Climate Dynamics (2020) 54:2317-2335
https://doi.org/10.1007/500382-019-05115-2

=

Check for
updates

The European Russia Drought Atlas (1400-2016 CE)

Edward R. Cook'® - Olga Solomina? - Vladimir Matskovsky? - Benjamin I. Cook* - Leonid Agafonov® -

Alina Berdnikova® - Ekaterina Dolgova? - Aleksey Karpukhin’ - Natallia Knysh® - Marina Kulakova® -

Veronika Kuznetsova? - Tomas Kyncl'® - Josef Kyncl'® - Olga MaximovaZ - Irina Panyushkina'' - Andrea Seim'2 -
Denis Tishin'® . Tomasz Wazny'"'* . Maxim Yermokhin®

Received: 13 July 2019 / Accepted: 31 December 2019 / Published online: 18 January 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

We present the European Russia Drought Atlas (ERDA) that covers the East European Plain to the Ural Mountains from
1400-2016 CE. Like the Old World Drought Atlas (OWDA) for the Euro-Mediterranean region, the ERDA is a one-half
degree gridded reconstruction of summer Palmer Drought Severity Indices estimated from a network of annual tree-ring chro-
nologies. Ensemble point-by-point regression is used to generate the ERDA with the identical protocols used for developing
the OWDA. Split calibration/validation tests of the ERDA indicate that it has significant skill over most of its domain and
is much more skillful than the OWDA where they overlap in the western part of ERDA domain. Comparisons to historical
droughts over European Russia additionally support the ERDA’s overall validity. The ERDA has been spatially smoothed and
infilled using a local regression method to yield a spatially complete drought atlas back to 1400 CE. EOF analysis indicates
that there are three principal modes of hydroclimatic variability in the ERDA. After Varimax rotation, these modes correlate
significantly with independent climate data sets extending back to the late nineteenth century in a physically interpretable
way and relate to atmospheric circulation dynamics of droughts and heatwaves over European Russia based on more recent
instrumental data.
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1 Introduction

For many centuries, the Russian economy was fully
dependent on the cereal harvests of important grain crops
such as wheat, rye, and barley. Before the development of
the virgin and highly fertile Black Earth or Chernozem
soils for farming in Kazakhstan and southern Siberia in the
twentieth century, Russian agriculture was mainly concen-
trated in the European territories west of the Ural Moun-
tains where most of the population was living. However,
because of its high latitude location and continentality,
European Russia (that part of Russia extending from its
westernmost political border eastward to the Urals) was
always a land of “risky agriculture” where harvest yields
were often below expectation due to adverse weather con-
ditions (Golubev and Dronin 2004; Dronin and Bellinger
2005). Crops in the more northerly lands often suffered
from cold and wet summers, late frosts in the spring, and
early frosts in the autumn, while the southern and eastern
“bread basket” territories of European Russia were regu-
larly affected by severe droughts in the summer. Many of
the current “bread basket” areas of Russia, including the
Chernozem lands, the lower Volga region, and the south-
ern part of Siberia, are projected to experience reduc-
tions in rain-fed spring wheat yields before the end of the
twenty-first century under multiple climate change sce-
narios due to an increase in aridity driven primarily by a
projected decrease in precipitation (Pavlova et al. 2019).
Similar reduced grain yield projections can be found in
Kiselev et al. (2013) for rain-fed crops.

Climate perturbations have always strongly affected the
Russian economy and social life, as far back as medieval
times (Klimenko and Solomina 2010). Droughts leading
to poor crops provoked social instability and sometimes
large-scale riots and revolts. Historical chronicles from
monasteries starting in the beginning of the past millen-
nium provide direct information on local and regional
droughts, but they also mention “hungers”, increases of
grain prices, and other social phenomena indirectly con-
nected to impacts of climatic extremes. Unfortunately,
these historical records are heterogeneous in time (availa-
bility decreases back in time) and in space (records mainly
from regions where monasteries are located).

Borisenkov and Pasetsky (1988) indicate that the num-
ber of recorded droughts increased from 18 in the tenth
century to 70 in the nineteenth century. Conversely, the
number of rainy summers increased from 6 to 53, and
the number of famines from 13 to 85, over the same time
period. It is not clear how much of these trends are con-
nected to uneven historical information or are reflections
of changing climatic conditions. To determine so requires
an independent source of past hydroclimatic variability
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over European Russia extending back hundreds of years
in the past, hence the need for a high-quality tree-ring
drought atlas that is specifically targeted to this region.

The existing Old World Drought Atlas (OWDA) (Cook
et al. 2015) covering the Euro-Mediterranean region appears
to fill much of this information gap. However, it is not ade-
quate for assessing past droughts over European Russia for
two reasons. First, the eastern limit of the OWDA domain only
extends half way across the East European (Russian) Plain and
therefore does not fully cover the grain producing areas there.
Second, the tree-ring network used to produce the OWDA
included only ten tree-ring chronologies from within the for-
mer European USSR sector: four from northwest Russia, four
from western Ukraine, and two from Georgia. The drought
reconstructions from the Russian region of the OWDA are
consequently weak with low model validation skill (see Fig.
S11 in the Supplementary Materials of Cook et al. 2015 and
below). These limitations render the OWDA inadequate for
investigating past periods of unusual drought and wetness in
European Russia.

