought, as well as mean annual anomalies (Eq. (6)) in E and P during the drought. We 

furthermore computed mean annual anomalies in detrended E and P. For the detrending, we removed from the original data 

the linear trend over the years before and during the drought. We then verified whether catchments with change and no change 

had statistically different distributions in trends and anomalies according to the Kolmogorov-Smirnov two-sample test. 220 

3. Results 

3.1 Trends in summer low flows  

Summer low flows largely decreased in small catchments in Germany between 1970 and 2019 (Fig. 4, S3a-d). Mean 7dQmin, 

JJA across all catchments showed generally positive anomalies before the 1990s and negative anomalies afterwards (Fig. 4a). 

Trends in 7dQmin, JJA were significantly negative in 31 % of the catchments and significantly positive in 2 % of them (negative 225 

in 77 % and positive in 23 %, Fig. 4b), with median (interquartile range, IQR) of -3.7 (-7.5/-0.6) % decade-1 across all 

catchments (Fig. 4c). Each cluster showed negative median trends (the strongest in the Eastern one, equal to -5.8 % decade-1, 

Fig. 4c). Alternative metrics for summer low flows had comparable behaviour, with a median trend across the catchments of -

4.2 % decade-1 for 30dQmin, JJA and of -3.1 % decade-1 for 7dQmin, M-O, and significant decreases for 28 % of the catchments for 

both metrics (Fig. S4a-f). Additional Q metrics similarly decreased over 1970–2019, even though less significantly than 230 

summer low flows (median trend in annual Q of -1.3 % decade-1 across all catchments and significant negative trends in 10 % 

of them, Fig. S4g-i, and median trend in CMDQ of -0.006 month year-1 across all catchments and significant negative trends in 

3 % of them, Fig. S4j-l). 
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Fig. 4: Long-term variations in summer low flows (7dQmin, JJA) over 1970–2019. (a) Average anomalies across all catchments (Average 235 
anomalies across the catchments in each cluster in Fig. S6a–d). (b) Map of catchment-scale trends (dots with black edge if significant). 

(c) Boxplots of trends for all catchments and by cluster. 

3.2 Attribution of trends in summer low flows  

Annual E increased between 1970 and 2019, with significant increases in 27 % of the catchments and a median trend (IQR) of 

1.1 (-0.5/3.2) % decade-1 across all of them (Fig. 5a-c). All clusters displayed positive median trends in E, particularly the 240 

Northern (3.0 % decade-1) and Eastern one (2.9 % decade-1, Fig. 5c). Increases in E occurred especially between 1970 and the 

early 2000s (Fig. 5a), with a median trend (IQR) of 4.2 (1.8/6.9) % decade-1 across the catchments over 1970–1999 (Fig. S5). 

Other predictors of trends in summer low flows (i.e., long-term variations in PJJA, PMAM, and PDJF) showed contrasting 

directions of change over time (Fig. 5d, g, j) and only few significant trends (significant in < 10 % of the catchments, Fig. 5e, 

h, k). Trends in PJJA and PMAM further exhibited contrasting signs among the clusters (Fig. 5e, h). PJJA generally decreased in 245 

the Pre-Alpine cluster (median trend of -1.4 % decade-1) and the Central one (median trend of -0.8 % decade-1), while it 

generally increased in Eastern (median trend of 2.7 % decade-1) and Northern catchments (median trend of 1.7 % decade-1, 

Fig. 5f). PMAM underwent general increases in the Pre-Alpine cluster (median trend of 1.9 % decade-1) and decreases elsewhere 

(median trends of -0.3 % decade-1 in the Central cluster, -1.7 % decade-1 in the Eastern one, and -2.7 % decade-1 in Northern 

catchments, Fig. 5i). Median trends in PDJF were positive for all clusters (Fig. 5l).  250 
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Fig. 5: Long-term variations in predictors of variations in summer low flows over 1970–2019 (annual evapotranspiration, E, panels 

a–c, precipitation over summer, PJJA, panels d–f, spring, PMAM, panels g–i, and winter PDJF, panels j–l). (a, d, g, and j) Average 

anomalies across the catchments (average anomalies across the catchments in each cluster in Fig. S3e–t). (b, e, h, and k) Maps of 

catchment-scale trends (black edges if significant).  (c, f, i, and l) Boxplots of trends for all catchments and by cluster.  255 

Multiple linear regression for predicting long-term dynamics in summer low flows achieved satisfactory performances both at 

cluster- and catchment-scale (for 7dQmin, JJA, R2 > 0.7 for each cluster and median R2 of 0.78 across all catchments, Table S1, 

and Fig. S6a and b). Significant predictors of 7dQmin, JJA differed between clusters (Fig. 6, Table S1). In the Pre-Alpine cluster, 

PJJA was the only significant predictor (contribution to the simulation of 7dQmin, JJA equal to 46 %). In the South-Central cluster, 

PJJA and PMAM were significant predictors, with comparable contribution to the simulations (< 40 % for each predictor). In the 260 

Eastern and Northern clusters, significant predictors were E, PJJA, and PMAM, with similar relative contributions (slightly higher 
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for E than for PJJA and PMAM in the Eastern cluster, and equal to 35 %). Catchment-scale results showed similar patterns, despite 

being unavoidably more affected by noise than those at the cluster-scale (Fig. S6c and d). By focusing on significant primary 

predictors only (i.e., predictors with highest contribution to the simulations), PJJA was the most recurrent one for catchments 

in the Pre-Alpine cluster, PMAM in the South-Central cluster, and E in the Eastern and Northern clusters (Fig. S6d).   265 

 

Fig. 6: Attribution of long-term variations in summer low flows to their predictors (contribution to temporal dynamics): relative 

contribution of annual evapotranspiration (E), summer (PJJA), spring (PMAM), and winter precipitation (PDJF) to the predicted long-

term dynamics of summer low flows (7dQmin, JJA) from multiple linear regression (Sect. 2.5) for the different clusters. Pre-al. refers 

to Pre-Alpine, South. to South-Central, East. to Eastern, and North. to Northern cluster. Vertical lines indicate the uncertainty of 270 
the regression coefficients. 

