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Ice	  Nuclea+on	  in	  Global	  Models	  

•  Homogeneous	  nuclea+on	  
depends	  on	  temperature,	  
aerosol	  number*,	  and	  
updraN	  velocity	  

•  Heterogeneous	  nuclea+on	  
–  Immersion	  nuclea+on	  (dust	  
or	  soot).	  Compe++on	  with	  
homogeneous.	  

–  Deposi+on	  nuclea+on	  
(Meyers	  or	  Phillips)	  

–  Contact	  freezing	  (dust)	  
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Wegener-‐Bergeron-‐Findeisen	  (WBF)	  
Process	  in	  Global	  Models	  

•  qv+l	  is	  depleted	  by	  deposi+on	  to	  ice	  crystals:	  
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•  qv+l	  deple+on	  reduces	  ql	  assuming	  RHl=100%	  
when	  ql>0.	  

Under	  mixed-‐phase	  condi+ons	  



Cloud	  Phase	  

•  Liquid	  and	  ice	  coexist	  in	  
lower	  half	  of	  cloud	  

•  f(T)	  par++oning	  in	  CAM3	  
fails	  to	  produce	  low	  
liquid	  frac+ons	  at	  
observed	  T	  

•  Advanced	  cloud	  schemes	  
with	  WBF	  simulate	  lower	  
liquid	  frac+ons	  in	  lower	  
half	  of	  cloud	  

Xie	  et	  al.	  JGR	  (2008)	  
Figure 6. Liquid fraction as a function of cloud height. (a) UND citation data, (b) CAM3, (c) AM2, and
(d) CAM3LIU. Different symbols in Figure 6a represent data collected from different flights. Note that
the cloud altitude in the figure is normalized from 0 at cloud base to 1 at cloud top.

Figure 7. Liquid fraction as a function of temperature. (a) UND citation data, (b) CAM3, (c) AM2, and
(d) CAM3LIU. Different symbols in Figure 7a represent data collected from different flights.
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Glacia+on	  Indirect	  Effect	  

•  If	  10%	  of	  BC	  were	  ac+ve	  as	  IN,	  
enhanced	  glacia+on	  would	  
deplete	  LWP	  and	  cloud	  cover	  

•  Impacts	  on	  SW	  and	  LW	  cloud	  
forcing	  largely	  cancel	  	  

•  BC	  is	  a	  poor	  IN,	  but	  other	  
anthropogenic	  mechanisms	  are	  
possible	  

in both BC1% and BC10% are much smaller than the liquid water
content decreases because the precipitation formation via the ice
phase is more efficient.
[13] Figure 3 illustrates the zonally-averaged differences

between pre-industrial to present-day times for the 3 scenarios.
The aerosol burden, defined as the vertically integrated aerosol
mass, increases almost everywhere from pre-industrial to
present-day times. Note that the concentrations of dust and sea
salt vary slightly between pre-industrial and present-day times
because of small differences in near surface winds. These
differences in sea salt and dust emissions cause the slight
decreases in aerosol burden from pre-industrial times in
BC10% at 10!N and 40!N.
[14] The increase in Northern Hemisphere (N.H.) aerosol bur-

den is largest in the low and mid latitudes in BC0% because of a
positive feedback. The higher aerosol concentrations result in more
cloud condensation nuclei and more cloud droplets. Clouds with
more but smaller cloud droplets do not form precipitation as readily
as clouds with larger cloud droplets so that the N.H. liquid water
path increases most BC0% and the N.H. precipitation decreases in
BC0% in present-day times as compared to pre-industrial times.
Thus, less aerosols are removed from the atmosphere by in-cloud
and below-cloud scavenging but are available as cloud condensa-
tion nuclei. The more but smaller cloud droplets reflect more
shortwave radiation back to space without any systematic effect on
the outgoing longwave radiation.
[15] In BC1% and BC10% the same processes happen except

that now the supercooled clouds that do not precipitate due to the
absence of drizzle size drops, have a higher probability of glaciat-
ing, which initiates the precipitation formation. Therefore, the
precipitation is enhanced in BC10% in present-day times in N.H.
midlatitudes removing more anthropogenic aerosols from the

atmosphere than in BC0%. Moreover, total cloud cover in N.H.
mid and high latitudes decreases significantly in BC10% whereas it
remains almost the same in BC0% so that more shortwave
radiation is absorbed in the Earth-atmosphere system in BC10%.
This in turn increases the surface evapotranspiration that balances
precipitation globally. The increase in absorbed solar radiation is
compensated by a larger amount of longwave radiation emitted to
space.
[16] Table 1 summarizes the absolute and relative global

