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Motivation I

Cirrus clouds are important modulators of Earth’s radiation budget:

COOLING

Incoming
Solar
Radiation

Reflected
Solar
Radiation

Reflexion

Absorption

Transmitted
Thermal
Radiation

CIRRUS

Emitted
Thermal
Radiation

Earth’s Surface

WARMING

Re−emitted
Thermal
Radiation

A net warming is assumed but not confirmed
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Motivation I

I Net warming and

cooling possible

I Transition depends on

microphysical properties

as ice crystal mass and

number concentration

I Ice crystal number

concentration depends

crucially on local

dynamics as shown later

after Zhang et al., 1999, Atmos. Res.

Peter Spichtinger (IACETH) Cirrus cloud dynamics September 13, 2010 3 / 38
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Motivation II
High ice supersaturation inside cirrus clouds

Krämer et al.: Cirrus Supersaturations 9

Fig. 4. Field observations of RHice vs. temperature in- and outside of cirrus. Top panels: Raw RHice measurements of all flights with
H2Ogas+ice and H2Ogas measurements; data points represent 15.4/20.8 hours in/out-side of cirrus during 37 flights (1 h cruising time repre-
sents about 680 km); blueish data points represent Arctic, greenish Midlatitude and reddish Tropical field campaigns, for detailed color code
of the campaings see Figure 3. Bottom panels: Processed RHice data; data points represent 9.7/15.9 hours in/out-side of cirrus during 28
flights. The black dotted line represents water saturation, the black solid line the homogeneous freezing threshold after Koop et al. (2000).

3.2 Clear sky RHice

Under clear sky conditions, supersaturations up to the freez-
ing thresholds of the available aerosol particles can occur in
the upper troposphere (see section 1). From our clear sky
observations in the vicinity of cirrus clouds (Figure 4, bot-
tom right panel and, as frequencies of occurence, in Fig-
ure 5), representing 15.9 hours of aircraft flight time, it can
be seen that for temperatures >200 K RHice randomly dis-
tributes between nearly zero up to the homogeneous freezing
thresholds. This finding is in agreement with Ovarlez et al.
(2002), deriving a frequency distribution for mid-latitude cir-
rus clouds covering the temperature range 215 - 235 K from
the INCA field experiment.

For lower temperatures, the upper limit of RHice is in gen-
eral also the homogeneous freezing line, but some data points

are found slightly above (see section 3.2.1). The lower RHice
limit is enveloped by the dashed line in Figure 4 (bottom right
panel), representing a constant H2O value of 1.5 ppmv, the
minimum water vapour mixing ratio observed in the upper
troposphere. The highest frequencies of occurence of RHice
are enclosed by the dashed lines in Figure 5, representing
constant values of 2 and 3 ppmv which correspond to the up-
per tropospheric range of water vapour mixing ratios.

3.2.1 High clear sky supersaturations

No supersaturations close to or above water saturation are
observed in our field measurements. Thus, from our data set
we could not confirm the hypothesis of severe suppression
of ice cloud formation as reported by Jensen et al. (2005b),
showing clear sky RHice up to 230% at 187K. Nevertheless,

Krämer et al., 2009, ACP
Peter Spichtinger (IACETH) Cirrus cloud dynamics September 13, 2010 4 / 38
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Motivation II

Ice supersaturation puzzle (Peter et al., 2006, Science):

Theory:

I Growing ice crystals deplete ice supersaturation

I Ice supersaturation inside thick cirrus clouds should be

removed quickly (thermodynamical equilibrium)

Measurements:

I High ice supersaturation inside cirrus clouds is found with

different measurement techniques

I In-cloud supersaturation seems to be persistent for long time

Peter Spichtinger (IACETH) Cirrus cloud dynamics September 13, 2010 5 / 38
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Main topics of this talk

I Is there a feedback of cirrus clouds back to dynamics?

I Can cirrus cloud dynamics explain high ice supersaturation

inside extra-tropical cirrus clouds?

I How do heterogeneous ice nuclei change the microphysical and

radiative properties of cirrus clouds driven by cirrus cloud

dynamics?