The strength of the correlation between catchment-scale trends in summer low flows and in their predictors varied according 

to the considered predictor and cluster (Fig. 7). By focusing on significant correlations, trends in 7dQmin, JJA negatively 

correlated with trends in E in all clusters but the Pre-Alpine one (r equal to -0.26 in the South-Central, -0.74 in the Eastern, 

and -0.36 in the Northern cluster), indicating that decreases in summer low flows corresponded to increases in E and vice 275 

versa. Moreover, trends in 7dQmin, JJA positively correlated with trends in PJJA for the Pre-Alpine (r = 0.3) and Northern (r = 

0.25) clusters, illustrating that decreases in summer low flows paralleled decreases in PJJA and vice versa. Trends in 7dQmin, JJA 

furthermore showed a positive correlation with trends in PMAM for the Pre-Alpine cluster (r = 0.23), a negative correlation with 

trends in PDJF for the Eastern cluster (r = -0.49), and a positive correlation with trends in PDJF for the Northern cluster (r = 

0.16).  280 
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Fig. 7: Attribution of long-term variations in summer low flows to their predictors (strength of spatial coherence): Pearson’s 

correlation coefficients (r) between catchment-scale trends in summer low flows (7dQmin, JJA) and in potential predictors (annual 

evapotranspiration, E, summer precipitation PJJA, spring precipitation PMAM, and winter precipitation PDJF) over 1970–2019, for the 

catchments in the different clusters. Pre-al. refers to Pre-Alpine, South. to South-Central, East. to Eastern and North. to Northern 285 
cluster. 

Correlation between trends in 7dQmin, JJA and in their predictors differed also according to the considered decades. Over 1970–

1999, trends in 7dQmin, JJA for instance negatively correlated with trends in E in all clusters, including the Pre-Alpine one (r = 

-0.28, Fig. S7). Results for 30dQmin, JJA and 7dQmin, M-O (not shown) were comparable to those for 7dQmin, JJA for both attribution 

analyses.    290 

3.3 Changes in the P-Q relationship during a multi-year drought and their potential predictors 

Fifteen percent of the study catchments experienced a multi-year drought within 1989–1993 (Fig. 8a). Of these, 26 % exhibited 

a change in the annual P-Q relationship during the drought (Fig. 8a). The median magnitude of change across the catchments 

was of -10 % of Q for given P, as compared to the relationship before the drought (Fig. 8b). The catchments with change 

showed largely positive trends in E over the period before and during the drought (median of 6.1, IQR of 4.4/9.2 % decade-1 295 

across the catchments, Fig. 8c). The catchments with no change had mostly small trends in E before and during the drought 

(median of -0.5, IQR of -0.5/3.4 % decade-1, distribution statistically different from the one for catchments with change, Fig. 

8c). Catchments with and without change similarly experienced generally positive trends in annual P before and during the 

drought (Fig. 8c). Mean E anomalies during the drought were mostly positive across the catchments with change (median of 

10 %) and negative for catchments with no change (median of -32 %,  Fig. 8d). Mean anomalies in annual P during the drought 300 

were largely negative, and relatively similar for catchments with and without change (Fig. 8d). Mean anomalies in detrended 

variables (Ed and Pd) during the drought were mostly negative both for catchments with and without change (Fig. S8).   
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Fig. 8: Changes in the annual relationship between precipitation (P) and streamflow (Q, P-Q relationship) during the multi-year 

drought between 1989 and 1993, and their potential predictors. (a) Map of the magnitude of changes in the P-Q relationship (CP-Q 305 
rel), across the study catchments. (b) Histogram of CP-Q rel. (c) Boxplots of trends in annual catchment actual evapotranspiration (E) 

and P over 1970–1993, for catchments with change and no change in the P-Q relationship. (d) Boxplots of mean anomalies in E and 

P over the drought, for catchments with change and no change in the P-Q relationship.  

4. Discussion 

4.1 Summer low flows decreased in small catchments in Germany between 1970 and 2019 310 

Trend analysis confirmed widespread decreases in summer low flows in all clusters (Fig. 4, Fig. S3a-d). Decreases in 7dQmin, 

JJA were significant in 31 % of the catchments with a median trend of -3.7 % decade-1 across all catchments (Fig. 4b and c). 

These findings extend for two more decades the decreases in summer low flows which were previously reported for parts of 

Germany up to the mid-2000s (Stahl et al., 2010; Fangmann et al., 2013). Moreover, our results complement observations on 

increases in annual low flows found by Bormann & Pinter (2017) for catchments with potentially significant human impacts 315 

in Germany between 1950 and 2013. Bormann & Pinter (2017) argued that water management was the main driver of these 

increases, possibly in combination with climatic changes for catchments with their annual Q minimum in winter. Here we 

analysed only small catchments with no substantial influences of water management, despite the presence of human activities 

in land cover (Table 1). For this set of catchments, we observed consistent decreases in summer low flows between 1970 and 

2019. Findings of our study and the one by Bormann & Pinter (2017) indicate potential differences in low-flow trends between 320 

small catchments without substantial influences of water management and regulated catchments, or between summer and 

winter low flows, due to different generating processes. The agreement among trends in 7dQmin, JJA and alternative metrics (i.e., 

30dQmin, JJA and 7dQmin, M-O, Fig. S4a-f) suggests that our main conclusions remain valid irrespective of the specific choice of 
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the low-flow metric. However, we found a slightly lower percentage of significant decreases for 30dQmin, JJA (Fig. S4b) than 

for 7dQmin, JJA (Fig. 4b), which may point to stronger potential impacts for river ecosystems than for society. Furthermore, 325 

decreases in annual Q and in its timing (CMDQ) were more elusive than those in summer low flows (Fig. S4g-l), meaning that 

summer low flows in particular decreased across the study catchments over 1970–2019, and likely not due to a general decrease 

in Q or a shift in its timing.         

Here we focused on the magnitude of summer low flows. Alternative metrics of low flows also showed changes over past 

decades. For instance, the timing of low flows displayed mostly negative trends (i.e., low flows occurring earlier in the year) 330 

in small catchments in Europe up to 2004 (Stahl et al., 2010), and the spatial extent of low flows both increased and decreased 

across catchments with potentially significant human impacts in Europe between 1969 and 2011 (Brunner and Gilleland, 2021). 

For a similar set of small catchments as the one used here, future work could investigate recent long-term variations in these 

alternative metrics of low flows. Similarly, future studies could focus on streamflow droughts, which are abnormal low flows 

as compared to the climatology (Van Loon, 2015). Peña‐Angulo et al. (2022) found increases in the duration, frequency, and 335 

severity of streamflow droughts (i.e., drying conditions over time) in catchments with potentially significant human impacts 

in Germany between 1962 and 2017. The relevance of water management on these changes might be assessed by selecting 

catchments with and without substantial influences of water management. 

4.2 Increases in E were a relevant driver of decreases in summer low flows in small catchments in Germany between 

1970 and 2019 340 

The analysis of predictors of decreases in summer low flows revealed concomitant increases in E in all clusters (significant in 

27 % of the catchments, Fig. 5b, c, S3e-h), but contrasting changes in seasonal P across the clusters (Fig. 5, S3i-t, Table 2). 

