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[bookmark: _Toc477339550]Introduction
Volcanic eruptions principally influence climate through emission of SO2, which is converted to sulfate aerosols (Figure 1.1). These aerosols reflect incoming shortwave radiation and absorb longwave radiation, therefore modifying the atmosphere’s radiative balance, cooling the Earth’s surface, and warming the stratosphere. They also increase stratospheric water vapor concentrations by direct injection and by warming the cold point, and foster ozone-depleting heterogeneous chemistry, changing the composition and dynamics of the stratosphere (Robock, 2000). The aerosol optical depth (AOD) of the stratospheric sulfate aerosols and particle size distribution determines the solar and thermal forcing of these aerosols (Lacis et al., 1992). 
The 1991 eruption of Mount Pinatubo, the largest volcanic eruption of the satellite era, has served as the canonical analogue for a major volcanic eruption. Despite being much better observed than any previous eruption, limitations in the observing systems available at the time mean that significant uncertainties remain. The saturation of the SAGE II instrument sensors (Arfeuille et al., 2013), for example, provides for considerable uncertainty about the resulting aerosol loading, and thus forcing. At the same way, estimates of the Pinatubo stratospheric SO2 injection vary by 50%, from 14 to 21 Tg (Guo et al., 2004; Krueger et al., 1995; Read et al., 1993). Further, the chemistry and dynamical perturbations of these sorts of eruptions is not fully understood. One of the reasons is the sparse latitudinal coverage provided by SAGE II, which took about a month to cover the whole latitudinal range and did not reach latitudes higher than 70˚ (Trepte et al.,1993). The first observations of the Pinatubo volcanic aerosol were taken about two weeks after the eruption, limiting the information on the volcanic injection and the initial evolution of the volcanic gases and aerosols. 
These uncertainties limit our ability to reliably predict the effects of the next large volcanic eruption. There is a critical need for observations of SO2 amount, plume height and composition, and aerosol particle size, in order to assess and monitor the climate impacts of a major eruption. Given the rare frequency of eruptions of Mt. Pinatubo scale, it is essential that we are ready to observe the next one as soon as possible after the eruption takes place.
The goal of this report is to guide the planning of a field mission in case of a volcanic eruption, by exploring what is to be expected if a Pinatubo-sized eruption took place today. With this goal in mind, we have performed several climate model simulations with the NASA GEOS-5 and GISS ModelE chemistry climate models to understand the expected aerosol evolution and atmospheric response to eruptions taking place at different latitudes and during different seasons.  By looking at the similarities and differences in the respective models we seek to identify critical measurements to be made in a post-eruption field campaign.

[bookmark: _Toc477339551]Model Capabilities
GEOS-5 and ModelE include some of the most detailed representations of stratospheric aerosols among present Earth System models. They include a dynamic treatment of the injection of SO2 following a volcanic eruption and its feedback on the climate system, including detailed online chemistry, aerosol formation and two different aerosol microphysical parameterizations. 

[bookmark: _Toc477339552]GEOS-5
GEOS-5 is an aerosol and chemistry focused version of the GEOS-5 Earth system model (Rienecker et al., 2011), including radiatively and chemically coupled tropospheric and stratospheric aerosol processes and atmospheric chemistry. GEOS-5 includes the CARMA sectional aerosol microphysics model (Colarco et al., 2014a; Toon et al., 1988), which has been expanded to account for the evolution of size distributions and mass concentrations of stratospheric sulfate following English et al. (2013). CARMA is coupled within GEOS-5 to the stratospheric chemistry package StratChem (Pawson et al., 2008). GEOS-5 has been evaluated in the two phases of the Chemistry-Climate Model Validation (CCMVal-1 in Eyring et al., 2006, and CCMVal-2 in SPARC CCMval, 2010), and reliably simulates the stratospheric chemistry and transport. The Mt. Pinatubo eruption has been extensively studied in a previous version of GEOS-5 coupled to the GOCART aerosol module (Chin et al., 2000; Colarco et al., 2010) with respect to the plume transport (Aquila et al., 2012) and its effect on stratospheric chemistry and dynamics (Aquila et al., 2013). The use here of the CARMA module is an advance over the GOCART module as it permits explicit simulation of the evolving aerosol particle size distribution as it changes through nucleation of new particles, coagulation, and condensation of sulfuric acid vapor onto existing particles.  CARMA resolves the sulfate aerosol particle size distribution over 22 size bins spaced logarithmically in radius from 2 nm to 3.25 m.  The optical properties of sulfate are a function of size, computed using Mie theory and assuming a spectral refractive index of sulfate varying in the wavelength range of 0.25 – 40 m based on the Optical Properties of Aerosols and Clouds database (OPAC, Hess et al. 1998).  In the experiments presented here a simple module for carbonyl sulfide (OCS) is implemented within the chemistry framework, specifying a surface mixing ratio of 510 pptv.  OCS is mainly inert in the troposphere and eventually transported into the stratosphere, where it undergoes oxidation and photolysis, and is converted to sulfate. GEOS-5 is spun up for 10 years prior the beginning of our experiments to allow for the stratospheric concentrations of sulfate to equilibrate. This background state is perturbed by the volcanic injections of SO2. Oxidation of SO2 to produce sulfuric acid (H2SO4) is carried out using the chemical mechanism in Chin et al., 2000.  Nucleation and condensation of sulfuric acid to form sulfate aerosol is as described in English et al., 2013 for the CARMA module.  Radiative and chemical feedback of the sulfate formed affects atmospheric thermodynamics and heterogeneous chemistry within the StratChem mechanism.  
The specific version of GEOS-5 used in this study includes the physics component of the Heracles 4.3 version of GEOS-5, and is identified in the main CVS repository as tag:
prc+asd-Heracles-UNSTABLE+GOCART+ExtData+DNA-a1-v12+H43_based_HQ_VOLCANO_REPORT

