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ABSTRACT

It is generally accepted that volcanic eruptions may have a climatic impact involving overall cooling of the troposphere, as the sulfur injected
into the stratosphere is transformed into sulfate. However, it is intrinsically difficulty to distinguish this impact because of natural climate
variability. In this paper, we look for a relationship between sulfate in the Northern Hemisphere (NH) and European temperature during
the last 500 years using two independent data sets: stratospheric sulfate retrieved from ice cores and European seasonally and annually
averaged temperature. Relationships between temperature and sulfate are obtained as a function of the season (summer and winter) and
location (tropics vs extra-tropics) one and two years after the sulfate record year. After one year, we always find a negative correlation in
the winter for both tropical and extra-tropical eruptions. A correlation value of -0.56 is obtained for the relationship between sulfate and
annually averaged temperature anomalies after one year, and a linear regression predicts a cooling of 1 °C for an eruption of 100 Tg of sul-
fate, an amount similar to that estimated to have been emitted by the Laki eruption in 1783.

The variability of the cooling effect after one year is evaluated by introducing a multiplicative error model for sulfate that accounts for sys-
tematic as well as random errors in retrieved sulfate. To evaluate the impact of sulfate uncertainties on the regression slope, a resampling
approach with 10 simulations is applied. Results indicate that when uncertainties in sulfate are introduced, the variability of cooling is in

the order of several 103 °C/Tg. Temperature anomaly uncertainties impact slope uncertainty but have little influence on slope variability.

1. INTRODUCTION

Volcanic eruptions are one of the main natural forc-
ings of the Earth’s climatic system. Eruptions can inject
large or small amounts of sulfur in the atmosphere
[Hofmann, 1987; McCormick et al.,, 1995], in the form of
SO, and occasionally of H,S [Rampino and Self, 1984].
Sulfate in the stratosphere, obtained by the chemical
transformation of sulfur injected by volcanoes into
H,S0,4 aerosols, has been recognized as one of more im-

portant factors influencing volcano-climate interac-
tions [Toon and Pollack, 1980; Robock and Mao, 1992,
1995; Camuffo and Enzi, 1995; Briffa et al., 1998;
Robock, 2000; Dunn, 2004; Langmann, 2014]. Although
volcanic sulfate represents only a fraction of the total
sulfate present in the atmosphere, the strength of vol-
canic explosions and the height of volcanic eruption
clouds contribute to the injection of sulfate into upper
levels of the troposphere and the stratosphere where it
can persist for more than one year [Robock and Mao,
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1995; Sear et al,, 1987; Crowley and Kim, 1999; Hegerl
etal,, 2003; Jones et al,, 2004; Fischer et al., 2007; Esper
etal, 2013].

The injection of large amounts of sulfur can have an
important impact on temperature and, hence, on
human activities. While it seems undoubtable that large
volcanic eruptions can lead to a decrease in surface
temperature [Sadler and Grattan, 1999], the estimation
of how many degrees the atmosphere cools owing to a
given amount of volcanic sulfate is problematic. There
is uncertainty with the total mass of sulfur emitted [Ar-
feuille et al. 2014; Gautier et al., 2016], especially in the
stratosphere, and how and where the majority of the
sulfur transforms into sulfate [Baroni et al.,, 2008]. The
size of volcanic particles also plays a fundamental role
in radiative forcing, as well as atmospheric residence
times, and, consequently, it affects surface temperature
[Timmreck et al, 2009; Timmreck, 2012]. For single
eruptions, the magnitude of the climatic signal can be
masked by climate noise unless the eruption is large
enough that the impact on climate can be unambigu-
ously distinguished [Swingedouw, 2017]. Hence, the
magnitude of climatic response to volcanic eruptions
is still debated. Real data are sparse, and uncertainties
with sulfate estimates can affect the model response,
as volcano forcing is based on observations [Ammann
etal, 2003].

