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Abstract
The world is already in the midst of climate change and, in addition to preventing further 
climate change, it is of fundamental interest to analyse the existing impacts and implement 
appropriate adaptation measures. To this end, it is important to distinguish the influences of 
human management and land use change from the pure effects of climate change. However, 
the attribution of climate change effects in hydrology is still in its infancy, and the aim of 
this collection with its in total 9 articles is to contribute to a better understanding of the 
underlying methods on the one hand, and to quantify the recent consequences of climate 
change for hydrological processes on the other. The attribution of recent trends in mean 
annual discharge to climate change was possible in 42% of the 97 selected river basins from 
three continents investigated, mostly pointing on positive trends in streamflow: in Norway, 
northern Russia, northern Kazakhstan, western China and in the Lake Victoria basin. Nega-
tive trends in streamflow attributable to climate change were detected in the Blue Nile and 
Main Nile, in three basins of Central and South Asia and in the Selenga river.

Keywords  Climate change · Impact attribution · Trend analysis · Water sector · Mean 
annual discharge

1  Introduction

Climate change has emerged as one of the most crucial challenges of the twenty-first cen-
tury, with far-reaching consequences for ecosystems, economies, and societies worldwide 
(IPCC 2021). In recent years, research efforts have intensified to explore the links between 
human-induced climate change and its various manifestations across different regions and 
sectors. In this context, understanding the role of man-made climate change to trends in 
natural processes and extremes and the attribution of trends to climate or management are 
crucial for developing effective mitigation and adaptation strategies. Through advanced 
scientific methodologies and interdisciplinary collaborations, researchers try to attribute 
changes in temperature patterns, precipitation regimes, sea level rise, extreme weather 
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events, streamflow, and other hydroclimatic phenomena to specific drivers such as human 
activities and natural variability (Clarke et al. 2022; IPCC 2021).

Attention to the consequences of climate change is increasing, as communities around 
the world have been affected by climate-related natural disasters such as floods, droughts, 
storms and heatwaves. In this context, climate attribution plays a crucial role in climate 
litigation, because it is the central information to discussions around responsibility for cli-
mate change, for example in lawsuits seeking to hold different actors, e.g. governments 
and fossil fuel companies, responsible for their contribution to climate change or failure to 
counteract (Burger et al. 2020).

The hydrological cycle, encompassing precipitation, evaporation, runoff, and ground-
water recharge, is part of the climate cycle and as such intrinsically linked to climatic vari-
ables such as temperature, precipitation, and humidity. Because of this intrinsic link, alter-
ations in temperature, precipitation patterns, snowmelt, river flow, and water availability 
impact on water-related ecosystems, agriculture, water resource management, and conse-
quently human livelihoods and well-being (Arnell 2011; IPCC 2022). However, attributing 
changes in hydrological processes to climate change presents unique challenges due to the 
complex interplay of meteorological, geological, and anthropogenic factors (Wang et  al. 
2023). Therefore, advancing our knowledge of climate change impact attribution in hydrol-
ogy is crucial for informing decision makers and policies and fostering climate resilience 
(Clarke et al. 2023). The complexity of the task further demands for transparent modelling 
procedures and recognition of the inherent uncertainties (Krysanova et  al. 2020; Hatter-
mann et al. 2018).

Following the IPCC Working Group II (WGII) definition, climate impact attribution in 
a natural or managed system is done by comparing and quantifying the differences between 
the observed state of the system and a counterfactual baseline that characterizes the sys-
tem’s state without climate change (Mengel et al. 2021; IPCC 2021; Burger et al. 2020).

Because of the complexity of the climate system, where it is difficult to isolate simple 
cause-effect relationships, the majority of climate attribution studies apply probabilistic 
approaches, comparing the probability of occurrence of an event of a certain magnitude 
with and without the impact of climate change (Mengel et al. 2021). These studies typi-
cally require unforced control simulations and historical simulations of climate models 
including all major anthropogenic and natural forcings (IPCC 2021). A typical example is 
the World Weather Attribution project, an academic collaboration studying and providing 
extreme event attribution (Vautard et al. 2016; Van Oldenborgh et al. 2021), with focus on 
climate impacts on extremes such as storms, floods and heatwaves. Other authors argue 
that beyond risk analysis it is important to investigate in more detail the specific mecha-
nisms of how climate change leads to an amplification of extreme events (Trenberth et al. 
2015).

