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Overview
Certain methods used in producing the European Russia Drought Atlas (ERDA) are described here in more detail. These include the Ensemble Point-by-Point Regression (EPPR) method and the Queens Case Imputation and Smooting (QCIS) method. In addition, a table of historical information on weather, harvests, and hunger in European Russia is included here.

1.  Ensemble Point-by-Point Regression (EPPR)
	EPPR is a generalization of the point-by-point regression (PPR) method of climate reconstruction first introduced by Cook et al. (1999) for reconstructing spatial patterns of drought and wetness from tree rings in a pointwise manner. As originally developed, PPR used a simple correlation threshold (e.g. the 90% significance level) for selecting tree-ring predictors from a larger candidate pool of chronologies that fell within a given search radius of the grid point being reconstructed. This hard threshold method of accepting or rejecting candidate predictors (similar to specifying an a priori F-level for entry of variables in classical stepwise regression) can work very well in practice, but it potentially loses useful climate information by rejecting candidate predictors that do not reach a specified significance threshold for correlation, even if marginally so. Instead of using a binary threshold for predictor variable selection, EPPR utilizes the covariance between tree rings and climate in the regression model by weighting each tree-ring chronology by some power of its correlation with the climate variable being reconstructed (e.g. Cook et al 2013, 2015). This is expressed as

	wTR = uTR * rp

where uTR is the unweighted tree-ring chronology in normalized N[0,1] form over the calibration period, r is its calibration period absolute correlation with the climate variable being reconstructed, p is a power applied to r, and wTR is the resulting correlation-weighted chronology. This weighting method transforms the correlation matrix of tree-ring predictors into a covariance matrix that emphasizes the more heavily weighted (better correlated with climate) tree-ring series. The principal components regression (PCR) procedure used in EPPR is then conducted using this correlation-weighted covariance matrix.
	There is no a priori reason why any particular power weighting should be optimal. Thus, a range of powers is suggested. Here we use eight powers: {0, 0.1, 0.25, 0.5, 0.67, 1.0, 1.5, 2.0} per search radius. The functional forms of these correlation weightings is shown in Fig. SM1. These transformations are monotonic, continuous, and cover the full range of weightings as a function of r and chosen p. When p=0, wTR=uTR. A p=1.0 indicates a linear weighting by the simple correlation and p=2.0 indicates a weighting by the square of the correlation. Both have intuitively appealing interpretations regarding relationships between variables, and simple correlation weighting (p=1.0) has been used in previous climate reconstructions (e.g. Smerdon et al. 2015; Tierney et al. 2015). Principal components analysis is applied to each correlation-weighted covariance matrix to produce a set of orthogonal projection coefficients (PCs) for use as predictors in regression. Run this way, EPPR produces an 8-member reconstruction ensemble per search radius that can be compared and pooled into an ensemble mean reconstruction. For the ERDA, we developed a 16-member reconstruction ensemble, eight members using predictors from within a 500-km search radius around each instrumental precipitation grid point and eight more members using predictors from within a 1000-km search radius. The 500-km search radius approximates the e-folding (1/e) correlation decay distance for precipitation (New et al. 2000; Mitchell and Jones 2005), which dominates the estimation of scPDSI; the 1000 km search radius takes into consideration the relatively sparse and irregular distribution of the tree-ring network used relative to the regular grid of scPDSI (see Fig. 1 in the main paper).  
	Calibration and validation statistics are reported for the emsemble mean along with the average correlation (RBAR) between the ensemble members at each grid point. See Fig. 2 in the main paper. The RBAR map is a useful diagnostic for illustrating the stochastic side of EPPR. It illustrates the fact that there is no uniquely optimal solution to reconsructing spatial patterns of climate using the EPPR method.

