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SUMMARY

Atmospheric nitrous acid (HONO) is a significant and sometimes dominant OH
source in Polar Regions. In the polar atmosphere, measurements of HONO are an
important part of understanding the dynamics of snow-air chemistry and atmospheric
photochemistry. The low levels of HONO present in such regions necessitate the
development of instrumentation with low detection limits. An improved method of
detecting HONO is developed using photo-fragmentation and laser-induced fluorescence.
The detection limit of this method is 2-3 pptv for ten-minute integration time with 35%
uncertainty.

The ANTCI 2003 measurements confirm the high N oxides observed previously in
ISCAT 1998 and 2000. The median LIF observed mixing ratio of HONO 10m above the
snow was 5.8 pptv (mean value 6.3 pptv) with a maximum of 18.2pptv on Nov 30", Dec
1, 39 15", 17", 21%, 22*, 25" 27™ and 28" The LIF HONO observations are
compared to concurrent HONO observations performed by mist chamber/ion
chromatography (MC/IC). Both the LIF and MC/IC techniques observed enhanced
HONO; however, the MC/IC observations were higher than the LIF observations by a
factor of 7.2+2.3 in the median. It is suggested that the MC/IC technique might suffer
from interference from HNO4. As in ISCAT 2000, the abundance of both HONO
measurements exceeds the pure gas phase model predictions, with LIF higher than the
pure gas phase model by a factor of 1.924+0.67, which implies snow emission of HONO
must occur. The LIF measured HONO concentrations are not high enough to

significantly influence the NOy budget during ANTCI 2003, but will increase the
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modeled HOx over-prediction by 28%+15% and lead to a dramatic over-prediction of
measured OH by 157%+35%. Given the short lifetime of HONO, these differences are
hard to reconcile with observed low OH levels unless there is a missing HOy sink. It
appears, however, that HONO competes with O3 and HCHO as the dominant source of
OH at South Pole during ANTCI 2003.

Since pure gas phase chemistry cannot account for the measured high
concentration of HONO, a 1D air-snowpack model of HONO was developed and
constrained by observed chemistry and meteology data. The 1D model includes pure gas
phase chemical mechanisms, molecular diffusion and mechanical dispersion,
windpumping in snow, gas phase to quasi-liquid layer phase HONO transfer and quasi-
liquid layer nitrate photolysis. Photolysis of nitrate is important as a dominant HONO
source inside the snowpack, however, the observed HONO emission from the snowpack
is triggered mainly by the equilibrium between quasi liquid layer nitrite and firn air
HONO deep down in the snow surface (i.e. 30 cm below snow surface). The high
concentration HONO in the firn air is subsequently transported above the snowpack by
diffusion and windpumping. Given the limited ANTCI 2003 field measurements of pH
and nitrite snowpack concentrations, snow emission of HONO is highly likely and will be
transported to 10 meters above the snow, where GT LIF measured high HONO
concentration. The pH and thickness of the quasi liquid layer along with continuous

nitrite measurement are key factors to calibrate and validate the air snowpack model.
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CHAPTER 1

INTRODUCTION

1.1 Overview

The atmosphere is an oxidizing medium. Understanding the important oxidizing
processes and rates is crucial to the knowledge of atmospheric composition. Changes in
the oxidizing power of the atmosphere would influence air pollution, aerosol formation,
greenhouse radiative forcing, and stratospheric ozone depletion (Jacob, 2003). HO4 (OH
and HO;) and NOyx (NO and NO,) chemistry play pivotal roles in photochemical
processes. HOy radicals initiate nearly all the oxidation paths in the troposphere. In the
troposphere, ozone is produced by oxidation of CO and hydrocarbons in the presence of
NOy and HOy radicals. The conversion between OH and HO, is closely linked with the
partitioning of NO and NO,. OH is a key reactive species in the troposphere chemistry
and ozone formation, initiating the oxidation of CO, SO, and volatile organic compounds
(VOCs). The primary source of OH is the photolysis of O3 to produce an excited state of
atomic oxygen, which then reacts with water vapor. OH oxidizes a large number of
reduced atmospheric species and has a lifetime of ~1 s. Its main sinks in the troposphere
are CO and CHa.

Nitrous acid (HONO) is a dominant source of OH in the morning in some urban
areas (Harris et al., 1982; Pitts Jr. et al., 1994; Andres-Hernandez et al., 1996). In a
model study, Jenkin et al. (1988) showed that the photolysis of HONO in the early
morning could account for a fivefold increase in OH, a 14% increase at noon and a 16%
increase in net photochemical ozone production in the atmospheric boundary layer over

the Greater London extensive urban areas. The contribution of HONO to the total OH



budget during the day has long been underestimated in photochemical models. However,
more recent measurements show that up to 20% of the total OH is produced by HONO
photolysis in a 24-hour period in July/August 1998 at Berlin, Germany (Alicke et al.,
2003). Forty two percent of integrated photolytic HOx formation is attributable to HONO
photolysis over the entire day at the Meteorological Observatory Hohenpeissenberg,
Germany in summer 2002 and 2004, measured by a coupled wet denuder sampling/ion
chromatography analysis technique (Acker et al, 2006). In addition, HONO is
considered to be an indoor pollutant (Rasmussen et al, 1995). The reaction of HONO on
surfaces can produce N,O, a climatically important greenhouse gas that also contributes
to stratospheric ozone cycles (Crutzen, 1970; Prather et al, 1996).

The following are the sources (1-1 to 1-10) and sinks (1-11 to 1-14) of gas phase

HONO:
NO+ OH +M — HONO + M (1-1)
HO, + NO, — HONO + O, (1-2)
2NO; + Hy0 (4,99 =HNO;3; + HNO, (1-3)
NO + NO; + H,0 (5q) — 2HNO, (1-4)

2(N02)g g (N204)g = (N204)s i)(ONONoz)s
——(NO"NO;™), —2—>(HONO), ——(HONO),

(1-5a)
g : GasPhase
s : SurfaceFilm
2HONO —¢ 5 NO + NO, + H,0 (1-5b)
HONO + NO; —2¢ s H* +2NO+ O, (1-5¢)
HONO, ey * HNO; ey = 2NO, + Hy O,y + On (1-5d)



NO, + HO, < HNO,,,

HNO, ,, < HNO

4(g) 4(aq)

HNO,, < H* +NO;

NO; = 0, + NO;

H* + NO; < HONO,

(aq)

HONO,,,, = HONO,,,

HA + hv — A"+ X
A+ X S A
A"+ NO, — A"+ HONO
NOj3 g + hv — [NO5T (ag)
[NO57 (ag) = NO2 (ag + O ('P)
NO; (ag) T hv = NO + O'(a )
NO; (39 + OH — NO, + OH (s )
[NO3T g = NOz + O
O'aq tH20 — OH + OH (4 )
2NO; + Hy0 (49— NO2 (aq) + NO3'(aq) + 2H" (aq)
2NO3 (gas) <> N2Oy (gas)
N2Oy (gas) <> NoOy (surface)
N2O4 (surface) — ONONO2 (surface)
ONONO (surface) + hv— NO (4 + NO3 (o)

NO'(ag) + H2Oag— {(H20)NO}" (o)

{(H20)NO} " (ag) + H20 (aqy—> HONO (ag) + H30" (ag)

(1-6a)
(1-6b)
(1-6¢)
(1-6d)
(1-6¢)

(1-6f)
(1-7a)
(1-7b)
(1-7¢)
(1-8a)
(1-8b)
(1-8b_1)
(1-8b_2)
(1-8¢)
(1-8d)
(1-8¢)
(1-9a)
(1-9b)
(1-9¢)
(1-9d)
(1-9e)

(1-91)



H30" (aq) + NO3'(aqy = {H30"NO;3} aq) (1-9¢)

NO+NO,— ONNO, (1-10a)
ONNO; + H,0— 2HONO (1-10b)
HONO + hv »NO+ OH (1-11)
OH + HONO —H,0 + NO, (1-12)
05 + HNO, —0, + HNO; (1-13)
HONO + HNO; — 2NO, + H,0 (1-14)

Nitrous acid is produced homogeneously by reactions 1-1 and 1-2 (Calvert et al,
1991; Pagsberg et al., 1997). The bulk of urban HONO is suspected to form either from
reaction 1-2 or 1-3 (Winer and Biermann, 1994; Kirchstetter et al., 1996). Measurements
at Milan, Italy by Stutz et al. (2002) indicate that one HONO molecule is released into the
gas phase for every 33 NO, molecules deposited, which shows that direct emission of
HONO is an important source in strongly polluted areas. The HONO/NOx ratio typically
reaches a few percent in rural and urban environments and there is clear evidence that the
formation of HONO is governed by heterogeneous reactions (Lammel and Cape, 1996).

Finlayson-Pitts et al. (2003) considered N,O4 to be a key intermediate in the
heterogeneous hydrolysis of NO, to form HONO in the atmosphere (reaction 1-5a). By
isomerization, the adsorbed dinitrogen tetroxide forms its asymmetric form of ONONO,,
which autoionizes generating NO'NOs". In a complex reaction with water, HONO is
finally formed and partitions into the gas-phase. Part of the NO is observed in the gas
phase originated in secondary reactions of HONO at the surface (reaction 1-5b, c, d).
The yield of HONO in the gas-phase is much less than 50% of the NO, loss, but

including secondary products, such as NO, 50% is found for reaction 1-5a.



The conversion of HNO, in the cloud at moderate pH (~4.5) is responsible for
heterogeneous source of HONO (reaction 1-6). The most important consequences of this
HONO elevation are a factor of two NOy species increase and regeneration of OH
(Williams et al., 2002). This partly compensates for the removal of OH by direct phase
transfer into the cloud and may have important implications regarding the oxidizing
capacity of the marine boundary layer.

Soil and other surfaces containing humic acid (HA) exhibit an organic surface
photochemistry that produces surface species (A™) that can react selectively with
nitrogen dioxide to produce HONO under irradiation in the 300-700nm range (reaction
7) (Stemmler et al., 2006). Photo induced nitrous acid production on humic acid surfaces
may explain the recently observed high daytime concentrations of nitrous acid in the
boundary layer (Zhou et al., 2002a; Kleffmann et al., 2005). The HONO formation rate
is first order in NO, at low concentrations (5-120 ppb) but is equal to the rate of
photochemical production of A™® and independent of NO, at high gas phase NO,
concentrations.

Photochemical production of HONO has been reported as products of nitrate
photolysis in natural and artificial snow (Honrath et al., 1999, 2000a). Irradiation at
wavelengths longer than 280nm may result in reactions 1-8 (a-e) in the quasi-liquid layer
on snow surface (Zhou et al., 2001). The quantum yield of reaction 1-8(b) is extremely
low with a measured number of about 0.001. In contrast, reported quantum values for
NO, production are 8 to 9 times greater than the nitrite forming route (Dubowski et al.,
2001). The photolysis of nitrite (NO;") can generate NO. Alternatively, NO," can react

with oxidants such as ozone or OH, which provides another route for the formation of



OH. Reaction 1-8e is another proposed way to generate NO, by hydrolysis of photo-
generated NO; (Boxe, 2005). NO; in snow can be protonated to produce HONO which
will be released into the gas phase. The NO, can react to form symmetric dimer of
nitrogen dioxide, N,O4 (1-9a and 1-9b). The reactive surface species is proposed to be
asymmetric dinitrogen tetroxide, ONONO,, formed by isomerization of symmetric N,O4
(1-9¢). This species subsequently photolyze to produce the nitrosonium ion, NO* (1-9d).
NO" becomes solvated in the presence of water and then hydrolyzes to form HONO (1-9e
and 1-9f), which is efficiently released to the gas phase. In contrast, the nitrate
component is retained on the surface as nitric acid trihydrate (1-9g) (Hellebust et al.,
2007). The nitrate generated NO and NO, can also form N,Os;, which can further
hydrolyze to form HONO (1-10) (Finlayson-Pitts et al., 2003).

The dominant homogeneous chemical loss process for HONO is its photolysis
(reaction 1-11) (Reisinger, 2000). This process competes with the homogeneous
recombination of the NO and OH radicals (reaction 1-1). The most important
heterogeneous chemical removal process is reaction 1-12. Reaction with OH is a minor
HONO loss term. The self-reaction of HONO (reaction 1-13) and the reaction of HONO
with nitric acid (reaction 1-14) in the gas phase are too slow to be important (Chan et al.,
1976; Svensson et al., 1987).

1.2 Chemistry of the polar boundary layer

A series of field campaigns in Polar Regions have spurred intense interest in the
photochemistry occurring in snow. In the high latitude Northern hemisphere winter,
snow can cover more than 50% of the landmass (Robinson et al., 1993). Because snow

has a large surface-to-volume ratio, it can efficiently remove atmospheric trace gases



from the gas phase by adsorption, thus modifying atmospheric composition. Adsorbed
gases can release reactive trace gases back to the atmosphere via heterogeneous
photochemistry. Adsorption on ice may be an important removal process of HNOs, of
some importance for HONO and peroxyacetyl nitrate (PAN), but apparently irrelevant for
NO and NO, (Bartels-Rausch et al., 2002). As gas-snow partitioning changes with
temperature, emission from or deposition to the snowpack may change with strong
temperature changes. Temperature changes are generally associated with changes in
meteorological conditions: changes in wind speed and wind direction may affect
snowpack ventilation and therefore atmospheric concentrations of HONO and other
species that may come out of the snowpack. There seems to be agreement that the nitrate
photolysis within the snowpack is the dominant origin of NOx and HONO in the polar
atmospheric boundary layer (Honrath et al., 2000a).

In the quasi-liquid layer (QLL), which is a disordered layer of ice that has
chemical properties closer to water than solid crystalline ice (Boxe, 2005), NOs

photolysis may produce both NO, and NO, . The latter would continue to react to form

NO and HONO, NO; is identified as the primary emitted species from the photolysis of
NOs™ (Honrath, et al., 2000b; Zhou, et al., 2001). Photolysis will result in depletion of
NOs' in the quasi-liquid layer and will lead to diffusion of nitrate from the bulk of the
snow volume to the quasi-liquid layer. However, light alone is not sufficient to produce
significant nitrogen species: Beine et al. (2002) hypothesize that a minimum temperature
of the snowpack is needed to allow NOs™ diffusion out of the snow crystals. Increasing
temperature will speed up diffusion. In addition, interstitial HNOs; may photolyze

directly. Below the threshold temperature photolysis will not be effective at transforming



NO; to NOy. The threshold temperature is a function of the snow type, such as 242K for
fresh columns and bullets.

