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1. Executive summary 

This deliverable corresponds to the Work Package 4.3 (‘Sensitivity to different aerosol sources”). 

The work focuses on two different aspects, anthropogenic and natural aerosols. The first part of 

this deliverable is an assessment of the impacts of including time varying tropospheric aerosols, 

the second part provides an assessment of impacts of the inclusion of volcanic aerosols. A set of 

conclusions and recommendations for future s2d systems is provided at the end of the deliverable.  

 

1.1 Tropospheric sulphate aerosols 

The work presented here addresses the question of whether the inclusion of multi-annual trends in 

tropospheric sulphate aerosols produces a significant difference to the mean climate anomalies 

seen in bias-corrected seasonal forecasts for Europe. Experiments have been conducted at 

MetOffice, METEOF and ECMWF, quantifying the impacts of anthropogenic aerosol load 

differences corresponding to “early stage” (1980’s in the case of MetOffice and ECMWF, 1960s in 

the case of METEOF) and “late stage” (2000s).  The methodology considers the impact of long 

term trends in aerosol loading, and whether this needs to be represented in models to allow 

accurate calibration of seasonal forecasts. The main findings are: 

-Small, but statistically significant, impacts are found on near-surface European temperature 

related to an increase in the downward surface short-wave radiation flux across most of Europe.  

-Changes in precipitation patterns related to a combination of changes in cloudiness, increased 

temperatures and decreased atmospheric stability. 

-The inclusion of anthropogenic aerosols has an impact on temperature extreme conditions like the 

ones observed during the summer 2003 heatwave.  

-No significant impact on predictability scores emerges from the simulations performed.  

-The results are model dependent, and highlight the uncertainties in our knowledge and modelling 

of tropospheric aerosol properties and distributions, and in particular the indirect effects of aerosols 

on clouds. 

- Despite the uncertainties, the impacts of time-varying tropospheric sulphate aerosols are large 

enough to be considered important in seasonal forecasting systems. 

 

1.2 Volcanic aerosols 

The impact of specifying either observed or predicted volcanic aerosol on seasonal and multi-year 

forecasts has been investigated. Attention was focused on the response to major eruptions 

(Pinatubo, 1991, Agung, 1963 and El Chichon, 1982), or similar but fictional eruptions occurring on 

different dates. The large scale cooling caused by scattering of incoming solar radiation is captured 
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by the forecast models. The models are also able to give a dynamical response of the NH winter 

circulation, but demonstrated little skill in predicting observed tropospheric variations after major 

eruptions. It remains unclear whether this is largely because of poor predictability or is due to 

inadequacies in the specification of the forcing and the dynamical response of the models to it. 

Results suggest that using observed volcanic aerosol gives better results than simple empirical 

prediction schemes that might be used in a real-time forecasting system. However, ongoing work 

with complex stratospheric chemistry-aerosol models may provide the tools needed to predict the 

evolution of aerosol distribution and properties after an eruption. 

Recommendations are: 

- Explore with CAMS the possibility of developing a forecast capability for volcanic aerosol, capable 

of producing forecast stratospheric aerosol distributions and properties on seasonal timescales 

- Establish how well the detailed temperature response in the stratosphere can be reproduced, 

when using calculated or forecast sulphate aerosol. 

- Continued research to better understand model dynamical responses to volcanic forcings, paying 

particular attention to the predictability question and the need for adequate ensemble sizes. 

 

2. Project objectives 

With this deliverable, the project has contributed to the achievement of the following objectives 

(see DOW Section B.1.1.2): 

 

No. Objective  Yes No 

1.  To achieve an objective exhaustive evaluation of current forecast 
quality from dynamical, statistical, and consolidated systems to 
identify the factors limiting s2d predictive capability 
 

 X 

2.  To test specific hypotheses for the improvement of s2d predictions, 
including novel mechanisms responsible for high-impact events 
using a process-based verification approach 
 

X  

3.  To develop innovative methods for a comprehensive forecast 
quality assessment, including the maximum skill currently 
attainable 
 

 X 

4.  To facilitate the integration of multidimensional observational data 
of the atmosphere-ocean-cryosphere-land system as sources of 
initial conditions, and to validate and calibrate climate predictions 
 

 X 

5.  To achieve an improved forecast quality at regional scales by 
better initialising the different components, an increase in the 
spatial resolution of the global forecast systems and the 
introduction of important new process descriptions 

 X 
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No. Objective  Yes No 

6.  To assess the best alternatives to characterise and deal with the 
uncertainties in climate prediction from both dynamical and 
statistical perspectives for the increase of forecast reliability 
 

 X 

7.  To achieve reliable and accurate local-to-regional predictions via 
the combination and calibration of the information from different 
sources and a range of state-of-the-art regionalisation tools 
 

 X 

8.  To illustrate the usefulness of the improvements for specific 
applications and develop methodologies to better communicate 
actionable climate information to policy-makers, stakeholders and 
the public through peer-reviewed publications, e-based 
dissemination tools, multi-media, examples for specific 
stakeholders (energy and agriculture), stakeholder surveys, 
conferences and targeted workshops 
 

 X 

9.  To support the European contributions to WMO research initiatives 
on s2d prediction such as the GFCS and enhance the European 
role on the provision of climate services according to WMO 
protocols by creating examples of improved tailored forecast-
based products for the GPCs and participating in their transfer to 
worldwide RCCs and NHMSs. 
 

 X 

 

 

3. Detailed report on the deliverable 

3.1 Tropospheric aerosols 

 

The work presented here addresses the question of whether the inclusion of multi-annual trends in 

tropospheric sulphate aerosols produces a significant difference to the mean climate anomalies 

seen in bias-corrected seasonal forecasts for Europe. 

 

Seasonal forecasts do not currently account for a full range of time-varying external climate 

forcings in the same way as is done for decadal prediction (Kirtman et al. 2013). In this part of the 

project we deal with the fact that anthropogenic aerosols are still neglected, even though these 

appear to have a large climatic impact and strong trends over recent decades (Streets et al., 

2009). This is especially true for Europe, where stringent controls on emissions of aerosol 

precursor gases, in particular SO2, have led to large reductions in aerosol concentrations. The 

expected effect is a regional warming effect additional to that from increasing greenhouse gases 

concentrations, especially in summer when aerosols can have a large radiative impact.      
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Several sets of experiments have been run at MetOffice, ECMWF and METEOF to assess the 

sensitivity of seasonal forecasts to changes in tropospheric sulphate aerosol. MetOffice have 

produced three different sulphate aerosol concentration climatologies, which are representative of 

aerosol loads for the periods 1985-1995 (early), 2005-2015 (late) and 1993-2012 (control). These 

climatologies were derived from a 4-member ensemble of historical climate simulations with the 

Met Office’s HadGEM2-ES model (Martin et al. 2011). The aerosol epochs chosen (‘early’ and 

‘late’) correspond to periods that are typically towards the beginning and end of the hindcast 

periods of current seasonal prediction systems. When used in the ECMWF model, the 3-D 

concentration fields from these climatologies were vertically integrated and incorporated as 

specified climatologies in tailored branches of the 42r1 IFS cycle. This coordinated experiment was 

designed to assess the impact of using the same sulphate aerosol mass in two different models; 

the radiative properties of the sulphate aerosol is not controlled to be the same. 

 

Each climatology is used in a seasonal prediction ensemble initialised on 1st May to allow the 

analysis of the summer season (June to August, hereafter JJA) when the short-wave radiative 

effect of the aerosols is largest. MetOffice has carried out three sets of experiments for the period 

1992-2012, with 5 members per year; ECMWF has run three sets of experiments, each one 

covering two 3-year periods (1992-1994 and 2010-2012) with 51 ensemble members per year; 

METEOF has run two twin experiments with 15 members over the period 1993 to 2012 (20 years) 

on a 4-month range (covering two seasons, JJA and DJF). It is worth noting that the treatment of 

aerosols in the METEOF differs from the one adopted by MetOffice and ECMWF. METEOF uses 2 

different decadal means for the aerosol forcing (annual cycle of horizontal monthly fields multiplied 

by a time constant vertical profile), for an early stage (called ES, corresponding to the 1960 

decade) and for a late stage (LS, corresponding the 2000 decade). 

 

Figure 1 shows the impact on European summer climate of the change between early and late 

aerosol climatologies as simulated in the MetOffice model. All differences are shown for the late 

period minus the early period. There is an increase in the downward surface short-wave radiation 

flux across most of Europe, especially in the north, consistent with aerosol levels having declined 

over recent decades (e.g. Wild, 2012). In addition, there is a decrease in seasonal-average total 

cloud fraction of a few percent over Northern Europe. The lack of cloud changes over Southern 

Europe is likely to be a result of the region being predominantly cloud-free in summer. As 

expected, increased short-wave radiative heating in summer leads to an increase in seasonal-

average near-surface temperatures. These increases are widely significant across Europe, up to 

1˚C over Eastern Europe. Note that since a typical hindcast period ends close to the present day, 
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the expected effect in a bias-corrected forecast is half the computed difference in these 

simulations, because the aerosol climatology specified in a hindcast would be approximately the 

average of the early and late climatologies. Rainfall also changes as a result of the shift towards 

lower aerosol levels. We find a reduction in large scale rainfall over parts of Northern Europe, 

including Southern Scandinavia and the Baltic, probably related to the reduction in cloud amounts. 