Although an intrinsic difficulty to depict the temper-
ature response to volcanic eruptions exists [Bradley,
1988; Mass and Portman, 1989], there have been at-
tempts in the past to estimate the cooling effect in quan-
titative terms. Devine et al.,, [1984] found that the mean
surface cooling associated with five eruptions appeared
to vary linearly with the cube root of the estimated min-
imum mass of sulfur released by the eruptions. Mass
and Portman [1989], analyzed nine years of eruptions,
and, among those considered, five were classified as in-
tense. Most of the eruptions analyzed were located in
the NH or in tropical regions. The eruptions they used
were relatively recent, occurring from 1883 onwards,
and thus large eruptions like Tambora and Laki were
not included. They found a mean cooling effect of ap-
proximately 0.3 °C and claimed that eruptions do not
play an important role in the Earth’s climate.

Reanalyzing the data from Devine et al. [1984] and
Mass and Portman [1989], using a regressive model,
we find a relationship between stratospheric sulfate
mass, as estimated from ice cores, and surface temper-
ature anomalies. We even investigate the role of the
season and of the eruption type. We propose applying
a bootstrap to evaluate variability and uncertainty for
the slope that relates sulfate and temperature. We de-

fine variability as the result of having different mean
values of the slope, while uncertainty is the error bar
associated with each average slope value.

We present a multiplicative model for the (un-
known) sulfate error and, with these errors, we re-cal-
culate the slope under different sets of parameters that
define the error model. Some hypotheses on tempera-
ture uncertainty are discussed, and we demonstrate
that sulfate uncertainty contributes to the majority of
slope variability, while temperature uncertainty has lit-
tle impact.

2. DESCRIPTION OF DATA

The amount of volcanic sulfate is a difficult quantity
to measure, and there is debate on how much sulfate
is obtained after each eruption. If nowadays (since
~1978), we can measure sulfur emissions with satel-
lites, we cannot say the same for past eruptions when
satellite data were not available, and the amount of sul-
fur injected during past eruptions is, therefore, neces-
sarily associated with larger uncertainties [Scaillet et
al,, 2003; Textor et al,, 2005].

21 SULFATE DATA SET

This data set consists of the mass of sulfate released
by volcanic eruptions from both hemispheres from the
year 500 to the year 2000. However, for our study, only
data from the NH and the period from 1500-2000 were
considered because the temperature dataset covers that
period (Figure 1). The original data set was built by an-
alyzing 54 polar ice cores, and the sulfate released was
obtained with a calibration factor that relates sulfate
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FIGURE 1. The sulfate (in Tg) as retrieved by Gao et al. [2008] for
the Northern Hemisphere.



