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Abstract. The effect of nitric acid on the equilibrium size Recently, Petzold et al. (2000) made observations about
distributions of upper tropospheric aerosols is calculated ashe occurrence of haze-mode aerosols in the upper tro-
a function of relative humidity. It is shown that HN@on- posphere. The number of haze mode particles increased
centrations above a few tenths of a ppb can cause substantiabruptly as the saturation ratio exceeded 0.5. It was argued
increases in haze mode particle concentrations at relative huhat the particles were likely to be composed of ammoniated
midities at about 60% and above. The effect can be stronglsulfates undergoing deliquescence transition forming liquid
magnified when letovicite particles are present in addition todroplets (Petzold et al., 2000). There are also some other
sulfuric acid aerosols. Letovicite particles are less acidic tharobservations on large spherical particles in the upper tropo-
the sulfuric acid particles and so more nitric acid can be ab-sphere (Sassen et al., 1998; Del Guasta et al., 1998). The
sorbed. This effect can be seen even at RH below 50% dusphericity of the particles indicates strongly that they are in
to the lowering of the deliquescence RH of letovicite in the fact liquid droplets.
presence of gaseous nitric acid at low temperatures. We have Recent thermodynamic equilibrium model calculations
also compared equilibrium calculations of the HN€ffect  have shown that HN©can lower the deliquescence relative
with observations of increased haze mode concentrations aiumidity (DRH) of ammoniated salts at upper tropospheric
relative humidities above 50% (Petzold et al., 2000). Nitric conditions (Lin and Tabazadeh, 2002). It was also shown that
acid mixing ratios on the order of 0.5-2 ppb may explain thethe most likely ammoniated salt to exist at temperatures near
observed increase of haze mode particles at least partially. 200K is letovicite(NH4)3H(SOy),. The DRH of letovicite
is normally 87% at 210K, but the presence of 2 ppb HNO
can decrease it down to 43%. The highest observed volume
mixing ratios (VMR’s) of HNG; in the upper troposphere are
1 Introduction as high as 3 ppb (Laaksonen et al., 1997). High nitric acid
VMR’s are possible in air masses with continental influence
Aerosols in the upper troposphere and stratosphere arer near flight corridors. Also, sedimentation of nitric acid
mainly composed of E50; and HO but also ammoniated particles from the stratosphere can cause increasedsHNO
sulfate and other components have been observed (Xu et akconcentrations in the UT. In the future, increased air traffic
2001; Sheridan et al., 1994; Murphy et al., 1998). It has beerand/or increased NOemissions on the ground may cause
shown that binary SOy /H20 aerosols can effectively take high upper tropospheric nitric acid concentrations to occur
up HNGs and turn into supercooled ternary solutions beforemore frequently, which in turn, may influence the number
freezing homogeneously (Tabazadeh et al., 199k cKer  concentrations of haze mode particles.
and Solomon, 1999). Uptake of HNGOncreases the hy- The role of ammoniated sulfates in UT aerosol has been
groscopic mass of aerosols, causing further growth of thediscussed in previous studies (e.garkher and Solomon,
droplets due to absorption of water. This affects both the1999; Lin and Tabazadeh, 2002). It is clear, that ammo-
optical properties of the aerosols and the stratospheric hetia neutralizes acidic solutions and so enhances the uptake

erophase chemistry. of HNO3. However, this effect has not been quantified so
far for UT aerosols in terms of droplet diameter growth and

Correspondence tdS. Romakkaniemi enhancement of haze mode concentrations. Instead, Lin

