Atmos. Chem. Phys., 6, 1425434 2006 iy —* -

www.atmos-chem-phys.net/6/1425/2006/ Atmospherlc
© Author(s) 2006. This work is licensed Chemls_try
under a Creative Commons License. and Phys|cs

A modelling study of the impact of cirrus clouds on the moisture
budget of the upper troposphere

S. Fueglistaler and M. B. Baker
University of Washington, Seattle, USA

Received: 7 September 2005 — Published in Atmos. Chem. Phys. Discuss.: 10 October 2005
Revised: 21 February 2006 — Accepted: 1 March 2006 — Published: 4 May 2006

Abstract. We present a modelling study of the effect of cir- 1 Introduction

rus clouds on the moisture budget of the layer wherein the

cloud formed. Our framework simplifies many aspects of Water vapor is the atmosphere’s most important greenhouse
cloud microphysics and collapses the problem of sedimengas (e.g.Held and Soden2000 and condensed water in
tation onto a 0-dimensional box model, but retains essentiatlouds strongly affects the Earth’s radiation balance. Hence,
feedbacks between saturation mixing ratio, particle growth,understanding water distribution in, and transport through,
and water removal through particle sedimentation. The wathe atmosphere is an important aspect of understanding the
ter budget is described by two coupled first-order differen-climate system. Here, we present a modelling study that ad-
tial equations for dimensionless particle number density andiresses the impacts of cirrus clouds on the moisture budget of
saturation point temperature, where the parameters definingpper tropospheric air masses. Specifically, we explore the
the system (layer depth, reference temperature, amplitudeslation between the time scales of atmospheric motions that
and time scale of temperature perturbation and inital parti-induce clouds and the time scales of water removal by the
cle number density, which may or may not be a function of sedimenting ice particles, and the efficiency of cirrus cloud
reference temperature and cooling rate) are encapsulated srehydration at various levels of the upper troposphere.

a single coefficient. This allows us to scale the results to a The formation of ice particles through homogeneous or
broad range of atmospheric conditions, and to test sensitivheterogeneous nucleation, their subsequent growth and sed-
ities. Results of the moisture budget calculations are preimentation provide a challenge to any modelling effort, and
sented for a range of atmospheric conditiofis238-205K;  the net effect of a cirrus cloud on the water vapor budget
p: 325-180hPa) and a range of time scateof the tem-  of an atmospheric layer often strongly depends on a large
perature perturbation that induces the cloud formation. Thenumber of parameters and boundary conditions. These in-
cirrus clouds are found to efficiently remove water far  clude, but are not restricted to: temperature and relative hu-
longer than a few hours, with longer perturbationsf10h)  midity profiles, aerosol concentrations and the air masses’
required at lower temperature® $210K). Conversely, we  temperature history, on both long timescales (determining
find that temperature perturbations of duration order 1 h andhe available amount of water) and short (relevant for nucle-
less (a typical timescale for e.g., gravity waves) do not ef-ation). Consequently, a broad range of phenomena are ob-
ficiently dehydrate over most of the upper troposphere. Aserved in the atmosphere, often associated with very specific
consequence is that (for particle densities typical of currentatmospheric conditions. For examphall and Pruppacher
cirrus clouds) the assumption of complete dehydration to thq1976 showed how ice particles could survive a fall over
saturation mixing ratio may yield valid predictions for upper several kilometers in subsaturated air, giving rise to so-called
tropospheric moisture distributions if it is based on the large“fall-streaks”. Their study, however, also showed that such
scale temperature field, but this assumption is not necessarilghenomena can occur for a limited range of relative humid-
valid if it is based on smaller scale temperature fields. ity profiles and initial particle sizes only.

