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Abstract
Data assimilation techniques are becoming increasingly popular for climate recon-
struction. They benefit from estimating past climate states from both observation 
information and from model simulations. The first monthly global paleo-reanalysis 
(EKF400) was generated over the 1600 and 2005 time period, and it provides esti-
mates of several atmospheric fields. Here we present a new, considerably improved 
version of EKF400 (EKF400v2). EKF400v2 uses atmospheric-only general circula-
tion model simulations with a greatly extended observational network of early instru-
mental temperature and pressure data, documentary evidences and tree-ring width 
and density proxy records. Furthermore, new observation types such as monthly pre-
cipitation amounts, number of wet days and coral proxy records were also included 
in the assimilation. In the version 2 system, the assimilation process has undergone 
methodological improvements such as the background-error covariance matrix is 
estimated with a blending technique of a time-dependent and a climatological co-
variance matrices. In general, the applied modifications resulted in enhanced recon-
struction skill compared to version 1, especially in precipitation, sea-level pressure 
and other variables beside the mostly assimilated temperature data, which already 
had high quality in the previous version. Additionally, two case studies are presented 
to demonstrate the applicability of EKF400v2 to analyse past climate variations and 
extreme events, as well as to investigate large-scale climate dynamics.
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1  |   INTRODUCTION

Climate variability can be examined over several temporal 
and spatial timescales. To study climate variation at decadal to 
centennial timescales, long time series are required. Previous 
climate reconstructions suggest that strong natural variabil-
ity characterized the period before 1850, but the underlying 
mechanisms are not fully understood (e.g. Brönnimann et al., 
2019b). Before 1850, instrumental data are only available 
at limited locations and proxy records typically provide in-
formation at annual or lower resolution. Therefore, in many 
studies the different data types are combined to achieve a 
better performance. Multiple European reconstructions, for 
instance, combined instrumental measurements, historical 
evidence and proxy records (Luterbacher et al., 2004; Pauling 
et al., 2006; Küttel et al., 2010). These reconstructions with 
high spatial and temporal resolution can reveal regional 
differences and can identify distinct seasonal variability. 
However, such reconstructions are not available for the en-
tire globe. Although not following the true evolution of past 
climate variability, model simulations provide information 
on forced and internal variability of various elements of the 
climate system at full spatial coverage. Therefore, they can 
contribute to better understand climate dynamics and related 
processes.

In addition to traditional reconstruction methods and 
climate models, data assimilation offers a new way to in-
vestigate past climate changes. In the paleoclimate data as-
similation framework, past climate states are estimated from 
climate model simulations and observational information. 
The two sources of information are optimally combined, and 
the obtained reconstruction is regarded as the best estimate 
of the past climate. In the recent years, several studies ex-
plored different data assimilation methods to reconstruct past 
climate (e.g. Hakim et al., 2013, and references therein). For 
the climate of the last Millennium, the most used approaches 
rely on ensemble-based Kalman filtering techniques, which 
were applied, for instance, in pseudo-proxy experiments (e.g. 
Bhend et al., 2012), hydroclimate reconstructions (Steiger 
et al., 2018) or the generation of a monthly atmospheric 
paleo-reanalysis (EKF400, Franke et al., 2017).

EKF400 is a global 3-dimensional climate reconstruc-
tion, that spans the period between 1600 and 2005 (Franke 
et al., 2017). It was generated with the ensemble Kalman 
fitting technique (Franke et al., 2017), the offline variant of 
the ensemble square root filter (Whitaker & Hamill, 2002). 
It blends the ECHAM5.4 atmospheric model simulations 
called CCC400 (Bhend et al., 2012) with different types of 
observations (early instrumental measurements, documen-
tary data, proxy records). EKF400 is the first paleo-reanalysis 
that provides multivariate information about the state of the 
atmosphere during the last 400 years at monthly resolution. 
Such data are highly relevant for climate impact studies or 

to investigate the role of atmospheric circulation. It has been 
used, for instance, to study climate anomalies related to vol-
canic eruptions (Brönnimann et al., 2019b; Zambri, et al., 
2019) and droughts (Burgdorf et al., 2019).

Given the novelty of EKF400, several further develop-
ment possibilities were identified. This paper outlines the 
developments applied in the generation of the new version 
of EKF400 (EKF400v2). The observational network of pre-
viously assimilated data types is notably extended. In addi-
tion, in version 2 of EKF400, new data sources such as corals 
and precipitation information (amounts and number of wet 
days) were assimilated (Valler et al., 2020). Another line of 
improvements focuses on methodological developments. The 
new version of EKF400 takes advantages of improved co-
variance localization and the application of better estimated 
background-error covariance matrix (Valler et al., 2019).