[bookmark: _Toc477339553]GISS ModelE
The NASA GISS ModelE Earth system model (Schmidt et al., 2014) comprises fully interactive aerosols and chemistry components, with heterogeneous chemistry in both the troposphere (Bauer and Koch, 2005) and the stratosphere (Shindell et al., 2006), which includes halogen chemistry and polar stratospheric clouds. 
The aerosol microphysics scheme (Multiconfiguration Aerosol TRacker of mIXing state; MATRIX) (Bauer et al., 2008) is based on the quadrature method of moments. It represents new particle formation (binary and ternary nucleation scheme, excluding organics), particle emissions, gas-particle mass transfer, aerosol-phase chemistry, condensational growth, and coagulation within and between modes. The optical properties of internally mixed aerosol populations are represented in MATRIX by choosing different mixing rules such as Bruggeman, Maxwell-Garnet, or assuming core-shell particle shapes.
MATRIX has the unique capability to track different aerosol mixing states, on top of the prognostic capabilities of tracking aerosol size distribution, which enables the co-existence of aerosols with different mixing states and optical properties but similar composition, e.g. coated and homogeneously mixed BC. It determines aerosol size (reff) in a series of size modes of prescribed lognormal shape and mode widths (sigma). 
The specific version of ModelE used in this study is an improved version of the model used for IPCC AR5. It does include most, but not all, of the improvements implemented in the model for use in IPCC AR6. Its git SHA1 stamp is efd17f95c0c162fab4c1423113ddb1ce7f10f40e. 

[bookmark: _Toc477339554]Experiment setup
In this report, we present results from a set of coordinated simulations of Pinatubo-sized eruptions. Each simulation prescribes an injection of 14 Tg SO2 during 24 hours between 18km and 24 km altitude. The location of the eruptions varied among six latitudinal bands using existing volcanoes as notional injection locations (Table 1.1 and Figure 1.2).
For each location, we performed simulations with the volcano erupting on the 15th of January, April, July, and October. This amounts to a total of 25 simulations (one control without eruption and 6 locations x 4 eruption seasons). All simulations have present-day conditions for tropospheric emissions and concentrations of greenhouse gases (GHG) and ozone depleting substances (ODS). The length of each simulation was 5 years for GEOS-5 and 10 years for ModelE. To estimate the meteorological variability, with GEOS-5 we performed 5 realizations of each eruption using different meteorological initial conditions. While both models include the possibility of an interactive ocean, we chose for this study to use prescribed sea surface temperatures (SST) and sea ice cover (SIC) free of major ENSO events to reduce the noise of the resulting atmospheric response.
Table 1.1: Locations of the volcanic injections prescribed in our model simulations.
	Latitude band
	Volcano
	Coordinates

	Northern high latitude
	Eyjafjallajökull
	63.63° N, 19.62° W

	Northern mid-latitude
	Sarychev Peak
	48.092° N, 153.2° E

	Northern tropical
	Mt. Pinatubo
	15.13° N, 120.35° E

	Southern tropical
	Mt. Agung
	8.342° S, 115.508° E

	Southern mid-latitude
	Cerro Hudson
	45.9° S, 72.97° W

	Southern high latitude
	Mt. Erebus
	77.53° S, 167.17° E
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Volcanic aerosols injected into the tropical stratosphere are likely to have a longer lifetime than those in the extra-tropics since the tropical stratosphere is the region of upwelling of the Brewer-Dobson circulation (BDC), which moves air upwards in the tropical mid-stratosphere and downwards in the mid to high latitudes. Additionally, the Brewer-Dobson circulation transports aerosols from the tropics to the extratropics through its lower and upper branches (in the lower and middle stratosphere, respectively). This extra-tropical transport will also be influenced by the phase of quasi-biennial oscillation (QBO, Hitchman et al. 1994). Separating the effect of the QBO phase from the BDC seasonality on the transport of the volcanic aerosol would require a larger ensemble of simulations, and it is therefore not attempted for this report. 

[bookmark: _Toc477339556]Conversion of sulfur dioxide into sulfate aerosol
The SO2 e-folding time (Figure 2.1), defined as the time needed for a compound to decay to a concentration equal to 1/e of its initial value, is in broad agreement with observations of ~3 weeks (Schmidt and Robock, 2015). Both models agree remarkably well on the SO2 e-folding time, which is shorter for eruptions taking place at the latitudes with highest OH concentrations (i.e. the tropics for January and July eruptions and the southern/northern high latitudes for October/April eruptions). Wintertime high latitudes have SO2 e-folding times that can exceed 3 months, due to the lack of OH during polar night. SO2 is almost completely converted within 4-5 months after the eruptions.
The location of the eruption has a profound impact on the amount of SO2 calculated by both models (Figure 2.2). The tropical eruptions behave almost identically in both models, regardless of the hemisphere and season, producing the highest stratospheric mean SO2 mixing ratio. Mid and high latitude eruptions show a higher spread of SO2 levels as a function of season, with fall and winter high latitude eruptions sustaining elevated SO2 mixing ratios much longer. 
A notable exception in both models is the southern hemisphere high latitude fall eruption (April), in which it takes 8 months for SO2 to completely convert into sulfate aerosol, due to a delay in its photochemical destruction related to the decrease in OH during the polar night. Starting from August, SO2 decay follows the same curve as for the other eruptions thanks to the increase in OH concentration caused by the rising of the sun on the polar latitudes. The same delay is not visible in the northern hemisphere because the eruption takes place at a latitude lower than the volcano chosen for the southern hemisphere. 