The frequency and severity of droughts in European Rus-
sia has been studied since the mid-twentieth century using
hydrometeorological records (Rudenko 1958; Drozdov 1980;
Meshcherskaya and Blazhevich 1997; Cherenkova 2007;
Schubert et al. 2014), historical data (Bogolepov 1907, 1922;
Buchinsky 1957; Borisenkov and Pasetsky 1988, 2003;
Voronov 1992), stratigraphy of lake sediments (Shostakovich
1934; Rauner 1981), and tree-rings (Shvedov 1892; Cher-
navskaya 1995; Krenke and Chernavskaya 1998; Matveev
et al. 2012a, b; Solomina et al. 2005, 2012, 2017; Matskovsky
et al. 2017). Successful reconstructions of drought from tree
rings in southern Finland across the border from Russia are
also noteworthy (Helama and Lindholm 2003; Seftigen et al.
2015, 2017). However, high-resolution and spatially com-
plete field reconstructions of past drought and wetness for the
full European Russia area have been unavailable. To fill this
information gap, we have developed and present herein the
European Russia Drought Atlas (ERDA) covering the period
1400-2016 CE. The ERDA is a 4259-point field reconstruc-
tion of the June—July—August (JJA) average self-calibrating
Palmer Drought Severity Index (scPDSI) (Wells et al. 2004;
van der Schrier et al. 2013) based on a greatly improved net-
work of 697 annual tree-ring chronologies distributed over the
ERDA domain (Fig. 1). In addition, this domain now includes
all of European Russia, providing a high-quality spatiotempo-
ral reconstruction that we can use to analyze summer season
drought variability in the region over the last~ 600 years.
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Fig.1 Map of the European
Russia Drought Atlas (ERDA)
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2 Regional climate setting

The East European Plain is located in the high-to-mid lati-
tudes between the Arctic Ocean to the north, the Black and
Caspian Seas to the south, and from the Polish/Ukraine
frontier in the west to the western slope of the Urals Moun-
tains in the east (Fig. 1). The radiation balance in winter
is negative for the whole East European Plain except for
the southernmost territories, while in summer it is positive
everywhere. The climate is most strongly influenced by the
westerlies. Air masses from the Atlantic Ocean in winter
bring warmth and precipitation, while in summer they are
responsible for cool and wet weather conditions. Because of
increased continentality, air masses are drier as one moves
east and are also warmer in summer and colder in winter
(Klimenko and Solomina 2010).

Summer season droughts and heat waves over this region
are typically caused by persistent anticyclones (Obukhov
et al. 1984; Schubert et al. 2014; Stefanon et al. 2012), often
originating from the Arctic (Buchinsky 1976; Kleschenko
2005) and associated with quasi-stationary Rossby wave
trains (Schubert et al. 2011, 2014). Dry and hot conditions
in European Russia are often concurrent with cool and
wet conditions to the east or west, further highlighting the
importance of zonal wave structures in the atmosphere for
summer season climate variability in the region (Gershunov
and Douville 2008). A canonical example of such a pat-
tern was observed in the summer of 2010, when a station-
ary Rossby wave simultaneously caused the occurrence of
extreme drought and heat in European Russia and severe
precipitation and flooding in Pakistan (Lau and Kim 2012;
Schubert et al. 2011). These summer circulation anomalies

30 40 50 60 70 80
Latitude (°E)

over European Russia arise predominately from internal
atmospheric variability (Schubert et al. 2014, 2016), and
may be associated with the Eastern Atlantic/Western Russia
(EA/WR) and Scandinavian (SCA) patterns (Rocheva 2012).

Alisov (1969) subdivides the territory of the East Euro-
pean Plain into three climatic areas: 1. Northern Atlantic-
Arctic area (southern boundary located between Lake
Ladoga near St. Petersburg and the Pechora River in north-
west Russia). 2. Middle Atlantic-continental area (southern
boundary from the mid-Dniester to the mid-Volga Rivers).
3. Southern continental area. The areas are also subdivided
into the western and eastern sub-areas with the boundary
running from the Northern Dvina River to the mouth of the
Dnieper River. The climate is mirrored by the vegetation
and soil zones. The major zones contained within the East
European Plain from north to south are tundra, forest-tundra,
forest, forest-steppe, semi-desert and desert.

The longest instrumental records in Eastern Europe go
back to the mid-eighteenth century. Gazina and Klimenko
(2008) analyzed winter, summer, and annual temperature
variations of the four longest meteorological stations in
Eastern Europe that have few or no gaps (St. Petersburg,
Vilnius, Moscow, and Riga). For this analysis, they used the
data in the databank RIHMI-WDC (http://www.meteo.ru/
data/mdata.htm) as well as earlier records of Kupfer (1846),
Veselovsky (1857), Vil’d (1882), and Wahlén (1886). Gazina
and Klimenko (2008) found that during the last two centuries
winter temperatures have increased (up to 3 °C) at all four
stations, while summer temperatures have decreased. These
findings contrast with Western Europe, where both winter
and summer warming have occurred. In general, precipita-
tion is also much more variable than temperature between
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regions across the East European Plain. Annual precipitation
amounts in northern (St. Petersburg) and central (Moscow)
parts of the Plain are highly correlated. This is also the case
for southern (Kiev and Odessa) parts of the Plain. How-
ever, differences in inter-annual variability and long-term
trend in annual precipitation between the north and south are
quite large. The increase in annual precipitation over the last
150 years is significant both in Moscow and St. Petersburg,
but the trend is insignificant in the southern regions.

3 Data
3.1 Climate data sets

The scPDSI data used here as the target field for reconstruc-
tion is based on CRU TS 3.25 gridded temperature and
precipitation data (Osborn et al. 2017; 0.5° resolution). It
covers the period 1901-2016. See https://crudata.uea.ac.uk/
cru/data/drought/ for details. Other climate data sets used
here for analyses of the ERDA include Global Precipitation
Climatology Centre precipitation (GPCC; Schneider et al.
2018; 1.0° resolution), Berkeley Earth global temperature
(BEST; Muller et al. 2013; 1.0° resolution), UCAR global
scPDSI (UCAR; Dai and Zhao 2017; 2.5° resolution),
and upper air data from the twentieth Century Reanalysis
(Compo et al. 2011; 2.0° resolution). These latter data sets
are available for use at KNMI Climate Explorer (van Olden-
borgh and Burgers 2005; Trouet and van Oldenborgh 2013;
http://climexp.knmi.nl/).