Given the strong and non-linear coupling of particle nu-
cleation, particle number density, growth/evaporation of par-
ticles, and sedimentation fall speeds, models may be re-
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and the vertical redistribution of water. Such models haveacter of these results is not very sensitive to this assumption,
been successfully applied to denitrification in the polar vor-and that our conclusions can be scaled to include heteroge-
tex (Fueglistaler et al.2002 and for the modelling of thin  neous nucleation.
cirrus near the tropical tropopaudeuf et al, 2003 Jensen Once formed, particles are assumed to be in equilibrium
and Pfister2004. However, since these models were tai- with the surrounding gas phase, an assumption well justi-
lored to address very specific questions, they are not suitegled for the cases discussed here with relatively high particle
to address more general questions regarding typical dehynumber densities, such that diffusive equilibration is a fast
dration timescales of cirrus clouds. Studies addressing isprocess (time scale of minutes) compared to the time scale of
sues of moisture transport on the large scale therefore oftethe temperature perturbations (hours). Recent observations
employ highly simplified cloud physics (e.Bierrehumbert  suggest some supersaturation even in the presence of consid-
1998 Dessler and Sherwop@00Q Fueglistaler et 82009,  erable ice surface area densidgiisen et al2005, however,
which introduces uncertainty in their results regarding the or-there is no consensus yet as to what may be the responsible
der of magnitude of errors brought in by these simplifica- mechanism. We therefore consider it at this point premature
tions. to include such an effect in our simplified model. The avail-
In order to obtain a better understanding of typical able water vapor is equally distributed among all particles in
timescales of cirrus clouds, and their implications for mod- the layer, giving rise to a uniform, monodisperse patrticle size
elling moisture transport, we employ a simplified model of distribution in the layer. Hence, the model does not resolve
the water budget of an upper tropospheric layer. We neglecthe complexities of a condensed water flux resulting from ice
details of the microphysics but retain the important couplingsparticles with a spectrum of fall velocities, but it does re-
between particle growth/evaporation, saturation mixing ratiotain the important coupling between temperature (and hence
and water depletion through sedimentation of particles. Wesaturation mixing ratio) and particle size and associated fall
consider only cases where ice crystals nucleate in the layegpeed.
of interest, and exclude cases (for example convective anvils) The water loss due to gravitational settling of the particles
where nucleation and growth occurr under very different at-js calculated using theocatelli and Hobbg1974 parame-
mospheric conditions than particle sedimentation. terization of fall velocities as function of crystal size. Once
The model calculations are used to evaluate a) whether tha cloud is present in the |ayer' no new ice nucleation is as-

dehydration is “fast” or “slow”), and b) the “efficiency” of sumed to occur, and the particle number density decreases
the cloud to dehydrate the air mass, where “efficient” meansss the particles fall out of the layer. This may lead to a
that the layers’ terminal mixing ratio is close to, or equal small bias in particle sizes towards larger values (since the
to, the minimum saturation mixing ratio of its temperature available water vapor during the cooling phase is distributed
history. among fewer particles), and consequently the condensed wa-
Section2 describes the model physics. Sect®shows  ter flux is somewhat overestimated.

the evolution of the layer water budget for specific scenarios. As the temperature perturbation of the air mass is pre-
In Sect.4 we define a dehydration efficiency and calculate it scriped, the calculations ignore radiative impacts on the
for the range of reference temperatures and perturbation timgjoyds.  Possible impacts of radiation on the conclu-
scales typical of the upper troposphere. Sectigrovides  sjons derived from the model calculations are discussed in
a discussion of the applicability of the model results to theggct5.1.2

atmosphere, and of the model limitations. Finally, Séct.

. . The model formalism is presented in the Appendix, and
summarizes the conclusions.

we discuss here some input parameters that deserve special
attention.

2 Model description and model parameters 2.1 Temperature perturbatio

The 0-dimensional model employed here describes the water o ] )

budget of an atmospheric layer with defithwherein parti- We prescribe isobaric temperature perturbations (the much
cles nucleate. Note that “h” is not the “cloud depth”, i.e. the weaker linear dependence on pressure of the saturation mix-
total layer wherein ice particles exist. Due to sedimentation!Nd ratio is neglected for simplicity) leading to the formation
of ice particles, and depending on relative humidity profilesOf cirrus clouds as harmonic oscillations around a reference
and particle sizes, the “cloud depth” can be much larger tharfemperaturelier. The period of the oscillation (and hence
the layer wherein the particles formed. Most of the resultsth® time scale of the temperature perturbationjris AT is
shown are based on the assumption of homogeneous ice n&_s amplitude, andT (¢) denotes the tempgrature deviation at
cleation following the parameterization based on water activ-ime? from the reference temperatufgy, i.e.

ity by Koop et al.(2000, where we used simplifications sim-

ilar to the “fast growth” scenario bitarcher and Lohmann 87 () = T'(t) — Tret

(2002. However, in Sect4.3we show that the overall char- = —AT -sin2rt/tr),0<1t < 17/2. D
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Note that we have chosen to restricto the “cold phase” These values compare well with observations, with a typical

of the temperature oscillation only. For these computationsvalue of 10-1 cm=23, ranging from 103cm=2 to 10t cm3

we associate a pressup€Trer) With each value offjef taken (see e.g. observations compiled Bowling and Radke

from a typical measured sounding during cirrus events at thel990).

