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Abstract 27 

In this study the spatial and temporal variability of summer (June – July – August (JJA)) 28 

streamflow over Romania, as recorded at 46 hydrological stations over the period 1935 -2010 is 29 

analyzed. An empirical orthogonal function analysis (EOFs) and Canonical Correlation Analysis 30 

(CCA) were used to characterize the spatial and temporal variability of summer streamflow and 31 

the relationship with large-scale atmospheric factors. It is shown that the dominant summer mode 32 

captures in-phase variability of river flow anomalies over the entire country, while the second 33 

mode of variability is characterized by a northwest - southeast dipole, emphasizing the influence 34 

of topography over the streamflow variability. Based on a CCA analysis it is shown that more 35 

than 50% of the summer streamflow variability is influenced by cloud cover and summer 36 

temperatures, via the modulation of precipitation and potential evapotranspiration. In general, 37 

positive (negative) streamflow anomalies, at country level, are associated with cyclonic 38 

(anticyclonic) circulation, the advection of moist (warm and dry) air, enhanced (reduced) 39 

precipitation and positive (negative) cloud cover anomalies.  40 

 41 

 42 
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1. Introduction 56 

Over the past decades Europe has experienced heavy floods with major consequences for 57 

thousands of people and millions of Euros worth of damage (Kundzewicz et al., 2007). One of 58 

the best examples is the summer 2013 flood in Central Europe which showed how vulnerable 59 

modern society is to hydrological extremes and emphasizes once again the need for improved 60 

forecast methods of such extreme climatic events. In this respect, streamflow forecasting is of 61 

great importance to water resources management and flood defense. On the other hand, to be 62 

able to improve the skill of the streamflow forecast, one needs to get a better understanding of 63 

the streamflow processes and the influence of large scale atmospheric circulation on the 64 

streamflow variability. Characterization of hydrological variability on climatic time scale and 65 

connections to climatic forcings provide potential improvement for hydrological forecasts, 66 

especially if the forcings are predictable or slowly evolving (Souza and Lall, 2003; Croley, 67 

2003). Evidence from long hydrological records shows that periods with anomalous hydrological 68 

behavior (Arnell et al., 1993) are associated with persistent climate anomalies.  69 

The interaction between river streamflow and low-frequency climate patterns has been studied 70 

for various hydrological systems all over the world (Dettinger and Diaz, 2000; Barlow et al., 71 

2001; Barros et al., 2004; Ward et al., 2010). In addition, the analysis of the meteorological-72 

hydrological connections resulting from synoptic climatic patterns has been suggested to be 73 

essential for understanding and predicting the behavior of river streamflow (Stahl and Demuth, 74 

1999; Bierkens and Van Beek, 2009). Two of the most important phenomena that influence 75 

streamflow variability are the North Atlantic Oscillation (NAO) and El Niño-Southern 76 

Oscillation (ENSO) (Dettinger and Diaz, 2000; Cullen et al., 2002; Lorenzon-Lacruz et al., 2011, 77 

Gamiz-Fortis et al., 2011; Ionita et al., 2008, 2011, 2012). The indices of these two large-scale 78 
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climatic patterns have been used as predictors for the seasonal streamflow anomalies over 79 

Europe (Trigo et al., 2002; Rimbu et al.; 2004; Ionita et al., 2008). Correlations with 80 

hydrological data have shown that when NAO index is high river flow is above average in the 81 

northern part of Europe and below average in the southern part of Europe (Shorthouse and 82 

Arnell, 1997; Dettinger and Diaz, 2000).  Another atmospheric pattern that strongly influences 83 

the precipitation and streamflow over Europe, especially on the southern part, is the East 84 

Atlantic/ Western Russia pattern (EA/WR) (e.g. Ziv et al., 2007, Ionita et al., 2014a).  85 

