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Abstract

Although there has been extensive scientific work on the impacts of major volcanic eruptions on global and regional cli-
mates, the Middle East remains a knowledge gap in this regard. Our aim is to establish surface air temperature responses
across the Middle East and easternmost Mediterranean basin, following three major tropical volcanic eruptions: Krakatau
(1883), Agung (1963) and Pinatubo (1991). This study utilizes available data from CMIP6 climate models to analyze
climatic responses to these eruptions. The longest-lasting cool anomalies, persisting for six years, followed the Krakatau
eruption. The most pronounced post-Krakatau cooling occurred in 1884, with a regionally averaged temperature depar-
ture of -0.74 °C, relative to a mean baseline temperature. In contrast, the Agung eruption caused a regionally averaged
temperature departure of -0.59 °C in 1964, but its cooling effect was more temporally limited, lasting approximately 3%
years. Air temperatures over the Middle East were depressed for over a decade following the Pinatubo eruption, but this
may have been due to additional unidentified climatic factors. This extended cool period was marked by the strongest
regionally averaged post-volcanic temperature departure of -0.76 °C, recorded in 1992. Our findings highlight that the
extent of such cooling varied across the Middle East, with the most pronounced cooling occurring at higher elevations
and latitudes, while southern regions (especially the Arabian Peninsula) experienced more moderate cooling. This study
underscores that a combination of factors, including regional climate dynamics, have likely played a significant role in
determining the intensity and duration of cooling associated with major volcanic eruptions, in the Middle East.
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Introduction dioxide (SO2) into the stratosphere, where it forms sul-

fate aerosols (Uslular et al. 2022; Suhadha and Harintaka

Volcanic eruptions are recognized as significant drivers of
global and regional climate variability over periods from
years to decades, primarily due to the injection of sulfur
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2024). Volcanic sulfate aerosols alter the Earth’s radiative
balance, including tropospheric cooling through reflect-
ing and scattering incoming solar radiation by absorbing
incoming near-infrared and outgoing longwave radiation.
The modifications in Earth’s radiative balance and atmo-
spheric chemistry after major volcanic eruptions may
affect climate conditions in different ways, depending on
the geographical location of the volcano, eruption magni-
tude and chemistry, timing (season) of the eruption, and
existing global climatic situation at the time (e.g. Self
2006; Schmidt and Black 2022). While tropical eruptions
typically have widespread and long-lasting effects due to
their equatorial location and high-altitude SO2 injection,
high-latitude volcanic eruptions tend to have more local-
ized and short-lived climate impacts (Schneider et al. 2009;
Timmreck 2018). The large-scale atmospheric effects of
volcanic eruptions usually occur with a significant delay of
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several months to two years after the eruption begins, due
to the altered atmospheric chemistry and thus the affected
radiation balance.

Observational and modelling studies have shown
that major tropical eruptions, such as Tambora (1815),
Krakatau (1883) and Pinatubo (1991), induce a global
cooling of the Earth’s surface climate by altering the
incoming solar radiation. The Northern Hemisphere
(NH) has been the subject of extensive study in this
regard, with well-documented cooling effects observed
in regions such as North America, Europe, and Asia
(e.g. Briffa et al. 1998; Fischer et al. 2007; Raible et al.
2016; Stoffel et al. 2015; Erlat and Tiirkes 2019; Zhu et
al. 2024). The response to volcanic forcing in the South-
ern Hemisphere (SH) may manifest as significant cool-
ing in some areas while some regions show more muted
temperature declines possibly due to oceanic moderating
effects (Wilmes et al. 2012; Colose et al. 2015; Harvey et
al. 2020; Harvey and Grab 2021, 2022).

The cooling effects after major volcanic eruptions are
both spatially and temporally intricate due to the sulphate
aerosol distribution and possible feedbacks of the climate
system (Man et al. 2014; Neukom et al. 2014; Sigl et al.
2015). For example, after the Agung eruption, globally
mean top of the-atmosphere radiation anomalies were
observed mainly in the SH, and therefore surface tem-
perature anomalies were larger in the tropics and the SH
(Bilbao et al. 2024). Modeling studies have reported a
causal relationship between major volcanic eruptions and
the positive phase of the Arctic Oscillation/North Atlan-
tic Oscillation (AO/NAO) winter index through enhanc-
ing the stratospheric meridional temperature gradient
(Coupe and Robock 2021; Paik et al. 2023).

Volcanic eruptions are among the most powerful natu-
ral forcings of the Earth’s climate system. Their ability
to inject large quantities of aerosols and gases into the
stratosphere can lead to substantial short- and medium-
term alterations in atmospheric circulation, surface tem-
peratures, precipitation regimes, and regional climate
dynamics. These disruptions can have far-reaching con-
sequences for agriculture, water resources, ecosystems,
and the frequency and intensity of extreme climate
events (Robock 2000; Timmreck 2012). While the global
climatic effects of major volcanic eruptions have been
extensively studied, regional-scale assessments, par-
ticularly for the Middle East and North Africa (MENA),
remain relatively limited. This is a critical gap, as the
MENA region is highly sensitive to climatic variability
and already experiences considerable stress on its water
and agricultural systems. A growing body of research
has begun to explore the regional climate responses to
volcanic activity in the MENA, often with a focus on
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teleconnection mechanisms such as the North Atlantic
Oscillation (NAO) and the El Nifio—Southern Oscilla-
tion (ENSO). For example, Dogar et al. (2017) found
that volcanic-induced cooling in the MENA is amplified
during positive NAO phases, particularly in winter. In
summer, volcanic forcing contributes to a weakening and
southward displacement of the Intertropical Convergence
Zone (ITCZ), suppressing the Indian and West African
monsoons and leading to regional drying. Osipov and
Stenchikov (2017) demonstrated, using coupled ocean-
atmosphere models validated against observations, that
the 1991 Pinatubo eruption significantly impacted Middle
Eastern climate and Red Sea circulation. Their findings
suggest that the observed cooling in winter was primar-
ily driven by volcanic-induced changes in atmospheric
circulation patterns, rather than direct radiative effects
of aerosols alone. In Tiirkiye, Erlat and Tiirkes (2019)
identified a clear and statistically significant decline in
both maximum and minimum temperatures during the
36 months following the eruptions of Agung (1963), El
Chichon (1982), and Pinatubo (1991), with the cooling
signal being strongest during the winter season. Seasonal
asymmetries were observed, with maximum tempera-
tures showing slightly stronger responses in spring and
summer.

Paleoclimatic reconstructions also point to persis-
tent hydroclimatic anomalies following large tropical
eruptions. For instance, eruptions with sulfur emissions
exceeding ~8 Tg S between 1000 and 1850 CE triggered
prolonged drying across tropical Africa and the Middle
East, which has been attributed to a southward ITCZ shift
and changes in Pacific and Atlantic SSTs (Tejedor et al.
2021). Similarly, winter cooling in the MENA following
major eruptions was not solely driven by ENSO phases;
rather, El Nifio conditions may have partially mitigated
the cooling induced by concurrent positive NAO phases
(Dogar et al. 2025). Despite these important contribu-
tions, a comprehensive, multi-eruption, model-based
assessment of volcanic impacts on Middle East climate,
particularly using the latest CMIP6 simulations, has not
yet been undertaken. Many previous studies focus on
isolated events or lack ensemble modeling approaches
necessary for robust regional assessments. This study
seeks to address this gap by systematically evaluating
surface air temperature responses over the Middle East
to three major tropical volcanic eruptions: Krakatau
(1883), Agung (1963), and Pinatubo (1991). Utilizing
multi-model CMIP6 outputs, we aim to (1) character-
ize the magnitude and spatial patterns of temperature
anomalies associated with each eruption, and (2) situate
these regional findings within a broader global context by
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comparing them with volcanic climate responses in other
parts of the world.

