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ARTICLE INFO ABSTRACT

Handling editor: P Rioual The 1816 CE Year Without a Summer (YWS), following the 1815 CE Tambora eruption, is a classic example of a
global cooling event caused by a volcanic eruption. It is well-documented in various historical sources and
natural archives. In this study, we investigate whether imprints of this event can be detected in time series of
varve and varve sublayer thickness (VT) derived from lake archives. To this end, we examine 43 published and
globally distributed VT records covering the period 1766-1866 CE. We hypothesize that thickness anomalies in
many VT records correspond to the YWS because it was one of the most prominent climatic events of recent
centuries, and VT is a sensitive climate recorder. We evaluate site-specific temperature and precipitation
anomalies for the YWS of each investigated lake using available climate model simulations that incorporate
proxy and observational data. VT anomalies are identified based on individually selected threshold values for
each record, following a robust estimation of trend and variability in the VT data. The climate variables and
seasons most influential to VT are determined for each lake based on the related original publications. Our
analysis documents that only five records reveal VT anomalies attributable to the YWS. The relationship between
VT anomalies and the YWS is questionable in seven records, primarily due to uncertainty about the climatic
influence on VT in these cases, and unlikely for the remaining 31 records. The 31 records lacking a YWS signature
are divided into two groups. In the first group, the absence of VT anomalies is likely due to weak climate forcing,
as temperature and precipitation changed only slightly at those locations. In the second group, while climate
forcing was significant, the season during which the anomaly occurred or the specific climate variable that
deviated from the long-term mean were not the primary drivers of VT identified in the original studies. We
conclude that VT anomalies due to annual climate events are only recorded if a combination of favorable con-
ditions coincides.
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1. Introduction providing precisely dated, annually resolved, and continuous records

from the terrestrial realm that extend millennia into the past and cover a

A proper understanding of past climate states is crucial for contex-
tualizing current climate change and indispensable for making climate
projections more precise (Tierney et al., 2020). Although increasingly
accurate, climate reconstructions still require improvements to limit
existing uncertainties and contribute to further advances in paleoclimate
research. One avenue proposed to obtain more precise inferences of past
climate states is a better understanding of the climate signals in proxy
data derived from natural archives (Kaufman and Broadman, 2023).

There are numerous archives that serve as sources of paleoclimatic
information, each with their own unique properties. Varved or annually
laminated lake sediments are exceptional among these archives in

wide range of climate variables (Zolitschka et al., 2015). Various ap-
proaches were applied to reconstruct climate conditions from varved
sediments. Perhaps the simplest yet very efficient approach relies on
varve or varve sublayer thickness (VT) measurements. The obtained
time series often reveal strong relationships with instrumentally
measured climate variables (e.g., Bird et al., 2009; Thomas and Briner,
2009; Vegas-Vilarrtibia et al., 2022). It is this strong relationship that
serves as a basis for inferring past climates beyond the coverage of
instrumental data.

The correlation between climate parameters and VT results from
direct and indirect influences of climate conditions on depositional
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processes controlling the accumulation of authigenic and allogenic
sediment components in lakes. This relationship is site-specific, as
lacustrine sedimentation is governed by multiple local factors that
modify the original climate signal (Fritz, 2007). Consequently, fluctua-
tions in VT can be explained by different climate variables (e.g., tem-
perature, precipitation, wind speed) and seasons (Zolitschka et al.,
2015). Thus, each sedimentary system needs to be understood sepa-
rately to obtain climatic information properly.

The ability of VT records to infer past climate fluctuations over de-
cades, centuries, and millennia is generally well-established. Therefore,
VT records are important components of regional and global climate
reconstructions combining information from various paleoclimatic
proxies (e.g., Emile-Geay et al., 2017). Much less known, however, is the
suitability of VT records to reconstruct annual climate events, perhaps
with the exception of climatic extremes associated with major flooding
(Schiefer et al., 2007). For the majority of records, it remains to be
confirmed whether exceptional short-term temperature or precipitation
shifts correspond to anomalous VT. We argue that one way to verify the
potential of VT recording short-term climate events is to examine
whether existing records of VT anomalies correspond to prominent
climate cooling events following major volcanic eruptions (Cooper et al.,
2018).

Many volcanic eruptions of the last millennium have significantly
influenced global climate, as revealed by comprehensive evaluations
based on tree-ring records (Sigl et al., 2015). Cooling episodes, known as
volcanic winters, typically last from one to three years and are caused by
the formation of sulfuric acid aerosols in the stratosphere that enhance
the scattering of incoming solar radiation (Cooper et al., 2018). Among
these events, the 1816 CE ‘Year Without a Summer’ (YWS) associated
with the 1815 CE eruption of the Indonesian volcano Tambora is most
suitable for examining the potential of VT records to document
short-term climate events.

Firstly, the YWS was one of the most severe volcanic winters in
history (Sigl et al., 2015) and globally the second coldest year in over
300 years (Neukom et al., 2019), meeting the criterion of prominence.
Secondly, the YWS is well-documented in historical documents and
proxy data (Bronnimann and Kramer, 2016), allowing for a compre-
hensive understanding of both the magnitude and geographical extent of
related climatic changes. Thirdly, because the event is relatively recent,
varve chronologies are expected to suffer only to a minor extent from
counting errors, enabling a precise correlation of the event with thick-
ness anomalies. Finally, there is a relatively large number of varve and
varve sublayer records from various geographic settings covering the
time window of the Tambora event (Ramisch et al., 2020), which fa-
cilitates obtaining replicable results.

