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A B S T R A C T   

Paleoclimate reconstructions are increasingly used to characterize climate variability and change prior to the 
instrumental record, in order to improve our estimates of climate extremes and to provide a baseline for climate 
change projections. Most of these reconstructions are focused on temperature, precipitation, and/or drought 
indices and, to a lesser extent, reconstruct streamflow variability. In this study, the first regional tree-ring width 
chronology (i.e. Quercus sp.), from the Caraorman forest (Danube Delta, Romania), was used to reconstruct the 
last ~250 years of annual (from November previous year to July of the current year) streamflow of the Lower 
Danube River. The obtained results indicate a stable and significant correlation between the tree-ring width 
index from the Caraorman forest and the Danube streamflow at the Ceatal Izmail hydrologic station situated in 
the southeastern part of Europe. Interannual streamflow variation for the analyzed period indicates 14 extremely 
high flow years, with streamflow greater than 8780 m3/s (1770, 1771, 1799, 1836, 1838, 1839, 1871, 1876, 
1877, 1879, 1940, 1941, 1997 and 2010) and 14 extremely low flow years, with streamflow lower than 5300 
m3/s (1741, 1745, 1750, 1753, 1773, 1794, 1812, 1832, 1843, 1882, 1899, 1921, 1964 and 1994). Periods 
characterized by pluvials in the lower Danube Delta are associated with a low-pressure system centered over 
Europe, positive sea surface temperature (SST) anomalies over the Atlantic Ocean, and negative SST anomalies 
over the Baltic, North, and Mediterranean Seas. These large-scale conditions favor the advection of moist air from 
the Mediterranean and the Black Sea towards the southeastern part of Romania, which in turn leads to high 
precipitation rates over this region. Opposite to this, low streamflow years are associated with a high-pressure 
system centered over Europe, characterized by a northward shift of the storm tracks and negative SST anoma-
lies over the Atlantic Ocean, and positive SST anomalies over the Baltic, North, and Mediterranean Seas. Based on 
our results, we argue that the reconstruction of river streamflow data based on the tree-ring width has important 
scientific and practical implications for a better understanding of the streamflow variation of the past, necessary 
for water resource management and environmental-hydrological protection.   

1. Introduction 

According to the last IPCC report (IPCC, 2022), climate change has 
caused substantial deterioration of ecosystems and will cause unavoid-
able increases in multiple climate hazards in the near and long term, 
causing massive damages and increasingly irreversible losses (including 
in terrestrial and freshwater ecosystems (IPCC, 2022). The increased 

frequency and intensity of climatic extremes have already led to food 
and water scarcity (IPCC, 2022), and represent a high risk for future 
water supply (Kreibich et al., 2022). In this context, planning adaptation 
and mitigation strategies are necessary to face the current water-related 
challenges and to have suitable water management. Water availability is 
a serious problem in densely populated and economically important 
regions (Boretti and Rosa, 2019; Kreibich et al., 2022), and water 
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managers are increasingly confronted with supply and demand con-
straints on water resources, especially in Mediterranean-type climatic 
regions, where runoff decline is observed and expected to continue 
(Kundzewicz et al., 2010; Milly et al., 2005). In particular, surface runoff 
in the southern part of Europe, including the Danube River basin, is 
projected to decrease over the next few decades (Stagl and Hattermann, 
2015). However, uncertainty arises from the short and, most of the time, 
unavailable streamflow observations. 

Improvements in this respect can be facilitated by providing in-depth 
analyses of how hydrological extremes impact water availability and 
long-term climatological and hydrological information is essential to 
improve the accuracy of future hydrological scenarios. The development 
of the water resource management plan is drawn back by very short 
instrumental hydrological records (Van Lanen et al., 2016), which are 

mostly limited to 50 years (rarely reaching 100 years) for many 
important river basins and are not enough to capture the natural vari-
ability of hydrological variables such as streamflow. Thus, incorporating 
paleo, hydrological and climatological data into water management 
plans will help to partially solve this problem. 

Tree-ring data has proven its efficiency for reconstructing different 
climatic parameters (e.g. precipitation and temperature), due to tem-
poral resolution, precise dating, and its widespread availability in 
different parts of the globe. Tree rings are the most suitable proxies to 
use when it comes to building long time-scale chronologies with annual 
resolution. Different methodological approaches, such as tree-ring 
width, intra-annual density, wood anatomy or stable isotopes, are 
enabling us to explore the variability of multiple hydroclimatic param-
eters (Fritts, 1976; Gagen et al., 2004; Nagavciuc et al., 2020; 

Fig. 1. Location of the investigation area in Europe (black box bottom left) and a topographic map of Romania showing the sampling site. The lower left plot 
represents the annual variation of the maximum temperature (red dots), precipitation (bars), and relative humidity (violet dots) over the 1961–2013 period at 
Mahmudia meteorological station. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Schweingruber, 1988). However, their potential in the reconstruction of 
the streamflow was not fully explored. To our knowledge, there are very 
few published studies of streamflow reconstruction for European rivers, 
based on tree rings (Ballesteros-Cánovas et al., 2015; Formetta et al., 
2022; Obertelli, 2020; Trlin et al., 2021), although, for regions such as 
the US, Canada or China, there are many more tree ring based stream-
flow reconstruction studies (Ballesteros-Cánovas et al., 2015; Martin 
et al., 2019; St. George, 2007; Wu et al., 2020; Yang et al., 2012). 