On the other hand, there is a widespread signal for increases in convective rainfall, likely as a 

result of increased temperatures and decreased atmospheric stability. Taken together, this reveals 

a pattern where seasonal rainfall totals overall increase by up to several 10s of mm in a band from 

the UK to Greece and in Northern Scandinavia, with decreases (albeit smaller and less statistically 

significant) in the band in between. Summertime convective rainfall is a primary driver of rapid, 

localised flooding events, so the finding of an aerosol-related increase suggests that seasonal 

prediction systems may be missing part of an important trend.    

Changes in mean sea-level pressure, as shown by Figure 1, are very small, indicating that the 

climatic differences found here are primarily a result of radiative processes as opposed to changes 

in the atmospheric circulation. 

 

Figure 2 shows the impact in JJA temperature as simulated in the ECMWF experiments. A small 

signal emerges over the Iberian Peninsula and Eastern Europe, but the impact on near-surface 

temperature is at least a factor of 5 smaller than in the MetOffice simulations. The fact that the 

ECMWF experiments run for a shorter period than the MetOffice ones is more than compensated 

by the larger number of ensemble members; indeed the experimental design was chosen because 

of the expected weakness of the signal.  Additional runs with 5 ensemble members were 

performed for the period 1990-2012, and the temperature signal from such experiments was 

equally small (figure not shown). The very small magnitude of the temperature response is not fully 

understood. Figure 3 shows the clear-sky radiation difference, which is itself very small, with values 

of 1-2 W/m2. The radiation code used in this experiment was a pre-operational development code, 

needed to allow the specification of aerosol mass instead of aerosol optical depth. Later 

experiments with the eventually operational code and CMIP5 recommended sulphate aerosol 

mass show a clear sky impact of more than 5 W/m2 over most of Europe. Although there are 

differences between sulphate aerosol mass estimates (the CMIP5 values come from NCAR, and 

are provided for those modelling groups which do not have their own sulphate aerosol modelling), 

it is not credible that such differences can explain the large discrepancy in clear-sky forcing. 

Further uncertainties are due to modelling the optical properties of the aerosol (particle size 

distribution and interaction with humidity). Again, although we expect some level of uncertainty 

here, we would not expect such a large discrepancy. We conclude that although the current 
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version of the ECMWF code gives credible clear-sky forcing, the version used in this experiment 

must be considered suspect. 

 

A second important difference between models is that the MetOffice model includes a substantial 

indirect effect of the sulphate aerosol, whereby aerosols are specified to have certain impacts on 

cloud microphysics. The importance of this can be seen in Figure 1, where the change in surface 

solar radiation does not occur in areas with the largest aerosol change, or in the least cloudy 

regions, but in the areas with the largest changes in cloud cover. The ECMWF model does not 

include any indirect effects of the aerosol changes. Indirect effects of aerosols are complex, and a 

major source of uncertainty in the earth’s climate sensitivity – for example, the uncertainty quoted 

in AR5 for anthropogenic radiative forcing relative to 1750 due to cloud adjustments from aerosol 

changes is [-1.33 to -0.06] Wm-2 (IPCC, 2013, Figure SPM.5). This compares to a range for the 

direct effect of sulphate aerosol of [-0.6 to -0.1] Wm-2, which shows cloud related effects could be 

an important component of the total radiative impact, although their relative importance compared 

to direct effects is not well defined.  

 

Results from METEOF simulations (“late”-“early”) are shown in Figure 4, where a clear pattern 

appears with a positive difference over Central Europe (up to a maximum of 0.6 K) and a negative 

difference (up to -0.6 K) over eastern China. The increase over Central Europe is of a broadly 

similar magnitude to that found in the MetOffice simulations. However, it needs to be taken into 

account that the “early stage” concentrations in the METEOF model correspond to values in the 

1960s, instead of the values for 1985-1995 as in the MetOffice simulations, and this could act to 

reduce the European response in METEOF as aerosol effects in the 1960s are estimated to be 

less than those in the 1980s (Wild et al. 2012). In terms of predictability scores, the analysis 

performed by METEOF shows a small increase in model skill over Central Europe, but this 

increase is not found to be statistically significant (figure not shown). METEOF has also looked into 

the effects simulated during the particular conditions of the heatwave of summer 2003 (Figure 5); 

for this period the T2m difference pattern in the model is positive over Central Europe reinforcing 

the actual positive anomaly of that year (covering all Europe) but negative over Spain (tending to 

counteract the anomaly), which is probably partly related to the influence of ocean conditions and 

resolution in the simulations.  

3.2 Volcanic aerosols 

 

The SPECS experimentation on volcanic aerosols focussed on decadal timescales, and results 

from MetOffice and BSC are presented. No new integrations were made at ECMWF as part of 
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SPECS, but information is provided from previous work on this topic, and from other activities 

funded by the Copernicus Atmosphere Monitoring Service. 

 

The Met Office continues work to understand the impact of volcanic aerosols in decadal forecasts. 

One question of interest is how dependent the climate response to volcanoes is on the state of the 

atmosphere and ocean at the time of the eruption. Another question is how would the decadal 

forecast need to be modified if a volcano erupted today. To look at these questions, the Met Office 

have made two forecasts from November 1990, one that includes future volcanic aerosol 

(Pinatubo, which erupts June 1991) and one that has no volcanic aerosol. Two further forecasts 

from November 2014 have also been made, where again one has the same amount of volcanic 

aerosol as Pinatubo (erupting in June 2015) and the other has no volcanic aerosols. Each 

ensemble has ten members. The response to the volcanic aerosol is taken to be the difference 

between the runs with the volcanic aerosol and the runs without. 

 

Figure 6 shows mean sea level pressure (MSLP, top row) and surface temperature (bottom). The 

column on the left combines the ensembles from 1990 and 2014 and shows the common response 

of the two start dates. The MSLP response projects somewhat onto the positive NAO, but the 

response is weak and not significant. If the responses from El Chichon (1982) and Agung (1963) 

are also added to this ensemble then the NAO response does become significant (not shown). The 

mechanism is via the stratospheric warming induced by the volcanic aerosols, but a large 

ensemble is needed to capture the signal reliably. Because the pattern from Pinatubo only does 

not project well onto the NAO, Scandinavia and northern Russia cools. This is the opposite of what 

was observed following Pinatubo, perhaps because the strength of the volcanic forcing is weak. 

The right column shows the difference in the responses to volcanic aerosols between the 2014 and 

1990 start dates. It shows a pattern that projects much better onto the NAO and therefore also 

shows warming in the expected areas of the higher northern hemisphere latitudes. This implies 

that the 2014 ensemble members have a stronger NAO response than those from 1990. The 

reasons for this will continue to be investigated after SPECS, and the intention is to expand the 

investigation to include more models from other centres that make decadal predictions. 

 

A complementary study has been done by BSC and CERFACS to investigate the NAO response to 

volcanic forcing, using experiments run with the CNRM-CM5 coupled global circulation model 

(Ménégoz et al., submitted). This study shows that the volcanic forcing induces a strong 

reduction/retraction of the Hadley cell during two years. In accordance with Barnes et al. (2016), 

this response is strongly significant but does not project onto the NAO, since it induces a 
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strengthening of the polar vortex only at very high latitudes. Using clustering techniques, these 

CNRM-CM5 experiments show an impact on the NAO only the third winter after the volcanic 

eruption, with a significant inhibition of the negative NAO regime. This signal is related to sea-ice 

and ocean feedbacks that could explain the delay observed between NAO signal and volcanic 

eruptions during the last millennium (Ortega et al., 2015). This study highlights the fact that a large 

number of members is required to make volcanic imprints emerge from climate noise at 

midlatitudes. Using small size ensembles could easily lead to misleading conclusions especially 

those related to the NAO. 

 

BSC undertook an extensive set of decadal integrations using the EC-Earth model (Hazeleger et 

al., 2012) for the period 1961-2001 using various specifications of volcanic aerosol. The 

experiments were designed to compare using observed volcanic aerosol loadings and alternative 

specifications that might be used in a real-time forecasting situation. 

 

When observed volcanic aerosol loadings (Sato et al, 1993 and updates) are used, and when 

averaging over the three years following each of the last three major eruptions (9 years in total), 

the overall global cooling tendency is well represented by the model, although regional details 

particularly over land are not particularly well captured (see Figure 1 from BSC in Appendix). This 

is consistent with findings from earlier studies (e.g. Driscoll et al 2012) that CMIP5 models are 

generally not capable of correctly reproducing the observed dynamical responses to volcanic 

aerosol forcing, even if an overall global cooling is represented. 

