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Abstract. In a simulation of a tropical-tropopause-layer It was proposed that the mass of water vapor transported
(TTL) cirrus forced by a large-scale equatorial Kelvin wave, into the stratosphere is limited by the freeze-drying of the air
the radiatively induced mesoscale dynamics of the cloud acin the TTL in the ascending branch of the Brewer-Dobson
tively contributes to the transport of water vapor in the verti- circulation Brewer, 1949. According to this, the tropopause
cal direction. acts as a cold trap at which water vapor in the rising air con-
In a typical TTL cirrus, the heating that results from ab- denses into ice, which is then removed by sedimentation. The
sorption of radiation by ice crystals induces a mesoscale cirabundance of thin cirrus in the TTL, hereafter referred to as
culation. Advection of water vapor by the radiatively induced TTL cirrus, provides the evidence that freezing indeed occurs
circulation leads to upward advection of the cloudy air. Up- frequently there.
ward advection of the cloudy air is equivalent to upward TTL cirrus may occur as frequently as 20 to 50 % of the
transport of water vapor when the air above the cloud is driettime (Wang et al.1996 Mace et al.2009 Virts and Wallace
than the cloudy air. On the other hand, ice nucleation and de2010) and may persist for days\inker and Trepte1998
positional growth, followed by sedimentation and sublima- Taylor et al, 2011). Most of these clouds occur just below
tion lead to downward transport of water vapor. the tropopauseVffang et al. 1996 Peter et al.2003. They
Under the conditions specific to our simulation, the up- are typically less than one kilometer thick, but hundreds of
ward transport of water vapor by the mesoscale circulatiorkilometers wide Yinker and Trepte1998 Thomas et al.
dominates the downward transport by microphysical pro-2002 Peter et al.2003 Lawson et al.2009. A few TTL
cesses. The net result is upward transport of water vapowirrus have been observed to be as wide as 2000 to 3000 km
which is equivalent to hydration of the lower stratosphere.(Winker and Treptel998 Lawson et al.2008 Taylor et al,
Sensitivity to model conditions and parameters will be dis-2011). Half of TTL cirrus may have formed in situ; the other
cussed in a follow-up paper. half are remnants of convective anvildgssie et al.2002.
Only TTL cirrus that are formed in situ will be studied here.
Although TTL cirrus are ubiquitous, they do not appear as
a continuous cloud sheet covering the entire tropiggker
1 Introduction and Trepte19998. Thus the occurrence of these clouds can-

) ) _ not be attributed solely to the freezing of air slowly rising
Stratospheric water vapor plays an important role in theacross the tropopause in the Brewer-Dobson circulation. The
chemistry of the stratosphere and in the radiation budget ofgy, tropopause temperature means that the mean state TTL
the atmosphere. It originates from either the oxidation ofis pre-conditioned for freezing, but cirrus formation is more
methane in the stratosphere, or the transport of water vajikely to occur over regions that are moister and/or colder
por from the troposphere to the stratosphere. The latter ocihan the background.
curs mainly in the transition layer between the troposphere Hojlton and Gettelmai2001) proposed that freezing oc-

and the stratosphere in the tropics, referred to asrtipical  cyrs preferentially over the equatorial West Pacific during the
tropopause laye(TTL).
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Northern Hemisphere winter, where the coldest tropopausénfluence from a large-scale equatorial Kelvin wave is also

temperature occurs. They suggested that horizontal transpotaken into account. We test whether the radiatively induced

through this region leads to freeze-drying of the air to a verydynamics in TTL cirrus persist and impact the water vapor

low water vapor mixing ratio. This unusually dry air even- transport under a realistic spatially and temporally varying

tually enters the stratosphere, thereby creating stratospherighear of the large-scale wave.

humidities lower than those that would be formed by freeze- The article is organized as follows. The basis of the model

drying air to the saturation water vapor mixing ratio at the used in this research is described in S&cfThe method to

mean tropopause temperature. apply the large-scale wave forcing on clouds is explained in
In addition to large-scale transport over colder regions ofSect.3. The simulation of a TTL cirrus cloud and the trans-

the TTL, cirrus may also form in regions subject to neg- port of water vapor are described respectively in Setts.

ative temperature anomalies associated with waves in thand5. Section6 contains the conclusions.

TTL. Several observational studies show correlations be-

tween TTL cirrus occurrence and the cold phases of large- .

scale equatorial Kelvin wave®¢ehm and Verlinde2ooqg ~ 2 Model basis

Immler et al, 2008 Fujiwara et al. 2009. One may expect All simulations are currently restricted to two dimensions.

that smaller scale gravity waves could also result in TTL cir- . .
i ) Let x andz denote the location along the horizontal and ver-
rus formation on smaller temporal and spatial scales. . )
tical axes. Let denote time.

An aspect of the freeze-drying hypothesis that remains to . . <

; Y : We write pressurg as the sum of a static base statand
be tested is whether freezing is always accompanied by dry(;:1 dynamic perturbation componestt
ing. In other words, are TTL cirrus always associated with
stratosph_eric dehydrati(_)n? Many sFudies that_associate thezg(x’ L) =p@) +p .20, 1)
clouds with stratospheric dehydration have either neglecte
TTL cirrus radiative effectdensen et gl1996 2001, Jensen  where the tilde over the variable denotes the base state and
and Pfister2004, or assumed radiative coolinglértmann  the prime by the variable denotes the dynamic perturbation.
et al, 2001 Holton and Gettelmar200]). Radiative cooling  p(z) is a function ofz only, while p’(x, z, t) varies withx,
may occur if TTL cirrus lie above sufficiently cold convective z and:. Similar relations are defined for other thermody-
anvils. However, observations and radiative transfer calculahamic state variables: temperatufe potential temperature
tions suggest that the radiative effect of TTL cirrus is most6, virtual potential temperatu = 6(1+ 0.61gy — ¢i), and
likely heating rather than coolingcomstock et aJ 2002 Ha- air densityp. Similar relations also hold for water vapor mix-
laday and Stephen2009 Yang et al, 2010. The radiative  ing ratiog, and ice mixing ratiaz;. However, the base state
heating rate in TTL cirrus could be up to a few Kelvins per ice mixing ratio is zeraj; = 0. Other microphysical species
day McFarquhar et al.200Q Comstock et a).2002 Bu- such as liquid water and snow are not relevant to TTL cirrus.
choltz et al, 2010, which is an order of magnitude larger = Based on the anelastic approximation, the conservation
than in clear sky conditions. Using a large-scale model whichlaws of air mass, momentum, potential temperature, water
takes into account TTL cirrus radiative heatifRpsenfield  vapor and ice mixing ratios in a frictionless, two-dimensional
et al.(1998 found that the increase in stratospheric water va-atmosphere arddannon 2002 Appendix B)
por induced by the radiative heating outweighs the decrease