In Europe, the river basin management plans are established by the 
European Water Framework Directive (EC, 2022). Danube river plays an 
essential role in the water resource availability at the European level, 
being the second largest river in Europe. With a catchment area of 
817.000 km2 and comprising parts of 19 countries, the river Danube 
sustains the life of more than 80 million people (Schiller et al., 2010). Its 
strategic geographical position and spatial extension are complemented 
by a large number of stakeholders and decision-makers who are facing 
significant challenges with respect to climate change and its impact on 
future water supply. The southern-eastern part of Romania and the 
Lower Danube region represent areas with high exposure to aridity, 
drought, and even desertification phenomenon and are especially prone 
to drought risks due to extreme climatic phenomena (Nagavciuc et al., 
2022b). Thus, over this region, it is imperative to have long-term 
perspective over the current extreme hydroclimatic conditions and 
variability. A long-term perspective of the variability and trends of 
Danube River streamflow will allow different stakeholders and water 
managers to timely adopt the necessary precautionary measures which 
are needed to cushion the adverse effects of extreme events and to adapt 
and mitigate the current climatic conditions in order to minimize the 
socio-cultural impacts. 

In order to provide more information on long-term streamflow 
variability of the Lower Danube River, which can contribute to water 
resource management improvement, here we report findings of the first 
tree-ring width based, multiseasonal streamflow reconstruction for the 
Lower Danube River. The overall objectives of this study are: i) to 
investigate the hydroclimatic sensitivity of the latewood Quercus sp. tree 
rings from Caraorman forest, Romania ii) to develop an annual (from 
November previous year to July current year) streamflow reconstruction 
for the 1734 – 2020 period for the Ceatal Izmail hydrometric station 
(Lower Danube) on a well-replicated tree ring dataset; iii) to investigate 
the long-term streamflow variability of the Lower Danube River; iv) to 
analyze the possible teleconnection between reconstructed streamflow 
data and large-scale climate patterns, and v) to describe the relative 
importance of the long-term river streamflow variability for water re-
sources management. 

2. Methods 

2.1. Study area 

Caraorman forest is located in the Danube Delta between the Sulina 
and Sfântu Gheorghe branches of the Danube River, in Romania (Fig. 1). 
Caraorman natural forest has been protected since 1938 and, from 1990 
onwards it was declared a strictly protected area (2250 ha) and was 
included in the Danube Delta Biosphere Reserve (Administraţia Rezer-
vaţiei Biosferei Delta Dunării, 2022). It acquired this protection status to 
preserve the most impressive mobile and semi-mobile dunes in the 
Danube Delta which can reach up to 9 m high and are partly covered 
with vegetation, and the Caraorman forest. Placed on a high seafront, 
the forest is represented by mixed oaks and other broadleaves tree 
species (e.g. Quercus, Fraxinus, Ulmus), with some very particular ele-
ments of species with voluble stem (e.g. Periploca graeca, Vitis sylvestris, 
Humulus lupus, Clematis vitalba) (Administraţia Rezervaţiei Biosferei 
Delta, 2022). Characterized by a temperate climate, due to its proximity 
to the Black Sea, the summers are usually warm and the winters are cold. 
The average annual temperature, at Mahmudia meteorological station 
(i.e., the closest meteorological station to our sampling site), is around 

10.8 ◦C, with July as the warmest month (~22.07 ◦C) and January as the 
coldest one (~− 0.39 ◦C). The rainfall is around 374 mm/year, with 
January as the driest month (~19.3 mm/month) and June as the wettest 
month (~50 mm/month), while the month with the highest relative 
humidity is December (84.35 %), and the month with the lowest relative 
humidity is May (72.44 %) (Fig. 1). 

2.2. Tree-ring chronology 

During the first field trip in late autumn 2006, 36 cores (one core per 
tree) were collected from living dominant oak trees (Quercus sp.), from 
the Caraorman forest. In May 2021, other 42 samples (one core per tree) 
were collected from the same Caraorman forest, in order to update the 
existing sample set to the year 2020. During the second field trip, to 
avoid sampling the same trees, the stems were carefully checked for core 
marks or scars. The samples were extracted using a 5 mm Pressler 
increment borer following standard dendrochronological sampling 
methods (Schweingruber, 1988). The cores collected in 2006 were fixed 
in wooden supports and polished, while the cores collected in 2021 were 
cut using the WSL core microtome (Gärtner and Nievergelt, 2010). All 
samples were scanned using Silverfast v.8.1 software and an EPSON 
11000 XL flatbed scanner with 1600 dpi true optical resolution and 
saved in a 48bit color image format. Based on the obtained images, tree- 
ring widths of the latewood were measured using the CooRecorder 
v.9.31 software (Cybis Elektronik, 2010), with a precision of 0.01 mm. 
All time-series were cross-dating using CDendro and checked for the 
missing rings using COFECHA software, using correlation analysis of 50- 
year intervals with a 25-year overlap (Grissino-Mayer, 2001; Holmes, 
1983). We decided to use latewood for future analyses due to their 
demonstrated higher sensitivity to capture hydroclimatic variability 
(Roibu et al., 2020). 