In hydrology, simulation-based methods based on experiments with hydrological mod-
els driven by different climates are applied for impact attribution, with subsequent analysis 
of response of hydrological characteristics to changes in climate drivers. Two approaches 
are distinguished in accordance with the classification by Cramer et  al. (2014): “impact 
attribution to climate change” and “impact attribution to anthropogenic climate forcing” 
(see also Mengel et al. 2021). Recently, in the WGII AR6 IPCC report both were combined 
and denoted by one term, "impact attribution" (O’Neill et al. 2022), though essential differ-
ences between them remain.

Several water-related studies have been published using the first approach, where 
detrended climate data are applied as input to hydrological model(s) to simulate dynamics 
of hydrological variables in the absence of climate change, which is then compared with 
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the observed dynamics (e.g. Hundecha and Merz 2012; Tramblay et al. 2019). These stud-
ies attribute detected changes in the observed streamflow data to any long-term change in 
climate irrespective of its cause (Cramer et al. 2014).

Other hydrological studies apply the second approach by using two datasets of climate 
model simulations (GCMs or RCMs) as input to hydrological model(s): one with and the 
second without emissions of greenhouse gases, and then compare the model outputs (e.g. 
Huang et al. 2018; Gudmundsson et al. 2021; Hirabayashi et al. 2021). They attribute the 
detected trends in hydrological variables to the anthropogenically forced climate change, as 
different from the natural climate variability and change.

For the first approach it is possible to construct the required counterfactual stationary 
climate data directly from observational (factual) climate data using the correlation of 
global mean temperature change to daily climate variables (Mengel et al. 2021).

The Topical Collection “Impact Attribution: Exploring the contribution of climate 
change to recent trends in hydrological processes” tries to shed light on the complex 
dynamics shaping hydrological systems in the context of climate change at the regional 
scale. In this editorial introduction, we describe briefly the case study regions and data, the 
modelling methodology applied, summarize main results on climate impact attribution for 
trends in mean annual streamflow and other variables, and identify opportunities for future 
research and policy interventions.

The required counterfactual climate input is provided by the Inter-Sectoral Impact 
Model Intercomparison Project (Mengel et  al. 2021). The so called ATTRICI (ATTRIb-
uting Climate Impacts) methodology is applied to remove the signal of global warming 
from observational climate data to generate forcing data for the simulation of a counter-
factual baseline, considering long-term shifts in daily climate variables that are correlated 
to global mean temperature change. With the aim of finding attributable climate impacts 
on trends in hydrological variables across different regions in Europe, Asia and Africa, the 
counterfactual climate data are applied along with observational climate as forcing data 
within the impact attribution setup of the articles in this Topical Collection.

2 � Methodology, climate data, study areas and models applied

2.1 � Methodology

The methodology to derive the (climate stationary) counterfactual data, which are 
applied in the articles of this Topical Collection, is described in Mengel et al. (2021) and 
briefly summarized here. Key is that the authors use global mean temperature instead of 
time as a predictor of the long-term changes in the different climate variables. Building 
on the assumption that climate change refers to any long-term trend in climate, irrespec-
tive of its cause (IPCC 2014), the authors developed a procedure to simulate time series 
of stationary climate data from observational daily data by removing the long-term trend, 
while preserving the internal day-to-day variability. To this end, probability models with 
explicit representations of the statistical distribution of the climate variables (tempera-
ture, precipitation, radiation etc.) are adjusted after applying a finite number of periodic 
Fourier modes to model the annual cycle of each of the climate variables.

As a result, the statistics of a climate variable in the historical record is captured with 
a parametric distribution, whereby the parameters are linear functions of both the global 
mean temperature and the annual cycle (Mengel et  al. 2021). Finally, the counterfactual 
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distribution is derived from the factual distribution by considering only the early period in 
which temperature change does not deviate significantly from zero. The two distributions 
are used in a quantile-mapping procedure to find for each factual daily value of a climate 
variable in a given year the counterfactual one. Thus, the methodology allows for quantify-
ing the contribution of the observed trend in climate to the magnitude of every individual 
climate related event present in the factual data (Mengel et al. 2021).