due to ice sedimentation. v (pu) =0, 2
In order to fully account for the radiative effectin TTL cir- , o
2 . . u
rus, t_he dynam|c§ induced by the radiative hegtlng must be‘9_ @ =—v (PT) 1+ g Vk, ©)
considered. Studies Hyurran et al.(2009 andDinh et al. ot o y

(2010 suggested that the radiative heating in TTL cirrus

forces a mesoscale circulation with rising motion in the ver- 3¢’ - 06

tical column containing the cloud, subsidence to the east andy,” Tu-vlO+0)= oT’ (4)
west of the cloud, and horizontal inflow and outflow respec-

tively in the lower and upper half of the cloud layer. This , ,

radiatively induced dynamics may maintain TTL cirrus over — +u - v(gy + qy) = —S, (%)

several days in an otherwise quiet atmosph&ial{ et al, o1

2010. However,Jensen et ak201] found in their numer- , p

. . K . . 4q; / aqi

ical simulations that, when subject to external wind shear,— +u . g/ — Vi— =S + 1, (6)
TTL cirrus dissipate before the radiatively induced dynamics ¢’ 9z

could develop. wherecy is the specific heat of air at constant volurges

The goal of this work is to investigate the role of TTL cir- the gravitational acceleration constant on Eaktlg the unit
rus in the dehydration of the TTL considering the radiative, vector in the vertical directiony = (u, w) is the velocity vec-
dynamical and microphysical processes in these clouds. Theor, V; is the terminal fall speed of ice crystalS,is the ice
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mass depositional growth rate per unit air m&ss the ice  sults with those bylensen et al2011). In their simulations,
mass nucleation rate per unit air mass, @hib the diabatic ~ steady wind shear leads to dissipation of TTL cirrus before
heating rate per unit air mass. The diabatic heating includeshe radiative heating can drive a circulation to maintain the
radiative and latent heat. In TTL cirrus the latent heat releaselouds. The wind shear in their simulations is prescribed to
is negligible compared to the radiative heating. be uniform and steady, whereas our shear varies in space and

Substituting the divergence of E®)(nto the time deriva-  time consistently with the propagation the equatorial Kelvin
tive of Eq. @) we obtain an elliptic partial differential equa- wave. Our simulation does not include any shear associated
tion for pressure with the mean wind. However, in the region of maximum

, 5 o TTL cirrus occurrence between 178 and 160 W (Mape
v - <,5v (’;)) +v-(5u-v)u) = — <,58~—V)- (7)  etal, 2009 theﬁ Fig. 13c), the shear of the mean wind is less
p 9z 6y than 1 m stkm~1 (Fueglistaler et a]2009 their Fig. 6b).

Observational data of equatorial Kelvin waves are avail-
able but are difficult to be used in simulations. Observational
fields are not necessarily dynamically consistent with one an-
other and may not be at the desired temporal and spatial res-
olution and coverage. Hence we generate the wave numeri-
cally.

This section describes the procedure to first generate the
numerical solution for an equatorial Kelvin wave (Sexf)
and then apply the wave as external forcing on TTL cirrus
&Sect.S.Z). Modeling the large-scale wave and cirrus clouds
require different temporal and spatial resolution as well as
simulation duration and domain size. To ensure efficiency the
large-scale wave is first generated in a cloud-free, coarse res-
olution simulation (thdarge-scale wave simulatignThen,
the wave solution is interpolated to finer resolution and used
to drive theT TL cirrus simulationThe large-scale wave sim-
ulation is described in Sec3.1, and the TTL cirrus simula-
tion is described in Sect.

Equations 8)—(7) form a set of governing equations used
to solve foru, 0', 4y, ¢{ and p’ in the model. The dynami-
cal core of the System of Atmospheric Modeling developed
by Khairoutdinov and Randa(2003 is used here to solve
Egs. @) and (7) for u and p’. The selective-monotonicity-
preserving advection scheme develope®ssey and Dur-
ran (2008 is used to compute the terms involvimg v/ in
Eqgs. @)—(6). The diabatic heating rat@ in Eq. @), which
comprises mostly of the absorption of longwave radiation by
ice crystals, is computed by the radiation scheme describe
in Durran et al.(2009. The source tern® in Egs. §) and
(6) is computed by the bin microphysics scheme originally
designed byChen and Lami§1994), later modified byDinh
and Durran(2012. Ice crystals are assumed spherical and
distributed into 25 bins ranging from.Zb um to 25 um in
radius. V; in Eq. (6) is computed following the formula of
terminal fall velocity deduced bBdhm (1989. Ice nucle-
ation 7 is based on the formula for homogeneous freezing
derived experimentally bitoop et al.(2000. We assume a 3 ¢ Generating the large-scale wave
fixed background aerosol with concentration 100 €érand
radius 025 um. The deposition coefficient of water vaporon 3.1.1  Method
ice is assumed to be.@L, which is larger than the experi-
mental value suggested agee et al(2006 but smaller  An equatorial Kelvin wave is excited in the model by forcing
than those suggested by cloud modelers (€ay.and Wood  the vertical velocity within a forcing region towards an oscil-
(2008). Sensitivity of our model results to the deposition co- lating solution. For every time step, all andzf — H <z <
efficient will be discussed in a subsequent paper. Other dezs + H, we set
tails of the bin microphysics scheme can be foundinh

et al.(2010. wf = woCokx — Iz — wt), (8)
_ 7(z —2f)
3 Equatorial Kelvin waves @ = cos (T) ’ ©)