2.  Queens Case Imputation and Smoothing (QCIS)
	EPPR produces reconstruction fields that are spatially complete as far back as the first year of the shortest grid point reconstruction. Earlier than that, spatial gaps or voids in the reconstructed fields develop and increase in size back in time because the grid point reconstructions will vary in length over the target field due to the varying lengths of the tree-ring chronologies used for reconstruction. In addition, there will often be a noticable “checker board” pattern in the reconstructed fields and validation statistics produced in part by random effects in the EPPR procedure at the grid point level due to its strictly local reconstruction property. In addition, there can be embedded “erratics” in the reconstructed fields, i.e., reconstructed values that are inconsistent (e.g., dry) with immediately surrounding (e.g., wet) values. These properties of EPPR imply the need to both impute and smooth the ERDA fields in a way that is consistent with the EPPR method. To this end, a 9-point regression kernel based on the Queen’s Case adjacency model in spatial statistics was applied to each grid point reconstruction to re-estimate and locally smooth the annual fields. This method we call “Queens Case Imputation and Smoothing” (QCIS). It is schematically shown in Fig. SM2.
	Referring to Fig. SM2, QCIS proceeds as follows. The reconstruction at center grid point i is re-estimated by the j (1-8) surrounding grid point reconstructions (the number will be <8 at the domain boundaries or by interior locations of the grid with no gridded data) along with the center grid point reconstruction itself at grid point i to assure a new centrally-weighted reconstruction at that grid point. QCIS uses the same PCR method, the same predictand data, and the same calibration and validation periods as the original EPPR result to re-estimate each grid point i reconstruction over the field. This guarantees complete compatability and comparability between the QCIS and original EPPR fields. The result is a centrally-weighted linear combination of previous grid point reconstructions across the domain, which locally smooths each spatial field to reduce “checker board” patterns and eliminate “erratics”, hence the smoothing part of QCIS. In addition, if any of the j reconstructions surrounding grid point i are longer than original reconstruction, the new reconstruction at i will be extended back in time. This is where the imputations can occur.
	The effects of QCIS on model calibration/validation is shown in Fig. SM3 using two calibration statistics (CRSQ and CVRE) and one validation statistic (VRSQ) as described in the main paper. As expected, the “With QCIS” calibration/validation maps have reduced the “checker board” patterns seen in the “Without QCIS” maps of the original ERDA, especially for VRSQ. The isolated VRSQ grid points showing some validation in the “Without QCIS” map (e.g., north of 65°N on the Kola Peninsula) are noticably absent in the “With QCIS” map. This indicates some loss of skill at those more isolated northerly locations after application of QCIS. However, there is an overall improvement in VRSQ skill in the “With QCIS” map south of 65°N (e.g., north of the Caspian Sea in western Kazakhstan), which indicates that QCIS is improving the validation statistics in some areas by dampening down the noise in the grid point reconstructions there. Regardless, the overall “Without QCIS” and “With QCIS” CRSQ, CVRE, and VRSQ patterns are remarkably similar, which supports how the QCIS model was constructed.
	The last set of QCIS maps shown here in Fig. SM4 illustrate the before-and-after effects of QCIS on the reconstructed scPDSI fields back in time. This includes both imputation and smoothing. Four annual ERDA maps from 1700 back to 1400 by century are used as examples. The 1700 map only shows the smoothing effect of QCIS because the field is complete (the earliest complete field in the ERDA is in year 1690). The 1600, 1500, and 1400 maps have progressively larger spatial gaps back in time prior to applying QCIS and, therefore, show both the imputation and smoothing properties of the method.
	In terms of smoothing, QCIS has greatly reduced the “checker board” patterns found in the “Original Fields”, which are assumed to be due in part to random effects in the fitting of the PCR reconstruction models. Thus, QCIS is working the way it was designed, but at the cost of losing some potentially useful local detail on drought and wetness. The larger-scale features of scPDSI variability are still well preserved in the QCIS maps, however. The smoothing produced by QCIS undoubtedly has some impact on spatial analyses like the rotated EOF analysis performed on the ERDA in the main paper. The sharp break in the eigenvalue trace after order-3 in the main paper (see Fig. 4) is one such indication. But the imputation property of QCIS allows for more spatially complete fields to be available back in time for spatial analysis. Thus, there is a tradeoff between increased field completeness and greater field smoothing.
	The imputation properties of QCIS are indicated by the 1600, 1500, and 1400 maps. By 1600, a large spatial gap has appeared in the southeast quadrant of the “Original Field” due to the sparse tree-ring network there. Before 1600 the gaps progressively expand back to 1400 as the shorter grid point reconstructions drop out. QCIS was applied iteratively to previous QCIS-imputed ERDA fields to progressively fill in the gaps until no empty grid cells were found in 1400. These imputation results are illustrated by the 1600, 1500, and 1400  “QCIS Field” maps. The larger-scale spatial patterns of the “Original Field” Maps have been well preserved in the “QCIS Field” maps. However, the accuracy of the imputed values in the southeast quadrant east of 50°E is largely unknown because of the lack of local grid point information there, which calls for care in interpreting the ERDA in that region before 1700. It also illustrates the need for a better tree-ring network there.