(sami.romakkaniemi@uku.fi) and Tabazadeh (2002) considered the effect of HNG
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Fig. 1. (a) Growth curves for different size classes for three HNO Fig. 2. (a) Growth curves andb) growth factors for different size
concentrations. Dry aerosol particle distribution is dist A from Ta- classes according to dist B in Table 1.(&) the accumulation mode
ble 1. The accumulation mode is illustrated with yellow colour. is illustrated with yellow colour. For clarity, size-dependent curves
Particles bigger than that are in the haze mo¢®. Growth fac- are presented only for 1 ppb of HNO For 2 ppb of HNG only
tors for different size classes for the same distribution. The highesthe highest GF's for letovicite (blue) and forbBO, (magenta) are
growth factors are for the biggest particles and vice versa. presented

the deliquescence RH of letovicite particles, but not how2 Theory
much HNG enhances hygroscopic growth, whilét€her
and Solomon (1999) calculated the effect of HN@» sulfu-  The equilibrium saturation rati§; of vapori over a multi-
ric acid aerosol extinction coefficients as a function of tem-component droplet surface is obtained from
perature reduced by the local frost point, but did not give
quantitative numbers on the effect of HY©On ammoniated
aerosols. s =2 = ﬁXﬁxp(%), 1)

In the present work, equilibrium equations are used to M "
model nitric acid and water partitioning between gas phase _ ) ) )
and different aerosol size classes in order to study the inWherep; is the partial pressure,; is the saturation vapor
fluence of HNQ on upper tropospheric particle growth at prgssure,xi t_he mole fraction,f; is the .actlv!ty coefficient,
different relative humidities. Assuming that sulfuric acid Vi iS the partial molar volume of speciéso is the surface
and ammoniated sulfates can be considered completely in€nsion of the solutiong is the gas constant; is the tem-
volatile, the equilibrium requirements are that the saturated®€rature, and is the droplet radius.
vapor pressures of water and nitric acid above the droplet To describe the equilibrium growth of aerosols we need
surfaces have to equal the respective partial pressures in the write separate equilibrium @hler) equations for every
gas. Due to the assumption, the sulfate to ammonium ratio i€ondensing vapor. In this study we have equations for water
fixed and independent of RH. Based on the study of Lin andand HNG;. At normal tropospheric conditions, Eq. (1) can
Tabazadeh (2002), we choose letovicite to be the only ambe used for water as is, but the amount of HN® the air
moniated salt studied. For letovicite we calculate the HNO is small compared to water and we need to take into account
dependent DRH. As a case study, equilibrium calculationsthe fact that condensation depletes the vapor phase. Using
are compared with the observations of Petzold et al. (2000).the ideal gas lawg{V=nRT) we can write an equilibrium
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Table 1. Parameters for log-normal distributions used in the calcu- Table 2. Parameters for log-normal distributions used in the calcu-
lations. In dist A all the modes are composed of sulfuric acid and inlations. Modes 1 and 2 are composed of sulfuric acid and mode 3 is
dist B modes 1 and 2 are composed of sulfuric acid and the mode 8omposed of letovicite.

is composed of letovicite with thin sulfuric acid coating.

dist ~ N[cm™3 D pglHm] ag
dist property model mode2 mode3
5 1 2 3 1 2 3 1 2 3
A II\SP[ZTM% (1).10252 0?5118 G 9 - 1 005 - 027 17 - 13
- 1.70 1.35 C, 98 - 2 005 - 027 17 - 13
g Cy 97 - 3 0.05 - 027 1.7 - 13
B N[m™3] 1120 0.1 1.25 Cs 9% - 5 005 - 027 17 - 13
Dpg[um] 0.050 0518  0.270 Cp 9 - 10 005 - 027 17 - 13
%s 170 1.35 1.30 Dp 100 01 O 005 050 020 17 135 13
Dy 99 01 1 005 05 020 17 135 13
Dp 98 01 2 005 050 020 17 13 13
D3 97 01 3 005 050 020 17 135 13
equation that takes account of the mass balance of species Ds 95 01 5 005 050 020 17 1.35 1.3
as Djg 9 01 10 005 050 020 1.7 135 1.3
S; = (nti —ngi)CRT _ X,‘ﬁ'eXp<ﬁ> 7 )
Psi RTr
wheren;; is the total amount of moles of substance the During the iteration we also calculate the saturation ra-
system per one droplety; is the amount of moles afin a tio of ammonium and sulfate ions with respect to letovicite.
droplet, andC is the concentration of droplets. If the saturation ratio is over unity, letovicite is in the solid