Data and methods
Volcanic eruptions

The Volcanic Explosivity Index (VEI), established by
Newhall and Self (1982), is widely employed to classify
the relative magnitude of volcanic eruptions. Major volca-
nic eruptions are classified as having a Volcanic Explosivity
Index (VEI) of 4 or higher (Newhall and Self 1982). To test
the impact of major tropical volcanic forcing on tempera-
tures in the Middle East, we select three relatively recent
climatically impactful eruptions; namely Krakatau (1883;
VEI=6), Agung (1963; VEI=5) and Pinatubo (1991;
VEI=6) (Table 1). The largest and these (Krakatau; Indo-
nesia) occurred between 20 May and 21 October 1883,
peaking on 26 August. The Agung (Indonesia) eruption
lasted from February 1963 until January 1964, and Pinatubo
(Philippines) erupted between April and September 1991
(Schaller et al. 2009; Fujiwara et al. 2015; Boretti 2024).

Methods

The latest phase of the Coupled Model Intercomparison
Project (CMIP6) provides an advanced framework for
simulating both historical and projected climate varia-
tions associated with volcanic eruptions through captur-
ing aerosol concentrations and their interactions with the
atmosphere (Hua et al. 2019; Toohey et al. 2019; McBride
et al. 2021; Rong et al. 2021). CMIP6 simulations offer sig-
nificant improvements over previous model generations by
incorporating a higher spatial resolution and more detailed
representations of aerosol microphysics, thereby providing
more accurate projections of volcanic impacts (Zanchettin
et al. 2015; Gerber et al. 2016; Wen-Min and Meng 2019).
These models are particularly valuable for studying regions
such as the Middle East, where limited observational data
and underrepresentation in global studies have made it dif-
ficult to quantify the effects of volcanic eruptions. We thus
use the CMIP6 archive to analyze the likely temperature
responses to the three eruptions in the Middle East based
on available model data. Fifty-seven CMIP6 models have

been individually utilized to simulate temperature responses
to selected volcanic eruptions (Eyring et al. 2016; O’Neill
et al. 2016; Li et al. 2021). Each eruption was modeled
separately, and the temperature results from all the models
evaluated for each volcanic event. Reliable temperature data
were obtained from 17 models for Krakatau, 12 models for
Agung, and 20 models for Pinatubo (Table 2).

For each volcanic eruption, different CMIP6 mod-
els were selected based on their ability to reproduce the
observed temperature changes associated with that specific
eruption. This selection was made through the evaluation of
model performance in capturing the observed temperature
anomalies. Initially, for each model separately, temperature
anomalies were calculated using a 12-month running mean
over a 20-year period (5 years prior to and 15 years after
the eruption) to separate the eruptions’ effects from natural
climate variability (Harvey et al. 2020; Harvey and Grab
2021). Statistical significance of these temperature anoma-
lies for each model was assessed using the bootstrap resa-
mpling method with 5000 iterations. Additionally, the Sth
and 95th percentiles for each model were calculated based
on the 5-year period preceding the eruption. Models whose
temperature changes during the eruption period exceeded
these percentiles were considered as having simulated sta-
tistically significant temperature variations.

After selecting the best-performing models, the same sta-
tistical methodology was applied to the multimodel mean.
To achieve this, model outputs were resampled ata 1° x 1°
resolution and averaged to generate a multimodel mean for
each eruption. Temperature anomalies for each multimodel
mean were calculated using monthly air temperatures over
a S-year baseline period (i.e., 60 months) prior to each vol-
canic eruption. This baseline period served as the reference
for determining anomalies (Rao et al. 2019).

To assess the statistical significance of the observed tem-
perature changes in the multimodel mean, the same boot-
strap method with 5000 iterations, which was applied to
individual models, was used again. To test the robustness
of the multimodel mean, the 25th and 75th percentiles of
individual model responses to historical forcing experi-
ments were considered. This step was particularly useful for
distinguishing between random fluctuations and significant
climatic responses. Additionally, the 5th and 95th percen-
tiles were used to further distinguish between random vari-
ability and significant climatic changes based on established

Table 1 Selected major tropical (20 °N —20 °S) volcanic eruptions and their locations, eruption date, volcanic explosivity index (VEI) and radiative
forcing (data from Self and King, 1996; Shindell et al. 2004; Fischer et al. 2007; Myhre et al. 2013)

Volcano Location Date of major eruption VEI Emission (Tg SO2) Radiative Forcing
Latitude Longitude (W/m?)

Mt. Krakatau (Indonesia) 6.1°S 105.4 °E 26 August 1883 6.4 19 -3.6 Wm™?

Mt. Agung (Indonesia) 83°S 115.5°E 17 March 1963 5 11 -0.64/-1.19

Mt. Pinatubo (Philippines) 15.1 °N 120.4 °E 15 June 1991 6.1 18 -1.60/-3.73
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Table 2 Selected climate models and datasets used to evaluate volcanic forcing (after Eyring et al. 2016; o’neill et al. 2016; Li et al. 2021)

Pinatubo Krakatau Agung
ACCESS-CM2 (Australia) ACCESS-ESM1-5 (Australia) ACCESS-CM2 (Australia)
BCC-CSM2-MR (China) CanESM5-CanOE (Canada) CIESM (China)

BCC-ESM1 (China)
CanESMS5 (Canada)

CIESM (China)
CMCC-CM2-HR4 (Italy)
CMCC-CM2-SRS (Italy)
E3SM-1-1-ECA (USA)
EC-Earth3-AerChem (Europe)
FGOALS-g3 (China)
FIO-ESM-2-0 (China)
INM-CM4-8 (Russia)
IPSL-CM6A-LR (France)
KIOST-ESM (South Korea)
MIROCS6 (Japan)
MIROC-ES2L (Japan)
MPI-ESM1-2-HR (Germany)
MPI-ESM1-2-LR (Germany)
NorCPM1 (Norway)
TaiESM1

CIESM (China)

NESM3 (China)

CESM2-WACCM (USA)

CMCC-ESM2 (Italy)
CNRM-ESM2-1 (France)
EC-Earth3-AerChem (Europe)
EC-Earth3-CC (Europe)
FGOALS-f3-L (China)
FIO-ESM-2-0 (China)
HadGEM3-GC31-LL (UK)
INM-CM4-8 (Russia)
INM-CMS5-0 (Russia)
MCM-UA-1-0 (USA)
MPI-ESM-1-2-HAM (Switzerland)

CMCC-CM2-HR4 (Italy)
CNRM-ESM2-1 (France)
EC-Earth3-AerChem (Europe)
FGOALS-f3-L (China)
GFDL-ESM4 (USA)
HadGEM3-GC31-LL (UK)
INM-CM4-8 (Russia)
IPSL-CM6A-LR (France)
MIROC-ES2H (Japan)
NorESM2-MM (Norway)

NorESM2-MM (Norway)

methodologies (e.g., Haurwitz and Brier 1981; Rao et al.
2017). These steps effectively minimized the influence of
natural variability and ensured that the results were stable
and statistically robust.

Validation of selected CMIP6 models using ECMWF
reanalysis data

After selecting the top-performing CMIP6 models for each
of the three volcanic eruptions under investigation (Agung,
Pinatubo, and Krakatau), based on their ability to reproduce
the observed temperature anomalies, the next step was to
assess the accuracy of these selected models in replicat-
ing the climatic reality through comparison with reanalysis
data. The goal of this stage was to determine whether the
selected models, in addition to performing well in identify-
ing significant temperature anomalies following the erup-
tions, also demonstrated sufficient validity when compared
to independent reanalysis data.