Atmospheric Radiation Measurement Program (ARM) site  Note that coupling of particle nucleation to the cooling

Oklahoma. rate derived from the temperature perturbation leads to per-
The dependence of the model equationgdhis complex  haps artificially small values ofy for very long time scales

because this parameters enters the model in various ways. lfie. 7t ~10h). In reality, shorter period temperature pertur-

most calculations we us&T=2K, a simplification in order  bations with higher cooling rates (see edgyle et al, 2005

to keep the number of free variables as low as possible. Aand heterogeneous nucleation would then dominate the parti-

discussion of results for varying 7 is provided in Sec4.1 cle formation. Consequently, the calculations tend to under-

estimateng, and hence overestimate the sedimentation ve-
2.2 Layer deptth locity, for long 71 . This point will be discussed in Se#.3

below.
Obviously, there is not a single number that can be assigned

to the layer depth based on firm physical grounds. Notethat 2 4 The scaling parametér

h is not the thickness of the cloud; rather it is merely the scale

of the layer in which we assume particles nucleate, grow andAs shown in the Appendix, in our approximation the differ-

eventually leave through sedimentation. As stated before, thential equations governing the system at fixefl depend on

(visible) “cloud depth” comprises this layer plus the layer a single nondimensional paramet@rthat encapsulates the

below it, which particles fall into, but in which they do not temperature perturbation time scale, layer depthz, and

immediately evaporate because of conditions close to saturanitial particle number densityo:

tion. The treatment of the layer as a homogeneous “box” re- . .

quires sufficiently homogeneous conditions within that box, P = T =_ 3)

which puts an upper bound foof a few hundred meters. A 2th/v(ro) 27t

deeper layer would not only have very inhomogeneous temyyherey () is the sedimentation velocity of a particle of ef-

peratures due to the vertical lapse rate or inhomogeneitiegyctive sizer, andry is a particle radius scale involving the

in relative humidity, but would also be strongly affected by jnitia| ice particle density andh T (see Appendix). Since in

vertical wind shear over the time scales considered here. o, simple modeP governs the results, a wide range of val-
We have therefore assigned a valuésB00 m, whichwe ;o5 of the input parameters can be explored by simply re-

consider as a sensible value, with a possible range at diﬁerrating them to the associated value Bfand looking-up the
ent atmospheric conditions of about a factor two. Secti@  oqits shown below for that specific valueRf

shows how the results may be scaled to account for variabil-

N Figure 1 shows the dependence Pffor AT = 2K on

ity in /2. 1 and reference temperatufgy for values characteristic of
the upper troposphere. The two time scales are similar
(t1 ~7fa11 ) for P~0.16. For P much greater than this value

Homogeneous nucleation of ice particles depends on th&€ sedimentation time scale is much shorter thanand
cooling rate at the time when the critical saturation is We Say that the dehydration is “fast”. Conversely, fo£0.1

reached, and therefore inherently depends on short time scafg€ Sedimentation time scale is long compared-to and

temperature fluctuations. In order to simplify and render theth® dehydration is “slow”. Figure 1 shows that the condi-

calculations comparable with one another, we specify contions in the upper troposphere encompass both regimes, with
ditions at timer=0 (whensT=0) such that nucleation im- values of P ranging from order 0.01 to 10. Under upper tro-

mediately sets in. Hence, the cooling rates at the time ofPospheric conditions cirrus dehydration is in the fast regime
nucleation are (P>>0.16) for all 71 23 h atTye; ~235K, increasing to all

7 210h atTes~210K. Similarly, cirrus dehydration is in

2.3 Initial particle number densityp

dT/de(t = 0) = _ATﬁ [K/hl, 2) the slow regime for altt <1h atT,es~235K, increasing to
T all ot <4h atTe;~210K.

that is for an amplitudeA7T=2K and a periodrt =2 h the Figure 2 shows the contours &f for fixed no=0.1 cn?.

cooling rate at the time of nucleation+s—6 K/h. The overall character of th2 contour pattern is very similar

We compute the initial ice particle number density to that of the homogeneous nucleation scenario as shown in
no[cm~3] at each temperature for these cooling rates fromFig. 1. For highT;ef and/or longrr the number of ice crystals
the Karcher and Lohmani2002 parameterization. This nucleated homogeneously is less thahdn 3, so P con-
parameterization yields a maximum ap~1.0cm3 at tours have moved to the right in Fig. 2. At lowBgsand/or
Tret =205K, p=179hPa andct =1h, and a minimum of shortertt the reverse is true? contours have moved to the
np~0.001cn3 at Tres=238K, p=325hPa andt =10h. left.
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Fig. 3. P=0.16 contour for l‘ixednozo.lcm*3 (black),
ng=0.5cm23 (blue) andhp=1cm 3, (red). Asng increases, more
and more of the Tief, 77) range falls into theP<0.16 (slow)
regime, where clouds persist for most (or all) of the perturbation
period.

tTat AT=2K. Higher P values correspond to lighter gray val-

ues. The green dashed curvePis=0.16 and the green solid curve o .
is P=1. Colored dots are th&s, 77 values for cases discussed UPPer troposphere would correspond to values in this regime.

in Sect.3. The P values associated with these dots are as follows: This implies an important role for ice nuclei in the hydrolog-

starting from the small red dot on the upper left and moving coun-ical cycle of the upper troposphere.

terclockwise; P=.05,.035.015 0.1, 0.2, 0.3, 0.64, 1.0, 2.5, 3.8.

