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Abstract. The distribution of ice layers in the polar sum- 1 Introduction

mer mesosphere (called polar mesospheric clouds or PMCs)

is sensitive to background atmospheric conditions and thereThe Aeronomy of Ice in the Mesosphere (AIM) satellite was
fore affected by global-scale dynamics. To investigate thislaunched in April 2007 with its primary focus to study the
coupling it is necessary to simulate the global distribution formation of Polar Mesospheric Clouds (PMC) (Russell et
of PMCs within a 3-dimensional (3-D) model that couples al., 2009). Several investigations based on the first season
large-scale dynamics with cloud microphysics. However,of PMC observations have shown complex dynamical fea-
modeling PMC microphysics within 3-D global chemistry tures, evidence of small wavelength gravity wave activity and
climate models (GCCM) is a challenge due to the highplanetary wave activity (Rusch et al., 2009; Chandran et al.,
computational cost associated with particle following (La- 2009; Merkel et al., 2009). These studies indicate that sea-
grangian) or sectional microphysical calculations. By char-sonal variability of PMCs is largely affected by the dynami-
acterizing the relationship between the PMC effective ra-cal conditions of the summer atmosphere. In addition, there
dius, ice water contenivic), and local temperaturg’§ from is evidence of a long-term increase and solar-cycle variation
an ensemble of simulations from the sectional microphysi-in PMC brightness and frequency (Deland et al., 2007; Shet-
cal model, the Community Aerosol and Radiation Model for tle et al., 2009). Long-term PMC variability is thought to
Atmospheres (CARMA), we determined that these variablegde an indicator of a changing climate (Thomas et al., 2003),
can be described by a robust empirical formula. The charhowever satellite observations of PMCs are limited to about
acterized relationship allows an estimate of an altitude disihree solar cycles (Deland et al., 2007). Therefore modeling
tribution of PMC effective radius in terms of local tempera- efforts are crucial in understanding new AIM PMC obser-
ture andiwc. For our purposes we use this formula to pre- vations in the context of longer-term changes resulting from
dict an effective radius as part of a bulk parameterization ofsolar and anthropogenic forcing.