 

Figure 7 compares observed and predicted temperature anomalies when using different 

approaches to predicting the years after three large volcanic events. Observations (first column) 

show a general cooling after each eruption, with some similarities between events but also 

important differences. The second column shows forecasts made using a simple empirical scheme 

to predict the evolution of volcanic aerosol during the forecast, namely a damping of the initial 

aerosol state with a two year time scale. The third column shows an alternative “analogue” 

approach, in which a volcano is modelled by using the aerosol evolution from a previous large 

eruption. Both forecast methodologies capture an element of cooling, particularly in the tropics and 

both also capture some of the observed differences between events. However, both methods have 

only limited skill in capturing regional details over land and in particular at mid-latitudes, where the 

model does not necessarily reproduce the complex interaction between internal variability and 

volcanic signal. There is no obvious preference of one method over the other. 
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Figure 8 shows skill in global temperature predictions for different forecast methodologies. It is 

clear that specifying observed volcanic aerosol loadings maximizes forecast skill out to 5 years 

(red and green curves). Beyond the first year initialization (red) is not helpful when observed 

volcanic aerosol is specified. In terms of global mean temperature, using idealized volcanic forcing 

as a “forecast” (pale blue and orange) gives almost no improvement compared to just leaving the 

volcanoes out (medium blue). At the regional scale, BSC showed that the volcanic forcing is 

associated to some skill, in particular in the Eastern Pacific and in the Indian Ocean (Fig. 5 of the 

supplementary material). Using the idealized volcanic forcing, they could reproduce part of this 

skill, but with a negative impact in other regions, which explains the lack of skill for the global 

temperature in this experiment. (Ménégoz et al., in prep.) As is generally the case with decadal 

prediction experiments, significance levels of the differences do not reach 5% because of the 

limited sample size. We cannot be sure that leaving out volcanoes is just as good a strategy as 

including some representation, in particular because the physical mechanism of scattering giving 

cooling should be robust, but it does seem that for the period studied, simple prediction methods 

for volcanic aerosol are much less effective than specifying observed values.  

 

Previous work at ECMWF, undertaken several years ago in preparation for the present operational 

System 4, showed that specifying volcanic aerosol for the Pinatubo event gave a clear cooling 

impact on global temperatures which verified well. Dynamical impacts on NH winter circulation 

were also seen, however the amplitude of the impact was found to be sensitive to the assumed 

height distribution of the aerosol particles. Although some very limited information on height 

distribution is available, this was not used in System 4, resulting in obvious errors in the 

temperature response as a function of height. Figure 9 illustrates this: the temperature response at 

70hPa is approximately correct, but the observed large response at 30hPa is badly 

underestimated, because the vertical weighting scheme distributes the aerosol mass uniformly 

throughout the stratosphere (proportional to the mass of air at each level), unlike the observed 

injection which was concentrated at 20-40 hPa. 

 

The implementation of volcanic aerosol in ECMWF S4 used the standard ECMWF radiative 

treatment of aerosols at the time, which assumes a fixed particle size distribution and hence fixed 

optical properties, in particular the ratio of infrared to visible optical depths. Further, the operational 

implementation did not use observed volcanic aerosol visible optical depth (not even for the re-

forecasts), but an empirical damped persistence scheme similar to that explored at BSC. The 

errors in horizontal and vertical distribution, optical properties and time evolution limited the benefit 

of the inclusion of volcanic aerosols, particularly as regards dynamical effects, since the 
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temperature gradients induced in the stratosphere by the radiative forcing will be sensitive to these 

errors. Note that the impact of visible light scattering giving surface cooling should be much more 

robust: the specified optical depths should be fairly accurate in the visible (since this is where they 

are measured), and the scattering depends only on the vertical integral of the aerosol, not its 

vertical distribution. 

 

In order to calculate the radiative impact of volcanic aerosol on the stratosphere and correct model 

the temperature response, it will be necessary to model the space-time evolution of the aerosol 

during the forecast. Although this capability does not yet exist in any operational seasonal 

forecasting system, some steps are being taken to lay the ground work for such a capability. One 

example, relevant both for ECMWF and the Met Office, is the GLOMAP-mode aerosol module 

(Mann et al, 2010). The GLOMAP code has been incorporated into both the MetOffice UM and 

ECMWF IFS models, and although the usual application is to tropospheric aerosol, adaptations 

have been made in the context of the UM-UKCA composition-climate model to allow the modelling 

of stratospheric sulphate aerosols. A detailed study of the ability of this scheme to represent the 

evolution of aerosol distribution and radiative properties following Pinatubo is given by Dhomse et 

al, 2014, and demonstrates a good level of skill in reproducing the observed evolution of visible 

and infrared extinction rates and physical properties of the aerosol particles. The space-time 

evolution and concentration are generally good if the initial mass injection is set at an appropriate 

level (10 Tg of S02), although there are still significant discrepancies, some of which are believed 

to relate to errors in transport. Fundamentally, the results of this study suggest that use of this 

module (or a similarly sophisticated scheme) together with appropriate chemistry and a well-

simulated stratospheric circulation, should allow aerosol forcings to be calculated of sufficient 

accuracy for use in a seasonal forecast system. One caveat is that the “goodness of fit” to the 

various estimated parameters has been achieved in part by choosing model inputs and parameters 

to allow a good fit to this particular event, and that attempts to predict a future event in real-time 

might be more difficult to get right. A particular point is the mass of injection of SO2 into the lower 

stratosphere. In a real-time situation this would be estimated by satellite retrievals (which can 

measure SO2 directly, before conversion into sulphate aerosol). The satellite estimates for 

Pinatubo are 14-23 Tg SO2, which is not consistent with the values which allow Dhomse et al to 

reproduce the aerosol. It is speculated that this may be due to rapid loss mechanisms, such as 

adsorption onto ash particles and subsequent fall out. Uncertainty in such processes would 

translate into some uncertainty in sulphate aerosol predictions. 
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A stratospheric version of GLOMAP-mode already exists for a version of the MetOffice model, as 

documented in the above paper. Development has continued, for example to represent the 

evaporation of sulphuric acid particles in the mid-stratosphere and above, and the interaction with 

Meteoric Smoke Particles. Further activities using GLOMAP for stratospheric aerosol both in the 

MetOffice model and the ECMWF IFS are planned as part of CAMS (Copernicus Atmosphere 

Monitoring Service). The latest developments will be tested and assessed in UM-UKCA for major 

volcanic eruptions including the 1963 Agung, 1982 El Chichón and 1991 Mt Pinatubo with the 

developments pulled through to C-IFS-GLOMAP (as used at ECMWF for its contribution to CAMS) 

and assessed in a re-analysis of the Mount Pinatubo eruption in 1991with C-IFS-GLOMAP. A 

stratospheric aerosol hindcast over the 2000-2015 period will also be carried out with C-IFS-

GLOMAP, using new volcanic SO2 emissions datasets being produced at Leeds for CMIP6 (J. 

Flemming, personal communication). 

 

The initial emphasis of this work, at least at ECMWF, will be on modelling aerosol properties and 

distribution, not the radiative impact. However, this existing and planned work gives a foundation 

on which more specific research and operational adaptations to seasonal forecasting could be 

built. 

 

3.3 Conclusions and recommendations 

 

Tropospheric aerosols 

The experiments performed here show that changes in tropospheric aerosol amounts over the 

period of a typical seasonal prediction hindcast can have a substantial impact on the predicted 

surface climate. In particular the near-surface temperature field shows an increase as a response 

to the reduction in aerosol concentrations over Europe, as a result of larger amounts of incoming 

radiation reaching the surface. 

The experiments demonstrate a large range of sensitivity, roughly in the range 0.1 to 1 deg C, 

although the very low values from the ECMWF experiment are not considered to be reliable. 

Nonetheless, there are real uncertainties in observing and modelling tropospheric aerosols and 

their impact, particularly on cloud properties. Even in the context of climate change modelling, 

where much effort has been expended over decades, a factor of 2 or more uncertainty in the net 

effect of aerosols persists, and this cannot be ignored in a seasonal forecast context. It should also 

be noted that these experiments have focussed on a single type of anthropogenic aerosol, namely 

sulphate. In reality, black carbon and other aerosol types have also undergone large changes over 
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recent decades, and the best way to represent complex aerosol and cloud interactions is still an 

area of active research and debate. 

Despite the substantial uncertainties, and although impact on predictability scores does not clearly 

emerge from the simulations performed in this part of the project, the inclusion of long term 

changes in tropospheric aerosol in seasonal forecast systems is recommended, as the evidence 

suggests that the effect on real-time calibrated forecasts may not be negligible.  It is further 

recommended to continue to engage with the wider research community, to follow developments in 

representing past and present aerosols and their impact. 

