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Coupled General Circulation Models (CGCMs) 17	
  

Four millennium-long simulations from three CGCMs were used for assessing post-volcanic cooling 18	
  
effects in Europe. These include two runs of the ECHO-G model (Erik1 and Erik2; Zorita et al. 2005), 19	
  
and two simulations downloaded from the CMIP5 dataset (Taylor et al. 2012). The latter two are the 20	
  
Max-Planck-Institute Earth System Model Paleoclimate version (MPI-ESM-P; Giorgetta et al. 2013), 21	
  
and the Community Climate System Model version 4 (CCSM4; Gent el al. 2011). The simulations 22	
  
retrieved from the CMIP archive cover the periods 850-1850 and 1850-2005 C.E., and were combined 23	
  
here to produce a single continuous temperature timeseries spanning the past millennium. The two 24	
  
ECHO-G simulations provide continuous coverage from 1000-1990 C.E. (see Fernández-Donado et 25	
  
al. 2013 for an overview on paleo model simulations). 26	
  

All models are coupled atmosphere-ocean models. The ECHO-G model was developed at the Max-27	
  
Planck-Institute for Meteorology in Hamburg and consists of the atmospheric model ECHAM4 and 28	
  
the ocean model HOPE. ECHO-G was used, with 21 others, in the Fourth Assessment Report issued 29	
  
by Intergovernmental Panel on Climate Change (Solomon et al. 2007) to produce future climate 30	
  
projections. The horizontal resolution of the ECHO-G model atmosphere (3.75 x 3.75 degrees) is also 31	
  
coarser than in the CMIP models.	
  32	
  

The CMIP models used here can be considered as sophisticated climate models of the latest generation 33	
  
and are being used for climate projections included in next IPCC Assessment Report due in 2013. The 34	
  
MPI-ESM-P model consists of the spectral atmospheric model ECHAM6 with a horizontal resolution 35	
  
of  approximately 1.87 x 1.87 degrees. The atmosphere model is coupled to the ocean model OM. The 36	
  
CCSM4 model was developed at the National Center for Atmospheric Research. The atmospheric 37	
  
model is a finite-difference model with a considerably finer horizontal resolution of about 1 x 1.25 38	
  
degrees (latitude x longitude).	
  39	
  

The external climate forcings used to drive the ECHO-G and CMIP5 models differ. All simulations 40	
  
include a representation of past solar energy output (total solar irradiance; TSI) assuming solar energy 41	
  
varies equally at all wavelengths of the electromagnetic spectrum. All simulations essentially assume 42	
  
the same shape of past TSI variability, derived from concentrations of the cosmogenic isotope 10Be in 43	
  
polar ice cores, but the amplitude of the TSI variability may vary among simulations. The ECHO-G 44	
  
simulations assume a change in TSI of 0.3% between present (1961-1990) and the Late Maunder 45	
  
Minimum (1675-1715), whereas the CMIP models assume smaller changes of only 0.15%. Volcanic 46	
  
forcing in the ECHO-G simulations was implemented as a simple reduction of TSI, in an attempt to 47	
  
parameterize the effects of volcanic eruptions in a climate model with a coarsely resolved stratosphere. 48	
  
The estimations of volcanic eruptions affect on short wave radiative forcing are based on Crowley 49	
  
(2000). The CMIP models implement a more sophisticated volcanic forcing scheme with spatially and 50	
  
seasonally resolved variations of atmospheric optical depth. Estimates of optical depth changes are 51	
  
based on different datasets of acidity measures in polar ice cores. The MPI-ESM-P model uses the 52	
  



optical depth reconstruction from Crowley (2008), the CCSM4 model used estimates from Gao et al 53	
  
(2008). 54	
  

The ECHO-G and CCSM4 models consider past variations of carbon dioxide and methane estimated 55	
  
from trapped air bubbles in polar ice cores. In the MPI-ESM-P model, the concentration of carbon 56	
  
dioxide and methane are interactively simulated by a carbon-cycle module that incorporates the 57	
  
geochemistry of the ocean, the land biosphere and their interaction with climate. 58	
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Supplementary Table 60	
  

 61	
  

Table S1. Long instrumental station records from Northern and Central Europe. "Period" specifies the 62	
  
time span common to all MXD chronologies (the Lau chronology ends in 1976) and the shorter 63	
  
(Stockholm, Berlin) and longer (Uppsala, Central England, De Bilt) station records. For station 64	
  
locations see Fig. S1 65	
  

 66	
  

  67	
  

SourceStation Country Period

Uppsala Sweden 1722-1976
Stockholm Sweden 1756-1976

Centr. England England 1722-1976
De Bilt Netherlands 1722-1976
Berlin Germany 1756-1976

N-
Eu
r

C-
Eu
r

Moberg and Bergström (1997)
Moberg and Bergström (1997)

Manley (1974)
van den Dool et al. (1978)
Vose et al. (1992)
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Fig. S1 Spatial domains of the long instrumental station records from Northern and Central Europe. a 71	
  
Correlation patterns of the mean JJA temperature of the Uppsala and Stockholm stations (yellow 72	
  
circles) with gridded summer temperatures over the 1901-1976 period (p < 0.01). Black triangles are 73	
  
the JAE, TOR, and NSC MXD sites (from west to east). b Same as in a, but for the mean timeseries of 74	
  
the Central England, De Bilt, and Berlin stations (from west to east). Triangles are the PYR, LOE, 75	
  
LAU, and TIR MXD sites (from west to east) 76	
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Fig. S2 Summer temperature from long instrumental station and MXD records in Northern and 80	
  
