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Abstract.

Satellite observations and global aerosol–micropysical model simulations are essential to study the impact of volcanic

aerosols on stratospheric composition and dynamics. However, despite their continuous improvements, uncertainties remain in

satellite retrievals and model outputs due to assumptions about aerosol size, composition, and simplified model parameteriza-

tions. The SCIAMACHY v2.0 PSD algorithm for obtaining stratospheric aerosol characteristics assumes a fixed particle num-5

ber density profile representative of background conditions. MAECHAM5-HAM simulations employ parameterized aerosol

microphysics and chemistry. Both approaches might be affected by increased uncertainties after volcanically perturbed situ-

ations. We compare SCIAMACHY v2.0 PSD aerosol extinction coefficient and effective radius profiles with MAECHAM5-

HAM simulations following the Manam (2004/2005) and Sarychev (2009) eruptions to evaluate both data products. SCIA-

MACHY retrievals and MAECHAM5-HAM simulations show strong consistency for the Sarychev eruption in plume location,10

particle growth within the plume, and size reduction at plume boarder. In contrast, SCIAMACHY observes the Manam plume

further north, with differences in aerosol size evolution compared to MAECHAM5-HAM simulations. Additional comparisons

with SAGE II and alternative SCIAMACHY retrievals after the Manam eruption confirm that the v2.0 PSD approach provides

the most realistic aerosol characteristics from SCIAMACHY. A model parameter study highlights the importance of accurate

background aerosol size information, its parameterization, and vertical injection profiles for realistic simulations of volcanic15

plumes. Nudging MAECHAM5-HAM with ERA5 reanalyis data improves the simulated atmospheric dynamics and brings the

simulation output closer to observations. Increasing the horizontal injection area compensates for under-represented chemical

interactions involving OH and volcanic ash. These findings provide valuable insights for improving the simulations of volcanic

eruptions with aerosol-microphysical models and enhancing the interpretation of satellite-based aerosol data.
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1 Introduction

Stratospheric sulfate aerosols from volcanic eruptions significantly influence the Earth’s radiative and energy balances. These

aerosols scatter solar short-wave radiation and absorb long-wave terrestrial radiation (Solomon et al., 2011; Kremser et al.,

2016). Scattering leads to a cooling of the Earth’s surface due to reduced solar radiation (Zanchettin et al., 2016) and absorption

to heating of the stratosphere altering the atmospheric dynamics (Timmreck and Graf, 2006; Toohey et al., 2014; Niemeier et al.,25

2021). Aerosol-cloud interactions after long-lasting low-level eruptions can affect the physical and optical properties of clouds

(Malavelle et al., 2017; Haghighatnasab et al., 2022). In addition, aerosols can cause stratospheric ozone destruction (Solomon,

1999; Robock, 2000; Zhu et al., 2018), reducing UV absorption and stratospheric heating. Depending on the strength of the

eruption, the injection rate, the altitude, and duration, volcanic sulfur emissions can cool the Earth’s surface for up to three

years, temporarily compensating for anthropogenic climate warming (McCormick et al., 1995; Hegerl et al., 2003; Robock,30

2000; Timmreck, 2012; Schmidt et al., 2018; Marshall et al., 2022).

Understanding the impacts of volcanic aerosols on the climate system requires both satellite observations and climate model

simulations. Satellite instruments provide long-term global measurements of sulfur dioxide (SO2) and stratospheric aerosol

properties, such as concentrations, aerosol sizes, number concentrations, extinction coefficients, and optical depths. These data

sets enable a direct estimation of aerosol radiative forcing. They also provide an important input for climate model simulations35

(Carn et al., 2017; Axebrink et al., 2024) and are essential to validate model results (e. g., Quaglia et al., 2023).

Earth system model (ESM) and general circulation model (GCM) simulations enhance our understanding of the role of

volcanic sulfate aerosols in the climate system. While ESMs simulate the climate impact of volcanic aerosols, they often rely

on prescribed aerosol optical properties (Zanchettin et al., 2016). Therefore, these models do not provide detailed information

about aerosol formation in volcanic clouds. These processes can be simulated by coupling ESMs with an aerosol microphysical40

module (e. g., Niemeier et al., 2009; Aquila et al., 2012; English et al., 2013; Brenna et al., 2021). The module simulates the

evolution of the aerosols, such as particle formation and growth, as well as their radiative interactions. This allows the study of

stratospheric aerosol feedback mechanisms, between particle formation and the consequent dynamic impacts due to the heating

of absorbed radiation (Aquila et al., 2014; Niemeier et al., 2021). Thus, models that include aerosol microphysics can be used

to quantify stratospheric aerosol forcing and to investigate associated dynamical and microphysical interactions.45

Substantial progress has been made in both satellite-based observations and model simulations quantifying the impact of vol-

canic aerosols in the stratosphere. On the observational side, satellite retrieval algorithms have recently been refined to reduce

uncertainties in retrieval products (e. g., Rozanov et al., 2024). In addition, novel retrieval approaches have been developed to

retrieve aerosol properties from existing satellite instruments (e. g., Rieger et al., 2014; Wrana et al., 2021; Bernath et al., 2023;