Small dots correspond t8<0.16 (slow regime) and large dots to

larger P values (fast regime).

P
> 4.0
1 <4.0
[1<3.0
B<20
B<15
<05
B <03
B<02
B <01
B <005
B <0.02

T'ref [K]

2 4 6 8 10

7r [h]

Fig. 2. Contours ofP at fixed AT=2K for fixed ng=0.1cm 3.
Color coding and contours as in Fig. 1.

The impact of increasingg on P is seen in Fig. 3, where

the P=0.16 contour is shown for fixe@y=0.1, 0.5 and

3 Cloud evolution

To facilitate comparison among model results at different
reference temperatures, we express the total water content
of the cloud layer in terms of the saturation point temper-
ature T*and its difference from the reference temperature,
3T*(t)=T*(t)—Tref, rather than in terms of the mixing ratio

in the layer.

At a given pressure and given total water content the satu-
ration point temperaturg*is the temperature at which there
would be no condensate and the air would be exactly satu-
rated with respect to iceBetts et al. 1982 (the “frost point
temperature”).

Results are presented in terms of the non-dimensionalized
deviations of temperature and of saturation point temperature
from Tres,

8T (1) = 8T (t)/AT (4)
and
§T*(t) = 8T*(1)/ AT. (5)

The number density of ice particles left in the layer at time

is n(t) and the fraction of originally nucleated particles that

remains in the layer i8(r)=n(r)/no. (see also Appendix).
Figure 4 shows the evolution 6 ands7* as functions

1 ¢ 3. For the lowestg value only the lower left hand por-  of the non-dimensionalized tim@=2r¢/ 71 for each of the
tion of thett, Trergraph falls into the slow regime, whereas (Tref, T1) conditions shown by a colored dot in Figs. 1 and
for only a factor of 10 increase in particle density most of the 2.

Atmos. Chem. Phys., 6, 1425434 2006
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Fig. 4. Evolution of nondimensionalized temperatui# (7)
(bold black) and of nondimensionalized saturation point tempera-
ture87*(f) over a single cooling event. Each curve corresponds to 6 8 10
a (Tref, 7T ) pair shown by a dot of the same color in Fig. 1. Dashed 77 [h]

curves correspond to the small dots in that figure and solid curves
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Fig. 5. The dehydration efficiency (see Eq6) for AT=2K for
the range off;ef andzt shown in Fig. 1.P=0.16, 1 (green curves)

All cases for whichP <0.16 (dashed curves) are in the and colored dots as in Fig. 1.
slow regime. That is, particle sedimentation is slow com-
pared to the time scale of the temperature perturbation. Fig-
ure 4 shows that for these cases the layer, indeed, slowly de- . o
hydrates, and that the total moistureratry /2 (before the water made available for gravitational removal by that pertur-
onset of the warming phase) is only marginally reduced by
the cirrus cloud. Figure 4 further shows how the character ofS
the cloud impact on layer dehydration changes in the transi-
tion regionP~0.16 where the two time scales andziy are A B
similar. (See the two turquoise curves , corresponding to. = QI (t = 7)) — A(T7(0))
P=0.1 and P=0.2 in these figures.) The cases with>1 O(Tret — AT) — Q(T*(0))
are clearly in the fast regime.

All cases withP>1 experience complete fall-out before
t=17 /2; however, their terminal moisture content shows an ]
interesting, non-monotonic dependence Bn One might In cases for whick~1, the cloud eve_nt removes the max-
expect that for faster dehydration the final moisture contenfMum possible water from the layer; i.e., at the end of the
should always decrease. Figure 4 shows that for the cased/ent the mixing ratio is closg tq the saturation mixing ratio
with P>1 (purple, yellow and red:; solid curves) this is not atT=Tref—AT, whereag~0 indicates that the most of the
the case. Rather, in these cases the fall-out is so fast that dff€ Particles re-evaporate within the layer.
particles have left the layer before the temperature minimum  Figure 5 shows that the cirrus clouds efficiently dehydrate
is reached. This is in part due to the low bias of the calcu-the layer for high temperatures and time-scatdsnger than
latedng at long time scalesr as discussed in Se@.3 and  a few hours. Asrr gets shorter, the dehydration efficiency
Sect.4.3shows that this behaviour largely vanishes when thedecreases rapidly (depending ®gs), and temperature per-
bias inng is corrected. turbations shorter tharv1 h are too short to allow the par-