Since reanalysis data for the periods corresponding to the
Agung (1963) and Pinatubo (1991) eruptions are available
from the ECMWF database, the validation process was only
feasible for these two events. For this purpose, temperature
time series for the Middle East region were first extracted
from the ECMWF database. Subsequently, the temperature
outputs from the selected models for these two eruptions
were statistically compared with the ECMWF data.

To perform this comparison, the ‘“Random Forest”
machine learning algorithm, known for its precision in clas-
sification and regression, was utilized. This algorithm con-
structs a set of decision trees, and through GridSearchCV
and 5-fold cross-validation, the key model parameters,
including the number of trees (n_estimators), tree depth
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(max_depth), and the minimum number of samples required
for node splitting (min_samples_split), were optimized
(Collins et al. 2006).

For quantitative performance evaluation, the statistical
indices of R? (Coefficient of Determination), RMSE (Root
Mean Square Error), and NSE (Nash—Sutcliffe Efficiency)
were calculated to assess the model’s ability to explain data
variance, measure prediction accuracy, and evaluate the
model’s performance relative to the mean of observational
data. Models that demonstrated strong statistical perfor-
mance in this evaluation not only succeeded in identifying
temperature anomalies associated with the eruptions but
were also deemed reliable when compared to independent
reanalysis data. The results of this stage thus provide further
confirmation of the selection of the best models, serving as a
strong foundation for the final analysis in this study.

Study region

The Middle East spans a wide and diverse geographic
region between latitudes 12°N and 42°N and longitudes
25°E and 60°E (Fig. 1). The region is bounded by the Medi-
terranean Sea to the west, the Indian Ocean to the south,
and the mountainous ranges of Iran and Turkey to the north,
giving rise to a variety of climatic and geographical features
(Issar 2003; Issar & Zohar 2007). This region is predomi-
nantly characterized by dry summer subtropical Mediter-
ranean and semi-arid steppe climates. Arid and hyper-arid
desert climatic conditions occur over much of the Arabian
Peninsula, Syria, Iraq, and Iran (Tiirkes 2017). Annual rain-
fall is generally low (<250 mm), though mountainous and
coastal areas benefit from higher precipitation (Tramblay et
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Fig. 1 Geographical location of the study region and the three volcanoes considered for this study

Table 3 Validation of selected climate models using ECMWF data for
the Agung eruption during the 1958—1978 period

Selected models R? RMSE NSE

ACCESS-CM2 0.876 0.125 0.876
CIESM 0.862 0.091 0.862
CMCC-CM2-HR4 0.848 0.097 0.848
CMCC-ESM2 0.865 0.116 0.865
EC-Earth3-AerChem 0.883 0.106 0.883
FGOALS-f3-L 0.834 0.132 0.834
GFDL-ESM4 0.849 0.104 0.849
HadGEM3-GC31-LL 0.860 0.113 0.860
INM-CM4-8 0.835 0.113 0.835
IPSL-CM6A-LR 0.857 0.089 0.857
MIROC-ES2L 0.860 0.123 0.860
NorESM2-MM 0.841 0.143 0.841
The multimodel mean 0.850 0.063 0.850

al. 2020; Turkes et al. 2020; Zittis et al. 2022; Neira et al.
2023). Mediterranean areas of the region, such as western
and southern Turkey, Lebanon, western and northern Syria,
northern Iraq, north-northwest Iran and Israel, experience
dry summers and cool, wet winters (Issar and Zohar 2007,
Turkes, 2020; Tiirkes 2022). However, there is substantial
climatic variability; regions such as Iran and Turkey experi-
ence cold continental-type winters with snowfall at higher
elevations and latitudes.

Results

Evaluation of climate model performance using
reanalysis data

The validation results of the selected climate models, com-
pared to ECMWF data over a five-year period before, and fif-
teen years after the Agung volcanic eruption, are presented.
This evaluation is based on statistical metrics including the
coefficient of determination (R?), root mean square error
(RMSE), and Nash-Sutcliffe efficiency (NSE) (Table 3).
The R? values for all models range from 0.834 to 0.885,
reflecting their strong ability to explain the variance in the
observational data. Although all models perform within
acceptable limits, the EC-Earth3-AerChem model, with R?
and NSE both equal to 0.883 and RMSE=0.106, exhib-
its the best performance. In contrast, the FGOALS-f3-L
model, with R? = 0.834, NSE=0.834, and RMSE=0.132,
demonstrates relatively weaker performance, although its
results remain within an acceptable range. Models such as
ACCESS-CM2 and CIESM, with R? values of 0.876 and
0.862, and NSE values of 0.876 and 0.862, respectively,
show better performance compared to the other models.
Additionally, the ensemble mean of the selected models,
with R? = 0.885, NSE=0.885, and RMSE=0.063, demon-
strates a particularly strong correlation with ECMWF data.

@ Springer
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These results provide robust evidence for the high reliabil-
ity of the selected models in simulating the temperature
responses to the Agung eruption.

Table 4 presents the validation results of the selected cli-
mate models, compared to ECMWF data over the five years
preceding, and fifteen years following the eruption of Pina-
tubo. The results indicate that the R? values for all models
range from 0.928 to 0.989, showcasing their strong ability
to explain the variance in ECMWF observational data. As
shown, all models perform well, with the multimodel mean
providing the best performance, exhibiting R* and NSE
values of 0.989 and the lowest RMSE of 0.031, reflecting
excellent agreement with ECMWF data. In contrast, the
KIOST-ESM model, with R? = 0.928, NSE=0.928, and the
highest RMSE of 0.109, demonstrates relatively weaker
performance compared to the other models, although its
results are still within an acceptable range. Models such
as BCC-CSM2-MR, with R? and NSE values of 0.943 and
RMSE=0.085, and CanESM5, with R? and NSE values of
0.982 and RMSE =0.054, exhibit very strong performance,
yielding results comparable to the best-performing mod-
els. Overall, these findings highlight the high reliability of
the selected models in simulating ECMWF data during the
period associated with the Pinatubo eruption. This further
supports the validity of these models in simulating climatic
responses to major volcanic events.

Table 4 Validation of selected climate models using ECMWF data for
the Pinatubo eruption during the 1987-2006 period

Selected models R? RMSE NSE

ACCESS-CM2 0.941 0.090 0.941
BCC-CSM2-MR 0.943 0.085 0.943
BCC-ESM1 0.951 0.083 0.951
CIESM 0.962 0.059 0.962
CMCC-CM2-HR4 0.958 0.072 0.958
CMCC-CM2-SR5 0918 0.100 0918
CanESM35 0.982 0.054 0.982
E3SM-1-1 0.968 0.077 0.968
EC-Earth3-AerChem 0.976 0.086 0.976
FGOALS-g3 0.958 0.079 0.958
INM-CM4-8 0.975 0.057 0.975
IPSL-CM6A-LR 0.940 0.072 0.940
KIOST-ESM 0.928 0.109 0.928
MIROC-ES2L 0.947 0.086 0.947
MIROC6 0.956 0.083 0.956
MPI-ESM1-2-HR 0.927 0.090 0.927
MPI-ESM1-2-LR 0.950 0.067 0.950
NorCPM1 0.948 0.073 0.948
TaiESM1 0.978 0.065 0.978
The multimodel mean 0.989 0.031 0.989
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Air temperatures in the Middle East following the
Krakatau (1883) eruption

To establish Krakatau’s impact on temperature in the Mid-
dle East, a mean baseline temperature was calculated for
the period from 1878 to 1882, and subsequent temperature
variability measured relative to this baseline average. Only
those temporal temperature variations that indicate statisti-
cally significant increases or decreases are discussed. It is
often observed that a cooling pattern precedes volcanic erup-
tions. As explained in the Materials and Methods section,
the analysis incorporates a moving average filter applied to
the dataset to smooth short-term fluctuations and emphasize
long-term trends. This smoothing method inherently blends
pre-eruption and post-eruption data, which can introduce
an apparent cooling signal leading up to the eruption dates.
This effect is a known limitation of using moving averages
in time-series analysis, as the filter attributes a portion of the
post-eruption cooling trend to the pre-eruption period. Other
studies employing similar smoothing techniques have also
reported analogous artifacts. For instance, Robock (2000)
highlights how data preprocessing methods can sometimes
obscure the exact temporal boundaries of volcanic impacts
on climate. Thus, the observed pre-eruption cooling is not a
direct climatic response but rather a methodological artifact
of the moving average approach.

