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A large-eddy simulation of the phase transition of ammonium
nitrate in a convective boundary layer
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[r] Under wann and dry conditions, ammonium nitrate aerosol outgasses to form amrnonia
and nitdc acid in the lower atmospheric boundary layer. In the upper boundary layer, where
the temperature is lower and the relative hurnidity is higher, nitric acid ancl ammonia condense
back to the aerosol phase. Measurements show that aerosol nih'ate mixing ratios increase with
altitude, confirming this phase transition. Since phase equilibrium is not rcached
instantaneously, updrafts transport aerosol-poor air from the surface to high altitudes and
aerosol-rich air subsides from high altitudes to the surface under turbulent conditions. As a
result, the parlitioning deviates fìom equilibrium, so the horizontal and ternpolal varjabilities
of the aerosol nitrate rnixing ratio are enhanced and a continuous downward aerosol nitrate
flux emerges. We postulate that observations of this variability and flux shoulcl not be
interpreted as instmmerrt noise and deposition ofnitrate. In an idealized large-eddy simulation
(LES) experiment of a convective boundary layer, we find that the larger variability and flux
occurred at about one third ofthe boundary layer height. Both are largest when the gas-aerosol
partitioning tirne scale is assumed to be about half the time scale ofturbulence. Our LES result
shows negatively skewed nitrate rnixing ratios. Under colder conditions, a srnaller fraction of
arnmonium nitmte aerosol outgasses at the surface, so the absolute effect of nitrate
repartitioning becomes smaller. However, dimensionless statistical properties do not change
as long as the tulbulent properties of the boundary layer remain similar. This indicates that the
identified processes are also present under colder conditions.

Citation: Aan de Brugh, J. M. J., H. G. Ouwersloot, J. Vilà-Guerau de Arellano, and M. C. Krol (2013), A large-eddy
simulation of the phase transition of ammoniun nitrate in a convective boundary Iayer, J. Geophy,s. Res. Atmos., 118,82Ç836,
cloi: 1 0. I 002/jgrc1. 50 I 6 1.

1. Introduction

[z] Aerosols have a pronounced influence on the climate
system, both directly by scatteling and absorbing incoming
solar radiation lHess et al., 1998; ÍIaywood and Bouclter,
2000; Solonon et al., 2007; Intergoventmentel Panel on
Clinate Change,2007) and indirectly by altering cloucl prop-
efires fRosenJëld eÍ a1.,2008; Kaufman et a1.,20021. Knorvl-
edge about the combined climate effect of aelosols is poor
compared to that of the climate effect of greenhouse gases.

In the Netherlancls, nearly half (4248%) of the fine aerosol
(PMz.s) mass consists of secondary inorganic aelosols (ammo-
nium nitrate and ammonium sulfate) lWejers et a1.,20771,
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which are the dorninant antluopogenic aerosol species in the
size range of maximum light scattering (0.4-1 .0 ¡rrn)
Iten Brink et al., 79971. Furthermore, secondary iuorganic
aerosols are effective cloud condensation nuclei, because
of their size and water solubility. During the last 25yearc,
nitrogen oxide emissions have been reduced to a smaller
extent tlran sulftir dioxide emissions lVestreng et al.,2007,
2009]. Amrnonia emissions in the Netherlands are very high
dtre to irrtensive livestock lBuijsman et al., 79871. This
emission stoichiornehy implies that ammoniun nitrate aerosol
is particulady impoftant in the Netherlands.

þ] Under warm and dry conditions, armonium nitrate
aerosol dissociates and outgasses to form ammonia and nitric
acid gas lStelson and Seinfeld, 19821. As the temperature is
highest at low altihrdes, ammonium nitrate will outgas near
the surface and condense back onto aerosols in the upper
bormdary layer. In a convective boundary layer, ammonium
nitrate is being mixed continuously between low and high
altihrdes, where different phases prevail. In theory, this inter-
action between hrrbulence and gas-aerosol partitioning
induces spatial variability on the aerosol nitrate mixing ratio
field. Here, we use a large-eddy simulation (LES) to stucly
the main controlling plocesses driving this variability and to
quantif, the vertical profiles of the aerosol nitrate mixing ratio,
flux, variance, ancl skewness.
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[+] Large-edcly sirnulations have beeir used to investigate
the effect of small-scale tlrbulence on proccsses such as

clremical reactions. For instance, Ouwersloot et al. l201ll
studied the effect of mesoscale circulations, induced by
surface heterogeneity, on the reaction bctween isoprene and
the hydroxyl radical. The advantage of large-eddy simulations
is that the segregation of chemical species is explicitly
resolved fOuwersloot et al.,20l l]. Segregation between the

þdroxyl radical and volatile organic compounds has also
bcen investigated rvithout LES lDlugi et al., 20101, Pugh
et a1.,201),1. Krol et al.120001stuclied the effect of heteroge-
neous emissions of hydrocarbons on their oxidation rates. For
botlr the studies of Otrvversloot et al. l20lll and Krol et al.

