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Abstract Due to their net warming effect, cirrus clouds play a crucial role in the climate system. A
recently proposed climate engineering mechanism (CEM) intends to reduce high cloud cover by seeding
cirrus clouds with efficient ice nuclei (IN) and therefore cool climate. Here, the susceptibility of cirrus
clouds to the injection of ice nuclei in the upper troposphere is investigated in the extended Community
Atmospheric Model version 5 (CAM5). Due to large uncertainties associated with the dominant ice
nucleation mechanism in cirrus clouds, different control cases were simulated. In addition to pure
homogeneous and heterogeneous nucleation, cases with competition between homogeneous and
heterogeneous nucleation and different fractions of mineral dust active as IN were considered. Whereas
seeding in the pure heterogeneous case leads to a strong warming due to overseeding, an optimal seeding
IN concentration of approximately 18 l−1 was found for the other cases. For the optimal seeding
concentration, a reduction in the net cloud forcing (NCF) of up to 2 W m−2 was simulated, corresponding
to a strong cooling effect. To optimize the cooling and minimize the amount of seeding material,
globally nonuniform seeding strategies were tested, with minimal seeding in the summer hemisphere and
in the tropics. With seeding applied to less than half the globe, an even stronger reduction in the NCF was
achieved. This suggests that the CEM could work for an atmosphere even with considerable heterogeneous
ice nucleation and that the desired cooling could be obtained without seeding the entire globe.

1. Introduction

The term climate engineering refers to a range of proposed methods by which Earth’s climate could deliber-
ately be altered. Such climate engineering mechanisms have recently received considerable attention, after
Crutzen [2006] revived the topic as a means to decelerate global warming. Interestingly, one of the earli-
est papers mentioning climate engineering proposed it out of concerns about a new so-called “Snowball
Earth” state [Budyko, 1969], while obviously the current focus is to identify mechanisms that could cool cli-
mate to compensate for the effect of increasing greenhouse gas concentrations. Such a climate engineering
mechanism (CEM) targeting cirrus clouds was recently proposed by Mitchell and Finnegan [2009]. They pro-
posed that Earth’s greenhouse effect could be significantly reduced if cirrus cloud coverage in the upper
troposphere (UT) was lowered.

Cirrus clouds currently cover about 30% of Earth’s surface [Rossow and Schiffer, 1999] and play an impor-
tant role in Earth’s energy budget. In the shortwave part of the electromagnetic spectrum, they cool the
Earth-atmosphere system by reflecting solar radiation back to space. However, this cooling does not domi-
nate the cirrus cloud greenhouse effect; by absorbing terrestrial radiation and reemitting radiation to space
at a significantly lower temperature than that of the Earth’s surface, they contribute substantially to Earth’s
total greenhouse effect and therefore have a net warming effect [e.g., Stephens, 2005].

Cirrus clouds can form either by homogeneous freezing, by supercooled solution droplets freezing
spontaneously, or by heterogeneous ice nucleation, with atmospheric ice nuclei (IN) aiding the phase tran-
sition. Homogeneous freezing occurs spontaneously from temperature and density fluctuations within a
supercooled liquid phase, typically an aqueous sulfate droplet; its occurrence largely depends on the tem-
perature, droplet volume, and vapor pressure [Koop et al., 2000]. Generally, temperatures below about 235 K
and supersaturations above 45% with respect to bulk ice are required for homogeneous freezing to occur.
Laboratory studies of ice nucleation have shown that heterogeneous freezing requires lower relative humid-
ity over ice than homogeneous freezing. Mineral dust and metallic particles have been shown to be suitable
nuclei on which heterogeneous nucleation can occur [e.g., Phillips et al., 2008]. However, IN concentrations
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in the upper troposphere are low, and typical concentrations are in the order of 10 l−1 or less [DeMott et al.,
2003]. Measurements of relative humidity in the upper troposphere, though sparse and uncertain, often
support the belief that most cirrus clouds form under conditions that are favorable for homogeneous freez-
ing [see Spichtinger et al., 2003, 2004; Mitchell et al., 2011]. However, Cziczo et al. [2013] recently contradicted
this long-held view, reporting in situ measurements of the composition of the residual particles within cirrus
ice crystals after the ice was sublimated. This composition analysis, combined with relative humidity mea-
surements, suggests that heterogeneous freezing was the dominant formation mechanism of cirrus clouds
sampled in four field campaigns over North and Central America.

Our knowledge of cirrus microphysical properties largely stems from aircraft campaigns dedicated to cirrus
clouds; an example is the interhemispheric differences in cirrus properties from anthropogenic emissions
(INCA) campaign [Ström et al., 2003; Gayet et al., 2004]. In the INCA campaign, aerosol and cirrus cloud micro-
physical properties were measured in both hemispheres at similar latitudes during the same season, and
Northern Hemisphere (NH) cirrus were found to have 20% lower relative humidity (RH) than their Southern
Hemisphere (SH) counterparts. It was speculated that this interhemispheric contrast is related to corre-
sponding contrasts in the cirrus cloud freezing threshold caused by different aerosol loadings between the
two hemispheres. The SH RH values seem to be consistent with homogeneous freezing, while the NH ones
suggest cirrus formation dominated by heterogeneous freezing.

It has been assumed that the success of the CEM proposed by Mitchell and Finnegan [2009] relied on cirrus
clouds forming primarily by homogeneous nucleation in the current atmosphere. If this holds true, seed-
ing the upper troposphere with particularly efficient IN (BiI3 being the proposed artificial seeding material)
could potentially shift the dominant nucleation mechanism from homogeneous freezing to heteroge-
neous nucleation. The seeding IN would form ice crystals at low supersaturations (∼5%), and the ice crystals
formed would grow rapidly and deplete water vapor to the extent that homogeneous ice nucleation would
be suppressed. By selecting the right amount of seeding material, the goal of forming cirrus clouds contain-
ing few but large ice crystals could be achieved. The large ice crystals would have high fall velocities and
therefore lead to shorter cirrus cloud lifetimes.

