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Abstract
This thesis evaluates the option of modifying cirrus clouds in order to counteract part
of the anthropogenic global warming, also known as cirrus seeding. The feasibility
of cirrus seeding is assessed with the general circulation model ECHAM6-HAM with
coupled aerosol-cloud interactions. The warming effect of cirrus clouds on climate led
part of the research community to the idea of artificially decreasing their frequency
and optical thickness by seeding them with ice nucleating particles. Cirrus seeding relies on the competition between two distinct cirrus formation pathways: homogeneous
nucleation of soluble aerosols and heterogeneous ice crystal nucleation with the help
of solid ice nucleating particles. Seeding attempts to transform optically thicker, longer
lived homogeneously nucleated cirrus clouds to thinner and shorter lived heterogeneously nucleated cirrus clouds.
The cirrus seeding effectiveness depends on the correct representation of cirrus
clouds in climate models. We evaluated the ECHAM6-HAM model against CALIPSO
satellite data and found that the model reproduces the cirrus cloud occurrence fraction
and ice water content well, but overestimates their extinction. Most importantly, we
found that a large fraction of cirrus clouds formed in environments with liquid water,
which cannot be modified by cirrus seeding. Moreover, modelled in situ cirrus formed
by heterogenous ice nucleation on dust aerosols in most of the world, limiting the cirrus geoengineering potential. Meanwhile, homogeneous cirrus were dominant only in
the tropical tropopause layer and over mountain regions.
Seeding cirrus clouds with ice nucleating particles of radii below 10 μm did not lead to
a significant cooling effect on climate, due to radiative warming effects of increasing cirrus cloud cover and decreasing ice crystal radius, which neutralized the cooling gained
by the ice crystal number decrease. However, when seeding with larger ice nucleating
particles, cirrus cloud cover, ice crystal number concentration, and ice water content
decreased, due to increased ice crystal sedimentation velocity, leading to a cooling
of up to 0.7◦ C globally. In addition, an idealized cirrus geoengineering setup with increased ice crystal sedimentation velocities at temperatures colder than -35◦ C could
fully counteract the temperature increase by 1.5 x CO2 concentrations. Furthermore,
seeding with ice nucleating particles larger than 10 μm could counteract up to 55% of
the temperature and precipitation damage caused by a 1.5 x CO2 increase, without
causing negative side effects in any of the analysed regions. Thus, cirrus geoengineering was found to be, not considering its problematic engineering details and large
modelling uncertainties, an attractive method to counteract part of the anthropogenic
warming.
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Zusammenfassung
Diese Arbeit untersucht die Möglichkeit der Modifikation von Zirren, um der anthropogenen Klimaerwärmung entgegenzuwirken, auch bekannt als Zirrus-Impfen.
Die Umsetzbarkeit des Zirrus-Impfen wurde im globalen Klimamodell ECHAM6-HAM
analysiert. Da Zirren eine erwärmende Wirkung auf das Klima haben, entstand in der
Wissenschaft die Idee, ihre Häufigkeit und optische Dicke durch Impfen mit Eiskeimen
zu reduzieren. Das Ausdünnen von Zirren basiert auf dem Wettbewerb von zwei
ihrer Bildungsmechanismen: homogenes Gefrieren von löslichen Aerosolen und heterogenes Gefrieren mithilfe von festen Eiskeimen. Zirrus-Impfen versucht, optisch
dickere, länger lebende, homogene Zirren in optisch dünnere, kürzer lebende, heterogene Zirren umzuwandeln.
Die Effektivität des Ausdünnens hängt von der richtigen Darstellung von Zirren in
Klimamodellen ab. Wir haben das ECHAM6-HAM Modell mit CALIPSO Satellitendaten evaluiert und kamen zu dem Ergebnis, dass es die Häufigkeit der Zirren und
die Menge an Eis gut reproduziert, die Extinktion aber überschätzt. Unsere wichtigste Erkenntnis ist, dass sich ein grosser Teil der Zirren in Umgebungen mit flüssigem
Wasser formt, welche nicht durch Impfen modifiziert werden können. Ausserdem formen sich die meisten unserer in-situ Zirren über heterogene Eisnukleation auf Staubpartikeln, wodurch das Zirrus-Geoengineering-Potential limitiert ist. Homogene Zirren
dominieren nur in der tropischen Tropopausen-Region und über Gebirgen.
Zirrus-Impfen mit Eiskeimen, die einen Radius kleiner als 10 μm hatten, führte zu
keiner signifikanten Abkühlung des Klimas, da die Abkühlung durch die verringerte
Eiskristall-Anzahl durch erwärmende Strahlungseffekte einer erhöhten Wolkenbedeckung und eines verringerten Eiskristall-Radius aufgehoben wurden. Wurde jedoch mit grösseren Eiskeimen geimpft, verringerte sich die Wolkenbedeckung, die
Eiskristall-Konzentration und der Eiswasser-Gehalt, was zu einer Abkühlung von
bis zu 0.7◦ C führte. Weiter kann ein idealisiertes Geoengineering-Konzept mit erhöhten Eiskristall-Sedimentationsgeschwindigkeiten bei Temperaturen unter -35◦ C
einer Temperaturerhöhung aufgrund von 1.5 x CO2 komplett entgegenwirken. Am
interessantesten ist, dass Impfen mit Eiskeimen, die grösser als 10μm sind, 55%
des Schadens in Form von Temperatur- und Niederschlagsänderungen einer 1.5 x
CO2 Erhöhung aufheben könnte, ohne dabei in einer einzigen der analysierten Regionen negative Nebenwirkungen zu verursachen. Unter Nichtbeachten der problematischen Details und der grossen Modellierungsunsicherheiten, wurde Zirrus-Impfen
somit als eine attraktive Geoengineering-Methode befunden, um der anthropogenen
Erwärmung entgegenzuwirken.
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Chapter 1
Introduction
“A daunting task lies ahead for scientists and engineers to guide society towards environmentally sustainable management during the era of the Anthropocene. This will
require appropriate human behaviour at all scales, and may well involve internationally
accepted, large-scale geo-engineering projects, for instance to ’optimize’ climate. At
this stage, however, we are still largely treading on terra incognita” (Crutzen, 2002)

1.1

Changing the global energy budget

The global anthropogenic emissions of greenhouse gases have been increasing
steadily since the beginning of the century, describing an exponential trend (Raupach
et al., 2007). Despite international climate governance mechanisms we are likely
decades away from a reversal of the increasing trend of global emissions. The frequency of both heat waves and heavy precipitation events will very likely increase over
most land masses in the course of the 21st century (Stocker et al., 2013). Businessas-usual scenarios with only little climate mitigation can cost the world at least 5% of
GDP each year; if more dramatic predictions come to pass, the cost could be more
than 20% of GDP (Stern, 2007).
In recent years, the climate change discussions have been integrated in all parts of
society and politics. After years of political negotiations on post-Kyoto emission reductions, in 2015 the United Nations member countries signed the Paris Agreement.
The agreement aims to hold the global average temperature well below 2◦ C warming
with respect to pre-industrial temperatures, and to undertake efforts to limit it to 1.5◦ C.
Yet, given that the planet has already warmed by about 0.8◦ C (Stocker et al., 2013),
pursuing the ambitious political goals leaves the countries only little time to revert the
increasing emissions trends. Moreover, current political emission reduction pledges
contradict the Paris Agreement: were the countries to follow their current policies, the
1
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planet would still have a 50% change to warm by more than 2.7◦ C (Jeffery et al.,
2015). Currently it seems very unlikely to achieve the ambitions targets by emission
reductions alone. The Agreement largely increased the role of carbon dioxide removal
(CDR) mechanisms, the less controversial of the two large groups of geoengineering
proposals (Section 1.2), which, however, might be too optimistic (Vaughan and Gough,
2016). All emission scenarios compatible with the Paris Agreement targets assume
net negative emissions by the end of the century (Sanderson et al., 2016). Rogelj et al.
(2015) show that a rapid transformation of the energy system in combination with negative emissions alone could limit the end-of-century warming by 1.5◦ C, although the
time window to achieve this goal is rapidly closing.

Figure 1.1: Overview of the global energy balance at the surface and at the top of the atmosphere (TOA). Modified from Lohmann et al. (2016).

Presently, the anthropogenic greenhouse gas emissions exert a radiative forcing of
about 2.8 W m–2 compared to preindustrial times (Myhre et al., 2013). This forcing is
partially counteracted by aerosol-radiation and aerosol-cloud interaction, which have
a net negative effect on the radiative balance, leading to the total anthropogenic effective forcing of 2.3 W m–2 (with a likely range of 1.1 to 3.3 W m–2 ). Following current
emission trends we cannot rule out a quadrupling of the anthropogenic radiative forcing by the end of the century (van Vuuren et al., 2011), warming the planet by about
4◦ C (Stocker et al., 2013).
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And yet, the radiative changes induced by human activities represent only a tiny fraction of the incoming solar and outgoing thermal radiative fluxes (Figure 1.1), which
account for approximately 340 and 240 W m–2 , respectively. About a third of the incoming radiation is reflected back by either clouds (∼50 W m–2 ), aerosols and gases
(∼25 W m–2 ), or the Earth’s surface (∼25 W m–2 ). Moreover, about 80 W m–2 are absorbed by the atmosphere, meaning that only about 50% of the solar radiation reaching
the top of the atmosphere (TOA) penetrates to the surface.
Most clouds exert a negative radiative effect on climate due to their effective scattering
of solar radiation (Figure 1.2a). On the other hand clouds strongly modulate the thermal outgoing radiation with its longwave (LW) cloud radiative effect (CRE) component
of about 25-30 W m–2 , thus decreasing their overall net cooling effect to about -20 W
m–2 (Loeb et al., 2009). Their effects on the TOA radiative balance depend on their
optical thickness, altitude, season and time of the day. We distinguish the effects of
clouds on radiation based on their temperature: liquid clouds at temperatures above
0◦ C are optically thick and at temperatures comparable to surface temperatures, leading to a strong net cooling CRE (Figure 1.2d). On the contrary, thin ice clouds at
temperatures < -35◦ C on average warm the climate with their CRE of about 5 W m–2
as diagnosed from ECHAM-HAM general circulation model (GCM). Due to their cold
temperatures they strongly modulate the outgoing radiation, while they reflect only a
small portion of the incoming solar radiation (Figure 1.2b).

1.2

What is geoengineering?

“It´s no longer us against ‘Nature’. It´s we who decide what nature is what it will be.”
(Crutzen and Schwägerl, 2011)
Geoengineering (GE, also known as climate engineering) proposals aim at a reduction
of global temperatures, that would counteract greenhouse gas induced anthropogenic
warming and stabilise the Earth’s energy budget and climate. The proposed methods
are diverse and vary greatly in terms of their technological characteristics and possible consequences. Due to a trade off between a simple and complete division of
GE strategies, we expand the traditional description from Shepherd et al. (2009) and
Boucher et al. (2013). We divide them into two groups:
1) Radiation management (RM) schemes try to modify the Earth’s energy budget but do not involve changes in greenhouse gas emissions. RM include both
changes in the incoming solar radiation (solar radiation management techniques,
SRM) as well as modification in the outgoing radiation (here named as longwave

4
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Figure 1.2: Total annually averaged cloud radiative effects (a) as diagnosed from the
ECHAM6-HAM model, followed by the division of CRE in three cloud classes: cirrus CRE
(taking into account clouds at T<-35◦ C, b), mixed-phase cloud CRE (clouds at temperatures
between -35◦ C and 0◦ C, c) and liquid CRE (clouds at temperatures above 0◦ C, d). The numbers at the bottom of the panels represent the globally averaged radiative fluxes.

radiation management, LRM). However, RM techniques cannot counteract all
negative effects of increasing CO2 concentration, such as ocean acidification. In
principle, only a moderate, 1-2% decrease of the incoming (or a similar increase
of the outgoing) atmospheric fluxes could counteract the forcing by the doubling
of the CO2 concentrations (3.7 W m–2 , Stocker et al. (2013)). A number of ways
of changing the energy balance have been proposed, among them (Figure 1.3):
– stratospheric aerosol injections, aiming at an increase of the amount of longlived and very reflective stratospheric sulphate aerosols (h)
– marine cloud brightening, trying to increase the reflectivity of marine stratus
clouds (i)
– surface albedo increase by means of crop brightening (k), whitening of
rooftops (l) or ocean brightening with long-lived microbubbles (j)
– deployment of space mirrors (g), which would reflect part of the SW radiation before even reaching the atmosphere
– cirrus cloud seeding (m), which tries to decrease the global coverage of
cirrus clouds and their optical thickness in order to increase the amount of
outgoing LW radiation.
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Figure 1.3: Overview of some proposed geoengineering methods grouped into radiatiation
management and carbon dioxide removal. Cirrus cloud seeding is, different from other Radiation Management schemes, affecting also the planetary longwave radiation budget, by allowing
more radiation to be emitted to space. Modified from Boucher et al. (2013).

Most of current radiation management proposals refer to schemes that try to decrease the incoming solar radiation, while the greenhouse gas effect modulates
the amount of outgoing LW radiation. A warming by increased CO2 concentration directly warms the troposphere by absorption of LW radiation, while changes
in SW radiation directly affect the surface energy balance and temperature (Bala
et al., 2008; Kravitz et al., 2014; Irvine et al., 2016).
2) Carbon dioxide removal (CDR) methods aim at CO2 removal from the atmosphere, directly reducing greenhouse gas forcing. CDR schemes would either
increase the CO2 uptake and storage by land reservoirs (e.g. afforestation) or
oceanic reservoirs (e.g. ocean fertilisation to increase marine biota net primary
productivity). However, their uptake capacity is limited by physical and environmental constrains. On the other hand, ocean alkalinisation directly targets the
physical CO2 uptake capacity of the ocean by counteracting ocean acidification.
Yet, this method might not be able to store carbon permanently and could return it
to the atmosphere in case of major warming. Proposals of enhanced weathering

6
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of silicate or carbonate rocks similarly lead to increased CO2 uptake over land
areas. Alternatively, direct air capture might have only minimal environmental
risks if the carbon could be stored permanently in some form of geological storage. However, its direct costs so far are too large for a large-scale deployment
(Shepherd et al., 2009).

1.2.1

Cirrus cloud seeding

1.2.2

Cirrus cloud properties and formation mechanisms

Figure 1.4: Total annually averaged cirrus cloud radiative effects (a) as diagnosed from the
ECHAM6-HAM model. In the lower row, we separate the CRE to the radiative contributions
during day and night. The numbers at the bottom of the panels represent the globally averaged
radiative fluxes.

Cirrus cloud seeding or thinning is a geoengineering method that relies on the relatively strong interaction of cirrus clouds with outgoing LW radiation. Cirrus clouds
absorb LW radiation from the warmer surface and re-emit only a fraction of it, due to
their cold temperatures, leading to diabatic heating of the atmosphere. The cirrus SW
scattering effect is small due to their low optical thickness (median optical depth in the
range of 0.1 to 0.2 - Kienast-Sjögren et al. (2016); Dupont et al. (2010)). Cirrus clouds,
defined here as all clouds at temperatures colder than -35◦ C, in the global annual
average warm the climate (or more precisely: have a positive CRE) as confirmed by
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Figure 1.5: Impact of cirrus seeding on clouds and their optical properties.

satellite data (Hartmann et al., 1992; Chen et al., 2000; Futyan et al., 2005), in situ observations (e.g. (Kienast-Sjögren et al., 2016)), radiative-transfer modelling (Corti and
Peter, 2009), or general circulation modelling studies (Gasparini and Lohmann, 2016).
Their climate effects vary and depend on their cloud thickness and altitude, ice crystal
(IC) number concentration, IC size and shape, ice water content, but also solar zenith
angle, surface temperature and its reflectivity (Fu and Liou, 1993; Zhang et al., 1999;
Fusina et al., 2007; Corti and Peter, 2009; Joos et al., 2014; Gasparini and Lohmann,
2016). As an example, we diagnosed their radiative impacts from the ECHAM6-HAM
model (Figure 1.4). Cirrus clouds have a net positive CRE at the TOA (4.5 W m–2 ),
with a strong diurnal cycle: they are close to radiative balance during the day (cirrus
CRE of 1 W m–2 ) but have a rather strong positive impact on the TOA radiative fluxes
in the night, with a cirrus CRE of 8 W m–2 .
Cirrus clouds are most frequently classified based on meteorological conditions, for example ’synoptic’ versus ’convective’ (Luo and Rossow, 2004; Berry and Mace, 2013;
Muhlbauer et al., 2014a). Here we follow the definition introduced by Krämer et al.
(2016) and Luebke et al. (2016) and divide cirrus clouds by their formation environments into two classes:
1) Liquid origin cirrus form at temperatures warmer than the homogeneous freezing
limit of water (∼-38◦ C) either by heterogeneous nucleation of water droplets or
by rapid lifting of water droplets which freeze when crossing the homogeneous
freezing temperature limit. The first process is thought to be dominant in midlatitudes (Luebke et al., 2016), while the second one prevails in the regions of
high thunderstorm activity in the tropics or in midlatitude summer (Krämer et al.,

8
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2016). Liquid origin cirrus are associated with larger ice water content, extinction, and in particularly for those that freeze in mixed-phase regime, also larger
IC radii (Gasparini et al., 2016).

2) In situ cirrus form at temperatures below the water freezing limit in a liquid water
content free environment. They prevail at temperatures colder than -50◦ C in the
extratropics (Voigt et al., 2016) and at -60 to -70◦ C in the tropics (Gasparini et al.,
2016) and have a rather low ice water content (< 1 μg m–3 ). Microphysically, they
form either by homogeneous or heterogeneous ice nucleation. Homogeneous
ice nucleation of solution droplets (i.e. soluble aerosols) is a process of ice-germ
formation in a supercooled liquid (Ickes et al., 2015). Homogeneous ice nucleation depends on temperature and occurs at relative humidities with respect to
ice of 150-170% (RHice ) and can be parametrized as a function of water activity
(Koop et al., 2000). On the other hand, the presence of insoluble aerosols lowers
the energy barrier needed for ice nucleation and initiates IC formation at lower
RHice and/or warmer temperatures (Hoose and Möhler, 2012). The most common aerosol species found in cirrus ice crystal residuals is mineral dust, followed
by metallic particles (Cziczo et al., 2013). While the ice nucleating properties of
soot are still a hot research topic (Bond et al., 2013), other possible INP aerosols
like marine organics (Wilson et al., 2015) or pollen (Pratt et al., 2009) are thought
to be absent in the upper troposphere. A single homogeneous nucleation event
can nucleate thousands of small IC (typically smaller than 10 μm, (Krämer et al.,
2016)), as the upper troposphere can be considered as an almost infinite source
of soluble aerosols. On the other hand, heterogeneous INP concentrations rarely
exceed 10 INP L–1 (DeMott, 2003), resulting in low ice crystal number concentrations (ICNC). However, the particles can grow larger as the vapour is deposited
onto fewer IC as shown by Figure 1.5. Moreover, small numbers of large IC imply
an optically thinner cloud, both reflecting less SW and absorbing less LW radiation (Figure 1.5). The effect of aerosols on ice cloud optical properties is thus
just the opposite of that in liquid clouds - therefore we refer to it as a negative
Twomey effect (Kärcher and Lohmann, 2003; Lohmann et al., 2008).
Homogeneous nucleation typically occurs in conditions of rapid updraft (e.g. over
orography) or in regions with only few or no ice nucleating particles (e.g. in the tropical
tropopause region, winter high latitudes) where an air parcel can achieve a sufficiently
large RHice (Mitchell et al., 2016). Preliminary results from the ML-CIRRUS field campaign show that homogeneous nucleation occurs also in Germany in spring (Voigt
et al., 2016). In contrast, Cziczo et al. (2013) found heterogeneous nucleation to be
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the dominant source of IC in the south-eastern USA and over Central America. Liquid origin cirrus were also frequently observed in field campaigns in North America
(Krämer et al., 2016).

1.2.3

Cirrus seeding - a short review

It has been known since long that the ice crystal fallspeed and consequently their size
can have a considerable influence on the atmospheric radiative balance (Grabowski,
2000; Wu, 2002). IC fallspeed has even been used as a tuning parameter for GCM
models without explicit fallspeed formulation (Mauritsen et al., 2012) due to only little
observational constrains. Sanderson et al. (2008) found with the help of a perturbed
physics multi-ensemble GCM study that the modelled climate sensitivity strongly depends on the scaling of ice fallspeed, which was confirmed by Mitchell et al. (2008).
Lohmann et al. (2008) who studied the impact of cirrus formation mechanisms also
reported large dependence of cloud radiative effects on the prevailing cirrus formation
pathway and consequently the IC particle size and their fallspeeds.
Building upon the previous findings Mitchell and Finnegan (2009) suggested a way
of modifying the cirrus IC fallspeed, which relies on the shift from homogeneous nucleation to the heterogeneous nucleation processes (Figure 1.5). They proposed to
seed the cirrus clouds with some effective INP particle with good nucleating properties at temperatures <-40◦ C but small nucleating capability in the mixed-phase range
(-35◦ C <T< 0◦ C). Bismuth tri-iodid (BiI3 ), a non-toxic and inexpensive substance
found ineffective in previous rain-making experiments that freezes in cirrus conditions
at RHice as low as 105% seemed to be a reasonable seeding particle (Mitchell and
Finnegan, 2009).
Three GCM modelling studies by Trude Storelvmo and colleagues established a good
initial modelling foundation of cirrus seeding:
• Storelvmo et al. (2013) confirmed the seeding potential of cirrus by explicit modelling using a general circulation model. Their results are consistent with the
schematics on Figure 1.5, where seeding leads to optically thinner clouds with
shorter lifetimes. The maximum net cloud radiative effect they obtained by seeding was -2 W m–2 . They recognized the problem of over-seeding, which can lead
to a positive Twomey effect and hence positive CRE anomalies.
• Storelvmo and Herger (2014) confirmed the results of Storelvmo et al. (2013)
even in a climate where heterogeneous INP can efficiently form IC. They also
showed that seeding is most effective in high-latitude winter.
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• Storelvmo et al. (2014) explored the effect of seeding scenarios in a coupled
atmosphere-ocean GCM. Their seeding simulations cause up to 1.4◦ C of cooling
at the global scale, with an amplified high-latitude cooling effect. Their simulations, different from most of other ones with SRM schemes (Tilmes et al., 2013),
can effectively restore the Arctic sea ice cover with only limited responses in
global precipitation patterns.

These promising initial results were recently contrasted by studies of Penner et al.
(2015) and Gasparini and Lohmann (2016) who found no significant responses to
seeding. A detailed study on why the seeding setup by Gasparini and Lohmann (2016)
cannot significantly perturb the climate can be found in Chapter 3.
Increasing IC sedimentation velocity as a surrogate for seeding
Encouraging modelling results by Storelvmo et al. (2013); Storelvmo and Herger
(2014); Storelvmo et al. (2014) increased the interest in cirrus geoengineering, in
particularly in the Geoengineering Modelling Intercomparison (GeoMIP) community
(Kravitz et al., 2011, 2015). Yet, as most GCMs are not able to simulate the competition between homogeneous and heterogeneous ice nucleation at cirrus levels, a
simpler modelling approach has been developed. Kravitz et al. (2015) suggested that
the easiest way to simulate radiative (and climatic) impacts observed in seeding simulations (e.g. Storelvmo et al., 2014) is to increase the sedimentation velocity of ice
crystals at cirrus levels, i.e. at temperatures <-35◦ C. The difference between seeding the climate by aircraft injections of INP and increased sedimentation velocity are
conceptually represented by Figure 1.5.
Preliminary studies of idealized cirrus seeding (often referred to as thinning) confirmed
the cirrus cloud geoengineering potential but also pointed out some related damaging
climatic responses. While Muri et al. (2014) found no significant global average precipitation response to thinning by increased IC sedimentation, they found regional circulation and precipitation responses due to its non uniform climate forcing. Kristjánsson
et al. (2015) showed how cirrus thinning has qualitatively opposite fast precipitation responses to those induced by a CO2 increase (i.e. considering no changes to surface
temperature). Kristjánsson et al. (2015) and Jackson et al. (2016) found that cirrus
thinning intensifies precipitation and evaporation and thus avoids the weakening of the
hydrological cycle as observed in SRM methods. Very importantly, the idealize seeding simulations showed the responses do not scale linearly with IC fall speed changes
(Muri et al., 2014; Jackson et al., 2016) and cannot lead to much more than a cooling of -1◦ C (Crook et al., 2015). More details about idealized seeding modelling by
increasing IC sedimentation velocity and its comparison with seeding with INP can be
found in Chapter 4.
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Figure 1.6: Seeding (left) vs. increased IC sedimentation velocity (right) scenarios, with cirrus
cloud cover (in %) from the ECHAM-HAM model plotted in the background.

1.2.4

Stratospheric sulphur injections

One of the most discussed SRM techniques are the so called stratospheric sulphur
injections, which lead to a reflectivity increase of the stratospheric aerosol layer by direct stratospheric injections of sulphate aerosols or its precursors (SO2 ). Stratospheric
aerosols have considerable impacts on both atmospheric chemistry and the surface radiative balance (SPARC, 2006) and thus need to be applied carefully in global climate
models. These impacts can significantly alter the surface temperature after explosive
volcanic eruptions or in response to artificial aerosol emissions (Wild, 2009; Solomon
et al., 2011; Santer et al., 2014; Meyer et al., 2015).
Volcanic or geoengineered sulphate aerosols form from the oxidation of SO2 gas to
H2 SO4 by binary aerosol nucleation - a process of simultaneous condensation of sulphuric acid and water vapour. Freshly nucleated liquid sub-micron particles can grow
by coagulation and condensation. They efficiently scatter visible radiation and can
considerably decrease the SW flux at the surface. However, due to the continuous
supply of particles in the case of geoengineering, coagulation becomes very efficient;
particles can grow to sizes of a micrometer or larger (Heckendorn et al., 2009). Increases in particle mass increase the aerosols’ sedimentation speed (roughly proportional to the square of the particle radius) in the stratosphere, decreasing their stratospheric residence time. Moreover, micron-sized particles have a low SW scattering
efficiency (Pierce et al., 2010). The narrow range of high scattering efficiencies of
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Figure 1.7: A change in temperature (x axis) and precipitation (y axis) for the 12 participating
GeoMIP fully coupled models for a simulated quadrupling of CO2 and G1 experiment (red
and blue dots, where stars show the analogous ECHAM-HAM mixed layer ocean simulation
results). The brown dot shows ECHAM-HAM mixed layer ocean anomalies for a simulation
with 1.5 x CO2 concentrations compared to present day climate. The green dot is a result of a
simulation with 1.5 x CO2 concentration and cirrus cloud geoengineering by the sedimentation
velocity increase (for more details please refer to Chapter 5). The plot is adapted from Irvine
et al. (2016).

stratospheric aerosol particles requires an accurate representation of the aerosol microphysical properties and size distributions in atmospheric models in order to properly
simulate the climatic impacts of volcanic eruptions and geoengineering.
So far a lot of work on SRM has been done in the context of the GeoMIP (Kravitz
et al., 2011). However, most of the current studies refer to highly idealised setups
with reductions of the solar constant to counteract the positive radiative forcing of an
increase in CO2 concentrations (G1 and G2 experiments, described in detail in Kravitz
et al. (2011)) (Schmidt et al., 2012; Kravitz et al., 2013a; Tilmes et al., 2013; Kravitz
et al., 2013b; Moore et al., 2014).
In a climate warmed by increasing greenhouse gasses, the surface experiences primarily increases in the net LW radiative flux increasing as a fast response the stability
of the atmosphere. A change in incoming SW radiation, triggered by an geoengi-
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neering SRM scheme or a volcanic eruption, changes the incoming SW radiation at
surface. In addition, as the climate cools, this leads to a smaller atmospheric emissivity
and a smaller downwelling LW fluxes at the surface. The large change in net surface
radiative fluxes is balanced by changes in the latent heat release, which drive the
strength of the hydrological cycle. An SRM geoengineering scheme would thus never
be able to counteract both the surface temperature and precipitation changes induced
by an increase in greenhouse gas concentrations (Tilmes et al., 2013; Boucher et al.,
2013; Irvine et al., 2016). Figure 1.7 shows the changes in temperature and precipitation with respect to present day climate from the 12 GeoMIP models for a 4xCO2
simulation and the geoenginering experiment G1, in which the solar constant is decreased in order to keep the surface temperature unchanged. The temperature equilibration thus leads to a substantial, 5% decrease in global average precipitation. The
decrease would be even larger in the case of stratospheric sulphur injections, due to
the increasing downward thermal flux by stratospheric aerosol and their warming of the
lower stratosphere (Niemeier et al., 2013; Ferraro and Griffiths, 2016). In contrast, the
slow, surface temperature independent response to cirrus cloud geoengineering leads
to an increase in precipitation, as confirmed by a combined ECHAM6-HAM model simulation with 1.5 x CO2 concentrations and increased IC sedimentation velocity (VMAX)
in Figure 1.7.

1.3

Objectives and thesis outline

The primary goal of the thesis is to asses the feasibility of cirrus seeding by ice nucleating particles using ECHAM-HAM general circulation model and to evaluate its climatic
responses.
Due to the close connection between impacts of seeding and the way cirrus clouds
are represented in the model, we extensively tested the model in a comparison with
CALIPSO satellite data in Chapter 2. We compared the annual and seasonal mean
cirrus cloud frequency, their microphysical and optical properties. The second part of
Chapter 2 goes beyond the mean value comparison to compare the two-dimensional
temperature dependent frequency histograms of cirrus cloud properties. We finish the
Chapter 2 by explaining the ice crystal sources and growth processes in several latitudinal bands.
Chapter 3 first dives into the radiative effects of cirrus clouds to determine their geoengineering potential. It also shows the dominant ice crystal formation pathways at
altitudes between 7 and 16 km. Finally, we present GCM simulations of cirrus seeding
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with effective ice nucleating particles with a radius of 0.5 μm. We explain the microphysical and radiative changes with the help of a box model study and diagnostic
double-calls of the radiation routine.
Chapter 4 shows how an increase of the radius of the seeding ice nucleating particles
to 50 μm leads, unlike the 0.5 μm particle size, to significant surface cooling effects.
The responses to seeding with large particles of cloud macro- and microphysical properties are further compared with the cirrus seeding surrogate of increasing ice crystal
sedimentation velocity.
Chapter 5 explores the climatic responses of cirrus geoengineering in a 1.5 x CO2 climate by means of seeding with ice nucleating particles and by increased sedimentation velocity. We show regional temperature and precipitation responses, and evaluate
the fraction of CO2 driven damage that can be avoided by cirrus geoengineering.
Chapter 6 summarizes the main findings from Chapters 2-5 and gives an outlook with
future research ideas or simply projects, that have not yet been finished in the course
of the PhD.
A more detailed description of the ECHAM-HAM model and the used cirrus scheme
can be found at the beginning of the Chapter 3.