Peter Spichtinger (IACETH) Cirrus cloud dynamics September 13, 2010 6 / 38
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Ice formation at low temperatures (T < 235 K)

T
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Homogeneous freezing of solution droplets

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

Koehler
theory

Homogeneous
freezing
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Basic processes for changing RHi

Assume an air parcel without exchange to the environment

RHi = 100%
p · q

ε · pice(T )
(1)

dRHi

dt
=

∂RHi

∂T

dT

dt
+
∂RHi

∂p

dp

dt︸ ︷︷ ︸
≈adiabatic expansion

+
∂RHi

∂q

dq

dt︸ ︷︷ ︸
growth

(2)

dq

dt
= −dqc

dt
, qc = cloud ice mixing ratio (3)

I Adiabatic expansion = cooling: source for supersaturation

I Diffusional growth of ice crystals: sink for supersaturation

Peter Spichtinger (IACETH) Cirrus cloud dynamics September 13, 2010 9 / 38
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Typical freezing events
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Typical freezing events

with nucleation
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Typical freezing events

with nucleation
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Typical freezing events
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Typical freezing events
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Typical freezing events
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Impact of updraft
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Impact of updraft
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

1 10 100 1000
w, cm/s

10-3

10-2

10-1

100

101

102

103

104

n i,
cm

-3

synoptic | gravity waves | convection

200K (196.4K)
220K (216.0K)
240K (235.8K)

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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Feedback on mesoscale dynamics

Setup:

I Ice supersaturated air masses lifted by a constant updraught

I Ice crystal formed in freezing events

I Latent heat release by ice crystal growth

Results:

I Convection inside cirrus clouds?

I Impact on local structure?

Peter Spichtinger (IACETH) Cirrus cloud dynamics September 13, 2010 13 / 38
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Model description/Setup

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
I Depositional growth/evaporation of ice crystals
I Sedimentation of ice crystals

I 2D domain:
I Horizontal extension Lx = 51.1 km, dx = 100 m, cyclic
I Vertical extension 4 ≤ z ≤ 13 km, dz = 50 m

I Constant large-scale lifting of 2D domain: w = 5 cm s−1

I Moderate wind shear du/dz = 1 · 10−3 s−1

I Saturated layer (RHi=100%) at 8000 ≤ z ≤ 10000 m

I Gaussian temperature fluctuations σT = 0.05 K at initialisation

Peter Spichtinger (IACETH) Cirrus cloud dynamics September 13, 2010 14 / 38
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Two thermal stratifications

I Stable profile θs

I Potentially unstable profile θpu
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Case: stable θ profile (θs)

t= 000 min, black isolines: Ice water content, grey: Isentropes

Peter Spichtinger (IACETH) Cirrus cloud dynamics September 13, 2010 16 / 38
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Case: stable θ profile (θs)

t= 030 min, black isolines: Ice water content, grey: Isentropes

Peter Spichtinger (IACETH) Cirrus cloud dynamics September 13, 2010 16 / 38
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Case: stable θ profile (θs)

t= 060 min, black isolines: Ice water content, grey: Isentropes

Peter Spichtinger (IACETH) Cirrus cloud dynamics September 13, 2010 16 / 38
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Case: stable θ profile (θs)

t= 090 min, black isolines: Ice water content, grey: Isentropes

Peter Spichtinger (IACETH) Cirrus cloud dynamics September 13, 2010 16 / 38
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Case: stable θ profile (θs)

t= 120 min, black isolines: Ice water content, grey: Isentropes

Peter Spichtinger (IACETH) Cirrus cloud dynamics September 13, 2010 16 / 38



IA
C
E
T
H

In
st

itu
te

 fo
r 

A
tm

os
ph

er
ic

 a
nd

 C
lim

at
e 

S
ci

e
nc

e

Motivation Microphysics Cloud dynamics Stable vs. unstable Supersaturation Aerosols Radiation Summary Adds

Case: stable θ profile (θs)

t= 150 min, black isolines: Ice water content, grey: Isentropes

Peter Spichtinger (IACETH) Cirrus cloud dynamics September 13, 2010 16 / 38
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Case: stable θ profile (θs)

t= 180 min, black isolines: Ice water content, grey: Isentropes

Peter Spichtinger (IACETH) Cirrus cloud dynamics September 13, 2010 16 / 38
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Case: stable θ profile (θs)

t= 210 min, black isolines: Ice water content, grey: Isentropes
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Case: stable θ profile (θs)

t= 240 min, black isolines: Ice water content, grey: Isentropes
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Case: stable θ profile (θs)

t= 240 min, black isolines: Ice water content, grey: Isentropes
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Case: potentially unstable θ profile (θpu)

t= 000 min, black isolines: Ice water content, grey: Isentropes
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Case: potentially unstable θ profile (θpu)

t= 030 min, black isolines: Ice water content, grey: Isentropes
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Case: potentially unstable θ profile (θpu)