PMC microphysics in a 3-D GCCM to simulate growth, sub- Modeling efforts that use a Lagrangian ice transport
limation and sedimentation of ice particles without keeping Scheme in a 3-D middle atmosphere model produce detailed
track of the time history of each ice particle size or particle information about cloud processes and properties on seasonal
size bin. This allows cost effective decadal scale PMC sim-time-scales (Berger andibken, 2006; Libken and Berger,
ulations in a 3-D GCCM to be performed. This approach 2007). However, Lagrangian models are inefficient for long-
produces realistic PMC simulations including estimates ofterm integrations (such as several decades) due to inherent
the optical properties of PMCs. We validate the relationshipcomputational cost and data storage limitations. Although
with PMC data from the Solar Occultation for Ice Experi- not as computational exhaustive, models that use sectional
ment (SOFIE). codes to include ice microphysics are also computationally
expensive (Bardeen et al., 2008, 2009). For instance, the
Bardeen et al. (2009) PMC ice model includes 28 dust bins
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have a bulk parameterization for PMC microphysics to in-to 102 km and consists of 40 logarithmically spaced radius
clude in multi-dimensional atmospheric global models to fa- size bins {;) for ice particles ranging between 2 and 900 nm.
cilitate simulations on decadal time scales. The model timestep is 100 s. Ice and water vapor within
A requirement for an accurate bulk PMC parameterizationCARMA is transported by the mean vertical wind, eddy dif-
is a reasonable estimate of the mean ice mass, which depentission and particle sedimentation.
on particle growth rates. The growth of ice particles not For this work, we use the same assumptions and settings
only depends on the saturation conditions and temperaturas described for the CARMA reference case in Rapp and
but on the size of the particle. Therefore, given an estimateThomas (2006), except our method differs in the specifica-
of effective radius, the microphysical equations for cloud tion of the background temperature profile. The reference
particle growth, sublimation and sedimentation (Gadsden etase as described in Rapp and Thomas, forces the tempera-
al., 1998) can be used to model PMCs within a 3-D globalture altitude profile to be constant throughout a 48-h simula-
chemistry climate model (GCCM). Siskind et al. (2006) in- tion. Their simulation did not take into account the changing
troduced a bulk PMC parameterization into the CHEM2D background environment that occurs on timescales shorter
model to study the radiative feedback from PMCs. Theirthan 48-h. To simulate the dynamical variability of the back-
simplistic parameterization assumes a constant particle sizground temperature and the effects of changing temperatures
of 70nm. This type of assumption will cause errors in the on PMC ice particles, we used temperature time histories
amount of mean ice mass created, destroyed and sedimenté@m simulations from the 3-D coupled chemistry-climate
at each time step, since the microphysics is calculated foWVhole-Atmosphere Community Climate Model (WACCM)
only one patrticle size. To improve upon Siskind et al. work, (Garcia et al., 2007) as input to the CARMA model. In ef-
we developed a method to estimate the effective radius atect, our CARMA simulations were updated with a new tem-
each time step. perature altitude profile at each timestep. The temperature
By analyzing the relationship between the PMC effective histories were obtained by recording a high latitude meso-
radius in nm, ice water conteritvc) in g/cn?, and local tem-  sphere air parcel's movement over 4-days from a WACCM
perature {) in Kelvin, we determined that these variables simulation. A temperature altitude profile (associated with
can be described by a robust empirical formula. For our purthe location of the air parcel) at each WACCM time-step was
poses we use this relationship as part of a bulk parametericecorded. Because CARMA is a 1-D model we chose to ig-
zation of PMCs in a GCCM. However, this relationship has nore wind shear in the temperature altitude profiles and as-
the potential to be used in other applications to characterizéumed all altitudes moved together with the air parcel. We
PMCs. This paper will illustrate this relationship and its po- compiled fifteen 4-day temperature histories from WACCM
tential use in multi-dimensional global climate models. output over 1 July-5 July and used them as input to CARMA.
A WACCM simulation over 4-days was used to capture sev-
eral different dynamical timescales and to encompass parti-
2 Relationship between PMCjwc, T, and radius cle development under hydrated and dehydrated conditions.
It is noted that subgrid-scale gravity waves are not included
Our work is based on the development of a similar relation-in the simulations. The water vapor profile to initialize each
ship found between temperature, ice water content and pal€ARMA run was obtained from the first time step of each
ticle radius for tropospheric cirrus clouds (Boudala et al., WACCM time history. We note that the history curtains were
2002). Boudala et al. developed an empirical formula us-obtained from a version of WACCM that does not contain
ing in-situ cloud data to predict effective radius of tropo- PMC microphysics or dehydration in the mesosphere region.
spheric ice particles using loc&landiwc in a global model.  Therefore all the initial water vapor profiles are hydrated.
We adopted this empirical formula to characterize the rela-Figure 1 shows the geographic trajectories that make up the
tionship between these variables for PMCs, using an ensemA/ACCM temperature time histories used in this study. Each
ble of simulations from the one-dimensional version of the time history has a different geographic start point indicated
Community Aerosol and Radiation Model for Atmospheres by the diamonds in the figure. By using temperature histories
(CARMA) microphysical model (Rapp and Thomas, 2006). as input to CARMA, we have indirectly simulated the chang-
To be consistent with the empirical formula as defined foring background temperature due to atmospheric dynamics.
tropospheric data, we are using the téwn as a measure of To ensure that we modeled conditions typical of a PMC en-
the ice mass density in units of g/énThe CARMA modelis  vironment and to fill the entire parameter space of relevance
used to establish this relationship because it provides full mito PMCs, we chose temperature trajectories that represent
crophysical processes including nucleation, condensationabbserved polar mesospheric summer temperatures with typi-
growth, particle sedimentation and transport of ice particlescal variability. The temperature range of the trajectories be-
on small time scales. The CARMA model handles three in-tween 80 km and 90km is 115K to 160K in this four-day
teractive constituents: meteoric smoke particles (distributionperiod. We found that 1-D CARMA should not be initiated
by Hunten et al., 1980), ice particles and mesospheric watewith supersaturated conditions (the consequence is too many
vapor. The model is comprised of 120 altitude levels from 72nucleated particles in the first time step). Therefore we chose
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Fig. 1. Trajectory locations from WACCM simulations used in 100
CARMA simulations. The diamond indicates the starting point of
each of 15 trajectories. Trajectories are initialized on 1 July and run
for 4 days. 90