Honrath, et al., (2002) showed that the 24-hour average NOx and HONO emission
rates at Summit, Greenland during the summer of 2000 were approximately 4 times the
HNO:s deposition rates, indicating that NOy export may remove nitrogen slowly from the
boundary layer plus the top few cm of the surface snowpack in summer time. In remote
polar regions, snowpack photochemistry provides a way to remobilize deposited HNOs,
thereby influencing NOy polar photochemistry.

Increasing interest has been focused on the measurement of atmospheric nitrous
acid (HONO) in the high latitude boundary layer. HONO plays an important role in the
atmosphere due to its photo-dissociation by UV radiation into hydroxyl (OH) and nitric
oxide (NO) radicals. Accurate measurement of HONO will improve our understanding
of the HOx (OH + HO;) and NOx (NO + NO») cycles that are critically important to
atmospheric photochemistry (Finlayson-Pitts et al., 2000). As a result of poor vertical
mixing in the polar lower atmosphere, snow pack emissions of HONO remain confined to
a thin layer near the surface, where HONO can give rise to a much greater production of
OH radicals in Arctic polar sunrise than previously believed (Domine and Shepson,
2002). There is a great discrepancy between the average rate of HONO photolysis
(equivalent to a surface emission of 5.3 x 10" molecules'm™s™) and the gradient-based
HONO emission (4.6 x 10'" molecules'm™s™) by MC/IC technique in 1999 and 2000
(Yang et al., 2002). This discrepancy cannot be resolved by presuming that HONO’s
lifetime precludes it from mixing throughout the modeled height. Gas-phase chemistry

alone fails to explain this inconsistency. A number of measurements (Dibb et al., 2002;



Zhou et al., 2001) report elevated HONO concentrations, sometimes much higher than
can be accounted for in photochemistry models. The high levels of HONO reported often
lead to a dramatic over-prediction of HOx (Davis et al., 2004) and sometimes NOy (Dibb
et al., 2004), because these high levels are difficult to reconcile with concurrent
measurements of OH, HO, and NO. These results raised possible missing sinks for HOx
and NOxy or, alternatively, problems with the HONO measurements.

The Investigation of Sulfur Chemistry in the Antarctic Troposphere (ISCAT)
1998 and 2000 observed NO levels at South Pole Station exceeding those at other polar
sites by nearly one order of magnitude. On ISCAT 2000, HONO was measured by the
mist chamber method. However, the observed median HONO concentration of 25 pptv
(see Table 1.1) was too high to reconcile with models of the HO, and NOy budget (Davis
et al., 2004). This discrepancy led to great interest in going back to the South Pole to

measure HONO using an alternative technique.



Table 1.1 Summary of measured HONO at Polar Sites

2003
2000 2000 Nov
Time and Jungim June 27- ,15\9?5 April | 2000 Dec 27" 2003 Nov 30™, Dec 1% 30",
Place Suymmit 28" Alﬁ)ert noon South Pole South Pole Dec 1%
Summit Alert South
Pole
5-
HONO 71,av30 Median 54.5 Median 42.4
(pptv) 10 15 510 10 25 Median Mean 56.4 Mean 45 10
33
Height 75cm om 5m sm | 0| gsem | 10| 936 fggem | OL9 1 4
m m median median
Li
. Honrath ’ Zhou .
Reference Dibb et etal., Shao- etal., Dibb et al., UNH MC/IC GTLIF
al. 2002 Meng 2004
2002 1994 2001
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1.3 Motivation

Quantifying the amount of HONO emitted by snowpack is important for the
photochemistry budget, especially HOx budget. Furthermore, a deeper understanding of
the heterogeneous processes involving snowpack important to HONO is also necessary to
account for additional source/sink of HONO. Consequently, one of the main goals of this
thesis is the detection and quantitative assurance of these elevated daytime HONO
mixing ratios.

We provide observations from ambient HONO measurements during ANTCI 2003
in the austral summer at South Pole. The Antarctic Troposphere Chemistry Investigation
(ANTCI) is a four-year program including two major field studies (2003 and 2005) in
Antarctica. The major science objectives are to evaluate the physical and chemical
processes of nitrogen oxides and hydrogen oxides; to compare boundary layer
measurements of South Pole with other regions of Antarctica; and to investigate the
importance and location of the coast-to-plateau transport of sulfur.

The overall question of this dissertation is whether the enhanced HONO
concentration at the South Pole can be confirmed and if so, can it be explained by either
enhanced chemical production inside the snowpack or by stronger vertical transport in the
planetary boundary layer.

In the experimental section of chapter 2, we will discuss different HONO
measurement techniques, which justify the use of the LIF technique for our studies. The
specific setup of the master oscillator / power oscillator (MOPO) will be explained, along
with the details of the evaluation procedure and improvements since the work of Rodgers

in 1986.
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A detailed description of the Antarctic troposphere chemistry investigation
(ANTCI) 2003 field campaign is addressed in chapter 3. This includes time series of
HONO measurements, meteorological conditions, and an intercomparison with mist
chamber/ion chromatography (MC/IC).

The pure gas phase modeling under ANTCI 2003 conditions is described in
chapter 4. We present HONO as OH source compared with HCHO and O3 and the
discrepancy between pure gas phase modeling and measurement results.

Chapter 5 focuses on the snowpack as an important photochemical medium in
Polar Regions. We describe the wind pumping and actinic flux inside the snowpack. We
further discuss quasi liquid layer nitrite as a direct reason for observed high HONO above
snow surface and what factors are important to quantify the snowpack HONO emission.
Recommendations to further work are given.

The results of this dissertation are summarized in chapter 6.
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CHAPTER 2

HONO MEASUREMENT TECHNIQUES

2.1 Overview of detection techniques for nitrous acid
The importance of nitrous acid in troposphere chemistry has been drawn out in
detail already. However, the measurements of HONO, which strongly interact with
surfaces, are a challenge for any analytical technique.
This chapter explains the basic of the most common HONO measurement
techniques (Table 2.1) and the way in which Laser-Induced Fluorescence (LIF) was used.
Current HONO measurements include the following: differential optical
absorption spectroscopy (DOAS) (Appel et al., 1990; Platt, 1994; Alicke et al., 2003),
Fourier transform infrared spectroscopy (FTIR) (Kagann and Maki, 1983; Barney et al.,
2000; Wingen et al., 2000), and laser-induced fluorescence (LIF) (Liao et al., 2006a)
which are based on spectroscopy; converting HONO to NO, and analyzing the nitrite by
mist chamber/ion chromatography (MC/IC) (Dibb et al., 2002) or the photometric
detection of an azo dye derivative by long path absorption photometer (LOPAP) (Heland
et al., 2001); aqueous scrubbing using a coil sampler followed by 2,4-
dinitrophenylhydrazine (DNPH) derivatization and determining the complex by high-
performance liquid chromatographic (HPLC) analysis (Zhou et al., 1999); and the
diffusion-based denuder/ion chromatography system (Poruthoor and Dasgupta, 1995;

Lee et al., 2001; Spindler et al., 2003; Zhang et al., 2003; Acker et al., 2005).
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Technique

Detection limit

Comments

Reference

Table 2.1 Comparison of existing technique to detect atmospheric HONO

DOAS

84 ppt per 5

minutes

TWell developed

technique

| Significant
performance
degradation
under poor
visibility
conditions

Alicke et al.,
2003

LOPAP Denuder LIF FTIR MC/IC  DNPH-HPLC
I pptper4  5Spptper30 2-3 pptperten 10 pob I ppt per 30 1-5 ppt per 5
minutes minutes minutes pp minutes minutes
1Cheap, . TReal time .
sensitive, Tngh measurement . THigh Tngh
sensitivity | Not sensitive Lo sensitivity
compact to most sensitivity
|Interferences | Artifacts intlelr);et re;;[:;lo ¢ atmospheric |Lon |Interference
from |Long laser generated HONO inte rat;gon from HO,NO,,
NO-+phenols integration ng concentrations tigme NO, NO,,
P time PAN etc.
Kleffmann et Acker et al., Liaoetal., Tuazonetal., Dibbetal., Zhouetal.,
2005 2006a 1980 2004 1999

al., 2006
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Differential Optical Absorption Spectroscopy (DOAS) is based on the Beer-
Lambert law of light absorption: light in the visible and / or near UV wavelength range
collected by some optics along the path through the atmosphere is spectrally analyzed in
a spectrograph-detector system, where the spectrum is analyzed to gain information on
the structure and amount of absorption by molecules that took place along the path. The
molecular absorption bands in the UV and visible regions tend to be rather broad because
simultaneous electronic, vibrational, and rotational transitions are involved. Only those
species what have sufficiently structured electronic absorption spectra can be used for
DOAS. The most important part is the separation of extinction of the light intensity into
broad-band Rayleigh (at air molecules) and Mie (at aerosols) scattering as well as
narrow-band differential absorption by trace gases present at a certain differential optical
density. As the strength of the absorption structures varies with wavelength, only those
absorbers with absorption structures sufficiently strong are detectable with DOAS
instruments. Typically 2 to 10 trace gas absorptions can simultaneously be identified in a
single atmospheric DOAS spectrum (Platt, 1994). Average trace gas concentrations of
HCHO, NO;, O3 and HONO are retrieved by simultaneously fitting resolution adjusted
reference spectra using the combined linear-nonlinear least-square algorithm. The near-
ultraviolet spectrum of HONO has been investigated using different source reactions for
the formation of HONO (Johnston and Graham, 1974; Cox and Derwent, 1976;
Stockwell and Calvert, 1978; Kanda and Taira, 1990; Ning and Pfab, 1997). While there
is general agreement on the vibronic structure, the determination of absolute absorption

cross sections has been a difficult task because of the photolysis and thermal

15



decomposition of HONO giving rise to NO,. NO, absorbs in the same region as HONO
and it is difficult to isolate its absorption signal from that of HONO, especially due to the
high concentrations in heavily polluted urban areas. Strong absorption bands of HONO
can be found at 330.68, 341.68, 354.13, 368.15, and 383.8 nm. Depending on the optical
length of DOAS, typical detection limit of HONO is from 30 to 200 pptv. The average
time resolution of the DOAS measurements is 137s (Alicke et al., 2003; Platt, 1994;
Trick, 2004).

The FTIR (Fourier Transform Infrared) spectrometer technique uses a typical
infrared light source such as a Nernst glower, in conjunction with slits and gratings to
restrict the wavelength intervals reaching the detector. The conversion of the signal
intensity as a function of optical path difference (the interferogram) into signal intensity
as a function of wavelength requires applying a Fourier transform. As the sample is
added, the infrared spectrum will change and the difference is characteristic of the
infrared-absorption species in the sample. FTIR detects nitrous acid by its absorption
structures at a wavelength of 12.6 um. A wide variety of other pollutants, like PAN,
NH;, HCHO, HNO; and Os;, can be monitored with sufficient sensitivity for many
ambient air studies. The versatility is one of the significant advantages of FTIR. The
instrument is very complex and used more in laboratory studies than in the atmospheric
measurements. Furthermore, the detection limit is 2-4 ppbv, which can only be applied
to heavily polluted areas. It is not suitable for in situ measurement of HONO (Tuazon et
al., 1980).

In the Mist Chamber/lon Chromatography (MC/IC) techniques, HONO is

converted to NO;™ which is analyzed. The gases are concentrated into a small volume of
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ultra pure water. The samples are frozen to -20°C within 30 minutes of collection and
maintained frozen until just before ion chromatography. It has a detection limit of 1 ppt
every half hour and is widely used in many field experiments, especially HNO;
measurements (Dibb et al., 1994, 1998, 2002, 2004).

The LOPAP instrument designed to be a cheap, sensitive, compact, and
continuously working HONO monitor. It is based on wet chemical sampling and
photometric detection. HONO is sampled by a fast chemical reaction in the mixture of
sulphanilamide in hydrochloric acid with >99.9% uptake efficiency for 1L min"' gas
flow. At such low pH, several chemical interferences caused by e.g. NO, are minimized.
HONO from the constant sample gas flow is collected continuously into the liquid phase
and reacts immediately to form a diazonium salt. By adding n-(1-naphthyl)
ethylenediamine-dihydrochloride solution, the final color intensive azo dye is produced,
which is detected photometrically. In the external sampling unit a series of two-channel
system is used: the first stripping coil takes out almost all the HONO but only a small
fraction of any interfering species. The second coil takes out the same amount of the
interfering species but has almost no HONO. By subtracting both, possible interferences
are minimized. The instrument is calibrated by exchanging the stripping solution by a
nitrite standard diluted in the stripping solution, while running under zero air. It is
validated in the laboratory for HONO concentrations of using ion chromatography and
with DOAS instrument in a large outdoor smog chamber. LOPAP instrument has
systematically higher values comparing with the DOAS instrument. Detection limits
range from approximately 1 pptv with response time from 4 min. The accuracy of the

measurements is 7% (Heland et al., 2001, Kleffmann et al., 2006).
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The DNPH-HPLC technique is based on aqueous scrubbing of HONO using two
coil samplers, followed by derivatization of the scrubbed nitrite into a highly light-
absorbing medium (300uM DNPH and 8 mM HCI at 45°C). The azide derivative, 2, 4-
dinitrophenyl azide (DNPA) is highly UV-absorbing and is separated from DNPH
reagent and hydrazones by C;s reverse-phase high-performance liquid chromatographic
(HPLC) using acetonitrile and water as mobile phases. DNPA is detected with an UV
detector at 309nm. Potential interference includes NOy, PAN and carbonyl compounds.
The detection limit is less than 5 pptv and each sample is completed within 5 minutes.

The denuder technique is wet-chemical sampling for the measurements of a
variety of atmospheric species based on the diffusion properties. The use of denuders is
effective and relatively inexpensive, but much experimental work is needed to avoid
interference with other atmospheric species like NO, and PAN (Febo et al., 1993, Acker
et al., 2005). The retention efficiency of PAN, which hydrolyzes in alkaline media to
liberate NO,™ was reported to be 5-10% of the incoming PAN amount (Ferm and Sjodin,
1985; Allegrini et al., 1987). This positive interference of low reactivity compounds can
be accounted for by operating two denuders in series. NO, collected on denuders is
rapidly oxidized to NOs™ when ozone is present in the air stream (Perrino et al., 1990).
This may lead to the underestimation of HONO and an overestimation of HNO;
concentrations unless HNOs is selectively removed from the sampling air after sample
collection. For measurement of HONO, one NaCl-coated denuder is used to remove
HNO:s, followed by two Na,COj plus glycerol-coated denuders to collect HONO and take
interference of nitrogen oxides into account. The denuders are leached with deionized

water and analyzed by ion chromatography. A denuder technique without a large surface
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area inlet device in order to minimize retention and/or production of gaseous atmospheric
pollutants during sampling is recommended (Ianniello et al., 2007). The detection limit is
5 pptv per 5 minutes (Acker et al., 2005).