An initial evaluation of the viability of the CEM proposed by Mitchell and Finnegan [2009] was conducted by
Storelvmo et al. [2013], who simulated the effect of adding particularly efficient ice nuclei in various concen-
trations to the UT region. The study showed that such a seeding could indeed produce significant cooling,
sufficient to counter the entire anthropogenic contribution to the greenhouse effect since preindustrial
times (approximately −2.5 W m−2 for an optimal seeding IN concentration of 18 l−1). However, the study
found that overseeding could lead to the opposite effect, i.e., a warming rather than the desired cooling.
The study assumed that all cirrus clouds form homogeneously in the absence of seeding IN, an assumption
that has subsequently been demonstrated not to hold. Here, we extend Storelvmo et al. [2013] by perform-
ing global climate simulations of the effect of cirrus seeding under a range of assumptions regarding the
relative importance of homogeneous and heterogeneous nucleation in cirrus clouds in the present atmo-
sphere. Furthermore, while Storelvmo et al. [2013] applied uniform seeding concentrations for the UT region
of the entire globe, we here study the effect of geographically nonuniform seeding, targeting regions and
seasons with the highest susceptibility. Finally, in addition to considering the effects on cirrus cloud micro-
physics and radiative forcings, we also address the short-term climate response that could occur after the
implementation of this CEM, with a focus on land surface temperature and precipitation.

The remainder of the paper is structured as follows. Section 2 briefly describes the modeling tool and the
method. Section 3 presents and discusses the results of five control simulations (subsection 3.1) and their
response to spatially uniform (subsection 3.2) and nonuniform (subsection 3.3) seeding IN concentrations.
Finally, our conclusions and a list of remaining open questions are given in section 4.

2. The Model and Method

The modeling tool in this study is the Community Atmosphere Model, Version 5 (CAM5), extended with
parameterizations of homogeneous and heterogeneous ice nucleation by Barahona and Nenes [2008, 2009],
hereafter BN08/09. CAM5 includes a two-moment cloud microphysics scheme described by Morrison and
Gettelman [2008], with modifications to the ice microphysics described in Gettelman et al. [2010]. The aerosol
treatment follows Liu et al. [2012a], applying the version that describes the aerosol size distribution with
three log-normal modes (MAM3). One of the modes is designated for coarse mode dust particles, from
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Table 1. CAM5.1 Control Cases in This Study

Case Name Description

HOM Pure homogeneous nucleation
HOMHET_5% Homogeneous and heterogeneous nucleation with 5% of mineral dust active as IN
HOMHET_50% Homogeneous and heterogeneous nucleation with 50% of mineral dust active as IN
HOMHET_100% Homogeneous and heterogeneous nucleation with 100% of mineral dust active as IN
HET Pure heterogeneous nucleation

which we calculate the concentration of ice nuclei available for heterogeneous ice nucleation using the
BN08/09 scheme, using a semiempirical ice nucleation spectrum based on classical nucleation theory,
described in BN09. As in BN09, a supersaturation of 20% was used as the freezing threshold for dust, while a
freezing threshold of 5% was used for the seeding IN. Different from BN09, we assumed that soot particles
do not have the ability to act as IN. Note that the choice of ice nucleation spectrum and the aerosol types
active as IN in the unseeded atmosphere are likely to quantitatively affect the outcome of the study.

Cziczo et al. [2013] found that mineral dust and metallic particles dominate ice residues over Central
America. This suggests that these particle types are efficient IN. The sources, properties, and atmospheric
concentrations of metallic particles are currently poorly constrained and too uncertain to be incorporated in
global climate simulations. We therefore only consider dust particles as natural IN in the present study. How-
ever, laboratory studies have shown that not all dust particles can act as IN [e.g., Welti et al., 2009]. For the
control cases of our study, we chose two cases where the fraction of mineral dust particles active as IN was
limited to either 5% (HOMHET_5%) or 50% (HOMHET_50%) and one case where all the particles can act as
IN (HOMHET_100%).

Additional to the control cases with competition between homogeneous and heterogeneous nucleation,
the two cases of pure homogeneous (HOM) and pure heterogeneous (HET) nucleation were also considered.
An overview of the control cases is given in Table 1.

For each control case, seeding series with the following uniform seeding IN concentrations in the upper
troposphere were simulated: 0.1, 0.5, 1, 5, 10, 18, 25, 50, 100, and 250 IN per liter. The results of these simula-
tions are presented in subsection 3.2. In order to achieve an optimal seeding strategy, nonuniform seeding
simulations were conducted for all control cases except for HET. These results are presented and discussed
in subsection 3.3.

All the simulations were run for 5 years, and the means of the last 4 years were used in the analysis. Simula-
tions were run with climatological sea surface temperatures and anthropogenic aerosol emissions following
Lamarque et al. [2010], while dust emissions follow Mahowald et al. [2006]. All simulations were run with a
finite volume dynamical core, a resolution of 1.9◦ latitude and 2.5◦ longitude and 30 vertical levels.

3. Results/Discussion
3.1. Control Cases
Table 2 shows the comparison between the global and annual mean of the control cases of this study and
satellite observation data (OBS). It is evident that the case with pure heterogeneous nucleation (HET) is
furthest away from the observations. The other control cases can all be considered to be reasonably realistic.

Table 2. Simulated Global and Annual Mean Cloud Cover (CC), Ice Water Path (IWP), Liquid Water Path (LWP), Net
Cloud Forcing (NCF), Shortwave Cloud Forcing (SWCF), and Longwave Cloud Forcing (LWCF) From the CAM5.1 As Well
As From Satellite Observations (OBS)a

Case Name CC (%) IWP (g m−2) LWP (g m−2) NCF (W m−2) SWCF (W m−2) LWCF (W m−2)

HOM 68.3±0.17 21.6±0.07 47.0±0.27 −26.5±0.15 −60.2±0.13 33.7±0.08
HOMHET_5% 68.3±0.15 21.6±0.08 47.0±0.14 −26.5±0.25 −60.0±0.11 33.6±0.19
HOMHET_50% 68.3±0.12 21.2±0.14 46.9±0.06 −26.7±0.15 −59.6±0.14 32.9±0.07
HOMHET_100% 68.0±0.16 21.0±0.05 47.0±0.30 −26.9±0.29 −59.4±0.31 32.5±0.08
HET 61.4±0.17 15.8±0.12 43.7±0.14 −29.4±0.20 −49.2±0.15 19.8±0.14
OBS ∼ 67 20–70 30–50 −23.8 to −17.2 −50.5 to −44.5 22.4–30.4

aObservations are taken from ISCCP [Rossow and Schiffer, 1999] (CC), a combination of CloudSat and CALIPSO
retrievals (IWP, LWP), from ERBE and CERES (NCF), and from Stephens et al. [2012] (SWCF, LWCF).
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Figure 1. Seasonal number concentrations of mineral dust at the 200 hPa level for the 4 year mean of the HOM case. A logarithmic color scale is used to repre-
sent the number concentrations. MAM: March, April, and May; JJA: June, July, and August; SON: September, October, and November; DJF: December, January,
and February.