Chapter 2
Cirrus clouds as seen by the CALIPSO
satellite and ECHAM-HAM global climate model
Authors: B. Gasparini, A. Meyer, D. Neubauer, S.Münch, U. Lohmann
In review for Journal of Climate
Abstract
Cirrus clouds impact the planetary energy balance and upper tropospheric water
vapour transport and are therefore relevant for climate. In this study cirrus clouds
at temperatures colder than -40◦ C simulated by the ECHAM-HAM general circulation
model are compared to Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) satellite data. The model reproduces the cirrus cloud occurrence
and the median ice water content well, while extinction is overestimated as revealed by
temperature dependent frequency histograms. Two distinct types of cirrus clouds are
found: in situ formed cirrus dominating at temperatures colder than -55◦ C and liquid
origin cirrus, dominating at temperatures warmer than -55◦ C. The latter form in anvils
of deep convective clouds or by glaciation of mixed-phase clouds, leading to high ice
crystal number concentrations. They are associated with extinction coefficients and
ice water content of up to 1 km–1 and 0.1 g m–3 , respectively, while the in situ formed
cirrus are associated with up to an order of magnitude smaller extinction coefficients
and ice water content. in situ formed cirrus are further divided into homogeneously
and heterogeneously nucleated ones. The simulated homogeneous ice crystals are
similarly to liquid origin cirrus, associated to high ice crystal number concentrations.
On the contrary, heterogeneously nucleated ice crystals appear in smaller number
concentrations. However, ice crystal aggregation and depositional growth smooth the
differences between several formation mechanisms making the attribution to a specific
ice nucleation mechanism challenging.
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Introduction

Cirrus clouds play an important role in the Earth’s radiation budget, atmospheric heat
transport, water cycle, and the distribution of water vapour in the upper troposphere
and lower stratosphere (Lohmann and Roeckner, 1995; Chen et al., 2000; Hartmann
et al., 2001; Stephens, 2005; Randel and Jensen, 2013). They scatter and absorb
both solar radiation and thermal radiation. Depending on their temperature, optical
thickness, but also on insolation and surface albedo they can have a radiative heating
or cooling effect on surrounding air masses and the surface (Fusina et al., 2007; Corti
and Peter, 2009; Joos et al., 2014; Gasparini et al., 2017). Cirrus form when sufficiently moist air or water droplets are cooled to temperatures at which ice nucleation is
possible. Moderate cooling with updraft velocities of several cm s–1 or tens of cm s–1
can take place in midlatitude cyclone warm conveyor belts (Spichtinger et al., 2005;
Madonna, 2014; Wernli et al., 2016) or in the cyclone’s warm sector, ahead of a warm
front (Field and Wood, 2007). Cirrus can also form in stronger updrafts (vertical velocities > 1 m s–1 ) in the outflow of thunderstorm clouds (Muhlbauer et al., 2014a) and
in orographically forced ascent (Joos et al., 2008). Moreover, they can be initiated by
high-frequency gravity waves, which play a large role in cirrus cloud formation (and dissipation) in the tropical tropopause layer (Spichtinger and Krämer, 2013; Jensen et al.,
2016a; Dinh et al., 2016; Shi and Liu, 2016). We define ‘cirrus clouds’ as all clouds
composed of ice crystals at temperatures colder than -40◦ C and at cloud optical depth
(COD) smaller than 3, including convective outflow and glaciated mixed-phase clouds.
Microphysically, cirrus clouds form by either homogeneous or heterogeneous nucleation. Homogeneous nucleation is a stochastic process of ice-germ formation in a
supercooled liquid in the absence of an insoluble substance providing a surface for
ice nucleation to take place (Ickes et al., 2015). The rate of homogeneous ice nucleation can be parameterized as a function of water activity. Micrometer-size droplets of
pure water freeze at about –38◦ C and relative humidities with respect to ice (RHice )
of approximately 150%-170% (Koop et al., 2000).
Meanwhile, heterogeneous nucleation is the process of ice-germ formation at the surface of an insoluble ice nucleating particle (INP) (Hoose and Möhler, 2012; Kanji et al.,
2017). Common atmospheric INP types are mineral dust, soot, and bioaerosols such
as pollen, marine organics or metallic particles (Atkinson et al., 2013; Welti et al., 2009;
Twohy et al., 2010; Pratt et al., 2009; Wilson et al., 2015; Cziczo et al., 2009). INPs
provide a surface for the ice germ to form on and thereby lower the energy barrier
required for ice nucleation. Cziczo et al. (2013) found mineral dust to be the most
common INP in ice crystal residuals sampled in cirrus clouds. Their aircraft measure-
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ments suggest heterogeneous nucleation being the dominant freezing mechanism in
the atmosphere. INPs can nucleate ice crystals already at RHice of 110-140% (Möhler
et al., 2006, 2008a), which can be well below the homogeneous freezing threshold.
On the other hand solution droplets frequently freeze homogeneously over mountain
regions with strong updrafts caused by orographic waves (Gasparini and Lohmann,
2016), or in regions with low INP concentrations for example in high latitudes in winter
(Storelvmo and Herger, 2014; Mitchell et al., 2016).
Krämer et al. (2016) proposed a new cirrus classification based on the environment in
which cirrus form. in situ cirrus clouds form at temperatures colder than -38◦ C in absence of liquid water and include both homogeneously and heterogeneously formed
ice crystals (ICs). On the other hand, a large fraction of cirrus clouds have a liquid phase history, particularly at temperatures warmer than -60◦ C (Voigt et al., 2016;
Wernli et al., 2016). Supercooled liquid droplets in strong convective updrafts or in
warm conveyor belts of extratropical cyclones can freeze homogeneously once they
cross the homogeneous freezing temperature limit. These clouds differ from in situ
formed cirrus in that they have higher IC number concentration, higher ice water content (IWC) and larger ICs (Luebke et al., 2016). ICs can also be formed heterogeneously in the mixed-phase regime, allowing them to grow to larger sizes due to a
higher specific humidity at these warmer temperatures before they are advected to
colder temperatures.
Historically, general circulation models (GCMs) used ice cloud properties as tuning parameters that helped models to achieve energy balance while representing reasonably
well the other, more easily measurable climatic variables (Mauritsen et al., 2012). However, recent satellite observations (e.g. Rossow and Schiffer (1999), Li et al. (2012))
put constraints on modelled cloud properties at a global scale. The past use of ice
and mixed-phase cloud properties as a tuning knob for the GCMs has produced the
current large model spread of ice phase properties. As an example, the ice water
content in CMIP3 and CMIP5 models spans over more than one order of magnitude
with almost no model being able to fully reproduce satellite observations (Li et al.,
2012). Moreover, cirrus clouds are generally simulated in a highly simplified way in
most state-of-the-art GCMs. In order to realistically simulate the ice phase, one needs
to abandon the saturation adjustment for temperatures below the homogeneous freezing limit, in order to allow supersaturations with respect to ice (Lohmann and Kärcher,
2002). The two microphysical pathways of in situ formed cirrus clouds further represent a modelling challenge. In addition, heterogeneous nucleation is dependent
on modelled INP concentrations, which are highly uncertain in the upper troposphere
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(Koffi et al., 2016; Kanji et al., 2017). As shown by Kuebbeler et al. (2014) and Shi et al.
(2015), the inclusion of deposition of water vapour on pre-existing ICs competing with
IC nucleation can significantly suppress ice nucleation and decrease in-cloud IC number concentrations. Large uncertainties call for extensive model verifications with both
global satellite data as well as local in situ measurements. However, even currently
available observational data cannot give conclusive answers about cirrus microphysical formation pathways on a global scale. As an example, instantaneous snapshots
of cirrus capture clouds at different lifetime stages from which it is difficult to infer the
precise cirrus microphysics. This is where the models can help us to deepen our
process understanding by performing simulations with several levels of complexity of
microphysical cirrus cloud formation as done in Section 2.4.
The objective of this study is to validate the microphysical properties of the cirrus
clouds simulated by the global aerosol climate model ECHAM-HAM (Stevens et al.,
2013; Zhang et al., 2012; Neubauer et al., 2014) and to better understand their formation pathways. We use an ice-cloud climatology derived from the CALIPSO satellite
for the validation. We first show a comparison of seasonal mean ice properties (Section 2.32.3.1) followed by a detailed investigation of in-cloud extinction, IWC, and IC
effective radius as a function of temperature and latitude (Section 2.32.3.2). Moreover,
our study examines several cirrus formation pathways with the help of a model sensitivity study (Section 4). In particular, we apply the same criterion to distinguish in situ
from liquid origin cirrus clouds to both the satellite and model data (Section 4a).

2.2
2.2.1

Ice cloud data
CALIOP lidar - CALIPSO-ST product

The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) elastic backscatter
lidar onboard the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations
(CALIPSO) satellite has been designed for the study of the optical and microphysical
properties of aerosol and cloud particles (Winker et al., 2010). It has been collecting
backscatter profiles at 532 nm and 1064 nm from particles suspended in the atmosphere since 13 June 2006. CALIOP also measures the depolarization in the 532 nm
channel. The lidar is near-nadir pointing and provides measurements at a vertical resolution of 60 m and a horizontal resolution of 5 km. Its ground footprint is about 70 m
in cross-section (Winker et al., 2010). One CALIOP profile used in this study is an
average of 15 or more lidar backscatter beams, averaged over 5 km along the ground
track.
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CALIPSO orbits the Earth about 16 times a day at an equatorial altitude of 705 km
and with a near-global coverage of 82◦ N to 82◦ S. Two adjacent ground tracks are
separated by about 100 km in midlatitudes. CALIPSO has a ground track repeat cycle
of 16 days. Its maximal cross-track error is 10 km. A 1.875◦ × 1.875◦ grid box is
passed over about 2-3 times a month in midlatitudes.
The CALIOP backscatter detectors have a large linear range that allows backscatter measurements over 5 orders of magnitude in order to detect backscatter from
molecules, aerosol and cloud particles (Winker et al., 2007, 2009). The CALIOP
backscatter and depolarization measurements have been subjected to the CALIPSO
level 2 retrieval algorithm in order to distinguish clear air, cloud particles and aerosol
particles from each other (Young and Vaughan, 2009; Vaughan et al., 2009). We studied seven years of nighttime measurements of particulate backscatter (January 2007
to December 2013) based on the CALIPSO Science Team (ST) CALIOP level 2 cloud
profile product version 4 (Vaughan and Gough, 2016).
Misclassification of aerosol layers as cloud layers and vice versa is an important error source when calculating ice-cloud occurrence frequencies derived from satellite
measurements including CALIOP. The cloud-aerosol discrimination (CAD) score introduced by Liu et al. (2009) is a measure of the degree of confidence in the CAD
algorithm of Vaughan et al. (2009). We have filtered the backscatter measurements
according to the CAD score, leaving only analyzing data with a CAD score confidence
level above 70. We additionally eliminated uncertain measurements with the QC quality flag value larger than 7 (bits 4-9). Additionally we make use of tropospheric temperature data from the Modern Era Retrospective-Analysis for Research (MERRA-2)
reanalysis product (Rienecker et al., 2011). In order to eliminate polar stratospheric
cloud (PSC) pixels from our dataset, we have removed all backscatter measurements
above 11 km altitude poleward of 65◦ N and 65◦ S. Day-night differences in cloud properties or abundance derived from CALIOP measurements may reflect actual differences, but could also be a consequence of the lower daytime signal-to-noise ratio.
Therefore, we evaluate nighttime measurements only, as they have the highest signalto-noise ratios. At temperatures colder than –38◦ C, supercooled cloud droplets will
freeze homogeneously. We take Thom = –40◦ C as the homogeneous nucleation
threshold temperature in order to allow for the possibility of freezing point depressions
in aqueous solution droplets.
We define the cirrus cloud occurrence frequency on a 1.875◦ × 1.875◦ grid as the
number of CALIOP profiles per grid cell that contain one or more in-cloud backscatter
measurements at temperatures colder than –40◦ C, divided by the total number of
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profiles in that grid cell. The cirrus occurrence frequency defined in this way is not
sensitive to the maximum optical thickness that the lidar can penetrate, because, as
long as there is an ice-cloud (no matter how thick), at least its uppermost layer will be
detected by the lidar.

2.2.2

CALIOP lidar - CALIPSO-GOCCP product

Calipso GCM-Oriented CALIPSO Cloud Product (GOCCP) is a dataset derived from
the same CALIOP level 1 measured attenuated backscatter as the ST product (Chepfer et al., 2010). As GOCCP’s main purpose is to evaluate cloud properties in GCMs,
the vertical resolution is reduced from 60 to 480 m. The dataset retains the full
CALIPSO horizontal resolution of 330 m. Its lidar profiles are averaged over a 2◦ x
2◦ horizontal grid. The different horizontal averaging and cloud detection thresholds
lead to significant cloud fraction disagreements between the GOCCP and ST datasets
(Chepfer et al., 2013).
The GOCCP dataset simulator’s definition of clouds has been implemented into the
Cloud Feedback Model Intercomparison Project Observational Simulator Package
COSP (Bodas-Salcedo et al., 2011; Chepfer et al., 2010). The simulator defines cloud
cover from the model output equivalently to the one measured by the CALIPSO satellite. We use, unlike in the rest of the study, the standard COSP product output where
the cloud fraction is analyzed for both day and night data to compare it to the equivalent
CALIPSO-GOCCP satellite dataset. GOCCP cloud occurrence is similar during day
and night while in the ST product it shows significant day-night differences (Chepfer
et al., 2013).

2.2.3

Global aerosol-climate model ECHAM-HAM

We use the Max Planck Institute for Meteorology general circulation model ECHAM6
(Stevens et al., 2013) coupled to the Hamburg Aerosol Module HAM2 (Zhang et al.,
2012). HAM2 contains a two-moment cloud microphysics scheme (Lohmann et al.,
2007; Lohmann and Hoose, 2009; Neubauer et al., 2014) coupled to a two-moment
aerosol scheme (Vignati et al., 2004; Stier et al., 2005). The aerosol scheme simulates the evolution of sulfate, sea-salt, mineral dust, and black and organic carbon in
terms of number and mass mixing ratios. Mineral dust emissions in ECHAM6-HAM2
are computed based on simulated wind speeds and surface moisture as described
by Tegen et al. (2002) and Cheng et al. (2008). The cirrus ice nucleation scheme is
active at temperatures colder than -35◦ C, where all supercooled liquid is transformed
to ice. The scheme simulates the competition between homogeneous nucleation of
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solution droplets, immersion freezing of coated dust particles, deposition nucleation
on uncoated dust particles and depositional growth on preexisting ice crystals based
on Kärcher et al. (2006). The homogeneous freezing parameterization is based on
Koop et al. (2000) while the heterogeneous one is derived from Möhler et al. (2006,
2008a) laboratory studies. The GCM implementation of the cirrus scheme is described
in detail by Kuebbeler et al. (2014) and Gasparini and Lohmann (2016).
ECHAM-HAM uses the standard ECHAM model convective scheme for shallow, midlevel and deep convection based on the mass-flux scheme of Tiedtke (1989) with
modifications described by Nordeng (1994) and Stevens et al. (2013). The convective
scheme serves as a source of detrained vapour, liquid, and ice for the stratiform cloud
scheme. The transported moisture flux is in the presence of existing stratiform cloud
cover detrained in form of condensed water or, in the case of sufficient pre-existing ice
crystals in a cloud, in form of ice. The convective scheme detrains water vapour to grid
boxes where the relative humidity is too low to allow cloud formation. The detrained
IC radii are obtained from a temperature dependent empirical relation (Boudala et al.,
2002), while their number concentration is proportional to the detrained IWC over the
cube of the effective radius.
An increase in lateral entrainment will typically decrease the buoyancy of the ascending air parcel and decrease the convective cloud top height (Mauritsen et al., 2012).
In order to represent clouds more realistically compared to satellite observation, we
changed the standard ECHAM6.1-HAM2.2 entrainment rates for both deep and shallow convection to 0.6·10–4 and 1.5·10–3 , respectively. This allowed us to increase the
level of detrainment and tropical cloudiness to values comparable to GOCCP observational dataset, while keeping the other climatic parameters (in particular shortwave
and longwave ratiation and cloud radiative effects at the top of the atmosphere) in the
range of the observations.
Moreover, the model’s convective parameterization simulates a different type of convection for parcels that became unstable above the boundary layer, for example as
found in the warm sector of extratropical cyclones (Herzegh and Hobbs, 1980; Tiedtke,
1989). This so called mid-level convection was found to be triggered too frequently in
ECHAM-HAM (Isotta et al., 2011). Therefore, we decreased its frequency by increasing the mid-level convective entrainment by an order of magnitude to 1·10–3 . At the
same time, we increased the upper limit of mid-level convection from 400 hPa to 200
hPa which in particular improved the models’ IC radius zonally averaged pattern, which
was previously found to have caused an artificial peak just above the mid-level convective limit (not shown). However, even after the two adjustments, we note that mid-level
convection in ECHAM-HAM is still triggered too often in regions where we would not
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expect it, for instance over mountains and in the tropics.
In general, both in situ formed and detrained freshly nucleated ICs are smaller than
20 μm; however, such particles rapidly grow by deposition, reaching sizes of 50 μm
and more. Moreover, a large proportion of convective ICs are quickly removed by accretion from ice to snow and precipitates out from the atmosphere. In this study we
transfer ice crystals to snow for ICs that exceed the aggregation threshold radius of
90 μm which is within the range of other GCMs (Muhlbauer et al., 2014b).
The simulations were performed with the model version ECHAM6.1-HAM2.2 at a horizontal resolution of T63, corresponding to 1.875◦ × 1.875◦ in latitude and longitude,
and 31 vertical layers extending to 10 hPa with an average layer thickness of 700 m
at typical cirrus altitudes. We simulated the period between 2007 and 2013 by using
an AMIP style of simulation, using observed monthly sea surface temperatures and
sea ice cover (Gates, 1992), to be consistent with the CALIOP dataset. As previously
discussed, we use only nighttime information in the model output, i.e. we evaluate the
model fields only at those grid points where the sun is below the horizon. We set the
model’s lower IWC detection threshold to 0.05 mg m–3 , compatible with the estimate
of CALIOP’s nighttime IWC detection limit (Avery et al., 2012).
All model-derived histograms are based on 7 years of 4-hourly instantaneous output
values, except in the sensitivity study in Section 4 as the sampling of 1 year of model
output is large enough to give robust cloud microphysical and radiative properties.

2.3
2.3.1

Results
Mean values

Ice occurrence frequencies
We begin the comparison between the model output and satellite data by looking at
high cloud cover from CALIPSO-GOCCP together with the model output processed
by the COSP-CALIPSO satellite simulator. The cirrus/high cloud definition in these
two datasets depends only on the cloud altitude and not temperature or cloud phase:
all clouds higher than 440 hPa (6.6 km) are considered as high, including the tropical
mixed phase clouds, but excluding e.g. the Antarctic lower level ice clouds. The cloud
data are averaged over the period between January 2007 and December 2013, considering both day and night measurements (Figure 2.1a).
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Figure 2.1b shows the corresponding ECHAM-HAM high cloudiness, which in the
global average reproduces well the satellite observations, by simulating about 28% cirrus cloud cover in comparison to 32% retreived from GOCCP. The main model biases
originate from the tropics, where ECHAM-HAM fails to simulate an ITCZ signature of
comparable magnitude to the observed one in the satellite data. On the other hand,
the model seems to overestimate the cloud cover in orographic regions, where the subgrid scale vertical velocity is enhanced by the orographic gravity waves (Joos et al.,
2008). The zonally averaged results in Figure 2.2a confirm that the altitude and latitude of peaks of high clouds are collocated with the observations. The ECHAM-HAM’s
zonally averaged plot approximately reproduces the tropical cirrus cloud maximum of
about 15-20%, but also shows that the model simulates about 5-10% too many cirrus
clouds in midlatitudes (Figure 2.1b). The model captures the general spatial patterns
and altitudes of ice occurrence distribution, including maxima observed in the tropics
and at higher latitudes, and minima observed in the subtropics.
Next, we use the CALIPSO-ST product, defining a measurement point/gridbox from
the CALIOP lidar as cirrus cloud containing when an ice crystal extinction signal is
present at temperatures colder than -40◦ C has been observed. The criterion is similar
in ECHAM-HAM, where it is based on the existence of IWC at temperatures colder
than -40◦ C: if the IWC exceeds 0.05 mg m–3 , we consider the gridbox as cirrus cloud
containing. Similarly, we define a column as cirrus cloud containing when an extinction/IWC signal has been detected (considering the stated thresholds) in any of its
vertical levels.
CALIPSO-ST is meant to represent clouds at the best possible resolution. As the
signal-to-noise ratio is larger in the night, the detectability threshold can be lowered
allowing the detection of clouds with COD of down to 0.005 detecting an order of
magnitude thinner clouds than with the GOCCP dataset (Chepfer et al., 2013). The
difference in horizontal averaging of lidar backscatter measurements will additionally
favour the detection of clouds in the ST product. The coarser vertical resolution in
GOCCP should not lead to large biases as most cirrus clouds are geometrically thicker
than 250 m (Winker and Trepte, 1998). A detailed analysis of the differences between
the two products can be found in Chepfer et al. (2013).
The CALIPSO-ST product retrieves about the same amount of cirrus clouds in global
average as to the GOCCP dataset, where part of the difference comes from a temperature and not altitude-based cirrus cloud criteria. Yet, the general pattern does not
change compared to GOCCP. Most notably, we observe a 10-15% increase in tropical cirrus clouds, which is not surprising, as this is the preferential area of formation
of the subvisible (COD<0.3) cirrus (Haladay and Stephens, 2009; Lee et al., 2009),
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Figure 2.1: Annually averaged cloud cover frequency for cirrus clouds with T<-40◦ C from
CALIPSO-GOCCP (a) and CALIPSO-ST datasets (c) with the corresponding ECHAM-HAM
model output as seen from the respective satellite perspective (b,d). Panels e and f show the
all-sky ice water path (IWP). The numbers in the lower right corners refer to global annual
means.

which are often not detected by the GOCCP algorithm. The cloud cover simulated by
ECHAM-HAM following the temperature criteria does not change significantly (Figures
2.1d and 2.2d). A larger discrepancy in particularly in the tropics is partially coming
from the occasional larger than reported detectability threshold (Avery et al., 2012) and
cannot be fully considered as a model bias. The model does simulate thin tropopause
clouds, which can be detected by using a lower threshold of detectability compared to
the one from the CALIOP lidar.
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Figure 2.2: Zonally averaged annual cloud cover frequency for the GOCCP and ST datasets
(a, c) with the corresponding ECHAM-HAM model output as seen from the satellite perspective
(b, d), in-cloud ice water content (IWC) (e, f) and in-cloud IC effective radii (g, h).

The locations and extents of ice occurrence minima in the subtropical dry zones that
are characterized by low relative humidity in the descending Hadley circulation air
masses are generally well represented. Ice formation occurs most frequently over
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areas of tropical deep convection, in particular over the Tropical Warm Pool in the
Eastern Indian and Western Pacific Ocean, but also over tropical South America and
Africa. As expected, the observed ice occurrence frequency distribution of Figure 2.1c
matches well with the climatology of upper tropospheric water vapour derived from
the Microwave Limb Sounder on the Upper Atmosphere Research Satellite and the
International Satellite Cloud Climatology Project (ISCCP) high thick cloud cover climatology (Read, 1995).
The simulated zonal mean ice occurrence distributions in Figure 2.2d exhibits a larger
spread in the vertical extent, with cloud cover boundaries that are more smoothed out
than in the observed distributions. In addition, the lowest tropical cirrus clouds are simulated already at about 9-10 km altitude which is 1-2 km below those from the CALIOP
dataset. The bias might be either related to the CALIOP lidar beam extinction or, partially, to the model’s deep convective detrainement level being too low.
ECHAM-HAM has a vertical resolution of about 700 m in the upper troposphere,
whereas the CALIOP-ST product has a vertical resolution of 60 meters. The resolution of CALIPSO-GOCCP dataset of 480 m about two times finer than the original
model output. Both satellite and model output is later interpolated to a uniform 480 m
vertical grid spacing. The finer the vertical resolution, the geometrically thinner cirrus
clouds can be detected, and the larger the number of distinct cirrus clouds that will
be detected. As ECHAM has no subgrid cloud-fraction parametrization in the vertical
direction, our comparison of ice-occurrence frequencies may be affected by this mismatch. A study by Seiki et al. (2015) showed that the models would need to increase
its vertical resolution to about 400 m to properly simulate cirrus clouds. On the other
hand, vertically integrated quantities like ice water path are less affected by differences
in vertical resolution.

Ice water path and ice water content
The global average all-sky ice water path (IWP) for clouds considered in this study
is 3.9 g m–2 for CALIPSO-ST product and accounts for only a small fraction of the
global total nonprecipitating IWP of about 25 g m–2 as estimated from satellite data by
Li et al. (2012). We define IWP as the annually average vertically integrated amount
of IWC averaged over both cloudy and clear-sky scenes. Ice water path from CALIOP
data shows in the annual average a pronounced peak at the ITCZ with maxima of
about 10 g m–2 (Figures 2.1e and 2.1f). Secondary maxima associated with the storm
tracks do not exceed 6 g m–2 . We also observe IWP peaking over mountain regions
driven by orographic wave forcing, in particular over the Rocky Mountains, Andes, the
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Antarctic peninsula, Greenland, and the Himalayas. Cirrus clouds in ECHAM-HAM, on
the other hand, contain on average about 30% less IWP than estimates from satellite
data. While simulated cirrus have a low IWP bias in the tropics, the bias is positive and
large elsewhere, most pronounced over mountain regions. Nevertheless, we observe
in both datasets an increased IWP and cloud cover over mountain areas, in which
the turbulent kinetic energy vertical velocity term in the model is replaced by a term
based on the linear theory for gravity waves, as described in Joos et al. (2008). The
orographically driven mountain waves, with vertical velocities that can exceed 1 m s–1 ,
help to sustain a persistent cirrus cloud cover.
The CALIOP-derived IWC [g m–3 ] is related to the CALIOP ice-cloud extinction ϵ
[km–1 ] by
IWC = ϵ(0.91/3)De

(2.1)

where De represents the effective diameter and is parametrised based on reanalysis
temperature as:
De = αe βT

(2.2)

where the parameters α and β vary based on the temperature as described in equation 9e of Heymsfield et al. (2014). They derived this parameterization from in situ
(aircraft) measured particle shape distributions and IWCs, from which they computed
the values of extinction coefficients (EXT). The temperature dependent Heymsfield
et al. (2014) parametrization shown in Figure A3.
The zonally averaged in-cloud IWC in Figures 2.2e and 2.2f show a good agreement
between the model and observations for the upper troposphere, with values mainly below 2 mg m–3 . However, ECHAM-HAM systematically underestimates the IWC at the
lower cirrus levels, at temperatures warmer than -55◦ C, where it simulates about 2-3
times smaller IWC values compared to CALIPSO observations. Part of the anomaly
can be attributed to the fact that the CALIOP lidar beam does not always fully attenuate
at COD of 3, but occasionally penetrates clouds of optical depths of 5 or more which
contain a higher IWC. Due to the typically very skewed ice water path distribution in
regions dominated by tropical convection (Berry and Mace, 2014), such high values
can significantly influence the mean IWC values, but have only a small influence on
the median values, as confirmed by the comparison of the median values (Figure 2.4),
which shows a good agreement between the two datasets. The 1-year model sensitivity test in which we increased the COD threshold to 5 was able to better reproduce
the mean IWP and IWC fields (Figure A1). In addition, at the warmest considered
temperatures we expect part of the IWC to be in the form of precipitating snow, which
has been excluded from this study.
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Ice crystal effective radius
As a difference to older CALIOP cloud products, the newer Version 4 of the level
2 cloud profile data does not provide IC effective radii sizes derived from the lidar
backscatter measurements. The IC radius, needed for deriving the IWC (equation
2.1), is therefore parametrised as a function of the MERRA-2 reanalysis temperature
(Rienecker et al., 2011). The radii values are therefore subject to uncertainties in the
reanalysis temperatures and the Heymsfield et al. (2014) parametrization.
The mean IC effective radius from Heymsfield et al. (2014) ranges from about 65 μm
to 85 μm for the warmest cirrus clouds (temperature range between -40◦ C and -55◦ C,
Figure A3) corresponding mainly to data from tropical detrained cirrus, which might
be overestimating the IC size in the extratropical cases, with a smaller frequency of
convective and other liquid origin cirrus (Heymsfield et al., 2017b). The IC size quickly
decreases to sizes of approximately 10 μm in the temperature range between -55 and
-70◦ C. However, we need to take into account that the Heymsfield et al. (2014) dataset
is based on a considerably smaller data sample for the temperatures colder than -60◦ C
and is therefore less reliable in that temperature range (Heymsfield et al., 2017a).
ECHAM-HAM, on the other hand, simulates considerably smaller IC radii in warm
cirrus clouds, with radii of about 35 to 50 μm as shown in Figure A3. However, the
radii agree better close to tropopause levels both in the tropics and extratropics, with
IC radii in the range between 10 and 25 μm. We leave a detailed IC radius comparison
to further studies as the main focus of this study is related to the CALIPSO satellite
product.