The cooling trend observed before the Krakatau eruption
corresponds to one of the years in which the highest posi-
tive anomalies (+3.01) was observed in the 1881-82 NAO
winter index (CRU, 2024). Krakatau had a large-scale cool-
ing effect and left notable temperature anomalies in Middle
East. Temperature departures from the 1878—1882 baseline
for the time series between 1878 and 1898 indicate a cooling
trend in the Middle East lasting 75 months, from July 1883
to September 1889 (Fig. 2). During this period, the region-
ally averaged temperature departure was —0.34 °C, with the
most pronounced negative departures recorded in June and
May 1884 (-0.74 °C and —0.73 °C, respectively). The vol-
canic eruption had a direct cooling effect on temperature,
which was most pronounced during the first 12 months fol-
lowing the eruption, until June 1884. After this period, the
cooling effect dissipated. However, despite the increase in
temperature after June 1884, it took nearly 63 months for
temperatures to return to pre-eruption conditions. The major
(VEI 5) Tarawera (38°13’S; 176°31’E) eruption in June
1886 may have provided additional cooling and slowed
the temperature recovery associated with Krakatau (see
Rampino and Self 1982; Picas and Grab 2020).

Following October 1889, a phase of positive temperature
departures is observed for 11 months, signaling the end of
Krakatau’s cooling influence on Middle Eastern tempera-
tures. However, after this warming period, a new cooling
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Fig. 2 CMIP6- Derived 12-month moving average of temperature
anomalies for the Middle East: 1879—1898. Vertical dashed lines mark
the eruption phase of Krakatau, from May to October 1883. Solid lines

trend emerged in September 1890 and persisted for 44
months until April 1894, with an average negative tempera-
ture departure of -0.21 °C. Given the preceding warming
phase from October 1889 to August 1890, which showed
no statistically significant changes, it is unlikely that the
subsequent cooling phase was directly attributable to the
Krakatau eruption. Overall, early indications of a return to
pre-eruption baseline temperature conditions are evident
during the first half of 1890 (Fig. 2).

The strongest negative temperature departure (-0.8 °C)
in 1884 affected approximately 24.86% of the area (Fig. 3).
The cool anomaly persisted until 1887, impacting 77.28% of
the Middle East. In the first post-eruption year, cooling had
spread across 99.97% of the Middle East, with nearly half
of the region (46.75%) recording temperature departures
between —0.6 °C to -0.8 °C. In the second post-eruption
year, almost the entire region (99.69%) remained within the
range of -0.01 °C to -0.8 °C from baseline conditions, and
60.37% of the region continued experiencing significantly
cool conditions (departures of -0.6 °C to -0.8 °C).

Figure 4 displays maps that illustrate both annual and
seasonal temperature departures from that of the baseline
mean. These maps depict temperature departures for the
eruption year and the subsequent four years, providing a
detailed spatial-temporal analysis of temperature fluctua-
tions across the study region. Figure 4 illustrates a con-
sistent cooling trend across the entire study region during
the eruption year, with negative temperature departures

indicate the 90% confidence level, and grey shading represents the
ensemble spread (25th to 75th percentiles)

primarily ranging from —0.01 °C to -0.19 °C. Notably, a
band extending from central to eastern Iran displays a con-
trasting positive temperature departure of up to +0.2 °C. In
winter, most of the Middle East, apart from western regions,
experienced positive temperature departures ranging from
0°Cto0 0.2 °C, with a core area in southwestern Iran indicat-
ing departures of between 0.21 °C and 0.4 °C. During spring,
negative temperature departures were observed across most
regions, except for the central and northeastern Middle East,
which experienced departures of up to +0.2 °C. As summer
transitioned into autumn, the northern Middle East recorded
strongest temperature reductions, with departures ranging
from —0.41 °C to -0.59 °C. The most significant negative
temperature departure occurred in 1884, though substantial
cooling persisted into 1885. By 1886/7, considerable tem-
perature recovery is noted, with southeastern regions of the
Middle East (including the Arabian Peninsula and southeast-
ern Iran) indicating positive temperature departures (Fig. 4).

Air temperatures in the Middle East following the
Agung (1963) eruption

As depicted in Fig. 5, a clear and prolonged negative tem-
perature anomaly is evident from May 1963 to November
1969, lasting 43 months. It is worth noting that prior to the
occurrence of the studied volcanic eruption, a strong nega-
tive phase of the North Atlantic Oscillation (NAO), with an
intensity of -2.47, was experienced in March and July 1962.
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Fig. 3 The spatial extent (%) of statistically significant negative temperature departures in the Middle East during and after the Krakatau eruption

This phase may have contributed to cooling of the region
before the eruption. The average temperature departure dur-
ing this period was —0.43 °C, with the most pronounced
decline occurring in May 1964 (-0.59 °C). While a signifi-
cant negative temperature departure is observed across the
entire 43-month period, several fluctuations are noted. A
strong temperature reduction is recorded from May 1963
(-0.29 °C) to May 1964 (-0.59 °C). This is followed by a
warming trend from June 1964 (-0.58 °C) to January 1965
(-0.38 °C). Cooling again occurs between February 1965
(-0.39 °C) and October 1965 (-0.49 °C), followed by warm-
ing from November 1965 (-0.48 °C) to November 1966
(-0.27 °C). Two additional cooling phases were observed:
one from September 1967 to November 1968 (mean depar-
ture of -0.35 °C), and another from September 1970 to Sep-
tember 1971 (mean departure of -0.34 °C).
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Nevertheless, several volcanic events with VEI values
below 3, including those at Mount Etna (Italy) and Cerro
Hudson (Chile) between 1969 and 1971, may have had a
relatively limited yet notable influence on the negative tem-
perature anomaly observed during this period. However, the
results indicate that following November 1966, a period of
limited temperature variability occurred for nine months
(December 1966 to August 1967), which implies that the
cooling observed after August 1967 cannot be directly attrib-
uted to the Agung eruption. Additionally, from September
1972 to June 1978, temperatures gradually increased, even-
tually reaching mean baseline values (1958-1962) in 1976
(Fig. 5).

Significant and negative temperature departures were
observed up to 3% years after the eruption. During the erup-
tion year (1963), 36.58% of the study area experienced
negative temperature departures ranging from —0.01 °C to
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in the range of -0.20 to -0.62 °C is statistically significant

-0.8 °C (Fig. 6). As much as 19.23% of the region experi-
enced temperature departures of -0.4 °C to -0.6 °C. Dur-
ing the post-eruption year (1964), cool anomalies (-0.2 °C
to -1 °C) had spread to over 93.95% of the Middle East.
The maximum negative temperature departure associated
with Agung reached —1.0 °C but affected only 1.04% of
the region (the northwestern borders of Iran and the east-
ern border strip of Turkey). During the second post-erup-
tion year (1965), 85.5% of the study area still experienced

temperature departures ranging from —0.2 °C to -0.8 °C,
however, the areas impacted by such departures declined to
63.27% in 1966 and 29.78% in 1967 (Fig. 6).

