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ABSTRACT

'OBSERVATIONS OF ARCTIC HAZE FROM THE NCAR C-130 DURING TOPSE
(2000) AND EVIDENCE OF HNO; UPTAKE AND REDISTRIBUTION BY CIRRUS

v CLOUDSV DURING TC4 (2007) OBTAINED FROM THE NASA‘ DC-8
. By
Eric M. Scheuer
M University §f New Hami)shire, May, 2008

The ‘use of llarg‘,e‘aircraft is an ’invaluab_le tool for the study of chemical and
physical proce;sses in the atmosphere. In this thesis, some findings from two 'different
majorraircravft campaigns are éportéd. Part | examinés meésufements of fine aerosol
sulfate in the Arctic made aboafd the Natior;al Center Ifor Atmospheric Résearch (NCAR)
C-130 airCréﬁ during the Tropospheric Ozone Production about ‘the Spring Equinox :
Experiment (TOPSE) in 2000. Measurements highlighted the seasdnal evolution of the“ |
Arctic haze phenomenc‘)n. Part II reports on méasurements of nitric acid énd various cloud
microphysiCal properties VniAavde aboard the NASA‘ DC-8 aifcraft during Troi)ical

- Composition, Cloud, and Clirﬁate"Coupling Experiment (TC4) in 2007. Results presented -
further our undérsfénding of thebrole of tropiéa‘l cirrus clouds in the redisﬁibutio‘n of nitric

acid which is an important component in upper tropospheric ozone production.

vii



PART1

SEASONAL DISTRIBUTIONS OF FINE AEROSOL SULFATE IN THE NORTH
- AMERICAN ARCTIC BASIN DURING TOPSE



CHAPTER 1
. INTRODUCTION

Accumulation of aerosolg and mmropoéenic pollﬁtant gases in the.troposphere
during the Arctic wintertime ié well documented k[Rahn, 1981, Barrie, 1986]. The slow .
transfgrmation and rempval\'processes because of cold. sub-zero temperatures, absence of
wet precipitation, »and low levels of solar radiation [Barrie, 1986] coupled with low-
level, long-range meridional transport of Eurasian mid and ﬁigh latitudinal pollutants into
the Arctic lead to annual wintertime events which have become to be known as Arctic |
haze. This visual haze is largely_ bec.;:m'se) of the at;rosol light scattering properties of
accumulation‘ mode particles [Brock et al., 1989], which exhibit a dominant presence
arbund the 0.01-0.5 um effective diameter range [Blanchet and List, 1983].>The hazes
have_beén sl}own to be primarily of anthropogénid origin [Radke and Hobbs, 1984] with
aerosol S’O4= constituting more than haif of the total aerosol mass [Shaw, 1989]. Most of
this SOf mass is derived ﬁom banthrop'ogcnic emissions of SO, rather than primary
particulaté emissions [Barrie and Hoff, 1984]. Much of these emissions are believed to
have Odéinated from Europe and Russia [Rahn, '198i] and been transported isentropically
into the Afctic in multi-day long pulses as low pressure syéfems run up against the quasi-
stationary Sibe;fian high [Barrie, 1986].
o Arctic Haze is believed to influence radiative ’budgets, snowpack albedo; |
snowpack chemical composition, and microphysical properties of Arctic clouds [Brock et

al., 1990]. Measurements of SO4 aerosols in the Arctic have often been limited to
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geographicélly fixed locations. These dété tend to be lacking information on spatial
variabilﬂy, both horizontally and verticall.y. Intensive airborne measurément cafnpaigns
conducted in both thé summer (ABLE 3A-3B, 1988, 1990) and winter (AGASP I-1V,
>l983, {986, 1989, and 1991) into the Arctic have reported only a limited' number. of
aerosol S(v)4= meqsﬁrements because of relatively long sample integration times inherent |
to filter collegtion techniques. | |

In the early months of 2000, 'the’ heavily instrﬁmented NSF/N CAR é-l 30 research
aircraft g:onducted a series of trips into the Arctic beginning on Februafy 4, 2000 and
continuiﬁg' until May 23, 2000. This campaign- was called the Tropospheric Ozone ‘
- Production abbut the Spﬁng Equihox Experiment, or TOPSE. The primary objective of
TOPSE was fo study Aréfic ozone production, loss and trémspbrt with a focus on the
commoniy observed sprihgtime Arctic ozonve; maximum, I% consisted of seven trips (42
total ﬂights) from Boulder, Colorado (38°N) into fhe high bArctic environmeht (86°N).
Atlas et al. [2003] provides an instrument payload descripti'oi; and detailed objectives of
the flights conducted during TOPSE. A summary flight track plot including all flights

conducted during TOPSE is shown as Figure I.1.



Fllght Tracks for NCAR C- 130 during TOPSE
February 4- May 23 2000 '
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Flgure I.1. TOPSE flight track summary Flight track summary for all 42 ﬂlghts
~conducted during TOPSE. '

- This field campaign provided an excellent oppoi'tunity to use the University of
New Hampshire’s dual mist _chamber/ion chromatograph technique  to eXamine the
seasonal and vertical distributions of fine aerosol SO,” in the Arctic. This technique was

developed for the measurement of soluble gases such as HNOsj, CH3COOH, HCOOH



[Talbot, 1999‘]’ sz [Klem;n and Talbot, 1991], HCI] [Keéhe, 1993], and HONO [Dibb,
2002b]. Experim\ents\ during prior inteﬁsive aircraft campaignsk‘havve demonstrated that
- with only minor modifications, measmementé of fine soluble aerosols are possible. This
technique is well sﬁited fof Arciic haze ielated aerosol SO4 since fhe ae;osols are pfesent
predominantly in the 'éiccmriu‘latiori size modé [Radke ei. al., 1984]. Pre—viou§\ly, soluble
aerosol sampling has been reétricted to Teflon filter exposﬁre -and subsequent
solvent/water extraction. ,The Teflon filter techhique, although yielding more potential
analytes, suffers from long integratida\‘times, genérally between 15 and 30 minutes.
During the nearly 4-month period, 3820 samples were suécessfully collected/using the
mist chamber/ion chromatography technique with an average integrated collection time
of 2.5 minutes. Analysis was performed in near-real time with detécti()n limits as low as 4
parté per trillion by Vélmne (pptv). To date, this was fhe mosf extensive SO;4 aerosol data
set collected from an airborne platform. ' | |

| Twenty bulk aerosol measurements were made during TOPSE using the NCAR-
RAF Small Commuhity Aerosol Inlet (SCAI) and Teflon filters. These mcasﬁrements

P r
were made primarily to help speciate detectable, but unexpected, amounts of soluble Br

detected'by the mist chamber/ion chromatograph system in many low altitude samples.

Aerosol S‘O4= was also detected and quantified in these samples, providing some measure

{

" of comparison to the mist chamber samples. - B



. CHAPTER I

METHODS

Sampling@nd Analysis -

| A schematic representation of the University of New Hampshire mist chamber/ion

chromatograph is presented as Figure IL.1.
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Soluble aerosols were collected in deionized water using two mist chambers
: opefatedb alternately between a cﬁollectio‘n and analysis cycle similar to the system
described by Talboi et al. [1999]. Operational desériptions of the :mist chamber technique
have been presented by Cofer et al. [1985], Cofer et al. [1986], Talbot et al. [1988], and
Talbot et al. [1990]. Filters were not used on the sample inlet allowing aerosols to enter
the sample stream. The mist chambers were connected to a sample manifold protruding
from tile aircraft about 25 centimeters, far enough to be in the free ‘air_ str'eamvand
minimally affected by aircraft boundéry l»ayer'et:fects. A 0.5-inch outer diameter inlet was
po>sitioned 90° to the airflow streamline over thé aircraft, but ‘was cut at a forward faéing
45° angle. This 45° angle ensured that aerosol collected were small eﬁbugh‘tq make the
90° turn into the inlet, while larger partiéles were impact;:d on the inside face of the 45°
cut. This design is believed to have excluded a majority of less radiatively important
super-micron aerosols, commonly associated with sea salt and coarse mode dust. Based |
on particle stopping distance calculations eqn.5.3 and 5.19 in Hinds [1982], "and an
estimated average crﬁise speed of 129 meters per second (250 KTAS), the median cutoff
particle size sampled by our inlet is eStimatgd fo be about 2.7 pm, Although this is a
slightly larger cutoff than was desired, it still excludes a large percentage of coarse mode
particles. Indeed, the bulk of the mass distribution of SO, in the Arctic has been shdwn
to be accumulation mode aerosol SO4=, centered on 0.3 um [Blanchet, 1989]. We believe
that we sampled this size range effeétiv_ely. A more rigorous inlet design and validation
routine, although desirable, was not attempted .because of time limitations, financial and
- airworthiness conétraints coupled with the need to optimize passing of nitric acid (the |
species of pri}nary interest to this instrumeﬁt) in the same inlet. .
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Chemical analysis of the samples collected by the mistféhambers was conducted
in near réal-time using ion chromatography. The aqueous sampies were removed from

the mist chamber by compiiter contrdlled syringe pumps (Kloehn 50300) and injected

- into custom fabricated ion chromatographs employing sémple preconcentration (Didnex

‘ TAC-LPI). Separation was achieved using a helium purged carbonate/bicarbonate eluent

and Dionex AS4A analytical column‘sv. BackgrOund conductivity was suppressed using

Dionex ASRS—Ultra SUPPressors. Detection of CI, Br, NO;, SO; and SO, was

accomplished using a Dionex CD20 conductivity detector equipped with a DS-3 ‘~

temperature controlled cell. Sulfur dioxide is quickly converted in the mist chamber to

aqueous sulfite (SO3") which is easily detected by ion chromatography. Based on

laboratory tests and sample stream filtering of SOy, it has been determined that very
| little SO5™ is converted to SO4= in the v‘ery short time between sample collection and

ahalysis. Digitized data was then sent to a data acquisition computer using standard