3.2 Tree-ring data

Figure 1 shows the distribution of tree-ring chronologies
used in developing the ERDA, a total of 697 chronologies
in all, many of them developed specifically for this pro-
ject. Within just European Russia itself, the network has
increased from only four chronologies used in the OWDA
to 275 chronologies used here. This includes tree-ring
series from eight species: Pinus sylvestris L. (156 series),
Larix sibirica Ledeb. (39 series), Picea obovata Ledeb. (33
series), Picea abies (L.) H. Karst. (32 series), Quercus robur
L. (9 series), Abies nordmanniana (Stev.) Spach (3 series),
Fagus orientalis Lipsky (2 series), and Pinus halepensis
Mill. (1 series).

Recently, strong efforts have been made to sample in areas
south of the taiga regions in the hotter and more droughty
parts of European Russia where the tree-ring network has
been historically very sparse. Matskovsky (2016) analyzed
the climate sensitivity of ring widths for the most common
species growing on the overall East European Plain and con-
cluded that the region located at 55—-60°N is the approximate
border between temperature and drought sensitive conifer
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tree species. Thus, the development of the European Rus-
sia tree-ring network south of the 60°N drought-sensitive
threshold noted by Matskovsky (2016) has been especially
important to this project. See also Solomina et al. (2017)
for assessment of droughts from hydrometeorological and
tree-ring data in this part of the East European Plain. These
developments built upon decades of research in the Pov-
olzhie region (Askeyev et al. 2005; Tishin et al. 2014) and
Northern Caucasus (Solomina et al. 2012; Dolgova 2016).
Among the noteworthy network developments has also been
the creation of new chronologies from Belarus (Yermokhin
and Knysh 2016; Knysh and Yermokhin 2019), where the
number of tree-ring chronologies in the network increased
from none to 23, mainly a mix of P. sylvestris and Q. robur
series.

In addition to the chronologies lying inside the ERDA
domain, chronologies surrounding this area are included to
the dataset (Fig. 1). They are chronologies from Eastern and
Central Europe (Cook et al. 2015), from Western Siberia
(Agafonov and Gurskaya 2012, 2013; Gurskaya et al. 2012;
Agafonov et al. 2016), and the Central Asia countries of
Kyrgyzstan (Graybill et al. 1992; Esper et al. 2003; Solo-
mina et al. 2012, 2014; Seim et al. 2016a), Kazakhstan (L.
Agafonov, A. Berdnokova, unpubl. data), and Uzbekistan
(Seim et al. 2016Db).

European Russia is also an area where ancient popula-
tions traditionally used wood for construction, heating, and
other purposes. The original old-growth forests were also
cleared for agriculture. These activities, along with climate
contributing to the rapid decay of wood, are the reasons why
old wood collections are quite rare in the region. After the
archaeological Novgorod chronology (Kolchin 1963) was
constructed, only a few composite chronologies based on
archeological, historical, and modern (living) wood sam-
ples covering a substantial part of the past millennium have
been constructed (Solomina et al. 2011, 2017; Karpukhin
and Matskovsky 2014; Tarabardina 2009; Kulakova 2009).
This limits the useful length to the ERDA to 1400-2016 CE
at present.

3.3 Tree-ring network suitability

The suitability of the ERDA tree-ring network for drought
reconstruction brings into consideration the issue of whether
or not some boreal forest tree-ring series can be used for
reconstructing drought there. At the more southerly warmer
and drier sites, we expect tree radial growth to be frequently
limited by soil moisture availability (Matskovsky 2016;
Solomina et al. 2017), thus resulting in a positive correla-
tion between tree rings and scPDSI there. However, as site
locations approach the cooler northern tree line limit, we
expect radial growth to become more frequently limited by
growing season temperature (Hellmann et al. 2016). This
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change in tree growth response to climate can result in a
negative correlation between tree rings and scPDSI through
a clear sky-evapotranspiration demand signal, which is not
directly related to precipitation and soil moisture content,
but is still correlates with site hydroclimatic conditions.
Regardless, this is not optimal because the variability in ring
width induced by evapotranspiration demand in tempera-
ture-sensitive trees may differ in meaningful ways from that
induced by soil moisture availability in moisture-sensitive
trees. We therefore accept that using temperature-sensitive
tree-ring series for drought reconstruction may be problem-
atic if used in isolation, e.g. only from the Polar Urals (Briffa
et al. 1995). However, the inverse relationship driven by
evapotranspiration demand is not universal even in the high
northern latitudes because temperature sensitivity there var-
ies considerably in strength due to varying site locations and
conditions (St George and Ault 2014; Hellmann et al. 2016).
Thus, Hellmann et al. (2016) reported that north of 60°N
(cf. Matskovsky 2016) only 16.6% of Eurasian boreal forest
tree-rings chronologies had statistically significant positive
correlations with June—July average temperature (mostly at
higher latitude sites > 65°N), and they also found a num-
ber of tree-ring chronologies to be positively correlated
(r>0.30) with June-July precipitation there as well (their
Fig. 4d). Similar results for Fennoscandia are also described
in Babst et al. (2013). Given that each grid point of scPDSI
being reconstructed in the ERDA is based on a minimum of
20 tree-ring series located within either 500 or 1000 km of
the grid point (see below in Sect. 4), with a variable range
of both positive and negative correlations with scPDSI, we
do not consider the use of negatively correlated tree-ring
predictors of scPDSI to be a problem here.

4 Methods
4.1 Tree-ring standardization

The 697 tree-ring chronologies used for reconstruction were
standardized (sensu Fritts 1976) in a relatively uniform way
using state-of-the-art tree-ring standardization methods
based on ‘signal free’ detrending (Melvin and Briffa 2008) to
eliminate trend-distortion artefacts and maximally preserve
common medium frequency variance among series. In addi-
tion, we used the age-dependent spline (Melvin et al. 2007)
to conservatively remove low-frequency variance thought
to be mainly due to non-climatic age/size-related changes
in ring width over time. This combination minimizes the
loss of common variance due to the ‘segment length curse’
(Cook et al. 1995). In addition, adaptive power transforma-
tions were applied to the raw ring-width measurements prior
to detrending to render them more homoscedastic. Doing so
enabled the tree-ring indices to be calculated as residuals

rather than ratios to reduce the likelihood of index calcu-
lation bias in the estimation of the tree-ring chronologies
(Cook and Peters 1997).

