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Definition/Motivation

Cirrus cloud: Cloud in the upper troposphere/lowermost

stratosphere (temperature T < 235 K) consisting purely of ice

crystals, which have been formed in situ

Why should we care about cirrus clouds?

I Cirrus clouds cover about 20-30% of Earth’s surface

I Cirrus clouds are important modulators of the radiative

budget of the Atmosphere-Earth system

I Cirrus clouds are closely related to the tropopause and might

influence its structure (see Philipp’s talk)
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Cirrus cloud cover

HIRS high cloud amounts (all clouds with !"0.1)

from Don Wylie’s

web page

>14 km

>10 km

>6 km

January July

Wylie & Menzel, 1999
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Radiative impact of cirrus clouds

Cirrus clouds are important modulators of Earth’s radiation budget:
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A net warming is assumed but not confirmed
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Warming and Cooling is possible

mean size ∼ mean mass = IWC/ice crystal number density

Zhang et al., 1999
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Ice formation mechanisms at cold temperatures (T < 235 K)
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Homogeneous freezing is dominant in terms of number density and

depends on local dynamics
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Freezing of solution droplets

Aqueous solution droplets from a background aerosol (e.g. H2SO4)

Koehler
theory

Homogeneous
freezing

→ →
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Homogeneous vs. heterogeneous nucleation

I Usually much more crystals form via homogeneous nucleation

I Heterogeneous IN are not very numerous in the tropopause

region (usually NIN ≤ 10 L−1)

ice crystals, for which reason we used 80 size bins and a bin
volume ratio of 1.5 to discretize the aerosol properties. A detailed
description of APSC will be published elsewhere (B. Kärcher, The
Advanced Particle Simulation Code: Description and applications,
manuscript in preparation, 2001).
[36] To ensure consistency with the results from section 2, we

used the homogeneous nucleation rate developed by Koop et al.
[2000]. The simulations started with a large reservoir of aerosol
particles (n > 1000 cm!3) at ice saturation at p = 220 hPa and at
three selected temperatures (200, 220, and 240 K). We chose n to
be always larger than ni and chose updraft speeds ranging from 1
to 1000 cm s!1 to explore the full parameter range of the
problem. The simulations were continued with constant w until
the saturation ratio dropped and reached a quasi-steady state value
(see right-hand side of Figure 1). Here the number density of
crystals remains constant, and their size is approximately constant.
(The ice crystals continue to grow slowly because the air remains
slightly supersaturated, an effect not included in the theoretical
model.).
[37] To evaluate (11a) and (12b), we started at the same con-

ditions, located T and p when Si became equal to Scr, and computed
ni and ri. Adiabatic changes in concentrations per unit volume of air
were also considered in the analytic solution. In the APSC baseline
simulations, aerosol particles were distributed lognormally, with a
total mass of 1.2 mgm!3, a mean mass radius of rm = 0.055 mm, and a
geometric width of s = 1.6. The mass has been chosen such that the
resulting number of aerosol particles, n = 2500 cm!3, always
exceeds the number of ice crystals that form from these aerosols.
The mean radius and width were taken from airborne measurements
in midlatitudes [Schröder et al., 2001]. In addition, we ran cases
with modified mean radius and width: a narrower size distribution
with smaller particles (rm = 0.0275 mm, s = 1.3, and n = 8600 cm!3)
and a broader spectrum with larger particles (rm = 0.11 mm, s = 2,
and n = 2000 cm!3). These choices represent approximate bounds
on accumulation-mode aerosol spectra. In the volcanically unper-
turbed atmosphere the variability of particles in this mode is likely to
be smaller. In particular, the number of accumulation mode particles
rarely exceeds 500 cm!3.

3.2.2. Comparison with simulations. [38] We present the
APSC results as symbols and the analytic results as solid curves
in Figure 3. For each temperature, the upper/middle/lower
symbols correspond to an initialization of narrower/baseline/
broader aerosol size distributions; see section 3.2.1. We first
discuss the numerical results. As all squares almost completely
overlap, cirrus formation at the warmest temperature appears to
be almost independent of details of the aerosol spectra over the
entire range of w values. This also holds for intermediate
temperatures (triangles) and for w < 100 cm s!1. At the lowest
temperature considered (circles), the sensitivity of ni to aerosol
properties becomes evident for w > 10 cm s!1. However,
deviations from the baseline results remain within a factor of 2
in most cases.
[39] This general insensitivity of the number of crystals formed

to the aerosol physical properties is in excellent agreement with the
basic physical assumptions of the theory as described in section 2.
For our choice of parameters describing the accumulation mode
and its extreme stages, a sensitivity can only be expected at the
lowest temperatures in strong ascents, when nucleation almost
instantaneously causes freezing of a large fraction of the available
aerosol particles. In such cases, the initial size of the crystals
decides whether growth takes place in the gas kinetic or diffusive
regime; hence the dependence on r0.
[40] The curves crossing the symbols at each temperatures

demonstrate the quality of our analytic results. By constraining
the single free model parameter c(T ) with (6d), the agreement
with the APSC results is excellent in all cases not affected by the
aerosol properties. In particular, the scaling of ni with T and w
(equation (13)) is perfectly reproduced. Since (11a) is only valid

in the fast-growth regime, the agreement in the regions with high
w and low T becomes poorer.
[41] While the analytic approach tends to underestimate ni

values at low T and high w as quantified above, we do not attempt
to adjust the analytic solution, for three reasons. First, in many
cases, the number of aerosol particles that freeze will be limited to
values up to several hundred per cubic centimeter, where the slow-
growth regime does not apply. Second, the low T and high w values
for which the analytic solution becomes less accurate will occur
much less frequently in the atmosphere than the most typical
values (T around 220 K and w in the gravity wave regime of
several tens of centimeters per second). Third, it is desirable to
keep the analytic solution as simple as possible because it should
also be applicable in a climate model).
[42] To complete this discussion, we compare our analytic

results (as discussed in Figure 3) from (11a) to the parameterization
presented by Sassen and Benson [2000], ni