Streamflow is an integrated response to climate, water transfer, evapotranspiration and the effect 86 

of human activities on the natural water flows. The response time of the streamflow to climate 87 

conditions depends strongly on the catchment area characteristics (e.g. geology, topography, 88 

soils and vegetation) and among different climatic regions (Post and Jackeman; 1996; Fleig et 89 

al., 2011). In the same time, the hydrological response to climate is also season dependent 90 

because the water resources, the climatic conditions and the hydrological processes vary 91 

throughout the year (Tallaksen, 1995; Garcia-Ruiz et al., 2008).  92 

Romania is situated in the southeastern-central part of Europe, north of the Balkan Peninsula and 93 

the western shore of the Black Sea. The climatic conditions are dependent on the country's varied 94 

topography. The Carpathians serve as a barrier for the Atlantic air masses, limiting their oceanic 95 

influences to the west and center of the country, which experience milder winters and heavier 96 

rainfalls as a result. The mountains also block the continental influences of the vast plain to the 97 

north in the Ukraine, which results in frosty winters and less rain to the south and southeast. 98 

Various studies, focused over Romania, have shown certain changes in surface air temperature 99 

and precipitation (Bojariu and Paliu, 2001; Tomozeiu et al., 2002; 2005; Ionita et al., 2013, 100 

Busuioc et al., 2014). The streamflow variability over this region has been studied only for 101 
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particular regions (Stefan et al., 2004, Rimbu et al., 2004). A first step towards a more 102 

comprehensive study, at country level, was made in a recent paper by Ionita et al., (2014b), 103 

which showed that the Arctic (AO)/North Atlantic Oscillation (NAO), East Atlantic (EA), East 104 

Atlantic/Western Russia (EAWR) and Scandinavian (SCA) patterns control a significant part of 105 

the interannual winter streamflow variability over Romania.  106 

Since the influence of well-known teleconnection patterns, like NAO or El Niño-Southern 107 

Oscillation (ENSO), is strongest in winter, most studies which have examined the influence of 108 

the atmospheric circulation on the river streamflow are confined to the winter season (Rimbu et 109 

al., 2004; Déry and Wood, 2004; Bower et al., 2006; Araneo and Compagnucci, 2008, Ionita et 110 

al., 2014b).  Only a few studies have examined the variability of river streamflow outside the 111 

winter months (Kingston et al., 2006a, b; Ionita et al., 2008, 2011, 2012) over the European 112 

region. It has been suggested (Kingston et al., 2006a) that the studies of winter relationship, 113 

between streamflow variability and climate related patterns, should not be extrapolated to other 114 

seasons, due to the fact that streamflows show a monthly variability both in magnitude and 115 

direction (Lawler et al., 2003). As such, the aim of this study is to analyze the spatio-temporal 116 

variability of summer streamflow variability over Romania and its relationship with large scale 117 

atmospheric circulation based on a country wide data network. The paper is organized as 118 

follows: in Section 2 a short description of the data sets and the methods used in this study is 119 

given. In Section 3 the main results are presented. The discussion and the main conclusions 120 

follow in section 4. 121 

 122 

 123 
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2. Data and Methods 124 

The streamflow data series used in this study have been provided by the National Institute of 125 

Hydrology and Water Management (INHGA). The time series consist of monthly streamflow 126 

values recorded at 46 stations located over the whole Romanian territory (Figure 1) and cover the 127 

period 1935–2010. The streamflow time series have continuous record and are quality controlled. 128 

Due to the fact that Romania is under the influence of a temperate-continental climate, the 129 

streamflow variability is influenced mainly by the climatic conditions and to a lesser degree by 130 

the topography and regional factors (e.g. geology, vegetation). The streamflow seasonal 131 

variability is determined by the climatic factors, their intensity and frequency (Zavoianu, 2002). 132 

During summer, the streamflow contribution to the annual mean streamflow varies between 15% 133 

in the north-west part of the country up to 30% in the southern and eastern part of the country 134 

(Figure 1b). The high contribution to the annual mean streamflow recorded at the station situated 135 

in the south and eastern part of the country can be the direct results of summer heavy 136 

precipitation events, which are very common for this part of the country (Chelcea and Ionita, 137 

2013). 138 

To investigate the relationship of summer streamflow variability with global sea surface 139 

temperature we use the Hadley Centre Sea Ice and Sea Surface Temperature data set (HadISST, 140 

Rayner et al., 2003). This data has a 2ºx2º spatial resolution and covers the period 1871–2012. In 141 

the present study we use SST data for the period 1935-2010. For the Northern Hemisphere 142 

atmospheric circulation we used the summer geopotential height at 850mb (Z850), the summer 143 

zonal wind at 850mb (u850) and the summer meridional wind at 850mb (V850) on a 2º x 2º grid, 144 

from the Twentieth Century Reanalysis (V2) data (Whitaker et al., 2004; Compo et al., 2006; 145 