2.3.2

Instantaneous fields

Annually averaged values often do not provide the most complete or accurate view
of cloud properties. Therefore we compare instantaneous CALIOP data and model
output to study the microphysical (IWC, IC effective radius) cirrus cloud properties as
a function of temperature. The 4-hourly ECHAM-HAM nighttime data are obtained
from a period between January 2007 and December 2013 with observed monthly sea
surface temperatures and sea ice cover, to ensure the consistency with the considered
seven year CALIOP dataset.
We now divide the planet into 5 geographical regions, defined as follows:
• Tropics: 30◦ N to 30◦ S
• Midlatitudes: between 30◦ and 67◦ in both hemispheres
• High latitudes: poleward from 67◦ in both hemispheres
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As ECHAM-HAM has relatively large vertical model layer thickness of 500 to 900 m at
typical cirrus cloud altitudes, we divided the model output and the satellite dataset in
10 equispaced bins of 5◦ C each. We compare CALIOP and ECHAM-HAM EXT and
IWC as 2D histograms as a function of temperature for the three previously defined
regions. The histograms are divided in equispaced bins in logarithmic space for quantities plotted on the x-axis (EXT and IWC) with temperature plotted on the y-axis. We
normalise the data such that the total sum of the frequencies in all bins is equal to
1. We note that the high latitude signal is heavily dominated by wintertime/polar night
values.
Extinction at 532 nm
The cirrus cloud extinction coefficients (EXT) are directly related to the CALIOP
backscatter measurements and thus the most direct CALIOP-derived variable among
the considered variables (Young and Vaughan, 2009; Garnier et al., 2015). EXT quantifies the attenuation of light at 532 nm by scattering and absorption from ice particles
according to Beer Lambert’s law. We derived instantaneous night extinction measurements from the model’s radiation routine for the radiation band between 442 and
625 nm, with a mid wavelength of 525 nm. We do not expect significant differences
due to band differences between the two datasets (Segal-Rosenheimer et al., 2013).
In general, we detect extinction coefficients in the range between around 10–3 and 10
km–1 for the CALIOP observations with median values between 0.02 and 0.15 km–1
(Figure 2.3a). The model, however simulates about 2-4 times higher extinction coefficient values (Figure 2.3b), with its median ranging between 0.06 km–1 for the coldest
and 0.4 km–1 for the warmest examined temperatures (Figure 2.3b) The large part of
this anomaly is attributed to the mismatch between the ECHAM-HAM’s and Heymsfield et al. (2014)’s IC radius.
The EXT signal does not vary much between mid and high latitudes (Figure 2.3 c-f)
in both satellite and model data. It shows a peak at extinction coefficients between
0.1 and 1 km–1 at temperatures colder than about -55◦ C, with the model having significantly higher EXT. The distribution shows an elongated peak spreading towards
smaller EXT, better visible in the CALIOP dataset. We relate the frequency distribution
peaks observed already by Luebke et al. (2013), to the thicker liquid origin cirrus on
the one hand and the thinner and colder in situ formed cirrus on the other hand as
discussed in detail in Section 2.4.
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Figure 2.3: Temperature dependent frequency histograms of in-cloud extinction for CALIOP
satellite (left column) and ECHAM-HAM model (right column). The numbers in the upper right
corner represent the number of data points taken into account for specific plots. The yellowblack line represents the respective median. The white contour lines represent the fraction of
liquid origin EXT values.
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Table 2.1: Relative fraction of EXT measurements/model results that fall into the specified
temperature range for CALIOP lidar and ECHAM-HAM model (in brackets).

Temp. range [◦ C]

Tropics [%]

Midlatitudes [%]

High latitudes [%]

-90 to -80

12 (6)

0 (1)

0 (0)

-70 to -80

27 (20)

3 (7)

12 (8)

-60 to -70

23 (23)

17 (23)

22 (23)

-50 to -60

21 (28)

36 (33)

31 (31)

-40 to -50

17 (24)

44 (36)

35 (39)

Finally, in the tropics, the CALIOP signal peaks with a pronounced high frequency "hat"
at temperatures between -75◦ C and -85◦ C sitting on top of a narrower temperature
dependent distribution. The narrower stripe of high likelihood cirrus EXT is probably
associated with deep convective activity, which does, unlike for other regions, contribute directly or indirectly to most of the tropical cirrus cloud cover (Luo and Rossow,
2004). This peak extends to EXT values between 5·10–1 km–1 and 1 km–1 at temperatures between -40◦ C and -70◦ C. The broader tropical tropopause extinction "hat" has
EXT from 10–3 km–1 and 0.1 km–1 . These are mainly in situ formed subvisible tropical
cirrus clouds, which are consistent with in situ measurements by Lawson et al. (2008)
and Jensen et al. (2016a), but optically thicker than those observed by TC4 field campaign measurements (Davis et al., 2010).
Similarly to the extratropics, the model median extinction coefficient is several times
larger compared with CALIOP observations. More interestingly, the model simulates
a larger amount of cirrus at warmer and smaller at colder temperatures (Table 2.1)
which indicates a too low convective detrainment level.
Ice water content
Globally averaged annual IWC distributions from Figure 2.4a shows IWC values spanning over several orders of magnitude, with the temperature dependent median values
of 2·10–4 and 8·10–3 g m–3 , reproduced remarkably well by the model (Figure 2.4b).
The two median lines only rarely disagree for more than about 30% (Figure A4d).
We additionally compare our results with global airborne IWC distribution of Schiller
et al. (2008) who derived IWC from a fluorescence hygrometer on 52 flights. Both
CALIOP and ECHAM-HAM show higher IWCs. However, the CALIOP and ECHAMHAM median values agree within a 20-40% range with the airborne data in particular
for the temperatures warmer than -75◦ C. The values diverge more for the coldest
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Figure 2.4: Temperature dependent frequency histograms of in-cloud IWC for CALIOP satellite
(left column) and ECHAM-HAM model (right column). The numbers in the upper right corner
represent the number of data points taken into account for specific plots. The yellow-black
line represents the respective median. The white contour lines represent the fraction of liquid
origin IWC values. Thick white lines represent the median IWC values from Schiller et al.
(2008), where the dashed white lines encompass their most frequent IWC range.
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cirrus clouds, which are often also optically too thin to be detected by the CALIOP lidar
(Heymsfield et al., 2017b) (or by the model as we use the CALIOP detection limits).
The median is decreasing with temperature in all three datasets due to the decrease
of the saturation vapour pressure at colder temperatures.
A regional analysis reveals again distinct cirrus cloud properties for the tropics compared to the mid and high latitudes as shown in the Figure 2.4. In the tropics cirrus
clouds span over a large range of IWC, with the median ranging from 7·10–2 g m–3
for temperatures warmer than -55◦ C to 2·10–4 g m–3 at the tropical tropopause asobserved by CALIOP. The high IWC frequency band extending from -40◦ C to -70◦ C is
caused by the detrained ICs from tropical convective clouds, while the pronounced,
high IWC signal on top of it is likely related to the in situ formed tropical tropopause
cirrus (Jensen et al., 2015). The tropical tropopause cirrus contain about 10–4 g m–3 of
IWC in both CALIOP observations and the model output, which agrees with the measurements from McFarquhar et al. (2000) and Jensen et al. (2016a), while Davis et al.
(2010) measured on average an order of magnitude smaller IWC, as they measured
also clouds below the CALIOP detection limit. The model simulates a high IWC peak
at the warmest temperature bin in the tropics (Figure 2.4h), followed by a weaker maximum in IWC which shifts to lower IWC values with decreasing temperature. Similarly
as for EXT, the model forms cirrus at lower altitudes and hence warmer as compared
to CALIOP.
Extratropical cirrus clouds have a high IWC frequency peak at the warmest temperatures (∼-40◦ C), ranging between 3·10–3 and 2·10–2 g m–3 for both the CALIOP satellite data and the model (Figure 2.4 c,e and d,f). In particular the CALIOP IWC peak in
the extratropics is elongated towards smaller IWC values (10–4 g m–3 ) at temperatures
between -60◦ C and -80◦ C.
The simulated EXT is overestimated by a factor of 2-4 (Figure 2.3), while the model
and satellite agree well on the median IWC values (Figure 2.4). The EXT disagreement is particularly pronounced in the tropics (Figure 2.3g,h). This implies that the
modelled cirrus clouds are optically too thick, which we attribute to an underestimation
of IC particle size and/or overestimation of ice crystal number concentration (ICNC).
In order to prove our hypothesis we performed an idealized sensitivity test in which
we use the Heymsfield et al. (2014) temperature dependent parameterization for IC
radii (used by the CALIPSO version 4 dataset), in the radiative part of the code at
temperatures warmer than -65◦ C, where the disagreement between the model and
the parametrization is the largest (Figure 2.2g,h). We keep the IWC and IC radii un-
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changed in the microphysical part of the model code in order to keep about the same
amount of IWC in the atmosphere. The sensitivity test more than halves the disagreement between the modelled and observed EXT (Figure A4h), proving that most of the
discrepancy originated from the IC radii mismatch.

2.4
2.4.1

Origin of cirrus clouds
In situ vs. liquid origin

Cloud classification criterion
We followed the classification by Luebke et al. (2016) and distinguished cirrus clouds
both from the satellite and model data by those formed in an ice-only environment
at temperatures colder than -35◦ C with in situ ice nucleation and to those formed
at warmer temperatures in presence of liquid water. Unlike Luebke et al. (2016) or
Wernli et al. (2016) we use the temperature limit of -35◦ C instead of -38◦ C as the
homogeneous freezing temperature limit in the ECHAM-HAM model is set to -35◦ C.
The different temperature criteria should not significantly influence the results as there
is only a minimal fraction of supercooled liquid present in the atmosphere at temperatures between -38◦ C and -35◦ C (Komurcu et al., 2014).

Figure 2.5: Sketch of the cirrus cloud classification algorithm. Liq refers to liquid origin cirrus,
Ins to in situ cirrus, while Ins∗ are liquid origin cirrus that are erroneously classified by our
algorithm as in situ.
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Our main purpose in this section is to use a simple criterion which can give a qualitative
idea about the cirrus cloud formation mechanisms and help us better understand the
cirrus cloud EXT and IWC distributions in Figures 2.3 and 2.4, rather than providing
a precise quantitative analysis of the cirrus cloud formation source mechanisms. The
vertical profiles of the CALIOP lidar provide the instantaneous information about the
state of cirrus clouds at a given point in time, without the information of the stage in the
cloud development. We scanned through CALIPSO lidar profiles in the search of cirrus
clouds (at T <-40◦ C) with cloud bases extending to T>-35◦ C as depicted in Figure 2.5.
Such clouds were classified as liquid origin, with all the remaining clouds being tagged
as in situ origin. The criterion is based on the assumption of a prevalent upward motion
of air inside of a cloud, neglecting virga extending to temperatures warmer than -35◦ C.
Moreover, we classify as liquid origin also clouds directly above lidar beams which are
fully attenuated before even reaching the -35◦ C threshold. Indeed, as the criterion is
only considering vertical profiles without a horizontal dimension, it will inevitably miss
some aged detrained (anvil) cirrus (Protopapadaki et al., 2017) or, similarly, cirrus in
the slantwise ascending air in warm sectors of extratropical cyclones. Such cirrus
clouds will be therefore erroneously classified as in situ formed (Figure 2.5).
The cloud criterion applied to EXT and IWC distributions shows a distinct difference
between the two cloud formation mechanisms: in situ cirrus dominates the colder
temperatures at smaller EXT and IWC compared to the liquid origin ones. Liquid
origin cirrus contain twice the amount of IWC on average as compared to in situ cirrus,
and are by about the same factor optically thicker, as shown in both the CALIOP and
ECHAM-HAM datasets (Figure 2.6).
About 50% of the cirrus clouds in the range between -40◦ C and -50◦ C have a liquid
origin, with the number quickly decreasing to values between 10% and 20% between
-80◦ C and -60◦ C. The liquid origin fraction decreases more gradually with decreasing
temperatures in the model, which might be related to the coarser horizontal resolution, and therefore a higher chance of vertically overlapping clouds. A model gridbox
extends for about 200 x 200 km in the tropics, while the used CALIOP level 2 dataset
reports cloud properties at 5 km along-track resolution. The global fraction of liquid
origin clouds of ∼45% in ECHAM-HAM is therefore significantly higher compared to
CALIOP data (∼30%). The pattern of the fraction of liquid origin cirrus in Figure 2.6
does looks different between the model and CALIOP. The difference is related to the
highest EXT and IWC data points, which are affected by the limitations of the lidar
measurements. We applied the same criterion also to the combined CALIOP lidar
and CloudSat radar product DARDAR (Delanoe and Hogan, 2010) to avoid the lidar
beam attenuation problem. While its total liquid origin fraction is remarkably close to
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Figure 2.6: Temperature dependent frequency histograms of in-cloud extinction coefficients
(EXT) (a,b) and ice water content (IWC) (c, d) for CALIOP satellite and ECHAM-HAM model.
The total EXT and IWC signals are further separated into the in situ origin (b,f,j,n) and liquid
origin (c,g,k,o) components. The number in the upper right corner represents the number
of data points taken into account for specific plots. The colored lines present in each of the
subplots represent the full dataset (yellow-black curve), in situ (in green), and liquid origin (blue)
median values. Continuous white lines in the lower half of the figure represent the median IWC
values from Schiller et al. (2008), where the dashed white lines encompass their most frequent
IWC range. The rightmost column represents the ratio between the liquid origin data (3rd
column) and the full dataset values (first column). The percentage refers to the total fraction of
liquid origin EXT and IWC values.

the CALIOP one, its pattern resembles closely the one from the model (Figure A2).
Regionally, the fraction of liquid origin clouds from CALIOP peaks at midlatitudes with
values close to 40%, while it decreases to about 25% in high latitudes, which is not re-
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produced by the model. The liquid origin pattern is similar in all three regions, peaking
at high EXT/IWC values at the warmest considered temperatures (Figure 2.3 and 2.4).
The relative importance of liquid origin cirrus seems to agree well despite its limitations
with the Lagrangian trajectory study by Wernli et al. (2016). Tropics, being dominated
by detrainment from deep convective clouds have a considerably smaller amount of
liquid origin cirrus (∼20% for CALIOP and ∼30% for ECHAM-HAM) compared to trajectory studies by Luo and Rossow (2004) and Riihimaki et al. (2012), exposing the
limited usefulness of our criterion for determining the precise fraction of liquid origin
cirrus.
Model sensitivity test
We additionally performed an ECHAM-HAM simulation in which cirrus can form only by
in situ ice nucleation (NOLIQ) by suppressing the convective outflow of ice at T<-40◦ C
and not allowing any cloud droplet to freeze. In addition, the ice from mixed-phase
clouds was not allowed to be transported to the cirrus regime. Figure 2.7 shows the
globally averaged difference between the reference simulation (FULL) and NOLIQ for
EXT and IWC.
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Figure 2.7: Global frequency anomaly histograms from ECHAM-HAM sensitivity tests. Plotted
is the anomaly between the reference (FULL) and NOLIQ simulation for EXT (a) and IWC (b).
A positive anomaly indicates areas of preferential liquid origin cirrus clouds, while negative
anomalies indicates areas where in situ formed clouds dominate.The gray contour lines represent the relative fraction of liquid origin clouds computed as FULL-NOLIQ/FULL, providing
results comparable to the rightmost column of Figure 2.6.

The shift towards higher EXT and IWC values in Figures 2.7a,b shows that liquid
origin clouds contain several times larger EXT and IWC values compared to in situ
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ones confirming the results from aircraft data by Luebke et al. (2016) and Krämer
et al. (2016). The anomalies are most pronounced in the temperature range between
-60◦ C and -40◦ C, which is consistent with Voigt et al. (2016) who showed that liquid
origin cirrus dominate in the NH midlatitudes at temperatures warmer than -55◦ C. This
sensitivity test reinforces the interpretation of the model-derived cirrus cloud properties
in Figure 2.6 and proves the usefulness of our simple cloud classification criterion.
The difference between FULL and NOLIQ is consistent throughout all of the considered regions, including the tropics, and therefore exposes the misclassification of aged
anvils problem mentioned in the previous Subsection.
Figure 2.8 shows the globally averaged modelled ICNC versus the IC effective radii
to reveal additional information about the IC formation mechanisms. The plots shows
that liquid origin cirrus forming mainly by convection nucleate up to 104 ICs L–1 which,
however, quickly grow by deposition of water vapour to sizes of ∼50 μm. Moreover,
the ICs are transferred to snow by aggregation, resulting in a rapid decrease of their
number concentration. On the other hand, in situ ICs dominate with number concentrations below 30 L–1 , which is consistent with in situ data from Krämer et al. (2016)
and Luebke et al. (2016). Our in situ formed ICs span over a large size range, while
the liquid origin ICs are often smaller. Unlike speculated in the referenced two studies, most of our liquid origin cirrus are formed by homogeneous nucleation of cloud
droplets in convective updrafts and not by heterogeneous ice nucleation in the mixedphase environment.
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Figure 2.8: Global frequency histogram of ICNC as a function of IC effective radii from
ECHAM-HAM sensitivity tests. Panels a) and b) show occurrence frequencies for the reference (FULL) and NOLIQ simulations, while panel c) shows the normalized frequency differences between the FULL and NOLIQ simulations.
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Homogeneous vs.

heterogeneous ice crystal formation

model sensitivity test

Global ICNC (IC radius)

FULL-HOM

90

a)

80

m

90

70

60

60

50

50

40

40

30

30

20

20

10

10
10

-1.0e-04

1

100

101

ICNC L

102

1

-5.0e-05

103

b)

80

70

0

FULL-HET

104

0

0.0e+00

10

1

100

101

ICNC L

102

1

5.0e-05

103

104

1.0e-04

Figure 2.9: Global frequency histogram of ICNC as a function of IC effective radii from
ECHAM-HAM sensitivity tests. Panel a shows the normalized frequency differences between
the reference (FULL) and HOM simulations. Panel b shows the same for the difference between FULL and HET simulations.

In addition, we performed two ECHAM-HAM simulations where either only homogeneous (simulation HOM) or only heterogeneous nucleation of ICs (simulation HET) are
allowed, to better understand the size and number concentration of IC originating from
the two freezing mechanisms. Figure 2.9 similarly to Figure 2.8c relates the anomalies of ICNC to IC effective radii occurrence frequency, whereas Figure A5 additionally
shows the frequencies of each of the two simulations separately.
The relative anomalies are smaller compared with the liquid vs. in situ origin comparison, indicating that the heterogeneous in situ ice nucleation plays on average a minor
role compared with liquid origin cirrus when displayed in the IC radius (ICNC) phase
space. Heterogeneous nucleation clearly dominates for IC radii between 5 and 20 μm
with ICNC of 1 to 30 L–1 as shown by the positive anomalies in Figure 2.9a. Such
ICs form prevalently at the coldest temperatures of the upper troposphere, where the
vapour availability is not large enough to allow the growth of large ICs. The frequency
increase at IC radii between 20 and 70 μm is not as clearly visible, as the more numerous homogeneous and liquid origin ICs dominate the signal in most of the Figure.
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In addition, heterogeneous ICs suppress numerous homogeneous nucleation events,
decreasing substantially the total ICNC. On the other hand, the most pronounced positive anomalies in Figure 2.9b expose the preferential locations of homogeneously
formed ICs. Homogeneous nucleation results in ICNC between about 20 and 2000
L–1 and IC radius size of about 5 to 25 μm, which can later grow by deposition to sizes
of up to 50 μm. We further note that the sensitivity of the cirrus nucleation scheme
to heterogeneous freezing is at this stage still largely model dependent and can vary
significantly based on the inclusion of pre-existing ice (Shi et al., 2015), background
INP concentration (Zhou and Penner, 2014), and the deep and mid-level convective
tuning parameters (Gasparini, 2016).

2.4.3

Ice crystal formation sources

As a summary, we try to reconcile the IC sources and growth mechanisms in a sketch
in Figure 2.10, which relates the ICNC as a function of IC effective radius. The plotted
area can be distinguished in two or three clusters representing the three IC nucleation
pathways:
• Detrained (liquid origin) ICs form at ICNC of up to 104 L–1 and sizes between
10 and 20 μm. After formation, the majority of IC is quickly transferred to snow
by ice crystal aggregation, while the remaining IC grow by deposition of vapour
to sizes near 50 μm. They dominate the IC formation at temperatures between
-40◦ C and -55◦ C (Figure 2.7), extending to colder temperatures in the tropics.
• Homogeneously formed crystals show similar properties and are therefore hard
to separate from the detrained IC signal. However, as they form mainly at colder
temperatures (colder than -55◦ C), their growth by deposition is less efficient,
and therefore rarely exceed sizes of 20 μm (Figure 2.9b). Moreover, the limited
amount of available vapour often prevents them from nucleating as many ICs as
the detrained IC nucleation pathway.
• Heterogeneous ICs form at number concentrations between about 0.5 and
20 L–1 at sizes between 5 and 60 μm, at IWC values close or just below the
CALIOP lidar detection limit. Their small size is a surprise, as they are expected
to be larger than homogeneously formed ICs. Most of them form at low temperatures and low supersaturations, where the vapour availability is low and the
IC growth by deposition slow. Nevertheless, the sizes of freshly nucleated heterogeneous ICs directly after the cirrus nucleation module are larger than those
formed by homogeneous freezing (Kuebbeler et al., 2014). However, the nucleation phase occupies only a small fraction of the full cirrus cloud lifetime (Diao
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et al., 2013). In addition, some heterogeneous nucleation events occur in the
area where aged, larger, detrained and homogeneous ICs prevail due to significantly larger number concentrations and are therefore not visible in the Figure
2.10. We indeed expect heterogeneous nucleation events to be frequent also at
IWC values within the detection range of CALIOP lidar. The ICNC (IC radius)
phase space is therefore probably not the most appropriate metric for determining the importance of heterogeneous nucleation on climate.

Figure 2.10: Global frequency histogram of ICNC as a function of IC effective radii from
ECHAM-HAM. Preferential properties of IC formation mechanisms are encircled. The ice crystals grow by deposition by moving vertically towards larger sizes, and they are frequently removed by aggregation to form snowflakes, decreasing their ICNC, exhibiting a horizontal shift.
The black shaded area represents the approximate IWC region of the CALIOP nighttime detection limit (0.05 to 0.1 mg m–3 ). The labels het, hom, and detrained ICs refer to areas where
the heterogeneous, homogeneous, and detrained ICs are dominant.
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In summary, distinguishing between the two in situ IC and liquid origin IC formation
mechanisms is not straightforward as the model does not yet keep track of several
IC modes after their nucleation and initial growth by vapour deposition. Additional
microphysical processes, like further depositional growth, ice crystal loss by aggregation, and sedimentation can significantly modify IC properties after they are nucleated,
smearing out signals of their nucleation pathways.

2.5

Conclusions

We studied nighttime cirrus cloud properties in the ECHAM-HAM GCM and compared
them with CALIOP satellite data. The cirrus cloud cover agrees well both in terms of
annual mean values and in terms of general patterns with the CALIOP data, when
comparing it to both the CALIPSO-ST and CALIPSO-GOCCP satellite products. The
largest bias is the underestimation of the tropical cloud cover by about 10-15% and the
lack of a clearer ITCZ signal in both cloud cover and IWP. There are also indications
of too large detrainment from deep convective clouds at low altitudes in the tropics in
ECHAM-HAM compared to CALIPSO and consequently a too low convective cloud
top (Table 2.1), despite a large decrease in the deep convective entrainment tuning
parameter compared to the standard ECHAM-HAM model version. The cloud cover is
reproduced well in the extratropics, with the exception of the too high cirrus occurrence
over mountains, which is triggered by the orographic cirrus scheme.
The model simulates about 30% less IWC in the global annual mean compared to
CALIOP data. However, the values agree remarkably well in temperature dependent
IWC histogram distributions (Figure 2.4a,b) Therefore, we attribute the lower mean
IWP and IWC to the different treatment of the tail of the IWC distribution: the model output does never consider IWC values at cloud optical depths above 3, while CALIPSO
satellite data does occasionally penetrate to optically thicker clouds. A change of detection limit from 3 to 5 therefore improved the IWP and IWC agreement (Figure A1).
Moreover, we note that the IWC is a highly derived satellite product which relies on the
Heymsfield et al. (2014) parametrization uncertainties. As shown by Heymsfield et al.
(2017a), their IWC dataset is mainly dominated by higher IWC tropical measurements
and is therefore probably overestimating the IWC in the extratropics.
The temperature dependent distribution of EXT is overestimated by the model by a
factor of 2-4 (Figure 2.3 a,b), while it simulates a remarkably similar median IWC
values. The model sensitivity test proved that the largest part of this bias can be attributed to the disagreement between the IC radius size used in CALIPSO dataset
Heymsfield et al. (2014) to derive the IWC fields and the modelled IC radii (Figure
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A4). ECHAM-HAM simulates smaller IC radii in the temperature range between -40◦ C
and -65◦ C (Figure A3), which leads to optically thicker clouds with higher EXT. The
exposed model deficiencies will be further addressed in an upcoming publication.
The distribution of EXT, IWC, ICNC, and IC effective radii from both CALIOP and
ECHAM-HAM data clearly point to two separate types of cirrus clouds:
• in situ formed clouds prevail at temperatures colder than -55◦ C. Their low
IWC (below ∼ 1 μg m–3 ) translates into typical extinction values between 10–3 10–1 km–1 at 532 nm wavelength.
• Liquid origin cirrus form already in the liquid/mixed phase and subsequently
freeze or are transported to temperatures colder than -40◦ C. They are associated with large IWC, EXT, ICNC of 100 to 10000 ICs L–1 .
We performed an additional sensitivity test with the model to separate the signals of
homogeneously and heterogeneously nucleated ICs, which can be only hardly derived
from satellite data, despite the first attempts by Mitchell et al. (2016). First, we note that
the anomalies are smaller compared with the liquid versus in situ origin comparison,
indicating that the heterogeneous ice formation plays in our model on average a minor
role compared with liquid origin cirrus. We found that homogeneously formed ICs can
generally be found at ICNC between 20 and 2000 L–1 , while heterogeneous ICNC in
general have concentrations less than 30 L–1 . However, the heterogeneous signal is
partially smeared out by an increased contribution of a larger number concentration
of ICs from homogeneous and detrained sources. We find the clear heterogeneous
signal only from the freshly nucleated small ICs, likely formed close to the tropopause
at coldest temperatures and small supersaturations with respect to ice.
The annually averaged cirrus cloud properties differ significantly between the tropics and extratropics, due to the large importance of deep convective outflow and a
larger temperature range for cirrus formation in tropics. This is true in particular for the
CALIOP data, while the modelled cirrus share the temperature dependent EXT and
IWC trends at all latitudinal bands.
In conclusion, the availability of new satellite products, in particular from CloudSat and
CALIPSO, have in recent years narrowed down the range of uncertainties in cirrus
cloud properties at the global scale, providing a lot of useful information for the climate modelling community. However, the current satellite data cannot give a precise
information about cirrus formation mechanisms. As the ice phase and in particular ice
crystal formation mechanisms are still a topic of current debate we call for more comprehensive studies of ice nucleation pathways, in particularly due to their implications
on the global energy budget and the relevance for cirrus cloud geoengineering.
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Chapter 3
Why cirrus seeding cannot substantially cool the planet
Authors: Blaž Gasparini and Ulrike Lohmann
Published in Journal of Geophysical Research - Atmospheres
Key points
-Cirrus cloud seeding has no significant climatic impacts in the ECHAM-HAM GCM
-The ice crystal radius decrease after seeding is the main factor limiting seeding effectiveness
-Cirrus cloud radiative effects are positive at TOA amounting to 5.7 W m–2 in global
annual average
Abstract
The net warming effect of cirrus clouds has driven part of the geoengineering research
towards the idea of decreasing their occurrence frequency by seeding them with efficient ice nucleating particles. We study responses of cirrus clouds to simplified global
seeding strategies in terms of their radiative fluxes with the help of the ECHAM-HAM
general circulation model. Our cirrus scheme takes into account the competition between homogeneous and heterogeneous freezing, pre-existing ice crystals, and the
full spectrum of updraft velocities. While we find that the cirrus cloud radiative effect
evaluated from our model is positive and large enough (5.7 W m–2 ) to confirm their
geoengineering potential, none of the seeding strategies achieves a significant cooling due to complex microphysical mechanisms limiting their climatic responses. After
globally uniform seeding is applied, we observe an increase in cirrus cloud cover, a
decrease in ice crystal number concentration, and a decrease in ice crystal radius.
An analysis of their respective radiative contributions points to the ice crystal radius
decrease as the main factor limiting seeding effectiveness.
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CIRRUS SEEDING CANNOT SUBSTANTIALLY COOL THE PLANET