B

trajectories that naturally start with warmer temperatures and gg
then moved to colder saturated regions. This criteria, in ef-
fect, eliminated the use of all trajectories at the high polar lat- 1 2 3
itudes. However, since CARMA only responds to the input (c) Time (days)
variables at each time step, what matters is the realism anc
range of the input temperature profiles not the geographic lo-1oof
cation of the trajectory. o5} o
An example of a temperature history for one WACCM tra-

jectory used in a CARMA simulation is shown in Fig. 2a. S0

The temperature altitude profile varies at each CARMA gt @&
timestep. The input temperature profiles are typical of meso-

sphere temperatures and vary between 115K to 160K be- ®
tween 80 and 90 km. The trajectory start point was M5 ?5' 2
longitude 60 N latitude (green diamond in Fig. 1). Figure2b ~ ° !

. ; . (d) T.rne (doys)
shows the resulting totalvc calculated in CARMA for the
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temperature input shown in Fig. 2a. Figure 2c and d showkjg 2. (a) Temperature time history from a WACCM trajectory

the evolution of water vapor and effective radius. As men-simulation based on a trajectory starting from 1@6and 60 N (b)

tioned, the first time step is forced with a hydrated waterice water content from the CARMA simulation associated with the
vapor profile from WACCM. In each subsequent time step,temperature input in the first panét) Evolution of water vapor, the
water vapor is a free variable that is modified by the micro-first time step is forced with a water vapor profile from WACCM.

physics, as shown in the Fig. 2c. CARMA provides a discrete(d) Evolution of effective radius.
number distributiom; (r;) for the 40 logarithmically spaced
radius size binsr{) ranging between 2 and 900 nm. We use

this information to calculate an area-weighteffiective ra- ~ This expression fore is independent of a specific observ-
dius (refr) (Wyser, 1998) at each time step and altitude leveling technique and is different than th#ective optical radius

using Eq. {). The result is plotted in Fig. 2d. used by Karlsson and Rapp (2006). The latter is a measure
of the optically dominant particle size, which depends on

o — erni (1) the wavelength and scattering angle of observation. We use

eff = Zriz”i an area-weighted radius without an observing bias to better
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Fig. 3. Surface plots of the relationship betwegg, iwc andT . (a) reff calculated directly from the particle distribution at each point in the
CARMA history files.(b) standard deviation ofs; in eachT andiwc bin.

represent the growth, sedimentation and sublimation of thavhere they encounter warmer temperatures. This altitude re-
particle, since these processes depend on the particle area.gion relates to the right part of Fig. 3a and b. The patrticles

The four panels in Fig. 2 show how the distribution of sizes in this area are well mixed and include larger radii with
ice water content, water vapor and particle size varies witha stable standard deviation near 15-20 nm. At any specific
the background temperature. The ice grows, sublimates antemperature (altitude) there is a mix of particles sizes. By
reappears as the temperature varies. This is a more realiénowing both theT andiwc the particle size can be esti-
tic representation of the ice water distribution over altitude mated. For example, if a line is drawn vertically at 150 K
and time than the reference CARMA simulation presentedin Fig. 3a, several different groups of radii are intersected.
in Rapp and Thomas (2006) where the model was initial-Each radii group can be described by the at a specific
ized with supersaturated conditions and let to run for 48 htemperature. Using all altitude combinations7afiwe, and
without changing the temperature profile. An additional ad-reft (Whereiwc>0), a least-squares fit of the model data to
vantage to including a changing temperature environment i¢he following empirical formula (Boudala et al., 2002) was
better coverage of the parameter spacg dfvc and the dis-  calculated:
tribution of particle sizes for defining a relationship between
these variables.