Our discussion of specific scenarios has highlighted theicles to fall significantly at all. For fixed\T ¢ essentially
role of P in determining whether dehydration is fast or slow. depends on the governing parameteonly (see Appendix).
We have touched upon the relation betweand the final  Figure 5 shows this in that the contoursegfarallel those of
moisture content at time=tr /2, which is the focus of the  p. The figure shows the previously noted increase a$ P
next section. gets larger, with a slight decreaseecét very high values of

P.

4 Dehydration efficiency Note that theP=0.16 curve lies very close to the=0.5

contour, so that the fast and slow regimes correspond to
We define the dehydration efficieneyof a cloud as the ¢>0.5 ande<0.5, respectively. This coincidence is closest
amount of water actually removed by the cloud during afor AT =2 K but does not change greatly for other values of
given isobaric cooling perturbation, divided by the maximum AT .

bation. Using the previously introduced notatieris defined

(6)

where is the total water vapor mixing ratio.

www.atmos-chem-phys.net/6/1425/2006/ Atmos. Chem. Phys., 6, 14282006
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Fig. 6. Dehydration efficiency for a range of values oAT and
P, contours are as in Fig. 5.
change in total water content of an atmospheric layer due

to clouds within it can be estimated as follows: When the
4.1 Dependence of the dehydration efficiencyZon and  critical supersaturation for nucleation is reached (no mat-
AT ter what its value is assumed to be), determifgand
77 (approximated for example by twice the time span until
From the definition of it can be seen that it is almost in-  temperatures excedkragain). Nextzw is specified based
dependent ofrerat constant”. FordT*, 8T <Tref, We CAN  on assumedy and 4 (see Appendix). NowP is given by
linearize the expression ferin Eq. (6), to yield Eqg. () which is inserted into the fit foe (Eq. 8). Finally,
575G = 0) — 8T*( = m) Eq. (6) is rearranged to obtain the removed water
€~

1+ 8T*( =0) AQ = Q(T*(t = 1)) — Q(T*(0)

In this equationZier enters implicitly through its influence =€ (Q(Tfef —AT) - Q(T*(O)))-
on the value ofs7* at cloud initiation {=0). The term L .
8T*(i=0) represents the supersaturation needed for nucle?"2 Sensitivity o to changes iP

(7)

ation to occur. o _ For two reasons we are interested in examining the variations
_ The dehydration efficiency depends aff’in the follow- i ¢ que to uncertainties i®. First, the values of the param-
ing ways. The sedimentation velocity scalgo), and hence  gerg that determin@ are not precisely known, and hence
P (Eq. 3), depend on the maximum available condensed-inyoduce an uncertainty. Second, processes in the climate
phase water, as well as on the initial particle number den-ystem that would systematically change the parameters that
sity no. The maximum available condensate depends onyeterminep, for example cloud particle number densities,

TretandAT . Furtherpg is a function of the cooling rate (and would induce a change in These variations af to changes
henceAT , see Eq2). Finally, the scaled initial condition, ;4 p can easily be derived from EB)(

87" (1=0), also depends oAT. Thus both the numerator  figyre 7 (solid line) shows the classically defined sensi-
and denominator of Eq7J depend omT . _ tivity dine/dP, i.e. the fractional change efdue to a given
Figure 6 shows the dehydration efficiency as function of .hange inp. Evidently, the sensitivity is largest at small
P andAT . For P>1 the efficiency is near unity for a7, P, indicating that the dehydration efficiency of clouds in the
but for smallP the efficiency decreases with increasitg’;  gjow regime is most sensitive, whereas the dehydration effi-
the amount of water that falls out of the cloud does not in-ciciency in the fast regime is largely insensitive to changes in
crease as fast as does the maximum potential water loss gs.
AT increases. _ _ _ A somewhat different, but equally useful, quantity is the
For AT=2K, ¢(P) is well fit by the polynomial responsele/dIn P (not to be confused with the previous
“sensitivity”) of ¢ to a relative change i® (Fig. 7, dashed
line). One can argue that it is not so much the relative change
This fit may be useful for studies of upper troposphericin e, but rather its absolute change, that is relevant here (be-
humidity involving dehydration due to cirrus clouds. The cause, for example, the climate system reacts to absolute