4.2 Ensemble point-by-point regression

Ensemble point-by-point regression (EPPR) was used to pro-
duce the ERDA. It is a generalization of the original PPR
method (Cook et al. 1999) whereby each tree-ring chronol-
ogy found within a given search radius around each grid
point is weighted by some power of its correlation with
the climate variable being reconstructed. See Cook et al.
(2013, 2015) and the Supplementary Materials for details.
The correlation-weighted chronologies are then used in the
principal components regression (PCR) model at each grid
point for reconstructing climate from tree rings. This is done
in lieu of selecting a subset of chronologies based on a fixed
correlation screening probability. For the ERDA we used
two tree-ring search radii, 500 and 1000 km, for locating the
tree-ring chronologies for reconstructing each scPDSI grid
point, with a minimum of 20 chronologies used for each grid
point reconstruction. This resulted in a 16-member ensemble
(eight per search radius), which was then robustly averaged
for further use.

The EPPR method used here is identical to that used
in creating the OWDA (Cook et al. 2015), which makes a
one-to-one comparison of calibration and validation skill
between the two drought atlases possible for the common
region of overlap indicated in Fig. 1. This comparison will
be shown later.

4.3 Queen’s case imputation and smoothing

Here we introduce Queen’s case imputation and smoothing
(QCIS) and describe why it was developed. EPPR produces
reconstruction fields that are spatially complete as far back
as the first year of the shortest grid point reconstruction pro-
duced. Earlier than that, spatial gaps in the annual recon-
structed fields develop, and these gaps increase in size back
in time because some grid point reconstructions are longer
than others due to the varying tree-ring chronology lengths
used. In addition, there can be “checker board” patterns in
the reconstructed fields produced in part by random effects
in the EPPR procedure at the grid point level. These proper-
ties imply the need to both locally impute and smooth the
ERDA fields in a way that is consistent with the pointwise
regression design of EPPR.

To this end, we developed a nine-point regression ker-
nel method called Queen’s Case Imputation and Smooth-
ing (QCIS) and applied it to each grid point reconstruction
produced by EPPR to re-estimate, locally smooth, and infill
spatial gaps in the fields back to 1400 CE. For consistency
with the original EPPR results, QCIS uses the same PCR
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method as EPPR, the same grid point instrumental data for
recalibration, and reports the same calibration/validation
period statistics. Thus, QCIS is designed to produce a locally
smoothed and infilled field reconstruction that is consist-
ent with the original pointwise design of PPR (Cook et al.
1999). The smoothing effects of QCIS on the reconstructions
in both space and time is described in the Supplementary
Materials. It is shown there that QCIS predictably smooths
the spatial patterns, but has little effect on the temporal vari-
ability of the grid point reconstructions at the spatial scale
investigated here.

4.4 Calibration and validation

The instrumental scPDSI data used for statistical calibra-
tion and validation cover the 1901-2016 period. In contrast,
the tree-ring chronologies have a common end year of 1983
because of the widely varying years in which the trees were
sampled. For this reason, the calibration period chosen for
developing the reconstructions was 1931-1983. The remain-
ing 1901-1930 scPDSI data were withheld from the cali-
bration exercise for use in model validation testing (Berk
1984; Picard and Berk 1990). This style of split calibration/
validation testing is described in Fritts (1976) and has been
used successfully in the development of all previous drought
atlases beginning with Cook et al. (1999).

The calibration period statistics reported here are the
coefficient of determination (R> or CRSQ) and a leave-
one-out cross-validation statistic (CVRE). CVRE is the R?
version of the Prediction Error Sum of Squares (PRESS)
statistic (Allen 1974; Quan 1988) and, thus, provides a less
biased expression of explained variance compared to CRSQ.
In poorly calibrated cases, CVRE can actually be negative,
which is impossible for CRSQ.

The validation statistics reported here are the square
of the Pearson correlation (VRSQ), the reduction of error
(VRE), and the coefficient of efficiency (VCE). When
VRSQ, VRE, and VCE are positive, they are different meas-
ures of model skill expressed in units of fractional explained
variance over the validation period. Negative values indicate
no reconstruction skill as measured. In addition, the formu-
lae of these statistics require that VRSQ > VRE > VCE when
calculated from the same data, thus making VCE the hard-
est validation statistic to pass. See Cook et al. (1994, 1999)
for detailed descriptions of these model validation statistics.

5 Calibration and validation results

The ERDA calibration and validation maps based on the
EPPR 16-member ensemble mean field are shown in Fig. 2.
Overall, the calibration period CRSQ exceeds 40% of the
total scPDSI variance at most grid points. The same is true
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for the leave-one-out CVRE. The weakest CRSQ and CVRE
statistics are found in the southeast quadrant of the domain
near the Caspian and Aral Seas where there are very few
tree-ring chronologies (see Fig. 1). Weaker, but still useful,
reconstruction skill over the validation period is indicated by
positive VRSQ, VRE, and VCE over much of the domain,
with the weakest results again in the southeast quadrant and
also in the area above 60-65°N where tree-ring drought sen-
sitivity is likely to be weaker (Matskovsky 2016). The lower
right-hand map is the average correlation (RBAR) between
the 16 EPPR ensemble members. The typical correlation
falls in the 0.5-0.7 range, which illustrates how the differ-
ential correlation weighting and search radii used by EPPR
produces a range of reconstruction outcomes.

The calibration and validation results presented in Fig. 2
strongly support the overall validity of the ERDA. Nonethe-
less, it is useful to show the degree to which they are better
than those of the OWDA in the overlapping domain regions
shown in Fig. 1. Figure 3 compares the ERDA and OWDA
using two calibration statistics (CRSQ and CVRE) and one
validation statistic (VRSQ). This comparison shows that the
ERDA is far more skillful than the OWDA over most of their
shared domains. An exception is in southern Finland, where
both the OWDA and ERDA calibrate and validate well as
expected based on past drought reconstruction success there
by Helama and Lindholm (2003) and Seftigen et al. (2015,
2017). Since the scPDSI data and EPPR methods used are
the same for each drought atlas, the only plausible explana-
tion for the improved calibration/validation skill over the
ERDA domain is its vastly improved tree-ring network used
for reconstruction.