Compo et al., 2011), for the period 1935-2010. The temperature at 850 hPa level (TEMP) has 146 
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been extracted from the same data set (Whitaker et al., 2004; Compo et al., 2006; Compo et al., 147 

2011). 148 

The precipitation (PP), cloud cover (CLD) and Potential Evapotranspiration (PET) data sets were 149 

extracted from the gridded data set CRU TS3.1 from the Climatic Research Unit (CRU) of the 150 

University of East Anglia (Harris et al., 2013). This data set provides monthly values for various 151 

parameters for the global land areas and the temporal coverage is 1901–2012 on a 0.5° x 0.5° 152 

grid. 153 

The dominant patterns of summer streamflow variability are based on Empirical Orthogonal 154 

Function (EOF) analysis (e.g. von Storch and Zwiers, 1999). The EOF technique aims at finding 155 

a new set of variables that captures most of the observed variance from the data through a linear 156 

combination of the original variables. The EOF analysis represents an efficient method to 157 

investigate the spatial and temporal variability of time series which cover large areas. This 158 

method splits the temporal variance of the data into orthogonal spatial patterns called empirical 159 

eigenvectors.  160 

To identify the coupled summer streamflow and TEMP, CLD and PET patterns we used a 161 

Canonical Correlation Analysis (CCA). CCA it is a way of measuring the linear relationship 162 

between two multidimensional variables (Preisendorfer, 1988). It identifies two bases, one for 163 

each variable, that are optimal with respect to correlations and it finds, at the same time, the 164 

corresponding correlations. The same methodology has been applied to study the connection 165 

between the summer drought variability over Europe and global SST (Ionita et al., 2012a), the 166 

spatial and temporal variability of climate extremes over Romania and their associated large-167 

scale mechanism (Busuioc et al., 2014) and the interannual summer air temperature variability 168 

over Greece and its connection to large scale atmospheric circulation (Busuioc et al., 2014). The 169 
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CCA uses as input the output of the EOF analysis (von Storch and Zwiers, 1999) applied to 170 

combined standardized anomalies of the predictand (e.g. summer streamflow)/predictors (e.g. 171 

TEMP, CLD and PET).  172 

3. Results 173 

3.1 Spatio-temporal variability of summer streamflow variability 174 

The EOFs resulted from the standardized summer streamflow data set (anomaly divided by 175 

standard deviation) allows us to recognize the regions with different streamflow climatology. For 176 

this study just the first two EOFs patterns, which together explain more than 71% of the total 177 

variance, have been retained. The leading EOF accounts for 60.07% of total variance, while the 178 

second EOF accounts for 11.59% of the total variance. These EOF's are well separated according 179 

to the North rule (North et al., 1982).  The sum of all remaining EOFs adds to ~29% of the total 180 

variance.  181 

The first EOF (Figure 2a) has a monopolar structure showing the same sign for all the analyzed 182 

stations, with the highest loadings over the central and northern part of the country. This 183 

monopolar structure emphasizes that the streamflow variability over Romania is influenced by 184 

the same factors (e.g. the large scale circulation). The corresponding principal component (PC1) 185 

presents pronounced interannual and decadal variability (Figure 2b). Positive streamflow 186 

anomalies have persisted from the beginning of 1960’s up to 1985 and negative streamflow 187 

anomalies have persisted from 1985 up to 2010 (Figure 2b). The driest summers (negative 188 

streamflow anomalies), in terms of summer PC1, were recorded for the years 1946, 1950, 1999, 189 

2003, while the wettest (positive streamflow anomalies) were recorded during the years 1940, 190 