annual mean changes due to anthropogenic aerosols. The aerosol
burden increases 1.1 Tg in the simulation BC10% and 2.6 Tg in
BC0% indicative of different scavenging efficiencies. Whereas
the liquid water path increases by 18 g m!2 in BC0%, it only
increases by 8 g m!2 in BC1% and actually decreases by 3 g
m!2 in BC10%. In BC0% the cloud lifetime effect reduces
precipitation formation and with that the most important aerosol
sink and thus the liquid water path increases. There are no
significant changes in the strength of the atmospheric circulation
(not shown) so the effects presented here are microphysical. The
glaciation indirect effect eliminates the increase in liquid water
path due to anthropogenic aerosols in BC10% and partially
offsets it in BC1%. Most of these glaciated clouds precipitate
effectively so that the ice water path is only slightly increased in
both BC1% and BC10%. The more modest changes in liquid
water path in BC1% and BC10% from pre-industrial times are
more in-line with the recent findings from satellite data [Naka-
jima et al., 2001] who detected a positive correlation between
cloud optical thickness and aerosol number concentration but did
not find a dependence of the liquid water path on aerosol
number.

[17] Whereas the net shortwave radiation in BC0% and
BC1% decreases between pre-industrial times and present-day,
it actually increases in BC10% because of an overall reduction
in cloud amount. This, in turn, causes more longwave radiation
to be emitted to space, which drives the decrease in net
radiation of 1.6 W m!2 in BC10% from pre-industrial to
present-day times. In BC0%, on the other hand, the longwave
radiation hardly changes so that the decrease in net radiation of
1.4 W m!2 from pre-industrial to present-day times is driven by
the decrease in shortwave radiation. Although the differences
due to the fraction of soot serving as contact nuclei on the net
radiation are small, the signs of the shortwave and longwave
radiation can be completely reversed.
[18] In summary, if a non-negligible fraction of soot aerosols

acts as ice nuclei, the glaciation indirect aerosol effect could
reverse or at least reduce the effect that anthropogenic aerosols
have on the shortwave radiation at the top of the atmosphere.

Figure 3. Zonal annual mean changes between present-day and
pre-industrial times for the experiments BC10% (solid line), BC1%
(dot-dashed line) and BC0% (dotted line).

Table 1. Global Annual Mean Changes in Aerosol Burden (!AB,
Tg), Liquid Water Path (!LWP, g m!2), Ice Water Path(!IWP, g
m!2), Total Cloud Cover (!TCC, %), Precipitation (!PR, mm
d!1), Shortwave (!FSW, W m!2), Longwave (!FLW, W m!2) and
Net Radiation (!Fnet, W m!2) at the Top of the Atmosphere
Between the Pre-industrial Simulation and the Different Present-
day Simulations

Simulation BC10% BC1% BC0%

!AB 1.1 (9) 1.6 (13) 2.6 (22)
!LWP !2.9 (!3) 7.9 (8) 18.5 (18)
!IWP 0.6 (8) 0.2 (3) 0.1 (1)
!TCC !1.3 (!2) !0.3 (0) 0. (0)
!PR 0.05 (2) !0.02 (!1) !0.05 (!2)
!FSW +1.9 (1) !1.0 (0) !2.0 (!1)
!FLW !3.5 (2) !0.5 (0) !0.6 (!0)
!Fnet !1.6 !1.5 !1.4

Relative changes in % with respect to pre-industrial values are added in
parenthesis.
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content decreases because the precipitation formation via the ice
phase is more efficient.
[13] Figure 3 illustrates the zonally-averaged differences

between pre-industrial to present-day times for the 3 scenarios.
The aerosol burden, defined as the vertically integrated aerosol
mass, increases almost everywhere from pre-industrial to
present-day times. Note that the concentrations of dust and sea
salt vary slightly between pre-industrial and present-day times
because of small differences in near surface winds. These
differences in sea salt and dust emissions cause the slight
decreases in aerosol burden from pre-industrial times in
BC10% at 10!N and 40!N.
[14] The increase in Northern Hemisphere (N.H.) aerosol bur-