Specifically, we found that (i) PJJA decreased in the Pre-Alpine and South-Central Germany, and increased elsewhere, (ii) 

PMAM generally decreased, and (iii) PDJF generally increased over 1970–2019 (Fig. 5b, e, h), which is coherent with Duan et 

al. (2019). These changes indicate that widespread increases in evaporative losses (E), local decreases in water input during 345 

summer (PJJA), and local decreases in storage recharge during spring (approximated by PMAM) superimposed to generate 

decreases in summer low flows. These three mechanisms also overcompensated local increases in storage recharge during 

winter (approximated by PDJF), possibly through depletion of storage by E (Boeing et al., 2024) for instance in the Eastern 

cluster (Fig. 7). We further quantified the relative importance of these predictors and showed that the main drivers differed by 

cluster, i.e., by region with distinct variations in Q over time (Table 2). Increases in E were a significant driver of decreases in 350 

7dQmin, JJA in the Eastern and Northern clusters, together with changes in seasonal P, whereas decreases in PJJA dominated the 

decreases in 7dQmin, JJA in the Pre-Alpine cluster (Fig. 6 and 7). Both multiple linear regressions, focusing on drivers of temporal 

variations, and the correlation analysis, focusing on drivers of spatial patterns, agreed on these results. For the South-Central 

cluster the two analyses led to mixed results, which may be due to the generally small trends in this cluster (Fig. 5). These 

results suggest giving particular attention to catchments with strong increases in E (e.g., in the Eastern and Northern clusters, 355 

Fig. 5c) to anticipate potential decreases in summer low flows. Moreover, the relevance of increases in E for decreases in 
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summer low flows was strongest for catchments with the highest aridity indices in our sample (i.e., the Eastern cluster), which 

are however still mostly humid (aridity index < 1, Fig. 3c). Therefore, the aridity index appears as a key attribute to identify 

catchments where summer low flows are particularly vulnerable to increases in E. Our findings on the role of increases in E 

on decreases in summer low flows expand results at annual time scale (Fischer et al., 2023; Tran et al., 2023), and those by 360 

Montanari et al. (2023) on concomitant decreases in summer low flows and increases in E in northern Italy over recent decades. 

Furthermore, they align with the results of Thomas et al. (2015), Fangmann & Haberlandt (2019), and Floriancic et al. (2021) 

on the importance of potential evapotranspiration for the interannual variability of low flows in German catchments, and those 

of Hammond et al. (2022) on decreases in low flows in catchments in the USA where aridity increased. Increases in E showed 

a halt in Germany after the 2000s (Fig. 4a and Bruno & Duethmann, 2024), leading to milder trends in E over 1970–2019 than 365 

over 1970–1999 (Fig. S5). Increases in E over 1970–1999 correlated with decreases in summer low flows in the Pre-Alpine 

cluster as well (Fig. S7), suggesting that the contribution of increases in E to decreases in summer low flows for regions and 

periods with monotonic E increases may be even larger than the one that we illustrated here. 

Table 2: Summary of long-term variations in summer low flows and in their potential predictors (annual evapotranspiration, E, and 

precipitation over summer, PJJA, spring, PMAM, and winter, PDJF) over 1970–2019, and drivers of variations in summer low flows 370 
(only significant ones according to both attribution analyses, Sect. 2.5) for each cluster. Red arrows refer to strong decreases, light 

red arrows to mild decreases, light blue arrows to mild increases, and blue arrows to strong increases as median across the 

catchments, with ± 2 % decade-1 as thresholds for strong increases/decreases.   

 Cluster 

 Pre-Alpine South-Central Eastern Northern 

Variations in summer low flows     

Variations in E     

Variations in PJJA     

Variations in PMAM     

Variations in PDJF     

Drivers of variations in summer low flows PJJA - E E, PJJA 

 

High E contributed to streamflow droughts in the Alps during the warm and dry summer 2003 (Mastrotheodoros et al., 2020), 375 

and delayed the recovery of S deficits during the 2018–2021 drought in Germany (Boeing et al., 2024). However, the effect of 

increases in E on potential increases in streamflow drought conditions remains unclear. Future research could quantify it, 

similarly to the analyses by Lan et al. (2024) to disentangle the role of vegetation greening on increases in streamflow drought 

conditions in China between 1982 and 2015.  
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4.3 During the multi-year drought in Germany in the early 1990s, the occurrence of changes in the annual P-Q 380 

relationship was related with increases in E over past decades 

Changes in the annual P-Q relationship during the multi-year drought in Germany in the early 1990s generally occurred in 

catchments with increases in E (Fig. 8). Following Saft et al. (2015) and Massari et al. (2022), we found that 15 % of the study 

catchments underwent a multi-year drought between 1989 and 1993, and 26 % of these catchments showed a change in the P-

Q relationship, with respect to the one before the drought (Fig. 8a). For catchments with change, we found a median decrease 385 

in Q of -10 % compared to the P-Q relationship before the drought. Thus, these catchments generated less Q during the multi-

year drought than what predicted by their P-Q relationship before the drought and given P. These changes should not be seen 

as long-term shifts in the hydrological regime of the catchments, since we did not include in the analysis years after the drought 

(to exclude potential non-recovery from the drought conditions for possibly different processes, Peterson et al., 2021). 

According to this analysis, the multi-year drought in Germany in the early 1990s had less severe impact on Q generation than 390 

the Millennium drought in Australia (changes in 56 % of the catchments, with median decrease of approximately -50 %, Saft 

et al. 2015), the 2012–2016 event in California (mean decreases of -28 % across three catchments, Avanzi et al. 2020), and the 

2010–2020 drought in Chile (changes in 61 % of the catchments and mean decrease of -19 %, Alvarez-Garreton et al., 2021). 

These differences may be related to the characteristics of the P anomalies (severity and duration), potential uncertainties in the 

underlying data (Sect. 4.4), and the hydro-climatic characteristics of the catchments. For catchments in Europe and droughts 395 

of similar duration to the one we analysed here, Massari et al. (2022) reported changes in 33 % of the catchments, and a median 

decrease of -28 % across catchments and droughts. Our findings, therefore, confirm less widespread and severe changes in the 

P-Q relationship for specific droughts in Europe than for other events in different hydro-climatic settings (e.g., the Millennium 

drought in Australia). Massari et al. (2022) suggested positive E anomalies during the multi-year droughts as causes of these 

changes in Europe. We revealed that catchments with changes during the drought had predominantly strong increases in E 400 

before and during the drought, while catchments with no change mostly had negligible changes in E over the same period (Fig. 