VOLCANIC SULFATE ERRORS AND TEMPERATURE

Estimate of sulfate injected

Volcano Latitude in northern hemisphere (Tg) Reference
St. Helen 1500 46.2 N 1.72
1503 Atitlan, Guatemala 1504 14.6 N BJ92 AMO3
Hekla 1510 64.0 N 4.24
1512 Sangeang Api 8.2S BJ92 AM03 AMO3
Gunungapi Wetar 6.6 S
1526 Arenal 1525 10.5 N 3.54 BJ92
1584 Billy Mitchell 1580 6.1S 24.23 BR98
Kelut, Java 1586 8.0S BJ92 BR98 AMO3
1600 Huaynaputina 16.6 S 46.08 BR98 AMO03
Quilotoa 09N BJ92
1641 Komaga 1640 42.1 N 33.81 BR9S BR9S AMO3
Parker 6.1S
1673 San Salvador 1671 13.7 N 6.34 BJ92
Gamkanora 1.4 N BJ92 BR98 AMO3
1719 Wudalianchi 48.8 N 31.48 Feng and Whitford-Stark, 1986
1729 Krafla 65.7 N 12.02 Brandsdottir et al., 1997
1755 Katla 63.0 N 7.96 BJ92
1761 Mount Vesuvius 44.6 N 8.41 Rosi et al., 1993
1783 Laki 64.0 N 92.96 BJ92
Asama 36.4 N BJ92
. 54.6 N 6.69 BJ92
1796 Zgg?‘;;gj 55.4 N Plummer, 1898
g 53.9 N Plummer, 1898
1809 Unknown 27.56
1815 Mayon 1814 11.3 N 58.69 BJ92
Tambora 8.2S BJ92 BR98 AMO3
Unimak 1830 54.8 N Plummer, 1898
1831 Mount St. Helens 46.2 N 16.97 Plummer, 1898
Babuyan Claro 19.5 N AMO3
1835 Cosiguima 13.0N 26.36 BJ92 BR98 AMO3
Krakatau 615 11.16 BJ92 BR98
1883 Augustine ) BJ92
Nasu 1881 594 N 34.1 BJ92
Katmai 58.0 N 11.04 BJ92
1912 Novarupta 58.0 N BR98
Lolobau 1911 49S BJ92 AMO3
Taal 1911 14.0 N AMO3
1925 Raikoke 1924 48.3 N 3 11.15 BJ92
Santorini 6.5 N Washington, 1926
1943 Paricutin 19.5N 6.61 Pioli et al., 2008
1963 Agung 65 7.61 BJ92 AMO3
Augustine 59.4 N BJ92
1976 Fuego 1974 14.5 N .72 BJ92
1982 El Chicon 17.4 N 11.20 AMO3
1991 Pinatubo 15.1 N 15.05 BR98 AMO03

TABLE 1. A selection of volcanic events over the last 500 years using data from Gao et al. [2008]. The first column is the year of
the eruption, as estimated by ice core dataset. The second column shows the volcano associated with the eruption (fig-
ures close to the name are other estimates of the eruption year found in the literature). The third column shows the lati-
tude of the volcano (approximated to the first decimal digit). The forth column shows the sulfate retrieved (in Tg) by the
ice cores for that year [after Gao et al., 2008]. In the last column lists the authors that reported the eruption. In particu-
lar, the works of Ammann and Naveau [2003], Bradley and Jones [1992] and Briffa et al. [1998], identified in the table
as AMO03, BJ92, and BR98, respectively, were used.
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depositions measured in the ice cores to the total mass
of stratospheric aerosol [Gao et al., 2008]. Hemispheric
calibration factors were determined to allow for com-
parisons between polar regions for ice core sulphate
depositions (in kg km~2) and the total mass of stratos-
pheric aerosol formed after each eruption (in kg).

As we limited our analysis to a period of 500 years
in the NH, only 22 out of the 25 events of Figure 1 were
considered, with the first three events excluded. Not all
the eruptions considered in the present work are from
NH volcanoes. As can be seen in Table 1, some of the
volcanic eruptions that led to the injection of sulfate in
the NH occurred in tropical regions. Most of the events
reported in Table 1 were taken from Bradley and Jones
[1992], Briffa et al. [1998], Ammann and Naveau
[2003] and others (see references in Table 1). The
event associated with the highest value of sulfate oc-
curred in 1783, corresponding to the eruption of the
Laki volcano, in Iceland [Highwood and Stevenson,
2003]. It should be noted that the eruption of the
Asama volcano, located in Japan, was also reported in
1783 [Zielinski et al., 1994].

The problem with these kinds of data is the uncer-
tainties associated with them. As observed by Arfeuille
etal. [2014] there are uncertainties both with calibra-
tions and with the partitioning of volcanic sulfate be-
tween the Northern and Southern Hemispheres in the
case of eruptions of tropical volcanoes. Arfeuille at al.
[2014] discusses a few cases where the calibration led
to discrepancies between sulfate computed by ice cores
and other observations. Possible errors may be pres-
ent in dating as suggested by Baillie and McAneney
[2015], who found discrepancies between tree-ring
and ice chronologies. We note that a problem might be
related to the proximity of volcanoes to the polar re-

gions. Certainly, this might be the case with Laki, for
example. GAO et al. [2008] argued that the total uncer-
tainty of their data is about 50% caused by different
volcanic signal extraction criteria, sulfate deposition
owing to the transport simulations, and the choice of
calibration factor.