The chemical techniques are typically much cheaper, easier to use and can be
much more sensitive with detection limits as low as ~1 pptv (Kleffmann et al., 2006).
However, since HONO is sampled on dry or liquid surfaces and HONO is likely
generated heterogeneously on the surfaces, these instruments suffer from chemical
interferences and sampling artifacts (Zhou et al. 2002b). Significant differences were
observed in previous intercomparison studies of chemical HONO instruments with
DOAS technique (Appel et al., 1990; Febo et al., 1996; Coe et al., 1997; Spindler et al.,
2003). The chemical instruments measured significantly higher concentrations during the
day. The differences were explained by interferences of the chemical instruments.
Therefore, the development of validated, sensitive and fast HONO instruments is very
importance to quantify the oxidation capacity of the atmosphere and to understand the
formation of HONO.

Rodgers (1986) photolyzed HONO to generate OH and measured the OH photo-
fragment using laser-induced fluorescence. The detection limit achieved was 10 pptv for
an integration time of 15 minutes. A major problem with this technique is the tendency
to generate artificial OH signals. Depending on the laser energy and the ambient levels
of ozone and water vapor, this OH artifact can overwhelm the signal from photolysis of
HONO. Another problem is the large and sometimes variable non-resonant fluorescence
background signals (Bradshaw et al., 1984). An integration time of 15 minutes is also too

long for tracking quickly altering HONO concentrations during sampling events such as
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at sunrise. The basic approach, however, remains valid, and with the appropriate light
sources, data acquisition algorithms, sampling methods, and careful attention to the
background, can form the basis for a state of the art HONO measurement with fast time

response.
2.2 Laser-induced fluorescence (LIF) detection of HONO

2.2.1 Theory of LIF detection of HONO

PF-LIF allows for the detection of polyatomic molecules possessing excited states
that do not fluoresce. The spectrum and photochemistry of HONO make it an excellent
candidate for detection by the PF-LIF technique. HONO itself is non-fluorescent and
possesses a near-ultraviolet band (300-390nm) spectrum involving an n — @* type
exciting in the —N=0 chromophore (Vasudev et al., 1983). The A-X transition involves
promotion of a nonbonding electron from the O atom to the lowest n* orbital on the NO

moiety (Shan et al., 1989). The absorption spectrum of HONO shows that it has peaks at

342, 354, and 369 nm, involving excitation within the 2 8 , 2 (2J and 2 cl) bands in the
vy N=O stretch, suggesting that the only internal coordinate that has a significant change
is the N=0 bond length (Vasudev et al., 1984). The third harmonic of Nd:YAG laser is

at 354.7 nm and makes it an excellent candidate to photo-fragment HONO. The 354.7

nm wavelength is used to pump the 2 c2> transition. Previous studies by Cox (1974) have
shown a near unity primary quantum yield (A;=355 nm) for the process:
HONO + hv; (,=355 nm) — OH (X*I1, v’’=0) +NO ®,=0.95 (2-1)

Where @, is the quantum yield.
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Both of these photo fragments, OH and NO, may be readily detected by laser-
induced fluorescence with high sensitivity. ~ The substantially larger ambient
concentration of NO,, which photo-dissociates to NO and O at the same wavelength
relative to HONO precludes measurement of the NO fragment, so the HONO detection

scheme is based on the detection of the OH photofragment (Figure 2.1):

OH (X’11, v>’=0) + hv, (A,=282 nm) — OH (A’Z, v’=1) (2-2a)
OH (A’%, v’=1) + M — OH (A, v’=0) + M* (2-2b)
OH (A%, v’=0, 1) — OH (X°II) + hvs (A3~309 nm) (2-3)
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Figure 2.1 Energy diagram of LIF of OH: v’=0 state OH is excited at 282 nm to v’=1
state and the fluorescence near 309 nm back to v’=0, 1 state is monitored. (VET:
vibration energy transfer, EQ: electronic quenching)
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The laser is typically tuned to either the Q;(2) or P;(1) line of the OH (1, 0) band
at 282nm. These lines are chosen because they are strong lines that are part of an easily
recognizable pattern in the absorption spectrum. The difference in the line strengths
between the P(1) and the Q;(2) is accounted for by in-situ calibration. Collisions with
N», O,, and H,O lead to significant electronic quenching, which result in attenuated
fluorescence emissions from vibrational states both in v’=1 and v’=0 of A’Y state. Most
of the fluorescence comes from v’=0 which is populated via vibrational energy transfer
from v’=1 level. The red-shifted OH fluorescence near 309 nm is easily discriminated
from laser Rayleigh scattering as well as the first three Raman lines from N, and O,.

At atmospheric pressure, the fluorescence efficiency is ~ 6x10™* (Rodgers, 1986).
Vibrational energy transfer (VET) and quenching rates of N, O, and H,O are list in
Table 2.2 according to previous experiments (Cleveland et al. 1988, Bailey et al. 1997,
1999, Steffens et al., 2000). The rate of N, caused VET is around 9 times the rate of
quenching, whereas the rate of O, caused VET is only 1/9 to 1/4 the rate of quenching.
The polar molecule H,O has a quenching rate 2 to 4 times that of O, and 15 to 20 times
of that of N, yet a relatively small VET rate which implies a strong quenching effect of
even small amounts of water vapor (McDermid et al., 1982). The calculated
contributions at room temperature of N,, O,, and H,O to the total quenching of OH are
listed in Table 2.3. N, dominates the VET, O, and N, are most important quenchers

under dry conditions.

23



Table2.2 caption: Rate coefficients (10" cm*molecule™-s™) for quenching and vibrational deactivation of OH A’E at 294K by N5, O,
and H,O. (k,: VET rate from 1 to 0; kqo, koi: quenching rates from v’=0 and 1, respectively)

Gas ky kqo ko1
N> 3.21° 0.34° 0.43°
0, 0.33 1.39° 3.06

H,0 c 6.91¢ 6.74°

a Steffens et al., 2000; b Bailey et al. 1997; ¢ omitted.
d Bailey et al., 1999; e Cleveland et al. 1988, T=298K.

Table 2.3 caption: Quenching percentage for N, O,, H,O colliding with OH A”S (v’ =0 and v’ = 1) at 294K under different water
vapor mole mixing ratio (other colliders omitted)

Total
.. ) quenching . .
Mixing ratio OH (v’=0) OH (v’=1)
of H,O N> O H0 P creentage state state
increase by
adding water

0 42.3% 57.7% 0 0 72.5% 27.5%
100ppm 42.2% 57.7% 0.1% 0.1% 72.4% 27.6%
1000ppm 41.8% 57.2% 1% 1.1% 72.3% 27.7%
1% 38.2% 52.6% 9.2% 11.0% 71.1% 28.9%
5% 27.7% 39.4% 32.9% 54.8% 66.2% 33.8%
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This technique is both highly sensitive and specific to the detection of HONO.
The system is calibrated by standard addition and verified by UV/VIS differential optical

absorption spectroscopy.

2.2.2 Instrumental description of LIF detection of HONO

Figure 2.2 presents a schematic illustration of the optical layout in the PF-LIF
HONO detection system. The necessary UV wavelengths 355 nm and 282 nm can be
achieved using two Spectra Physics Quanta Ray model GCR290-10 (Mountain View,
CA) Nd:YAG lasers. One is used to generate the 355 nm photolysis beam; the other is
used to pump an optical parametric oscillator (OPO) to generate the 282 nm probe beam.
The output energy of the GCR290 is around 1.5 J/pulse at 1.06 nm. This beam is
frequency tripled to generate 700 mJ of 355 nm light. 200 mJ of the third harmonic is
used to pump a grating-tuned OPO (the “master oscillator”) to generate a narrow-line
width signal beam at 564 nm. This signal beam is used to seed another parametric
oscillator (the “power oscillator”’) pumped by 300 mJ of the remaining 355 nm light to
generate 15-20 mJ of 564 nm light, which is then frequency doubled to generate 1-2 mJ
of light at the 282 nm probe wavelength. The timing of the photolysis beam alternates at
every shot, preceding the probe by 100 ns on a given shot, and following the probe by
200 ns on the next shot. The ambient OH signal is determined by calculating the
difference between the signals acquired when the photolysis beam precedes the probe and
when the photolysis beam follows the probe: the signal measured when the photolysis
beam follows the probe provides the background signal (including contributions from
ambient OH, any instrument generated OH, and any Raman signal from the probe); the

signal measured when the photolysis beam precedes the probe is the OH signal from
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HONO. There was no significant difference in differential signal strength when the

probe delay after the photolysis beam was varied between 100 and 200 ns.

i

Detection

Cell ngample
J Region
YAG 355 nm
\
\
282 nm
LD — T 1564 nm—, i
. ‘;‘:1(.) L—‘c i[;L 564 nm
Power
355 nm .
YAG , Oscillator

Master
Oscillator

Figure 2.2 LIF OH measurement instrumentation: (BBO: beta barium borate, FD:
frequency doubling, HR: high reflector, XTL: crystal, OC: output coupler)
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Figure 2.3 LIF HONO measurement instrumentation (MOPO: Master Oscillator / Power
Oscillator, PMT: Photomultiplier Tube, DAS: Data Acquisition System)

Directly above the sampling region, a filter pack is installed which optimizes the
309 nm fluorescence transmission. The filter pack consists of nine dichroic filters
(Andover; Salem, NH) coated to maximize reflection at 309 nm and maximize
transmission at the 282 nm wavelength (Figure 2.4). The signal is collected on a
Hamamatsu R331 PMT (Bridgeport, CT). Fluorescence data are collected on a single-
shot basis with a VXI-based track-and-hold data acquisition system, which also collects
reference cell fluorescence data. Temperature and pressure in the sampling cell and

temperatures of various parts of the instrument such as the OPO cavities and the coolant
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temperature are also monitored. The data acquisition system also controls the timing of

the two lasers.

reflective filtar

TF

. il
. i PMT
VA

Figure 2.4 Schematic of HONO detection filters pack (TF: Transmission Filter)

2.2.3 Calibration of LIF detection of HONO

The PF-LIF instrument was calibrated using standard addition. Gaseous nitrous
acid was produced using a similar method as Cox and Derwent (1976) and Masafumi and
Yukio (1990). A 1 slpm flow of dry nitrogen (N;) was passed over a solution of sulfuric

acid (H,SOj4) and sodium nitrite (NaNO,). The homogeneity of the solution was ensured
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by the use of a magnetic stirrer. Figure 2.5 illustrates the HONO generation chamber

setup for calibration purposes.

Pum

Optical
Cell

Figure 2.5 HONO generation cell setup (MFC: Mass Flow Controller)

The reaction chamber was made of glass with three entry ports, one for N, gas
and one for each of the reactant liquids. There are two exit ports, one for the gaseous
products of the reaction accompanied by N, as the carrier gas, and the other one for
removing the liquid waste from the reaction. The continuous flow of N, through the

reaction chamber ensures a constant flow of HONO to the optical cell. The mixture of
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HONO and N, from the reaction cell was added to a 20 slpm flow of N, and directed to
the optical cell. The flow rate of N, was chosen to represent a typical flow of ambient air
during field missions.

NaNO, (1.7x10°° M) (Fisher Sci. CAS 763-00-0) and H,SO4 (2.0x10™* M) (Fisher
Sci. 7664-93-9) solutions were prepared from analytical reagent grade reagents and
pumped separately into the reaction cell. The sum of the flow rate for both of the
reactants was equal to the flow rate of the exhaust line, thus providing a stable level of
liquid inside the reaction chamber. The flow rates of the solutions were controlled by
changing the diameter of the tubes used with a three-channel Masterflex PA-21 peristaltic
pump (Cole-Parmer; Chicago, IL). The pH of the solution was kept constant at 2 to keep
the Henry’s Law constant of HONO at 46 atm-M™' (Becker et al., 1996). One slpm of
HONO and N, from the reaction cell was added to the N, flow of 20 slpm to produce a
HONO concentration of approximately 500 pptv. The flow out of the reaction cell was
controlled to change the dilution ratio of the total flow to the reaction chamber flow, thus
different concentrations of HONO were produced for instrument calibration. Efforts
were made to minimize the residence time of HONO in the system to avoid issues such as
dark decay, adsorption and heterogeneous reactions with the surfaces.

To distinguish and characterize the background noise of the instrument, the 355
nm beam was blocked and data were collected during the calibration process. HONO
does not photolyze at 282 nm and the signal collected with the photolysis beam blocked
accounts for ambient OH, instrument generated OH by ozone photolysis, and 282 nm

probe leakage. Data were also collected while the beam was unblocked for the same
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period of time. The signal is calculated as the difference between the blocked and
unblocked portions of the calibration sequence.

In order to perform sensitivity tests for this system, the 1 slpm flow from the
reaction cell was mixed into a 20 slpm flow of synthetic air made of a mixture of 80% N,
(Airgas, Randor, PA) and 20% O, (Airgas, Randor, PA). The flows of N, and O, were
regulated before they reached the optical cell to equal a typical flow of ambient air to the
cell during field missions.

The performance of the instrument is shown in Figure 2.6. To record a zero
signal, a synthetic air mixture of N»/O, gas (i.e. no HONO addition) was passed through
the optical cell and data was collected. The 2-sigma limit of detection for HONO with
this system was 2-3 pptv for ten-minute integration time in lab with 35% uncertainty.
Most of the uncertainty comes from the laser power fluctuation and calibration. During
Antarctic Troposphere Chemistry Investigation (ANTCI) deployment, the detection limit
was found to be 6 pptv for one-minute integration time due to the low interference levels

and low pressure at South Pole with 35% uncertainty.
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Figure 2.6 Calibration curve for PF-LIF

A potential source of interference with the OH signal in this system is the
generation of artificial OH signals. The 282 nm wavelength that is used for OH
monitoring causes the production of atomic oxygen O (‘D) from Ozone (O5).
O;+hv — O ('D)+ 0, (A <310 nm) (2-4)

The oxygen atom reacts with available water vapor in the sampling flow and
produces OH radicals (Davis et al., 1981).

O (‘D) + H,0 — OH + OH (2-5)
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O(D)+M—->0(CP)+M M =N, or O, (2-6)

For the purposes of this experiment theoretical calculations were conducted to
estimate the concentration of OH produced from Oj; dissociation and ambient water
vapor. Due to increased interest in the photochemistry of HONO over snow pack
(Houdier et al., 2002; Zhou et al., 2001; Bottenheim et al., 2002; Dibb et al., 2002), the
initial deployment location for this instrument is the South Pole. To calculate a
theoretical yield for OH radical for typical conditions at the South Pole, an O;
concentration of 30 ppbv, a pressure of 687 mbar, a temperature of 241K and dew point
temperature of 238K were used. The laser power for the 282 nm beam was assumed to
be 10 mJ per pulse and the pulse width was 10ns. The equations and methods used for
this calculation were similar to that of Davis et al. (1981). The resulting OH
concentration from these calculations was 1 pptv. This interference level is
approximately half of the signal from photolysis of HONO.