 

Volcanic aerosols 

The experiments at both Met Office and BSC, in agreement with earlier unpublished work at 

ECMWF, demonstrate that although cooling caused by the scattering of visible light is a robust 

response to a large volcanic aerosol load which can be captured by models, the dynamical 

response in NH winter is much more complex. At present, seasonal or decadal forecast models 

have little demonstrated skill in capturing a dynamical response to the volcanic forcing, particularly 

in a realistic “forecast” mode, where use of observed aerosol values is not permitted. The poor 

performance is not a surprise: there are large uncertainties in specifying the optical properties and 

horizontal and vertical distributions of the aerosol particles, especially in forecast mode. It should 

also be noted that there is real uncertainty in the true/expected dynamical response, which is 

related to the predictability of NH circulation in volcanic winters: even if we supply the correct 

temperature forcings in the stratosphere, how much does this control the tropospheric circulation? 

The answer to this question is presently unknown. 

To make progress – in understanding how much predictability is given by volcanic forcings, in 

being able to reproduce the past, and in being ready to deal with future eruptions – it is important 

to develop seasonal forecast models that are better able to represent the evolution and radiative 

impact of volcanic aerosol. This is not an easy task. There are three approaches that might be 

considered for operational forecasting systems. 

i) A full stratospheric chemistry/ aerosol module integrated into the forecast model. Although in 

theory this would allow the best ensemble calculation of the possible range of outcomes, 

allowing full interaction between the dynamics, physics and chemistry, it would be a very 

expensive and challenging option. 

ii) Use of a moderate resolution, dedicated chemistry/aerosol model to predict the evolution of 

volcanic aerosol distribution and optical properties, and then to specify (either as a unique 

solution or possibly as a small ensemble of solutions) this distribution as a non-interactive 

forcing for a seasonal forecasting system 
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iii) Use either observational estimates or (more comprehensively) aerosol forcings generated 

by chemistry/aerosol models as input/training to create simplified empirical models of the time 

evolution of aerosol forcing following a volcanic eruption. A very simple example of this is the 

“damped initial state” and analogue forecasting methods explored by BSC. 

Given the limitations of approach (iii), and the CAMS-sponsored developments with the GLOMAP-

mode aerosol model documented above, it seems that option (ii) might be both viable and 

worthwhile to pursue. This would require collaboration between CAMS and seasonal forecast 

producers; in principle, if CAMS were able to produce seasonal-range predictions of stratospheric 

aerosol, these could be made available to all seasonal forecasting producers. This would extend 

significantly beyond the existing plans for CAMS, and would need development to establish 

appropriate working systems to allow forecasts at these ranges. It would also be appropriate for 

research to establish how well the thermal forcings can be calculated, and the benefits that can be 

achieved by inserting these into seasonal forecast models. 
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Figure 1. Simulated difference in JJA-means of climate variables between ensembles using the 
early and late aerosol concentration climatologies (“late”-“early”) in the MetOffice model. The 
variables are surface downward shortwave radiation (upper left, units: W m-2), total cloud fraction 
(upper right, units: %), near-surface temperature (second row, left, units: ˚C), mean sea-level 
pressure (second-row, right, units: hPa), total seasonal large-scale rainfall (third row, left, units: 
mm), total seasonal convective rainfall (third row, right, units: mm) and total seasonal rainfall (large 
scale + convective) (bottom, units: mm). Regions where differences are significant at the 5% level 
of a two-tailed difference of means test are bounded by the solid contour.  
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Figure 2. Simulated difference in JJA 2m temperature averaged over 2010-2012 using the early 
and late aerosol concentration climatologies from MetOffice in the ECMWF model. The differences 
shown are “early”-“late”.   Contour interval is 0.1K.   

 

 

 

 
Figure 3. Difference in clear sky surface solar radiation for JJA, when simulating 2010-2012 using 
the early and late aerosol concentration climatologies from MetOffice in the ECMWF model. The 
difference shown is “early”-“late”.   Contours at 0.25, 0.5, 1 and 2 W/m2   
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Figure 4. Differences in the near-surface temperature (in K), as simulated by the METEOF model 
in JJA, between the experiment using the late stage (LS) aerosol forcing and the experiment using 
the early stage (ES) aerosol forcing. 
 
 
 

 
Figure 5. Differences in the near-surface temperature (in K), as simulated by the METEOF model 
in JJA 2003, between the experiment using the late stage (LS) aerosol forcing and the experiment 
using the early stage (ES) aerosol forcing. 
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Figure 6. Simulated response to a specified Pinatubo eruption, in terms of MSLP (upper row) and 
surface temperature (lower row) anomalies in DJF in the first winter after the May eruption. The left 
hand column shows the composite response from integrations starting in Nov 1990 (with a realistic 
eruption date) and Nov 2014 (a simulated eruption in May 2015). The right hand column shows the 
difference in response between a 2015 and 1991 eruption.  The difference in response has a large 
projection on the NAO. Ensemble size is 10 in both sets of integrations. 
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Figure 7. Surface temperature anomalies averaged over three years after the Pinatubo (a, b and 
c), the El Chichon (d, e and f) and the Agung (g, h and i) eruptions (from November, the year of the 
eruption): observations (left) and forecasts using an idealized volcanic forcing (2-year exponential 
decay from an initial state based on observations, middle), and forcings switched between the 
different eruptions (replacing the Pinatubo with the El Chichon, the El Chichon with the Agung and 
the Agung with the El Chichon). Anomalies are linearly detrended to exclude long term trends. 
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Figure 8: Global temperature skill correlation of 5-year EC-Earth forecasts: Correlation (a and c) 
and RMSE (b and d) of 12 months (a and b) and 36 months running mean anomalies of the global 
surface temperature. Forecast anomalies are compared to NCEP and GISTEMP continental 
surface observations and ERSST Sea Surface Temperature datasets. None of the differences 
between the hindcasts correlation skill is statistically significant at 95% 
 

 

Figure 9: Stratospheric temperature predictions following Pinatubo from ECMWF S4 at (a) 70 hPa 
and (b) 30 hPa. At 70 hPa the temperature response is reasonably predicted for forecasts starting 
after the eruption, but at 30 hPa the response is badly underestimated, due to an incorrect vertical 
distribution of the aerosol.  



    

 

 
SPECS (308378) D43.2                                                                                                                                      - 23 - 

 

4. References 

Barnes, E. A., Solomon, S., & Polvani, L. M. (2016), Robust wind and precipitation responses to 

the Mount Pinatubo eruption, as simulated in the CMIP5 models. J. Climate. 

doi:http://dx.doi.org/10.1175/JCLI-D-15-0658.1 

 

Dhomse, S. S., Emmerson, K. M., Mann, G. W., Bellouin, N., Carslaw, K. S., Chipperfield, M. P., 

Hommel, R., Abraham, N. L., Telford, P., Braesicke, P., Dalvi, M., Johnson, C. E., O'Connor, F., 

Morgenstern, O., Pyle, J. A., Deshler, T., Zawodny, J. M., and Thomason, L. W. (2014): Aerosol 

microphysics simulations of the Mt. Pinatubo eruption with the UM-UKCA composition-climate 

model, Atmos. Chem. Phys., 14, 11221-11246, doi:10.5194/acp-14-11221-2014 

 

IPCC (2013):  Summary for  Policymakers.  In:  “Climate  Change  2013:  The  Physical  Science  

Basis. Contribution  of  Working  Group  I  to  the  Fifth  Assessment  Report  of  the  

Intergovernmental  Panel  on  Climate  Change”. http://www.ipcc.ch/pdf/assessment-

report/ar5/wg1/WG1AR5_SPM_FINAL.pdf 

 

Kirtman, B., D. Anderson, G. Brunet, I.-S. Kang, A. A. Smith, and D. Smith (2013), Prediction from 

Weeks to Decades, in Climate Science for Serving Society: Research, Modeling and Prediction 

Priorities, pp. 205-235, Springer, Dordrecht.  

 

Martin, G. M., Bellouin, N., Collins, W. J., Culverwell, I. D., Halloran, P. R., Hardiman, S. C., 

Hinton, T. J., Jones, C. D., McDonald, R. E., McLaren, A. J., O'Connor, F. M., Roberts, M. J., 

Rodriguez, J. M., Woodward, S., Best, M. J., Brooks, M. E., Brown, A. R., Butchart, N., Dearden, 

C., Derbyshire, S. H., Dharssi, I., Doutriaux-Boucher, M., Edwards, J. M., Falloon, P. D., Gedney, 

N., Gray, L. J., Hewitt, H. T., Hobson, M., Huddleston, M. R., Hughes, J., Ineson, S., Ingram, W. J., 

James, P. M., Johns, T. C., Johnson, C. E., Jones, A., Jones, C. P., Joshi, M. M., Keen, A. B., 

Liddicoat, S., Lock, A. P., Maidens, A. V., Manners, J. C., Milton, S. F., Rae, J. G. L., Ridley, J. K., 

Sellar, A., Senior, C. A., Totterdell, I. J., Verhoef, A., Vidale, P. L., and Wiltshire, A. (2011): The 

HadGEM2 family of Met Office Unified Model climate configurations, Geosci. Model Dev., 4, 723-

757, doi:10.5194/gmd-4-723-2011 

Ménégoz, M., Cassou, C., Swingedouw, D., Bretonnière, P.-A., Doblas-Reyes, F., Modulation of 

the climate response to a volcanic eruption by the Atlantic Multidecadal Variability, submitted to 

Climate Dynamics. 