[2000], the chemical reaction is slowed down bccause the
concentrations ofthe reacting chemicals anticorrelate in spacc.
This segregation has been stuclied in iclealized cases by
Schunrunn [1989], Sylces et al. 119921, arñ Vilà-Guerau de
Arellano et al. ll993bl. LES studies have also been per-
formed on physical processes such as cloud formation lvan
Heerwaarclen and Vilò-Guerau de Arellano,2008l. Like par-
titioning of ammonium nitrate, cloud formation is a reversible
phase transition induced by temperature and moishtre.

lsl Wonf et al. 120101pointed out that the phase transition
of nitrate may induce a flux divergence. Without conccting
for these effects, dry deposition of aerosol nitrate may be
substantially overestimatecl. For nitric acid, these fluxes are
reversed and coulcl falsely be interpretecl as emission of nitric
acid fHuebert et al., 1988: Neftel et al., 7996; Nemitz eÍ al.,
2004a; Zhange et al., 19951. Phase transitions and chemical
reactions at time scales comparable to that of turbulence make
the flux-gradient relationship more complex as demonstrated
by Vilà-Guerau de Arellano et al.ll993a]. The time scale of
turbulence is the fypical time for air parcels within the bound-
ary layer to be transported and mixed and has typical values of
15-20 min dtuing daytime. The tine scale of gas-aerosol
parlitioning is the characteristic tirne in tvhich the gas-aerosol
system restores to equilibriurn. Theoretical studies pointed out
that the time scale of partitioning depencls strongly on the
aerosol size and composition lMeng ard Seinfeld, ).996;
Wexler and Seinfeld, 1992; Slùraiwct et al., 20111. Fine
liquicl aerosols equilibrate rvell within one eddy-turnover tile
(15 20rnin), while coarse solid aerosol equilibrates much
slower. Several experimental studies investigated rvhether or
not a gas-aerosol system remains ir, equilibrium, which is related
to the ratio between the time scales of partitioning and turbu-
lence. 'Whereas several studies lZhang et a1.,2003; Takahanm
et a1..2004; Yu et a1.,20051 conclude that thc equilibrium cone-
sponds well to the obselations, other studies lMoya et a1.20011,
Fisselta el al., 2006; Morùto et a1.,2006; Schaap et al.,20I1l
show that during sur1lmcr and daytime, observations show
a larger particulate phase than the equilibrium, which can
be explainecl by a non-instantaneolrs equilibriurn.

[e] Partitioning of anrmonium nítrate in the convective
boundary layer has been investigated in a study with airborne
measurements lMorgan et a1.,20101. They observecl increas-
ing aerosol nitrate mixing ratio with altinrde throughout the
entire boundary layer on 8 l\4ay 2008 in the Netherlands. In
contlast, observations on 21 May showed no frirther incr-ease
in the nitrate mixing ratio from 500 m altitude onward (not
shown in Morgan et al. l20l0l). Interestingly, the horizontal
variability of nitrate mixing ratios at any altitude was much
greater on 8 May than on 21 May. None of these features were

present in the observations of sulfate , which is not subject to
phase transition. Inspired by these observations, I an de Brugh
et al.12012] performed a one-dimensional model shrdy on the
partitioning of anrmoniumnitrate rvith a single-column moclel.
They discussecl how delayed gas-aerosol equilibrium in the
model can improve the match between the model and the
obselations. Regalding the results from experimental and
theoretical shrdies, it seems likely that a gas-aerosol patition-
ing time scale close to the flrbulent time scale is representative
for a clear day in May at Cabauw.

[z] Phase transition of ammoniuru nitratc has been investi-
gated in many othel r¡oclel studies as lvell, for instance by
Brost et al. 119981, Krctnun and Dlugi Í19941, Nemitz and
Sutton 12004f,R),der [2010], and van Oss et al. [1998]. How-
ever, none of these studies used large-eddy simulations. Our
large-eddy simulation complements these studies by adding
an explicit representation of the segregations of concentrations
of different species, tempsrature, and humidity. Moreover, our
simulation focuses on the middle boundary layer' (around
500m altitLrde) rather than the surface layer. In contrast to the
abovementioned shrdies, surface-layer processes, such as dry
deposition, will not be analyzed in this paper. The goal of
this paper is to unravel the interaction between botrndary-
layer turbulence and gas-aerosol partitioning of nitrate. To
rnaintain focus on this interaction, other processes have not
been ùrcluded in the model. Our specific research questions are:

1. What features (e.g. variabilify and flux) of aerosol nitrate
are explicitly rreproduced in an LES of an amrnonium-
nitrate-snlfate system uncler diumal convective conditions?

2. What is the dependence of these feahres on the assumed
time scale of gas-aerosol partitioning and on temperaturc?

þ] Additionally, we discuss what observational evidence
could be obtained to acquire information about gas-aerosol
partitioning.

2. Numerical Sirnulation

[l] Our simulation of the armnonirun-nitrate-sulfate system
will focus on the daytirne situation for two reasons: First,
trubulent mixing, whìch is active during daytime, is the main
driver in transport and mixing. Secondly, the racliative impact
of aerosols is relevant during daytirne. All the numerical
expedments start at 7:00 UTC and we obtain model output
every minute between 13:00 and 16:00 UTC, refenecl to as

the analysis period. We will aLlalyze the phase state of the
semi-volatile aerosols and use the aerosol nitrate mixing ratio
as indicator. Throughout this paper, when nitrate is mentioned,
it refers to just the nitrate in the aerosol phase (NO, ) unless
"total nitrate" (NOt +HNO3) is explicitly mentioned.