The individual raw series were transformed into a growth index 

Table 1 
A detailed list with the data sets employed in this study and their sources.  

Data type Spatial 
resolution 

Temporal 
resolution 

Source 

Tree ring width  1728–2020 This study 
Meteorological station 

data (precipitation, 
relative humidity, 
cloud cover, mean 
temperature, 
maximum 
temperature, 
minimum 
temperature)  

Mahmudia: 
1961–2013 

Romanian National 
Meteorological 
Administration 

Streamflow data  Orsova: 1921 
– 2013 
Tr. Magurele: 
1931 – 2013 
Zimnicea: 
1921 – 2013 
Oltenita: 
1921 – 2013 
Calarasi: 
1931 – 2013 
Braila: 1941 – 
2013 
Lungoci: 
1935 – 2013 
Ceatal Izmail: 
1921 – 2013 

National Institute of 
Hydrology and Water 
management Romania 

Gridded precipitation 
data 

0.5◦ x 0.5◦ 1901–2021 Harris et al., 2020 

Gridded geopotential 
height, zonal wind 
and meridional winds 
at 500mb level 

2◦ x 2◦ 1836–2015 Slivinski et al., 2021 

Gridded sea surface 
temperature data 

2◦ x 2◦ 1854–2020 Huang et al., 2018  
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series to avoid any potential non-climatic or biological trends. All in-
dividual raw series were detrended using the negative exponential curve 
method in ARSTAN software (Cook and Kairiukstis, 1990). After 
removing the autocorrelation, the residual chronology (further 
described as RWILW) was used for further analyses. The temporal sta-
bility of the obtained chronology was assessed using the expressed 
population signal (EPS) and inter-series correlation (Rbar). EPS and 
Rbar were calculated using a 50-year moving window with a 25-year 
segment overlap (Wigley et al., 1984). The strength of the chronology 
signal was evaluated using a threshold value of 0.85 for the EPS 
parameter (Briffa and Jones, 1990). 

2.3. Hydro-Climate data and statistical methods 

2.3.1. Hydro-climate data 
To investigate the hydroclimatic sensitivity of the latewood tree-ring 

width, we analyzed the correlation between RWILW and precipitation 
(PP), relative humidity (RH), cloud cover (CLD), mean temperature 
(TT), maximum temperature (TX), and minimum temperature (TN) 
using the data from Mahmudia meteorological station for 1961–2013 
period (see location in Fig. 1). We also analyzed the relationship be-
tween RWILW and the monthly mean streamflow from seven gauging 
stations situated in the Lower Danube (Table 1), as well as one gauging 
station situated in the catchment area of Siret River (one of the main 
tributaries of the Danube River). In order to identify the most suitable 
period for paleo reconstruction, the correlation analyses start from 
September previous year with one month window time period until the 
August current year. Afterward, the time window increases with one 
month and the procedure is repeated. The maximum window length was 
12 months. To assess the spatial stability of the correlation we used the 
gridded monthly precipitation (PP), covering the period 1901 – 2020, 
from the CRU TS v. 4.04 dataset (Harris et al., 2020). 

The influence of the large-scale atmospheric circulation on the 
variability of high and low streamflow periods has been investigated 
using the monthly means of Geopotential Height at 500 mbar (mb) 
(Z500), zonal wind (U500), and meridional wind (V500) at 500 mb from 
the Twentieth Century Reanalysis (V3) data set (Compo et al., 2011, 
2006; Slivinski et al., 2019) on a 2◦ ×2◦ grid, over the 1837–2015 CE 
period. The vertically integrated water vapor transport (WVT) (Peixoto 
and Oort, 1992) was calculated through zonal wind (u), meridional wind 
(v), and specific humidity (q), from the same data set (Compo et al., 
2011; Slivinski et al., 2021). For sea surface temperature (SST), we used 
the Extended Reconstructed Sea Surface Temperature (ERSST) dataset 
V5 (spatial resolution 2◦ x 2◦), covering the 1854 – 2020 period (Huang 
et al., 2018). These two large-scale datasets have been chosen for the 
current analysis, due to their extended length, allowing us to analyzed 
the large-scale drivers for ~180 years for the large-scale atmospheric 
circulation and ~167 years for the ocean circulation. Moreover, the 
same datasets have been previously used in a successful and reliable 
manner for paleoclimate related studies (Ionita et al., 2021; Nagavciuc 
et al., 2022a; Roibu et al., 2022b). A detailed list with all the dataset 
employed in this study is given Table 1. 