 

http://www.ipcc.ch/pdf/assessment-report/ar5/wg1/WG1AR5_SPM_FINAL.pdf
http://www.ipcc.ch/pdf/assessment-report/ar5/wg1/WG1AR5_SPM_FINAL.pdf


    

 

 
SPECS (308378) D43.2                                                                                                                                      - 24 - 

Ménégoz et al., Forecasting the climate response to volcanic eruptions, in preparation. 

 

Ortega, P., Lehner, F., Swingedouw, D., Masson-Delmotte, V., Raible, C. C., Casado, M., & Yiou, 

P. (2015) A model-tested North Atlantic Oscillation reconstruction for the past millennium. Nature, 

523(7558), 71-74. 

 

Streets, D. G., F. Yan, M. Chin, T. Diehl, N. Mahowald, M. Schultz, M. Wild, Y. Wu, and C. Yu 

(2009), Anthropogenic and natural contributions to regional trends in aerosol optical depth, 1980–

2006, J. Geophys. Res., 114, D00D18, doi:10.1029/2008JD011624. 

 

Wild, M. (2012): Enlightening Global Dimming and Brightening, Bull. Am. Meteorol. Soc., 93, 27–

37, doi: 10.1175/BAMS-D-11-00074.1. 

 

 

5. List of publications  

 

Plan for future publication:  

Ménégoz, M., Cassou, C., Swingedouw, D., Bretonnière, P.-A., Doblas-Reyes, F., Modulation of 

the climate response to a volcanic eruption by the Atlantic Multidecadal Variability, submitted to 

Climate Dynamics. 

 

Ménégoz et al., Forecasting the climate response to volcanic eruptions, in preparation. 
 

 
 
 



    

 

 
SPECS (308378) D43.2                                                                                                                                      - 25 - 

6. Efforts for this deliverable 

How many person-months have been used up for this deliverable? 
 

Partner Person-months 

(actual) 

Person-months  

(in-kind) 

Period covered 

1. BSC 14  M1-48 

6. MeteoF 3 0 M37-48 

14.MetOffice 7 0 M33-47 

19. ECMWF 7.5 0 M33-50 

Total 31.5   

 

7. Sustainability  

 

As with D43.1, looking at the impact of radiative forcings on seasonal climate, the issue of 

adequate sampling was an important challenge and limitation in this work. The eventual 

experimental design focused more on process and case studies than assessment of impact on 

forecast skill, particularly in the study of volcanic impacts. 

 

Although the experiments on tropospheric aerosols demonstrated some uncertainties in aerosol 

effects, they also made clear that time-evolution of aerosols cannot be neglected if a seasonal 

forecast system is to be well calibrated. Following the work in SPECS, both MetOffice and ECMWF 

plan to work towards representing tropospheric aerosol in their operational seasonal forecast 

systems. 

 

Improvements in representation of volcanic eruptions in operational forecast systems is further 

away. However, the SPECS activities have helped energize ongoing research: 

 - At MetOffice, a multi-model analysis of decadal forecasts focusing on several past eruptions is 

underway, and should lead to a paper which includes both SPECS work and other models. 

 - At BSC, investigations continue into the impact of a Pinatubo-like eruption in 2015, also with 

output from several models. Also, work on the predictability related to volcanic forcing is 

continuing. 

 - At ECMWF, the potential importance of volcanic aerosols has been highlighted, and further 

consideration will be given to how and when this can be taken further, particularly as regards 

collaboration with CAMS. 
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Appendix 1: Full Partner Contributions 

 

Report on tropospheric aerosol seasonal forecast experiment at CNRM in the framework of WP4.3: 

 

A twin-experiment has been conducted at CNRM in order to test the impact of tropospheric aerosols 

on seasonal forecast skill. As a first attempt, it has been decided to consider 2 different decadal 

means for the aerosol forcing (annual cycle of horizontal monthly fields multiplied by a time 

constant vertical profile), an early stage (called ES, 1960 decade) and a late stage (LS, 2000 

decade). Figure 1 shows the difference between the sulfate aerosol (LS-ES) optical depths (without 

dimension) for the month of July . One clearly sees the increase (corresponding to *3) over eastern 

China and the decrease over central Europe (corresponding to *1/3) and to a lesser extent over the 

USA (corresponding to *0.75). 

 

 
Fig. 1. Sulfate aerosol optical depth difference (LS-ES) in July 

 

The twin experiment consists in two ensemble of 15 members over the period 1993 to 2012 (20 

years) on a 4 month range (2 seasons covered JJA ans DJF). The model used is a pre-CNRM-CM6 

version including ARPEGE atmosphere with a new physics (notably an all-convection scheme 

(Guérémy, 2011)) and NEMO ocean. The results of the summer season will be discussed hereafter, 

to be concise, and because of the a priori larger local impact expected. Figure 2 presents the 2m 

temperature difference (LS-ES) over the 20 years. The expected local pattern appears clearly, with a 

positive difference over Central Europe (up to a maximum of 0.6 K) and a negative difference (up 

to the same maximum) over eastern China. 

 

 
Fig. 2. T2m difference (LS-ES) in JJA (in K) 
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The same type of mid-latitude pattern difference is present in the precipitation field (Fig. 3), but the 

most pronounced difference is located in the tropics, in the Asiatic sector, as a consequence of the 

aerosol difference over northern India and southern China. 

 
Fig. 3 Precipitation difference (LS-ES) in JJA (in mm/d) 

 

Considering the particular 2003 summer of the late stage period, it is interesting to see (Fig. 4) that 

the T2m difference pattern is positive over Central Europe reinforcing the actual positive anomaly 

of that year (covering all Europe) but negative over Spain (tending to counteract the anomaly). 

 

 
Fig. 4 T2m difference (LS-ES) in JJA 2003 (in K) 

 

In terms of predictability, the difference is weak (and undoubtedly not significant), see Fig. 5. 

Nevertheless, a slight difference appears over central Europe, the LS being more skill-full (when the 

local forcing is maximum). 
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Fig. 5 T2m correlation over the 2 years; ES left, LS right 

 

 

 

 

D43.2: Sensitivity to different aerosol sources and suggestions for operational implementation 

Met Office contribution 

 

Seasonal forecasts do not currently account for a full range of time-varying external climate 

forcings in the same way as is done for decadal prediction (Kirtman et al. 2013). In decadal 

prediction, the representation of these forcings is crucial for realising an important component of 

their predictive skill (Smith et al. 2010). For example, the changes to the atmosphere from explosive 

volcanic eruptions must be specified if the global cooling observed in the years following these 

events is to be reproduced (Shiogama et al. 2010). For seasonal forecasts, however, the year-to-year 

variations of the internal (unforced) component of variability dominates the response, so changes in 

external climate forcings usually have been neglected. In some systems, it has been relatively 

simple to include changes in well-mixed greenhouse gases such as CO2 (MacLachlan et al. 2014). 

Time-varying anthropogenic aerosol concentrations, however, are much more complex to include, 

even though these variations have been shown to affect climate quite substantially (Stott et al. 

2010). Climate projection models and decadal prediction systems, which have to account for the 

effects of aerosols, generally use specified emissions of precursor gases and compute aerosol 

concentrations via a detailed microphysical scheme (e.g. Bellouin et al. 2011).  

While it is true that year-to-year variations in internal modes of variability contribute most to the 

predictable component of seasonal forecasts, there is also a non-negligible component from external 

forcings. Forecasts are corrected for model errors by performing a so-called ‘hindcast’ over a 

representative number of past years. Traditionally, under this process of ‘bias correction’, the 

forecast is expressed as relative to the climatic average over the hindcast period, typically the last 

20 or 30 years. If unaccounted-for changes in climate forcings have altered the mean climate over 

this time, however, making the forecast unbiased with respect to the hindcast is no longer 

equivalent to making it unbiased with respect to verifying observations. In the Met Office seasonal 

prediction system, in which increasing greenhouse gases have been included, we observe that 

forecasts are biased warmer than the hindcast as would be expected from climate modelling. The 

concern is that anthropogenic aerosols are still neglected, even though these appear to have a large 

climatic impact and strong trends over recent decades (Streets et al., 2009). This is especially true 

for Europe, where stringent controls on emissions of aerosol precursor gases, in particular SO2, 

have led to large reductions in aerosol concentrations. This is expected to produce a regional 

warming effect that is in addition to that from increasing greenhouse gases, especially in summer 

when the aerosols can have a large radiative impact.      