Although imprints of the YWS on VT records appear reasonable, as
many terrestrial land surfaces experienced significant cooling, VT
anomalies should not be expected for every record, since the event was
not spatially uniform even at regional scales. For instance, the summer
of 1816 CE saw a temperature drop of 3 °C below long-term averages in
parts of Central and Western Europe, while slight positive temperature
anomalies were observed in more eastern parts of the continent
(Luterbacher and Pfister, 2015). This spatial heterogeneity in climate is
attributed to the varying responses of atmospheric and oceanic circu-
lation to the 1815 CE eruption in different regions, as well as to unforced
climate variability, which could either amplify or suppress the effects of
volcanic forcing (Raible et al., 2016). Thus, the total contribution of VT
records with imprints of the YWS can critically depend on the locations
of lakes from which the records have been derived.

In this study, we examine published VT records covering the last
~250 years along with available climate anomaly data for the YWS. Our
aim is to identify significant VT anomalies in the records around 1816
CE and evaluate their possible links to the YWS climate event. The ob-
tained results are expected to contribute to a better understanding of the
climate signals in VT time series. Given the confirmed sensitivity of VT
to climate fluctuations and the prominence of the investigated climate
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anomaly, we hypothesize that the YWS often correlates with noticeable
VT anomalies.

2. Material and methods

We analyze published VT records spanning the 101-year-long period
centered at 1816 CE, i.e., the period from 1766 to 1866 CE. Only
continuous VT records for the period in focus were included in this
study. To obtain relevant data, we searched the following data re-
positories: (i) VARved sediments DAtabase (VARDA; Ramisch et al.,
2020), (ii) World Data Service for Paleoclimatology (WDS-Paleo) at
NOAA’s National Centers for Environmental Information (Gross et al.,
2018), (iii) PANGAEA, the data publisher for Earth and environmental
science (Felden et al., 2023), (iv) Geological Society of America (GSA)
Data Repository, and (v) Arctic Data Center. Additionally, we performed
a literature search for records not available in public data repositories
and asked corresponding authors to make their data available for this
study. If data of varve sublayer thickness was available, we use it in the
analysis instead of total varve thickness values. Sublayers are assigned to
two classes: “light layers” and “dark layers”. Both are descriptive and
include sediments of various composition. For four records, high-quality
data was available only for a single class of sublayers. Table 1 lists all 43
records that were examined in this study.

To identify the climate variable and season that mostly influences VT
in a given record, we examined the relevant information in the original
publications. We described each record, distinguishing positive and
negative relationships for one of the four seasons if such a relationship
was reported by the authors. We use the designation ‘not available’ (NA)
if the authors provided no information on such a relationship or if the
relationship was reported to be weak. Similarly, we use the ‘NA’
designation if no information is available on the season that influenced
VT most or if the relationship with seasons is uncertain.

Climate anomalies for the peak of the YWS (1816 CE) and for the
location of lakes were obtained from the global atmospheric paleo-
reanalysis dataset EKF400v2, which provides estimates of several
climate variables with monthly resolution for the period 1600-2005 CE
(Valler et al., 2022). This paleo-reanalysis relies on data assimilation
that infers past climate states from both climate model simulations and
observational information, i.e., documentary, instrumental, and proxy
sources. Precision of the reconstruction can vary depending on the
proximity of the grid cell to the nearest observational information and
the precision of the information itself. For the period in focus, high
density and variability of information are available mainly for Europe
and North America, while for most other regions, there is a shortage of
information (Valler et al., 2022). This is particularly true for Africa.
Based on EKF400v2 data, we investigate the potential climatic effects of
the 1815 CE Tambora eruption on both warm and cold seasons in the
Northern and Southern Hemispheres. Specifically, we calculated tem-
perature and precipitation anomalies for Northern Hemisphere (NH)
summer (June, July, August) of 1816 CE and NH winter (December,
January, February) of 1816/1817 CE. The anomalies were calculated
with respect to 1766-1866 CE means. We focus on the NH winter of
1816/17 CE instead of 1815/16 CE because for the former noticeably
more prominent anomalies were revealed by the paleo-reanalysis.

To identify noticeable anomalies in VT data, we first estimated trends
using a running median (MED):

MED; = median{x(i)}** , @
where x(i) is the varve thickness at time i, and then calculated time-
dependent variability using a running median absolute distance (MAD):

}i+k @

MAD; = median{ ‘x(]’) — median{x(i)}i" ik

The smoothing parameter k, which controls the width of the window
in calculations, was selected separately for each record from a range
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Table 1
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List of varved records used in this study with geographical information and references. Column ‘ID on map’ refers to numbers in Fig. 1. Following Ramisch et al. (2020),
we omit the word ‘Lake’ if it is not an essential part of a lake name, to keep the naming concise.