3.  Historical climate information from Borisenkov and Pasetsky (1988, 2003)
[bookmark: _GoBack]Borisenkov and Pasetsky (1988, 2003) compiled information about climate extremes and natural disasters from Russian chronicles and other sources. Historical remarks of climatic conditions, hungers, and harvests in Russia up to 1914 were extracted for the years of extremely dry (red) and extremely wet (blue) conditions identified in the ERDA and are listed in Table SM1. Also see Klimenko and Solomina (2010) for a discussion of historical climate data over the East European Plain.
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Figure SM1. Plot showing the functional forms of the rp weighting applied to the tree-ring chronologies based on their simple correlations with a given grid point of scPDSI being reconstructed. Eight power weightings were applied for each search radius, which for the ERDA yielded a total of 16 ensemble members.
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Figure SM2. A schematic of the Queens Case Imputation and Smoothing (QCIS) model. QCIS acts as a 9-point regression kernel that re-estimates the center grid point reconstruction Yi for each year t using the j=1,9 previous EPPR reconstructions as predictors in PCR. The regression betas (bj) of the 9 reconstructions, including that for the center grid point, determine the relative weighting of the predictors of the center grid point reconstruction. Only at the boundaries will <9 predictors be available.
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Figure SM3. The effects of QCIS on the CRSQ, CVRE, and VRSQ calibration/validation statistics of the ERDA. As expected, the fields are smoother after application of QCIS, but the essential features remain generally the same. The better validated “Without QCIS” region (VRSQ>0.3) has nonetheless expanded noticeably in the “With QCIS” map. However, this has come at the expense of lost validation in some isolated areas like the Kola Peninsula of Russia.
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Figure SM4. Comparisons of four annual ERDA maps from 1700 back to 1400 by century showing the effects of imputation and smoothing of the reconstructed fields before (“Original Field”) and after (“QCIS Field”) application of QCIS. The essential patterns of drought and wetness are preserved after use of QCIS, and spatial voids have been imputed back in time, thus allowing full domain analyses to be carried out back to 1400 CE, but at the cost of losing some of the smaller, more local, details.
	
	Table SM1.

	Year
	Historical remarks of climatic conditions, hungers, and harvests in Russia up to 1914 from Borisenkov and Pasetsky (1988, 2003) compared to years of extremely dry (red) and extremely wet (blue) conditions identified in the ERDA. Also see Table 1 of the main paper. 

	1408
	The summer of 1408 was arid, with great storms. During an extraordinary storm around thousand people drowned (probably in Ilmen Lake). During the drought, a fire broke out in Rostov Veliky, where more than 1,000 people were burned and a lot of buildings burned down. In the Russian and Polish lands – poor harvest.

	1417
	Severe winter, including Novgorod land. Hunger.

	1431
	In 1431 there was a great drought, and during six weeks there was such a darkness from the fires that people did not see the sun. A great famine began in entire Russian land.

	1432
	No evidence concerning weather or harvest in Russia.

	1433
	Good harvest in Pskov. Hot and dry summer in Western Europe.

	1434
	Very cold three months in Germany, no evidence concerning weather or harvest in Russia

	1435
	Pskov - frost in June; Russia - cold and wet summer, cold spring, poor harvest.

	1447
	Smolensk - cold winter, a lot of snow, high river flood, hunger. Western Europe - severe winter, a lot of snow, dry summer.

	1450
	The summer was hot and arid. Drought was accompanied by fires. Moscow and Pskov burned heavily.

	1453
	Pskov, Novgorod - snowless winter, frost in September, rainy fall. Hunger.

	1459
	No evidence concerning weather or harvest in Russia.

	1465
	No evidence concerning weather or harvest in Russia.

	1466
	Russia - frosts in May and in summer, hunger. Very hot summer in Europe.

	1467
	Pskov - snowfalls in early May and early June. Western Europe - hot dry summer.

	1480
	Ugra river - frosts in the fall. Western Europe - rainy year, wet summer, cold winter. 

	1482
	Severe winter in Holland. Western Europe - very hot summer. 

	1506
	Western Europe - severe winter, dry summer. 

	1507
	Western Europe - very cold and severe winter. 

	1508
	Russia - drought in summer, fires, hunger. Novgorod - drought, fires, tornado.

	1509
	Western Europe - snowless winter. Rains in summer.

	1531
	Western Europe - mild winter, in summer - rains, winds, colds. 

	1532
	Germany - mild winter.

	1533
	In 1533, "a great rainless period" again occurred in Novgorod land. Springs and streams, marshes and wells have dried up. A lot of cattle perished in the villages from the "thirst for water". Residents of Novgorod suffered from "stink smoky". It was impossible to navigate in Ilmen Lake on ships, "because of the smoke and darkness it was not clear where to navigate". Western Europe - dry and hot summer.