2.2 TEMPERATURE DATA SET

The temperature dataset used in this article is that
presented in Luterbacher et al. [2004]. These data are
obtained by multiproxy reconstructions of monthly
and seasonal surface temperature fields for Europe
back to 1500 by using the instruments described by
Mitchell and Jones [2005] and Hansen et al. [2001].
This data set was obtained with multiproxy recon-
structions of monthly and seasonal surface tempera-
ture fields for Europe back to 1500 using the
instruments described in Xoplaki et al. [2005] to eval-
uate variability, trends, uncertainties, and extreme
changes of reconstructed and observed European
spring and autumn temperature back to 1500.

While uncertainties cannot be estimated with pre-
cision, we know that they decrease with time, and, for
the sake of simplicity, we suppose a random uncer-
tainty following a normal distribution having a stan-
dard deviation of 1 °C. To know how temperature
uncertainty affects the slope value, we performed a
Monte Carlo simulation by varying the temperature
uncertainty and keeping almost as a constant the sul-
fate uncertainty (a small uncertainty was still associ-
ated with it).

The temperature used is shown in Figure 2. All the
computations are made using the temperature anom-
aly with respect to the 30-year moving average (the red
line in Figure 2).
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FIGURE 2. Temperature averaged on Europe (after Luterbacher et al. [2004]) and 30 years moving average (red line).



3. STATISTICAL ANALYSIS AND ROLE OF ERUP-
TION TYPE AND SEASON

We analyzed the relationship between European
temperature anomalies and stratospheric sulfate by
means of a simple linear regression that accounted for
the annually averaged temperature and all the erup-
tions from the data set (subsection 3.1), and also for
season and eruption type (tropical or extra-tropical;
subsection 3.2). The role of the eruption magnitude on
the linear relationship is also investigated in subsec-
tion 3.3.

STLINEAR REGRESSION ANALYSIS WITH TEMPER-
ATURE ANOMALIES

We start our statistical analysis with a linear re-
gression between northern hemispheric sulfate emis-
sions and European mean temperatures.

As it is known that aerosols injected by volcanoes
have a short time influence on climate, we analyzed the
correlation between sulfate emissions and the tem-
perature from one year after the eruption. One year
after the eruption event, the correlation between sul-
fate and temperature is moderately strong, with a Pear-
son correlation between temperature and sulfate mass
of 0.56. However, there are a few outliers correspon-
ding to emissions larger than 40 Tg (Figure 3).
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temperature anomaly (°C)
-0.5
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FIGURE 3. The relationship between sulfate mass (in Tg) and
temperature anomaly (in °C) obtained using the “Im”
function from the R statistical package [R Develop-
ment Core Team, 2008].

The linear model predicted a cooling of 10x10-3 °C
per Tg of sulfate injected into the atmosphere; thus
large or multiple eruptions that inject 100 Tg of sulfate
would cause an average cooling of 1 °C in Europe. We
verified all the conditions for applying a linear model;
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namely linearity, nearly normal residuals, and constant
variability of data or residuals. Within the framework
of linear regression, we used the Student’s t-test to
evaluate the strength of evidence that the slope that re-
lates sulfate mass with temperature cooling is signifi-
cantly different from zero at a 5% significance level.

Moreover, we performed a test of significance by
using a nonparametric bootstrap technique. The null
hypothesis (Hy) is that the values of correlation and
slope found in the linear model occurred by chance. If
H is false, then the alternative hypothesis is true, and
the correlation and the slope values should fall in the
tail of the distributions of correlations and slopes ob-
tained by resampling the temperature data. We ran-
domly selected 22 values of temperature from the
temperature data set and randomly assigned them to
the northern hemispheric sulfate observed between
the years 1500 and 2000. For each sample, we com-
puted the parameters of the linear model. This proce-
dure was repeated 2000 times, and statistics of the
results were analyzed in light of the values of the cor-
relation and the slope found previously. Figure 4
demonstrates how the observed value of the slope
found is in the tail of the distribution. The horizontal
line is the fifth percentile, and the vertical line is the slope
found with the original data. The slope of -10x103 °C/Tg
was therefore found to be significant, as there is a less
than 5% probability of finding this result by chance.
The probability of finding a correlation of -0.56 by
chance is also less than 5%. Therefore, we found that
the relationship between stratospheric sulfate and
temperature was significant.