Figure 7 presents the annual and seasonal temperature
anomalies (departures) relative to the baseline period of
1958-1962, visualized in map form. The figure demon-
strates a distinct negative temperature departure across
the entire region during the year of the volcanic eruption.
For both annual and seasonal periods, the lowest negative

@ Springer



466 Page 10 of 22 Earth Science Informatics (2025) 18:466
0.4 | | - 04
4 = l l R
0.2 - o—+— 3 0.2
[ L
A/ | ] o~
- 0.0 — 1 1 - 0.0
-1 4 I |
~ I |
v —0.2 4 | -4 —0.2
— |
*E 1 o 3
= 0.4+ LR -4 —0.4
8. I I
e I |
=0.6 1 I - —0.6
4 I | 4
I |
—0.8 I | -4 0.8
B I I ~
- 1 1 —
1.0 | | I | 1 | | | | I | I I | | I I | I | 1.0
S O O F IO DS D DI IO DI DD SO DID DSOS S
NN S T A P N P I AP
FFFFFFFFFFTFS SISO
Time

Fig. 5 CMIP6-Derived 12-month moving average of temperature
anomalies for the Middle East: 1958-1979. Vertical dashed lines mark
the eruption phase of Agung, from February 1963 to January 1964.

temperature departures (ranging from —0.01 °C to -0.19 °C)
are measured in the southeastern portion of the region, pri-
marily covering areas of Saudi Arabia, Oman, Yemen, and
parts of Iran. These areas, which are predominantly dry
and desert regions, exhibit the most minimal temperature
changes during the study period.

Seasonally, the most pronounced negative temperature
anomalies are observed during the winter months, where a
large portion of the region experienced departures ranging
from —0.01 °C to -0.19 °C. Conversely, certain areas in the
northeast and south display positive temperature anoma-
lies, with departures reaching up to +0.2 °C. As shown in
Fig. 7, the most significant negative temperature anomalies
(exceeding —0.6 °C) occurred in autumn, coinciding with
the eruption year; this cooling subsequently intensified,
surpassing that of other seasons. In the first year following
the eruption, a widespread negative temperature anomaly
is observed across the entire study area, with the cooling
intensity being stronger than in subsequent years (Fig. 7).

It is important to emphasize that the northern half of the
region, which includes the elevated and mountainous pla-
teaus of western Asia (such as the mountainous areas of
Iran, Turkey, northern Iraq and Syria), experienced more
substantial negative temperature anomalies than the south-
ern half, encompassing the Arabian Peninsula and the arid
regions of southwest Asia. While autumn exhibited the
strongest cooling during the eruption year, this was not the
case during the year following the eruption, when autumn
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Solid lines indicate the 90% confidence level, and grey shading repre-
sents the ensemble spread (25th to 75th percentiles)

cooling anomalies were lower than for other seasons. This
is likely due to the timing of the Agung eruption in autumn
1963 having directly contributed to the heightened nega-
tive temperature anomalies observed during that season. By
1965, the maximum cooling intensity shifted to northeast-
ern areas, and by 1966 and 1967, the extent of areas expe-
riencing severe cooling (below —0.6 °C) had diminished.
In 1967, shallower temperature departures of between 0 °C
and —0.19 °C had become more widespread than in previ-
ous years (Fig. 7).

Air temperatures in the Middle East following the
Pinatubo (1991) eruption

As shown in Fig. 8, from August 1991 onward, tempera-
ture departures following the Pinatubo eruption reached
—0.14 °C. The average negative temperature anomaly dur-
ing this 110-month period of 1991-2000 was —0.32 °C.
The most pronounced negative temperature anomalies took
place between August 1991 and July 1992, with an average
departure of -0.49 °C and strongest departure of -0.76 °C
in July 1992. From August 1992 to March 1996, rapid tem-
perature recovery occurred, with an average departure of
-0.39 °C. Thereafter, from April 1996 to September 2000,
temperatures recovered more gradually (apart from a strong
cool anomaly during 1998/9). The climatic consequences of
the Pinatubo eruption in the Middle East indicate that by the
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Fig. 6 The spatial extent (%) of statistically significant negative temperature departures in the Middle East during and after the Agung eruption

end of 2000 and the beginning of 2001, temperatures had
returned to the 1986—1990 baseline conditions (Fig. 8).
During the eruption year, 34.85% of the study area expe-
rienced significant negative temperature departures of up
to -0.8 °C (Fig. 9). The largest negative temperature depar-
tures, which occurred over 17.59% of the area, ranged from
—0.2 °C to -0.4 °C. During the post-eruption year (1992),
almost all of the Middle East (99.06% of the region) expe-
rienced negative temperature departures in the range —0.01
to -1 °C. Strong negative temperature anomalies (-0.6 °C to
-0.8 °C) affected 44.27% of the region in 1992. However, the
strongest departures of -1 °C, only affected a small portion
(2.3%) of the region in 1992. During 1993, 99.39% of the
Middle East continued to experience negative temperature
departures of between —0.01 °C and —0.8 °C, with 47.27%
of the region recording departures of between —0.4 °C and

—0.6 °C. Cooling continued into 1994/5, affecting 92.29%
and 94.66% of the region, respectively (Fig. 9).

During the Boreal autumn of the Pinatubo eruption year,
a broad ‘belt’ of negative temperature anomalies (up to
-0.19 °C) extending from the southwest to the northeast,
had emerged (Fig. 10). However, in northern parts, as well
as eastern Saudi Arabia and the Gulf of Oman, positive
temperature anomalies (+0.2 °C) are observed. Strongest
cooling is observed in autumn, especially over northwestern
parts of the Middle East, including the Zagros Plateau and
its surrounding regions (encompassing northwestern Iraq
and the borders with Turkey and Syria). During the post-
eruption year (1992), the entire Middle East experienced
cooling. Apart from northwestern and southeastern regions,
most of the Middle East recorded strong temperature depar-
tures of between —0.60 °C and —0.62 °C. Winter was the
least affected season in 1992, particularly over northwestern
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Fig. 8 CMIP6-Derived 12-month moving average of temperature
anomalies for the Middle East: 1986-2007. Vertical dashed lines mark
the eruption phase of Pinatubo, from April to September 1991. Solid

parts of the Middle East and west Asia (including the Zagros
Plateau and the plains between the Tigris and Euphrates);
here departures ranged between —0.01 °C and —0.19 °C.
In contrast, during 1993, strongest seasonal cool anomalies
occurred during winter, which was followed by a warming
trend from spring onwards. Temperature recovery seemed
most rapid in far northeastern parts, including parts of
northeastern Turkey and Azerbaijan (part of the Caucasus)
(Fig. 10). In 1994/5, temperatures returned to near-normal,
with some localized warm anomalies in northern Iran, Tur-
key, and the Persian Gulf region.

Discussion

Uncertainties in CMIP6 models: climate sensitivity
and aerosol forcing

Recent discussions regarding CMIP6 models have high-
lighted significant controversy regarding their assumed cli-
mate sensitivity. One of the main concerns is the substantial
increase in equilibrium climate sensitivity (ECS) across
several CMIP6 models compared to previous model genera-
tions, raising doubts about the reliability of future climate
projections (Zelinka et al. 2020; Nijsse et al. 2020). This
discrepancy is largely attributed to differences in cloud feed-
backs and the representation of radiation processes, leading
to a broader and more uncertain range of ECS estimates.