den is largest in the low and mid latitudes in BC0% because of a
positive feedback. The higher aerosol concentrations result in more
cloud condensation nuclei and more cloud droplets. Clouds with
more but smaller cloud droplets do not form precipitation as readily
as clouds with larger cloud droplets so that the N.H. liquid water
path increases most BC0% and the N.H. precipitation decreases in
BC0% in present-day times as compared to pre-industrial times.
Thus, less aerosols are removed from the atmosphere by in-cloud
and below-cloud scavenging but are available as cloud condensa-
tion nuclei. The more but smaller cloud droplets reflect more
shortwave radiation back to space without any systematic effect on
the outgoing longwave radiation.
[15] In BC1% and BC10% the same processes happen except

that now the supercooled clouds that do not precipitate due to the
absence of drizzle size drops, have a higher probability of glaciat-
ing, which initiates the precipitation formation. Therefore, the
precipitation is enhanced in BC10% in present-day times in N.H.
midlatitudes removing more anthropogenic aerosols from the

atmosphere than in BC0%. Moreover, total cloud cover in N.H.
mid and high latitudes decreases significantly in BC10% whereas it
remains almost the same in BC0% so that more shortwave
radiation is absorbed in the Earth-atmosphere system in BC10%.
This in turn increases the surface evapotranspiration that balances
precipitation globally. The increase in absorbed solar radiation is
compensated by a larger amount of longwave radiation emitted to
space.
[16] Table 1 summarizes the absolute and relative global

annual mean changes due to anthropogenic aerosols. The aerosol
burden increases 1.1 Tg in the simulation BC10% and 2.6 Tg in
BC0% indicative of different scavenging efficiencies. Whereas
the liquid water path increases by 18 g m!2 in BC0%, it only
increases by 8 g m!2 in BC1% and actually decreases by 3 g
m!2 in BC10%. In BC0% the cloud lifetime effect reduces
precipitation formation and with that the most important aerosol
sink and thus the liquid water path increases. There are no
significant changes in the strength of the atmospheric circulation
(not shown) so the effects presented here are microphysical. The
glaciation indirect effect eliminates the increase in liquid water
path due to anthropogenic aerosols in BC10% and partially
offsets it in BC1%. Most of these glaciated clouds precipitate
effectively so that the ice water path is only slightly increased in
both BC1% and BC10%. The more modest changes in liquid
water path in BC1% and BC10% from pre-industrial times are
more in-line with the recent findings from satellite data [Naka-
jima et al., 2001] who detected a positive correlation between
cloud optical thickness and aerosol number concentration but did
not find a dependence of the liquid water path on aerosol
number.

[17] Whereas the net shortwave radiation in BC0% and
BC1% decreases between pre-industrial times and present-day,
it actually increases in BC10% because of an overall reduction
in cloud amount. This, in turn, causes more longwave radiation
to be emitted to space, which drives the decrease in net
radiation of 1.6 W m!2 in BC10% from pre-industrial to
present-day times. In BC0%, on the other hand, the longwave
radiation hardly changes so that the decrease in net radiation of
1.4 W m!2 from pre-industrial to present-day times is driven by
the decrease in shortwave radiation. Although the differences
due to the fraction of soot serving as contact nuclei on the net
radiation are small, the signs of the shortwave and longwave
radiation can be completely reversed.
[18] In summary, if a non-negligible fraction of soot aerosols

acts as ice nuclei, the glaciation indirect aerosol effect could
reverse or at least reduce the effect that anthropogenic aerosols
have on the shortwave radiation at the top of the atmosphere.

Figure 3. Zonal annual mean changes between present-day and
pre-industrial times for the experiments BC10% (solid line), BC1%
(dot-dashed line) and BC0% (dotted line).

Table 1. Global Annual Mean Changes in Aerosol Burden (!AB,
Tg), Liquid Water Path (!LWP, g m!2), Ice Water Path(!IWP, g
m!2), Total Cloud Cover (!TCC, %), Precipitation (!PR, mm
d!1), Shortwave (!FSW, W m!2), Longwave (!FLW, W m!2) and
Net Radiation (!Fnet, W m!2) at the Top of the Atmosphere
Between the Pre-industrial Simulation and the Different Present-
day Simulations

Simulation BC10% BC1% BC0%

!AB 1.1 (9) 1.6 (13) 2.6 (22)
!LWP !2.9 (!3) 7.9 (8) 18.5 (18)
!IWP 0.6 (8) 0.2 (3) 0.1 (1)
!TCC !1.3 (!2) !0.3 (0) 0. (0)
!PR 0.05 (2) !0.02 (!1) !0.05 (!2)
!FSW +1.9 (1) !1.0 (0) !2.0 (!1)
!FLW !3.5 (2) !0.5 (0) !0.6 (!0)
!Fnet !1.6 !1.5 !1.4