	1607
	Russia - great frosts, hunger. Flood in Moscow. Cold winter in Western Europe and Northern America. Drought in Western Europe.

	1614
	Western Russia - hurricane. Western Europe - drought in the beginning of the year, heavy rains afterwards.

	1641
	Oka river - high flood. Ukraine - very good harvest both for winter and spring.

	1643
	Russia - severe long winter (from the end of October to the early May). Dry summer in Russia. Cold winter in Western Europe and North America.

	1644
	Ukraine, Poland - severe winter. Western Europe - cold winter, hot summer.

	1658
	Drought in the south and center of Russia, crop failure in Russia and Poland. Severe winter. Western Europe - severe winter.

	1659
	Extremely severe winter in the whole Western Europe.

	1660
	Russia including Ukraine - drought, poor crop. Western Europe - cold winter.

	1661
	Solikamsk, Moscow, Vologda - hunger.

	1686
	Ukraine - returned frosts in April. Russian North - cold spring and summer. High flood.

	Year
	Historical remarks of climatic conditions, hungers, and harvests in Russia from Borisenkov and Pasetsky (1988, 2003) compared to years of extremely dry (red) and extremely wet (blue) conditions identified in the ERDA. Continued.

	1689
	Ukraine, Russian North, Western Europe - return of colds in May. Rains and floods in winter. Hunger.

	1695
	Russian North - cold summer. Vologda - cold rainy summer, strong winds. Hunger.

	1696
	Controversial evidences. South-Western Russia - cold spring. Ukraine - cold and snowy or snowless winter. Severnaya Dvina river basin, Finland, Near-Baltic regions - very severe winter, hunger. Western Europe - mild winter, warm summer.

	1699
	South-West Russia - hunger. Lands to the south of Moscow - windy cold winter. Western Europe - mild winter, snowfall in spring, rainy weather until May. Warm in June- July, rains in August, drough in the fall. 

	1705
	1704-1706 - poor harvest in Russia, plague in Western Russia and Poland.

	1708
	European Russia - unusually cold snowy winter. Cold winter in Poltava. Hot dry summer in Ukraine. Dnieper river is at low stand.

	1736
	Russia - high floods at many rivers. Hot summer in France and Italy. Heavy rains - in Silesia. Hungry year.

	1745
	Dry summer of 1745. Fire in Veliky Ustyug. The mass mortality of livestock, which lasted several years.

	1747
	Due to the great dryness, there was a crop failure. Cold winter in Arkhangelsk. Near Baltic lands - mild snowless winter. Moldova - drought, poor crop. Western Europe - mild winter, very hot dry summer. 1747-1750 - Ukraine and Belgorod - severe drought and hunger.

	1748
	"The next (i.e. 1748) summer was even more arid."

	1757
	Russia, Western Europe, Near Baltic lands - drought, crop failure.

	1759
	Droughts in the South of Russia and Chech lands. In Moscow, Smolensk, Nizhny Novgorod, Belogorod, Kazan, Voronezh, Velikiy Novgorod Provinces - crop failure. Mild winter in Near Baltic and Western Europe.

	1768
	Russia, Western Europe - unusually cold winter with frequent snowstorms lasting from November to April. Strong snowfalls in the end of winter. High floods. Unusually heavy rains in the end of summer in Moscow region. Hunger.

	1770
	Extremely rainy summer in Western Europe. Continuous rain. Return of cloudy weather in summer. Snowfall in July. St-Petersbourg - snowfall in June. Solikamsk - crop failure, hunger. 

	1772
	Also 1773 and 1776. Many regions of Russia suffered from drought, especially the Volga region, Ukraine, and Azov Sea area.