Boone et al., 2024; Knepp et al., 2024; Pohl et al., 2024) and new satellite instruments in orbit (e. g., Eisinger et al., 2024).50

Currently, a limited number of satellite retrieval algorithms provide aerosol size information (e. g., Bernath et al., 2023; Wrana

et al., 2023; Knepp et al., 2024; Pohl et al., 2024). Since the aerosol size is a key determinant of radiative forcing and climate

impact - governing aerosol growth, sedimentation, evaporation and thus aerosol lifetime in the stratosphere, as well as radiative

scattering, - these satellite retrieval products are of significant importance to the scientific community. On the modeling side,
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continuous improvements in input data sets and parameterization of microphysical, physical, and chemical processes aim to55

improve consistency with observed aerosol properties and radiative forcing (Tilmes et al., 2023).

Despite continuous improvement, discrepancies persist between model simulations. Variations in aerosol formation are the

result of differences in the simulated particle sizes (Lacis et al., 1992; Laakso et al., 2022, 2024) and plume transport of the

volcanic cloud (Quaglia et al., 2023). Accurate modeling of the transport processes is essential, since they represent critical

components in the simulation performance. Differences in vertical air advection in the tropics can result in different aerosol60

lifetimes, different sulfate concentrations and particle sizes, and different impact on stratospheric dynamics (Niemeier et al.,

2023). Additional sources of simulation discrepancies include the variability of circulation responses to volcanic eruptions

(Timmreck, 2012; McGraw et al., 2016; Quaglia et al., 2023), injection profiles (Axebrink et al., 2024), and different treatments

of aerosol microphysics (Laakso et al., 2022) and chemical processes (Clyne et al., 2021), for example, prescribed or simulated

concentration of hydroxide radical (OH), which is important for the oxidation SO2.65

Furthermore, comparisons between satellite-derived data sets (e. g., Pohl et al., 2024) or cross-validations between models

and observations (e. g., Quaglia et al., 2023; Sellitto et al., 2023) reveal inconsistencies. The primary source of these discrep-

ancies in satellite observations stems from necessary assumptions regarding aerosol size and composition which introduce

systematic uncertainties in the satellite-derived data sets. The recently developed Scanning Imaging Absorption Spectrometer

for Atmospheric Chartography aerosol particle size distribution (SCIAMACHY v2.0 PSD) algorithm that provides global ver-70

tical profiles of aerosol size and extinction coefficients (Pohl et al., 2024), assumes a fixed particle number density (N ) profile,

representative for background aerosol conditions. This assumption becomes questionable after sulfur-rich volcanic eruptions,

which can significantly enlarge N and introduce additional uncertainties in the retrieved optical aerosol properties.

In order to enhance the confidence in both the SCIAMACHY retrievals and GCM simulations, this study compares aerosol

optical properties retrieved from SCIAMACHY with simulations from the middle atmosphere GCM MAECHAM5-HAM,75

following the Sarychev (2009) and Manam (2004/05) eruptions. This comparison follows a synergistic approach: satellite

observations are used to assess the performance of the GCM with coupled aerosol microphysics and to improve the process un-

derstanding of particle size and plume transport, while the model results support the evaluation of the SCIAMACHY-retrieved

aerosol properties. We demonstrate the robustness of the SCIAMACHY retrievals in the aftermath of volcanic eruptions, de-

spite the assumption of a fixed aerosol number density profile.80

The SCIAMACHY retrieval algorithm and the MAECHAM5-HAM model are described in Sect. 2. Comparisons following

the Sarychev (2009) and Manam (2004/05) eruptions are presented in Sect. 3. Section 4 discusses the impact of assumptions

in the satellite retrieval, model configuration, and model input data. Conclusions are provided in Sect. 5.

2 Methods

2.1 SCIAMACHY v2.0 aerosol PSD retrieval85

The stratospheric aerosol optical properties are retrieved from SCIAMACHY limb radiances using a non-linear regularized

inversion approach. The retrieval is described in detail in Pohl et al. (2024), a brief summary is provided here. Radiances
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from six wavebands with center wavelengths between 750 nm and 1300 nm are used. The retrieval assumes spherical particles

composed of 75 % sulfuric acid and 25 % water at 0 % relative humidity. Their PSD is described by a monomodal lognormal

distribution. The median radius and the geometric standard deviation are retrieved in 3.3 km steps between 18 and 35 km90

altitude, assuming a fixed number density profile (N ). From these parameters, aerosol extinction coefficients (Ext) and effective

radii (reff ) are calculated. The spatial resolution of aerosol properties depends on the SCIAMACHY observations and is 2.6 km

(vertical) and 240 x 400 km2 (horizontal). For simplicity, this retrieval is refered to as SCIA PSD.