[

ethernet communications where post processing took place. An internal spike of known

aqueous concentration of phosphate into the mist/ chamber and subsequent analysis was
/uséd to track any evapdrati-ve losses of water from the mistL chamber during sampling.
Two independent systems operated 1n tanderﬁ, which alléwed for pontinuous sémpling
~ with an average v2.5-minute ‘time resolution. It is important to note that, unlike

conventional filter techniques, all sample and fluid handlihg was in a closed system and

isolated from the aircraft cabin ambient air to prevent contamination,

~—



CHAPTER III
" RESULTS

Filter Intercomparisons — Previous Missions

l)uring' the 1999 NASA aircraft camoaign Paciﬁo Exploratory.Mission — Tropics
B (PEM-Tfop_ics B) in the South Pacific, we collected non-size selected aerosol SO, data
‘using the staodard Teflon filter technique and the mist chamber/ion—chromatography‘
technique simultaneously. Dibb et al. [2002] describes the sampling methodology and
: presents some data for the samoles collectecl using the Teflon filter lechnique. Filter
exposure times averaged 14.2 minutes (6=7.2) on the DC-8 énd 14.8 minutes (o= 5.4) on
' the P3-B. Becéuse the standard Teflon filter technique was designe’d for bulk aerosol \
- sampling rather than a size selected fraction, some correction to make the data
comparable was nocessary. xAlthougll most non-marine aerosol SO, mass is in
accumulation size mode [Warneck, 1988], there can be a significant fraction associated
with soa-salt or crustal dust that is in the much larger} coarsevrvrio_de, especially in a}marine
environment. This makes a simple sea-salt correction tov the total SO, an acceptable .
method to approximate the ﬁ\ne’ oerosol SO4~ (or non-soa salt) component. Magnesium
was used as the soa-salt tracer element for the determination of sea-salt SOf. Keene et al.
[1986] presents a discussion of the use of sea-salt ratios for the determination of sea-salt
~and non sea-salt comoonents of nlarine aerosols. Examples from“the PEM-Tropics B

experiment conducted in the South Pacific of the comparison between fine aerosol SO4~
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Figure III.1 Comparison of Mist Chamber to Filter Data—PEM-TROPICS B:
Example intercomparisions of non-sea-salt SO, mixing ratios from filter samples and
fine aerosol SO,4~ from the mist chamber technique on different aircraft during PEM-
Tropics B. In the top panel time-series plots, the length of the horizontal bars reflects
filter exposure intervals. Mist chamber derived values are plotted at sample mid-point.
The lower panels are scatter plots with least-squares regressions. For comparison, the
dashed line is a 1:1 slope. Mixing ratios determined by the mist chamber technique
(vertical axis) are averaged over the collection period of each filter (horizontal axis).
Vertical error bars represent 1 standard deviation of mist chamber mixing ratios.
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/ (mist chamber/ion chromatograph) and non-sea salt SO, (Teflon filters) from both the
NASA DC-8 and the NASA P3-B ‘research aircraft are presénted in Figure iII.l. Visual
inspections of the data seté frém each technique suggest that they are comparable. The
“mist chamber/ion chromatography technique ‘exhibits’mu>ch better time resolution than
the Teflon Filte‘r technique. This c\an be especially important during aircraft ascen£s and
descentsr“;here a discrete sample represents a hon-uniforin altitude. Minimizing sample
integration times becomes important in minimizing the vertical extent over which a
sample is integrated. Filter samplés are often not collectgd during aséents and descents

because of this non-uniform altitude averaging issue.

| Filter Intercomnaris(/ms during TOPSE

The NCA}K Small Community Aerdsol Inlet (SCAI) with flow straightening
shroud aﬁd a Univérsity of New Hampshire modified curved leading edge nozzle was
employed during TOPSE to sample the aé/rosol‘ associated radionuclide tracers 'Be and
219y, [Dibb, 2003]. This inlet was also used‘to’collect a limited nurﬁber of bulk aerosol
sainples isokinetically oh Teflon filters ;1t low /altitudes (<2 km asl). These sampleg were
collected in order to faci}itate speciation of soluble bromide observed in. the mist
chamber/ion chromatography analysis, however, aerosol SO; was also quantified in
these samples; This provided a basis for comparison of TOPSE miét chamber/ion
chromatography samples to bulk aerbsol filer samples.v Figure I11.2 shows that when SO4
- is measured using the two techniques, ;he data appear comparable. The variability in the
mist(chamber‘ data répresents the standard deviatio;1 of the mean mixing fatio measured”
by the mist chamber during the approximately 15 rhinute time period that a bulk filter

11



sample was being collected. It is not unexpected that the bulk aerosol data has a tendency
to show slightly higher mixing ratios than the mist chamber data this close to the surface.
Intercomparisons during the NASA PEM-Tropics B experimént suggest that agreement is \‘

even better at higher altitudes where SO4 is almost eXclusively on fine aerosols and .

uninfluenced by sea-salt or crustal dust.

500 - .
| . . 1:1Line | /
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Figure II1.2 Comparison of Mist Chamber to Filter Data-TOPSE: Intercomparision
of the mist chamber/ion chromatograph technique to Teflon filter bulk aerosol SO4 - -
samples from TOPSE during periods of collection of the bulk aerosol samples. There
were an average of 6 mist chamber samples collected for each of the approximately 15
minute bulk filter sample. '
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Fine Aerosol SO,~ Measured during TOPSE

Absuvrnmary of the fine agrosol SO4 data collecfed during TOPSE is presented in
Table III.1. Data in the table rep/resents samples collected at latitudes greater ‘th;n 50°N,
since data boll_ected south of 50‘N were generally collected during transit flights to the
primary study region. In order to examine the seasonal evolution of fine aerosol SO4 in
the Arctic, '\t}.he data were summarized by trip ahd grouped into discrete IOOO-fnetef
altitude biné in the latitu;ie range of 50°N-86°N. Mixing ratios as high as 1766 pptv‘and
as low as 4 pptv were observed dﬁring TOPSE (Table 1). The lowest values Qere’
génerally oBserved during the first tri\p‘ in early February. This trip also had fhe lowest

variability in most altitude bins. The highest values were observed duringl the sixth trip in

late April, which also exhibited the greatest variability.

13



Table III.1 Summary of Fine Aerosol Collected during TOPSE: Data presented were
all collected north of 50° latitude and binned by trip and altitude. Mixing ratios are
presented as geometric means. The geometric mean (M) commonly used for log-normally
d1str1buted data. It is the n" root of the product of the values in a given bin. [Mx=

(X1X2. . .Xn) ]

3 - . Sample Count Median Geometric Mean Minimum Maximum -

: (pptv) (pptv) _ (pptv) (pptv)
Tnp 1 - February 4-9 (Flights 5-8)
<1000 meters 31 124 112 28" . 290
1000-2000 meters 1l 51 54 20 130
2000-3000 meters 21 58 61 18 188
3000-4000 meters. - 21 . 43 47 20 124
4000-5000 meters - 17 43 41 : 16 131
5000-6000 meters 69 23 25 -6 235
6000-7000 meters 10 23 19 - 12 .25
>7000 meters - . 2 32 31 25 39
Trip 2 February 21-27 (Flights 9-13)
<1000 meters 59 165 . 155 48 - 406
10002000 meters 52 99 97 23 1766
2000-3000 meters 39 53 51 . 16 126
3000-4000 meters 29 59 49 12 132
4000-5000 meters 40 69 57 14 140
5000-6000 meters - 113 50 50 18 - ) 150
6000-7000 meters .20 45 50 22 313 .
>7000 meters 28 39 “ 21 103 :
Trip 3 ' March 5-8.(Flights 14:17)
. <1000 meters 34 171 168 8 313
1000-2000 meters 14 17 142 4 552
2000-3000 meters 24 133 105 N 4 530
3000-4000 meters 13 ) 17 83 . 8 543
4000-5000 meters 21 86 101 2 337
5000-6000 meters .35 : 50 - % 8 189
_ 6000-7000 meters 37 27 30 9 214
>7000 meters 15 43 37 2 17
Trip4 March 19-26 (Flights 18-23)
: <1000 meters 85 206 : 225 116 667
1000-2000 meters 58 242 : 219 ‘ 19 540
2000-3000 meters 69 211 158 - 40 597
3000-4000 meters 40 - 133 129 34 446
4000-5000 meters 76 130 ) 125 33 498
5000-6000 meters 110 ‘ 126 109 47 473
6000-7000 meters 40 104 109 46 242
>7000 meters 51 116 s - 49 268
Trip § . April 2-7 (Fllghts 24-30)
’ <1000 meters 85 219 95 598
1000-2000 meters - 43 o2 217 ‘ 76 504
2000-3000 meters 33 243 221 ©8s 400
3000-4000 meters 33 200 194 87 364 '
4000-5000 meters 93 183 176 73 : 407
5000-6000 meters 110 129 122 43 324
6000-7000 meters 79 122 120 63 . 307
>7000 meters 26 ’ 131 136 59 ©on 313
Trip6 April 23-30 (Flights 31-36)
<1000 meters 97 223 184 - 26 628
1000-2000 meters 48 189 208 78 597
2000-3000 meters 68 236 ‘ 237 . 84 784
3000-4000"meters 40 191 o m 33. 842
4000-5000 meters 65 199 . 173 4 684
5000-6000 meters . 168 1 T 187 140 57 1160
6000-7000 meters 25 C172 199 69 698
>7000 miters - 59 , §0] ) 120 21 470
“Trip?7 - May 15-23 (Flights 37-42)
<1000 meters ] 173 149 21 322
1000-2000 meters 64 170 . 162 : 20 722
2000-3000 meters 45 187 143 10 ., 788
3000-4000 meters 62 . 170 153 27 to374
4000-5000 meters 61 175 157 36 417
5000-6000 meters 179 M 160 32 . 487
6000-7000 meters . 58 128 124 30 390
>7000 meters 24 162 143 59 400
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Our measuréd values are consistent with data presented in Lazruiv and Ferek
(1984) from éthe 1983 AGASP' airborne sampling cainpaign. They report SO;
- . concentrations in the Arctic as low as 7.3 neq/m® (82 pptv) and as high as 110 neq/m’
(1233 pptv). Hoiavever, their data represent samples collected over much longer periods of
=integratibn, and are less likely to represént a completely‘ homogenous sample. This
~ explains the smaller range of mixing ratios reported. Their highest vaiue' pi'esented is
reported to bhave been collected while flying in a continuous haze iayer eind may reflect a
more homogenec\jus sample. Irideed, their highest mixingirati_o reported is very similar to .
what we observed.