	1787
	Russia - extremely severe winter. Very poor harvest in Malorossiya (Ukraine), Tulskaya, Riazanskaya, Orlovskaya, Voronezhskaya, Kaluzhskaya, Smolenskaya, Moskovskaya, Tambovskaya, Belgorodskaya regions. Probably the most dramatic hunger in 18th century.

	1795
	Ukraine - cold snowy winter, then thaw and great snowfalls. Near Baltic, Perm' regions - return of colds, drought. High flood at Zapadnaya Dvina river. South-West Russia - return of frosts in May, hunger.

	1797
	No evidence concerning weather or harvest in Russia.

	1802
	In 1801, the drought was everywhere. The lack of rain was repeated in the summer 1802, covering the Baltic and Belorussia regions along with the southwestern and southern provinces. In Novorossiysk region, a lot of locusts appeared. In all these areas there was a "lack of food". Moscow, Smolensk and Arkhangelsk provinces suffered from famine. Mild winter in Bear Baltic regions.

	1803
	Novorossiya, Smolensk crop failure. Drought of some regions of Ukraine. Severe winter in Russia and Western Europe. Crimea - cold winter, drought, hunger.

	1826
	Novorossiya - snowless winter. Russia - drought in spring and summer. Especially poor harvest in Vologda, Novgorod, Estoniya, Smolensk, Mogilev, Kaluga, Vilno, Penza, Lifliandiya, Chenigov, Ekaterinoskav etc. Provinces.  Hunger.

	1827
	Southern Russia- drought and locust invasion. Heavy rains in the second half of summer. Hunger. 

	1837
	Russia, South of Russia - rainy summer. Returns of colds in May in Olonetskaya, Lifliandskaya, Riazanskaya and Arkhangel'skaya Provinces. Many sudden "atmospheric reverses".

	Year
	Historical remarks of climatic conditions, hungers, and harvests in Russia from Borisenkov and Pasetsky (1988, 2003) compared to years of extremely dry (red) and extremely wet (blue) conditions identified in the ERDA. Continued.

	1841
	Russia - from the early June to the fall there was a drought in many provinces. Stavropol - cold February, rainy May, drought from mid June to mid October. Khar'kov - cold February, hot summer.

	1845
	Russia - cold winter. Summer floods from rains in Moscow, Orel provinces, Pyatigorsk, Kislovodsk.

	1847
	The drought in the spring and during a significant part of the summer was in the Arkhangelsk, Voronezh, Tauride provinces and in Bessarabia. Rains in the western provinces in June. Cold winter in the south of Russia. Poor harvest in Astrakhan', Voronezh, Tavriya and Bessarabia due to the rainless period in spring. Nizhnyi Novgorod - hot weather in July, August and early September.

	1848
	In the southeast, the summer was sultry and dry. South of Russia - very little snow in winter. Tambov - dry April and May. Tavriya - very hot May. The Black sea (near Odessa) and Asov sea (near Berdyansk) were covered by ice for unusually long time in spring. Hot dry summer in the South-East of Russia.

	1875
	South of Ukraine - snowless winter, dry spring, rainless summer, rainy fall. Russia - drought in the chernozem lands except for the near Volga region. Very hot summer. South-West of Russia - poor crop.

	1876
	Russia - very cold winter and May. Drought from the Black sea and the Northern Caucasus to the Near-Volga region. North-East and North-West of Russia - crop failure, hunger.

	1884
	Drought at the half territory of Ukraine. Russia - warm winter.

	1889
	Russia - very cold winter. Drought in May and June in Ukraine, rains in August and September in Chernozem provinces.

	1891
	Russia - cold winter and snowstorms especially in Moscow, Pskov, Tver' and eastern provinces. Dry spring in the North-West, center and Volga areas.  Drought started in May in the South of Russia. Snowfall in June in the North, Vyshnii Volochok, Yaroslavl, Lipetsk, Novgorod, Vyatka etc.

	1892
	Spring drought in the south of Russia. Frosts and snowfalls in early June  in Northern Russia. Storms and winds in summer. Rainy summer in Near Baltic, Northern and Western provinces.

	1897
	Drought in the South-East of Russia and Northern Caucasus. Very hot May in St-Petersbourg and Tver'. Drought in June and July In Moscow, Orel, Ufa, Near Baltic regions. Heavy rains in South-West.

	1911
	Russia - cold snowy winter and cold summer except for the South-East.

	1914
	In July, very hot weather in North-West and very cold in the East and North-East of Russia.
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