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Abstract 48 

We present a new drought atlas for the East European or Russian Plain extending from eastern 49 

Europe to the Ural Mountains:  the European Russia Drought Atlas or ERDA. Like the Old World 50 

Drought Atlas (OWDA) for the Euro-Mediterranean region, the ERDA is a one-half degree gridded 51 

reconstruction of summer Palmer Drought Severity Indices estimated from a network of annual 52 

tree-ring chronologies in European Russia and surrounding countries. Ensemble point-by-point 53 

regression was used to generate the ERDA with the identical protocols used for developing the 54 

OWDA. Split calibration/validation tests of the ERDA indicate that it has significant skill over most 55 

of its domain and is more skillful than the OWDA in the western part of ERDA domain. 56 

Comparisons to historical droughts over European Russia further support the ERDA’s overall 57 

validity. The ERDA has been spatially smoothed and infilled using a local regression method to 58 

yield a spatially complete drought atlas back to 1400 CE. EOF analysis indicates that there are 59 

three principal modes of hydroclimatic variability in the ERDA. After Varimax rotation, these 60 

modes correlate significantly with independent climate data sets extending back to the late 19th 61 

century in a physically interpretable way and relate to atmospheric circulation dynamics of 62 

droughts and heatwaves over European Russia based on more recent instrumental data.   63 
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1. Introduction 64 

For many centuries, the Russian economy was fully dependent on the cereal harvests of 65 

important grain crops such as wheat, rye, and barley. Before the development of the virgin and 66 

highly fertile Black Earth or Chernozem soils for farming in Kazakhstan and southern Siberia in 67 

the 20th century, Russian agriculture was mainly concentrated in the European territories west of 68 

the Ural Mountains where most of the population was living. However, because of its high 69 

latitude location and continentality, European Russia (that part of Russia extending from its 70 

westernmost political border eastward to the Urals) was always a land of “risky agriculture” 71 

where harvest yields were often below expectation due to adverse weather conditions (Golubev 72 

and Dronin 2004; Dronin and Bellinger 2005). Crops in the more northerly lands often suffered 73 

from cold and wet summers and late frosts in the spring, while the southern and eastern “bread 74 

basket” territories of European Russia were regularly affected by severe droughts in the summer. 75 

Many of the current “bread basket” areas of Russia, including the Chernozem lands, the lower 76 

Volga region, and the southern part of Siberia, are projected to experience reductions in spring 77 

wheat yields before the end of the 21st century under multiple climate change scenarios due to 78 

an increase in aridity (Pavlova et al 2019). Similar reduced grain yield projections can be found in 79 

Kiselev et al (2013) for rain-fed crops. 80 

  81 

Climate perturbations have always strongly affected the Russian economy and social life, as far 82 

back as medieval times (Klimenko and Solomina 2010). Droughts leading to poor crops provoked 83 

social instability and sometimes large-scale riots and revolts. Historical chronicles from 84 

monasteries starting in the beginning of the past millennium provide direct information on local 85 

and regional droughts, but they also mention “hungers”, increases of grain prices, and other 86 

social phenomena indirectly connected to impacts of climatic extremes. Unfortunately, these 87 

historical records are heterogeneous in time (availability decreases back in time) and in space 88 

(records mainly from regions where monasteries are located). 89 

 90 

Borisenkov and Pasetsky (1988) indicate that the number of recorded droughts increased from 91 

18 in the 10th century to 70 in the 19th century. Conversely, the number of rainy summers 92 
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increased from 6 to 53, and the number of famines from 13 to 85, over the same time period. It 93 

is not clear how much of these trends are connected to uneven historical information or are 94 

reflections of changing climatic conditions. To determine so requires an independent source of 95 

past hydroclimatic variability over European Russia extending back hundreds of years in the past, 96 

hence the need for a high-quality tree-ring drought atlas that is specifically targeted to this 97 

region. 98 

 99 

The existing Old World Drought Atlas (OWDA) (Cook et al 2015) covering the Euro-Mediterranean 100 

region appears to fill much of this information gap. However, it is not adequate for two reasons. 101 

First, the eastern limit of the OWDA domain only extends half way across the East European 102 

(Russian) Plain and therefore does not fully cover the grain producing areas there. Second, the 103 

tree-ring network used to produce the OWDA included only ten tree-ring chronologies from 104 

within the former European USSR sector: four from northwest Russia, four from western Ukraine, 105 

and two from Georgia. The drought reconstructions from the Russian region of the OWDA are 106 

consequently weak with low model validation skill (see Fig. S11 in the Supplementary Materials 107 

of Cook et al 2015 and below). These limitations render the OWDA inadequate for investigating 108 

past periods of unusual drought and wetness in European Russia. 109 

 110 

The frequency and severity of droughts in European Russia has been studied since the mid-20th 111 

century using hydrometeorological records (Rudenko 1958; Drozdov 1980; Meshcherskaya and 112 

Blazhevich 1997; Cherenkova 2007, 2012; Schubert et al 2014), historical data (Bogolepov 1907, 113 

1922; Buchinsky 1957; Borisenkov and Pasetsky 1988; Voronov 1992; Borisenkov and Pasetsky 114 

2003), stratigraphy of lake sediments (Shostakovich 1934; Rauner 1981; Popova 2001), and tree-115 

rings (Shvedov 1892; Chernavskaya 1985; Krenke and Chernavskaya 1998; Matveev et al 2012а, 116 

b; Solomina et al 2005, 2012, 2017; Matskovsky et al 2017). However, high-resolution and 117 

spatially complete field reconstructions of past drought and wetness for this area have been 118 

unavailable. To fill this information gap, we have developed and present herein the European 119 