From the ensemble of CARMA simulations, approxi- where p1=760.34, p»=0.235 andp3=0.034,ref in units of
mately 75000 predicteiivc, 7 andre combinations were  nm,iwc is in units of g/cnd andT in Kelvin (K). Then, using
extracted using data at all relevant PMC altitudes. To illus-iwc andT pairs from the CARMA simulations and EQ)( a
trate the relationship betweegy, iwc and7T compiled from  parameterized effective radius(,) can be calculated. Fig-
the simulations, a surface plot ef; versusiwc and T is ure 4 illustrates the resulting surface plotef, versusiwc
shown in Fig. 3a. Figure 3b shows the standard deviatiorandT. It is clear that the empirical formula in EcR)(re-
(STD) of reff in eachT andiwc bin from Fig. 3a. Figure 3a  produces the relationship shown in Fig. 3a. Sensitivity tests
demonstrates that for a givénc, effective radius increases were performed to characterize the stability of the empirical.
with increasing temperature. This is inherent from the rela-We ran simulations with the mesopause altitude displaced
tionship of the background temperature with the ice particleby 2km, and CARMA initialized with a dehydrated water
distribution at any particular altitude. The x-axis (tempera- vapor profile. In addition, we reran all trajectories through
ture) in Fig. 3a and b can be thought of as a proxy for altitude.CARMA using the Bardeen et al. (2008) dust distribution in
Temperature is coldest near the mesopause corresponding pdace of the Hunten et al. (1980) distribution. In all cases
an altitude where the ice particles are in infancy. This altitudethe fit parameters did not change by more than 5%. A com-
region relates to the lower left part of Fig. 3a and b, whereparison of a full season of WACCM/CARMA data shows a
the particles are generally small and have a small iatal very similar relationship of these variables to that shown in
The figures indicate that at very cold temperatures (like neafig. 3a.
the mesopause) the PMC particles are small with very little Figure 5 illustrates the distribution of effective radius from
variation. As the particles mature they fall to lower altitudes the CARMA simulations. The black line represents the

reftp = priwcP2eP3l) (2)
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Fig. 4. Surface plot of the relationship betweegsp, iwc and 7. Fig. 5. Histogram of the distribution ofef calculated at each point

reffp is calculated from the parameterization illustrated in 2. ( from the particle distribution in CARMA. The blue curve illustrates
the particle distribution ofef, calculated with the parameteriza-
tion.

distribution of all effective radii at all altitudes calculated

from the ensemble of CARMA simulations using WACCM ) ] o

trajectories and EqA}. The blue line represents the param- formula, to adequately estimate the vertical distribution of

eterized effective radius calculated using all combinations ofiC& Particle size at each horizontal grid point, that allows for
iwc>0 andT pairs from the same CARMA simulations and the effective application of microphysical processes (growth,

Eq. ). The empirical formula reproduces the overall distri- sublimation and sedimentation) to parameterized effective

bution of effective radii, which peaks near 20 nm. radius in a global model. Figures 7a—d and 8a—d represent
the temperature history aWvc, reff andres, for two addi-

tional CARMA run examples, each with a dimmer PMC than

3 Validation of the parameterized effective radius the previous example. Figure 7 trajectory has a start point at
5° E longitude and 53N latitude. Figure 8 trajectory has a
3.1 CARMA comparisons start point at W longitude and 55N latitude. Again, the

altitude and time distribution of the parameterized effective
In this section we compare several properties of PMCs calcurggius is in good agreement with the simulated distribution.
lated as part of the ensemble of CARMA simulations to thoseThe empirical formula is able to describe the characteristics
calculated using the parameterized effective radius. Figof pmcC particle growth in terms df andiwc, without need-
ures 6, 7, and 8 show PMC effective radius, number denjng to know the history of the ice particle. For example, in
sity and PMC optical properties as output from three of thegig. g, a cloud is formed between the simulated days 2 and
CARMA simulations and those derived using the empirical 3. By using the local temperature structure aud at each
formula described in Sect. 2. Values in Fig. 6 correspondiimestep in this time range, the parameterization recreates
to the temperature history andc shown in Fig. 2. Fig-  the cloud formation around 88km and the development of
ure 6a shows the evolution of effective radius as shown inthe cloud as the particles grow larger and move to lower alti-
Fig. 2d. In comparison, the top right panel (Fig. 6b) illus- {,des.
trates the parameterized effective radius calculated with the The number density is a useful diagnostic variable that al-