Introduction

The idea of cloud seeding with ice nucleating particles (INPs) can be traced back to
the early work by Vonnegut (1947) who showed that silver iodide serves as INP for the
formation of ice crystals (ICs) in the presence of supercooled liquid water (in mixedphase cloud conditions) and in pure ice cloud conditions. In the following decades,
cloud seeding programmes were trying to modify weather patterns, most frequently to
enhance precipitation (National Research Council, 2003), to limit hail damage (Federer et al., 1986) or even control hurricanes (Willoughby et al., 1985). However those
weather modification experiments were mainly targeting mixed-phase and not cirrus
clouds (Bruintjes, 1999).
In times when a sufficient limition to greenhouse gasses remains a distant goal, part
of the research community proposed numerous ideas of how to artificially counteract
global warming. The research focus has shifted from weather to climate modification.
Geoengineering (GE, equivalently known as climate engineering) proposals aim at a
reduction of global temperatures, that would (in part) counteract anthropogenic warming and help stabilize Earth’s energy budget and climate (Shepherd et al., 2009; NAS
(US National Academy of Sciences), 2015). As clouds are one of the main drivers of
the planetary energy balance (Wild et al., 2015), some of the GE ideas try to modify
them to obtain a surface cooling. The most explored of these is the proposal of increasing the reflectivity of low level marine stratocumulus clouds (Latham, 1990, 2002), focused on pristine regions of the stratocumulus cloud regime. Only recently ideas of
cirrus GE have been proposed and implemented in general circulation models (GCM)
through simplified seeding strategies (Mitchell and Finnegan, 2009; Storelvmo and
Herger, 2014; Muri et al., 2014; Penner et al., 2015; Kristjánsson et al., 2015).
Cirrus clouds are relatively transparent to shortwave (SW) solar radiation, yet they can
significantly modulate the Earth’s outgoing longwave (LW) radiation flux. Cold cirrus
clouds absorb outgoing LW radiation from the warmer surface or other lower lying
sources and irradiate it back at lower temperatures. The lower emission energy flux
causes a net LW warming at the top of the atmosphere (TOA). The balance between
the SW cooling and LW warming effects depends on cloud macrophysical (cloud thickness, altitude) and microphysical properties (ice crystal number concentration, IC size
and shape), as well as time of the day, surface temperature and reflectivity (Fusina
et al., 2007; Corti and Peter, 2009; Joos et al., 2014). Satellite-based studies by Chen
et al. (2000) and Hartmann et al. (1992) estimate the TOA cloud radiative effect (CRE)
of cirrus to be 1.3 W m–2 and 2.4 W m–2 , respectively. A study combining lidar-based
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data and a radiative transfer model by Kienast-Sjögren et al. (2016) estimates the CRE
of cirrus to around 0.5-2 W m–2 (overcast-sky CRE of around 10 W m–2 ) for three Central European sites. On the other hand Min et al. (2010) find considerably higher CRE
over China (overcast sky CRE of 24.2 W m–2 over most of China with values exceeding 60 W m–2 over the Quinghai-Tibet Plateau) based on CALIOP and MODIS satellite
data combined with a radiative transfer model and direct observations.
Mitchell and Finnegan (2009) were the first who proposed a physical mechanism able
to decrease cirrus cloud cover and significantly decrease the net radiation budget.
Their cirrus seeding idea is based on the competition between the two cirrus cloud formation mechanisms, homogeneous and heterogeneous freezing from climate study
results by Lohmann et al. (2008). Homogeneous freezing of solution droplets (soluble
aerosols) occurs at relative humidities with respect to ice (RHice ) of around 150%. As
liquid solution droplets are abundant, a single nucleation event typically produces up
to several thousands of small ICs with sizes between 1 and 10 μm (Krämer et al.,
2016). On the other hand, heterogeneous freezing on insoluble aerosols (predominantly mineral dust) initiates IC formation at lower RHice . Efficient INPs are scarce in
the upper troposphere, resulting in low ice crystal number concentrations (ICNC) with
large ICs (tens of microns). Heterogeneously formed cirrus are more transparent to
SW radiation due to the inverse Twomey effect: a small number of large ICs reflects
less SW radiation (Kärcher and Lohmann, 2003; Lohmann et al., 2008). They also
absorb less LW radiation compared with a large number of small ICs. In addition, their
lifetime is shorter due to large IC size and faster sedimentation velocities. Overall they
have a smaller TOA warming effect than homogeneously formed cirrus. Mitchell and
Finnegan (2009) proposed to seed cirrus clouds with the very effective INP Bi3 I, which
is able to nucleate ice at RH larger than 105%. The nucleation and growth of seeded
IC decreases the water vapour concentration and thus inhibits homogeneous freezing.
Observations of cirrus formation mechanisms are still rare due to problematic in situ
measurements of ice microphysical properties such as ICNC, RHice , IC size, etc.
(Krämer, 2009; Diao et al., 2014). Despite the growing evidence that large areas are
dominated by heterogeneous cirrus (Cziczo et al., 2013), homogeneous nucleation is
thought to be the dominant source of cirrus ICs in winter high latitudes, over mountain areas, and in other regions that are not affected by dust aerosols (Krämer et al.,
2016). However, most of currently available in situ data is from measurement campaigns in the northern hemisphere (NH) or tropics, while we are still missing information about the southern hemisphere (SH) midlatitude and high-latitude cirrus clouds.
Mitchell et al. (2015) made the first attempt to retrieve information about IC formation
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mechanisms using satellite data. Their preliminary results show higher homogeneous
semi-transparent cirrus fractions over land than over ocean and find homogeneous
nucleation the prevalent IC source mechanism in high-latitude winter cirrus.
Modelling studies by Storelvmo and Herger (2014) and Storelvmo et al. (2014) show
that cirrus seeding can decrease the global net CRE by about 2 W m–2 and decrease
the global mean temperature by about 1.4◦ C. The impact is larger for areas and seasons with low natural dust concentrations: NH and SH midlatitudes and high latitudes,
in particular in winter. In addition, winter is favourable for cirrus seeding as the SW cirrus CRE is close to zero due to low amount of insolation, while the LW "greenhouse"
warming mechanism is still effective.
On the other hand Penner et al. (2015) did not find a significant climatic impact of
cirrus seeding due to a different model setup compared with Storelvmo and Herger
(2014). They simulate a larger amount of natural INPs in the upper troposphere, no
upper limit of subgrid scale updraft, while their cirrus model has the ability to deposit
water vapour on pre-existing ICs. We extend the results from Penner et al. (2015)
by describing physical mechanisms that limit the seeding efficiency. We use both the
ECHAM-HAM GCM and box model cirrus scheme simulations. Moreover, we investigate in detail the sources of cirrus cloud ICs and their formation mechanisms and
evaluate CRE of ice clouds at the TOA. We define cirrus clouds as clouds that form at
temperatures below -35◦ C, which are composed of ice crystals without the presence
of liquid water. We do not use any height criteria; a more suitable name for our cirrus
clouds might be ice clouds, but we keep refering to them as cirrus due to consistency
with previously published work (Kärcher et al., 2006; Lohmann et al., 2008; Kuebbeler
et al., 2014; Storelvmo and Herger, 2014; Penner et al., 2015).

3.2
3.2.1

Methods
Model

We use ECHAM6 GCM (Stevens et al., 2013) coupled with the two-moment microphysical and aerosol module HAM2 (Zhang et al., 2012) in T63 horizontal resolution
(1.875◦ x 1.875◦ ). The model has 31 vertical layers, extending to 10 hPa, with a vertical
resolution of around 700 m at the typical cirrus altitudes.
The formation of in situ large-scale cirrus clouds in ECHAM6-HAM takes into account
the competition between homogeneous and heterogeneous ice nucleation and pre-
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existing ICs following closely the original formulation by Kärcher et al. (2006) and its
GCM implementation by Kuebbeler et al. (2014). The scheme accounts for the homogeneous nucleation of solution droplets (Koop et al., 2000) and heterogeneous
nucleation on dust aerosols, which can occur through two mechanisms as shown in
Figure 3.1:
• deposition nucleation on externally mixed (insoluble) dust INPs from coarse and
accumulation aerosol modes
• immersion freezing by internally mixed (soluble) dust INPs from coarse and accumulation aerosol modes.
A homogeneous freezing event occurs when the RHice reaches the critical value of
around 140%-150%, following the Koop et al. (2000) temperature dependent relation.
Heterogeneous freezing on dust starts at lower RHice : 110% or 120% in deposition
nucleation for temperatures of below or above -53◦ C, respectively, and 130% for immersion freezing. The fraction of dust INPs able to form ice (active fraction) is a function of RHice and temperature for deposition nucleation, while only 5% of all internally
mixed dust aerosols can act as INP in immersion freezing (Möhler et al., 2006, 2008b).
For more details about the cirrus scheme in ECHAM-HAM please refer to the appendix
B.1 or in Kuebbeler et al. (2014).
Moreover, the scheme accounts for ICs already present in a grid box before the ice
nucleation occurs (pre-existing ICs). This separate ice mode is restricted to the cloudy
part of the grid. It includes ICs formed at the previous timestep, detrained ICs from
convective clouds, and advected ICs from mixed-phase clouds. We solve the depositional growth equation in the cloudy part of the grid box using newly nucleated
and pre-existing ICs. The ICs compete for the available water vapour, decreasing the
RHice , and limiting the nucleation of new particles.
The vertical velocity used in cirrus cloud nucleation is composed of the large scale
and the turbulent term, which is proportional to the square root of the turbulent kinetic
energy. In areas of surface orography is the latter replaced by the vertical velocity
caused by flow over orography, i.e. mountain wave clouds (Joos et al., 2008).
We implemented the cirrus seeding as a separate freezing mode with critical RHice of
105%, following Storelvmo and Herger, 2014. Unlike dust, all seeding aerosols can
initiate ice formation. We seed all gridboxes supersaturated with respect to ice (RHice
>100%), with ascending vertical motion. Numerical weather prediction models have
already shown to be able to identify ice supersaturated regions, for instance in the
ML-Cirrus field campaign (Rolf et al., 2015; Schumann, 2012). We neglect the impact
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of the seeding aerosols on lower lying mixed-phase and liquid clouds as well as their
direct radiative effects. In this study, we implemented only global seeding scenarios,
without a specific geographic target.
A large fraction of cirrus clouds is formed in a convective outflow or come from a liquid
origin (Krämer et al., 2016). We assume cloud droplets caught in an updraft freeze homogeneously at temperatures below -35◦ C. The aerosol impacts on convective clouds
are not considered in the current model version.

Figure 3.1: Schematic of the cirrus formation scheme used in our model. The y-axis represents the RHice , where 100 corresponds to ice saturated conditions. The scheme accounts for
homogeneous freezing of solution aerosols (blue curve), immersion freezing on soluble dust
aerosols (magenta curve), and deposition nucleation on dust aerosols (red curve). The active
fraction of immersion freezing INPs is 5%, while it is a function of RHice and temperature for
deposition freezing (upper right corner). The freezing of water droplets from convective outflow
occurs on the water saturation line (i.e. 100% RHwater ) for temperatures below -35◦ C, green
curve).
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Box model

We use also the cirrus scheme alone in its box model setup (Kärcher et al., 2006). The
box model simulates cirrus cloud freezing as in the above described version embedded in the ECHAM-HAM model. We need to initialise it with the number concentration
and size of the aerosol particles, updraft velocity, temperature, and pressure. The temperature can change as a result of latent heat, while the updraft velocity and pressure
remain constant. Sedimentation or other aerosol and IC sinks are not considered.
As we initialise the model at saturated conditions, we limit ourselves to the case of
depositional growth of ICs.

3.2.3

Simulation setup

Table 3.1: Simulation terminology and their respective cirrus scheme complexity.

Simulation
HOM

hom frz
p

HOMPREEX
HOMHET
FULL

het frz

p

pre-existing ICs
p

p

p

p

p

p

We simulated cirrus seeding considering the full, above described cirrus cloud formation scheme (FULL), and three other reduced levels of its complexity (Table 4.1):
• HOMHET allows competition between heterogeneous and homogeneous nucleation without including deposition of water vapour onto pre-existing ICs
• HOM considers homogeneous cirrus formation only without including deposition
of water vapour onto pre-existing ICs
• HOMPREEX considers homogeneous freezing and includes deposition of water
vapour onto pre-existing ICs.
All cirrus scheme complexity levels include IC formation both in clear and cloudy portion of the model grid. We performed seeding simulations with a concentration of 0.1,
0.5, 1, 2, 10 and 100 seeding INPs per liter. All simulations were run for 5 years using
climatological sea surface temperatures and sea ice extent. We express our results in
terms of anomalies of the seeded run with the respective not seeded reference run of
same cirrus scheme complexity. To define statistical robustness we use the Welch’s
unequal variances t-test at 95% significance. The uncertainties are expressed in two
standard deviation units, which roughly corresponds to the similar significance level
(∼ 95.4%).
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Results
Cirrus cloud radiative effects

We define CRE as the net radiative contribution of clouds to the TOA radiative balance, being the difference between full-sky and clear-sky conditions, consistent with
Boucher et al. (2013). We diagnosed CRE for ice clouds at temperatures below 35◦ C (Figure 3.2). The model-derived global average net cirrus CRE at the TOA is
5.7 ± 0.05 W m–2 , which is larger compared with estimates from global satellite-based
studies (Hartmann et al., 1992; Chen et al., 2000). Limiting additionally the cloud
cover to altitudes above 440 hPa (high cloud limit used in Boucher et al., 2013) does
not significantly change the global average cloud radiative effect significantly (TOA
CRE>440 = 5.6 W m–2 ). On the other hand, some of the literature reports considerably higher positive cirrus TOA CRE contributions (Min et al., 2010) pointing at large
uncertainties in cirrus radiative effects. Moreover, studies by Chen et al. (2000) and
Hartmann et al. (1992) used older satellite products from International Satellite Cloud
Climatology Project, which were not able to measure the thinnest cirrus clouds. Differences and inconsistencies in defining and retrieving cirrus clouds add additional
uncertainty to the comparison of our model derived cirrus CRE with observations. We
conclude that our model likely overestimates the positive CRE contribution by cirrus
clouds, despite the latter has not yet been well constrained by more recent and reliable
global studies.
In ECHAM-HAM most areas of the world show a net positive cirrus CRE, except
parts of Antarctica and the equatorial Pacific (Figure 3.2). Near zero or negative cirrus CRE occurs in parts of the tropics and subtropics dominated by more reflective
semi-transparent (cloud optical depth between 0.3 and 3) and convective outflow cirrus. These types of cirrus clouds have a comparable or stronger SW cooling effect
than the LW warming effect at the TOA and are thus closer to a net zero radiation balance (Boucher et al., 2013). Low zenith angles throughout the whole year additionally
increase the importance of the SW reflectivity. We observe the maximum cirrus CRE
over the maritime continent and other tropical areas of high convective activity. However, this is also the region of the highest frequency of subvisible (cloud optical depths
below 0.03) and optically thin cirrus clouds (Hong and Liu, 2015; Martins et al., 2011).
These clouds can contribute significantly to cirrus radiative warming at the TOA as
they have a negligible SW cooling effect, but a small positive LW warming effect (McFarquhar et al., 2000; Haladay and Stephens, 2009; Henderson et al., 2013). Their net
TOA warming is often amplified by a lower lying highly reflective cumulus cloud cover
(Corti and Peter, 2009). Similarly, the CRE is higher also over mountain regions, which
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Figure 3.2: Top: annual average TOA CRE for clouds at temperatures colder than -35◦ C.
On the left, zonally averaged values for annual (black), JJA (red), and DJF (blue) means are
shown. Bottom: LW and SW components of cirrus CRE.

seems to be in contradiction with the higher optical thickness of mountain wave cirrus
(Krämer et al., 2016). However, as the surface of the mountains is also more reflective
due to frequent snow and ice cover, the SW CRE is smaller from what it would be over
oceans or forests, shifting the net total CRE to positive values. This surface albedo
effect is most pronounced over the Antarctic and Greenland ice sheets where the SW
cirrus CRE can even be positive. In midlatitudes, there are CRE peaks in the storm
track regions, associated with high extratropical cyclone activity.
Moreover, the cirrus CRE has a strong seasonal variability (Figure 3.2). In winter they
prevalently act in the LW part of the spectrum due to decreased insolation. On the
other hand, the SW cooling effect is particularly important during summer. In the zonally averaged plot, we observe a clear DJF maximum at around 40-60◦ N with values
of up to 12 W m–2 . In summer, a large part of this LW warming is balanced by the SW
effect and the net warming at the TOA is only 4 W m–2 . We see a sharp peak of cirrus
CRE in the tropics that corresponds to the ITCZ and is due to its seasonal variations
shifted towards the SH in DJF and towards the NH in JJA.
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Source of ice crystals

Figure 3.3 shows the annual mean relative contributions of freezing mechanisms to
the ICNC at 200 hPa, not considering pre-existing ICs. Note that in high latitudes the
200 hPa isobar surface is not the most representative height for cirrus clouds, since
there the tropopause in general lies at that level or even slightly below it. The areas
of high heterogeneous IC fractions correspond to the two main dust source regions the Sahara desert and Australia. Surprisingly, we see numerous areas of heterogeneous ICs over the Southern Ocean and in SH high latitudes. The SH midlatitude and
high-latitude INPs are predominantly from air advected poleward from the deserts of
Australia. The large relative importance of heterogeneous nucleation is in contrast with
previous studies of Storelvmo and Herger (2014) and Penner et al. (2015), despite the
low dust concentrations in the SH high latitudes as discussed in the appendix B.2.2.

Figure 3.3: The annually averaged relative contribution of the three ice nucleating processes
to the total amount of the ICs. On the left, the processes are shown separately: the stronger
the colour, the larger the relative importance of the specific process to the total amount of
newly formed ICs, i.e. the colours represent a percentage. On the right, the three processes
are combined where each process is associated with a colour: red for heterogeneously formed
ICs, blue for homogeneous ICs, and green for ICs originating in convective clouds. A mixture
of colours represents a mixture of processes and their relative importance. The regions with
an IC nucleation rate of less than 8 ICs L–1 per model timestep are gradually shaded in black.
Regions with no cirrus clouds are dyed in black.
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Figure 3.4: Annually averaged relative contributions of the three ice nucleating processes.
Colour coding is the same as in Figure 3.3.

Homogeneous freezing dominates in particular over orographic regions - Andes, Rockies and over large parts of Europe and Asia. Moreover, ICs from convective outflow
sources dominate the convective hotspots over the Maritime continent, Indian Ocean,
and Eastern Pacific, but, surprisingly, also the Himalayas. Their maximum coincides
with the position of the Intertropical Convergence Zone (ITCZ). In the convectively active ITCZ and over the mountain regions we frequently observe high updraft velocities.
Cloud seeding has only minor impacts on cloud properties in such dynamically controlled regions. By our model construction, seeding scenarios cannot modify cirrus
clouds from convective outflow, but are limited to in situ formed cirrus where the dynamical forcing is weaker.
Figure 3.4 shows a zonally averaged vertical cross section of ICs. Clearly, the convective outflow is a major source of ICs at levels below 250-300 hPa. However, in the tropics the model simulates a homogeneously formed cirrus layer at levels above 200 hPa,
detached from the convective outflow. This is consistent with observations which attribute about half of the tropical cirrus to convective outflow (anvil cirrus). The rest of
cirrus is formed in situ and not by direct convective detrainment (Luo and Rossow,
2004; Toon et al., 2010).
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Interestingly, in the zonally averaged representation, the heterogeneous signal is lost
in favour of homogeneous ICs. This is explained by differences in ice nucleation
events: homogneneous events produce 2-3 orders of magnitude more ICs than heterogeneous ones (Kuebbeler et al., 2014; Krämer et al., 2016). On the contrary, the
heterogeneous nucleation frequency is around two orders of magnitude more common
compared with the homogeneous nucleation frequency. Even in orographic regions of
frequent clouds with high ICNC, heterogeneous nucleation occurs more often than homogeneous nucleation as INPs are always present, in particular close to dust sources
(e.g. the Himalayas). Nevertheless, we notice an increased homogeneous nucleation
event ratio over mountain regions, consistent with Figure 3.3.

3.3.3

Seeding results

Table 3.2: Net radiative balance anomalies in W m–2 for seeding runs with their respective ± 2
standard deviation range.
Seeding (INPs L–1 )

0.1

0.5

1

2

10

100

HOM

-0.19 ± 0.30

-0.31 ± 0.61

-0.37 ± 0.54

-0.39 ± 0.56

0.45 ± 0.20

2.89 ± 0.28

HOMPREEX

-0.18 ± 0.64

-0.20 ± 0.14

-0.13 ± 0.37

-0.12 ± 0.36

0.11 ± 0.38

0.56 ± 0.37

HOMHET

0.04 ± 0.36

-0.65 ± 0.54 -0.22 ± 0.35 -0.38 ± 0.19

-0.02 ± 0.33 0.49 ± 0.24

FULL

0.04 ± 0.36

-0.21 ± 0.45 -0.25 ± 0.34 -0.17 ± 0.22

-0.02 ± 0.33 0.49 ± 0.24

Table 3.3: Net cirrus CRE anomalies in W m–2 for seeding runs with their respective ± 2
standard deviation range.
Seeding (INPs L–1 )

0.1

0.5

1

2

10

100

HOM

-0.33 ± 0.07 -0.42 ± 0.14 -0.54 ± 0.13 -0.28 ± 0.26 0.58 ± 0.08 3.69 ± 0.06

HOMPREEX

-0.14 ± 0.05 -0.14 ± 0.08 -0.08 ± 0.11 -0.01 ± 0.07 0.19 ± 0.09 0.95 ± 0.04

HOMHET

-0.14 ± 0.07 -0.24 ± 0.21 -0.27 ± 0.14 -0.19 ± 0.08 0.90 ± 0.05 4.05 ± 0.06

FULL

-0.06 ± 0.03 -0.08 ± 0.09 -0.02 ± 0.08

0.10 ± 0.07

0.45 ± 0.04 1.07 ± 0.05

We seed cirrus clouds with 0.1, 0.5, 1, 2, 10, 100 INPs per liter for the four levels of
complexity of the cirrus formation scheme as described in Table 4.1. We assume a
uniform distribution of seeded particles with an aerosol/INP modal radius of 0.5 μm
and a standard deviation of 1. All seeded INPs can nucleate ice if RHice exceeds
105%.
Figure 3.5 shows the TOA net cirrus CRE and radiative balance anomalies together
with the net, LW, and SW radiative balance anomalies with the respective standard
deviation. All seeding scenarios display a small, insignificant decrease in net TOA radiative balance for the seeding concentration of 1 INP L–1 (-0.25 ± 0.34 W m–2 for the
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Table 3.4: Aerosol and IC initial condition for box model simulations: pre-existing IC number
(Ni,preex ) and radius (Ri,preex ), soluble aerosol (Na,soluble , Ra,soluble ), insoluble dust aerosol
(Na,idust , Ra,idust ), soluble dust aerosol (Na,sdust , Ra,sdust ), seeding aerosol (Na,seed , Ra,seed )
Simulation

Ni,preex
[L–1 ]

Ri,preex

Na,soluble

[μm]

[L–1 ]

Ra,soluble

Na,idust

[μm]

[L–1 ]

Ra,idust

Na,sdust

[μm]

[L–1 ]

Ra,sdust

Na,seed

[μm]

[L–1 ]

Ra,seed
[μm]

bHOM300_ref

0

0

5·105

0.05

0

0

0

0

0

0

bHOM300_seed

0

0

5·105

0.05

0

0

0

0

1

0.5

bHOM100_ref

0

0

5·105

0.05

0

0

0

0

0

0

bHOM100_seed

0

0

5·105

0.05

0

0

0

0

1

0.5

bFULL100_ref

1

50

5·105

0.05

1

0.5

1

0.5

0

0

bFULL100_seed

1

50

5·105

0.05

1

0.5

1

0.5

1

0.5

FULL simulation), followed by a significant increase in net radiative balance due to high
seeding INP concentrations. Seeding with more than 1 INP L–1 leads to a net warming,
most pronounced in simulations without pre-existing ICs. In the HOM and HOMHET
simulations we increase the radiative balance by about 3 W m–2 when seeding with
100 INPs L–1 , while in the HOMPREEX and FULL simulations the increase is only
about 0.5 W m–2 and is barely significant. This occurs because vapour is consumed
only by the seeded INP nucleation event in HOM and HOMHET, while in HOMPREEX
and FULL it is shared between the pre-existing IC and the seeded INPs, inhibiting or
delaying the nucleation on seeded INPs.
Hence our optimum seeding INP concentration is around 1 INP L–1 , which is about an
order of magnitude lower compared with the previous studies of Storelvmo and Herger
(2014) and Penner et al. (2015). This confirms the strong model dependence of the
various ice microphysical processes. Differently from the net balance, the schemes
without pre-existing ICs (HOM and HOMHET), show significant negative cirrus CRE
anomalies of -0.54 ± 0.13 W m–2 and -0.27 ± 0.14 W m–2 for seeding of 1 INP L–1 . This
agrees with Penner et al. (2015) who also obtained a significant cooling effect for the
simulation without considering the vapour deposition on pre-existing ICs in terms of
CRE anomalies.
We focus on the optimum seeding concentration in ECHAM-HAM of 1 INP L–1 and
try to understand what limits radiative responses after we significantly modify the ice
cloud microphysics with seeding. HOM simulations show a clear seeding signal with
a decrease in ICNC (Figure 3.6 d) and an increase in IC effective radius (Figure 3.6 j)
over most of the upper troposphere, due to the inverse Twomey effect. Surprisingly,
the latter changes sign in the tropical tropopause region, which is not simulated by
the box model (see Section 3.3.4 and Figure 3.7 e) and thus likely related to faster
sedimentation of larger, seeded ICs. Similarly, there are regions in the tropics where
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high clouds decrease in frequency, while the cloud cover increases in high latitudes
and at lower elevations (around 300 hPa). In-cloud RHice anomalies follow cloud cover
anomalies: the increase is most pronounced just above the -35◦ C isoline.

Figure 3.5: Net radiative anomalies at the TOA as a function of seeded INP concentration
for the simulations using several cirrus scheme setups (HOM, HOMPREEX, HOMHET, FULL).
Error bars cover the ± 2 standard deviations range around the 5-year mean value.

The pattern described arises due to two competing mechanisms in what were clearsky areas before seeding them: the critical supersaturation of IC formation is around
50% lower for heterogeneous freezing on seeding aerosols compared with homogenous freezing of soluble aerosols. This effect causes the increase in cloud cover
(Figure 3.6 a). Yet, the early formation of heterogeneous ICs and their subsequent
depositional growth decreases RHice and suppresses or delays the homogeneous
freezing nucleation events, and consequently decreases the amount of formed ICs.
Note that the availability of soluble aerosol is rarely a limiting factor for homogeneous
nucleation events (Lohmann, 2003). Moreover, as the heterogeneous nucleation and
growth timescales are longer than homogeneous ones (Kärcher et al., 2006; Köhler
and Seifert, 2015), the time a cirrus cloud parcel is in supersaturated conditions is
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Figure 3.6: Anomalies of ice cloud properties for seeding with 1 INP L–1 accounting for different levels of complexity in the cirrus scheme: HOM (left column), HOMHET (middle), FULL
(right). We show anomalies with respect to the reference (not seeded) simulations of: cloud
cover (Cldcov), ice crystal number concentration (ICNC), in-cloud RHice , and ice crystal (IC)
radius. The green curve represents the tropopause, while the black curves are the -35◦ C and
the 0◦ C isolines. Hatching is applied for differences at the 95% significance level.

prolonged, causing the increase in in-cloud RHice .

60 C HAPTER 3. W HY

CIRRUS SEEDING CANNOT SUBSTANTIALLY COOL THE PLANET

Zonally averaged results of both schemes that allow competition between homogeneous and heterogeneous nucleation (HOMHET and FULL) show roughly similar
cloud property anomalies for seeding with 1 INP L–1 : a widespread increase in cloud
cover and in-cloud RHice increase of about 1-3% (Figure 3.6 b, c and Figure 3.6 h, i),
and a decrease in ICNC of 10-50 ICNC L–1 , in particular in the tropics and subtropics
(Figure 3.6 e, f). We explain the latter, similarly as in the HOM case, with the suppression or weakening of homogeneous freezing events. The IC radius decreases by
about 5 μm in the FULL simulation (Figure 3.6 l), the in-cloud ice water content decreases as a result of the decrease in ICNC and size (not shown), while its full-sky
value remains approximately unchanged. The negative IC radius anomaly is less pronounced in HOMHET as, in the absence of pre-existing ICs, there are less ICs directly
influenced by decreased vapour uptake due to seeded ICs (Figure 3.6 k).

3.3.4

Box model simulations

In support of our global modelling results we show box model simulations in a controlled dynamical and microphysical environment. We initialise the box model with
upper tropospheric conditions to verify the seeding results from the GCM simulations
(Table 3.4). It simulates only IC nucleation and their subsequent depositional growth.
Unlike GCM simulations it provides the microphysical signal without adjustments, e.g.
increase in sedimentation velocity after seeding, and is a useful tool to understand
the GCM results. We first simulate a case of seeding in homogeneous only freezing conditions at 300 and 100 hPa initial pressure (bHOM300_ref and bHOM100_ref)
which reproduce a situation typical for the warmer (300 hPa, T = -45◦ C) and colder
cirrus clouds (100 hPa, T = -63◦ C), respectively. Seeding with 1 INP L–1 delays the
occurrence of the homogeneous nucleation event, while ICNC decreases for a factor
of 3 (Figure 3.7 a, b). Despite the seeded ICs taking up additional vapour, a smaller
ICNC allows homogeneous ICs to grow to larger sizes (Figure 3.7 d, e). The impact
on IC size is even larger for the warmer case due to larger amounts of water vapour
available for depositional growth at higher temperatures and pressures.
On the other hand, bFULL100_seed confirms the zonally averaged IC radii decrease from Figure 3.6 k and l for the schemes that allow competition between homogeneous and heterogeneous freezing (Figure 3.7 f). In both bFULL100_ref and
bFULL100_seed RHice never exceeds the critical value for homogeneous freezing.
All of our ICs in Figure 3.7 c form heterogeneously through deposition nucleation or
immersion freezing on dust aerosols. The heterogeneous nucleation events are in
the simulated conditions limited by the number of INPs and not RHice . The simulated
seeding event consequently does not suppress the total number of ICs formed. The
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Box model simulations of cirrus formation with three different setups.

bHOM300 (a, d): pressure = 300 hPa, temperature = -45◦ C, RHice = 100%, and constant updraft = 10 cm/s. bHOM100 (b, e): same as bHOM300 but with pressure = 100 hPa and temperature = -63◦ C. bFULL100 (c, f): same as bHOM100 but including the heterogeneous cirrus
formation and pre-existing ICs. The reference simulations are always shown as dotted lines
and the seeding simulations as solid lines. Note the different timescale for the bFULL100 example. The bottom plots represent the IC radius for pre-existing ICs (PREEX), ICs formed on
either seeded INPs (SEED), pure dust INPs (DEPO), or coated dust INPs (IMM), and homogeneously formed ICs (HOM).

efficient seeding INPs in bFULL100_seed nucleate ICs as soon as RHice exceeds
105%. The water vapour starts to deposit on the seeded ICs, delaying the nucleation
of ICs that subsequently form on dust aerosols and limiting their growth (Figure 3.7 f).
Similarly, the growth of pre-existing ICs is slower after the seeded ICs are formed.

