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Abstract Explosive volcanic eruptions can reach the stratosphere and cause elevated concentrations of
sulphate particles for months to years. When these particles descend into the troposphere, they can impact
cirrus clouds though to what degree is unknown. In this study, we combine three satellite data sets to investigate
the impact of downwelling sulphate aerosol on midlatitude cirrus clouds during springtime. The results show
that cirrus clouds in the northern hemisphere (NH) have lower ice water content (IWC), ice crystal number
concentrations, and cloud fraction (CF) when the aerosol load in the lowermost stratosphere is elevated by
volcanism. These changes are largest for the coldest clouds at the highest altitudes. The cirrus clouds in the
southern hemisphere on the other hand show no significant changes with downwelling aerosol levels. The
reduction in cirrus IWC and CF in the NH implies that volcanic aerosol can cool the climate through reduced
warming from cirrus clouds.

Plain Language Summary Explosive volcanic eruptions can inject the gas sulfur dioxide high

up into the atmosphere where the gas forms particles, which can stay airborne for months to years. When

the particles descend, they can impact clouds at high altitudes, the so-called cirrus clouds. In this study, we
combine three satellite data sets to investigate these impacts from 2008 to 2019. We find that cirrus clouds at
midlatitudes in the northern hemisphere (NH) have less ice mass, fewer ice crystals, and smaller coverage when
affected by volcanic particles descending during springtime. In the SH, we do not find this effect. The changes
in the cirrus clouds in the NH are expected to cool the climate since cirrus clouds normally warm the climate. It
has long been known that volcanic particles cool the climate by reflecting solar radiation back to space. In this
study, we find that the volcanic eruptions may cause further cooling by their impact on cirrus clouds.

1. Introduction

Explosive volcanic eruptions can have long-term effects on climate by injecting particle-forming SO, and ash
particles into the stratosphere. The ash and the sulphate particles reflect solar radiation and cool the climate. The
ash has a lifetime of a few days to months (Niemeier et al., 2009; Vernier et al., 2016) but the sulphate particles
can cool the climate for months or years due to their longer residence time in the stratosphere. Once the particles
descend into the troposphere, they can impact cirrus clouds, which could mean a further climate effect. Be-
cause cirrus clouds have low optical thickness and high altitude, they generally warm the climate (e.g., Stephens
& Webster, 1981). However, their radiative effects are sensitive to small changes in their properties that can
strengthen their warming or reverse it to cooling (Cirisan et al., 2013). In this study, we investigate the impact on
cirrus clouds from several moderate-sized volcanic eruptions between the years 2008 and 2019.

Cirrus clouds can form through the freezing of supercooled solution droplets via a process called homogeneous
freezing. The other formation mechanism, heterogeneous freezing, requires ice nucleating particles (INPs) to
initiate the freezing. The balance between these two mechanisms remains unclear and could vary depending on
the region (Heymsfield et al., 2017). Cirrus clouds formed from heterogeneous freezing generally have lower ice
crystal number concentrations (ICNCs) and larger crystals than those formed from homogeneous freezing (e.g.,
Kramer et al., 2020). This is because there are fewer INPs than solution droplets, and heterogeneous freezing oc-
curs at lower supersaturations than homogeneous freezing. Thus, if heterogeneous freezing occurs, it will inhibit
the formation of more ice crystals through homogeneous freezing (Kércher & Lohmann, 2003).

Volcanic eruptions reaching the stratosphere take different transport paths depending on the latitude of the erup-
tion and what altitude the eruption reaches. The air transport in the stratosphere is determined by the Brew-
er-Dobson circulation with ascending air in the tropics that turns poleward and starts to descend at midlatitudes.
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Thus, even aerosols originating from tropical eruptions will descend into the troposphere at midlatitudes or
high latitudes. This downwelling varies with season (Skerlak et al., 2014), and the strongest impact from the
stratosphere on the upper troposphere (UT) occurs during spring (Martinsson et al., 2017). The mixing of the air
from the lowermost stratosphere (LMS) into the UT most often occurs in episodic mesoscale disturbances of the
tropopause, such as tropopause folds (Appenzeller & Davies, 1992; Stohl et al., 2003).

