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Abstract. Uptake and removal of soluble trace gases andl Introduction
aerosols by precipitation represents a major uncertainty in
the processes that control the vertical distribution of atmo-We describe a new treatment for large-scale precipitation
spheric trace species. Model representations of precipitatiogcavenging that was developed with a focus on improving
scavenging vary greatly in their complexity, and most are di-two aspects of the parameterization: (1) the overlap be-
vorced from the physics of precipitation formation and trans-tween cloud condensate and precipitation, which determines
formation. Here, we describe a new large-scale precipitathe partitioning between in-cloud and below-cloud scaveng-
tion scavenging algorithm, developed for the UCI chemistry-ing and (2) the scavenging of soluble gases, in particular
transport model (UCI-CTM), that represents a step towardHNOgs, by frozen precipitation. Together, these processes
a more physical treatment of scavenging through improve-constitute the largest inter-model differences in the represen-
ments in the formulation of the removal in sub-gridscale tation of gas phase precipitation scavenging in modern global
cloudy and ambient environments and their overlap withinchemistry-transport models (CTMs).
the column as well as ice phase uptake of soluble species. Recent research has highlighted the importance of ac-
The UCI algorithm doubles the lifetime of HNGn the up-  counting for processes that are only partially resolved on
per troposphere relative to a scheme with commonly usedhe modeled grid scales, specifically, the effects of fractional
fractional cloud cover assumptions and ice uptake detercloud cover on radiative heating rates (e.g. Collins, 2001),
mined by Henry’s Law and provides better agreement withcloud and precipitation microphysics (Jakob and Klein, 1999
HNOs observations. We find that the process of ice phaseand 2000), and photolysis rates (Neu et al., 2007). With
scavenging of HN@ s a critical component of the tropo- Scavenging, as with microphysics, the ambiguity of interpret-
spheric @ budget, but that NQand G mixing ratios are  ing the overlap of fractional clouds in successive layers is
relatively insensitive to large differences in the removal rate.complicated by the fact that the precipitating volume of the
Ozone abundances are much more sensitive to the lifetimgrid box is not necessarily the same as the local cloud vol-
of HNOy, highlighting the need for better understanding of ume. Furthermore, microphysical processes controlling the
its interactions with ice and for additional observational con- uptake of gases and aerosols by precipitation (and hence their
straints. rate of scavenging and removal from the atmosphere) differ
within clouds where precipitation originates and/or accretes
condensed water as it falls, and clear air where evaporation
occurs. Most precipitation scavenging schemes differentiate
between the cloud fraction and the precipitating fraction in
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some way, but here we define these volumes and their assocémall fraction of the grid box and is tied to the convective cu-
ated microphysical processes consistently based on a verticahulus mass fluxes. We do not address scavenging by cloud
overlap model in which cloudy layers connected by precip-ice sedimentation or convective precipitation here.
itation are maximally overlapped. We use this model to as- Despite the immense complexity of the microphysics in-
sess the importance of vertical cloud structure in scavengingolved in the formation, growth, and evaporation of precipi-
by large-scale precipitation. The development of this cloudtation, scavenging is usually modeled as a simple, first-order
treatment provides a paradigm for scavenging in global-scaléoss process of the speci&s(kg) in a model grid box, such
models that can be tested against cloud-resolving models. that dX/dr = —AscavX, Whereiscay is a loss frequency
Precipitation scavenging of HN{s the primary removal ~ (s™1). Over a time step\s, the amount of tracer scavenged
mechanism for reactive nitrogen in the atmosphere. Obseris Xscay = X, Fscav(1—exp(—iscavAt)), whereFscay is
vations from recent aircraft campaigns have confirmed labothe fraction of the grid box subject to scavenging (e.g. in a
ratory studies indicating HNQuptake by cloud ice (Zondlo cloud or under precipitation) (Rasch et al., 2000). In most
et al., 1997; Abbatt, 1997; Ullerstam et al., 2005; Kondo etCTMs, the loss frequency for in-cloud scavenging depends
al., 2003; Voigt et al., 2006, 2007; Popp et al., 2007; Scheuepn the amount of cloud condensate, the partitioning of trace
et al., 2010); thus frozen precipitation may play an impor- species between gas and condensed water, and the increase in
tant role in modulating @ production by lightning or air- the precipitation rate (i.e. “new” precipitation) in each layer
craft sources of NQin the upper troposphere. While there L (AP (L), kgm2s~1). The loss rate for below-cloud scav-
are clear differences in the interaction of gas-phase speciesnging depends on the precipitation rate for hydrometeors
with ice and liquid water, most models that include scav-falling through the bottom of the layerP(L)) and either
enging by frozen precipitation do not make any distinction the tracer uptake by the liquid/ice phase or a washout coeffi-
between cold and warm clouds. Exceptions include a ver<ient that depends on the mass-transfer rate (for highly solu-
sion of the CSIRO climate model described by Rotstayn andole gases and small aerosols) or the collision rate (for larger
Lohmann (2002), which explicitly models snow scaveng- aerosols). Usuallyn P and P(L) are grid-box-average val-
ing of sulfur species via impaction and accretion of liquid ues rather than rates within the precipitating region. Precip-
droplets, and a version of MATCH-MPIC described in von itation rates and cloud water content are taken directly from
Kuhlman and Lawrence (2006), which represents the equilibthe underlying meteorological data sets. Since most meteo-
rium uptake of HNQ on ice according to dissociative Lang- rological models parameterizeP as a combination of auto-
muir theory (Abbatt, 1997; Tabazedeh et al., 1999). Hereconversion and accretion processes, in-cloud scavenging im-
we calculate the partitioning of HN{into cloud ice as a  plicitly combines the two processes.
function of temperature based on a burial model, in which The fraction of soluble tracers dissolved in cloud conden-
HNO; is deposited on ice crystal surfaces along with watersate is generally calculated using Henry’s Law. Most models
vapor and is effectively buried as the crystals grovaither  use effective Henry's Law coefficients that account for the
and Basko, 2004; Ullerstam and Abbatt, 200%réher and  change in solubility with temperature and the dissociation of
Voigt, 2006). We assume that new precipitation forms from species in the aqueous phase. The scavenging sub-model of
aggregation of these HNf=xontaining ice crystals, which the ECHAM-MESSy model (Tost et al., 2006) calculates full
are in equilibrium with conditions where they originate, and aqueous phase chemistry in cloud droplets to allow for feed-
then calculate additional uptake of ice and HINEY riming backs between cloud water pH and solubility. Comparison

as the precipitation falls. between a model that assumes a fixed pH of rainwater and
one using extensive modeling of aqueous phase chemistry
1.1 Scavenging processes finds little difference for species with reversible chemistry in

the liquid phase like HN@(Tost et al., 2007).
Most global CTMs treat scavenging by large-scale precipi-
tation as a combination of two processes: (1) in-cloud, orl.2 Overlap
nucleation scavenging (rainout), which is the local uptake of
soluble gases and aerosols by the formation of initial cloudThe fraction of the grid box in layef. exposed to in-cloud
droplets and their conversion to precipitation; and (2) below-scavenging,Fscav(L), varies greatly between models: it
cloud, or impaction scavenging (washout), which is the col-may be taken as a constant, set equal to the local cloud frac-
lection of soluble species from the interstitial air by falling tion, CF(L), or calculated solely from the increase in pre-
hydrometeors. In addition to precipitation from large-scale Cipitation rate, A P(L), making assumptions about the re-
clouds, some models include gravitational settling of cirruslationship between clouds and rain formation. In the lat-
cloud particles and the gases trapped in them (Lawrence angr case Fscay = AP(L)/ (k- (iwc+Iwc)AZ), wherek is
Crutzen, 1998; hereafter LC98). Small-scale, convective prethe rate of conversion of cloud water to precipitation'(s
cipitation is also effective in scavenging soluble gases, particiwc and lwc are the condensed ice and liquid water con-
ularly from convective updrafts (e.g. Balkanski et al., 1993; tent (kgnT3) in the cloud, andAZ is the layer thickness
Mari et al., 2000). Typically, this precipitation occurs over a (Giorgi and Chameides, 1986). For stratiform precipitation,
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k is usually calculated from the precipitation rate and con- HNO3 Loss Frequency - UCI vs GMI

densed liquid water content, assuming a minimum value of L L B

1x 10~4s™! (Giorgi and Chameides, 1986). Some models

use the local value of'scay, While others use the largest - RAINOUT

value of Fscay from the overhead cloud layers. For highly 15

soluble speciediscay is a critical parameter since, except at

very low rain rates, it limits the amount of tracer that can

be removed each time-step (Balkanski et al., 1993). The= | _— gﬁ,.'.

value of Fscay for below-cloud scavenging generally de- X<

pends on the overhead precipitating fraction, but the process3

may be limited to cloudy layers with decreasing precipitation 2

or even cloud-free layers with precipitation falling through. ji

Rotstayn and Lohmann (2002) compare the scavenging ofa.

sulfur species in the CSIRO climate model, which uses ran-

dom overlap of cloudy layers with below-cloud scavenging

in the clear portion of cloudy layers, to the ECHAM4 model 5

it is based on, which has below-cloud scavenging in cloud-

free layers only. They find differences of almost 30 % in the

sulfate burden between the two models, most of which can be

attributed to the greater efficiency of below-cloud scavenging

in the CSIRO model. 0 Lt ;
Given the sensitivity to the scavenging fraction, we expect -100 -50

removal rates to depend strongly on the overlap between pre- %/Day HNO3

cipitating regions and cloudy regions within a model verti-

cal column. Jakob and Klein (1999 and 2000 — hereafterFig. 1. Profile of globally-averaged HNg loss frequency

JK99 and JK00) showed the importance of cloud overlap as(% day ") for removal by each scavenging process: rainout (red),

sumptions for parameterization of cloud microphysics in the@ccretion (orange), washout (blue), and release via evaporation

ECMWF model. JK99 used maximum-random overlap as_(green). ucCl §|mulat|on is shown with solid lines, GMI simulation

sumptions to divide each grid box into a large number ofWIth dashed lines.

different, sub-grid vertical cloud profiles, solved the micro-

physics in each profile separately (allowing for separation ofgration of new precipitation (autoconversion), which occurs
processes inside clouds, where collision and aggregation oghroughout the cloud fraction, from accretion, which occurs
cur, and outside clouds, where evaporation occurs), and avnly in the portion of the cloud with precipitation overhead.
eraged them to determine grid-mean precipitation and latenfn ambient air, we assume a constant rate of evaporation.
heating/moistening rates. They showed large differences ingaptation of the scheme for models that have a more de-
precipitation and evaporation compared to calculating meangjled description of the hydrological cycle is discussed in
values for the whole grid box. JKOO showed that a simplerggct. 6.
treatment, in which the precipitation flux in each layer is di-  gor gur tests, we use the ECMWF forecast fields (orig-
vided into cloudy and clear sky portions with mean values forinally 0.5°) averaged to T42 horizontal resolutionZ.8).
precipitation generation and evaporation, respectively, cafrpere s a great deal of vertical variability in the ECMWF
reproduce most of the features of the more complex JK9%oyd fraction, particularly in the tropics, even at T42, but at
scheme, at much less computational cost. _ this scale there is much sub-grid cloud structure that must be
We implement a cloud-overlap scheme similar to JKOO injnferred from the mean cloud fractions. We compare our re-
the UCI CTM using ECMWF meteorological data and eval- gits to those of a standard scavenging formulation based on
uate the impact on the scavenging of highly soluble speciesie Global Modeling Initiative (GMI) CTM (Liu et al., 2007;
The overlap scheme is described in detail in the Appendixpyncan et al., 2007) and find large differences in the tropics

and shown schematically in Fig. AL. We assume maximumyg, highly soluble species such as®, HNOs, and HNQ.
overlap of clouds in connected precipitating layers, which

closely follows JKOO based on their Fig. 1. The UCI model, 1.3 Uptake by ice and removal by frozen precipitation

like many CTMs, does not have an internal hydrological cy-

cle and the ECMWF fields used here provide only cloud frac-Many gases that are soluble in cloud or rain drops are insolu-
tion, gridbox-average precipitation rates and cloud/ice wateible in ice because they tend to be expelled as water freezes or
content. Given these inputs, we explicitly calculate the gen-to desorb from the ice surface rather than be incorporated into
eration, growth, and evaporation of precipitation from the topice crystals that are growing by vapor deposition. Strongly
of the column to the surface. In clouds, we separate the gendissociating acids such as HN@nd HSO; seem to be