SB = a(w) exp [b(w)T].
The coefficients a and b are second-order polynomials in w fitted
to numerical parcel simulation results in the updraft range 4 < w
[cm s!1] < 100 using a molality-based, effective freezing temper-
ature of ammonium sulfate aerosols. The dependence on Scr, which
is a function of T and w in this approach, is implicitly contained in
ni
SB.
[43] Both parameterizations predict a marked increase of ni with

rising w and a decrease of ni with rising T. While the overall
agreement is fair around 200 K, the scheme of Sassen and Benson
[2000] yields progressively higher crystal number densities at
higher temperatures. The reason for these deviations is not fully
clear and could be tied to the different treatment of the freezing
threshold or aerosol properties or to numerical issues. The poly-
nomials generate an oscillatory behavior in ni

SB that has no obvious
physical explanation according to the mechanisms underlying
cirrus formation as detailed in section 2 and could be an artifact
of the fit functions used to constrain the coefficients a and b.

3.2.3. Comparison with observations. [44] A detailed
comparison of the results shown in Figure 3 with cirrus
measurements is difficult, because the exact vertical velocities
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Figure 3. Cirrus ice crystal number densities as a function of
vertical velocity at different temperatures from numerical simula-
tions (symbols) and from the analytic solution (equation (11a)),
supplemented by (6c) and (6d) (curves). Legend shows the frost
point at which the air parcel starts rising from the 220 hPa level and
the approximate temperature (value in brackets) at which freezing
commences. At each temperature, middle symbols represent
baseline aerosol runs and upper and lower symbols assume
strongly perturbed aerosol properties. Physical mechanisms
generating vertical motions in the atmosphere are indicated.

AAC� 4 � - 6 � KÄRCHER AND LOHMANN: CIRRUS PARAMETERIZATION FOR GCMS

Kärcher & Lohmann, 2002, JGR
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Impact of heterogeneously formed ice crystals - part I
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I Ice crystals stay in box

I Growth by heterogeneously formed ice crystals strong enough

to reduce ice supersaturation

I Homogeneous nucleation is suppressed
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’negative Twomey effect’

and numerical model, respectively. The thick gray curves
are the (parameterized) homogeneous freezing results
without any IN.
[42] In the case of pure homogeneous freezing, ni rises

continuously with increasing w, whereby the slight devia-
tions from a straight line (power law) are caused by aerosol
size effects. We identify two indirect effects of IN [Kärcher
and Lohmann, 2003]: first, a plateau region develops over a
wide range of w values which shifts toward higher w when
the number of IN increases. In this plateau region, after the
heterogeneous ice formation process is completed, wp !
w and ni is considerably lower than for pure homogeneous
freezing (negative Twomey effect). This effect is caused by
the IN-induced reduction of Si. In regions right of the
plateau when ni values rise again, the finite apparent
updraft speed wp < w acts to reduce the number of ice
crystals from homogeneous freezing unless wp " w.
(Note that preexisting ice particles would cause a similar
negative Twomey effect.)
[43] Second, in regions left of the plateau, the updraft

speeds are too weak to activate all available IN, i.e., we are
in the pure heterogeneous ice nucleation regime. Here, ni
values are slightly higher than for pure homogeneous
freezing (positive Twomey effect). This occurs because
the selected heterogeneous freezing threshold is smaller
than the homogeneous values (by #0.2 or more). Therefore
IN-induced ice crystals experience less supersaturation and
grow less rapidly than homogeneously nucleated crystals;
hence they are less efficient at reducing Si and allow more
crystals to be formed.
[44] We point out that the plateau region extends over

almost an order of magnitude in vertical velocities, and the
transition to the region where homogeneous freezing dom-
inates occurs only gradually over a similar range. Clearly,
the decrease of ni depends on the exact value of w, and can
range from almost zero up to a factor of 10. Our new
scheme captures this important detail and thus represents a
significant improvement over a previous analytical estimate
of the critical number of ice nuclei (in terms of w, T, and Scr)
at which the transition between the two freezing modes

occurs. An analytical estimate derived by Gierens [2003]
locates the transition point w

*
at the rightmost end of the

plateau regions shown in Figure 3 but only predicts an
abrupt increase of ni from the total number concentration of
available IN to values obtained from pure homogeneous
freezing for w > w

*
.

[45] In sum, in weak updrafts (<1–10 cm/s depending on
T and IN concentration), the addition of IN could increase
the number of ice crystals formed and lead to an indirect
effect that is similar to the traditional Twomey effect known
from warm clouds, although its dependence on aerosol
number is weaker. In stronger updrafts, the addition of IN
acts to reduce the number of ice crystals. This effect will
lead to an increase of the effective ice crystal radius and
associated changes in optical extinction, ice water content,
and cloud frequency of occurrence.
[46] The above idealized results obtained with constant

updraft speeds and selected temperatures are useful for
explaining the mechanisms controlling the indirect effects.
Variations in the freezing thresholds of IN and size distri-
bution parameters yield qualitatively similar results. A
statistical evaluation of near-global cirrus simulations car-
ried out with ensemble trajectories and a Lagrangian cirrus
model confirmed the predominance of the negative Twomey
effect, at least at midlatitudes where temperatures below
210 K are rare and mesoscale variability in cooling rates is
common [Haag and Kärcher, 2004].