In the broadest terms, the simulation of aerosols should be consistent with the simulated 

meteorological state of the atmosphere as it evolves hour by hour. This could be provided by 

inclusion of a full treatment of the fate of specified emissions of aerosol precursor gases. While 

desirable, this would not be simple to implement in seasonal prediction systems due to the need to 

initialise simulations with observed estimates of aerosol properties. As a result, the work presented 

here is confined to the initial question of whether the inclusion of multi-annual trends in aerosols 

would produce a significant difference to the mean climate anomalies seen in bias-corrected 

seasonal forecasts for Europe.  

To test this, we have produced seasonal prediction ensembles using different monthly-varying 

sulphate aerosol concentration climatologies. These concentrations are representative of the periods 
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1985-1995 and 2005-2015, and were derived from a 4-member ensemble of historical climate 

simulations with the Met Office’s HadGEM2-ES model (Martin et al. 2011). The historical 

simulations used datasets of estimated precursor emissions to compute aerosol concentrations. We 

have created climatologies from these results by averaging over specific years and over the 

ensemble members. Each climatology is used in a seasonal prediction ensemble initialised on 1st 

May of the years 1992-2012, with 5 members per year, allowing us to analyse the summer season 

(June to August or JJA) when the short-wave radiative effect of the aerosols is largest. The aerosol 

epochs chosen (‘early’ and ‘late’) correspond to periods that are typically towards the beginning and 

end of the hindcast periods of current seasonal prediction systems. As a result, we can obtain an 

estimate of the aerosol-related change in European summer climate over a typical hindcast period 

by taking the difference in ensemble-average responses in the two aerosol climatology ensembles. 

Since a typical hindcast period ends close to the present day, the expected effect in a bias-corrected 

forecast is half the computed difference, since the aerosol climatology specified in a hindcast would 

be approximately the average of the early and late climatologies. The purpose of using a range of 

initial years in the ensembles is to ensure that any systematic effect from initial conditions is 

averaged-out in the ensemble average, ensuring that any differences between ensembles are a result 

of the differing aerosol climatologies alone.  

The simulated impact on European summer climate of the change between early and late aerosol 

climatologies is shown in fig. 1. All differences are shown for the late period minus the early 

period. Firstly, there is an increase in the downward surface short-wave radiation flux across most 

of Europe, especially in the north. This is consistent with aerosols’ effect of increasing scattering of 

sunlight back to space at the expense of sunlight reaching the surface. As aerosol levels have 

declined over recent decades, this implies greater penetration of solar radiation (Wild, 2012). In 

addition, there is a decrease in seasonal-average total cloud fraction of a few percent over Northern 

Europe. Aerosols can increase clouds by modifying the physical processes by which cloud droplets 

form and grow (the ‘indirect’ aerosol effect), altering their reflectivity and lifetime (Lohmann and 

Feichter, 2005). These fundamental processes are taken into account in the Met Office seasonal 

prediction system, and allow the aerosol effect on clouds to be included in the simulations. The lack 

of cloud changes over Southern Europe is likely to be a result of the region being predominantly 

cloud-free in summer. The fact that the surface radiation is increased throughout Europe, however, 

shows that both cloud changes and clear-sky aerosol scattering are acting to bring about this change.  

As would be expected, increased short-wave radiative heating in summer leads to an increase in 

seasonal-average near-surface temperatures. These increases are widely significant across Europe, 

except for the western half of the Iberian peninsular. Greatest warming, of about 1˚C, is seen over 

Eastern Europe. Somewhat smaller increases over the ocean, and parts of the European land mass 

with a maritime climate, may be in part a result of the experimental design. As ensemble members 

in the ensembles for both aerosol epochs are initialised with the same marine initial conditions, sea-

surface temperatures, which change much more slowly than those over land, have relatively little 

time to adapt to the differences in aerosol forcing. As a result, the changes seen in these 

experiments may be less than the full climatic impact of the aerosol difference, although they are 

appropriate to address the question of potential errors in seasonal predictions. Changes in mean sea-

level pressure are very small (peaking around 1 hPa), demonstrating that the climatic differences 

found here are primarily a result of radiative processes and barely affected by changes in the 

atmospheric circulation. 

Rainfall also changes as a result of the shift towards lower aerosol levels. The seasonal prediction 

system can diagnose rainfall amounts from so-called large-scale sources such as frontal depressions 

as well as from more localised convective sources. We find a reduction in large scale rainfall over 

parts of Northern Europe, including Southern Scandinavia and the Baltic. This appears to be related 
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to the reduction in cloud amounts. On the other hand, there is a widespread signal for increases in 

convective rainfall, likely as a result of increased temperatures and decreased atmospheric stability. 

Taken together, this reveals a pattern where seasonal rainfall totals overall increase by up to several 

10s of mm in a band from the UK to Greece and in Northern Scandinavia, with decreases (albeit 

smaller and less statistically significant) in the band in between. Summertime convective rainfall is 

a primary driver of rapid, localised flooding events, so the finding of an aerosol-related increase 

suggests that seasonal prediction systems may be missing part of an important trend.    

In conclusion, the experiments performed here show that changes in aerosol amounts over the 

period of a typical seasonal prediction hindcast can have a significant impact on the predicted 

surface climate. The expected error in a present day seasonal forecast, in a system which uses the 

same aerosol climatology for both hindcasts and forecasts, is approximately half the size of the 

results presented here. Nevertheless, this is not negligible for either temperature or rainfall. While a 

shift of 0.5˚C in temperature, or 15 mm in rainfall, may be small compared to year-to-year 

variability, it would have a noticeable impact on the statistical likelihood of probabilistic 

predictions. For example, a systematic shift of 0.5˚C to a normally-distributed probability 

distribution with a standard deviation of 2˚C would increase the likelihood of a 1 in 10-year warm 

summer by 50% before any other factors were considered. As a result, it seems necessary to explore 

further the inclusion of aerosol forcing in operational seasonal prediction systems. This is not 

potentially without difficulties, however. Care would need to be taken to ensure that the overall 

effect of changing all types of forcings did not lead to unrealistic climate trends. In that sense, a 

sensible next step might be to assess whether ensembles of bias-corrected forecasts in general 

demonstrate significant biases with respect to observations. 
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Figure 1. Simulated difference in JJA-means of climate variables between ensembles using the early 

and late aerosol concentration climatologies. The variables are surface downward shortwave 

radiation (upper left, units: W m-2), total cloud fraction (upper right, units: %), near-surface 

temperature (second row, left, units: ˚C), mean sea-level pressure (second-row, right, units: hPa), 

total seasonal large-scale rainfall (third row, left, units: mm), total seasonal convective rainfall 

(third row, right, units: mm) and total seasonal rainfall (large scale + convective) (bottom, units: 

mm). Regions where differences are significant at the 5% level of a two-tailed difference of means 

test are bounded by the solid contour.    



    

 

 
SPECS (308378) D43.2                                                                                                                                      - 33 - 

SPECS D43. 1: Sensitivity to improvements in stratospheric processes, including 
recommendations for operational seasonal forecast systems; SPECS D43.2: 
Sensitivity to different aerosol sources and suggestions for operational 
implementation 

– BSC contribution: Forecasting the climate response to volcanic eruptions – 

Martin Ménégoz, September 2016 

 

1/ Introduction 

 

Volcanic eruptions can significantly impact the climate system, by injecting large amounts 

of sulfate aerosols into the stratosphere. By reflecting backward the solar radiation, these 

particles cool the troposphere, and by absorbing the longwave radiation, they warm the 

stratosphere. This radiative forcing can decrease the global mean surface temperature by 

several tenths of degrees and induce a regional cooling that can exceed one degree (Iles 

et al., 2014, Swingedouw et al., in rev.). Large eruptions are also associated to a complex 

dynamical response of the climate system that is tricky to understand considering the low 

number of available observations. Last millennium observations show an increase of the 

positive phases of the Northern Atlantic Oscillation (NAO) the second winter following the 

11 very large eruptions over this period, associated to positive temperature anomalies over 

Northern Eurasia (Ortega et al., 2015). However, the volcanoes that erupted during the 

instrumental era, i.e. over the last century, are too small and too few to allow the detection 

of a significant NAO signal (Swingedouw et al., in rev.). Recently, Maher et al. (2015) 

demonstrated that the ENSO is also affected by volcanic eruptions, with dynamical 

processes favouring el Niño events just after an eruption. However, the current generation 

of climate models struggle to forecast the dynamical response to large eruptions (Driscoll 

et al., 2012, Swingedouw et al., in rev.), as it is both modulated by, and superimposed to 

the climate background conditions, largely driven themselves by internal variability at 

seasonal to decadal timescales (Zanchettin et al., 2013). 

 

Understanding the climate response to volcanic eruptions is of major importance when 

developing decadal forecast systems for two main reasons: first, the period typically 

considered to validate them cover the last decades and include therefore three major 

eruptions: Agung (March 1963), El Chichon (March 1982) and Pinatubo (June 1981). A 

good forecast system has to simulate correctly the climate over the last decades, that is 

necessarily cooler than it would have been without volcanic eruptions. Second, we need 

our forecast systems to be able to predict the climate response to the next future eruption. 