The frequency distribution of our raw aerosol SO4=’dé‘1ta’is highly skewed by less |
fre(jilent bilt very high values. This can be explained by an abundance ‘of cleaner air
riddled with thin, highly polluted, layers. That is, {becausé the polluted léyers cah be'
strongly delineated from the cleaner air, there appeared to be an absence of mbre
moderaté transition layers. Arithmetic means are only representative of data that has an
approximately norinal frequency distribution. This makes using arithinetic nieans for our

( : .

S04~ data bins very misleading. Using medians can have the opposite effect since the
median is not very sensitive to our less frequently occurring, but very large obscrvations.
To address this problem, we use gei)metric means; This statistic can be applied since i:he
data are rhore nearly log-normally distributed. k"Ihis/statistical tool addresses more of the’
 real variability within the data set without placing eiilphasis on unusually bhigh or low
 values. It also allows us io visualize real variability in the form of ‘log-nomﬁ«llly
iransforined standard deviations; vpresented graphjcaliy as unequal iength error bars in
 Figure I1L3. |
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buring, the first trip in early Februar&, fine aerosol SO,  mixing ratios were
relatlvely low a.nd not highly variable above 1000 meters (Figure I11.3, top panel) Below
1000 meters the range of mixing ratios was s1gn1ﬁcantly higher and ylelded a geometric
mean of 110 pptv. This mean was more than two-fold higher than in any other altitude
bin)during this trip. Interestingly, Ridley et al. (2003) report é rarity of polluti}qn events at
very loW altitude. SO4~ mixing ratios were, however, noticeably enhanced all thé(way to
the bl?west altitudes surveyed during TOPSE throughout the campaign. Barrie (1986)
reported data summarized iﬁ Rahn and Heidman (1981) noting .thét winter/spring
pollution aerosols measured from a ground based Arctic aerosol sampling network
averaged 2 pg/m® SO, (466 pptv). This is cc_;nsistent with our observations of near;
surface SO4~ enhat;cements.

i)urir;g the second trip (late February), mean mixing ratios in the two lowest bins
‘ Were alrhost double \{vhat was observed during the first trip, but mean miXing ratibs above
2000 me’iers’ remained around 50 ppfv and wére ‘not highly variable. This trend of
increasing mean mixing ratios at. inéreasingly higher altitudes as the season prbgresses
continued into trip‘ 3 in early March. Mean miXing ratios below 5000 meters all appeared
to be énhanced and increasiﬁgly variable with reépect to earlier trips. There was also é.
E gradient of about 70 pptv in mean mixing ratios (100 tb 170 pptv) between the 2000 to
3000 meter bin ahd below 1000 m;:ters. \

Mean mixing ratios were above 100 pptv in all altitude bins and above about 225
pptv below 2000 meters by trip 4 in late March. The steepest gradient in SO; mean
mixing i'atio ‘was no longer below 1000 meters, but rather between 1000 and 3000 meters. |

The trend of increasing mean mixing ratios in all altitude bins from trip to trip but -
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. decreasing mean mixing ratios with altitude began to shoizv markeci change during trip 5
in early April. Mean mixing ratios below 2000 meters veere lower than on the previous
trip while mean mixing ratios above 2000 meters continued to increase, albeit less _
dramaticolly. During the last two trips, fine aerosol sulfate mean mixing ratios generally

| continued to decrease below 3000 meters and increase above 4000 rneters. By the end of
the data collection phase of TOPSE, SO4 mean mixing ratios showed no obvious_ altitude
gradient and were greater'than 3-fold »higher»at, all altitudes above‘ 1000 meters than they
were in early February .(about 30 percent higher below 1000 meters).

Talbot et al. [1992] reported aerosol sulfate mixing ratios averaging 29 pptv in the
boundary layer and 65 pptv irl the free troposphere during the ABLE 3A ‘(1988) summer
campaign in the Arctic._This suggeste that SQ4= mixing ratios ir1 the high Arctic should
continue declining through late spring into the summer, possibly exhibiting a gradient
inverse to that noted in the earlier TOPSE trips. ‘This decrease must happen rapidly
during the month of June, and is likely related to the onset of warmer ternperatures and
liquidv precipitation. \

The seasonal evolution of aerosol SO4 in the Arctic is shown in a different
format in Figure II.4. Mean mixing ratios of SO4= below 2000 meters increased during
‘early Febroary until the end of March, reaching a mean mixing ratio maximum of about
220 pptv. Mean mixing ratios declined to about 150 pptv during April and May. In the

ﬁ middle troposphere (2000- 5000 meters), mixing ratios contlnued to increase until the end

of March, reaching a mean mixing ‘ ratio peak of 200 pptv. In the upper Arctic

troposphere, mean mixing ratios appeared to ‘still be'increaeing at the conclusiorr of the
earnpling campaign, but had not exceedeo levels in the lower and middle troposphere

18



(which were already declining from peak values). The sharp decreasing trends in mean
mixing ratios in the lower and middle uoposphgre coupied with the still increasing or flat
gradients .in the dppe‘r trdposphere would produce the summertime inverse gradient

observed by Talbot ef al. [1992].
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Figure I11.4 - Seasonal Progression of Fine Aerosol SO4: Seasonal progression of
geometric mean mixing ratios of fine aerosol SOy in th'ree,altitude bins. '

To examine latitudinal trends in aerosol SO, data collected during TOPSE, we
binned data into two season’é (winter and spring) and three altitude bins (below 2000

meters, 2000-5000 meters, and above 5000 meters). All values measured north of 50N
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- were plotted along with binned 5° latitude geometric means (Figure IIL.5) to demonstrate

the variability that characterized the Arctic troposphere.
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Figure II1.S Latitudinal Distributions of Fine Aerosol SOy : Latitudinal distributions
_ of fine aerosol SO4~ during winter and spring in 3 altitude bins. Raw data shown (circles)
are discrete measurements made north of 50°N. Triangles represent geometric means of
SO, mixing ratios plotted at the mean latitude of the 5° bins.
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This extreme variability results from samples that were collected both in and out of hgze a
layers. Mean mixing ratios app;ar to increase with latifude at all altitudes in both winter -
and spring, blit only ‘mini‘mally. There is a more nofaﬁly sharp gradient in minimum
Valpes measured north of about 70°N. This is especially evident in the lower troposphere
in both the épﬁng and winter. This trend iﬁ elevated minimum mixing ratios is élso seen
at higher altimdes, but ‘the gradient is less steep. However, it does continue io lowér
1atitudes. This is consistent with, and a nice illustration of, the 7-8 kilometer deep “polar

dome” described in Barrie [1986] and Shaw and Khalil [1989].
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CHAPTERIV
'DISCUSSION

| The seasonal trend in vcrticél aerosol SO,4 distribution du;iﬁg TOPSE 1s clear in
Figure IIL.4. During eaﬂy February, signiﬁéant enhancements in aerosol SO4  appear té g
be strongly conﬁned» near the Surfaée. Long-range trénsbort from the northern Eufasian
cohtineht along low .level,' sinking isentropes is likely most responsiblé for this
obsérvation. As thekseaso”ﬁ progresses from winter to spring, this phenoménon of long-
rahge isentropic transpbrt begins to ascend vertically. _Evidénce that the‘Apolluted paicels
of air ére conﬁvned to near the surface disappears as dramatically enhanced rrii_Xing ratios
are observed at higher altitudes. We’believe that, even in the laté winter, veftical mixing
is a small or non-existent component of thelob'served enhancemeqt Vat higher elevations.
Miiing of low-level air With the overlying free .troposphere is inhibited by a persistent
low-level inversioﬁ [Kahl, 1990]. Stable inversions can last for several weeks essentially
decoupling the lower troposphere from higher altitudes [Bradleyv et al., 1992]. Eievated
mixing ratios at higher and higher altitudes as the season f)rogresses" must be explained by
trahsport into the Arctic' along vertically higher isentfopes tracing back to Wmmer and
warme; source regions in northern Eurasia. A discussion of isentropic trans;aort pathways
‘coupled with source vregioxj potential temperatures during TOPSE is presented by

Klonecki et al. [2003].
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Duriﬁg early April, below 3000 meters, levels of SO,  enhancement beggn tq
decline. An increase in inversion base depths and decreafée in inversion persistence
probabilities [Kahf etal., 1992] hint tl;at sdlar surface heating may be beginning to stir up
the lowest levels of the atmosphere while more stable isentropic transport éan continue at
higher altitudes. Removal processes, dominated by wet depositioﬁ/ [Barrie, 1985],

become increasingly important and decrease mixing ratios at lower altitudes. By the end

of /May, surfacé mixing ratios of fine aerosol SO4 are almost half of the maximum

observed -in March. Mixing ratios also appear to be beginning to decrease at higher

: -
altitudes. This is consistent with the much lower values observed at all altitudes during

- summer months by Talbot et al. [1992].