6 Rotated EOF analysis

The ERDA is made up of 4259 grid points of one-half
degree scPDSI covering the common period 1400-2016. As
described earlier, complete spatial coverage back to 1400
was achieved by applying QCIS to the original ensemble
member fields before averaging. In the process, QCIS locally
smoothed the fields to reduce “checker board” patterns. See
the Supplementary Materials for details. QCIS was applied
to all data up to 2016, but only the data up to 1983 are based
on tree-ring estimates. It is the tree-ring-only portion of the
ERDA from 1400 to 1983 that will be evaluated now using
empirical orthogonal function (EOF) analysis.

EOF analysis has a long history of use in climatologi-
cal studies (e.g. Lorenz 1956; Kutzbach 1967) and in
tree-ring analyses (e.g. LaMarche and Fritts 1971; Fritts
1976) because it distills the complex variability contained
in a sequence of climate and tree-ring fields into a greatly
reduced subset of orthogonal fields for potentially easier
interpretation and application. However, as pointed out by
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Units of Fractional Shared Variance

Fig.2 Calibration and validation maps for the ERDA based on an
ensemble average of 16 PPR runs as described. CRSQ calibration
period R2, CVRE calibration period leave-one-out cross-validation,
VRSQ validation period square of the Pearson correlation, VRE vali-

Richman (1986), care must be applied in interpreting EOFs
as realistic expressions of natural climate variability because
of the mathematical constraints applied to their estimation.

A common way to reduce the well known limitations of
EOFs for physical interpretation is to apply analytical rota-
tion to a subset of EOFs. There are many ways to do this
(Richman 1986), but we chose here the widely used normal-
ized Varimax method (Kaiser 1958). This rotation method
has been used with considerable success in characterizing
the space—time patterns variability of climate fields, such
as those related to the quasi-stationary modes of upper-air
atmospheric circulation (Barnston and Livezey 1987) and
to fields of PDSI based on both instrumental (Karl and
Koscielny 1982) and reconstructed (Cook et al. 1999) data.

The application of Varimax rotation requires a reasonably
well estimated subset of EOFs (the “signal subspace”) to
rotate. There are many ways this might be determined (Pre-
isendorfer et al. 1981), but it is complicated by the rank defi-
ciency of the ERDA correlation matrix, which is based on
4259 (m) grid points and 584 (n) years of data. For centered

dation period reduction of error, VCE validation period coefficient of
efficiency, RBAR average correlation (RBAR) between the 16 ensem-
ble members

data, the total number of defined EOFs is min(n-1,m), or
only 583 in the case of the ERDA. This renders asymptotic
methods such as the Kaiser-Guttman eigenvalue-1 cutoff
rule (Guttman 1954; Kaiser 1960) quite useless to apply. It
also degrades the performance of monte-carlo methods like
the ‘Rule N’ method (Preisendorfer et al. 1981). Therefore,
we have chosen a very simple method based on the visual
“scree test” of the eigenvalue trace (Cattell 1966), with the
added application of the “North test” for separation of eigen-
values (North et al. 1982).

Figure 4 shows the eigenvalue trace out to order-10 calcu-
lated from the ERDA correlation matrix. There is no point in
showing more because the cumulative variance trace shows
that the first ten eigenvalues already account for 73.9% of the
total variance. Each eigenvalue has its uncertainty expressed
as + 2 standard errors as estimated by the equation provided
by North et al. (1982). The first three eigenvalues separate
cleanly from the rest, even after considering their 2-standard
error uncertainties, and account for 42.5% of total variance.
This indicates that there are only three EOFs in the signal
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Fig. 3 Comparisons of calibra-
tion/validation statistics in the
domain area common to the
ERDA and OWDA. See Fig. 1
for the location of that area to
the left (west) of the dashed
vertical blue line. Two calibra-
tion (CRSQ and CVRE) and
one validation (VRSQ) for each
are shown. The differences in
both calibration and valida-
tion are very clear. The ERDA
has clearly better skill due to
its vastly improved tree-ring
network

0.0 0.1

Comparisons of Calibration/Validation Results
Common to the ERDA and OWDA Domains

Common ERDA Domain

02 03 04 05

00 01 02 03 04 05 00 01 02 03 04 05

Common OWDA Domain

0.0 0.1

subspace worth rotating. The sharp break in the eigenvalue
trace after the third eigenvalue may reflect in part the appli-
cation of QCIS to the ERDA because QCIS will emphasize
larger-scale patterns due to its spatial smoothing effect (e.g.
Fig. SM4) and thus lose some local details related to recon-
structed wet and dry anomalies that occupy only a small
part of the domain. This was considered an acceptable cost
in order to infill the ERDA completely back to 1400 CE.
The EOFs before and after rotation (the Varimax factors
or VFs) are shown in Fig. 5 for comparison, along with the
variance accounted for by each. There is relatively little

@ Springer

02 03 04 05

00 01 02 03 04 05 00 01 02 03 04 05

Fractional Explained Variance

difference between them, and the total variance (42.5%)
after rotation is exactly conserved as required by the Vari-
max method. However, the regional expressions of drought
and wetness are more cleanly separated after rotation. They
represent three principal areas of the ERDA domain: interior
European Russia east of ~40°E (VF1), northwestern Russia,
Finland and the Baltic States (VF2), and southwestern Rus-
sia, Belarus, Ukraine, Moldova, and Romania (VF3). The
area most weakly represented by any of these factors is in the
southeastern quadrant where calibration was relatively weak
(Fig. 2) and the effect of QCIS was the greatest (Fig. SM4).
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Fig.4 The eigenvalue trace of the ERDA (1400-1983) plotted out to
order 10, and the cumulative variance accounted for by those first 10
unrotated EOFs. The uncertainties in the eigenvalues are expressed
as +2 standard errors (vertical bars) based on the standard error esti-
mate from North et al. (1982). The first three eigenvalues separate
cleanly from the rest and account for 42.5% of total variance, thus
determining the eigenvalue cutoff (red square) for Varimax rotation

Figure 6 shows plots of the VF scores (Fig. 6a—c) corre-
sponding to their respective factor patterns shown in Fig. 5.
In addition, the mean of the three factor scores (Fig. 6d) is
intended to highlight occurrences of ‘pan-ERDA’ dry and
wet years. Since the Varimax factor scores are orthogonal,
the mean should preserve the occasional years when these
events co-occur and at the same time dampen out other vari-
ability not common to the three factors.