2.3.2. Statistical methods 
The relationship between RWILW residual chronology and the Lower 

Danube streamflow at the Ceatal Izmail hydrometric station was 
established using a linear regression model. In order to validate our 
model, the data was split into subsets, of approximately equal lengths, 
calibration (1921–1967) and verification (1968 – 2013). The explained 
variance (r2), the reduction of error (RE), the coefficient of efficiency 
(CE), and the Durbin-Watson test (DW) statistical tests were performed 
to evaluate the strength and robustness of the final model. All the sta-
tistical analyses have been performed in R statistical environment, using 
the R packages dplR (Bunn, 2008) and treeclim (Zang and Biondi, 2015). 

To test the spatial–temporal stability of the relationship between the 
RWILW index and climate variables (i.e. gridded monthly precipitation) 

we also make use of stability maps, a methodology successfully applied 
in the seasonal forecast of the European rivers and Arctic sea ice, as well 
as in dendroclimatological studies (Ionita et al., 2019; Ionita and 
Nagavciuc, 2020; Nagavciuc et al., 2020, 2019b; Roibu et al., 2022a). In 
order to detect stable predictors, the variability of the correlation be-
tween the RWILW time series and the monthly PP data was investigated 
within a 31-year moving window over the period from 1901 to 2020. 
The analysis was performed for a time window that starts in November 
of the previous year, plus one cumulative month, until June of the 
current year, as for this period were obtained the higher correlation 
coefficients. The correlation is considered stable for those regions where 
the RWILW index and the gridded PP data are significantly correlated at 
the 90 % for more than 80 % of the moving window. The advantage of 
this methodology, when compared with traditional correlation analysis, 
is the possibility to identify just the regions which have a stable rela-
tionship in time with our tree rings-based proxies. The stability maps 
methodology is described more in detail in Ionita, (2017). 

The relationship between the large-scale oceanic (SST) and atmo-
spheric circulation (Z500) and the reconstructed streamflow variability 
has been identified based on the composite maps methodology (von 
Storch and Zwiers, 1999). The composite maps between reconstructed 
streamflow and the Z500 and SST were constructed by selecting the 
years in which the value of the streamflow time series was higher than 
the 90th percentile (High) and lower than the 10th percentile (Low), 
respectively. This threshold was chosen as a compromise between the 
strength of the climate anomalies associated with streamflow anomalies 
and the number of maps that satisfy this criterion. Composite analysis is 
widely used to understand physical mechanisms and develop statistical 
prediction models (von Storch and Zwiers, 1999). The significance of the 
composite maps is based on a standard t-test (confidence level 95 %). 

Fig. 2. Oak latewood tree-ring width chronology from Caraorman forest, 
Romania, and its signal strength statistics, a) latewood tree-ring width index 
(RWILW) (red line), 11-years running mean (black line), and sample replication 
(green outline); b) expressed population signal (EPS) (blue line) and inter-series 
correlation (Rbar) (grey line); vertical black dotted line indicates periods with 
EPS are greater than 0.85. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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3. Results and discussion 

3.1. Chronology characteristics 

Here we present a new tree-ring latewood width chronology for 
Danube Delta, from Quercus sp. over the period 1728 – 2020. The length 
of measured cores for this study ranged between 102 and 286 annual 
rings, while the mean tree age is 150 years (Fig. 2). The mean tree-ring 
latewood width is 2.12 ± 1.26 mm. The inter-series correlation values of 
the individual time series range from r = 0.25 to r = 0.75 and shows a 
strong similarity of growth trends among the records, while the first- 
order autocorrelation for raw data (AC1) is 0.66. The sample replica-
tion for the last 200 years is higher than 40 series, reaching up to 78 
series between 1973 and 2006. Before 1800, the sample replication 
decreases to 15 series. For the obtained RWLW chronology, the EPS ex-
ceeds the 0.85 threshold after the year 1800 with a replication of 16 
samples, which is widely accepted (Wigley et al., 1984). 

3.2. RWILW hydro-climatic signal 

The strength of the hydro-climate signal was evaluated by computing 
the monthly and seasonal (different combinations of months, from 2 to 
12 months) Pearson’s correlations from September of the previous year 
to August of the current year, between the RWILW index and different 
climatic parameters from Mahmudia meteorological station, as well as 
the monthly streamflow in the Lower Danube measured at seven 

gauging stations (Fig. 3, Table 2). The oak RWILW index from the Car-
aorman forest is negatively and significantly correlated with the 
maximum temperature of January (r = -0.37), March (r = − 0.40), and 
April (r = − 0.44), as well as with the January – July period (r = − 0.43) 
(Table 2). Similar results were found for the mean temperature, but also 
a significant positive correlation with the previous November mean 
temperature (r = 0.33). For the minimum temperature, a significant and 
positive correlation was found only for the previous year November (r =
0.39). The RWILW index is also positive and significantly correlated with 
cloud cover, relative humidity, and precipitation, with the highest cor-
relation for November previous year to July current year period (r =
0.55 for CLD, r = 0.40 for RH, and r = 0.70 for PP) (Table 2). 