The high variability observed in Figure III.5 demonstrate that SO4~ aerosol

_ mixing ratios in the Arctic winter are far from homogeneous. Mixing ratios during the

late February trip (trip 2) in the 1000-2000 meter alfimdé bin were observed to be as low
as 23 pptv and as high as 1766. This is consistent w1th prior observations of multiple.
narrow haze bands covering be.tween 20-200 kilometers [Radke et. al., 1984] which are
often between tens of r.neters‘ to 1 kilometer thick, [Brock et al., 1989] and streaming
slowly into the Arctic environment. Individual altitude bins of data presented here

probably incorporate both cleaner and more polluted layers, leading to high variability

- within the bins. The observations of increasing SO4 'mean mixing ratios in an altitude bin

during the winter can be attributed to more frequent occurrences of these narrow polluted

~ layers within the bin region.
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©  CHAPTERV

CONCLUSIONS -

Thé mi:;:t Cilambér/ion chromatograph is shown to be an effective tool for the
measurerrfént' of fine aerosol SO4 aboard an aircraft platform. During TOPSE, we
collected an extensiye ﬁne‘aero_'sol SO4 data set. These mea_surem‘ents. Paint a four month
long picture of the vertical distributions in the Arctic. Small-scale variability and poorly |
understood frecjtiéncies of haze rlayers, howeVef, makes estimation of ‘tot.al’;aerosol
burdens difficult [Brock et al., 1990]. The slow transport and lé.ck of major chemical
transformations allow us to treat the approximately 'wéeklong measurement campaigns as
synoptic sqapshots of the Arctic environment. It is shown_ that SO4 aerosols begin to »
build up af very lbw altitudes during the winter. The altitude at which the buildup is most
pronounced tend(ed to migrate to higher altitudes asv the séason pr_bgressed téward spring.
Iﬁ spring, SO4 aerosols began to clean up at lower altitucies first, progressing upward. It
is possible that much of the fine detail of the Arctic air is vlost in the é?eraging and
: témpdfal gaps in the data. Follow-up ipvestigatfons into the frequency, distn'bution,‘ aﬁd ,
sinatial variability of ‘Afctié poliution layers could help prqvidc better information into the
extent and magnitude of these layers as well as help better explain the extreme

heterogeneity observed.



| ' PART I

|
\

EVIDENCE OF NITRIC ACID UPTAKE IN WARM CIRRUS CLOUDS DURING
THE NASA TC4 CAMPAIGN
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CHAPTER VI
INTRODUCTION

Gas phase nitric acid (HNOs) is a primary reservoir species of atmospheric;
nitrt)gen oxides (NOy = NO+N02) [Neuman et dl., 200 1’; Stciudt et al., 2003] which play
an important role in upper tropospheric (UT) ozone production [Jacob et al. 1 996]. Many
past global ch¢mistry models have over ptedicted UT HNO3 by factors ranging from two
to ten [Thakur et al., 1999] suggesting that removal mechanism‘were poorly understpod. ’
Lawrénce and Crutzen [1998] suggested that efficient removal vof HNO; by adsorptive
uptake onto cirrus cloud ice pairticies and subsequent gravitational sedimentation had the
potential to significantly redistribute or remove HNO; in the UT, explaining some of the
discrepéncies between measurements arid models. Initial laboratory investigations into
HNO; uptake onto ice surfaces found that the process is efficient, and appears to proceed
until there is a high’ fractional surface coilerage of available adsorption sites. However,
details of the uptake have varie_:d betWeen e‘xpsriments using ice particles and ﬁltris,
which may be less than ideal surrogates for crystals in cirrus clouds. Also, most of the ’
experiincnts useci initial HNO; partial pressures greatly in excess of those likely in the
"UT, requiring large ’/and poorly constrained extrapolatit)ns to releVant vapor pressures
[Abbat, 1997; Zondlo et al., 1997; Arora et al., 1999; Hudson et al., 1999; Hynes et al.,
\\‘ 2002]. Tabazadeh et al. [1999] assessed thé results of séveral'lab studies and presented a

- Langmuir surfacé chemical model that assumed the isotherm was dissociative and

concluded that uptake of HNO; onto cirrus may be nearly an order of magnitude less
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efficient tha;n Lav;}ence and Crutzen [1998] assumed. Ta‘bazade.h et al. [1999] also
" sﬁggeSted that sublimation of cirrus crystals within several kilometgré below clouds
would limit the extent of vertical redistribution of HNO3 by this prbcess. A qu model
- émpldyed by’ Meier and Hendricks [2002] expands on assumption from Tabazadeh et al.
[1999] fof a much wider range of ambient conditions and sedimentation efﬁcigncics and
| suggeéts ‘under some conditions that HNOs; uptake on. cirrus ice and gra\‘f\itational
-sedime;ltation‘ could still be an efficient denitrification fnechanism. Laboratory studies
repbrted /in Ullerstam et al. [2005] weré ‘the first to be performed at HNO; partial
pressures more typical of the UT and confirmed some aspects of prior studies. HNO3
uptake on ice sﬁrfaces in these experimeilté was fbund to be positively co‘rrelated with
overlying'HN‘Q3 vpartial pressures at low vapor pressures and available ice surface area,
and negatively correlated with temperatﬁre. However, surface coverage was found to be
far from saturation at partial pfessures of HNO; typical of the UT, and uptake followed
.conventi'onal non-dissociative Langmuir isotherrri. Ullerstam et al. [2005] also noted that
conventional and non#dissociative Langmuir treatments of HNO; uptake on ice predict
similar beha?ior at high vapor pressures but divefged markedly at low pressures.v
The first in situ aircraft méasurements to provide evidence for ilptake of HNO; by
cirrus ice were reported in Weinheimer et al. [1998]. They measured the sum of
condensed plus gas phasé reactive nitrogen (NOy) through a forward facing inlet
c'om‘ﬁared to a gas phage only rear facing inlet to infer that up to 20% of NOy was
adsorbed onto ice in a mountain Wave cloud over'Colorédo.’Nitric acid was assumed to
“be the\only component of NO, taken up’dby ice. Sur'face cove;'agés on the cirrus crystals
were later estimated to be in the range of 1-4 x 10" molecules cm? for measurements

27



\

fnade near the tropopause at ~215 K [Hudsoﬁ et al., 2002]. Several subsequenf aircraft
studiés haye also used similar dual inlet equipped NOy instrun;ents to estimate HNO; on
ice crystals in the upper troposphere. Melinger et al. [1999] estimated coverages of 1 X
10" molecules ecm? in Arcticl cirrus at ~196K; much lower than estimates near 2 x 10"
molecules cm™ reportéd in Kondo et al. [2003] in Arctic clouds at terhperatures ~210 K.
" Extensive measurements at fnidlatitudes reported in Ziereis et al. [2004] : indicaté‘
coverages in the range 1 - 10 x 10" and 0.5 - 1.5 x10" molecules cm? at 214 K and 227 |
K, respectively. In both caéés the inferred vapor pressure of HNO3 correspbnding to the
high end of/‘r the estimated molecular coverage range was vgreater than a factor of four
higher than estimates for the low end of the range. Difect measurements of condensed
and gas phaée HNO; in subtrbpic_:al cirrus during ti}e NASA CRYST AL-FACE campaign
are presented in Popp et al. [2004]. These data ;;vere also obtained with a similar dual
~ inlet -arrangement, but HNO; was quantified directly ‘by chemical ionization mass
spectrometry (CIMS) rathér than inferred -from NOy measurements. Mean smfacé,
coverages of 6 x-10" molecules cm™ at 198 K and about 2 x 10' molggules cm? at 200 |
K - 220 K were estimated. Popp et al. [2004] suggested that the samples af temperatures
below 200 K were imbacted by nitric acid trihydrate (NAT), thus not trﬁly comparable to
cirrus ice and point out /that the rest of theirvobservations indicate Véry weak, or no,,
" dependence on temperature; Ullerstam et al. [2004] compared the results of these
different field studies and suggested that 6§erall the studies on thin ice films in flow tubes
were qualitatively cbnsistent and concluded that HNO;3 uptake in. rqal clouds should
generally incrgase at higher HNO; Vapbr pressures and at lower temperatures (although
the Mélinger et al. [1999] results do ﬁot fit this generalization with very low estimated
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Surfacé coverages at cold temperatures); ’Howeve\r, they also noted that when a
conventional non—dissbciative Langmuir isotherm model fitted to their laboratory results
was used to estimate surface coverages at the conditions ofv the various ‘ﬁevld studies,
observed value§ were generally smaller' than the estimates.

In this portion of the thesis, we‘ report the; first field evidence for uptake of HNO; |
onto tropical cirrus crystals in the intertropical convergence zone (ITCZ) I;ear Costa Rica
using_ measurements of gas phasé HNOs, ice water content (IWC), and surface area
density (SAD). These observations extend the temperatu{re range of in vsitu studies nearly
to 245 K énd explore quite-low HNO; vapor pressures. Simultaneous measurements of
condensed phase HNO; are not aVailable, adding uncertai/nty tto our quantitative estimates
of HNO3 surface coverage on ice, but We suggest the estimates are stillvinforma’tive

beacuse they are based on observations in quite warm cirtus several kilometers below the

tropopause.

29



CHAPTER VII
METHODS

NASA's Troplcal Composition, Cloud and Climate Coupllng (TC4) expenment in
»July and August, 2007 deployed the DC-8, ER-2 and WB-57 a1rcraft to Costa Rica to
study deep convection in the ITCZ and its impact on the troplcal tropopause layer (TTL). |
The primary role of the DC- 8 was to characterlze the chemlcal and mlcrophys1cal
properties of the troposphere to constrain the composition of air being entrained 1nto the
convection. HoWever, much of the convectiveoutﬂow and resulting cirrus near Costa '
Rica during the campaign was close to the 13 km ceiling of the DC-8. As a result,
roughly halvf of all DC-8 sampling time targeted the upper troposphere (9-131 km) and
most of that time was in and near cirrus clouds. Here we report on ‘obser'vations of in situ
HNO3, IWC, and SAD duﬁng 'threerﬂights that tafgeted cirrus shields from speoiﬁc
convective cores to examine the extent of depletion of gas phase HN03 by uptake on ice

Ny

crystals in these clouds.