8c). Furthermore, catchments with change in the P-Q relationship had mostly positive mean anomalies in E (Fig. 8d), but not 

in detrended E (Fig. S8). Our results point out that long-term increases in E between the 1970s and 1990s were related with 

positive E anomalies during the multi-year drought in Germany in the early 1990s and thus, led to decreases in Q compared to 

the P-Q relationship before the drought. Monitoring long-term variations in E, therefore, can help identifying catchments 405 

potentially prone to alterations in Q generation during extended dry periods. We also found that catchments with and without 

change in the P-Q relationship had comparable P trends (mild long-term increases in P before and during the drought; Fig. 8c) 

and comparable P anomalies (negative P anomalies of similar magnitude; Fig. 8d) during the analysed multi-year drought.  In 

other words, the catchments with changes in the P-Q relationship were not characterized by more severe P deficits or drying 

trends than those with no change. This reinforces the importance of increases in E as a predictor of changes in the P-Q 410 

relationship during this event.     

Additional processes, such as decreases in the contribution of S to Q under prolonged dryness, may have further contributed 

to changes in the P-Q relationship during the multi-year drought that we analysed and other events, as reported for the 
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Millennium drought (Trotter et al., 2024; Gardiya Weligamage et al., 2023). Future research might investigate for instance to 

what extent changes in the P-Q relationship occurred during other multi-year droughts in Germany over recent decades, such 415 

as the 2018–2022 event (Boeing et al., 2024; Sodoge et al., 2024), which our dataset covers only partly, and their causes.  

4.4 Sources of uncertainty  

We opted for a data-based analysis, given the current issues of hydrological models in representing low flows (Staudinger et 

al., 2011), long-term variations (Duethmann et al., 2020), and hydrological changes during prolonged dry periods (Fowler et 

al., 2020). Measuring Q during dry periods is unavoidably challenging (Coxon et al., 2015), but long-term errors in the same 420 

direction can be assumed unlikely across a large number of catchments (Duethmann et al., 2020). Uncertainties in P can arise 

from potential inhomogeneities in gauge data over time and gauge undercatch. Here, we used a gridded P dataset from the 

interpolation of a fixed number of gauges over time to minimize inhomogeneities and we corrected it for gauge undercatch 

(Sect. 2.2). This correction procedure may lead to further uncertainties, but Duethmann and Blöschl (2018) demonstrated that 

assumptions regarding corrective coefficients generally have little influence on trends in P and E, we were mostly interested 425 

in here.  

Due to the generally coarse resolution of satellite-derived E estimates, we computed E from observed P and Q, and estimates 

of Sdyn of the catchments from Q data as a first order approximation of S. This approach may be problematic for specific 

catchments, such as those with relevant intercatchment groundwater flows (Fan, 2019; Kampf et al., 2020; Safeeq et al., 2021). 

Yet, previous works often used a water balance-approach to study long-term variations in E (Teuling et al., 2009; Ukkola and 430 

Prentice, 2013; Duethmann and Blöschl, 2018; Bruno and Duethmann 2024). Bruno and Duethmann (2024) moreover showed 

that long-term variations of water balance-derived E were generally robust to uncertainties in P and S for small catchments in 

Germany over the last five decades, and coherent with those from point-scale E data. Here, we further aimed at minimizing 

uncertainties in E for specific catchments and years by using cluster-, 5-year averages in the multiple linear regressions for 

trend attribution (Sect. 2.5).  435 

Finally, as potential predictors of changes in summer low flows we approximated storage processes with P in the season 

preceding summer, due to unavailability of long-term S data for the study catchments. We chose this approach instead of using 

alternative proxies for S (e.g., estimates of Sdyn or baseflow from Q data) to avoid dependences between predictors and target 

variable (summer low flows). The satisfactory performances of the multiple linear regressions and the plausible signs of their 

coefficients suggest the suitability of the selected predictors to represent the long-term dynamic of summer low flows (Table 440 

S1 and Fig. S6a and b).    

4.5 Implications  

Summer is the season when Q is most critical for the health of river ecosystems and specific human uses, such as irrigation. 

Multi-year droughts can have different impacts on ecosystems and societies than single dry years, as shown for the 2018–2022 

drought in Germany which had stronger effects on forestry, recreational activities, aquaculture, and waterborne transportation 445 
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than the 2003 and 2015 events, with impacts mostly on agriculture (Sodoge et al., 2024). Long-term decreases in summer low 

flows and stronger reductions in Q than expected during multi-year droughts can have direct ecological and socio-economic 

implications. A proper understanding of the causes of these phenomena is required to better predict them.  

However, challenges remain in understanding the causes of decreases in summer low flows (Montanari et al., 2023) and in Q 

generation during multi-year droughts (Fowler et al., 2022). Here, we revealed that increases in E contributed (i) to decreases 450 

in summer low flows, in particular in catchments tending to arid, and (ii) to changes in the P-Q relationship during the multi-

year drought that occurred in Germany between 1989 and 1993. With strong increases in E reported for many regions of the 

world over recent decades (Duethmann and Blöschl, 2018; Teuling et al., 2019; Yang et al., 2023), these findings are relevant 

beyond our study region.       

Under further projected future increases in E (Yang et al., 2023) and multi-year droughts in many regions, as shown by  Van 455 

Der Wiel et al. (2023) for the Rhine basin for instance, we underline the importance of monitoring changes in E for the 

prediction of potential decreases in Q during dry periods, particularly in arid regions. Furthermore, given the frequent 

challenges of hydrological models under changing conditions (Saft et al., 2016) and in representing long-term variations in E 

(Duethmann et al., 2020),  we recommend evaluating models with specific respect to long-term variations in E, and possibly 

improving them, when used for climate impact assessments on river ecosystems (Barbarossa et al., 2021) and human societies 460 

(Naumann et al., 2021). 

5. Conclusions 

The magnitude of summer low flows widely decreased across 363 small catchments without substantial influences of water 

management in Germany over 1970–2019, with significant negative trends in 31 % of the catchments (Fig. 4). Long-term 

increases in E were a relevant driver of decreases in summer low flows, particularly for humid-to-arid Eastern catchments, 465 

both in terms of contribution to temporal dynamics (35 %, Fig. 6) and coherence of spatial patterns (r equal to -0.74, Fig. 7).  

A change in the P-Q relationship occurred in 26 % of the catchments with a multi-year drought in the early 1990s, with lower 

Q than expected from the relationship before the drought. Catchments with a change were characterized by strong underlying 

increases in E (median trend of 6.1 % decade-1) while catchments without change had on average negligible changes in E 

(median trend -0.5 % decade-1; Fig. 8). We illustrated the imprint of long-term increases in E on decreases in Q during dry 470 

conditions, which can be especially relevant for arid regions and prolonged droughts. Therefore, the consideration of long-

term variations in E is required to understand and model changes in Q during dry periods, for the adaptation of water 

management to global changes.  