IDonmap Lake name Record label Latitude (°) Longitude (°) Country code Data source Reference

1 Ayr Lake Ayr Lake - varve 70.45900 —70.08600 CAN VARDA Thomas et al. (2012)

2 Big Round Lake Big Round Lake - varve 69.86476 —68.85484 CAN VARDA Thomas and Briner (2009)
3 Blue Lake Blue Lake - varve 68.08701 —150.46518 USA VARDA Bird et al. (2009)

4 Chala Chala - light layer -3.31676 37.70403 KEN VARDA Wolff et al. (2011)

5 Chevalier Chevalier - dark layer 75.05000 —111.50000 CAN PANGAEA Amann et al. (2017)

6 Donard Donard - varve 66.66253 —61.78749 CAN VARDA Moore et al. (2001)

7 East Lake East Lake_1 - varve 74.88821 —109.53417 CAN VARDA Cuven et al. (2011)

7 East Lake East Lake_2 - varve 74.88821 —109.53417 CAN PANGAEA Lapointe et al. (2017)

8 Elk Lake Elk Lake - varve 47.18905 —95.21790 USA VARDA Dean and Megard (1993)

9 Etoliko Etoliko - light layer 38.47323 21.32478 GRC VARDA Koutsodendris et al. (2017)
9 Etoliko Etoliko - dark layer 38.47323 21.32478 GRC VARDA Koutsodendris et al. (2017)
10 Green Lake Green Lake - varve 50.20000 —122.90000 CAN ‘WDS-Paleo Schiefer et al. (2007)

11 Holzmaar Holzmaar - varve 50.11889 6.87917 DEU Author Zolitschka (1996)

12 Hvitarvatn Hvitarvatn_1 - varve 64.61014 —19.84015 ISL VARDA Larsen et al. (2011)

12 Hvitarvatn Hvitarvatn_2 - varve 64.61014 —19.84015 ISL VARDA Larsen et al. (2011)

13 Iceberg Lake Iceberg Lake_1 - varve 60.78804 —142.95885 USA VARDA Loso (2009)

13 Iceberg Lake Iceberg Lake 2 - varve 60.78804 —142.95885 USA VARDA Diedrich and Loso (2012)
14 Kassjon Kassjon - varve 63.92566 20.00977 SWE Author Arnqvist et al. (2016)

15 Kenai Kenai - varve 60.38806 —149.6011 USA GSA Boes et al. (2017)

16 Kuninkaisen-lampi Kuninkaisen-lampi - light layer 63.98333 28.02333 FIN Author Saarni et al. (2016)

16 Kuninkaisen- lampi ~ Kuninkaisen- lampi - dark layer =~ 63.98333 28.02333 FIN Author Saarni et al. (2016)

17 Kusai Kusai - light layer 35.69167 92.83333 CHN Author Zhang et al. (2022)

17 Kusai Kusai - dark layer 35.69167 92.83333 CHN Author Zhang et al. (2022)

18 Lake C2 C2 Lake - varve 82.82759 —77.98599 CAN VARDA Lamoureux and Bradley (1996)
19 Lake DV09 DVO09 Lake - varve 75.57439 —89.30943 CAN VARDA Courtney Mustaphi and Gajewski (2013)
20 Lehmilampi Lehmilampi - varve 63.62829 29.10224 FIN VARDA Haltia-Hovi et al. (2007)
21 Linnévatnet Linnévatnet - varve 78.04472 13.807222 NOR ADC Lapointe et al. (2023)

22 Lower Murray Lake Lower Murray Lake - varve 81.33275 —69.55102 CAN VARDA Cook et al. (2009)

23 Montcortes Montcortes - light layer 42.33158 0.99491 ESP PANGAEA Vegas-Vilarrtibia et al. (2022)
24 Nar Golii Nar Golii - light layer 38.34037 34.45611 TUR Author Roberts et al. (2019)

24 Nar Golii Nar Golii - dark layer 38.34037 34.45611 TUR Author Roberts et al. (2019)

25 Nautajérvi Nautajarvi - light layer 61.80000 24.68330 FIN WDS-Paleo Ojala and Alenius (2005)
25 Nautajarvi Nautajarvi - dark layer 61.80000 24.68330 FIN WDS-Paleo Ojala and Alenius (2005)
26 Oeschinen Oeschinen - varve 46.49841 7.72744 CHE VARDA Amann et al. (2015)

27 Ogac Ogac - light layer 62.84316 —67.34011 CAN VARDA Hughen (2009)

27 Ogac Ogac - dark layer 62.84316 —67.34011 CAN VARDA Hughen (2009)

28 Plomo Plomo - varve —47.00475 —72.91217 CHL VARDA Elbert et al. (2015)

29 Sawtooth Sawtooth - varve 79.34939 —83.92353 CAN VARDA Francus et al. (2002)

30 Skilak Skilak_1 - varve 60.40198 150.30434 USA GSA Boes et al. (2017)

30 Skilak Skilak 2 - varve 60.40198 150.30434 USA GSA Boes et al. (2017)

31 Upper Sopper Upper Sopper - dark layer 62.91667 —69.53000 CAN WDS-Paleo Hughen et al. (2000)

32 Zabinskie Zabinskie - light layer 54.13180 21.98360 POL Author Za rezynski et al. (2019)

32 Zabiriskie Zabinskie - dark layer 54.13180 21.98360 POL Author Zarczynski et al. (2019)

between 6 and 14 to minimize the cross-validation criterion C; pre-
sented by Zheng and Yang (1998):

6= b3 o) - mediantx ) @

Limiting k to the range [6, 14], which results in a window width of
13-29 years (window width = 2k + 1), aims to avoid solutions that use
either very large or very small k values. If no pre-selection is made, an
erroneous k can be suggested by the C; criterion, as it is not completely
immune to autocorrelation typically occurring in time series (Mudelsee,
2014). We used MED and MAD because these are robust estimators not
biased by extremes. Since methods relying on moving windows truncate
the original records at both ends, we used records longer than 101 years
as input. This approach eliminated the need to extrapolate the resulting
records to obtain MED and MAD values for the entire time range of
1766-1866 CE. Following Besonen et al. (2008), we consider the
thickness of a layer to be anomalously large or small if it exceeds the
threshold detection value (TDV) defined by:

TDV =MED + MAD x z @

To identify solutions where anomalies constitute no more than 5% of
all observations, we examined various values of the scalar z. For positive
anomalies, we tested z values of 2, 3.5, and 5, while for negative
anomalies, we used values of 1, 1.75, and 2.5. Lower z values were

examined to detect negative extremes, considering the hard boundary at
0 mm. The final decision on selecting z for positive and negative
anomalies was based on evaluating the number of identified anomalies.
For VT that exceeded upper or lower thresholds, we calculated the
magnitude of the anomaly (S,,) considering the sample-specific MAD:

x(i) — MED

MAD ®

Sm=

As a first approximation, we consider an anomaly to be potentially
related to the YWS if it occurred at 1816 + 7 CE. We applied the same
chronological uncertainty level to all records because, in most cases,
chronological uncertainty was not evaluated. The +7-year range cor-
responds to a chronological uncertainty of 3.5% relative to the YWS.
This slightly exceeds the +2% suggested by Ojala et al. (2012) as a
realistic error for most varve chronologies. However, we decided to use a
relatively long-time window to avoid excluding anomalies around the
YWS that may arise from records potentially suffering from lower
chronological precision.

To evaluate the site-specific relationship between VT and climate
variables, independent of the information provided by original publi-
cations, we ran correlations between climate data extracted from the
relevant grids of EKF400v2 spanning the reference period of 1766-1866
CE and the VT records. Correlation coefficients were calculated using
annual summer and winter averages of temperature and precipitation,
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as well as detrended VT time series. The detrended VT value x,4(i) was
calculated as:

x4(i) = x(i) — MED (6)

A Spearman’s rank correlation coefficient (p) was calculated instead
of Pearson’s linear correlation coefficient (r) due to the asymmetric
distribution of VT data. To account for possible time lags in the VT
response to climate variations and the chronological imprecision of the
VT records, we tested solutions with lags ranging from —10 to +10 years
for selecting the highest p for each season, each climate variable, and the
VT record individually.

3. Results

3.1. Distribution of lakes with varved sediments and YWS climate
anomalies at their respective locations

The records examined come from 32 lakes (Table 1). Most are
located in North America (n = 17) and Europe (n = 11), while two are
from Asia and one each from Africa and South America (Fig. 1). Tem-
peratures during the NH summer of 1816 CE were noticeably lower than
average for the period 1766 to 1866 CE for most of the Earth’s land
surface. There is a cooling reported for most of the lake locations, with
the most prominent deviation from the reference period found at
Oeschinen, in the Swiss Alps (2.7 °C colder than the 1766-1866 CE
average). Slight warming was detected at only eight sites. During the NH
winter of 1816/1817 CE, large parts of eastern North America were
noticeably colder than usual, while Europe and western Asia were
warmer than average. Temperature changes in other regions were
comparatively small. Accordingly, the most pronounced cooling was
found at lakes located in Arctic Canada, reaching a minimum at Ogac
(6 °C colder than the 1766-1866 CE average; Fig. 2), whereas positive
anomalies were mostly reported for European sites, with a maximum at
Zabiniskie, Poland (temperatures 3.3 °C higher with respect to the
reference period).

Spatial manifestation of precipitation anomalies for the NH summer
1816 CE is less uniform compared to temperature anomalies (Fig. 1). We
found that slightly more than half of the sites (n = 18) experienced less
precipitation than the 1766-1866 CE average. Departures from the
mean were mostly small (<25%) but at Nar Golii in Turkey (no. 24 in
Fig. 1), there was more than twice as much precipitation as expected
from the long-term mean (217%, Fig. 2). During the NH winter of 1816/
1817 CE, precipitation anomalies also varied spatially. For most of the
locations (n = 26) it was drier than average with a minimum of 62% of
the average reported for Donard in Canada (no. 6 in Fig. 1). The only site
with a noticeable positive anomaly is Kusai on the Tibetan Plateau
(China; 127%; no. 17 in Fig. 1).

3.2. Characteristics of VT time series

Of the studied records, 25 provide total varve thickness measure-
ments, and together 18 light and dark sublayer thickness measurements.
According to information provided by the original publications, 28 re-
cords reveal a clear association with a climate variable (Fig. 3). Of these,
only two records revealed a negative relationship with the driving
climate variable, whereas the remaining records show a positive rela-
tionship. The most common climate-related variable influencing VT is
temperature (n = 17), followed by precipitation (n = 5), hydrological
extremes (n = 5), and wind strength (n = 1). Although for most records
(n = 19) summer is the most important season controlling VT, some
records reveal associations with other seasons (three with winter, two
with spring, and one with autumn). In the case of three records revealing
relationships with a climate variable, none of the seasons played a
dominant role.

The records differ markedly in terms of their maximum amplitude of
fluctuations, average thicknesses, and overall variability (Fig. 4). In the
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records from Kuninkaisenlampi (Finland), the VT between 1785 and
1794 CE is derived from interpolation (shown as red shading in Fig. 4).
Therefore, we excluded this interval from further analyses. Altogether,
we found four VT values that equal zero. Excluding these values, the
minima of VT range from 0.001 to 3.35 mm. Even more pronounced
differences were determined for median thicknesses (ranging from
0.031 to 8.91 mm), and for maximum thicknesses (ranging from 0.091
to 34.29 mm). The noticeable difference in variability of thicknesses is
evident from the wide range of standard deviation (0.02-5.31 mm).