[ro] We use the Dutch Atmospheric Large-Edcly Simula-
tion (DALES) lHeus et a|.,20701, r'ersion 3.2. This model
originates from Nieuwstadt and Brost 119861 and has been
flirther developed and imploved fCuijpers and Duynkerke,
7993; Dosio, 2005]. DALES explicitly resolves processes
on a lelatively large scale using the filtered Navier-Stokes
equations in combination with the Boussinesq approxima-
tionlFleus et al.,2070l. In general, the filter size is set equal
to the gdd size of the simulations. Subfllter-scale processes
are parameterized using one-and-a-half-order closurc.
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Table l Uniformly Initialized Mixing Ratios in This Study

Spccies

Itr] The vefiical gdd is a norl-equidistant grid of 200 cells
from the srrrface up to about 3 km, with a fine rcsolution
closc to the surface and a coarselrcsolution aloft. This grid
approximatcs prossrlre levels rvith l50Pa per cell, which is
inspired by the column moclcl study of Aan de Bnrgh et al.

20f4.In oul cases, the bounciary layel does not grow. larger
Ihan 2km, which implies that the vertical domain size is
suffrciently lalge for a bounclary-layer study. The hodzontal
grid consists of 64 x 64 cells of 50 x 50 m each leading to a
simulation of a domain of 3200 x 3200m. As usual, periodic
boundary conclitions arc enrploycd to mimic an infinite
lronrogeneous convcctivc bor.rndary laycr flleus et a|.,20101.
The maximum tirnc step is 1s. Non-rcsolvcd fluxcs, rvhiclr
are negligible cxcept at the surfacc, are parameterized.

[tu] The DALES is extcndcd ,,vith a chemistry moclule,
allowing for sinultaneous sirnulation of both boundary-layer
clynamics and clremistry fVilà-Gtrerau de. Arellano et al.,
2005]. Our chernistry schenre only involves gas-aerosol parti-
tioning of anrmonium nitrate, using sir scalars for the mixìng
ratios of the aerosol species: sulfate (SOl-), bisulfate (HSO;),
nitrate (NO!), ammonium Q.IHf), and the gas species: nitric
acid (HNO3) and ammonia OfH3). The equilibrium between
the gas and the aet:osol phase is calculated with ISORROPIA
version 2 lFountoukis and Nenes,2007l, an extension ofthe
original vcrsion as described tn Nenes el a/. [1998]. This
cquilibrium dcpends or.r the absolute tcmperature and the rcla-
tive hurnidity. We apply the tendency by lìrst-ordcr mrdging:

[t:] Here, dC/dt, is the tendency of the mixilg ratios, C"n
are the equilibrìum mxing ratios calculatecl by ISORROPIA,
C are the actual mixing ratios, and ro is the parliticlning
time scale.

Ir+] Because chemical processes of aerosols ale limited by
btrlk diffusion lShiraiv,a et aL.,2011], the tirne scale of gas-
aerosol partitioning clcpcnds strongly or.r microphysical
properlics of the acrosols such as sizc and viscosity. Becausc
thcsc micropþsical acrosol propcrtics have not been measured
cluring IMPACT, there is a largc uncertainty around the rp
value. The ratio between to and the time scale of turbr.rlcncc
(t,) is parlicularly important in this study, because parlitioning
anci flirbulent mixing are the two processes that are modeled
explicitly. The time scale of tulbulence is obtained from the
DALES results as

z;
r' = rrì Q)

where r¡ is the time scalc of turbulence, ü'* is the convectivc
velocity scale, and z¡ ís the boundary layel height.

[rs] We perform simulations in which we valy zr,. 'W'c

prescnt the results wifh'cr:1800s as thc main rcsults and
shorv ho'lv thc rcsults changc rvith a differcnt partitioning

time scale. Note that 1800s is close to typical lime scales
of tur-bulent mixing in a convective boundary layer and that
therefore the interaction bctween mixing and gas-aelosol
partitioning is explicitly simulated.

[tc] This lesearch enrploys an idealized model setup, in
which just the interaction between turbulence and gas-aerosol
partitioning is simulated. To rnimic typical fair'-weather condi-
tions, we imitate the meteorological conditions of 8 May 2008
at Cabauw, a clear day during the IMPACT campaign. This is
done by setting initial conclitions and boundary conclitions
sr.rch that the tcmperatrnc and relative humidity at the snrfacc
concspond lvell to the obscrvations at Cabar,rw. To acqtLire
satisíàctory rneteorological bounclary conclitions, the meteoro-
logical situation has been simulatccl with the 'Wageningen

University single Cohrmn Moclcl (WUSCM) lAan de Bruglt
et al., 20121. Thereby, we checked '¿'ith which boundary
conditions the results of WUSCM coresponcl .çvell to observa-
tions frotr the CESAR website (http ://uwrv.ces ar-obselatory.
nl lRtrs,sclrcnberg et al., 2005|). These boundary conditions
were adopted for the LES.