The aim of this paper is to describe the dataset, high-
light the improvements over EKF400 version 1 (EKF400v1) 
and to inform the users about its limitations, so that it can 
be effectively used in future climate studies. This article is 
organized as follows. In Section  2, we describe the model 
simulations and the observational network used as well as 
the ensemble Kalman fitting (EKF) paleoclimate data assim-
ilation method. In Section 3, the reconstruction experiment 
and the methodological improvements are introduced. The 
skill of EKF400v2 is analysed in the period between 1902 
and 2002 in Section 4. In addition, two case studies of Central 
European droughts from 1726 to 1728, and the effect of La 
Niña in the 19th century is presented in Section 4. Finally, we 
draw our concluding remarks in Section 5.

2  |   DATA PRODUCTION METHODS

2.1  |  Data sources

2.1.1  |  Model simulations

EKF400v2 uses the same model simulations (CCC400) as 
EKF400v1. The 30 ensemble members were generated with 
the ECHAM5.4 general circulation model (Roeckner et al., 
2003). The model simulations cover the period between 
1600 and 2005. Reconstructed solar irradiance, sea surface 
temperatures and land surface parameters, volcanic activity, 
concentrations of greenhouse gases and sulphate were used 
to run the model at T63 resolution with 31 vertical levels (de-
scribed in more detail in Bhend et al., 2012). The forcings 
and boundary conditions used to produce the model simula-
tions are summarized in Table 1. Some errors were detected 
in the representation of land surface classes, which mainly 
affected the temperature field over the land areas in the ex-
tratropical Northern Hemisphere, and unrealistic wind speeds 
were found at southern high latitudes (Franke et al., 2017; 
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Rohrer et al., 2018). Hence, we recommend not to use the 
dataset south of 60°S. The 6-hourly model output files were 
converted to monthly means. Several fields are updated by 
the assimilation: temperature at 2 m, precipitation, number of 
wet days, sea-level pressure, horizontal wind components at 
850, 500 and 200 hPa, vertical motion at 500 hPa, geopoten-
tial height at 1,000, 500, 300, 200 and 100 hPa, blockings and 
cyclone frequency. In version 2, we provide a dataset with 2° 
resolution globally, double the resolution of version 1.

2.1.2  |  Observational dataset

Various data types from proxy records to documentary data to 
instrumental measurements are involved in the assimilation.

In EKF400v1, only a small number of proxy records of 
tree-ring width (TRW) and maximum latewood density 
(MXD) were used (Franke et al., 2017). In EKF400v2, ad-
ditional tree-ring proxy records were included from differ-
ent databases such as the vast collection of tree-ring width 
chronologies of Breitenmoser et al., (2014), the N-TREND 
(Wilson et al., 2016) and the PAGES2k-2017 (Emile-Geay 
et al., 2017) data collections. In addition, selected tree-ring 
chronologies from the collection by Neukom et al., (2014) 
were also added to the input data (Table 2).

In version 2 of EKF400, assimilated proxy types were fur-
ther extended with the assimilation of corals. Corals have an-
nual to sub-annual resolution, which is ideal for our monthly 
resolved reconstruction and they cover low-latitude regions, 
where trees cannot serve as temperature proxies. Sub-annually 
resolved coral chronologies from the PAGES2k-2017 data-
base are used in EKF400v2. The proxy input data file has 
3,513 entries in total, which means more than 20 times more 
proxy data compared to EKF400v1 (Figure 1).

Temperature information from documentary data was 
also assimilated in EKF400v1. The five documentary data 
from Central Europe provide monthly information about the 
climate including the winter (or non-growing) season, an 

advantage compared to proxy records. In the input file of 
EKF400v2, two further documentary data series from Europe 
(Fernandez-Fernandez et al., 2014; Loader et al., 2011) and 
five new data series from Japan (Aono, 2015; Aono & Kazui, 
2008; Aono & Tani, 2014; Mikami, 1996; Ohba et al., 2013) 
are included, leading to a total number of 12 documentary 
data series.

In the EKF400v1, most of the temperature time se-
ries were obtained from the Global Historical Climatology 
Network-Monthly version 3 dataset (GHCN-Monthly v3, 
Lawrimore et al., 2011), with the earliest series starting in 
1801. Because the main focus of the paleo-reanalysis is the 
pre-20th century period, only series starting before 1,880 
were kept. In EKF400v2, GHCN-Monthly v3 is replaced 
with the merged data collection of the international surface 
temperature initiative (ISTI, Rennie et al., 2014). Like in the 
case of GHCN-Monthly v3 data, time series that start before 
1880 were selected, leaving 619 records. The earliest series 
in the ISTI database starts in 1701. The additional time se-
ries, which were included in EKF400v1 from the Historical 
Instrumental Climatological Surface Time series of the 
Greater Alpine Region database (HISTALP, Auer et al., 
2007; Bohm et al., 2010) and separately collected series from 
various sources (Franke et al., 2017), were also included in 
EKF400v2, together with eight further stations from Brazil 
(Dove, 1847), Canada (Slonosky, 2014), France (Rousseau, 
2009; Rousseau, 2013), India (Dove, 1847), Italy (Dove, 
1847), Russia (Dove, 1847), Spain (Barriendos et al., 1997) 
and the United States (Blodget, 1857) (Table 2). Altogether, 
the temperature input file contains 701 time series.