Relative changes in % with respect to pre-industrial values are added in
parenthesis.
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Subgrid	  Varia+ons	  in	  WBF	  Process	  

•  Subgrid	  variability	  in	  WBF	  
process	  has	  a	  large	  effect	  on	  
aerosol	  impact	  	  on	  LWP	  and	  SW	  
and	  LW	  energy	  balance	  

•  This	  es+mate	  of	  sensi+vity	  is	  
probably	  excessive	  because	  of	  
assump+ons	  about	  BC	  as	  IN	  

Storelvmo	  et	  al.	  ERL	  (2008)	  
Environ. Res. Lett. 3 (2008) 045001 T Storelvmo et al

crystals. For mixed-phase clouds, there are three possible
regimes:

• Regime 1—Both droplets and ice crystals grow simulta-
neously. For a given cloud or cloud fraction, this occurs
when the following is true:

e > es > ei. (1)

It was shown by Korolev and Mazin (2003) that this may
occur if the updraft velocity uz is higher than a critical
updraft velocity, u∗

z given by

u∗
z = es − ei

ei
Niriη (2)

where η is a coefficient dependent on temperature (T ) and
pressure (p), Ni is the ice crystal number concentration
and ri is the mean volume radius of the ice particles
(ri = ( 3I WC

4π Niρi
)

1
3 , where IWC is the cloud ice water content

and ρi is the density of ice.). For regime 1 conditions, the
mixed phase is maintained for an indefinite period, as long
as (1) holds.

• Regime 2—Ice crystals grow at the expense of cloud
droplets (WBF process). The WBF process takes place
if the following requirement is fulfilled:

es > e > ei. (3)

If (3) is true, cloud droplets will inevitably evaporate,
providing a source of water vapor for depositional growth
of ice crystals. A cloud or cloud fraction in regime 2
will eventually glaciate, the glaciation timescale being
dependent on the ice crystal number, ice water content
(IWC) and liquid water content (LWC), among others.
From Korolev and Mazin (2003), (3) is fulfilled if

u0
z < uz < u∗

z (4)

where u0
z is the negative vertical velocity below which ice

crystals will sublimate rather than grow:

u0
z = ei − es

es
Nwrwχ (5)

where χ is a coefficient dependent on p and T , and Nw

and rw are the cloud droplet number concentration and
cloud droplet mean volume radius, respectively (rw =
( 3LWC

4π Nwρw
)

1
3 , where ρw is the density of water).

• Regime 3—Both ice crystals and droplets evaporate
simultaneously. A cloud or cloud fraction falls in regime
3 in the case of

es > ei > e. (6)

According to Korolev and Mazin (2003), (6) is true in
downdrafts when uz < u0

z .

In CAM-Oslo, a subgrid distribution of vertical velocity
is already implemented for calculations of cloud droplet
activation. The same distribution is now used to determine
the fractions of a given cloud dominated by each of the
three regimes outlined above. The subgrid vertical velocity
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Figure 2. Illustration of the subgrid vertical velocity distribution,
with shadings indicating typical but fictive grid box fractions
dominated by regime 1 (blue shading), regime 2 (green shading) and
regime 3 (red shading), respectively.

distribution is described by a Gaussian normal distribution
centered around the mean grid box vertical velocity uz ,
following the parameterization of Ghan et al (1997). The width
of the distribution is given by the standard deviation (σuz ),
calculated as follows:

σuz =
√

2π K
&z

(7)

where K is the vertical eddy diffusivity and &z is the model
layer thickness. As the relatively coarse resolution of the
model may lead to an underestimation of σw, a lower limit
of 0.30 ms−1 is necessary. Figure 2 gives an illustration of
the subgrid vertical velocity distribution, indicating typical but
idealized grid box fractions dominated by regimes 1, 2 and 3,
respectively.

The rates of condensation, evaporation, deposition and
sublimation are determined in the model using a so-called
saturation adjustment approach. This implies that any
supersaturation is immediately removed by condensation
and/or deposition of the excess water vapor. Similarly,
subsaturations in the presence of cloud condensate will
immediately lead to evaporation and/or sublimation until
saturation is reached or all cloud condensate is depleted. In
regime 1, the saturation adjustment is calculated with respect
to liquid water, whereas in regimes 2 and 3 the adjustment is
carried out with respect to ice, as supported by Korolev and
Isaac (2008).