Irz] The mixing ratios of total sulfate (Sq +HSO;), total
nitrate (HNO3+NOt), ancl total ammonium (NH3+NHi)
arc initializccl uniformly over thc entire dornain (including
the f,-ec troposphere) to mixing ratios tl.rat are observed with
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Figure l. Modelcd and obscrved surface tcmperature and
rclative humiclity, and modclcd time scale of turbulence (t)
at Cabauw on 8 May 2008. The analysis pcrìocl is shacled.
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the MARGA instmment lThomas et al., 2009; ten Brink
et a1.,20091 at Cabauw on 8 May 2008 aI the time of the
flight mission on that day. These mixing ratios are 1.3ppb
total sulfate. 3.6ppb total nitrate, and 23 ppb total anuno-
nium (Table 1). Note that ammonia is sufÊciently abundant
to neutralize both sulfuric and nitric acid, a situation lypical
for the Netherlands. Exchange processes at the surface are
not imposed. By doing so, this rnodel setup allows us to avoid
complex boundary conditions and to simulate a homogeneous
convcctive boundary laycr close to the observccl situation on
8 May shorvn in Morgan er al. 120101.

3. Results

[ts] We first highliglrt the meteorological conditions of our
mairr simulation: 8 l\4ay 2008. Then, we analyze the intelac-
tion bctwcen turbulence and nitlate repartitioning assurning
a tilne scale of partitioning equal to 1800s. Subsequcntly,
u'e analyze how the interaction betlveen turbulence and lepar-
titioning changes with diffcrent partitioning tirne scalcs.
Finally, we investigate the sensitivity to coldcr conditions.

[n] Figure 1 shows the modelcd and observed tempcra-
ture and relative humidity at the surface, and the modeled

time scale of tulbulence, stafting at 8:00 UTC. As stated in
section 2, the initial conditions and boundary conclitions
are set such that the observations are reproduced. Both the
modeled temperature and relative humidity at the surface
remain very close to the observations, especially during the
analysis period (13:0G-16:00 UTC), with root mean squal€
elrors of 0. I 6'C for the temperature and 1 .lYo for the relative
humidity. Moleover, with standard deviations of 0.16'C for
the modeled tempelature atd 0.60/o for the modeled relative
humidity during the analysis period, it can be stated that
the tneteot'ological conclitions lemain relatively constant
during these 3 h, so the diurnal evolution plays only a minor
role. During the analysis periocl, the time scale of furbulence
(equation (2)) reaches typical values of 15 to 20mir. The
boundaty layer grows to about 1900m in the aftemoon.

[zo] To show the 2D vertical stluctulr, we present snapshots
ofpotential temperature, specific humidity, actual nitrate mix-
ing ratio, and nitrate equilibrium at 14:30 UTC (middle of
analysis period) in Figure 2. h all four panels, the wind is
shown as vector field. Close to the surface, updrafu are char'-

acterized by higher potential temperatnres and higher specific
hurnidities that indicate the transport of heat and moisírre
from the strface into the atmospheric boundary laycr. In the
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Figure 2. Vertical 2D snapshots on 14:30 UTC of rnocleled potential ternperature, specific hurnidity,
actr-ral nitlate mixing latio and equilibrium nitrate mixing latio, along with a vector f,eld for the wind in
the two clisplayed directions. The time scale of partitioning is set to 1800 s.
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Time (UTC)
r.rpper boundary layer, warmer and dlier air is transpofted by
the subsidence motions because of entrainment. The nitrate
equilibriurn (bottom of riglit colurnn) depends strongly on
the altitude due to decreasing absolute temperature and
increasing relative humidity at higher altitudes. The hori-
zontal variability in the nitrate equilibrium due to horizontal
variability of potential temperature and specific hurnidity is
small (o < 0.1 ppb at surface, decreasing rapidly with altitude).

[zr] Due to the assume<l non-instantaneous equilibrium
(ro:1800s), the actual nitrate mixing ratio differs substan-
tially fiom the equilibrium. At the surface, the average rnixing
ratio of nitrate (2.6ppb; 72Yo of total nitrate) is significantly
higher than the equilibrium (1.4ppb; 39'/" of total nitrate)
due to mixing of aerosol-rich air flom higher altitudes. At
higher altitudes, the reversc is the case. From 1200 m onwarcl,
the equilibrium is shifted virtually completely (>98%) toward
the aerosol phase. The actual nitrate mixing ratio, on the
other hand, is only 3.1ppb (86% of total nitrate) at
1200m. Only in the fi'ee troposphele, where the influence
of mixing is small, the simulated nitlate mixing ratio equals
the equilibrium rnixing ratio. The simulated nitrate mixing
latio displays more horizontal variability than the equilib-
rium, because updrafts transport aerosol-poor air and down-
drafts transport aerosol¡'ich air.

[zz] Variabilþ in the nitrate mixing ratio is also visible
in the temporal domain even though there is no significant
temporal evolution in the meteorirlogical conditions during
the analysis period (see Figure l). Figure 3 shows virtual mea-
surernents of the nitrate mixing ratio ancl the vertical wind in a
stationary virtual balloon at 100, 500, and I 300 m altitude. On
any altitude, the simulated nitrate mixing ratio and the verlical
wind show rapid oscillations. Striking is the strong anticonela-
tion between nitrate and vertical wind, especially at 500 m
altitude (r: - 0.53 at 100 m, r: - 0.78 at 500 m, and
r: - 0.68 at 1300m). Except for the lowest altitucle, which
is located in the surface layer, specific updlafts can be identi-
fiecl around 13:45 UTC and 15:00 UTC, in u,hich the nitrate
mixing ratio is significantly (up to 0.5 ppb) lorver.