The GHCN-Monthly dataset version 2 contains pre-
cipitation data of several thousands stations (Lawrimore 
et al., 2011), from which the stations where measurements 
started before 1880 were included in the assimilation 
(1,437 stations). From the HISTALP data collection, 69 
precipitation time series were used. In addition, 9 time se-
ries from Brazil (Farrona et al., 2012), England (Derham, 
1705; Townley, 1699; Townley, 1694), France (Slonosky, 
2002), Gibraltar (Wheeler, 2007), Ireland (Murphy et al., 
2018), Jamaica, (Chenoweth, 2003), Madeira (Alcoforado 
et al., 2012), Spain (Barriendos, et al., 2002) and the 
United States (Blodget, 1857) were added to the assimi-
lated data (Table  2). In total, the precipitation input file 
contains 1515 stations data. In addition to monthly precip-
itation amounts, the number of wet days was also included 
in the assimilation. Wet days records were calculated from 
the GHCN-Daily dataset version 3.27 (Menne et al., 2012). 
A daily precipitation amount ≥1 mm was considered a wet 
day. A total of 652 wet days series are included, the earliest 
starting in 1781.

In the input file of EKF400v1, pressure time series were ob-
tained from GHCN-Monthly v2 (Peterson & Vose, 1997), from 
HISTALP, from the collection made by Kuttel et al., (2010) and 

T A B L E  1   Summary of boundary conditions and forcings used for 
the CCC400 model simulations

Feature References

sea surface temperature Mann et al., (2009)

Niño-3.4 index Cook et al., (2008)

climatological sea-ice Rayner et al., (2003)

solar irradiance Lean (2000)

land-use Pongratz et al., (2008)

volcanic forcing Crowley et al., (2008)

greenhouse gases as used in Yoshimori et al., 
(2010) and references therein

sulphate Koch et al., (1999)
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(Continues)

T A B L E  2   Input data used for EKF400v1 and EKF400v2

Data Variable Time Data source Reference

Anjarakandy* T 1810–1823 inst Dove (1847)

Archangelsk T 1813–2001 inst Brohan et al., (2006)

Barcelona* T 1780–2004 inst Barriendos et al., (1997)

Burnley* R 1677–1704 inst Townley, 1694, Townley, 1699), Derham (1705)

Cambridge* (US) P 1742–1812 inst Dupigny-Giroux et al., (2007)

Carpathian basin T 1601–1854 docu Bartholy et al., (2004)

Central Belgium T 1794–2001 inst Demarée et al., (2002)

Central England T 1659–2004 inst Manley (1974), Parker et al., (1992)

Central Europe T 1601–1854 docu, inst Dobrovolný et al., (2010)

Central Europe (Germany) T 1600–1759 docu Glaser and Riemann (2009)

Charleston* T, R 1738–1759 inst Blodget (1857)

Edo (Tokyo)* T 1643–1890 docu Aono (2015)

Eastern Carpathians T 1601–2004 proxy Popa and Kern (2009)

Forfjorddalen T 1601–2004 proxy McCarroll et al., (2013)

Funchal (Madeira)* R 1747–1753 inst Alcoforado et al., (2012)

Funchal (Madeira) T 1749–1802 inst Alcoforado et al., (2012)

GHCN-Daily v3.27* NR 1781–2004 inst Menne et al., (2012)

GHCN-Monthly v2* R 1697–2004 inst Lawrimore et al., (2011)

GHCN-Monthly v2 P 1755–2002 inst Peterson and Vose (1997)

Gibraltar* R 1812–2004 inst Wheeler (2007)

Gibraltar T 1821–2003 inst Wheeler (2006)

Gordon Castle P 1782–1827 inst Buchan (1880)

gridded MXD T 1601–2004 proxy Briffa et al., (2004)

HISTALP T 1760–2004 inst Auer et al., (2007), Böhm et al., (2010)

HISTALP P 1763–2004 inst Auer et al., (2007)

HISTALP* R 1800–2004 inst Auer et al., (2007)

Ilulissat T 1835–2004 inst Vinther et al., (2006)

Ireland* R 1711–2004 inst Murphy et al., (2018)

ISTI v1.1.0* T 1701–2004 inst Rennie et al., (2014)