Time

lines indicate the 90% confidence level, and grey shading represents
the ensemble spread (25th to 75th percentiles)

However, CMIP6 models have shown improvements over
previous generations (CMIPY) in certain areas. In particular,
in simulating volcanic eruption impacts and oceanic tem-
perature changes, CMIP6 models have demonstrated nota-
ble progress. They have shown improved performance in
simulating surface temperature changes following eruptions
such as the 1991 eruption of Pinatubo, with better predic-
tions for regions such as the North Atlantic (Eyring et al.
2016; Rieger et al. 2020). Moreover, the role and strength of
aerosol forcing, particularly sulfate aerosols, remain highly
debated within the scientific community. Aerosols cool the
climate by increasing Earth’s albedo and modifying cloud
properties. However, the strength of this cooling effect has
undergone significant revisions in recent years, leading
to increased uncertainty in the impact of aerosols on cli-
mate models (Smith et al. 2020). Some studies suggest that
CMIP6 models represent a weaker aerosol cooling effect
compared to previous generations, which could explain
the higher ECS values and stronger warming projections in
these models. Yet, other studies argue that aerosol forcing
may still be strong, but due to updated emission inventories
and improved aerosol-cloud interaction representations, it is
modeled differently in CMIP6 (Meehl et al., 2014). These
differing views on climate sensitivity and aerosol forcing
highlight the importance of considering uncertainties in
CMIP6 outputs when interpreting regional climate impacts.
The ongoing debates within the scientific community play a
crucial role in shaping our understanding of climate model
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Fig. 9 The spatial extent (%) of statistically significant negative temperature departures in the Middle East during and after the Pinatubo eruption

projections, particularly for studies involving volcanic
impacts, as the strength of aerosol forcing can directly influ-
ence temperature anomalies.

Temperature responses in a global context

Our aim in this discussion is to place Middle Eastern air
temperature responses following the three major volcanic
eruptions (Krakatau 1883, Agung 1963, and Pinatubo 1991)
in a global context. While temperature departures can, in
principle, represent both cooling and warming, in the con-
text of this study we focus specifically on the cooling effects
observed after major volcanic eruptions. The interpretation
of such anomalies remains complex due to the influence
of internal climate variability and short-term atmospheric
fluctuations, such as ENSO and NAO, which can tempo-
rarily mask or amplify the volcanic signal (Thompson et
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al. 2009). To address this, we applied a 12-month running
mean over the 20-year study period, along with the use of
multi-model means, in order to reduce internal variability
(‘noise’) and better isolate the volcanic response. Neverthe-
less, we acknowledge that residual uncertainties may still
influence the attribution of volcanic cooling signals, par-
ticularly at regional scales. As such, temperature departures
should be interpreted with caution and within the context of
these methodological constraints.

Krakatau 1883

The August 1883 Krakatau eruption caused a mean NH tem-
perature departure of -0.3 °C in 1884, followed by gradual
warming, based on paleo-records (Zielinski 2000). How-
ever, earlier work by Selfet al. (1981) and Rampino and Self
(1982), based on observational station data, demonstrated
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that cooling was highly variable depending on latitude.
Specifically, tropical regions (0-30°N) recorded mean tem-
perature departures of -0.3 °C, while high northern latitudes
(60-90°N) experienced cooling of up to -1.0 °C.

Southern hemisphere (Krakatau)

Harvey and Grab (2022) used CMIP5 model outputs to esti-
mate mean temperature departures of -0.3 °C and —0.37 °C

for southern South America and southern Africa, respec-
tively, for the first three post-eruption years. These values
are not dissimilar to those for air temperatures recorded in
Cape Town based on observational station data (Picas and
Grab 2020), which showed a mean temperature departure of
-0.3 °C for the first post-eruption year. However, the Cape
Town data show significant inter-seasonal and inter-annual
temperature variability following the Krakatau eruption.
Specifically, post-eruption year 2 was warmer (+0.1 °C)
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than pre-eruption conditions, and post-eruption year 3 was
substantially cooler again (-0.4 °C).

Middle East (Krakatau)

Our results for the Middle East, indicating a mean tem-
perature departure of -0.51 °C, seem similar in amplitude
to those of other global regions during the first 2-3 post-
eruption years. However, these results differ from some pat-
terns observed in the SH, particularly in post-eruption year
2. The renewed cooling (~ -0.2 °C) that affected 53.21% of
the Middle East in 1887, noted in a variety of other global
regions, is likely a consequence of the 1886 Tarawera erup-
tion (Rampino and Self 1982; Picas and Grab 2020; Har-
vey and Grab 2021). This suggests that the Middle East was
impacted by a so-called ‘volcanic double’ effect (Toohey et
al. 2016) over the period 1883—1889, with prolonged cool-
ing (particularly in the northernmost regions) possibly due
to the combined climate impacts of Krakatau and Tarawera.

Agung 1963

Despite the smaller eruption of Agung in 1963, compared to
Krakatau and Pinatubo, it likely induced a similar scale of
global temperature reduction (~0.2 to 0.5 °C) during at least
the first post-eruption year, based on observational station
data (Self et al. 1981). However, a more recent study (Erlat
and Tirkes 2019), based on observational data, suggested
that winter cooling over Turkey (Middle East) was likely
only —0.3 °C following the Agung eruption, approximately
half of the cooling caused by the 1991 Pinatubo eruption.
In Australia, a widespread and persistent temperature drop
was recorded, with seasonal anomalies exceeding —0.4 °C
across all seasons in the first post-eruption year, particularly
in spring (—0.42 °C). Southeastern Australia showed the
strongest and most coherent cooling patterns. In southern
Africa, significant cooling was observed in the first year
during winter (—0.39 °C) and autumn (—0.34 °C), with
moderate anomalies extending into the second year in sum-
mer (—0.25 °C)) Harvey and Grab 2022(. In southern South
America, the response was more delayed and scattered,
with notable cooling during the winter of 1964 (—0.24 °C)
and autumn of 1966 (—0.26 °C), suggesting a lagged and
less uniform impact. In addition, studies have shown that
although the global average forcing generated by the 1963
Agung eruption was weaker than that of Pinatubo (maxi-
mum value of about —2.5 W/m2), the effects were much
stronger in the SH than in the NH (Harvey and Grab 2022).
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Pinatubo 1991

The CMIP5 outputs for the SH suggest limited cooling
(-0.23 °C) over southern South America during the first three
post-eruption years, and that this cooling was restricted to
only the first post-eruption year (-0.35 °C) over southern
Africa (Harvey and Grab 2022). Our results for the Middle
East indicate a much longer cool anomaly (~3 years) and
more substantial cooling (-0.43 °C) than what has been
reported for other parts of the world. The amplitude of
cooling was not dissimilar to that of the larger magnitude
Krakatau eruption, which is consistent with the earlier find-
ings by Self et al. (1981). Our findings are consistent with
studies conducted for the Middle East region (Dogar et al.
2017; Erlat and Tiirkes 2019). For example, Dogar et al.
(2017) found that winter cooling after the 1991 Pinatubo
eruption far exceeded the mean hemispheric temperature
anomaly almost 3 times in predominantly in North Africa
and northern part of Arabian Peninsula. Erlat and Tiirkes
(2019) revealed that the 1991 Pinatubo eruption had the
most remarkable temperature response over Turkey during
the second winter, especially when compared to the Agung
and El Chichén eruptions. The cooling magnitude of mean
maximum temperature (mean minimum) was determined as
—1.55°C (—1.38 °C) in year+1 and —1.29 °C (= 1.09 °C)
in year+2, based on all seasons according to the 70 meteo-
rological stations in Turkey. This long cool anomaly has not
been supported in other studies and is likely an artifact of
other climate dynamical factors not associated with volca-
nic forcing.

General trends (Pinatubo 1991)

Although the 1991 Pinatubo eruption reduced mean global
air temperatures by 0.5-0.6 °C during 1992/3, the cooling
effect was short-lived, and temperatures recovered almost
immediately after 1993 (Eliseev and Mokhov 2008; Stoffel
et al. 2015). More recent model outputs suggest that such
levels of cooling are ‘overrated’ and that cooling likely only
averaged 0.2 °C over 13 months (Boretti 2024). Cooling in
the SH appears to have been moderate, averaging —0.23 °C
in southern South America and —0.3 °C in southern Africa,
according to CMIP5 model outputs (Hanvey and Grab,
2022).