bootstrap slope

cumulative relative frequency
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FIGURE 4. Cumulative frequency of the slopes obtained by a
bootstrap of data. The vertical line represents the
slope of the original data (see Fig. 3). The horizontal
line indicates the 5% percentile.
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As eruption effects are supposed to last for up to
two years, we looked for a relationship between sul-
fate mass and temperature two years after the erup-
tions. This correlation after two years was found to be
lower than that obtained after one year, with a Pear-
son correlation of only -0.28. The linear regression,
after two years, gives a slope of about -5x10°3 °C/Tg,
suggesting a cooling effect on the average temperature
value between the first and second year. After three
years, the correlation was completely lost. Thus, from
these data, there is evidence that the impact of an erup-
tion is important primarily during the first year after
the eruption. Observations and model simulations gen-
erally demonstrate a significant cooling only in the first
two or three years after the eruption; afterwards, a
marginally significant temperature increase reflects the
relaxation to an equilibrium climate state without vol-
canic forcing [Hegler et al., 2003; Merlis et al.,, 2014].

3.2 ACCOUNTING FOR SEASONS AND LOCATIONS

The analysis described above was replicated on
extra-tropical and tropical eruptions. Among the 22
eruptions selected, we classified 11 as tropical and 11
as extra-tropical. The analysis was applied for two dif-
ferent seasons, namely summer and winter, and for
one year and two years after the eruption year. Table
2 shows the results obtained. When we used all the
eruptions, we obtained after one year since the erup-
tion, a strong cooling during the winter and a slight
increase of the temperature anomaly. No statistical
significance was found during the summer. After two
years, there is not enough statistical significance to
claim that eruptions have an influence on climate.

Looking at the type of eruption, we noticed, even
after two years, that extra-tropical eruptions caused
a cooling in Europe during the wintertime, although
the cooling was statistically significant for only one
year after the eruption. For the summer, the relation-
ship found was not statistically significant whether
we considered all the eruptions, or we limited our
analysis to the two eruption sub-groups. While the
tropical eruptions are equal in number to the extra-
tropical eruptions, they produced temperature anom-
alies that could barely be classified as statistically
significant. However, when we lowered the limit of
the statistical significance to 90%, the warming ob-
served in Europe after two years from the tropical
eruptions became statistically significant. In general,
after one year a cooling effect was observed. However
we want to underline how statistical significance is
important to discriminate whether a correlation ac-
tually exists.

In general, the impact of volcanic eruptions on the
Earth’s climate is controversial. It is quite well known
that tropical eruptions may induce winter warming
and a cooling effect on summer at higher latitudes
[Fischer et al., 2007] although the mechanism is not
perfectly clear. It has been suggested that atmos-
pheric aerosols induce and strengthen Arctic oscilla-
tion or North Atlantic oscillation [Shindell et al., 2004;
Fischer et al. 2007]; [Wunderlich and Mitchell, 2017].
For example, even the observations and simulations
of tropical eruptions having the same magnitude as
the Pinatubo eruption exhibit a possible warming ef-
fect at higher latitudes [Robock and Mao, 1992; Merlis
etal. 2014]. There is also evidence of a winter warm-
ing at the higher latitudes of the northern hemisphere
associated with tropical eruptions [Robock and Mao,
1992; Luterbacher et al., 2004; Fischer et al., 2007]
This relationship is difficult to measure, as different
eruptions can occur in the same year in both the trop-
ical and extra-tropical regions.