3. Experimental setup and results

In the following sections we present the results from three
model experiments. Each experiment is a twin simulation,
one with present day (PD) aerosol emissions and the other
with aerosol emissions corresponding to preindustrial (PI)
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Table 2. Modeled and observed annual global mean cloud microphysical and radiative properties. Total cloud cover observations are
obtained from surface observations (Hahn et al 1994), the International Satellite Cloud Climatology Project (ISCCP) (Rossow and Schiffer
1999) and MODIS data (King et al 2003). The LWP observations are from SSM/I (Ferraro et al 1996, Greenwald et al 1993, Weng and Grody
1994) and the ice water path (IWP) is derived from ISCCP data (Storelvmo et al 2008). The shortwave and longwave cloud forcing (SWCF
and LWCF) estimates are from Kiehl and Trenberth (1997), and the effective droplet radius observations are from Han et al (1994).

Simulation AERLIQ AERMIX AERWBF Observations

Cloud cover (%) 60.0 61.7 64.1 62–67
Liquid water path (g m−2) 131.3 86.3 99.2 50–84
Ice water path (g m−2) 17.0 25.9 32.9 29.4
SWCF, TOA (W m−2) −54.4 −43.8 −50.4 −50
LWCF, TOA (W m−2) 29.5 28.1 31.8 30
Effective droplet radius (µm) 13.7 13.9 14.0 11.4
Total precipitation (mm/day) 2.84 2.80 2.77 2.74
Convective precipitation (mm/day) 2.06 1.82 1.83 —
Stratiform precipitation (mm/day) 0.77 0.98 0.93 —

a smaller anthropogenic increase in the amount of shortwave
radiation reflected back to space compared to AERLIQ. This
is due to the smaller anthropogenic increase in LWP in this
experiment (reduced by about 30% compared to AERLIQ).
However, this LWP reduction also allows more longwave
radiation to be transmitted to space, leading to an aerosol
indirect effect (i.e. a reduction in net radiation at the TOA)
which is only slightly reduced compared to AERLIQ. As we
will demonstrate, this finding is very sensitive to the treatment
of the WBF process in this experiment.

3.3. Experiment AERWBF

In this experiment, the new parameterization of the WBF
process as described in section 2.2 is included. Rather than
imposing an abrupt cloud glaciation of the entire grid box,
the new approach mimics a subgrid scale process in which
the WBF process can be initiated in a small fraction of the
grid box, leading to fractional glaciation. Typically, the cloud
fraction in which the WBF process takes place (region 2 in
figure 2) will expand as ice particles form and grow. This
follows from equation (2), and the physical reasoning is that if
ice crystals are present in high concentrations, water vapor will
be efficiently depleted and the cloudy air will be subsaturated
with respect to liquid droplets.

Figures 3(a)–(c) show the zonally and annually averaged
cloud fractions dominated by the three regimes depicted in
figure 2. Values are only sampled for temperatures between
0 and −35 ◦C, and only when clouds are present in a grid
box. Figure 3(a) shows the fraction of the cloud where
updraft velocities are large enough to allow both ice crystals
and cloud droplets to grow simultaneously. As expected,
this fraction is large in relatively warm mixed-phase clouds
(i.e. at low latitudes and altitudes) where the ice crystal
production is relatively low. The few ice crystals formed are
not able to deplete the available water vapor, and droplets
may grow. This fraction of the cloud is also expected to
be large in regions associated with high vertical velocities
(e.g. in connection to the Hadley circulation in the tropics
or in connection to the polar frontal systems). Additionally,
the term es−ei

ei
in equation (2) becomes small in warm mixed-

phase clouds, i.e. at low altitudes/latitudes, which leads to an
increase in this cloud fraction. Based on the reasoning above,

Table 3. Annual global mean changes in cloud microphysical and
radiative properties from preindustrial to present day.

Simulation AERLIQ AERMIX AERWBF

Cloud cover (%) −0.21 −0.21 −0.25
Liquid water path (g m−2) 5.4 4.1 −6.9
Ice water path (g m−2) 0.17 −0.28 0.20
Shortwave radiation,
TOA (W m−2) −1.66 −1.11 1.13
Outgoing longwave
radiation (W m−2) −0.27 −0.38 −1.08
Net radiation, TOA (W m−2) −1.93 −1.49 0.05
Effective droplet radius (µm) −0.96 −1.01 −0.89
Precipitation (mm/day) −0.004 −0.026 0.011

the fraction of the cloud where the WBF process takes place
(i.e. where ice crystals grow at the expense of cloud droplets)
is larger in colder mixed-phase clouds, as shown in figure 3(b).
Finally, the fraction of the cloud where both ice crystals and
cloud droplets evaporate/sublimate (figure 3(c)) is significantly
smaller than those dominated by the other two regimes. It
reaches non-negligible values only in downdraft regions with
low droplet concentrations (i.e. at high latitudes and altitudes),
in agreement with equation (5). From the same equation, it
can be seen that when the term ei−es

es
becomes small (at warm

temperatures, i.e. at low altitudes and latitudes), this fraction of
the cloud becomes larger.