However, the modeled net cloud forcing (NCF) is generally too low due to deviations in the shortwave cloud
forcing (SWCF). The control cases change in an overall systematic manner when the percentages of mineral
dust active as IN are changed.

Figure 1 shows the geographical and seasonal distribution of the number concentration of mineral dust in
the coarse mode at the 200 hPa level using a logarithmic scale. There are no big differences between the
control cases, so only the maps of the HOM case are shown here. At this level, the highest concentrations
can be found in NH summer (JJA) and fall (SON). However, note that in the lower troposphere, the simulated
dust concentrations peak in spring, in agreement with findings reported in Yu et al. [2012]. The Saharan
desert and Asian dust have the highest contribution to mineral dust in the atmosphere. Prospero et al. [2002]
found a similar seasonal and spatial variability in mineral dust emissions.

Under consideration of results from the INCA (Interhemispheric Differences in Cirrus Properties From
Anthropogenic Emissions) field experiment, Haag et al. [2003] suggested that cirrus clouds in the SH mid-
latitudes are dominated by homogeneous nucleation. In contrast, cirrus clouds in the NH are formed by
a combination of homogeneous and heterogeneous nucleation. The modeling study of Liu et al. [2012b]
lead to similar results as they suggested that the contribution of homogeneous nucleation to the in-cloud
ice crystal number concentration is high in the upper troposphere in the tropics and in the SH. The sim-
ulated in-cloud ice crystal number concentrations and effective radii for three of the control cases (HOM,
HOMHET_50%, and HET) are shown in Figure 2. Ice crystal number concentrations and sizes are similar in
HOM and HOMHET_50%, suggesting that the concentration of mineral dust IN is often too low for homoge-
neous ice nucleation to be suppressed. In agreement with the previous studies, these simulations produce
maxima in ice crystal number concentrations in the SH upper troposphere. In contrast, simulation HET pro-
duces much lower ice crystal number concentrations that have maxima in the midlatitude storm tracks in
the lower/middle troposphere. As a consequence of the lower ice crystal number concentrations, ice crystals
in the upper troposphere are also much larger in simulation HET, as expected.

Our simulations agree with the findings of Liu et al. [2012b] in the sense that a high number concentra-
tion of heterogeneous IN in the NH midlatitudes can be assigned to the main dust sources in North African
and Asian deserts. Therefore, the heterogeneous nucleation mechanism is expected to be important in the
NH, particularly in regions with more mineral dust available. This is confirmed by Figure 3, which displays
the fraction of ice crystals that were formed heterogeneously (HETFRAC) on the 200 hPa level, where cirrus
clouds can be found. A HETFRAC of 1, as seen in the HET control case (Figure 3e), indicates that all the ice
crystals were formed heterogeneously, whereas HETFRAC equals 0 in the HOM case (Figure 3a). HETFRAC
features large seasonal variations, mainly caused by temperature changes and changes in mineral dust con-
centration. As HETFRAC is highest in NH summer (JJA) and fall (SON), cirrus clouds are expected to have the
weakest susceptibility to additional seeding then. However, even in the HOMHET_100% case where all the
mineral dust particles can act as IN, the heterogeneous IN concentration is still not high enough in order to
completely suppress homogeneous freezing.

A comparison to the field campaigns which built the basis for the paper of Cziczo et al. [2013], com-
bined with the knowledge that it is unlikely that all dust particles have the ability to act as IN, leads to the
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Figure 2. Zonal mean in-cloud ice crystal number concentrations and effective radii: (a and d) HOM, (b and e) HOMHET_50%, and (c and f) HET. A logarithmic
color scale is used to represent the number concentrations.

assumption that the HOMHET_50% control case (Figure 3c) is closest to reality. The four aircraft campaigns
(MACPEX, CRAVE, TC4, and CRYSTAL-FACE) were conducted in different seasons mostly over Central and
North America (flight tracks included in Figure 3c). In 94% of cloud encounters, the ice crystals appeared to
have formed by heterogeneous nucleation [Cziczo et al., 2013]. However, the cirrus encounters represented
both convective outflow and synoptically formed cirrus clouds. Only the latter is relevant for the compari-
son with Figure 3. All in all, we conclude that the HOMHET_50% control case stands in good agreement with
these observations.

3.2. Uniform Seeding
Based on the five control cases, seeding scenarios with different uniform seeding IN concentrations (0.1,
0.5, 1, 5, 10, 18, 25, 50, 100, and 250 IN per liter) were analyzed. The seeding IN were introduced into the
upper troposphere for temperatures below 235 K, and they were all assumed to have the ability to act as
IN. Figure 4 shows the changes between the seeded cases with different IN concentrations and the con-
trol cases. The HOM case and the cases with competition between homogeneous and heterogeneous
nucleation behave in a systematic way with HOM as the case with the largest sensitivity to seeding and
decreasing effects with increasing percentages of mineral dust active as IN. For the pure heterogeneous
case, an overseeding as described by Storelvmo et al. [2013] can be observed. As evident from Table 2, the
HET case differs dramatically from the other four control cases and also responds very differently to seeding.