3.3 THE ROLE OF ERUPTION MAGNITUDE

There are three events with estimated emissions of
more than 40 Tg of sulfate in the data set. In 1783, the
eruptions of Laki and Asama were recorded, but the
stratospheric mass loading of sulfate for the Asana
eruption was estimated to be 3.5 Tg [Zielinski et al,,
1994], a fraction of that injected by Laki. Thus, the
major impact on European climate should be because
of the Laki eruption [Zielinski et al., 1994; Witham and
Oppenheimer, 2004]. The Tambora and Huaynaputina
eruptions were tropical eruptions, and they are two out
of the three eruptions with the highest sulfate levels.
One year after these three eruptions, average temper-
atures were lower than the mean, both in summer and
winter. A winter warming effect did occur for the two
major tropical eruptions, but only two years after the
eruption.

To test whether the slope we found is still valid even
without outliers, we removed the three eruptions with
stratospheric sulfate larger than 40 Tg, and we found
that the slope of the linear regression is 8x10-3 °C/Tg.
However, this result is not significant when applying a
t-test and the bootstrap technique adopted previously,
so the most intense eruptions, in reality, give us more
information than all other simulations together.
Although these three sets of data are important in de-
termining a significant slope for the linear regression
that describes the relationship between stratospheric
sulfate and temperature, we can say that the linear
model is robust as the three eruptions are real and not
spurious data. Moreover, the value of 8x10-3 °C/Tg is



Extra-tropical Tropical All

+1 +2 +1 +2 +1 +2
WINTER -20.9 -50 -16.1 +22.7 -20.0 +4.7
SUMMER  +1.0 -9.3  -10.2 +94 -2.8 -3.5

ANNUAL -83 -10.3 -13.1  +7.9 -10.1 -44

TABLE 1. Slopes (°C/Tg)x10~3 found by distinguishing extra-trop-
ical and tropical events after one and two years after the
eruptions. The figures in bold are significant at 95%
based on a student’s t-test.

still a high value. As for a large eruption of 1000 Tg, the
model, without outliers, would predict a cooling of 8 °C.

A technique to estimate the slope uncertainty is the
jackknife procedure [Wilks, 2006] for which, given a
sample of n independent observations, the slope is re-
computed n times, removing a different pair of the data
(sulfate yield and temperature) each time leaving only
the other 21 couples. Once we compute n slopes we can
have a statistic for the slope and the correlations. With
22 slopes computed with the jackknife method, the
mean and median values are surprising close to that
found with 21 couples of values, the mean value of the
slope is still -10x10-3 °C/Tg. The jackknife methods give
also an indication of possible uncertainty to associate
with the mean value. The standard deviation is 1x10-3
°C/Tg, so taking twice the standard deviation as meas-
ure of the uncertainty associated with the determina-
tion of the slope we can estimate a cooling, by means
the jackknife procedure, of (10 + 2)x10-3 °C/Tg.

4. DEALING WITH SULFATE AND TEMPERA-
TURE UNCERTAINTIES

In this section, we introduce a multiplicative error
model that has been generally concluded to be more
appropriate for quantifying errors for positive value
variables, such as precipitation [Tartaglione, 2010].

The estimation of the true value of sulfate is mod-
eled with the following equation

Se=M(no) See” €y

in which S, is the sulfate estimated from ice cores, S;
is the supposed true sulfate value, and M is related to
the multiplicative error that we can associate with sys-
tematic errors in determining the true sulfate actually
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present in the atmosphere. This error has an average
factor y, and a standard deviation o; r is related to the
random error, and it represents the standard deviation
of the Gaussian process associated with these random
errors whose mean is supposed to be zero. Although
not frequently used in geoscience, Eq. 1 can be found in
error precipitation estimation [Tartaglione, 2010; Tian
etal, 2013] and it is often used in other disciplines such
as biostatistics [Baskerville, 1972] and econometry
[Brownlees etal,, 2011].

Despite technological improvements, sources of
error in SO, flux measurements are still present even
when direct measurements are performed [Tambu-
rello etal, 2011].