Volcanic aerosol impact on cirrus clouds will depend on the freezing regime of the cirrus clouds but may also
depend on the type of volcanic aerosol. Ash particles from volcanic eruptions can act as INPs (e.g., Mangan
et al., 2017), while the sulphate solution droplets could be homogeneously frozen (Jensen & Toon, 1992), both
affecting cirrus clouds. Volcanic sulphate particles could also act as INPs if they are neutralized by ammonia
and form solid ammonium sulphate particles, which have been shown to initiate ice at cirrus-relevant conditions
(Abbatt et al., 2006). Cirrus clouds formed in situ in the UT are expected to be more sensitive to downwelling
stratospheric aerosol than liquid origin cirrus clouds that are fed by air from lower levels in the troposphere
(Kramer et al., 2020). These combined features imply that the impact from volcanic aerosol on cirrus clouds is
highly uncertain.

Previous satellite investigations of volcanic influence on cirrus clouds have come up with varying results. Two
investigations after the eruption of Mount Pinatubo in 1991 found no change in the properties of cirrus clouds
(Luo et al., 2002; Wylie & Menzel, 1999), while a third study found an increase in high-level cloudiness (Song
etal., 1996). Meyer et al. (2015) investigated the impact on cirrus clouds from the Nabro eruption 2011 but found
no significant impact on a global scale. Friberg et al. (2015) on the other hand found lower springtime cirrus
cloud reflectance in the NH midlatitudes during years with higher volcanic aerosol loading in the LMS.

The aim of this study is to investigate the impact from downwelling volcanic stratospheric sulphate aerosol on
cirrus clouds. More specifically, we aim to study the long-term effects of descending volcanic sulphate aerosol
on cirrus clouds rather than the immediate short-term impact of ash from volcanic eruptions. In order to do this,
we will use a unique satellite data set of aerosol in the LMS and combine this with two different satellite data sets
of cirrus clouds. The investigation will focus on springtime cirrus clouds at midlatitudes as this is the region and
season when the upper tropospheric aerosol is dominated by downwelling stratospheric aerosol.

2. Data Sets and Methods

In this section, we describe the aerosol data from the LMS as well as the two cirrus satellite data sets.

2.1. Stratospheric Aerosol Data

The aerosol data are compiled from nighttime Ivl.1b v.4-10 backscattering data from the CALIOP (Cloud-Aero-
sol Lidar with Orthogonal Polarization) instrument. The data were corrected for attenuation from molecules and
particles (Friberg et al., 2018). Ice clouds in the stratosphere were removed using the depolarization ratio (Friberg
et al., 2018; Vernier et al., 2009), and data within 2 km of the tropopause were excluded to prevent influence
from tropospheric aerosol and hygroscopic growth (Sandvik et al., 2021). The aerosol scattering ratio (total to
molecular backscattering) in the remaining LMS (SR ,,s) was used to represent the variation in aerosol load in
air transported to the UT. SR is suitable since the data are averaged over a height interval that is relative to the
tropopause and since the pressure at the midlatitude tropopause varies by more than a factor of two.

2.2. DARDAR Cloud Data

The DARDAR (raDAR/IiDAR) data set (Delanoé & Hogan, 2010), combining the CALIOP lidar instrument and
the CloudSat radar (Stephens et al., 2002), is used to investigate the microphysical properties of the cirrus clouds.
DARDAR provides vertical distributions of cloud properties and in this study, we use the two ice cloud retrieval
data sets, such as DARDAR-CLOUD (Delanoé¢ & Hogan, 2010) and DARDAR-NICE (Sourdeval et al., 2018).
We utilize the Level 2 products, which have a vertical resolution of 60 m and a horizontal resolution of approx-
imately 1.7 km (Sourdeval et al., 2018). Data from 2008 to 2016 are used though there are missing data during
2011 and 2012 when CloudSat was malfunctioning. After CloudSat became operational again in 2012, it supplied
data only during daytime and we therefore only use daytime data in this investigation. Extending this analysis
beyond 2016 appeared unreliable due to instrumental issues.
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Figure 1. The aerosol scattering ratio in the LMS (SR ,¢) at both midlatitude hemispheres. The black parts of the lines show data that have been excluded due to
fresh volcanic aerosol at the midlatitudes. The shaded regions show the spring season in the respective hemisphere. Triangles denote volcanic eruptions color-coded
according to where the eruption took place (blue - NH midlatitudes, red - SH midlatitudes, and black - tropical eruptions). The stars denote forest fires, color-coded in
the same manner. The names, dates, and latitude of the volcanic eruptions/fires are given in Table S1 in Supporting Information S1.