TTL cirrus occurrences that are c!osely c_orrelated with the, new _ (1 — a)w 4 gy, (10)
cold phases of large-scale equatorial Kelvin waves have been
observed Boehm and Verlinde200Q Immler et al, 2008 wherewg is the magnitude of the prescribed vertical velocity
Fujiwara et al. 2009. During the cold phases of the waves, wf, w9 is the vertical velocity given by the model at the cur-
negative temperature anomalies increase the relative humident time stepw"®W is the vertical velocity after it is forced
ity. If the air is sufficiently moist, ice crystals are nucleated towardswy, zs is the altitude at the center of the forcing re-
and then grow by deposition of water vapor. In addition to thegion, H is half the depth of the forcing regiok,and! are
temperature perturbations, the large-scale waves exert spaespectively the horizontal and vertical wavenumbersand
tially and temporally varying shears on the clouds. is the frequency. The facter as defined by Eq9j specifies
With the temperature perturbations and shear associatetihe degree by which the vertical velocity is forced towards
with a large-scale equatorial Kelvin wave added as externals; « decreases smoothly from one at the center of the forc-
disturbances on the cloud, we can compare our model reing region to zero at the top and base of the forcing region.

www.atmos-chem-phys.net/12/9799/2012/ Atmos. Chem. Phys., 12, 9885 2012
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Fig. 1. Temperaturéa) and potential temperatu(b) of the raw and modified soundings, and the Bruidisilla frequency(c) of the modified
sounding.

When the vertical velocity is forced according to E@—(  ble due to perturbations developed during the simulation, the
(10), wave energy from the forcing region radiates upwardsresponse to the forcing in the vertical velocity (Egs10)
generating an internal gravity wave above the forcing region.is dominated by convection, rather than large-scale waves.
As defined by Eq.§), the phase velocity of the wave is east- The temperature and potential temperature of the raw and
ward and downward and the group velocity is eastward andnodified soundings are shown in Fiy. The Brunt-\aisala
upwards. In our two-dimensional domain (the vertical planefrequency of the modified sounding is also shown in Big.
along the equator), equatorial Kelvin waves have the sam@&he Brunt-\aisala frequency computed from the raw sound-
structure as these internal gravity waves. ing contains small-scale large-amplitude noise that cannot be

The free parameters to be specified as input to the largeeonveniently plotted on the same scale.
scale wave simulation atey, H, zf, and any two of the three For this simulation, we setg=1.8mms?, H =4km,
parameterg, [ andw. The parameterk, [ andw are related  zf = 6 km,k = 1.047x 10 °m~1andw = 1.212x 10 °s1
by the dispersion relation for internal gravity waves, which in Egs. 8)—(10). These values df andw correspond to a hor-
is izontal wavelength of 6000 km and a wave period of 6 d. The
horizontal domain is equal to the horizontal wavelength. Pe-

252
2_ % riodic boundary conditions are applied at the lateral bound-
ke+1 aries. The bottom of the domain is at= 0 and the top of
whereN is the Brunt-\aiala frequency. the domain is at = 20 km. A non-reflective open boundary

condition Bougeault1983 Klemp and Durran1983 is ap-
3.1.2 Configuration of the large-scale wave simulation plied at the top and bottom of the domain. The resolution is

Ax =20km in the horizontal andiz = 100 m in the verti-
The sounding used here and throughout simulations in ect. cal. The time step i&.r = 30 s. The simulation is from= 0

is from balloon-borne measurements on 7 January 2007 ove s = 120d. The simulation time must be sufficiently long
Nauru island ((b21° S, 166916 E). The temperature profile  to allow the forced wave to reach steady state oscillations.
on this date has a distinctive minimum at the tropopause typ-

ical of tropical soundings. The sounding data were obtained3.1.3 Wave solution

from the Atmospheric Radiation Measurement (ARM) Pro-

gram. A few modifications are applied to the raw tempera-The numerical solution reaches steady oscillations after
ture data. Above 1P km, a smoothing algorithm is applied about60d (ten wave cycles). Thus the solution at any time af-
to remove small scale fluctuations. Below@Rm, observed ter 60d can be taken as large-scale equatorial Kelvin waves.
temperature data are replaced by values computed by assurti the 12-day-simulation of the cloud presented in Séct.

ing that the Brunt-\2iala frequency is constant and equa| we choose to use the wave solution between 92d and 104d
to the Brunt-\&isala frequency at 1D km. In the layer in ~ and in the regiorr > 15km. Since 15km is well above the
the vicinity of the tropopause between.@&m and 17 km, region in whichw is forced towardsus, the solution in the

the temperature is modified such that the Bruaisifla fre-  forcing region is avoided.

quency is at least.0125s1. These modifications to the raw

data ensure that the atmospheric profile is sufficiently sta-

ble. If the atmosphere is initially unstable or becomes unsta-

Atmos. Chem. Phys., 12, 9799815 2012 www.atmos-chem-phys.net/12/9799/2012/



T. Dinh et al.: TTL cirrus and water transport 9803

20

18

2.4

2.0

1.6

~ 16 - 0.8
g : ‘ Hoo04 o
vOME ==Y

i B-08

125 —E_12

r “H—-16

10 - - : —2.0

92 95 98 101 104

Time (days)
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Fig. 3. Wave vertical velocitya), horizontal velocity(b), and temperature perturbatioftd at 92 d.

The wave temperature perturbations through the center opositive and negative peaks of the wave are not mirrors of
the domain £ = 3000 km) as a function of altitude and time one another because the wave amplitude is sufficiently large
between 92d and 104 d are shown in FigThe wave ver-  that nonlinearity becomes important.
tical and horizontal velocities and temperature perturbations
atr = 92d are shown as functions efandz in Fig. 3. The
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)6
The amplitude of the temperature perturbations is Iarger ( L+ 00 + (e + wis) - v oL+ 6 = Q (16)

above than below the cold point tropopause (CPT} at

17.3 km (Figs.2 and3) because of the sharp increase with al-

titude of the Brunt-\aisala frequency there (see Fit). Ob-

served equatorial Kelvin waves also exhibit this behavior at ¢

the tropopause (sdemler et al.(2008 Fig. 1) andBoehm
and Verlinde(200Q Fig. 1)).