HNO; Measurements
Gas phase HNO; was measured with the Untvetsity of New Hampshire automated !
- dual mist chamber/ion chromatograph system (MC/IC). In this system, ambient air is-
“drawn into the airoraﬁ at high velocity through a short (<lf meter), Silcosteel® (Restek,

Inc., Bellefonte, PA) coated manifold at'approximately 3m’ (volumetric) min, Aﬁibient
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air is’*sub-sahipled nominally at approximately 45-50 L min™ (volumetric) by one of a
pair of glass mist chambers mounted on the high flow manifold. The mist chambuer‘inlets
are rear facing Wiﬂ"l respect to the flow in the manifold, effectively excluding particles
greater than about 1 pm. vDisc}ret'e} samples integrated for approximately 85 seconds are
alternately colleéféd by each mist chamber. While one mist (;:hambér is sampling, the
preceding sample collected in the other mist chamber is injected into an ion
chrofnatograph where HNO; is detected as the nitraté (NOy") ion. HNO; detection limits
vari'ed inversely with the mist chamber mass ﬂow rate which decreases with altitude, but
were typically better than 3 parts per trillion by volume (pptv). Variahts of this
instrument have been flown on the DC-8 during more than 10 prior campaigns (TRACE-
A, PEM-V/LVEST'IA and B, PEM‘-TROPICS‘A and B, SONEX, PAVE, TRACE-P, INTEX

A and B) and is similar to that described Chapter IL.

Ice Water Content Measurelments -

Cloud - water cpntent (CWC) in cirrus cloud was measured using the NCAR
counterflow virtual impactor (CVI) as described in Twohy et al. [1997]. It i’s asémned that
for all measurements preseqted here, all CWC is cirrus ice, or IWC. Ice crystals with
aerodynamic diameters greater than 8 microns are separated from interstitial air using dry
nitrogen counter flow at the inlet tip of\the forward facing inlet. A,hygrorrieter isJ used to

oL

measure water content of the evaporated ice crystals that enter the inlet.
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Ice Surface Area Density Measurements
- Estirﬂates of geometric SAD of cloud ice 'particvlesl were derivsd using data
obtained frdm a Droplet Measurement Technology V(DMT) Cloud Imaging Projbe" (CIP)
and Precipitation Imagihg'Probe (PIP). The CIP and PIP probes provide two dimensional
images Qf cloud ice particles. Equations provided in Schmitt and Heyrrisﬁeld [2005] are
v.used‘ to estimate surface area | of the three dirﬁensional ice particles from the tWo
| dimensidhal images. | |

All data and analyses pressﬁted here are temporally merged. whére the IWC and
SAD observations are aVéragsd over thé,integration ti‘me of each mist chamber sample. .

All original data is avéilable frbm the NASA Earth Ssieﬁce Projc;ct Office (ESPOH)

archive.
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CHAPTER VIII'
RESULTS
We focus on three flights conducted on July 31, Augusf 5, and August 8, 2007.

During these flights extended periods of time were spent flying in orbital “racetrack”

patterns within cirrus clouds (Figure VIIL1).
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~ Figure VIILI:1 Flight Track Mép of TC4 Study Area: Map of racetrack maneuvers
during TC4 flights on July 31, August 5 and August 8. Circles represent measurements of
condensed water content in g-m'3 averaged to the HNO; measurement integration time

and show progression of aircraft in and out of heavy cirrus cloud.
S
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The purpose of the racetracks was to observe the evblutidn of cloud microphysical -
characteristics as measured by a number of in situ senéors 6n ‘the Dé-8 and‘by, remote
sensors deployed on the ER-2 which simultaneously conducted the same racetrack flight
pattéms abové the «ciouds. The straight legs of each oval were typicain about 20 minutes
in duration (~ 200 km) with the turns at each end making the horizontal extent of each
oval r01;ghly 250 km. Thé tangent points of upwind turns were sé/t up 'ir\lkreal time to be
about 10 km downwind of a; turret identified by the ﬂigilt planning team at base from
fapid-update GOES imagery. The July 31 flight targeted cirrus clouds streaming to the
| southeast from a éonveCtive cbmplex that waé visible from the operations base at Juan
| Santamaria airport near San Jose, Costa Rica. Remote sensing observations from both the
DC-8 and thé ER-2 suggest that fhe peak éohvective dutﬂOw was aoné the DC-8 ceiling,
thus the in Situ obsprvétions were in the lower part of the cirrus. Wiﬁds at flight level for
this flight were surprisingly light and variable. On the August 5 and 8 flights the éirrus
anvils extended westward from the convective cores selected. Winds at flight level for
these two flights were much stronger and relatively steady. On these flights the DC-8 was
unable to reach cloud tops but was able to get near to the top of the cirrus in later orbits.
Seven complete orbits were flown on the July 31v ﬂight and 5 complete orbits were ﬂov§n
on each of the August 5 and August 8 flights. It should be noted that during the August 8
flight the conyective cofe feeding thé initiéllyiselected cirfus anvil began to dissi\*pate‘, SO
the pattern was moved to fly in a newly fofmed anvil nearby. It should also be noted that
the DC-8 flew all of the orbits af the highest altitude possible at that point in the flight,

increasing as the aircraft became lighter from fuel consumption as seen in VIIL.2-4. This
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| ~ provided an opportunity to samﬁle each cloud at a range of temperatures, decreasing from_

nearly 245 K for early passes to about 220 K for the later paéses for eabh flight. -
)
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Figure VIIL.2 Time Series of the July 31 Flight: HNOs (thick black), CWC (solid
gray with hashes), pressure altitude (dashed gray) and longitude (thin black).
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" Figure VIIL.4 Time Series of the August 8 Flight: HNO; (thick black),’ CWC (solid
gray with hashes), pressure altitude (dashed gray) and longitude (thin black). '
;I.’resent'ed are time series measurements made during the racetrack maneuvers of
| gas phase HNO3 mixing ratios (solid black) and condensed water content (solid gray with
hdshes) averaged to HNO3 instrument integration time on the July 31 ﬂighf (Figure
VIIL.2), the August 5 flight (Figure VIII.3) and the August 8 flight (Fiéme VIIL.4). CWC
data on"the July 31 ﬂight has discontinuitids relative to HNO; that were i(gnored for
piotting. Pfessuré altitude "(dashed gra‘y) and longitude (thin black) are shown fqr spatial .
reference. | | |
During the cirrus cloud orbits on all three flights HNO; generélly oscillated
between about 5 to nearly 75 pptv with the exception of large enhancements around
t=55,500-56,500 seconds and f=59,000 seconds during the July 31 flight (Fig‘ures VIIL2-
4). The ﬁrst large enhancement waS observed ‘on July 31 flight when the aircraft briefly
descehded below the visible cloud base (discus‘s‘ed in detail later) and the second was

during the turn at the far south eastern end of an orbit where the cirrus was thin and
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patchy (Figure VIIL.2). In general, the lowest’HN'O3 mixing r/:dtios of éach orbit Were
observed in the upwind end of each orbit ‘and‘ highest mixing ratios were at fhe.downwind
end. When orbits were repeated at cdnstanft altitude the variétions of HNO; with Qosition
. were quite similar in successive passes over the track. This is most clearly seen after

t=53,000 seconds on the August 5 ﬂighf (Figufe VII‘I.3). IWC mirrored this orbit-scale

pattern vinHNO3, being highest at the upwind end near the convective core (where HNO;

{
N

was lowest) and decreasing downwind (Figures VIII.2-4). Increases in IWC over shorter
- time intervals (smaller spatial scales) often coincided with decreased HNO;3 mixing ratios
as well. This fine-scale anti-correlation is again most striking on the ‘August 5 flight

i (Figme VIIL3).



CHAPTER IX
DISCUSSION

G‘e‘neral‘Ob‘servations i '

Mixing ratios of HNO; were signiﬁeantly depresSed in cir;'us clouds sampled ‘
during TC4 cofnpared to the mean mixing ratio of 120 pptv for all out of cloud
measurements in the same 9 - 12 km upper tropospheric altitude range. Two processes
may contribute to the lower mixing ratios. First, some fraction of the air inside the clouds
may represeﬁt convectively pumped air from the marine boundary layer where HNO; has
been sdavenged by precipitation [e.cg. Bertrdm et al., 2007], and \second, cirrus ice
crystals may’ have adsorbed HN03 in the UT -surrounding the convective outflow. The
striking anti-.correlaﬁon with IWC (Figures VII.2-4)‘ suggests that the latter process plays
a non-negligible role. Like§vise, the sharp increase in HNO; mixing ratios duﬁng the dip
below the pilot deﬁvned visible cloud base on July 31 flight (Figure VIIL.2) appears to
reflect a release of HNO; from evapg()rating cirrus ice crystals. Such relea}se 'implies prior
'uptake of HNOs, likely from UT air rather than detraining scayenged MBL air. The fact
that the DC-8 was often below the altitude of peak outflow in cirrus that had failen out of
the thickest part of the anvil would imply that a significant fraiction of the sampled air
surrounding the ice cr);stals had not been recently convected. This could be more
rigorously qdantiﬁed using dilution factors derived from short-lived maririe boundary

layer (MBL) tracers detected in the UT, however, there were insufficient measurements
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made in the MBIT,‘with which td compare to and constrain that estimate. Also,. the
obsewéd increases of HNO; in thinner (dowanind) regiqns of the cloud have to‘reﬂect
contributions of upper troposph‘eric‘ai.f since HNO3 would not haw_e been prbduced SO
quickl}; in detraining air depleted by}scavenging [Be_rtram et al.,‘20.07]. \We assume that
the observed depletibnsk of HNO; are primarily becéuse of uptake onto the cirrus crystals'

as the anvil entrained UT air and/or the ice crystals settled into UT air below the altitude

of maximum convective outflow.