WASHOUT
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exceptions, likely because they can remain in small, unfrozerpirical fit to the data, and show that the efficiency increases
pockets in the ice hydrometeor or stick to the ice surfacewith decreasing temperature because of long surface resi-
during vapor deposition so that they are buried in successivelence times. At warmer temperatures, HNé3capes from
growth layers (Karcher and Basko, 2004; Ullerstam and Ab- the surface rapidly and trapping is less efficient despite faster
batt, 2005; Karcher and Voigt, 2006). There is some evidenceice growth rates.
that HbO, may be incorporated in ice (Iribane and Pyshnov, We use the KVO06 fit to the aircraft measurements, which
1990; Conklin et al., 1993; Stuart and Jacobsen, 2003, 2004)ives the HNQ:H,O molar ratio in ice as a function of tem-
but the amount dissolved seems to depend strongly on the dgyerature, to determine the partitioning of Hiliito cloud
tails of the freezing process (Mari et al., 2000; Stuart and Jaice. We assume that “snow” (frozen precipitatioB, >
cobson, 2003, 2004; Salzmann et al., 2007). For most ranges00 um) initially forms through aggregation of these HNO
of pH in liquid cloud and rain water, HNis almost en-  containing ice crystals and irreversibly removes HN@mM
tirely in the condensed phase in equilibrium. While Henry’s the grid box as it falls. We also model the growth of snow by
Law can be used to calculate liquid uptake, applying an ef-accretion of solute-containing cloud ice in the layers below.
fective Henry’s Law to ice uptake results in excessive precip-We find that this ice treatment increases HiN&bundances
itation scavenging and unrealistically low HN¥@bundances in the upper troposphere by 100-300 % compared to assum-
in the upper troposphere (Lawrence et al., 1999). On thdang Henry’s Law for ice.
other hand, neglecting rainout by frozen hydrometeors or as-
suming removal only via washout results in excessively large
abundances (Hauglustaine et al., 1998; Mickley et al., 19992 The UCI scavenging treatment
Lawrence et al., 1999; Bey et al., 2001). This has led to the
use of arbitrary retention coefficients to reduce the Henry’sOur new scavenging algorithm is described in detail in the
Law uptake by ice compared to that of liquid water based onAppendix. We determinéscay for each removal process
the assumption that only some of the gas is retained durindrainout, accretion, and washout), by dividing the precipi-
freezing (Conklin and Bales, 1993; Crutzen and Lawrence fating fraction of each level wittP (L) > 0O (i.e. with pre-
2000). The concept of retention, however, implies ice createdtipitation falling out the bottom of the layer) into as many
by freezing of supercooled liquid and is likely not applicable as three subgrid fractions: Mixed Cloud (MC), New Cloud
to regions below~240K (above 10 km), where ice crystals (NC), and Ambient (AM), each with a gridbox fraction, pre-
tend to form via vapor deposition on existing crystals. cipitation rate, and precipitation diameter. MC is the por-
Von Kuhlman and Lawrence (2006) represented the equition of the gridbox with precipitation from overhead falling
librium uptake of HNQ on cirrus particles according to through cloud (and thus it may contain a mixture of precip-
dissociative Langmuir theory, with uptake limited to a thin itation from above and precipitation generated in the layer),
surface layer as indicated by laboratory studies from Ab-NC is the cloudy portion of the gridbox with no precipitation
batt (1997) and Tabazedeh et al. (1999). This increasesverhead (which may contain new precipitation generated in
HNOs abundances in the upper troposphere by about 2/3he layer), and AM is the portion of the gridbox with precip-
compared to using Henry's Law with the coefficient reduceditation from overhead falling through clear sky. The remain-
by 99.5 % to account for low retention in ice (von Kuhimann der of the gridbox, CS, is clear sky, with no cloud and no
and Lawrence, 2006). However, several recent studies haverecipitation.
shown that surface adsorption models are inadequate for Our rainout represents new precipitation formation only
growing ice particles experiencing a wide range of satura-(i.e. autoconversion), which occurs via aggregation of ice
tions (Karcher and Basko, 2004; Ullerstam and Abbatt, 2005;crystals to form snow and collision/coalescence of cloud
Karcher and Voigt, 2006). &cher and Basko (2004) devel- droplets to form rain. Trace gas removal by new precipita-
oped a trapping model that accounts for gas-ice interactionsion formation depends on the fraction of tracer in the con-
in a dynamic, non-steady-state ambient environment. Ac-densed phase and the rate of conversion of cloud ice/water to
cording to this model, trace species deposit on the surfacerecipitation. Our below-cloud scavenging by falling pre-
along with water vapor and are buried as ice crystals grow, asgipitation includes both accretion (collection of cloud ice
long as the rate of desorption is slower than the growth rateand liquid water), and washout, which includes removal of
of the ice crystals. For rapidly growing crystals, all available gases and aerosols from the interstitial air in clouds and am-
gas is buried in the bulk. As the growth rate goes to zero, thebient air outside of clouds. We model the accretion pro-
surface adsorption limit (i.e. Langmuir theory) is reached.cess explicitly within the subroutine, and trace gas removal
Karcher and Voigt (2006, hereafter KV06) demonstrate thatby accretion is assumed to be proportional to the amount of
the burial model successfully reproduces the observed molacondensed water accreted. Washout of highly soluble gases
ratio of HNGs to H,O on ice crystals as a function of tem- by rain in ambient air is modeled as an impact scavenging
perature for a large number of aircraft campaigns spanningrocess, while scavenging of moderately soluble gases from
a wide variety of meteorological conditions. They provide the ambient air is limited by Henry’s Law equilibrium with
a best estimate of the trapping efficiency based on an emthe falling precipitation. We assume that new precipitation
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Table 1. Ice uptake and cloud overlap assumptions used for the primary set of simulations described in Sect. 3.

HNOj3 Ice Uptake HO, Ice Uptake HNQ Ice Uptake Cloud Overlap
None KV06 HLaw None LC98 HLaw None KV06 HLaw UCl GMI
ucCl v v v v
UCI-HLAW v v v v
UCI-NOICE v v v v
GMI v v v v
UCI-H202 v v v v
GMI-H202 v v v v
UCI-HNO4 v v v v
GMI-HNO4 v v v v

is formed homogenously throughout the local cloud frac-al., 2008), and we use pieced-forecast meteorological fields
tion (MC + NC), so thatFscay = CF, while accretion occurs for the year 2000 from the ECMWF Integrated Forecast Sys-
only in the MC fraction of the gridbox. Washout of gases tem model. The simulations discussed below were run for
from interstitial and ambient air takes place in the MC and two repeating years, with the first year discarded as a spin-up
AM fractions. We assume a constant rate of evaporation irperiod. Results are shown for July unless otherwise noted.
AM, which releases gases to the environment along with anyin our primary set of simulations (Table 1), we examine the
large-scale evaporatio®®(L) < P(L —1)). sensitivity of the tropospheric{budget to cloud overlap as-
For pure ice cloudsT{ < 240K) and mixed phase clouds sumptions and the treatment of HY®,0,, and HNQ up-

at temperatures 240K T < 258K, we use KV06 to de- take onice. We also present parallel simulations that test the
termine the partitioning into cloud ice. At these temper- sensitivity of the new UCI scavenging formulation to a range
atures, we assume that the Bergeron-Findeisen mechanisaf parameters.
results in the growth of ice crystals by vapor deposition Version UCI denotes our new formulation with the cloud
at the expense of cloud water droplets. At temperatureverlap scheme described in the Appendix and ice uptake
above 240K, trapping during ice crystal growth is very in- limited to HNO; only and calculated according the KV06
efficient because of surface kinetics gt€her and Voigt, relationship. To separate the effects of overlap from those
2006). Thus, we expect there to be very little uptake of of ice scavenging, we also include version UCI-HLAW, in
HNOs3 between 240K and 258 K. For mixed phase cloudswhich we use the UCI cloud overlap but ice uptake of HNO
with 258 K< T < 273K, we use Henry's Law equilibrium is calculated as for Henry's Law over liquid water. Version
with HmixHNno; = 0.5 Hino, Where Hyno, is the Henry's  UCI-NOICE includes the cloud overlap for liquid precipi-
Law constant for HN@ (moll~*atm™t). We assume that tation but has no scavenging by frozen precipitation. Our
condensate in this region includes ice and supercooled liquidJCI-HLAW and UCI-NOICE simulations thus span the en-
water, and the value of 08yno, was chosen to represent a tire range of likely ice-phase removal rates for H@om
mid-point betweerflyno, and the value for ice used by von a maximum uptake scenario using Henry’s Law to a mini-
Kuhlman, et al. (2003) of- 0.005HHno, based on Conklin - mum with zero uptake. Version UCI-EVAP5 uses a mini-
et al. (1993). Given the high solubility of HNfDthe uptake  mum evaporation rate of 5 % km as opposed to 25 % knk
is essentially complete. Fdf > 273K, we assume that all for the control simulations, thus decreasing the fraction of in-
precipitation is converted to rain. Soluble gases are taken ugloud precipitation and therefore the implied new precipita-
by the liquid phase according to Henry’s Law equilibrium, tion formation in each layer. In the year 2000 ECMWF me-
with highly soluble gases and aerosols fully dissolved in theteorological fields used here, the precipitation was stored as
agueous phase. the sum of the convective and large-scale components, which

overestimates the large-scale precipitation by as much as a

factor of two in the tropics (M. Gauss, personal communi-
3 Simulations cation, 2008). Thus we include version UCI-HALFRAIN,

in which the precipitation rate is reduced by half as an es-
The simulations described here are performed with the UClkimate of the scavenging rate for large-scale precipitation
CTMrun at T42 (~ 2.8 x 2.8°) horizontal resolution with 37  only. Most of the UCI simulations use 1990s emissions
vertical levels from the surface to 10 hPa. The CTM includesinventories, including the EDGAR 2.0 database (Olivier et
30 chemical species and a simplified hydrocarbon oxidatioral., 1996) for NQ, CO, and hydrocarbons. Version UCI-
scheme for tropospheric chemistry (Wild et al., 2003; Neu etQUANTIFY adopts the new emissions used by the European
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Union QUANTIFY program (Hoor et al., 2009), which in- ing a co-condensation uptake mechanism, Mari et al. (2000)

clude updated EDGAR emissions and detailed inventoriedound that inefficient scavenging of28, by ice may ex-

for the road, shipping, and air traffic transport sectors. Thereplain observations of enhance@d®b in convective outflow.

is a small net increase-(L4 %) in surface N@ emissions, LC98, on the other hand, used a more efficient temperature-

while aircraft NG, emissions are scaled to be the same as independent ice partitioning based on the laboratory studies of

the standard UCI simulations. However, the spatial distribu-Conklin et al. (1993) and found significant removal of®

tion of NOy sources is significantly different than in the UCI from the upper troposphere via cirrus gravitational settling.

simulation. The UCI-QUANTIFY simulation thus allows us Version UCI-H202 uses the LC98)8); ice uptake formula-

to examine the importance of the relationship between theion in addition to the KV06 HN@ice uptake to examine the

spatial patterns of N@sources and the spatial patterns of re- influence of HBO, removal on the HQ budget of the upper

moval for determining HN@abundances in remote regions. troposphere, with LC98 likely representing a maximum up-
To compare our new scavenging formulation with a “stan-take scenario. Version GMI-H202 uses Henry’s Law uptake

dard” formulation, we adapt the algorithm used by the GMI over water for both liquid and ice for HNand HOo.

model (Considine et al., 2005), which is based on Liu et Photochemical cycling between N@nd HNQ, in the up-

al. (2001). The only difference is that while the GMI model per troposphere is more rapid than that between; ld@d

uses the Giorgi and Chameides (1986) expression (Sect. 1.2JNOs, and hence removal of HNQria frozen precipitation

for the precipitating fraction of the grid box, here we assumescavenging has the potential to significantly affect the upper

that precipitation is formed throughout the cloud fraction for tropospheric N@Q budget. There is some evidence from lab-

consistency with the UCI scavenging scheme. The simulaoratory experiments that HNOmay adsorb on snow or ice

tions labeled “GMI” here are not run with the full GMI CTM,  surfaces (Li et al., 1996; Bartels-Rausch et al., 2008), pre-

but with the UCI CTM using the GMI algorithm. Liquid senting the possibility that it may be scavenged by precip-

and ice uptake are both determined as a function of temperitation in the upper troposphere. Versions UCI-HNO4 and

ature using the effective Henry’s Law coefficient for liqguid GMI-HNOA4, include scavenging of both HNGaind HNGQ,

water. Species are removed via rainout, as described in Apwith frozen precipitation. Since HNfuptake coefficients

pendix A3.1, when the precipitation rate increases within ahave not been established for upper tropospheric conditions,

layer (P(L) > P(L+1):pnew= AP(L)). Overhead precip- we use the HN@H,O molar ratio from KV06 with the ap-

itation is assumed to extend the fractional area of the gridboxpropriate molecular weight for HNOto determine the ice

experiencing rainout, so thakcay is given by the maximum  uptake in UCI-HNO4. GMI-HNO4 uses Henry's Law up-

value of CF in the precipitating levels at and above level  take for both ice and liquid water. With few HN@neasure-

and the dissolved fraction of tracerds) is determined rel- ments to constrain our results, these simulations serve only

ative to the tracer mass ifiscay. Where precipitation re-  as a sensitivity study of the importance of HN€cavenging

mains constant or decreases in laye(P (L) < P(L+1)), by ice.