Russia Drought Atlas (ERDA) covering the period 1400 to 2016 CE. The ERDA is a 4,259-point field 120 

reconstruction of the June-July-August (JJA) average self-calibrating Palmer Drought Severity 121 
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Index (scPDSI) (Wells et al 2004; van der Schrier et al 2013) based on a greatly improved network 122 

of 697 annual tree-ring chronologies distributed over the ERDA domain (Fig. 1). In addition, this 123 

domain now includes all of European Russia, providing a high-quality spatiotemporal 124 

reconstruction that we can use to analyze summer season drought variability in the region over 125 

the last ~600 years. 126 

 127 

2. Regional Climate Setting 128 

 129 

The East European Plain is located in the high-to-mid latitudes between the Arctic Ocean to the 130 

north, the Black and Caspian Seas to the south, and from the Polish/Ukraine frontier in the west 131 

to the western slope of the Urals Mountains in the east (Fig. 1). The radiation balance in winter 132 

is negative for the whole East European Plain except for the southernmost territories, while in 133 

summer it is positive everywhere. The climate is most strongly influenced by the westerlies. Air 134 

masses from the Atlantic Ocean in winter bring warmth and precipitation, while in summer they 135 

are responsible for cool and wet weather conditions. Because of increased continentality, air 136 

masses are drier as one moves east and are also warmer in summer and colder in winter 137 

(Klimenko and Solomina 2010).  138 

 139 

Summer season droughts and heat waves over this region are typically caused by persistent 140 

anticyclones (Obukhov et al 1984; Schubert et al 2014; Stefanon et al 2012), often originating 141 

from the Arctic (Buchinsky 1976; Kleschenko 2005) and associated with quasi-stationary Rossby 142 

wave trains (Schubert et al 2011; 2014). Dry and hot conditions in European Russia are often 143 

concurrent with cool and wet conditions to the east or west, further highlighting the importance 144 

of zonal wave structures in the atmosphere for summer season climate variability in the region 145 

(Gershunov and Douville 2008). A canonical example of such a pattern was observed in the 146 

summer of 2010, when a stationary Rossby wave simultaneously caused the occurrence of 147 

extreme drought and heat in European Russia and severe precipitation and flooding in Pakistan 148 

(Lau and Kim 2011; Schubert et al. 2011). These summer circulation anomalies over European 149 

Russia arise predominately from internal atmospheric variability (Schubert et al 2014, 2016), and 150 
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may be associated with the Eastern Atlantic/Western Russia (EA/WR) and Scandinavian (SCA) 151 

patterns (Rocheva 2012). 152 

 153 

Alisov (1969) subdivides the territory of the East European Plain into three climatic areas: 1. 154 

Northern Atlantic-Arctic area (southern boundary located between Lake Ladoga near St. 155 

Petersburg and the Pechora River in northwest Russia). 2. Middle Atlantic-continental area 156 

(southern boundary from the mid-Dniester to the mid-Volga Rivers) 3. Southern continental area. 157 

The areas are also subdivided into the western and eastern sub-areas with the boundary running 158 

from the Northern Dvina River to the mouth of the Dnieper River. The climate is mirrored by the 159 

vegetation and soil zones. The major zones contained within the East European Plain from north 160 

to south are tundra, forest-tundra, forest, forest-steppe, semi-desert and desert.  161 

 162 

The longest instrumental records in Eastern Europe go back to the mid-18th century. Gazina and 163 

Klimenko (2008) analyzed winter, summer, and annual temperature variations of the four longest 164 

meteorological stations in Eastern Europe that have few or no gaps (St. Petersburg, Vilnius, 165 

Moscow, and Riga). For this analysis, they used the data in the databank RIHMI-WDC 166 

(http://www.meteo.ru/data/mdata.htm) as well as earlier records of Kupfer (1846), Veselovsky 167 

(1857), Vil’d (1883), and Wahlén (1886). Gazina and Klimenko (2008) found that during the last 168 

two centuries winter temperatures have increased (up to 3°C) at all four stations, while summer 169 

temperatures have decreased. These findings contrast with Western Europe, where both winter 170 

and summer warming have occurred. In general, precipitation is also much more variable than 171 

temperature between regions across the East European Plain. Annual precipitation amounts in 172 

northern (St. Petersburg) and central (Moscow) parts of the Plain are highly correlated. This is 173 

also the case for southern (Kiev and Odessa) parts of the Plain. However, differences in inter-174 

annual variability and long-term trend in annual precipitation between the north and south are 175 

quite large. The increase in annual precipitation over the last 150 years is significant both in 176 

Moscow and St. Petersburg, but the trend is insignificant in the southern regions. 177 

 178 

 179 
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3. Data 180 

 181 

 A. Climate data sets 182 

 183 

The self-calibrating PDSI data used here as the target field for reconstruction is based on CRU TS 184 

3.25 gridded temperature and precipitation data (Osborn et al 2017; 0.5° resolution). It covers 185 

the period 1901-2016. See https://crudata.uea.ac.uk/cru/data/drought/ for details. Other 186 

climate data sets used here for analyses of the ERDA include Global Precipitation Climatology 187 

Centre precipitation (GPCC; Schneider et al 2018; 1.0° resolution), Berkeley Earth global 188 

temperature (BEST; Muller et al 2013; 1.0° resolution), UCAR global scPDSI (UCAR; Dai and Zhao 189 

2017; 2.5° resolution), and upper air data from the 20th Century Reanalysis (Compo et al 2011; 190 

2.0° resolution). These latter data sets are available for use at KNMI Climate Explorer (van 191 

Oldenborgh and Burgers 2005; http://climexp.knmi.nl/). 192 

 193 

 B. Tree-Ring Data 194 

 195 

Figure 1 shows the distribution of tree-ring chronologies used in developing the ERDA, a total of 196 

697 chronologies in all, many of them developed specifically for this project. Within just European 197 

Russia itself, the network has increased from only four chronologies used in the OWDA to 275 198 

chronologies used here.  This includes tree-ring series from eight species: Pinus sylvestris L. (156 199 

series), Larix sibirica Ledeb. (39 series), Picea obovata Ledeb. (33 series), Picea abies (L.) H. Karst. 200 

(32 series), and Quercus robur L. (9 series), Abies nordmanniana (Stev.) Spach (3 series), Fagus 201 

orientalis Lipsky (2 series), and Pinus halepensis Mill. (1 series).  202 

 203 

Recently, strong efforts have been made to sample in areas south of the taiga regions in the 204 

hotter and more droughty parts of European Russia where the tree-ring network has been 205 

historically very sparse.  Matskovsky (2016) analyzed the climate sensitivity of ring widths for the 206 

most common species growing on the overall East European Plain and concluded that the region 207 

located at 55-60°N is the approximate border between temperature and drought sensitive 208 
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conifer tree species. Thus, the development of the European Russia tree-ring network south of 209 