For the other control cases, no significant changes can be observed up to a seeding concentration of
approximately 1 IN per liter. With increased seeding, the cloud ice number concentration (Figure 4a) begins
to decrease and the ice crystal effective radius (Figure 4b) is increased correspondingly. This leads to fewer
and larger ice crystals which effectively sediment out due to their higher fall speed. As a direct result thereof,
the high cloud cover (Figure 4c) is decreased, with associated reduction in the ice water path (Figure 4d).
Seeding of cirrus clouds also impacts the radiative properties of the clouds. With decreased high cloud
cover, less longwave radiation is trapped in the atmosphere. This reduced greenhouse effect of the cir-
rus clouds leads to a decrease in longwave cloud forcing (LWCF) (Figure 4e) and therefore a cooling of
the climate. The optically thinner clouds are characterized by a decreased albedo which allows more solar
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Figure 3. Maps of the fraction of ice crystals that is formed heterogeneously (HETFRAC) at 200 hPa for the 4 year means of the different seasons in columns and
control cases in rows. The following control cases are displayed: (a) HOM, (b) HOMHET_5%, (c) HOMHET_50%, (d) HOMHET_100%, and (e) HET. MAM: March,
April, and May; JJA: June, July, and August; SON: September, October, and November; DJF: December, January, and February. The flight tracks of the Cziczo et al.
[2013] field campaigns are shown on the HOMHET_50% plots for the corresponding seasons. The globally averaged values in HETFRAC are given beneath the
corresponding plots.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 4. Curves of the 4 year global means for the difference between the seeding and five control simulations. The plots are showing the following as a
function of seeding IN concentration: (a) average in-cloud ice number concentration at 200 hPa, (b) ice crystal effective radius at 200 hPa, (c) high cloud cover,
(d) column ice amount (IWP), (e) longwave cloud forcing (LWCF), (f ) shortwave cloud forcing (SWCF), (g) net cloud forcing (NCF), (h) surface temperature, and
(i) total precipitation.

radiation to enter Earth’s atmosphere and reach the ground. The shortwave cloud forcing (SWCF) (Figure 4f )
partially compensates the cooling caused by the reduction in LWCF. The net cloud forcing (Figure 4g) shows
that the reduced LWCF dominates over the increase in SWCF and a cooling of the atmosphere results. Only
a small reduction in surface temperature (Figure 4h) around −0.2 K can be observed as we do not allow the
ocean to change its temperature. As a consequence of the reduced atmospheric temperature and constant
sea surface temperature, the total precipitation rate (Figure 4i) is increased. The change in total precipitation
is dominated by the change in convective precipitation (not shown here).

The above mentioned direct and indirect effects of seeding cirrus clouds are not valid for the HET control
case. Even for small seeding IN concentrations, all the ice crystals are formed by heterogeneous nucleation.
With additional IN, we enter the overseeding regime with increased cloud ice number concentrations and
dramatically decreased ice crystal effective radius [Storelvmo et al., 2013]. An interesting behavior can be
found for the high cloud cover in the HET case (Figure 4c). The S-shaped curve can be explained as a compe-
tition between changes in temperature and ice crystal number concentration. Between 0.1 and 1 seeding IN
per liter, a dramatic increase in high cloud cover of almost 10% can be observed as we keep more ice crys-
tals in the atmosphere. A warming signal in the atmospheric temperature can be found in the same region
(not shown here). For seeding concentrations between 1 and 25 IN per liter, the high cloud cover decreases
rapidly. We find a strong increase in atmospheric temperature with decrease in both relative and specific
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Figure 5. Zonal mean plots for the 4 year means for the difference between the seeding and five control cases showing changes in the following variables due to
an optimal seeding of 18 IN per liter: (a) average in-cloud ice number concentration at 200 hPa, (b) ice crystal effective radius at 200 hPa, (c) high cloud cover, (d)
column ice amount (IWP), (e) longwave cloud forcing (LWCF), (f ) shortwave cloud forcing (SWCF), (g) net cloud forcing (NCF), (h) surface temperature, and (i) total
precipitation. The curves represent moving averages, and the error bars show the standard deviation.

humidity in this region. Moreover, the ice crystal effective radius is slightly increased. With seeding concen-
trations higher than 25 IN per liter, the curve of the high cloud cover continues to rise as it did for smaller
seeding IN concentrations. It goes hand in hand with an increase in atmospheric and surface temperature,
relative and specific humidity (more water vapor available), and cloud ice number concentration. The other
curves for the HET case behave as expected.

Apart from HET, all the control runs feature an optimum at the same seeding IN concentration. This optimal
seeding IN concentration depends on the variable that is considered. The change in net cloud forcing (NCF)
(Figure 4g) features an optimum with up to −2 W m−2 at 18 seeding IN per liter for all control cases except
HET and is hereafter referred to as the optimal seeding IN concentration. It is important to note that this
optimal seeding IN concentration is sensitive to the model treatment of subgrid-scale vertical velocity and
associated cooling rates [Storelvmo et al., 2013].

Zonal mean plots showing the difference between the various control cases (HOM, HOMHET_5%,
HOMHET_50%, HOMHET_100%, and HET) and the corresponding simulations with an optimal seeding of
18 IN per liter are shown in Figure 5. The additional IN outcompetes homogeneous nucleation, which then
leads to fewer but larger ice crystals. This effect can be seen in Figures 5a and 5b. The strongest increase in
ice crystal effective radius can be observed in high latitudes where the ice water path (Figure 5d) features a
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Figure 6. Maps of the 4 year mean showing the effect of optimal seeding with 18 IN per liter for the HOM case and
the HOMHET_50% case for the following variables: (a and b) surface temperature and (c and d) total precipitation. The
globally averaged changes in the variables are given beneath the corresponding plots. The hatching indicates regions
where the difference between the seeding and control simulation was not statistically significant (paired t test with a
significance level of 5% was applied).

minimum due to higher fall speeds. The pure heterogeneous control case leads to a strong increase in high
cloud cover (Figure 5c) and therefore warming in most of the regions (Figure 5h). Big variations between
the different control cases can be observed in the Northern Hemisphere due to the strong dependency on
mineral dust concentration.