4. Uncertainties

[47] The uncertainties of the parameterization schemes
for homogeneous and heterogeneous nucleation have been
mentioned previously [Kärcher and Lohmann, 2002a,
2002b, 2003]. As the combined parameterization is also
affected, we summarize and update these issues below, for
convenience.

4.1. Homogeneous Freezing

[48] Differences between results predicted by the homo-
geneous freezing scheme and numerical simulations can be

Figure 3. Total number concentration of ice crystals formed in a cooling air parcel as a function of the
vertical velocity for an initial temperature of 210 K (left panel) or 230 K (right panel). The total number
concentrations of heterogeneous ice nuclei freezing around Scr = 1.3 are indicated in the legend. The thick
gray curves represent the pure homogeneous freezing cases. The curves are results of the
parameterization, the symbols are taken from microphysical simulations performed with identical
boundary conditions.
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curve parameter). The curves are computed from Eq. (21) with pres-

sure of 250 hPa and initial supersaturation of 0.3.

The exponent of θ does not depend on s0 and neither on b.

Thus, one can set up the following criterion: If the su-

persaturation can increase to the threshold value for homo-

geneous nucleation, shom, the latter will dominate in cirrus

formation, that is, much more ice crystals will be produced

by homogeneous than by heterogeneous nucleation. Whether

smax will reach such a high value depends on the supersat-

uration necessary for heterogeneous nucleation, s0, on tem-

perature (since shom depends linearly on T ), and on the ratio

of the relevant time scales, τg/τu. For checking the criterion

one computes smax ≈ f (T ) (τg/τu)
2 + s0.

Finally, I derive a formula for the limiting case where

smax = shom(T ). First, I define the threshold supersatu-

ration for homogeneous nucleation as that value where one

ice crystal per cubic metre will be formed in an uplifting air-

mass. From the boxmodel calculations I find

shom(T ) = 2.193− 7.47× 10−3 T , (15)

where T is in K. Next we need an expression for the growth

time scale (see above). The coefficient of diffusion of vapour

in air, D, can be parameterised as:

D = 2.11× 10−5
(

T

T0

)1.94 (
p0

p

)
, (16)

with D in m2/s (Pruppacher and Klett, 1978). Here, T0 =
273.15K, p0 = 101325 Pa, and p is air pressure.

Assuming that the initial supersaturation s0 is transferred

completely into N spherical ice crystals of equal size, their

radius would be

r0 =
(
3 s0 e∗(T )

4πNRvTρi

)1/3
, (17)

with the bulk density of ice ρi = 900 kg/m3. If constant num-

bers are collected, the growth time scale can then be written

in the following form:

τ−1
g = 1.40× 10−6 T 1.61 p−1 [s0 e∗(T )]1/3N2/3. (18)

(All quantities in SI units). In a similar way it is possible to

write an expression for the updraft time scale:

τ−1
u = 59.9w T −2. (19)

Now, the condition that homogeneous nucleation does not

get effective is

f (T ) (τg/τu)
2 + s0 < 2.193− 7.47× 10−3 T . (20)

Inserting the expressions for the time scales, and solving for

the ice crystal number density, N , yields a critical number

density Nc, when an equal sign is set in Eq. (20). This is:

Nc = 2.81× 1011 f (T )3/4w3/2 p3/2

T 5.415 [s0 e∗(T )]1/2 (shom(T ) − s0)3/4
. (21)

(Again, everything in SI units, i.e. m−3, m/s, K, and Pa).
The critical number density Nc marks the transition region

between homogeneous and heterogeneous cirrus formation.

It should be understood as a rough estimate. This means that

ice production will be dominated by heterogeneous processes

if the concentration of heterogeneous ice nuclei exceeds Nc;

in turn, it will be dominated by homogeneous nucleation if

N is smaller than the critical value Nc by about half an order

of magnitude or even smaller.

As Eq. (21) shows, the sensitivity of the critical concentra-

tion of heterogeneous ice nuclei, Nc, to changes of tempera-

ture and updraft speed are much more important than those

to changes of either s0 or p (although p has also the power

3/2; but the relative variation of p in the upper troposphere

is generally small compared to variations of w). The depen-

dences of Nc on temperature and updraft speed is illustrated

in Fig. 8.

5 Summary and conclusions

In this study I have investigated the transition between cir-

rus formation due to heterogeneous freezing on the one hand

and homogeneous freezing on the other. The study was per-

formed by means of boxmodel simulations of the freezing of

a certain type of heterogeneous ice nuclei (aerosol particles

that freeze heterogeneously below the critical humidity for

homogeneous nucleation). For these I have chosen an inter-

nally mixed aerosol consisting of aqueous solution droplets

Atmos. Chem. Phys., 3, 437–446, 2003 www.atmos-chem-phys.org/acp/3/437/

Kärcher et al., 2006 Gierens, 2003

Suppression of homogeneous freezing by previously heterogeneously

formed ice crystals
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Impact of heterogeneously formed ice crystals - part II

(Implicit) assumption: No sedimentation, but not always realistic
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Reinvestigating competition of formation mechamisms

’Textbook knowledge’:

I Homogeneous nucleation is dominant at low temperatures in

terms of ice crystal number concentrations

I Heterogeneous nucleation could modify homogeneous

nucleation events at high temperature and/or low vertical

velocities

I For high vertical velocities no reasonable impact of

heterogeneous nucleation

... is this really true?