60°N has been especially important to this project. To this end, Solomina et al (2017) developed 210 

a relatively uniform network of 59 chronologies covering this southern region. These 211 

developments were supported by decades of research in the Povolzhie region (Askeyev et al 212 

2005; Tishin et al 2014) and Northern Caucasus (Solomina et al 2012; Dolgova 2016). Among the 213 

noteworthy network developments has also been the creation of new chronologies from Belarus 214 

(Yermokhin and Knysh 2016; Knysh and Yermokhin 2019), where the number of tree-ring 215 

chronologies in the network increased from none to 23, mainly a mix of P. sylvestris and Q. robur 216 

series.  217 

 218 

In addition to the chronologies lying inside the ERDA domain, chronologies surrounding this area 219 

are included to the dataset (Fig. 1). They are chronologies from Eastern and Central Europe (Cook 220 

et al 2015), from Western Siberia (Agafonov and Gurskaya 2012, 2013; Gurskaya et al 2012; 221 

Agafonov et al 2016), and the Central Asia countries of Kyrgyzstan (Graybill et al 1992; Esper et 222 

al 2003; Solomina et al 2012, 2014; Seim et al 2016a), Kazakhstan (L. Agafonov, A. Berdnokova, 223 

unpubl. data), and Uzbekistan (Seim et al 2016b).  224 

 225 

European Russia is also an area where ancient populations traditionally used wood for 226 

construction, heating, and other purposes. The original old-growth forests were also cleared for 227 

agriculture. These activities, along with climate contributing to the rapid decay of wood, are the 228 

reasons why old wood collections are quite rare in the region. After the archaeological Novgorod 229 

chronology (Kolchin 1963) was constructed, only a few composite chronologies based on 230 

archeological, architectural, and modern (living) wood samples covering a substantial part of the 231 

past millennium have been constructed (Solomina et al 2011; Karpukhin and Matskovsky 2014; 232 

Solomina et al 2017; Tarabardina 2009; Kulakova 2009). This limits the useful length to the ERDA 233 

to 1400-2016 CE at present. 234 

 235 

 236 

 237 
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4. Methods 238 

 239 

 A. Tree-ring standardization 240 

 241 

The 697 tree-ring chronologies used for reconstruction were standardized (sensu Fritts 1976) in 242 

a relatively uniform way using state-of-the-art tree-ring standardization methods based on ‘signal 243 

free’ detrending (Melvin and Briffa 2008) to eliminate trend-distortion artefacts and maximally 244 

preserve common medium frequency variance among series. In addition, we used the age-245 

dependent spline (Melvin and Briffa 2007) to conservatively remove low-frequency variance 246 

thought to be mainly due to non-climatic age/size-related changes in ring width over time. This 247 

combination minimizes the loss of common variance due to the ‘segment length curse’ (Cook et 248 

al 1995). In addition, adaptive power transformations were applied to the raw ring-width 249 

measurements prior to detrending to render them more homoscedastic. Doing so enabled the 250 

tree-ring indices to be calculated as residuals rather than ratios to reduce the likelihood of index 251 

calculation bias in the estimation of the tree-ring chronologies (Cook and Peters 1997). 252 

 253 

 B. Ensemble Point-by-Point Regression 254 

 255 

Ensemble Point-by-Point Regression (EPPR) was used to produce the ERDA. It is a generalization 256 

of the original PPR method (Cook et al 1999) whereby each tree-ring chronology found within a 257 

given search radius around each grid point is weighted by some power of its correlation with the 258 

climate variable being reconstructed. See Cook et al (2013, 2015) and the Supplementary 259 

Materials for details. The correlation-weighted chronologies are then used in the principal 260 

components regression (PCR) model at each grid point for reconstructing climate from tree rings. 261 

This is done in lieu of selecting a subset of chronologies based on a fixed correlation screening 262 

probability. For the ERDA we used two tree-ring search radii, 500 and 1000 km, for locating the 263 

tree-ring chronologies for reconstructing each scPDSI grid point. This resulted in a 16-member 264 

ensemble (eight per search radius), which was then robustly averaged for further use. 265 

 266 
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The EPPR method used here is identical to that used in creating the OWDA (Cook et al 2015), 267 

which makes a one-to-one comparison of calibration and validation skill between the two 268 

drought atlases possible for the common region of overlap indicated in Fig. 1. This comparison 269 

will be shown later. 270 

 271 

 C. Queen’s Case Imputation and Smoothing 272 

 273 

Here we introduce Queen’s Case Imputation and Smoothing (QCIS) and describe why it was 274 

developed. EPPR produces reconstruction fields that are spatially complete as far back as the first 275 

year of the shortest grid point reconstruction produced. Earlier than that, spatial gaps in the 276 

annual reconstructed fields develop, and these gaps increase in size back in time because some 277 

grid point reconstructions are longer than others due to the varying tree-ring chronology lengths 278 

used. In addition, there can be “checker board” patterns in the reconstructed fields produced in 279 

part by random effects in the EPPR procedure at the grid point level. These properties imply the 280 

need to both locally impute and smooth the ERDA fields in a way that is consistent with the 281 

pointwise regression design of EPPR. 282 

 283 

To this end, we developed a 9-point regression kernel method called Queen’s Case Imputation 284 

and Smoothing (QCIS) and applied it to each grid point reconstruction produced by EPPR to re-285 

estimate, locally smooth, and infill spatial gaps in the fields back to 1400 CE. For consistency with 286 

the original EPPR results, QCIS uses the same PCR method as EPPR, the same grid point 287 

instrumental data for recalibration, and reports the same calibration/validation period statistics. 288 

Thus, QCIS is designed to produce a locally smoothed and infilled field reconstruction that is 289 

consistent with the original pointwise design of PPR (Cook et al 1999). See the Supplementary 290 

Materials for details. 291 

 292 

 293 

 294 

 295 
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 D. Calibration and Validation 296 