For the discussion in Sect. 4.1, we also present results from two additional SCIAMACHY retrieval versions. The first, SCIA

PSD NWY, uses a different number density profile NWY within the SCIAMACHY v2.0 aerosol PSD retrieval. This profile95

is based on balloon-borne measurements over Wyoming and is shown in Fig. 4(c) in Pohl et al. (2024) by a red line. The

second, SCIAMACHY v3.0 aerosol extinction retrieval (SCIA Ext), directly retrieves the aerosol extinction coefficients from

SCIAMACHY radiances. The retrieval algorithm is described in Sofieva et al. (2024).

2.2 MAECHAM5-HAM simulations

The simulations for this study were performed with MAECHAM5 (Giorgetta et al., 2006). MAECHAM5 was applied with100

spectral truncation at wave-number 63 (T63), corresponding to a grid size of about 1.8◦× 1.8◦, and 95 vertical layers extending

to the model top at 0.01 hPa. The model solves prognostic equations for temperature, surface pressure, vorticity, divergence,

and phases of water. A land-sea mask, sea surface temperature (SST), and sea ice are prescribed and are set to climatological

values (Hurrell et al., 2008), averaged over the period from 1950 to 2000. To achieve realistic wind and transport conditions

during the course of the simulation, the large wave numbers of the model were nudged to the latest ECMWF reanalysis data105

(ERA5) (Hersbach et al., 2020). However, this may suppress the impact of aerosol heating on aerosol transport because the

nudging data does not include short-term dynamic changes caused by aerosol heating within the volcanic cloud. Nevertheless,

the nudging avoids the fast transport of sulfate to the poles due to the strong stratospheric meridional transport.

The prognostic modal aerosol microphysical Hamburg Aerosol Model (HAM, Stier et al. (2005)) is interactively coupled

to MAECHAM5 (MAECHAM5-HAM, ECHAM thereafter). HAM calculates the formation of sulfate aerosols including nu-110

cleation, accumulation, condensation and coagulation, and their removal processes by sedimentation and deposition. We pre-

scribe reactive gases (e. g., ozone, nitrogen oxides, hydroxyl radical–OH) and photolysis rates of carbonyl sulfide (OCS), SO2,

H2SO4, SO3, and ozone on a monthly average basis. HAM uses four log-normal modes to describe the aerosol size distribu-

tion: nucleation, Aitken, accumulation and coarse mode. The modes are defined by the number median radius (rg,i) and the

geometric standard deviation (σg,i): nucleation mode rg < 0.005 µm, Aitken mode 0.005 µm < rg < 0.05 µm, accumulation115

mode 0.05 µm < rg < 0.2 µm, coarse mode rg > 0.2 µm.

HAM has been adapted to stratospheric conditions: a stratospheric chemistry for SO2 oxidation is used above the tropopause

(Hommel et al., 2011). Nucleation processes are simulated following Määttänen et al. (2018). The parameterization is valid

for low stratospheric temperatures and high SO2 concentrations in a volcanic cloud, which makes particle collision important.

The geometric standard deviation of the mode bins (σ) differs from the original tropospheric setup (Kokkola et al., 2008;120

Niemeier et al., 2009). Changing the geometric standard deviations of a mode can be used to mimic the special condition in a
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Table 1. Eruption characteristics of Manam (2004/2005), Kasatochi (2008), and Sarychev (2009) eruptions as used in the simulations.

Date / Time Duration SO2 mass [Gg] Altitude range [km] reference

Manam

1 24.10.2004 10 UTC 5 hours 13 15.7 - 17.8 volcano.si.edu

2 31.10.2004 10 UTC 5 hours 13 14.5 - 16.8 volcano.si.edu

3 11.11.2004 10 UTC 5 hours 8 10 - 12.4 volcano.si.edu

4 24.11.2004 10 UTC 5 hours 111 15.7 - 17.8 volcano.si.edu

5 20.12.2004 10 UTC 5 hours 38 14.5 - 16.8 volcano.si.edu

6 27.01.2005 14 UTC 5 hours 140 16.2 - 18.5 Neely III and Schmidt (2016)

Kasatochi

1 7.8.2008 0 UTC 6 hours 1700 12.5 - 15.5 Karagulian et al. (2010), Waythomas et al.

(2010), volcano.si.edu

Sarychev

1 14.6.2009 0 UTC 12 hours 35 17 - 20 Lurton et al. (2018, and references therein),

Rybin et al. (2011)

2 16.6.2009 0 UTC 24 hours 665 13 - 16 Lurton et al. (2018, and references therein),

Rybin et al. (2011)

volcanic cloud. Kokkola et al. (2008) determined the particle number distribution of sulfur for different SO2 concentrations and

demonstrated how the results depend on the mode setup. Based on these results, we decided to use only three modes: nucleation,

Aitken, and accumulation mode, with σ = 1.59 for our simulations. We omitted the coarse mode, similar to previous studies of

stronger volcanic eruptions (Niemeier et al., 2009, 2021), which represents the particle size distribution after volcanic eruptions125

much better than the setup with four modes. As the SO2 concentration after the eruptions in this study is closer to the SO2

load in stratospheric aerosol intervention studies, we also tested the mode distribution used in Niemeier and Timmreck (2015).

Their distribution included an additional coarse mode width σ = 1.2.