9q; ¢
The amplitude of the temperature perturbations near the? + (uc+uis) - V% c— Wt
tropopause is B to 25K in this simulation. Temperature

perturbations in Kelvin waves were observedimnler et al.
(2008 to be typically 2 to 3K.

3.2 Imposing large-scale wave forcing on clouds

=

(qvc+qv |S) + (uc+u|3) v(qv+qvc+qv |S) - _Sa (17)

/ /

$=8+1, (18)

i,
0z

/+ !
v (ﬁ v (%)) + v (B (e +mis) - ) (e + uis)

a 9/ c + 0/
. . . . =5 (Pt : (19)
Here we derive a set of governing equations applicable to 9% by

the TTL cirrus simulation under the influence of the large-
scale equatorial Kelvin wave. The large-scale wave solution
is available beforehand and assumed to be unaffected by th
clouds. Let the subscript “Is” denote large-scale waves, andu,

¢” denote clouds.
In the large-scale wave simulation, Eq8)(5) and ()
correspond to

ou) p 0!
S L (s vms =—v ( 'S) +g—Bk, (11)
or o Oy
36, 3
a_tls +us-v(O+ 9|/5) =0, (12)
y |
8\;" ® +uis- v(gy+qy5) =0, (13)

/ P 0
v (pv(p >)+v (p(ms - v)ms)—(ﬁg V'S> (14)
P aZ 9\/

Subtracting Eqgs.1(1)—(14) respectively from Eqgs.16)—
%L?) and (19) we obtain

P 6,
—C ot (we - V) (e + uis) + (wis - Ve = v (;)+gg°,

ot v

36} - )6

8_C+uCV(0+0é+9|/s)+u|SVQ(/;:_Q , (21)
t CvT

/!

q B
a:’c tuc vy +ayctays) Hs vay =-S5, (22)

v (ﬁ v (%)) +v - (0((uc- v)(uc+uis) + (wis - v)uc))
3 (. 9&c>

/. 23

=32 (pg z (23)

Equations 18) and 0)—(23) form a set of governing equa-
tions used to solve fouc, pg, 6, gy c andg; . in the TTL

The right hand sides of Eqsl?) and (L3) are zero because

gi is assumed to be zero in the large-scale wave simulation.
In the TTL cirrus simulation, the velocity vector and the

dynamic pressure perturbation are written as the sum of @ Characteristics of the simulated TTL cirrus

cirrus simulation.

component associated with the large-scale wave and another

induced by the clouds:

u=uc+uis,

p=p+pc+ s

This section describes a particular TTL cirrus simulated us-
ing our cloud resolving model. The model configuration and
initial conditions of the TTL cirrus simulation are given in
Sect4.1 The evolution of the simulated cloud is described in
Sect.4.2 Comparisons of the simulated cloud with observed
TTL cirrus and other models are discussed in S&&.

where for consistency the base state must be the same as that
in the large-scale wave simulation. Similar relations hold for4.1  Model configuration and initial conditions
other thermodynamic state variables and water vapor mixing

ratio. For ice mixing ratio, this reduces ¢p= qi/,c because
=0 andg/ , = 0. Hence, Eqs.3)—(7) correspond to

ad

E(uc +uis) + ((we+Uis) - V) (ue + uis)
/+ / 9/ _+_6/

=v<pc ~p|s)+g V,C~ v,lsk7

by

(15)

Atmos. Chem. Phys., 12, 9799815 2012

The sounding for this simulation is the same as that shown
in Fig. 1. The large-scale wave forcing is taken from the
wave simulation described in Se®.1 The horizontal do-
main is equal to the horizontal wavelength of the large-scale
wave, which is 6000 km. Periodic boundary conditions are
applied at the lateral boundaries. The bottom of the domain
is atz =15km and the top of the domain is at= 18 km.

www.atmos-chem-phys.net/12/9799/2012/
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Fig. 4. Water vapor mixing ratiqa) and supersaturation rat{b) at the initial time. In(b), the black and white contours respectively show
negative and positive large-scale wave temperature perturbations (K). Note that the vertical scale is exaggerated by a factordbabout 10
compared with the horizontal scale.

A non-reflective open boundary conditioBqugeault 1983 The wave solution at the starting time of the cloud simula-
Klemp and Durran1983 is applied at the top and bottom of tion is shown in Fig3L. At this time, the moist region is ex-
the domain. In the horizontal, the resolutiomis = 5 km. In periencing positive temperature anomalies (see #5. As
the vertical, Az varies from 5m in the proximity of the CPT the wave propagates eastward, negative temperature anoma-
atz =17.3km to 50 m at the top and bottom of the domain. lies arrive at the moist region in about two days, at which
The time step isAt = 20s. The simulation is from=0 to time ice crystals are nucleated and a cloud is formed.
t =12d (two wave cycles).

There is no cloud initially. A cloud forms just before= 4.2 Cloud evolution
2d in a moist region prescribed betweer= 2700 km and . . .
3300 km and; = 16.8km and 173 km, which is just below The evolution of the cloud, the supersat'uratlon ratio, and
the CPT. The water vapor mixing raiq at the center of the Iarge-.scale ‘wave tempergture perturbations over the 12-
moist region and outside of the moist region is respectivelyd@y-simulation are shown in the supplement movie. In the
2.56x 10 8 kg kg1 and 140x 10-6kg kg1 (Fig. 4a). With movie, the thick, black contour marks the cloud boundary,

respect to the base state, these valuegyaforrespond to ~ Which is defined by the 11 - contour of ice number con-
supersaturation ratic& of 0.5 and—0.2 atz = 17.1km (the qentrat!on. Fllled,. colored contoqrs show the supersatura-
altitude at the middle of the moist region). With respect to ton ratios. The thin black and white contours correspond to
the base state plus perturbations from the large-scale wav&'€9ative and positive temperature perturbations. As shown
Si is 0.3 at the center of the moist region (Fitp). Note that 1N the movie, a cloud is formed just before=2d. This
the supersaturation ratio mentioned throughout this article i€cUrs when negative temperature anomalies associated with

always with respect to ice.