Code Availability 

Codes will be made available upon request. 475 



21 

 

Data Availability 

Streamflow data and catchment boundaries are available through the Environment Agencies of German Federal States 

(Landesamt für Umwelt Brandenburg; Landesanstalt für Umwelt Baden-Württemberg; Bayerisches Landesamt für Umwelt; 

Landesamt für Umwelt, Naturschutz und Geologie Mecklenburg-Vorpommern; Niedersächsischer Landesbetrieb für 

Wasserwirtschaft, Küsten- und Naturschutz; Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen; 480 

Landesamt für Umwelt Rheinland-Pfalz; Landesamt für Landwirtschaft, Umwelt und ländliche Räume Schleswig-Holstein; 

Landesamt für Umwelt- und Arbeitsschutz Saarland; Sächsisches Landesamt für Umwelt, Landwirtschaft und Geologie; 

Landesbetrieb für Hochwasserschutz und Wasserwirtschaft Sachsen-Anhalt; and Thüringer Landesamt für Umwelt, Bergbau 

und Naturschutz). 

Author contribution 485 

GB: conceptualization; methodology; software; validation; formal analysis; investigation; data curation; writing – original 

draft; writing – review and editing; visualization. LS: software; writing – review and editing. DD: methodology; software; 

formal analysis; investigation; writing – review and editing; supervision; project administration; funding acquisition. 

Competing interests 

The authors declare that they have no conflict of interest. 490 

Acknowledgments 

We thank Peter Hoffmann for providing the precipitation dataset, and the Environment Agencies of German Federal States for 

streamflow data and catchment boundaries. 

References 

Allen, R. G., Pereira, L. S., Raes, D., and Smith, M.: Crop evapotranspiration – Guidelines for computing crop water 495 

requirements, FAO Irrigation and drainage paper 56, FAO, 300, 1998. 

Alvarez-Garreton, C., Boisier, J. P., Garreaud, R., Seibert, J., and Vis, M.: Progressive water deficits during multiyear 

droughts in basins with long hydrological memory in Chile, Hydrol. Earth Syst. Sci., 25, 429–446, 

https://doi.org/10.5194/hess-25-429-2021, 2021. 

Avanzi, F., Rungee, J., Maurer, T., Bales, R., Ma, Q., Glaser, S., and Conklin, M.: Climate elasticity of evapotranspiration 500 

shifts the water balance of Mediterranean climates during multi-year droughts, Hydrol. Earth Syst. Sci., 24, 4317–4337, 

https://doi.org/10.5194/hess-24-4317-2020, 2020. 



22 

 

Avanzi, F., Munerol, F., Milelli, M., Gabellani, S., Massari, C., Girotto, M., Cremonese, E., Galvagno, M., Bruno, G., Morra 

Di Cella, U., Rossi, L., Altamura, M., and Ferraris, L.: Winter snow deficit was a harbinger of summer 2022 socio-

hydrologic drought in the Po Basin, Italy, Commun Earth Environ, 5, 64, https://doi.org/10.1038/s43247-024-01222-z, 2024. 505 

Barbarossa, V., Bosmans, J., Wanders, N., King, H., Bierkens, M. F. P., Huijbregts, M. A. J., and Schipper, A. M.: Threats 

of global warming to the world’s freshwater fishes, Nat Commun, 12, 1701, https://doi.org/10.1038/s41467-021-21655-w, 

2021. 

Boeing, F., Wagener, T., Marx, A., Rakovec, O., Kumar, R., Samaniego, L., and Attinger, S.: Increasing influence of 

evapotranspiration on prolonged water storage recovery in Germany, Environ. Res. Lett., 19, 024047, 510 

https://doi.org/10.1088/1748-9326/ad24ce, 2024. 

Bormann, H. and Pinter, N.: Trends in low flows of German rivers since 1950: Comparability of different low‐flow 

indicators and their spatial patterns, River Research & Apps, 33, 1191–1204, https://doi.org/10.1002/rra.3152, 2017. 

Box, G. E. P. and Cox, D. R.: An Analysis of Transformations, Journal of the Royal Statistical Society Series B: Statistical 

Methodology, 26, 211–243, https://doi.org/10.1111/j.2517-6161.1964.tb00553.x, 1964. 515 

Brunner, M. I. and Gilleland, E.: Complex High‐ and Low‐Flow Networks Differ in Their Spatial Correlation 

Characteristics, Drivers, and Changes, Water Resources Research, 57, e2021WR030049, 

https://doi.org/10.1029/2021WR030049, 2021. 

Bruno, G. and Duethmann, D.: Increases in Water Balance‐Derived Catchment Evapotranspiration in Germany During 

1970s–2000s Turning Into Decreases Over the Last Two Decades, Despite Uncertainties, Geophysical Research Letters, 51, 520 

e2023GL107753, https://doi.org/10.1029/2023GL107753, 2024. 

Chagas, V. B. P., Chaffe, P. L. B., and Blöschl, G.: Climate and land management accelerate the Brazilian water cycle, Nat 

Commun, 13, 5136, https://doi.org/10.1038/s41467-022-32580-x, 2022. 

Cornes, R. C., Van Der Schrier, G., Van Den Besselaar, E. J. M., and Jones, P. D.: An Ensemble Version of the E‐OBS 

Temperature and Precipitation Data Sets, JGR Atmospheres, 123, 9391–9409, https://doi.org/10.1029/2017JD028200, 2018. 525 

Court, A.: Measures of streamflow timing, J. Geophys. Res., 67, 4335–4339, https://doi.org/10.1029/JZ067i011p04335, 

1962. 

Coxon, G., Freer, J., Westerberg, I. K., Wagener, T., Woods, R., and Smith, P. J.: A novel framework for discharge 

uncertainty quantification applied to 500 UK gauging stations, Water Resources Research, 51, 5531–5546, 

https://doi.org/10.1002/2014WR016532, 2015. 530 

Do, H. X., Gudmundsson, L., Leonard, M., and Westra, S.: The Global Streamflow Indices and Metadata Archive - Part 1: 

Station catalog and Catchment boundary, https://doi.org/10.1594/PANGAEA.887477, 2018a. 

Do, H. X., Gudmundsson, L., Leonard, M., and Westra, S.: The Global Streamflow Indices and Metadata Archive (GSIM) – 

Part 1: The production of a daily streamflow archive and metadata, Earth Syst. Sci. Data, 10, 765–785, 

https://doi.org/10.5194/essd-10-765-2018, 2018b. 535 

Draper, N. R. and Smith, H.: Applied Regression Analysis, N.Y., 3rd ed., 1998. 



23 

 

Duan, Z., Chen, Q., Chen, C., Liu, J., Gao, H., Song, X., and Wei, M.: Spatiotemporal analysis of nonlinear trends in 

precipitation over Germany during 1951–2013 from multiple observation‐based gridded products, Intl Journal of 

Climatology, 39, 2120–2135, https://doi.org/10.1002/joc.5939, 2019. 