Two datasets, one with the factual and one with the counterfactual climate, are provided 
as inputs to drive the hydrological impact models and to compare the impacts on hydrologi-
cal processes and extremes with and without climate change. These two datasets were sub-
sequently used in the articles of this Topical Collection to investigate the contribution of cli-
mate change to long-term trends in hydrological characteristics in the specific case study river 
basins (see Fig. 1).

Before doing so, the hydrological models (listed in Table 2) were calibrated and vali-
dated against observed discharge and in some cases also against other variables such 
as snow characteristics (Nasonova et al. 2023) or sediment loads (Nkwasa et al. 2024). 
When selecting the specific river basins, it was important to understand whether or not 
other drivers, most notably human water management, could have an impact on hydro-
logical trends. If so, such river basins or gauges were excluded from the analysis or 
the water management was taken up in the model setup (in one case study, see Nkwasa 
et al. 2024). The next step was to feed the daily counterfactual and factual climate data 
into the readily validated hydrological models to simulate long-term hydrological time 
series. Afterwards, the hydrological trends with and without climate change were ana-
lysed and quantified. Most studies applied the Mann–Kendall test for monotonic trends 
(Mann 1945; Kendall 1948) after pre-whitening (Yue et al. 2003) for the trend detec-
tion, but in the case of Nasonova et al. (2023), a modified Student’s t-test adjusted for 
autocorrelation of residuals was applied (Santer et al. 2000). If a statistically significant 
positive or negative trend was found under the factual climate, but no trend or insig-
nificant trend was stated under the counterfactual climate, the conclusion was that the 
former could be attributed to climate change. In some cases, also differences in slopes 
of trends were considered.

An exception is the study of Fallah and Rostami (2024), where the factual and counter-
factual data were not applied to drive hydrological impact models, but to analyse extreme 
weather events such as droughts and heat waves in Central Asia under the observational 
and counterfactual climates using the Heat Wave Duration Index (HWDI) and the Palmer 
Drought Severity Index (scPDSI).

2.2 � Climate data

Within the ISIMIP project, counterfactual climate data were constructed for differ-
ent global observational (reanalysis) datasets, starting with the GSWP3-W5E5 data. The 
dataset has daily temporal and 0.5° spatial resolution and consists of two parts: GSWP3 
v1.09 homogenized with W5E5 for the period 1901–1978, and W5E5 v2.0 for the period 
1979–2019. The data contain near-surface air temperature, surface air pressure, surface 
downwelling longwave radiation, surface downwelling shortwave radiation, near-surface 
wind speed, near-surface relative humidity, near-surface specific humidity and daily mini-
mum and maximum near-surface air temperature.
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Later, some additional climate reanalysis products have been applied in ISIMIP to pro-
duce counterfactual data. While most articles of this Topical Collection applied the origi-
nal and detrended GSWP3-W5E5 data as factual and counterfactual climates to perform 
the respective analysis, three studies have encountered problems with the data due to reso-
lution or due to problems with specific climate data: one study for Norway and two studies 
for China.

For Norway, counterfactual climate data with resolution of only 0.5° could not be 
applied for the 50 small and moderate size catchments investigated, 90% of which were 
smaller than 1000  km2. Therefore, in this study observed climate data of the Norwe-
gian weather service with a resolution of 1  km were used by the authors as factual 
data to create the fine-resolution counterfactual data using the ATTRICI approach (see 
Yang and Huang 2023).

In the GSWP3-W5E5 v2.0 reanalysis climate data for China (as well as in other ISI-
MIP3a reanalysis datasets 20CRv3 and 20CRv3-W5E5), a problem was found in the 
precipitation data for the first half of the twentieth century in the Tibet plateau and sur-
rounding areas. Namely, very high precipitation fluctuations were detected in the period 
1901–1940, which were dropping down after 1940 to a more realistic level according to 
observed meteorological data of the weather service of China. We assume that this prob-
lem is related to the very scarce meteorological data available for China in the first half of 
the twentieth century, and absence of observed data for the Tibet plateau and surrounding 
areas in this period. Due to that, the counterfactual data calculated based on GSWP3-
W5E5 in the period 1901–2019 were considered not reliable. Therefore, the counter-
factual data for China were recalculated based on GSWP3-W5E5 in the shorter period 
1961–2019 and used for the two Chinese studies (Wen et al. 2024; Sun et al. 2024).