1 =92d in the large-scale wave simulation corresponds=to
0 in the TTL cirrus simulation.

www.atmos-chem-phys.net/12/9799/2012/ Atmos. Chem. Phys., 12, 9885 2012
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the large-scale wave arrive at the initially prescribed moist4.3 Comparisons with observations and other models
region just below the CPT in the middle of the horizontal
domain. After the initial formation stage, the cloud slowly A case of observed TTL cirrus with measurements of all nec-
decays as it ages but persists into the second cycle of thessary variables to compare with the model results is not
wave. The cloud moves about in space due to advection ofet available. Simultaneous measurements of environmen-
water vapor and ice by the large-scale wave velocities. It alsdal wind shear, temperature, relative humidity (both inside
moves downward with time because of ice sedimentation. and outside cloud), as well as ice crystals size, ice number
Figures5a—f show the time evolution of the spatial max- concentration, IWC, and radiative heating rate over the cloud
ima and averages of the large-scale wave temperature pertulifetime are required for a thorough comparison with model
bations, the supersaturation raig ice number concentra- results. Currently available observations typically character-
tion, ice water content (IWC), radiative heating rate, and theize the microphysical properties or the radiative heating rate
mean crystal diameteFhe averages are computed over the in only a limited section of the cloud over a limited fraction
cloudy region only (where there is ice), not over the whole of the cloud lifetime. Because of this limited sampling, it is
spatial domain. most appropriate to compare the cloud-averaged microphys-
As shown in Fig5a, the amplitude of the large-scale wave- ical properties with the collection of different observed TTL
induced temperature perturbations experienced by the cloudirrus.
is 0.5K on average and.2K maximum. These values are  There have been observations of TTL cirrus that persist
consistent with the temperature anomalies experienced bfor days, a feature consistent with the cloud in our simula-
TTL cirrus recorded bymmler et al.(2008 see their Fig. 4).  tion (shown by the evolution of ice concentration in Fifs.
The evolution of the large-scale temperature perturbationgand d). During the Lidar In-space Technology Experiment
with respect to the cloud are not perfectly sinusoidal becaus€LITE), Winker and Trepte(1998 observed TTL cirrus
the cloud moves about in space and gains/loses ice over tim@ver the same region on successive days. Recerdiypr
During the formation of the cloud, ice nucleation followed et al. (2011 described a TTL cirrus detected by the Cloud
by ice depositional growth quickly reduces the averdge Aerosol Lidar and In-frared Pathfinder Satellite Observations
from 0.6 (homogeneous nucleation threshold) to close to zerd CALIPSO) between 27 and 29 January 2009 over the tropi-
(Fig. 5b). Throughout the rest of the cloud lifetime, the av- cal Eastern Pacific. CALIPSO cannot detect clouds with op-
erages; remains close zero. However, as indicated by thetical depths smaller than.@6 Davis et al, 2010. Hence
minimum and maximung; (also in Fig.5b), the saturation there is a possibility that, after 29 January 2009, the TTL
ratio varies substantially through the cloud. There are areasirrus reported byfaylor et al.(2011) persisted but had be-
where the ice number concentration is so low such that icecome too tenuous to be detected by CALIPSO. In fact, there
sublimation and depositional growth are not sufficient to re-have been in situ observatior3gter et a.2003 Davis et al,
duce]S;| to zero. Similarly to observations (sKeamer etal. 2010 of TTL cirrus with optical depths on the order of 19
(2009 Fig. 8) andMacKenzie et al(2006 Fig. 7)), the fre-  to 10-2, which is below the detection limit of CALIPSO.

quency distribution of; within the cloud during our simula- The average bulk properties of the simulated cloud, includ-
tion (Fig. 6) is centered about a maximum at zero, but thereing the ice number concentration (Fige), IWC (Fig. 5d),
is a significant spread to negative and positive values. and radiative heating rate (Fige), are within the range of

As shown by the evolution of the ice number concentrationobservational values. The ice number concentration in TTL
and IWC in Figs.5c and d, the cloud is formed just before cirrus observed in non-convective regions varies from only
t = 2d. During the formation of the cloud, ice number con- a few -1 up to 200t (Davis et al, 201Q Lawson et al.
centration and IWC increase rapidly and obtain their maxi-2008 Kramer et al.2009. The observed range of IWC is
mum values just after= 2 d. After the initial ice nucleation 103 to 107 ppmv in equivalent water vapoB¢hiller et al,
and growth, the average ice number concentration and IW@008, which is 10 to 10 mgni~2 in ice concentration at
decrease until day 5. At the peak of the warm phase of theT TL conditions. The radiative heating rate i©98 K d~* for
wave at day 6 the cloud has become very tenuous in both icextremely tenuous TTL cirru®avis et al, 2010 up to a few
number concentration and IWC. K d~1 for optically thicker casesMcFarquhar et a).200Q

As shown in Fig.5e, the heating induced by absorption Comstock et a).2002 Bucholtz et al.2010.
of radiation by ice crystals evolves similarly to the ice num-  In the simulation the average diameter of ice crystals is be-
ber concentration and IWC. The average radiative heatingween 7 pum and 10 um (Fi§f), which is within the range of
rate obtains a maximum of about 1 KHats =2.5d. Itde-  crystal sizes observed b§ramer et al(2009 at TTL tem-
creases with time after.2d as ice crystals sublimate while peratures (see their Fig. 5). Our average crystal size is also
the cloud ages. The cloud becomes very optically thin afterconsistent with a mean diameter of approximately 10 um in
5d. Between 2d and 4 d, the absorption optical depth of theTTL cirrus observed byoigt et al. (2007 over Brazil, and
cloud is between % 10~3 and 4x 1073, After 5d, the ab-  Peter et al(2003 over the western Indian oceabe Reus
sorption optical depth decreases to very small values, on thet al. (2009 reported smaller mean crystal diameter of 6 pm
order of 1074, for a number of TTL cirrus over Darwin, Australia. On the
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Fig. 7.1ce number size distributions from model a@, 35d and 45 d, and observations in TTL cirrus over Costa Ribay(is et al, 2010,
East Pacificl(awson et al.2008, West Pacific ficFarquhar et al 2000 and Brazil {oigt et al, 2007). In the study ofVoigt et al.(2007),
the instrument was able to detect ice crystals up to about 30 um, but no crystal larger than 22 um was obgejvatl.i¢e crystals in the
simulated cloud are spheres, as assumed in the bin microphysics and radiation schemes in the (ppddsland 1 % of spherical crystals
in the model output are replaced respectively by plate-like and columnar crystals.