The droplet radiug and the number of moles;; of con-  phase. As soon as the saturation ratio drops below unity,
densable substancesin our case water and nitric acid) can deliquescence occurs and letovicite is moved from the solid
be calculated from Egs. (2) for a monodisperse droplet popphase to the liquid phase.
ulation with an iterative method at a given temperature if the  In the present study, the vapor pressuresgdnd HNGQ
total concentrations of 0 and HNQ are known. For the over the solution droplets and the saturation ratio of liquid
present calculations, the theory is expanded for a discretphase ammonium and sulfate ions with respect to letovicite
particle size distribution including/ size classes to obtain are calculated using the thermodynamic electrolyte model of
sufficient accuracy (see Kokkola et al., 2003, for more de-Clegg et al. (1998). Data for surface tensions and densities
tails). Equation (2) is thus used to calculate the equilibriumof multicomponent solutions composed of water, nitric acid,
size and the composition of aerosols in each size class as sulfuric acid and ammonia are not available, and some ap-
function of §; in a closed system. In practice, this can be proximations are needed. The system is therefore simplified
done with the following method. Equation (2) is modified by excluding the effect of ammonia on surface tension and
so thatng; and C are replaced withig; « and Cx wherek  density of the solution, whereby those quantities can be cal-
denotes the number of size class. The number of moles petulated using the expression given by Martin et al. (2000),
dropletn;; in size clas$ under iteration can be expressed as valid for H,SO;/HNO3z/H,0O-solutions.

Ntot,i — Zk;&b ndi,ka (3)
Cp ' 3 Growth factors

wheren,,, ; is the total number of moles of substanci . . .
the system (not per one droplet). By substituting Eq. (3) into'” the following calculations concerning upper troposphere

Nt b =

Eq. (2) we get a new equation for HN@ size class we assume (unless otherwise stated) that the total pressure
p=200 mbar and the initial temperature and water vapor sat-
(Meorn — Y Nan kCk)RT 20 vy uration ratio arelp=206 K andSp=0.3. In conformity with
Don = X"f"eXp<RTrb> (4) Petzold et al. (2000), we define the haze and the accumula-

tion mode to consist of droplets larger than 0.72 um in diam-
Now we have two equilibrium equations for every size eter and droplets with diameter between 0.37 um and 0.72
class, Eqg. (1) for water and Eq. (4) for HNOThese equa- pm, respectively. Both 8Os and NH; are assumed to re-
tions are iterated one size class at a time until all size classesain in the droplets during the equilibrium growth in ac-
are in equilibrium with both condensing vapors. This methodcordance with the original distribution. The size distribu-
is similar to the mass flux iteration method (see e.g. Jacobtions are presented in Table 1. Distribution A is similar to
son, 1999). those reported in the article of Petzold et al. (2000). The dry
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Fig. 3. Number concentration rati®vy,,./N:o; as a function of  Fig. 4. Like Fig. 3 but RH is now 75%.
HNO3 concentration at 60% RH for size distributions presented in
Table 2. The lowermost curves of @nd O correspond to distri-
butions G and Oy in Table 2 and the uppermost correspond i@ C
and Dy, respectively.
of § (black lines). It can be seen that with 1 ppb of HNO

the DRH of letovicite is at 47.8%. At that point, the particles
radius is obtained by dividing values given$t0.38 by a  instantly take up HN@ and HO to maintain equilibrium.
factor of 1.4, which is estimated to be the growth factor of The GF due to pure deliquescence is approximately 1.15.
H2SOy/H20O-solution droplets at that saturation ratio. The rest of the growth is caused by simultaneous uptake of
With these initial values, homogeneous freezing wouldHNOs and HO. The total GF at the DRH is 1.65. An as-
take place a5>0.78 (I'~199 K) depending on droplet size sumption of different ammonium to sulfate ratio than that of