For our comparison study we performed simulations of the different phases of the Manam eruption (October 2004 until

January 2005) and Sarychev eruptions (June 2009). To obtain more realistic background aerosol concentrations and size, we130

included the Kasatochi eruption (August 2008) in ECHAM. Details of the eruption characteristics are given in Table 1. We

calculated the eruption rate based on the given SO2 mass and eruption duration, then injected the SO2 equally into five levels

within the given altitude range.
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3 Results

Retrievals from SCIAMACHY are compared with simulations from the ECHAM model for the Sarychev (2009) and Manam135

(2004/05) eruptions. The results are zonally averaged over 10 d periods. Due to different vertical grid sampling intervals (0.5 km

in the case of ECHAM, 3.7 km in the case of SCIAMACHY), ECHAM data are averaged in the altitude range± 1.7 km around

each SCIAMACHY observation level for improved comparability between ECHAM and SCIAMACHY. In the Discussion

(Sect. 4.2), where the ECHAM parameter study is conducted, ECHAM data are presented on the original vertical grid.

3.1 Sarychev eruption 2009140

The evolution of Ext and rreff simulated by ECHAM and observed by SCIAMACHY after the 2009 Sarychev eruption is

shown in Figs. 1 and 2. Both simulation and observation exhibit strong agreement in the volcanic plume dispersion and particle

size distribution. The main plume reaches 21.5 km altitude and drifts towards the equator, similarly seen by ECHAM and

SCIAMACHY. The simulated and observed maximum values of Ext are also in agreement. With SCIAMACHY, a slightly

longer lifetime of the aerosol plume is observed than with ECHAM (Fig. 1).145

Following the eruption, ECHAM simulates a pronounced decrease in aerosol size to reff = 0.11µm, driven by nucleation

from elevated SO2 and H2SO4 gas concentrations. In contrast, SCIAMACHY retrievals indicate a weaker decline (Fig. 2).

Over time, aerosols grow to twice their original size (reff = 0.22µm) due to condensation and coagulation processes. The

SCIAMACHY retrieval shows a similar increase in rreff as the ECHAM simulations. Remarkable is the agreement of the

aerosol size reduction observed by SCIAMACHY and simulated by ECHAM at the upper edge of the aerosol plume in 21.7 km150

altitude (Fig. 2 b,e).

A small part of the volcanic aerosol plume is lifted to higher altitudes over the Himalayas immediately after injection and is

carried towards the polar regions by the easterly wind (not shown). This leads to an increase of Ext and rreff at latitudes north

of 50 °N as seen by ECHAM and SCIAMACHY (Figs. 1 and 2).

3.2 Manam eruption 2004/2005155

Figures 3 and 4 show the comparison of Ext and reff simulated by ECHAM and observed by SCIAMACHY after the Manam

eruptions 2004/2005. The layout of the figures is analogous to the figures of the Sarychev eruption (Figs. 1 and 2). Again,

the vertical grids of the ECHAM and SCIAMACHY data are harmonized by averaging ECHAM data within ± 1.7 km around

each SCIAMACHY observation level. For the lowest level (z = 18.4 km), averaging is restricted to 18.4 – 20.1 km to exclude

tropospheric contributions. Additional white filled circles are included in the figures that form vertically aligned lines. They160

indicate the latitudes and times of SAGE II measurements which are used later in the Discussion (Sect. 4) for comparison

purposes.

SCIAMACHY observations and ECHAM simulations show a good overall agreement in Ext (Fig. 3). Most of the plume is

located in the equatorial region (20° S – 20° N) and extends vertically in time to approximately 23 km. Note that the additional

plume observed by SCIAMACHY at 18.4 km and 40° S from April 2005 does not originate from the Manam eruption, but165
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Figure 1. Sarychev eruption: Ten day zonal mean extinction coefficients at 750 nm from ECHAM (a-c) and SCIAMACHY (d-f) after the

Sarychev eruption 2009. Simulations are vertically integrated on the SCIAMACHY altitude grid. Extinction coefficients in (c) and (f) are

averaged in latitudinal bins between 20° and 50° N.

most likely from Australian bushfires. SCIAMACHY indicates higher Ext and a slight northward shift, while ECHAM plume

extends farther south to about 40° S. In ECHAM, the plume exhibits faster vertical growth and descent, reaching its extinction

maximum at 21.7 km in April, whereas SCIAMACHY observes the maximum in August. We will discuss possible reasons for

the different simulated plume dispersion in Section 4.2.

The effective radii observed by SCIAMACHY and simulated by ECHAM exhibit distinct differences (Fig. 4). Prior to the170

eruption in January 2005, ECHAM simulations yield lower background values in reff at 18.4 km than SCIAMACHY, despite

including the eruptions at the end of 2004. At 21.7 km, simulated reff is larger than observed by SCIAMACHY. After the

eruption, ECHAM maintains small plume aerosol sizes for about one month at lower altitudes, whereas SCIAMACHY records

an immediate increase. A possible explanation for this discrepancy can be a divergent background aerosol concentration at

the time of the eruption. Background aerosols can act as condensation nuclei for injected sulfur. This process may cause the175

relative fast particle growth in the observation.