It should be noted, however, that both the ambient and the ozone generated OH
concentration are accounted for as part of the background, which is subtracted from the
main signal at 5 Hz. The ozone generated OH will only be significant if it contributes to
an excessively high background level. This may be an issue in regions of high humidity,
high ozone, and low HONO levels (Table 4). Most regions of high ozone and humidity
will have significant levels of HONO, however, since NO; (the direct precursor of ozone)
in the presence of water vapor produces HONO on surfaces (Ramazan et al., 2004). Even
so, this potential decrease in the signal-to-background ratio must be kept in mind. In fact,
calculations based on reported values of ozone, water vapor, temperature, and NO, for

the field campaigns NITROCAT (NITRous acid and its influence on the Oxidation
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Capacity of the ATmosphere), FORMAT (FORMAIldehyde as a tracer of oxidation in the
Troposphere) and Turm (Trick, 2004) indicate that the PF-LIF method would have a
better signal to background ratio than the HONO measurements reported by DOAS.

Other potential interferences may arise from other species that photolyze at
282nm or 355 nm to produce OH. We have been unable to identify any such species
which may be a significant interference. Table 2.4 shows the relative interference from 1
ppbv of H,O,, HNO3, CH,0, HO,NO,, and the background signal from 100 ppbv ozone
and a range of water vapor concentrations. In principle, there may be large organic
peroxides yet to be identified which may provide interference; however, the vapor
pressures of these species are expected to be quite low.

Table 2.4 Calculated laser generated OH concentration(pptv) in the detection cell in
urban regions

1

100ppby O; ppbY
HCHO

Ippbv N Ippbv  1ppbv

HONO H,O, HONO;
0.1%H,0 0.5%H,0 1%H,O 2%H,O 5%H,0 1ppbv
HO,NO,

12 59 113 209 430 297 0.16 1.1 0.03

Further improvements may be implemented in this system by changing the probe
beam wavelength to 308 nm. This will result in a lower limit of detection, by decreasing
the ozone interference and therefore the background signal. In order to do this, the
sampling pressure must be reduced to extend the fluorescence lifetime and enable
temporal gating of the laser pulse. The reduction in pressure would also further reduce
contributions from laser generated OH (Hard et al, 1980, 1984). Other improvements
include reducing the size of the lasers and using an excimer lamp to photolyze HONO,
which would facilitate the deployment and use of the instrument during field missions. A

tunable HONO photolysis laser will be helpful to assess interferences.
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CHAPTER 3

ANTARCTIC TROPOSPHERE CHEMISTRY INVESTIGATION

(ANTCI) 2003 FIELD STUDIES AND RESULTS

3.1 Introduction of ANTCI 2003 experiments

The Antarctic Troposphere Chemistry Investigation (ANTCI) is a four year
program including two major field studies (2003 and 2005) in Antarctica. The major
science objectives are evaluating the physical and chemical processes of nitrogen oxides
and hydrogen oxides; comparing boundary layer measurements of South Pole with other
regions of Antarctica; and investigating the importance and location of the coast-to-
plateau transport of reduced sulfur.

Measurements during ANTCI 2003 at the Amundsen-Scott South Pole Station
include: OH, HO; and H,SO4 by Selected Ion Chemical Ionization Mass Spectrometry
(SICIMS); HONO by MC/IC and LIF; HO,NO, and SO, by CIMS; HNO; by CIMS and
MC/IC; NO and NOy by chemiluminescence; O3 by UV ozonesonde and Electrochemical
Concentration Cell (ECC) ozonesondes; PAN by Gas Chromatography with Electron
Capture Detection(GC/ECD); H,O, and HCHO by Coil Scrubbers/Fluorescence
Spectroscopy; non-methane hydrocarbons, halocarbons, CH4, CO, and DMS by
GC/Flame Ionization Detector (FID), aerosol chemical composition and Hg by various
techniques: Inductively-Coupled Plasma Mass Spectrometry (ICP-MS), Atomic
Absorption Spectrometry (AAS), IC, and alpha- and gamma-spectroscopy; temperature,
relative humidity, wind speed, wind direction by Vaisala tethersondes and Vaisala

radiosondes; and boundary layer height by acoustic sounder. Actinic Fluxes were
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obtained from an ultraviolet spectroradiometer located in the Atmospheric Research

Observatory (ARO) and maintained by Biospherical Instruments, Inc.

Table 3.1 ANTCI 2003 measurement techniques summary

Compound LOD? Technique Investigator Affiliation
oH 1x10° .
molecules: Selected Ion National
MSA 3 . . N F. Eisele Center for
cm™/5 min Chemical Ionization s )
H,SO, R. Mauldin Atmospheric
z Mass Spectrometry .
5x10 (SICIMS) E. Kosciuch Research
HO,/RO; molecules: (NCAR)
cm™/5 min
HONO 2-3 pptv/ 10 Laser Induced D. Tan .
min Fluorescence J Mastromarino
HNO; Chemical Ionization G. Huey Georgia
HO,NO, Spptv/1 min | Mass Spectrometry D. Tanner Institute of
SO, (CIMS) S. Sjostedt Technology
oo 2%%“//‘1 f/‘im Chemiluminescence D. Davis
NOy PPtV M. Buhr
min
National
Oceanic and
Peroxyacetic Gas Chromatography T Roberts Atmospheric
Nitric Soptv/5 min with Electron Capture ' Administration
Anhydride | °PP Detection (NOAA)
(PAN) (GC/ECD)
F. Flocke NCAR
HNO; ) )
Ion University of
HONO I'pp t.V/30 Chromatography/Mist J. Dibb New
HCOOH min Chamber (IC/MC) Hampshire
CH;COOH
40pptv/1 .
H0, min Coil Scrubbers, M. Hutterli University of
30pptv/2 Fluorescence R. Bales Arizona
CH,O PPtV Spectroscopy ’
min
Non-Methane 3 potv/1 min
Hydrocarbons PP
alkyl nitrates 0-Ip p v/ GC, Flame Ionization Umye rs1ty of
min D. Blake California,
0.01 pptw1 | Detector (FID) Irvine
Halocarbons 1 PP
min
DMS 1 pptv/1 min
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Aerosol vary from Inductively-Coupled New Mexico
) . Plasma Mass R. Arimoto State
Chemical species to ..
Composition species Spectrometry (JCP- University
MS), Atomic
Absorption
Spectrometry (AAS), S. Brooks
He IC, and alpha- and S. Lindberg NOAA
gamma-spectroscopy
Temperature Sky-Doc tethered
Relative balloons, UV
Humidity ozonesonde, Vaisala Universi
: . niversity of
Wind .Speed Suitable for tethersqn des, Vaisala D. Helmig Colorado,
.qu South Pole radlosonde's, Boulder
Direction electrochemical
concentration cell
O (ECC) ozonesondes
Mixing Layer Acoustic Sounder W. Neff NOAA
Depth
Biospherical
Actinic Fluxes Spectroradiometer - Instruments,
Inc

a) LOD : Limit of Detection

Ambient measurements were conducted at the Atmospheric Research Observatory
(ARO) at South Pole during ANTCI in November and December of 2003. One face of
the ARO held the in-situ experimental probes and faced the clean air sector, a zone
between grid 360-110 degrees extending 148 km from South Pole and 2 km above the
snow surface. The clean air sector has a very long fetch into the mean katabatic flow
from the Antarctic Plateau.

The photo fragmentation/laser-induced fluorescence (PF-LIF) technique was used
to measure atmospheric HONO 10 meters above the surface. Ambient air is drawn into
the sample cell at 30 L/min through a 1/2” 1.D. teflon tube ~2.5m long extending about
10 cm outside the wall of the ARO facing the clean air sector. The first 30 cm of the inlet
tube was maintained at ~297K. The residence time in the inlet was ~0.5 s. There was no

significant difference in signal whether the inlet heater was turned off or not, indicating
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that inlet surface reactions were not important in the very dry conditions found in
ANTCI. HONO in the sample cell is photo fragmented at 355 nm with the third
harmonic of a YAG laser and the generated OH radical is probed at 282nm; the
photolysis beam alternately precedes and follows the OH probe beam, automatically
accounting for ambient as well as any instrument-generated OH; the excited state OH
fluorescence at 309 nm is detected by photomultiplier tube.

Table 3.2 Summary of ANTCI 2003 HCHO, HO,NO,, H,0,, HONO, measurement

results
HCHO (pptv) | HO,NO, (pptv) | H,O0, (pptv) |[HONO, (pptv)
Mean 70 40 230 90
Max 340 68 500 353
Min 1 2 40 0.4

Table 3.3 Calculated laser generated OH concentration (pptv) per pulse with 1 mJ
282 nm and 300 mJ 355 nm in the detection cell at South Pole

70 pptv HCHO
30 ppbv O3, 0.05%H;0 | 6 pptv HONO + 23}(1) %pw 19{%‘1’\?3
40 pptv HO,NO, 222 2
0.98 0.97 0.01 0.14 | 0.002

Table 3.2 lists the typical concentrations of measured HCHO, HO,NO,, H,0, and
HONO,. Table 3.3 shows the laser generated OH concentrations per pulse. In reality, we
do not discriminate between ambient OH and 282 nm Os generated OH. We distinguish
the 355nm generated OH from the sum of ambient OH, probe beam 282 nm generated
OH, and photolysis beam 355 nm generated OH. Generally speaking, real OH LIF signals
from HONO are 0-15% higher than the background signal. This detection scheme is
direct, fast, and free from identifiable interferences, including hydrogen peroxide, nitric

acid, and pernitric acid.
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The system was calibrated by standard addition every 3 hours. A 1 slpm flow of
dry nitrogen was passed over constant mixing of NaNO; and H>SOj solutions to generate
standard additions of HONO (typically 12 to 50 pptv). The 2-c detection limit of the
technique was typically 2-3 parts per trillion by volume (pptv) for HONO, with a sample
integration time of 10 minutes. The relative uncertainty was estimated to be about +
35%, driven largely by calibration uncertainty and laser power fluctuations.
Measurements were typically taken for the 12 hours per day that the inlet was over sunlit

SNOw.

3.2 ANTCI 2003 HONO measurement results

HONO was measured in the ARO on Nov 30", Dec 1%, 3", 15", 17", 21%, 22",
25™ 27™ and 28" (Figure 3.1 top panel). The median mixing ratio of HONO 10m above
the snow in this period was 5.8 pptv (6.3 pptv mean), reaching a maximum value of 18.2
pptv on Dec 1¥. We see the highest concentrations at the end of November; a period
marked by cold temperatures, and a shallow boundary layer. NO levels (shown in Figure
2 and taken to be representative of other surface-emitted species) measured in the ARO at
this time are also highly elevated, indicating surface emissions into a small mixing
volume. HONO levels decrease in early December, when the boundary layer is relatively
deep; NO levels in this time period are relatively low. HONO levels increase again
around December 22™, a period also marked by high levels of NO, HNOs, and HNO,.
The HONO levels we report here by LIF are lower than previous observations reported
by MC/IC from ISCAT 2000 (Dibb et al., 2004) and much lower than concurrent MC/IC

measurements.
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Figure 3.1. Temporal plot of HONO (pptv), NO (pptv), temperature (K) and boundary layer height (m). Observed HONO mixing
ratio was at 10 m above the snow at South Pole on Nov 30, Dec 1%, 3™, 15% 17 215 2214 25% 271 and 28 during ANTCI 2003.
The highest line in the boundary layer height panel is 180 m, which indicates that data were collected and analyzed for mixed layer

depth but none was found. The maximum range of the sodar deployed was 175m.
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Figure 3.2 shows HONO levels for Dec 1% showing the typical variability over the
12 hour measurement period. Since there was no night during ANTCI 2003, diurnal
variability is driven largely by wind direction, presence of cloud cover, and presumably

snow-phase chemistry.

HOMO mixing ratio on Dec 13
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Figure 3.2 HONO observations on Dec 1%, 2003 10 m above the snow at South Pole.

In 2003, mixing ratios of NO reach 900 pptv; these high NOy concentrations are
highly correlated with atmospheric stability and are believed to result from snowpack
emissions. Because NO 1is both a gas-phase precursor to HONO and a photolysis
product, it may be interesting to compare the behavior of these two species. Overall, the
median HONO to NO ratio is 2%, except for the last two days when the ratio increased to

10%. The correlation between the two, however, is poor (Figure 3.3).
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Plot of measured HONO vs NO
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Figure 3.3 Scatter plot of the mixing ratio of HONO versus NO. The correlation is very
poor (*=0.17)

The poor correlation (r’=0.17) is not surprising, however, given that the median
lifetime of NOy at ANTCI 2003 was 13 hours, whereas the median lifetime for HONO
was only 6 minutes. HONO will be much more sensitive than NO to local conditions and
less sensitive to chemistry upwind. Furthermore, the snow emission chemistry is
complex and involves heterogeneous processes and interstitial photochemistry. Factors
could influence the HONO source like HNOs deposition rate, rate of photolysis of NOs
and NO;", pH of snow, wind speed, solar radiation etc. If photolysis of nitrate (NO53") is
the dominant source of HONO, and the HONO generation is the secondary step through
NO;. NO; photolysis is considerably faster than that of NOj;"; depending on properties

such as the temperature dependence of the snow-phase reactions, partitioning and
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quantum yield of the involved processes, NO, NO,, or HONO may be dominant products.
It is neither expected nor necessary that the NO/HONO ratio be fixed.

HONO was also measured by mist chamber/ion chromatography analysis
(MC/IC) of the NO; ion by the University of New Hampshire (Dibb et al., 1994, 2002).
Most of the MC/IC measurements were taken at the snow surface adjacent to the ARO;
however, MC/IC HONO data for Nov 30™ and Dec 1% at 10 m in the ARO are also
available. The MC/IC observed HONO levels at both the surface and from the ARO are
significantly higher than the PF-LIF observations, and also higher than was reported in
ISCAT 2000. There is no noticeable trend in MC/IC surface versus 10m data, at least for
the two days MC/IC data are available from the ARO. Overall, MC/IC HONO data from
ANTCI 2003 were 7.2+2.3 times higher than LIF HONO data (Figure 3.4) with no

correlation (r* is 0.017).
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Comparison of different HOMO measurernent results
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Figure 3.4 Comparison of different HONO measurements on Nov 30™ and Dec 1™
(UNH: MC/IC; GT: LIF) (*=0.017)

At present we do not have a definitive explanation for the large discrepancy found
in ANTCI between measurement techniques. An intercomparison of the two techniques
at 10m was unsuccessful: the median HONO mixing ratio at 10 m for the
intercomparison period by MC/IC is 55 pptv, while that by LIF is 10 pptv. Exchange of
calibration standards was also unsuccessful: the LIF calibration source produced
interferences for the MC/IC measurement not observable by LIF, and the MC/IC source
(dissolved nitrite) was not suitable for the gas-phase LIF measurement. It should also be
noted that concurrent LIF and MC/IC HONO data are limited and the intercomparison is
not performed in a controlled setting, further complicating a detailed assessment of the

differences. It is possible that the MC/IC technique might suffer from interference from
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HNO,. During the intercomparison period, the MC/IC HONO observations appeared to
track the sum of LIF HONO and HNO, as measured by CIMS (S. Sjosted, personal
communication, 2005). We also cannot rule out the possibility that the LIF measurement
was actually less sensitive than reported. Possible other reasons for this discrepancy
include the different inlets and time scales used for the two techniques which could result
in adsorption of HONO, heterogeneous hydrolysis of NO, or positive interferences from

NO; or other nitrogen oxides, in particular pernitric acid.