In order to isolate cirrus clouds that could be affected by volcanic aerosol, we applied a cirrus filter (described in
the SI) to the Level 2 DARDAR data. From the DARDAR-CLOUD data set, we use the effective radius (r,) and
the IWC. The DARDAR-NICE provides data of the number concentration of ice crystals with diameters larger
than 5, 25, and 100 um. From these data, we calculated the ICNC between 5 and 25 um as well as between 25
and 100 pum.

2.3. Airs Cloud Data

The Atmospheric Infrared Sounder (AIRS) cloud fraction (CF) data set (Version 7; Tian et al., 2020) used here
is a Level 3 monthly mean product in 1° X 1° longitude/latitude grids with 12 vertical standard pressure levels
(Team & Texeira, 2013). The data span from 2008 to 2019 in daily Level 3 data compiled into arithmetic monthly
mean values. The AIRS product is divided into data collected in the ascending (day) and descending (night) orbit
bins. We use both to calculate weighted zonal means at 40°-60° for the NH and SH. From the standard pressure
levels, we use the CFs in three vertical layers from 300 to 150 hPa. At these levels, we assume the CF to be
dominated by cirrus (ice) clouds. Further processing of the cloud data sets is described in Text S2 in Supporting
Information S1.

3. Results and Discussion

We will start by presenting how the aerosol load in the LMS has varied over the years included in the investigation
before moving on to the results regarding cirrus clouds.

3.1. Volcanic Impact on the Midlatitude Stratosphere

During the years included in this study (2008-2019), a number of volcanic eruptions reached the stratosphere.
Though none of these were of the 1991 Mount Pinatubo size, they still had a substantial effect on the stratospheric
aerosol load, in particular on the LMS (Friberg et al., 2018). The northern midlatitude LMS was affected by vol-
canic aerosol to a larger degree than the southern midlatitude LMS (see Figure 1). In particular, the eruptions by
Kasatochi (2008) and Sarychev (2009) substantially elevated the SR in the NH LMS during the years 2008-2010,
but also the Nabro eruption in 2011 had a substantial impact on the NH. In the SH midlatitudes, there was a sub-
stantial impact from the Calbuco eruption in 2015 and Ulawun in 2019.
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Figure 2. Monthly averaged DARDAR data of microphysical properties of cirrus clouds at different temperatures plotted against the aerosol scattering ratio in the LMS
(SR s)- The DARDAR data are the relative anomaly from a long-term average for each month (see Section Text S2 in Supporting Information S1). The results from
the NH (40°-60°) are shown on the top row and the results from the SH (—60° to —40°) on the bottom row. The lines show linear regressions and solid lines indicate

a statistically significant correlation between the two variables (p-value < 0.05) and the shaded areas show the 95% confidence intervals for the predicted values. The
correlation coefficients between the variables are shown in the legend. Note the different scales on the x axis for the NH and SH.

3.2. Cirrus Microstructure

In this section, we will look into the volcanic stratospheric impact on midlatitude cirrus clouds microphysics.
In order to study the volcanic impact on the cirrus clouds at different temperatures, we divided the DARDAR
data into four temperature bins (see Figure 2). This division also implies that the clouds are divided according to
height with the coldest clouds residing at the highest altitudes, closest to the downwelling stratospheric aerosol.