Above 21 km, SCIAMACHY reveals a pronounced decrease in reff for two months (Fig. 4f). This radius minimum is not

visible in ECHAM simulations. However, using the original ECHAM grid and adjusting the injection altitude reproduces this

characteristic (Sect. 4.2.2), confirming its physical origin rather than indicating a retrieval artifact in SCIAMACHY. With time,

aerosol sizes increase consistently in ECHAM and SCIAMACHY, exceeding 0.19 µm in ECHAM in 21.7 km altitude, while180

SCIAMACHY detects smaller values with maximum sizes about 0.18 µm in 18.4 km altitude.
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Figure 2. Sarychev eruption: Ten day zonal mean effective radius from ECHAM (a-c) and SCIAMACHY (d-f) after the Sarychev eruption

2009. Simulations are vertically integrated on the SCIAMACHY altitude grid. Extinction coefficients in (c) and (f) are averaged in latitudinal

bins between 20° and 50° N.

4 Discussion

4.1 Assumption of a fixed number density profile

The SCIAMACHY v2.0 aerosol PSD algorithm assumes a number density profile to retrieve the median radius and the geo-

metric standard deviation. This number density is fixed and representative of background aerosol conditions, which does not185

reflect the stratospheric aerosol level following volcanic eruptions. As a result, the retrieved size parameters (median radius and

geometric standard deviation) and derived quantities such as Ext and reff may be subject to larger uncertainties. To assess the

impact of the assumed number density profile on the SCIAMACHY retrievals, the evolution of stratospheric aerosols following

the Manam eruptions of 2004/2005 is investigated. This period was chosen due to the availability of independent SAGE II data

for comparison.190

Figures 5 and 6 present Ext and reff of SAGE II, ECHAM, and SCIAMACHY, respectively. Data are zonally averaged

within three time intervals 6 - 17 March, 19 April - 5 May, and 25 June - 13 July 2005, corresponding to periods with available

SAGE II observations (white lines indicated in Figs. 3 and 4). SAGE II Ext (first row in Fig. 5) was derived using the SAGE II

version 7.0 algorithm (Damadeo et al., 2013), SAGE II reff (first row in Fig. 6) was derived from the 525/1020 nm extinction

ratio and assuming a geometric standard deviation of σg = 1.5 (Pohl et al., 2024). In addition to the ECHAM simulations195

(second row in Figs. 5 and 6), and the SCIAMACHY v2.0 aerosol PSD retrievals (third row), two further SCIAMACHY-
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Figure 3. Manam eruption: Ten day zonal mean extinction coefficients at 750 nm from ECHAM (a-c) and SCIAMACHY (d-f) after the

Manam eruptions 2004/2005. Simulations are vertically integrated on the SCIAMACHY altitude grid. Extinction coefficients in (c) and (f)

are averaged in latitudinal bins between 15° S and 10° N. Filled white circles which form vertically aligned white lines indicate latitudes and

times of SAGE II measurements.

derived data sets are included in the comparison. The first data set (SCIA PSD NWY, fourth row) has been generated using the

same SCIAMACHY v2.0 aerosol PSD retrieval algorithm, but using a modified number density profile. This profile is based

on balloon-borne measurements over Wyoming (red line in Fig. 4 c) in Pohl et al. (2024). The second data set (SCIA Ext,

fifth row in Fig. 5) consists of Ext retrieved directly from SCIAMACHY observations (SCIAMACHY v3.0 aerosol extinction200

retrieval (Sofieva et al., 2024)).

The best agreement in Ext is observed between SAGE II and the SCIAMACHY v2.0 aerosol PSD retrieval. Modifying the

number density profile in the SCIAMACHY retrieval only affects the magnitude of Ext, while its spatial distribution remains

unchanged. Among the three SCIAMACHY datasets, direct Ext retrieval (SCIA Ext, Fig. 5 m-o) yields the lowest values. This

comparison demonstrates that SCIAMACHY PSD retrieval provides the most realistic Ext results, despite the assumption of205

a fixed number density profile. Additionally, the comparison with SAGE II confirms a slight underestimation of ECHAM-

simulated Ext data. Furthermore, ECHAM places the plume center and extent too far south during the first two time periods

(Fig. 5 d,e), whereas in the third period (Fig. 5 f) the Ext magnitude agrees more closely with SAGE than with SCIAMACHY.

SAGE II, SCIAMACHY, and ECHAM show pronounced differences in both the spatial distribution and the magnitude of reff

(Fig. 6). However, caution is required when interpreting these discrepancies, as SAGE II reff is a secondary retrieved product210

(retrieval from retrieved aerosol extinction coefficients). This indirect retrieval might introduce greater uncertainties into the
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Figure 4. Manam eruption: Ten day zonal mean effective radius from ECHAM (a-c) and SCIAMACHY (d-f) after the Manam eruptions

2004/2005. Simulations are vertically integrated on the SCIAMACHY altitude grid. Extinction coefficients in (c) and (f) are averaged in

latitudinal bins between 15° S and 10° N. Filled white circles which form vertically aligned white lines indicate latitudes and times of

SAGE II measurements.

retrieved product, limiting the comparability of SAGE II reff with other datasets and partially account for the discrepancies in

reff retrieved from SCIAMACHY and SAGE II.