One of the objectives of removing cirrus clouds is to reduce the LWCF (Figure 5e) and keep the shortwave
cloud forcing at a minimum (Figure 5f ). The net cloud forcing (Figure 5g) for the HET case is increased which
leads to a warming. For all the other control cases with optimal seeding of 18 IN per liter, the LWCF domi-
nates the SWCF and this leads to the desired cooling of the climate. Note, however, that in the tropics the
net cloud forcing remains unchanged or is even increased. The same is true for the midlatitudes of the sum-
mer hemisphere (not shown). This effect is undesired, as seeding in these regions would have negligible
effect and could even lead to a warming. This is a result of an almost perfect cancelation between changes in
LWCF and SWCF in these regions, which can be explained as follows: Changes in ice crystal number concen-
trations and sizes, as well as in ice water path and cloud cover, are small in the tropics. This is partly because
HETFRAC is already relatively high there (cf. Figure 3), meaning that cirrus susceptibility to IN injection is
small in this region. Furthermore, cirrus clouds in the tropics are formed mainly by convective outflow, a
process which is not affected by the IN injection in the model. Finally, despite the small changes in the cloud
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Figure 7. Seeding IN concentrations for the two nonuniform seeding
strategies (y1 and y2, in l−1) as a function of latitude.

properties, the reduction in the mag-
nitude of the SWCF is relatively strong
in the tropics. This is the result of
the sun being directly overhead,
so that even a small reduction in
cloud albedo may reduce the SWCF
significantly. In subsection 3.3, this
insight is taken into account in order
to create an optimal nonuniform
seeding strategy.

The strongest surface temperature
decrease can be observed in the
Southern Hemisphere where HET-
FRAC is lowest (cf. Figures 5h and 3).
The main dust sources can be found
in the Northern Hemisphere, where a
weaker cooling due to a larger initial
HETFRAC is achieved.

This climate engineering technique
also leads to changes in the precipitation through various so-called fast feedback mechanisms [Zelinka et al.,
2013]. These are feedbacks in response to the cooling of the land surface and the atmosphere, combined
with a sea surface which is kept at climatological temperatures. This can be thought of as the short-term
climate response one would observe after the introduction of this CEM, because the land surface and atmo-
spheric temperatures respond more rapidly to an imposed forcing than does the sea surface temperature.
An increase in total precipitation with peaks in the tropics and midlatitudes can be observed (Figure 5i).
The convective precipitation dominates as the changes in large-scale precipitation are up to an order of
magnitude smaller (not shown here).

Maps showing the effect of optimal uniform seeding of 18 IN per liter are displayed in Figure 6. The left col-
umn shows changes in surface temperature and total precipitation (convective and large scale) in the HOM
case. The same is displayed in the right column for the HOMHET_50% case.

As we force the ocean temperature to remain unchanged, only temperature changes over the continents
can be observed (Figures 6a and 6b) and are often not statistically significant (indicated by hatching). The
cooling effect is strongest in high latitudes. While some regions experience a warming, these changes were
not statistically significant at the 95% confidence level. A general intensification of the extratropical cyclones
and a strengthening of the trade winds were observed (not shown) and are expected when the tempera-
ture gradient between low and high latitudes is increased. The increased equatorward flow is the surface
manifestation of a strengthening of the Hadley cell, a tropical atmospheric circulation that is responsible for
the heat transport from the tropics to the midlatitudes. This is also expected when the temperature gradi-
ents between equator and the poles are increased. As expected, the globally averaged surface temperature
decrease is smaller in the HOMHET_50% case (Figure 6b) than in the HOM case.

An overall increase in total precipitation rate (Figures 6c and 6d) can be observed. The biggest changes
can be found in the intertropical convergence zone (ITCZ). Increased equatorward flow and low-level con-
vergence leads to stronger convection and hence increased convective precipitation there. An increase in
precipitation is also evident in the midlatitude storm tracks, particularly over the ocean. This is a response to
the cooler atmosphere and an ocean surface which is kept at higher temperatures. This leads to a stronger
temperature gradient and thus a higher evaporation rate and stronger convection.

3.3. Nonuniform Seeding
Based on the results discussed in subsection 3.2, it is evident that seeding in the tropics should be avoided
as it leads to negligible changes or even an increase in NCF (cf. Figure 5g) and could therefore lead to a
warming. Moreover, in order to minimize the amount of seeding IN, the climate engineering mechanism
should not be applied in the summer hemisphere as the smallest cooling effects are expected in this season.
This is especially true for the NH, where the combined effect of large HETFRAC values and maximum solar
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Figure 8. Zonal mean plots for the 4 year means of the difference between the seeding and control cases showing changes in the following variables due to
a nonuniform seeding: (a) average in-cloud ice number concentration at 200 hPa, (b) ice crystal effective radius at 200 hPa, (c) high cloud cover, (d) column ice
amount (IWP), (e) longwave cloud forcing (LWCF), (f ) shortwave cloud forcing (SWCF), (g) net cloud forcing (NCF), (h) surface temperature, and (i) total precipi-
tation. The solid (dashed) lines correspond to the nonuniform seeding based on the function y2 (y1). The curves represent moving averages, and the error bars
show the standard deviation.

insolation lead to relatively small changes in LWCF that are largely canceled by the corresponding changes
in SWCF.

Two nonuniform seeding methods were tested in the context of this study in order to keep the seeding IN
amount as small as possible and to optimize the cooling effect. The following combined logistic equations
as a function of the solar noon zenith angle 𝜃s were tested:

y1 = − 18
1 + exp(−50 ⋅ (𝜃s + 𝜋∕6))

+ 18 + 18
1 + exp(−50 ⋅ (𝜃s − 𝜋∕6))

(1)

y2 = − 18
1 + exp(−18 ⋅ (𝜃s + 𝜋∕4))

+ 18 + 18
1 + exp(−18 ⋅ (𝜃s − 𝜋∕4))

(2)

where y1 and y2 are the seeding IN concentrations (in l−1), shown for the two solstices in Figure 7. The
equations describe a seeding strategy where the seeding concentration is maximal (18 seeding IN per liter)
for large zenith angles and therefore low altitudes of the sun. Using the solar noon zenith angle as indepen-
dent variable, we found a way to maximize the seeding amount in the high latitudes and avoid seeding in
the tropics. The transition between these two extremes is smooth.
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Figure 9. Maps of the 4 year means showing the effect of nonuniform seeding for the HOM case and the HOMHET_50% case. HOM with y2, HOM with y1,
HOMHET_50% with y2, and HOMHET_50% with y1. Plots are shown for the following variables: (a–d) surface temperature and (e–h) total precipitation rate. The
globally averaged changes in the variables are given beneath the corresponding plots. The hatching indicates regions where the difference between the seeding
and control simulation was not statistically significant (paired t test with a significance level of 5% was applied).