Jämtland T 1601–2004 proxy Gunnarson et al., (2011)

Kawanishi-Yamagata* T 1830–1980 docu Ohba et al., (2013)

Kiev T 1812–2001 inst Brohan et al., (2006)

Kyoto* T 1601–2004 docu Aono and Kazui (2008)

Kyoto* T 1601–1995 docu Aono and Tani (2014)

Lapland T 1601–1998 proxy Helama et al., (2009)

London P 1692–2004 inst Cornes et al., (2012b)

MXD records T 1601–2004 proxy WSL (2019)

Nagasaki P 1828–2000 inst Können et al., (2003)

Nagasaki T 1819–2000 inst Können et al., (2003)

Naples* T 1821–1846 inst Dove (1847)

Nuuk T 1784–2004 inst Vinther et al., (2006)

Nyzhny Tagil P 1840–1865 inst KNMI (1871)

northern Fennoscandia* T 1693–2004 docu Loader et al., (2011)
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additional individual records were included (Franke et al., 2017). 
In EKF400v2, the pressure time series were completed with one 
additional station from the United States (Dupigny-Giroux et al., 
2007). The pressure input file contains 141 time series.

An overview of the number of records per year and 
the spatial distribution of observation types are shown in 
Figures 1 and 2. The vast majority of the data are tree-ring 

width and density records throughout the reconstruction pe-
riod. In Europe, a few long instrumental measurement series 
are available from the second half of the 17th century. In the 
20th century, there are around 6,000 data entries. However, 
the input data file differs from the assimilated data because 
the data have to pass several preprocessing steps before they 
get assimilated (for more details, see Section 3).

Data Variable Time Data source Reference

N-TREND* T 1601–2004 proxy Wilson et al., (2016)

PAGES2k-2017* T, R 1601–2004 proxy Emile-Geay et al., (2017)

Paris* T 1658–2004 inst Rousseau (2009, 2013)

Paris P 1670–2004 inst Cornes et al., (2012a)

Paris* R 1688–2004 inst Slonosky (2002)

Poland T 1601–1696 docu Przybylak et al., (2005)

Pressure collection P 1749–2004 inst Küttel et al., (2010)

Pyrenees T 1601–2004 proxy Büntgen et al., (2008)

Pyrenees T 1601–2004 proxy Linán et al., (2012)

Qaqortoq T 1807–2004 inst Vinther et al., (2006)

Rio de Janeiro* T 1832–1843 inst Dove (1847)

Rio de Janeiro* R 1781–1788 inst Farrona et al., (2012)

Rio de Janeiro T 1781–1788 inst Farrona et al., (2012)

Salem (Massachusetts) P 1786–1820 inst Van Der Schrier and Jones (2008)

San Fernando (Cadiz)* R 1805–1944 inst Barriendos et al., (2002)

San Fernando (Cadiz) T 1787–1996 inst Barriendos et al., (2002)

Savanna-la-Mar (Jamaica)* R 1760–1786 inst Chenoweth (2003)

Savanna-la-Mar (Jamaica) T 1764–1776 inst Chenoweth (2003)

Stockholm P 1756–2004 inst Moberg et al., (2002)

St. Lawrence Valley* T 1742–2004 inst Slonosky (2014)

St. Petersburg T 1743–2004 inst Jones and Lister (2002)

Switzerland T 1601–1816 docu Pfister (1999)

Switzerland T 1601–2004 proxy Büntgen et al., (2006)

Tatra T 1601–2004 proxy Büntgen et al., (2013)

Tokyo (Hachioji) * T 1721–1941 docu Mikami (1996)

Tokyo T, P 1839–2000 inst Zaiki et al., (2006)

Tomsk* T 1830–1838 inst Dove (1847)

Torneträsk T 1601–2004 proxy Grudd (2008)

Tree and coral records* T, R 1601–2004 proxy Neukom et al., (2014)

TRW collection* T, R 1601–2004 proxy Breitenmoser et al., (2014)

Tyrol T 1601–2003 proxy Esper et al., (2007b)

Uppsala T 1722–2000 inst Bergström and Moberg (2002)

Yokohama T 1860–2000 inst Zaiki et al., (2006)

Zafra* T 1750–1839 docu Fernández-Fernández et al., (2014)

Note: In the Data column, the location of single time series as well as data compilations used in the input file are presented. In the Variable column, it is indicated 
which variable(s) the observation represent, where NR denotes number of wet days, P is pressure, R is precipitation, and T is temperature. In the Time column, the 
period relevant for the assimilation is shown. The data can come from documentary (docu), instrumental (inst) and proxy sources. A reference for each time series or 
data collection is given in the last column.
*Denotes newly added time series /databases in EKF400v2.

T A B L E  2   (Continued)
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