Middle East (Pinatubo 1991)

Mean temperature departures in the Middle East were
between —0.4 to -0.6 °C during 1992/3, which seems rel-
atively strong compared to global and other regional pat-
terns. Furthermore, our results indicate substantial cooling
(-0.72 °C) during mid-summer of 1992 and a lengthy cool
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anomaly that lasted 10 years post-eruption. This prolonged
cool anomaly has not been supported in other studies and
is likely an artifact of other climate dynamical factors not
associated with volcanic forcing.

To summarize, of the three major volcanic eruptions
(Krakatau, Agung, and Pinatubo) we investigate for tem-
perature responses in the Middle East, the strongest cool-
ing anomalies were observed for the post-Krakatau period.
This is unsurprising given the larger magnitude of that event
compared to the other two eruptions. The response follow-
ing Krakatau may also not have been as strongly masked
by anthropogenic warming, as would have been the case
for the latter two eruptions during the second half of the
20th century (Hopcroft et al. 2018). Recent climate model
experiments suggest that the significant rise in ocean heat
content and sea level (due to thermal expansion) observed
throughout the 20th century was notably reduced by the
1883 eruption of Krakatau. The cooling effect induced by
this volcanic event on the ocean’s surface was transferred to
deeper ocean layers, where it remained for several decades.
In contrast, the temporary cooling of ocean heat content
following the eruptions of El Chichén (1982) and Pina-
tubo (1991) was much more short-lived due to the rapidly
changing, anthropogenically-driven increase in ocean tem-
peratures during that period, making the cooling effect less
sustained (Gleckler et al. 2006).

Comparing temperature patterns following the
Krakatau-Agung-Pinatubo eruptions

Temperature responses following the three eruptions were
spatially and temporally highly variable over the Middle
East. Cooling gradually commenced from northern parts to
southern regions during the first post-eruption year in the
case of Krakatau. This was accompanied by strongest cool-
ing during boreal spring. During the second post-eruption
year, the strongest cooling occurred in winter, after which
warming commenced from southern regions northwards.
Southernmost regions (Yemen, United Arab Emirates,
Oman) were thus least impacted by cooling, both in mag-
nitude and duration. In contrast, northernmost regions had
longest lasting cool anomalies. Although strong cooling
was again observed over northern and central parts of the
Middle East following the Agung eruption, such cooling
did not progress much further southwards, as was the case
with Krakatau. Consequently, southern and southwestern
regions remained relatively unimpacted and indicate warm
anomalies by mid-1965. The cooling pattern for Pinatubo
begins during the Boreal autumn of 1991, extending as a
‘band’ from the southwestern to northeastern Middle East.
This ‘band’ of cooling then gradually expands and intensi-
fies across most of the Middle East during 1992, reaching its

maximum extent during autumn/winter of 1992/3. Thereaf-
ter, the cool anomaly gradually dissipates but lasts longest
over western parts of the Middle East. In contrast, eastern
parts of the Middle East warm up most rapidly. To summa-
rize, such diverse spatial patterns of cooling and warming
following major volcanic eruptions, imply that multiple fac-
tors likely influence both the extent of cooling and spatio-
temporal nature of cooling/warming over the Middel East,
as is similarly the case for other global regions impacted
by volcanic forcing (e.g. Picas and Grab 2020; Harvey and
Grab 2021).

Although the three major volcanic eruptions examined in
this study—Krakatau (1883), Agung (1963), and Pinatubo
(1991)—differed in intensity, timing, and sulfate loading,
the temperature response across the Middle East reveals a
consistent regional pattern. In all three cases, a clear cooling
signal emerged during the first post-eruption year, with the
most pronounced temperature anomalies concentrated over
northern, elevated, and inland parts of the region. In con-
trast, southern and coastal zones, particularly those adjacent
to warm water bodies such as the Persian Gulf, Red Sea, and
Gulf of Oman, experienced more subdued cooling effects.
Despite variability in the magnitude and duration of cool-
ing, the temporal extent of post-eruption anomalies ranged
between approximately two to six years, suggesting that
both eruption-specific characteristics (e.g., eruption latitude
and SO: injection) and region-specific factors (e.g., topogra-
phy, land-sea contrasts, and prevailing atmospheric dynam-
ics) jointly shaped the regional response. Notably, even the
moderate-magnitude Agung eruption produced substantial
thermal anomalies, comparable in spatial pattern—though
not duration—to those induced by Krakatau and Pinatubo.
This convergence in regional responses indicates the inher-
ent climatic sensitivity of the Middle East to stratospheric
aerosol forcing. Moreover, in all three cases, thermal recov-
ery was initiated in the southern and low-lying parts of
the region and gradually expanded northward. These find-
ings underscore the importance of integrating multi-model
ensemble outputs, such as those from CMIP6, to isolate
robust signals of volcanic influence and better understand
the mechanisms governing spatial and temporal heteroge-
neity in post-eruption climatic behavior across complex
regions like the Middle East.

Possible causes for post-eruption temperature
patterns

We consider several possible factors that may contribute to
the varied temperature responses across the Middle East. It
is widely known that a variety of factors such as the tim-
ing, location, magnitude, and chemical composition of an
eruption, along with other global- to regional-scale climate
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conditional factors (e.g. ENSO), will lead to diverse volca-
nically-forced temperature responses (Zambri et al. 2017;
Alfaro-Sanchez et al. 2018; Dee et al. 2020). To this end,
our focus is on possible regional factors that may account
for disparate patterns of volcanically-induced cooling across
the Middel East.

Although higher elevations generally experience more
pronounced temperature fluctuations (Beniston 2006; Barry
2013; Pepin et al. 2022), it remains unclear whether volcanic
eruptions have a more significant effect on temperature in
these regions compared to adjoining lower elevations. The
thinner atmosphere at higher elevations could potentially
amplify this effect, though the specific mechanisms asso-
ciated with such possible interactions still require detailed
investigation (Robock 2000; Barry 2008; Timmreck 2012;
Lelieveld et al. 2012). Notwithstanding such ongoing uncer-
tainties, the occurrence of substantive elevated terrain (3000
to >5000 m asl), such as the Zagros Mountains, Alborz
Mountains, and the highlands of Turkey (including the Tau-
rus and Anti-Taurus Ranges), enhances the sensitivity of
these areas to temperature fluctuations. In the extensive high
elevation regions across the northern Middle East, the com-
bined effects of volcanic aerosols and thinner atmosphere
could potentially more strongly diminish incoming solar
radiation and amplify cooling. Conversely, the southern
Middle East, characterized by warm water bodies such as
the Persian Gulf, the Sea of Oman, and the Red Sea, encoun-
ters moderating cooling effects (Alosairi et al. 2020). These
water bodies, with their high heat capacity, gradually release
stored heat, thereby retarding temperature reductions over
adjacent areas. However, such thermal moderation predom-
inantly only affects the lower atmospheric layers.

Northernmost parts of the Middle East are located at
relatively high latitude (~40°N) where baseline solar radia-
tion levels are comparatively lower than southernmost
(~10°N) regions. Consequently, any additional reduction
in solar radiation caused by volcanic aerosols is likely to
induce more substantial cooling from southern to northern
parts, as is observed. A further important factor to consider
is atmospheric circulation. Volcanic sulfate aerosols, which
are injected into the stratosphere during eruptions, are often
transported towards higher latitudes by prevailing winds
and large-scale atmospheric circulation systems. This pro-
cess leads to a higher concentration of aerosols over high
latitude regions, thereby intensifying the cooling effect in
those areas, compared to lower latitude regions (Oman et
al. 2005; Schneider et al. 2009). Aerosols from tropical
volcanic eruptions (e.g. Pinatubo) spread over the entire
globe, whereas high-latitude eruptions typically have aero-
sols which remain in the hemisphere in which they were
injected.