In terms of the streamflow correlation analyses, we found a positive 
and significant correlation between the RWILW index and the streamflow 
data through the whole Lower Danube. The highest correlation coeffi-
cient (r = 0.70, p < 0.001) was obtained for the Ceatal Izmail gauging 
station, for the case when we average the streamflow over a nine months 
period, namely from November previous year to July current year 
(Fig. 3). In the case of the other analyzed gauging stations, to correlation 
was the highest also for a nine-month average, namely from November 
previous year to July current year, except for the Orsova gauging station 
(Fig. 3a). For the Orsova gauging station, which is the furthest station 
relative to our sampling site, the highest correlations have been found 
for an average over 10 months (October previous year – July current 
year). It is noteworthy to mention that the link between streamflow 
variability and tree growth is defined by a complex interplay of 

Fig. 3. A) the correlation coefficients be-
tween the RWILW index and the monthly 
streamflow at different gauging stations in 
the Lower Danube with different time lags: 
Oct – July (October previous year – July 
current year); Nov – July (November pre-
vious year – July current year), Dec – July 
(December previous year – July current 
year); Jan – July (January current year – 
July current year), up to May – July (May 
current year – July current year) and b) The 
spatial extent over the Lower Danube of the 
correlation between the RWILW index and 
streamflow at different gauging station for 
the highest correlation coefficients as 
identified in a). In a) all the correlation 
coefficients are statically significant at 95 % 
significance level (p < 0.05).   
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groundwater availability and climatic variability. On the one hand, tree- 
ring growth is influenced by a complex interaction of the temperature 
and precipitation (Fritts, 1976), while climatologically, the streamflow 
variability depends on the evapotranspiration rate which is given by 
water availability and temperature. Thus, the climatic factors associated 
with high streamflow (e.g. temperature and precipitation) are also 
associated with wider tree rings (Koprowski et al., 2018). On the other 
hand, low water availability causes a reduction in tree growth (Skia-
daresis et al., 2021, 2019), furthermore, lowering the groundwater level 
in the area near the sea, will favor saltwater intrusion in the ground-
water and soil salinization, with a negative effect on tree growth 
(Antonellini and Mollema, 2010; Ran et al., 2021). 

The spatial–temporal stability of climatic signals was tested by 
applying the stability maps approach between the RWILW index and the 
gridded PP data over the period 1901–2020. The obtained results indi-
cate a positive, stable, and significant correlation between our RWILW 
chronology and the precipitation over Ukraine, the Republic of Mol-
dova, Romania, and Bulgaria (Fig. 4), for the cumulative period from 
November previous year to July current year, which represents the 
period for which we obtained the best spatiotemporal results. This is in 
agreement with the previous findings, indicating that an accumulation 
period of 9 months (i.e., November previous year – July current year) is 
the best signal for reconstructing the streamflow variability. This 9- 
month accumulation time can be explained also by the fact that Dan-
ube’s catchment area is one of the largest in Europe and our samples 
location is situated close to the lowest border of it, before Danube spills 
into the Danube Delta, thus integrating the streamflow variability/signal 
throughout most of the catchment area. 

Therefore, tree rings could be considered a good indicator of 
hydroclimatic variability because they are influenced both by ground-
water availability and temperature/precipitation fluctuations, which 
are directly link to streamflow variability. Accordingly, a period of low 
streamflow (low groundwater level) determined by lack of moisture or 
drought conditions which represent a limiting factor for tree growth will 
result in narrow tree-ring width, while a period of high streamflow (high 
groundwater level) determined by exceeding moisture will be reflected 
as wide tree rings (Skiadaresis et al., 2019; Trlin et al., 2021). 

3.3. Streamflow reconstruction 

Taking into account all obtained correlations and the stability of the 
climatic signal, a linear regression model (1) was used to reconstruct the 
streamflow variability from the Ceatal Izmail hydrometric station 
averaged over the period for November previous year to July current 
year (Novpy – Julcy) period. 

Qt = RWILWt* 0.48307 + 3629.15625 (1)  

where Q is streamflow for Novpy – Julcy period at Ceatal Izmail hydro-
metric station and the RWILW is the tree-ring latewood width index of 
the Caraorman oak chronology at t year. 

In order to evaluate the reconstruction skills, the dataset was split 
into two equally long periods (1922 – 1967 and 1968 – 2013) for cali-
bration – verification approach in forward and reverse mode. The ob-
tained highly positive values of RE and CE (Table 3), for both forward 
and reverse models, indicate a good and predictive reconstruction skill 
(Fig. 5a), while the DW values near 2 indicate little to no autocorrela-
tion. All calibration – verification statistics suggest that the developed 
linear regression model is reliable for the streamflow reconstruction and 
can be used to reconstruct past streamflow variability. The developed 
reconstruction model explains 45 % (r2 = 0.45) of the Danube stream-
flow variation at the Ceatal Izmail hydrometric station (Fig. 5b). 