The first approach is to suppose that there is not a
multiplicative error, but only a random Gaussian error,
with mean value equal o zero, whose standard devia-
tion is set from 0.01 to 0.5.

In such a case Equation 1 becomes

Se=Soe" (2)

The second scenario is that with a multiplicative
error with a varying mean value p from 0.5 to 1.5 to
provide an uncertainty of 50%. However, a small ran-
dom error with a small standard deviation of r = 0.1 is
maintained. By setting the standard deviation to
o = 0.1, we suppose that the same systematic uncer-
tainty in the term M(p,0) still has random variability.
In both these error models, temperature is assumed to
have a random gaussian error with a standard devia-
tion of 1 °C. However, when we consider the past, tem-
perature estimates may have large errors. To evaluate
the impact of these temperature errors on slope un-
certainty, we performed a sensitivity analysis keeping
almost constant the sulfate error, which had M = 1 and
r = 0.1, but the standard deviation for temperature var-
ied from 0.5 °C to 3 °C. For each error model scenario
we hypothesized, 10000 simulations were performed
to obtain the average value and associated error bar of
the slope that relates sulfate with temperature.

Figure 5 shows the result of the linear slope that re-
lates sulfate and the temperature anomaly obtained by
changing the value of the standard deviation r of ran-
dom errors describe in Equation 1. When the r value is
close to 0, the expected cooling is still about 1073 °C/Tg,
but when it increases to 0.5, the expected cooling is
only 7.5 x 10°3 °C/Tg. The error bar associated with
each slope is about 0.5 x 10-3 °C. Such variability
demonstrates that even a small error in evaluating the
amount of the sulfate mass can have an impact on the
estimates of cooling. We noticed that the mean value
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of the slope does not depend on the mean sulfate error
that is supposed to be zero, but only on the uncertainty
of that error.

x
;
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FIGURE 5. Relationship between sulfate and temperature as a
function of exponent r of Eq. 1, with p=1.

Sulfate measurement uncertainty can be related to
an underestimation or overestimation of the method
of estimation of sulfate from the ice cores. In such a
case, the hypothesis is that there is a stochastic multi-
plicative term whose average goes from 0.5, where the
real sulfate would be half of that retrieved, to 2, where
the real sulfate would be underestimated by 50%. The
standard deviation value of this stochastic error is as-
sumed to be small (o0 = 0.1) compared to the mean
value. The variability of the slope obtained in this man-
ner demonstrates that if the sulfate emitted in past
eruptions had been more than that retrieved by Gao et
al. [2008] the cooling in terms of °C/Tg would be re-
duced by up to 0.5 °C for 100 Tg of sulfate if the error
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FIGURE 6. Relationship between sulfate and temperature as a
function of the mean value p of Eq. 1, keeping constant r.

is 100% of the sulfate retrieved. On the other hand, a
100% overestimation of the measured sulfate would
lead to cooler temperatures in Europe by up to 2 °C per
100 Tg of sulfate.

41 TEMPERATURE UNCERTAINTIES

One could object that the temperature anomaly
error may also have an influence on the slope, changing
the responses shown earlier. We first consider only an
additive stochastic error on the temperature anomaly
having a mean equal to zero with a specific standard
deviation up to 3 °C, which is a large value, as the ab-
solute anomalies with respect to the moving average
are less than 1 °C. When we make a linear regression
with only a stochastic temperature error, we obtain an
error on the slope of 6 x 10" °C/Tg (Figure 7).
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FIGURE 7. Relationship between sulfate and temperature as a
function of an additive temperature error.

Even when we consider stochastic errors having a
mean value different from zero, the mean and standard
deviation of the slopes found by assuming a multi-
plicative error on sulfate and an additive error on tem-
perature do not depend on the temperature anomaly
error (see Figure 8). In short, we can say that the sul-
fate error has a larger impact with respect to the tem-
perature anomaly error.