[bookmark: _Toc477339557]Aerosol optical thickness
The maximum Aerosol Optical Depth (AOD) above background varies among all our experiments from 0.055 to 0.13 in GEOS-5 and from 0.1 to 0.12 in ModelE (Figure 2.3). GEOS-5 AOD is smoother than that of ModelE for two reasons.  First, the volcanic perturbation in GEOS-5 is tracked separately from other aerosol species.  This is not the case in ModelE, which has noise in the AOD signal due to aerosol changes in the troposphere related to natural variability caused by the climate impact of the volcanic eruption. Second, the GEOS-5 AOD is the mean of the five ensemble members.  Regardless, in both models all simulations realize ~90% of the AOD maximum within the first two months after the SO2 injection, with some simulations continuing to see small increases in AOD through ~9 months post-eruption.
GEOS-5 simulates a strong dependence of the AOD peak magnitude on the season of the eruption. This is particularly true for Northern Hemisphere high latitude eruptions, where winter injections yield ~50% higher AOD compared to summer eruptions. This seasonal impact is not seen in the ModelE simulations, which all calculate similar AOD evolutions independent of the eruption season. The only exception is the southern hemisphere high latitude April eruption, which lags forming enough sulfate to contribute to the AOD by a few months. This is in agreement with the delayed SO2 to SO4 conversion showed in Section 2.1. 
The return of AOD to the pre-eruption background levels is faster in GEOS-5 than in ModelE. GEOS-5 returns to within 10% of background in ~2.5 years, while ModelE takes ~3.25 years. This distinction, which is related to differences in aerosol loss processes rather than aerosol formation ones (see SO2 discussion in Section 2.1), is mainly due to a slower sedimentation in ModelE due to the smaller simulated aerosol effective radius (see discussion in Section 2.6). Additionally, differences in the simulated atmospheric transport between the two models can contribute to the different aerosol lifetime (see also Fig. 2.7). A future set of simulations to quantify this might include the special age-of-air tracers, which are not enabled by default in ModelE. 
The mean stratospheric sulfate aerosol mass mixing ratio differs considerably amongst the simulations (Figure 2.4). The greatest sulfate aerosol mass is realized in the tropical eruptions in both models. In both models, the Southern Hemisphere high latitude eruption during fall (April) yields a much smaller stratospheric sulfate mass than the other simulations. As noted in Section 2.1, these fall southern hemisphere events stand out among the others, due to the location of the volcano within the southern hemispheric polar vortex. 
Despite a strong similarity in the sulfate mass behavior simulated by GEOS-5 and ModelE, their results for the AOD differ substantially. The different behavior of sulfate mass and AOD points to the importance of how aerosol optical properties change for each eruption, which are mostly depending on different aerosol sizes simulated by the models for each individual simulation. The evolution of aerosol size as a function of eruption and time are shown in Section 2.6. 
Figures 2.5 and 2.6 show the zonal monthly mean AOD for the simulated eruptions. Interestingly, most tropical experiments show significant cross-equatorial transport, which is instead minimal for mid- and high-latitude eruptions. This holds for simulations with both models, with the level of cross-equatorial transport depending on the season, in agreement with the phase of the BDC which transports air from the summer to the winter hemisphere. For northern hemispheric tropical eruptions this means that aerosols from eruptions in spring and summer (April and July in our simulations) will be more quickly transported across the equator to the southern hemisphere than eruptions in fall and winter. In the same way, aerosols from a southern tropical eruption will be transported more quickly to the northern hemisphere when the eruption takes place between September and February. 
Inter-hemispheric transport (i.e. from the northern/southern tropics to the northern/southern high latitudes) is faster during the hemispheric winter.
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Figure 2.7 shows the global mass of the volcanic sulfate aerosols. High latitude eruptions have the shortest lifetime, with most of the sulfate removed 18 (GEOS-5) or 24 (ModelE) months post-eruption. For GEOS-5, mid-latitude eruptions lifetime is similar to high-latitude, while for ModelE mid latitude eruptions have a lifetime similar to that of tropical eruptions. Tropical eruptions have above-background sulfate mass in the stratosphere for ~2.5-3 (GEOS-5) or 3.5-4 (ModelE) years. Fall eruptions tend to attain somewhat smaller overall mass than the other seasons in both models.

[bookmark: _Toc477339559]Altitude of the volcanic aerosol 
As mentioned earlier, the Brewer Dobson circulation moves air up above the tropical tropopause, which then descends in the mid-latitudes. In ModelE this stratospheric circulation appears to be stronger, since sulfate aerosols are lofted higher up in most eruptions (Figure 2.9) than we see in GEOS-5 (Figure 2.8). Indeed, at the monthly mean scale it appears that in GEOS-5 the aerosol descends almost immediately following the eruption.  This is not quite correct, however, as the aerosol altitude evident in Figure 2.8 is already higher than the injection altitude.  There is generally a rapid self-lofting of the aerosols immediately following the volcanic eruption, especially apparent in the tropics (see Figures 6.27 – 6.32). The degree of this lofting and its duration is different in the two models, and likely relates to the particle size simulated in both the optical/radiative effects as well as the efficiency of sedimentation at removing particles (see discussion below).  Additionally, the results show different local meteorological conditions between the two models, with a simulated tropical upwelling stronger in ModelE than in GEOS-5.
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Figures 2.10 and 2.11 show, respectively, GEOS-5 and ModelE wet deposition of volcanic sulfate following our eruption scenarios. Sulfate wet deposition in the aftermath of tropical eruptions is enhanced in the 18-months post-eruption, most clearly evident in the ModelE simulations (Figures 2.11). Wet deposition for mid and high latitude eruptions, by contrast is enhanced somewhat sooner, around a year post eruption. The dry deposition changes for mid to high latitude eruptions is less clear (Figures 2.12 and 2.13). 
Wet deposition, a highly variable and seasonally sensitive field without a volcanic eruption, may be so heterogeneous because a volcanic stratospheric injection of SO2 is expected to reduce precipitation (e.g. Iles et al. 2015). Care should thus be taken when evaluating atmospheric sulfate loads from surface deposits to account for coincident alterations in accumulation.
The dry deposition presented here is the sum of two processes: that of impaction scavenging at the surface and that of sedimentation, which occurs at all layers and gets more effective with increasing particle size and decreasing air pressure. Sedimentation transports aerosols at lower altitudes, until they reach the surface and be removed from the system. For this, dry deposition is only effectively removing aerosols at the bottom-most layer of the atmosphere in the models. 
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Both GEOS-5 and ModelE calculate a wide variability in effective radii at 30hPa altitude (Figure 2.14). The models, which have different microphysics parameterizations, generally disagree on many aspects of aerosol size. This makes the measurements of such a parameter during an eruption critically important. 
GEOS-5 simulates radii up to ~0.7 μm, similar to the 1991 Mt. Pinatubo eruption, while for other eruptions it calculates almost no enhancement above the background particle size. These are the eruptions taking place at high latitudes in the fall, when the slow SO2-to-sulfate conversion rate allows the gas to disperse before aerosol forms, thus limiting the efficacy of coagulation as aerosol growth process. After just a year the effective radii of most eruptions is half the peak values, thanks to the quick sedimentation of large particles. 
ModelE, on the other hand, calculates aerosol sizes that reach ~0.45 μm, and no eruptions that do not increase aerosol sizes at all, including the anomalous April SH one. The “decay” of aerosol size is also much slower in ModelE compared to that of GEOS-5. 
Tropical eruptions are the ones that consistently produce the highest aerosol radii in both GEOS-5 and ModelE.
[bookmark: _Toc477339562]Volcanic impacts on the stratospheric temperatures and subsequent changes
The stratospheric warming associated with tropical volcanic eruptions is clear in the global temperature record from satellites (e.g. McLandress et al., 2015). The warming is due to the absorption of longwave and near-infrared radiation by the volcanic sulfate aerosol, and leads to changes in stratospheric dynamics that propagate to the whole stratosphere. This, in turn, produces additional changes in stratospheric temperatures. 
Furthermore, the warming of the “cold point”, the region of the tropical tropopause layer that regulates the amount of water vapor entering the stratosphere, produces changes in stratospheric water vapor concentrations, which, again, feed back onto stratospheric temperatures and also possibly counteract part of the tropospheric cooling due to the increased albedo in the visible wavelengths (Joshi and Jones, 2009). Alternatively, this water may modulate the chemistry and not have this impact at all (LeGrande et al 2016).
Volcanic ash also has a strong impact on stratospheric temperatures, due to its very low single scattering albedo, i.e. strong absorption properties over the whole wavelength spectrum. Niemeier et al. (2009) found that this radiative effect is relevant when studying the dispersal of the volcanic plume during the first weeks after the eruptions. Additionally, the strong warming associate with the ash absorption could further increase the water vapor entering the stratosphere and, generally, amplify all effects associate with the warming of the lower stratosphere. However, only a few studies provide optical properties for volcanic ash, and with a very large uncertainty (Carn and Krotkov, 2016). We did not include volcanic ash in the model simulations presented in this report due to model limitations. A new ash module has recently been included in GEOS-5 and its performance is currently being tested. 