3.1. Vertical Profiles

[z:] The vertical nitrate flux is one of the main contribu-
tions in the 1D budget equation ofthe horizontally averaged
nitrate rnixing ratio. In order lo analyze it, we first introduce
the lD budget equation for the potential lemperaíte lStull,
1 e88l:

-ôw'0'

lz+l Here, vl0' is the potential-temperaírre flux. Except
for the sudace, there is no additional production or loss
term, so the potential temperature is inerl. If r.ve diffelentiate
equation (3) with respect to e, we obtain

Ale 02ní 0

1tðz 022

[zs] In the quasi steady state approximation, the change
of the potential-temperature gradient in time (left-hand side
of equation (4)) approxinates zelo due to intense rnixing

.1 3.0 14.0 15.0 16.0

Time (UTC)

/ 
:.*1, {i.i 

;í: lì' wind J'\ -:*;$,

Figure 3. Modelecl nitrate mixing latio and vertical wind at
a fixed point at three different altitudes. The time-averaged
values are rnarked rvith dotted lines. The time scalc of
partitioning is set to 1800s.

of the convective boundary layer. This means that the right-
hancl side approximates zere as well. Therefore, the flux varies
linearly with altitude as derived in the mixed-layer approach
by Tennekes and Dtiedonks [1981, see for instance Figure 1

therein].

[zo] For chernical tracers lvith a production or loss tenl
thloughout the boundary layer, like for nitrate, a chemical
tenn enters the lD budget equration:

0C 1¡!C
ðr: - 0, +f (5)

ð2c 02nt! C dl
otor: - u, * o, (6)

[zr] Here, C is the rnixing ratio of the chemical and/is a
production (or loss) function. Nih'ate outgasses at low
altitudes and nitric acid condenscs onto aerosols at high
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altitudes. Consequently, nitrate has a sink (negative /) close
to the surface and a source þositive/) aloft. This irnplies that
ðfl)2 is positive for the rnajority of the boundary layer. We
apply the quasi steady state approximation to equation (6) as

well, so the left-hand side approximates zero. To satisfy the
equation, the second derivative of the nitrate flux must be a

positive numbe¡. Therefore, we expect a convex flux profile
for nitrate rather than a linear one.

[zt] Figure 4 shows the modeled vettical profiles of five
statistical quantities. As predicted, the flux profile (top of left
column) is convex with a maximum downward flux of - 0.21
ppb ms I at about 600 n altitude ancl it approaches zero at the
sudace and at the top ofthe boundary layer. The correlation
coefficient between nitrate mixing ratio and vertical wind
reaches its maximum negative value of - 0.82 also at about
600m altitude, although this value stays relatively constant
between 400 and 900m altitude. This means that for these
altitLrdes and an assumed partitioning time scale of 1800s,
updrafts can reliably be associated with lower nitrate mixing
ratios. Worflr noting is that the conelation coefficient between
the nitrate mixing ratio and the specific humidity (not shown)
is around - 0.8 throughout the entire boundary layer, indicat-
ing that the current specific humidity is an even better indicator
of an air parcel's half-hour history than the current vertical
wind. However, whether the specific humidity or the vsrlical

wincl is more strongly anticonelated with the nitrate mixing
ratio highly depends on the assumed partitionirg time scale.

[zr] The flux is related to the correlation cocffìcieirt with
the following fonnula:

,r'c,-:- (7)' ''t - oro"

coefficient bet,ween nitratc mixing ratio and vertical wind, o¿
is the standard deviation of the nitrate mixing ratio, and a", is
the standard deviation of the vertical wind. The stanclard

deviation of the nitrate mixing ratio (top of right column of
Figurre 4) peaks at a lower altitude than that of vertical wind,
although both depend on turbulence. At lower altitudes, the
gradient in the nitrate mixing ratio is stronger, so turbulence
enhances octo a greater extent than at higher altitudes. The
additional peak in the nitrate standard deviation at 1800m is
caused by errtrainment of air from the free troposphere of
which the nitrate is courpletely (> 99%) in the aerosol phase.

[:r] The skewness (bottom of midclle column of Figure 4) is
a dimensionless measure of the asymmetry of the probability
distrjbution. Dne to strong upclrafts ancl large-scale areas with
slow sinking motions, the vertical wind is posítively skewed in

N¡trate flux (ppb ms'1)
-o2 -0.1 -0.0

Correlation C)
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=< 1000
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2.5 3.0 3.5
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Figure 4. Modeled vertical profiles ofthe nitrate flux, the conelation coefficient between nitrate and vertical
wincl fluctuations, the standard deviation of nitrate and veftical wind, the average nitrate rnixing ratio and the
skewness of nitrate and vertical wind. AII profiles are time-averaged over the period ûom 13:00 to 16:00
UTC. The time scale of partitioning is set to 1800 s. Characteristic points of the profiles are markecl.
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a convective boundary layer fMoeng and Rotunno, 1990].
Because the nifrate míxing ratio anticonelates with the vertical
wind, a negative skewness is expectecl for nitrate. This is the
case for the majority of the boundary layer, although above
l km altitude, the weaker conelation causes the nitrate skew-
ness to be less in magnitucle than the verlical velocity skerv-
ness (see bottom of middle column of Figure 4). The skewness
ofnitrate in the free troposphere is undefined as fluctuations
are suppressed.