1969/1970, 1974/1975, 1980 and 2005, respectively.  191 
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The second EOF pattern (Figure 2c) describes 11.59% of the total variance of the summer 192 

streamflow and has a dipole-like structure. This dipole-like structure emphasizes the influence of 193 

the Carpathian Mountains on the streamflow variability. This pattern is associated with negative 194 

loadings in the north-western part of the country and positive loadings over the south-eastern part 195 

of the country. Summer PC2 (Figure 2d) is characterized by enhanced interannual variability 196 

with driest summers (negative streamflow anomalies), in terms of summer PC2, recorded for the 197 

years 1945, 1974, 1980, 1998, while the wettest summer (positive streamflow anomalies) were 198 

recorded during the years 1975, 1991 and 2005, respectively.  199 

 200 

3.2 Coupled modes of variability 201 

Before applying a CCA, the dimensionality of the summer streamflow and TEMP, CLD and PET 202 

datasets is reduced by an EOF analysis. The first 10 EOF modes of the summer streamflow and 203 

the first 11 modes of summer TEMP, CLD and PET are retained as an input into the CCA. The 204 

first 10 EOFs capture approximately 92% of the total variance for summer streamflow and more 205 

than 87% of the summer TEMP, CLD and PET variability. The optimum number of retained 206 

EOFs was chosen so that using one more EOF would not change significantly the canonical 207 

correlation (Werner and Von Storch, 1993; Von Storch, 1995). Among other statistical methods, 208 

CCA has the advantage to select pairs of optimally correlated spatial patterns, which may lead to 209 

a physical interpretation of the mechanism controlling the climate variability (Barnett and 210 

Preisendorfer, 1987; Von Storch et al., 1993; Von Storch, 1995). This multivariate approach is 211 

increasingly being used in the atmospheric sciences as well, investigating climate data, 212 

geophysical fields, and ocean-atmosphere relationships (e.g., Barnston and Ropelewski 1992; 213 

Bretherton et al. 1992; Ionita et al., 2012; Busuioc et al. 2014). 214 
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Figure 3 shows the first CCA mode associated with summer streamflow variability over 215 

Romania. The first CCA pattern, referred from now on as CCA1, which explains 52.31% of the 216 

total variance of summer streamflow variability and 13.226% of the three predictors’ fields, has a 217 

monopolar structure with high positive loadings at all the analyzed stations (Figure 3a). The first 218 

canonical mode associates simultaneously positive streamflow anomalies all over the country, 219 

negative PET (Figure 3c) and TEMP (Figure 3d) anomalies and positive CLD (Figure 3e) 220 

anomalies over the whole central and southern part of Europe, with the highest values of 221 

coefficients over Hungary and the northwestern part of Romania. From Figure 3 is obvious that 222 

positive streamflow anomalies, at country level, are very sensitive to the thermodynamic 223 

contributions coming from TEMP, PET and CLD. Similar results have been found by Busuioc et 224 

al. (2014) which showed that the extreme summer precipitation over Romania is mostly sensitive 225 

to thermodynamic factors (e.g. TEMP and specific humidity at 700mb) compared to the 226 

dynamics factors (e.g. sea level pressure). The spatial structure of CCA1 for summer streamflow 227 

resembles the structure of summer EOF1 (Figure 2a). The year to year variations of the 228 

normalized temporal components of the first CCA pairs are presented in Figure 3b. The two time 229 

series (TS1 streamflow and TS1 predictors) are significantly correlated (r = 0.80) and have a 230 

temporal behavior similar to summer PC1 (Figure 2b). The two canonical time series present 231 

strong variability both on interannual as well as on decadal time scale. 232 

The second CCA pair, referred from now on as CCA2, exhibits a correlation between the time 233 

series corresponding to the summer streamflow (TS2) and the predictors of r = 0.57. The 234 

explained variance of CCA2 corresponding to the summer streamflow is 9.31%, while for the 235 

three predictors is 11.15%, respectively. The second CCA pattern (Figure 4a) has a more 236 

regional distribution compared to CCA1. For the summer streamflow, the highest positive 237 
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loadings are found over the central and eastern part of Romania (the extra-Carpathian region), 238 

while the north-western part of the country (the intra-Carpathian region) is characterized by 239 

negative, but smaller loadings (Figure 4a). Positive streamflow anomalies over the central and 240 

eastern part of the country are associated with weak positive PET (Figure 4c) and TEMP (Figure 241 