The SR, ;s has a significant impact on several of the microphysical cirrus properties in the NH. In particular, the
IWC decreases when there is a higher aerosol load in the LMS. The relationship is stronger the colder the clouds
are, that is, the closer they are to the stratosphere (Figure 2b). The relative change in IWC at the highest/lowest
SR s Values is +£10%. The ICNC also decreases with increasing SR ¢ at all crystal sizes. The strongest cor-
relations and largest relative changes occur for the largest crystal sizes (ICNC, ), which display results similar
to those for the IWC. The ICNC:s at the smaller sizes have smaller relative changes than ICNC_, ,, but also have
the strongest correlations with the SR ¢ at the coldest temperatures. The relative changes in r, with LMS SR
are very minor and not statistically significant (Figure 2a). Nevertheless, since the ICNC decreases at all sizes, r,
should not change to a large degree.

Figure 2 shows comparisons of aerosol and cirrus data from the same months of the year. However, downwelling
from the higher LMS altitudes may take a few weeks to reach the UT (Friberg et al., 2018). We therefore per-
formed the same analysis with aerosol data shifted to half a month earlier. This decreased the correlations at
the highest altitudes somewhat (—0.05——0.02), while the correlations at the lower altitudes actually increased
slightly (0.02-0.03). These results could imply that the subsiding aerosol reaches and impacts the cirrus clouds at
lower altitudes somewhat later than those at high altitudes. However, the changes are not statistically significant
and the results therefore should be interpreted with caution. Shifting the aerosol data a full month or more only
decreased the correlations.

In an attempt to determine if there are regional differences in the effects of the sulphate aerosol on the cirrus
clouds, we divided the NH cirrus data into four regions: The Atlantic, Europe-Asia, The Pacific, and Ameri-
ca. We use one SR, ¢ for all regions since volcanic aerosol is expected to be homogeneously distributed over
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Data from the AIRS satellite sensor are used to determine if the cirrus CF
-30 is impacted by the aerosol load in the LMS. In the NH, there is a significant
-40 decrease in CF with increasing SR s at all pressure levels (see Figure 3).
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Figure 3. Same as Figure 2 but with the Atmospheric Infrared Sounder crophysical parameters are to some extent expected since the cloud fraction

(AIRS) cloud fraction at different pressure intervals plotted against the
aerosol scattering ratio in the LMS (SR, ;). The AIRS data are the relative
anomaly from a long-term average for each month (see Text S2 in Supporting

Information S1).

is strongly impacted by the synoptic weather conditions, which are highly
variable from year to year. Investigating the CF for different regions did not
reveal any stronger CF changes with SR, s than using all longitudes. As for
the DARDAR data, the AIRS trends in the SH are heavily dominated by a
few points with high volcanic impact and have weak statistically insignificant
correlations.

3.4. Comparison With Previous Studies

The results in this study agree with two previous studies of moderate-sized volcanic eruptions' impact on cirrus
clouds. Friberg et al. (2015) found decreasing cirrus cloud reflectance with increasing sulphate aerosol in the
LMS. The lower IWC and CF with higher SR, ;s found in this study would indeed result in a lower cirrus re-
flectance. Moreover, Meyer et al. (2015) found lower backscattering from cirrus clouds in the NH during spring
2012, the year after the Nabro eruption. Our results differ from three satellite studies of the 1991 Mount Pinatubo
eruption (Luo et al., 2002; Song et al., 1996; Wylie & Menzel, 1999). This could be explained by the larger size
of the Mount Pinatubo Eruption and perhaps also by more limited satellite data sets available at that time.

Most modeling studies of volcanic sulfuric acid particles on cirrus clouds do not agree with our results. A study
covering many of the eruptions included in this study found an increase in ICNC and a decrease in their size in
response to additional sulfur in the LMS/UT (Schmidt et al., 2018). Similarly, Lohmann (2003) found an increase
in ICNC in homogeneously formed cirrus clouds in a response to additional sulphate aerosol from the 1991 Mt
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Heterogeneous freezing Pinatubo eruption. Jensen and Toon (1992) on the other hand found that the
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o
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S « volcanic
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solution 3.5. Possible Causes and Implications

droplet
i) solid - The results presented in the Results section point to a hemispheric differ-
g amonium . .. . . .
£ Sl ence in volcanic impact on cirrus clouds. There are quite a few differences
Qo particle between the hemispheres that are relevant for cirrus clouds. There are more
(=
S land areas and greater sources of INPs in the NH, in particular because there
S are more sources of dust (e.g., Storelvmo & Herger, 2014). There is also more

g 8

1st proposed mech.