[bookmark: _Ref468434386][bookmark: _Toc477339563]Global temperature changes 
Figure 3.1 shows the global temperature anomalies at 50 hPa simulated by GEOS-5 and ModelE in each experiment. Both models show an increase in global mean temperatures associated with the volcanic aerosol. The warming is, however, stronger in GEOS-5 (up to about 2K) than in ModelE (up to about 1.5K). Another difference between GEOS-5 and ModelE temperature anomaly is the timing of the maximum anomalies in the experiments with tropical eruptions (Figure 3.1, 3rd and 4th rows). While GEOS-5 temperature anomalies peak about 6 months after the eruption, at the same time as the peak in aerosol optical thickness, ModelE anomalies increase more slowly and peak between 1 and 2 years after the eruption. These differences are due to different vertical extent of the volcanic aerosol in GEOS-5 and ModelE (see Section 2.4), to the different spectral depending sulfate reflective indices used in the two models, with GEOS-5 using optical properties that are more absorbing in the long wavelength, and to the different approaches used by GEOS-5 and ModelE in simulating the aerosol size distribution. The microphysical model CARMA used by GEOS5 adopts a sectional approach. Therefore it does not impose any constrain on the shape of the size distribution. ModelE/MATRIX, on the other hand, represents the aerosol population as a superposition of lognormal modes and can miss the long tail of the aerosol distribution that extend to the large particles that are more absorbing in the infrared and near infrared.
This discrepancy in the temperature response between GEOS-5 and ModelE points to the need for measurements of the optical properties of volcanic aerosol, to reduce uncertainties in the climate response to volcanic eruptions. 
The dependence of the global temperature anomalies on the season of the eruption is nearly absent in the case of tropical eruptions, and increases with the eruption latitude, at least in the GEOS-5 simulations, in agreement with the seasonal dependence of the transformation time scales of SO2 into SO4. ModelE, on the other hand, does not show a large seasonal dependence. 
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We expect an increase in tropical upwelling caused by the warming of the lower and middle stratosphere. Figure 3.2 shows the anomaly of the vertical velocity, averaged over the 10˚S-10˚N latitudinal band (note that negative values imply a strengthening of upwelling) after an eruption in the southern tropics. A similar diagnostic was not available for ModelE. Figure 3.2 shows a strengthening in upwelling co-located with the volcanic aerosol and the subsequent warming (Figure 3.3, left panels). This strengthening lasts for about a year after the eruption, and is stronger during the southern hemispheric spring and summer. This is due to the phase of the Brewer-Dobson circulation, which locates the latitude of the eruption in the region of strong upwelling during these seasons. 
Such an increase in upwelling is reflected in the concentrations of long-lived species such as N2O (Figure 3.4). N2O is emitted at surface and its concentration decreases with height, making it a good tracer for studying changes in vertical transport. Associated with the increased upwelling, there is an increase by up to 30 ppbv in N2O concentrations above 10hPa, because N2O rich air is transported to a N2O poor region. A similar increase in N2O concentrations is visible both in GEOS-5 and in ModelE, suggesting that the strengthening of tropical upwelling is simulated by both models. 
This simulated strengthening of the upwelling defines also the vertical transport of the volcanic aerosol itself, that reaches altitudes higher than the injection location shortly after the eruption. This “self-lofting” behavior of sulfate aerosols has thus far been unclear in observations, with an active debate ongoing within the community (e.g., Bourassa et al., 2012 and Fromm et al., 2013) and we are currently unable to discern with observations whether or not self-lofting actually occurs (Toon, pers. comm., 2016). Improved observational capabilities (e.g., SAGE III) may elucidate whether self-lofting is actually occurring. 
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The increase in stratospheric aerosol impacts tracer concentrations by providing surface for heterogeneous chemistry reactions (Tie and Brasseur, 1995) and perturbing stratospheric temperatures (Pitari et al., 2014), and, subsequently, reaction rates and formation rates of polar stratospheric clouds (PSC). PSC formation rates are perturbed also because of the increase in sulfate aerosol condensation nuclei. Additionally, the scattering of solar radiation by the volcanic aerosol perturbs photolysis rates. 
In our model simulations, we include changes in heterogeneous chemistry because of the increase in aerosol surface area density, and in reaction rates and PSC formation because of temperature anomalies (although neither model’s PSC mechanism is directly responsive to changes in sulfate aerosol condensation nuclei concentrations). Additionally, neither model’s photolysis rates are affected by attenuation of solar radiation by overhead aerosol, though they are modulated by overhead ozone. 
Unlike the GEOS-5 results presented in other sections, in this section we show only one GEOS-5 simulation, because of a mistake in the original setup of the ensemble members that caused non-volcanic background aerosol not to be included in the simulation. We do not expect this error to affect the results presented in the previous sections, given the strength of the simulated signal. 
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Generally, all our volcanic simulations show a decrease of stratospheric ozone and NOx concentrations with respect to the control simulation (Figure 4.1 and Figure 4.2), evidence of an increase in heterogeneous chemistry on volcanic aerosols. Global mean concentrations of ozone and NOx decreased by up to 4% and 15%, respectively. The response of NOx is clearer and faster than the response of ozone, because NOx more rapidly responds to enhancements in heterogeneous chemistry. Ozone changes, on the other hand, result from the suppression of the NOx ozone depleting cycle. This suppression leads to an increase in ozone in the middle stratosphere and an enhancement of the HOx and ClOx cycles, which leads to a decrease in ozone in the lower stratosphere (Tie and Brasseur, 1995). Additionally, changes in stratospheric transport during the first 6 months after the eruption can impact ozone at a magnitude as large as the changes in chemistry (Aquila et al. 2013). 
While both models show a general decrease in ozone and NOx, the rate at which this happen is different. GEOS-5 simulates a sudden decrease in NOx that peaks about 6 months after the eruption, while in ModelE the magnitude of NOx depletion grows more slowly and peaks a year to a year and a half after the eruption. The reason for this discrepancy between models could be the different microphysical parameterizations, which produce different aerosol surface area density. 
GEOS-5 and ModelE produce a different ozone response during the first year after the eruption, but both models simulate a decrease in global ozone column peaking during the second or third year after the eruption. However, while in GEOS-5 the magnitude of ozone depletion increase slowly from a baseline of no ozone impact, ModelE simulates an increase in global ozone column during the first year after the eruption, followed by a subsequent decrease. This increase is mainly due to the strong shrinking and recovering of the ozone hole simulated by ModelE (see Section 4.2), which overwhelms the weak anomalies simulated at other latitudes. GEOS-5, on the other hand, simulates a negative ozone anomaly at all latitudes. 