4d) anomalies and negative CLD (Figure 4e) anomalies over these regions.  Compared to CCA1, 242 

the loadings of PET, TEMP and CLD are much smaller, implying the fact that other factors 243 

might play a more important role in the variability of the second CCA streamflow mode. The 244 

second pair of canonical temporal series (Figure 4b) presents mostly interannual variability and a 245 

shift towards more positive values at the beginning of the 1970’s. 246 

3.3 Relationship with large scale atmospheric circulation and sea surface temperature 247 

To identify the physical mechanism responsible for the connection between the summer 248 

streamflow variability as identified by the CCA and large-scale atmospheric circulation we 249 

constructed the composite maps between the first two principal components corresponding to the 250 

first two canonical modes (TS1 and TS2) of the summer streamflow and Z850 and wind vectors 251 

at 850mb for the years of High (TS > 0.75 std. dev.), respectively Low (TS < -0.75 std. dev.) 252 

values of the normalized times series of the TSs. This threshold was chosen as a compromise 253 

between the strength of the climate anomalies associated to flow anomalies and the number of 254 

maps which satisfy this criteria. Further analysis has shown that the results are not sensitive to 255 

the exact threshold value used for our composite analysis (not shown). Moreover, in this sub-256 

section the relationship between the summer streamflow variability and precipitation (PP) and 257 

the North Atlantic Ocean SST is analyzed in terms of correlation maps between the first two TSs 258 

and summer PP and summer SST. The results of the correlation analysis are shown in Figure 5 (c 259 
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and d) and Figure 6 (c and d), in which the correlations that are exceeding the 95% significance 260 

level are hatched.  261 

The composite map of Z850 anomalies and the wind vectors at 850mb for the years 262 

characterized by high values of TS1 ( TS1> 0.75 std. dev.) shows a dipole-like structure, with 263 

positive Z850 anomalies over the British Isle, North Sea and Scandinavian Peninsula and a deep 264 

center of negative Z850 anomalies centered over the eastern part of Europe (Figure 5a). The 265 

negative Z850 anomalies centered over the eastern part Europe are consistent with enhanced 266 

precipitation (Figure 5c) over this region and the advection of moist air from the Mediterranean 267 

region (Figure 5d) towards Romania (see the wind vectors in Figure 5a) and as a consequence 268 

high streamflow anomalies all over the Romanian territory. For the years characterized by 269 

negative values of TS1 (TS1 < -0.75std) the composite maps of Z850 anomalies and the wind 270 

vectors at 850mb is characterized by a wave train with positive Z850 anomalies over the eastern 271 

coast of U.S. and western North Atlantic, negative Z850 anomalies over the eastern Atlantic 272 

Ocean, positive Z850 anomalies over the eastern part of Europe and negative Z850 anomalies 273 

over Russia (Figure 5b). This kind of pattern favors the advection of dry and warm air from the 274 

south-eastern part of Europe towards Romania and reduced precipitation and hence low 275 

streamflow anomalies. The Z850 and wind anomalies patterns identified for TS1 are in full 276 

agreement with the results found in the previous section. In general, positive (negative) 277 

streamflow anomalies, at country level, are associated with cyclonic (anticyclonic) circulation, 278 

the advection of cold and moist (warm and dry) air, enhanced (reduced) precipitation and 279 

positive (negative) CLD. Positive streamflow anomalies over the entire country (positive TS1 280 

values) are also associated with enhanced precipitation at the country level (Figure 5c) and an 281 
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SST pattern characterized by positive SST anomalies over the tropical Atlantic Ocean and the 282 

central part and negative SST anomalies over the Mediterranean Sea (Figure 5d). 283 

The composite map of Z850 anomalies for the years characterized by high TS2 values (> 0.75 284 

std. dev.) shows a different structure compared to the case of summer TS1 (Figure 6a). Positive 285 

streamflow anomalies over the central and eastern part of Romania and negative streamflow 286 

anomalies over the western part of Romania are associated with a wave-train in the Z850 field 287 

characterized by positive Z850 anomalies over the western coast of North Atlantic Ocean, 288 

negative Z850 anomalies over Greenland, positive Z8500 anomalies over the British Isle, North 289 

Sea and the Scandinavian Peninsula and negative Z850 anomalies over the southern part of 290 