other handLawson et al(2008 measured an effective di- ical crystals that they replace. Furthermore, the aspect ratio
ameter of approximately 18 um for crystals in a TTL cirrus of plate-like and columnar crystals is assumed to béd,6
over the tropical Eastern Pacific. Nevertheless, this value iss suggested bizawson et al.(2008's observations. The
between the maximum and average sizes of ice crystals imumber concentrations of plate-like and columnar crystals
our simulation. are computed by ensuring conservation of the total ice mass
The ice size distributions averaged over the cloudy areavhen spherical crystals are replaced by non-spherical ones.
in the simulation at =2.5d, 35d and 45d are shown in  The hypothetical size distribution of the mixed-shape crystal
Fig. 7a. Also plotted are the size distributions of several in- population (Fig.7b) agrees well with.awson et al(2008’s
situ observed TTL cirrus. The ice size distributions of the observations. Thus it is plausible that a better agreement be-
simulated cloud agree well with the observations for ice crys-tween their observations and our model results can be ob-
tal sizes up to 20 um. However, the number of larger ice crystained if an improved treatment of ice crystal shapes is im-
tals in the simulated cloud is significantly smaller than in plemented in the model.
some of the observed cases. In our hypothetical mixed-shape crystal population, al-
Larger crystals could be supported by our simulated up-most all crystals larger than 20 um are non-spherical. Thus
drafts if they had shapes other than spheres. At the samthe above crystal shape argument does not apply to the TTL
terminal fall velocity, the diameter of a spherical crystal is cirrus observed b¥avis et al.(2010, in which most of the
less than the maximum dimension of a crystal of anotherarge ice crystals detected were spherical. Large spherical
shape. Consider the particular TTL cirrus observed.ay- crystals fall much faster than the vertical velocities associ-
son et al.(2008, in which a few percent of crystals were ated with either the equatorial Kelvin waves or the radiatively
plates and columns or of irregular shapes. Following thesenduced updrafts in our model. For example, base8dim
observations, suppose that 2% of the number of spherical1989 Eq. 10), spherical crystals at diameters of 40 um and
crystals in the simulation are replaced by hexagonal platess0 um fall at respectively 7 cnt$ and 15cmst. The ex-
and an additional 1 % are replaced by hexagonal columns. Tastence of large, spherical crystals may be explained by dy-
calculate the sizes of plate-like and columnar crystals, we ashamical processes not included in the model. One possibil-
sume that they fall at the same terminal velocity as the spherity is the influence from the vertical motions associated with
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Fig. 8. The radiative heatinga), and induced temperature perturbatig¢b} vertical velocity(c) and horizontal velocityfd) at 35d. The
black outline in each figure marks the radiative heating rate contoudafiod—1. Note that the vertical scale is exaggerated by a factor of
about 16 to 1 compared with the horizontal scale.

a much thicker cloud located just 2 km below the observedin our simulation is located below the CPT, it is subject to
TTL cirrus (Davis et al, 201Q Fig. 2). In addition, large crys- less shear than the clouddensen et a(2011)’s simulations.
tals may be supported against sedimentation in the presenddowever, we argue that the spatial structure of the large-
of mesoscale gravity waves generated by nearby convectivecale shear in our simulation, with larger magnitude above
sources. the CPT, is more realistic than the steady, uniform shear in
The persistence of our cloud is in contrast to that in theJensen et al2011)’s simulation. The spatially and tempo-
simulations performed bylensen et al(2011), who also rally varying shear in our simulation is consistent with the
modeled the cloud response to the mesoscale motions ine-variations of the Brunt-¥isala frequency defined by the
duced by radiative heating. In their simulations, when sub-sounding (Fig.1c), and the propagation of the large-scale
ject to a wind shear (vertical gradient of the horizontal equatorial Kelvin wave. The magnitudes of the large-scale
wind) of 5ms1km~1, the cloud dissipated before the ra- wave-induced temperature perturbations in our simulation
diatively induced circulation could develop. The maximum are similar to those observed bymler et al.(20089.
shear associated with the large-scale wave in our simula- Another essential difference betwetansen et a(2011)'s
tion is 45ms 1km~1 above the CPTz=17.3km), and  simulations and ours is the number of ice crystals nucle-
2.5ms 1km~1 below this level (see Fig). Since the cloud ated when the cloud is formedensen et al(2011) tuned
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Fig. 10. Water vapor mixing ratio at the end< 12 d) of the simulation.

their heterogeneous nucleation scheme so that the number &bth spreading of the cloud area and sublimation of ice crys-
ice crystals nucleated is 604, following measurements by tals as they encounter dry air during sedimentation and ad-
Lawson et al(2008. On the other hand, homogeneous nu- vection in space. Hence we suggest that homogeneous freez-
cleation in our model produces an average number of 2001 ing cannot be ruled out as a viable nucleation mechanism in
(Fig. 5¢). During formation and initial growth of the cloud, the TTL.

competition for available water vapor among ice crystals lim-

its crystal sizes. In our simulation, more ice crystals are nu-

cleated, hence sedimentation of smaller ice crystals occurs & Transport of water vapor by the radiatively induced

a slower rate, which allows sufficient time for the radiatively  dynamics

induced dynamics to develop.