Equation (1) describes a nonuniform seeding where approximately 40% of the Earth’s surface is seeded at
any given time. The seeding occurs from the poles down to latitudes close to the tropics where the seed-
ing material is assumed to be inefficiently transported to the equator by diffusion. In the height where the
seeding occurs, the Hadley cell is directed toward higher latitudes. Therefore, the transport to the equator is
inhibited and the seeding IN concentration decreases quickly.

Equation (2) corresponds to a strategy where only approximately 15% of Earth’s surface is seeded at any
given time. The seeding is confined to high latitudes, and the seeding material is afterward efficiently trans-
ported to lower latitudes through baroclinic waves. Due to the efficient mixing, the transition from the poles
to the equator is smoother as compared to the nonuniform seeding described by equation (1).

Figure 8 displays the zonal mean differences between the control simulations (except from simulation HET)
and the two corresponding nonuniform seeding simulations. The dashed curves correspond to a seed-
ing with equation (1) as underlying function. The solid curves result from a seeding strategy described by
equation (2). The curves are comparable to Figure 5, and it is noticeable that almost the same net cloud
forcing (Figure 6g) is achieved with less seeding material.

As mentioned above, the seeding strategy with equation (1) covers a greater percentage of Earth’s surface
as compared to equation (2). With a higher seeding IN concentration, the effect of seeding is greater in most
of the variables shown in Figure 8.

Considering that a nonuniform seeding strategy with less seeding IN required leads to very similar results as
the uniform seeding of 18 per liter globally indicates that there is a big potential for saving seeding material
and effort and still having the desired effects.

Figure 9 shows maps of changes in surface temperature and precipitation due to the two kinds of nonuni-
form seeding for the HOM and HOMHET_50% control cases. From left to right, the columns show the
following: HOM with y2, HOM with y1, HOMHET_50% with y2, and HOMHET_50% with y1.

As expected, we find larger sensitivities in the HOM case than in the HOMHET_50% case. The spatial patterns
of changes in the surface temperature are very diverse for the different cases, but they all have in common
that the statistically robust feature is a cooling of high latitude land regions.
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Figure 10. Comparison of the effect of optimal uniform (18 IN per liter) and nonuniform seeding (y1 and y2) in the con-
trol cases. Changes in (a) high cloud cover, (b) column ice amount (IWP), (c) longwave cloud forcing, (d) shortwave cloud
forcing, (e) net cloud forcing, and (f ) surface temperature are shown. For the HET case, only the uniform seeding with 18
seeding IN per liter was simulated. Values are based on 4 year global means.

Figure 10 shows bar plots of the effect of optimal uniform (18 IN per liter) and nonuniform seeding
(equations (1) and (2)) in the control cases. As expected, the cirrus clouds are most sensitive when the uni-
form seeding strategy, where the whole globe is seeded, is applied. As the HET case never leads to the
desired cooling effect of the climate, the nonuniform seeding simulations were not conducted for this
case. The behavior is systematic as the effect of seeding seems to decrease with decreasing seeding IN
concentration for most of the variables.

The nonuniform seeding with equation (1) as underlying function achieves in most cases greater effects as
compared to the function in equation (2) where less area of Earth’s surface is seeded. The behavior in surface
temperature (Figure 10f ) deviates from this statement as it is a result of a combination of the direct radiative
effect of increased seeding IN and more complex feedback mechanisms.

It is noticeable that the two nonuniform seeding strategies perturb the longwave (Figure 10c) and short-
wave cloud forcing (Figure 10d) in a much smaller degree as compared to the uniformly seeded scenarios.
The nonuniform seeding based on y1 leads to an even larger decrease in net cloud forcing (Figure 10e) than
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the uniform seeding. This feature shows that there is no need to seed the whole globe to induce a cooling
effect and even in the case with 100% of mineral dust active as IN the climate engineering mechanism still
leads to the desired cooling.

4. Conclusions

The aim of this study was to investigate the susceptibility of cirrus clouds to the injection of ice nuclei (IN) in
the upper troposphere. The extended CAM5 with parameterizations of homogeneous and heterogeneous
ice nucleation by Barahona and Nenes [2008, 2009] was used to simulate control cases with different ice crys-
tal formation mechanisms, fractions of mineral dust active as IN, and corresponding seeding strategies with
different seeding IN concentrations. The long-held assumption that cirrus clouds are mainly formed homo-
geneously seems no longer to be valid, as Cziczo et al. [2013] suggested that heterogeneous nucleation is
the main formation mechanism of ice crystals based on four field campaigns conducted over Central and
North America. In order to consider these newest findings, the pure homogeneous and heterogeneous case
and competition between them were simulated.

The comparison of the fraction of ice crystals that were formed heterogeneously between the field cam-
paigns analyzed by Cziczo et al. [2013] and our simulations leads to the conclusion that the case where 50%
of mineral dust can act as IN and competition between homogeneous and heterogeneous nucleation is
allowed yields the best agreement with observations without making the unrealistic assumption that all
dust particles can act as IN.

The control case with pure heterogeneous nucleation turned out to belong to the overseeding regime as
defined by Storelvmo et al. [2013] as seeding leads to an increase in high cloud cover and therefore a warm-
ing of the climate. In contrast, an optimal seeding concentration of 18 IN per liter was found for the other
control cases with a reduction in the net cloud forcing of up to 2 W m−2. This is achieved by a reduction in
cloud ice number concentration and increase in ice crystal effective radius. The fewer but larger ice crys-
tals sediment out efficiently due to their higher fall speed and reduce the column ice amount and therefore
the high cloud cover. As the longwave cloud forcing (greenhouse effect of cirrus clouds) is reduced to a
greater extent as compared to the increase in shortwave cloud forcing (decrease in cloud albedo), a cooling
in surface temperature results. The resulting cooling of the surface of approximately −0.2 K is moderate as
the sea surface temperature is kept at climatological temperatures while the atmosphere and land surfaces
were cooled down. This model setup therefore reflects the short-term climate response to seeding as the
land atmosphere is thought to react much faster to changed radiative forcings as compared to the ocean.
Through feedback mechanisms, an increase in total precipitation (mainly in the ITCZ) can be observed.