[bookmark: _Toc477339567]Changes in the southern hemispheric ozone hole
The two models simulate a very different response of the southern hemispheric ozone hole. Figure 4.3 and Figure 4.4 show the response of the October ozone hole (monthly mean) in the simulations with an eruption at southern mid- and high latitudes, respectively. Both figures show the response during the October of the year of the eruptions. The area of the ozone hole, defined as the area where the total ozone column is below 220 DU, is indicated by a solid/dashed line for the control/perturbed simulations.
GEOS-5 simulates a larger and deeper ozone hole for each of the high latitude eruptions, excluding the October eruption which takes place too late to largely affect the monthly mean ozone column. The GEOS-5 response to a mid-latitude eruption depends on the timing of the eruption with respect to the formation of the vortex and the maximum ozone depletion. When a mid-latitude eruption takes place in January, most of the aerosol reaches the high latitudes before the spring and only little is left in October. Aerosols from the July and October eruptions, instead, reach high latitudes too late to affect the ozone depletion. When the eruption takes place in April, the timing is right for aerosols to be present at high latitudes at the moment of maximum ozone depletion. 
ModelE, on the other hand, simulates an increase in ozone column and a shrinking of the ozone hole in the perturbed with respect to the control simulations, for both mid- and high latitude eruptions in any season. More studies are needed to understand this response. One possibility is that the increase in temperatures due to the volcanic aerosol suppresses the formation of PSCs and, subsequently, ozone depletion. Another possibility is that the presence of aerosols outside of the vortex weakens the vortex itself and the isolation of the pole, allowing ozone at high latitudes to be replenished from the mid-latitudes.
By changing the mid- to high latitude temperature gradient, we expect the volcanic aerosol to influence the strength of the vortex and the isolation of the pole. The high latitudes, however, are very much influenced by interannual variability, therefore no definitive conclusion can be drawn without an ensemble of simulations. A recent study (Ivy et al., 2017) has investigated the chemical and dynamical effects of the eruption of Mt. Calbuco (2015) on the October 2015 ozone hole, using a fully coupled model. They found that the dynamical effects were minimal with respect to the chemical effects. The eruption of Mt. Calbuco, however, was an order of magnitude smaller than Mt. Pinatubo. 
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Stratospheric water concentrations are regulated by the temperature of the cold point tropopause in the tropics. A warming of such region is expected to increase the amount of water vapor entering the stratosphere. This is evident in our climate simulations, especially in GEOS-5. Figure 3.3 (left panels) shows the vertical profile of the tropical (10˚S-10˚N) temperature anomaly up to 5 years after an eruption in the southern tropics. GEOS-5 shows a warming descending in altitude with time as the volcanic aerosol moves downwards. ModelE, on the other hand, does not show a large temperature response, compatible with the results in Section 3.1. While of lower magnitude than in GEOS-5, the warm anomaly in ModelE is also co-located with the aerosol and moves downwards, but it lingers longer at the tropopause level with respect to GEOS-5. 
The corresponding response of water vapor to the warming of the cold point tropopause is evident in Figure 4.5. When the settling aerosol reaches the tropopause, the subsequent warming allows the entrance of additional water vapor, which is advected upward. This anomaly corresponds to up to 0.3 ppm or 12% of the water vapor mass mixing ratio above 50hPa. ModelE shows the same tape recorder feature, but with a later start date with respect to GEOS-5, compatible with Figure 3.3. The magnitude of water vapor increase is the same in GEOS-5 and in ModelE. 
Observations of the post-Pinatubo period, however, did not show an increase in stratospheric water vapor. Randel et al. (1996) finds a decrease of water vapor after Mt. Pinatubo that they attribute to the colder tropospheric temperatures. This effect cannot be fully reproduced in our simulations as we prescribe sea surface temperatures, subsequently buffering the surface temperature response to the eruption. Oltman et al. (2000), on the other hand, identified an increase in stratospheric water vapor in balloon measurements over Boulder, CO one year after Mt. Pinatubo. Volcanic eruptions can also inject water vapor directly into the stratosphere, as identified by Sioris et al. (2016) in Microwave Limb Sounder (MLS) data after the 2015 Calbuco eruption. 
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Changes in downward shortwave energy flux (Figure 5.1) at the ground are in reasonable agreement with estimates for the magnitude of the 1991 Mt. Pinatubo eruptions [Stenchikov et al., 1998]. Significantly, in both models we find that the impact of the latitude of the eruption on the scale of the global mean surface forcing is minimal.  The maximum impact of the eruption occurs ~3-6 months post-injection, with a return to pre-eruption values after 2.5 to 3 years for tropical and mid-latitude eruptions, and ~2 years for high latitude injections. The GEOS-5 volcanic simulations are in agreement with the magnitude of the ModelE anomalies, but are slightly shorter-lived, with anomalies in incident shortwave radiation at the ground returning to background levels 3-6 months sooner, consistent with the evolution of the aerosol loading.
It is important to note that these experiments had fixed surface conditions. This likely influence the impact of the volcanic injections by limiting the magnitude of climate response at the surface, which is specified and cannot respond over the oceans. This could influence shortwave radiation anomalies over land, particularly through the lack of enough low-cloud response post-eruption. The full magnitude of surface climate anomalies created through volcanic forcing are thus not possible to determine without using model simulations with interactive ocean. 
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This section summarizes the previous sections of this report in order to highlight significant differences between ModelE and GEOS-5 in the simulations of the volcanic plume transport, properties, and climate system impacts.  We then look at the simulated aerosol and SO2 distributions in the immediate aftermath of an eruption (0 – 6 week time frame) in order to make specific recommendations for deployment of sub-orbital resources for critical measurements.  Finally, we conclude with some specific considerations on operational model forecasting following an actual eruptive event.

