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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
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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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Impact of (constant) updrafts on cirrus cloud formation
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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Open questions

I What is the impact of transient changes in the dynamics on

cirrus cloud evolution?

I How to investigate the impact of changes in the large-scale

dynamics on processes on smaller scales?

Outline:

I New method for time-dependent ambient states in anelastic

equations (in the EULAG model)

I Investigation of orographic waves with changing wind on

1. resolved dynamics

2. cirrus cloud properties
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Derivation of anelastic equations I

Start: Horizontally homogeneous hydrostatic background state of

the Boussinesq expansion around a constant stability profile

satisfying

∂pb/∂z = −g ρb (1)

and via linearising the pressure gradient we end with the anelastic

equations:

∇ · (ρb u) = 0 (2)

du

dt
= −∇

(
p − pb

ρb

)
+ g

Θ − Θb

Θb
k − 2Ω× u (3)

dΘ

dt
= 0 (4)

with d
dt = ∂

∂t + u · ∇.
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Derivation of anelastic equations II

In EULAG we solve the entropy equation in the form

dΘ′

dt
= −u · ∇Θe (5)

for a given environmental state Θe , where Θ′ = Θ − Θe and

Θe(x) is a given environmental (or ambient) state suitable for the

considered problem.

In a next step, we derive the perturbation form of the equations by

subtracting a known environmental (or ambient) state ue from the

momentum balance.
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Derivation of anelastic equations III

It is assumed that the environmental variables ue satisfies the

balance equations as follows:

∇ · (ρbue) = 0 (6)

deue

dt
= −∇

(
pe − pb

ρb

)
+ g

Θe − Θb

Θb
k − 2Ω× ue ,

(7)

with de
dt = ∂

∂t + ue · ∇.

Usually, a stable situation is assumed, i.e.

0 = −∇
(

pe − pb

ρb

)
+ g

Θe − Θb

Θb
k − 2Ω× ue (8)
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Derivation of anelastic equations IV

We end with the following equations:

du

dt
= −∇

(
p′

ρb

)
+ g

Θ′

Θb
k − 2Ω× u′ +

deue

dt
(9)

dΘ′

dt
= −u · ∇Θe , (10)

where the primed quantities are determined as ψ′ =ψ−ψe with

ψ= u, v ,w ,Θ, p.

Note the occurrence of the term deue
dt as a forcing term on the

right side of the momentum equation.
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Model setup

1. 2D Cirrus cloud model:
I Anelastic/non-hydrostatic model EULAG (Prusa et al., 2008)
I Consistent two-moment bulk microphysics for cold temperature

regime (T < 235 K; Spichtinger & Gierens, 2009):
I Nucleation (homogeneous/heterogeneous)
I Diffusional growth/evaporation
I Sedimentation
I Arbitrary many classes of ice, discriminated by formation
I 1-1-relationship between background aerosol and ice crystals

here: pure homogeneous nucleation

2. Transient ambient states (as derived above) included
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Orographic cirrus clouds

4 Chapter 1. Introduction

Figure 1.1: Satellite picture of a mountain wave induced cirrus over the
Sierra Nevada (left panel). The ice crystals are advected over ∼ 200 km (from
http://www.atmos.washington.edu/˜durrand/). The right panel shows a lenticularis
cloud over the Andes, Bolivia (from http://www.wolkenatlas.de/wolken/gmitt01.htm).

crystal number concentration. During the INCA campaign (Gayet et al., 2004), an orographic wave
cloud at temperatures of ∼ −47◦C was measured. They found very high ice crystal number concen-
trations (60 - 116 cm−3) and very small particles which again can only be explained by homogeneous
freezing. A comparison of this cloud with one which formed at similar ranges of temperature and with
similar aerosol properties but not in an orographic wave, shows completely different microphysical prop-
erties. Heymsfield and Miloshevich (1993) show aircraft measurements of a cold lenticular wave cloud
in a temperature range -31◦C to -41◦C. They found homogeneous freezing below about -33◦C. Above
that temperature only liquid droplets were observed. Due to a lack of heterogeneous IN and a very low
homogeneous ice nucleation rate at this temperature, no ice was formed.
All these measurements emphasize the importance of dynamics for the formation of cirrus clouds and
their microphysical properties. A modeling study of an orographic cirrus cloud presented in Kay et al.
(2007) showed that the broad distribution of optical depth in an orographically induced cirrus results
because homogeneous freezing driven by variable vertical velocities leads to variable optical depth. The
addition of IN with a realistic background concentration has little influence on the optical depth.
Considering orographic cirrus on a global scale, Fowler and Randall (1999) and Dean et al. (2005)
showed that in the Colorado State University GCM and the Met Office HadAM3 respectively, there is a
lack of cirrus clouds especially over continents. This fact can be ascribed to the missing link between
dynamics of the subgrid-scale processes leading to orographic gravity waves and cloud microphysics.
Dean et al. (2007) implemented a coupling of gravity waves and cloud microphysics in the UK Metoffice
HadAM3 GCM by calculating temperature perturbations which can lead to the formation of orographic
clouds. However, as in this model only the ice mass mixing ratio and no ice crystal number concentra-
tion is simulated, the important influence of mesoscale velocities on the ice crystal number concentration
cannot be taken into account.
As ECHAM5 contains a two-moment ice microphysics, which allows the calculation of ice crystal num-
ber concentrations, the vertical velocity induced by gravity waves is directly used for the calculation of
the ice crystal number concentration. Furthermore, as the occurrence of high supersaturation is required
for the formation of homogeneously frozen ice crystals, the saturation adjustment schemes often used in
GCMs are not suitable. In these schemes it is assumed that all water vapor above saturation with respect
to ice is deposited on the existing ice crystals. In the ECHAM5 GCM used for this dissertation, supersat-
urated regions are allowed to form and the depositional growth equation is solved explicitely (Lohmann
and Kärcher, 2002). This is an important improvement and provides the basis for a realistic treatment of
cirrus clouds as they coexist with ice supersaturated regions. In general, the ECHAM5 GCM is suitable
for considering orographic cirrus clouds as it allows ice supersaturated regions and explicitly couples the