tracers are removed via washout and there may be release

of tracers scavenged from layers above in proportion to the

evaporation. As for rainoutt'scay for washout is given by 4 Results

the maximumCF of the precipitating levels above. The be-

low cloud scavenging is based on Balkanski et al. (1993)4.1 HNO;z; scavenging

and follows the description in Appendix A3.3 for moder-

ately soluble gases. For highly soluble gases and aerosolg.1.1 HNGO; scavenging lifetimes

the loss rate is given by (1 x 10%- P/ pwFscay) At where

k' is a washout loss rate constant of 0.1mn{Dana and  Global mean profiles of the loss frequency due to large-scale

Hales, 1976; Levine and Schwartz, 1982y, is the density  precipitation scavenging for each process (rainout, accretion,

of liquid water, and X 10° is the conversion factor from m washout, and evaporation) in UCI and GMI are shown in

to mm. Version GMI-HALFRAIN, like the UCI version de- Fig. 1. Convective precipitation scavenging occurs in these

fined above, reduces the precipitation rate by half. simulations, but only applies to the updraft fluxes, effectively
In addition to HNQ@, we also examine the sensitivity of reducing the source of HN§Jrom convection rather than re-

Os to ice scavenging of peroxide §B,) and pernitric acid  moving ambient HN@. Rainout is clearly much more ef-

(HNOg). H202 is a source of OH and Hf)and thus the up- ficient than washout at all levels, in agreement with previ-

per tropospheric ®@budget is sensitive to vertical transport ous studies (e.g. Alheit et al., 1990; Berge, 1993; Liu et al.,

of HyO,. H20: is highly soluble in water, but its solubility 2001). The minimum in rainout near 7 km in UCl is a result

in ice seems to depend strongly on the details of the freezingf inefficient uptake by ice at warm temperatures. Accretion

process (Stuart and Jacobson, 2003, 2004). Estimates for thdie to riming of frozen precipitation accounts for very little

retention coefficient in laboratory studies range from near-removal of HNQ, but accretion by liquid precipitation below

zero to one (Iribarne and Pyshnov, 1990; Snider et al., 19924 km is responsible for25 % of the total removal in UCI.

Snider and Huang, 1998; Stuart and Jacobson, 2004). UssMI only has rainout and washout removal processes, and
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does not partition a portion of the increase in precipitationdance, uncertainties in emissions (Sect. 4.4), and uncertain-
rate in a layer into accretion. However, the GMI rainout lossties in the measurements, this set of aircraft profiles does
frequency is approximately equal to the net loss frequencynot definitively distinguish between the UCI and GMI scav-
due to both rainout and accretion in UCI below 4 km. The enging representations. However, UCI-NOICE gives much
release of HN@ by evaporating precipitation is plotted as larger HNG; concentrations than both UCI and GMI in many
a negative loss frequency in Fig. 1. The evaporation rate ixases and it is clear that the case of no removal by frozen
comparable but opposite in sign to the loss rate by accretiomrecipitation is clearly not well-represented by the measure-
in UCI, but is notably less than the loss rate due to rainoutments. This result is in disagreement with von Kuhiman
except near the surface in both versions. Evaporation proand Lawrence (2006), who found much smaller differences
vides an important recycling of scavenged Hj\@xtending  (50—70 %) in HNQ between simulations with no ice uptake
its residence time in the atmosphere but moving it to lowerand simulations with either Langmuir or Henry's Law up-
altitudes. take (i.e. the uptake spanned a range similar to our versions
The mean scavenging lifetime for HNGn a given layer ~ UCI-NOICE to GMI). It is impossible to identify the cause
(1 to 5 days from Fig. 1) is much shorter than the lifetime of such discrepancies from the published literature alone,
for photochemical destruction (about 1 month). Hence itsbut it seems likely that their minimal lightning NGsource
steady-state abundance in the free troposphere is a balanoé 2 TgNyr—1 (compared to our 5 TgNy*) would in our
between its sources (primarily conversion of Nénissions  model reduce the HN®abundances by more than a factor
to HNO3) and large-scale precipitation scavenging. In theof 2, resulting in a lower sensitivity to ice phase scavenging.
tropical upper troposphere (not shown), the lifetime of HNO  One difficulty of comparing model results to a gridded air-
is about 2.5 days in UCI and 1 day in GMI. For comparison, craft climatology is the issue of representativeness, particu-
the turnover time in the tropical upper troposphere from thelarly for short-lived species such as HYJ-or example, the
UCI-NOICE simulation is 2 weeks. If NQsources in this  UCI simulation tends to systematically underestimate HNO
region are reasonably well-constrained, then observations dfom the PEM-Tropics A and B aircraft campaigns, except
HNOg3 should in theory clearly identify the best model for ice near Easter Island, while UCI-NOICE tends to provide bet-

uptake. ter agreement with the measurements from the PEM-Tropics
campaigns than in other regions. However, the measure-
4.1.2 Comparison to observed HN@ ments appear to be sensitive to the filtering and averaging

applied. Figure 2w shows an average of all of the South Pa-

Figure 2 shows a comparison between our model results fogific (Tahiti, Easter Island, Fiji, and a subset of Christmas Is-
UCI, GMI, and UCI-NOICE and the HN®measurements |and flights) measurements from PEM-Tropics B taken from
from an extensive set of aircraft campaigns covering a va-Staudt et al. (2003). The details of the averaging process
riety of locations and seasons (Emmons et al., 200  were not given, but it is clear that the HN@rofiles show
Ilwww.acd.ucar.edu/gctm/dateéBtaudt et al., 2003). Obser- considerably lower abundances than the simple mean of the
vations have been binned &t65° x 1 km resolution and av-  values for the individual regions (note difference in scale in
eraged over each campaign region. Asterisks represent meaRe plots). HNQ from the UCI simulation agrees relatively
values while horizontal bars show the central 90% of thewell with the Staudt et al. (2003) profiles (Fig. 2w and x),
measurements within each bin. Model profiles, plotted aswhile UCI-NOICE results in too much HN§ Using the
continuous curves, are averaged over the same regions anghdated QUANTIFY emissions inventory also improves the
days of the year (though not the same year since the metenodel-measurement agreement for the PEM-Tropics cam-
orological fields used here cover only a single year). In thepaigns (Sect. 4.4).
modeled profiles we do not reproduce the meteorology or
specific flight-path sampling of each campaign, which would4.1.3 Horizontal and vertical structure of HNO3
be necessary if we were to use the statistical distributions sensitivity to scavenging
to rigorously test the full CTM (e.g. Hsu et al., 2004). The
comparison presented here is thus more of a test of modebifferences between UCI and GMI demonstrate the com-
climatology. bined influence of KVO06 ice scavenging and fractional cloud

In all cases, the HN@®abundance in UCI is larger than overlap (Fig. 3a and b), while differences between UCI and
in GMI, and UCI generally agrees better with the measure-UCI-HLAW show the impact of the KV06 ice scavenging
ments. The differences in absolute Hh@bundance be- only (Fig. 3c). KV06 removes 100-200 % less Hjfbom
tween UCI and GMI are small in many cases, but representhe upper troposphere than Henry's Law (Fig. 3c), with the
large relative changes (100-500% increases; Sect. 4.1.3argest impact over the northern midlatitude Pacific. Com-
nearly everywhere. The variations in the differences betweerparing Fig. 3a and c, it is clear that the largest impact of
UCI and GMI HNG; seen in Fig. 2 reflect spatial inhomo- the UCI fractional overlap treatment is found in the trop-
geneities in the differences in the loss frequency. Givenics, where there are large vertical variations in cloud frac-
the magnitude of the absolute differences in HjN&bun- tion. UCI leaves more than 500 % more HRltD the tropical
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Fig. 2. (a—v)Comparison between UCI (red lines), UCI-NOICE (green lines), and GMI (blue lines) simulations and in situraidéBure-

ments from aircraft campaigns (Emmons et al., 200fp://www.acd.ucar.edu/gctm/datarm he aircraft measurements are aggregated over
each campaign region af % 5° x 1 km resolution. Asterisks represent mean values, while boxes and whiskers represent the central 50 %
and 90 % of the observations, respectiveély)—(x) Same aga—Vv) but data is aggregated over all S. Pacific and N. Pacific PEM-Tropics B
flights (Staudt et al., 2003), and horizontal lines indicate minimum and maximum values of bid®rved over each region.
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Fig. 3. (a)Latitude-longitude cross section of the percent difference between UCI and GMI (UCI-GMI/UCI;taM€aged over the upper
troposphere (150 hRa p < 500 hPa) for July. Contour range-is00 to 500 %.(b) Same aga) but for the percent difference between UCI
and UCI-HLAW. (c) Same aga), but HNG; is averaged over the boundary layers 850 hPa) and the percent difference is multiplied
by 2 to allow use of the same contour intervédl) Profiles of HNG (ppt) from the UCI (black), UCI-HLAW (blue), GMI (green), and
UCI-NOICE (red) simulations, averaged over the Tropical Pacific and Midlatitude Pacific boxes sh@yn in

upper troposphere than GMI. The boundary layer differencest.1.4 Impact of HNO3 scavenging on NQ and O3
between UCI and GMI are almost entirely due to the cloud

overlap treatment, as boundary layer differences betweeRpo gecreased scavenging of HN® UCI compared to
UCI and UCI-HLAW are very small (not shown). GMI results in 10-15 % higher NQconcentrations through-

Figure 3d shows the model vertical profiles of HNfor out the middle and upper troposphere (Fig. 4) and up to 3%
UCI, UCI-HLAW, UCI-NOICE, and GMI averaged over the - e nper troposphericiOwith a pattern that is spatially
regions indicated by the boxes in Fig. 3¢. As in Fig. 2, in ;oqrelated with the change in N@not shown). The change
both regions a_nd indeed throughout most of the atmospherg,, NOy is small despite large changes in HNBecause re-
UCI-NOICE gives very large HN®abundances compared ¢y cjing of HNO; into NOy is a very small source relative
to all three scavenging formulations. The differences be-q g\ rface pollution, aircraft emissions, and production by
tween UCI, UCI-HLAW, and GMI are much smaller than the jj5hining, particularly when the HN@removal lifetime is
differences between UCI-NOICE and any simulation with |oqs than a few days as it is in both UCI and GMI. Figure 4
ice-phase scavenging. Although the relative difference inggq shows that the upper tropospheric differences iy NO
HNO; between UCI and GMI is very large in the tropics 50 q are similar for UCI-GMI and UCI-UCI-HLAW, indi-
(Fig. 3a and b), the absolute difference is quite small becausgating that NQ in the upper troposphere is much more sensi-
there is so little HN@ in the tropical upper troposphere in e 15 jce scavenging than to cloud overlap. Ice phase scav-
either simulation. In the midlatitudes, on the other hand, theenging primarily impacts HN@over the midlatitude oceans
abundances are larger and give rise to larger absolute differ(Fig_ 3b), where other Nsources are small and HNGe-
ences between UCI and GMI. As seen in Fig. 3a and b, thgcjing makes a relatively larger contribution, while cloud
differences between UCI-HLAW and GMI in the tropics are erjap is important primarily in the tropics (Fig. 3a), where
primarily due to the fractional overlap, while the KV06 ice lightning NO production dominates.

treatment h h bi i tin midlatitudes (Fig. 3c).
reatment has a much bigger impact in midlatitudes (Fig. 3c) In the boundary layer (Fig. 4b), UCI has higher N&bun-

dances than GMI along the flanks of the ITCZ in the Eastern
Pacific and over the subtropical Atlantic. These structures
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result from a combination of subsidence of higherNgir Tropical Pacific O3 Profiles Midlat Pacific O3 Profiles
from above and greater evaporation of HN@&nd recycling 1} ] T
into NOy in the UCI simulation. However, NOabundances 1t
are very small £20 ppt) over most of these regions, so that
the absolute change in NOs almost negligible. UCI and
UCI-HLAW have almost no difference in boundary layer
NOy (not shown). Although the absolute changes in bound-
ary layer NQ are very small in these simulations, the upper
tropospheric @response extends throughout the troposphere
because of ozone’s relatively long lifetime. 21