3.3. Correlations between EKF400v2 climate time series and VT records

The calculated correlations between seasonal averages of climate
variables and the detrended VT time series were low for each variable in
each record, with a maximum p < 0.4, even when considering the most
favorable lags (Supplementary Information, Fig. S1). We assume that
this result is primarily due to the coarse spatial resolution of EKF400v2,
which is inadequate for evaluating the site-specific relationship between
VT and climate variables. Consequently, we abandoned further explo-
ration to determine which climate variable and season are most
important for controlling VT in the investigated records using
EKF400v2. Instead, we rely on the information provided by the original
publications.

3.4. VT outlier detection

The criterion we used to select the optimal smoothing factor k in
calculating MED (Eq. (1) and MAD (Eq. (2) yields variable results
ranging from minimum (6) to maximum (14) pre-selected values of k.
Accordingly, window sizes used in calculations vary from 13 to 29
(specific window sizes used are provided in parentheses next to the site
names in Fig. 4). We observed noticeable differences in the number of
outliers detected depending on the selection of the z value for Eq. (4)
(Fig. 5). The median number of negative outliers for various z values are:
19(z=1),7 (z=1.75) and 2 (z = 2.5). Similarly, for positive anomalies,
the median number of detected outliers varies from 14 (z = 2) through 6
(z = 3.5) to 3 (z = 5). The solution closest to the desired outcome, with
the majority of records containing not more than 5% anomalous ob-
servations, was achieved with z = 2.5 for negative and z = 5 for positive
extremes.

In the selected solution, the total number of identified outliers varies
from 1 to 14. For 17 records, there was no negative anomaly, whereas a
positive anomaly was absent in only two records. The maximum number
for negative and positive anomalies are 10 and 14, respectively. Within
the time range 1816 + 7 CE, no anomalies were found for 18 records, a
single anomaly was found for 15 records, and more than one anomaly
was identified for 10 records (Fig. 6). For Ayr Lake - varve, Chala - light
layer, Donard - varve, Green Lake - varve, Holzmaar - varve, Iceberg
Lake_1 - varve, Nar Golii - light layer, Nautajarvi - dark layer, Oeschinen
- varve, and Zabinskie - dark layer, we conclude that the scaled
magnitude of the anomaly at 1816 + 7 CE is exceptional compared to
the remaining anomalies (Fig. 6).

4. Discussion

4.1. Spatial patterns of climate anomalies during the YWS and their
drivers

Although it appears obvious that climate conditions in 1816 CE
differed noticeably from long-term averages, there remain uncertainties
regarding the amplitude of changes in temperature and precipitation as
well as their spatial variability (Raible et al., 2016). Therefore, before
discussing the relationship between VT and climate anomalies of the
YWS, we provide an overview of the EKF400v2 output for the period in
focus to examine how it corresponds to the current understanding of the
climatic impacts after the Tambora eruption in 1815 CE.
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Fig. 1. Maps showing temperature and precipitation anomalies during the ‘Year Without a Summer’ of 1816 relative to the 1766-1866 mean. (A) Northern
Hemisphere (NH) summer (June, July, August) temperatures in 1816 CE, (B) NH winter (December, January, February) temperatures in 1816/1817 CE, (C) NH
summer precipitation in 1816 CE, and (D) NH winter precipitation in 1816/1817 CE. Precipitation anomalies are expressed as deviations from the mean in per-
centages, with 100% corresponding to no change. Data are from the EKF400v2 reconstruction (Valler et al., 2022). Locations of investigated lakes are marked with
dots and their ID numbers (Table 1).
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Fig. 2. Climate anomalies at the investigated lake sites for Northern Hemisphere summer (June, July, August) of 1816 CE and winter (December, January, February)
of 1816/1817 CE. The estimates are derived from EKF400v2 (Valler et al., 2022). Temperature anomalies are reported as deviations from their means of the
1766-1866 CE reference period, whereas precipitation anomalies are expressed as deviations from the mean for the same reference period, with 100% corresponding

to no change.

Perhaps the most well-documented pattern of temperature change
related to the YWS concerns the notable cooling of Western Europe and
parts of Eastern North America, accompanied by little to no temperature
change or slight warming in Eastern Europe and other parts of North
America (Luterbacher and Pfister, 2015; Raible et al., 2016). This
pattern, which can be largely attributed to unforced climate variability
(Bronnimann and Kramer, 2016), possibly was related to an unusual
Rossby-wave configuration (Raible et al., 2016) and is well reproduced
by EKF400v2 (Fig. 1A). The paleo-reanalysis also agrees with previous
studies, showing limited cooling in the Southern Hemisphere during the
summer of 1816 CE. Raible et al. (2016) explain this by negligible effects

of the Tambora eruption on two primary modes of internal climate
variability influencing the Southern Hemisphere: the El Nino/Southern
Oscillation and the Southern Annular Mode.