Evidence for HNO3 uptake onto cirrus ice particles

The premise that gas phase HNO; was depleted in cirrus clouds is based on
comparisc;nsvto observgtions made in clear, dryer air at 9 - 12 km altitudes during TC4
and quantifying the magnitude vof depletion remains subjective without measurements of
condensed phase HNO3. Mean mixing ratids of 60 ppfv were observed in clear air during
the three flights in the 30 minutes of UT sampling prior to and after the series of orbits on
each flight. While ‘60»1;ptv is higher than in-cloud observations (co;lsisteﬁtly <40 pptv on
the last ‘5 orbits of the July 31 ﬂight and all orbits on the August 5 and 8 ﬂ;ghts)‘ it is only
half the missiqn mean (exclﬁding transit ﬂigﬁts to and from Costa Rica) of 120 pptv in
the UT. It should be noted that the mission mean includes UT sampling in the subtropics,
while the region néar the racetracks on the three focus flights was clearly i;hpacfed by
convection and cirrus processing. Based on this, we assume background rr;ixing ratios of
HNO; in the UT neaf Costa Rica into which deepl convection was detraining were likely

1in the range of 60 - 120 ppfv. In tﬁe following ii/'is assumed that 100 pptv is a reasonable
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estimate ef UT HNOj; before the cirrus formed. In-cirrus HNO; was observed ats - 75%
of this assumed background, most often ili the range 10 - 40%. As noted earlier, the
depressed mixing ratios could be attributed to simple mixing of baekground UT air and |
- convected marine bouhdai'y layer MBL with no HNOg_v,‘ but this would be difficult to
reconcile with the observed anti-correlations with IWC and SAD. Alternatively, we‘
postulate that uptake onto cirrus ice accounts for‘ most of tlie observed depletion of HNO;
and t‘hat‘ the contribution of scavenged MBL was negligible at DC-8 | flight levels.
: Contributions from mixing cannot be ruled out, but disregarding it provides conStraint on
the maximum uptake of HN03 onto the cirrus particles in thewarm ITCZ clouds.

The inferred uptake onto cirrus ice is simply the 100_ppfv‘ background minus -
observed in-cloud HNO; mixing ratio, for each sarriple when IWC was detectable. The
delta HNOs is converted to volumetric number density using in situ pressure and
"temperature and divided by mean ebserved SAD over each integration interval. Stiri'ace
coverages of 0.01 to 0.67 x10" molecules-cm™ are estimat/éd,]with substantial scatter
(Figure IX.1). To examine temperature dependence, we estimate average surface
coverages in 5 degree K terripefature bins from ~219 K to ~243 K. Table IX.1 ‘and Figure
IX.1 suggest two-fold more uptake at the coldest temperatilre compared to the waniiest,
~but the trend is not smooth or statistically significant. However, we note that the
estimated coverages during TC4 are quite similar to those reported in Zieris et al. [2004]
for temperatures of ~227 K and substantially smaller than all previous observations at |
temperatures below 220 K except for the anomalously low coverages re/porteci by

Melinger et al. [1999] at 196 K. The TC4 surface coverage estimates are plotted with the
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temperature-bin-average HNO3 molecular coverages from CRYSTAL-FACE reported in
Popp et al. [2004] from ~198 K to ~218 K to show the full range of temperatures for
which field observatiohs have been reported (Figure Ii,l). In addition, we use the non-
dissociative Langmuir isotherm» fit from the Ullerstam et al. [2005] laboratory
experim\ents to predict surfaf:e moleéular éoverages Flt méan in situ temperatures for each
TC4 sample, |

v (KeqP)Y
M1+ (KegP)”

0=0
where v =1 (non-dissociative isotherm) and K., is the temperature dependant
equilibrium constant from Ullerstam et al.-[2004],

N

Keq = —(5.1+0.4) x 10°T + (12.3vi 0.9) x 107

’

assuming O, = 2.4 X 10" molecules:cm™ as found in the thin film studies. Vapor
( | , |

pressures of HNO; are based on a constant 100 pptv mixing ratio from the field based

estimates, converted to partial pressure using the average temperature and pressure of

each sample.
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Table IX.1 HNOj; Molecular 60verage on Cirrus Ice: Mean in-cloud ice surface area
density and estimated mean HNOj3 molecular coverage during racetrack maneuvers from
TC4 flights on July 31 and August 5 and 8.

Temperature Bin . Mean Temperature K (Std.Dev.) Molecules » em?x 10" (Std.Dev) SAD um2 . cm'..’ (Std.Dev.)
K (range) __(range) . (range)
219-224 2231 (1.2) ' ; 1.3 (0.9) 3507 (2558) N

' (219.6-224.0) (03-42) (712-10677)

224-229 2255 (1.3) » 0.9 (0.5) \ 3673 (2190)
(224.0-228.9) S {0.3-2.5) 785-10701

229-234 2301 (1.2) . 0.9 (0.8) 6600 (6562)

’ (229.0-233.4) ’ {0.1-3.7) 412-32256

234-239 235.8 (1.3) - 1.0 (1.2) ‘ 6591 (5414)

‘ (234.3-238.9) . {0.1-6.7) . 415-23418

239+ S 2407 (1) 0.7 (06) 7267 (7998)

’ (239.3-242.8) .- {0.1-2.3) 56-38344
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Figure IX.1 HNO; Molecular Coverage Versus Temperature. Solid circles represent
discrete values calculated while in cirrus cloud during TC4 flights on July 31 and August
5 and 8 using SAD averaged to HNO; integration periods, measured HNO3; mixing ratios
and an assumed cirrus-free 100 pptv background HNO3 mixing ratio. Triangles represent
average TC4 coverages for 5° temperature bins ~219K to ~243K. Squares represent
average coverages from Popp et al. [2004] figure 10 calculated for SADs greater than
200 pm?*-cm™ from data obtained during the CRYSTAL-FACE campaign. Error bars
represent one standard deviation of averaged data in each temperature bin. Open circles
represent predicted coverages from the Langmuir isotherm model presented in Ullerstam
et al. [2005] using TC4 bin average temperatures and Pyno3 corresponding to 100 pptv.

Predicted coverages for the same 5 temperature bins are somewhat larger and
show stronger temperature dependence than is apparent ‘in the observations. {\t the
warmest temperatures the means of 4the modei based predictions and observations differ
by less than the standard deviation of the observatiohs, while below 235k predicted
coverages are more than twice the observed means and barely fall within the upper limits

" defined by the distribution of the observations. The molecular coverages calculated here
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are likely upper limits, because dilution by convected MBL air is neglected. Ullerstam et
al. [2004] discussed both tbe scatter in observations from prior aircraft campaigns, and
general disagreement ‘with coverages estimated by,‘ extrapolating from equilibria
determined in laboratory experiments. They suggest that in thick clouds (SAD ~ 10*
um’-cm™) equilibrium between ice and HNO3 could be established in seconds to minutes,
while in thin clouds (SAD ~ 10 umz-cm'3) the timescale would be on the order of hours.
The SAD of cirrus sampled from the DC- 8 durlng TC4 (Table IX.1) approached thlck
cloud levels especrally at warmer temperatures. While the llfetlme of individual crystals |
is poorly constrained; it would seem that cloud lifetimes were long enough for |
equ111br1um to be approached Ullerstam et al. [2004] speculated that uptake of HNO;
onto cirrus ice m1ght be 1nh1b1ted by surface 1mpur1t1es not present on ices grown in the
laboratory. Observations during TC4 provide no insight into this possibihty, since no
composition data on V‘the condensed phase is available. Key factors that likely contribute
to the variability in the TC4 surface coverage estimates are first that the crystals. had
grown large enough to begin settling toward cloud base, with warmer ternperatures and
lo/wer ‘water vapor, and second thatthe mixing ratio of HN(\)3 in air r‘nasses contacting the
crystals probably was not constant as assumed. For example, cirrus ice crystals rnay have
formed in air with very: low HNOs in fresh outflow, then. encountered progressively
rhigher vapor pressure as the cloud spread and entrained UT air.

The estimated surface coverages during TC4 represent fractional coverages up to

: “28% of a saturated molecular monolayer ( © ) for an extreme case (based on 2.4 x 10"

molecule-cm™ from Ullerstam et al., [2005]), with the bin means (Table 1) only ranging
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from 3 to'5 %. Clearly, -ilptake is far from saturated in these warm cloud’s, especially
¢onsideﬁng that our estimates are>based on the assumption that all of ‘the observ‘ed‘
depletion Qf gas phase HNO; results from uptake by ic¢. Cdnversely, the depressidn of
- HNO3 mixing ratios in the cirrus was substantial (on the o‘rder of 60 - 90%) and mlght
have irhplications for chémistry in the UT if the removal was irreversible. However, the
dip below clou& Base during the July 31 ﬂight suggests that vertical redi’strib.ution of-

HNO; by sedimenting cirrus ice may involve only-modést displacements.

~ Vertical Redistribution of Nitric Acid by Cirrus

- Sedimentation of cirrus ice crystals with adsorbed HNO; has been pbstﬁlated as
" an efficient mechanism to remove HNO; from the upper ﬁoposphere [Lawrencé and
Crutzen, 1998]. This occurs whenv cirrus ice particles grow large enough for gravitational
_ settling to remer them from the cirrus cloud. As ice particles settle out of the cloud into
much dryer air‘ below,‘ they either melf ahd evaporate or sublime releasing adsorbed
HNO3 taken up in the cloud into the below cidud air. A key question is how far
downward ’the particles carry the HNOs before release. As noted earlicr,‘ about halfway
through the series of orbits ;iuﬁng July 31 ﬂight the DC-8 slowly descended to thé cloud
base (Figure VIIL.2). Figure IX.2 is a detailed. view of thé time period during the drop

below the cloud base.
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Figure vIX.2' July 31 Flight Cirrus Dip Time Series: Time series plot from t=54000
seconds to t=57000 seconds on July 31 flight showing enhanced layer of gas phase HNO3
just below the visible cloud base. HNO3; mixing ratios decreased by a factor of 2 during
the subsequent descent to ~0.5 km below the cloud base. The enhanced layer was also
sampled during ascent into the clouds.