Based on the aforementioned linear regression model, the stream-
flow variability was reconstructed for the 1734 – 2020 period (Fig. 6a). 
Nevertheless, since the ESP value exceeded the threshold of 0.85 only 
after 1800, the reconstruction before 1800 might be prone to larger 
uncertainties. The Novpy – Julcy period reconstruction of streamflow 
variability at the Ceatal Izmail hydrometric station preserves both the 
inter-annual to inter-decadal variations over the analyzed period. The 
interannual streamflow variability analysis revealed fourteen years with 
extreme low values, when the streamflow did not exceed 5300 m3/s 
(<5th percentile): 1741, 1745, 1750, 1753, 1773, 1794, 1812, 1832, 
1843, 1882, 1899, 1921, 1964 and 1994 and fourteen years with 
extreme high streamflow, over the 8780 m3/s (>95th percentile): 1770, 
1771, 1799, 1836, 1838, 1839, 1871, 1876, 1877, 1879, 1940, 1941, 

Table 2 
Correlation coefficients of RWILW index with local monthly climate data measured at Mahmudia meteorological station and monthly streamflow data measured at 
Ceatal Izmail gauging station: precipitation (PP), relative humidity (RH), Cloud cover (CLD), mean temperature (TT), maximum temperature (TX), minimum tem-
perature (TN) and streamflow (DUN). Analyzed period: 1961–2013. Correlations coefficients at 95 % significance level (p < 0.05) are bolded, red color indicates 
positive correlation and blue color indicates negative correlation.  
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1997 and 2010. Over the last two centuries, the periods with high 
streamflow occurred in the following intervals: 1830 – 1844, 1869 – 
1886, 1934 – 1948, 1961–1985, and 1994 – 2014 (Fig. 6a – blue shaded 
areas), while periods with low streamflow occurred between 1856 and 
1868, 1949 – 1960, 1986 – 1993 and from 2015 to present (Fig. 6a – red 
shaded areas). 

To investigate the low-frequency variability of the reconstructed 
streamflow chronology and compare the streamflow reconstruction over 
different periods, we split our chronology into a 40 years window and 
we performed box plot statistical analyses (Fig. 6b). The median distri-
bution of all box plots is at the same level, near 7000 m3/s, but the 
distribution is different. Over the period 1821 – 1860 the majority of the 
streamflow data varies between 6500 and 7500 m3/s, with the lower 
whisker longer than the higher ones, but with three upper outliners 
which indicate the presence of the extreme events. The period 1861 – 
1900, is characterized by a higher variability, the first and third quartile 
ranging between ~6200 and 8000 m3/s, with the longest outliners for 

the analyzed period. The period 1901 – 1940 is slightly skewed up, 
indicating that the majority of data are lower than the median. The 
period 1941 – 1980 is normally distributed, while the period 1981 – 
2020 is characterized by a higher variability, slightly skewed up and 
with a much longer upper whisker than the lower one, indicating that 
during this period the lower Danube streamflow was predominantly 
lower than the median, but with some very high streamflow values. 

3.4. Large‑scale atmospheric circulation 

Since the precipitation and temperature variability (variables that 
are contributing substantially to the variations of the Danube River 
streamflow) are mainly driven by the large-scale atmospheric circula-
tion (Ionita, 2015; Ionita et al., 2012), we have tested also the rela-
tionship between the large-scale atmospheric circulation and our 
reconstructed streamflow. In order to investigate the relationship be-
tween the interannual variability of the streamflow variability and the 
large-scale atmospheric circulation we made use of the composite maps 
methodology between the streamflow reconstruction and the geo-
potential height at 500 mb (Z500), WVT, and SST for the cases when the 
streamflow was higher than the 90th percentile (>8237 m3/s) and lower 
than the 10th percentile (<5545 m3/s). The large-scale atmospheric 
circulation influences tree growth indirectly by influencing the in-
tensity, duration, and variability of the climatic events. Usually, anti-
cyclonic (cyclonic) circulation patterns determine dry (wet) climatic 
conditions (Ionita et al., 2015) and therefore low (high) river streamflow 
values, which contribute to slowing down (favors) tree growth. Ac-
cording to our obtained results, periods with high streamflow values are 

Fig. 4. Stability map of the correlation between the RWILW time series and different monthly combinations of PP from previous year November until current year 
July. Regions where the correlation is stable, positive, and significant for at least 80% windows are shaded with dark red (95%), red (90%), orange (85%), and yellow 
(80%). The corresponding regions where the correlation is stable, but negative, are shaded with a dark blue (95%), blue (90%), green (85%), and light green (80%). 
N—November PP from the previous year, ND – mean of November and December PP from the previous year, NDJ – mean of November and December PP from the 
previous year and January from the current year, NDJF – mean of November and December PP from the previous year and January and February from the current 
year, NDJFM – mean of November and December PP from the previous year and January, February and March from the current year, NDJFMA – mean of November 
and December PP from the previous year and January, February, March and April from the current year, NDJFM – mean of November and December PP from the 
previous year and January, February and March from the current year, NDJFMAM – mean of November and December PP from the previous year and January, 
February, March, April and May from the current year, NDJFM – mean of November and December PP from the previous year and January, February and March from 
the current year, NDJFMAMJ – mean of November and December PP from the previous year and January, February, March, April, May and June from the current 
year, NDJFMAMJJ – mean of November and December PP from the previous year and January, February, March, April, May, June and July from the current year. 
Analyzed period: 1902–2020. The significance level is computed based on a two-tailed t-test. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 

Table 3 
Summary table of calibration and verification statistics of streamflow November 
previous year to July current year reconstruction, Analyzed period 1921 – 2013.  