[bookmark: _Toc477339571]Summary of earlier sections
The previous sections presented the results of the GEOS-5 and ModelE simulations following eruptions of Mt. Pinatubo-sized volcanoes, notionally occurring at six different latitudes (Table 1.1) and at four different times of year.  The results synthesized the main aspects of eruptions’ impacts on the SO2 and aerosol evolution (Section 2), global temperature and circulation (Section 3), stratospheric ozone and water vapor (Section 4), and surface radiation budget (Section 5) in the five years following the eruption.  Although there was a great deal of similarity in the model results between GEOS-5 and ModelE, there were places of diversity among the models that suggest further investigation and the need for certain observations.  These differences included:
· GEOS-5 results showed higher variability in the peak AOD magnitude following eruptions as a function of season than ModelE, particularly for Northern Hemisphere high latitude eruptions (Section 2.2, Figure 2.3).
· GEOS-5 showed a return of global mean AOD to pre-eruption levels over a period of about 2.5 years, compared to about 3.25 years for ModelE (Section 2.2, Figure 2.3).
· Although the general vertical descent of volcanic sulfate following the eruptions was similar in GEOS-5 and ModelE, it is evident that GEOS-5 confines the aerosol to a narrower range of altitudes (Section 2.4, Figures 2.8 and 2.9).
· Both models show an increase in stratospheric particle size following the eruption, but it is nearly twice as great in GEOS-5 as in ModelE (up to reff ~ 0.8 μm in GEOS-5 versus ~0.45 μm in ModelE), which a much longer recovery time in ModelE to pre-eruption particle sizes Figure 2.14).
· GEOS-5 perturbations to the global mean temperature peak in the six months following the eruption, similar to the aerosol peak, while ModelE temperature perturbations are smaller (~1.5 K versus ~2 K in GEOS-5) and peak 1 – 2 years following the eruption (Section 3.1, Figure 3.1).
· Global NOx perturbations had peak loss shortly after the eruptions in GEOS-5, but had weaker loss and occurred later in the ModelE simulations (Section 4.1, Figure 4.2).
· Both models showed global ozone loss in years 2 – 3 following the eruption, but GEOS-5 tended to show ozone loss in years 1 – 2 while ModelE typically showed ozone increases (Section 4.1, Figure 4.1).
· The models had opposite response of the Southern Hemisphere ozone hole to Southern Hemisphere volcanic eruptions in the first polar spring following the eruptions, with GEOS-5 showing a generally larger ozone hole and reduced ozone column, while ModelE showed a smaller ozone hole and enhanced ozone column (Section 4.2, Figures 4.3 and 4.4).
· Both models showed a similar water vapor tape recorder perturbation, but the response occurred about a year earlier in GEOS-5 than ModelE (Section 4.3, Figure 4.5).
These results suggest important measurements needed in the weeks to months to years following a volcanic eruption in order to better constrain our models’ abilities to simulate the plume distributions and their climate effects.  In particular, detailed measurements of particle properties (including size, composition, and refractive index) are needed to resolve radiative feedbacks (i.e., differences in particle size and optical properties as an explanation for the different temperature response in the models) and particle lifetime.  Measurements of other trace species (water, ozone, NOx, halogens) are additionally required in order to determine the response of stratospheric composition.  More generally, additional constraints are needed on the stratospheric dynamics simulated in each model.
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While the previous sections focused on the several years following the eruptions, here we focus on the short-term plume distributions (0 – 6 weeks) and make specific recommendations on deployment needs for sub-orbital assets.  We focus here particularly on the GEOS-5 model results, since we use information from the ensemble simulations.
In order to motivate this section, Figure 6.1 shows an example of existing observational capabilities as represented by the distribution of ground-based lidar sites that are part of the GALION network as of May 2016 (E. Welton, personal communication, GALION: the GAW Aerosol Lidar Observation Network, where GAW is the World Meteorological Organization Global Atmosphere Watch program, http://alg.umbc.edu/galion/).  GALION represents a concatenation of several different aerosol lidar networks, and so capabilities differ between various sites, but the spatial distribution makes clear that there is relatively good coverage across latitudes over land.
Figure 6.2 shows the 70 hPa SO2 mixing ratio simulated in an earlier GEOS-5 model run that simulated the actual Pinatubo and Cerro Hudson eruptions using 1991 atmospheric state initial conditions (P. Newman, personal communication).  To the right of this figure is a series of vertical blue bars with central red stars; the stars indicate the latitude for airbases that could potentially support deployment of the NASA WB-57 aircraft, with the blue bars indicated the north-south sampling extent from those deployment latitudes.  This figure indicates the possibility of decent coverage by the WB-57 for all latitudes north of 60° S.
Figure 6.3 shows two panels with a series of maps, one map for each of the simulated eruption locations.  The top panel shows the occurrence frequency of overhead SO2 > 0.2 DU in the 0 – 2 weeks following a January eruption from a single ensemble member of the GEOS-5 runs.  The SO2 threshold of 0.2 DU is chosen as this represents a detection threshold for SO2 possible from the space-based Ozone Monitoring Instrument (OMI) onboard the NASA Aura spacecraft (C. Li, personal communication).  The bottom panel of Figure 6.3 shows the number of the GEOS-5 simulation ensemble members that exceed this 0.2 DU threshold more than 50% of the time in the 0 – 2 weeks following the eruption.  The top panel indicates that particularly for the tropical eruptions at least this one ensemble member has pretty good zonal coverage of high SO2 in the first two weeks following the eruption, but that even in the tropics most of the ensemble members do not exceed the threshold more than 50% at most longitudes.  In other words, for a January eruption the ensemble of GEOS-5 simulations do not show high confidence (i.e., most ensemble members) having high SO2 loading zonally, so that any deployment in the immediate period following the eruption would have to be sensitive to the specific longitude at which the eruption occurred.
By contrast, compare Figure 6.3 with Figures 6.4 and 6.5 which show, respectively, the high SO2 distribution in the 2 – 4 and 4 – 6 weeks following the eruption.  The single ensemble member shown (top panels) shows much more zonally uniformly distributed high overhead SO2, particularly in the tropics, but really for all eruptions in the 4 – 6 week period.  Additionally, the number of ensemble members showing high overhead SO2 increases and is more evenly distributed in longitude in the longer period following the eruption.
Figures 6.6 through 6.14 show the same series of plots for these 0 – 2, 2 – 4, and 4 – 6 week periods following the eruption for April (Figures 6.6 – 6.8), July (Figures 6.9 – 6.11), and October (Figures 6.12 – 6.14).  The general picture is similar to the result shown for January: in the 0 – 2 week time period the zonal coverage of high SO2 following an eruption can be quite good in a single realization of the GEOS-5 simulations, particularly in the tropics. In the high latitudes, depending on season, the synthesis of all five ensemble members does not suggest high confidence in being able to detect high overhead SO2 from an arbitrary longitude.  The probability increases in the 2 – 4 week period, and is even better in the 4 – 6 week period following the eruption for all latitudes and all seasons.  This is probably a reasonable upper limit on the short-term deployment response, as the e-folding time for global SO2 burden is generally in the 1 – 2 month period (Figure 2.1) and so that later deployments would likely miss most of the SO2 of the eruption.