Figure 5 shows vertical profiles of{Caveraged over the L 0 7
same boxes as Fig. 3. Differences between UCl and GMI  ° 20 45 25 & 100 0 20 49 =55 8 190
are small, but UCI-NOICE gives much largeg @bundances
than any of the simulations with ice scavenging. Without ice Fig. 5. Profiles of G (ppb) from the UCI (black), UCI-HLAW
phase removal, the lifetime of HNGifetime in the upper  (blue), GMI (green), and UCI-NOICE (red) simulations, averaged
troposphere increases te2 weeks (Sect. 4.1.1), allowing over the Tropical Pacific and Midlatitude Pacific boxes shown in
sufficient time for significant recycling into NO NOy in- Fig. 3c. In both panels, the black, blue, and green lines overlap in
creases by 50—-100 % in UCI-NOICE relative to the ice scav-Part or all of the domain.
enging simulations in these regions (not shown), resulting in
the Qs increases of 20—30 % seen here. The increase in NO
is in fact large enough that supressing ice scavenging perd.2 H,0O, scavenging
turbs the entire @ chemical cycle. Reaction of HOwith
NO shifts HG toward OH, resulting in a net decrease in The difference in upper tropospheric®&, between UCI-
HOx, which is reflected in a decrease in® (not shown).  H202 and GMI-H202 (Fig. 6a), which both include ice
The global tropospheric £column increase between UCI phase scavenging of 40, in addition to HN@, exceeds
and UCI-NOICE is 2.4 DU (slightly less than 10 %). 200 % (~40—-120 ppt) over large regions and is in many areas

—ud

— UCI-HLAW
GMI

— UCI-NOICE

Altitudg (km
©

Altitud¢ (km
©

4L

Atmos. Chem. Phys., 12, 3288310 2012 www.atmos-chem-phys.net/12/3289/2012/



J. L. Neu and M. J. Prather: Cloud overlap and ice physics and their impact on tropospheric ozone 3299

‘ ) ‘ : | Tropical Pacific HNO4 Profiles Midlat P§CiﬁC HNO.4 Profiles
-200 -160 -120 -80 -40 0 40 80 120 160 200 14 ] 141

a) JUL Upper Troposphere H202 %Difference (UCIH202-GMIH202) 121 — UCIFHNOZ

Altitude (km)
o

Altitude (km)
[

Max Value = 12.5 ppt

ax Value = 37.6 ppt |

Latitude

L L 0 L L
8 0 10 20 30

o

2 4 6
HNO4 (ppt) HNO4 (ppt)
0 700 Lomqitn 230 300
ongitude
b) JUL Boundary Layer H20, %Difference *2 (UCIH202-GMIH202) Fig. 7. Profiles of HNQ, (ppt) from the UCI-HNO4 (black), GMI-
R e 1 HNO4 (green), and UCI-NOICE (red) simulations, averaged over

the Tropical Pacific and Midlatitude Pacific boxes shown in Fig. 3c.

ice phase KO, scavenging on ®is very small. This is be-
cause HO, affects the @ budget only indirectly through
reducing HQ@ abundances, and is unimportant except near
surface NQ sources.
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Fig. 6. (@) Latitude-longitude cross section of the percent differ- The relative difference between using KVO6 for ice uptake

ence between UCI-H202 and GMI-H2026, averaged over the ~@nd using Henry’s Law is smaller for HNGhan for HNG

upper troposphere (150 hRap < 500 hPa) for July. Contour range  iN the upper troposphere, with maximum Hi@ifferences

is —200 to 200 %.(b) Same aga), but H,O5 is averaged over the 0f ~200 % in the tropics. In the boundary layer, the differ-
boundary layer g > 850 hPa) and the percent difference is multi- ence is reversed, with GMI-HNO4 having more pernitric acid
plied by 2 to allow use of the same contour interval. than UCI-HNO4. As seen in Fig. 7, maximum pernitric acid
abundances are found in the middle troposphere, and a great
deal of removal takes place in this region. In UCI-HNOA4, re-
evaporation produces a small peak in HN@~4 km in the
tropics, while in GMI-HNQ, the evaporation occurs near the
gurface, resulting in relatively large abundances in the bound-

larger than the difference in HNfbetween UCI and GMI
(Fig. 3a). The difference in $0, is much smaller than that
seen in the upper troposphere throughout most of the middl
troposphere and boundary layer (Fig. 6b), except at Southerft'Y ayer.

high latitudes. The difference between LC98 and Henry’s There is a greater difference bgtween UCI and QMI_up—
Law HoOs ice uptake is larger than the difference between per tropospheric NOwhen HNQ, is scavenged by ice in

KV06 and Henry's Law uptake for HN§) resulting in a add@tion to HNQ than for the case of HNQ’ce pha;e scav-
greater sensitivity to the formulation of ice phase scavenging®N9ing alone (not shown), and the difference ini®also

in the upper troposphere. However, the difference O correspondingly larger (Fig. 8, maximum differences of 8 %
between UCI-NOICE and the 4, ice phase scavenging (™3 PPb) as opposed to 3% for HN®@nly). In the boundary
simulations (not shown) is smaller than the difference seerd@Yel GMI-HNO4 has more Nithan UCI-HNO4 due to the
for HNO3 scavenging. This results from the competing ef- evaporation of precipitating HNAdiscussed above and sub-

fects of HNQ ice phase scavenging, which acts to increaseS€duent cycling back into NOThis results in a very differ-
H,0, in the upper troposphere, as discussed in Sect. 4.1 £nt, more locally-driven pattern in the change in boundary-

and the decreases due to the ice phase scavengingdf H  |@ver Gs than in the HN@-only runs, where the £xchanges
_ . in the boundary layer simply reflect the spatial pattern of the
The difference in @ between the UCI-H202 and GMI-

X , : X upper tropospheric changes.
H202 simulations, in which both D, and HNG; are scav-
enged on ice surfaces, is only slightly smaller than the dif-4.4  Sensitivity to rain rate, evaporation, and emissions
ference between UCI and GMI with HNQce scavenging
alone (not shown). Likewise, the difference in Getween  Figure 9 shows the sensitivity of the HNOabun-
UCI-NOICE and UCI-H202 is very similar to the difference dance to changes in the rain rate (UCI-HALFRAIN
between UCI-NOICE and UCI, indicating that the impact of and GMI-HALFRAIN), the assumed rate of precipitation
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Fig. 9. Same as Fig. 2b, n, r, and u, but model profiles are for UCI
(red solid), UCI-HALFRAIN (red dashed), UCI-EVAPS5 (red dot-
ted), UCI-QUANTIFY (cyan), GMI (blue), and GMI-HALFRAIN

. . . . o (blue dashed), and the range of the x-axis has been decreased to
evaporation in ambient air (UCI-EVAPS5), and emissions highlight the differences between the simulations.

(UCI-QUANTIFY) for four of the aircraft comparison pro-

files from Fig. 2. Decreasing the rain rate by 50 % every-

where has very little impact in the GMI scheme, but in-  As discussed in Sect. 4.1.1, the Hjl@bundance is de-

creases the HN®abundance in UCI by~10-50%. Thus, termined primarily by the balance between N®ources

for smaller precipitation rates that would be more typical and removal by precipitation. The results from the UCI-

of large-scale rain than the combined convective and largeQUANTIFY simulations show that the relationship between

scale rates used here, we expect larger absolute differencee spatial distribution of NQ@sources and the spatial dis-

between the UCI scheme and GMI-type scavenging. tribution of removal is indeed critical, with large increases
The specification of the evaporation rate in ambient air is ain the HNO; abundance for the PEMTropics-B profiles in

major uncertainty in our parameterization, and the choice ofparticular. The QUANTIFY emissions in fact greatly im-

25 % k! is somewhat arbitrary. However, the HY@bun-  prove agreement with all of the PEMTropics-B profiles (not

dance is relatively insensitive to even a 5-fold decrease in thghown), which had the worst agreement with the UCI control

evaporation rate. The only profile with a significant sensi- sjmulation.

tivity is the Christmas Island profile, where there~25 %

more HNQ; in the upper troposphere when the evaporation

rate is decreased. While this result is somewhat counterintus  Summary and discussion

itive, given that one might expect less evaporation to result in

greater net removal, decreasing the assumed evaporation ra8zavenging is a highly complex process that depends on the

leads to greater partitioning of the grid-box averaged rain ratespatial distribution of clouds, the overlap between conden-

into the ambient air portion of the gridbox, where removal sate and precipitation, and the exchange of mass between

only takes place via washout, and less partitioning of the rainclouds and the environment, as well as on the details of the

rate into the cloudy fraction of the gridbox, where removal is microphysical processes of precipitation formation, growth,

much more efficient. and evaporation. This complexity requires parameterization
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even in cloud-resolving models, which can at least separate The impact of the KV06 HN@ice uptake is largest in the
the microphysical process in cloudy and clear regions anchorthern midlatitudes, and is confined to the upper and mid-
fully resolve the exchange between them. The UCI scav-dle troposphere. While the ice treatment gives much smaller
enging treatment represents a step toward capturing at leastlative increases in HN§than cloud overlap, the absolute
some of the sub-gridscale variability in scavenging in globalimpacts are larger because the HN&bundances are larger
CTMs, given the typical inputs of gridbox-averaged precipi- in midlatitudes. The KVV06 burial model predicts a minimum
tation rate, cloud condensate, and cloud fraction. The partiin scavenging in the mid-troposphere due to inefficient trap-
tioning of the precipitation into subgrid fractions is based on ping of gas molecules at warm temperatures. However, the
reasonable microphysical assumptions and is generally condptake minimum is not necessarily reflected as a local max-
sistent with the JKOO precipitation parameterization in theimum in HNO; abundance because the profile also depends
ECMWEF Integrated Forecast System, and it can be greatlyon the vertical distribution of sources and the vertical struc-
improved if additional microphysical output (for example, ture of precipitation.
evaporation or accretion rates) is available from the under- Ice phase scavenging also has a large impactdptand
lying meteorological model. We are, of course, unable toHNO, abundances, and both species are more sensitive in
resolve the horizontal exchange between cloudy and clear reabsolute terms to the details of the scavenging formulation
gions within the gridbox, and the UCI scavenging treatment(UCI vs. GMI) than HNQ. However, the impacts of $D»
suffers from the universal problem of depending critically on scavenging on the £budget are very small, because®3
the timestep since the gridbox is fully mixed at each step. is not a major source of HOabove the boundary layer. Ice
The UCI scavenging treatment more than doubles the lifephase scavenging of HNQon the other hand, has a much
time of HNG; in the tropical upper troposphere compared to larger impact on @, and the @ budget is~7 times more sen-
a treatment using a “standard” definition of the scavengingsitive to the differences in HN removal in UCI and GMI
fraction and Henry's Law uptake on ice. The short scav-than it is to the differences in HNSYemoval.
enging lifetime implies that the HN$abundance depends  One desirable feature of the UCI scavenging treatment is
on the balance between emissions and removal by precipitahat, unlike GMI, the HN@ abundance responds to changes
tion. The UCI treatment provides better overall agreementin the rain rate, since the removal is not saturated. The dif-
with a large suite of HN@observations than the GMI treat- ferences between UCI and GMI are thus likely larger than
ment and in many cases provides a good match to obseshown here for other meteorological fields with proper par-
vations, particularly when used in conjunction with updatedtitioning between convective and large-scale rain. We have
emissions inventories. The greatest differences between thglso shown that while the specification of the evaporation rate
model and observations are found in the middle tropospheres one of the largest uncertainties in our algorithm, the HNO
which may indicate that our formulation of uptake in mixed- abundance is insensitive to a factor of 5 reduction in the evap-
phase clouds is too efficient. While the observations cannobration rate. The parameterization of uptake in mixed-phase
be used to definitively distinguish between the UCI and GMI clouds is another large uncertainty and, given that the largest
treatments, they clearly do not support the simulation withdifferences between the model and measurements are found
no ice phase removal of HNO in the middle troposphere where these clouds are likely to
The impact of cloud overlap is largest in the tropics, asoccur, our assumptions for mixed-phase clouds require fur-
expected given that it is the region with the most vertical ther investigation. Long et al. (2010) found riming to be the
cloud structure. The overlap treatment results in less remost important removal process in mixed-phase clouds us-
moval of soluble species than GMI throughout the column.ing a cloud-resolving model, while our assumption of rela-
This is due to a combination of the reduction of the rainouttively efficient rainout renders riming a small fraction of the
fraction at most levels and evaporation in the ambient por-net removal. While our model-measurement comparisons in-
tion of precipitating levels. The UCI overlap can result in a dicate that the removal by mixed phase clouds may be too
significantly different vertical distribution of highly soluble efficient, HNQ; removal at very cold temperatures near the
tracers than GMI, depending on the convolution between tharopical tropopause may be underrepresented heaecheér
cloud and precipitation structure and the vertical tracer pro-et al. (2009) find higher HN@H,O molar ratios at very cold
file. The overlap treatment gives very large relative increasesemperatures than those predicted by their trapping model,
in HNOg, particularly in the tropics, but the absolute impact and other studies indicate that freezing of Hi\&@rosol par-
is small because the tropical HN@bundance is so low. This ticles may be important in tropical tropopause region (Voigt
makes it unlikely that the cloud overlap scheme alone can bet al, 2008; Kamer et al., 2008; Chepfer et al., 2007).
tested with observations. Many of the distinctive features re-
sulting from the overlap, such as the increased long the
flanks of the ITCZ, are too small to be measured in absolutes  Implications
terms. However, cloud overlap impacts may be more impor-
tant for aerosols with large tropical abundances such as dudte phase removal of HNis critical to the upper tropo-
and those produced from biomass burning. spheric Q budget. We find that the simulation with no ice
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scavenging of HN@ is not supported by the observations assumptions, these can be converted intopifey, Apacc,