Europe. In this case the south-eastern part of Romania is under the action of cyclonic activity, 291 

most probably coming from the Mediterranean region, which is known to be a region of intense 292 

cyclonic development. This Z850 pattern is associated with strong advection of warm and dry air 293 

from the north-eastern part of the continent towards the western part of Romania (low 294 

streamflow) and warm and humid air from the Black Sea towards the southern and eastern part 295 

of the country and enhanced precipitation (Figure 6c). The composite map of Z850 anomalies for 296 

the years characterized by low (<-0.75 std. dev.) TS2 values (Figure 6b) features also a wave-297 

train like structure, with negative Z850 anomalies over the western coast of the Atlantic Ocean 298 

extending up to the northern part of Europe and the Scandinavian Peninsula flanked on the north 299 

side by positive Z850 anomalies all over Greenland and on the southern part by positive Z850 300 

anomalies over the northern part of Africa and southern part of Europe. The anticyclonic activity 301 

over the southern part of Europe causes reduced precipitation and low streamflow over the 302 

southern and central part of Romania, while the cyclonic activity over the central Atlantic and 303 

the northern part of European enhances precipitation over the western part of Romania. High 304 
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streamflow over the southern and central part of Romania and low streamflow over the western 305 

part (positive values of TS2) are associated with an SST pattern characterized by negative SST 306 

anomalies over the tropical Atlantic and south of Greenland and positive SST anomalies over the 307 

European coast and the Mediterranean Sea (Figure 6d). The SST from the Mediterranean Sea has 308 

a strong influence on the development of the cyclonic activity over this area (Quereda et al., 309 

2011), which in turns affects the streamflow variability especially over the southern and central 310 

part of Romania. Warm SSTs in summer, especially over the western part of the Mediterranean 311 

Sea (where the positive correlations between TS2 and summer SST are) are associated with 312 

explosive cyclogenesis (Quereda et al., 2011) due to the fact that positive SST anomalies over 313 

this area stand as highly convective surfaces with respect to the overlying air. In agreement with 314 

our findings, in a recent study Vespreamu-Stroe et al (2012) have shown that the wind regime 315 

over the Romanian territory, especially over the south-eastern part, is strongly influenced by the 316 

cyclogenesis in the Mediterranean region. They showed that enhanced cyclogenesis over the 317 

Mediterranean region induces positive winds anomalies and storm occurrences especially over 318 

the south-eastern part of Romania (where the highest loadings of CCA2 are found). 319 

 320 

5. Discussion and conclusions 321 

In summary, in this study we have investigated the spatio-temporal variability of the summer 322 

streamflow over Romania and its relationship with large-scale atmospheric circulation and global 323 

SST. There is a lack of studies that assess this relationship, especially over Romania, and the 324 

existing ones are either restricted to different parts of the country (Stefan et al., 2005) or just over 325 

a single catchment area (Rimbu et al., 2004). The only study made at country level, has been 326 

recently published by Ionita et al. (2014b). In this study it is shown that different climate modes 327 

Page 14 of 33

http://mc.manuscriptcentral.com/joc

International Journal of Climatology - For peer review only

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Peer Review
 O

nly

15 

 

of variability (e.g. AO/NAO, EA, EAWR and SCA) control a significant part of the interannual 328 

winter streamflow variability over Romania. The aim of the current study was to analyze the 329 

variability of summer streamflow and identify the main triggers of this variability. The results 330 

obtained here differ significantly from the ones obtained for the winter season. This is not so 331 

surprisingly, if one takes into account that the influence of well-known teleconnection patterns is 332 

strongest in winter and less visible in summer (Kingston et al., 2006a). In this study it is shown 333 

that the variability of summer streamflow is influenced by atmospheric circulation patterns that 334 

do not project onto any well-know teleconnection patterns and most of this variability is strongly 335 

influenced by variations in summer temperature, cloud cover and potential evapotranspiration. 336 

A large part of the summer streamflow variability is explained by a monopolar structure, both for 337 

the EOF analysis as well as for the CCA analysis, suggesting that more than 60% (explained 338 

variance of summer EOF1) of the summer streamflow is driven by the same mechanism via the 339 

large-scale atmospheric circulation. The summer streamflow variability over Romania is 340 

characterized by dry summers (negative streamflow anomalies) for the period 1940 up to 1965 341 

and 1985 up to 2009 and wet summers (positive streamflow anomalies) for the period 1965 up to 342 