Figure 4. Cirrus clouds under normal conditions formed through
homogeneous and heterogeneous freezing are shown in the upper panels. The

2nd proposed mech.

air traffic in the NH, which means more emissions of soot at high altitudes
(Zhou & Penner, 2014). Soot particles, in particular from air traffic, are con-
sidered to be possible INPs (Kircher et al., 2007). The greater availability

lower panels show the two different proposed mechanisms of how volcanic of INPs in the NH also means that heterogeneous freezing is likely more
aerosol impacts cirrus clouds. Both mechanisms result in larger ice crystals in common in the NH. Yet another difference between the hemispheres is the

the cirrus cloud and increased settling velocity (black arrows).

larger amount of anthropogenic emissions in the NH (Clarisse et al., 2009).

In the NH, IWC and ICNC decrease with higher SR ,,s. We can also see that

this is associated with a decrease in cirrus cloud fraction, but these relations
are not as strong as the ones seen for the microphysical parameters. The decreases in IWC and CF indicate that
either there is less ice formed in the cirrus clouds under volcanic influence or the crystals formed are larger and
sediment faster, leading to a smaller amount of ice in the clouds. The first of these explanations would most
likely be associated with a change in the atmospheric dynamics impacting temperature or relative humidity. It
is unlikely that such changes would act differently in the two hemispheres and we therefore focus on the second
hypothesis, that is, microphysical changes of the cirrus clouds.

We have considered several mechanisms in which descending volcanic sulfate could cause the ice crystals in the
cirrus clouds to become fewer and larger, thus sedimenting faster. The formation of larger crystals would inhibit
the formation of smaller crystals, leading to decreased ICNC also at these sizes (Figures 2c and 2d). This results
in a decrease in ICNC at all sizes, leading to very minor changes in r, (Figure 2a). We will present two explana-
tions for the microphysical changes that we find most plausible. It is still unknown which freezing mechanism that
dominates cirrus cloud formation in the NH, and it could vary with altitude and region. One of our explanations
is valid in a homogeneous freezing regime and the other is valid in a heterogeneous freezing regime.

The first mechanism assumes that the cirrus freezing regime is homogeneous, that is, the cirrus clouds form
through freezing of solution droplets and have many small crystals (see Figure 4). The downwelling volcanic
aerosol consists of sulfuric acid and water but may react with trace gases present in the UT, such as ammonia.
Ammonium sulfate particles have in laboratory studies been found to act as INPs at temperatures below —38°C
and at an ice saturation ratio (S;,) as low as 1.10-1.20 (Abbatt et al., 2006; Baustian et al., 2010; Hoose &
Mohler, 2012) well below that of homogeneous freezing (1.40). It has also recently been reported that ammonium
nitrate particles can crystallize at S; , < 1.40 at cirrus temperatures if some ammonium sulfate is added to the
particles (Wagner et al., 2020). Ammonium nitrate has been observed in the UT in the NH (Hopfner et al., 2019).
It is thus possible that some of the downwelling volcanic aerosols react with compounds in the NH UT and form
INPs. If enough INPs are formed, the freezing regime will switch from homogeneous to heterogeneous, resulting
in cirrus clouds with larger but fewer ice crystals (see Figure 4). These will sediment faster, reducing the IWC,
ICNC, and CF, as is seen in the NH in this study. The reason why this change would occur only in the NH is the
higher emissions of ammonia in the NH compared to the SH.