 297 

The instrumental scPDSI data used for statistical calibration and validation cover the 1901-2016 298 

period. In contrast, the tree-ring chronologies have a common end year of 1983 because of the 299 

widely varying years in which the trees were sampled. For this reason, the calibration period 300 

chosen for developing the reconstructions was 1931-1983. The remaining 1901-1930 scPDSI data 301 

were withheld from the calibration exercise for use in model validation testing (Berk 1984; Picard 302 

and Berk 1990). This style of split calibration/validation testing is described in Fritts (1976) and 303 

has been used successfully in the development of all previous drought atlases beginning with 304 

Cook et al (1999). 305 

 306 

The calibration period statistics reported here are the coefficient of determination (R2 or CRSQ) 307 

and a leave-one-out cross-validation statistic (CVRE). CVRE is the R2 version of the Prediction Error 308 

Sum of Squares (PRESS) statistic (Allen 1974; Quan 1988) and, thus, provides a less biased 309 

expression of explained variance compared to CRSQ. In poorly calibrated cases, CVRE can actually 310 

be negative, which is impossible for CRSQ.  311 

 312 

The validation statistics reported here are the square of the Pearson correlation (VRSQ), the 313 

reduction of error (VRE), and the coefficient of efficiency (VCE). When VRSQ, VRE, and VCE are 314 

positive, they are different measures of model skill expressed in units of fractional explained 315 

variance over the validation period. Negative values indicate no reconstruction skill as measured. 316 

In addition, the formulae of these statistics require that VRSQ≥VRE≥VCE when calculated from 317 

the same data, thus making VCE the hardest validation statistic to pass. See Cook et al (1994, 318 

1999) for detailed descriptions of these model validation statistics. 319 

 320 

5. Calibration and Validation Results 321 

 322 

The ERDA calibration and validation maps based on the EPPR 16-member ensemble mean field 323 

are shown in Fig. 2. Overall, the calibration period CRSQ exceeds 40% of the total scPDSI variance 324 
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at most grid points. The same is true for the leave-one-out CVRE. The weakest CRSQ and CVRE 325 

statistics are found in the southeast quadrant of the domain near the Caspian and Aral Seas 326 

where there are very few tree-ring chronologies (see Fig. 1). Weaker, but still useful, 327 

reconstruction skill over the validation period is indicated by positive VRSQ, VRE, and VCE over 328 

much of the domain, with the weakest results again in the southeast quadrant and also in the 329 

area above 60-65°N where tree-ring drought sensitivity is likely to be weaker (Matskovsky 2016). 330 

The lower right-hand map is the average correlation (RBAR) between the 16 EPPR ensemble 331 

members. The typical correlation falls in the 0.5-0.7 range, which illustrates how the differential 332 

correlation weighting and search radii used by EPPR produces a range of reconstruction 333 

outcomes. 334 

 335 

The calibration and validation results presented in Figs. 2 strongly supports the overall validity of 336 

the ERDA. Nonetheless, it is useful to show the degree to which they are better than those of the 337 

OWDA in the overlapping domain regions shown in Fig. 1. Figure 3 compares the ERDA and OWDA 338 

using two calibration statistics (CRSQ and CVRE) and one validation statistic (VRSQ). This 339 

comparison shows that the ERDA is far more skillful than the OWDA over their shared domains. 340 

Since the scPDSI data and EPPR methods used are the same for each drought atlas, the only 341 

plausible explanation for the improved calibration/validation skill in the ERDA is its vastly 342 

improved tree-ring network used for reconstruction. 343 

 344 

6. Rotated EOF Analysis 345 

 346 

The ERDA is made up of 4,259 grid points of one-half degree scPDSI covering the common period 347 

1400-2016. As described earlier, complete spatial coverage back to 1400 was achieved by 348 

applying QCIS to the original ensemble member fields before averaging. In the process, QCIS 349 

locally smoothed the fields to reduce “checker board” patterns. See the Supplementary Materials 350 

for details. QCIS was applied to all data up to 2016, but only the data up to 1983 are based on 351 

tree-ring estimates. It is the tree-ring-only portion of the ERDA from 1400 to 1983 that will be 352 

evaluated now using empirical orthogonal function (EOF) analysis. 353 
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 354 

EOF analysis has a long history of use in climatological studies (e.g. Lorenz 1956; Kutzbach 1967) 355 

and in tree-ring analyses (e.g. LaMarche Jr. and Fritts 1971; Fritts 1976) because it distills the 356 

complex variability contained in a sequence of climate and tree-ring fields into a greatly reduced 357 

subset of orthogonal fields for potentially easier interpretation and application. However, as 358 

pointed out by Richmond (1986), care must be applied in interpreting EOFs as realistic 359 

expressions of natural climate variability because of the mathematical constraints applied to their 360 

estimation. See also Hannachi et al (2007) and Monahan et al (2009) for more recent reviews 361 

that detail the limitations of EOFs for climatological interpretation. 362 

 363 

A common way to reduce the well known limitations of EOFs for physical interpretation is to 364 

apply analytical rotation to a subset of EOFs. There are many ways to do this (Richman 1986), but 365 

we chose here the widely used normalized Varimax method (Kaiser 1958). This rotation method 366 

has been used with considerable success in characterizing the space-time patterns variability of 367 

climate fields, such as those related to the quasi-stationary modes of upper-air atmospheric 368 

circulation (Barnston and Livezey 1987) and to fields of PDSI based on both instrumental (Karl 369 

and Koscielny 1982) and reconstructed (Cook et al 1999) data.  370 

 371 

The application of Varimax rotation requires a reasonably well estimated subset of EOFs (the 372 

“signal subspace”) to rotate. There are many ways this might be determined (Preisendorfer et al 373 

1981), but it is complicated by the rank deficiency of the ERDA correlation matrix, which is based 374 

on 4,259 (m) grid points and 584 (n) years of data. For centered data, the total number of defined 375 

EOFs is min(n-1,m), or only 583 in the case of the ERDA. This renders asymptotic methods such 376 

as the Kaiser-Guttman eigenvalue-1 cutoff rule (Guttman 1954; Kaiser 1960) quite useless to 377 

apply. It also degrades the performance of monte-carlo methods like the ‘Rule N’ method 378 