In March (Fig. 6, first column), below 20 km in the southern tropics, aerosol growth in the plume core observed by SCIA-

MACHY is confirmed by SAGE II observations. However, SAGE reports larger particles (reff > 0.21 µm) than SCIAMACHY215

(reff > 0.16 µm). Around the plume core, all three datasets (SAGE II, SCIAMACHY, and ECHAM) show a decrease in aerosol

size relative to background conditions, likely due to nucleation processes. This is evident as local minima adjacent to or above

the plume center, although their prominences vary across data sets. An equatorial minimum in reff near 22 km altitude appears

consistently in both SAGE II and SCIAMACHY. ECHAM also reproduces this feature, albeit at a slightly lower altitude. This

feature can be only visualized on the model’s high-resolution vertical grid rather than on the coarser grid (see Fig. 8a).220

Over time (Fig. 6, second column), all data sets indicate a volcanic aerosol size growth. However, discrepancies emerge in

summer (Fig. 6, third column): while SAGE II indicates a large-scale reduction in reff , ECHAM simulates continued growth.

SCIAMACHY shows a size change dependent on the number density, but particles remain larger than background levels.

Such discrepancies in particle sizes between observations and model simulations have been reported previously (e. g., Wrana

et al. (2023)): SAGE III retrievals showed persistently small aerosol sizes for months following the Ambae, Ulawun, and La225

Soufrière eruptions. Although ECHAM simulated an initial decrease in aerosol size after Ulawun, the simulations showed
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Figure 5. Manam eruption: Zonal mean extinction coefficients at 750 nm averaged between 1 - 16 March (left column), 14 April - 2 May

(middle column), and 15 June - 11 July (right column) after the Manam eruptions 2004/2005. Specified time limits correspond to the positions

of the start and end time of white lines in Fig. 3. Extinction coefficients are from SAGE II (a-c), ECHAM (d-f), the SCIAMACHY v2.0 PSD

retrieval (g-i), the SCIAMACHY PSD retrieval using the number density profile based on balloon-borne measurements over Wyoming (j-l),

and SCIAMACHY v3.0 Ext retrieval (m-o).

particle growth after two months. These discrepancies highlight persistent challenges in accurately representing the aerosol

size after volcanic eruptions.
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Figure 6. Manam eruption: Zonal mean effective radius in the same time frames as in Fig. 5 after the Manam eruptions 2004/2005. The

effective radius is from SAGE II (a-c), ECHAM (d-f), the SCIAMACHY PSD retrieval (g-i), and the SCIAMACHY PSD retrieval using the

number density profile based on balloon-borne measurements over Wyoming (j-l).

4.2 ECHAM parameter study

In order to obtain model results closest to the satellite retrieval data, we modified several parameters in ECHAM and introduced230

nudging to the ERA5 reanalysis data. We also adjusted the background and initial data for the simulations and performed

different studies with changing injection areas. Results of our test simulations are shown in Figs. 7 to 10.

4.2.1 Nudging

As discussed in several papers (e. g., Niemeier et al., 2009; Marshall et al., 2019; Quaglia et al., 2023), the simulated meridional

transport towards the poles in the lower stratosphere in ECHAM is stronger than observed. One reason for this is the relatively235
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low vertical advection in the tropical pipe (Niemeier et al., 2021), which results in a weak subtropical transport barrier and

less blocking of the meridional transport out of the tropics in the lower branch of the Brewer-Dobson circulation. The nudging

of the model towards the ERA5 data (see Sect. 2.2) brings the model closer to the observed distribution of volcanic aerosols

(Malinina et al., 2021). This nudging, and with it the constrained transport of the aerosols, is one important reason for the close

consistency of the model results and the observations for the Sarychev eruption. However, we see differences in the transport240

in the Manam comparisons. Figures 3 and 5 show the center of the volcanic cloud slightly further north in the observations

than in the simulations.

Sulfate aerosols interact with both solar and terrestrial radiation. They scatter shortwave radiation, resulting in lower surface

temperatures. At the same time, the aerosols absorb near-infrared and infrared radiation. This has two consequences: a positive

temperature anomaly in the stratospheric aerosol layer, and consequent changes in stratospheric dynamics. In simulations with245

artificial sulfur injections, the quasi-biennial oscillation (QBO) broke down (Aquila et al., 2014; Niemeier and Schmidt, 2017).

However, the ERA5 data does not include sulfate aerosols following volcanic eruptions, nor does it include the heating

of these aerosols. The nudging data can only reflect the impact of aerosol heating on stratospheric dynamics through data

assimilation. Therefore one reason for the different transport might be that the nudging data override the impacts of sulfate

heating simulated in the model. In a simulation without nudging, we could demonstrate that more aerosols would cross the250

equator, although still fewer than in the observations (not shown). Therefore, we only present nudged model results.