3.3.5

Importance of microphysical changes for radiation

We find the two main microphysical changes in seeded cirrus clouds to be the decrease in ICNC and the decrease in IC radius, and, macrophysically, an increase in
cirrus cloud cover. We analyze their contributions to the TOA radiative anomalies with
the help of the radiation routine double calls for the example of a globally uniform
seeding with 1 INP L–1 with the FULL setup. The first radiative transfer calculation is
performed by changing one of the parameters, which is followed by a second radiation
call with the reference (unseeded) value of the parameter. We attribute the difference
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in radiative balance between the two calls to the change of the selected parameter
only, not allowing for any adjustments. We evaluate the radiative balance for a uniform decrease of the IC effective radius (REFFI) of 5 μm, a decrease of ICNC of 5%,
and a change in ice cloud cover of 1.5% as suggested by Figure 3.6 l, c and derived
from Figure 3.6 f. The change in REFFI contributes to a positive net TOA anomaly
of 0.18 W m–2 , while we diagnose a negative anomaly of -0.05 W m–2 caused by the
ICNC decrease. The higher sensitivity to REFFI originates from the way radiation interacts with microphysical properties. A decrease in ICNC at a constant ice water
content (IWC) corresponds to an increase in REFFI (equation 3.1). As an example, a
5% decrease in ICNC translates into a 2% increase in REFFI. The calculated REFFI
decrease of 5 μm corresponds to a decrease of 7 - 25%. We diagnosed that already
a decrease in REFFI by around 0.5 μm would counteract the observed 5% ICNC decrease.


REFFI ∝

IWC

0.4

ICNC

(3.1)

The radiative effect associated with 1.5% change in cloud cover is about 0.05 W m–2 ;
however, as the change in cloud cover in the radiation double call is obtained by keeping IWC constant, the diagnosed cirrus cloud radiative effect might not be realistic. In
summary, the radiative balance is more sensitive to changes in IC radius than to ICNC
or cloud cover. As we cannot explain the energy budget only with these three contributions, we assign the remaining negative energy deficit to feedbacks in the climate
system, which we cannot estimate from double radiation calls.

3.4

Conclusions

We studied the susceptibility of cirrus clouds to seeding with efficient ice nucleating
particles (INPs) using ECHAM-HAM GCM. Unlike previous studies by Mitchell and
Finnegan (2009) and Storelvmo and Herger (2014) we do not achieve a significant
climatic effect by seeding cirrus clouds. Our results in general agree and extend the
main findings of Penner et al. (2015) who also found no net TOA radiative cooling.
Our FULL seeding scenario with 1 seeding INP L–1 achieves an insignificant decrease
in TOA radiative balance of -0.25 ± 0.34 W m–2 . As there is no change in cirrus CRE
(-0.02 ± 0.10 W m–2 ) we assign the small negative anomaly to climatic adjustments.
All of our simulations with the full cirrus scheme taking into account pre-existing ICs
(FULL scheme) or not (HOMHET) and the scheme considering homogeneous freezing
only (HOM) simulate smaller negative radiative anomalies than Storelvmo and Herger
(2014).
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In contrast with Storelvmo and Herger (2014), we observe a decrease in IC radius,
which is crucial for understanding the lack of negative radiative anomalies as the radiative balance is very sensitive to changes in IC radius. This decrease in radius more
than outweighs the negative radiative anomalies by an ICNC decrease. Moreover, we
observe an increase in cirrus cloud cover after seeding: efficient INP convert large
fractions of supersaturated clear-sky areas to cirrus clouds.
The box model simulations help us to attribute the IC radius decrease to the water
vapour consumption by the seeded ICs, decreasing the size of the remaining ICs.
Storelvmo and Herger (2014) observe a decrease in IC radius only in their scenario
where cirrus clouds can be formed by heterogeneous freezing on INPs only, which
suggests a large relative importance of heterogeneous ICs formation in our model.
We also show the relative contributions of freezing mechanisms to the ICs in cirrus
clouds in ECHAM-HAM GCM. Most of our ICs are formed by heterogeneous nucleation (deposition and immersion freezing on dust aerosols), even at high latitudes.
The heterogeneous ratio is particularly large close to the dust sources of Sahara and
Australia and in their outflow region. Homogeneous nucleation prevails only in the
tropopause cirrus layer in the tropics and in mountain regions, while convective outflow ICs are important in the ITCZ and at lower levels. The results agree with the
preliminary findings of a remote sensing study by Mitchell et al. (2015) and in situ observations by Cziczo et al. (2013).
Cirrus clouds in our model cause a positive full-sky cloud radiative effect (CRE) of
5.7 ± 0.05 W m–2 in the global TOA average, larger compared with satellite-based
studies of Chen et al. (2000) and Hartmann et al. (1992). The large TOA radiative
effect of cirrus confirms the cirrus cloud geoengineering potential in counteracting the
Earth’s increasing energy balance. However, our study does not support previous findings of cirrus cloud seeding as an effective geoengineering method.
Large uncertainties in both observations and modelling of cirrus clouds place some
doubt on all cirrus seeding studies. Despite a significant progress in scientific understanding of cirrus clouds in the past years (Krämer, 2009; Cziczo et al., 2013;
Krämer et al., 2016), we are still lacking global cirrus observations to better constrain
the large spread in ice cloud modelling (Li et al., 2012). We welcome the large interest
in the modelling community to simulate cirrus seeding’s climatic impacts (Kravitz et al.,
2015), but at the same time we recognise the need to invest more effort in understanding of underlying microphysical mechanisms and constraining the models with
new observational findings on ice clouds.
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Abstract
The complex microphysical details of cirrus seeding with ice nucleating particles (INPs)
in numerical simulations are often mimicked by increasing ice crystal sedimentation
velocities. So far it has not been tested whether these results are comparable to geoengineering simulations in which cirrus clouds are seeded with INPs. We compare
simulations where the ice crystal sedimentation velocity is increased at temperatures
colder than -35◦ C with simulations of cirrus seeding with INPs using the ECHAMHAM general circulation model. The radiative flux response of the two methods shows
a similar behaviour in terms of annual and seasonal averages. Both methods decrease surface temperature but increase precipitation in response to a decreased atmospheric stability. Moreover, simulations of seeding with INPs lead to a decrease in
liquid clouds, which counteracts part of the cooling due to changes in cirrus clouds.
The liquid cloud response is largely avoided in a simulation where seeding occurs during night only. Simulations with increased ice crystal sedimentation velocity, however,
lead to counteracting mixed-phase cloud responses. The increased sedimentation velocity simulations can counteract up to 60% of the radiative effect of CO2 doubling

with a maximum net top-of-the-atmosphere forcing of -2.2 W m–2 . They induce a 30%

larger surface temperature response, due to their lower altitude of maximum diabatic
forcing compared with simulations of seeding with INPs.
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Introduction

Cirrus seeding is a proposed geoengineering method to decrease the occurrence of
cirrus clouds by changing their optical properties. Cirrus clouds on average have a
stronger longwave (LW) than shortwave (SW) effect on the radiative balance, leading
to a positive net cloud radiative effect (CRE), as estimated from satellite data (Hartmann et al., 1992; Chen et al., 2000; Futyan et al., 2005; Hong et al., 2016; Matus and
L’Ecuyer, 2017), in situ lidar observations (Kienast-Sjögren et al., 2016), and global
modelling studies (Gasparini and Lohmann, 2016). Thus a reduced amount of cirrus clouds will increase the amount of outgoing longwave (LW) radiation (Mitchell and
Finnegan, 2009) and thereby cool the climate. Cirrus CRE has a pronounced seasonal
and daily cycle, with higher values in the winter hemisphere (or at night) where the reflection of SW radiation is limited by the lack of insolation. We define cirrus clouds as
all clouds that form at temperatures lower than -35◦ C with no additional altitude criteria.
Two microphysical formation pathways of cirrus clouds exist:
• Homogeneous freezing of solution droplets occurs at high relative humidities
with respect to ice (RHice ) and can lead to a large number of ice crystals (ICs)
depending on temperature and updraft velocity (Kärcher and Lohmann, 2002). If
their concentration is large, their growth is limited, as they rapidly consume the
available water vapour (Ickes et al., 2015).
• Heterogeneous freezing can occur in the presence of effective INPs which lowers
the freezing energy barrier, allowing droplets to freeze at lower RHice and/or
smaller updraft velocities (Kärcher and Ström, 2003; Hoose and Möhler, 2012).
Heterogeneous ice nucleation can suppress homogeneous nucleation in conditions
of slow updrafts, commonly found in the upper troposphere (Jensen et al., 2016b;
Kärcher and Ström, 2003), resulting in optically thinner and shorter-lived cirrus clouds.
A modelling study by Lohmann et al. (2008) showed that the global net top-of-theatmosphere (TOA) radiative balance can change by up to 2.8 W m–2 as a result of
a complete shift from homogeneous to heterogeneous cirrus formation (the numbers
are reported in Mitchell and Finnegan (2009)). As the upper tropospheric INP number
concentrations is limited (DeMott et al., 2003), only few ICs can nucleate heterogeneously and consequently grow to larger sizes (Kuebbeler et al., 2014).
A large fraction of cirrus clouds at temperatures warmer than -60◦ C is found to have
formed from homogeneous nucleation of cloud droplets in convective clouds forming
anvil cirrus (Jensen et al., 2015). These cannot be modified by seeding of INPs as
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their formation is dominated by strong updraft velocities (Penner et al., 2015). In addition, ICs in warm cirrus in the extratropics often form by heterogeneous freezing of
cloud droplets in mixed-phase clouds, which are subsequently advected to cirrus conditions (Luebke et al., 2016; Wernli et al., 2016; Voigt et al., 2016). Cirrus seeding
can perturb only the nucleation of ice crystals in supersaturated cloud-free conditions
(in-situ formed cirrus) and their subsequent initial growth.
Cirrus seeding tries to modify the competition between homogeneously and heterogeneously formed ICs by artificial injections of efficient INPs with the goal of cooling
the climate. Modelling studies by Storelvmo and Herger (2014) and Storelvmo et al.
(2014) suggested that cirrus seeding can decrease the net TOA radiative balance by
up to 2 W m–2 or decrease the surface temperature by up to 1.4 ◦ C. On the other hand,
a study by Penner et al. (2015) showed no significant net radiative change as a result
of seeding due to a larger concentration of upper tropospheric INPs in their reference
climate, no upper limit on the subgrid-scale updraft velocities, and the inclusion of the
competition of pre-existing ICs for the available water vapour. Gasparini and Lohmann
(2016) also found an insignificant radiative response to cirrus seeding in their simulations. They attributed it to a decrease in IC radius and an increase in cirrus cloud
cover by forming new cirrus in previously cloud-free ice supersaturated regions.
As it is computationally demanding to simulate the detailed cirrus microphysical processes, climatic responses of seeding are often represented by increasing the IC sedimentation velocity in cirrus clouds (Muri et al., 2014; Crook et al., 2015; Jackson et al.,
2016). Increasing the IC sedimentation velocity can, analogous to seeding, decrease
the amount of cirrus cloud cover, ice water content (IWC), and ice crystal number concentration (ICNC). Such a modelling strategy was also selected by the Geoengineering
Model Intercomparison Project (Kravitz et al., 2015). However, it has never been systematically analysed whether this method leads to results comparable to seeding with
INPs.
In this paper we compare the radiative, microphysical, and climatic responses between
the increased sedimentation velocity and seeding simulations with the help of suitable
INPs. We point out differences between the two setups, examine liquid and mixedphase cloud responses to changes in cirrus clouds, and show geographical areas
where both ways of simulating cirrus geoengineering are most effective. We also
evaluate the maximum effect of the increased sedimentation velocity schemes.
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Methods
Model setup

We use the ECHAM6-HAM2 aerosol–climate model (Stevens et al., 2013; Zhang et al.,
2012; Neubauer et al., 2014) with a horizontal resolution of 1.875◦ × 1.875◦ , 31 vertical levels, and a model timestep of 6 minutes. The model top is at 10 hPa. The
level thickness at typical cirrus altitudes varies between 500 and 1000 m. The twomoment aerosol scheme (Vignati et al., 2004; Stier et al., 2005) interactively simulates
aerosol emissions and their growth, coagulation and sink processes in terms of their
number and mass mixing ratios. The model uses a two-moment cloud microphysics
scheme with prognostic equations for cloud liquid and ice mass mixing ratios as well
as cloud droplet and ice crystal number concentrations (Lohmann et al., 2007). The
cirrus nucleation scheme by Kärcher et al. (2006) simulates the competition between
homogeneous freezing, heterogeneous freezing, and deposition of water vapour on
pre-existing ICs. Heterogeneous freezing occurs via deposition nucleation of insoluble coarse and accumulation mode dust aerosols or immersion freezing of internally
mixed (coated) dust aerosols based on laboratory measurements by Möhler et al.
(2006, 2008b). The formulation of vertical velocity used for cirrus cloud formation considers the large-scale velocity field and a subgrid-scale contribution derived from the
turbulent kinetic energy. The latter is replaced by a gravity wave parametrisation by
Joos et al. (2008) over mountain regions. The detailed implementation of the cirrus
formation scheme in the ECHAM-HAM general circulation model has been described
in Kuebbeler et al. (2014) and Gasparini and Lohmann (2016).
We use the convective mass flux scheme of Tiedtke (1989) with modifications for deep
convection from Nordeng (1994), which is an important source of detrained cloud ice
leading to frequent anvil cirrus formation. The model grid boxes are considered partially cloudy above a certain relative humidity threshold, and fully cloud covered when
relative humidity reaches 100%, following Sundqvist et al. (1989).

4.2.2

Experimental setup

For the idealised seeding scenario we perform simulations where the sedimentation
velocity of all ICs at temperatures below -35◦ C is increased by factors of 2 (simulation VEL2), 4 (VEL4), and 8 (VEL8), and two simulations where the sedimentation
velocity is either always set to 2 m s–1 (VELmax) or only during night (VELmaxN).
The maximum sedimentation velocity ICs can achieve in our model is 2 m s–1 . The
sedimentation velocity increase applies for all the cirrus ICs, regardless of their microphysical origin. We always show anomalies with respect to the unperturbed reference
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Figure 4.1: Ice crystal sedimentation velocities as a function of IC radius for the selected atmospherically relevant conditions in ECHAM-HAM (Spichtinger and Gierens, 2009). The black
vertical line represents the maximum radius ice crystals can have before they are transferred
to the precipitating snow category.

simulation (REF). Fig. 4.1 shows the relation of IC size and their sedimentation velocity following the formulation by Spichtinger and Gierens (2009) for typical upper
tropospheric conditions in the tropics. The upper sedimentation velocity limit of 2 m
s–1 used in ECHAM-HAM does not significantly influence our results, as ICs with radii
smaller than 90 μm in atmospherically relevant conditions do not sediment faster than
approximately 0.3 m s–1 . Only an IC of about 1 mm radius would fall with a velocity of
about 2 m s–1 (Figure C1). Moreover, ice crystals larger than 90 μm are transferred
from ice into snow (Levkov et al., 1992) and precipitate out of the atmosphere within
one model time step.
For the realistic seeding scenarios, we performed five simulations of globally uniform
continuous seeding in areas with temperatures colder than -35◦ C as described by
Gasparini and Lohmann (2016). In our simulations we either increase the cirrus IC
sedimentation velocity or seed with geoengineered INPs, which sediment with the
size-dependent sedimentation velocities (Spichtinger and Gierens, 2009). In SEED
simulations we use INPs with the modal radius of 0.5 μm, while in SEEDr50 simulations the radius is increased to 50 μm. In this way we overcame the cloud cover
increase and IC radius decrease that we see when seeding with 0.5 μm particles
(Gasparini and Lohmann, 2016). We do not go beyond a radius of 50 μm despite the
fact that using even larger INP sizes would likely result in larger climatic impacts. As
the injected particle mass increases cubically with particle size, its practical use will be
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Table 4.1: Simulation terminology and their respective cirrus geoengineering methods.
Simulation

Sim. length [y]

IC sedimentation

seed INP conc. [L–1 ]

seed INP radius [μm]

fixed SST
REF

10

/

/

/

VEL2

10

2 x ref

/

/

VEL4

5

4 x ref

/

/

VEL8

5

8 x ref

/

/

VELmax

5

set to 2 m/s

/

/

VELmaxN

5

set to 2 m/s at night

/

/

VEL2all

5

2 x ref (all ICs)

/

/

T<-50◦ C)

VELmax-50

5

2 x ref (at

/

/

SEED0.1

5

/

0.1

0.5

SEED0.3

5

/

0.3

0.5

SEED1

5

/

1

0.5

SEED3

5

/

3

0.5

SEED10

5

/

10

0.5

SEED30

5

/

30

0.5

SEED100

5

/

100

0.5

SEED0.1r50

5

/

0.1

50

SEED0.3r50

5

/

0.3

50

SEED1r50

10

/

1

50

SEED3r50

5

/

3

50

SEED10r50

5

/

10

50

SEED30r50

5

/

30

50

SEED100r50

5

/

100

50

SEED1r50N

10

/

1 at night

50

SEED1r5

5

/

1

5

SEED1r10

5

/

1

10

SEED1r20

5

/

1

20

REF

50

/

/

/

SEED1r50

50

/

1

50

SEED1r50N

50

/

1 at night

50

VEL2

50

2 x ref

/

/

VEL2all

50

2 x ref (all ICs)

/

/

VELmax-50

50

2 x ref (at T<-50◦ C)

/

/

Mixed layer ocean (MLO)

limited due to the needed delivery into the upper troposphere and shorter atmospheric
residence time. We seed all areas supersaturated with respect to ice at temperatures
below -35◦ C with 0.1, 0.3, 1, 3, 10, 30, and 100 INPs L–1 (consequently we name the
simulations as SEED0.1r50, SEED0.3r50, SEED1r50, etc., see Table 4.1), which nucleate in deposition mode at RHice as low as 105% (Mitchell and Finnegan, 2009). In
addition, we simulate a scenario where 50 μm INP of 1 INP L–1 is applied only during
night (SEED1r50N). It is important to note that we only modify in situ-formed cirrus
and not the convective anvil clouds as in situ deposition nucleation does not occur in
anvils. Furthermore, the injected INPs do not interact with radiation and cannot directly
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influence mixed-phase or liquid clouds.
In addition to the standard model radiative fluxes, we separately diagnosed the cloud
radiative effect contribution of clouds at temperatures colder than -35◦ C (cirrus cloud
radiative effect, cCRE) with the help of the double call of the radiation routine. Similarly,
we diagnosed mixed-phase cloud radiative effects (mpCRE) for all clouds at temperatures between -35◦ C and 0◦ C independent of their cloud phase, and liquid cloud
radiative effects (liqCRE) for clouds at temperatures above the freezing level.
All simulations are after a 3-month model spin-up run for 5 years with fixed sea surface
temperatures (SSTs) to study radiative flux anomalies and fast responses to seeding.
Simulations SEED1r50 and VEL2 are extended to 10 years to increase the statistical
robustness of the results. They are additionally simulated in the mixed layer ocean
(MLO) setup in order to study long-term microphysical and climatic responses, especially temperature and precipitation. The MLO simulations are run for 50 years, but we
only assess the anomalies of the last 30 simulated years, after the model has reached
an equilibrium. A list of all simulations and their specifications can be found in the
Table 4.1. The significance is calculated based on a double-sided Welch’s t-test at the
95% significance level.

4.3
4.3.1

Results
Cirrus geoengineering

Increased sedimentation velocity
The radiative effects decrease exponentially with the increase in sedimentation velocity (Fig. 4.2a) as already noted by Jackson et al. (2016). This is because the cirrus
CRE always decreases by about 30% when doubling the IC sedimentation velocity, i.e.
comparing REF with VEL2, VEL2 with VEL4, or VEL4 with VEL8 (Table 4.2). In the
VELmax simulation increasing IC sedimentation velocities in cirrus to 2 m s–1 leads to
a negative net TOA radiative balance anomaly of -2.20 W m–2 ± 0.26 W m–2 which
corresponds to about 60% of the radiative forcing induced by the doubling of the CO2
concentrations (Stocker et al., 2013).
In VELmaxN we only increase the IC sedimentation velocity in cirrus during night,
which leads to an overall (considering day and night) 15-20% smaller radiative effect
decrease compared with VELmax . The result is consistent with the cirrus CRE diurnal cycle diagnosed from the model, which reaches 8 W m–2 in the global annual
average at night and 1 W m–2 during day, when cirrus reflect part of the incoming SW
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Figure 4.2: Five-year TOA anomalies of net radiative fluxes (NET) and net cirrus cloud radiative effects (cirrus CRE) from fixed SST simulations of seeding with increased sedimentation
velocities (a). b) shows net radiative fluxes and cirrus CRE for seeding simulations with different 0.5 μm sized INPs, while c) shows the equivalent for seeding with 50 μm INPs. The stars
in c) show results from the SEED1r50N simulation with seeding performed only at night where
the red star represents the net anomaly and the black one cirrus CRE anomaly. The error bars
represent ± 2 standard deviations.
Table 4.2: Cirrus geoengineering CRE anomalies in W m–2 with respect to REF (first column)
or with respect to the simulation with two times smaller ICs sedimentation velocities (second
column) for fixed SST simulations. The last column represents the relative fraction of the cirrus
cloud radiative effect (cCRE) anomaly with respect to the remaining cCRE.
ΔcCRE [W m–2 ]

Δ remaining cCRE [W m–2 ]

Δ remaining cCRE [%]

VEL2

-1.43

-1.43

-33%

VEL4

-2.40

-0.97

-33%

VEL8

-2.98

-0.58

-30%

radiation (Fig. 4.3). The VELmax simulation, which sets the cirrus IC sedimentation
velocity to the unrealistically high value (Fig. 4.1), shows that globally uniform cirrus
cloud thinning can reduce the cirrus CRE by about 3.3 W m–2 which is equivalent to
∼75% of its full value (Table 4.3).

Cirrus seeding with ice nucleating particles
In the SEED simulations we inject seeding INPs of 0.5 μm radius at every model time
step in areas with temperatures colder than -35◦ C. We see no significant radiative
response for concentrations of up to 1 INP L–1 (Fig. 4.2b), while a net TOA positive
radiative anomaly develops by seeding with more than 3 INPs L–1 (overseeding) as
explained in detail in Gasparini and Lohmann (2016). With an increased radius of
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Figure 4.3: Five-year all-sky TOA anomalies of net cirrus cloud radiative effects (cirrus CRE)
for the reference (unseeded) fixed SST simulation in annual average (a) and when computed
only during day (b) and night (c). The day/night definition is based on the solar zenith angle,
where day includes all grid boxes with the sun above the horizon. Panel (a) is reproduced with
slight modifications from Gasparini and Lohmann (2016).

20 and 50 μm (simulations SEEDr20 and SEEDr50) and a seeding concentration of
1 INP L–1 , we achieve a significant negative TOA radiative anomaly of -0.46 ± 0.14
W m–2 and -0.85 ± 0.40 W m–2 , respectively (Fig. 4.2c and Table 4.4). Seeding
with large INPs leads to larger newly formed heterogeneous ICs and therefore avoids
their decrease in size as observed in Gasparini and Lohmann (2016). Moreover, the
initial increase in cloud cover by seeding of ice-supersaturated clear-sky regions with
efficient INPs is outweighed by the large increase in the IC sedimentation velocities,
which leads to a net cirrus cloud cover decrease (Fig. 4.5a).
Large INPs have a shorter atmospheric lifetime because of the quadratic dependence
of particle fall speed on particle radius where the impact of turbulence can be neglected as we are in Stokes regime. For instance, the vertical velocity of a 0.5 μm
aerosol particle (considering a density of 2500 kg m–3 , similar to dust aerosols) in
the upper troposphere is ∼10–4 m s–1 , while a 50 μm particle falls with a velocity of
1 m s–1 . On the other hand, the probability of one INP to freeze in a given time as
described by the classical nucleation theory depends on the INP’s surface area which
increases quadratically with particle size. Quadratic fall speed velocity and freezing
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Table 4.3: Net cirrus cloud radiative effects (cCRE) from the fixed SST REF simulation of
all clouds at temperatures colder than the one stated in the left column. The right column
represents the percentage contribution to the total cCRE.
Temp [◦ C]

cCRE [W m–2 ] percentage [%]

-35

4.35

100

-40

3.42

79

-45

2.49

57

-50

1.73

40

-55

1.22

28

-60

0.83

19

-65

0.53

12

-70

0.34

8

Table 4.4: Top-of-the-atmosphere net radiative balance (Fnet ) anomalies in W m–2 for cirrus
seeding with 1 INP L–1 with varying INP radius and the ± 2 standard deviation range for fixed
SST simulations.
SEED1

SEED1r5

SEED1r10

SEED1r20

SEED1r50

ΔFnet [W m–2 ] 0.30 ± 0.30 0.01 ± 0.44 -0.03 ± 0.41 -0.46 ± 0.14 -0.85 ± 0.40

probability increases cancel each other out leading to no change in the concentration
of ICs formed on geoengineered INPs when they increase in size.
The large size of seeding INPs also increases the deposition flux of water vapour onto
the INP leading to a more effective drying of the upper atmosphere. The largest disadvantage of seeding with large INPs is the cubic dependence of particle mass on
its radius: an increase in radius from 0.5 to 50 μm increases its mass by a factor of
106 , making the transport of the seeding material to the upper troposphere much more
challenging. Additionally, the seeding frequency of the large INPs would probably need
to be larger compared with the small INPs seeding, due to their faster sedimentation.
The radiative anomalies obtained by injecting 0.3 or 3 INPs L–1 of 50 μm radius are
-0.66 ± 0.35 W m–2 and -0.77 ± 0.27 W m–2 and thus are not significantly different
from those with injecting 1 INP L–1 (Fig. 4.2c). The effective seeding range with similar results thus spans over about an order of magnitude of INP concentrations. The
response from a simulation with large particle seeding only at night (SEED1r50N) with
a net TOA radiative anomaly of -0.91 W m–2 is similar to the one from SEED1r50.
Interestingly, our cirrus clouds respond differently compared to what has been described in Storelvmo and Herger (2014). A solar zenith-angle-dependent seeding scenario which seeds about 40% of the earth’s surface leads, unlike the cited study, to
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only about half of the radiative flux anomaly compared with the globally uniform seeding scenario SEED1r50. The difference probably originates from the radiative effects
of the cirrus clouds in ECHAM-HAM, which show a peak over the tropics (Fig. 4.3)
and, differently from Storelvmo and Herger (2014), a large proportion of tropical cirrus
clouds are formed by homogeneous freezing (Gasparini and Lohmann, 2016).

Figure 4.4: Annually averaged anomalies for top-of-the-atmosphere (TOA) energy fluxes (a,c),
precipitation (P), and temperature (T) (b,d) and selected quantities of the hydrological cycle (e):
liquid water path (LWP), ice water path (IWP), precipitable water (PWAT), ice crystal number
concentration (ICNC), cloud droplet number concentration (CDNC). Panels a) and b) show
anomalies from fixed SST simulations, while panels c), d), and e) show those from mixed layer
ocean (MLO) simulations. The error bars represent the ± 2 standard deviation range.

4.3.2

Response comparison

Radiative and microphysical responses
We now focus on the climatic and microphysical responses of the seeding with
1 INP L–1 (SEED1r50) and increased sedimentation velocity (VEL2) scenarios due
to their similar TOA net radiative flux anomalies (∼ -0.8 W m–2 , Fig. 4.4a) in 10-year
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fixed SST simulations. Both geoengineering simulations show a positive anomaly in
net SW TOA fluxes, due to a smaller SW CRE, i.e. less SW radiation reflected by
cirrus clouds. The LW radiation budget, on the other hand, is more negative due to
the increased outgoing LW radiation in response to a decrease in cirrus cloud cover.
The radiative changes result in increased tropospheric cooling, decreasing the atmospheric stability, increasing convection, and leading to a precipitation increase of about
1% for both VEL2 and SEED1r50 (Fig. 4.4b).
Interestingly, the simulation SEED1r50N leads to a slightly larger net TOA radiative
anomaly, which is different from the comparison of VELmaxN and VELmax simulations and counterintuitive as the cirrus cloud radiative effects (cCRE) in ECHAM-HAM
on average are also positive during the day. However, while the impact of increasing
the sedimentation velocity only during night ceases immediately when the sun appears
above the horizon, the seeding of INPs has some inertia. The effective cirrus cloud lifetime is in the range of several hours as diagnosed from our model, with values around
6 h in the tropical tropopause region. This is shorter compared with available studies
which estimated it to 12-30 hours (Luo and Rossow, 2004; Jensen et al., 2011; Gehlot
and Quaas, 2012). We therefore expect the seeded clouds to prevent the formation of
homogeneous cirrus also some hours after sunrise, when the sun is low on the horizon
and the cirrus LW warming effect significantly outweighs the cooling by the scattering
of the SW radiation. Moreover, the simulation SEED1r50N avoids the warming effect
induced by a response of liquid clouds to seeding during the day, as described in the
Sect. 4.3.2.
From now on we focus only on the 30-year MLO simulation anomalies. The surface
temperature decrease in response to changes in the atmosphere results in a more stable lower troposphere compared with fixed SST simulations. This overcompensates for
the fast (surface temperature independent) precipitation response in Fig. 4.4b, leading
to a small decrease in global average precipitation for both scenarios (Fig. 4.4d).
Cirrus cloud cover decreases in both simulations (Fig. 4.5 a,b) with maximum anomalies between 7 (extratropics) and 15 km (tropics) altitude. The maximum decrease
occurs at about 11 km altitude amounting to 4% in SEED1r50, whereas the decrease
is about 3-4 times smaller in the VEL2 scenario (Fig. 4.5e). Both simulations show an
IWC anomaly of about -0.2 to -0.5 mg kg–1 in the upper troposphere, corresponding
to about 20-50% of the total IWC there (Fig. 4.5 p,q,t). However, the IWC decrease
in VEL2 is followed by an increase in IWC of a similar magnitude in the mixed-phase
cloud regime at temperatures warmer than -35◦ C, where the IC sedimentation velocity
is restored to the reference value.
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Figure 4.5: Annually averaged anomalies of cloud cover (Cldcov, a-e), relative humidity with
respect to liquid water (RH, f-j), temperature (Temp, k-o), all-sky ice water content (IWC, p-t),
all-sky ice crystal number concentration (ICNC, u-y), and all-sky ice crystal effective radius
(REFFI, z-dd) for the SEED1r50 and VEL2 MLO simulations (see Table 4.1). The green curve
represents the tropopause, and the black curves the -35◦ C and the 0◦ C isolines. The hatching
is applied for anomalies not significant at the 95% confidence level. On the right-hand side the
anomalies are averaged over latitude and longitude.
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The IWP and ICNC pattern in VEL2 are a result of an unrealistic redistribution of ice
mass and number concentration to lower levels (Fig. 4.5 q,v), while in SEED1r50 (Fig.
4.5z) the large, newly formed ICs quickly grow by vapour deposition to sizes large
enough to precipitate and be removed from the atmosphere. Moreover, the convectively detrained ICs dominate ICNC at locations below about 250 hPa in our model
(Gasparini and Lohmann, 2016). Including new freezing INP in the environment by
either convection or heterogeneous IC nucleation only redistributes the same amount
of vapour between more particles as explained in Gasparini and Lohmann (2016),
leading to a decrease in IC radii. The ice water path (IWP) decreases by about 7% in
SEEDr50 but only by about 1.5% in the VEL2 simulation (Fig. 4.4e). In SEED1r50 the
effect of quickly sedimenting large ICs from cirrus levels to some extent also affects
the ICs in mixed-phase clouds, leading to a small IWC decrease also at temperatures
warmer than -35◦ C (Fig. 4.5k).
On the other hand, in VEL2 the redistribution of IWC and ICNC from the cirrus levels
to warmer temperatures leads additionally to a mixed-phase cloud glaciation effect:
the cloud droplet number concentration (CDNC) at temperatures between -35◦ C and
0◦ C therefore decreases at the expense of the additional increase in ICNC. This leads
to a globally averaged liquid water path decrease by about 3%, CDNC drop by 1%,
and ICNC increase by 7% (Fig. 4.4e and Fig. 4.6b). In VEL2 the ICs at cirrus levels
fall faster and have therefore less time available for depositional growth, leading to a
decrease in their size (Fig. 4.5aa), confirming the results of Muri et al. (2014)
The decrease in cirrus cloud cover changes the atmospheric diabatic heating, leading to an upper tropospheric cold anomaly of about 1◦ C in both simulations (Fig. 4.5
k,l,o). Interestingly, the location of the maximum anomaly and its vertical extent differ significantly between SEED1r50 and VEL2. The peak temperature decrease in
SEED1r50 is concentrated in the tropical tropopause region, while VEL2 shows an
elongated negative temperature anomaly extending to about 7 km altitude. The reason for this 5 km difference in the altitude of peak cooling is most likely related to
the inability of seeding to influence the convectively formed and other liquid origin cirrus clouds, which dominate at temperatures warmer than -50◦ C (Voigt et al., 2016).
Conversely, in the simulation VEL2 all cirrus ICs are affected by the increased sedimentation regardless of their origin. Considerably larger TOA SW and LW radiative
flux anomalies in SEED1r50 compared to VEL2 occur at a higher altitude in addition to
the maximum radiative forcing anomaly (Fig. 4.4c). Moreover, in SEED1r50 the destabilisation of the upper troposphere leads to increased vertical velocities and increased
tropical tropopause and stratospheric specific humidities. This implies higher cooling
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rates dominated by the LW emissivity of water vapour (Clough and Iacono, 1995), and
explains part of the tropical tropopause and the stratospheric temperature signal.