Subsets lengths r r2 RE CE DW 

Early calibration (1921–1967)/late 
verification (1968–2013)  

0.66  0.44  0.47  0.46  1.86 

Early verification (1921–1967)/late 
calibration (1968–2013)  

0.68  0.46  0.44  0.41  1.72 

Full calibration period (1922–2013)  0.67  0.45     
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associated with a low-pressure system over central-western Europe and 
the middle Atlantic Ocean, and a high-pressure system over Greenland, 
Siberia, and the northern part of Africa (Fig. 7a). This pattern favors the 
advection of the moist air masses from the Mediterranean region toward 
Romania (Fig. 7c) which contributes to high precipitation rates, high 
streamflow, and wider tree-ring widths. Contrary to this, low flow pe-
riods are associated with a high-pressure system over central-western 
Europe and a low-pressure system over the northern Atlantic Ocean, 
Greenland, and Siberia (Fig. 7b). This pattern favors the advection of dry 
and warm air from the east, creating an area of local divergence over the 
south-eastern part of Europe (Fig. 7d), which in turn inhibits precipi-
tation and leads to low streamflow values and narrow tree-ring widths. A 

similar association between the large-scale atmospheric circulation and 
streamflow variability over Romania, including our study region, was 
found by (Ionita, 2015). 

The role of the Atlantic Ocean and the Mediterranean SST on the 
European hydroclimate variability has been highlighted by numerous 
previous studies (Feudale and Shukla, 2011; Ionita et al., 2017, 2012; 
Kingston et al., 2012). Following this line, the relationship between SST 
variability and tree-ring growth has been previously quantified in 
dendrochronological studies (Nagavciuc et al., 2020, 2019a; Roibu 
et al., 2022b). The analyses of the composite map reveal that the periods 
with high streamflow values are associated with negative SST anomalies 
over the seas around the Europe continent (Barents Sea, Norwegian Sea, 

a)

b)

Fig. 5. A) calibration – validation model for the streamflow reconstruction. in (a) the gray line indicates the observed data; the red line indicates the reconstructed 
streamflow over the calibration period and the blue indicates the reconstructed streamflow over the validation period; and b) regression between the observed and 
reconstructed streamflow over the period 1931 – 2020. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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Baltic Sea, North Sea, Celtic Sea, and the Mediterranean Sea) and pos-
itive SST anomalies over the Atlantic Ocean. Opposite to this low flow 
years are associated with positive SST anomalies over the seas around 
the Europe continent (the Barents Sea, Norwegian Sea, Baltic Sea, North 
Sea, Celtic Sea, and the Mediterranean Sea) and negative SST anomalies 
over the central and northern Atlantic Ocean (Fig. 8). The observed 
influence of the SST variability on the wet/dry periods in the lower 
Danube is in agreement with recent studies which have emphasized that 
the state of the Atlantic Ocean and the Mediterranean SST has a 

significant influence on the hydroclimate of Europe, including our 
analyzed region (Feudale and Shukla, 2011; Ionita et al., 2022, 2021; 
Kingston et al., 2015). 

3.5. Implications for the River streamflow management 

The Danube River streamflow is used in a variety of sectors from 
navigation and hydropower generation to agriculture, industry, drink-
ing water supply, recreation, or environmental purposes (ICPDR, 2021). 

a)

b)

Fig. 6. The reconstructed streamflow at Ceatal Izmail for the 1728–2020 period. The green line represents a low-pass filter and the intermediate lines (grey and 
black) depict extreme events based on pre-defines threshold: Q10,20 threshold (10th and 20th percentile) for low flows and Q90,80 threshold (90th and 80th percentile) 
for high flows. The values above/below the grey line corresponds to the wet/dry years used in the composite map analysis (additionally marked with blue and red 
dots).; b) Violin plots of the reconstructed streamflow for different centuries over the period 1742 – 2020. Threshold values: Q10 = 5545 m3/s, Q20 = 5925 m3/s, Q80 
= 7761 m3/s and Q90 = 8237 m3/s. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Therefore, streamflow variability plays a crucial role in water resource 
planning and management. The presented here streamflow reconstruc-
tion based on the tree-ring width is important not only for dendrohy-
drological studies but also for long-timescale analyses and evaluation of 
the Danube water availability at multi-centennial scales, especially since 
instrumental data are rather short (<50 years) and insufficient to cap-
ture long-scale streamflow variations, necessary for developing the 

hydrological models and resource water planning. 
The reconstructed streamflow chronology allows us to put the 

instrumental record into a long-term context, indicating that the periods 
with the lowest (highest) streamflow from the instrumental record, are 
not the most extreme low (high) streamflow periods when contextual-
ized into a longer-term perspective. For example, the low streamflow 
periods from the 20th century were not so extreme as the low 

a) b)

c) d)

Fig. 7. a) The composite map between high streamflow years (>Q80) and the mean form November previous year until July current year of the Geopotential Height 
at 500mb (Z500—shaded areas) and 500 mb wind vectors (arrows); b) the composite map between low streamflow years (<Q20) and the mean form November 
previous year until July current year of the Geopotential Height at 500mb (Z500—shaded areas) and 500 mb wind vectors (arrows); c) as in a) but for the mean form 
November previous year until July current year of the integrated water vapor transport (WVT) and d) as in b) but for the but for the mean form November previous 
year until July current year of the integrated water vapor transport (WVT). The hatching in a) and b) highlights significant values at a confidence level of 95 %. 
Analyzed period: 1836–2015. 