and that it results in very different upper tropospheric chem-and evapterms discussed in the Appendix. Mean precipi-
istry than either the KV0O6 or Henry’s Law ice uptake sce- tation diameters could likewise repladgew anddacc. If
nario, with significant decreases in®, and a~2.5DU net  the microphysical scheme is more detailed and provides lo-
increase in troposphericgOThe details of HN@ ice phase cal evaporation, accretion, and precipitation generation rates
scavenging, however, are much less critical. The large relaalong with fractional areas for each process, then the subrou-
tive increases in HN®in UCI vs GMI have only a small im-  tine determines only the fraction of dissolved tracer based
pact on NQ and G, with a global increase in tropospheric on the cloud ice/water content, and the removal is calculated
O3 of 0.3DU. The KV06 ice uptake is responsible for almost using the model-supplied values of, for example, ice accret-
all of the increase in NQand & because it affects HNEat ing snow and the fractional area in which the accretion takes
midlatitudes, where abundances are relatively large. place.

While the differences in @are small for differences in In addition to the advantages of direct microphysical in-
HNOg ice phase scavenging, our results indicate that it isputs to the UCI algorithm, the structure of the cloud over-
crucial to determine whether and, if so, how much, HNO lap scheme is such that it can be tested against cloud re-
is removed from the upper troposphere by ice phase scawsolving models to determine how well we capture the sub-
enging. It is clear that the NEO3 cycle is much more gridscale variability in precipitation removal. We have also
sensitive to HNQ than to HNQ because of the rapid cy- implemented the UCI scheme in the Weather and Regional
cling between N@Qand HNQ,. Additional laboratory studies Forecasting Model with Chemistry (WRF-Chem), where we
of HNOgy-ice interactions and atmospheric measurements ofan compare simulations at resolutions from 4 km, where the
HNO4 abundances are needed to define its role in controllingclouds are assumed to be resolved, up to 24 km, using the
tropospheric NQ and G. cloud fractions aggregated from the finer scale simulation.

Efforts to constrain upper tropospheric sources ofyNO Finally, the UCI treatment responds to changes in the pre-
from lightning and aircraft by combining models and mea- cipitation rate and eliminates the need for arbitrary retention
surements (e.g. Martin et al., 2007) will depend critically on coefficients for reducing the uptake determined by Henry's
whether ice-phase removal of NGpecies is included inthe Law.
model. Failure to represent ice phase scavenging will result While we have not included them here, the UCI treatment
in a significant underestimate of the N®ource. Further- is easily extendable to aerosols and the sulfur cycle, as long
more, if HNQq ice uptake is important, the source constraintsas the solubility in water and ice are known for the species
may depend more sensitively on the details of the ice removabf interest. The cloud overlap scheme may be much more
parameterization. important for aerosols with large tropical abundances such

Our results may seem to indicate that it makes little differ- as mineral dust and biomass burning than it is for HNO
ence whether one uses a relatively simple scavenging schemfgerosols and sulfur species will be incorporated in the CAM-
like GMI, with an appropriately chosen retention coefficient Chem version of the scheme to determine their sensitivity to
to match observations, or the more complex UCI scheme, athe cloud overlap assumptions.
least for HNQ. However, the UCI scheme does offer a num-
ber of advantages. The structure of the UCI algorithm allows .
direct input of microphysical parameters such as the evap£PPeNdix A
oration rate, accretion rates for various precipitation types

and autoconversion rates from the underlying meteorologi—Al Precipitation overlap

g:al model or from a coupled GICM. In fact, We_have recently Figure Al is a schematic representation of the overlap
implemented the UCI scheme in the Community Atmospherescheme provided to assist the reader in following Sects. Al
Model with Chemistry (CAM-Chem) and will begin testing 5,4 A2, Here and in the discussion that follows, model
differences between using our microphysical assumptiongiqnox-average quantities are denoted with capital letters,
and using the terms directly from the model. Recent studiegy yjje derived subgrid quantities are in lower-case. Following
indicate that the net HNOuptake on ice depends strongly he description of the MC, NC, and AM subgrid fractions in
on the ice water content of the clouds, which in turn dependsgecy. 2 fc is the fraction of the gridbox with precipitation
on assumptions about ice crystal formationdiwer et al.,  fom overhead falling through cloud (and thus it may contain
2008; Gensch et al., 2008). With CAM-Chem, we can testy mixiyre of precipitation from above and precipitation gen-
the dependence on nucleation and freezing processes. TRgaeq in the layer)c is the cloudy fraction of the gridbox
dggree to V,Vh'c,h the scheme must be modified to ac_cept (_j're%ith no precipitation overhead (which may contain new pre-
m|crophy5|cal mputs.depends on th.e level of detail des'redcipitation generated in the layer), afidy is the fraction of
The simplest option is to read in gridbox-average values Ofine grighox with precipitation from overhead falling through

the evaporation rate, sum of all accretion rates (e.g. ice aczjqgr sky. The remainder of the gridbokes, is clear sky.
creting snow, snow accreting cloud water,....) and sum of all ity no cloud and no precipitation. ' ’

precipitation generation rates. Using the UCI cloud overlap
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Fig. A1l. Schematic of an idealized grid box wit¥ levels, indicated by the horizontal dotted lines. The space between the levels is for
illustrative purposes only. Level§ to N — 2 contain clouds (grey shaded areas) and LeVels N — 3 haveP (L) > 0. All gridbox fractions

and precipitation rates are defined in the text and are shown for each level. The termsyXXndicate the gridbox fraction corresponding

to fxx_yy as defined in the text (Eqs. A3 to A8). Lew®lis the first precipitating level, and the precipitating fraction and rate are given
by Egs. (A1) and (A21). LeveN — 1 provides an example witBF(L) > CF(L+ 1), A Pcr > 0 (Eq. A18), andonew > O (pmc and pne

given by Egs. A27 and A28). LeveV —2 hasCF(L +1) > CF(L) and A Pcr =0, with the standard evaporation in the ambient region
sufficient to account for the decreasefirfrom level N —1 to N — 2 (Egs. A16 and A17). LeveV — 3 hasCF(L) =0 and the decrease in

P from level N — 2 to N — 3 exceeds the standard evaporation rate (Eq. A17). There is full evaporation of the precipitation M-etel
(P(L)=0).
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By definition, the first precipitating level below a non- below. The prime symbols indicate that these are top-of-

precipitating level has the-layer values for layet — 1 that are adjusted within the
layer as discussed in Appendix A2. We average the diame-
Fne(L) =CF(L) (A1) ter of the precipitation falling into mixed cloud or ambient
air, so that only a single diameter falls into each region. The
Fcs(L)=1-CK(L), (A2)

precipitation-rate weighted average diameter of precipitation

and all other fractions are 0. Proceeding down through thefalhng into mixed cloud below is derived from

column, we calculate the fraction (denoted]%)sof each of diye(L =D pyc(L—1)- Fye(L—1)
the fractional areas MC, NC, and AM that lie over the mixed = duc(L) - pmc(L) - Fuc(L) - fucomc
cloud and ambient air regions of the layer below, assuming tdne(L) - pre(L) - Fe(L) - Ancamc (A11)
maximum cloud overlap for precipitating layers. These frac- N
+dam (L) - pam (L) - Fam (L) - fam—mc

tions are given by:
CF(L—1) The gridbox fraction, precipitation rate, and precipitation di-

fucome = ———— (A3) ameter of the ambient air in the level below are given respec-
Fuc (L) tively by:

fvc—sam =1— fmc—mc (A4) Fam(L =1 =CHL)+ Fam(L) —CHL 1) (AL12)

R CF(L—1)— Fuc(L) pam(L—=DFpy(L-1)

fncsmc = oD (A5) = pmc(L) - Fmc(L) - fmc—Am (A13)

+pNe(L) - Fue(L) - fuc—am
+pam (L) - Fam (L) - fam—am

fncsam =1— fucomc (A6)

\ s dapg (L = 1) pig (L= 1) Fpyy (L—1)

fam—wme =1= fam—au (A7) =dwc(L)- pmc(L)- Fuc(L) - fmc—Awm (A14)
+dnc(L) - pne(L) - Fne(L) - fnc—aAm

fam—am = CRE)+ Fam (L) —CRL — 1) (A8) +dam (L) - pam (L) - Fam (L) - fam—AM-

Fam (L)

Where the symbols->MC and —AM indicate the frac-
tions of level L overlying the mixed cloud and ambient
fractions in levelL —1, respectively. For Egs. (A3)—(A8),
fxx—vyy = min(1,max0, fxx-yy)) and > fxx-vyy = 1.

Both the fraction above mixed cloud anéYthe fraction above
ambient are 0 for any subgrid fraction with(L) = 0. Since
Fne(L —1) > 0 only if the cloud fraction is greater than the
precipitating fraction of leveL (3" Fxx (L)), fxx_>Nc =0
for all Fxx (L).

The total fraction of the gridbox with precipitation falling  Fay (L) = max0, Fay (L) - (1—evap - AZ)) (A15)
into the mixed cloud fraction in the level below is then given

oY pAm (L) = pp (L) (A16)

Fyc(L—1) = Fmc(L) - fuc—mc + Fnc(L) - fc-Mc whereA Z is the thickness of the layer. We assume full evap-
+Fam (L) - faM—McCs (A9) oration of the precipitation, so that the remaining precipi-
tation does not change diametenf (L) =dpy (L)). The
choice of 25 % km is arbitrary and reflects the fact that pre-
cipitation often falls some distance, but not many kilometers,

Given the rate and diameter of the incoming precipitation
from the level above and the gridbox-average precipitation
rate (P(L)) in each layer, we calculate the precipitation rate
and diameter for each subgrid fraction as discussed below.

A2 Treatment of precipitation

We assume a constant rate of evaporation in ambient air
(evap=25%knt?! for the control run) and reducé&am
while keeping the local precipitation ratesy, constant:

and the precipitation rate falling into mixed cloug{.) is
calculated from

Prc(L =D Fye(L—1) = puc(L) - Fuc(L) - fucomc _through clear sky: We test the sensitivity@eapas dls_cussed
. in Sect. 4.4 and find it to be very small in most regions.
+pNC(L)‘FNC(L)'f'\A‘CHMC If there is no cloud in the layer and the gridbox-average
+pam (L) - Fam (L) - fam—mc, (A10) ambient precipitation rateppwm Fam) is greater thanP (L),

. then we further reduce the ambient area so that
where pvc, pne, and pam are the local precipitation rates

in MC, NC, and AM, which are discussed in more detail Fam (L) = P(L)/pam(L). (A17)

Atmos. Chem. Phys., 12, 3288310 2012 www.atmos-chem-phys.net/12/3289/2012/



J. L. Neu and M. J. Prather: Cloud overlap and ice physics and their impact on tropospheric ozone 3305

If there is no cloud in the layer angam (L) Fam (L) < increase in the precipitation rate due to accretion is less than
P(L), we reduce the evaporation rate to its minimum value A Pc g, or if Fyc = 0. For the first precipitating layer below
(evapnin = 5%km 1 for the control run) and recalculate a non-precipitating layer, all of the precipitation is assumed
Fam . If pam (L) Fam (L) < P(L) even with minimal evapo-  to form within the cloud, so that

ration, then we assume that there must be a cloud collocated P(L)

with the precipitation in the layer since precipitation is being PNC = 7= — (A21)
generated, and we impose a 10 % cloud fraction (prior to de-

termining the overlap between the layer above and lay@s  A2.1 Frozen precipitation

described in Appendix Al). The value of 10% was chosen

to provide numerical stability while having minimal impact For 7 < 273K, we calculate not only the increase in pre-
on the removal. cipitation rate due to accretion, but also the growth of snow

If there is a cloud in the layer, then the grid-box aver- resulting from riming of cloud ice and water. The tracer re-
age change in precipitation rate within the cloud fraction moval rate decreases as the average precipitation diameter in-