Reinvestigation of these statements via 2D high resolution model

simulations, in situations dominated by dynamics (waves) and

offline radiation calculations

Peter Spichtinger (IPA) Heterogeneous nucleation and cirrus clouds June 26, 2012 12/30
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Basic question for further investigation

Are we able to represent realistic measurements in a wave case

with EULAG including our bulk ice microphysics?

If so, then we can use idealized simulations in order to explore the

parameter space.

Peter Spichtinger (IPA) Heterogeneous nucleation and cirrus clouds June 26, 2012 13/30
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INCA case

I Extensive flight campaign over midlatitudes of South America

in April 2000

I Instrumentation for measuring ice clouds (particles and

environmental fields)

I One case was dedicated to wave clouds (Andes)

Peter Spichtinger (IPA) Heterogeneous nucleation and cirrus clouds June 26, 2012 14/30
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EULAG for cirrus clouds

I An-elastic non-hydrostatic model EULAG (Prusa et al., 2008)

I Double moment ice microphysics scheme (Spichtinger &
Gierens, 2009), including the processes:

I Ice nucleation (homogeneous/heterogeneous)
I Depositional growth/evaporation of ice crystals
I Sedimentation of ice crystals

I Horizontal resolution: ∆x = 250m

I Vertical resolution: ∆z = 50m

Peter Spichtinger (IPA) Heterogeneous nucleation and cirrus clouds June 26, 2012 15/30
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Setup for simulations

I 2D section (mostly Westerly winds) through the Andes

I Vertical profiles (temperature/pressure/wind) from ECMWF

analyses

I Humidity profiles estimated to be close to in situ

measurementsH. Joos et al.: Orographic cirrus in a future climate 7827

Fig. 1. Initial vertical profiles of temperature T , potential temperature θ, horizontal wind speed u and pressure

p taken from the ECMWF Reanalyse data for the 5 April 2000 at 18 UTC at 53
◦
S and 78

◦
W.

flight track at 53
◦
S from 69.2

◦
W to 76

◦
W. During this flight, the vertical velocity, ice crystal number

concentration and ice water content in an orographic cloud were measured. Vertical velocities were

measured with a five-hole probe only during constant altitude flight sections. The accuracy of the

vertical velocity is estimated to be on the order of 0.1 m s−1
(Bögel and Baumann, 1991). Ice parti-95

cle concentrations were measured with a combination of two instruments, the FSSP-300 and 2DC-C

optical probe onboard the DLR Falcon (Gayet et al., 2002, 2004). The particle concentrations used

for this comparison refer to the particle size range 3-800 micrometer in diameter. Furthermore,

residual particle measurement with the Counterflow Virtual Impactor, CVI (Noone et al., 1993) have

been carried out.100

In order to test the model’s capability to represent orographic cirrus clouds in a correct way, these

measurements are compared to a 2-dimensional simulation with the EULAG model. As initial pro-

files we used the temperature and wind data from the ECMWF (European Centre for Medium-Range

Weather Forecasts) Reanalyse data for the 5
th

of April 2000 at 18 UTC when the measurements were

taken. Additionally, a realistic topography from the National Geographical Data Centre (NGDC,105

Hastings et al. (1999)) is implemented. Figure 1 shows the initial profiles of temperature T (z),

potential temperature θ(z), horizontal wind speed u(z) and pressure p(z), respectively. The wind

direction is approximately 260
◦
. For simplicity we assumed a pure west wind here. In this simu-

lation we used a horizontal model domain of 1000 km and 20 km in the vertical with a horizontal

resolution dz = 1000 m and a vertical resolution dz = 50m. In all simulations the dynamical time110

step is dt = 2.5 s and the microphysical time step is dtm = dt/10 = 0.25 s. The model is run for

5 hours. In all simulations the Coriolis force is neglected. Figure 2 shows the result of the flow

over the realistic topography initialized with the ECMWF profiles after t = 5 h. The topography of

the Andes induces gravity waves that propagate through the whole troposphere. The maximum and

minimum vertical velocities amount to +8/-8 m s−1
, respectively. They occur in a height between115

4

Fig. 1. Initial vertical profiles of temperature T , potential temperature θ , horizontal wind speed u and pressure p taken from the ECMWF
Reanalyse data for the 5th of April 2000 at 18:00UTC at 53◦ S and 78◦W.

Fig. 2. Flow regime for the INCA case at 5 April 2000, 18 UTC initialized with the ECMWF profiles. Grey

lines denote lines of constant potential temperature and the colorbar indicates the vertical velocity in m s−1.

The black box shows the position of the supersaturated layer.