Each series in Fig. 6 has been expressed in terms of stand-
ard deviations from the mean, with a ten-year low-pass filter
(red) applied to each to emphasize mult-year variability in
drought and wetness. The horizontal dashed lines are the +2
standard deviation limits used for identifying years of severe
drought and wetness. Notable years of severe drought are
1936, 1841, 1757 for VF1, 1408, 1940, 1826 for VF2, and
1453, 1921, 1939 for VF3. The top three drought years in
the mean ‘pan-ERDA’ series are 1939, 1921, and 1659. A
complete list of dry and wet years exceeding + 2 standard
deviation limits in Fig. 6 is provided in Table 1. Overall,
there is a somewhat higher frequency of extreme drought
years indicated since 1800, with 1921 and the 1930s stand-
ing out in particular. In contrast, unusually wet years appear
to be more evenly distributed over time.

Care must be taken, however, in interpreting Table 1 as a
comprehensive list of ERDA extremes because it does not
contain some of the more important wet and dry years in
the ERDA. The ones identified in Fig. 6 primarily reflect
those years with spatial patterns of reconstructed scPDSI

that are reasonably close to their respective Varimax factor
patterns in Fig. 5. Thus, some known severe droughts over
parts of the ERDA domain that do not match the Fig. 5 pat-
terns expecially well are not evident in the Table 1 list. For
example, the severe 1946 drought in Ukraine and Moldova
(Volkov 1992; Potop and Soukup 2009) is strongly evident
in the ERDA (not shown), but is not in the list because the
overall spatial pattern of reconstructed scPDSI over the
entire ERDA domain for that year does not strongly match
the Varimax factor #3. Other methods of identifying wet and
dry year extremes in the ERDA, e.g. by calculating drought
area indices (Mitchell et al. 1979; Bhalme and Mooley
1980), might be more appropriate depending on the goals of
the analysis. Here we are primarily interested in objectively
identifying the principal large-scale modes of variability in
the ERDA through REOF analysis and how they are related
to atmospheric circulation (see Sect. 8).

Using the factor scores plotted in Fig. 6a—c, additional
validation testing was conducted on the ERDA. This was
done using GPCC precipitation, BEST temperature, and
UCAR scPDSI gridded data (refer to “Climate data sets”
above) for the same JJA season as the ERDA reconstruction.
The 1891-1930 pre-calibration period was used for these
“out-of-sample” tests of the ERDA factor scores based now
on ten additional years of data over that used previously for
validation.

Figure 7 shows correlation maps for Varimax fac-
tors VF1-VF3 versus GPCC, BEST, and UCAR climate
data. Correlations > 10.4| are significant at the 99% confi-
dence level. The rectangle shown in each map delineates
the boundaries of the ERDA. After comparing the GPCC,
BEST, and UCAR correlation patterns with the Varimax
factor patterns (Fig. 5), the highest climate correlations can
be seen to largely fall in the same locations as the highest
factor loadings, a result that supports the climate interpreta-
tions of these empirical modes. In particular, the temperature
correlation pattern in VF1 is similar to the East Atlantic/
Western Russia (EA/WR) pattern for summer (Barnston and
Livezey 1987; their Eurasia-2 pattern), with the main center
of action north of the Black and Caspian Seas. The strongest
monthly correlation between the EA/WR index and VF1
is for May (r=0.45, p<0.01) for the 1950-1983 period.
There is also some similarity between VF2 and the Scandi-
navian (SCAND) pattern (Barnston and Livezey 1987; their
Eurasia-1 pattern), characterized by a meridional dipole in
both temperature and precipitation with a strong locus over
Scandinavia. In this case the strongest correlation between
SCAND and VF2 is for the month of March (r=-0.48,
p<0.01).

Schubert et al. (2014) applied rotated EOF (REOF) analy-
sis to the joint summer (JJA) temperature and precipitation
fields over northern Eurasia, which fully includes the ERDA
domain. Their REOF1 temperature and precipitation factor
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Fig.5 The first three unrotated (EOF) and Varimax rotated (VF) fac-
tors, with the variance accounted for by each factor indicated. There
is little difference in the variance accounted for before and after rota-

patterns (fig. 3 in Schubert et al. 2014) include high load-
ings over the ERDA VF1 region. Similar spatial congruence
can also be found between their REOF5 factor patterns and
that shown here in VF3. Given the relatively short analy-
sis period (1979-2012) used by Schubert et al. (2014), plus
their much larger analysis domain, this level of agreement
suggests a robust link between the hydroclimatic variability
expressed in the ERDA and much larger scale atmospheric
circulation features across all of northern Eurasia.

Figure 8 shows composites of the notable dry and wet
years indicated in Fig. 6 and listed in Table 1. For the most
part the dry and wet composites are near-mirror images
of each other, suggesting a linear association between the
occurrence of these extreme patterns and their causal mecha-
nisms. The clear exception is the asymmetry in the patterns
associated with VF3 over western Russia, Belarus, and
Ukraine. The dry year pattern extends zonally across most
of European Russia, with a small pattern of wetness north
of about 62°N. In contrast, the VF3 wet year pattern exhibits
a strongly meridional west-to-east change from wet to dry.