In the winter of 1816/17 CE, cooling in Northeastern North America
and warming in Central and Eastern Europe are the only notable tem-
perature changes suggested by EKF400v2 (Fig. 1B). This pattern of
temperature anomalies revealed by paleo-reanalysis for the North
Atlantic region was already reported in previous studies (Fischer et al.,
2007; Ortega et al., 2015) and can be expected during a positive phase of
the North Atlantic Oscillation (NAO; Ortega et al., 2015). It remains
likely that the Tambora eruption contributed to the switch to a positive
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Fig. 3. Relationship between varve and varve sub-layer thicknesses (VT) and climate-related variables. Relationships are identified based on information provided by
original publications (see Table 1 for references). Note that for all records, including those from the Southern Hemisphere, the identification of seasonal affinity relies
on Northern Hemisphere seasons to facilitate cross-referencing with Figs. 1 and 2. NA - not available.

NAO phase through intensification of the polar vortex (Trigo et al.,
2009; Wang et al., 2023), even though this is not well reproducible by
some climate models (Raible et al., 2016).

EKF400v2 successfully reproduces negative anomalies in precipita-
tion over monsoon regions of Africa, East Asia, and North America for
the summer of 1816 CE (Fig. 1C), previously recognized in climate
model simulations (Bronnimann and Kramer, 2016). A decrease in
precipitation following large tropical volcanic eruptions is expected due
to the weakening of monsoon circulation. This weakening occurs
because land surfaces cool more rapidly than oceans in response to
increased scattering of solar radiation in the stratosphere caused by
volcanic sulfur aerosols. The resulting change in the temperature
gradient between land and ocean disrupts the monsoon system, leading
to reduced rainfall. Positive anomalies in summer precipitation over
Central Europe, which have been explained by a weakening and
expansion of the Hadley Cell following the Tambora eruption (Wegmann
et al., 2014) are also evident in the map derived from EKF400v2
(Fig. 1C).

Precipitation anomalies reconstructed by EKF400v2 for the winter of
1816/17 CE support a positive NAO phase inferred from temperature
patterns by showing drying in Southern Europe and Northern North
America and wetting in Southern North America (Fig. 1D). Moister
conditions of Northern Europe expected during a positive winter NAO
phase is less evident. In addition to anomalies at high latitudes,
EKF400v2 also shows noticeable changes in winter precipitation for the
tropics, which could have been associated with a migration of the

Intertropical Convergence Zone in response to the eruption (Iles et al.,
2013).

In summary, the patterns of temperature and precipitation changes
reconstructed from EKF400v2 for the summer of 1816 CE and the winter
of 1816/17 CE align with the current understanding of climate anom-
alies following the Tambora eruption. Therefore, the reanalysis output
appears suitable for examining the relationship between climatic effects
of the eruption and VT records. Nonetheless, the anomalies extracted
from EKF400v2 for the lake sites investigated in this study only
approximate the true anomalies, as lakes certainly respond to more local
climate variations that can differ largely from anomalies averaged over
2 x 2° grid cells. Thus, caution is needed when interpreting the results.

4.2. Relationship between VT anomalies and the YWS

Understanding the relationships between VT anomalies and climate
perturbations following the 1815 CE Tambora eruption is a challenging
task. With no direct proxy currently available for identifying this vol-
canic event in the records, we rely on correlating changes in VT along
calendar year-dated but imperfect time series. Despite this difficulty, we
argue that it should be possible to assess the likelihood of a YWS imprint
on lacustrine VT records by relying on our robust identification of VT
anomalies (Fig. 6). Furthermore, combining knowledge of site-specific
relationships between climate and VT (Fig. 3) and the available and
up-to-date understanding of climate anomalies during the YWS (Fig. 2)
is helpful. Accordingly, we distinguish four categories of records that
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differ in their potential to contain an imprint of the YWS (Fig. 6): (i) YWS 4.2.1. YWS imprint unlikely A

imprint unlikely A; (ii) YWS imprint unlikely B; (iii) YWS imprint This category comprises all 18 records where no anomalies were
questionable; and (iv) YWS imprint likely. Below, we characterize each detected within the time range of 1816 + 7 CE years (Fig. 6). For the
category and explain in detail how the categorization was performed. majority of records in this category, the absence of anomalies can likely

be attributed to a small magnitude of the climate anomaly or site-
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specific relationships between varve-formation processes and climate.
For example, according to EKF400v2, precipitation during the YWS was
close to the long-term average, and temperature change did not signif-
icantly exceed 1 °C for the locations of Blue Lake, Chevalier, Elk Lake,

Hvitarvatn, Kassjon, Kenai, Lake C2, Skilak (Fig. 2). Although the
climate influence was more distinct for Big Round Lake - varve, Etoliko -
light layer, Lehmilampi - varve, Montcortes - light layer, Nautajarvi -
light layer, and Nar Golii - dark layer, either the climate variable or the
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season, during which the anomaly occurred, was not attributed as
having a dominant influence on VT in the original publications (Figs. 2
and 3).

There are only two records in the first category where an anomaly
was expected but not observed: Ogac - light layer and Upper Sopper -
dark layer. For both cases, summer temperatures, which are the most
significant predictors of VT (Fig. 3), declined more than 1.5 °C (Fig. 2).
One possible explanation for the lack of a significant thickness anomaly
in these records is that Ogac and Upper Sopper are located in Arctic
Canada, a region likely characterized by exceptionally large year-to-year
temperature fluctuations (Olonscheck et al., 2021). Therefore, despite a
temperature change of 1.5 °C noticeable on a global scale, it was likely
insignificant locally.