4 and 6 km. According to the height of the flight, an ice supersaturated region (ISSR) has been

implemented in a height of 8500-9500 m with an initial supersaturation of RHi=130%. In order

to compare the simulation with the measurements, histograms for the vertical velocity, ice crystal

number concentration (ICNC) and ice water content (IWC) are shown. The temperatures measured

during the flight lie between 230 K and 226 K. Therefore, we selected the simulated values at120

T=226K and T=230K for comparison. Additionally, the distribution sampled over the whole ISSR

is shown. The simulated values sampled over the 5 simulated hours are shown in figure 3. It can

be seen that the model reproduces the distribution of the measured variables remarkably well. The

measured vertical velocity is in the range between +1.8 and -1.8 m s−1. In general, this can be re-

produced well although the model seems to overestimate the vertical velocities. This is due to the125

2-dimensional setup that leads to an overestimation of the vertical velocity (Dörnbrack, 1998) and

the effect of moisture on the propagation of gravity waves, which would lead to a decrease in vertical

velocities. This is neglected here. On the other hand, as the airplane flies with ∼ 170 m s−1 it did

not necessarily reach to measure the highest occuring velocities. If all these restrictions are taken

into account, one can say that the model is quite able to represent the measured values (see fig. 3).130

The results for the ICNC and IWC also agree very well with the observation. Gayet et al. (2006)

stated that shattering of ice crystals leading to an overestimation of measured ICNC was unlikely as

different techniques were used. The comparison of the results obtained with the different techniques

showed little difference such that shattering can be ruled out for this case. Based on these results,

we assume that the model is able to simulate realistic vertical velocities and microphysical proper-135

5

Fig. 2. Flow regime for the INCA case on the 5th of April 2000,
18:00UTC initialized with the ECMWF profiles. Grey lines denote
lines of constant potential temperature and the colorbar indicates
the vertical velocity inm s−1. The black box shows the position of
the supersaturated layer.

approximately 260◦. For simplicity we assumed a pure west
wind here.
In this simulation we used a horizontal model domain of

1000 km and 20 km in the vertical with a horizontal resolu-
tion dz = 1000m and a vertical resolution dz = 50m. In all
simulations the dynamical time step is dt = 2.5 s and the mi-
crophysical time step is dtm = dt/10= 0.25 s. The model is
run for 5 h. In all simulations the Coriolis force is neglected.
Figure 2 shows the result of the flow over the realistic topog-
raphy initialized with the ECMWF profiles after t = 5 h.
The topography of the Andes induces gravity waves that

propagate through the whole troposphere. The maximum
and minimum vertical velocities amount to +8/−8m s−1, re-

spectively. They occur in a height between 4 and 6 km.
According to the height of the flight, an ice supersaturated
region (ISSR) has been implemented in a height of 8500–
9500m with an initial supersaturation of RHi = 130%. In or-
der to compare the simulation with the measurements, his-
tograms for the vertical velocity, ice crystal number concen-
tration (ICNC) and ice water content (IWC) are shown. The
temperatures measured during the flight lie between 230K
and 226K. Therefore, we selected the simulated values at
T = 226K and T = 230K for comparison. Additionally, the
distribution sampled over the whole ISSR is shown. The sim-
ulated values sampled over the 5 simulated hours are shown
in Fig. 3.
It can be seen that the model reproduces the distribution of

the measured variables remarkably well. The measured ver-
tical velocity is in the range between +1.8 and −1.8m s−1.
In general, this can be reproduced well although the model
seems to overestimate the vertical velocities. This is due to
the 2-dimensional setup that leads to an overestimation of the
vertical velocity (Dörnbrack, 1998) and the effect of moisture
on the propagation of gravity waves, which would lead to a
decrease in vertical velocities. This is neglected here. On the
other hand, as the airplane flies with ∼170m s−1 it did not
necessarily reach to measure the highest occuring velocities.
If all these restrictions are taken into account, one can say
that the model is quite able to represent the measured values
(see Fig. 3). The results for the ICNC and IWC also agree
very well with the observation. Gayet et al. (2006) stated that
shattering of ice crystals leading to an overestimation of mea-
sured ICNC was unlikely as different techniques were used.
The comparison of the results obtained with the different
techniques showed little difference such that shattering can
be ruled out for this case. Based on these results, we assume
that the model is able to simulate realistic vertical velocities
and microphysical properties of orographic cirrus clouds and
can thus be used for further investigations of orographic cir-
rus clouds with idealized simulations as described in the next
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Vertical velocity (m/s) and potential temperature (K)
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Fig. 1. Initial vertical profiles of temperature T , potential temperature θ, horizontal wind speed u and pressure

p taken from the ECMWF Reanalyse data for the 5 April 2000 at 18 UTC at 53
◦
S and 78

◦
W.

flight track at 53
◦
S from 69.2

◦
W to 76

◦
W. During this flight, the vertical velocity, ice crystal number

concentration and ice water content in an orographic cloud were measured. Vertical velocities were

measured with a five-hole probe only during constant altitude flight sections. The accuracy of the

vertical velocity is estimated to be on the order of 0.1 m s−1
(Bögel and Baumann, 1991). Ice parti-95

cle concentrations were measured with a combination of two instruments, the FSSP-300 and 2DC-C

optical probe onboard the DLR Falcon (Gayet et al., 2002, 2004). The particle concentrations used

for this comparison refer to the particle size range 3-800 micrometer in diameter. Furthermore,

residual particle measurement with the Counterflow Virtual Impactor, CVI (Noone et al., 1993) have

been carried out.100

In order to test the model’s capability to represent orographic cirrus clouds in a correct way, these
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5 hours. In all simulations the Coriolis force is neglected. Figure 2 shows the result of the flow
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the Andes induces gravity waves that propagate through the whole troposphere. The maximum and

minimum vertical velocities amount to +8/-8 m s−1
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Fig. 1. Initial vertical profiles of temperature T , potential temperature θ , horizontal wind speed u and pressure p taken from the ECMWF
Reanalyse data for the 5th of April 2000 at 18:00UTC at 53◦ S and 78◦W.