2.3 � The study regions

In total, 98 river basins have been investigated in the articles of the Topical Collection, of 
which 21 are located in China (Wen et al. 2024; Sun et al. 2024), 50 in Norway (Yang and 
Huang 2023), 12 in Central Asia (Didovets et al. 2024), six in Russia and one in Mongolia 
and Russia (Gelfan et  al. 2023; Nasonova et  al. 2023). The collection of river basins is 
complemented by the Jhelum River (Javed et  al. 2023), a tributary of the Indus, located 
in India and Pakistan, and by seven subbasins of the River Nile, draining major parts of 
Eastern and Northern Africa (Nkwasa et al. 2024). Figure 1 shows the location of the river 
basins and of the respective discharge gauge stations.

For China, two studies have been conducted (Wen et  al. 2024; Sun et  al. 2024), both 
focusing on the Upper Yangtze and Upper Yellow though with applying different models, 
and the second one complemented them by additional smaller river basins located in the 
lower Yangtze and other parts of China. The size of the catchments in Norway varies from 
7 to 14161 km2 and 90% of them are smaller than 1000 km2. Three of the Russian basins 
are located in the European part of Russia (Vyatka, Pechora and the Northern Dvina), three 
more in Siberia (Taz, Lena and Indigirka), and the Selenga river originates in Mongolia and 
drains into Lake Baikal in Russia. The twelve Central Asian basins were selected in such 
a way that they are subbasins of tributaries of all four important rivers in the region: Syr 
Darya, Amu Darya, Ural and Irtysh, and are not influenced by water management.
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Table 1 lists ranges of the main climate and hydrological characteristics of the river 
basins studied in the articles of the Topical Collection. As one can see, the papers cover 
a wide range from river basins where hydrological processes are driven by snow melt 
(e.g. the river basins located in Norway, Russia, and in the Upper Yangtze and Upper 
Yellow in China), to river systems with river flow driven by monsoon precipitation 
(the Nile, Upper Indus, rivers in the lowlands of China). For some river basins in Cen-
tral Asia, besides snow melt, also ice melt is important. While the mean annual tem-
peratures are below 0 °C in Siberian river basins, they vary from negative to positive 
depending on the location of these in the European part of Russia, in Norway and in 
China. The highest mean annual temperatures around 25  °C can be found in the Nile 
basin. Also, annual precipitation shows a huge range, with the lowest mean annual val-
ues in the basins of Indigirka (Russia) and Tarim-Yeerqiang (China). The mean daily 
runoff also shows a high diversity in runoff conditions varying from 0.06 to 10.15 mm, 
with runoff coefficients varying from 0.08 to 0.95, whereas both minima occur in the 
Nile basin and both maxima in Norway.

The normalized hydrographs of 24 selected rivers of the Topical Collection are shown 
in Fig. 2. Four of them have most of the flow (above 50% of the mean) within only two 
months (Northern Dvina, Shagan, Taz and Zhabay). The hydrology of them is driven by 
snow melt, indicating a very short melt season with flood peaks. The other rivers selected 
have a more balanced flow regime, and 10 of them have the main flow (above 50% of the 
mean) during 5–6 month.

Further, the river basins considered in the articles were selected in such a way that water 
management in terms of dams and reservoirs was either absent (most cases) or did not play 
a significant role or, as in the case of the Nile River, was considered and parameterized in 
the model set-up.

More information about the river basins investigated in the articles can be found in 
Tables 3 and 4 of Annex, where characteristics of 24 selected basins from all regions are 
presented.