Figure 4.6: Annually averaged all-sky anomalies of the cloud droplet number concentration
(CDNC, a,b) and liquid water content (LWC, c,d) for the SEED1r50 and VEL2 fixed SST simulations (see Table 4.1). The black curves are the -35◦ C and the 0◦ C isolines. The hatching is
applied for anomalies not significant at the 95% confidence level.

Other cloud responses to seeding
The anomalies of cCRE are almost a factor of 2 larger than the net TOA balance
anomalies (Fig. 4.2) or net TOA CRE anomalies (Fig. 4.4) as evaluated from the
fixed SST setup, where the TOA radiative fluxes do not reach a new equilibrium. The
additional diagnostics of liquid and mixed-phase CRE (Table 4.5) point at additional
cloud responses to cirrus geoengineering that exert a positive radiative forcing and
thus weaken the effect of cirrus geoengineering. We note that the additional CRE decomposition is performed in a fixed SST simulation setup, which, however, leads to
cloud responses that are very similar to the corresponding MLO simulations.
The VEL2 simulation leads to a redistribution of ice from the cirrus to the lower lying mixed-phase regime, exerting a positive mixed-phase cloud forcing of about 0.5
W m–2 (Fig. 4.5q and Table 4.5). Changes in vertical stability lead to an increase in
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Table 4.5: Top-of-the-atmosphere net cloud radiative effect anomalies of cirrus geoengineering with the individual contributions from cirrus clouds (cCRE, for temperatures <-35◦ C), mixedphase clouds (mpCRE, -35◦ C < T < 0◦ C), and liquid clouds (liqCRE, T > 0◦ C) for the VEL2,
SEED1r50, and SEED1r50N fixed SST simulations. The radiative anomalies are further divided into their LW and SW components (shown in parentheses).
simulation

ΔliqCRE (LW, SW) [W m–2 ]

ΔmpCRE (LW, SW) [W m–2 ]

ΔcCRE (LW, SW) [W m–2 ]

VEL2

0.09 ± 0.38 (0.02, 0.07)

0.41 ± 0.12 (0.82, -0.42)

-1.43 ± 0.06 (-2.02, 0.60)

ΔtotCRE (LW, SW) [W m–2 ]
-0.84 ± 0.41(-1.47, 0.63)

SEED1r50

0.96 ± 0.25 (0.00, 0.96)

0.15 ± 0.10 (0.24, -0.10)

-1.63 ± 0.03 (-2.47, 0.84)

-0.82 ± 0.31 (-2.90, 2.08)

SEED1r50N

0.15 ± 0.14 (0.01, 0.14)

0.18 ± 0.18 (0.13, 0.04)

-1.06 ± 0.03 (-1.07, 0.02)

-0.95 ± 0.20 (-1.21, 0.26)

mid-level convection (Figure C2) and additionally contribute to the redistribution of ice.
These changes are responsible for part of the increases in ICNC burden associated
with the convectively detrained ICs (Fig. 4.4e and Fig. 4.5 v). The positive anomaly in
RH at 5-10 km (Fig. 4.5g) is concentrated in and just above areas of vertical velocity
increase (not shown), driven by changes in vertical temperature gradients (Fig. 4.5o).
Furthermore, in SEED1r50 an increase or intensification of convective activity, expressed by a 1.2% increase in globally averaged convective precipitation, leads to a
drying of the tropical planetary boundary layer and lower troposphere and a decrease
in liquid cloud cover (Fig. 4.5a). The cloud cover is directly related to RH (Sundqvist
et al., 1989); its decrease therefore leads to a cloud cover decrease, which decreases
also the all-sky water content and CDNC (Fig. 4.6 a,c and Fig. 4.4e). This exerts a
positive liquid CRE anomaly (Table 4.5), similarly to what was found in studies by Rieck
et al. (2012) and Sherwood et al. (2014). Interestingly, the shift from homogeneous to
heterogeneous ice nucleation leads to higher RH in the upper troposphere (Fig. 4.5f).
The heterogeneous nucleation and growth timescale is several times longer than the
homogeneous one (Köhler and Seifert, 2015), leading to slower vapour consumption
by depositional growth on ICs at our optimal seeding concentration of 1 INP L–1 .
The sedimentation of ICs into mixed-phase clouds leads to the IC growth by riming
of supercooled cloud droplets, also known as the seeder–feeder mechanism (Politovich and Bernstein, 1995). The seeder–feeder mechanism, reinforced by the additional growth of ice crystals at the expense of supercooled cloud droplets (WegenerBergeron-Findeisen process (Storelvmo and Tan, 2015)) leads to a depletion of CDNC
and LWC. A decrease in IC sedimenting flux from cirrus in SEED1r50 compared to
REF therefore leads to an increase in CDNC and LWC in mixed-phase cloud regime.
In the tropics, this process is contrasted by the large RH decrease (Fig. 4.5f), leading
to a decrease in cloud cover (Fig. 4.5a), and consequently also a small and non-
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significant decrease in all-sky CDNC and LWC in Fig. 4.6a.
By seeding cirrus clouds only at night (simulation SEED1r50N) we target their warming
LW CRE and obtain a similar net TOA flux anomaly (-0.88 ± 0.36 W m–2 ) without
significantly perturbing the SW balance as in other simulations (Table 4.5). Despite
obtaining a smaller annually averaged cCRE, the net radiative decrease at the TOA
is similar to the one in the simulation SEED1r50 (Fig. 4.2c). SEED1r50N triggers
only a small increase in convective activity (0.8% increase in convective precipitation
compared with 2.8% in SEED1r50) and thus limits the drying of the boundary layer
and the decrease in the liquid CRE (Table 4.5).

Cirrus cloud radiative effects and temperature
We separately diagnose cirrus cloud radiative effects from the two MLO simulations
(SEED1r50, VEL2) to evaluate the regions of highest seeding effectiveness. Both
scenarios produce similar net cCRE anomalies, which follow the climatological pattern of cirrus cloudiness and their radiative impacts at the TOA, having the largest
effect in the warm pool region, in storm tracks, and over orographic barriers (Fig. 4.7
a,b). In SEED1r50 the anomaly pattern shows an even more pronounced impact over
mountain regions and the tropical warm pool than in VEL2, corresponding to regions
dominated by homogeneously nucleated ICs (Gasparini and Lohmann, 2016).
Temperature anomalies in general follow the anomalies in cCRE and are about 3040% larger over land than over the ocean (Fig. 4.7 d,e). Yet, the temperature anomaly
in the Pacific warm pool area is an exception to this general trend, which needs to
be addressed in future studies. Moreover, both scenarios have larger responses in
high latitudes, with a cooling of almost 2◦ C in the annual average, similar to findings of Storelvmo et al. (2014) and Muri et al. (2014). The globally average surface
temperature decrease is about 30% larger in VEL2 (-0.68 ± 0.13◦ C) compared with
SEED1r50 (-0.49 ± 0.09 ◦ C). The difference is likely explained by the larger surface
forcing in VEL2 compared to SEED1r50 (-0.86 and -0.74 W m–2 , respectively), which
is the result of a lower altitude of the maximum diabatic cooling anomaly in VEL2 (Fig.
4.5o). The radiative response is further amplified by changes in precipitable water,
acting primarily in the tropics (Fig. 4.4e), and the sea ice feedback in high latitudes
(not shown).
Both cCRE and temperature anomalies have a strong seasonal cycle (Fig. 4.7 c,f).
The cooling is particularly pronounced in the winter hemisphere, and can exceed 3◦ C
in the Arctic or 2◦ C in the Antarctic winter. The high-latitude cooling is a combina-
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tion of atmospheric geoengineering and the ice–albedo feedback. The two scenarios
exhibit remarkably similar zonally averaged temperature responses with no significant
differences.
Interestingly, the SEED1r50N scenario leads to a 0.1◦ C larger globally averaged surface temperature cooling effect with a similar seasonality (Fig. 4.8a). The SEED1r50N
scenario is more effective in the tropical deep convective areas, which probably originates from differences in the response of liquid clouds (in SEED1r50 the liquid clouds
have a positive CRE anomaly, Table 4.5). The mid- and high-latitude temperature
anomaly pattern likely reflects changes in extratropical interannual climate variability modes. Most notably, we observe a significant Arctic cooling and warming in the
northern hemispheric midlatitudes (Fig. 4.8 b,c), associated with a pressure decrease
over the Arctic and increase over most of the midlatitudes (not shown), resembling a
positive Northern Annular Mode temperature signal (Thompson and Wallace, 2000).

Figure 4.7: Annually averaged anomalies of cirrus cloud radiative effect (cCRE, a,b) and surface temperature (Tsurf, c,d) from the SEED1r50 and VEL2 MLO simulations. The hatching is
applied for anomalies not significant at the 95% confidence level. Panels c) and f) show the
respective annual zonal averages for DJF (blue) and JJA (red).
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Figure 4.8: Annually averaged anomalies of surface temperature (Tsurf) for the SEED1r50N
simulation with respect to REF (a) or SEED1r50 (b). The hatching is applied for anomalies
not significant at the 95% confidence level. Panel c) shows the respective annual zonal average anomalies of SEED1r50N with respect to SEED1r50 for DJF (blue) and JJA (red). All
simulations are performed in the MLO setup.

4.3.3

Alternative modelling strategies to increased sedimentation
velocity

The INP seeding setup, as opposed to the increased sedimentation velocity setup,
does not allow modifications of lower lying liquid origin cirrus clouds, which are mainly
dynamically controlled anvils of convective clouds (Penner et al., 2015). Such clouds
most likely cannot be influenced by seeding as they are less sensitive to changes in
microphysics. The temperature of the boundary between liquid origin and in situ cirrus
is also latitudinally dependent: a study by Jensen et al. (2015) suggested this boundary to be rather close to -70◦ C in the tropics, with -50◦ C being more representative of
the midlatitudes (Voigt et al., 2016; Wernli et al., 2016).
In order to bridge the gap between increased sedimentation velocity and seeding simulations we performed an additional simulation using a lower temperature threshold
of -50◦ C to modify prevalently in situ-formed cirrus (VELmax-50). However, a large
proportion of cirrus clouds that strongly influence the global radiative budget resides
in the temperature range between -35◦ C and -50◦ C. The CRE of cirrus clouds colder
than -50◦ C is only 1.7 W m–2 as compared to the 4.4 W m–2 for all cirrus clouds according to our model (Table 4.3). Therefore, we need to set the sedimentation velocity
of ICs at temperatures lower than -50◦ C to the maximum allowed by the model (2 m
s–1 ) to obtain a similar, but with -0.4◦ C, significantly smaller globally averaged cooling
effect. Simulation VELmax-50 approximately reproduces the SEED1r50 cloud cover
anomaly pattern (Fig. 4.5 a,d,e) and upper tropospheric temperature anomalies (Fig.
4.5 k,n,o). However, in simulation VELmax-50 the IWC at temperatures warmer than
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-50◦ C increases substantially (Fig. 4.5s), leading to an increase in the ICNC and IWP
(Fig. 4.4e). The ICNC increases even at the tropical tropopause (Fig. 4.5 x), which
is a microphysical response to a decrease in temperature for up to 2◦ C in the same
region (Fig. 4.5 n) and can be eliminated by nudging the temperature in the seeded
simulation to the reference simulation values (not shown).
Interestingly, VELmax-50 exerts a smaller radiative flux and temperature perturbation
but a fast precipitation response comparable to the one in the VEL2 simulation (Fig.
4.4 a,b). Both the large fast precipitation response and the smaller temperature decrease lead to an overall net small and not statistically significant precipitation increase
in the MLO simulation setup, differently from other simulations (Fig. 4.4d).
We additionally performed an arguably more physical simulation, in which the IC sedimentation velocity is increased for both ICs at temperatures warmer and colder than
-35◦ C (VEL2all, see Table 4.1). VEL2all leads to strikingly similar radiative and precipitation responses as in the VEL2 and SEED1r50 simulations, inducing a slightly larger
surface cooling effect (Fig. 4.4d). Interestingly, in VEL2all IWC decreases throughout
the atmosphere only in the extratropics. Its tropical mid-tropospheric IWC increase
is likely caused by a convective activity increase (convective precipitation increases
by 1.4%), resulting in a similar RH anomaly peak at 7-10 km altitude as in the VEL2
simulation (Fig. 4.5 g,h). These changes in deep and mid-level convection, which
lead to a large number of small ICs are also responsible for an 8% increase in ICNC
burden despite a 6% decrease in IWP. The surprising result can be explained by the
parametrisation of the size of the detrained ICs, which assumes an IC radius of about
10-20 μm (Boudala et al., 2002), distributing the detrained IWC over a large number
of ICs and is part of the reason for the ICNC increase pattern in mixed-phase cloud
conditions (Fig. 4.5w). Moreover, the freezing in mixed-phase clouds in our model
occurs only rarely in situ onto dust or black carbon aerosols and is largely affected by
the sedimented ICs from cirrus levels, initiating a seeder–feeder type of IC growth.
Yet, neither VEL2all nor any other cirrus geoengineering method with increased IC
sedimentation velocity can reproduce the magnitude of cloud cover and temperature
changes induced by seeding with effective INPs. Our simulations show that idealised
cirrus seeding simulations by means of increased sedimentation velocity are not a
good proxy for cloud macro- and microphysical changes. Nevertheless, simulations
with increased IC sedimentation velocities can still provide useful information for some
climatic responses (e.g. surface temperature, precipitation) to cirrus seeding.
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Conclusions

We studied the climatic responses to cirrus seeding and to increased sedimentation
velocity of ice crystals in cirrus clouds. In general, the increased sedimentation velocity simulation (VEL2) leads to qualitatively similar responses compared to cirrus
seeding with large INPs (SEED1r50): a decrease in cloud cover and ice water content
at cirrus levels, and a temperature decrease throughout the troposphere. However,
in VEL2 the IC sedimentation velocity is abruptly set back to the standard one computed by the model at temperatures warmer than -35◦ C, leading to a redistribution
of ICs and IWC from cirrus to underlying mixed-phase clouds, which is not observed
in SEED1r50. Our general findings therefore indicate that increasing sedimentation
velocity is a good proxy for cirrus seeding surface climate responses, while it cannot
reproduce the complex cloud macro- and microphysical responses. The additional
simulations with increased sedimentation velocity for all ice crystals (VEL2all) or only
for those at T<-50◦ C (VELmax-50) also cannot reproduce all the seeding signals from
the seeding scenario. An accurate evaluation of atmospheric changes of cirrus thinning therefore requires the implementation of a cirrus microphysics scheme that is able
to simulate the competition between homogeneous and heterogeneous ice crystal nucleation.
The maximum impact on TOA radiative fluxes by the increase in ice crystal sedimentation velocity is -2.2 W m–2 , which corresponds to about half of the cirrus CRE and
half of the radiative forcing of doubling of CO2 . The maximum impact of seeding with

effective INPs is, on the other hand, only about -1 W m–2 or 20-25% of cirrus CRE,
which is achieved by injecting large ice nucleating particles of 50 μm radius in the
SEED1r50 simulation.
A large part of the cirrus geoengineering-induced negative CRE is counteracted by
decreases in liquid clouds in the SEED1r50 simulation in response to increased convective activity. In addition, the redistribution of ice to lower levels in VEL2 leads to a
positive mixed-phase cloud CRE anomaly. As shown in Fig. 4.2, implementing seeding only during night leads to a comparable cirrus CRE and net radiative anomaly
signal, without any significant counteracting effect from liquid or mixed-phase clouds
(Table 4.5). Interestingly, such a seeding strategy leads to no significant fast precipitation response and smaller changes in IWP, ICNC, LWP, and CDNC compared to
SEED1r50.
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The mean climatic responses of both the SEED1r50 and VEL2 simulations in terms of
radiative fluxes are roughly similar. Yet, the microphysical differences between the two
setups lead to a different vertical cooling patterns and a 30% larger surface temperature response in the VEL2 simulation. As the surface temperature response pattern in
the annual and seasonal averages is similar, we expect to achieve the same amount of
surface cooling by a smaller increase in IC sedimentation velocity. Moreover, precipitation responds to both geoengineering strategies in a similar way. The fast responses
to seeding yield a ∼1% increase in precipitation, while the slow, temperature-driven
response in the mixed layer ocean simulations leads to a 0.5% decrease.
The SEED1r50N strategy shows, despite seeding only in the night, a slightly larger
surface temperature response and a twice as large precipitation decrease which follows more closely the temperature dependence of the Clausius-Clapeyron relation (7%
precipitation decrease per 1◦ C cooling). SEED1r50N therefore seems to be, not considering its unlikely technical implementation, our most appealing seeding simulation
due to minimal climatic and microphysical responses outside the cirrus regime. We
note that a seeding strategy limited to areas of highest seeding effectiveness (where
the cCRE anomalies after seeding are the largest, as shown by Fig. 4.7a), might significantly decrease the mass of seeded material while exerting a roughly similar climatic
forcing.
The seeding effectiveness depends not only on the seeding INP properties, but also
on the relative frequency between both the in situ and liquid origin cirrus and homogeneously vs. heterogeneously in situ-formed cirrus, which may differ between the model
and observations and between different models. We also expect the cirrus seeding effectiveness to be dependent on the amount of background aerosol available for both
homogeneous and heterogeneous freezing (Zhou and Penner, 2014). Furthermore,
the effectiveness of cirrus seeding measured in terms of radiative anomalies is highly
dependent on the cirrus CRE and consequently also on model parameters that have
a large effect on cirrus optical properties.
Ice cloud radiative effects are poorly constrained by observations on the global scale
and rarely explicitly diagnosed from modelling studies. We suggest to invest more resources in understanding the cirrus cloud formation mechanisms and radiative effects
at high temporal resolutions in order to better constrain CRE effects. Until then, we
propose to state not only the radiative impact in terms of W m–2 achieved by cirrus
geoengineering simulations (either by injection of seeding INPs or by increasing ice
crystal sedimentation velocities) but also the fraction of the total cirrus cloud radiative
effect that is eliminated by cirrus geoengineering.
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Chapter 5
To what extent can cirrus seeding
counteract global warming?
Key points
-Seeding can counteract up to 40% of the warming expected from 1.5 times increased
CO2 concentration while increasing ice crystal sedimentation velocity to its maximal
value fully restores the global annual temperature
-Damages caused by 1.5 x CO2 increase can be decreased by 55% in the seeding
simulation and by 95% in the ice crystal sedimentation velocity increase simulation.
-The negative responses of seeding in terms of temperature and precipitation are minimal
Abstract
The idea of modifying cirrus clouds to directly counteract greenhouse gas warming
has gained a lot of momentum in recent years, despite large disputes over its physical feasibility. We use the ECHAM-HAM general circulation model to evaluate the
temperature and precipitation responses to cirrus thinning by seeding with efficient
ice nucleating particles and increasing ice crystal sedimentation velocities in a 1.5
x CO2 world. The seeding scenario can counteract about 40% of the warming and
precipitation increase induced by 1.5 x CO2 concentrations with respect to present
day values. The idealized ice crystal sedimentation velocity increase scenario on the
other hand fully restores the global annual temperature but counteracts only half of
the precipitation increase. Moreover, we define a climate damage function, quadratic
in temperature and precipitation anomalies to calculate the damage of the different
scenarios in 21 selected land regions. Seeding can decrease about 55% of the CO2
induced damage, while the sedimentation velocity increase can counteract about 95%
of the damage. A regional analysis shows the negative responses of seeding are minimal both in terms of precipitation and temperature, which makes cirrus thinning an
attractive geoengineering method.
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Introduction

The Paris agreement, signed by the United Nations member states in 2015, aims to
limit the anthropogenically driven global warming well below 2◦ C warming with respect
to pre-industrial levels. Yet, despite the agreement, the gap between current anthropogenic greenhouse gas emission pathways and the 2◦ C climate goal continues to
grow larger (Jeffery et al., 2015). Therefore, the time window to achieve the Paris goal
by only pursuing a rapid energy system transformation in combination with negative
emissions is rapidly closing (Rogelj et al., 2015). Moreover, the emissions scenarios
compatible with Paris Agreement goals largely rely on the extensive use of biomass
energy with carbon capture and storage (Sanderson et al., 2016), which was found to
be too optimistic (Vaughan and Gough, 2016).
Yet, current political negotiations have not considered the deployment of some form
of solar radiation management (SRM) to help achieving the Paris Agreement targets.
Keith and MacMartin (2015) argue that an SRM scenario which would offset only half
of the anthropogenic climate forcing can maximize the benefits better than the one
targeting a full recovery of surface temperature, but maximizing the risks of advert
changes in hydrological cycle or ozone loss. A study by Tilmes et al. (2016) assessed
the impact of a temporary application of stratospheric sulphur injections in a delayed
climate mitigation scenario. They assumed an RCP8.5 emission scenario pathway until the year 2040, when the Earth has warmed by about 2◦ C, after which the emissions
follow a decarbonisation pathway with emissions peaking in 2050 and becoming negative in year 2100. Following their emission scenario, stratospheric sulphur injections
have to last for as long as 160 years, limiting some of the negative impacts of climate
change, in particular the occurrence of warm temperature extremes.
Numerous studies showed that any form of solar radiation management significantly
perturbs the climate system due to differences between longwave (LW) CO2 forcing
and incoming shortwave (SW) radiative effects leading to changes in the surface energy budget and precipitation (Robock et al., 2008; Bala et al., 2008; Boucher et al.,
2013; Kravitz et al., 2014). In recent years a new geoengineering method has been
suggested, targeting mainly LW radiation, which can better counteract the climatic impacts of a CO2 increase. Cirrus cloud seeding, first proposed by Mitchell and Finnegan
(2009), targets primarily the LW radiation. Cirrus clouds have a net warming effect on
climate as they reflect only little solar radiation while they significantly modulate the LW
radiation fluxes. A decrease in cirrus cloud frequency obtained by seeding with solid
aerosols would therefore lead to larger outgoing LW radiation and a surface cooling.
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The mechanism relies on the competition between homogeneous nucleation and solid
aerosol (also known as ice nucleating particles, INPs) mediated heterogeneous freezing in cirrus clouds. When cirrus form homogeneously by freezing of solution droplets
(Ickes et al., 2015), this leads to the formation of a large number of small ice crystals (ICs). The introduction of a well defined number concentration of effective INPs
(Storelvmo et al., 2013) changes their microphysical properties. ICs now form by deposition nucleation on the surface of INPs, allowing nucleation to occur at lower updraft
velocities or higher temperatures. This decreases the ambient relative humidity with
respect to ice (RHice ) and prevents further homogeneous nucleation events leading to
a small number concentration of larger ICs, which sediment faster, shorten the cirrus
lifetime, but also make the cirrus clouds more transparent for radiation.

5.2
5.2.1

Methods
Model and simulation setup

We use the ECHAM6 general circulation model (Stevens et al., 2013) coupled with the
HAM2 aerosol module (Zhang et al., 2012; Neubauer et al., 2014). The model has
a resolution of 1.875◦ × 1.875◦ with 31 vertical layers extending to 30 km altitude.
ECHAM-HAM uses a two moment cloud scheme (Lohmann et al., 2007) with a cirrus
microphysical scheme, which allows competition between homogeneous and heterogeneous nucleation and the deposition of water vapour on pre-existing ice crystals
(Kärcher et al., 2006; Kuebbeler et al., 2014; Gasparini and Lohmann, 2016).
We use the model in its mixed layer ocean setup, which explicitly simulates only the
surface layer of the ocean and sea ice, but neglects possible responses of deep ocean
currents. We perform four 50-year long simulations (Table 5.1): a reference simulation with present day CO2 concentrations (REF), a simulation with 1.5 x present day
CO2 concentrations (1.5CO2), and two cirrus geoengineering simulations. In SEED
we implement cirrus seeding as explained in Chapter 4, using 50 μm large INPs. We
seed with a concentration of 1 INP L–1 only during night. Seeding the climate only
during night does not only decrease the amount of seeded material needed but also
increases the surface temperature response and decreases the responses of convective precipitation to seeding (Chapter 4). In the VELmax simulation we increase the IC
sedimentation velocity to the maximum allowed by the model (2 m s–1 ) for all ICs at
temperatures colder than -35◦ C.
As the model takes approximately 10-20 years to come into climatic equilibrium, we
use only data from the last 30 simulated years. The CO2 concentrations for the reference (present day) conditions are taken as 353.9 ppm (1990 concentrations, Taylor
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Table 5.1: Simulation terminology and their respective properties.

Simulation CO2 concentration

IC sedimentation

seed

REF

353.9 ppm

/

/

1.5CO2

530.9 ppm

/

/

SEED

530.9 ppm

/

1 INP L–1 at night only

VELmax

530.9 ppm

set to 2 m s–1 at T<-35◦ C

/

et al. (2012)), while the CO2 concentrations in the 1.5 x CO2 simulations are 530.9
ppm, roughly equivalent to the concentrations in the last decades of the 21st century from the RCP4.5 scenario (van Vuuren et al., 2011). Therefore, we can compare
our increased emission simulation result to CMIP5 model output for years 2081-2100
(Collins et al., 2013). We use the double sided Student’s t-test at 95% significance
level to test the robustness of our results.