t= 045 min, black isolines: Ice water content, grey: Isentropes
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Case: potentially unstable θ profile (θpu)

t= 060 min, black isolines: Ice water content, grey: Isentropes
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Case: potentially unstable θ profile (θpu)

t= 075 min, black isolines: Ice water content, grey: Isentropes
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Case: potentially unstable θ profile (θpu)

t= 090 min, black isolines: Ice water content, grey: Isentropes
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Case: potentially unstable θ profile (θpu)

t= 105 min, black isolines: Ice water content, grey: Isentropes
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Case: potentially unstable θ profile (θpu)

t= 120 min, black isolines: Ice water content, grey: Isentropes
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Case: potentially unstable θ profile (θpu)

t= 135 min, black isolines: Ice water content, grey: Isentropes
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Case: potentially unstable θ profile (θpu)

t= 150 min, black isolines: Ice water content, grey: Isentropes
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Case: potentially unstable θ profile (θpu)

t= 165 min, black isolines: Ice water content, grey: Isentropes
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Case: potentially unstable θ profile (θpu)

t= 180 min, black isolines: Ice water content, grey: Isentropes
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Case: potentially unstable θ profile (θpu)

Simulations vs. observations (LIDAR)

function. The Morlet wavelet is a sine and cosine func-
tion modulated by a Gaussian function and defined as

!0!"" # #$1$4ei%0"e$"2$2, !3"

where %0 is the wavelet value at nondimensional time &.
Compared with other wavelet functions that favor in-
dividual event localization (e.g., Mexican Hat), the
Morlet wavelet is a locally periodic wave train that is
appropriate for spectral accuracy. This mother wavelet
is well suited to detect wave packets with only a few
undulations, which has proved to be useful for the situ-
ation in cirrus clouds. A complete description and de-
tailed information on the codes is given in Torrence and
Compo (1998).

By decomposing the lidar backscatter through wave-

let transform, we construct a combined image of the
energy as a function of time, wavelet scale (or fre-
quency), and corresponding height. The next step is to
identify the more significant wavelet energy peaks that
correspond to obvious (i.e., visually identified) cirrus
cloud structures (see appendix). To determine signifi-
cant levels for either Fourier or wavelet spectra, an
appropriate background spectrum must first be chosen.
By assuming that different realizations of geophysical
processes will be randomly distributed above this back-
ground, one can then compare the actual spectrum
against that of a fully random distribution (Chatfield
1996). The null hypothesis is defined for the confidence
testing of the wavelet power as follows. If the time
series have a mean background power spectrum, a peak
in the wavelet power spectrum significantly above this

FIG. 4. FARS cirrus case observed by the CPL on 17 Oct 1992 to illustrate the wavelet analysis method: (a) lidar
height–time backscatter image displayed using a logarithmic grayscale, with local radiosonde temperature (solid),
wind speed (dashed), and direction (dot–dashed) profiles; (b) the horizontal lidar backscatter variations at 12.19-
km height; (c) the corresponding wavelet spectra with contours showing the 95% confidence level finding, with
Fourier (black line) and global wavelet (red line) analyses at right; and (d) the percentage of the 95% confidence
level area relative to the total cloud area given as a function of length scale (derived from the mean cloud-level
wind speed) and cloud height.

JULY 2007 S A S S E N E T A L . 2489

Fig 4 live 4/C

← about 100 km →

Sassen et al., 2007, JAS
Peter Spichtinger (IACETH) Cirrus cloud dynamics September 13, 2010 17 / 38
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Case: potentially unstable θ profile (θpu)

t= 195 min, black isolines: Ice water content, grey: Isentropes
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Case: potentially unstable θ profile (θpu)

t= 210 min, black isolines: Ice water content, grey: Isentropes
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Case: potentially unstable θ profile (θpu)

t= 225 min, black isolines: Ice water content, grey: Isentropes
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Case: potentially unstable θ profile (θpu)

t= 240 min, black isolines: Ice water content, grey: Isentropes
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Stable vs. potentially unstable case

Stable case:

I Constant updraught dominant

I Layer cloud formed

Potentially unstable case:

I Small eddies trigger ice nucleation in small areas

I Latent heat release (crystal growth) leads to updraught

I Convective cells form and rise up to level of neutral buoyancy

I Outside the cells a layer cloud forms

I Patchy structure inside a cirrostratus (fall streaks)

Peter Spichtinger (IACETH) Cirrus cloud dynamics September 13, 2010 18 / 38
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Impact of convection on dynamics and microphysics

Dynamics Microphysics
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Potentially unstable vs. stable:

I More vigorous local dynamics triggered by convective cells:

Higher vertical velocities

I Higher ice crystal number concentrations triggered by stronger

updraughts
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Ice supersaturation inside cirrus clouds

Krämer et al.: Cirrus Supersaturations 9

Fig. 4. Field observations of RHice vs. temperature in- and outside of cirrus. Top panels: Raw RHice measurements of all flights with
H2Ogas+ice and H2Ogas measurements; data points represent 15.4/20.8 hours in/out-side of cirrus during 37 flights (1 h cruising time repre-
sents about 680 km); blueish data points represent Arctic, greenish Midlatitude and reddish Tropical field campaigns, for detailed color code
of the campaings see Figure 3. Bottom panels: Processed RHice data; data points represent 9.7/15.9 hours in/out-side of cirrus during 28
flights. The black dotted line represents water saturation, the black solid line the homogeneous freezing threshold after Koop et al. (2000).

3.2 Clear sky RHice

Under clear sky conditions, supersaturations up to the freez-
ing thresholds of the available aerosol particles can occur in
the upper troposphere (see section 1). From our clear sky
observations in the vicinity of cirrus clouds (Figure 4, bot-
tom right panel and, as frequencies of occurence, in Fig-
ure 5), representing 15.9 hours of aircraft flight time, it can
be seen that for temperatures >200 K RHice randomly dis-
tributes between nearly zero up to the homogeneous freezing
thresholds. This finding is in agreement with Ovarlez et al.
(2002), deriving a frequency distribution for mid-latitude cir-
rus clouds covering the temperature range 215 - 235 K from
the INCA field experiment.

For lower temperatures, the upper limit of RHice is in gen-
eral also the homogeneous freezing line, but some data points

are found slightly above (see section 3.2.1). The lower RHice
limit is enveloped by the dashed line in Figure 4 (bottom right
panel), representing a constant H2O value of 1.5 ppmv, the
minimum water vapour mixing ratio observed in the upper
troposphere. The highest frequencies of occurence of RHice
are enclosed by the dashed lines in Figure 5, representing
constant values of 2 and 3 ppmv which correspond to the up-
per tropospheric range of water vapour mixing ratios.

3.2.1 High clear sky supersaturations

No supersaturations close to or above water saturation are
observed in our field measurements. Thus, from our data set
we could not confirm the hypothesis of severe suppression
of ice cloud formation as reported by Jensen et al. (2005b),
showing clear sky RHice up to 230% at 187K. Nevertheless,

Can cirrus cloud dynamics explain in-cloud ice supersaturation?
Peter Spichtinger (IACETH) Cirrus cloud dynamics September 13, 2010 20 / 38
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Horizontal sections, profile θu

t=190 min, horizontal section at z ∼ 9800 m

Peter Spichtinger (IACETH) Cirrus cloud dynamics September 13, 2010 21 / 38
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Horizontal sections at z ∼ 9800 m (“aircraft”)
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In regions with high ice crystal mass/number concentration:

occurrence of large ice supersaturation (RHi ∼ 150 – 155%)
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Horizontal sections at z ∼ 9800 m (“aircraft”)

Zoom on 15 ≤ x ≤ 25 km:
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Ice supersaturation inside cirrus

I Convective cells form their own updraughts due to latent heat

release

I Persistent vertical velocity is source for ice supersaturation

I At high vertical velocities cooling (increase of RHi) dominates

over growth (decrease of RHi)

High ice supersaturation inside cirrus maintained via

convection

I Convective cells have a short lifetime

I Ice supersaturation inside cirrus is transient phenomenon

Peter Spichtinger (IACETH) Cirrus cloud dynamics September 13, 2010 24 / 38
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Ice supersaturation inside cirrus

I Convective cells form their own updraughts due to latent heat

release

I Persistent vertical velocity is source for ice supersaturation

I At high vertical velocities cooling (increase of RHi) dominates

over growth (decrease of RHi)

High ice supersaturation inside cirrus maintained via

convection

I Convective cells have a short lifetime

I Ice supersaturation inside cirrus is transient phenomenon
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Impact of heterogeneously formed ice crystals
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Impact of heterogeneously formed ice crystals
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Initial conditions

I Homogeneous nucleation as usual

I Heterogeneous nucleation with fixed nucleation threshold

(RHihet = 130 %)