3.3 ANTCI 2003 conclusions
The ANTCI 2003 measurements confirm the high HONO levels observed
previously in ISCAT 2000 (Table 3.2), although there is significant discrepancy in the
HONO measurements by LIF and MC/IC.

Table 3.4 Comparison of existing results of HONO measurements 10 meters above snow
at South Pole, both MC/IC measurements were reported by Dibb.

Time 2000 Dec 27" 2003 Nov 30™- Dec 1%
Technique MC/IC MC/IC LIF
Median HONO (pptv) 25 55 10

Both the LIF and MC/IC techniques observed higher than expected levels of
HONO; however, the MC/IC observations were higher than the LIF observations by a
factor of 7.242.3 in the median. HONO as measured by LIF technique roughly follows
NO levels and scale inversely with boundary layer height. A number of factors could
influence the HONO concentrations observed during ANTCI, including the HNO;
deposition rate, the rate of photolysis of snow-phase NOs’, the concentration of NO;’, the

pH of snow, wind speed, and solar radiation, etc. A air snowpack modeling effort in
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chapter 5 is developed to understand HONO during ANTCI 2003, including the possible

snow HONO source.
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CHAPTER 4

GAS PHASE MODEL RESULTS OF ANTCI 2003 HONO
CONCENTRATION

4.1 Gas phase model description

Figure 4.1 shows the scheme of the gas phase photochemical box model,
assuming all calculated species (HONO, NO,, O, CH3;0, CH;0,, OH, HO,, H,O, and
HCHO) to be in steady state. It is typically constrained by observed values for Oz, NO,
HNO;, HNO,, J(NO,), J(O'D), pressure, temperature and dew point. It also
accommodates observational constraints of CHy, CO, C,Hg and PAN when measurements
are available; when they are not available, the values are estimated by interpolation. Gas
kinetic rate coefficients are taken from JPL Chemical Kinetics and Photochemical Data
for use in Atmospheric Studies (Sander et al., 2006). The photolysis coefficients of
HONO, HNO3, HO,NO,, PAN and HCHO are provided by Dr. Gao Chen. The model is
modified with constrained HONO as reported by LIF to evaluate the importance of

HONO with respect to HOx and the possible magnitude of snow emission of HONO.
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Figure 4.1 Scheme of gas phase modeling
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The calculated species (HONO, NO,, O, CH;0, CH;0,, OH, HO,, H,0, and HCHO) are assumed to be in steady state.
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4.2 Gas phase model results of ANTCI 2003 data
Figure 4.2 shows the scatter plot of LIF measured HONO versus the modeled
steady-state HONO. The median HONO levels as observed by LIF are about 92%+67%

higher than the modeled HONO.

HOMD scatter plot
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Figure 4.2 Comparison of GT measured HONO with the modeled HONO (GT: Georgia
Institute of Technology). A few outliers were removed. The median value of GT
measured HONO over modeled HONO ratio is 1.92+0.67

The discrepancy between model HONO and observed HONO may not be
surprising if snowpack is a HONO source, as Zhou et al. (2001) observe. There is no
snow source in the pure gas-phase model. We can infer a snow emission term by forcing

the model to match the observations. This inferred emission term is generally positive

and has a median value of (8.33+0.54) x10* molec-cm™-s™ (Figure 4.3). Concurrent
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measurements made by the UNH group using MC/IC found median HONO mixing ratio
at 80 cm above the snow is 42 pptv. On Nov 30" and Dec 1%, the UNH group also
measured at 10 m as part of an intercomparison. However, due to the large discrepancy
between our 10m results (Figure 3.4), it is impossible to quantify the HONO surface flux
directly from observations alone. A more comprehensive 1-D modeling is needed in

order to better understand other possible HONO source terms and snow surface HONO

flux (see Chapter 5).
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Figure 4.3 A snow HONO emission is inferred according to the measured elevated
HONO concentration. This inferred emission term is generally positive and has a median
value of (8.33+0.54) x10* molec-cm™"s™

Unconstrained modeled OH was 78%+20% higher than observed OH using the

technique of SICIMS (Tanner et al.,1997) (Figure 4.4); OH calculated by a model with
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constrained HONO, on the other hand, was 157%+35% higher than observed OH, in
which case HONO is the dominant source of OH compared with photolysis of Oz and
HCHO. If the HONO concentration is calculated from steady-state, its OH production
rate would be substantially underestimated. The results also suggest an unaccounted HOy
sink mechanism in current gas phase model. For example, OH reactions with organic
compounds (Anastasio et al., 2007) and addition channel of HO, reaction with NO;

(Butkovskaya et al., 2007) can be a significant sink.
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Figure 4.4 Comparison of measured OH with modeled OH using HONO constrained by
LIF and unconstrained HONO. The median value of modeled OH constrained by LIF
HONO over unconstrained model HONO ratio is 1.340.2.
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Table 4.1 The OH formation rate from O3, CH,O and HONO

Reaction Rate Constant
HONO + hy ————— OH + NO JHONO
O3+ hv — 0,+0('D) jo3
o('D) + H,0 —— 20H Kk,
o('D)+N, — N, Kk,
o('D)+0, —— = 0 +0, ks
o('D)+ CO,—/— 0 +CO, ky
CH,0 + hy — H + HCO jcH20a
CH,O + hv —— > H, +CO jcn200
H+0, — > HO, ks
CHO + 0, — HO, + CO K¢
HO, + NO —— OH + NO, Kk,
HO, + 03 —— OH +20, kg
HO, + HO, ——— H,0,+ 0, ko
OH + CHy ——— H,0 + CH; Ko
OH+CO — > C(CO,+H ki
OH + NO, —> HNO; ki,
OH+0; —— > HO,+ 0, K3

The OH formation rate from O3;,CH,O,HONO

2k [H,0]
r(OH,03)= jO3[03]
k [HyO0]+k,[N,]+k3[O,]+k4[CO,]

((k7[NO1+kg[03])?+8kgjcn20a[ CH201)! - (ks[NOT+kg[O5])
r(OH,CH2O)=(k7[NO+k3[O3])[ ]

r(OH,HONO)=j,ono[HONO]

We calculate the OH formation rate according to Li (1994) (Table 4.1). The
HCHO concentrations are measured by Manuel Hutterli and Roger Bales of the
University of Arizona, while O3 mixing ratios are measured by Detlev Helmig of the
University of Colorado. The measured HONO will be dominant OH source (Figure 4.5).
On the other hand, the pure gas phase modeled HONO will compete with HCHO and O;
as major OH source (Figure 4.6). Contributions from HONO photolysis are higher than

those from O3 and HCHO on Nov 30", Dec 1%, 3%, 21° and 22™ while lower than those
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OH formation rate comparison by 03,CH20,HONO

from O3 and HCHO on Dec 15th, 17th, 25th, 27" and 28",
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Figure 4.5 OH formation rate from measured Os;, CH,O and HONO. HONO is clearly
the dominant OH source compared with HCHO or O;. The HONO formation rate for OH

ranges from 8% to 89% with a mean value of 59%.
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Figure 4.6 OH formation rate from measured O; and CH,O along with modeled HONO.
HONO is a dominant OH source on Nov 30™, Dec 1%, 3™, 21% and 22™ while a minor OH
source on Dec 15", 17" 25™ 27" and 28"™. The HONO formation rate for OH ranges
from 9% to 58% with a mean value of 40%.

4.3 Gas phase model of ANTCI 2003 data summary
The ANTCI 2003 measurements confirm the high N oxides observed previously
in ISCAT 1998 and 2000. Both the LIF and MC/IC techniques observed enhanced but
inconsistent HONO. Most of the MC/IC observations were at 80cm but on two days at
10 m. The ten meters MC/IC observations were higher than the LIF observations by a
factor of 7.242.3 in the median. HONO as measured by both techniques follow NO
levels and scale inversely with boundary layer height (Liao et al., 2006b). As in ISCAT

2000, the abundance of both HONO measurements exceeds the model predictions, with
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LIF higher than the model by a factor of 1.92+0.67. We speculate that there may be a
missing snow source term of HONO from the photolysis of snowpack NOs™ and estimate
its value based on the differences between modeled and observed HONO. Our observed
HONO are not high enough to significantly influence the NOy budget, but will increase
the modeled HOx over-prediction by 28%+15% and lead to a dramatic over-prediction of
measured OH by 157%+35%. Given the short lifetime of HONO, these differences are
hard to reconcile with observed low OH levels unless there is a significant missing HOy
sink in the model. It appears, however, that HONO competes with O3 and HCHO as the
dominant source of OH at South Pole. Air snowpack modeling will clarify the possible

snow HONO source.

55



CHAPTER FIVE

AIR-SNOWPACK MODELING OF HONO

5.1 Overview of the snowpack model

Current research in polar snow chemistry focuses on the chemical and physical
transfer processes that control the concentrations and fluxes of the atmospheric
components. Understanding the transfer processes is essential to snow chemistry. To the
best of the author’s knowledge, models for investigating snow chemistry to date have
only include hydrogen peroxide by McConnell et al. (1998) and formaldehyde by Hutterli
et al. (1999). They use parameterizations to relate gas concentrations in the ice to those in
the firn air (Domine et al., 2007).

The boundary layer is ubiquitously stable in polar region, due to the combined
effects of the infra-red properties and albedo of the snow and low sun angle (Anderson
and Neff, 2007). The lack of diurnal radiation variations during ANTCI 2003 makes the
stable boundary layer condition with suppressed vertical mixing more obvious at South
Pole than at other polar locations (Helmig et al., 2007). This causes snowpack emissions

at South Pole to accumulate to higher mixing ratios than other polar sites.

Photochemical production of HONO has been reported as products of nitrate
photolysis in natural and artificial snow (Honrath et al., 1999, 2000). Sampling of
HONO 30 cm below the snow surface is much higher than 10 cm below the snow surface
(Jacobi et al., 2004). Photolysis of nitrate alone can’t explain the measured high
concentration of ambient HONO because there is hardly any actinic flux 30 cm deep in

the snow. We propose the following mechanism for snowpack emission of HONO:
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NO; ) +hv—> NO,+O"
2NO,+H,0,,,, = NO,,

(aq) 2(aq)

(aq)

+ NO;

3 (aq)

+2H" (5.1-1)

(aq)

Henry'sLaw

+H" = HONO, ,&———=HONQO,_,,

NO;

2 (aq)

Photolysis of nitrate generates NO, in the QLL which can easily escape to the
interstitial air due to its low solubility. The large surface to volume ratio of snowpack
catalyzed the hydrolysis of NO, to generate NO, in the QLL. NO; is protonated to
produce HONO which will be released into the gas phase. The HONO has a long life
time deep below the snow surface so that the equilibrium between quasi-liquid nitrite and
interstitial air HONO according to Henry’s law is reached. This high interstitial air
HONO is transported to the surface snow by windpumping and subsequent diffused to
the ambient air. Through this transportation process, HONO concentration is reduced by
photolysis. In this way, HONO concentration is bigger deep into the snowpack and its
concentration is proportionally to snowpack nitrite concentration which is very sensitive
to the acidity of the snowpack. Photolysis of nitrate as well as NO, hydrolysis could
serve as the source of nitrite. We assume constant vertical profile of nitrate and nitrite
concentration for the lack of measurements. We build a comprehensive 1-D model to
quantify the above mentioned processes. The model comprises of wind pumping,
diffusion, chemistry reaction and inter-phase transfer processes. First we describe the
wind pumping and actinic flux inside the snowpack. We further discuss quasi liquid
layer nitrite as a direct reason for observed high HONO above snow surface and how this
high concentration HONO is transported upwards. In the end, we discuss what factors are

important to quantify the snowpack HONO emission.
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5.2 Air snowpack model description
5.2.1 Wind pumping

The transfer of local chemical tracers into the snow or vice versa by air flow
through the snow (wind pumping) is important for snow chemistry. Snow contains
varying quantities of air, the large part of this air volume will be replaced frequently due
to changes of air pressure and strong winds above the surface. The snow structure and
surface roughness will determine the ventilation processes. Air passing through snow
can be cleansed by dry/wet deposition or be contaminated by chemical compounds
released by reactions in the snow.

Waddington et al. (1996) estimated that polar snow was a collection of loose-
packed ice spheres each 0.2mm in diameter, the surface area of ice grains in the upper
7cm is more than three orders of magnitude larger than the area of a smooth impenetrable
surface. Therefore the snow surface may be considered to be a big chemical reaction
chamber.

The rate of air flow through snow is controlled by spatial or temporal gradients in
air pressure and the permeability of the snow. Intrinsic permeability K, the ability of a

porous medium to allow fluid to flow through it, is defined by Darcy’s Law

=—K—V¥ (5.2.1-1)

1
7
:pair _pairgZ (521-2)
Q: volumetric fluid flux (m’m?s);

L\

u : fluid viscosity ;

¥: the potential energy per unit fluid volume, also known as the hydraulic potential;
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z : the vertical coordinate measured positive downward;
VY comprises the air pressure gradient and the gravitational potential gradient.
A typical value of K in Antarctic snow is 10" m? although value can easily vary by an
order of magnitude. Darcy’s Law is valid when the flow within the snow is linear and
laminar, this is generally the case for polar snow (Cunningham and Waddington, 1993).
Ignoring the slight hydrostatic pressure gradient, air moves through snow

according to Darcy’s law

-~ Kop

O0=2L (5.2.1-3)
U Oz

Where Q is volume flux of air in the vertical direction. z is the vertical coordinate

with its origin at the surface of the snow and is positive downwards. The perturbation

pressure p’ is the difference between air pressure and the mean air pressure. According

to the air mass conservation equation:

0 , = op

— +¢9—=0 52.14
P (Op)+¢ Py ( )

The air also obeys the ideal gas law:
p=pRT (5.2.1-5)

Where R is the gas constant for air. From equation (5.2.1-1) to (5.2.1-5)

o'p _op'
p i 5.2.1-6
P oz’ ot ( )
K
K, _2Po (5.2.1-7)
ug

The diffusivity &, for pressure perturbations is a function of snow permeability
K, atypical x, in snow is 10 m®s”' (Cunningham and Waddington, 1993).