empirical formula in Eq.2) using the local WACCMI" and  |ows estimation of the observed PMC radiance to compare
iwc at each grid point in altitude and time from the panels yogels to satellite observables. Given a parameterized effec-
in Fig. 2. While the error of the parameterized effective ra- tiye radius and ice water content, it is a simple task to cal-
dius in Fig. 6b at any specific location in time and altitude ¢jjate the ice particle number densitygara assuming the
could be rather large (in comparison to Fig. 6a), there is 3particles are spherical:

striking similarity of the altitude and time distribution of the

effective radius, indicating that a expression that takes IocaIN _ iwe 3)
temperature and ice water content into account, adequately para %nrgﬁ Dice

models the vertical distribution of the area-weighted radius at ?

each time step. It is this important product of the empirical where pice is the density of ice (0.93gcnd). The derived
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Fig. 6. Panel plots illustrating the effectiveness of the parameterization. The panels correspond to the simulation shown in Fig. 2. The left
column illustrates cloud properties calculated from the output of the CARMA simulation with full microphysics and particle distribution.
The right column illustrates properties calculated with the parameterized effective radius. The bottom two panels illustrate PMC optical
signals. The signal calculated directly from the CARMA simulations are illustrated by the filled contour levels in the backscatter plot and
by the solid black line in the albedo plot. Overplotted grand A calculated using the parameterized effective radius and number density
(contour lines in the backscatter plot and dashed blue line in the albedo plot).

number density can be compared to that calculated dlrectly dN
//—(rk D) - —dr dz (5)

from the CARMA simulations (Figs. 6c¢, 7e and 8e). While 4
Npara Shown in Figs. 6d, 7f and 8f are not exactly the same 00
as the number density that comes directly out of CARMA,
the vertical distribution and time histories are very similar. wheredo /d<2 is the Mie scattering cross-section derived ap-
Since the applied empirical formula provides a vertical dis- plying standard Mie-scattering algorithms (Bohren and Huff-
tribution of particle size, the optical properties of PMCs suchman, 1983) and. and¢ are the wavelength and scattering
as backscatter coefficiens) and albedo 4) can be easily angle under consideration. The PMC vertical backscatter co-
calculated using Eqs4) and 5), efficient at 532nm and nadir viewing PMC albedo at 265 nm
are shown in Figs. 6e—f, 7g—h and 8g—h. The “true” optical
signals can be calculated directly from the discrete particle
size distribution that comes directly from the CARMA simu-
lations. The “true” optical signals are illustrated by the filled
and contour levels in the backscatter plots and by the solid black
line in the albedo plots. Overplotted géeand A calculated
using the parameterized effective radius and number density

B= /—(rA 9)- —Ndr 4)
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Fig. 7. Same as Fig. 6 but an alternate trajectory that has a start poinEabsgitude and 53N latitude. The top two panels illustrate the
temperature angvc history.

the albedo plot). One minor draw back to estimating the op- dr /27 Ar 2Ar2 ©)

tical properties § and A) using the parameterizeds, and
Npara is that the particle size distributiod §/ /dr) must be  An error is introduced by using, (area-weighted parame-
assumed. From an analysis of the patrticle size distributionsgerized radius) instead of a number weighted mean radius to
that come out of the detailed CARMA simulations and using calculate backscatter and albedo. To minimize this error, an
the width as a tuning parameter we determined that a Gausestimated mean radius is calculated as a functiogsofrom
sian distribution (Eq. 6) with a 12 nm width\¢) recreates the ensemble of CARMA simulations. Using linear regres-
the “true” optical properties. sion we calculatedyeai=0.9037reff —3.18 nm, and use it in

the calculation in Eq.Q).

(contour lines in the backscatter plot and dashed blue line irdN _ Npara (_ (r— (rmeaﬂ)2>
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Fig. 8. Same as Fig. 7 but an alternate trajectory that has a start point¥tdngitude and 55N latitude.