12 / 28



Motivation Method Setup Results Summary

Setup for orographic waves

I 2D domain: 307 km× 20 km (resolution: dx=200 m,

dz=50 m)

I Sponge layer at z = 15 km for absorbing gravity waves in

order to avoid reflections

I Simulation time: ttot = 480 min, time step: dt = 2 s

I Potential temperature profile with constant Brunt-Vaisala

frequency N = 0.0115 s−1

I Gaussian-shaped mountain with height 400 m and halfwidth

b = 12.5 km

I Ice supersaturated layer between 8 and 11 km.
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Setup for orographic waves

I non-transient simulations: u0 = 5.5/10/14.5 m s−1

I transient simulations: horizontal wind changes linearly within

60 min

(a) increasing wind from u0 = 10m s−1 to u0 = 14.5 m s−1

(b) decreasing wind from u0 = 10m s−1 to u0 = 5.5 m s−1

U

z

zb

U0

U0

time

Reference (10 m/s)

Decreasing (5.5 m/s)

Increasing (14.5 m/s)

t1 t2
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Reference cases
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Transient cases

t=180 min
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Transient cases

t=200 min
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Transient cases

t=220 min
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Transient cases

t=240 min
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Transient cases

t=260 min
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Transient cases

t=280 min
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Transient cases

t=300 min
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Transient cases

t=320 min
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Transient cases

t=340 min

16 / 28



Motivation Method Setup Results Summary

Transient cases

t=360 min
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Transient cases

t=380 min
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Transient cases

t=400 min
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Transient cases

t=420 min
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Travelling wave packets

I Reference case: Stationary, hydrostatic wave with intrinsic

horizontal phase velocity of cI = −u0, i.e. total horizontal

phase velocity ch = cI + u0 = 0

I Transient cases:
I Wave packets emitted at an earlier time step have intrinsic

phase velocity cI 6= −u0, compared to actual background

velocity u0.
I Wave packets are not stationary anymore, because ch 6= 0,

travelling upstream (decreasing case) or downstream

(increasing case)
I Interference of wave packets possible
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Vertical section of vertical velocity/time evolution
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Momentum flux/time evolution
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Cirrus clouds
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Ice water path/reference cases
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Ice water path/transient cases
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Fig. 8. Ice water path (contour lines with 0.01 kg/m3 increments) of cirrus clouds triggered
by orographic gravity waves in a 2D representation (x-axis = horizontal extension, y-axis =
time) for: a) increasing wind case (case 4); b) decreasing wind case (case 5). The position
of the mountain is additionally marked.
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Cloud properties
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Fig. 9. Properties of orographic cirrus clouds, generated by all transient and non-transient
horizontal flows (case 1-5) over a mountain for the time period t = 1 → 8 h. a) Normalized
frequency distribution of ice water content IWC; b) Normalized frequency distribution of ice
crystal number densities ICNC; c) Total ice water path IWP.
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Summary/Dynamics

I New scheme for handling time-dependent large-scale flows

and their impact on smaller scales.

I First application for time-dependent stratified flows over

mountains

I Time-dependent flows leads to strong changes in the gravity

wave patterns (vertical velocity, vertical position of

updraught/downdraught regions)

I Interaction of wave packets excited under different large-scale
flows leads to non-linear effects

I Vertical velocities after transition are smaller/larger than in the

comparable steady state simulations
I momentum flux shows maxima/minima during transition
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Summary/Impact on cirrus clouds

I Horizontal displacement of clouds due to horizontally shifted

wave packets

I Pronounced changes in ice water path

I Small changes in ice crystal number concentrations
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Outlook

I Other flow regimes for flow over mountain

I Change in potential temperature

I Three-dimensional simulations

I Realistic large-scale flow from analyses/other model output

I Comparisons with measurements (?)

26 / 28



Motivation Method Setup Results Summary

Outlook

a) b)

c) d)

Fig. 8. Vertical velocity generated by orographic gravity waves at t = 420 min from two
non-transient simulations using constant maximum horizontal velocities of 17.5 m/s (case ”nt
17.5” (upper left)) and 22.5 m/s (case ”nt 22.5” (upper right)) and two transient simulations
with an increasing (case tdl-inc, u = 17.5 → 22.5 m/s, lower left) and decreasing (case
tdl-dec, u = 22.5 → 17.5 m/s, lower right) horizontal wind. Note that the panels have
different colorbars.
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Outlook

Thank you for your attention!
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