@ Springer

tion, and the total variance (42.5%) is exactly conserved after rota-
tion, but the regional expressions of drought are more cleanly sepa-
rated after Varimax rotation

The ERDA factor scores do not reveal the occurrence
of severe long-duration droughts (i.e. megadroughts) over
European Russia and surrounding countries like those found
in the American West (Cook et al. 2004). This is consist-
ent with the understanding that individual drought events
across European Russia rarely exceed 50 days in duration
(Cherenkova 2007; Schubert et al. 2014). The longest period
of mostly below-average scPDSI in the ERDA factor scores
occurred over a 26-year period from 1784 to 1809. Few
individual drought years stand out during this time, but the
overall cumulative moisture deficit would have been large.
This period of persistent drought is most prominent over
interior European Russia east of 40°E (VF1) and western
Russia, Belarus, and Ukraine (VF3). In support of this result,
Borisenkov and Pasetsky (1988, 2003) list several years of
drought that occurred in European Russian during this time.
Interestingly, this was also a time of a “major long-duration
drought” over England and Wales from 1798 to 1808 (Cole
and Marsh 2006), and also over north-central Europe as
reconstructed by the OWDA (Cook et al. 2015). Connection
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Fig.6 Plots of the ERDA Varimax factor scores (VF1-3) correspond-
ing to the factor patterns shown in Fig. 5. In addition, the mean of
the three highlights occurrences of pan-ERDA dry and wet years.
Each series is shown in units of standard deviation with a 10-year

of hydroclimate in the center of European Russia and East-
ern Europe was also noted by Matskovsky et al. (2017).

7 Comparison to historical droughts

Table 1 highlights in bold red the years for which there are
some historical references of droughts at various locations
in European Russia (e.g. Borisenkov and Pasetsky 1988,
2003; Kahan 1968). Fewer, but still noteworthy, years of
unusual wet conditions are highlighted in bold blue. In each
case, the source references for those years are noted. There
may be a historical bias in recording the negative impacts

1700 1800 1900
Year

2000

low-pass filter (red) applied to each. The horizontal dashed lines are
the +2 standard deviation limits used for identifying years of extreme
drought and wetness

of droughts more frequently than the beneficial impacts of
wet events on crop yields, but this is impossible to quantify.
Under certain circumstances, wet events can even be as bad
as droughts in reducing crop yields (e.g., the 1315-17 “Great
Famine” in western Europe; Lucas 1930), but it can be dif-
ficult to cleanly separate these impacts in the historical ref-
erences as well. Also, the quality of the historical data very
likely degrades back time from loss of records and changes
in reporting locations, thus making definitive comparisons
between the ERDA and historical references difficult to
judge. Nevertheless, both the VFI and mean VF1-3 dry
extremes have historical references for 12 out of 16 and 11
out 16 dry years, respectively. Thus, there are many more
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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

VF1 DRY VF2 DRY VE3 DRY Mean VF1-3 DRY
Year <-2SD Year <-2SD Year <-2SD Year <-2SD
193623 —3.897 14082 —3.547 1453 —-3.560 1939%3 —3.336
1841! —-3.106 1940 —2.952 19213 -2.717 19213 -3.316
1757! —2.904 1826' -2.721 1939%3 —2.682 1659 —3.109
1802! —2.888 1941 —-2.361 1659 —2.624 1936*3 —2.949
19213 —2.661 1889123 —2.356 1660! —2.524 153312 —2.777
1759! —2.474 153312 —2.258 1797 —2.481 1757! —2.520
1433 —2.355 1876! —2.206 1891123 —2.394 1759! —2472
1686 -2219 1689 —-2.201 1952 —2.293 1827! —2.430
1795! —2.206 1736 -2.117 1747'2 —2.206 1658! —2.329
1803! —2.175 1914123 —2.078 1661 —2.183 1531 —2.266
153312 —2.163 1847! —2.042 1848!2 —2.151 1940 —2.258
1434 —2.061 1875133 —2.031 1964 -2.110 1826! -2.219
19113 —2.040 1942 —2.003 1748 —2.034 1532 -2.213
1417 —2.000 1845 —2.003 1848!2 —2.039
14312 —1.999 1532 —2.003 1787 —2.002
193473 —1.991 1897123 —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 a772)! 2.731 1509! 2.683
1699! 2.877 16954 2.543 1980 2.704 a772)! 2.602
(1643)! 2.444 1962 2.469 1433 2.627 1482 2.491
1465 2.419 (1892)1%3 2.427 1509! 2.568 1837! 2.470
1644 2338 (1607)" 2273 1435! 2477 1641 2311
1768! 2.113 1459 2.230 (1431)12 2.437 1480! 2.261
(1447)! 2.090 1705 2.225 (1508)12 2.436 1962 2.085
1480! 2.072 1614! 2.139 (1450)! 2.366
1941 2.013 (1891)1%3 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

The driest and wettest years are selected as those that equal or exceed +2 standard deviations from the mean. Three years with units exceed-
ing +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

Dry year references: 'Borisenkov and Pasetsky (1988, 2003), 2Kahan (1968), *Schubert et al. (2014)

Wet year references: "Borisenkov and Pasetsky (1988, 2003), “Neumann and Lindgren (1979)

historical dry “hits” than “misses” overall in the ERDA. The
cause for some of these dry “misses” is hard to ascertain.
Some may simply be due to inadequate historical data. They
could also be associated with unusually cold winter/spring
conditions over European Russia (Borisenkov and Paset-
sky 1988, 2003; see Table SM1 for examples), which could
result in a shorter radial tree growth season and narrower
ring width due to unusually cold air temperatures, delayed
snow melt, and frozen soil, thus mimicking the narrow rings

@ Springer

more frequently associated with drier conditions. Those sug-
gested years are highlighted in parentheses in the “WET”
list in Table 1.