Although the error in the estimateél and A might be  tion to measure vertical profiles of limb path atmospheric
large at any specific timestep, the three trajectory examplegransmission (Hervig et al., 2009). Their measurement tech-
demonstrate that the time history can be adequately recreatedque allows for the first reported independent concurrent
using the parameterized effective radius and number densityaltitude profiles of PMC effective radiusywc and temper-
This has the potential to be very useful in comparing a bulkature from a satellite. To validate the parameterization we
PMC parameterized GCCM to satellite PMC radiance mea-use all the combinations of,, iwc, and T above 79km

surements such as those taken on the AIM satellite. for SOFIE’s 2007 northern hemisphere season (Data Version
1.022d), similar to that described in Sect. 2, Fig. 3a for the
3.2 Comparison with AIM/SOFIE ensemble of CARMA simulations. Figure 9a illustrates the

surface plot of the relationship of these parameters as mea-
The Solar Occultation for Ice Experiment (SOFIE) on the Sured from SOFIE. While the absolute values are slightly
AIM satellite uses the technique of satellite solar occulta-different (SOFIE temperatures are slightly warmer amd
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Fig. 9. Surface plot of SOFIE data showing the relationship betwiegwc and effective radius.

slightly less than the CARMA values shown in Fig. 3) the re- 1.0
lationship between the variables is very similar to that deter- I
mined by the CARMA simulations. Figure 9a, like Fig. 3a, o8l
illustrates that for a giveiwc, effective radius increases with I
increasing temperature. Figure 9b shows the standard de—>
viation of SOFIE effective radius. It has the same general £ -]
shape as Fig. 3b, where the particles are very small with 3
not much variation at the cold extreme temperatures. Theg 0.4
particles are bigger and mixed at the warmer temperatures
with a standard deviation around 15-20nm. Since SOFIE ook L_ﬂ ]
data is obtained from concurrent altitude profiles of temper- ' I 1
ature,iwc and effective radius, the inherent relationship of 0.0 ]
the k_)ackground _temperature to the effective radius distribu- o 20 20 50 50 100 120
tion is upheld. Figure 9 demonstrates that the compact rela- Effective Radius (nm)
tionship between these variables is observed in SOFIE PMC
measurements and validates the parameterization. Althoughig. 10. Histogram of effective radius from recent satellite and
not shown here, all four available seasons of SOFIE data (NHyround-based measurements compared to particle distribution used
and SH 2007, NH and SH 2008) were analyzed. All seasonso define parameterization. SOFIE NH 2007 measurements are de-
demonstrated the same stable relationship as that illustrategicted by the red line and ALOMAR lidar observations are depicted
in Fig. 9. by the green line.

We compare the effective radius particle distribution cal-
culated from the CARMA simulations to the effective ra-
dius particle distribution measured from SOFIE to further the distributions above 40 nm. In this particle size region, ob-
validate the modeled distribution. In addition we compare servational techniques have the least error in measuring PMC
to the effective radius distribution measured from a lidar atparticle size. Below 40 nm, the distributions slightly diverge.
ALOMAR. Figure 10 illustrates the comparison. The black At the smallest particle range CARMA predicts that most of
and blue curves are identical to those shown in Fig. 5 forthe particles lie in the 10-30 nm range, while the SOFIE and
CARMA. The red curve shows the distribution of SOFIE ALOMAR distributions drop off (Hervig et al., 2009). This
effective radius at all altitudes for the whole 2007 northernis not surprising since the CARMA distribution is not lim-
hemisphere season. All effective radii above 79 km are usedted by an observing technique and it is in this particle size
as advised in Hervig et al. (2009). The green curve shows theange that observations are the least sensitive to the true par-
effective radii measured from the ALOMAR lidar (68l) ticle size. Although SOFIE and the lidar measures particles
during the 2007 summer season (Baumgarten et al., 200&s small as 10 nm, they can rarely detect the most tenuous
Hervig et al., 2009). At first glance, the distributions might clouds, which helps explain the absences of large numbers of
appear dissimilar, however there is excellent agreement ofmall particles. It is important to also note that particle size

CARMA

lﬂ Parameterized _
il
K
]l

SOFIE ]
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5 E waco Camvn. " 3 empirical relationship described in this paper, could be the
. E WACCM-PMC 1996 /\ basis of a PMC bulk parameterization. For example, one
E WACCM-PMC 1997 can take a simple approach whereby a very small percent-