€(P) = 3.58P — 6.99P% + 8.57P° — 6.22P% + 2.38P% — 0.36P°(8)

Atmos. Chem. Phys., 6, 1425434 2006 www.atmos-chem-phys.net/6/1425/2006/
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changes irx). Further, for at least some of the parametersat long tt. The decrease im with z7is thus shifted to
determiningP, the values may be known to within a certain very long temperature perturbations>>10 h, which is (for
factor, rather than an absolute value. The “response” definedhost cases) of little relevance since cloud formation and evo-
in this way shows a maximum @&~0.16, i.e. where the two  lution would occur by superimposed shorter temperature per-
timescalest and zy are equal. The response decreases asurbations. Note that for the cases where the homogeneous
P approaches both the slow and fast regime. In other wordspucleation scenario yieldeth>0.1 cm3, the shift is in the
dehydration remains inefficient in the slow regime, and re-other direction, towards higher values #&f (faster). For

mains efficient in the fast regime. example, the caser =1h andT,¢=230K (small red dot)
has P~0.05 in the homogeneous nucleation scenario, and
4.3 Scaling arguments P>0.1 for ng=0.1cnr 3.

The results presented in the previous section were evaluated
for AT=2K, h=300 m and particle number densities for ho- 5 Discussion
mogeneous nucleation parameterized in terms of maximum
cooling rates. We now show that these results can be scaleTihe results of this modelling study do not allow us to di-
to provide results for other parameter combinations. rectly deduce conclusions about atmospheric moisture dis-
In our simple model the parametePsand, to a lesser ex- tribution, or, for example, frequency of cirrus cloud occur-
tent, AT, govern the evolution of the scaled saturation tem-rence. Rather, these quantities must be determined by spe-
perature T*). Hence, for a givem\T any parameter com- cific studies that prescribe the dynamic regime (e.g. mid-
bination that yields the same value Brwill have the same latitude frontogenesis, or subtropic large-scale descent) to
solution. determine the temperature history, and prescribe the water
For example, the dehydration efficiency for an assumedsource terms (e.g. from moist convective updrafts, or mix-
depth /=600 m instead of 300m is readily read off from ing with moist layers). As pointed out in the introduction,
Fig. 6 by scalingrr correspondingly with a factor 2. The the vertical cloud structure (and hence for example also the
dehydration efficiency at a given reference temperature andloud’s optical depth) might depend crucially on the relative
a specificty (for example 5h) for the deeper cloud is then humidities of the air masses below the layer studied here.
read off from Fig. 6 at the same reference temperature, but df this layer were near saturation, one would expect a verti-
T =2x 1y (in this case 10 h). cally thick cloud, whereas for a very dry layer the particles
We have mentioned above that assuming homogeneousould immediately evaporate. Further, aspects such as cloud
nucleation as function o87 (¢) yields very low values of occurrence frequency may depend on the saturation mixing
no at relatively high temperatures and/or long, which is  ratio required for nucleation and highly resolved temperature
a bit nonphysical, since it ignores the role of the (superim-fields (e.g.Jensen and Pfiste2004. In other words, cirrus
posed) high frequency temperature perturbatidhsy(e et  cloud distributions and (vertical) structure depend crucially
al,, 20095 and neglects any contribution of ice nuclei. These on the air masses’ history in terms of temperature and mois-
low ng values then artificially inflate the value &f leading  ture flux, and may be very sensitive to parameters such as
to an apparent decreasedrat longtr. Using the scaling particle number density or nucleation threshold.
properties ofP, we may determine the impact of highey What our scaling results, however, robustly predict, is that
for these cases. in the upper troposphere the atmosphere cannot hold more
To determine the dehydration efficiencymag=0.1 cnm3 water than given by the saturation mixing ratio for temper-
for givenTef, 1), We read off theP-value for those param- ature perturbations of order 1 h and longer at high tempera-
eter values from Fig. 2, which we can dendte-Py. Now, tures (230K), and longer than a few hours at very low tem-
using Fig. 1 we find thatt at the same reference temper- peratures (205K). Conversely, typical sedimentation in cir-
ature for whichP=P;. Thus we have two equivalent sit- rus clouds is too slow to substantially dehydrate upper tro-
uations, in which the difference img is compensated by a pospheric air masses for temperature perturbations shorter
difference inzr . For example, to find the dehydration effi- than these time scales. In practice, this means that the tem-
ciency for the conditions corresponding to the large red dotperature field as resolved by large-scale atmospheric models
of Fig. 2 (Ief=230K, t7r =10 h, Py=1), we find the equiv- combined with dehydration to the minimum saturation mix-
alent (Po=1) homogeneous nucleation case in Fig. 1. Thising ratio is a reasonable basis to study upper tropospheric
obtains forTe;=230K, 1 ~5 h, for which the dehydration moisture transport and distribution.
efficiency (Fig. 6)e~1, i.e. higher than in the homogenous  This has been implicity assumed in previous studies
nucleation (coupled to the cooling rate proportionaktg which have shown empirically that model runs with complex
scenario. and simple cloud microphysics yield similar results for the
Thus, a shift towards higher particle number densities in-atmospheric moisture distribution. We believe that our study
duces a shift inP towards lower values, mitigating the pre- provides useful scaling arguments as to why this is the case
viously noted peculiarity of slightly decreasing efficiencies in the upper troposphere.
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5.1 Limitations determine the impact of turbulence on atmospheric dehydra-
. _ S tion via cirrus clouds. Such assessment is clearly beyond the
5.1.1 Particle size distribution scope of the treatment presented here, in which we present