Even with large deficiencies, climate models are able to reproduce a part of the response 

of both the ocean and the atmosphere to volcanic eruptions (Swingedouw et al., in rev.). 

Recently, Timmreck et al. (2016) found that a significant part of the skill of their forecast 
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system was associated to the volcanic forcing when this one is used in retrospective 

forecast performed over the last decades. 

 

This works aims (1) at evaluating the possibility to predict the climate response to volcanic 

eruptions with an atmosphere-ocean coupled model and (2) at highlighting the 

predictability related to volcanic aerosols in both decadal hindcasts and real-time 

forecasts. After this introduction, a second Section is devoted to the description of our 

experimental protocol. The response of the surface temperature to volcanic eruptions in 

both observational datasets and model sensitivities experiments is described in a third 

Section. In a fourth Section, we compute the skill of forecasts including different ways to 

simulate the volcanic forcing. Finally, the last Section shows a summary of the strategies 

that we suggest to predict the climate response to a volcanic eruption. 

 

2/ Experimental setup 

 

We used the EC-Earth ocean-atmosphere coupled model (Hazeleger et al., 2012) to run 

decadal hindcasts, i.e. forecasts over the last decades (1961-2001), using observed 

forcing and initialised from estimates of the observed climate state, namely from the 

ORAS4 reanalysis for the ocean component (Mogensen et al., 2011; Balmaseda et al., 

2012), from the ERA40 reanalysis for the atmosphere and land surface before 1989 and 

the ERA-interim one afterwards (Uppala et al., 2004; Dee et al., 2011), and from sea-ice 

initial conditions generated with the respective ocean-atmosphere coupled model forced 

by the ERA-interim reanalysis after an initial spin-up (Guemas et al., 2016). Typically, such 

forecasts cannot be considered as real-time forecasts, since they are using estimate of the 

observed natural and anthropogenic forcings. Volcanic forcing is an estimation from 

observations described in Sato et al. (1993) that have been updated by Makiko Sato till 

2012 (http://www.columbia.edu/~mhs119/StratAer/). 

 

For the purpose of our study, we produced the experiments described in Table 1. Our 

protocol includes a main set of 5-member forecasts for each year over 1961-2001 that we 

used as a reference (Volc-Init), and several sensitivity experiments to evaluate how the 

initialisation and the volcanic forcing affect our forecasts: Volc-Noinit is an historical 

simulation, without any initialisation, using the same reconstruction of the observed 

volcanic forcing as Volc-Init. Then, we reproduced the Volc-Init prediction over the periods 

covering the last major eruptions (1961-1965, 1980-1984; and 1989-1993) prescribing 

different stratospheric aerosol loads: one with a background value of stratospheric 

aerosols (NoVolc-Init), two other ones in which the stratospheric aerosol load is 

decreasing from the initial state with a one-year (IdealVolc1-Init) and a two-year 

(IdealVolc2-Init) exponential decay, and a last one, SwitchVolc-Init in which the forcings of 

the last three eruptions have been switched. Due to computation limitations, SwitchVolc-

Init has been run only for the three dates corresponding to the years of the Agung, El 

Chichon and Pinatubo eruptions. 

http://www.columbia.edu/~mhs119/StratAer/
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Experiment Startdate Volcanic forcing 
Initialisa
tion 

Volc-Init 
Each year over 
1961-2001 

Estimation from observed forcing Yes 

Volc-NoInit 1850 Estimation from observed forcing No 

NoVolc-Init 

Each year over 
1961-1965; 1980-
1984; and 1989-
1993 

Stratospheric aerosol load set to background value 

Yes 

IdealVolc1-Init 
1-year Exponential decay of the stratospheric 
aerosol load from the initial state 

IdealVolc2-Init 
2-year Exponential decay of the stratospheric 
aerosol load from the initial state 

SwitchVolc-Init 1963, 1982, 1991 
Volcanic forcing switched between eruptions: 
1963: El Chichon; 1982: Agung; 1991: Pinatubo 

 

Table 1: EC-Earth v2.3 experiments used in this study. All experiments are 5-members 

(see text for explanations). 

 

3/ Surface temperature response to volcanic eruptions 

 

Figure 1a shows the surface temperature response observed during the first three years 

on average after the Agung, the El Chichon and the Pinatubo eruptions, from November of 

the year of the eruption. Its main feature is a general cooling with significant values 

exceeding 0.5°C over large areas of Eurasia, North America Western Pacific and high 

latitudes (N and S), and a less marked but significant cooling over the Indian and the 

Atlantic Oceans. Warm conditions took place in Eastern Pacific, a signal varying between 

0 and 0.5°C that is clearly related to El Niño conditions, but that is not necessarily related 

to the volcanic eruptions. Our initialised forecast that includes an estimate of the volcanic 

forcing (Volc-Init) reproduces quite well these features, except the warming on the Eastern 

Pacific (Figure 1b). 
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Figure 1: Surface temperature anomalies over three years after volcanic eruptions (from 

November, the year of the eruption), on average after the Agung, the El Chichon and the 

Pinatubo eruption: (a) observations; (b) forecast including a volcanic forcing based on 

observations; (c) forecast including switched volcanic forcings (replacing the Pinatubo with 

the El Chichon, the El Chichon with the Agung and the Agung with the El Chichon); (d) 

forecast excluding any volcanic forcing; forecasts based on an idealized volcanic forcing 

using a one-year (e) and a two-year exponential decay of the stratospheric aerosol load. 

Anomalies are linearly detrended to exclude long term trends over the last decades. 

Dotted areas show anomalies significant at the 95% level according to a bootstrap 

resampling of our samples. Missing data in the observed data sets appear in white. 

Excluding the volcanic forcing from our forecasts cancels most of the general cooling that 

occurs after volcanic eruptions (Figure 1d, experience Novolc-Init). In this sensitivity 
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experiment, the initial conditions are probably at the origin of a general warming, especially 

significant over Tropical Atlantic, Russia, South-Eastern Asia and North America. 

Regarding the experiments based on the protocols that could be used in real-time 

forecasts (Figure 1 c-e-f), we found that : (i) a one-year exponential decay of the aerosol 

load applied to the initial estimate of the observed volcanic forcing is too strong to 

reproduce the real forcing, since experiment IdealVolc1-Init shows a significant cooling 

only over the Western Pacific (Figure 1f). A two-year exponential decay allows a more 

realistic cooling occurring over the oceans, but still leads to an underestimation of the 

continental cooling (experiment IdealVolc2-Init, Figure 1e). Such idealized forcing does not 

allows to simulate the cooling taking place at high latitudes, in particular at Northern 

latitudes. This is probably explained by the fact that the exponential decay is applied to an 

initial state that corresponds to the volcanic forcing taking place just after the eruptions, 

mainly in the tropics for the last three eruptions. With such a simple idealized forcing, it is 

impossible to describe the diffusion of the stratospheric aerosol that is observed from the 

tropics to the high latitudes one to two years after the eruption (Sato et al., 1993, 

Swingedouw et al., in rev.). Switching the forcings of the last major eruptions, i.e using the 

forcing of a previous eruption, seems to be an interesting protocol to predict the 

atmospheric temperature response to a new eruption (experiment SwitchVolc-Init, Figure 

1c). 

 

Note that we did not found any significant El-Niño signal induced by the volcanic forcing in 

our forecasts, even at the yearly time scale (not shown). In addition, we found in our 

forecasts a significant positive winter NAO signal the third year on average after the three 

eruptions (not shown). A positive NAO signal appears the second winter after the 11 major 

eruptions observed during the last millennium (Ortega et al., 2015), that are eruptions 

stronger than the Pinatubo, the El Chichon and the Agung. However there is no NAO 

signal significant in the observations covering the second half of the XXth century: Positive 

NAO anomalies were observed during the two winters following the Pinatubo and the El 

Chichon eruptions whereas the Agung eruption was followed by strong negative NAO 

conditions (not shown). It is tricky to detect any NAO signal focusing only over the last 

decades, since the ratio (volcanic signal)/noise of the NAO is very small over this short 

period (Swingedouw et al., in rev.). The present study does not include more investigations 

about the NAO response to volcanic eruptions. 
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Figure 2: Surface temperature anomalies over three years after the Pinatubo (a, b and c), 

the El Chichon (d, e and f) and the Agung (g, h and i) eruptions (from November, the year 

of the eruption): observations (left) and forecasts using an idealized volcanic forcing (2-

year exponential decay from an initial state based on observations, middle), and forcings 

switched between the different eruptions (replacing the Pinatubo with the El Chichon, the 

El Chichon with the Agung and the Agung with the El Chichon). Anomalies are linearly 

detrended to exclude long term trends over the last decades. 
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To fully assess the possibility to forecast the climate response to volcanic eruptions by 

switching the forcings between the eruptions, we plotted the surface temperature 

anomalies observed and modelled separately after the eruptions (Figure 2). Observations 

show a significant and general cooling after these eruptions, except a significant warming 

occurring in the Western Pacific, more or less marked and more or less concentrated in 

the tropics depending on the eruption. Observations show a noisier response in the 

continental regions, with a strong cooling over many areas, but also a significant warming 

occurring not systematically in the same regions after the different eruptions. The 

strategies IdealVolc2-Init and SwitchVolc-Init allow to reproduce a large part of these 

features, but none of them is systematically better than the other one. 