Table B1 in Schubert et al. (2014) also provides a list of
droughts and heat waves affecting Eurasia since 1875 based
on historical information. We created a composite map from
the ERDA of the ten major drought years from that list up
to 1930 in Table B1 to avoid biasing the outcome with data
from the calibration period. The 10-year composite (lefthand
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Fig.7 Correlations between the Varimax factors (VF1-VF3) and
GPCC precipitation, BEST temperature, and UCAR scPDSI data
for the same JJA season based on 1891-1983 data. See the text for
details on these climate datasets. Correlations > 10.4] are significant at

map) and where its regional mean is statistically significant
(righthand map) are shown in Fig. 9, with the specific years
used listed in the figure caption. The composite is statisti-
cally signficant over European Russia south of ~56°N, an
area that is important to Russian grain production. It is also
the area covered mostly by VF3.

8 Links to atmospheric circulation

To better understand the likely atmospheric dynamics behind
the hydroclimatic patterns expressed by the ERDA Varimax
factors, the correlations between their factor scores (Fig. 6)
and 700 hPa geopotential heights and 200 hPa meridional
winds from the twentieth Century Reanalysis (Compo et al.
2011) are shown in Fig. 10. All calculations were done on
the tree-ring only estimates over the 1880—1983 period. The
season with the best correlations is May—June—July, begin-
ning 1 month earlier than the June—July—August scPDSI
season. This earlier atmospheric dynamics association with

-06 -05 -04 -03 -02 02 03 04 05 06

Correlation

-06 -05 -04 -03 -02 02 03 04 05 06

Correlation

the 99% confidence level. The rectangle shown in each map deline-
ates the boundaries of the ERDA. The maps are courtesy of KNMI
Climate Explorer (van Oldenborgh and Burgers 2005; http://clime
xp.knmi.nl/)

summer drought is similar to that found by Rocheva (2012)
in her study of “possible forerunners of droughts”, which are
linked to the development of persistent anticyclones, drying,
and heat waves over Russia (Schubert et al. 2014).

Overall, the locations of the significant negative correla-
tions (blue) with the pressure field are precisely where they
should be expected given the locations of the strongly posi-
tive (red) factor loadings. Secondary positive correlations
(orange) with the pressure field are located southward over
the Levant (VF1), southern Volga/Urals (VF2), and north-
west Africa (VF3) regions. The circulation pattern associ-
ated with VF1, in particular, shows a strong similarity to the
circulation anomalies during the mid-summer of 2010. Char-
acterized by anticyclonic circulation over European Russia
and low pressure east of the Caspian sea, this is the pattern
that drove the concurrent extremes (drought over Russia;
floods over Pakistan) that year (Lau and Kim 2012). Addi-
tionally, correlations with the 200 hPa meridional winds are
quite similar to the correlation patterns between the joint
temperature and precipitation rotated principal components
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ERDA Extreme (>|2sd|) Dry and Wet Year Composites
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Fig.8 ERDA extreme (> +2sd) dry and wet year composites with the number of years in each composite indicated. The composites are based on
the exceedance years indicated in Fig. 6 and listed in Table 1

Fig.9 The 10-year compos- “Schubert” Drought Years

ite of years of major his-

torical droughts (lefthand map) >95% C.L.
!

extracted from the ERDA, based
on the Table B1 list provided

by Schubert et al. (2014), and
where the regional mean is
statistically significant (p <0.05,
two-tailed; righthand map).

The drought years composited
from the ERDA are 1875, 1891,
1892, 1897, 1901, 1906, 1911,
1920, 1921, and 1924. All
selected years purposely predate
the calibration period of the
ERDA to avoid fitting bias

scPDSI scPDSI

(RPCs) and 250 hPa meridional winds in Schubert et al. RPC1 in Schubert et al. (2014), characterized by anti-phased
(2014) (Fig. 6, therein). Correlations with VF1, for exam- correlations over Scandinavia and Russia northeast of the
ple, show strong similarity to the correlation pattern with ~ Caspian Sea. VF2 from the ERDA is also similar to RPC5
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Fig. 10 Correlations between the ERDA Varimax factors (VF1-3)
and May—June—July (MJJ) average 700 hPa heights and 200 hPa
meridional winds from the twentieth Century Reanalysis. The analy-

in Schubert et al. (2014), with major centers of action cen-
tered north of Great Britain and over Finland. Along with
the previous temperature and precipitation comparisons,
these results suggest that the ERDA accurately captures the
dominant modes of spatiotemporal climate variability within
the region.

9 Conclusions

The European Russia Drought Atlas (ERDA) is an important
new paleoclimatic reconstruction of drought and wetness
that greatly advances our understanding of spatio-tempo-
ral hydroclimatic variability over the East European Plain.
It is a one-half degree gridded reconstruction of summer
scPDSI, covering the period 1400-2016 CE, which was
made possible by the development of a critically important
new tree-ring network for European Russia and surround-
ing countries. An ensemble version of the point-by-point
regression method (EPPR) was used to reconstruct scPDSI
at the grid point level, which makes it compatible with other
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[ —
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Correlation

sis period is 1880-1983 and the correlations are based on first-differ-
enced data. The maps are courtesy of KNMI Climate Explorer (van
Oldenborgh and Burgers 2005; http://climexp.knmi.nl/)

paleo-drought atlases based on tree rings, including the
proximal Euro-Mediterranean OWDA.

The ERDA has demonstrated skill when compared
to instrumental data at the grid point level and compares
favorably to recorded instances of historical droughts over
European Russia extending back to the fifteenth Century. It
is also spatially complete back to 1400 due to the applica-
tion of a local imputation and smoothing method specifically
designed to be compatible with the EPPR reconstruction
method. Future papers will investigate the paleoclimate
aspects of the ERDA in greater detail in an effort to place
modern hydroclimatic variability over European Russia in
a long-term context.

REOF analysis has revealed three principal modes of
hydroclimate varability in the ERDA that have links to
large-scale atmospheric circulation dynamics over northern
Eurasia associated with the development of droughts and
heat waves there. The planned geographic expansion of this
drought atlas to cover all of northern Eurasia is therefore
expected to yield a much more complete understanding of
hydroclimatic variability and its causes.
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