(Preisendorfer et al 1981). Therefore, we have chosen a very simple method based on the visual 379 

scree test of the eigenvalue trace (Cattell 1966), with the added application of the “North test” 380 

for separation of eigenvalues (North et al 1982). 381 

 382 
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Figure 4 shows the eigenvalue trace out to order-10 calculated from the ERDA correlation matrix. 383 

There is no point in showing more because the cumulative variance trace shows that the first ten 384 

eigenvalues already accounts for 73.9% of the total variance. Each eigenvalue has its uncertainty 385 

expressed as ±2 standard errors as estimated by the equation provided by North et al (1982). 386 

The first three eigenvalues separate cleanly from the rest, even after considering their 2-standard 387 

error uncertainties, and account for 42.5% of total variance. This indicates that there are only 388 

three EOFs in the signal subspace worth rotating. The sharp break in the eigenvalue trace after 389 

the third eigenvalue may reflect in part the application of QCIS to the ERDA because QCIS will 390 

emphasize larger-scale patterns due to its spatial smoothing effect.  391 

 392 

The EOFs before and after rotation (the Varimax factors or VFs) are shown in Fig. 5 for 393 

comparison, along with the variance accounted for by each. There is relatively little difference 394 

between them, and the total variance (42.5%) after rotation is exactly conserved as required by 395 

the Varimax method. However, the regional expressions of drought and wetness are more 396 

cleanly separated after rotation. They represent three principal areas of the ERDA domain:  397 

interior European Russia east of ~40°E (VF1), cool northwestern Russia and the Baltic region 398 

(VF2), and western Russia, Belarus, and Ukraine (VF3). The area most weakly represented by any 399 

of these factors is in the southeastern quadrant where calibration was relatively weak (Fig. 2) 400 

and the effect of QCIS was the greatest (Fig. SM4). 401 

 402 

Figure 6 shows plots of the VF scores (Figs. 6a-c) corresponding to their respective factor patterns 403 

shown in Fig. 5. In addition, the mean of the three factor scores (Fig. 6d) is intended to highlight 404 

occurrences of ‘pan-ERDA’ dry and wet years. Since the Varimax factor scores are orthogonal, 405 

the mean should preserve the occasional years when these events co-occur and at the same time 406 

dampen out other variability not common to the three factors.  407 

 408 

Each series has been expressed in terms of standard deviations from the mean, with a 10-yr low-409 

pass filter (red) applied to each to emphasize mult-year variability in drought and wetness. The 410 

horizontal dashed lines are the ±2 standard deviation limits used for identifying years of severe 411 
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drought and wetness. Notable years of severe drought are 1936, 1841, 1757 for VF1, 1408, 1940, 412 

1826 for VF2, and 1453, 1921, 1939 for VF3. The top three drought years in the mean ‘pan-ERDA’ 413 

series are 1939, 1921, and 1659. A complete list of dry and wet years exceeding ±2 standard 414 

deviation limits in Fig. 6 is provided in Table 1. Overall, there is a somewhat higher frequency of 415 

extreme drought years indicated since 1800, with 1921 and the 1930s standing out in particular. 416 

In contrast, unusually wet years appear to be more evenly distributed over time. 417 

 418 

Using the factor scores plotted in Fig. 6a-c, additional validation testing was conducted on the 419 

ERDA. This was done using GPCC precipitation, BEST temperature, and UCAR scPDSI gridded data 420 

(refer to “Climate data sets” above) for the same JJA season as the ERDA reconstruction. The 421 

1891-1930 pre-calibration period was used for these “out-of-sample” tests of the ERDA factor 422 

scores based now on ten additional years of data over that used previously for validation. 423 

 424 

Figure 7 shows correlation maps for Varimax factors VF1-VF3 versus GPCC, BEST, and UCAR 425 

climate data. Correlations >|0.4| are significant at the 99% confidence level. The rectangle shown 426 

in each map delineates the boundaries of the ERDA. After comparing the GPCC, BEST, and UCAR 427 

correlation patterns with the Varimax factor patterns (Fig. 5), the highest climate correlations 428 

can be seen to largely fall in the same locations as the highest factor loadings, a result that 429 

supports the climate interpretations of these modes. In particular, the temperature correlation 430 

pattern in VF1 is similar to the East Atlantic/Western Russia (EA/WR) pattern for summer 431 

(Barnston and Livezey 1987; their Eurasia-2 pattern), with the main center of action north of the 432 

Black and Caspian Seas. The strongest monthly correlation between the EA/WR index and VF1 is 433 

for May (r=0.45, p<0.01) for the 1950-1983 period. There is also some similarity between VF2 434 

and the Scandinavian (SCAND) pattern (Barnston and Livezey 1987; their Eurasia-1 pattern), 435 

characterized by a meridional dipole in both temperature and precipitation with a strong locus 436 

over Scandinavia. In this case the strongest correlation between SCAND and VF2 is for the month 437 

of March (r=-0.48, p<0.01). 438 

 439 
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Schubert et al (2014) applied rotated EOF (REOF) analysis to the joint summer (JJA) temperature 440 

and precipitation fields over northern Eurasia, which fully includes the ERDA domain. Their 441 

REOF1 temperature and precipitation factor patterns (Fig. 3 in Schubert et al 2014) include high 442 

loadings over the ERDA VF1 region. Similar spatial congruence can also be found between their 443 

REOF5 factor patterns and that shown here in VF3. Given the relatively short analysis period 444 

(1979-2012) used by Schubert et al (2014), plus their much larger analysis domain, this level of 445 

agreement suggests a robust link between the hydroclimatic variability expressed in the ERDA 446 

and much larger scale atmospheric circulation features across all of northern Eurasia. 447 

 448 

Figure 8 shows composites of the notable dry and wet years indicated in Fig. 6 and listed in Table 449 

1. For the most part the dry and wet composites are near-mirror images of each other, suggesting 450 

a linear association between the occurrence of these extreme patterns and their causal 451 

mechanisms. The clear exception is the asymmetry in the patterns associated with VF3 over 452 

western Russia, Belarus, and Ukraine. The dry year pattern extends zonally across most of 453 