Central Europe. a JJA mean temperature from the Stockholm and Uppsala stations (black; JJA-north) 81	
  
together with the mean MXD record of JAE, TOR, and NSC (blue; MXD-north) over their 1722-1976 82	
  
common period. Grey triangles indicate the 15 annually dated volcanic eruptions, VEI ≥ 5. The MXD 83	
  
timeseries was scaled to the instrumental data over the 1722-1976 period. b Same as in a, but for JJA 84	
  
mean temperatures from Central England, De Bilt, and Berlin (JJA-central) together with the mean 85	
  
MXD timeseries from PYR, LAU, LOE, and TIR (MXD-central). All timeseries expressed as 86	
  
temperature deviations from the 1961-1990 mean 87	
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Fig. S3 Summer temperature from long instrumental stations and CGCM simulations. a JJA mean 91	
  
temperature of the Stockholm and Uppsala stations (JJA-north, black) together with the arithmetic 92	
  
mean of four CGCM simulations (CGCM-north, blue) over their 1722-1976 common period. Single 93	
  
model runs (CCSM4, Erik1, Erik2, MPI-ESM-P; thin curves) represent JJA temperatures of five grid 94	
  
points in proximity to the meteorological stations and MXD sites in Northern Europe. Severe negative 95	
  
deviations of the CCSM model in 1762 and 1816 following ice core derived volcanic sulfate 96	
  
depositions of 8.4 Tg and 59.7 Tg (Gao et al. 2008), respectively, are labeled. b Same as in a, but for 97	
  
JJA mean temperatures from the Central England, De Bilt, and Berlin stations (JJA-Central) together 98	
  
with the CGCM timeseries integrating summer temperatures at seven grid points in proximity to the 99	
  
station and MXD sites in Central Europe. All temperatures expressed as anomalies with respect to the 100	
  
1961-1990 mean 101	
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Fig. S4 Superposed Epoch Analyses (SEA) centered on documented and ice core reconstructed 105	
  
volcanic events. a JJA temperature patterns of MXD-north (blue) and MXD-central (red) five years 106	
  
before and after 22, very large volcanic eruptions (tephra volume ≥ 1.5 109 m3) between 1111-1976 107	
  
C.E. (SEA3 in Table 1). Thin curves are the SEA timeseries of the individual MXD site records JAE, 108	
  
TOR, and NSC in Northern Europe, and PYR, LAU, LOE, and TIR in Central Europe. b Same as in a, 109	
  
but for the 12 eruptions with tephra volumes 1–1.5 109 m3 over the same period (SEA4). c, Same as in 110	
  
a, but for the 40 Northern Hemispheric volcanic events derived from sulfate depositions in ice cores 111	
  
over the 1111-1976 period (Gao et al., 2008; SEA7). d Same as in a, but the 31 volcanic events used 112	
  
in Briffa et al. (1998) over the 1400-1976 period. Black curve is the MXD-based JJA temperature 113	
  
reconstruction from Briffa et al. (1998) representing a large fraction of the Northern Hemisphere 114	
  
(scale on the right axis). e Same as in d, but for the 11 volcanic events between 1400-1976 that meet 115	
  
the criteria of a (VEI index ≥ 5, annually dated) and not used in Briffa et al. (1998). All SEA 116	
  
timeseries expressed as temperature anomalies with respect to the five years preceding volcanic events 117	
  
(lags -5 to -1). The temperature scale of the Briffa98 and non-Briffa98 SEAs is on the right-hand axes 118	
  
of panels d and e 119	
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Fig. S5 SEA centered on documented and ice core derived volcanic eruptions. Left column shows 123	
  
results for MXD reconstructed JJA temperatures, right column shows results for CGCM JJA 124	
  
temperatures. a and b Temperature patterns in Northern (blue) and Central Europe (red) five years 125	
  
before and after 34 annually dated volcanic eruptions (VEI index ≥ 1.5) over the 1111-1976 C.E. 126	
  
period (SEA1 in Table 2). Thin curves are the SEA timeseries of the individual MXD site records 127	
  
(JAE, TOR, NSC in the North; PYR, LAU, LOE, TIR in Central Europe) and the long CGCM runs 128	
  
(ERIC1, ERIC2, MPI-ESM-P, and CCSM4). The simulations average temperature patterns of five 129	
  
grid points in proximity to the MXD and instrumental sites in Northern Europe, and seven grid points 130	
  
in proximity to the MXD and instrumental sites in Central Europe (see Table 3). The bold (red and 131	
  
blue) curves are the arithmetic means of the four CGCMs. c-f Same as in a and b, but for the 21 132	
  
Extratropics and 13 Tropical stratospheric eruptions over the 1111-1976 C.E. period (SEA5 and SEA6 133	
  
in Table 1). g-h Same as in a and b, but for the 40 NH eruptions identified by Gao et al. (2008) based 134	
  
on ice core data. All SEA timeseries expressed as temperature anomalies with respect to the five years 135	
  
preceding volcanic events (lags -5 to -1)  136	
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Fig. S6 JJA temperature anomalies (with respect to the 1961-1990 period) recorded in European MXD 139	
  
and long station records for the a 1258/59 (unknown), b 1452/53 (Kuwae), c 1600 (Huaynaputina), d 140	
  
1783 (Laki), and e 1815 (Tambora) events. The zoom-in plots show the MXD site (thin blue and red 141	
  
curves) and regional chronologies (thick blue and red curves) together with the JJA-north and JJA-142	
  
central temperature timeseries (black, panels d and e) ten years before and after the volcanic events. 143	
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