Fig. 2. Flow regime for the INCA case at 5 April 2000, 18 UTC initialized with the ECMWF profiles. Grey

lines denote lines of constant potential temperature and the colorbar indicates the vertical velocity in m s−1.

The black box shows the position of the supersaturated layer.

4 and 6 km. According to the height of the flight, an ice supersaturated region (ISSR) has been

implemented in a height of 8500-9500 m with an initial supersaturation of RHi=130%. In order

to compare the simulation with the measurements, histograms for the vertical velocity, ice crystal

number concentration (ICNC) and ice water content (IWC) are shown. The temperatures measured

during the flight lie between 230 K and 226 K. Therefore, we selected the simulated values at120

T=226K and T=230K for comparison. Additionally, the distribution sampled over the whole ISSR

is shown. The simulated values sampled over the 5 simulated hours are shown in figure 3. It can

be seen that the model reproduces the distribution of the measured variables remarkably well. The

measured vertical velocity is in the range between +1.8 and -1.8 m s−1. In general, this can be re-

produced well although the model seems to overestimate the vertical velocities. This is due to the125

2-dimensional setup that leads to an overestimation of the vertical velocity (Dörnbrack, 1998) and

the effect of moisture on the propagation of gravity waves, which would lead to a decrease in vertical

velocities. This is neglected here. On the other hand, as the airplane flies with ∼ 170 m s−1 it did

not necessarily reach to measure the highest occuring velocities. If all these restrictions are taken

into account, one can say that the model is quite able to represent the measured values (see fig. 3).130
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stated that shattering of ice crystals leading to an overestimation of measured ICNC was unlikely as
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Fig. 2. Flow regime for the INCA case on the 5th of April 2000,
18:00UTC initialized with the ECMWF profiles. Grey lines denote
lines of constant potential temperature and the colorbar indicates
the vertical velocity inm s−1. The black box shows the position of
the supersaturated layer.

approximately 260◦. For simplicity we assumed a pure west
wind here.
In this simulation we used a horizontal model domain of

1000 km and 20 km in the vertical with a horizontal resolu-
tion dz = 1000m and a vertical resolution dz = 50m. In all
simulations the dynamical time step is dt = 2.5 s and the mi-
crophysical time step is dtm = dt/10= 0.25 s. The model is
run for 5 h. In all simulations the Coriolis force is neglected.
Figure 2 shows the result of the flow over the realistic topog-
raphy initialized with the ECMWF profiles after t = 5 h.
The topography of the Andes induces gravity waves that

propagate through the whole troposphere. The maximum
and minimum vertical velocities amount to +8/−8m s−1, re-

spectively. They occur in a height between 4 and 6 km.
According to the height of the flight, an ice supersaturated
region (ISSR) has been implemented in a height of 8500–
9500m with an initial supersaturation of RHi = 130%. In or-
der to compare the simulation with the measurements, his-
tograms for the vertical velocity, ice crystal number concen-
tration (ICNC) and ice water content (IWC) are shown. The
temperatures measured during the flight lie between 230K
and 226K. Therefore, we selected the simulated values at
T = 226K and T = 230K for comparison. Additionally, the
distribution sampled over the whole ISSR is shown. The sim-
ulated values sampled over the 5 simulated hours are shown
in Fig. 3.
It can be seen that the model reproduces the distribution of

the measured variables remarkably well. The measured ver-
tical velocity is in the range between +1.8 and −1.8m s−1.
In general, this can be reproduced well although the model
seems to overestimate the vertical velocities. This is due to
the 2-dimensional setup that leads to an overestimation of the
vertical velocity (Dörnbrack, 1998) and the effect of moisture
on the propagation of gravity waves, which would lead to a
decrease in vertical velocities. This is neglected here. On the
other hand, as the airplane flies with ∼170m s−1 it did not
necessarily reach to measure the highest occuring velocities.
If all these restrictions are taken into account, one can say
that the model is quite able to represent the measured values
(see Fig. 3). The results for the ICNC and IWC also agree
very well with the observation. Gayet et al. (2006) stated that
shattering of ice crystals leading to an overestimation of mea-
sured ICNC was unlikely as different techniques were used.
The comparison of the results obtained with the different
techniques showed little difference such that shattering can
be ruled out for this case. Based on these results, we assume
that the model is able to simulate realistic vertical velocities
and microphysical properties of orographic cirrus clouds and
can thus be used for further investigations of orographic cir-
rus clouds with idealized simulations as described in the next
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Measurements vs. simulations
7828 H. Joos et al.: Orographic cirrus in a future climate

Fig. 3. Comparison of the simulated and measured vertical velocity (upper panel), ICNC (middle panel) and

ice water content (lower panel). For the ICNC the black line denotes the combined measurements taken with

the FSSP-300 and 2DC-C optical probe. Additionally, the measurements with the CVI are shown in dark blue.

The simulated results for the temperature range 226 K and 230 K are shown in red and light blue, respectively.

The purple line shows the simulated results sampled over the whole ISSR. All simulated values contain data

sampled over all time steps.

ties of orographic cirrus clouds and can thus be used for further investigations of orographic cirrus

clouds with idealized simulations as described in the next chapter or to investigate the changes in

microphysical properties in a changing climate as discussed in chapter 5.