(CF(L) = Fne(L) + Fuc(L)) is given by: creases. We assume that precipitation is frozen below 273 K,
even though mixed phase clouds exist between 240K and

APcp(L)=P(L)— pam(L)- Fam (L) 273K in the ECMWF meteorological fields. Thus, we use
—pmc (L) - Fie(L). (A18) the total condensed cloud water in the equations for accre-

he mi loud fracti h , tion and particle growth.
The mixed ¢ OUd. raction does not change, /s = Fyc- The rate of change of the cloud condensed phase mixing
If the cloud fraction in the layer is larger _thamc_ then ratio for ice waten(g;) and liquid water(q|) due to accretion
Fnc(L) = max0,CH(L) — Fmc(L)). The distribution of ¢ given by:

A Pcr between MC and NC is determined as described be-

d(gi+q)) EpcAs S
low. | B = 22222 it a) (A22)
If APcp <0, there can be no generation of new pre- dt 2ps A
cipitation, so pnc =0 and dyc =0. We apportion as  (Rotstayn, 1997) wher&ac is the mean value of the col-
much of P(L) as possible intoFyc, so thatpmc(L) =  lection efficiency for accretionis is the slope factor of the

min(py,c (L), P(L)/Fuc(L)). If the precipitation rate for  Marshall-Palmer distributiorys is the bulk density of snow
the layer is large enough th&t(L)/Fuc (L) > pyc(L), but  (100kgnr3, Rotstayn, 1997),S is the gridbox-averaged
the sum of the MC and AM precipitation is less thBGL),  snowfall rate (kgs?), and A is the gridbox area in which
then we evaporate additional area from AM, while keepingaccretion is occuring. We use a single collection efficiency
the local precipitation rate constant, to match the out-of-for accretion of cloud ice and water by snowacs), taken
cloud precipitation: from Lohmann and Roeckner (1996):

Fam(L) = (max0, P(L)— pmc(L) - Fuc(L)))/pam(L). (A19) Epcs=exp(0.02XT — 273 K)). (A23)

If, on the other hand, @ P(L)/Fuc(L) < pyyc., there is to- Field and Heymsfield (2002, henceforth FH02) show that

tal evaporation in the ambient air and partial evaporation inAs= 1/D, the average diameter of a self-scaling particle size

the cloud. We assume that partial evaporation decreases th#stribution that evolves via aggregation. Substituting,1/
size of frozen precipitation, such that for As and py, for S/A, the ice and liquid water content

(kg m—3) taken up by accretion withifyc is:

puc(D\72
nd(L)=< ) ~dyc (L) (A20) . . Fuve
Pac)/) M Aliwe+Iwe)ace =min( p(gi+qn) - oo —
. . o o Fvc+ Fne
(assuming spherical hydr_ometeors). F(_)r liquid preC|_p|tat|on, Eacs APcpAt
we assume full evaporation of a fraction of the raindrops. | 1—exp| - 7 Pmc T A

) (A24)
If P(L)=0, then there is complete evaporation in both the
cloud and the ambient anblic = day = O. The accretion is limited by the total precipitation generated

If APcp >0, then the in-cloud precipitation rate in- inthe cloud,APcrAt, divided by the thickness of the layer.
creases by a combination of accretion by precipitation falling  The change in the local precipitation rate due to accretion
through MC and new precipitation generation throughout!S
the cloud fraction CF(L) = Fnc(L) + Fuc(L)). The rate _ A(iwc+lwe)accAZ
constant for accretion is given by the integration of the ~PACC= Fuc A '
continuous-collection equation over the Marshall-Palmergqming spherical hydrometeors, the diameter of the rimed
size distribution for snow (Gunn apd Marshall, 1958) or precipitation increases to
rain (Marshall and Palmer, 1948) (Lin, 1983; Lohmann and

(A25)

Roeckner, 1996; Rotstayn, 1997), as described below. W% _ Puvc +Apacc 13 d (A26)
assume that new precipitation generation occurs only if the AcC = Pc ““mc
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If Apacc - Fmc < APcr, then new precipitation is and the change in precipitation rate due to accretion is
formed in the layer, with precipitation rate),\_jEW = AlweaceAZ

(APcr—Apacc- Fmc)/CF. The MC and NC precipitation  Appcc= —————. (A32)
rates are then given by FumcAt

The rain rate for newly formed precipitation is agaigew =
(APcr— Apacc - Fmc)/CF, andpyc and pne are as given
PNC = PNEW (A28) above.

We determine the mean diameter of newly formed frozen

hydrometeors using the empirical relationship from FHO2,
which relates the mean diameter of ice particles to the precip

PMC = Pyc + Apacc+ PNEW (A27)

A3 Scavenging

The amount of tracek (kg) scavenged during timestey

itation rate and in-cloud ice water content, based on a largeg given by:

set of observational data: '
B (iwc.n.r(9)>1/b (A29) Xscav= X, Fscav(1—exp(—1Ar)), (A33)
apl'(B+1) where X, is the total mass of tracer in the gridbaKscay

Where iwc is the ice water content in g™, ¢ = pwp is the fraction of the gridbox being scavenged, an@g 1)
(gcm2s71) is the ice mass flux density (density of liquid is the loss rate. We assume that new precipitation is formed
waterx precipitation rate)g, 8, n, «, andb are empirical homogenously throughout the local cloud fraction, so that
functions that depend on the precipitation rate, &nd the  Fscav = CF(= Fuc + Fnc). Accretion and scavenging of
gamma function. Usingnew as the precipitation rate, we interstitial air occurs only in the MC fraction of the grid-
find dnew using the FHO2 relationship, imposing a minimum box, with Fscay = Fuc, and scavenging of ambient air takes
diameter of 100 um. The diameter of NC precipitation is thenplace in the AM fraction, withFscay = Fam. The loss rate
dne = dnew. for each process is discussed below.

The precipitation in the MC portion of the gridbox is as-  The net loss in each region is given by:
sumed to be a mixture of rimed and newly formed precipi- F

- i : MC
tation. We calculate the precipitation-rate-weighted averageyscavmc = XNP—— + XACC + XWMC — XEVAPMC (A34)
of dacc anddnew and compare it to the mean diameter from CF
FHO2, dmce,,, using pmc as the precipitation ratedyc is

then taken to be t_he larger of the two values.djfc;,, is XSCAVN(::XNP@ (A35)
larger than the weighted averagedafc anddnew, we as- CF

sume that additional aggregation of snow shifts the particle

size distribution toward a larger mean diameter. XSCAVAM = XWAM — XEVAPAM (A36)
A2.2 Liquid precipitation where ynp iS scavenging by new precipitation formation,

XAcc is scavenging by accretiomywmc and xwam are
For liquid water clouds, we calculate the change in precipi-washout from interstitial air in MC and ambient air in AM,
tation rate due to accretion, but do not explicitly determineand xevapmc and xevapam are evaporation in MC and AM.
any change in raindrop diameter, since collision of dropletsThe tracer masses carried into the cloudy and ambient re-
generally results in droplet shattering with little change in the gions of the gridbox below are then:
size distribution (Srivastava, 1971). For rain, the slope factor ,
of the Marshall-Palmer distribution can be related to the rain Xscamc (L —1)

rate, so that = (xscavmc (L) +xscavmc (L)) - fuc—mc (A37)
d R\ 34 +xscavnc(L) - fnc—mc R
% =—0.24Epcr (Z) ql (A30) + (x5cavam (L) + xscamm (L)) - fam—mc

wheregq is the mixing ratio of liquid waterEacy = 0.7 is , (L—1)
the collection efficiency for rain accreting cloud water (Rot- XSCAVAM

stayn, 1997), and is the gridbox-averaged rain rate (kg'$ = (Xscavmc(L) +xscamc (L)) fuc—am (A38)
(Rotstayn, 1997). +xscavnc(L) - fNC—AM R
Substitutingpy,c for R/A, the liquid water content taken + (X5cavam (L) + xscamm (L)) - fam—AM .
up by accretion is: where the prime symbols indicate the scavenged tracer mass
AleAcczmin<,0q|~ Fuc carried in the precipitation at the top of each layer. Note
Fvme + Fne that xscavmc and xscavam can be negative if evaporation

APrr At dominates.
(1— exp(—0.24EACr pf\ACS/‘lAt)) : %) . (A31)
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A3.1 New precipitation formation A3.2 Accretion

We assume that the cloud ice and liquid water content remaiThe mass ofy removed by accretiorngacc, is proportional

in steady state throughout the model time step, so that theyo the accreted ice or liquid water content. The loss rate for
are not reduced by accretion or precipitation formation. Theremoval by snow accretion is given by (cf. Eq. A22):

tracer removed by new precipitation formatigmp, is given N

by Eq. (A33), with the scavenging loss rate dependent on thg, o = EAC/S P XD'S, (A44)
fraction of tracer dissolved in the liquid phase and the rate of 2psdyc XMC

conversion of cloud liquid water to precipitation:

while the loss rate for rain accretion is given by (cf. Eq. A30):

_ PNEW Xbis
(iwc+Iwe)-AZ xmc + XN

*

e (A39)  jacc= (0~24EACI p'mc? 4) Xois (Ad5)
XMC

where ymc and xnc are the initial tracer masses in the MC

and NC portions of the gridbox. We limit the amount of

tracer dissolved in the ice or liquid phase by the total in-cloud

tracer massymc + xnc = xcr (= X, - CF), so that

In this case,x},g = % where xpis is calculated as
above using the water and tracer content in MC. The total
uptake is limited by the amount of tracer that could be dis-

solved in the maximum possible amount of accreted water,

. APcp At

XDIS* XCF APcpAt
A= —"— (A40) AZ o - _ _
XDISt XCF A3.3 Washout in interstitial and ambient air

where xpis is the dissolved tracer mass as determined by ] )
Henry's Law equilibrium for the liquid phase and by the e can model the scavenging of gases in the pathway of

KV06 relationship for the molag:H,O ratio per ice parti- falling hydrometeors using the same equation as for accre-
cle for the ice phase. tion, with the appropriate collection efficiency for gases or

For ice clouds, aerosols (Rotstayn and Lohmann, 2002). However, the col-
lection efficiency for impaction scavenging of gases by snow

XDISi =u(T)~iwc-vcpﬂ, (A41) is unknown. Alheit et al. (1990) show that impaction scav-
My enging of aerosols by snow is a far less efficient scavenging

where(T) is the x:H,O molar ratio per ice particleycr mechanism than new snow formation and accretion. Rot-
is the cloud volume (9, m, is the molecular mass of stayn and Lohmann (2002) use a value of 0.01 for scavenging

x (kgmol1), andm,, is the molecular mass of 4@. For ~ Of aerosols by snow, based on Jylha (1999), which is a fac-
HNOs, 1(T) is determined by an empirical fit to Fig. 1 of tor of 10 smaller than the collection efficiency for accretion.