4.2.2 Vertical injection profile

Axebrink et al. (2024) demonstrate the importance of the initial injection profile in determining the outcome of a model

simulation of the Sarychev eruption. Similar to Axebrink et al. (2024), we observed a clear dependence of the final aerosol

distribution on the injection altitude. However, our comparison is limited to the upper part of the volcanic plume (>18 km).255

We achieved the best agreement with SCIAMACHY using a simple vertical profile with equal injection into five vertical grid

points. The injection altitude varied depending on the eruption (see Tab. 1). However, it is important to take a closer look

at the details of how the eruption unfolded. For the Sarychev eruption, for example, we had to include the smaller eruption

that occurred two days prior to the main eruption on 14 June 2009, in order to accurately model the eastward transport of the

volcanic cloud as observed.260

For the Manam comparison, we also tested different injection altitudes. The first row in Figs. 7 and 8 shows results for

Manam 6, as listed in Tab. 1. The second and third row show results with injection altitudes increased by 1.5 km and 3.0 km,

respectively. As more aerosols were injected above 18 km altitude, Ext in the stratosphere increased with increasing injection

altitude. The effective radii show a more complex behaviour. In the first weeks after the eruption, the particle radii decreased in

the simulations with increased injection altitude. Increasing the injection altitude resulted in more sulfur in altitudes above 20265

km, more nucleation, the formation of new small particles and consequently a smaller effective radius. We may conclude from

these simulation that our injection altitude may be slightly too low.
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Figure 7. Manam eruption: Simulated zonal mean extinction coefficient at 750 nm in three scenarios, each with a different injection altitude.

Results of the lowest injection altitude (first row), are similar to previously shown Manam results. The columns show three different time

periods after the eruption of Manam.

4.2.3 Background aerosol

The simulations of the Sarychev and Manam eruption started from a 10 year long simulation with natural tropospheric sulfur

emissions - the background simulation. We included the series of small eruptions of the Manam volcano in 2004 and the 2008270

Kasatochi eruption eight months before the Sarychev eruption in our simulations. Without these eruptions, the background

aerosols show unrealistic low effective radii, especially before the Sarychey eruption (Fig. 10 (a) with and (e) without the

Kasatochi eruption). The remaining sulfur aerosols from Kasatochi increased the particle size of the background conditions

immediately before the Sarychev eruption from 0.12 to 0.18 µm around 30◦ N (Fig. 10 a).
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Figure 8. Manam eruption: Simulated zonal mean effective radius using the injection altitudes and time frames stated in Fig. 7.

Additionally, the Kasatochi eruption noticeably influences the evolution of the sulfate aerosols after the Sarychev eruption.275

Particle size and aerosol extinction coefficients are about 10 % larger within the volcanic plume when the Kasatochi eruption

is included.

4.2.4 Horizontal injection area

Injecting the erupted SO2 mass into one grid box, 1.8◦x 1.8◦, causes a relatively high SO2 concentration. The subsequent oxi-

dation of SO2 to sulfuric acid depends on the concentration of the OH radical. Inside the volcanic cloud, the SO2 concentration280

may be high enough to deplete OH. This results in reduced SO2 oxidation and a longer lifetime of SO2. Another process that

can impact the formation of sulfate is volcanic ash. Zhu et al. (2020) simulated the uptake of SO2 on ash, a process that ef-

fectively removes SO2 from the volcanic cloud. They concluded that this process reduces the final sulfate concentration more

effectively than OH depletion does. Both processes are not included in our simulations. Although we injected ash and SO2
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Figure 9. Sarychev eruption: Zonal mean aerosol extinction coefficient at 750 nm simulated with ECHAM using different injection scenarios.

(a-d) Different injection area from 1x1 to 4x4 grid boxes. (e) Simulation without the 2008 Kasatochi eruption. (f) Four HAM size modes

instead of three as assumed in previously simulations (Sect. 2.2).

together, they do not react with each other in the model. They only interact via dynamic changes due to the radiative heating285

of the ash (Niemeier et al., 2021), but the amount of ash in this study is too small to change the aerosol transport.

As the model is not coupled with full atmospheric chemistry, resulting in the above-mentioned deficiencies, we modulated

the initial SO2 injection. We increased the injection area from one grid box up to 4x4 grid boxes. This reduces the initial

concentration of SO2 per area and follows the strategy of several other studies (e. g., Tilmes et al., 2023; Sukhodolov et al.,

2018). Figure 9 (a-d) shows the sulfate concentration at 18.5 km altitude for an injection into 1x1 to 4x4 grid boxes. Roughly,290

the aerosol extinction decreases by 10 % with each increase in the injection area, while the maximum effective radius decreases
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Figure 10. Sarychev eruption: Zonal mean effective radius simulated with ECHAM using different injection scenarios stated in Fig. 9.

by 10 % when the injection area increases from one grid box to four by four boxes (Fig. 10). The results of the larger injection

area fitted best to the observations of SCIAMACHY. Therefore, we assume that increasing the injection area may help to

overcome some model limitations. Following this comparison, we decided to use the 2x2 grid boxes as the injection area for

the model to observation study.295

4.3 Microphysical differences

ECHAM uses a modal size distribution of aerosols for its aerosol microphysics. Kokkola et al. (2008) have shown that the

final particle size depends strongly on the details of this modal distribution, e. g., the number and width of modes. The original