The second possible explanation mechanism that we propose assumes that the dominant freezing regime in the
affected cirrus clouds is heterogeneous with freezing being initiated by INPs, such as dust or soot (see Figure 4).
The downwelling sulphate aerosol could coat some of these INPs, making them less efficient as ice nuclei (e.g.,
Hoose & Mohler, 2012). This would result in fewer INPs present during cirrus formation, which would lead to
fewer, larger ice crystals in the cirrus clouds. Such crystals would sediment faster and support the results found
in our study. This would not occur in the SH since there are less INPs available and the freezing regime would
generally not be heterogeneous.
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Which of these explanation mechanisms that are most plausible depends on which freezing regime that is dom-
inant in the affected cirrus clouds in the NH. Aircraft measurements support that heterogeneous nucleation is
dominant in some parts of the NH (Cziczo et al., 2013; Gayet, 2004). However, the clouds found to be most
strongly affected by downwelling aerosol in this study are the ones at the coldest temperatures and highest alti-
tudes. The INP concentrations should decrease with altitude and it may seem unlikely to find the strongest impact
on the cirrus clouds where the INP concentrations are the lowest. It may be that at such high altitudes, homoge-
neous freezing is the dominant cirrus formation mechanism. Nevertheless, if there are INPs present at the highest
altitudes, then the chance of coating these is highest here. There are currently not enough data on which freezing
mechanism that is dominant for cirrus clouds at these altitudes in the NH and we therefore do not propose one
explanation mechanism that we find more probable than the other.

Another possible cause for the contrasting results between hemispheres could be differences in the transport from
the LMS to the UT. This transport displays larger seasonal and spatial variation in the NH (Skerlak et al., 2014)
than in the SH. The greater variability in the NH transport implies that the cirrus clouds in the NH are exposed
to high concentrations of volcanic sulphate aerosol from the LMS during certain seasons and in specific regions.
The impact in the SH on the other hand could be more evenly spread both seasonally and regionally. High concen-
trations of volcanic sulphate aerosol at specific locations could explain the hemispheric difference in the results
but also support the proposed microphysical explanations above.

High thin cirrus clouds have a net warming effect on the climate, and a lowering of their IWC and CF (as found
in this study) is therefore expected to reduce their warming (e.g., Lohmann & Gasparini, 2017). Thus, volcanic
aerosols seem to be able to not only cool the climate by scattering solar radiation, but also through the impact on
cirrus clouds at least in the NH. That the volcanic effect on cirrus clouds is confined to the NH means that there
may be an asymmetric cooling from tropical volcanic eruptions. An interesting aspect of the two explanation
mechanisms presented above is that both contain anthropogenic impact on the atmosphere, through emissions of
ammonia and soot particles. Hence, human influence on the atmosphere may have enabled an enhanced volcanic
cooling of the climate.

4. Conclusions

Using three different satellite data sets, we found that cirrus cloud properties in the NH are affected by volcanic
aerosol downwelling from the stratosphere during spring. The cirrus clouds in the NH have lower IWC, ICNC,
and CF during years with higher volcanic impact on the LMS, in particular the clouds at the highest altitudes.
The clouds in the SH did not show statistically significant changes with LMS aerosol load. We propose that the
changes seen in the NH result from the cirrus clouds having larger ice crystals, which sediment faster, causing a
decrease in IWC, ICNC, and CF.

We identify two viable mechanisms that can explain our observations. (a) The formation of larger crystals could
be a result of the volcanic aerosol forming IN, seeding cirrus clouds formed through homogeneous freezing or
(b) the downwelling volcanic aerosol could coat existing INPs in the UT, providing less INPs for cirrus clouds
formed through heterogeneous freezing.

The impact on the climate from a decrease in cirrus IWC and CF is a cooling, indicating that volcanic aerosols do
not only cool the climate through scattering of solar radiation but also through the impact on cirrus clouds. These
results add to the uncertainty in the present modeling of volcanic climate impact as most models currently include
only the direct climate impact of volcanism. The results in this study are also highly relevant in the considerations
of deliberate manipulation of Earth's climate through the addition of sulphate aerosol to the stratosphere.

Data Availability Statement

The DARDAR data were provided by ICARE data and service center. The AIRS data were provided by God-
dard Earth Sciences Data and Information Services Center (GES DISC) at https://airs.jpl.nasa.gov/. The
DARDAR cirrus cloud product that we developed in this investigation and the SR,y data are available at
https://doi.org/10.5878/xdwz-3g72.
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