2]
C E
§ 3E s 2007 o} M,QV\.O\ 3 age of the available water is converted to ice when the air
o F / ‘ becomes extremely super saturated. Another approach could
S 2F \ E be to calculate the dust distribution and use that as a limit
Q 3 E on the PMC formation rate. Yet another example could be
= //\ > to assume large sulphate particles as a source (Mills et al.,
OE : : 3 2005) and track their density to limit the initial ice forma-
-40  -20 0 20 40 60 tion. For our purposes we implemented the first nucleation
Days from Solstice approach into WACCM as a “bulk” nucleation parameteri-

zation and convert 0.001%/hour of background water vapor
Fig. 11. Total PMC ice mass versus day from solstice. The jntg ice when the saturation ratio exceeds 30.
red curve represents the total ice mass from one year of ; ; :
WACCM/CARMA at solar minimum conditions (Bardeen et al., When the saturation ratio exceeds B is created ba_lsed
2009). The purple, black, blue and green curves represent the tota] " the rate of background water vapor converted j[o Ic€. Al
ice mass from four different solar minimum years from WACCM- gach subsequent tllmestep, we calculate the effective ice par-
PMC. ticle radius feffp) using the locaiwc and background’, and
Eq. ). The parameterized effective radius is used to calcu-
late the sedimentation rate and the growth rat¢dr) of the
is only determined from SOFIE when the extinction chan- particle. The change in the ice magagowth) is defined by,
nel 8 (1.037um) is above the noise, which corresponds to
48% of the observations witd max>79km (Hervig et al.,  Ogrowth= Aicepice(37/01) @)
2009). Hervig et al. (2009) explains that ice mass density is
often identified in the IR measurementg3.064.m) when  where, Ajce is the total surface area of the particgse is
no signal appears at 1.0gM. This effect can limit the al-  the density of ice (0.93gcnd), ar/dt is the radius growth
titude range where particle sizes can be inferred, and mayate defined by Gadsden (1998) and Hesstvedt (1969). The
be preferential to the detection of largeg. This may help  growth rate depends on the saturation ratio, backgrdtind
explain the differing peaks of the distribution. Although, all and Psa (the pressure of water vapor over ice). The total
the distributions have slightly different peaks, the ensemblesurface areadce) of the ice particle is:
from CARMA seems to characterize the full range of ice par-
ticle size and agrees very well with the observations from theAice = Nparfm rgffp (8)
middle to largest particles sizes. Itis important that the larger
particles are estimated accurately in a global model, sincavhere the total number densitWgara is calculated using

these dominate the optical signal and contain most of the icé=q. @). Using the parameterized radiu@growtn modifies
mass. the iwc carried to the next time step. At the next time

step the process repeats itselfeffy is determined from the

iwc (determined from the previous time step) and lofal
4 Implementation in the WACCM Model and Qgrowth Modifies theiwc. This is a very cost effective

process since numerous particle size bins are not stored at
While the empirical formula that characterizes the relation-each time step, however the calculateg, are stored in the
ship betweeriwc, T andret can be used for a number of WACCM-PMC output files. WACCM-PMC model runs pro-
possible applications (i.e. estimatifgfrom satellite mea- vide PMC products such as ice mass, particle effective ra-
surements ofef andiwc), our purpose is to use it to in- dius, and ice number density on a global scale at any spec-
corporate a bulk PMC parameterization into WACCM to run ified time step. WACCM-PMC was run for 30 consecutive
decadal scale PMC simulations. While a detailed descripyears to study the PMC historical record. The results of
tion of how we incorporated the bulk parameterization into this study will be shown in a future publication. However,
WACCM (Marsh et al., 2007) is beyond the scope of this pa-to show the effectiveness of the parameterized PMC module
per, we briefly describe the process and show a comparisowe compare the total ice mass from?50C° N latitude over
to PMC data from the AIM satellite to illustrate its poten- a PMC season to that calculated using WACCM/CARMA
tial use. The version of WACCM used in this study has an(Fig. 11) (Bardeen et al., 2009). WACCM/CARMA is a
enhanced vertical resolution in the mesosphere-lower therversion of WACCM where CARMA is an incorporated sec-
mosphere region (grid spacing0.3km) and 2x2.5° hori- tional microphysics regime to calculate PMC properties. The
zontal resolution. We refer to this version as WACCM-PMC. two techniques represent independent methods of calculating