2.4 � The models applied

In total, 11 regional hydrological models were applied in the studies reported in the Topi-
cal Collection: ECOMAG, GR4J, HBV, HBV-D, SWAP, SWAT, SWAT + , SWIM, VIC, 
WASMOD and XAJ. They all are well established in the scientific literature and have 

Table 1   The main climate and hydrological characteristics of the river basins studied in articles of the Topi-
cal Collection

Country/ Region Mean annual 
temperature 
[°C]

Mean annual 
precipitation 
[mm]

Mean daily runoff [mm] Runoff coefficient

Norway -3.4 - 6.7 499 - 3461 1.05 - 10.15 0.53 - 0.95
Russia, Eur. part -2.5 - 2.9 589 - 718 0.67 - 1.25 0.36 - 0.64
Russia, Siberia -13.7 - -2.9 245 - 485 0.17 - 0.9 0.19 - 0.71
Central Asia & U. Indus 2.3 - 12.8 296 - 1050 0.08 - 2.46 0.09 - 0.89
China -3.5 - 16.6 161 - 1928 0.4 - 3.5 0.33 - 0.9
Nile RB 21.9 - 26.3 675 - 1010 0.06 - 0.37 0.08 - 0.17
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been applied in many regional studies (see Table 2). Four of them are conceptual hydro-
logical models (HBV, XAJ, WASMOD, and GR4J). They were applied in the Norwegian 
basins because no national soil database is available in Norway to provide detailed soil 
information for process-based models (Yang and Huang 2023). The rest of the models are 
processed-based semi-distributed hydrological models integrating the full hydrological 
cycle considering evapotranspiration, runoff generation and water routing. The references 
to all of these models and papers from the Topical Collection, where they were applied, 
are presented in Table 2. Two of the regional models (SWIM and SWAT) were used in 
two studies each.

Table 2   Hydrological models with related references and the articles, where they were applied in the Topi-
cal Collection

Model name Reference(s) Applied in this Topical Collection in

GR4J Perrin et al. 2003 Yang and Huang 2023
WASMOD Xu 2003 Yang and Huang 2023
HBV Seibert and Vis 2012 Yang and Huang 2023
XAJ Zhao 1992 Yang and Huang 2023
ECOMAG Motovilov et al. 1999 Gelfan et al. 2023
SWAP Gusev and Nasonova 1998 Nasonova et al. 2023
HBV-D Bergström and Forsman 1973

Krysanova et al. 1999
Wen et al. 2020

SWAT​ Arnold et al. 1998 Wen et al. 2024
SWAT +  Bieger et al. 2017 Nkwasa et al. 2024
SWIM Krysanova et al. 1998 Javed et al. 2023; Didovets et al. 2024
VIC Liang et al. 1994 Sun et al. 2024

2.614, Norway, eastern
5-8

91.2, Norway, coast
9-1

234.18, Norway, northern
5-8

Northern Dvina, Russia
5-6

Pechora, Russia
5-7

Vyatka, Russia
4-6

Taz, Russia
6-7

Indigirka, Russia
6-9

Lena, Russia
5-9

Selenga, Mongolia & Russia
5-10

Shagan, Kazakhstan
3-4

Zhabay, Kazakhstan
4-5

Vakhsh, Tajikistan
5-9

Jhelum, Pakistan & India
4-8

Upper Yangtze, China
6-10

Upper Yellow, China
6-10

Tarim- Yeerqiang, China
6-9

Heihe, China
6-9

Yalujiang-Aihe, China
7-9

Raohe, China
4-8

Liujiang-Xunjiang, China
3-7

Main Nile, 12 countries
7-9

Blue Nile; Ephiopia & Sudan
7-10

Simiyu, Tanzania
1-4, 11-12

Fig. 2   The normalized hydrographs of 24 selected rivers analysed in the Topical Collection (see their char-
acteristics in Tables 3 and 4 of the Annex). The numbers in the second row of the title give the number of 
months, within which at least 50% of the flow occur. They are marked yellow (blue) if above 50% of the 
flow is within 2 (5-6) months
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3 � Main findings of the studies

The attribution of climate change impacts was done in most of the papers considering 
trends in mean annual flow, high flow (Q5 or Q10) and low flow (Q90 or Q95). Some 
papers analysed also trends in annual and seasonal maximum flood peaks, annual maxi-
mum drought duration and deficit volume (Yang and Huang 2023), annual maximum and 
minimum daily discharge (Javed et al. 2023, Sun et al. 2024), mean and maximum snow 
water equivalent and snow cover (Nasonova et al. 2023), and mean annual sediment load 
(Nkwasa et al 2024). The attribution of climate change impacts on trends in mean annual 
runoff was possible in 41 out of 97 catchments (42%). The rest of the catchments studied in 
the articles of the Topical Collections had no or no significant attributable trends in mean 
annual runoff.