4.2.2. YWS imprint unlikely B

In this category, there are thirteen records showing anomalies in the
period 1816 =+ 7 CE that should not be present if the climate shift during
the YWS was the main driver controlling VT and if the VT-climate
relationship was correctly identified in the original publications
(Fig. 6). During the YWS, summer temperatures were slightly lower for
locations of the following records: Donard - varve, DV09 - varve, Lower
Murray Lake - varve, and Sawtooth - varve (Fig. 2). Since these records
show a positive relationship with summer temperature (Fig. 3), a
negative anomaly, if any, has to be expected. However, in each case, a
positive anomaly is present. For the remaining records in this category,
namely East Lake_1 - varve, East Lake 2 - varve, Green Lake - varve,
Iceberg Lake_1 - varve, Iceberg Lake_ 2 - varve, Kusai - light layer,
Linnévatnet — varve, Plomo - varve, and Chala - light layer, climate
anomalies relevant to the thicknesses were all minimal (Fig. 2) and thus
should not be considered as sole explanatory factors for exceptionally
thick or thin layers.

We separated this category from ‘YWS unlikely A’ because we cannot
completely exclude the possibility that there may exist more complex
relationships between the YWS and VT, or that climate anomalies not
considered as important may have influenced these records. For
instance, here we considered only seasonal averages, which, despite
providing an important first-order approximation of past climate con-
ditions, are not able to capture the entire climate variability that might
have influenced lacustrine sedimentation. Also, it is possible that the
relationship between climate variables and the thickness has changed
over time. This was reported for the record from Lake Silvaplana,
Switzerland, which revealed a positive relationship with temperature
over the 20th and a negative relationship in the 19th century (Blass
et al., 2007). However, any discussion of potential influences of factors
that cannot be reliably reconstructed would inevitably remain specula-
tive. Therefore, we argue that given the available data, it appears
reasonable to consider the imprint of the YWS in records of the second
category as unlikely.

Perhaps the most interesting record in the second category is Chala -
light layer (Kenya), where one of the three anomalies found at 1816 + 7
CE was exceptionally large, even if considered on a multi-millennial
timescale (Wolff et al., 2011). Yet, NH summer precipitation, which is
the strongest predictor of thicknesses in this case (Fig. 3), remained
unchanged during the YWS (Fig. 2). One argument could be that the
EKF400v2 climate reconstruction for Lake Chala is not very precise due
to the large distance to the nearest instrumental weather station or any
proxy record (Valler et al., 2022). However, another line of evidence
suggests that precipitation has not markedly changed during the YWS.
Precipitation in central-east Africa is driven to a large extent by ENSO
oscillations with particularly wet NH summers corresponding to prom-
inent La Nina events (Wolff et al., 2011). Thus, any anomalously wet
summers should be traceable in the ENSO index record, which appar-
ently does not show any noticeable shifts around 1816 CE (Li et al.,
2013). Therefore, we assume that EKF400v2 is probably not exceedingly
wrong in suggesting no noticeable NH summer precipitation anomaly
for 1816 CE in East Africa. Consequently, the prominent anomaly in the
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Chala - light layer record is most likely driven by processes not directly
related to the climate impacts of the 1815 CE Tambora eruption and its
presence around 1816 CE is a coincidence.

4.2.3. YWS imprint questionable

Seven records fall into the third category and reveal a complex
relationship with climate, without any single variable dominating the
influence on VT (Fig. 3). Although this complex relationship prevents
from a straightforward association of the thickness anomalies around
the YWS with the climatic impacts of the 1815 CE Tambora eruption,
climate should still be considered as a potentially important factor due
to the noticeable climate anomaly around the YWS found for each
location. For Etoliko (Greece), there was a change in NH summer pre-
cipitation that reached almost 150% of the long-term average, whereas
for all the remaining lakes, there was either a summer or winter tem-
perature change of at least 1.5 °C (Fig. 2).

Although records from the third category are more likely to contain
the imprint of the YWS than those from the first two categories, non-
climatic drivers of VT anomalies should also be considered. For
instance, in lakes with well-documented human impact across the YWS,
such as Zabiniskie in Poland (Zarczynski et al., 2019), an anthropogenic
trigger potentially can dominate VT variations. Additionally, random
processes unrelated to environmental disturbances, such as sediment
redeposition due to slumping, could explain VT anomalies (Apolinarska
et al., 2020). Therefore, without additional evidence supporting asso-
ciations of VT anomalies in this category with climate perturbation, we
consider the YWS imprint to be questionable.

4.2.4. YWS imprint likely

This last category comprises five records, for which we found
anomalously thin or thick layers at 1816 + 7 CE, along with noticeable
climate anomalies at the sites of the records. Additionally, for a record to
be included in this category, the thickness anomalies had to correspond
to the climate anomaly, with which it revealed the strongest association.
Two records, Kusai - dark layer and Kuninkaisenlampi - light layer, were
included in this category conditionally and require some caution.

A positive anomaly in the Kusai - dark layer record was identified as
possibly related to the YWS based on the results of a climate modeling
study by Wegmann et al. (2014) that suggested, this location experi-
enced a positive summer wind anomaly during 1816 CE. We suggest
caution in this case because the results of climate modeling reveal high
spatial variability of anomalies around the location of Lake Kusai.
Additionally, the wind anomalies modelled lack independent
confirmation.