4 Idealized Simulations

To investigate the key parameters, which determine the microphysical and optical properties of oro-140

graphic cirrus clouds in a future climate, idealized simulations have been carried out. In a future

climate, there are two main processes, which influence the properties of an orographic cirrus cloud.

On the one hand, an increase in moisture could lead to a damping of the gravity waves amplitude and
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Fig. 3. Comparison of the simulated and measured vertical veloc-
ity (upper panel), ICNC (middle panel) and ice water content (lower
panel). For the ICNC the black line denotes the combined measure-
ments taken with the FSSP-300 and 2DC-C optical probe. Addi-
tionally, the measurements with the CVI are shown in dark blue.
The simulated results for the temperature range 226K and 230K
are shown in red and light blue, respectively. The purple line shows
the simulated results sampled over the whole ISSR. All simulated
values contain data sampled over all time steps.

chapter or to investigate the changes in microphysical prop-
erties in a changing climate as discussed in chapter 5.

4 Idealized simulations

To investigate the key parameters, which determine the mi-
crophysical and optical properties of orographic cirrus clouds
in a future climate, idealized simulations have been carried
out. In a future climate, there are two main processes, which
influence the properties of an orographic cirrus cloud. On
the one hand, an increase in moisture could lead to a damp-
ing of the gravity waves amplitude and reduce the vertical
velocities. Furthermore, the vertical wavelength could in-

crease such that the ISSR shifts in a different vertical phase
of the wave. On the other hand, the temperature increase
changes the available water vapor under the assumption of a
constant relative humidity and has an influence on the depo-
sitional growth. In order to assess the importance of these
individual thermodynamical and dynamical processes and its
influence on the formation of cirrus clouds, the temperature
inside the ISSR has been changed and the height of the ISSR
is shifted to a lower/higher position such that a change in the
wave phase is simulated.
The model is initialized with the ambient potential tem-

perature and pressure profiles θ(z) and p(z) according to
Clark and Farley (1984), using a constant Brunt-Väisäla fre-
quency N over the whole troposphere. From θ(z) and p(z)

the physical temperature T (z) and the density ρ(z) can be
calculated. Additionally, a wind profile u(z) is prescribed:
between 0 and 2 km height, u(z) increases from 4m s−1 to
9m s−1. From 2 km to 12 km the horizontal velocity is con-
stant (u(z) = 9m s−1). Above that level it decreases linearly
until u(z = 15 km) =−10m s−1. For these simulations we
use a 2-D domain (x-z-plane) with a horizontal extension of
320 km and a vertical extension of 20 km with a bell shaped
mountain in the middle of the domain. The mountain shape
can be described as

H(x) = h0

1+ x2

a2

(1)

where a = 10 000m is the half-width of the mountain and
h0= 600m the maximum height, respectively. The non-
dimensional mountain height is given by ĥ = Nh0/u = 0.6
which leads to a hydrostatic mountain wave. The horizontal
and vertical resolutions are dx = 250m and dz = 50m, re-
spectively. The simulations have been carried out for 5 h. An
ice supersaturated layer (ISSR) with a depth of 1 km has been
implemented in the model additionally.
First, a reference case has been defined: The ISSR is situ-

ated in the vertical range between 8500m and 9500m. This
corresponds to the height where the highest vertical veloc-
ity in the developing hydrostatic wave occurs. The initial
temperature profile has been chosen in a way that the tem-
perature in the middle of the reference ISSR is 220K and the
reference initial supersaturation with respect to ice (RHi) is
120%. Then two different effects were investigated.

1. A shift of the initial θ profiles such that the temperature
in the middle of the reference ISSR is 210K and 230K,
respectively (see Fig. 4).

2. A change of the height of the ISSR, which causes a dif-
ferent temperature and a different position in the wave
phase. The height of the ISSR has been shifted so
that the temperature in the middle of the lowest layer
is 230K and in the highest layer 210K (see Fig. 5).

Atmos. Chem. Phys., 9, 7825–7845, 2009 www.atmos-chem-phys.net/9/7825/2009/

Joos et al., 2009
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Idealized setup

I Bell shaped mountain H(x) = h0

1+( x
a )

2 , h0 = 600m, a = 10 km

I Supersaturation layer at 8.5 ≤ z ≤ 9.5 km, RHi = 120%
I Vertical profiles with constant Brunt-Vaisala frequency

N = 0.009 s−1

I Shift in profiles for warmer/colder temperatures by ±10 K
H. Joos et al.: Orographic cirrus in a future climate 7829

Fig. 4. Initial vertical profiles of temperature T , potential temperature θ and wind speed u for the idealized

simulations. Black lines denote the reference case. The black box shows the position of the ISSR for the

reference case.

Fig. 5. Flow regime after 5 hours used for the idealized simulations (left). Grey lines indicate lines of constant

potential temperature with an increment of 4 K. Black, blue and orange rectangles show the three different

positions of the ISSR. Colors indicate the vertical velocities (left) and the relative humidity (right). Black

contours show the ICNC with the lines for 0.00001,1,10,100,500,1000 l−1 and red contours the IWC with lines

for 0.0001,1,3,6,9,12,15,18 mg m−3.

results shown here are after t = 5h. A nearly hydrostatic wave develops, which propagates vertically

through the whole troposphere and is absorbed at the tropopause in a critical layer. The highest

vertical velocity occurs at ∼9 km height and amounts to ∼0.8 m s−1.180

8

Fig. 4. Initial vertical profiles of temperature T , potential temperature θ and wind speed u for the idealized simulations. Black lines denote
the reference case. The black box shows the position of the ISSR for the reference case.
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reference case.