In the study for 50 Norwegian catchments 33 hydrological variables were analysed 
(Yang and Huang 2023), including percentiles of annual and seasonal runoff, magnitude 
and timing of floods, drought duration and deficit volume. The authors found significant 
positive trends in the observed annual, spring and winter runoff in many catchments. In 
addition, 40% of the catchments have significant trends towards earlier spring floods. All 
of the attributable trends in 50th percentile of annual discharge (28% of basins) are posi-
tive with increased annual discharge, showing that climate change leads to higher water 
availability. The comparison of extreme events in Norway under factual and counterfactual 
climates reveals that most of the floods and droughts in the 2010s (65%) could have been 
amplified by climate change (Yang and Huang 2023).

In two papers analysing river basins in Russia (one of them located in Mongolia and 
Russia), six out of seven analysed basins had attributable trends in mean annual dis-
charge, with five northern basins showing positive trends and one, the Selenga, show-
ing a negative trend in discharge (Nasonova et al. 2023; Gelfan et al. 2023). The latter 
one is the main source of inflowing water (almost a half of riverine inflow) to Lake 
Baikal. According to Nasonova et  al. (2023), mainly changes in annual precipitation 
resulted in attributable significant positive trends in streamflow for the Northern Dvina 
and Indigirka, while the combined effect of increasing precipitation and warming, 
resulting in permafrost thawing, had the same effect in the Taz River. Negative trends 
in snow cover duration as well as positive trends in winter snow water equivalent are 
detected for the Northern Dvina, Taz and Indigirka basins. They could be attributed 
to the combined effect of changes in seasonal precipitation, air temperature, and solar 
radiation (Nasonova et al. 2023). Gelfan et al. (2023) found that the detected trends in 
observed annual streamflow of the Vyatka, Lena and Selenga, and the trends in high 
flow for the Lena and Selenga rivers could be attributed to climate change with a high 
confidence.

In the studies focusing on Chinese rivers, nine out of 21 investigated gauge stations 
show attributable trends in mean annual runoff, all of them are located in the western 
part of China, and all trends are positive (Wen et  al. 2024; Sun et  al. 2024). As in 
the Norwegian case, this results in higher water availability in the upper parts of the 
Yangtze and Yellow River basins and in three smaller rivers: Lancangjiang, Tarim-
Yeerqiang and Liyuanhe. Following Wen et al. (2024), climate change has a greater 
impact on low flows than on high flows in the Upper Yangtze. The same pattern is 
visible in the Upper Yellow, but the difference is smaller. Sun et al. (2024) conclude 
that climate change led to an amplification of maximum annual runoff in the Upper 
Yangtze and Upper Yellow. As a result, the increase in water availability in the upper 
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parts of the Yangtze and Yellow, in connection with a higher risk for floods, demands 
for adapted water management there.

An attribution study of current trends in streamflow to climate change was done for 12 
Central Asian catchments by Didovets et al. (2024). Their result is that five of the studied 
catchments show trends in annual and seasonal discharge attributable to climate change. 
Three of the northern catchments (Derkul, Shagan, and Tobol) show positive trends, while 
two other catchments (Sarysu and Kafirnigan) show negative streamflow trends attributable 
to climate change. As often in the snow driven basins, there is a significant signal to earlier 
spring streamflow peaks in all Central Asian catchments.

Also negative is the attributable trend in river discharge in the Upper Indus (Jhelum 
River), the main river system draining Pakistan (Javed et al. 2023). The negative trends 
under three reanalysis datasets are more pronounced after the 1960s, and can with a high 
certainty be attributed to the weakening of the monsoonal precipitation regime in the fac-
tual climate. The discharge volumes under factual climate dropped especially during sum-
mer and mainly for high flows. Also attributable to climate change are the detected shifts 
in flow seasonality, caused by earlier snow melt. The authors point at the critical role of 
monsoonal precipitation in perturbing the water regime of the Jhelum River and hence the 
Upper Indus basin.