In situ observations of small number of ice crystals in TTL The mesoscale circulation induced by the radiative heat-
cirrus (typically less than 1001) have been considered as ing (Fig. 8a) includes rising motion in the vertical column
an evidence against homogeneous freezing as a nucleatigfbntaining the cloud, subsidence to the east and west of the
mechanism of ice crystals in the TTUgnsen et al2010.  cloud, and horizontal inflow and outflow respectively in the
In our simulation, although many ice crystals nucleate ho-lower and upper half of the cloud layer (see Figs.and d
mogeneously, in one day the average number concentratiofind alsoDurran et al.(2009; Dinh et al. (2010). Warm-
is reduced from a maximum of 2001 to values smaller than ing occurs in the cloud layer while cooling occurs at the top
100 1 (Fig. 5¢). The number concentration decreases due taand bottom of the cloud (Figb). Temperature perturbations
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inside the cloud are a direct result of the radiative heating,in Eq. (21), consequently. = 0, 6, = 0, andp; = 0. Hence
whereas temperature perturbations outside (to the east ari®AV, RAl and T are all absent.
west, above and below the cloud) are produced by radiatively The effects of RAV, RAI and’{ in the water vapor trans-
induced vertical motions. port in the vertical direction can be deduced from the hori-
On average the rising motion within the cloud column zontally averaged changes in the water vapor densities at 12 d
extends above and below the levels of zero radiative heatin the all-physics case and the three test cases {BjgFirst
ing. This behavior is shown in Fi®a and c, which plot the let us examine the combined effect of RAV, RAI affigl by
radiative heating and its induced vertical veloaityat 35d. comparing the all-physics case with the no-radiation case. In
Rising motion extends further above and below the cloud athe all-physics case, the region betweesa 16.85km and
earlier times (not shown). Rising motion results in adiabatic17.15 km is dehydrated. Part of the water vapor initially in
cooling just above and below the cloud (Figk and9b). this layer has been transported downward to belo83.Bm,
In the layer betweep = 17.4km andz = 17.6 km, diabatic ~ but most of the water vapor has been transported upward to
warming underlies adiabatic cooling, resulting in destabi-above 1715 km. The net direction of transport in this case
lization and convection. Convection and the convectively in-is upward. In contrast, in the no-radiation case, water va-
duced gravity waves create small-scale inhomogeneities ipor has been removed from the initially moist layer between
the cloud. z=169km and 1715km and transported downward into
The water vapor is changed via ice depositional growth,the layer below. Downward transport of water vapor occurs
sublimation and sedimentation, and advection of water va-as ice crystals are nucleated, grow and then sediment to the
por and ice by the large-scale wave and radiatively inducedsubsaturated region below, where they sublimate and return
velocities. This change is measured as the difference in thevater vapor to the air. The difference between the all-physics
water vapor profile between the current and the initial time.and no-radiation cases indicates that togetjerRAI, and
The change in the water vapor due solely to advection byRAV lead to upward transport of water vapor, counteracting
the large-scale wave at the end of the simulation is negligibleand overwhelming downward transport due to microphysical
because this time (12 d) is a multiple of the wave period.  processes.
The water vapor mixing ratio at the end time (12d) in  Now consider the individual effects of RAV, RAI arij.
the simulation is shown in Fid.0. The distribution of water  First, the direction of transport associated with RAV can be
vapor is horizontally stretched aboye=17.2km and nar- deduced by comparing the all-physics case with the no-RAV
rowed below this level. The deformation of the water vapor case. As seen in Fid.1, the direction of transport is upward
distribution in the horizontal direction is caused by advec-in the all-physics case and downward in the no-RAV case.
tion by the radiatively induced horizontal velocity. Part of This indicates that RAV is the primary cause for the upward
the initially prescribed water vapor centereczat 17.1 km transport of water vapor and that RAI afig play only sec-
has been transported to above2lkim. This is not what we  ondary roles. Next, the direction of transport associated with
would expect from microphysical processes alone. The raRAI can be deduced by comparing the no-RAV case with
diatively induced dynamics must play a significant role. the no-RAV-no-RAI case. There is an enhancement of de-
The radiative heating changes the water vapor by inducinghydration above 1@ km and an increase in net downward
advection of vapor and ice, and temperature perturbafigns transport in the no-RAV case compared with the no-RAV-no-
The temperature perturbations indirectly influences the transRAI case. RAIl enhances convective mixing of ice crystals
port of water vapor by affecting microphysical processes.with the air at the top margin of the original moist patch,
Let theradiatively inducedhdvection ofvapor and ofce be  thereby enhancing the deposition of water vapor onto the ice
respectively abbreviated as RAV and RAI. To understand thecrystals there. Furthermore, within the cloud the radiatively
role of RAV, RAI andT{ we consider three additional simu- induced updraft partially offsets sedimentation, causing ice
lations, hereafter referred to as the no-RAV, no-RAV-no-RAl, to fall more slowly to the dry air below. This gives crystals
and no-radiation cases. For the discussion here, the simulaslightly more time to persist and use up more water vapor
tion described so far in this section and previously in S&ct. in depositional growth. Finally, the direction of transport as-
in which all relevant physical processes are resolved, is resociated withI; can be deduced by comparing the no-RAV-
ferred to as the all-physics simulation. The configuration ofno-RAI case with the no-radiation case. There is a reduction
the test cases is the same as the all-physics simulation, excejst dehydration between 1Fkm and 171 km and a decrease
for the following. In the no-RAV case, RAV is turned off, i.e. in net downward transport in the no-RAV-no-RAIl case com-
we neglected the termr. - v (gy +‘1\//,c+q\//,|s) in Eq. 22). In pared with the no-radiation case. The diabatic warming (see
the no-RAV-no-RAI case, both RAV and RAI are neglected. Fig. 8b) reduces the relative humidity, hence ice depositional
This means that both termog- v (g +qy ¢ +4y, ) in Ed. 22) growth within the cloud. In summary, RAI anf} respec-
anduc - vq/ . in Eq. (18) are neglected. In the no-radiation tively enhance and reduce ice depositional growth. Because
case, the radiative heating is ignored. Since the latent heat réce depositional growth followed by sedimentation leads to
lease is negligible in TTL cirrusQ;aq= 0 means tha) =0  downward transport of water vapor, RAI aff indirectly
transport water vapor respectively downward and upward.
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17.4 Similarly to RAI, RAV also indirectly induces down-
173l ward transport of water vapor by enhancing ice depositional
growth. This indirect, downward transport of water vapor in-
17.2¢ duced by RAV is much less significant than its direct, up-
17.1t ward transport. Nevertheless, the enhancement of ice deposi-
— tional growth by RAV reduces the overall rate of cloud dis-
§ 17.0¢ sipation and is important for the persistence of the cloud. As
~ 169} explained byDinh et al.(2010, the horizontal velocity in-
16.81 duces horizontal influx of air and water vapor into the lower
— all-physics half of the cloud. Accompanied with upward advection by
6.7 H0-RAV g w¢ within the cloud, this results in water vapor flux conver-
16.6 - — no-RAV-no-RAI :““‘ gence and ice depositional growth. As shown in Aig.in
sl no-radiation ‘ ‘ the upper half of the cloud, there is considerably more pos-
Z15 —10 -05 0 0.5 1.0 1.5 itive latent heat release, and therefore ice growth, in the all-