5.2.2

Damage function

We define a damage function with a quadratic dependence on temperature and precipitation anomalies normalised by their respective natural variability (one standard
deviation range of the present day climate simulation) as

2 
2
ΔT
Δp
Damage =
+
.
T _stdev
p_stdev

(5.1)

Studies assessing climate change impacts frequently use quadratic damage functions
(Keller et al., 2004; Weitzman, 2010; Nordhaus and Sztorc, 2013) or some higher order functional (Goes et al., 2011). However, the precise functional shape does not
considerably affect the outcomes of our moderate climate change scenario, with temperatures not exceeding 2◦ C with respect to reference simulation (Weitzman, 2010;
Kopp et al., 2012).
The function is nondimensional, and defined as strictly positive (or equal to zero),
where a higher value means a larger damage with respect to the present day climate.
We use an arbitrary scale with no upper limit. The calculated damage serves thus
only as a tool to compare the 1.5CO2 simulation with the geoengineered simulations.
However, the colorbar is limited to 90 as no region experiences higher damage values.
To make our damage function more relevant for the society, we consider only land
gridboxes, which are divided into 21 larger geographical units (Giorgi and Francisco,
2000), covering all continents except Antarctica (Table D1). The damage function input values are area weighted means of temperature and precipitation.
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Results
Climatic responses

The 1.5 x CO2 concentrations in ECHAM-HAM model cause a global average warming
of 1.8◦ C, which falls in the middle of the likely range of the end-of-the-century warming
by the IPCC models that follow the RCP4.5 emission scenario. The warming is more
pronounced over land (2.4◦ C) than ocean (1.6◦ C) and with a land amplification factor
of 1.6 is in the range of the CMIP3 and CMIP5 models (Joshi et al., 2008; Collins et al.,
2013). The warming is amplified by a factor of 2.5 in the Arctic, which warms by 4.6◦ C,
and is in line with its simulated range from both older coupled models and the latest
IPCC report (Holland and Bitz, 2003; Collins et al., 2013).
The mean temperature decreases by about -0.7◦ C in the global average with respect
to the 1.5CO2 simulation after seeding the climate with INPs (Figure 5.1b). Seeding is
most effective in the Arctic with a polar amplification effect of 3.5, exceeding the one
of increased CO2 emissions (Storelvmo et al., 2014) and leading to a -2.4◦ C temperature decrease poleward from 60◦ N. Yet, the cooling does not prevent the summer
sea ice melt (Figure 5.2), which is overestimated by all our simulations (Comiso, 2010;
Vaughan, D.G.) as the model simulates a nearly ice-free Arctic already in the present
day climate.
On the other hand, the VELmax scenario almost perfectly restores the annually averaged surface temperature to the one in the reference simulation (Figure 5.1c). However, a residual warming of about 0.2◦ C persists over the tropics and areas, where
cirrus clouds do not have a strong radiative impacts on climate (e.g., over oceans, in
the subtropics). Interestingly, despite an excess cooling of about -0.7◦ C with respect
to present day values in the Arctic, the sea ice concentrations are only restored to
those from the REF simulation (Figure 5.2).
The globally averaged precipitation increase of 0.1 mm day–1 or 3.5% in 1.5CO2 is
mainly driven by the slow (surface temperature dependent) response to the CO2 concentration increase. The rise in surface temperature increases the amount of water
vapour in the atmosphere, enhancing its radiative cooling and increasing precipitation
(Bala et al., 2010; Bony et al., 2013). Precipitation increases mainly in the Intertropical
Convergence Zone (ITCZ) and in high latitudes, while subtropical regions at the ITCZ
boundaries experience a drying, consistent with studies of precipitation responses to
CO2 forcing (Chou and Neelin, 2004; Held and Soden, 2006).
SEED alone cannot compensate for the CO2 driven precipitation responses - however,
the global average precipitation increase is about 40% weaker. Also the VELmax sim-
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Figure 5.1: Temperature and precipitation anomalies with respect to the present day REF
climate simulation for 1.5CO2 (a,d), SEED (b,e), and VELmax (c,f). Hatching is applied for
anomalies not significant at 95% confidence level.

ulation only compensates about half of the CO2 induced precipitation response (Figure 5.1f) as its temperature independent (fast) precipitation response leads to a large,
2.5%, precipitation increase. VELmax overcompensates the precipitation increase in
the high latitudes to cause a small but not significant decrease in precipitation instead,
consistent with the overcooling of high-latitudes (Figure 5.1c). The CO2 signal still
seems to drive the changes of tropical precipitation, despite its smaller magnitude and
lower significance level compared with the 1.5CO2 simulation.
Figure 5.3 represents an analysis of annually averaged relative precipitation anomalies over land subdivided into gridboxes by their average annual precipitation amount.
This is further divided by latitudinal bands, to separately show responses in several
climate regimes, namely: Arctic (60-90◦ N), Northern Hemisphere (NH) Midlatitudes
(40-60◦ N), NH Subtropics (20-40◦ N), Tropics (20◦ S-20◦ N), SH Subtropics (20-45◦ S),
and Antarctica (60-90◦ S). We omit the SH midlatitudes due to their little landmass,
and expand the SH subtropics to 45◦ S to entirely include Australia in the analysis.
In the global average SEED leads to a smaller precipitation increase compared with
1.5CO2 in almost all precipitation bins (Figure 5.3a). Cirrus seeding most effectively
counteracts the CO2 driven precipitation increase in NH high latitudes (Figure 5.3b).
Interestingly, SEED considerably increases precipitation amounts over the SH subtropics (5.3f), which experience a drying in the 1.5CO2 simulation. Most importantly,
regions with annual precipitation amounts below 200 mm y–1 (first data point) or be-
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Figure 5.2: Annual cycle of Northern Hemispheric sea ice for observations between the years
2006-2015 (black) and REF (green), 1.5CO2 (red), SEED (blue), and VELmax (gold) simulations with its respective ± 1 standard deviation range.

low 400 mm y–1 (second data point) do not experience any drying with respect to the
present day climate in response to the SEED or VELmax scenarios, with the exception of Antarctica. However, we do observe a small decrease in precipitation for the
moderately dry tropical regions (Figure 5.3e) and over parts of the NH subtropics (Figure 5.3d). In addition the variability of the precipitation anomalies is often large and
rarely significant, in particular for data points covering only a few model gridpoints. The
results of Figure 5.3 thus have to be interpreted with caution.

5.3.2

Damage avoided

In order to better evaluate the avoided warming and precipitation increase by increased
CO2 and by cirrus geoengineering, we asses the damages with respect to the present
day REF climate simulation with the help of the quadratic damage function. The damages are the largest for the 1.5CO2 simulation in both a seasonal and annual perspective (Figure 5.4). Most of the damage is related to changes in temperature: the regional
precipitation anomalies are small and fall within the natural variability, while the surface
temperature signal often emerges out of the natural variability range (Figure 5.1). The
annually averaged damages by increased CO2 concentrations are largest in Africa,
northern Asia, and northern North America. In December, January, February (DJF),
the Amazon region experiences the most damage, while the Sahara, the Mediterranean region, and central Asia are most affected by climate change in June, July,
August (JJA) (Figure 5.3.2d-j). The sum of the damages over all regions is substantially higher annually as compared to the seasonal scale, which is related to averaging
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Figure 5.3: Precipitation anomalies with respect to the present day REF climate simulation for
1.5CO2 (red), SEED (blue) and VELmax (gold) plotted as a global average (a) and divided into
6 latitudinal bands (b-g). The surface area is divided into equispaced bins of 200 mm year–1
by its annually averaged precipitation amounts. The data points represent 30-year annually
averaged mean values. Error bars connect the 75th and 25th percentiles of each bin.

and a decreased natural variability in the annually averaged datasets.
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Figure 5.4: Climate change damage as defined by the Equation 5.1 for annual (a-c) DJF (df) and JJA (h-j) averages. The left column shows damages from the 1.5CO2 simulation, the
middle column from is the SEED simulation, and the right column from the VELmax simulation.

The simulation SEED offsets about 55% of the annual average compared with the
1.5CO2 simulation. The damage pattern remains similar as in 1.5CO2, with Africa
being most affected by changes in climate. However, as the seeding is most effective
in high latitudes, the regions of Greenland, Northern Asia, and Alaska are subjected to
considerably lower damage compared with the 1.5CO2 simulation. The geographical
damage pattern elsewhere remains unchanged in DJF and JJA (Figure 5.4 d-g), only
its relative magnitude decreases. The region most affected by climate change remains
Sahara. The globally averaged damage counteracted by geoengineering decreases
by 59% in DJF and 52% in JJA.
The VELmax scenario offsets about 95% of the CO2 induced damage (Figure 5.4c).
This is expected as VELmax fully counteracts temperature anomalies in the global average. Precipitation, on the other hand, experiences large natural variability, decreasing its importance in our damage calculation in most regions. The main message
of the damage analysis does not considerably change by taking a higher functional
form of the damage function with respect to present day conditions. The percentage
of avoided damage in the SEED simulation increases to about 70% in the case of a
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cubic damage function and to 98% in the case of VELmax (Figure D1). On the other
hand, a linear damage function would counteract only about 35% of the damages in
SEED and 70% in VELmax (Figure D2).

5.3.3

Regional analysis

Annual anomalies
To understand the regional responses to increasing CO2 emissions and cirrus geoengineering better, we show the regional anomalies in temperature and precipitation
phase-space in Figure 5.5. The temperature gradually decreases in all regions in
SEED and VELmax, while the precipitation response spread remains large (Figure
5.5a). However, as some regions experience more variability than others, we normalized the anomalies with their respective standard deviation from the REF (present
day climate) simulation (Figure 5.5b). The regional temperature anomalies of the
1.5CO2 simulation spread between 4 and 12 standard deviations above present day
conditions, with anomalies exceeding the 10 standard deviation range in South Africa
and Sahara, but only as much as 3-4 standard deviations in most of North America.
The precipitation responses are less robust and exceed 2 standard deviations only in
Northern Asia and Greenland.
Both geoengineering simulations reduce the temperature anomalies in all regions,
while the precipitation responses for most of the regions tend to remain above the
present day average. We further distinguish the regional responses into 4 latitudinal
bands: NH high latitudes, NH midlatitudes, tropics, SH subtropics (Figure 5.6) defined
in Table D1. Precipitation and temperature anomalies in NH high latitudes decrease
considerably already in the SEED simulation, and experience an (insignificant) overcooling with a small precipitation decrease in VELmax. The NH midlatitude response
to SEED and VELmax brings the regions closer to their present day values, while the
precipitation consistently increase in the VELmax simulation (Figure 5.6a). Geoengineering does not significantly change the tropical annual average precipitation. Yet,
even VELmax often cannot fully restore tropical temperatures, with values ranging between 1 and 3 standard deviation range above present day levels. The responses in
the SH midlatitudes are similar to the tropical ones.
Seasonal anomalies
The seasonal anomaly perspective gives us a more complex pattern, in which the absolute temperature and precipitation changes and their standard deviations are gen-
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Figure 5.5: Annual temperature vs. precipitation anomalies in absolute terms (a) and with
normalised deviations (in standard deviation units) in b). The circles represent the 21 Giorgi
regions defined in Table D1. The circle area is proporational to the square root of the population
in a specific region. The red color represents anomalies for the 1.5CO2 simulation, blue for the
SEED simulation, and yellow for the VELmax simulation.

erally larger, leading to statistically less robust responses. In particular, high latitudes
experience large winter (DJF) temperature anomalies, reaching up to 6◦ C in Greenland and Alaska. In summer (JJA), precipitation strongly increases in South Asia and
South-East Asia (Figure D3).
Similarly as in the annual averages, VELmax in NH high latitudes can counteract and
even overcompensate precipitation and temperature responses to increased greenhouse gas levels (Figure 5.6b). On the other hand, the midlatitudinal response is
rather weak in winter and larger in summer. In both seasons most of regions in NH
midlatitudes shift towards a wetter climate compared to 1.5CO2. Tropical seasonal
responses do not differ considerably from the annual average due to their limited seasonal cycle. There are some regions in which precipitation substantially decreases in
the strong geoengineering scenario VELmax, however, they still remain inside the natural variability range (Figure 5.6b). We note at this point the precipitation responses
are not robust and would need to be looked at in more details with the help of multiple
ensemble simulations and/or a multimodel comparison.
Nevertheless, both the annual and seasonal analysis of the responses to cirrus geoengineering in temperature/precipitation phase space confirm the messages of section
5.3.2, in a sense that cirrus seeding by both effective INPs or increased sedimentation
velocity can effectively counteract a large portion of damages and climatic anomalies
by CO2 driven global warming in the 21 Giorgi regions.
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Figure 5.6: Same as in Figure 5.5b) (without a variable circle area), but connecting the dots of
the same region with a line to provide a qualitative impression of the geoengineering climatic
shifts. NH high-latitude regions are connected with blue lines, NH midlatitudes with green,
tropics with orange, and SH midlatitudes with brown lines. Panel a) shows the annual average,
panel b) DJF, and panel c) JJA anomalies.

5.4

Conclusions

We evaluated the climatic impacts of cirrus geoengineering by injections of efficient
ice nucleating particles (INPs) and by increased ice crystal sedimentation velocity in
a climate with 1.5 times larger CO2 concentrations compared with present day values. Seeding by INPs (SEED) can counteract up to 40% of the CO2 induced warming (0.7◦ C) and decreases the damages induced by temperature and precipitation
changes by about 55%. Seeding is most effective in the winter hemisphere, reducing
most of the winter high-latitude damage, but is less effective in the tropics and subtropics, in particularly on the summer hemisphere. The precipitation pattern in SEED
largely resembles the one induced by the CO2 concentration increase, despite its ab-
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solute magnitude decreases for about 40%. The changes in Arctic temperature are not
large enough to restore the Arctic sea ice cover to reference levels. Seeding prevents
about half of the winter decrease in sea ice extent and decreases the ice-free Arctic
period from about 5 months (July-November) in 1.5CO2 to 3 months (August-October)
in SEED.
The results of the VELmax scenario have to be taken with care as it represents a
physical limit to idealised cirrus geoengineering by increased ice crystal sedimentation velocity and is by no means a physically viable geoengineering pathway. VELmax
fully restores global annual temperature to present day climate values, while still preserving about half of the CO2 induced precipitation increase. VELmax can decrease
greenhouse gas induced climate damages by around 95% both annually and seasonally, and has no significant negative effect on the climate in any of the assessed
regions. In addition, we show indications of the wettening of the world’s driest regions.
We conducted also a regional analysis of precipitation and temperature anomalies
of the global land area divided into 21 regions (Giorgi and Francisco, 2000). We
used the temperature-precipitation anomaly phase space normalized by their standard deviation to obtain the significance of the anomalies reported in specific regions.
For instance, tropical regions experience a smaller interannual temperature variability compared to midlatitudes, making the ecosystem more sensitive to increases in
temperature. The results show how the anomalies induced by 1.5 x CO2 decrease
in all regions with SEED, while still being outside of the 2 standard deviation range in
temperature. However, the VELmax simulation cools the climate even more, counteracting the warming in almost all regions on the annual and seasonal scale. SEED or
VELmax do not significantly worsen the climatic conditions in any of the 21 analyzed
regions, taking the present day climate as the optimal climate. Yet, most of midlatitude regions experience insignificant increases in precipitation both at annual and
seasonal time frame in SEED and VELmax. High latitudes experience a slight overcooling and drying, which does, however, remain within the natural variability range in
the VELmax scenario. In summary, cirrus geoengineering primarily targeting the LW
radiation seems to be a more suitable method to counteract greenhouse-gas driven
global warming compared with solar radiation management methods. The surface
climate response to seeding is different from SRM schemes, leading to a small, but
positive precipitation anomaly.
However, while the global results of our seeding simulations are consistent with previously published literature (Storelvmo et al., 2014; Muri et al., 2014; Kristjánsson et al.,
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2015; Jackson et al., 2016), care has to be taken when evaluating the regional responses as some of the responses might be highly model dependent. In addition, so
far only a few studies addressed the changes in climate extremes in geoengineering
experiments (Tilmes et al., 2013; Curry et al., 2014; Aswathy et al., 2015), while none
of them analyzed responses to cirrus geoengineering. We propose to dedicate more
attention to the changes of temperature and precipiation extremes using cirrus geoengineering. Moreover, future work also needs to assess how cirrus geoengineering
might affect the society for example through changes in agricultural productivity or energy production.
In summary, cirrus geoengineering is a very attractive method of counteracting anthropogenic global warming due to its limited negative side effects. Its impacts on climate
are according to this and other climate modelling studies limited to a cooling of 0.0
to 2.4◦ C, depending on the geoengineering method (seeding by INPs or increasing
ice crystal sedimentation velocity), model (Muri et al., 2014; Jackson et al., 2016), the
parametrization of ice nucleation in cirrus clouds (Penner et al., 2015; Gasparini and
Lohmann, 2016), or the radius of the seeded INPs (Chapter 4). Therefore cirrus geoengineering should not and also can not become a unique response of the society to
global warming, but can only be used as a temporary solution to mitigate, for instance,
some damages of a temporary temperature overshoot over a politically agreed target.

Chapter 6
Conclusions and outlook
6.1

Summary of the thesis

This thesis covers various aspects of cirrus cloud modelling and its application to cirrus
geoengineering. Firstly, we evaluated the cirrus clouds simulated by the ECHAM-HAM
model with CALIPSO satellite data. The model reproduced the mean cirrus cloud
occurrence and the median ice water content well, while the extinction coefficients
were overestimated. We found two distinct types of cirrus in both datasets:
• Liquid origin cirrus dominate at temperatures warmer than -55◦ C. They form in
deep convective cloud anvils or by glaciation of mixed-phase clouds and are
associated with extinction coefficients of up to 1 km–1 and ice water contents of
up to 0.1 g m–3 . They typically consist of high ice crystal number concentrations.
• In situ cirrus dominate at temperatures colder than -55◦ C. They are formed by
homogeneous or heterogeneous ice nucleation, are optically thinner, and contain
less ice water content. Homogeneously formed ice crystals tend to be smaller
and occur in much higher number concentrations than heterogeneously formed
ice crystals.
Moreover, in situ formed cirrus clouds in ECHAM-HAM model at elevations between
9 and 14 km altitude are generally dominated by heterogeneous ice nucleation on
dust aerosols. Heterogeneous cirrus are particularly frequent downwind of the main
dust source regions. Meanwhile, lower lying clouds are mainly formed by detrained
ice crystals from deep or mid-level convection. Homogeneous nucleation prevails in
ECHAM-HAM model only in the tropical tropopause region and over mountains (Figure 6.1).
Cirrus clouds have a positive radiative effect of about 5 W m–2 based on our model,
with a pronounced seasonal cycle, peaking in winter (or night), when the cirrus shortwave scattering effects are minimal and the radiative balance is dominated by their
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Figure 6.1: Cirrus cloud types with their typical altitude ranges and source mechanisms.

longwave greenhouse effect. Their cumulative cloud radiative effect decreases with
height, exerting only about one third of their total forcing when limiting to temperatures
colder than -55◦ C instead of using the standard limit of -35◦ C, which considerably restricts their geoengineering potential.
We found the climatic effects of cirrus seeding by aerosol particles of sizes below about
10 μm to be negligible due to competing cirrus cloud effects (Figure 6.2): a decrease
in mean radius and an increase in cloud cover both lead to a positive net radiative
anomaly, while the decrease in ice crystal number concentration leads to a negative
radiative anomaly. The microphysical changes simulated by ECHAM-HAM were supported by box model simulation results and can be explained by the large importance
of heterogeneous cirrus cloud formation.
Seeding with ice nucleating particles of radii larger than 10 μm on the contrary produces only a minor change in the mean ice crystal radii but significantly decreases both
cirrus cloud cover and upper tropospheric ice water content due to larger sedimentation velocities of seeded ice crystals (Figure 6.2). These cloud micro- and macrophysical changes were not reproduced by idealized cirrus geoengineering simulations with
increased sedimentation velocities for ice crystals at temperatures colder than -35◦ C.
However, both large particle seeding and increased sedimentation velocity schemes
lead to similar, highly seasonally dependent responses in surface temperature. Fur-
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thermore, changes in atmospheric stability lead to precipitation increases in both cirrus
geoengineering setups.

SEEDING INP!
Radius < 10 μm
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Cloud cover
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Figure 6.2: Summary of the conclusions of cirrus seeding modelling by using effective ice
nucleating particles.

We found that cirrus seeding with large particles can counteract up to 40% of the
warming and precipitation anomalies induced by 1.5 x increased CO2 concentrations
with respect to present-day values. Additionally, we explored a scenario representing
the physical limit to cirrus seeding, where the ice crystal sedimentation velocity is set
to the maximum allowed by the model (2 m s–1 ). The extreme sedimentation velocity scenario fully restored the global annual temperature but counteracted only half of
the precipitation increase. Finally, we defined a climate damage function, quadratic in
temperature and precipitation anomalies to calculate the damage of the different scenarios in 21 selected land regions. Seeding by ice nucleating particles decreased the
CO2 induced damage by about 55%, while the sedimentation velocity scenario counteracted about 95% of the damage. The negative responses to seeding are minimal
both in terms of precipitation and temperature, which makes cirrus thinning an attractive geoengineering method.
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We emphasize the large model dependence of cirrus seeding, which was found to
produce anything between an insignificant climatic response to a cooling of 2.4◦ C, and
suggests to take all of our modelling results with a grain of salt. The first cirrus cloud
schemes able to simulate the competition between homogeneous and heterogeneous
ice nucleation were implemented in general circulation models less than 10 years ago,
and only a very limited number of published studies investigated cirrus seeding by
ice nucleating particles. In addition, the uncertainties in both in situ measurements
and global satellite studies still leave the cirrus modellers many degrees of freedom.
We hope the wealth of new satellite products will fill these knowledge gaps and direct
the modelling community towards the right answers to the core problems in cirrus
cloud modelling (e.g. correct representation of their source mechanisms). The cirrus
geoengineering ideas should not only be accessible for a small scientific community,
but also for a broader lay public, as the results might play a role in the decisions the
society will need to take in the future decades.

6.2
6.2.1

Outlook
Light model version for climate purposes

The increasing complexity of aerosol-chemistry-climate models is helpful to access
for instance the climatic relevance of a series of newly implemented aerosols through
aerosol-radiation interactions (Yu et al., 2006), aerosol-cloud interactions (Lohmann
and Feichter, 2004), and chemistry-climate interactions (Nowack et al., 2014; Chiodo
and Polvani, 2016). Such modelling approach can significantly contribute towards a
better understanding of the role of a single newly implemented process (or group of
processes), informing the large modelling centers about the possibly important climate
processes, which need to be implemented in most of the models.
Yet, the implementation of new climatic tracers, chemical equations, aerosol-cloud interaction pathways drastically increases the model’s computational time (Figure 6.3).
Moreover, many of the implemented processes are only poorly understood, while their
signal is hard to be filtered out due to the large number of climatic interactions.
We propose to invest more effort not only in making the models more complex, but
also to think on simplifying some of their most computationally expensive components
in a simpler way, while still capturing their main climatic effects. For instance, Stevens
et al. (2016) provide a simple parametrization of aerosol optical properties and their
associated Twomey effect, designed to provide a better understanding of climatic responses to the aerosol radiative forcing. Their model captures most of the aerosol
radiative effects with the help of aerosol plumes, represented in terms of five dimen-
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Figure 6.3: Fraction of the total computational time for the main processes for an ECHAM6HAM2 simulation on a 32 CPU Aerosol-ETHZ server.

sional computationally efficient mathematical equations, describing their spatial, time,
and wavelength dependent optical properties.
Toohey et al. (2016) implemented a similar simple approach for the use in studies of climatic responses to volcanic eruptions. Their Easy Volcanic Aerosol forcing generator
is based on volcanic observational datasets and microphysical stratospheric aerosol
modelling providing stratospheric aerosol optical properties for a given volcanic eruption. Their approach opens up new possibilities to provide more statistical robustness
on volcanic impact studies, as it saves the models expensive computations of stratospheric aerosol microphysics and their radiative interactions.
We propose to implement both simplified tropospheric and stratospheric aerosol descriptions in the ECHAM-HAM model, and try to confront the two-moment cloud microphysical problems in the similar way, to come-up with a simplified, easily implementable, and flexible "easy two-moment microphysics" modelling scheme.
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Cirrus microphysics

Implementation of seeded aerosols as separate tracers
In this thesis work, we simulated cirrus seeding by prescribing the number concentration and radius of seeded ice nucleating particles (INPs), active/present only inside of
the cirrus nucleation scheme. We introduce the INPs in every model timestep. When
an INP leads to a freezing event, the newly formed ice crystals (ICs) and its initial
growth by deposition are treated in a separate ice mode (homogeneous nucleation,
heterogeneous nucleation, and seeding mode). They subsequently are merged to
form a uniform monomodal ice distribution for the remaining microphysical processes
(melting, sublimation, Bergeron-Findeisen process, etc.) and sedimentation. However,
if the INP does not freeze within the model timestep, its potential climatic effects are
neglected.
Therefore, we propose to implement seeded INPs as an independent aerosol species,
with defined physical (e.g. density) and radiative properties (refractive and absorptive
properties). This would allow us to determine their direct radiative effects, which might
be non-negligible in particularly for INPs larger than about 1 μm which have a strong
effect on longwave radiation. Moreover, the seeded INPs should have certain freezing
properties not only in cirrus, but also in mixed-phase cloud regime.
Seeding-induced mixed-phase glaciation effect
Freezing or glaciation of a liquid cloud at temperatures between 0◦ C and -35◦ C
changes drastically its optical properties, as a large number of small liquid droplets
(typical concentration of 105 L–1 , radius of 10-15 μm) are replaced by orders of magnitude less numerous ice crystals (typical ICNC of 2-5·103 L–1 ) of larger size (20-40
μm) (Korolev et al., 2003). This changes the cloud SW reflectivity, decreasing its
cooling effect on climate and thus inducing a positive cloud radiative effect anomaly
(Storelvmo et al., 2015). The described effect acts contrary to the negative cloud
phase change feedback (Storelvmo et al., 2015; Tan et al., 2016; Ceppi et al., 2016),
where in a warmer climate ice containing clouds change phase to become purely liquid and reflect more SW radiation.
We evaluated the worst case scenario of cirrus seeding interaction with mixed-phase
clouds in which we assumed all the seeded INPs freeze in the mixed-phase regime.
The ’seeded’ ICs were thus added in a globally uniform way to all cloudy gridboxes at
temperatures between -35◦ C and -0◦ C in the presence of cloud droplets. Our results
suggest that the mixed-phase glaciation effect becomes significant only at concentra-
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Figure 6.4: 5-year TOA anomalies of net radiative fluxes for simulations of ’seeding’ of mixedphase clouds. The error bars represent the ± 2 standard deviation range.

tions beyond 30 INPs L–1 (or better, ICs), which is about one order of magnitude more
than our optimal seeding concentration (Figure 6.4). However, the study by Storelvmo
and Herger (2014) found their optimal INP concentration at around 20 INPs L–1 , close
to the range in which the radiative impacts by freezing of seeded cirrus INPs that sediment to mixed-phase cloud levels can lead to significant warming effects. We note
that a more realistic evaluation of seeding impacts on mixed-phase clouds would need
to include seeded INPs as an independent tracer, which, once injected at cirrus levels,
could sediment in the mixed-phase regime, leading to enhanced ice nucleation rates.
A new ice phase description
The ice crystals in ECHAM-HAM model undergo the following processes:
1) Evaluation of current ice crystal number concentration in each particular grid box
from previous timesteps;
2) Detrainment of ice crystals from deep convective clouds;
3) Multi modal ice formation in cirrus clouds;
4) Multi modal depositional growth;
5) Multi modal separation of ice and snow by ice crystal size;
6) Calculation of unimodal ice crystal number concentration and size from
the multi modal information;
7) Melting and sublimation of snow and ice;
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8) Sedimentation of ice;
9) Ice formation in mixed phase clouds;
10) Bergeron-Findeisen process;
11) Aggregation of ice crystals to snow, accretion of cloud droplets / ice crystals by
falling snow;
12) Riming of snow with droplets;
13) Secondary ice crystal formation and break up of snow flakes;
14) Ice crystal radius, ice water content, and the cloud fraction are passed on to
radiation routine (Kuebbeler, 2013, section 2.3).
Kuebbeler et al. (2014) implemented the scheme by only considering multi modal ice
nucleation and growth (in bold), in order to save computational time while implementing the multimodal cirrus ice nucleation scheme by Kärcher et al. (2006) only where
strictly needed.
On the other hand, Hendricks et al. (2011), used the fully multimodal ice approach
for all ice processes. A similar approach would be highly informative in order to have
the microphysical properties (IC radius, IC number concentration, ice water content)
of each ice crystal source mechanism available at the time the radiative fluxes are
calculated (step 14). Ice crystals at temperatures below -35◦ C can be modified after
nucleation and initial growth only by sublimation or aggregation (process 7 and 11) but
should in general keep roughly the same size as after calculations in step 6. Yet, the
process of sedimentation might due to differences in ice crystal size between smaller
"background" and larger seeded or heterogeneously nucleated ice crystals introduce
biases in particularly when simulating large particle seeding. Such biases can clearly
affect not only the microphysical properties of cirrus clouds but also their cloud radiative effects and the lower-lying mixed-phase clouds.
Moreover, it would be valuable to compare results of the current version of cirrus
scheme in its box-model setup with the Zurich Optical and Microphysical Box Model
(ZOMM) (Luo et al., 2003; Brabec et al., 2012; Cirisan et al., 2013). The model uses
the sectional approach for nucleation, IC growth, and sedimentation, with the size
range divided into a specified number of size bins. ZOMM could therefore serve as a
reference model in the evaluation of the microphysical details of the ECHAM-HAM’s
cirrus scheme, and the subsequent sedimentation process.
Were the results from the sectional ice model significantly different from the modal
cirrus scheme, it would be valuable to implement a similar approach in ECHAM-HAM.
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However, such an approach would come at the expense of considerably larger computational demands and could thus be used only for shorter, process understanding
oriented studies and not for the study of long-term climatic responses.
Convective microphysics
As shown by Gasparini et al. (2016), a large proportion of ICs at cirrus conditions
originate from convective sources. This is reasonable for the tropics, where measurement campaigns suggest the dominance of detrained ice crystals from deep convective clouds at elevations below about 13 km (Jensen et al., 2016a). However, in situ
observations by Krämer et al. (2016) and Luebke et al. (2016) argue that most of lower
lying, liquid origin cirrus clouds in the extratropics originate from midlatitude frontal activity and not convective sources. Yet, in ECHAM-HAM, the convectively formed ice
crystals dominate also at the level of 300 hPa as shown by Gasparini and Lohmann
(2016) or temperatures warmer than -60◦ C (Gasparini et al., 2016).

Figure 6.5: Percentage of total time when a specific convective type is active in ECHAM6HAM. The figure represents annually averaged values.

Deep convection in ECHAM6-HAM is frequently triggered only in the ITCZ (Figure 6.6)
and is not important at latitudes polewards from about 45◦ (Figure 6.5). On the other
hand, mid-level convection dominantes the extratropics, with peaks of activity exceed-
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ing 50% over Europe, Himalayas, Northern Rocky Mountains, the Amazon, central
Africa, and the Southern Ocean. mid-level convection is frequent both in summer and
winter (Figure 6.6), explaining the large convective ice crystal concentration in the extratropics (Figure 3.4). We further note that shallow convection does not reach levels
relevant for cirrus cloud formation.
Due to its large importance in cirrus cloud formation, we therefore suggest to investigate in detail the convective microphysics and revisit the ice crystal radius parametrization used (Schumann et al., 2011), which might not be appropriate for the case of midlevel convection. We also suggest to dedicate more time into a proper coupling between convection and ice microphysics, possibly including the Convective Cloud Field
Model, which has been recently implemented into ECHAM6-HAM2 model (Kipling
et al., 2016).

Figure 6.6: Relative frequency of convective types in ECHAM6-HAM. The four components
are combined where each component is associated with a colour: red for deep convection,
blue for shallow convection, green for mid-level convection, and white for no convection. A
mixture of colours represents a mixture of processes and their relative importance.