In the case of Kuninkaisenlampi - light layer, caution is required
because the thickness is assumed to respond mostly to hydrological
extremes, for which we have no independent proxy. The record was
included in the fourth category because Saarni et al. (2016) suggested
that hydrological extremes are inversely related to winter temperatures.
Since winter temperature for the location of Lake Kuninkaisenlampi was
higher by ~1.5 °C compared to the long-term average, we consider it
likely that negative thickness anomalies correspond to this warming. For
the Kuninkaisenlampi - light layer record, an additional factor is
complicating the association of the VT anomaly with the climate fluc-
tuation following the 1815 CE Tambora eruption, which is the presence
of several consecutive VT anomalies for the period 1816 + 7 CE (Fig. 6).
One possible explanation for the occurrence of consecutive anomalies is
related to the hydrological memory of the catchment, which could allow
a climatic anomaly to influence the hydrological behavior of a catch-
ment for several years (de Lavenne et al., 2022). However, it remains
unclear whether this or other factors caused these multiple anomalies.

For the remaining lakes in the fourth category, the relevant climate
anomaly is derived from the output of EKF400v2. Because all these
investigated lake records are located in or near Europe, where abundant
observational information is available (Valler et al., 2022), a high con-
fidence in the reconstructed climate anomaly is expected. The thickness
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anomaly that likely corresponds to the YWS in the Holzmaar varve re-
cord (Germany) has the largest scaled magnitude over the entire period
considered (Fig. 6). Although it is not conclusive from correlation with
instrumental data, which season drives VT the most (Zolitschka, 1998),
given the pronounced NH summer cooling (>2 °C; Fig. 2) and the in-
verse relationship with temperature (Fig. 3), we assume that the warm
season cooling forced the exceptional thickness of the varve, while the
reconstructed winter warming had no clear impact on VT for this site.

For the Nar Golii - light layer record, there are three thickness
anomalies in the period 1816 + 7 CE: two negative anomalies, which are
both of a small-scaled magnitude, and one positive anomaly, which is
large (Fig. 6). Light layer thickness of the Nar Golii record is positively
related to spring precipitation (Fig. 3). Therefore, it is most likely that
the large, positive thickness anomaly resulted from excessive spring
precipitation (>120% of the long-term mean according to EKF400v2;
data not shown) followed by an exceptionally wet summer (precipita-
tion exceeded 200% of the long-term mean; Fig. 2). If this association of
the positive anomaly with the YWS is correct, then the origin of the
negative anomalies must be explained by other factors.

The Oeschinen varve record revealed two anomalies at 1816 + 7 CE:
a larger and positive and a smaller and negative (Fig. 6). We assume that
it is the positive thickness anomaly that recorded the climatic effect of
the 1815 CE Tambora eruption. The most prominent climate anomaly
during the YWS reported for the location of Oeschinen is a NH summer
cooling that exceeded 2.5 °C (Fig. 2). However, as the varve thickness is
primarily related to precipitation (Fig. 3), it is more likely that the YWS
imprint is associated with the precipitation anomaly, which reached
120% of the long-term average (Fig. 2). It is well documented that the
NH summer of 1816 CE was exceptionally wet in Switzerland, even if it
was the number of days with precipitation rather than the total pre-
cipitation sum that differed markedly from average conditions
(Bronnimann and Kramer, 2016).

5. Conclusions

In this study, we examined 38 VT records covering the period from
1766 to 1866 CE to investigate imprints of the prominent climate
anomaly following the 1815 CE Tambora eruption, known as the 1816
‘Year Without a Summer’ (YWS). We hypothesize that thickness anom-
alies correspond to the YWS in many VT records because it was one of
the most prominent climatic events of recent centuries (Sigl et al., 2015).
Moreover, VT is a sensitive climate recorder. However, with the statis-
tical methods applied, we document that the imprint of the YWS is
missing in most cases.

There are two main reasons for only a limited number of records
containing the YWS signal. First, although the climate anomaly was
prominent on a global scale, many of the studied sites experienced only
limited shifts in temperature and precipitation. Thus, the climate forcing
affecting lake sedimentation was likely too weak to cause distinct VT
anomalies. Only in a few cases climate forcing was noticeable. However,
either the season revealing the anomaly or the climate variable that
noticeably departed from the long-term mean were not the primary
drivers of VT as recognized in the original studies. The lack of thickness
anomalies in these cases shows that VT is a poor recorder of even
prominent climate anomalies if the climatic conditions relevant to varve
formation remain stable at a given site. Therefore, globally correlated
varve thickness anomalies should not be expected from climate impacts
even of the most violent Late Holocene volcanic eruption.

Nevertheless, the likely presence of an imprint of the YWS in five
time series corroborates the ability of VT to record annual climate
anomalies. Therefore, they should be considered, among other drivers,
as a likely factor behind event-like changes in varve thickness records.

We argue that future multi-proxy studies of lake sediments should
consider the examination of a likely imprint of the YWS. This will enable
more detailed interpretations of lake ecosystem responses associated
with such events. However, and perhaps the most challenging task for
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future studies focusing on volcanic imprints on lake sediment archives is
finding an independent proxy for a volcanic event that would allow a
more direct association of changes in sediment records with volcanic
events such as the YWS. In the absence of tephra particles and/or
advanced chronological methods to improve the dating of varve sedi-
ments from the distant past, these records will inevitably be limited by
chronological uncertainties. This makes a precise correlation of short-
term climatic events with multi-centennial or longer timescales chal-
lenging, if not unfeasible.
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