@ Springer

In our study, however, all three eruptions may be con-
sidered as tropical in location. Nonetheless, subtle differ-
ences of almost 20° latitude between the Pinatubo (15°N)
and Agung (8°S) eruptions might be sufficient to impose
the notable differences in temperature response patterns
observed across the Middle East, not least because Pina-
tubo had a stronger sulfate aerosol loading into the NH,
and the converse happened with Agung (Self et al. 1981,
Sigl et al. 2022). It is important to note that the temperature
responses discussed here are derived from model simula-
tions, not observational data. In the models, the eruptions
are treated as occurring at the same latitude, so the observed
differences in temperature response across regions are not
directly linked to latitude but rather to the different char-
acteristics of the eruptions, such as the amount of aerosol
released and its impact on the atmosphere.

A further factor contributing to the cooling trend observed
after volcanic eruptions in the Mediterranean and Middle
East is the positive phases of the North Atlantic Oscillation
(NAO) (Dogar et al. 2017; Van Dijk et al. 2022). The transi-
tion of the NAO to a positive phase after a strong volcanic
eruption at low latitudes is explained by the warming of the
lower stratosphere in the tropics, associated with the absorp-
tion of long-wave radiation by volcanic aerosols (DallaS-
anta et al. 2019; Weierbach et al. 2023). Warming in the
lower stratosphere increases the equator-pole stratospheric
temperature gradients, which in turn causes an anomalously
strong polar vortex, causing the NAO to transition to a posi-
tive phase (Handler 1989; Baldwin and Dunkerton 1999;
Ambaum and Hoskins 2002). Such processes are likely to
more strongly impact western parts of the Middel East and
hence, in part, might account for prolonged cooling in such
regions following major eruptions such as was the case with
Pinatubo.

Analyzing the impacts of volcanic-induced cooling
in the Middle East

The recorded post-eruption temperature decreases in the
Middle East, ranging from 0.2 °C to 0.8 °C, may appear
minor in absolute terms. However, within the context of
the region’s hot and arid climate, such anomalies can have
substantial implications. The Middle East is characterized
by arid to hyper-arid climatic zones, where average summer
temperatures often exceed 35 °C, and in some areas, even
surpass 45 °C. According to reports by the World Meteo-
rological Organization and the Intergovernmental Panel
on Climate Change (Masson-Delmotte et al. 2021; IPCC,
2021), even small temperature variations (e.g. 0.2 °C) can
influence the regional energy balance, evapotranspiration
rates, water demand, and agricultural productivity. Fur-
thermore, the Food and Agriculture Organization of the
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United Nations (FAO) reports that short-term cooling can
disrupt the timing of growing seasons in semi-arid regions,
potentially triggering severe fluctuations in food production
(Bélanger and Pilling 2019).

From a climatological standpoint, the significance of
such anomalies becomes particularly evident when con-
sidering their influence on broader climate variability and
extreme weather events. The IPCC (2021) indicates that
sudden cooling or warming, even by fractions of a degree,
can alter atmospheric circulation patterns, displace jet
streams, and disrupt the spatial and temporal distribution
of precipitation. In the Middle East, where chronic water
stress, erratic rainfall, and increasing pressure on natural
resources prevail, volcanic-induced cooling may temporar-
ily alleviate regional heat stress but could simultaneously
intensify the volatility of precipitation systems and increase
the frequency of abrupt droughts. Therefore, the implica-
tions of volcanic activity on temperature must not be evalu-
ated solely in terms of the magnitude of cooling, but rather
through the lens of regional climate dynamics and the vul-
nerability of human and environmental systems.

Limitations and future perspectives

This study is subject to several limitations that should be
addressed in future research. One notable limitation lies
in the reliance on climate model outputs and historical
reconstructions, which may carry inherent uncertainties in
simulating volcanic forcings and the complex interactions
within the climate system. Additionally, the interactions
among different atmospheric layers, which can significantly
influence climate responses at varying temporal and spatial
scales, were not fully considered in this study. Given the
natural spatial and temporal limitations of CMIP6 simula-
tions, future studies should focus on improving model reso-
lution, particularly at smaller regional scales, and further
investigate the role of teleconnection patterns and upper-
tropospheric circulation dynamics. Moreover, integrating
new observational and empirical data could help reduce the
uncertainties associated with model-based results and pro-
vide a more comprehensive understanding of regional cli-
mate responses to volcanic activity.

Conclusion

This study examined the response of air temperature across
the Middle East to major tropical volcanic eruptions over the
past 150 years, using outputs from CMIP6 climate models.
The simulations consistently demonstrate that large tropi-
cal eruptions induce discernible temperature anomalies in

the region. While an overall cooling trend is evident follow-
ing eruptions, the magnitude and spatial expression of this
cooling vary considerably, influenced by internal climate
variability, seasonal dynamics, and prevailing background
conditions at the time of each event.

Our analysis reveals a marked decline in air temperatures
over the Middle East following the three prominent tropi-
cal eruptions: Krakatoa (1883), Agung (1963), and Pinatubo
(1991). Specifically, negative temperature anomalies were
observed during the 75-month period after the Krakatau
eruption, the 43-month period following the Agung erup-
tion, and the estimated 52-month period following the Pina-
tubo event (from August 1991 to March 1996, subject to
further verification), based on deviations from a five-year
pre-eruption climatological baseline. Although the magni-
tude and persistence of cooling are modulated by factors
such as the presence of subsequent volcanic activity and
variability in teleconnection phases, the Volcanic Explosiv-
ity Index (VEI) emerges as a key determinant in the regional
climate response. The Krakatau (VEI 6.4) and Pinatubo
(VEI 6.1) eruptions, in particular, produced the strongest
radiative forcing and the most pronounced temperature
responses.

The peak regional cooling in response to the three
eruptions occurred approximately 10 to 14 months after
each event. Maximum mean temperature anomalies were
recorded as —0.74 °C in May—June 1884 (post-Krakatau),
—0.76 °C in July 1992 (post-Pinatubo), and —0.59 °C in
May 1964 (post-Agung), reflecting the significant thermal
impacts of these events on regional climate.

The spatial distribution of post-eruption cooling exhib-
ited notable heterogeneity across the Middle East. This
variability appears to be modulated by elevation, latitude,
and large-scale atmospheric circulation patterns, in addi-
tion to eruption magnitude. The most substantial cooling
effects were observed at higher elevations, and northern
sub-regions exhibited greater sensitivity to volcanic forc-
ing compared to southern areas. Furthermore, the extended
and more intense cooling observed over the western Middle
East, particularly following the 1991 Pinatubo eruption,
may be partially attributed to the influence of the North
Atlantic Oscillation (NAO).

The seasonality of the cooling response was also evi-
dent. The most pronounced and spatially extensive cooling
occurred during spring and winter in the two years follow-
ing each eruption. In spring, the cooling is likely linked to
the reduced transmission of incoming shortwave radiation
caused by volcanic aerosols, despite the seasonal increase
in solar insolation. During winter, the NAO frequently shifts
into a positive phase after major eruptions, amplifying nega-
tive temperature anomalies across the region.

@ Springer
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The coherent post-eruption signals associated with the
three tropical eruptions examined in this study suggest that
seasonal air temperature anomalies over the Middle East
following large volcanic events can be anticipated with a
reasonable degree of confidence. Nonetheless, further high-
resolution investigations are warranted to better understand
the role of teleconnection patterns and upper-tropospheric
circulation dynamics in modulating these climate responses.
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