Cirrus seeding effectiveness parametric uncertainties
The cirrus seeding effectiveness does not only depend on the competition of preexisting ice crystals, homogeneous, and heterogeneous nucleation for the available
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Figure 6.7: VIIRS visible satellite picture of central Europe on the 3rd of September 2016
overlied by the ECHAM-HAM T63 model grid.

water vapour, but also on intrinsic model-related parameters like ice cloud inhomogeneity factor. We use the ECHAM6-HAM general circulation model at the horizontal
resolution of T63, equivalent to a gridbox size of 200 x 200 km at equator. The model
cannot resolve variability in the cloud field at scales smaller than the grid box size,
where the clouds’ natural variability is still large (Figure 6.7). In addition, radiative
fluxes respond nonlinearly to changes in cloud optical properties (Mauritsen et al.,
2012). The use of gridbox mean cloud optical properties leads to model biases in radiative fluxes as compared with satellite data (Gu and Liou, 2006). The variability in
cloud fields results in smaller cloud radiative effects compared to uniform clouds over
the whole gridbox domain (Carlin et al., 2002; Mauritsen et al., 2012). Therefore, the
use of a cloud inhomogeneity factor with values smaller than one improves the model
agreement with observations of the planetary albedo and radiative fluxes (Cahalan
et al., 1994). However, the uncertainty of the inhomogeneity parameter for clouds is
large, and is therefore often used as a tuning parameter. Indeed, the cirrus cloud
radiative effects (cCRE) and the cirrus seeding effectiveness are strongly dependent
on its value (Table 6.1). Therefore we propose that all modelling groups who work on
cirrus geoengineering report their cirrus cloud radiative anomalies not only in units of
W m–2 but also as a relative fraction of the total cCRE in their model, which does not
vary significantly when changing the ice inhomogeneity parameter (Table 6.1).
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Table 6.1: Net top-of-the-atmosphere radiative effects for a seeding simulation with 1 INP L–1
and INP radius of 50 μm.
Inhomog. factor

ΔTOAnet [W m–2 ]

cCREnet [W m–2 ]

ΔcCREnet [W m–2 ]

ΔcCREtot [%]

SEED1r50

0.5

-0.47

2.13

-0.98

31

SEED1r50

0.7

-0.59

2.47

-1.32

35

SEED1r50

0.9

-0.85

2.74

-1.61

37

Simulat.

Moreover, the cirrus seeding effectiveness also depends on the contributions of convective origin and in situ origin cirrus clouds. As an example, we implement the convective tuning from the newest ECHAM-HAM model (ECHAM6.3-HAM2) in the version
consistently used in this work (ECHAM6.1-HAM2), which leads to significantly smaller
cirrus seeding induced net top-of-the-atmosphere radiative anomalies and significant
changes in cirrus cloud radiative effect anomalies (Table 6.2). The differences in convective tuning (Table 6.3) imply a change in convective cloud top height and its outflow
(Figure 6.8). We propose to explore the impact of the convective parametrizations, for
example the standard ECHAM6 Tiedtke-Nordeng scheme (Tiedtke, 1989; Nordeng,
1994) in comparison to the newly implemented Convective Cloud Field Model (Kipling
et al., 2016) for cirrus seeding.
Finally, in Chapter 4 we showed that a large amount of seeded cirrus cloud forcing was
counteracted by decreases in tropical low level clouds as a result of the drying of the
boundary level. We propose to better evaluate that negative cloud feedback, which
can counteract as much as 30% of the original cirrus CRE anomaly, and is likely also
related to the details of the convective parametrizations.
Table 6.2: Net top-of-the-atmosphere radiative effects for a seeding simulation with 1 INP L–1
and INP radius of 50 μm.

Conv. param.

ΔTOAnet [W m–2 ]

ΔcCREnet [W m–2 ]

ΔcCREtot [%]

SEED1r50

ECHAM6.1

-0.85

-1.61

37

SEED1r50

ECHAM6.3

-0.05

-1.33

34

Simulat.

6.2.3

Evaluation of cirrus cloud radiative effects and their geoengineering potential

Despite a wealth of measurements provided in particularly by a combination of the
CloudSat radar and CALIPSO/CALIOP lidar (the two satellites flying along the same
A-Train orbit, separated by only 17.5 seconds, Hong and Liu, 2015), studies of cirrus
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Figure 6.8: The annually averaged relative contribution of the three ice nucleating processes
to the total IC number concentration at 200 hPa for the ECHAM6.1-HAM2 model, which uses
the standard (ECHAM6.1-like) convective tuning (left panel) and the newer (ECHAM6.3-like)
convective tuning (right panel). The three processes are combined where each process is
associated with a colour: red for heterogeneously formed IC, blue for homogeneous IC, and
green for IC originating in deep convective clouds. A mixture of colours represents a mixture
of processes and their relative importance. The regions with an IC nucleation rate of less than
3 IC L–1 per model timestep are gradually shaded in black. Regions with no cirrus clouds are
dyed in black.
Table 6.3: Convective tuning parameters as used in the ECHAM6.1-HAM and ECHAM6.3HAM models.

Tuning parameter
precip conversion rate factor
detrainment rate factor
deep conv. entrainment rate factor
shallow conv. entrainment rate factor

ECHAM6.1

ECHAM6.3

9·10–4

9·10–4

0.4

0.2

3.5·10–4

1·10–4

8·10–4

30·10–4

radiative effects at global scale are rare. As CloudSat radar cannot detect thin cirrus clouds and CALIOP lidar oversaturates at cloud optical depths of approximately 3,
only products using a combination of both devices, for example the CloudSat level-2C
ice cloud property product (2C-ICE) (Deng et al., 2010) and the University of Reading
radar/lidar product (DARDAR) (Delanoe and Hogan, 2010) can give a complete view
on all ice clouds. The two products use different post processing algorithms, which
however, do not lead to considerable retrieval differences (Deng et al., 2013).
They provide all microphysical ice cloud properties which can be used, together with
the information about cloud and surface temperatures, solar zenith angle, surface reflectivity, and lower lying clouds, to compute the radiative fluxes with a radiative transfer
model. While no study examined such radiative calculations based on either of the two
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mentioned datasets for cirrus clouds at the global level, Hong and Liu (2015) examined
the radiative properties of all ice-containing clouds (including mixed-phase clouds) and
came to the global average top-of-the-atmosphere cloudy-sky cloud radiative effect of
4 W m–2 . Considering a global cirrus and mixed-phase cloud cover of about 40%, this
would result in a positive all-sky cloud radiative effect of about 1.6 W m–2 . They show
that ice containing clouds with optical depths < 4 have a warming contribution to the
TOA radiative balance. As almost all cirrus clouds fall into this category (Gasparini
et al., 2016), we would expect the radiative contribution of cirrus clouds alone to be
more positive.
After retreiving and computing CRE for all cirrus we propose to re-evaluate the cirrus
radiative effect by distinguishing cirrus clouds according to their origin to in situ or liquid origin cirrus (Luebke et al., 2016). Such additional criteria would likely discard all
clouds at temperatures >-70◦ C in the tropics (Jensen et al., 2015; Gasparini et al.,
2016), and at temperatures >-55◦ C in the extratropics (Voigt et al., 2016). A stringent
temperature criteria substantially decreases the cirrus cloud radiative effects as diagnosed by ECHAM6-HAM model (Table 4.3). Such a study is crucial to evaluate the
cirrus cloud optical properties in global climate models and to narrow down the true
geoengineering potential of cirrus clouds.

6.2.4

Disentangling direct and adjusted responses to cirrus seeding

Cirrus seeding can, through direct changes of cloud micro- and macrophysics, their radiative properties, and impact on precipitation, also substantially modify temperature
and lead to dynamical adjustments, which can again influence the cloud properties
(Figure 6.9). Adjustments can either increase or dump the initial cloud responses
to seeding: for example, while seeding decreases the frequency of homogeneous
nucleation events, the vertical velocity increase (adjustment to a cooling response by
seeding) supports again an increase in homogeneous freezing frequency (Figure 6.10,
leftmost panel). On the other hand, the ice water content decreases further due to adjustments, probably as a result of an increase in stratiform precipitation.
We separated the direct response from the adjusted response with the help of nudging.
Nudging introduces in the selected model’s prognostic equations additional terms that
nudge the atmospheric variables towards the observed values. Such strategies proved
to be useful in various climate model evaluation studies, in particularly those related
to aerosol-cloud interactions (Feichter and Lohmann, 1999; Kooperman et al., 2012;
Zhang et al., 2014; Liu et al., 2016). We nudge the divergence (every 48 hours),
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Figure 6.9: Direct responses (green box) and adjustments (orange box) to cirrus seeding. The
slow adjustments (also known as feedbacks) can be studied only with the help of mixed-layer
(or fully coupled) ocean simulations.

vorticity (every 6 hours), surface pressure, and temperature fields (every 24 hours)
to ERA-Interim reanalysis data for the year 2000 and use the observed sea surface
temperature for the year 2000.
The anomaly between the nudged seeded and the nudged reference simulation represents the direct responses to seeding (green box in Figure 6.10). We obtain the
adjusted response (Figure 6.10, orange box) by subtracting the direct response to
seeding from the full seeding response (Figure 6.10, red box), which is obtained by
the anomaly of a 5-year long fixed SST free-running simulation with its respective reference simulation.
However, due to significant differences between the climate in the nudged and free
simulations, the adjustments in Figure 6.10 reflect also differences between the free
and nudged simulations. In order to avoid such confounding signals, we will prepare
a nudging file out of a high frequency output of the free running reference simulation. Nevertheless, nudging still allows a certain extent of adjustments, as the climatic
variables are only pushed towards the observed meteorological state or distort the
interactions between, for example, dynamics and convection (Lin et al., 2016). However, we expect that the distorting factors and adjustments in nudged simulations will
be small enough to allow us to disentangle the direct and adjusted responses to cirrus
seeding.
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Seeding direct responses vs. adjustments
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Figure 6.10: Direct responses to seeding with large ice nucleating particles (green box), their
dynamical adjustments (orange box) and full responses (red box).

6.2.5

Climatic responses to cirrus seeding

The research on climatic effects of cirrus geoengineering, either by effective ice nucleating particles or increased sedimentation velocity, is still in its infant stage. We
propose to thoroughly evaluate the effect of seeding by the use of INP at global scale
in a modelling intercomparison study, for instance under the GeoMIP G7cirrus experiment (Kravitz et al., 2015). Firstly, we propose to study global and regional fast and
slow radiative feedback responses both at the top of the atmosphere and surface, as
done by Kravitz et al. (2013b) for the case of solar geoengineering. Secondly, global
and regional precipitation responses need to be addressed in a multi-modelling framework to better understand which of the signals are model dependent and which can
be associated to robust responses to seeding. Finally, we propose to focus on both
temperature and precipitation extremes, as these might react to changes in the LW
radiation budget differently from those observed in the GeoMIP solar reduction experiments (Curry et al., 2014).
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In addition, we suggest a new multimodel seeding experiment, in which the forcing
would be solar zenith angle dependent, as proposed by Storelvmo and Herger (2014).
Its precise experimental design should follow the newest research findings on cirrus
formation mechanisms and their relative importance.
Such model intercomparisons would not only try to understand differences in climatic
responses to seeding but also cirrus formation mechanisms by itself. Moreover, one
could also compare and evaluate the cirrus nucleation schemes input parameters, i.e.:
updraft velocities, relative humidities, temperatures, ice nucleating particle background
concentrations.

6.2.6

Ideal seeding particle

So far, only the pioneer cirrus seeding publication by Mitchell and Finnegan (2009)
raised the question of which ice nucleating material one could use for cirrus seeding.
They proposed bismuth triiodide (BiI3 ) due to its high freezing efficiency at temperatures below -20 ◦ C and low efficiencies at warmer temperatures. The topic needs
further research both from the modelling as from the laboratory perspective.
Based on our studies we conclude that an ideal ice nucleating particle for use in cirrus
clouds should meet the following criteria:
• be efficient in freezing at temperatures below the homogeneous nucleation temperature of water (-38 ◦ C)
• should not freeze at temperatures above -38 ◦ C to avoid mixed-phase cloud
glaciation effects which changes a reflective liquid cloud to a more transparent
ice cloud, having a net warming impact on climate (Ceppi et al., 2016, 2015; Tan
et al., 2016; Storelvmo et al., 2015)
• be non-toxic
• be available at a reasonable price.
Moreover, the following questions need to be addressed in future studies:
• Which critical RHice maximizes the seeding effect?
• What is the size of the ideal seeding INP?
• What are the optical properties of the ideal seeding INP? Can they significantly
perturb the climate?
• What is the average atmospheric lifetime of the ideal INP?

6.2 O UTLOOK
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Dust events as cirrus seeding analogues

Figure 6.11: A Saharan dust outlflow on 23rd March 2016 as observed by MODIS/Terra satellite. Despite their large size, dust particles can often be transported into the upper troposphere
by the large-scale ascent of air in the warm sector of an extratropical cyclone, as in the depicted
case, making it the most common upper tropospheric ice nucleating particle.

Mountain areas are due to high updrafts induced by mountain gravity waves hotspots
of homogeneously formed cirrus clouds (Gasparini and Lohmann, 2016; Mitchell et al.,
2016). Yet, Alps come frequently under the influence of large quantities of Saharan dust, in particularly in spring and autumn (Collaud Coen et al., 2004). When a
large dust load signficantly perturbs the atmospheric optical properties (most notably
- its single scattering albedo), a Saharan dust event is declared by the Swiss national
weather service - Meteoswiss. On average, the Jungfraujoch research stration in the
central Alps experiences more than 300 hours of declared Saharan dust events per
year (Bukowiecki et al., 2016). While most of the Saharan dust does not exceed altitudes of 6 km, there are indications that smaller dust loadings can make it to higher
levels, up to 8 km altitude (Meteoswiss, 2014), reaching temperatures cold enough
to influence cirrus cloud nucleation mechanisms. Moreover, Nickovic et al. (2016)
showed Saharan dust can reach tropopause levels (10-12 km altitude) over southern
Italy.
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Figure 6.12: A Saharan dust event of the 30-31 March 2014 as measured by the Jungfraujoch lidar (figure courtesy Yandong Tong) and by the CALIOP lidar on board of the CALIPSO
satellite.

Figure 6.13: LAGRANTO trajectories based on ERA-interim reanalysis fields started at several
pressure levels above Jungfraujoch on the 31.03.2014, coinciding with the CALIPSO satellite
overpass.

6.2 O UTLOOK

121

Therefore we propose a study that would evaluate better the propagation of the dust
layer above the Alps with the help of the lidar at Jungfraujoch research station and
Payerne Meteoswiss site, CALIPSO/CALIOP satellite data, and trajectory modelling to
address the following research questions:
• What is the maximum vertical extent of the Saharan dust over the Alps?
• Can the dust influence ice nucleation in cirrus clouds?
• Is there evidence of cirrus clouds changing their optical and microphysical properties during periods of high dust loadings?
If the study would indicate a possible dust influence on cirrus formation, an in situ aircraft, drone, or tethered balloon measurement campaign could be carried out. In the
first place, in situ measurements could verify the CALIOP lidar measurements during
the CALIPSO satellite overpass both in low dust loading as well as high dust loading
cases. High dust loading cases would rely on dust forecast models, which can accurately forecast dust loadings several days in advance (Nickovic et al., 2001). The
measurements would focus on ice crystal number concentration, their effective radius,
ice water content, as well as the background aerosol number concentrations and properties. Moreover, in situ single particle mass spectrometry would be used to compare
the composition of background aerosols and ice crystal residuals, and thus unequivocally determine the microphysical formation pathways of sampled ice crystals.
Figures 6.12 and 6.13 provide an example of a dust event from 30-31 March 2014,
when a large Saharan dust loading reached the Alps. Figure 6.12a shows the lidar
measurements of large dust number concentrations above Jungfraujoch between the
evening of March 30th and midday of March 31st . Figure 6.12b shows a coincident
measurement from the CALIOP lidar, on board of CALIPSO satellite. The measurement reveals the dust plume over the Sahara desert being lifted by both frontal and
orographic forcing to the mid and high troposphere, possibly reaching levels favourable
for cirrus cloud formation. Figure 6.13 shows a back trajectories calculations with LAGRANTO model (Wernli and Davies, 1997; Sprenger and Wernli, 2015) based on
ERA-interim reanalysis data. Most of the trajectories that reached Jungfraujoch at the
time of the CALIPSO overpass originate from the lower tropospheric Saharan air, rich
in dust. Interestingly, even the trajectories starting at temperatures below -35◦ C seem
to carry Saharan air (and possibly dust) to the Alps (Figure 6.13b, c).
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AND OUTLOOK

A pathway towards cirrus seeding field experiments

Cirrus seeding is still far away from being considered as a viable option of modifying
the climate by most of the scientific community. Before starting to seriously think about
cirrus seeding, the following (and many more) questions need to be addressed (Figure
6.14):

Figure 6.14: A futuristic view on cirrus seeding with associated scientific and technical questions.

• What are the ideal cirrus seeding target regions?
• During which parts of the year/day should the seeding be active?
• What is the ideal seeding particles concentration?
• How frequently does one need to seed over the same area?
• How fast do the seeded aerosol disperse in the relevant upper tropospheric conditions?
• What is the radiative forcing due to aerosol-radiation interactions of seeded
aerosols?
• How do the seeded aerosols interact with mixed-phase and liquid clouds?
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We expect that after a successful measurement campaign over the Alps as proposed
in subsection 6.2.7, laboratory work on ideal seeding particles, and multi-scale cirrus modelling, most of the above mentioned research questions on cirrus nucleation
mechanisms, their relative frequency, and cirrus radiative effects could be answered.
At this level of knowledge on cirrus clouds one could, with the agreement of the broader
research community and only with public consent, start planning a small-scale perturbative seeding experiment. Such experiment would be designed in a way to address
questions of atmospheric mixing and diffusion of seeded material, its best delivery
mechanisms, as well as the effectiveness of seeded particles in modifying cirrus cloud
optical properties, in particularly the possibility of overseeding.
If the field campaign, laboratory, and/or modelling results would not support the hypothesis of significant changes in cirrus radiative properties as a result of a shift from
homogeneous to heterogeneous nucleation, the research community would need to
abandon the ideas of counteracting (part of) global warming by means of cirrus seeding.

Appendix A
Appendix to "Cirrus clouds as seen
by the CALIPSO satellite and ECHAMHAM global climate model"
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Figure A1: Ice water path (IWP) and ice water content (IWC) from CALIOP compared with the
model, where we used a cloud optical depth threshold of 5.
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Figure A2: As figure 3 but using the DARDAR dataset.
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Appendix B
Appendix to "Why cirrus seeding cannot substantially cool the planet"
B.1

Cirrus scheme: implementation in ECHAM-HAM
GCM

The cirrus scheme used in this study closely follows the published work by Kärcher
et al. (2006) allowing competition between depositional growth on pre-existing ICs,
homogeneous, and heterogeneous freezing. Its GCM implementation is described
in Kuebbeler et al. (2014). The scheme simulates only in situ formed cirrus, while detrained ICs originate from the convective scheme. The scheme solves the depositional
growth equation, thus allowing an ice supersaturated environment. The diagnostic
cloud cover scheme (Sundqvist et al., 1989) causes a cloud cover of 1 in a gridbox
where ice is nucleated because the RHice is larger than 100 %. A cloud fraction between 0 and 1 is possible only in the subsaturated environment in the decaying phase
of a cirrus lifetime. We use the grid mean vertical velocity plus a subgrid scale enhancement in order to obtain vertical velocities that are closer to the ones observed in
the atmosphere.
The host aerosol-climate model ECHAM-HAM (Zhang et al., 2012) can interactively resolve aerosol microphysical processes (e.g.
lation).

nucleation, growth, coagu-

The aerosols are distributed in 4 modes: nucleation (particle radius r

< 0.005μm), Aitken (0.005μm < r < 0.05 μm), accumulation (0.05 μm < r < 0.5 μm), and
coarse mode (r > 0.5 μm). The number of aerosols available for homogeneous freezing is a sum of soluble aerosols from the Aitken, accumulation, and coarse modes. In
order to save computational time and because the ice nucleation is not that sensitive
to the details of the aerosol size distribution the cirrus scheme only takes into account
monomodal distributions of aerosols, with the respective modal standard deviation of
129
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1. Soluble aerosol available for freezing are assumed to have the size of the accumulation mode aerosols with a typical radius of around 0.1 μm, consistent with background
aerosol observations at cirrus levels by Thomas et al. (2002).
All dust emissions in ECHAM-HAM (Cheng et al., 2008) are emitted into the coarse
(most) and accumulation (only a small fraction) insoluble aerosol modes. However, the
larger coarse mode aerosols are removed faster and represent only a small fraction
of the total dust number concentration in the upper troposphere. They are also subject to atmospheric ageing through coagulation and condensation of water vapour and
sulphuric acid. Most of the dust aerosols available for freezing are coated/internally
mixed, while a smaller proportion remains in the insoluble/externally mixed pure dust
mode. We consider both the coarse and accumulation mode aerosol number concentrations for determining INP concentrations. Pure, uncoated dust aerosols act as INPs
in deposition nucleation mode. Their accumulation insoluble dry mode radius is taken
as the modal radius for the cirrus scheme. Internally mixed dust aerosols act as INPs
in immersion freezing. The wet radius of soluble accumulation mode particles is taken
as the immersion INP modal radius. Observational studies confirm that most of the
cirrus cloud INPs are in a submicron range (DeMott et al., 2010), compatible with the
accumulation mode radius size range of 0.05 - 0.5 μm.

B.2
B.2.1

Cirrus scheme: a short validation
ICNC and IC radii

In Figure B1 we compare the ICNC and IC radius for the cloudy part of the gridboxes
between the HOM, HOMHET, and FULL cirrus scheme setups. Upper tropospheric
ICNC decreases with the introduction of the competition between homogeneous and
heterogeneous ice nucleation (HOMHET, Figure B1 b), and by considering the deposition of vapour on pre-existing ICs (FULL, Figure B1 c). When homogeneous nucleation
is subjected to a competition with heterogeneous freezing on dust INPs, the vapour
is distributed on a smaller amount of ICs, which consequently grow to larger sizes
(confront FigureB1 d and e). Including pre-existing ICs in competition for water vapour
prevents even more nucleation events. As the ICNC further decreases, the remaining
ICs can grow to larger sizes in FULL (FigureB1 f) compared with the HOMHET (Figure B1 e) setup.
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Figure B1: Annually averaged in-cloud ICNC values for the HOM, HOMHET, and FULL simulations (a-c) and the respective in-cloud effective IC radii (d-f). The two black curves represent
the 0◦ C and -35◦ C isolines while the green curve shows the tropopause height.

B.2.2

Dust concentrations

Figure B2 shows a sum of pure and coated dust INP concentrations. Despite the high
importance of heterogeneous freezing on dust particles our model does not overestimate INP number in the atmosphere. In comparison with the modelling studies of
Storelvmo and Herger (2014) and Penner et al. (2015), our model shows lower dust
INP concentrations in the upper troposphere.
We further compare our dust concentrations over the Southern Ocean and Antarctica with a modelling study by Li et al. (2008) who studied dust transport to SH high
latitudes. They find dust concentrations averaged over 75◦ -90◦ S to reach up to 0.08
g m–3 in a band between 200-400 hPa, roughly consistent with our dust INPs maxima. Assuming an average dust aerosol radius of 1 μm (which is at the high end of
the aerosol sizes in the upper troposphere), we expect dust number concentrations of
up to 10 particles per liter in the SH high latitudes. Our model thus rather underestimates dust concentrations in the SH high-latitude upper troposphere (Figure B2), and
is lower compared with Penner et al. (2015) as well.
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Figure B2: Annually averaged heterogeneous INP concentration per liter at different altitudes
for the FULL simulation.

B.2.3

Vertical velocities

Figure B3: Annually averaged relative contributions of the three ice nucleating processes for
the FULL5 sensitivity experiment. Colour coding is the same as in Figure 3.3 and Figure 3.4.
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Figure B4: Annually averaged anomalies of cirrus cloud properties for seeding with 1 INP L–1
for the FULL5 sensitivity experiment. We show anomalies with respect to the non-seeded
reference simulation of: cloud cover, ice crystal number concentration (ICNC), in-cloud RHice ,
and IC radius. The green curve represents the tropopause, while the black curves are the
-35◦ C and the 0◦ C isolines.

Figure B5: Annually averaged anomalies of TOA net radiative balance and cirrus CRE for
seeding in the FULL2 and FULL5 sensitivity experiments. The reference is the respective
non-seeded simulation with the same enhanced vertical velocity.

As our heterogeneous IC fraction is large (Figure 3.4) and dust INP concentrations low
(Figure B2) compared with similar modeling studies (Penner et al., 2015) we speculate that our vertical velocities for cirrus formation are too low. We conduct a sensitivity
study for seeding scenarios with 0.1, 1, 10, 100 INPs L–1 in a climate with increased
vertical velocities by a factor of 2 and 5 simulated with the FULL cirrus scheme setup
(FULL2 and FULL5). We ran simulations for only 1 year with a 3-month spin-up time
with the goal of obtaining a qualitative rather than a quantitative answer on the seeding efficiency under changed vertical velocities. An increased vertical velocity implies
a higher RHice which makes homogeneous freezing nucleation more likely. The reference (not seeded) climate with vertical velocities increased for the cirrus scheme by
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Net TOA cirrus CRE (top two lines) and net TOA radiative balance anoma-

lies (bottom two lines) in W m–2 for seeding runs for the FULL2 and FULL5 sensitivity experiments.

Seeding (INPs L–1 )

0.1

1

10

100

FULL2

-0.10

0.06

0.72

1.67

FULL5

-0.07

-0.03

0.92

2.81

FULL2

-0.14

-0.25

0.59

1.13

FULL5

-0.29

0.22

0.43

2.00

a factor of 5 shows that now the dominant source of ICs is homogeneous freezing at
most locations and altitudes, except at the lowermost levels (Figure B3). The microphysical anomalies for cirrus seeding with respect to the reference simulation (where
we also consider 5 times larger vertical velocity) in Figure B4 are similar to those in
Figure 3.6 and show an increase in cloud cover, a decrease of ICNC in the tropical
tropopause region, where the seeding is most efficient, an increase in in-cloud RHice ,
and a decrease in IC radius. However, we do not obtain any considerable negative
TOA anomaly in either cirrus CRE or net radiative balance (Figure B5 and Table B1).

Appendix C
Appendix to "Is increasing ice crystal sedimentation velocity in geoengineering simulations a good proxy for
cirrus cloud seeding?"
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Figure C1: Same as Figure 4.1 but with an expanded IC radius range.

Figure C2: Difference between the annually averaged occurrence frequency of deep, mid-level
or deep and mid-level convection between the fixed SST simulations VEL2 and REF. Hatching
is applied for areas at 90% significance level.

Appendix D
Appendix to "To what extent can cirrus
seeding counteract global warming?"
D.1

Damage function

We define first an alternative damage function with a cubic dependence on temperature and precipitation anomalies normalised by their respective natural variability (one
standard deviation range of the present day climate simulation) in the following way:

Damage = abs

ΔT



3

T _stdev

+ abs

3

Δp



p_stdev

(D.1)

We also define a version of damage function linear with the climatic anomalies. More
precisely, we compute the root mean square of the normalized climatic anomaly as
follows:

Damage =

v
u
t

ΔT
T _stdev
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Δp
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2

(D.2)
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Figure D1: Climate change damage as defined by the Equation D.1 for annual (a-c) and winter
(d-f) or summer (h-j) averages. The left column shows damages in the 1.5CO2 simulation, the
middle column is the SEED simulation, and the right column VELmax simulation.

Figure D2: As Figure D.1 but for climate change damage by the Equation D.2.
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Additional material

Figure D3: Seasonal temperature vs. precipitation (DJF, JJA) anomalies in absolute terms
(a, c) and with normalised deviations (in standard deviation units) in b) and d). The circles
represent the 21 Giorgi regions defined in Table D1. The area of the circle is proportional
to the square root of the population in a specific region. The red color represents anomalies
from the 1.5CO2 simulation, blue from the SEED simulation, and yellow from the VELmax
simulation.
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Table D1: 21 Giorgi regions (Giorgi and Francisco, 2000).

Acronym

Latitude(◦ )

Longitude(◦ )

Latitudinal band

Australia

AUS

45S-11S

110E-155E

SH subtropics

Amazon basin

AMZ

20S-12N

82W-34W

Tropics

Southern South America

SSA

56S-20S

76W-40W

SH subtropics

Central America

CAM

10N-30N

116W-83W

Tropics

Western North America

WNA

30N-60N

130W-103W

NH midlatitudes

Central North America

CNA

30N-50N

103W-85W

NH midlatitudes

Eastern North America

ENA

25N-50N

85W-60W

NH midlatitudes

Alaska

ALA

60N-72N

170W-103W

NH high latitudes

Greenland

GRL

50N-85N

103W-10W

NH high latitudes

Mediterranean basin

MED

30N-48N

10W-40E

NH midlatitudes

Northern Europe

NEU

48N-75N

10W-40E

NH high latitudes

Western Africa

WAF

12S-18N

20W-22E

Tropics

Eastern Africa

EAF

12S-18N

22E-52E

Tropics

Southern Africa

SAF

35S-12S

10W-52E

SH subtropics

Sahara

SAH

18N-30N

20W-65E

Tropics

Southeast Asia

SEA

11S-20N

95E-155E

Tropics

East Asia

EAS

20N-50N

100E-145E

NH midlatitudes

South Asia

SAS

5N-30N

65E-100E

Tropics

Central Asia

CAS

30N-50N

40E-75E

NH midlatitudes

Tibet

TIB

30N-50N

75E-100E

NH midlatitudes

North Asia

NAS

50N-70N

40E-180E

NH high latitudes

Region name

Appendix E
Abbreviation list
cldcov

cloud cover

CRE

cloud radiative effect

cCRE

cirrus cloud radiative effect

CDR

carbon dioxide removal

CE

climate engineering

COD

cloud optical depth

EXT

extinction

GCM

general circulation model

GeoMIP

Geoengineering Modeling Intercomparison Project

HAM

Hamburg Aerosol Module

IC

ice crystal

ICNC

ice crystal number concentration

INP

ice nucleating particle

ITCZ

intertropical convergence zone

IR

infrared radiation

IWC

ice water content

IWP

ice water path

LW

longwave radiation

MLO

mixed layer ocean

NH

Northern Hemisphere

REFFI

ice crystal effective radius

RH

relative humidity

RHice

relative humidity with respect to ice

RM

radiation management

SH

Southern Hemisphere

SRM

solar radiation management

SST

sea surface temperature

SW

shortwave radiation

TOA

top of the atmosphere
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