Duethmann, D. and Blöschl, G.: Why has catchment evaporation increased in the past 40 years? A data-based study in 540 

Austria, Hydrol. Earth Syst. Sci., 22, 5143–5158, https://doi.org/10.5194/hess-22-5143-2018, 2018. 

Duethmann, D., Bolch, T., Farinotti, D., Kriegel, D., Vorogushyn, S., Merz, B., Pieczonka, T., Jiang, T., Su, B., and 

Güntner, A.: Attribution of streamflow trends in snow and glacier melt‐dominated catchments of the T arim R iver, Central 

A sia, Water Resources Research, 51, 4727–4750, https://doi.org/10.1002/2014WR016716, 2015. 

Duethmann, D., Blöschl, G., and Parajka, J.: Why does a conceptual hydrological model fail to correctly predict discharge 545 

changes in response to climate change?, Hydrol. Earth Syst. Sci., 24, 3493–3511, https://doi.org/10.5194/hess-24-3493-2020, 

2020. 

EU-DEM: Copernicus DEM, https://spacedata.copernicus.eu/collections/copernicus-digital-elevation-model, 2016. 

Fan, Y.: Are catchments leaky?, WIREs Water, 6, e1386, https://doi.org/10.1002/wat2.1386, 2019. 

Fangmann, A.: Trends in beobachteten Abflusszeitreihen in Niedersachsen, Hydrologie und Wasserbewirtschaftung / BfG – 550 

Jahrgang: 57.2013, 5ISSN 1439, https://doi.org/10.5675/HYWA_2013,5_1, 2013. 

Fangmann, A. and Haberlandt, U.: Statistical approaches for identification of low-flow drivers: temporal aspects, Hydrol. 

Earth Syst. Sci., 23, 447–463, https://doi.org/10.5194/hess-23-447-2019, 2019. 

Fischer, M., Pavlík, P., Vizina, A., Bernsteinová, J., Parajka, J., Anderson, M., Řehoř, J., Ivančicová, J., Štěpánek, P., Balek, 

J., Hain, C., Tachecí, P., Hanel, M., Lukeš, P., Bláhová, M., Dlabal, J., Zahradníček, P., Máca, P., Komma, J., Rapantová, 555 

N., Feng, S., Janál, P., Zeman, E., Žalud, Z., Blöschl, G., and Trnka, M.: Attributing the drivers of runoff decline in the 

Thaya river basin, Journal of Hydrology: Regional Studies, 48, 101436, https://doi.org/10.1016/j.ejrh.2023.101436, 2023. 

Floriancic, M. G., Berghuijs, W. R., Jonas, T., Kirchner, J. W., and Molnar, P.: Effects of climate anomalies on warm-season 

low flows in Switzerland, Hydrol. Earth Syst. Sci., 24, 5423–5438, https://doi.org/10.5194/hess-24-5423-2020, 2020. 

Floriancic, M. G., Berghuijs, W. R., Molnar, P., and Kirchner, J. W.: Seasonality and Drivers of Low Flows Across Europe 560 

and the United States, Water Resources Research, 57, e2019WR026928, https://doi.org/10.1029/2019WR026928, 2021. 

Fowler, K., Knoben, W., Peel, M., Peterson, T., Ryu, D., Saft, M., Seo, K., and Western, A.: Many Commonly Used 

Rainfall‐Runoff Models Lack Long, Slow Dynamics: Implications for Runoff Projections, Water Resources Research, 56, 

e2019WR025286, https://doi.org/10.1029/2019WR025286, 2020. 

Fowler, K., Peel, M., Saft, M., Peterson, T. J., Western, A., Band, L., Petheram, C., Dharmadi, S., Tan, K. S., Zhang, L., 565 

Lane, P., Kiem, A., Marshall, L., Griebel, A., Medlyn, B. E., Ryu, D., Bonotto, G., Wasko, C., Ukkola, A., Stephens, C., 

Frost, A., Gardiya Weligamage, H., Saco, P., Zheng, H., Chiew, F., Daly, E., Walker, G., Vervoort, R. W., Hughes, J., 

Trotter, L., Neal, B., Cartwright, I., and Nathan, R.: Explaining changes in rainfall–runoff relationships during and after 

Australia’s Millennium Drought: a community perspective, Hydrol. Earth Syst. Sci., 26, 6073–6120, 

https://doi.org/10.5194/hess-26-6073-2022, 2022. 570 

Gardiya Weligamage, H., Fowler, K., Peterson, T. J., Saft, M., Peel, M. C., and Ryu, D.: Partitioning of Precipitation Into 

Terrestrial Water Balance Components Under a Drying Climate, Water Resources Research, 59, e2022WR033538, 

https://doi.org/10.1029/2022WR033538, 2023. 



24 

 

Garreaud, R. D., Alvarez-Garreton, C., Barichivich, J., Boisier, J. P., Christie, D., Galleguillos, M., LeQuesne, C., McPhee, 

J., and Zambrano-Bigiarini, M.: The 2010–2015 megadrought in central Chile: impacts on regional hydroclimate and 575 

vegetation, Hydrol. Earth Syst. Sci., 21, 6307–6327, https://doi.org/10.5194/hess-21-6307-2017, 2017. 

Hammond, J. C., Simeone, C., Hecht, J. S., Hodgkins, G. A., Lombard, M., McCabe, G., Wolock, D., Wieczorek, M., Olson, 

C., Caldwell, T., Dudley, R., and Price, A. N.: Going Beyond Low Flows: Streamflow Drought Deficit and Duration 

Illuminate Distinct Spatiotemporal Drought Patterns and Trends in the U.S. During the Last Century, Water Resources 

Research, 58, e2022WR031930, https://doi.org/10.1029/2022WR031930, 2022. 580 

Han, J., Liu, Z., Woods, R., McVicar, T. R., Yang, D., Wang, T., Hou, Y., Guo, Y., Li, C., and Yang, Y.: Streamflow 

seasonality in a snow-dwindling world, Nature, 629, 1075–1081, https://doi.org/10.1038/s41586-024-07299-y, 2024. 

Hauer, C., Unfer, G., Holzmann, H., Schmutz, S., and Habersack, H.: The impact of discharge change on physical instream 

habitats and its response to river morphology, Climatic Change, 116, 827–850, https://doi.org/10.1007/s10584-012-0507-4, 

2013. 585 

Hengl, T., Mendes De Jesus, J., Heuvelink, G. B. M., Ruiperez Gonzalez, M., Kilibarda, M., Blagotić, A., Shangguan, W., 

Wright, M. N., Geng, X., Bauer-Marschallinger, B., Guevara, M. A., Vargas, R., MacMillan, R. A., Batjes, N. H., Leenaars, 

J. G. B., Ribeiro, E., Wheeler, I., Mantel, S., and Kempen, B.: SoilGrids250m: Global gridded soil information based on 

machine learning, PLoS ONE, 12, e0169748, https://doi.org/10.1371/journal.pone.0169748, 2017. 