European Russia, with a small pattern of wetness north of about 62°N. In contrast, the VF3 wet 454 

year pattern exhibits a strongly meridional west-to-east change from wet to dry.  455 

 456 

The ERDA factor scores do not reveal the occurrence of severe long-duration droughts (i.e. 457 

megadroughts) over European Russia and surrounding countries like those found in the American 458 

West (Cook et al 2004). This is consistent with the understanding that individual drought events 459 

across European Russia rarely exceed 50 days in duration (Cherenkova 2007; Schubert et al 2014). 460 

The longest period of mostly below-average scPDSI in the ERDA factor scores occurred over a 26-461 

year period from 1784 to 1809. Few individual drought years stand out during this time, but the 462 

overall cumulative moisture deficit would have been large. This period of persistent drought is 463 

most prominent over interior European Russia east of 40°E (VF1) and western Russia, Belarus, 464 

and Ukraine (VF3). In support of this result, Borisenkov and Pasetsky (1988, 2003) list several 465 

years of drought that occurred in European Russian during this time. Interestingly, this was also 466 

a time of a “major long-duration drought” over England and Wales from 1798 to 1808 (Cole and 467 

Marsh 2006), and also over north-central Europe as reconstructed by the OWDA (Cook et al 468 
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2015). Connection of hydroclimate in the center of European Russia and Eastern Europe was also 469 

noted by Matskovsky et al (2017). 470 

 471 

7. Comparison to historical droughts 472 

 473 

Table 1 highlights in bold red the years for which there are some historical references of droughts 474 

at various locations in European Russia (e.g. Borisenkov and Pasetsky 1988, 2003; Kahan 1968). 475 

Fewer, but still noteworthy, years of unusual wet conditions are highlighted in bold blue. In each 476 

case, the source references for those years are noted. There may be a historical bias in recording 477 

the negative impacts of droughts more frequently than the positive impacts of wet events, but 478 

this is impossible to know for sure. Also, the quality of the historical data very likely degrades 479 

back time from loss of records and changes in reporting locations, thus making definitive 480 

comparisons between the ERDA and historical references difficult to judge. Nevertheless, both 481 

the VF1 and mean VF1-3 dry extremes have historical references for 12 out of 16 and 11 out 16 482 

dry years, respectively. Thus, there are many more historical dry “hits” than “misses” overall in 483 

the ERDA. The cause for some of these dry “misses” is hard to ascertain. Some may simply be due 484 

to inadequate historical data. They could also be associated with unusually cold winter/spring 485 

conditions over European Russia (Borisenkov and Pasetsky 1988, 2003; see Table SM1 for 486 

examples), which may have suppressed radial tree growth and thus mimicked the narrow rings 487 

more frequently associated with drier conditions. Those suggested years are highlighted in 488 

parentheses in the “WET” list in Table 1.  489 

 490 

Table B1 in Schubert et al (2014) also provides a list of droughts and heat waves affecting Eurasia 491 

since 1875 based on historical information. We created a composite map from the ERDA of the 492 

ten major drought years from that list up to 1930 in Table B1 to avoid biasing the outcome with 493 

data from the calibration period. The ten-year composite (lefthand map) and where its regional 494 

mean is statistically significant (righthand map) are shown in Fig. 9, with the specific years used 495 

listed in the figure caption. The composite is statistically signficant over European Russia south 496 
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of ~56°N, an area that is important to Russian grain production. It is also the area covered mostly 497 

by VF3. 498 

 499 

8. Links to Atmospheric Circulation 500 

 501 

To better understand the likely atmospheric dynamics behind the hydroclimatic patterns 502 

expressed by the ERDA Varimax factors, the correlations between their factor scores (Fig. 6) and 503 

700 hPa heights and 200 hPa meridional winds from the 20th Century Reanalysis (Compo et al 504 

2011) are shown in Fig. 10. All calculations were done on the tree-ring only estimates over the 505 

1880-1983 period. The season with the best correlations is May-June-July, beginning one month 506 

earlier than the June-July-August scPDSI season. This earlier atmospheric dynamics association 507 

with summer drought is similar to that found by Rocheva (2012) in her study of “possible 508 

forerunners of droughts”, which are linked to the development of persistent anticyclones, drying, 509 

and heat waves over Russia (Schubert et al 2014).  510 

 511 

Overall, the locations of the significant negative correlations (blue) with the pressure field are 512 

precisely where they should be expected given the locations of the strongly positive (red) factor 513 

loadings. Secondary positive correlations (orange) with the pressure field are located southward 514 

over the Levant (VF1), southern Volga/Urals (VF2), and northwest Africa (VF3) regions. The 515 

circulation pattern associated with VF1, in particular, shows a strong similarity to the circulation 516 

anomalies during the mid-summer of 2010. Characterized by anticyclonic circulation over 517 

European Russia and low pressure east of the Caspian sea, this is the pattern that drove the 518 

concurrent extremes (drought over Russia; floods over Pakistan) that year (Lau and Kim, 2011). 519 

Additionally, correlations with the 200 hPa meridional winds are quite similar to the correlation 520 

patterns between the joint temperature and precipitation rotated principal components (RPCs) 521 

and 250 hPa meridional winds in Schubert et al (2014) (Fig. 6, therein). Correlations with VF1, for 522 

example, show strong similarity to the correlation pattern with RPC1 in Schubert et al (2014), 523 

characterized by anti-phased correlations over Scandinavia and Russia northeast of the Caspian 524 

Sea. VF2 from the ERDA is also similar to RPC5 in Schubert et al (2014), with major centers of 525 
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action centered north of Great Britain and over Finland.  Along with the previous temperature 526 

and precipitation comparisons, these results suggest that the ERDA accurately captures the 527 

dominant modes of spatiotemporal climate variability within the region. 528 

 529 

9. Conclusions 530 

 531 

The European Russia Drought Atlas (ERDA) is an important new paleoclimatic reconstruction that 532 

greatly advances our understanding of spatio-temporal hydroclimatic variability over the East 533 