and timescale of the process (Koop et al., 2000). letovicite would change the deliquescence behaviour of par-
ticles (see Lin and Tabazadeh, 2002) and thus change the GF
3.1 H2S0O4/HNO3/H20 at the DRH. However, based on Lin and Tabazadeh (2002),

letovicite will be formed in the solid phase also for nonsto-

In Fig. 1a we present growth curves for different size classeshiometric ammonium to sulfate ratios and so there will be
for distribution A at 3 different HN@ VMR’s as a function  at least partial deliquescence at the DRH of letovicite.
of saturation ratio. In the calculations the number of size
classes was higher but for clarity only 10 are presented in It can also be seen that the DRH is size dependent. The
the figure. In the Fig. 1a the accumulation mode is presentedmallest particles persist in the solid state to higher RH than
with yellow colour. The growth due to HNfuptake is clear.  do the bigger ones. The first particles to become deliques-

Figure 1b presents growth factors (=droplet diameter di-cent are those with the highest HN@ontent in the aqueous
vided by the dry particle diameter) for the same distribu- coating. Because of the Kelvin effect, the highest equilib-
tion and reveals that the equilibrium growth factors are notrium concentration occurs on the biggest particles. Smaller
size-independent. Because the Kelvin effect tends to increasparticles with a lower HN@concentration in the liquid layer
the saturated vapor pressures, the concentrations@fdid  experience deliquescence at a higher RH.
HNO3 have to decrease with decreasing droplet diameter in
order to ensure equilibrium for all sizes. Previously, Carslaw From Figs. 1 and 2 we can see that the highest GF’s
et al. (1997) have noted that the equilibrium composition offor letovicite are indeed lower than for,804 when the
stratospheric ternary droplets are size dependent (howevek;tovicite is absent. There are two reasons for that, the total

they did not calculate the effect on growth factors). volume of the distribution B is bigger than the volume of the
distribution A and the GF ofNH4)3H(SOy)2-H2O droplets
3.2 (NH4)3H(SOy)2 is smaller that the GF of $804-H,0 droplets. However,

the equilibrium growth of letovicite particles is not as size-
In Fig. 2, growth curves are presented for distribution B (seedependent as is the growth of,850s-particles and so the
Table 1) containing an additional mode of letovicite. Fig- presence of letovicite particles increases the number of haze
ure 2 shows the growth of the letovicite mode as a functionmode droplets.
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Fig. 5. Comparison to observations of Petzold et al. (2000) Fig. 6. Comparison to observations of Petzold et al. (2000) for dis-

for distribution A (pure sulfuric acid droplets) at three differ- tribution B containing letovocite with four different HN{oncen-

ent HNO; VMR's. Different symbols representing the observa- trations. Axes are same as in the Fig. 5.

tions (M11, M12, M21, M3, M5) refer to different POLSTAR

Il flights. For more information about measurements see Petzold

etal. (2000).Njqze/N14 is the ratio of particles with diameter be-  deliquescence of letovicite. With increasing HNGoncen-

tween 0.72pm and 10pm to particles with diameter bigger thanrations, the fraction of haze mode particles to all particles

0.014um. Nacc/N14 is the ratio of particles with diameter be- 5 increase to more than 5% depending on the amount and
tween 0.37 um and Q.72 pm tp particles with diameter bigger thanSize of letovicite particles present.

0.014 um. ngas/nyo is the ratio of gas phase HNQo the total . . .

HNO3 concentration. . Even without letovicite, the haze mode concentration can
increase to more than 1cm, but the amount of HN@
needed is higher than in the presence of letovicite particles.