K\V06, Given that we expect impaction scavenging by ice to be small
compared to accretion and have no formalism for modeling

w(T)= exp<—14.2+ 1.6x10°1.7-72x107% T) (A42) how gases removed by impaction might be buried during the
riming process, we do not attempt to represent scavenging of

The mass of dissolved in the liquid phase is gases in interstitial air by snow. In ambient air, the air is sub-

saturated with respect to ice, so there can be no ice growth

and no burial of gases. While it is possible that HN®@ay

whereH*(T) (mol -1 atn1) is the temperature-dependent Stick to the outer surface of the ice at very low temperatures,

Henry’s Law constant, adjusted to account for dissociation inWe expect the total removal to be negligible.

the aqueous phasg, is the partial pressure of (atm) and For aerosols and highly soluble gases, scavenging in in-

m, is the molecular mass of. terstitial and ambient air is kinetically limited. Since impact

For mixed phase clouds at 240KT < 258K, we as- scavenging is determined by the area swept out by falling

sume that the entire cloud is glaciated due to the Bergeront@in drops, we use the same scavenging rate as for accre-

Findeisen mechanism, and we uggsi with iwc replaced  tion of cloud water by rain, with appropriate collection ef-

by iwc+Iwc. However, u(T) is essentially zero above ficiencies for aerosols (collision-limited) and highly soluble

~240K since surface kinetics make trapping during ice crys-gases (mass-transfer limited) (Rotstayn and Lohmann, 2002)

tal growth very inefficient at warm temperaturesatisher ~ (cf. Eq. A30):

and Voigt, 2006). For 258 k T < 273 K, where we assume _ 3/4

that the cloud is still glaciated but that ice crystals form from hw=—024Ec, p / (A46)

freezing of supercooled liquid water, we uBg- xpis| (With  wherep = pj,. (the precipitation entering the top of MC) if

iwc +Iwc replacinglwc) for the amount of tracer dissolved A P-r > 0 andp = pyc (the precipitation leaving the bot-

in cloud ice, whereR, = 0.5 is a retention coefficient. tom of MC) if AP¢cr <0 for washout in MC.p = pam for
washout in AM. We use a collection efficiency of 0.05 for
both aerosols and gases, which gives approximately the same

xoisi=H*(T)-lwc-vep-py -my, (A43)
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scavenging as a linear washout rate of 0.1ThrfDana and  For liquid precipitation, we assume that a fraction of the rain-
Hales, 1976; Levine and Schwartz, 1982; Berge, 1993) atlrops fully evaporate, so that
rainfall rates below~20 mm day ! (Rotstayn and Lohmann, ,

i ol A i i MC — PMC
2002). Washout in interstitial air in MC applies only to the y\iceyap = %XI(/IC‘ (A52)
fraction of tracer remaining in the gas phase after uptake by Pmc

the liquid phase, and will be negligible for highly soluble

ga;es and .aeroiols ((ajxceptlat Velr{)llow CIOUd. W.ater antfntd\rjospheric Chemistry program (grant ATM-0550234) and NASA's
c_aven_gmg 9 mo erate y-sc? uble gase§ |n.|nters.t|t|a an odeling, Analysis, and Prediction/Global Modeling Initiative

am'blent air is I|m|ted by Henry’s Law equilibrium with the  rogram (grants NNGO6GB84G and NNX09AJ47G).

falling precipitation. The loss rate is given by

H*-p,-m Edited by: H. Tost

=P (A47)

AcknowledgementsThis research was supported by NSF's At-

AW =P
X

where x represents the tracer mass in the appropriate fracReferences

tion of the gridbox and, as above,= py if APcp >0

and p = puc if APcr <0 for washout from interstitial air  Abbatt, J. P. D.: Interaction of HNPwith water-ice surfaces at

in MC and p = pam for washout in ambient air. The max- temperatures of the free troposphere, Geophys. Res. Lett., 24,

imum tracer mass that can be held by the precipitation i”Alhlézgﬁl‘leZhﬁZﬁann A. 3., and Pruppacher, H. R.: A theoret

:232 Su;)gl?hree@]fg Iigé\éeggg,mr?]xaz SX g\r’]\/ dAIt(;SV;”:’ZEXChosen ical study of the wet removal of atmospheric pollutants, part IV:
w _g P . ) The uptake and redistribution of aerosol particles through nucle-

for the appropriate portion of the gridbox. If the water can

-t . ation and impaction scavenging by growing cloud drops and ice
hold additional tracer beyond the mass that entered the grid- paricles, J. Atmos. Sci, 47, 870-887, 1990.

box in the precipitation and that taken up by accretion within galkanski, Y. J., Jacob, D. J., and Gardner, G. M.: Transport and

the gridbox fwmaxmc > x5cayme T XAcc), then the amount residence times of tropospheric aerosols inferred from a global
scavenged is given by three-dimensional simulation 1%Pb, J. Geophys. Res, 98,
. " , 20573-20586, 1993.
xwmc=[min(xmc—xpis, xwmaxmc—(xscaymc+xaco))] Bartels-Rausch, T., Huthwelker, T., and Ammann, M.: Interaction
(1—exp(—AwmcAD)). (A48) of PNA with ice surfaces, AGU Fall Meeting, San Francisco, CA,

USA, 15-19 December 2008, #C41C-0547, 2008.

Berge, E.: Coupling of wet scavenging of sulphur to clouds in a
numerical weather prediction model, Tellus B, 45, 1-22, 1993.
XWAM = [min(XAM,XWmaxAl\A—X,&M)] Bey, I., Jacob, D. J., Yantosca, R. M., Logan, J. A., Field, B. D.,

Fiore, A. M., Li, Q., Liu, H. Y., Mickley, L. J., and Schultz,
(1—exp(—Awam A1) (A49) M. G.: Global modeling of tropospheric chemistry with assim-
If, on the other handywmaxs less than the tracer mass ilated meteorology: Model description and evaluation, J. Geo-
contained in the precipitation, then must de-gas from the phys. Res., 106, 23073-23095, 2001.

precipitation, withyevapmc = X’(AC + xACC — XWmaxmc and Chepfer H., Minnis, P., Dubuisson, P., Chiriaco, M., Sun-Mack, S.,
YEVAPAM = X Art — XWmaxAM and Riviere, E. D.: Nitric acid particles in cold thick ice clouds
= XAam :

observed at global scale: Link with lightning, temperature, and
A3.4 Evaporation upper tropospheric water vapor, J. Geophys. Res., 112, D05212,
doi:10.1029/2005JD006602007.

In AM, xevap is proportional to the net evaporation of pre- Collins, W. D.: Parameterization of generalized cloud overlap for

Cipitati,on If there is in-cloud evaporation, we have differ- radiative calculations in general circulation models, J. Atmos.

ent treatments for frozen and liquid precipitation. For frozen SC'Z’ 58, 3224-3242, 2001. . . o
A . .. . . Conklin, M. H. and Bales, R. C.: SQuptake on ice sphere: Lig-

precipitation, we assume that there is minimal diffusion of

) - < . uid nature of the ice-air interface, J. Geophys. Res., 98, 16851—
buried gases within the hydrometeors, i.e. that the gas re- 15844 1993,

mains in the layer in which it was initially trapped. Thus, conklin, M. H., Sigg, A., Neftel, A., and Bales, R. C.: Atmosphere
the mass of tracer that evaporates is given by the amount of snow transfer function for bD,: Microphysical considerations,
tracer dissolved in the ice mass that evaporates within the J. Geophys. Res., 98, 18367-18376, 1993.

layer, which is proportional to the decrease in precipitationConsidine, D. B., Bergmann, D. J., and Liu, H.: Sensitivity of

wherexmc — xps is the portion ofymc not dissolved in the
aqueous phase. Likewise jifymaxam > xau

rate: Global Modeling Initiative chemistry and transport model sim-
At ulations of radon-222 and lead-210 to input meteorological data,

Alwcpyap = (p{vIC — pme) Fuc— (A50) Atmos. Chem. Phys., 5, 3389-34060i:10.5194/acp-5-3389-
AZ

] = 2005 2005.
Following Eq. (A41),xmcevap is given by Crutzen, P. J. and Lawrence, M. G.: The impact of precipitation
.y, . my scavenging on the transport of trace gases: A 3-dimensional
XMCEVAP = MIN(xyc, u(T) - Aiwcevap - vcF m_w) (AS1) model sensitivity study, J. Atmos. Chem., 37, 81-112, 2000.

Atmos. Chem. Phys., 12, 3288310 2012 www.atmos-chem-phys.net/12/3289/2012/


http://dx.doi.org/10.1029/2005JD006602
http://dx.doi.org/10.5194/acp-5-3389-2005
http://dx.doi.org/10.5194/acp-5-3389-2005

J. L. Neu and M. J. Prather: Cloud overlap and ice physics and their impact on tropospheric ozone 3309

Dana, M. T. and Hales, J. M.: Statistical aspects of the washout of particles in cirrus clouds, Geophys. Res. Lett., 33, L08806,
polydisperse aerosols, Atmos. Environ., 10, 45-50, 1976. doi:10.1029/2006GL025922006.

Duncan, B. N., Strahan, S. E., Yoshida, Y., Steenrod, S. D., anKarcher, B., Abbatt, J. P. D., Cox, R. A., Popp, P. J., and \oigt,
Livesey, N.: Model study of the cross-tropopause transport of C.: Trapping of trace gases by growing ice surfaces including
biomass burning pollution, Atmos. Chem. Phys., 7, 3713-3736, surface-saturated adsorption, J. Geophys. Res., 114, D13306,
doi:10.5194/acp-7-3713-2002007. doi:10.1029/2009JD011852009.

Emmons, L. K., Hauglustaine, D. A., Muller, J.-F., Carroll, M. Kondo, Y., Toon, O. B., Irie, H., Gamblin, B., Koike, M., Takegawa,
A., Brasseur, G. P., Brunner, D., Staehelin, J., Thouret, V., and N., Tolbert, M. A., Hudson, P. K., Viggiano, A. A., Avallone,
Marenco, A.: Data composites of airborne observations of tropo- L. M., Hallar, A. G., Anderson, B. E., Sachse, G. W., Vay, S.
spheric ozone and its precursors, J. Geophys. Res., 105, 20497— A., Hunton, D. E., Ballenthin, J. O., and Miller, T. M.: Uptake
20538, 2000. of reactive nitrogen on cirrus cloud patrticles in the upper tro-

Field, P. R. and, A. J. Heymsfield: Aggregation and Scaling of Ice  posphere and lowermost stratosphere, Geophys. Res. Lett., 30,
Crystal Size Distributions, J. Atmos. Sci., 60, 544-560, 2002. 1154,d0i:10.1029/2002GL016532003.

Gensch, I. V., Bunz, H., Baumgardner, D. G., Christensen, L. E.,Kramer, M., Schiller, C., Voigt, C., Schlager, H., and Popp, P. J.: A
Fahey, D. W., Herman, R. L., Popp, P. J., Smith, J. B., Troy, R.  climatological view of HNQ partitioning in cirrus clouds, Q. J.

F., Webster, C. R., Weinstock, E. M., Wilson, J. C., Peter, T., Roy. Meteor. Soc., 134, 905-91di:10.1002/qj.2532008.

and Kiamer, M.: Supersaturations, microphysics and nitric acid Lawrence, M. G. and Crutzen, P. J.: The impact of cloud particle

partitioning in a cold cirrus cloudobserved during CR-AVE 2006:  gravitational settling on soluble trace gas distributions, Tellus,

an observation—modelling intercomparison study, Environ. Res. 50B, 263—-289, 1998.

Lett., 3, 035003d0i:10.1088/1748-9326/3/3/03500308. Lawrence, M. G., Crutzen, P. J., Rasch, P. J., Eaton, B. E., and

Giorgi, F., and Chameides, W. L.: Rainout lifetimes of highly solu- ~ Mahowald, N. M.: A model for studies of tropospheric photo-
ble aerosols and gases as inferred from simulations with a general chemistry: Description, global distributions, and evaluation, J.
circulation model, J. Geophys. Res., 91, 14367-14376, 1986. Geophys. Res., 104, 26245-26277, 1999.

Gunn, K. L. S. and Marshall, J. S.: The distribution with size of Levine, S. Z. and Schwartz, S. E.: In-cloud and below-cloud scav-
aggregate snowflakes, J. Meteorol., 15, 452461, 1958. enging of nitric acid vapor, Atmos. Environ., 16, 1725-1734,

Hauglustaine, D. A., Brasseur, G. P., Walters, S., Rasch, P. J., 1982.

Muller, J.-F., Emmons, L. K., and Carroll, M. A.: MOZART, Li, Z., Friedl, R. R., Moore, S. B., and Sander, S. P.: Interaction
a global chemical transport model for ozone and related chem- of peroxynitric acid with solid HO ice, J. Geophys., Res., 101,
ical tracers: 2. Model results and evaluation, J. Geophys. Res., 6795-6802, 1996.

103, 28291-28335, 1998. Lin, Y. L., Farley, R. D., and Orville, H. D.: Bulk parametrization

Hoor, P., Borken-Kleefeld, J., Caro, D., Dessens, O., Endresen, of the snow field in a cloud model, J. Clim. Appl. Meteorol., 22,
0., Gauss, M., Grewe, V., Hauglustaine, D., Isaksen, |. S. A., 1065-1092, 1983.

Jockel, P., Lelieveld, J., Myhre, G., Meijer, E., Olivie, D., Liu, H.,Jacob, D. J., Bey, |, and Yantosca, R. M.: Constraints from
Prather, M., Schnadt Poberaj, C., Shine, K. P., Staehelin, J., 210Pb and’Be on wet deposition and transport in a global three-
Tang, Q., van Aardenne, J., van Velthoven, P., and Sausen, R.: dimensional chemical tracer model driven by assimilated meteo-
The impact of traffic emissions on atmospheric ozone and OH: rological fields, J. Geophys. Res., 106, 12109-12128, 2001.

results from QUANTIFY, Atmos. Chem. Phys., 9, 3113-3136, Liu, X., Penner, J. E., Das, B., Bergmann, D., Rodriguez,
doi:10.5194/acp-9-3113-2002009. J. M., Strahan, S., Wang, M., and Feng, Y.. Uncertain-

Hsu, J., Prather, M. J., Wild, O., Sundet, J. K., Isaksen, I. S. ties in global aerosol simulations: Assessment using three
A., Browell, E. V., Avery, M. A,, and Sachse, G. W.: Are meteorological data sets, J. Geophys. Res., 112, D11212,
the TRACE-P measurements representative of the Western Pa- doi:10.1029/2006JD008218007.
cific during March 2001?, J. Geophys. Res., 109, D02314,Lohmann, U. and Roeckner, E.: Design and performance of a new
doi:10.1029/2003JD004002004. cloud microphysics scheme developed for the ECHAM general

Iribarne, J. V. and Pyshnov, T.: The effect of freezing on the com-  circulation model, Clim. Dynam., 12, 556-572, 1996.
position of supercooled droplets — I. Retention of HCI, HNNO Long, Y., Chaumerliac, N., Deguillaume, L., Leriche, M., and
NHs3, and O, Atmos. Environ., 24A, 383-387, 1990. Champeau, F.: Effect of mixed-phase cloud on the chemical bud-

Jakob, C. and Klein, S.: The role of vertically varying cloud frac-  get of trace gases: A modeling approach, Atmos. Res., 97, 540—
tion in the parameterization of microphysical processes in the 554, 2010.