The cloud fraction in which the WBF process takes place
(i.e. where cloud glaciation occurs) is systematically larger
(by 3 to 10%) at all model levels in the PD simulation
compared to the PI case. The significantly higher number
concentrations of soot in the PD simulations lead to increased
heterogeneous freezing (mainly contact freezing) and higher
ice crystal number concentrations in the PD case. According to
equation (2), this ice crystal production leads to an expansion
of the glaciating fraction of the cloud, and hence an increase
in ice water content and reduction in liquid water content. As
a consequence, table 3 shows a strong anthropogenic decrease
in the LWP and an increase in the IWP for this experiment,
leading to a reversal of the traditional cloud lifetime effect.
As is evident from figure 4(a), the anthropogenic increase in
the IWP is mainly due to an increased ice water content in
relatively warm mixed-phase clouds, where contact freezing
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(a)
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Figure 3. Simulated cloud fractions dominated by (a) regime 1
(i.e. simultaneous growth of droplets and ice crystals), (b) regime 2
(i.e. ice crystal growth at the expense of cloud droplets), and (c)
regime 3 (i.e. sublimation of ice crystals and evaporation of cloud
droplets).

is the dominant heterogeneous freezing process. Figure 4(b)
shows the corresponding anthropogenic reduction in the LWC
for mixed-phase clouds, while at levels dominated by liquid

(a)

(b)

Figure 4. Zonally averaged anthropogenic change in (a) ice water
content (kg kg−1) and (b) liquid water content (kg kg−1), both from
the simulation AERWBF, calculated by subtracting the PI values from
the PD values.

clouds the LWC is increased, as expected from the traditional
lifetime effect for liquid clouds. As a consequence of these
significant changes in cloud condensate, the radiation balance
is now significantly altered. The anthropogenic change in
shortwave radiation at the TOA is now positive, as the reversed
cloud lifetime effect leads to a reduction in the shortwave
radiation reflected back to space. Similarly, more longwave
radiation is now transmitted through the clouds, leading to a
negative change in the longwave radiation at the TOA. The
net change in radiation at the TOA amounts to 0.05 W m−2.
This result is intriguing, as the vast majority of global models
simulating the aerosol indirect effect find it to be negative.
It seems clear that a much stronger anthropogenic effect on
mixed-phase clouds is possible when the WBF process is
treated in a more physical manner, where a smoother transition
from liquid to ice phase allows for a larger difference between
cases with and without abundant IN concentrations. We will
discuss this somewhat surprising result further in the following
section.
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Figure 3. Simulated cloud fractions dominated by (a) regime 1
(i.e. simultaneous growth of droplets and ice crystals), (b) regime 2
(i.e. ice crystal growth at the expense of cloud droplets), and (c)
regime 3 (i.e. sublimation of ice crystals and evaporation of cloud
droplets).
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shows the corresponding anthropogenic reduction in the LWC
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Figure 4. Zonally averaged anthropogenic change in (a) ice water
content (kg kg−1) and (b) liquid water content (kg kg−1), both from
the simulation AERWBF, calculated by subtracting the PI values from
the PD values.

clouds the LWC is increased, as expected from the traditional
lifetime effect for liquid clouds. As a consequence of these
significant changes in cloud condensate, the radiation balance
is now significantly altered. The anthropogenic change in
shortwave radiation at the TOA is now positive, as the reversed
cloud lifetime effect leads to a reduction in the shortwave
radiation reflected back to space. Similarly, more longwave
radiation is now transmitted through the clouds, leading to a
negative change in the longwave radiation at the TOA. The
net change in radiation at the TOA amounts to 0.05 W m−2.
This result is intriguing, as the vast majority of global models
simulating the aerosol indirect effect find it to be negative.
It seems clear that a much stronger anthropogenic effect on
mixed-phase clouds is possible when the WBF process is
treated in a more physical manner, where a smoother transition
from liquid to ice phase allows for a larger difference between
cases with and without abundant IN concentrations. We will
discuss this somewhat surprising result further in the following
section.
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