European Plain. It is a one-half degree gridded reconstruction of summer scPDSI, covering the 534 

period 1400-2016 CE, which was made possible by the development of a critically important new 535 

tree-ring network for European Russia and surrounding countries. An ensemble version of the 536 

point-by-point regression method (EPPR) was used to reconstruct scPDSI at the grid point level, 537 

which makes it compatible with other paleo-drought atlases based on tree rings, including the 538 

proximal Euro-Mediterranean OWDA.  539 

 540 

The ERDA has demonstrated skill when compared to instrumental data at the grid point level and 541 

compares favorably to recorded instances of historical droughts over European Russia extending 542 

back to the 15th Century. It is also spatially complete back to 1400 due to the application of a 543 

local imputation and smoothing method specifically designed to be compatible with the EPPR 544 

reconstruction method. Rotated EOF analysis reveals three principal modes of varability in the 545 

ERDA that have links to large-scale atmospheric circulation dynamics over northern Eurasia 546 

associated with the development of droughts and heat waves there. The planned geographic 547 

expansion of this drought atlas to cover all of northern Eurasia is therefore expected to yield a 548 

much more complete understanding of hydroclimatic variability and its causes. 549 

 550 
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Table: 825 

 826 

Table 1. Lists of driest and wettest years in the three Varimax factors estimated from the ERDA (1400-1983), plus 
the mean of those scores, all scaled in units of standard deviation from the mean. The driest and wettest years 
are selected as those that equal or exceed ±2 standard deviations from the mean. Three years with units 
exceeding ±1.99 standard deviations are also considered close enough to include in these lists. The years in bold 
red and blue are those years for which there are historical references to dry and wet conditions at various 
locations in European Russia. These locations are often non-specific, however. Years in parentheses are those 
that were reconstructed wet, but were historically noted to be dry. 

VF1 DRY VF2 DRY VF3 DRY MEAN VF1-3 DRY 

YEAR <-2SD YEAR <-2SD YEAR <-2SD YEAR <-2SD 

19362,3 -3.897 14081,2 -3.547 1453 -3.560 19392,3 -3.336 

18411 -3.106 1940 -2.952 19213 -2.717 19213 -3.316 

17571 -2.904 18261 -2.721 19392,3 -2.682 1659 -3.109 

18021 -2.888 1941 -2.361 1659 -2.624 19362,3 -2.949 

19213 -2.661 18891,2,3 -2.356 16601 -2.524 15331,2 -2.777 

17591 -2.474 15331,2 -2.258 1797 -2.481 17571 -2.520 

1433 -2.355 18761 -2.206 18911,2,3 -2.394 17591 -2.472 

1686 -2.219 1689 -2.201 1952 -2.293 18271 -2.430 

17951 -2.206 1736 -2.117 17471,2 -2.206 16581 -2.329 

18031 -2.175 19141,2.3 -2.078 1661 -2.183 1531 -2.266 

15331,2 -2.163 18471 -2.042 18481,2 -2.151 1940 -2.258 

1434 -2.061 18751,2,3 -2.031 1964 -2.110 18261 -2.219 

19112,3 -2.040 1942 -2.003 17481,2 -2.034 1532 -2.213 

1417 -2.000 1845 -2.003   18481,2 -2.039 

14311,2 -1.999 1532 -2.003   1787 -2.002 

19342,3 -1.991     18971,2,3 -1.999 

VF1 WET VF2 WET VF3 WET MEAN VF1-3 WET 

YEAR >2SD YEAR >2SD YEAR >2SD YEAR >2SD 

1466 4.201 1453 2.684 (1772) 1 2.731 15091 2.683 

16991 2.877 16951,4 2.543 1980 2.704 (1772) 1 2.602 

(1643) 1 2.444 1962 2.469 1433  2.627 1482 2.491 

1465 2.419 (1892) 1,2,3 2.427 15091 2.568 18371 2.470 

1644 2.338 (1607) 1 2.273 14351 2.477 1641 2.311 

17681 2.113 1459 2.230 (1431) 1,2 2.437 14801 2.261 

(1447) 1 2.090 1705 2.225 (1508) 1,2 2.436 1962 2.085 

14801 2.072 1614 1 2.139 (1450) 1 2.366   

1941 2.013 (1891) 1,2,3 2.138 17701 2.310   

(1884) 1 2.001 16961,4 2.090 1432 2.190   

  (1708) 1 2.009 (1506) 1 2.162   

    (1467) 1 2.131   

    1507 2.028   

Dry year references:  1Borisenkov and Pasetsky (1988, 2003), 2Kahan (1968), 3Schubert et al (2014) 

 

 

 

Wet year references:  1Borisenkov and Pasetsky (1988, 2003), 4Neumann and Lindgren (1979) 
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Figures: 827 

 828 

 829 

Figure 1. Map of the European Russia Drought Atlas (ERDA) domain circumscribed by the red 830 

dashed rectangle: 4,259 one-half degree grid points of JJA scPDSI. The network of tree-ring 831 

chronologies used in the ERDA are shown by small red dots and those used in the OWDA as large 832 

blue dots. The vertical blue dashed line is the western limit of the Old World Drought Atlas, which 833 

illustrates the inadequate spatial coverage of that domain over European Russia. 834 

 835 

 836 

 837 

 838 

 839 
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 840 

 841 

 842 

Figure 2. Calibration and validation maps for the ERDA based on an ensemble average of 16 PPR 843 

runs as described. CRSQ: calibration period R2; CVRE: calibration period leave-one-out cross-844 

validation; VRSQ: validation period square of the Pearson correlation; VRE: validation period 845 

reduction of error; VCE: validation period coefficient of efficiency; RBAR: average correlation 846 

(RBAR) between the 16 ensemble members.  847 

 848 

 849 

 850 

 851 

 852 

 853 
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 854 

 855 

Figure 3. Comparisons of calibration/validation statistics in the domain area common to the 856 