Different is the picture for the Nile basin, where historical climate impact attribu-
tion of changes in river flow and partly in sediment loads has been investigated by 
Nkwasa et al. (2024) for selected gauge stations. The authors found statistically sig-
nificant trends (slight decreases) of river flows under factual climate at four selected 
stations in the Blue Nile and Main Nile basins including Khartoum and Aswan 
(inflow to the Aswan dam, the main water and energy source of Egypt), which are 
attributed to climate change. The results for two selected river stations in the Lake 
Victoria basin show a long-term historical increase in river flows for both stations, 
which could be largely attributed to changes in climate. Regarding sediment loads, 
a statistically significant trend attribution could be done for one station in the Lake 
Victoria basin, but not for the station in Blue Nile.

In addition, in a study focusing on climate in Central Asia (Fallah & Rostami 2024), 
it was found that climate change led to an attributable increase in frequency and magni-
tude of extreme temperature and precipitation events and a significant increase in heatwave 
occurrence (frequency and duration). This led to an enhancement of areas under dry and 
wet conditions.

The results of all studies related to trends in mean annual river flow are summarized in 
Fig. 3, showing the directions of attributable trends. A general pattern visible in this Figure 
is positive trends attributable to climate change in northern latitudes in Norway and Russia 
(14 gauges in Norway and five in Russia), in Northern Kazakhstan (three gauges) and west-
ern China (nine gauges), as well as in the Lake Victoria basin (two gauges). The opposite, 
negative trends attributable to climate change were found in the Blue Nile and Main Nile 
(four gauges), in Central and South Asia (three gauges) and in the Selenga river. It is also 
worth noting that there are no significant attributable trends in mean annual discharge at all 
analysed gauges in eastern China.
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4 � Conclusions

The studies included in the Topical Collection illustrate with many examples the com-
plexity of impact attribution in hydrology, which requires thoroughly calibrated models, 
reliable observational climate data (observed or reanalysis) and counterfactual climate 
data with appropriate spatial resolution. Attribution of recent trends in mean annual dis-
charge to climate change was possible in 42% of the basins investigated, mostly point-
ing on positive trends in streamflow: in Norway, northern Russia, northern Kazakhstan, 
western China and in the Lake Victoria basin, and partly also for changes in extremes, 
for example increases in flood level or high flow indices in 60% of catchments in Nor-
way, in the Lena river, in three catchments in northern Kazakhstan and in western 
China. Negative trends in streamflow attributable to climate change were detected in the 
Blue Nile and Main Nile, for two gauges in Central Asia and in the Upper Indus as well 
as in the Selenga river, all regions, where the majority of the population is very vulner-
able to water resources availability and climate change.

However, the huge complexity of natural and human effects on the aquatic systems 
makes it difficult to accurately attribute detected trends in river discharge to climate 
change in basins where human water management or land use change plays an essential 
role. This is partly due to missing data about human interventions such as irrigation 
and reservoir management, or the missing implementation of these human drivers in 
the impact models, but also due to problems with the forcing factual and counterfactual 
climate data (as seen in some of the datasets applied). The aim to avoid human land use 
change and water management as the second and third drivers explains why in most 
cases only the upstream river basins or small subbasins of tributaries were selected in 
the studies of the Topical Collection, with no or only marginal human interventions.

Climate change is ongoing, and the still existing difficulties to attribute climate 
change impacts make further research very important. On the climate side, this con-
cerns the further development of methods with which counterfactual climate data can 
be generated with different resolutions and higher reliability, and made available.

In the hydrological sciences, this concerns the improved mapping and separation of nat-
ural and human influences on hydrological processes. To this end, human water manage-
ment in river basins should be better represented and parameterized in the models, while 
the availability of data on land use change and on river regulation and management of 
water resources should also be improved.

Especially when looking at climate change induced threats to water security such as 
floods and droughts, a more accurate attribution of current trends would make impacts of 
different drivers more transparent and understandable for decision makers in the water sec-
tor with the hope that this could lead to improved adaptation measures to counteract nega-
tive consequences of climate change impacts. In this context, important is also the com-
parison of the attributed trends with projections for the future.

Finally, the selection of our studies was restricted to Europe, Asia and East Africa, and 
the regional patterns of positive and negative attributable changes in mean annual flow 
detected in the studies should be amended by additional studies in other river basins on 
these continents and elsewhere.
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