) ) ] .. alimiting (zero-turbulence) case, yielding maximum water
The model assumes a monodisperse particle size distributionemoval from the layer.

a necessary simplification in order to keep the model simple
and physically consistent. This leads to an underestimation
of the dehydration arising from the larger particles, and ang  cgnclusions
overestimation of that arising from smaller particles. In other

words, the initial water flux (arising from the larger particles) \ve have used a simple model to describe dehydration of
is underestimated, and the fraction of condensed mass thafy ypper atmospheric layer by cirrus clouds that formed in-
re-evaporates within the layer (arising from the smaller par-sjt. Scaling arguments show that the results can be applied
ticles) may be underestimated (leading to an overestimatioRy a proad range of parameter values. Expected variabil-
of the dehydration efficiency). These biases are obviously jty/uncertainty of these parameters under atmospheric condi-
largest for cases with very broad size distributions, which.tjons, and model limitations as discussed in the text prevent
e.g. could arise due to the presence of a few heterogeneouygplying the model results directly to specific observations.
ice nuclei that nucleate prior to the onset of homogeneousrhe model results do, however, provide general and useful
nucleation. For such cases a more detailed assessment Ygsight into the dehydration potential of cirrus clouds in the
ing single particle models (e.¢rueglistaler et al.2002) is upper troposphere.

warranted. The parameter combinatiaP that governs the impact of
cirrus clouds on the air mass moisture budget, is essentially
the ratio of the temperature perturbation time scale to that

In the formulation of our framework we have neglected ef- of the ice particle sedimentation. We find that under typical

fects of radiation, which may tend to destabilize a cloud |ayerup(§)erhtroposph§:ic conditionls, dehygration s faStprD.f
through longwave cooling at the top, and longwave heatingf)r er hours (and longer), or slow fors.orfer. More specif-
ally, the results of our scaling study indicate that

at the bottom. We have excluded these effects because of tH for th fth : d
large range of possibilities resulting from variable solar in- @) for the range of the governing parameters under current

solation, and, particularly, underlying cloud cover. Further, conditions, the upper troposphere cannot hold substantially
the impact of radiation depends on the cloud's optical depth,more water than given by the sgturatlon mixing ratio based on
which in turn depends on its entire vertical structure, and nol\Ihe larger-scale temperature field (This result would change
just the atmospheric layer with depth Our results have |f_;?o were a factor 10 or more larger than under present con-
shown that for low temperatures, cirrus lifetimes of at Ieastd't'?]nsg’ ; bati _

several hours are to be expected. These lifetimes are lon ) Igh requelrllcy te_mp_]?ratured pﬁ r;cjur _a'[IOl"]S<.‘L'cr‘|t, Sre
enough to allow radiation to affect the evolution of the cirrus 00 S ort to a O(\;V 5|gr:j| lcant de 23?'20”’. Z‘Tﬁ”t de-
cloud. While we do not expect that radiative effects would "9 temperature dependent. Ker= teritv1 h and at

entirely change the results of, for example, dehydration ef-T’e“hzzgsthc”@7 h; ffici d ithi .
ficiency, we stress that these limitations should be borne inc)t e dehydration efficiency decreases with increasing mag-

mind when applying the results to the real atmosphere nitude AT of the temperature perturbation for slow cases; it
' is independent oA T for fast cases.