ERDA and OWDA. See Fig. 1 for the location of that area to the left (west) of the dashed vertical 857 

blue line. Two calibration (CRSQ and CVRE) and one validation (VRSQ) for each are shown. The 858 

differences in both calibration and validation are very clear. The ERDA has clearly better skill due 859 

to its vastly improved tree-ring network. 860 

 861 
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 862 

 863 

 864 

 865 

Figure 4. The eigenvalue trace of the ERDA (1400-1983) plotted out to order 10, and the 866 

cumulative variance accounted for by those first 10 unrotated EOFs. The uncertainties in the 867 

eigenvalues are expressed as ±2 standard errors (vertical bars) based on the standard error 868 

estimate from North et al (1982). The first three eigenvalues separate cleanly from the rest and 869 

account for 42.5% of total variance, thus determining the eigenvalue cutoff (red square) for 870 

Varimax rotation. 871 

 872 

 873 

 874 

 875 

 876 
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 877 

 878 

 879 

Figure 5. The first three unrotated (EOF) and Varimax rotated (VF) factors, with the variance 880 

accounted for by each factor indicated. There is little difference in the variance accounted for 881 

before and after rotation, and the total variance (42.5%) is exactly conserved after rotation, but 882 

the regional expressions of drought are more cleanly separated after Varimax rotation. 883 
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 887 

 888 

 889 

 890 

 891 

 892 
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 893 

Figure 6. Plots of the ERDA Varimax factor scores (VF1-3) corresponding to the factor patterns 894 

shown in Fig. 5. In addition, the mean of the three highlights occurrences of pan-ERDA dry and 895 

wet years. Each series is shown in units of standard deviation with a 10-yr low-pass filter (red) 896 

applied to each. The horizontal dashed lines are the ±2 standard deviation limits used for 897 

identifying years of extreme drought and wetness. 898 

 899 

 900 

 901 

 902 
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 903 

 904 

Figure 7. Correlations between the Varimax factors (VF1-VF3) and GPCC precipitation, BEST 905 

temperature, and UCAR scPDSI data for the same JJA season based on 1891-1983 data. See the 906 

text for details on these climate datasets. Correlations >|0.4| are significant at the 99% 907 

confidence level. The rectangle shown in each map delineates the boundaries of the ERDA. The 908 

maps are courtesy of KNMI Climate Explorer (van Oldenborgh and Burgers 2005; 909 

http://climexp.knmi.nl/). 910 
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 912 

 913 

 914 

 915 

 916 

 917 
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 918 

 919 

Figure 8. ERDA extreme (>±2sd) dry and wet year composites with the number of years in each 920 

composite indicated. The composites are based on the exceedance years indicated in Fig. 6 and 921 

listed in Table 1. 922 
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 924 
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 934 

 935 

Figure 9. The ten-year composite of years of major historical droughts (lefthand map) extracted 936 

from the ERDA, based on the Table B1 list provided by Schubert et al (2014), and where the 937 

regional mean is statistically significant (p<0.05, 2-tailed; righthand map). The drought years 938 

composited from the ERDA are 1875, 1891, 1892, 1897, 1901, 1906, 1911, 1920, 1921, and 1924. 939 

All selected years purposely predate the calibration period of the ERDA to avoid fitting bias. 940 
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 951 

 952 

Figure 10. Correlations between the ERDA Varimax factors (VF1-3) and May-June-July (MJJ) 953 

average 700 hPa heights and 200 hPa meridional winds from the 20th Century Reanalysis. The 954 

analysis period is 1880-1983 and the correlations are based on first-differenced data. The maps 955 

are courtesy of KNMI Climate Explorer (van Oldenborgh and Burgers, 2005; 956 

http://climexp.knmi.nl/). 957 
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Table 1. Lists of driest and wettest years in the three Varimax factors estimated from the ERDA 
(1400-1983), plus the mean of those scores, all scaled in units of standard deviation from the 
mean. The driest and wettest years are selected as those that equal or exceed ±2 standard 
deviations from the mean. Years with units exceeding ±1.99 standard deviation units are also 
considered close enough to include in these lists. There are three such exceptions. 

FACTOR #1 DRY FACTOR #2 DRY FACTOR #3 DRY MEAN FACTOR DRY 

YEAR -2SD YEAR -2SD YEAR -2SD YEAR -2SD 

1936 -3.897 1408 -3.547 1453 -3.560 1939 -3.336 

1841 -3.106 1940 -2.952 1921 -2.717 1921 -3.316 

1757 -2.904 1826 -2.721 1939 -2.682 1659 -3.109 

1802 -2.888 1941 -2.361 1659 -2.624 1936 -2.949 

1921 -2.661 1889 -2.356 1660 -2.524 1533 -2.777 

1433 -2.474 1533 -2.258 1797 -2.481 1757 -2.520 

1759 -2.355 1876 -2.206 1891 -2.394 1759 -2.472 

1686 -2.219 1689 -2.201 1952 -2.293 1827 -2.430 

1795 -2.206 1736 -2.117 1747 -2.206 1658 -2.329 

1803 -2.175 1914 -2.078 1661 -2.183 1531 -2.266 

1533 -2.163 1847 -2.042 1848 -2.151 1940 -2.258 

1434 -2.061 1875 -2.031 1964 -2.110 1826 -2.219 

1911 -2.040 1942 -2.003 1748 -2.034 1532 -2.213 

1417 -2.000 1845 -2.003   1848 -2.039 

1431 -1.999 1532 -2.003   1787 -2.002 

1934 -1.991     1897 -1.999 

FACTOR #1 WET FACTOR #2 WET FACTOR #3 WET MEAN FACTOR WET 

YEAR +2SD YEAR +2SD YEAR +2SD YEAR +2SD 

1466 4.201 1453 2.684 1772 2.731 1509 2.683 

1699 2.877 1695 2.543 1980 2.704 1772 2.602 

1643 2.444 1962 2.469 1433 2.627 1482 2.491 

1465 2.419 1892 2.427 1509 2.568 1837 2.470 

1644 2.338 1607 2.273 1435 2.477 1641 2.311 

1768 2.113 1459 2.230 1431 2.437 1480 2.261 

1447 2.090 1705 2.225 1508 2.436 1962 2.085 

1480 2.072 1614 2.139 1450 2.366   

1941 2.013 1891 2.138 1770 2.310   

1884 2.001 1696 2.090 1432 2.190   

  1708 2.009 1506 2.162   

    1467 2.131   
    1507 2.028   

 

Table1
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