 

4/ Skill related to volcanic forcing 

 

We used a sample of 41 startdates from 1961 to 2001 to compute the correlation and the 

Root Mean Square Error (RMSE) of the global surface temperature anomalies between 

observations and our hindcast Volc-Init, applying to the anomalies a 12-month and a 36-

month running means (Figure 3, red curve). The observations of temperature are a 

combination of three datasets: the sea surface temperature ERSST v3b dataset (Smith et 

al., 2008), the land surface temperatures from the National Centers for Environmental 

Prediction (NCEP) GHCN/CAMS dataset (Fan and van den Dool, 2008) South of 60°N, 

and North of 60°N, the GISTEMP dataset (Hansen et al., 2010). Then, we did the same 

evaluation to an historical simulation that does not include any initialisation from 

observations (Figure 3, green curve). To evaluate the skill of the forecasts excluding the 

volcanic forcing or including idealized forcings, we used also the sample of startdates of 

Volc-Init, but replacing the startdates affected by the eruptions, i.e. the five years after 

each eruptions with our different sensitivities experiments (NoVolc-Init, IdealVolc1-Init, 

IdealVolc2-Init, respectively the curves blue, yellow and light blue in Figure 3). 
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Figure 3: Global temperature skill correlation of 5-year EC-Earth forecasts: Correlation (a 

and c) and RMSE (b and d) of 12 months (a and b) and 36 months running mean 

anomalies of the global surface temperature. Forecast anomalies are compared to NCEP 

and GISTEMP continental surface observations and ERSST Sea Surface Temperature 

datasets (see text for details). None of the differences between the hindcasts correlation 

skill is statistically significant at 95%. 

 

The forecast that performs better the first year, both in terms of correlation and RMSE is 

the simulation initialised with observations and including volcanic aerosols. The 

initialisation increases the skill during the first year of forecast and the skill of the historical 

simulation is better than all the other forecasts after one year. It means that the 

predictability above one year is mainly related to the external forcings (natural and 

anthropogenic), whereas the initialisation generates a model drift that probably affects the 

physical realism of our climate simulations, affecting the skill of the forecasts after the first 

year. The skill difference between the experiments NoVolc-Init, IdealVolc1-Init and 

idealVolc2-Init is almost indistinguishable in terms of global temperature, and it is 

systematically lower than the skill of the forecast that includes an estimate of the observed 

volcanic forcing (Volc-Init). 
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Figure 4: Anomaly correlation skill for the first forecast year (Year 1, top), the three first 

forecast years (Year 1-3, middle) and the third, fourth and fifth forecast years (Year 3-5, 

bottom) of EC-Earth model predictions. The correlation skill is computed with 40 startdates 

(1961-2001), and it is significant in the dotted areas. 

 

Figure 4 shows the regional distribution of the anomaly correlation skill of our forecast 

Volc-Init over the years of forecast 1, 1-3 and 3-5. As detailed in previous decadal forecast 

experiments (e.g. Doblas-Reyes et al., 2013), the skill of such forecast is higher over the 

ocean than over the continents, and higher over the tropics than over the high latitudes. 

The skill is decreasing with the time, but it keeps high values even over years 3-5, in 

particular over the tropical Atlantic, the Indian Ocean and the Western Pacific. 
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Figure 5: Contribution to the anomaly correlation skill for the first forecast year (Year 1, 

top), the three first forecast years (Year 1-3, middle) and the third, fourth and fifth forecast 

years (Year 3-5, bottom): from the initialisation (a,d and g), from the volcanic forcing based 

on observations, and from the idealized volcanic forcing based on a 2-year exponential 

decay (g, h and i). The correlation skill increase is significant in the dotted areas. 
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The first year of forecast, the initialisation brings a significant part of the skill, in particular 

in large areas of the Pacific, the tropical Atlantic and the Indian Ocean, but also in some 

areas of Northern America, Southern America and Africa (Figure 5a). The contribution of 

the initialisation is still significant over forecast years 1-3 in the Pacific and the Atlantic, but 

it is very small over the forecast years 3-5 (Figure 5d and 5h). The contribution of the 

volcanic forcing is highly significant in the Western Pacific for all the forecast years (Figure 

5b, 5e and 5h). Interestingly, it increases with the forecast time, with a contribution to the 

forecast skill equivalent to those of the initialisation over the forecast years 1-3 and then 

higher over the forecast years 3-5. This contribution is very small over the continents, but it 

is significant in some parts of the Western Atlantic and over large areas of the Indian 

Ocean (Figure 5h). This finding is consistent with Guemas et al (2013) that noticed high 

skill related to volcanic aerosols over the Indian Ocean in EC-Earth hindcasts. Besides, 

the initialisation and the volcanic forcing are also associated to a significant decrease of 

the skill in some areas (Figure 5d and 5h). However, these features noticed in the Arctic 

region for the initialisation (Figure 5d and 5g) and in the central Pacific for the volcanic 

aerosols (Figure 5h) take place in regions where the bad quality of the observations is 

strongly limiting the evaluation of the forecast skill (Massonnet et al., in press.). In terms of 

skill correlation, the contribution of the idealized volcanic forcing (IdealVolc2-Init)) shows a 

similar pattern to those of the estimate of the observed volcanic forcing, smaller but 

significant, in particular over the Western Pacific and over some areas of the Southern 

high latitudes (Figure 5c, 5f and 5i). We pointed before that the use of this idealized forcing 

does not allow an improvement of the skill to predict the global temperature compared to a 

forecast that fully excludes the volcanic forcing. We see here that such forcing appears to 

be useful at the regional scale, in particular where the skill related to volcanic forcing is 

significant. 

 

5/ Concluding summary 

 

We investigated the possibility to forecast the climate response to a volcanic eruption by 

running sensitivity experiments with the EC-Earth model over the second half of the XXth 

century, a period that covers three major eruptions (Agung, 1963; El Chichon, 1982 and 

Pinatubo, 1991). Our findings can be summarized in six main points: 

 

1. Initialised from the observations, and using an estimate of the observed volcanic forcing 

the EC-Earth hindcasts reproduce well the general cooling that occurs after such 

eruptions, with a decrease of temperature that exceeds 0.5°C over large continental 

areas and over the Western Pacific. 

2. Forecasting the dynamical response to volcanic eruption appears to be very 

challenging: Our hindcasts shows El Niño conditions the first year after the eruptions, 
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what is consistent with the observations (not shown). However, the predominant El Niño 

conditions observed during the forecast years 1 to 3 after the eruptions are not 

reproduced in our hindcasts that lose most of the observed ENSO signal after one year. 

We did not find any El Niño amplification by the volcanic forcing in our hindcasts. 

Positive phases of the NAO are more frequent the third winter after the eruptions in our 

hindcasts, but this signal does not affect the NAO skill of EC-Earth 2.3 that is very low 

and not significant. However, we have to keep in mind that the ratio signal/noise of the 

NAO response to volcanic eruptions is too small to be detected when considering the 

observations covering the second half of the XXth century that includes only three 

strong eruptions. 

3. In terms of global mean surface temperature, our EC-Earth 2.3 hindcasts run over 1961-

2001 show high skill the first year of forecast. After one-year, they have a lower skill 

than an historical simulation, since the benefits from the initialisation decreases with the 

time, the predictability from the external forcings increases, and the drift generated by 

the initialisation disrupts the physics of the model. The skill difference between the 

hindcasts excluding the volcanic forcing or using idealized volcanic forcing are almost 

indistinguishable, and systematically lower compared to those using an estimate of the 

observed forcing. 

4. At the regional scale, a large part of our forecasts skill is related to the volcanic forcing, 

in particular over large areas of the Western Pacific, the Western Atlantic and the Indian 

Ocean. The contribution to the forecast skill from the volcanic forcing is higher than 

those of the initialisation after one year of forecast. 

5. Including an automatic two-year exponential decay of the aerosol stratospheric load 

from the initial state of real-time forecasts does not significantly improve the skill of a 

forecast system predicting the global surface temperature. However, it brings significant 

skill at the regional scale, in particular in the Western Pacific. 

6. Using such idealized forcing, or using the forcing of a past eruption appears to be a 

relevant protocol to forecast the climate response to a new eruption. This finding is of 

major importance, considering that we cannot have any information of the volcanic 

forcing in the future, and even after the next eruption, we will have to wait for several 

months the availability of an estimate of the observed forcing. 
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