Fig. 5. Flow regime after 5 hours used for the idealized simulations (left). Grey lines indicate lines of constant

potential temperature with an increment of 4 K. Black, blue and orange rectangles show the three different

positions of the ISSR. Colors indicate the vertical velocities (left) and the relative humidity (right). Black

contours show the ICNC with the lines for 0.00001,1,10,100,500,1000 l−1 and red contours the IWC with lines

for 0.0001,1,3,6,9,12,15,18 mg m−3.

results shown here are after t = 5h. A nearly hydrostatic wave develops, which propagates vertically

through the whole troposphere and is absorbed at the tropopause in a critical layer. The highest

vertical velocity occurs at ∼9 km height and amounts to ∼0.8 m s−1.180
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Fig. 5. Flow regime after 5 h used for the idealized simulations (left). Grey lines indicate lines of constant potential temperature with an
increment of 4K. Black, blue and orange rectangles show the three different positions of the ISSR. Colors indicate the vertical velocities
(left) and the relative humidity (right). Black contours show the ICNC with the lines for 0.00001, 1, 10, 100, 500, 1000 l−1 and red contours
the IWC with lines for 0.0001, 1, 3, 6, 9, 12, 15, 18mgm−3.

Figure 4 shows the initial T (z), θ(z) and u(z) profiles for
the reference case (black line) and the two shifted θ -profiles.
In order to obtain the same flow regime for all cases, the

θ -profile has been shifted by adding a constant. Thus, the
Brunt-Väisäla-frequency is the same in all simulations. The
developing flow regime and the position of the different ISSR
is shown in figure 5 (left panel).
The results shown here are after t = 5 h. A nearly hydro-

static wave develops, which propagates vertically through
the whole troposphere and is absorbed at the tropopause in
a critical layer. The highest vertical velocity occurs at∼9 km
height and amounts to ∼0.8m s−1.

4.1 Results

4.1.1 Description of the reference case

In order to compare the effect of changed initial conditions,
first the reference case is described in more detail. After a
while, a hydrostatic wave forms and after t = 3 h the critical
supersaturation for homogeneous freezing is reached, the for-
mation of ice starts and an orographic cirrus cloud develops.
Figure 5 (right panel) shows the ice crystal number concen-
tration (ICNC) and the ice water content (IWC) after t = 5 h,
when the flow regime is in a quasi steady state.
The maximum ICNC and IWP amounts to 1.3 cm−3

and 18.9mgm−3, respectively. The homogeneous freez-
ing occurs in the updraft region of the gravity wave,
whereas the maximum vertical velocity in the supersat-
urated layer amounts to 0.8m s−1. The crystals are

www.atmos-chem-phys.net/9/7825/2009/ Atmos. Chem. Phys., 9, 7825–7845, 2009
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Reference case - flow regime and microphysics

I Quasi-hydrostatic wave, some small reflection at tropopause

I Vertical velocities in the range −0.75 ≤ w ≤ 0.75 m s−1

I Now runs with no homogeneous and prescribed heterogeneous

IN concentrations (5/10/50 L−1, nucleation threshold

RHihet = 130%)
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Time evolution - homogeneous vs. 10 IN
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Zoom into microphysics

I In homogeneous case nucleation over broader vertical range

I Heterogeneous nucleation leads to suppression of

homogeneous nucleation
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Radiation calculations

I Offline calculation for the output using a radiation transfer

model (Liou and Fu, 1993)

I 6 Bands in solar spectrum, 12 bands in IR spectrum

I Radiation conditions of equinox (i.e. 20th of March)

I Earth’s albedo = 0.3

I Different local time ranges: 6− 12LT and 12− 18LT

I Output: optical depth (for 0.2 ≤ λ ≤ 2 µm), short wave and

longwave radiative fluxes at top of atmosphere (TOA)

I Investigation in terms of cloud radiative forcing:

CFrange = Frange,clear − Frange,cloudy (1)

for each range and for all together (net cloud forcing)

Peter Spichtinger (IPA) Heterogeneous nucleation and cirrus clouds June 26, 2012 23/30
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Short wave and long wave forcing (6-12 LT)
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Optical depth and net forcing (6-12 LT)
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Summary for all simulations

I Decrease in ice crystal number concentration and ice water

path with in creasing IN concentrations

I Optical depth is depending non-linear on number and mass

concentration, thus complicated; decrease in optical depth

with increasing IN concentrations

I Strong temperature dependence (ice & mass concentration)
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Summary for all simulations

I Short wave forcing depends on local time, stronger for 6-12 LT

I Short wave forcing (cooling effect) and long wave forcing

(warming) decreases in strength with increasing IN

concentrations

I Net cloud forcing descreases in strength with increasing IN

concentrations
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Impact of local time (equinox)
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Summary

I Cirrus and ice supersaturation occur frequently in the

tropopause region

I Heterogeneous nucleation can influence formation of ice

crystals by homogeneous nucleation also in high velocity

regime

I Strong impact of heterogeneous vs. homogeneous nucleation

on radiative properties of orographic cirrus clouds
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Future work

I More radiative transfer calculations for other daytimes

I Same strategy for convective cirrus clouds (see Philipp’s talk)

I Further calculation in 3D and with online radiation scheme

Thank you for your attention!
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