1984. The second mode of summer variability (EOF2) is characterized by a dipole-like structure 343 

and emphasizes the influence of the Carpathian Mountains, being more sensitive to 344 

regional/local factors, like topography. 345 

The CCA experiments with the combined large-scale predictors and summer streamflow served 346 

to investigate the co-variability between PET, TEMP, CLD and the Romanian streamflow for a 347 

network of 46 stations, at country level. The first coupled mode (CCA1) emphasizes that more 348 

than 52% of the total summer streamflow variability can be explained by a linear combination of 349 

PET, TEMP and CLD. Positive streamflow anomalies, at country level, are associated with 350 
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negative PET and TEMP anomalies and positive CLD anomalies. Our results are in full 351 

agreement with previous studies which showed that for the spring and summer seasons, an 352 

increase in air temperature is associated with reduced precipitation, which can be the result of 353 

reductions of cloudiness (Tang et al., 2010). The increase in temperature could be further 354 

enhanced by soil moisture reduction, which in turn reduces the evaporation and evaporative 355 

cooling on the surface. Based on the aforementioned results we can argue that cloud and 356 

temperature forcings are determinant for more than 50% of the summer streamflow variability, 357 

throughout the modulation of summer precipitation and evapotranspiration. Similar results have 358 

been found recently by Busuioc et al. (2014) which showed that the variability of summer 359 

temperature and precipitation extremes is controlled by the thermodynamic factors, via TEMP 360 

and specific humidity at 700hPa level. In general, positive (negative) streamflow anomalies, at 361 

country level, are associated with cyclonic (anticyclonic) circulation, the advection of cold and 362 

moist (warm and dry) air, enhanced (reduced) precipitation and positive (negative) CLD.  363 

Global warming is expected to result in substantial changes in streamflow and thus affect the 364 

water supplies management (IPCC, 2013). Since more than 50% of the summer streamflow 365 

variability was found to be influenced by the thermodynamic factors and taking into account the 366 

projected increase in the mean temperature, especially over the southern part of Europe (IPCC, 367 

2013) one could expect an increase in the water resources scarcity in the future over these 368 

regions. In agreement with these findings, Barsan et al. (2014) have shown that the summer 369 

streamflow over the extra-Carpathian region shows a decreasing trend in the last 35 years and 370 

they speculated that this decreasing trend is related to the increase in the mean air temperature at 371 

country level. 372 
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The second CCA mode of summer streamflow variability presents strong interannual variability 373 

and more local characteristics. The relationship with PET, TEMP and CLD persists, but the 374 

amplitudes of the canonical modes are much smaller compared to the first mode. For the second 375 

canonical mode the Carpathian Mountains have a strong influence on the summer streamflow 376 

variability. CCA2 shows an opposite relationship between the summer streamflow and PET, 377 

TEMP and CLD when compared to CCA1, especially over the extra-Carpathian regions. Positive 378 

summer streamflow anomalies over the extra-Carpathian regions are associated with weak 379 

positive TEMP and PET anomalies over the southern part of Romania. This contrasting 380 

relationship can be explained via the Clausius-Clapeyron relation. Due to increased temperature, 381 

model projections show that rainfall will become more intense, mostly due to the presence of 382 

more moisture in the atmosphere (IPCC, 2014). The projections show an increase in the intensity 383 

of precipitation, but a decrease in the frequency of precipitation events. As such, an increase in 384 

the temperature could lead to more intense precipitation and hence floods, yet to longer dry 385 

periods between two rain events and hence droughts (IPCC, 2013). This could explain the 386 

contrasting relationship between the summer streamflow and TEMP and PET for CCA1 and 387 

CCA2, especially over the south-eastern part of Romania which is very sensitive to changes in 388 

temperature and evapotranspiration. Busuioc at el. (2014) have shown also that positive TEMP 389 

and specific humidity anomalies, with the highest magnitude over the southern part of Romania, 390 

are associated with negative anomalies of extreme dry periods, which is in agreement with the 391 

results identified for CCA2. 392 

In general, negative (positive) streamflow anomalies on the northwestern (south and south-393 

eastern) part of the country are associated with reduced (enhanced) precipitation over the 394 

northwestern (south and south-eastern) part of Romania as a response to the influence of large-395 
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scale atmospheric circulation and Atlantic Ocean and the Mediterranean SST. Negative 396 