Po: average atmospheric pressure
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Although this is the linear approximation to the actual diffusion equation for gas
flow in porous media, this approach is normally taken for gas flow.

Permeability tends to increase with porosity; however, even at constant density,
Shimizu (1970) showed that grain size, age, site windiness and degree, and type of post-
depositional metamorphism can cause permeability to vary by a factor of ten.

In natural snow, permeability approaches zero at the depth of pore closeoff, which
is the depth range over which the pores gradually close. In Antarctica this depth is
typically 50-150 m (Kaspers et al., 2004). This has important implications for mixing of
gases deep in the firn. However, we treat K as a constant in this dissertation because
many features of snow ventilation relevant to chemical deposition can be understood in
the context of uniform permeability within one meter of the snow surface.

Sastrugi are meter-scale longitudinal dunes eroded by the wind. Sastrugi are most
prominent where ice-sheet surfaces are exposed to persistent strong winds from a single
direction, as on the perimeter of East Antarctica. At the South Pole, the winds are weaker
and more variable, and the lengths of sastrugi are typically a few meters, widths 1 m, and
heights 0.1-0.5 m. Sometimes there are two or three sets of sastrugi crossing each other
and forming a network of ridges (Warren et al., 1998).

A complete treatment of firn ventilation would include calculation of air flow and
associated convective transport of chemical species in the atmosphere above the snow as
well as within the snow. We can first estimate the atmospheric parameters controlling air
pressure and chemical concentrations at the air-snow interface, then calculate air flow

only within the snow. Uncertainty associated with these parameterizations of the air-
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snow interface constitutes a major source of uncertainty in the calculated chemical
changes caused by wind pumping.

Three sources of pressure gradients can cause wind pumping: barometric pressure
variations, wind turbulence and steady wind flow over topography. Barometric pressure
variations and wind turbulence are not important processes compared with topographic
pumping (Colbeck, 1989).

Air pressure should be elevated over some area on the upwind face of a
topographic bump due to dynamic wind pressure, and should be lowered over some area
on the lee side near the crest of the bump due to the airfoil effect associated with the
increased velocity. The pressure differences on the surface would induce pressure
gradients and steady air flow within the bump and surrounding snow. Toyota and
McConnell (2005) derived the mean 1D wind pumping speed for the Darcy’s flow rate

within snowpack having uniform physical properties and residing on non-porous sea-ice:

_ 2 2
v :£6pairU10 h1l~Na” +1 (Cl exp(—gj—cz exp(in (5.2.1-8)
a

T AA o
where
a A S .
0= —, which is the e-folding depth (5.2.1-9)
a’+127
)
exp 5
C = (5.2.1-10)
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exp(— H‘Yj
C=—7g ° H
exp( éf‘ j + exp(— 5’)

z : distance from the atmosphere-snowpack interface;

(5.2.1-11)

H; : mean snow depth;

k : permeability;

1 : dynamic viscosity of air;

Ujp : surface wind speed,

h : relief amplitude;

A : relief wavelength;

a : horizontal aspect ratio of reliefs (if a < 1 then elongated in the wind direction
like sastrugi);

There are no sastrugi measurements from ANTCI 2003. Here the 1994 South Pole
summertime measurement data are used (Table 5.2.1-1) (Warren et al., 1998). The
weighting function is assumed to be inversely proportional to the sastrugi’s area (personal
communication with Stephen Warren). [ multiply each wind pumping speed with the
respective weighting function and add them together to get the mean wind pumping

speed (Figure 5.2.1-1).
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Table 5.2.1-1 Dimensions of typical of summertime sastrugi at South Pole

. . Weighting
Feature Height, m Length, m Width, m Function, %

1 0.25 15.0 40 0.9

2 0.20 54 1.8 5.3

3 0.10 8.0 12 54

4 0.25 4.0 2.0 6.5

5 0.23 22 13 18.1

6 0.09 11 0.9 524

7 0.24 6.5 0.7 11.4

The strength of the flow through the surface decreases rapidly with increasing
sastrugi length, so the smaller surface features generate stronger flows. However, the

flow decays more slowly with depth at longer sastrugi lengths (Figure 5.2.1-1).
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Vertical windpumping speed vs depth
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Figure 5.2.1-1 Simulation of wind pumping speed based on different dimensions of summertime sastrugi at South Pole. The surface
wind speed is 5.1 m/s. The smaller surface features generate stronger flows. The e folding depth for the mean speed is 10cm.
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It is easier to understand the wind pumping process through 2 D modeling (Figure

5.2.1-2). Colbeck (1989) obtained the sub-surface air flux Q(x,z) , 1.e.

0(x,2)=(0,,0.) = ——Vp( z) = 27 Kpy e 2= (sin[27¢ / A],cos[ 2 / A])
U N

_ 6pairU1207z-K_he—2ﬂz//l

gE (sin[272x/ 2], cos[27x/ 2])

(5.2.1-12)
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Figure 5.2.1-2 2D simulation of volumetric air flow vector (m/s) (A=1.1m, h=0.09m)
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The air flow is restricted to shallow depths by the same e-folding depth 6=\/2m.
The pressure perturbation depends only on the shape h/A of the ripples. The air flux is
proportional to the pressure gradient, so it scales inversely with the actual distance
between high and low pressure areas. This means that a snow surface covered by many
small ripples will pump more air than a surface of equal area covered by a few large
ripples of the same shape h/A.

Cunningham and Waddington (1993) calculated the volumetric air flux within the snow:

~ K
Q(x,y,z):(Qx,Qy,QZ,)z—;Vp(x,y,z)
Kp, 2 _..s| . (27[ j (27[ j 1 (27[ j (27[ jxl (27[ j (27[ j
= —e sin| — x |cos| — y |,—co0s| — x |sin| — y |,—cos| — x |cos| — y
u A A ol” )« A ol” ) « A al

After integrating over the high-pressure portion of the bump surface for the

vertical air flux component Q, and dividing by the area aA® of each bump, the average

volumetric air flux into the snow is

o -Kml _K3p,Ulwh1 _K6p,Ulohla®+1

T2 o 2

unts u ooxm 16 u A«
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Figure 5.2.1-3 Sensitivity of volumetric air flux with aspect ratios o and h/A

The theoretical volumetric air flux Qz at South Pole for topographic features that vary in
height seasonally between 5-7.5cm, as a function of aspect ratios o and h/A are shown in
figure 5.2.1-3.

Air flow through snow occurs in response to pressure gradients at the surface that
arise from the surface topography. The strength of the flow through the surface decreases
rapidly with increasing sastrugi length, so the smaller surface features generate stronger

flows. However, the flow decays more slowly with depth at longer sastrugi lengths.
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The largest uncertainties of wind pumping arise, however, from the
parameterization of the snow microtopography and the pressure variations it generates,
and from the permeability of the near-surface snow (Cunningham and Waddington,
1993). Permeability and micro topography depend strongly on wind, temperature and
accumulation rate, and this dependence is probably nonlinear. If there are fewer sastrugi,

then the wind pumping effect would be over predicted.
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5.2.2 Actinic Flux inside the snowpack

The radiative transfer inside the snow is quite similar to that inside a cloud. We
applied the same numerical solution (Toon, et al., 1989) as the one used inside the cloud
to calculate the actinic flux inside multiple layers of snow, but used tailored initial and
boundary conditions. The snow top boundary condition is derived from the Tropospheric
Ultraviolet Visible (TUV) model (Madronich and Flocke, 1998). Empirical values for
absorption and scattering coefficients are parameterized so that no knowledge of the
snow crystal size or shape is required (Lee-Taylor and Madronich, 2002).

We set up the snowpack as a diffusive medium with actinic flux circulating
through it. A two-stream method was used for the movement. Movement of actinic flux
is divided into an upward and downward component. Each of the components is
approximated with a forward and backward probability function. Scattering by snow
grains has the forward diffraction peak, making two-stream expansion of the probability
function inadequate. To correct this, a Delta-Eddington algorithm (Joseph, et al., 1976) is
used, which uses a delta function in the forward direction and a smooth scaled probability
function (Equation 5.2.2-9 and 5.2.2-11). The optical depth was calculated by empirical
absorption and scattering coefficients and observational snow density (Lee-Taylor and
Madronich, 2002). The diffusion equation was solved numerically by defined boundary
conditions (Equation 5.2.2-22 and 5.2.2-25).

Individual snow grains scatter solar radiation. The angular pattern of single
scattering is described by the scattering phase function P, which gives the angular
distribution of scattered energy as a function of direction. It is the fraction of radiation

incident from direction € that is scattered into direction Q’:
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P=P(Q, 0’) (5.2.2-1)
The scattering phase function is defined so that it is normalized over all scattering

angles:
iL” dQP(Q,Q) =1 (5.2.2-2)
The scattering is axisymmetric. Hence:
P(Q,QY=P(Q-Q")= P(O) (5.2.2-3)
O is the scattering angle measured from the incident direction. The normalization
condition for the axially symmetric scattering phase function becomes:

% [ d(cos®)P(cos®) =1 (5.2.2-4)

Positive ® refers to forward scattering. Any axially symmetric scattering phase

function can be written as a series of Legendre polynomials as:
P(cos®) =2, ®,P(cos®) (5.2.2-5)

where P (cos®)is the I"™ Legendre polynomial, normalized so that:

J:lf}(cos ®)P (cos®)d(cos®) = % (5.2.2-6)

m 5["1
[+1

The two lowest moments of the scattering phase function are used to characterize single

scattering by its asymmetry and by the amount scattered into the forward direction:
1 +1
g=— L cos OP(cos ®)d(cos ®)
21 1 (5.2.2-7)
+1
f= EL 5 [3(cos ®)> —1]P(cos ®)d(cos ®)

where g is the asymmetry parameter and f is the forward scattered fraction. In general,

g >0 forward (Mie) scattering
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g=0 isotropic or Rayleigh scattering (5.2.2-8)

g<0 backward scattering

As the snow grains are much larger than typical solar radiation wavelengths, the
scattering phase functions are strongly forward peaked.

The Eddington approximation truncates the scattering phase function (Equation
5.2.2-5) at its first moment (Briegleb and Light, 2007):

P(cos®) ~1+3g cos® (5.2.2-9)

g* is related to the asymmetry parameter g:

g f i
g = (5.2.2-10)

Equation (5.2.2-9) cannot represent the strong forward peak in realistic scattering. One
can modify the phase function by a d-function:
P(cos®)=2f5(1-cos®)+(1- f)(1+3g cos®) (5.2.2-11)
In calculating the direct-beam radiation multiply scattered by each layer, the
optical properties of the radiatively active components above this layer must first be
combined into a single set. The resulting total optical depth t which is the product of
absorption coefficient and depth, effective single-scattering albedo w, which is the ratio
of scattering to extinction (absorption plus scattering), and effective asymmetry factor g

are defined by the summations

n—1

7, =7, (5.2.2-12)

1

(@y7), = nz_l(wo)iri (5.2.2-13)
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(gwy7), = nig,-(wo)ifi (5.2.2-14)

The delta-scaling is used to account for the strong forward scattering of snow
grains by redefining the asymmetry factor, optical depth, and single-scattering albedo,

which is given by the following equations:

C =(-wg))
o (-g°
w0y =178)% (5.2.2-15)
l-w,g
-_&
l+g

Consider a diffusion domain where the directional dependence of multiple
scattering events is largely lost, the upward and downward flux (F" and F") densities must
be related to these fluxes as well as to the direct downward flux from the sun. The
multiple scattering and absorption in the snowpack can be simplified to two-stream

equations:

F'(z) =Y, lexp[-4,(r, = 0)]+T, exp(-4,7)} + Y, lexp[-24, (r, = 0)] - T, exp(-4,7) |+ C; (7)

F (1))=Y, {Fn exp[—4,(r, —7)]+exp(-4, r)}+ Y, {Fn exp[—4,(r, —7)]—exp(-4, r)}+ C (7)

(5.2.2-16)

1 is the optical depth at any point within a layer. 1. is the cumulative optical depth

of layers above layer n and Y, ,Y,, are determined by boundary conditions, while k£ and I

depend upon the form of the two-stream equation used:

k=G -r)" (5.2.2-17)
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= (5.2.2-18)
7tk 72
C*(¢) = ,7F; exp[—(z, +T)2//Uo][(721 —1/ py)ys +747,] (5.2.2-19)
A =1/ u,
C_(T) — a)oﬂ-Fs exp[—(rc + z-)/luo][(yl + 1/ﬂ0)74 + 7/273] (522_20)

A =1/
C" and C are the direct upward and downward solar term.y,,,,7s,7, are

appropriate weighting coefficients related to multiple scattering events. The coefficients
depend on the particular form of the two-stream equation. In the case of Delta Eddington
scheme, the auxiliary definitions are:

7=/ [7 -0, (4+3¢)]

7, =1/ 9[-, (4-3g)]

V3 :(1/4)(2_3g'ﬂ0)
Ve =1=7;

(5.2.2-21)

For the upper boundary condition at the top of the atmosphere, the downward

diffuse flux equals any diffuse flux which may be incident.
F(0)=F; (0) (5.2.2-22)

For the layer between the top layer and the bottom layer, the upward and

downward fluxes are continuous
F'(r=1,)=F  (r=0) (5.2.2-23)
F (r=1,)=F,(r=0) (5.2.2-24)

T, 1s the total optical depth of the nth layer.

For the bottom layer of the snow, the upward flux is 0
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Fy(ry)=0 (5.2.2-25)
Put the boundary layer condition into F,"(7),F, (r) and solve for Y, ,Y,, at
different depth by standard tridiagonal solution method.