5.1.3 Turbulence, wind shear and mixing The overall character of our results is independent of
details of the ice nucleation mechanism, the cloud micro-
The implicit assumption of a 0-dimensional model as em-physics, the temperature fluctuation spectrum and/or the
ployed here is that the box’s integrity is not affected over thecloud depth. The major impact on our results of shifting any
time of the model evaluation. Turbulent mixing and wind of these (for example, to higher nucleated ice particle den-
shear, however, might be expected to invalidate this assumpsity, to deeper clouds, or to a more complex representation of
tion particularly for the cases with longer time scatgs the particle size spectrum) is to simply shift the occurrence
While it is in principle possible to include effects of turbulent frequency of fast and slow regimes in the upper troposphere.
mixing with ambient air masses, one would have to introduceFor example, asg increases strongly, the boundary between
scenarios of the composition and temperature structure ofegimes is shifted in they /Tief Space, as shown in Fig. 3,
these ambient air masses and the turbulent mixing time scalbut the general character & ande contours remains un-
(which in turn might depend on the radiative heating/cooling changed. Thus it may be argued that in a different climate
of the cloud). Estimates of this time scale, based on mearegime, for example, in whichg and/or typical values ofy
sured turbulence spectra in the upper troposphere, vary ovanight change, the behaviors we have described would occur
three orders of magnitude, ranging from minutes to manybut in different regions of the atmosphere. In particular, the
hours. Thus each case would have to be carefully assessed telationship between dehydration efficiency ahdjiven by

5.1.2 Radiation
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Eg. @) would hold in another climate regime; however, the radius and fall velocity in terms of condensed water content,
values of P and therefore of dehydration efficieneycorre-  particle number density and ratio of densities yields
sponding to fixed temperature angwould change. /3

Our model, in conjunction with data on the frequency " = (q'CE/B(")) () = C(gice/ B)) (A7)
distribution of clear air humidity, and spectra of tempera- which we can insert into the time dependent equationgfor
ture perturbations, could be used to estimate the distributiomndn (Eqs.A3 andA4):

of zr characteristic of the current upper troposphere. This (14x/3)

1 X/S
would allow an assessment of the relative importance of thedQ quce ( ) (A8)
fast and slow regimes in today’s atmosphere, a useful waydt h B(n)
to characterize the current state and predicted shifts in at- C\x/3
mospheric behavior under changes in aerosols, greenhous® _ _ " | (&) _ (A9)
gases or other perturbations. dr h \ B(n)

Under the approximations of our model, we can exp@ss
andgice as functions of the saturation point temperatiii'e
defined for a layer of total water mixing rati@ at pressure
p as the temperature for which

Q = qsa(T™, p) (A10)
where gsat IS the saturation mixing ratio over ice. For

Let O(1) (gice(t)) be the total water (ice) mixing ratios (kg small perturbations in temperatu@ =T — Tret< < Tref the
H,O/kg air) in the cloud at time: Clausius-Clapeyron equation can be written

(a1  9sa(T. P) ~ gsalTret. p) eXp(A(Tre) - 6T) (A11)
WhereA(Tref)_ LS“b for Lsyp[d/kg], R, [I/kg/K], being the

Appendix A

The formalism

Al Equations for cirrus model

Q(t) = qvapod?) + gice(?)

and letn[m~3](r) be the number density of ice crystals, all

f
of the same radius, in the cloud at time t. Iatent heat of subllmatlon and the gas constant for vapor, re-
perature range considered here.
T(t) = Trei — AT - sin(2w - t/t7) (A2) Then the water conservation equation (@) becomes
. . . an equation fos7*:
where t7is the period of the temperature oscillation, as- .
sumed isobaric, and T [K] is its amplitude. eér* _ 1 dngQ (A12)
The cloud evolution equations are dt A(Trer) dt
do " 1 q(l+X/3) 1 5
) __ . ¢ Lice x/ Al13
g = dice™, s dice > 0, (A3) A(Trer) O A (B(n)) (AL3)
and and, assuming that in the presence of ice the cloudy air is
q exactly saturated with respect to ice,
n v(r)
=" (AD)  Gice(t) = gsaTret + 8T* (). p) — qsad T (1), P) (A14)
~ giceo - (8T% — 8T A15
where the sedimentation velocity of an ice particle of radius 61|ce,0. T ) (A15)
r is: (Locatelli and Hobbs1974 where we define
v(r)=C- rx. (A5) qice,0 = A(Trep) - AT - gsal Tref)- (A16)

It is convenient to nondimensionalize these equations. Let
C andx are constants depending on the flow regime (and

consequently on the particle size), anis a measure of the 7% = 8T*/AT

particle size. ST = 8T/AT
Now, we assume a monodisperse particle size distribution ot

in the cloud layer (for discussion see S&}t.such that the -

>
I

ice water mixing ratio is approximately given by . nT
n=—
4 Pice no
qice = n— 3= B(n) - re (AB) ~ qice
3 pair Jice =
qice,0
where pjce is the density of solid ice angdy; that of air at T
the given temperature and pressure. Expressing the particle P= o
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