Hodgkins, G. A., Renard, B., Whitfield, P. H., Laaha, G., Stahl, K., Hannaford, J., Burn, D. H., Westra, S., Fleig, A. K., 590 

Araújo Lopes, W. T., Murphy, C., Mediero, L., and Hanel, M.: Climate Driven Trends in Historical Extreme Low 

Streamflows on Four Continents, Water Resources Research, 60, e2022WR034326, https://doi.org/10.1029/2022WR034326, 

2024. 

Hoffmann, P., Menz, C., and Spekat, A.: Bias adjustment for threshold-based climate indicators, Adv. Sci. Res., 15, 107–

116, https://doi.org/10.5194/asr-15-107-2018, 2018. 595 

John, A., Nathan, R., Horne, A., Fowler, K., and Stewardson, M.: Nonstationary Runoff Responses Can Interact With 

Climate Change to Increase Severe Outcomes for Freshwater Ecology, Water Resources Research, 58, e2021WR030192, 

https://doi.org/10.1029/2021WR030192, 2022. 

Kampf, S. K., Burges, S. J., Hammond, J. C., Bhaskar, A., Covino, T. P., Eurich, A., Harrison, H., Lefsky, M., Martin, C., 

McGrath, D., Puntenney‐Desmond, K., and Willi, K.: The Case for an Open Water Balance: Re‐envisioning Network Design 600 

and Data Analysis for a Complex, Uncertain World, Water Resources Research, 56, e2019WR026699, 

https://doi.org/10.1029/2019WR026699, 2020. 

Kirchner, J. W.: Catchments as simple dynamical systems: Catchment characterization, rainfall-runoff modeling, and doing 

hydrology backward: CATCHMENTS AS SIMPLE DYNAMICAL SYSTEMS, Water Resour. Res., 45, 

https://doi.org/10.1029/2008WR006912, 2009. 605 

Laaha, G., Gauster, T., Tallaksen, L. M., Vidal, J.-P., Stahl, K., Prudhomme, C., Heudorfer, B., Vlnas, R., Ionita, M., Van 

Lanen, H. A. J., Adler, M.-J., Caillouet, L., Delus, C., Fendekova, M., Gailliez, S., Hannaford, J., Kingston, D., Van Loon, 

A. F., Mediero, L., Osuch, M., Romanowicz, R., Sauquet, E., Stagge, J. H., and Wong, W. K.: The European 2015 drought 

from a hydrological perspective, Hydrol. Earth Syst. Sci., 21, 3001–3024, https://doi.org/10.5194/hess-21-3001-2017, 2017. 

Ladson, A. R., Brown, R., Neal, B., and Nathan, R.: A Standard Approach to Baseflow Separation Using The Lyne and 610 

Hollick Filter, Australasian Journal of Water Resources, 17(1), 25–34, https://doi.org/10.7158/13241583.2013.11465417, 

2013. 



25 

 

Lan, X., Xie, Y., Liu, Z., Yang, T., Huang, L., Chen, X., Chen, X., Lin, K., and Cheng, L.: Vegetation greening accelerated 

hydrological drought in two-thirds of river basins over China, Journal of Hydrology, 637, 131436, 

https://doi.org/10.1016/j.jhydrol.2024.131436, 2024. 615 

Massari, C., Avanzi, F., Bruno, G., Gabellani, S., Penna, D., and Camici, S.: Evaporation enhancement drives the European 

water-budget deficit during multi-year droughts, Hydrol. Earth Syst. Sci., 26, 1527–1543, https://doi.org/10.5194/hess-26-

1527-2022, 2022. 

Mastrotheodoros, T., Pappas, C., Molnar, P., Burlando, P., Manoli, G., Parajka, J., Rigon, R., Szeles, B., Bottazzi, M., 

Hadjidoukas, P., and Fatichi, S.: More green and less blue water in the Alps during warmer summers, Nat. Clim. Chang., 10, 620 

155–161, https://doi.org/10.1038/s41558-019-0676-5, 2020. 

Montanari, A., Nguyen, H., Rubinetti, S., Ceola, S., Galelli, S., Rubino, A., and Zanchettin, D.: Why the 2022 Po River 

drought is the worst in the past two centuries, Sci. Adv., 9, eadg8304, https://doi.org/10.1126/sciadv.adg8304, 2023. 

Naumann, G., Cammalleri, C., Mentaschi, L., and Feyen, L.: Increased economic drought impacts in Europe with 

anthropogenic warming, Nat. Clim. Chang., 11, 485–491, https://doi.org/10.1038/s41558-021-01044-3, 2021. 625 

Peña‐Angulo, D., Vicente‐Serrano, S. M., Domínguez‐Castro, F., Lorenzo‐Lacruz, J., Murphy, C., Hannaford, J., Allan, R. 

P., Tramblay, Y., Reig‐Gracia, F., and El Kenawy, A.: The Complex and Spatially Diverse Patterns of Hydrological 

Droughts Across Europe, Water Resources Research, 58, e2022WR031976, https://doi.org/10.1029/2022WR031976, 2022. 

Peterson, T. J., Saft, M., Peel, M. C., and John, A.: Watersheds may not recover from drought, Science, 372, 745–749, 

https://doi.org/10.1126/science.abd5085, 2021. 630 

Renner, M. and Hauffe, C.: Impacts of climate and land surface change on catchment evapotranspiration and runoff from 

1951 to 2020 in Saxony, Germany, Hydrol. Earth Syst. Sci., 28, 2849–2869, https://doi.org/10.5194/hess-28-2849-2024, 

2024. 

Richter, D.: Ergebnisse methodischer Untersuchungen zur Korrektur des systematischen Messfehlers des Hellmann- 

Niederschlagsmessers, Selbstverl. des Dt. Wetterdienstes, Offenbach, 1995. 635 

Safeeq, M., Bart, R. R., Pelak, N. F., Singh, C. K., Dralle, D. N., Hartsough, P., and Wagenbrenner, J. W.: How realistic are 

water‐balance closure assumptions? A demonstration from the southern sierra critical zone observatory and kings river 

experimental watersheds, Hydrological Processes, 35, e14199, https://doi.org/10.1002/hyp.14199, 2021. 

Saft, M., Western, A. W., Zhang, L., Peel, M. C., and Potter, N. J.: The influence of multiyear drought on the annual rainfall‐

runoff relationship: An A ustralian perspective, Water Resources Research, 51, 2444–2463, 640 

https://doi.org/10.1002/2014WR015348, 2015. 