There are many ways one could implement a nucleationrPMC properties in a 3-D GCCM. The red curve in Fig. 11

process within a global model, which combined with the shows the total ice mass for a solar minimum year from a
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Fig. 12. PMC albedo at 265 nm wavelength in10-8str-1 albedo units. The left globe illustrates the WACCM PMC albedo for
21 June 2007 at 00:00 UT. The right globe shows the PMC albedo from the CIPS instrument at 12:00 local time 21 June 2007.

WACCM/CARMA simulation with similar gravity wave tun-  ized effective radius can be used to successfully estimate the
ings as WACCM-PMC. This curve is shown in Fig. 13 from optical properties of PMCs, and demonstrates the potential
Bardeen et al. (2009). The 4 other curves represent solar mimf a bulk PMC parameterization in a multi-dimension global
imum years from the 30-year WACCM-PMC run. Consider- climate model.

ing that WACCM is a free running model and that the PMC

properties are solved using different methods, the total ice )

mass agrees very well. This demonstrates that this approach Summary and conclusions

produces reasonably accurate PMC ice mass in comparison . . . .
to a bin-microphysics approach. The means of including a representation of PMC micro-

physics in a multidimensional global climate model without
From the PMC products in WACCM-PMC a cloud albedo using a Lagrangian or sectional microphysics code frame-
and frequency can be calculated to compare to satellite obsework has been developed. This bulk PMC parameterization
vations such as the Cloud Imaging and Particle Size (CIPSallows for theoretical ice cloud microphysics to be applied to
experiment on the AIM mission. An example of this type ice particles to simulate growth, sublimation and sedimenta-
of comparison is shown in Fig. 12. Figure 12a shows ation. This is accomplished by characterizing the relationship
global map of PMC albedo calculated from a daily snapshotof the PMC effective radius to the loc&l andiwc through
(00:00 UT) of a WACCM-PMC run. The cloud albedo is cal- an empirical formula. The relationship was characterized us-
culated using Egs. (4), (5) and (6) at a scattering angle ©f 90ing an ensemble of 1-D CARMA simulations forced by tem-
at 265 nm. In comparison, Fig. 12b shows the detected PM@erature histories produced from the WACCM model. The
albedo, the ratio of atmospheric radiance to solar irradiancempirical formula is stable and is able to describe the funda-
in units of 1x10-8sr1 at 90 scattering angle, from one day mental characteristics of PMC particle growth and evolution
of CIPS data at 1200 local time (Bailey et al., 2009; McClin- in terms ofT andiwc, without keeping track of the time his-
tock et al., 2009; Rusch et al., 2009). It is noted that the lati-tory of each ice particle or particle size bin. By adequately
tude range in Fig. 12a and b are different. Because the CIP8stimating the altitude distribution of effective radius at each
signal is dominated by the background Rayleigh scatteringgrid point, it allows for an estimate of the observed optical
at latitudes below 65 detecting PMCs below this latitude is properties of PMCs to be compared to satellite and ground-
difficult (Bailey et al. 2009). Therefore the latitude range based measurements. The proposed bulk parameterization
only extends to 6Dlatitude in Fig. 12b. The albedo calcu- that includes a parameterization % has the potential to
lated from WACCM-PMC (Fig. 12a) shows cloud detections be used in any multi-dimensional climate model to investi-
well below 65 latitude because CIPS detection biases aregate the drivers of PMC global variability without extensive
not incorporated into the model albedo calculation. Sincecomputational costs. The empirical formula has the potential
WACCM-PMC is a free running model the daily snapshot to be a very powerful tool in helping to characterize satellite
shown will indeed be different; however the global distribu- and ground based observations of PMCs.
tion of PMC occurrence and albedo match considerably well PMC modeling studies that include a Lagrangian work
(above 68 latitude), giving confidence in the parameteriza- frame such as the COMMA model (Berger andhbken,
tion approach. In addition, this figure shows that a parameter2006; Lilbken and Berger, 2007) show that PMC patrticles
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