3.2. Sensitivity to the Partitioning Time Scale

þz] To assess the sensitivity to the assnmed partitioning time
scale, the simulation has been repeated with clifferent assum-
pions for the partitioning time scales (see equation (1)). The
profiles as shown ir Figure 4 change only little in shape, but
vary significantly in magnitude. To compare these profiles
for the different partitioning time scales, we summadze each
profile with the most exhrme value in the boundary layer,
disrcgarding featules in the entrainment zone. These poitfs
are marked with crosses in Figure 4.

[::] Figure 5 presents horv the profiles change with as-

sumed partitioning time scale. The largest flux and standard
deviation in nitrate are modeled when the partitioning time
scale is assumed to be 450 s (around half the tirne scale of
an eddy turnover in the convective boundary layer) at
approximately 500ni (550m for the flux and 3B0m for the
standard deviation). For both shorl and long partitioning
time scales, the flux ancl standard deviation are suppressed.
For short partitioning time scales, the nitrate mixing ratio
approaches the equilibrium (bottom of right column in
Figure 2). As discussed there, the hodzontal standald devia-
tion of this nitrate equilibrium is low (< 0.1 ppb at the surface,
decreasing with altilrde). Figure 5 (third panel) shows that for
short partitioning time scales, the largest standard deviation of
the nitrate mixing ratio is indeed located near the surface
and reaches a value around 0.1ppb. For long partitioning
time scales, the nitrate mixing ratio approaches a well-mixed
profile tluoughout the entire boundary layer', so variability is
suppressecl. With small horjzontal variability, the flux is small
as well. The conelation between vertical rvincl and nitrate
mixirg ratio is a latge negative number (- 0.89 at ro:450 s

slightly increasing to nlore moderate values rvith increasing
ro). Because of the low sensitivity of r,uç to the partitioning
time scale, the nitrate flux and the nitrate standard deviation
behave similarly (equation (7)). The nitrate skewness remains
rather constant ( 1 .2 To - 1.5) until øo exceeds 1 0 min, after
which large negative skewness clisappears.

3.3. Probability DensÍty Functions

[r+] The relationship between the nitrate mixing ratio and
the verlical wind can be visualized with two-dirnensional
probability density fiurctions (2D-PDFs, see Figure 6). Such
a 2D-PDF is constructed with all data points (nitrate and ver-
tical wincl) at one altitucle for the entire analysis period. As
reference case, replesentative for the convective boundary
layer, we take z:500 m and r,,,: 1800 s.

þsl The plobability density function generally shows that
nitrate and vertical wind are strongly anticorrelated and sig-
nif,cantly skewed, with more extrerne values rvith upward
wind and low nitrate rnixing ratio. At different altitudes, the
shapes of the 2D-PDFs are slightly different._ At 1300 m alti-
tucle, rnoclerate downdrafts (v,--0.5ms'r) contain more

20s

Partitioning timescale
'I min 5 min 15 min t h

0.0

-0.1

-1.0
0.4
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0.1
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100

1 500

1 000

500

0
20s

Figure 5. Sensitivity of the veftical profiles of the nitrate
flux, the nitrate standard deviation, the correlation behveen
nitrate and vefiical wincl fluctuations, the average nitrate
mixing ratio, and the nitrate skewness, to the assurned
partitioning time scale. Profiles are characterizedby the most
extreme value in the boundary layer, disrcgarding features in
tlre entrainment zote, The time scale of turbulence averaged
over the analysis period is rnarked. The displayed altifudes
are the altifides where the extreme values are found.

frequently very high nitrate mixing ratios (>3.3ppb) than
shong downdrafts (w < - I rns- t;. The leason for this feature
is that slowly moving air has resicled a longer periocl in the
uppel boundary layer, where the aerosol phase prevails. At
100m altitLrde, the vertical velocity is much lower (closer to
zero) because the eddies close to the surface are smaller. Also,
the conelation between nitrate and vertical lvind is weaker
(r-,c=- 0.6), indicating that, because of the less coherent
eddies close to the surface, the actual vertical wind is a less
good indicator for the history of the air palcel than at higher
altitudes. Finally, the 2D-PDF shows sharper and straighter
edges at shorter (300 s) partitioning time scales. In snch case,
the nitrate mixing ratio becomes lnore predictable, because
only a shorter history ofthe ail parcel is relevant.
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3.4. Effects of a Colcler Boundary Layer on the
Partitioning

þe] To investigatc thc effcct of colcler conditions, the
sirnulation (zo:1800 s) has bcen rcpeatecl for a colder day,
2l May 2008. During the analysis period on 21 May, the
surface temperature is much (5.6"C) lower and the rclativc
htunidity at the surface is slightly (8.3%) highcr than on
8 May. Howevel', the turbulent propcl'ties of the boundary
layellvere sirnilar to 8 May. Under these colder conclitions,
a smaller fiaction of nitrate outgasses at the surface, reclucing
the difference in the nitrate mixing ratio betrveen the surface
and higher altitudes by a factor of four to five. Because of this,
the nitlate flux and the nitrate standard deviation are reduced
by a similar factor. Horvever, the clirnensionless propcrtics,
conelation and nitrate skewness, are rathcr insensitive to these
conclitions.