—2 -3 physics case than in the no-RAV case. In the all-physics case,
Apy (107 mgm™7) . . . R
the rate of change ig, due to vertical advection within the
Fig. 11. Differences in the water vapor densities between the finalcloud —wcaa—‘{zv is positive, because > 0 and% <0 for
and initial time averaged over the horizontal domain. Results arez > 17.1km (see Fig9d). This means that upward advec-

shown for four simulations: all-physics, no-RAV, no-RAV-no-RAl, tion of water vapor increaseg and favors ice growth above
and no-radiation. 17.1km.

Table 1.Directions of water vapor transport induced by microphysi-
cal processes and the radiatively induced temperature perturbation%, Conclusions
advection of ice, and advection of water vapor.

We have performed a two-dimensional simulation of a TTL
cirrus cloud under the influence of a large-scale equatorial
Ice depositional growth, followed by sedimentation down  Kelvin wave. The bulk radiative and microphysical proper-

Microphysics and radiatively induced processes up

All radiatively induced processes up ties (radiative heating rate, IWC and ice number concentra-
Radiatively induced advection of vapor up tion) of the simulated cloud agree reasonably well with ob-
Radiatively induced advection of ice down servations.

Radiatively induced temperature perturbations up

In the model, the large-scale wave is considered as an ex-
ternal forcing on the cloud. In other words, the wave influ-
ences the cloud processes, but the cloud processes do not
The directions of transport induced ¥, RAI, RAV, and  change the wave. The large-scale wave exerts realistic spa-
microphysical processes are summarized in Table tially and temporally varying shear and temperature pertur-

In contrast to RAI and’{, RAV plays a primary and di-  bations on the cloud. During the cold phase of the wave, ice
rect role in the transport of water vapor. The significance ofcrystals nucleate and grow. During the warm phase of the
RAV compared with either RAI off{ is confirmed by the  wave, the cloud attenuates but may not dissipate completely.
difference between the all-physics case and the no-radiation In addition to perturbations associated with the large-scale
case, which is much more significant than that between eithewave, cloud microphysical processes are influenced by the
the no-RAV case or the no-RAV-no-RAI case and the no-dynamics induced by the radiative heating. The radiative
radiation case. When RAV is present, the radiatively inducedheating in TTL cirrus results from the absorption of radia-
updraft advects the water vapor contained in the cloudy aition by ice crystals. The mesoscale circulation induced by
upwards. This leads to upward transport of water vapor bethe radiative heating consists of rising motion in the vertical
cause the cloudy air is approximately at saturation through-column containing the cloud, subsidence to the east and west
out the cloud lifetime (see Figb) and contains more wa- of the cloud, and horizontal inflow and outflow respectively
ter vapor than the environment. RAV is much more effectivein the lower and upper half of the cloud layer. In addition,
than RAI at upward transport of water because, unlike icethe radiative heating causes instability and convection at the
crystals, water vapor does not sediment. RAI cannot transeloud top. This results in mixing with the environmental air at
port ice upward since, on average, the radiatively induceche cloud top and small-scale inhomogeneities in the cloud.
updraftwc is smaller than ice sedimentation spéed-or ex- In TTL cirrus, both microphysical and dynamical pro-
ample, at & d,wc within the cloud is less than 2mm$(see  cesses contribute to transport of water vapor in the verti-
Fig. 9c), wheread/ is 45mm s 1 for a crystal with 5umra-  cal direction. Ice nucleation and depositional growth, fol-
dius. lowed by sedimentation and sublimation, lead to downward
transport of water vapor. On the other hand, the radiatively
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Fig. 12.Instantaneous latent heat release.&td3n the all-physics cag@) and in the no-RAV caséb). The thick, black contour marks the
cloud boundary, which is defined by the2lcontour of ice number concentration. Vectors show the radiatively induced velocities.

induced mesoscale circulation induces upward advection oby observations of ice crystal size and concentration neces-
the cloudy air. When the surrounding air is drier than thesary to constrain model simulations and quantify the dehy-
cloudy air, upward advection of the cloudy air is equivalent dration impact of these optically thicker TTL cirrus cases.
to upward transport of water vapor. Under the conditions spe-
cific to our simulations, the radiatively induced upward trans-
port of water vapor dominates the downward transport by mi-Supplementary material related to this article is
crophysical processes. The net result is upward transport cvailable online at: http://www.atmos-chem-phys.net/12/
water vapor, which is equivalent to hydration of the lower 9799/2012/acp-12-9799-2012-supplement.zip
stratosphere.

There are continuous interactions between the cloudy air
and the environmental air at all sides of the cloud: at the cloud

base as ice falls relative to the air, at the cloud top via CON-7 nowle dgementsThis research was supported by NSF grant

vective mixing, and at the lateral sides of the cloud by hori- ATM-0926996, and the NOAA Climate and Global Change
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the case presented here, when the air surrounding the cloud
contains more water vapor than the cloudy air, the mesoscalEdited by: T. Garrett
circulation enhances ice depositional growth and works in
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transport of water vapor.
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