HAM setup with four modes (nucleation, Aitken, accumulation and coarse) was changed to a setup with three modes in this
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Figure 11. Simulated particle size distribution after the Sarychev eruption using three modes (a) and four modes (b) in the aerosol micro-

physics, respectively. Names of the modes from left to right are nucleation (N), Aitken (A), accumulation (AC) and coarse mode (C). Within

the grey shaded areas backscattering is 70% of the maximum value (Laakso et al., 2022).

study (see Sect. 2.2). We also tested a four-mode setup for the Sarychev eruption, by increasing the σ of the accumulation300

mode to 1.59 and adding a coarse mode with a small width (σ = 1.2), as used in SAI studies (Niemeier and Schmidt, 2017).

This results in slightly higher extinction (Fig. 9 f) and roughly 10 % larger effective radii (Fig. 10 f). In the early phase after the

eruption, aerosol radii are similar in both simulations. Over time, the aerosols grow larger in the four-mode setup due to the

wider accumulation mode and the additional coarse mode (Fig. 11). The transfer implies a decrease of the number density in

the accumulation mode. Compared to SCIAMACHY retrievals, the three-mode setup of HAM yields better agreement (Fig. 2).305

Although Laakso et al. (2022) used a continuous and idealized injection scenario, one additional key finding should be noted

here: they pointed out that depending on the setting of the modes, gaps between the modes may occur. This may cause a lack

of particles in a size range that is most effective for short-wave scattering (see the gray area in Fig. 11). This finding highlights

the critical role of accurate mode representation in modal aerosol models.

5 Conclusions310

This study compares aerosol optical properties, Ext and reff , retrieved from SCIAMACHY with ECHAM simulations following

the Manam (2004/05) and Sarychev (2009) eruptions. The aim is to assess the performance of both the satellite retrieval and the

model. Good agreement is found for Ext and reff after the Sarychev eruption, while larger discrepancies in plume dispersion

and particle size appear after Manam.

Despite assuming a fixed N profile, the SCIAMACHY v2.0 PSD retrieval yields realistic vertical Ext profiles. Their absolute315

values agree better with SAGE II observations than those obtained using the SCIAMACHY approach that directly retrieves Ext.

While modifications in the assumed N profile slightly affect the magnitude of Ext and reff , they have minimal impact on the

vertical profile shape. The good agreement between SCIAMACHY v2.0 PSD retrievals and ECHAM simulations, particularly
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after the Sarychev eruption, demonstrates that SCIAMACHY v2.0 PSD provides reliable and useful aerosol size information.

This makes SCIAMACHY v2.0 PSD a valuable data resource, especially given the limited availability of remote sensing data320

on aerosol size.

A model parameter study highlights the importance of using realistic injection profiles and background particle sizes in

ECHAM for improving model–observation agreement. The results emphasize the crucial role of nudging in plume transport.

Unfortunately, nudging can reduce self-induced dynamic effects of the volcanic aerosol plume. However, as the particle forma-

tion and growth are non-linear processes, many other factors influence the agreement between model simulations and satellite325

observations. Expanding the horizontal area of the injection in the model improves this agreement, compensating for limita-

tions in the representation of sulfuric acid formation from OH. Accurate representation of the aerosol microphysical processes

is also essential. In particular, the formation of small particles immediately after the eruption must be captured. This requires a

nucleation scheme valid for the temperature range in the stratosphere, as well as the inclusion of collision processes under high

sulfur conditions, as included in the nucleation parameterization after Määttänen et al. (2018). The correct setup of the aerosol330

size modes is very important, particularly the mode width. Otherwise the simulated particle size might be far too large. Bin

microphysical models offer an alternative to modal approaches, as they respond more flexibly to varying sulfate concentrations

without requiring assumptions about mode adaptation. However, they are a lot more computationally expensive, e. g., by a

factor of three (Tilmes et al., 2023), which limits their applicability in comprehensive climate model simulation studies.

Our study highlights the importance of the details in the model setup parameters. It also demonstrates the robustness of the335

SCIAMACHY v2.0 PSD retrievals with respect to retrieval assumptions. Comparison studies like this are essential for building

confidence in both satellite observations and model results. They improve our understanding of uncertainties in stratospheric

aerosol intervention (SAI) simulations, which cannot be tested in nature and therefore depend entirely on modeling.

Data availability. Aerosol characteristics from the SCIAMACHY v2.0 aerosol PSD retrieval are available at https://www.iup.uni-bremen.

de/DataRequest/ (last access: 24 Nov 2025). SAGE II v7.0 is available at https://doi.org/10.5067/ERBS/SAGEII/SOLAR_BINARY_L2-V7.0340

(NASA/LARC/SD/ASDC, 2012), SAGE II aerosol effective radius derived from the 525/1020 nm extinction ratio will be made available on

request.
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