Fig. 8. a) The composite map between high streamflow years (>Q80) and the mean form November previous year until July current year of the sea surface tem-
perature (SST) and b) the composite map between low streamflow years (<Q20) and the mean form November previous year until July current year of the sea surface 
temperature (SST). The hatching highlights significant values at a confidence level of 95 %Analyzed period: 1854 – 2020. 
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streamflow period from 1857 to 1870. On the flood side, the period 1871 
– 1884, which was characterized by extreme high streamflow values, 
exceeds the streamflow rates periods from the observational periods. In 
addition, our reconstruction of the Lower Danube River streamflow 
suggests that overall, the streamflow rates were more variable at times 
preceding the instrumental period, implying that water management 
decisions are made based on relatively short and insufficient instru-
mental records compared with the more extensive reconstruction. Also, 
the streamflow from the Ceatal Izmail hydrometric station is signifi-
cantly correlated with other hydrometric stations from upstream of the 
river (not shown) and can play a key role in decisions making and water 
resource management, not only at the local scale but also at the regional 
scale. 

Considering the climate projections indicate that the impact of 
climate change will aggravate water availability, especially in the lower 
Danube basin, and will lead to a significant increase in water demand in 
the future (Stagl and Hattermann, 2015; Vanham, 2012), now more than 
ever the long-term streamflow reconstruction should be integrated into 
developing of the future water strategy and planning measures, to 
ensure feasible long term water management including industrial and 
human consumption water use and distribution and conservation of the 
features of the Danube basin. 

3.6. Limitation of the study 

Tree-ring width data was been proven to be an extraordinary proxy 
for paleoclimatic reconstruction, presenting numerous advantages over 
other natural proxies, nevertheless, we need to specify a few limitations. 
Tree-ring width, as well as all other climate proxies, contain additional 
noise, which add uncertainty into a chronology, however, we combined 
data from a very large sample of trees in order to reduce the influence of 
this noise. Another limitation of the study is the unavailability of 
instrumental climate data nearby the study site and the spatial resolu-
tion of the gridded data; however, we used the climate data from the 
nearest available meteorological stations (~30 km), and we used grid 
data sets with the best combination between spatial resolution and their 
extended length, thus avoiding short climatic time series which does not 
fulfil the study aim. 

4. Conclusion 

This study presents an annual streamflow reconstruction, from the 
Caraorman Forest (Lower Danube region), over the past ~250 years, 
based on the significant correlation between the tree ring latewood 
width and November – July streamflow (r = 0.70, p < 0.001). Our tree 
ring reconstruction explains ~45 % of the variance of Lower Danube 
streamflow, reinforcing the idea that tree rings can be also a useful proxy 
for streamflow (and not only for precipitation and temperature). Since 
our streamflow reconstruction covers only a small area, it is essential for 
the subsequent construction of large-scale streamflow reconstructions 
throughout the catchment area of the Danube River. The performance 
and reliability of our tree-ring based streamflow reconstruction was 
proved by calibration and validation of our data and by using specific 
statistics for the regression model over the 1931 – 2013 period. Based on 
our reconstruction we have identified extremely dry and wet years over 
the last ~250 years in the Lower Danube. Over the last ~250 years, the 
wettest (high streamflow) periods occurred in the following intervals: 
1830 – 1844, 1869 – 1886, 1934 – 1948, 1961–1985, and 1994 – 2014. 
Opposite to this, the driest intervals (low flow periods) occurred be-
tween 1856–1868, 1949 – 1960, 1986 – 1993, and from 2015 to present. 
In general, high flow years are associated with a cyclonic circulation 
over the central and eastern part of Europe, convergence over the Black 
Sea and at country level, and positive (negative) SST anomalies in the 
tropical Atlantic Ocean and south of Greenland (Mediterranean Sea and 
North Sea). These large-scale atmospheric and oceanic anomalies lead to 
high precipitation rates and high streamflow in the Lower Danube. Low 

flow years are associated with significant divergence over the Black Sea 
and our analyzed region, a high-pressure system over the central part of 
Europe, and a cold (warm) tropical and central North Atlantic (Medi-
terranean Sea), which in turn inhibit precipitation. 

From a water management perspective, we believe that this recon-
struction can help water managers and stakeholders to improve their 
knowledge about the variability of the Danube streamflow, especially 
since streamflow observations for the Lower Danube are rather short 
(~50 years) or are not freely available. It is important to mention that 
this is the first streamflow reconstruction for the Lower Danube, helping 
us to put the current water issues over this region into a longer-term 
context. Overall, tree-rings based streamflow reconstruction enables us 
to better understand the long-term streamflow changes and possible 
trends, which could be of high value to water managers and regional 
planners, leading to improved support useful in the decision-making 
process and regional planning. 
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