Figures 6.15 through 6.26 present a similar analysis of the volcanic sulfate loading presented as the frequency of an AOD perturbation > 0.1 in magnitude (a readily detectable AOD perturbation from satellite sensors such as MODIS and VIIRS).  The analysis of the sulfate is similar to the SO2 analysis, except that because of the conversion time from SO2 to aerosol sulfate the region for high confidence detection of overhead sulfate loading is more confined to near-eruption longitudes in the 0 – 2 weeks following the eruption.  Coverage is again better realized in the 2 – 4 week and 4 – 6 week periods.
Figures 6.27 through 6.32 present an analysis of GEOS-5 ensemble mean vertical profiles of SO2 (top panel) and sulfate (bottom panel) for all four seasons for each of the six eruption latitudes.  Here what is shown is the time series of the daily, zonal mean SO2 and sulfate profile averaged +/- 5° in latitude from a central latitude associated with each eruption latitude (NHL: 60° N, NML: 45° N, TRO: 15° N, STR: 15° S, SML: 60° S, SHL: 75° S), where that central latitude is determined roughly from the central latitude of the SO2 and sulfate coverage as indicated in Figures 6.3 through 6.26.  On each SO2 panel a thick line shows the 1 ppbv SO2 contour, which is the detection limit for the SO2 balloon sondes (P. Newman, personal communication); a 1 ppbm contour is shown in the sulfate panels.
For the Northern Hemisphere high and mid-latitude eruptions (Figures 6.27 and 6.28) the SO2 maximum altitude is about 10 hPa (about 30 km), an altitude easily reachable by balloon sondes.  The exception here is for the July Northern Hemisphere mid-latitude eruption which shows considerable SO2 above 10 hPa and lofting throughout the 45 day time series shown.  Minimum altitudes of the SO2 (mixing ratios > 0.1 ppbv) are at about 100 hPa (~16 km), altitudes easily reached by NASA ER-2 and WB-57 aircraft.  The behavior of sulfate is similar, although it is clear that sulfate descends considerably faster in altitude than the SO2 due to sedimentation. In addition, the top altitude in the Northern Hemisphere mid-latitude eruption is also not as high for sulfate as for SO2.
For the tropical eruptions (Figures 6.29 and 6.30) the SO2 and sulfate plume tops reach much higher altitudes, higher than 1 hPa in some cases after six weeks.  Peak mixing ratio altitudes are at about 10 hPa, reachable by balloons.  Again, sulfate aerosol loading does not reach quite as high as SO2, and the lower limit of the plume extends well below 100 hPa at the end of the time series shown.
For the Southern Hemisphere mid- and high latitude eruptions (Figures 6.31 and 6.32) the plume tops are well below 10 hPa for both SO2 and sulfate and generally the plumes are most confined in altitude.  Peak SO2 and sulfate at around 30 hPa (~24 km) suggests it is possible that the ER-2 could sample in situ at the densest locations within the plumes.
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The results presented in this study are from simulations produced with models or model versions more attuned to climate investigations than the models typically used in operational weather prediction, as it is generally climate-type models that have the most comprehensive treatments of aerosol and atmospheric chemistry processes.  Increasingly, however, this is less of a limitation in operational forecasting systems.  There are a growing number of global forecasting centers around the world that now include aerosols and other tracers in their near-real-time forecast products.   Table 6.1 shows the capabilities of the various member models contributing the International Cooperative for Aerosol Prediction (ICAP, Benedetti et al. 2011, Reid et al. 2011, Colarco et al. 2014b) multi-model ensemble (Sessions et al. 2015).  These models are all operational or quasi-operational, providing near-real-time aerosol forecasting capabilities and (nearly all) invoking some form of aerosol data assimilation.  Several of the models are run by modeling centers producing well known atmospheric analyses (ECMWF, NASA, NOAA, US Navy, UKMO).  Typically, the ICAP models are running at high spatial resolution (< 1°), with a focus on short-term (5- to 10-day) predictive capability.  We note here specifically that the GEOS-5 simulations presented in this study are generated from a specific configuration of exactly the same GEOS-5 executable code in the near-real-time forecasting system run by the Global Modeling and Assimilation Office.  In other words, in principle it would be possible if needed to quickly configure and run a version of the GEOS-5 system that exercised the aerosol and chemistry components used in this study and introduce it into the near-real-time forecasting stream, where it would benefit from the aerosol and meteorological data assimilation capabilities already developed in GEOS-5.  We also point out that additional developments in the GMAO are developing other aerosol microphysical modeling (modal schemes) and chemistry capabilities with an eye toward including these capabilities in the routine near-real-time forecasting system.
Of course, in order to realize the immediate benefit of near-real-time forecasting capabilities in the aftermath of an eruption, we need models prepared to cope with an eruption.  Without directly accounting for the eruption itself the only value added from these models is to the extent that data assimilation of, e.g., MODIS AOD products, provides an estimate of the aerosol loading following an eruption.  This is problematic because, in the first place, without explicitly accounting for the volcanic eruption in the forward model the data assimilation step is likely to view the observations of an extreme perturbation as spurious and discard most of them.  Secondly, even if the observations are somehow incorporated into the analysis, lacking an explicit volcanic injection the observations are likely to be misattributed to the wrong aerosol specie and atmospheric profile.  For example, if Pinatubo were to erupt today an operational model would likely attribute the sudden increase in AOT to some mixture of mainly boundary layer anthropogenic pollution and sea salt, neither of which would provide useful forecast guidance.
The necessary step for an operational system is to be prepared to ingest information about the volcanic event itself, by incorporating it along with other emission sources into the background model.  Practically this could happen by combining near-real-time available observations of, e.g., OMI-derived SO2 loading and lidar or visual estimates of the plume height, and then providing those parameters to the model.  There is additionally an active online community of data providers and modelers that follows volcanic events as they happen.  Their expertise, the availability of SO2 observations from OMI and aerosol observations from MODIS and CALIOP, and the observational guidance provided to aviation authorities by the Volcanic Ash Advisory Centers (VAACs), suggest that most of the information needed to determine injection parameters already exists.  The ability to provide this information as a cohesive set of parameters in near-real-time to modeling communities, however, has not to our knowledge been exercised.  Additionally, there needs to also be a “concept of operations” that would allow the model to cope with such an event.  For example, the forecasting center could allow the possibly to run a parallel stream of their system that starts from the analysis state immediately prior to the eruption but includes a source term for the eruption.  This parallel stream would run until it caught up to the main model stream (the one that did not have eruption parameters) and then replace it as the operational stream that propagates forward. This is the notional concept of operations at the GMAO, but it has not been exercised yet either, and to our knowledge there are no global weather forecasting centers currently prepared to do this kind of thing in anything other than an ad hoc, best effort sense.  Climate models (e.g., GISS ModelE) could potentially provide near-real-time forecast guidance by initializing simulations from operationally provided meteorological analyses.  Alternatively, climate models could be run for a long period of time and then this control could be mined to find the initial conditions most closely resemble the observed atmospheric state at the time of an actual eruption; this approach has the benefit of providing initial conditions more attuned to the particular climate model than any set of atmospheric analyses could provide.