(positive) summer streamflow anomalies over the northwestern (south and south-eastern) part of 397 

the country are associated with anticyclonic (cyclonic) circulation which in turn favors the 398 

advection of warm and dry (humid and warm air) from the eastern part of the continent 399 

(Mediterranean Sea).  400 

The results shown here help to understand the variability of the summer streamflow conditions 401 

over Romania and identify possible mechanism behind this variability. In conclusion, we have 402 

shown that the streamflow variability over Romania is strongly related to large-scale atmospheric 403 

patterns and this kind of analysis can be useful to connect long-term hydrological variability to 404 

climate forcings. In agreement with previous studies (e.g. Tang et al., 2010; Tang and Leng, 405 

2012, Busuioc et al., 2014) we show that a large part of the summer streamflow variability is 406 

very sensitive to cloud and temperature forcings. Such an analysis provides a useful tool to find 407 

meaningful physical mechanism which can explain the changes in the regime of streamflow 408 

variability. Moreover, the characterization of the climate influence on the streamflow variability 409 

could provide a useful basis for the construction of statistical or dynamical prediction models for 410 

the evolution of streamflow, which in turn could lead to a better water resources management, at 411 

country level. 412 

 413 

 414 

 415 

 416 

 417 

 418 
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Figure captions 595 

 596 

Figure 1. a) The topographic map of Romania and the location of the stations used in this study; 597 

b) The contribution (%) of summer streamflow to the mean annual streamflow for the 46 598 

streamflow over Romania for the 1935-2010 period. 599 

 600 

Figure 2. a) First EOF (EOF1) of summer (June/July/August - JJA) streamflow; b) the 601 

corresponding time series (PC1) and the 7years running mean (black line); c) The second EOF 602 

(EOF2) of summer (June/July/August - JJA) streamflow; d) The corresponding time series (PC2) 603 

the 7years running mean (black line). For PC1 and PC2 time series the units are standardized 604 

anomalies. 605 

 606 

Figure 3. a) The spatial pattern of the first CCA (CCA1) of the summer streamflow; b) The 607 

normalized time components of CCA1: TS1 streamflow (black line) and TS1 predictors (red 608 

line); c) The spatial pattern of the first CCA (CCA1) of the summer PET; d) The spatial pattern 609 

of the first CCA (CCA1) of the summer TEMP and e) The spatial pattern of the first CCA 610 

(CCA1) of the summer CLD. 611 

 612 

Figure 4. a) The spatial pattern of the second CCA (CCA2) of the summer streamflow; b) The 613 

normalized time components of CCA1: TS1 streamflow (green line) and TS1 predictors 614 

(magenta line); c) The spatial pattern of the second CCA (CCA2) of the summer PET; d) The 615 

spatial pattern of the second CCA (CCA2) of the summer TEMP and e) The spatial pattern of the 616 

second CCA (CCA2) of the summer CLD. 617 

 618 

Figure 5. a) The High (TS1 > 0.75 std. dev.)  composite map between summer streamflow TS1 619 

and summer Geopotential Height at 850 mb (Z850 – shaded areas) and summer 850mb Wind 620 

vectors (arrows); b) The Low (TS1 < -0.75 std. dev.) composite map between summer 621 

streamflow TS1 and summer Geopotential Height at 850 mb (Z850 – shaded areas) and summer 622 

850mb Wind vectors (arrows); c) The correlation map between summer streamflow TS1 and 623 

summer PP; d) The correlation map between summer streamflow TS1 and summer SST. The 624 

dotted areas indicate regions where the correlations are exceeding the 95% significance level. 625 
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Figure 6. a) The High (TS2 > 0.75 std. dev.)  composite map between summer streamflow TS2 626 

and summer Geopotential Height at 850 mb (Z850 – shaded areas) and summer 850mb Wind 627 

vectors (arrows); b) The Low (TS2 < -0.75 std. dev.) composite map between summer 628 

streamflow TS2 and summer Geopotential Height at 850 mb (Z850 – shaded areas) and summer 629 

850mb Wind vectors (arrows); c) The correlation map between summer streamflow TS2 and 630 

summer PP; d) The correlation map between summer streamflow TS2 and summer SST. The 631 

dotted areas indicate regions where the correlations are exceeding the 95% significance level. 632 

 633 

 634 

 635 
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