The total actinic flux at nth layer is

F, = (L){Yln [1+T,)(1+exp(-2,7,)]+ 1, [(1+ T, )1 —exp(-4,7,))]+ C, (z,)+ C, (z, )}
H

n-n

+ Fdirismfﬂzce exp[_(z-c + Tn ) / ILIO]

(5.2.2-26)
Where
o =A=a) (7, —7,) (5.2.2-27)
Fi e 18 the direct actinic flux on top of snow surface which is the output of

the TUV model.
The photolysis frequency, J, is determined for species x, by evaluating the

following convolution product over all wavelengths:
J, = [o ()P (ADF(A)dA (5.2.2-28)

Here, F(L) is the spectral actinic flux (radiant flux density incident onto a
spherical area) and o(A) and @(A) are, respectively, the absorption cross-section and the

photodissociation quantum yield of the molecule x.
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Figure 5.2.2-1 Absorption coefficients of various species
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Table 5.2.2-1 References for the quantum yield and cross section

HONO(aq) NOz_ NO3_ H202(aq) O3(aq) 03 NOZ
(Chu and
Anastasio,
2003);
(Fischer and | (Fischer and (Warngck and 1 (Finlayso Sand
Quantum Warneck Warneck Wurzinger, (Zellner, n-Pitts (Sander et al (Sander
icld 1996) | 1996):(Zelle | 1O88)(Zellner, | etal, ) ypi 2006) | Stals
y " et alj 1990) et al., 1990); 1990) 1986) ’ 2006)
’ ? (Bartels-Rausch
and Donaldson,
2006)
(Graedel
) ) (Graedel and
Cross (F\;Js;:f;g;{nd (F\;;Egcind (Burley and and Weschler, | (Sander et al., (if[n;iler
section 1996) 1996) Johnston, 1992) Wf;(élil)er, 1981) 2006) 2006)
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The TUV model is used to parameterize the atmospheric conditions. Cloud
optical density, and O3 and NO, columns are careful chosen so that the J value of O'd and
NO; from TUV output match those derived by the Biospherical Company using an
Eppley radiometer during ANTCI 2003. Figure 5.2.2-2 and 5.2.2-3 are simulated actinic

flux at the top of atmosphere and the snow surface on Dec 21%, 2003.

x 10 Actinic Flux at the top of Atmosphere versus Wavelength
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Figure 5.2.2-2 Actinic Flux simulation at the top of atmosphere on Dec 21*, 2003 at
South Pole by TUV model.
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x 10** Actinic Flux Ten Meters above the Snow versus Wavelength
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Figure 5.2.2-3 Actinic Flux simulation ten meters above the snow surface on Dec 21%,
2003 at South Pole by TUV model, parameters were calibrated by reported Jnoz and Joiq
from the Biospherical Company.
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The snow surface actinic flux is used as the top boundary condition for the
snowpack actinic flux simulation (Figure 5.2.2-4 to 5.2.2-7). The downwelling
component is bigger than upwelling component from the snow surface to 9.5 cm down
(Figure 5.2.2-4). The difference is due to the direct actinic flux. After the 9.5 cm, all
incident light is diffuse which means the downwelling component and upwelling

component are the same in magnitude.

Component of actinic flux at 450nm
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Figure 5.2.2-4 The component of actinic flux at 450nm with snow depth.
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Figure 5.2.2-5 shows the total actinic flux changing with snowpack and
wavelength. The total actinic flux peaks around 450 nm because the snow/ice has
minimum absorption at this wavelength (Grenfell and Perovich, 1986; Perovich and
Govoni, 1991). The structure between 300 nm and 400 nm is inherited from the incoming
actinic flux at the snow surface (Figure 5.2.2-2 and figure 5.2.2-3).
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Figure 5.2.2-5 Simulation of actinic flux with snow depth and wavelength. Conditions
are: mass-specific scattering coefficient 6. =22.5 m” kg™, snow density p=0.3 g cm”,
solar zenith angle 6=68°, no soot.
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Total actinic flux at 450nm with snowdepth
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Figure 5.2.2-6 Total actinic flux with snow depth at 450nm. The e folding depth is 16cm
and e’ depth is 33cm.
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Using the snowpack radiative model, we simulate the photolytic destruction of
nitrate (Figure 5.2.2-7).
NO,” — 5 NO,” + OCP)—— HONO(g) (5.2.2-29)

The quantum yield for HONO is (3.8 + 0.6) - 10" (Bartels-Rausch and

Donaldson, 2006).
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Figure 5.2.2-7 Jxos. with snow depth. The e folding depth is 6cm and e” depth is 16cm.
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5.2.3 Master equation and model results

The quasi-liquid layer (QLL) is a disordered layer of ice at the surface that has
chemical properties closer to water than solid crystalline ice (Boxe, 2005). Ionic solutes
are efficiently excluded from the ice matrix upon freezing, and in the presence of solutes
it is not clear whether the surface layer of ice is a true liquid or a quasi-liquid. There are
no reaction data for the QLL phase reactions or for the thickness of the QLL as a function
of temperature for solute-containing ices. In practice I am assuming that the surface layer
is a true liquid with a significant freezing point depression and using the known aqueous
phase reactions. The quasi-liquid layer thickness relative to the snow grains radius is
very important to scale the bulk snow solute concentration to the QLL solute
concentration.

Diffusion and ventilation are two important processes that affect the movement of
trace gases within a snowpack. Diffusion is a transport process driven by both
concentration and temperature gradients, where wind ventilation provides an advective
transport process with interstitial air movement within the snowpack. Trace gas
concentrations are also affected by in situ chemistry production/loss and gas/liquid
exchange. We model interstitial HONO using the combination of one-dimensional
advection-dispersion equation by McConnell et al. (1998) and multiphase model by

Sportisse and Djouad (2000):

oC o’C oC A, LwC C,-P
£=D—F-U—~+Q, -8, -3 ———(C,——~——-10")  (5.2.3-1
ot oz’ 0z Qe =% a 1-LWC (g H )« )

where C4/C, are the gas/liquid phase HONO concentrations, t and z are time and depth

respectively. The first two terms describe transport of gas phase HONO by dispersion
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and convection. D is the dispersion, including both gas-phase molecular diffusion D, and
mechanical dispersion Dy,. The mechanical dispersion is caused by advective mixing of
tracer particles on the pore scale and is given by the product of the absolute value of the
flow velocity field v and a dispersion length (generally taken as the mean pore diameter)
d (Neuweiler et al., 2001). In the case of this work, d is 2mm (Waldner et al., 2004), the
daily average pore velocities range from 102 to 10* m/s. D is 1.3x10”° m*/s (Ervens et
al., 2003). U is the wind pumping velocity of the air in the z direction.

Q and S represent the chemical sources and sinks for gas phase HONO within the
snowpack. Here I assume that HONO photolysis is the most important sink and NOs’
photolysis is the most important source. Snowpack nitrate profiles were not measured, so

the concentration of NOs is assumed to be constant with snow depth, which is

NO; =2- 10° mol kg™ snowpack concentration. The J values of nitrate and nitrite have

similar behavior with depth through out snowpack, as described in section 5.2.2. Snow
pit measurements by Jack Dibb of UNH show that bulk nitrite concentrations are four
orders of magnitude less than that of nitrate. Here we also assume a constant
concentration of nitrite with snow depth.

The transfer of molecules from the interstitial air phase to the QLL aqueous phase
and vice versa is treated by the last term in equation 5.2.3-1. The net flux is the
difference of the departure from Henry’s law equilibrium at the surface and the reactive
uptake of HONO on the snow surface. Trace gases can diffuse to the QLL or collide and
stick to the surface of QLL. In the case of HONO, gas to aqueous phase diffusion is
omitted because of large mass accommodation coefficient (o) of HONO (Schwartz,

1986). Mass accommodation coefficient and reversible dissolution (according to the
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Henry’s Law) are incorporated. LWC is the unitless liquid water content and A,

describes the mass transfer through gas-liquid phase:

1

A, =—av (5.2.3-2)
4

Here « is the mass accommodation coefficient; v is the mean molecular velocity;

a is the snow grain radius. H stands for the Henry law constant and P is the pressure.

The factor 10'? in equation 5.2.3-1 is used to scale to the gas phase concentration in unit

of part per trillion (ppt). The following parameters are taken from Herrmann et al (2000).

Qg = gas phase source reaction rate [ppt s']
Sg = gas phase sink reaction rate [ppt s
o = mass accommodation coefficient (0.5)

a = snow crystal radius (0.001 m)
1/2
v =molecular speed =(8le [ms ']
M

M = molecular mass [kg mol_l]
R = gas constant [J mol ' K]
T=temperature [K]

LWC = liquid water content [—]

(LWC=(1-porosity) -QLL to snow volume ratio=(1-0.53) -2- 10~ (Michalowski, et

al., 2000)) =9.4 - 10"* vol/vol)
H = Henry’s Law constant [mol L' atm™]

A,, = gas-liquid phase transfer coefficient [s7']
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The sun is visible through the summer and the constrained input data points are

ten minute averages. It is reasonable to suppose the gas phase concentrations do not
. L . oC :
change in the time interval, that is > =0. Then equation (5.2.3-1) can be reduced to an
4

ordinary differential equation which can be solved.

The windpumping speed and actinic flux decrease sharply with the depth. Deep
down the snowpack, chemical reaction rates are slow enough that the gas phase HONO
reaches equilibrium with the QLL phase HONO according to Henry’s Law. Due to the
lack of a measured nitrite profile, here we use a constant snowpack nitrite concentration
(Jack Dibb, personal communication). I use the bulk snow nitrite concentration, median
value of measured snowpack pH and QLL volume ratio to estimate the aqueous phase
HONO concentration. The QLL HONO concentration, atmospheric pressure, and
Henry’s law constant of HONO are then used to estimate the gas phase HONO
concentration at deep below the snow surface, which is about 164 pptv at 30 cm below
the snow surface when the boundary layer is extremely low. The measured snow surface
HONO concentrations by MC/IC are too high to accommodate the current model setup.

Figure 5.2.3-1 shows the modeled HONO vertical profile inside the snowpack on
Dec 17", 21%, 22" 25™ 27" and 28", HONO decreases exponentially with respect to
deep boundary layer on Dec 17™, 25", 27" and 28™ and the chemical migration is large
due to advective transport. On Dec 21% and 22" the mean boundary layer depth is only
25.55 m and the boundary layer is very stable, in the low-wind scenario the migration of

HONO in the snowpack can be largely attributed to diffusive transport.
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[HONO] Vertical Distribution
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Figure 5.2.3-1. Simulation of HONO vertical profile inside the snowpack on Dec 17", 21%, 22", 25" 27" and 28",
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Figure 5.2.3-2. Temperature, wind speed and boundary layer height from Dec 17™ to Dec 28™. They have the similar pattern in the
sense that they decrease during 355 to 359 when the mean boundary layer height is 26.7 meters.
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Figure 5.2.3-3. Simulation of windpumping speed from 0 m to 0.3 m below snow on Dec 17", 21%, 22", 25" 27" and 28"
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The general form of the transport or mass balance equation above the snow is

given by:

oCc | PC  aC
€ _ ot W% o-s 5.2.3.3
o ol ( )

k, is the vertical eddy diffusion coefficient

w is the vertical advection velocity

Q is the chemical production rate

S is the chemical loss rate

The vertical eddy diffusion coefficient k, quantifies the vertical flux of a tracer
given a known concentration profile and is given by
k.=04-z-u, (5.2.3-4)

Where 0.4 is the von Karman constant, z is the height and u+ is the friction

velocity. uxis related to the surface momentum fluxes by Anderson and Neff (2007):
u, =[(w'w) +'w) " (5.2.3-5)
Turbulence mixes the trace gases vertically and horizontally. u'w' and v'w' (m*

s™) are mean kinematic vertical turbulent fluxes. The estimated characteristic time for

turbulent mixing from the snow surface to the HONO inlets at 10 m is 2.1 minutes

(median values), estimated as 7, = Z (Yang et al., 2002). This value is less than the

median HONO life time above the snow surface which is 6.6 minutes.
To simply the vertical profile, we assume steady state for time dependent
solution:

oC

=0
ot
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At steady state

2
K2 € oos=0 (5.2.3-6)

7 077 oz

The model is highly constrained by measurement data, and the time interval is
minutes, over this period of time, the mean vertical velocity is ~zero. I use LIF measured
HONO concentrations at 10 meters as upper level boundary condition and surface

snowpack model output as snow surface condition.
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[HONQ] Vertical Distribution
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Figure 5.2.3-4. Simulation of HONO vertical profile above the snowpack on Dec 17", 21%, 22, 25" 27" and 28™. The boundary
condition C (zy) is constrained by the measured HONO by LIF and C (zy+) is from the snowpack model output, where zo= 10m and
Zm+1— Om.
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Figure 5.2.3-5. Simulation of eddy diffusion coefficient from 0 m to 10 m above snow on Dec 17th, 21%, 22nd, 25th, 27" and 28™.
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Figure 5.2.3-4 shows the model results for the air above the snow surface.
However, based on the large discrepancy between the modeled OH and measured OH,
we can’t apply current model for ATNCI 2003 measurement validation or future
prediction unless we identify the unaccounted OHy sink first. In addition, the
temperature dependence on the QLL solute concentrations is not considered in current

model, which will change the QLL ion concentration.
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5.2.4 Air snowpack model sensitivity analysis

The HONO concentration deep in the snow is very sensitive to the pH, QLL to
snow volume ratio and nitrite concentration (Table 5.2.4-1). From the table we can infer
no nitrous acid emission on alkaline snow surfaces, which is consistent with the field
measurements of Beine et al. (2005).

Table 5.2.4-1 Sensitivity analysis of HONO concentration deep below snow surface
where the equilibrium between QLL HONO and interstitial air HONO is reached. The pH
and [NO;] are measured melted snow minimum, median, and maximum concentrations

from Dec 1% to 18", 2003 (Jack Dibb, personal communication). The bold numbers are
the parameters used in the model.

QLL to snow volume ratio=2x10" QLL to snow volume ratio=2x10""*
pH pH
HONO (ppt HONO (ppt
ONOPtY) =75 T 45 ONO (pptv) =537 45
T 1| 4 | 3 24 T 1 | 42 | 82 | 235
NO NO
[1 0_912\} 20 | 84 | 164 | 470 [1 0_912\/2 20 | 844 | 1644 | 4704
A0°M) =071 296 | 575 | 1646 (0°M) 720712955 | 5753 | 16463
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Snowpack Surface HONO Concentration Sensitivity Analysis
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Figure 5.2.4-1. Sensitivity analysis of HONO concentration at the snow surface.

Figure 5.2.4-1 shows the snow surface HONO concentration is sensitive to the
model parameters set up as well. The snowpack can be a HONO sink if there is not
enough nitrite in the snowpack.

Another uncertainty is the QLL to snow volume ratio which is likely to be a
function of temperature. However, if the ratio is very low, such as is shown on the right
panel of table 5.2.4-1, we will need to revisit the relationship between QLL to snow

volume ratio to QLL concentration. If the thickness of QLL is too thin, it is unlikely the
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ions, like NO3’, will remain excluded from the snow to reach this super-saturated solution
in the quasi-liquid layer. In that case, part of ions will be excluded as crystals and we
need to estimate the saturation concentration for that temperature in the QLL.