It can been seen that while skimming the cloud base, gas phaSe HNO; was
observed to be enhanced by more than 120 ppfv cdmpared to the 20 pptv observed in

) . ' : -

- thick cloud immediately preceding descent. After several minutes of level flight, the
aircraft descended an additional 500 meters further below the cloud where HNO;
decreased to about 60 pptv. The aircraft then began a slow ascent and the thin layer of

.enhanced HNO3 was again observed at the cloud bas/e. Vertical profiles of both ascent

and descent are presented in Figure IX.3.
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Figure I1X.3  July 31 Flight Cirrus Dip Vertical Profile: Vertical profile of gas phase
HNOj3 t=54800 seconds to t=56000. The enhanced layer can be clearly seen durmg both
descent and ascent just below 9.5km, immediately below the visible base of the cirrus
clouds.

These data are consistent with the hypothesized redistribution of HNO3, by cirrus
cloud particlé sedimentation and subsequent evaporation as described in depth in
Lawrence and Crutzen [1998]. However, the layer of enhancement observed here is

remarkably thin and extremely close to the cloud base. Presumably, larger ice crystals

like those observed in CRYSTAL-FACE would carry HNOj; further below cloud base

[Popp et al., 2004] but vertical redistribution by the cirrus clouds sampled from the DC-8

in TC4 appears limited to the thickness of the cirrus shield.
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CHAPTER X

CONCLUSION

Gas phase HNO3, IYWC, and SAD observations in warm cirr;s clouds

(~219K-243K) during three focused and repeafed enc.ounters inr the tropical upper
/ tropospheré near Costa’Rica during the NASA TC4 field campaign in 2007 are presented.
In-cloud depletions of HNOj; were obéerved and appear positively correlated to
increasing water content ‘and ice surface area density. Based on observations from the
same study, we assume that the out-of-cloud HNO; background mixing ratio is
approxiﬁlately’ 100 pptv and the differencé in observétfons made while in-cloud represent
HNO; adsorbéd onto ice‘particles. With these assumptions, avefage molecular coverages
of HNO; on ice particles ranged from 0.7 x 108 t0.1.3 x 10‘13 molecule’s-cm'2 for 5
different temperature bins. This is' somewhat lower. than, but w1th1n é factor of 5 of,
laboratory measurements summarizéd in lfllerstam et al. | [2005] where molecular
coverages .on ice at 229K for P(HN'O3)/hPé from 3.0 x 10 to 6.3 x 10° (40-83 pptv)
ranged from 3.8 x 10'3 to 7.9 x 10" molecules-cm™. Our observations suggesf the cirrus
ice was highly under-saturated with respect to HNOQ and represents fractional coverages
of HN03 on ice (0 / Opyqy) of about 0.01 to 0.04 (assuming 0,4, = 2.4x1014 moiécules :
cm'z). However, this was enoughrto affect near total depletion of gas phase HT:IO; at

periods of high IWC and SAD. Although there is no obvious temperature dependence

seen in our molecular surface coverage on ice, our observations appear to be less than
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those presented in Popp et al. [2004] from measurements made during CRYSTXL—FACE
in siightly cooler tropical upper troposphéric_ cirrus cloud. This supports priof laboratory
‘work suggesting é negative temﬁerature de_pendence én uptake. Evidenée of gravitational
settling and gubsequent evaporation of cirr‘usl i1:é particles releasing HNOj3 back to the gas
phase wﬁs observed during the July~31 flight; however the magnitude of this single event
is npt sufficient to support largé scale redistribution of HNO; similar to that describgd in
Lawr;enbe and Crutzen [1998]. Further fnvestigations into‘ the magnitude of the
redistributive capabilities of cirrus clouds would benefit fromv_ repeated vertical profiles in
and beneath such formations and would ideally include direct in‘vsitu measﬁrements of

both gas and condensed phase HNOs.

49



PART 3. SUMMARY OVERVIEW

NSF and NASA have played a critical role in the advancement ‘of our
| understanding of the Earth's climate and atmospheric chemistry. Whether it is Arctic haze
or the impact of cirrus clouds on ozoneproduction, in situ aircraft measurements are an
important part of developing the eomplex models neeessary_to accurately gauge the
healtli of the atmosphere; Also, as remote lsensin‘g instruments aboard satellites beceme

more prevalent, high sensitivitf airborne measurements continue te be necessary to |
| accurately calibrate and validate them. In this theeis, some ﬁndings from two different
_ major aircraft campaigns are reported.

During -TOPSE,' the seasonal evolution of fine aerosol sulfate. in the Arctic
treposphere ‘was observed to be consistent with the phenomenon of Arctic vhaze. Arctic
. haze lias been attributed to pollution from sources in the Arctic and pollution‘tranéported
meridionally along stable isentropes into the Arctic in geographically broad but vertically

narrow bands. These layers became ‘more prevalent at higher altimdee, as the season
progressed toward summer and the relevant isentropes are not held 50 close to the
surface. As the season progressed, elevated mixing ratios, and higher variability was
observed at progressively higher ’altitudes. In May, mixing ratios at.the lowest altitudes '
| declined, but still remained higher than in February at all altitudes. The high variability in
our measurements likely reflects the vertical heterogeneity of the wintertime Arctic

atmosphere as the airborne sampling platform passed in and out of these layers. It is
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presumed that mixing ratios and variability will ‘(:ontinue to decline at all altitudes into
the summer as wet deposition processesk be’pome,. important 1n rembving aerosol SO4
from the 'troposphere. ' | |

- In 2_007, the impacts of cifrué clouds on clvimate and the composition of the -
trqpical upper troposphere were studied during TC4. One chemical impact that hés been
postulafed is removal and vertical redistribution of HNO; through uptake on cirrus
particles. Limited ’previous -sampling ca;npaigns« have bprovided somewhat dit:fering
results and a;re not fully compatibIe with théory developed }rbm laboratory studies.
During the field campaign “tﬁhe NAéA DC-8 research aircraft spent apprdximately 41
flight hours in'th¢\\t,ropic:‘:11 upper troposphere. Close to half of the sampling time in the
upper trop0sphere_conSisted 6f orbiting “racetrack™ patterns in cirrus clouds from anvil
outﬂ‘dw. Oﬁ sevéral flights, the same cloud fegion was traversed multiple times, revealing
persistent regions of “thickér” cloud with less gas phase'} HNO; and cohtrasting ‘fthinner”
cloud with relatively enhanced gas phase HNO;. We Speéqlate that the difference is due
primarily to adsorption of HNOj3 onto cirrus ice surfaces. Stfong enhanéem;ents of HNO;
at the baselof a cirrus anvil Suggest vertical redistribution of HNO; by sedimenting cirrus
‘particles and subsequent barticle sublimation and HNO; bevaporat‘ion. The impact of
released HNO;, however, appeared to be restricted to a \}ery thin layer just‘below the

cloud.

| 51



LIST OF REFERENCES

‘ Abbatt, J. P. D. (1997), Interaction of HNO; with water-ice surfaces at temperatures of
the free troposphere, Geophys. Res. Lett., 24(12), 1479-1482.

Arora 0. P.,D.J. Cziczo, A. M Morgan, J. P. D. Abbott, R. F. Niedziela (1999), Uptake -
of nitric acid by sub-micron-sized i ice partlcles Geophys. Res. Lett 26(24),
3621-3624. :

Atlas, E. L., B. A. Ridley, and C. A. Cantrell (2003), The Tropospheric Ozone Production
about the Spring Equinox (TOPSE) Experiment: Introduction, J. Geophys Res.,
108(D4) 8353, d01 10. 1029/2002JD003172

Barrie, L. A. (1985), Atmospheric Particles: Their physical and chemical characteristics,
and deposition processes relevant to the chemical composmon of glac1ers Annals
of Glaciology, 7, 100-108.

Barrie, L.A. and R.M. Hoff (1985), Five years of air chemistry observation in the
Canadian Arctic, Atmos. Environ., 19, 1995-2010.

Barrie, L.A. (1986), Arctic air pollution: An overv1ew of current knowledge Atmos.
Environ., 20, 643-663, 1986.

Bertram, T. H., et al. (2007), Direct measurements of the convective recycling of the ‘
upper troposphere, Science, 315(5813), 816-820, doi: 10.1126/science.1134548.

Blanchet, J. and R. List (1983), Estimation of optical properties of arctic haze usmg a
Numerical model, Atmosphere-Ocean, 21, 444- 465.

Blanchet, J. (1989), Toward estimation of climatic effects due to arctic aerosols, Atmos
Envzron 23 2609-2625.

Bradley, R. S., F.T. Keimig, H.F. Diaz (1992), Climatology of surface-based inversions
in the North American Arctic, J. Geophys. Res., 97, 15,699-15,712.

Brock, C.A., L.F. Radke, J.H. Lyons, and P.V. Hobbs (1989), Arctic hazes.in summer

Over Greenland and the North American Arctic. I: Incidence and origins,
. J. Atmos. Chem., 9, 1.29-148.

52



Brock, C.A., L.F. Radke, and P.V. Hobbs (1990), Sulfur in particles in arctic hazes
derived from airborne in situ and lidar measurements, J. Geophys. Res., 93,
22,369-22,387. '

Cofer, W.R., and R.A. Edahl (1985), A new technique for collection, concentration and
determmatlon of gaseous troposphenc formaldehyde Atmos. Environ., 20,
979-984,

Cofer, W.R., V.G. Collins, and R. W. Talbot (1986), Improved aqueous scrubber for
: collectlon of soluble atmosphenc trace gases, Environ. Sci. Technol., 19,
557-560.

- Dibb, I. E., R. W. Talbot, G. Seid, C. Jordan, E. Scheuer, E. Atlas, N. J. Blake, and
D. R. Blake (2002), Airborne sampling of aerosol particles: Comparison between

surface sampling at Christmas Island and P-3 sampling during PEM-Tropics B,
J. Geophys. Res., 107, 8230, doi:10.1029/2001JD000408.