Zonal mean plots of the effect of optimal seeding allow for identification of seeding strategies where the
seeding material can be minimized and the net cloud forcing optimized. Seeding in the summer hemisphere
and the tropics turned out to be undesired as the effect of seeding is smallest there and would sometimes
even lead to a warming. Two globally nonuniform seeding strategies with different fractions of the Earth’s
surface seeded at any given day of the year were analyzed with respect to changes in radiative forcings and
cirrus cloud susceptibility. Surprisingly, for the nonuniform seeding strategy where the CEM was applied
over approximately 40% of the globe’s surface, an even greater reduction in NCF as compared to uniform
seeding in the pure homogeneous case could be achieved. The finding that this CEM can lead to the desired
cooling with only half the globe seeded and large fractions of mineral dust active as IN is promising. How-
ever, we caution that the current understanding of cirrus clouds, and especially the crucial process of ice
nucleation, is currently inadequate, and any considerations of actual implementation of the CEM in ques-
tion is therefore premature at this point. There are still several open questions regarding this CEM that need
to be addressed, and further investigations are required. In conclusion, we here present a list of future stud-
ies needed to address outstanding issues that must be resolved in order to truly evaluate the viability of this
CEM: (1) precise laboratory studies of the ice nucleating ability of BiI3, as well as its toxicity and environmen-
tal fate; (2) sensitivity studies of cirrus clouds exploring the robustness of our findings to the subgrid-scale
treatment of vertical velocities in cirrus clouds [see Storelvmo et al., 2013]; (3) the implementation of the
seeding material as a prognostic variable in climate simulations, in order to represent their full life cycle
in the atmosphere, including emissions, ice nucleation in cirrus and mixed-phase clouds, as well as their
removal rates via dry and wet deposition; (4) fully coupled climate simulations of the long-term climate
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response to the CEM; and (5) detailed simulations of the distribution and transport of seeding material in
the atmosphere, ideally with a particle dispersion model.

References
Barahona, D., and A. Nenes (2008), Parameterization of cirrus cloud formation in large-scale models: Homogeneous nucleation, J.

Geophys. Res., 113, D11211, doi:10.1029/2007JD009355.
Barahona, D., and A. Nenes (2009), Parameterizing the competition between homogeneous and heterogeneous freezing in ice cloud

formation- polydisperse ice nuclei, Atmos. Chem. Phys., 9(5), 933–948, doi:10.5194/acp-9-5933-2009.
Budyko, M. I. (1969), The effect of solar radiation variations on the climate of the Earth, Tellus, 21 (5), 611–619,

doi:10.1111/j.2153-3490.1969.tb00466.x.
Crutzen, P. J. (2006), Albedo enhancement by stratospheric sulfur injections: A contribution to resolve a policy dilemma?, Clim. Change,

77(3–4), 211–220, doi:10.1007/s10584-006-9101-y.
Cziczo, D. J., K. D. Froyd, C. Hoose, E. J. Jensen, M. Diao, M. A. Zondlo, J. B. Smith, C. H. Twohy, and D. M. Murphy (2013), Clarifying the

dominant sources and mechanisms of cirrus cloud formation, Science, 340(6138), 1320–1324, doi:10.1126/science.1234145.
DeMott, P. J., D. J. Cziczo, A. J. Prenni, D. M. Murphy, S. M. Kreidenweis, D. S. Thomson, R. Borys, and D. C. Rogers (2003), Measurements

of the concentration and composition of nuclei for cirrus formation, PNAS, 100(25), 14,655–14,660, doi:10.1073/pnas.2532677100.
Gayet, J. F., J. Ovarlez, V. Shcherbakov, J. Strom, U. Schumann, A. Minikin, F. Auriol, A. Pethold, and M. Monier (2004), Cirrus cloud micro-

physical and optical properties at southern and northern midlatitudes during the INCA experiment, J. Geophys. Res., 109, D20206,
doi:10.1029/2004JD004803.

Gettelman, A., X. Liu, S. J. Ghan, H. Morrison, S. Park, A. J. Conley, S. A. Klein, J. Boyle, D. L. Mitchell, and J. L. F. Li (2010), Global simulations
of ice nucleation and ice supersaturation with an improved cloud scheme in the Community Atmosphere Model, J. Geophys. Res., 115,
D18216, doi:10.1029/2009JD013797.

Haag, W., B. Kärcher, J. Ström, A. Minikin, U. Lohmann, J. Ovarlez, and A. Stohl (2003), Freezing thresholds and cirrus cloud
formation mechanisms inferred from in situ measurements of relative humidity, Atmos. Chem. Phys., 3(5), 1791–1806,
doi:10.5194/acp-3-1791-2003.

Koop, T., B. P. Luo, A. Tsias, and T. Peter (2000), Water activity as the determinant for homogeneous ice nucleation in aqueous solutions,
Nature, 406(6796), 611–614.

Lamarque, J. F., et al. (2010), Historical (1850–2000) gridded anthropogenic and biomass burning emissions of reactive gases and
aerosols: Methodology and application, Atmos. Chem. Phys., 10, 7017–7039, doi:10.5194/acp-10-7017-2010.

Liu, X., et al. (2012a), Toward a minimal representation of aerosols in climate models: Description and evaluation in the Community
Atmosphere Model CAM5, Geosci. Model Dev., 5, 709–739, doi:10.5194/gmd-5-709-2012.

Liu, X., X. Shi, K. Zhang, E. J. Jensen, A. Gettelman, D. Barahona, A. Nenes, and P. Lawson (2012b), Sensitivity studies of dust
ice nuclei effect on cirrus clouds with the Community Atmosphere Model CAM5, Atmos. Chem. Phys., 12(24), 12,061–12,079,
doi:10.5194/acp-12-12061-2012.

Mahowald, N. M., D. R. Mohs, S. Levis, P. J. Rasch, M. Yoshioka, C. S. Zender, and C. Luo (2006), Change in atmospheric mineral aerosols
in response to climate: Last glacial period, preindustrial, modern, and doubled carbon dioxide climates, J. Geophys. Res., 111, D10202,
doi:10.1029/2005JD006653.