ECMWF model, Q. J. Roy. Meteor. Soc., 125, 941-965, 1999. Mari, C., Jacob, D. J., and Bechtold, P.: Transport and scavenging

Jakob, C. and Klein, S.: A parameterization of the effects of cloud of soluble gases in a deep convective cloud, J. Geophys. Res.,
and precipitation overlap for use in general-circulation models, 105, 22255-22267, 2000.

Q. J. Roy. Meteor. Soc., 126, 2525-2544, 2000. Marshall, K. S. and Palmer, W. M.: The distribution of raindrops

Jylha, K.: Relationship between the scavenging coefficient for pol-  with size, J. Meteorol., 5, 165-166, 1948.
lutants in precipitation and the radar reflectivity factor, 1, Deriva- Martin, R. V., Sauvage, B., Folkins, I., Sioris, C. E., Boone, C.,
tion, J. Appl. Meteorol., 38, 1421-1434, 1999. Bernath, P., and Ziemke, J. R.: Space-based constraints on the

Karcher, B. and Basko, M. M.: Trapping of trace gases production of nitric oxide by lightning, J. Geophys. Res., 112,
in growing ice crystals, J. Geophys. Res., 109, D22204, D09309,doi:10.1029/2006JD007832007.
doi:10.1029/2004JD005252004. Mickley, L. J., Murti, P. P., Jacob, D. J., Logan, J. A,, Rind, D., and

Karcher, B. and Voigt, C.: Formation of nitric acid/water ice  Koch, D.: Radiative forcing from tropospheric ozone calculated

www.atmos-chem-phys.net/12/3289/2012/ Atmos. Chem. Phys., 12, 323334 2012


http://dx.doi.org/10.5194/acp-7-3713-2007
http://dx.doi.org/10.1088/1748-9326/3/3/035003
http://dx.doi.org/10.5194/acp-9-3113-2009
http://dx.doi.org/10.1029/2003JD004002
http://dx.doi.org/10.1029/2004JD005254
http://dx.doi.org/10.1029/2006GL025927
http://dx.doi.org/10.1029/2009JD011857
http://dx.doi.org/10.1029/2002GL016539
http://dx.doi.org/10.1002/qj.253
http://dx.doi.org/10.1029/2006JD008216
http://dx.doi.org/10.1029/2006JD007831

3310 J. L. Neu and M. J. Prather: Cloud overlap and ice physics and their impact on tropospheric ozone

with a unified chemistry-climate model, J. Geophys. Res., 104,Stuart, A. L. and Jacobson, M. Z.: A timescale investigation of

30153-30172, 1999. volatile chemical retention during hydrometeor freezing: Non-
Neu, J. L., Prather, M. J., and Penner, J. E.: Global atmospheric rime freezing and dry growth riming without spreading, J. Geo-

chemistry: Integrating over fractional cloud cover, J. Geophys, phys. Res., 108, 4178pi:10.1029/2001JD001408003.

Res., 112, D1130&j0i:10.1029/2006JD00800Z007. Stuart, A. L. and Jacobson, M. Z.: Chemical retention dur-
Neu, J. L., Lawler, M. J., Prather, M. J., and Saltzman, E. S.: ing dry growth riming, J. Geophys. Res., 109, D07305,

Oceanic alkyl nitrates as a natural source of tropospheric ozone, doi:10.1029/2003JD004192004.

Geophys. Res. Lett., 35, L1381d0i:10.1029/2008GL034189 Tabazadeh, A., Toon, O. B., and Jensen, E. J.: A surface chem-

2008. istry model for nonreactive trace gas adsorption on ice: Impli-
Olivier, J. G. J., Bouwman, A. F., van der Maas, C. W. M., cations for nitric acid scavenging by cirrus, Geophys. Res. Lett.,

Berdowski, J. J. M., Veldt, C., Bloos, J. P. J., Visschedijk, A. 26, 2211-2214¢0i:10.1029/1999GL900501999.

J. H., Zandveld, P. Y. J., and Haverlag, J. L.: Description of Tost, H., &ckel, P., Kerkweg, A., Sander, R., and Lelieveld, J.:

EDGAR version 2.0: A set of global emission inventories of  Technical note: A new comprehensive SCAVenging submodel

greenhouse gases and ozone-depleting substances for all anthro-for global atmospheric chemistry modelling, Atmos. Chem.

pogenic and most natural sources on a per country basis and on Phys., 6, 565-574]0i:10.5194/acp-6-565-2008006.

1° x 1° grid, RIVM/TNO Rep. 771060-002, 140 pp., 1986. Tost, H., dckel, P., Kerkweg, A., Pozzer, A., Sander, R.,
Popp, P. J., Gao, R. S., Marcy, T. P,, Fahey, D. W., Hudson, P. and Lelieveld, J.: Global cloud and precipitation chem-
K., Thompson, T. L., Krcher, B., Ridley, B. A., Weinheimer, istry and wet deposition: tropospheric model simulations

A. J., Knapp, D. J., Montzka, D. D., Baumgardner, D., Garrett, with ECHAM5/MESSy1, Atmos. Chem. Phys., 7, 2733-2757,
T. J., Weinstock, E. M., Smith, J. B., Sayres, D. S., Pittman, J.  do0i:10.5194/acp-7-2733-200Z007.

V., Dhaniyala, S., Bui, T. P., and Mahoney, M. J.: Nitric Acid Ullerstam, M. and Abbatt, J. P. D.: Burial of gas-phase HN®
Uptake on Subtropical Cirrus Cloud Particles, J. Geophys. Res., growing ice surfaces under tropospheric conditions, Phys. Chem.
109, D06302¢0i:10.1029/2003JD004253004. Chem. Phys., 7, 3596-3600, 2005.

Rasch, P. J., Feichter, J., Law, K., Mahowald, N., Penner, J.Ullerstam, M., Thornberry, T., and Abbatt, J. P. D.: Uptake of gas
Benkovitz, C., Genthon, C., Giannakopoulous, C., Kashibatla, phase nitric acid to ice at low partial pressures: evidence for
P., Koch, D., Levy, H., Maki, T., Prather, M., Roberts, D. L., unsaturated surface coverage, Faraday Discuss., 130, 211-226,
Roelofs, G.-J., Stevenson, D., Stockwell, Z., Taguchi, S., Kritz, doi:10.1039/b4174182005.

M., Chipperfield, M., Baldocchi, D., McMurry, P., Barrie, L., Voigt, C., Schlager, H., Ziereis, H.,&cher, B., Luo, B. P., Schiller,
Balkanski, Y., Chatfield, R., Kjellstrom, E., Lawrence, M., Lee, C., Kramer, M., Popp, P. J., Irie, H., and Kondo, Y.: Nitric
H. N., Lelieveld, J., Noone, K. J., Seinfeld, J., Stenchikov, G., acid uptake in cirrus clouds, Geophys. Res. Lett., 33, L0O5803,
Schwartz, S., Walcek, C., and Williamson, D.: A comparison of  d0i:10.1029/2005GL025152006.

scavenging and deposition processes in global models: result§oigt, C., Karcher, B., Schlager, H., Schiller, C., &ner, M., de
from the WCRP Cambridge Workshop of 1995, Tellus, 52B, Reus, M., \bssing, H., Borrmann, S., and Mitev, V.: In-situ
1025-1056, 2000. observations and modeling of small nitric acid-containing ice

Rotstayn, L. D.: A physically based scheme for the treatment of crystals, Atmos. Chem. Phys., 7, 3373—-3388i:10.5194/acp-
stratiform clouds and precipitation in large-scale models, 1, De- 7-3373-20072007.
scription and evaluation of the microphysical processes, Q. JVoigt, C., Schlager, H., Roiger, A., Stenke, A., de Reus, M.,

Roy. Meteor. Soc., 123, 1227-1282, 1997. Borrmann, S., Jensen, E., Schiller, C., Konopka, P., and Sit-
Rotstayn, L. D. and Lohmann, U.: Simulation of the tro-  nikov, N.: Detection of reactive nitrogen containing particles
pospheric sulfur cycle in a global model with a physi- in the tropopause region — evidence for a tropical nitric acid
cally based cloud scheme, J. Geophys. Res., 107, 4592, trihydrate (NAT) belt, Atmos. Chem. Phys., 8, 7421-7430,
doi:10.1029/2002JD002128002. doi:10.5194/acp-8-7421-2008008.

Salzmann, M., Lawrence, M. G., Phillips, V. T. J., and Donner, L. von Kuhlmann, R. and Lawrence, M. G.: The impact of ice uptake
J.: Model sensitivity studies regarding the role of the retention of nitric acid on atmospheric chemistry, Atmos. Chem. Phys., 6,
coefficient for the scavenging and redistribution of highly solu-  225-235d0i:10.5194/acp-6-225-2008006.
ble trace gases by deep convective cloud systems, Atmos. Chenvon Kuhlman, R., Lawrence, M. G., and Crutzen, P. J.: A model
Phys., 7, 2027-2045%10i:10.5194/acp-7-2027-200Z007. for studies of tropospheric ozone and nonmethane hydrocarbons:

Scheuer, E., Dibb, J. E., Twohy, C., Rogers, D. C., Heymsfield, A. Model description and ozone results, J. Geophys. Res., 108,
J., and Bansemer, A.: Evidence of nitric acid uptake in warm  4294,doi:10.1029/2002JD002892003.
cirrus anvil clouds during the NASA TC4 campaign, J. Geophys. Wild, O., Sundet, J. K., Prather, M. J., Isaksen, I. S. A., Aki-
Res., 115, D00J03l0i:10.1029/2009JD012718010. moto, H., Browell, E. V., and Oltmans, S. J.: Chemical transport

Srivastava, R. C.: Size distribution of raindrops generated by their model ozone simulations for spring 2001 over the western Pa-
breakup and coalescence, J. Atmos. Sci., 28, 410-415, 1971. cific: Comparisons with TRACE-P lidar, ozonesondes, and Total

Staudt, A. C., Jacob, D. J., Ravetta, F., Logan, J. A., Bachiochi, Ozone Mapping Spectrometer columns, J. Geophys. Res., 108,
D., Krishnamurti, T. N., Sandholm, S., Ridley, B., Singh, H.  8826,d0i:10.1029/2002JD003283003.

B., and Talbot, B.: Sources and chemistry of nitrogen ox- Zondlo, M. A., Barone, S. B., and Tolbert, M. A.: Uptake of HNO
ides over the tropical Pacific, J. Geophys. Res., 108, 8239, on ice under upper tropospheric conditions, Geophys. Res. Lett.,
doi:10.1029/2002JD002132003. 24,1391-1394, 1997.

Atmos. Chem. Phys., 12, 3288310 2012 www.atmos-chem-phys.net/12/3289/2012/


http://dx.doi.org/10.1029/2006JD008007
http://dx.doi.org/10.1029/2008GL034189
http://dx.doi.org/10.1029/2003JD004255
http://dx.doi.org/10.1029/2002JD002128
http://dx.doi.org/10.5194/acp-7-2027-2007
http://dx.doi.org/10.1029/2009JD012716
http://dx.doi.org/10.1029/2002JD002139
http://dx.doi.org/10.1029/2001JD001408
http://dx.doi.org/10.1029/2003JD004197
http://dx.doi.org/10.1029/1999GL900501
http://dx.doi.org/10.5194/acp-6-565-2006
http://dx.doi.org/10.5194/acp-7-2733-2007
http://dx.doi.org/10.1039/b417418f
http://dx.doi.org/10.1029/2005GL025159
http://dx.doi.org/10.5194/acp-7-3373-2007
http://dx.doi.org/10.5194/acp-7-3373-2007
http://dx.doi.org/10.5194/acp-8-7421-2008
http://dx.doi.org/10.5194/acp-6-225-2006
http://dx.doi.org/10.1029/2002JD002893
http://dx.doi.org/10.1029/2002JD003283