- Dibb, J. E., R. W. Talbot, E. Scheuer, G. Seid, L. DeBell, B. Lefer, and B. Ridley (2003),
Stratosphenc influence on the northern North American free troposphere during
TOPSE: "Be as a stratospheric tracer, J. Geophys Res., 108(D4), 8363
doi:10.1029/2001JD001347.

- Dibb, J. E., M. Arsenault, M. C. Peterson, and R. E. Honrath (2002), Fast nitrogen oxide
photochemistry in Summit, Greenland snow, Afmos. Environ., 36, 2501-251 1.

Hinds, W.C. Acceleration and curvilinear particle motion, Aerosol Technology, pp-
105- 110 John Wiley & Sons, Inc., New York 1982,

Hudson, P. K., J.E. Shilling, M. A. Tolben O. B. Toon (2002), Uptake of nitric acid on-
ice at troposphenc temperatures: Implications for cirrus clouds, J Phys. Chem 4,
‘ 106, 9874-9882:;

Hynes, R. G. M. A. Fernandez, R. A. Cox (2002), Uptake of HNO; on water-ice and
coadsorption of HNO; and HCl in the temperature range 210-235 K, J. Geophys. B
Res., 107(D24), 11, doi:10.1029/2001JD001557.

Jacob D. J., et al. (1996), Origin of ozone and NOy in the tropical troposphere: A
photochemlcal analysis of aircraft observations over the South Atlantic basin,
- J. Geophys. Res., 101(D19), 24235 24250

Kahl, J.D. (1990), Characteristics of the low-level temperature inversion along the
Alaskan Arctic coast, Int. J. Climatol., 10, 537-548.

'\/b. 53



Kahl, J.D., M.C.\Serreze,‘and R.C. Schnell (1992), Tropospheric low-level temperature
inversions in the Canadian Arctic, Atmosphere-Ocean, 30, 511-529. -

Keene, W.C., AP.P Pszenny, J N Galloway, and M.E. Hawley (1986), Sea-salt
Corrections and interpretations of constituent ratios in marine precipitation,
J. Geophys. Res., 6647-6658. v
Keene, W.C., J.R. Maben, A.P.P Pszenny, and J.N. Galloway (1993), Measurement
technique for inorganic chlorine gases in the marine boundary layer Environ. Sci.
and Tech., 27. : . '
Klemm, O., and R.W. Talbot (1991), A sensitive method for measuring atmospheric
“concentrations of sulfur dioxide, J. Atmos. Chem.,13, 325-342.

Klonecki, A., P. Hess, L. Emmons, L. Smith, J. Orlando, and D. Blake (2003), Seasonal
changes in the transport of pollutants into the Arctic troposphere-model study,
J. Geophys. Res., 108(D4) 8367 doi:10.1029/2002JD002199.

Kondo, Y., et al. (2003), Uptake of reactive nitrogen on cirrus cloud partlcles in the upper
troposphere and lowermost stratosphere, Geophys. Res. Lett., 30(4), 1154, "
doi:10. 1029/2002GL015549

Lawrence, M. G., and P. J. Crutzen (1998), The impact of cloud particle gravitational. -
settling on soluble trace gas distributions, Tellus Ser.B, 5 0, 263-289.

Lazrus, A.L., and R.J. Ferek (1984), Ac1d1c sulfate particles in the wmter arctic
atmosphere Geophys. Res. Lett., 11,417-419.

~ Meier, A., and J. Hendricks (2002), Model studies on the sensitivity of upper
tropospheric chemistry to heterogeneous uptake of HNOs on cirrus ice particles,
J. Geophys. Res., 107(D23), 4696, doi:10.1029/2001JD000735.

Melllnger S. K., et al. (1999), HNO; partitioning in cirrus clouds, Geophys. Res. Lett.,
26(14), 2207-2210.

Neuman, J. A, etal. (2001), In situ measuiements of HNO;, NOy, NO, and 03 ih the
lower stratosphere and upper troposphere, Atmos. Environ, 35(33), 5789-5797.

Popp, P. J., et al. (2004), Nitric acid'uptake on subtropical cirrus cloud particles,
J. Geophys. Res., 109, D06302, doi:10.1029/2003JD004255.

Radke, F.L., and P.V. Hobbs (1984), Airborne observations of arctic aerosols. III: Origins
and effects of airmasses, Geophys. Res. Lett, 11, 401-404.

- 54



uRadke, F.L.,J.H. Lyons, D.A. Hegg, P.V. Hobbs, and L.H. Bailey (1984), Airborne
Observations of arctic aerosols. I: Characteristics of arctic haze, Geophys. Res.
Len., 11,393-396.

/

v

Rahn, K.A. and R.J. McCaffrey (1979), Long-range transport of pollution aerosol to the
Arctic: A problem without boarders, paper presented at the WMO Symp. On the
Long Range Transport of Pollutants and its Relation the General Circulation
Including Stratospheric/Tropospheric Exchange Processes, pp. 25-35, Sofia, 1-5
October 1979. WMO No. 538.

Rahn K.A.and N.Z. Heldman Progress in Arctic air chemlstry, 1977-1980: a
comparison of the first and second symposia, Atmos Environ., 15, 1345-1348

Ridley B., E. Atlas D. Montzka, E. Browell, C. Cantrell D. Blake, N. Blake, M. Coffey,
R. Cohen, R. DeYoung, J. Dibb, F. Eisele, F. Flocke, A. Fried, F. Grahek, W.
- QGrant, J. Hair, J. Hannigan, B. Heikes, B. Lefer, L. Mauldin, R. Shetter, J. Snow,
R. Talbot, J. Thornton, J. Walega, A. Welnhelmer (2003), Ozone depletion
events observed in the high latitude surface layer during the TOPSE aircraft
program, J. Geophys. Res., 108(D4), 8356, doi:10.1029/2001JD001507.

Schmitt, C. G., and A. J. Heymsfield (2005), Total surface area estimates for individual
ice particles and particle populations, J. App. Meteorol., 44(4), 467-474.

Shaw, G.E., and M.A.K. Khalil (1989), Arctic haze, The handbook of environmental
chemzstry, vol. 4, edited by O. Hutzinger, pp. 89-91, Spnnger-Verlag, Berlin
Heidelberg.

Staudt, A. C., D. J. Jacob, F. Ravetta, J. A. Logan, D. Bachiochi, T. N. Krishnamurti,
S. Sandholm, B. Ridley, H. B. Singh, B. Talbot (2003), Sources and chemistry of
nitrogen oxides over the tropical Pacific, J. Geophys. Res., 108(D2), 8239,
doil10.1029/2002JD002139.

“Tabazadeh, A., O. B. Toon, E. J. Jensen, (1999), A surface chemistry model for
nonreactive trace gas adsorption on ice: Implications for nitric acid scavengmg by
cirrus, Geophys. Res. Lett., 26(14),2211-2214.

Talbot, R.W., K.M. Beecher, R.C. Harriss and W.R. Cofer (1988), Atmdspheric
geochemlstry of formic and acetic acids at a mid-latitude temperate site,
.J. Geophys. Res., 1638-1652, :

Talbot, R.W., A.S. Vijgen, and R.C. Harriss (1990), Measuring tropospheric HNOs:
problems and prospects for nylon filter and mist chamber techniques, J. Geophys
Res., 7553-7561, 1990.

35



(
Talbot, R.W., A.S. Vijgen, R.C. Harriss (1992) Soluble Species in the arctic summer

troposphere acidic gases, aerosols, and pre01p1tatlon,J Geophys. Res., 97,
16,531-16,543.

Talbot, R.W., J.E. Dibb, E.M. Scheuer, Y. Kondo, M. Keike, H.B. Singh, L.B. Salas,
Y. Fukui, J.O. Ballenthin, R.F. Meads, T.M. Miller, D.E. Hunton, A.A. Viggiano,
.D.R. Blake, N.J. Blake, E. Atlas, F. Flocke, D.J. Jacob, and L. Jaegle (1999),
Reactive nitrogen budget during the SONEX mission, Geophys Res. Lett., 20,
3057-3060. A

Thakur, A. N., H. B. Singh, P. Mariani, Y. Chen, Y. Wang, D. J. Jacob, G. Brasseur, J. F.
Muller, M. Lawrence (1999), Distribution of reactive nitrogen species in the
remote free troposphere: data and model comparisons, Atmos. Environ., 33(9),
1403-1422.

Twohy, C. H., A. J. Schanot, W. A. Cooper (1997), Measurement of condensed water
content in liquid and ice clouds using an airborne counterflow virtual 1mpactor
J. Atmos. Oceanic Technol., 14(1), 197-202.

Ullerstam, M. T. Thornberry, J. P. D. Abbatt (2005), Uptake of gas-phase nitric acid to
ice at low partial pressures: evidence for unsaturated surface coverage, Faraday
Dzscuss 130,21 1-226

Warneck, P. (1988), Sulfur compounds in the atmosphere, in Chemistry of the Natural
 Atmosphere, vol. 41, pp. 484-5423, Academic Press, California.

Weinheimer, A.J., T. L. Campos, J. G. Walega, F. E. Grahek, B. A. Ridley,
D. Baumgardner, C. H. Twohy, B. Gandrud, E. J. Jensen (1998), Uptake of NOy
on wave-cloud ice particles, Geophys. Res. Lett., 25(10), 1725-1728.

Ziereis, H., et al. (2004), Uptake of reactive nitrogen on cirrus cloud particles during
. INCA, Geophys. Res. Lent., 31, LOS115, doi:10.1029/2003GL018794.

“Zondlo, M. A. S. B. Barone, M. A. Tolbert ( 1997), Uptake of HNOj3 on ice under upper
tropospheric conditions, Geophys. Res. Lett., 24(11), 1391-1394.

56



	University of New Hampshire
	University of New Hampshire Scholars' Repository
	Spring 2009

	Observations of Arctic haze from the NCAR C-130 during TOPSE(2000) and evidence of nitric acid uptake and redistribution by cirrus clouds during TC4(2007) obtained from the NASA DC-8
	Eric M. Scheuer
	Recommended Citation


	ProQuest Dissertations