Table 6.1.  ICAP near-real time/operational global aerosol models.  For most models simulated species are DU=dust, SS=sea salt, SU=sulfate, BC=black carbon, and OC=organic carbon.  For BSC and NOAA near-real time capabilities for BC/OC/SU will arrive soon. QO stands for quasi-operational and O for operational.  CAMS is run operationally but at a 24 hour delay.
	Organization
	BSC
	Copernicus/ ECMWF
	JMA
	Meteo France
	NASA
	US Navy
	NOAA
	UKMO

	Model
	NMMB/BSC-CTM
	CAMS
	MASINGAR
	MOCAGE
	GEOS-5
	NAAPS
	NGAC
	UKMO

	Status
	QO
	O-24 hrs
	QO
	O
	QO
	O
	O
	O

	Meteorology
	Offline
NMMB
	Inline
IFS
	Inline
AGCM
	Offline
ARPEGE
	Inline
GEOS-5
	Offline
NAVGEM
	Inline
GFS
	Inline
UM

	Resolution
	1.4°x1°
	0.4°x0.4°
	0.56°x0.56°
	2°x2°
	0.25°x0.31°
	0.33°x0.33°
	1°x1°
	0.35°x0.23°

	levels
	24
	60
	40
	47
	72
	60
	64
	70

	DA
	EnKFp
	4DVar
	EnKFp
	Est. 2018
	2DVar
+LDE
	2DVar
3DVar, EnKFp
	NA
	4DVar

	Assimilated Obs
	DAQ MODIS+DB
	DAQ MODIS+DB
	CALIOP, MODIS, Himawari-8
	NA
	Neural Net MODIS
	DAQ MODIS,
CALIOP
	NA
	MODIS Dust AOT

	Species
	DU
SS
BC*
OC*
SU*
	DU
SS
BC
OC
SU
	DU
SS
BC
OC
SU
	DU
SS
BC
OC
SU
	DU
SS
BC
OC
SU
	Anthro+bio
B. Burn 
DU
SS
	DU
SS
BC*
OC*
SU*
	DU

	Size Bins
	8 (DU,SS)
Bulk BC, OC, SU
	3
	10
	6
	5 (dust ss)
Bulk BC, OC, SU
	1
	5 (dust ss)
Bulk BC, OC, SU
	2


*Tracers marked with an asterisk are in development for inclusion.
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