) . Altogether, the variation in the haze mode concentrations for

4 Eﬁect of increased HNG and Igtowmte concentra- 4 gifferent size distributions shown in Table 2 is close to an

tions on the number of haze particles order of magnitude at both 60% and 75% relative humidities.
Nitric acid causes a substantial enhancement of haze mode

From the examination above it is clear that both increasedarticles already when the aerosol distribution is composed

HNOgz, and increased letovicite concentrations lead to in-of sulfuric acid alone, however, the presence of letovicite

creased numbers of haze mode particles. This effect is furmagnifies the effect greatly.

ther demonstrated in Figs. 3 and 4 presenting the ratio of

haze mode particles to all particles as a function of HNO

concentration for 11 different aerosol particle distributions5 A case study

(Table 2) containing different amounts of sulfuric acid and

letovicite. Figure 3 shows that at 60% relative humidity, ni- Petzold et al. (2000) observed pronounced increases of up-

tric acid concentrations below about 0.2 ppb have little ef-per tropospheric haze mode particles at relative humidi-

fect on the haze mode. However, above 0.2 ppb, enough dfies above 50%. Here, we compare our calculations to

HNOg is absorbed by the droplets to cause a substantial inthe observation in order to examine whether nitric acid

crease inNp,;.. At 75% RH, only 0.1 ppb of nitric acid is may have contributed to the haze mode concentrations.

needed for a similar effect. This is due to the lowered HNO To be able to carry out the comparison, we define two
vapour pressure over solution droplets and HMiBpendent  modes with size limits 0.37 pmD <0.72 um (accumulation

www.atmos-chem-phys.org/acp/4/549/ Atmos. Chem. Phys., 4, 549-556, 2004
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T T T T T ] mode would be seen at a given nitric acid VMR. However,
this would inevitably cause an increase also in the accumu-
lation mode concentration, spoiling the agreement obtained
with the size distribution A of Table 1, which is very similar
to the distribution measured §+0.53 (see Table 4 in Petzold

et al., 2000). Only the number densities of different modes
are slightly adjusted to get better agreement with observation
data at low saturation ratios.

Petzold et al. (2000) proposed, that their observations
could be explained with particles undergoing deliquescence.
In Fig. 6 we compare our results for distribution B (see Ta-
[ M1T1  (85.01°E, 20.12°N) = PV >300a.u. ble 1) containing letovicite to their observations. We have
| M1T15 (99.95°E, 14.70°N) + PV <300 a.u. ammonia only in mode 3 because it is likely that the UT air

e S considered here contains an external mixture of aerosol par-

10 12 14 16 820 2 ticles: sulfuric acid aerosols formed in situ in the UT, and

Day of Year 1998 letovicite containing particles originating from mixing of air
that has had contact with the surface. Moreover, like already
Fig. 7. History of air parcels encountered during mission flight 1 on stated in the Petzold et al. (2000) paper, the accumulation
21 January 1998 given as pressure altitude vs. time. Blue symbolgnode particles behave as if they areS@y-H,O droplets.
indicate air parcels of tropospheric origin (scaled potential vortic- The increase in haze mode particle concentration fits the
ity <300), while black symbols indicate air masses of stratospheric,aasurements better than with distribution A. This is be-
origin (scaled potential vorticity-300). Starting points of ropo- 5, q6 \ith proper selection of HN@oncentration the DRH
spheric trajectories are labelled as T1 and T15 of letovicite can be adjusted to occur&t0.5. The amount
of HNO3 needed is close to 1 ppb. Without letovicite, 2 ppb

of HNOg3 is needed to get as good agreement for the haze
mode) and 0.72prD<10pum (haze mode). Due to the ode  After deliquescence, more HRI@ partitioned in

measurement setup, the modes defined by Petzold et alqpiets containing letovicite than in80s/H,0 droplets.
(2000) were 0.37 umD<0.69 and 0.75 um D <10pm, but  th4¢ can be seen by comparing the growth 888y droplets

thls difference should not mﬂuenge our _anaIyS|s too much.in Figs. 1 and 2.