[:z] The probability density function of the colder day
(Figure 7) summarizes the sensitivity of thc system to the
meteorological conditions adequatcly. The only significant
clifference is that the nitrate mixing ratios are shiftecl to higher
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Figure 6. Plobability density fllnctions for nitrate mixing latio and vertical rvind at one altitude.

n¡trato (ppb) prob dons (sm-r)

ppb-'sm-'
o 02 04 0ô 08 1 12 14 16

values and con.rprcssed to a smaller range. Consequently, thc
probability densitics in the compresscd nitratc dolnain are
scalcd up with the same factor.

4. Discussion

[:s] The gas-aerosol transition of nif'ate has a wide range
of time scalcs, clepcnding on thc sizc ancl ths viscosity of the
aerosols lShirctiwtt et al., 20ll). This time scale is very
clifficult to clerive from in situ measurements. Our LES
shows that statistical information fi'om rneasurements in
the convective boundary layer of the verlical wincl and
nitrate mixing ratios can potentially help to obtain infomation
about the partitioning time scale. We have also shown under
colder conditions, the statistical indicators of the partitioning
time scale lemain the same, butwithmnch smallerfluchrations
in the nitrate mixing latio.

[:r] V/e expect that the statistics of the nitrate rnixing ratio
fluctuations ale more strongly inflnenced by large-scale subsi-
dence, a diflerrent Borven ratio or a clifferent iritial sh'atification

60
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Figure 7. Probability density functions for nitrate mixing
ratio and vertical wind at 500m altitude for the cold-case
simulation. The partitioning time scale is set to 1800 s.

ofthe free troposphere. In the cold case, the equilibrium nitrate
mixing ratio profile became more constant with height (lower

f), resulting in less pronounced nitrate mixing ratio fluctua-
tions. In addition to turbulence, other chemical factors
irfluence only the profile of ff. Examples are the concentra-
tions of total nitlate and other species involved (e.g., total
ammonium, total sulfate, sodinm, and total chloride). For such
perturbations, we expect that the nitrate mixing ratio fluctua-
tions can be predictecl from the 4ff profile.

[+o] Unfortunately, non-modeled surface interactions (e. g.,
emission and deposition) also influence these statistical prop-
erties. Especially deposition of nitric acid is an important
process, since not only it is influenced by the phase t'ansition
of nitrate, but it also influences the statistical propefties of the
nitrate mixing ratio by reducing the total nitrate concentration
near the surface. Moreover, our simulation assutnes horizon-
tally homogeneous couditions, rvhile ir reality, heterogeneous
lancl-use and non-nnifoul emissions also cause variabilify.
Because ofthese processes, one can expect enhanced nitlate
standard deviations and reduced corrclations between nitrate
and vertical wind in rcal observations. Heterogeneous concen-
trations of total nitrate may affect the nitmte skewness as
well. As concentrations of pollutants usually shorv a positive
skewness lLee,2002], a positive skewness for total nitrate is
expected as well, cornpensating the negative sker.nness

for nitrate that we infer for short partitioning time scales
as discussed in sections 3.1 and 3.2. Entrainment of free-
tropospheric air wíth lolver total nitrate mi-ring ratios can in-flu-
encs the obsen ed nitratc mlring ratios as well. Intrusion of
prístine air is expected to enhance the nitrate standald devia-
tion and to reduce the nitrate skewness in the entrainmeÍrtzone

lMahrt, l99ll. This effect is minimized in the model, because
the total nitrate mixing ratio in the firce troposphere is set equal
to that of the boundary layer'.

LES OF PHASE TRANSITION NH4NO3IN A CBL

[+r] Experìmental detemination of the partitioning time
scale through sampling of fluctuations of the nitrate mixing
ratio and the vertical wincl will be bctter cletermined under
homogeneous conditions. Observations should preferably
be performed when the wind is weak and steady. Furlher'-
more, airbome neasurements with a low-speecl vessel, suclì
as a balloon or a zeppelin, minimìze the spatial range of the
observations and thereby the influence of heterogeneity. Note
that it is imporlant to perform measrrements at high altitudes
(e.9., 

" 
> 300 m), since the rnodel results show that the effects

are strongcst at srff,ciently high altiÍrdes (see Figure 4). By
rneasuring adclitional species besicles nitrate, one could indi-
cate to what extent spatial surface heterogeneity plays a role.
It is particularly important to sample the nitric acid mixing
ratio to obtain the total nitrate mixirg ratio as well, so that it
can be cletermined whether changes in nitrate mixirg ratios
are induced by repartitionirg or by changes in total nitrate
mixing latios. More rrsearch is required to understand the
effects of heterogeneous conditions on the nitrate partitioning.