I Variation of heterogeneous IN: NIN = 5/10/50 L−1

Peter Spichtinger (IACETH) Cirrus cloud dynamics September 13, 2010 26 / 38



IA
C
E
T
H

In
st

itu
te

 fo
r 

A
tm

os
ph

er
ic

 a
nd

 C
lim

at
e 

S
ci

e
nc

e

Motivation Microphysics Cloud dynamics Stable vs. unstable Supersaturation Aerosols Radiation Summary Adds

HOM vs. HOM/HET (5/10/50 L−1)

t=60 min
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HOM vs. HOM/HET (5/10/50 L−1)

t=90 min
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HOM vs. HOM/HET (5/10/50 L−1)

t=120 min
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HOM vs. HOM/HET (5/10/50 L−1)

t=150 min
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HOM vs. HOM/HET (5/10/50 L−1)

t=180 min
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HOM vs. HOM/HET (5/10/50 L−1)

t=210 min
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HOM vs. HOM/HET (5/10/50 L−1)

t=240 min

Peter Spichtinger (IACETH) Cirrus cloud dynamics September 13, 2010 27 / 38



IA
C
E
T
H

In
st

itu
te

 fo
r 

A
tm

os
ph

er
ic

 a
nd

 C
lim

at
e 

S
ci

e
nc

e

Motivation Microphysics Cloud dynamics Stable vs. unstable Supersaturation Aerosols Radiation Summary Adds

Impact of het. nucleation on dynamics and microphysics

Dynamics Microphysics
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I Almost no change in dynamics (only for high aerosol loading)

I Shift at low ice crystal number concentrations

I Only small changes for high ice crystal number concentrations
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Optical thickness – patchy cirrus cloud
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Source for uncertainties in radiative forcing for cirrus clouds
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Optical depth - homogeneous nucleation
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Optical depth - HOM vs. HOM/HET (5/10/50 L−1)
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Mean optical depth
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Impact of het. nucleation on radiation

I Clouds appear earlier (het. nucleation at RHi = 130%)

I Heterogeneous nucleation lead to weaker cells and less optical

depth

I Many heterogeneous ice nuclei lead to a more uniform

coverage of optical depth
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Summary

I Cirrus cloud formation can feedback to mesoscale dynamics

(analogon to classical cloud dynamics)

I Cirrus cloud convection leads to cell/fallstreak structure within

a layer cirrus cloud

I Cirrus cloud convection can maintain ice supersaturation inside

cirrus clouds

I Strong differences in dynamics and microphysics for

stable/unstabe case

I Impact of heterogeneous nucleation on

dynamics/microphysics/radiation
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Outlook

I Investigation of realistic cases of cirrus cloud convection

I Theoretical description of cirrus cloud convection

I Three dimensional simulations of cirrus cloud convection

Thank you for your attention!
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Model description

Basis: Multiscale non-hydrostatic, an-elastic model EULAG

(Smolarkiewicz and Margolin, 1997)

Recently developed bulk ice microphysics scheme for the low

temperature range (T < −38◦C) including:

I Nucleation
I Deposition growth/evaporation
I Sedimentation

Arbitrary many classes of ice, discriminated by their formation

mechanism.

Consistent double moment scheme (ice crystal number and mass

concentration) with additional background aerosol (explicit impact

on nucleation).

Spichtinger & Gierens, 2009, Part 1a
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Model description – Deposition

For diffusion growth/evaporation we generally use the ansatz by

Koenig (1971), which is modified using a correction derived from

the numerical solution of the growth equation (α = 0.5):

dm

dt
≈ a ·mb · (1− exp (−(m/m0)γ)) (4)

Using general moments of the mass distribution f (m) (kth moment:

µk [m] :=
∫

f (m)mk dm) and the definition of the ice mass

concentration (qc = µ1[m]) we obtain:

dqc

dt
≈ a · µb[m] · (1− exp (−(m/(m0 · χ))γ)) (5)

with the mean mass m = µ1/µ0 of the mass distribution and a

correction factor χ ≈ 20
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Model description – Sedimentation

Two different terminal velocities (mass weighted and number

weighted, vt,m, vt,n):

qc · vt,m =

∫ ∞
0

f (m) m vt(m) dm (6)

Nc · vt,n =

∫ ∞
0

f (m) vt(m) dm (7)

We use mass–velocity relations by Heymsfield and Iaquinta (2000):

vt

v0
= α ·

(
m

m0

)β
, v0,m0 unit velocity/mass (8)

and derive the following formulas for the terminal velocities:

vt,n = v0 ·
α

mβ
0

·
µβ[m]

µ0[m]
(9)

vt,m = v0 ·
α

mβ
0

·
µβ+1[m]

µ1[m]
(10)
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