Saft, M., Peel, M. C., Western, A. W., and Zhang, L.: Predicting shifts in rainfall‐runoff partitioning during multiyear 

drought: Roles of dry period and catchment characteristics, Water Resources Research, 52, 9290–9305, 

https://doi.org/10.1002/2016WR019525, 2016. 

Sen, P. K.: Estimates of the Regression Coefficient Based on Kendall’s Tau, Journal of the American Statistical Association, 645 

63, 1379–1389, https://doi.org/10.1080/01621459.1968.10480934, 1968. 

Shephard, D.: A two‐dimensional interpolation function for irregularly‐spaced data, Proceedings of the 1968 23rd ACM 

national conference, 517–524, 1968. 



26 

 

Sodoge, J., Kuhlicke, C., Mahecha, M. D., and De Brito, M. M.: Text mining uncovers the unique dynamics of socio-

economic impacts of the 2018–2022 multi-year drought in Germany, Nat. Hazards Earth Syst. Sci., 24, 1757–1777, 650 

https://doi.org/10.5194/nhess-24-1757-2024, 2024. 

Spinoni, J., Naumann, G., Vogt, J. V., and Barbosa, P.: The biggest drought events in Europe from 1950 to 2012, Journal of 

Hydrology: Regional Studies, 3, 509–524, https://doi.org/10.1016/j.ejrh.2015.01.001, 2015. 

Stahl, K., Hisdal, H., Hannaford, J., Tallaksen, L. M., Van Lanen, H. A. J., Sauquet, E., Demuth, S., Fendekova, M., and 

Jódar, J.: Streamflow trends in Europe: evidence from a dataset of near-natural catchments, Hydrol. Earth Syst. Sci., 14, 655 

2367–2382, https://doi.org/10.5194/hess-14-2367-2010, 2010. 

Staudinger, M., Stahl, K., Seibert, J., Clark, M. P., and Tallaksen, L. M.: Comparison of hydrological model structures based 

on recession and low flow simulations, Hydrol. Earth Syst. Sci., 15, 3447–3459, https://doi.org/10.5194/hess-15-3447-2011, 

2011. 

Staudinger, M., Stoelzle, M., Seeger, S., Seibert, J., Weiler, M., and Stahl, K.: Catchment water storage variation with 660 

elevation, Hydrological Processes, 31, 2000–2015, https://doi.org/10.1002/hyp.11158, 2017. 

Teuling, A. J., Hirschi, M., Ohmura, A., Wild, M., Reichstein, M., Ciais, P., Buchmann, N., Ammann, C., Montagnani, L., 

Richardson, A. D., Wohlfahrt, G., and Seneviratne, S. I.: A regional perspective on trends in continental evaporation: 

EVAPORATION TRENDS, Geophys. Res. Lett., 36, n/a-n/a, https://doi.org/10.1029/2008GL036584, 2009a. 

Teuling, A. J., Hirschi, M., Ohmura, A., Wild, M., Reichstein, M., Ciais, P., Buchmann, N., Ammann, C., Montagnani, L., 665 

Richardson, A. D., Wohlfahrt, G., and Seneviratne, S. I.: A regional perspective on trends in continental evaporation: 

EVAPORATION TRENDS, Geophys. Res. Lett., 36, n/a-n/a, https://doi.org/10.1029/2008GL036584, 2009b. 

Teuling, A. J., De Badts, E. A. G., Jansen, F. A., Fuchs, R., Buitink, J., Hoek Van Dijke, A. J., and Sterling, S. M.: Climate 

change, reforestation/afforestation, and urbanization impacts on evapotranspiration and streamflow in Europe, Hydrol. Earth 

Syst. Sci., 23, 3631–3652, https://doi.org/10.5194/hess-23-3631-2019, 2019. 670 

Thomas, B., Lischeid, G., Steidl, J., and Dietrich, O.: Long term shift of low flows predictors in small lowland catchments of 

Northeast Germany, Journal of Hydrology, 521, 508–519, https://doi.org/10.1016/j.jhydrol.2014.12.022, 2015. 

Tran, H., Yang, C., Condon, L. E., and Maxwell, R. M.: The Budyko shape parameter as a descriptive index for streamflow 

loss, Front. Water, 5, 1258367, https://doi.org/10.3389/frwa.2023.1258367, 2023. 

Trotter, L., Saft, M., Peel, M. C., and Fowler, K. J. A.: Recession constants are non-stationary: Impacts of multi-annual 675 

drought on catchment recession behaviour and storage dynamics, Journal of Hydrology, 630, 130707, 

https://doi.org/10.1016/j.jhydrol.2024.130707, 2024. 

Ukkola, A. M. and Prentice, I. C.: A worldwide analysis of trends in water-balance evapotranspiration, Hydrol. Earth Syst. 

Sci., 17, 4177–4187, https://doi.org/10.5194/hess-17-4177-2013, 2013. 

Van Der Wiel, K., Batelaan, T. J., and Wanders, N.: Large increases of multi-year droughts in north-western Europe in a 680 

warmer climate, Clim Dyn, 60, 1781–1800, https://doi.org/10.1007/s00382-022-06373-3, 2023. 

Van Loon, A. F.: Hydrological drought explained, WIREs Water, 2, 359–392, https://doi.org/10.1002/wat2.1085, 2015. 

Ward, J. H.: Hierarchical Grouping to Optimize an Objective Function, Journal of the American Statistical Association, 58, 

236–244, https://doi.org/10.1080/01621459.1963.10500845, 1963. 



27 

 

Willmott, C. J., Rowe, C. M., and Philpot, W. D.: Small-Scale Climate Maps: A Sensitivity Analysis of Some Common 685 

Assumptions Associated with Grid-Point Interpolation and Contouring, The American Cartographer, 12, 5–16, 

https://doi.org/10.1559/152304085783914686, 1985. 

Woods, R. A.: Analytical model of seasonal climate impacts on snow hydrology: Continuous snowpacks, Advances in Water 

Resources, 32, 1465–1481, https://doi.org/10.1016/j.advwatres.2009.06.011, 2009. 

Yang, Y., Roderick, M. L., Guo, H., Miralles, D. G., Zhang, L., Fatichi, S., Luo, X., Zhang, Y., McVicar, T. R., Tu, Z., 690 

Keenan, T. F., Fisher, J. B., Gan, R., Zhang, X., Piao, S., Zhang, B., and Yang, D.: Evapotranspiration on a greening Earth, 

Nat Rev Earth Environ, 4, 626–641, https://doi.org/10.1038/s43017-023-00464-3, 2023. 

Yue, S., Pilon, P., Phinney, B., and Cavadias, G.: The influence of autocorrelation on the ability to detect trend in 

hydrological series, Hydrological Processes, 16, 1807–1829, https://doi.org/10.1002/hyp.1095, 2002. 

 695 