[+z] The airrcraft observations on 8 May by Morgan et al.
[20 l0] indicate that the nitlate mixing ratios are enhanced at
higher altitLrdes and that they have a large spatial variability.
Sulfate, an aerosol component that is not subject to reparti-
tioning, does not show these featurss. These findings al'e in
agreenÌent with the rnodel results presented in this paper
(see Figure 4). However, the spatial varìability of nitrate in
the observations is larger than what woulcl be expected from
the homogeneous model results. Furthermore, the sker.r'ness
of the observed nitrate mixing ratios is positive at all alti-
tucles, which cannot be explained with our homogeneous
model lesults. We hypothesize that a significant fraction of
the spatial variability of the nitrate mixing ratios is induced
by hetelogeneous concentrations of total nitrate (see above
and Lee 12002]) or by heterogeneities in other driving factors,
such as ternperatute, humidity, total-ammoniun concentra-
tions, and lalge-scale air motions. The aircraft obsewations
have been collected over quite a large area around Cabauw
(see Figurre 5 of Morgan et al. 120101), so that significant
spatial heterogeneity could indeed be expected. Note that the
spatial variabilif of the sulfate mixing ratio is not a good
proxy for the spatial variability of the total nitrate mixing ratio,
because sulfate and nitrate have different sources.

[+:] On 27 i|r4.ay, when the conditions are colder, the differ-
ence between the phase equilibria at the surface and aloft is
smaller. This implies that the feahrres caused by repanitioning
are smaller than on 8 May. The observations show that there
is no significant enhancernent of nitrate mixing ratios frorn
500m altitude onrvard (see section 1) and that the spatial
vadability of the nitrate mixing ratios is much smaller than
on 8 May.

[++] Our moclel simulations predict that local measurements
of nitrate mixing ratios in a convective boundary layer show a
fluctuating signal. One might be inclined to ascribe the signal to
insfument noise. However, as pointed out above, the temporal
correlation between nitrate and vertical wind contains valuable
information about gas-aerrcsol partitioning. Unfortunately, ex-
pedmental conflrmation needs fast nìeasurements (more than
1 Hz) of the nitrate mixing ratio, which is technically challeng-
inglCrosier et a1.,20071. Such fast measrrements are normally
only performed for specific fltx slrdies at the surface lFarmer
et al.,2071; Foller et aL.,2009; Gordon et a\.,2071; Nemitz
et al., 20081. Our simulations further predict that gas-aerosol

AAN DE BRUGH ET AL.:

n¡fate (ppb)

34 3.5
8.0

í- 7.0

å o.o

-o s.o

i!). ¿.0
oÞ 3.0

€roe 1.0

0.0

6.0

4.0

5
E
p 2.0a.E

õoE 0.0o

-2.0

40

E
20 !c'=

õo
00 Eo

3533 34
nitrate (ppb)

00 0l 02 03 04
prob. dens. (sm-1)

834



AAN DE BRUGH ET AL.: LES OF PHASE TRANSITION NH4NO3IN A CBL

partitioning induces a clownward flux of nitrate in the convec-
tive boundary layer. This is in agreement with l(olf.f et al.

[2010], who pointed out that this downward flux can lead
to overestimations of the dry-deposition velocity of nitrate.
Several other studies also measured large apparent deposi-
tion fluxes of aerosol nitrate and ammonium with an aerosol
mass spectrometer eddy-covariance flux system and by
measuring Çoncentration gradients lFov,ler et al., 2009;
Gordon el al., 2017; Nemitz et al., 2004b; Wo!ff'ef al.,
2011; ll/yers and Duyzer, 19971. We have confinned that
flux measurernents of total nitrate arc nrore suitable for esti-
mating deposition velocities.

5. Conclusion

[+s] This paper presents a stucly basecl on an LES of gas-
aerosol partitioning of nitrate in a convective boundary
layer. We have shown that when gas-aerosol partitioning
occlrrs at a time scale comparable to the convective time
scale, a stmctrrre of updrafts with reduced nitlate mixing
ratios and downdrafts with enhanced nitrate mixing ratios
alises. These features may appeal in observations as rapid
fluctuations in nitrate mixing latios. Also, apparent deposition
fluxes of aerosol nitrate, which have been obserecl by mea-
surement shrdies, have been reproduced by our model.

[+o] Our model results show that the horizontal variance of
the nitrate mixing ratio and the nitrate flux is maxirnun when
rox 7/2 . r¡ and declines fol both shofi and long parlitionirg
time scales. This variance and flux peak at around one third
of the boundary layer height, sliglrtly depending on t,. For
short partitioning time scales, the sker.vness of the nitrate
spatial distribution is predicted to be negative due to the strong
negative conelation with the vertical velocity. For longer
partitioning time scales, the nitrate skewness increases toward
zero. Future observations of these statistical properties of the
nitrate mixing ratio rnay provide infonnation about the parti
tioning time scale, a quantitythat is difficultto lneasllre directly.

l+tl At colder conditions, the irteraction between turbu-
lence and nitrate repartitioning remains qualitatively similar
as long as the turbulent properties of the bounclary layer
remain similar. However, the magnitudes of the nitrate
variability and flux are lower at colder conditions, because
the phase equilibria at the sulface and in the upper boundary
layer differ to a srnaller extent than at warmer conditions.
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tion of national computer facilities) for providing the ability to mn DALES
on the snpercomputer Huygens (project SH-060-12) This work is supported
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