Mitchell, D. L., and W. Finnegan (2009), Modification of cirrus clouds to reduce global warming, Environ. Res. Lett., 4(4), 045,102,
doi:10.1088/1748-9326/4/4/045102.

basis, in Planet Earth 2011—Global Warming Challenges and Opportunities for Policy and Practice, vol. 12, edited by E. G. Caravannis,

Morrison, H., and A. Gettelman (2008), A new two-moment bulk stratiform cloud microphysics scheme in the community atmosphere
model, version 3 (CAM3). Part I: Description and numerical tests, J. Clim., 21, 3642–3659, doi:10.1175/2008jcli2105.1.

Prospero, J. M., P. Ginoux, O. Torres, S. E. Nicholson, and T. E. Gill (2002), Environmental characterization of global sources of atmospheric
soil dust identified with the nimbus 7 total ozone mapping spectrometer (TOMS) absorbing aerosol product, Rev. Geophys., 40(1),
1002, doi:10.1029/2000RG000095.

Phillips, V. T. J., P. J. DeMott, and C. Andronache (2008), An empirical parameterization of heterogeneous ice nucleation for multiple
chemical species of aerosol, J. Atmos. Sci., 65(9), 2757–2783, doi:10.1175/2007jas2546.1.

doi:10.1175/1520-0477(1999).
Spichtinger, P., K. Gierens, and W. Read (2003), The global distribution of ice-supersaturated regions as seen by the Microwave Limb

Sounder, Q. J. R. Meteorolog. Soc., 129(595), 3391–3410, doi:10.1256/qj.02.141.
Spichtinger, P., K. Gierens, H. G. J. Smit, J. Ovarlez, and J. F. Gayet (2004), On the distribution of relative humidity in cirrus clouds, Atmos.

Chem. Phys., 4, 639–647, doi:10.5194/acp-4-639-2004.
Stephens, G. L. (2005), Cloud feedbacks in the climate system: A critical review, J. Clim., 18, 237–273.
Stephens, G. L., J. L. Li, M. Wild, C. A. Clayson, N. Loeb, S. Kato, T. L’Ecuyer, P. W. Stackhouse, M. Lebsock, and T. Andrews (2012), An update

on Earth’s energy balance in light of the latest global observations, Nat. Geosci., 5(10), 691–696, doi:10.1038/NGEO1580.
Storelvmo, T., J. E. Kristjansson, H. Muri, M. Pfeffer, D. Barahona, and A. Nenes (2013), Cirrus cloud seeding has potential to cool climate,

Geophys. Res. Lett., 40(1), 178–182, doi:10.1029/2012GL054201.
Ström, J., et al. (2003), Cirrus cloud occurrence as function of ambient relative humidity: A comparison of observations from the

Southern and Northern Hemisphere midlatitudes obtained during the INCA experiment, Atmos. Chem. Phys., 3, 1807–1816,
doi:10.5194/acpd-3-3301-2003.

Welti, A., F. Lüönd, O. Stetzer, and U. Lohmann (2009), Influence of particle size on the ice nucleating ability of mineral dust, Atmos. Chem.
Phys., 9, 6705–6715, doi:10.5194/acp-9-6705-2009.

Yu, H., L. A. Remer, M. Chin, H. Bian, Q. Tan, T. Yuan, and Y. Zhang (2012), Aerosols from Overseas Rival Domestic Emissions over North
America, Science, 337, 566–569, doi:10.1126/science.1217576.

Zelinka, M. D., S. A. Klein, K. E. Taylor, T. Andrews, M. J. Webb, J. M. Gregory, and P. M. Forster (2013), Contributions of different cloud
types to feedbacks and rapid adjustments in CMIP5*, J. Clim., 26, 5007–5027, doi:10.1175/JCLI-D-12-00555.1.

Acknowledgments
The work presented in this paper was
supported in part by the facilities and
staff of the Yale University Faculty of
Arts and Sciences High Performance
Computing Center.

STORELVMO AND HERGER ©2014. American Geophysical Union. All Rights Reserved. 15

pp. 257–288, InTech., Rijeka, Croatia, doi:10.5772/902.

Rossow, W. B., and R. A. Schiffer (1999), Advances in understanding clouds from ISCCP, Bull. Am. Meteorol. Soc., 80(11), 2261–2287,

Mitchell, D. L., S. Mishra, and R. P. Lawson (2011), Cirrus clouds and climate engineering: New findings on ice nucleation and theoretical

http://dx.doi.org/10.1029/2007JD009355
http://dx.doi.org/10.5194/acp-9-5933-2009
http://dx.doi.org/10.1111/j.2153-3490.1969.tb00466.x
http://dx.doi.org/10.1007/s10584-006-9101-y
http://dx.doi.org/10.1126/science.1234145
http://dx.doi.org/10.1073/pnas.2532677100
http://dx.doi.org/10.1029/2004JD004803
http://dx.doi.org/10.1029/2009JD013797
http://dx.doi.org/10.5194/acp-3-1791-2003
http://dx.doi.org/10.5194/acp-10-7017-2010
http://dx.doi.org/10.5194/gmd-5-709-2012
http://dx.doi.org/10.5194/acp-12-12061-2012
http://dx.doi.org/10.1029/2005JD006653
http://dx.doi.org/10.1088/1748-9326/4/4/045102
http://dx.doi.org/10.5772/902
http://dx.doi.org/10.1175/2008jcli2105.1
http://dx.doi.org/10.1029/2000RG000095
http://dx.doi.org/10.1175/2007jas2546.1
http://dx.doi.org/10.1175/1520-0477(1999)
http://dx.doi.org/10.1256/qj.02.141
http://dx.doi.org/10.5194/acp-4-639-2004
http://dx.doi.org/10.1038/NGEO1580
http://dx.doi.org/10.1029/2012GL054201
http://dx.doi.org/10.5194/acpd-3-3301-2003
http://dx.doi.org/10.5194/acp-9-6705-2009
http://dx.doi.org/10.1126/science.1217576
http://dx.doi.org/10.1175/JCLI-D-12-00555.1

	Cirrus cloud susceptibility to the injection of ice nuclei in the upper troposphere
	Abstract
	Introduction
	The Model and Method
	Results/Discussion
	Control Cases
	Uniform Seeding
	Nonuniform Seeding

	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