Figure 5 shows the concentration ratio&,./Ni4 and It can be seen that our equilibrium model predicts too high
Nhaze/N14, WhereN14 is the concentration of all particles  5.cmylation mode concentration if we adjust the haze mode
with D >0.014 um, as a function of the saturation ratio of o centration behavior within observations. In order to make
water vapor at different nitric acid VMR’s when the aerosol e jetovicite particles to increase the haze mode enough, the
is composed of sulfuric acid and water (distribution A of Ta- |etqvicite distribution is such that the accumulation mode of
ble 1). Also the partitioning of nitric acid between the gas gisyribution B has more particles than that of distribution A
and the I|qU|q phases is shown. The data-points in Fig. 5 '8 ready ats=0.3 (see Table 1 and Figs. 2 and 4). Growth
the observations of Petzold et al. (2000). of the letovicite particles due to the deliquescence and ni-

The observed increase in the number of accumulationric acid uptake from sizes below the accumulation mode is
mode particles is consistent with the modeled increasenot strong enough to bring them directly to the haze mode
caused by uptake of nitric acid on liquid,BOs/H20. It as deliquescence takes place. Growth factors over 2 (up
seems that an average of less than 1 ppb of GllN@eededto  to 3) would be needed for particles undergoing deliques-
explain the behaviour of the accumulation mode particle concence to explain the observations, whereas for letovicite the
centration, and VMR'’s above 2 ppb would lead to an overesgrowth factor (including the uptake of HNis only 1.65
timation of the increase itV,../N14. A small increase in  (see Fig. 2). The GF could be different if the ammonium to
number of the accumulation mode particles can be seen eveg\ifate ratio was different from that of letovicite and thus the
without HNG; but not nearly enough to explain the observa- assumption of a fixed composition can produce some uncer-
tions. tainty into our analysis.

The increase in the number of haze mode particles is more However, discussing the agreement between observations
problematic. It clearly cannot be explained without the influ- and modeling results should consider the random-type nature
ence of HNQ@. However, even nitric acid is not able to ex- of the observations as presented by Petzold et al. (2000). The
plain all of the observations; with haze mode particles, moredata were obtained by compiling all observations in the up-
than 2 ppb of HN@ would be needed to explain a large part per free troposphere during the POLSTAR 2 experiment. In
of the increase in the haze mode. By adjusting the initial sizethe case of high ozone concentration220 ppb and simul-
distribution, the model results could be made to match thetaneously observed low relative humiditie20% data were
observations somewhat better, i.e. a larger increase in hazdentified as from the lower stratosphere and were excluded.

200
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In total, 40% of the data originate from drier air masses with6 Conclusions
$<0.45, 15% originate from air masses close to ice satura-
tion with $~0.50, and the remaining 45% originate from hu- We have shown that uptake of nitric acid by upper tropo-
mid air masses above ice saturation with0.55. Hence, spheric aerosols causes notable increases in haze mode par-
the air masses close to ice saturation are not equally reprdicle concentrations at relative humidities above 50%. At a
sented compared to more dry and more humid air massesglative humidity of 75%, a few tenths of a ppb of HNE
respectively. Additionally, no Lagrangian flights with the fo- enough to have an effect when the aerosol is composed of
cus on particle formation and growth were performed duringpure sulfuric acid. The presence of letovicite can substan-
POLSTAR 2. The gap between the accumulation mode andially enhance the nitric acid effect, decreasing the threshold
the haze mode which occurs in the model results comparetb about 0.1 ppb, and causing a severalfold increase in the
to the observations, is likely to be explainable by the miss-haze mode concentrations at a given HN€ncentration.
ing information for air masses around ice saturation. TheOur equilibrium calculations indicate that uptake of nitric
size distributions A and B used for the modeling studiesacid by sulfuric acid aerosol may at least partially explain
are both likely to occur compared to the observed averagéhe observed increases of upper tropospheric haze- and ac-
number density of~1 cm2 for particles in the size range cumulation mode particles at relative humidities above 50%.
0.37 unx D <0.72 um. Hence, the observations do not allow A letovicite mode improved the agreement between calcula-
for an unambiguous preference for one of the selected sizéons and observations somewhat. The required kiN@els
distributions. were on the order of 1-2 ppb with sulfuric acid particles and
0.5-1 ppb when the letovicite mode was present.
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