5. DISCUSSION AND CONCLUSIONS

Defining a relationship between stratospheric sul-
fate and changes to the surface temperature is a chal-
lenging task. Considerable uncertainty exists with
measurements of aerosols injected into the atmosphere
during volcanic eruptions. This is especially true with
those from the pre-satellite era (before 1978). More-
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over, the natural variability of climate can mask the im-
pact of eruptions. As we have shown in our analysis, this
is particularly true when the stratospheric sulfate emis-
sions are limited to a few Tg. We propose a simple
model using NH stratospheric sulfate aerosol loading to
calculate the European temperature change following
22 large eruptions events using deposited sulfate meas-
urements from ice cores and average annual tempera-
ture estimates for the European region. This empirical
model is based on historical observations and takes the
form of a linear regression. Large volcano eruptions are
quite rare, and the data set we used contains only three
events that were associated with sulfate mass larger
than 40 Tg. These three events determined the signifi-
cance of the slope of the linear regression we found.
This slope of -10x10-3 °C/Tg was found with two dif-
ferent techniques: a simple regression with all the 22
events included and with a jackknife procedure, which
also provides an estimate of possible errors. The slope
is significant at 95% following a Student’s t-test and a
non-parametric test. The correlation value, equal to -
0.56, between sulfate and average northern hemi-
spheric temperature is also significant at 95%. These
results are in agreement with those found by Oliver
[1976], who analyzed the response of temperature to
volcanic dust rather than sulfate.

Earlier studies such as Sigurdsson [1990] and
Devine et al. [1984], for instance, have found a power
law relationship, but they considered only a few vol-
canic eruptions that led to negative variations of tem-
perature. We questioned these studies, as the selection
of only a few eruptions may have introduced selection
and small sample bias.

With the power law found by Sigurdsson [1990] and
the linear relationship that we found, we try to make a
few predictions of temperature as a function of stratos-
pheric sulfate mass, and we can see that the power law
is a poor predictor for small eruptions and even for
super-volcano eruptions. In fact, the change of tem-
perature with an eruption injecting a small amount of
sulfate mass (e.g., 10 Tg) is about 0.5 °C cooler follow-
inga 1/3 power law versus a change in the range of 0.1
°C given by the linear model that appears more appro-
priate. Only when the sulfate mass is in the range of
100 Tg are the two models in agreement. However,
studies performed by using climate models suggest
that a super-eruption with 2000 Tg of sulfate mass in-
jected into the atmosphere, an unlikely but possible
event, would cool the earth’s surface by more than
10 °C. Our linear model, with all the cautionary notes
related to data extrapolation, gives a prediction of -18
°C for the European region. This result falls between
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the -10 °C of Jones et al. [2005] and the -25°C of Harris
[2008]. However, we should remember that such cool-
ing effects could be less marked in some regions de-
pending on where the eruption occurs.

In this paper, we tried to quantify the variability of
the relationship obtained by a linear regression be-
tween European temperature anomalies and sulfate as
retrieved from ice cores by adopting a Monte Carlo ap-
proach. As sulfate is a positive quantity, a multiplica-
tive stochastic error model composed of two terms was
used to define the sulfate. One term accounted for er-
rors in the underestimation or overestimation of the
sulfate, while the other, an exponential term, accounted
for random errors. The former, as expected, had a large
impact on slope variability, while the latter had a lim-
ited impact on the slope, but in general there was a re-
duction of the cooling estimate of about 3 x10-3 °C/Tg.
This result comes as a surprise, as the average value of
the random error r is 0, whereas only the standard de-
viation changes in our experiments. The error on the
temperature anomalies, instead, was expected to be ad-
ditive with the anomalies both positive and negative.
We found that the temperature error has no impact on
the slope, suggesting that reducing errors on the sul-
fate will have an improvement on the relationship that
relates volcanic sulfate to temperature. Our results, al-
though limited to observation data, are consistent with
the extremes and variability found in other studies
with numerical models [Harris and Highwood, 2011;
Meronen etal., 2012; Timmreck et al., 2012; Pausata et
al,, 2015].
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