Henry’s Law refers to ideal solutions, which under the volume concentration
effect of the QLL is not likely, but how to correct for nonideality in the QLL is still not
clear. Other reactions that can happen, for example, NO,” and HONO can be oxidized by
molecular oxygen to nitrate ions at a much faster rate (Takenaka et. al., 1992, 1996).
Those areas remain unexplored.

Nitrous acid (HONO) and the nitrite ion represent a particularly important
conjugate pair in the quasi liquid layer. In highly acidic media, HONO will form

nitroacidium ion, H,ONO".
H,0NO,,," < HONO,,,, < NO, () (5.2.4-1)
pKai=1.7, pKx=2.8 (Riordan, et al., 2005).

PK.[H']
[H+]2 + pKal[H+]+pKa1pKa2

HONO,,, = N(IIT) (5.2.4-2)

(aq)
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Figure 5.2.4-2. Model simulation of HONO speciation for the two-step equilibrium
process.

Figure 5.2.4-2 shows that the aqueous phase HONO concentration in the
snowpack is very sensitive to acidity of the QLL. It is assumed that ions are efficiently
excluded on freezing, so the ratio of quasi-liquid layer ion concentration to melted snow
ion concentration inversely tracks the QLL volume ratio. If we can apply the assumption
to H', the pH of the QLL is likely to be significantly lower than that of the melted snow.
In the other words, the QLL to snow grain volume ratio can influence the pH and further
determine the ion distribution. However, we cannot apply the assumption to H' because
of possible buffer species in the QLL. For example, the CO, concentration at the South
Pole is about 374 ppmv (http://cdiac.ornl.gov/trends/co2/sio-spl.htm). The [HCO;] is
inferred to be 3.6:10° M in snow according to Henry’s Law and the acid-base kinetics of
carbonate ions. The melted snow H" concentration is 1.2:10° M (Jack Dibb, personal
communication). HCO;  together with other ions could buffer the change of H' (figure

5.2.4-3). In the current air snowpack model, it is supposed that the QLL pH stays
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constant at 5 and the “extra” H is bound by other weak-acid anions or stays in the ice

matrix. In contrast, NO, and NOj stay within the QLL completely.
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Figure 5.2.4-3. Model simulation of CO, speciation for the two-step equilibrium process.
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5.3 Model discussions

It is widely accepted that the photolysis of nitrate is the main reason for the
observed high HONO in Polar regions. Photolysis of nitrate can be a dominant HONO
source inside the snowpack; however, the observed HONO emission from the snowpack
was triggered mainly and directly by the equilibrium between quasi liquid layer nitrite
and firn air HONO deep within the snow surface (i.e. 30 cm below snow surface). The
high concentration HONO in the interstitial air is subsequently transported above
snowpack by diffusion and windpumping. Since actinic flux decreases sharply in the
vertical direction within snowpack, photolysis of nitrate is unlikely be a significant nitrite
source 30 cm below the snow surface. Processes other than direct nitrate photolysis
could be a source for nitrite, for an example, the hydrolysis of NO,. So nitrate is
important for HONO in the sense that photolysis of nitrate generates nitrite and NO, in
the near surface areas, which could migrate down to vary the nitrite concentration at
deeper level of snowpack. How nitrite vertically distributes is poorly characterized.

To have a better understanding of the snow chemistry, other gas species and
detailed stoichiometry need to be included. In appendix A the framework of air-cloud
multiphase chemistry (Ervens et al., 2003) is modified for the snowpack. There are
numerous unknowns that must be tackled before we can routinely predict the rates of
these reactions. Due to the lack of ANTCI 2003 field measurement and the uncertainty
of chemistry inside the quasi-liquid layer, the comprehensive multiphase chemistry is not
included in this thesis. However, even with future concurrent firn air measurements,
measurements of concentrations in the snow are restricted to stable compounds in melted

snow samples. There is no convincing evidence about whether different species attach to
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surface hydrogen bonds, dissolve in the quasi-liquid layer or reside in the ice crystals.
Species attached to the surface of snow crystals can be expected to have a reactivity
similar to that in the aqueous phase. Species incorporated within the ice matrix are not in
contact with the atmosphere. Their reactivity will be limited to the solid to quasi-liquid
layer diffusion process which is extremely slow (Grannas et al., 2007). The partitioning
of species leads to a guessing game for the chemical reactions. Our current understanding
of the quasi-liquid layer is poorly characterized. It is assumed that QLL reaction rate will
be similar to the liquid phase one and that the depth of the QLL is influenced by both the
salt content of the snow and the ambient temperature. Treating the reactions in the QLL
as aqueous means that we are assuming that we are dealing with concentrated true
liquids, however, it is not clear whether such an assumption is warranted or not. There is
experimental evidence that the thickness of the QLL increases with temperature (Girardet
and Toubin, 2001), only limited species number of pollutants were discussed in the same
study. However, in the very rich field of snow physicochemistry, the quantitative
relationship between QLL depth and temperature as well as pollutant concentrations is
not available.

Since the lifetime of OH is extremely short, the vertical scale of elevated OH
concentrations depends on the lifetimes of the precursor compounds and the intensity of
vertical mixing. However, due to the large discrepancy from the gas phase modeled OH
and measured OH, the measured OH mixing ratio is assumed constant. This could lead to
an underestimate of HONO in the gas phase. Levels of measured OH were also reported
less than the modeled OH in the Summit, Greenland, which implied an unidentified HOx

sink (Yang et al., 2002).
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5.4 Future research

The purpose of this part is pointing out further investigations needed to develop
the coupled air-snow chemical models.

First we need a better description of physical constants of the top 30cm of surface
snow layers. For an example, the vertically resolved density, temperature gradient,
permeability of the snowpack, and dimension of sastrugi. These factors are important for
calculating the wind pumping processes. In areas with less permeable snow, the
residence time may be sufficiently large to allow those gases to react with other reactants
contained in snow, resulting in less observed emissions. Air flow in this thesis is mainly
caused by wind-driven variations in surface pressure over a rough snow surface.

Secondly, there are two important physical processes for the transmission of light
inside snowpack: scattering and absorption. Thus the snow surface areas, albedo of snow,
impurity (especially soot) concentration and grain shape are important physical constants.
Vertically resolved measurements of irradiance are applied to constrain radiation transfer
models and used to invert the measurements to actinic fluxes.

Thirdly, temperature, pH and ionic content of natural snow are determining
factors for modeling HONO. Temperature determines the chemical reaction constant and
the depth of the quasi-liquid layer. Most importantly, we need to have more evidence to
apply the melted snow measurement to the actual number and reaction rate in the quasi
liquid layer. Measurements of trace gas fluxes at different snowpack depth are very
helpful to parameterize the numerical model calculation.

Fourthly, boundary layer dynamics (advection and turbulent mixing near snow

surface) assists the interpretation and predictive power of air chemistry. Snow
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microphysics of QLL and reaction kinetics in this layer needs further investigation. To
have a better understanding of the snow chemistry, other gas species and detailed

stoichiometry need to be included.
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CHAPTER SIX
CONCLUSIONS

Atmospheric nitrous acid (HONO) is an important source of OH in urban areas.
It is a significant and sometimes dominant OH source in polar regions. In the polar
atmosphere, measurements of HONO are an important part of understanding the
dynamics of snow-air chemistry and atmospheric photochemistry. The low levels of
HONO present in such regions necessitate the development of instrumentation with low
detection limits. An improved method of detecting HONO is developed using photo-
fragmentation and laser-induced fluorescence. HONO is photo-fragmented into OH and
NO at 355 nm and the generated OH (v''=0 state) is probed at 282 nm to the v'=1 excited
state; the excited state OH fluorescence at 309 nm is detected by a photomultiplier tube.
The instrument is calibrated using standard HONO produced from the reaction of sulfuric
acid and sodium nitrite. The detection limit of this method is 2-3 pptv for ten-minute
integration time with 35% uncertainty.

The ANTCI 2003 measurements confirm the high N oxides observed previously in
ISCAT 1998 and 2000. The median LIF observed mixing ratio of HONO 10m above the
snow was 5.8 pptv (mean value 6.3 pptv) with a maximum of 18.2pptv on Nov 30", Dec
1, 34 15™ 17 215 22M) 25M 27™ and 28™  The LIF HONO observations are
compared to concurrent HONO observations performed by mist chamber/ion
chromatography (MC/IC). Both the LIF and MC/IC techniques observed enhanced
HONO; however, the MC/IC observations were higher than the LIF observations by a
factor of 7.2+2.3 in the median and the data are not correlated. It is possible that the

MC/IC technique might suffer from interference from HNO,. A comparison between the
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soluble nitrite measurement by MC/IC and the pernitric measurement may help to resolve
measurement issues. HONO as measured by both techniques roughly follow NO levels
and scale inversely with boundary layer height. As in ISCAT 2000, the abundance of
both HONO measurements exceeds the pure gas phase model predictions, with LIF
higher than the pure gas phase model by a factor of 1.92+0.67, which implies snow
emission of HONO must be occurring. The LIF observed HONO are not high enough to
significantly influence the NOy budget during ANTCI 2003, but will increase the model
HOy over-prediction by 28%+15% and lead to a dramatic over-prediction of measured
OH by 157%=+35%. Given the short lifetime of HONO, these differences are hard to
reconcile with observed low OH levels unless there is a missing HOy sink. It appears,
however, that HONO competes with O3 and HCHO as the dominant source of OH at
South Pole during ANTCI 2003.

Since pure gas phase chemistry cannot resolve the measured high concentration of
HONO, a 1D air-snowpack model of HONO was developed and constrained by observed
chemistry and meteorology data. The 1D model includes pure gas phase chemical
mechanisms, molecular diffusion and mechanical dispersion, windpumping in snow, gas
phase to quasi-liquid layer phase HONO transfer and quasi-liquid layer nitrate photolysis.
Photolysis of nitrate is important as a dominant HONO source inside the snowpack,
however, the observed HONO emission from the snowpack was triggered mainly by the
equilibrium between quasi liquid layer nitrite and firn air HONO deep down the snow
surface (i.e. 30 cm below snow surface). The high concentration of HONO in the firn air
is subsequently transported above snowpack by diffusion and windpumping. In order to

predict the vertical profile of HONO concentration inside the snowpack, the following
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information is needed: the changes of surface pressure, winds above the snow surface,
temperature, snow density, snowpack permeability, dimension of sastrugi, albedo of
snow, soot concentration of snow, snow grain shape, concentration of nitrate and nitrite,
pH of snow, mass accommodation of HONO to quasi liquid layer of snow and reversible
dissolution (according to the Henry’s Law), etc. Given the limited ANTCI 2003 field
measurements of pH and nitrite snowpack concentrations, snow emission of HONO is
highly likely and will be transported to 10 meters above the snow, where GT LIF
measured high HONO concentration. The pH and thickness of quasi liquid layer along
with continuous nitrite measurement are key factors to calibrate and validate the air

snowpack model.
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APPENDIX A
FUTURE DEVELOPMENT OF THE AIR SNOW

MULTIPHASE MODELING

Reactions in the quasi-liquid layer are potentially important in the generation or
transformation of interstitial air pollutants. The processes consist of the following
sequence of steps: Mass-transport of the precursor species to the air-QLL interface;
transfer across the interface and establishment of solubility equilibrium locally at the
interface; mass-transport of the dissolved gas or ions in the aqueous phase; aqueous phase
chemical reactions; mass-transport of reaction products and subsequent evolution into the
gas-phase. Defining and comparing the characteristic times of these processes is
important to find the rate-controlling processes. If any process is rapid compared to other
processes, then this process is negligible which leads to substantial simplification of the
description.  After finding the rate limiting step, at times long compared to the
characteristic time for this process, the system reaches a “steady state” in which species
concentrations, fluxes, reaction rates, etc., no longer vary as a function of time. The
description of the space and time dependence of species concentrations in terms of partial
differential equations can be simplified to space dependence of species concentration
represented by an ordinary differential equation. Coupling is made through boundary
conditions at the interstitial air/quasi liquid layer interface by assuming equilibrium as
described by Henry’s law. This treatment not only simplified the system but also

provides more insight.

The transfer of molecules from the interstitial air phase to the QLL aqueous phase

and vice versa is treated by the resistance model of Schwartz [1986]. In this model gas
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phase diffusion, mass accommodation and the Henry’s Law constants are considered.
The following parameters are taken from Herrmann et al (2000). The mass transport

from the gas phase is described as a first order loss rate constant:

Iy -1
PO . . (A-1)
3D, 3-c-a

D, = gas phase diffusion coefficient [m®s ']
o = mass accommodation coefficient

r = snow crystal radius (10 um)
1/2
¢ = molecular speed :(SR;TJ [ms ']
74

M = molecular mass [kg mol ']

R = gas constant [J mol ' K]

In total, the phase transfer is described by the following equations [Schwartz,

1986]:

d[ X1, [x]., -k, ) 1000

— =0 -8, +|Ck ——2 A-2
dt Qaq aq ( gt KH RT ( )

dcC o0°C oC X| -k,
£=D—*-U—=+0,-§,-|C ~kt—[ ]”" 1000 (A-3)

dt Oz oz ¢ ¢ £ K, RT

[XJaq = QLL phase concentration [mol Lfl],
Q, = gas phase source rate [em s,

C, = gas phase particle density [em™],

S = gas phase sink rate [em s '],

T = temperature [K],
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LWC = liquid water content [—],

(fixed to 6 - 10~* vol/vol),

Qaq = QLL phase source reaction rate [mol L's™,
Saq = QLL phase sink reaction rate [mol L's™,
Ky = Henry’s Law constant [mol L™ atm '],

k¢ = gas phase transfer coefficient [s"'],

R = gas constant.

A significant area of uncertainty relates to the assumed aqueous-like surface layer
on the snow grains. As all ions are assumed to be present in this layer, the concentrations
will depend on the QLL to snow grains volume ratio. Here I test the sensitivity of this

ratio with respect to the species fraction according to the Henry’s Law.
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Figure A-1 Various species QLL aqueous fraction versus QLL to snow grain volume
ratio at 238K
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Table A-1 Henry’s Law constants (Kj;), mass accommodation coefficients (o) and gas
phase diffusion coefficients (D).

52 -
Species Kios, M atm’ AH/R, K o Dy, [110] mes
0; 1.14-107 -2300 0.05 1.48
HO, 9-10° 0.01 1.04
OH 25 -5280 0.05 1.53
H,0, 1.02-10° -6340 0.11 1.46
HNO; 2.1-10° -8700 0.054 1.32
NO» 1.2:107 -1263 0.0015 1.92
HNO, 49 -4880 0.5 1.30
HCHO 3-10° 7216 0.2 1.64
NO 1.2-107 -1263 0.001 2.24
Constants taken from Ervens et al., 2003.
Table A-2 HOx chemistry
Reaction koo, M™ s E./R, K Reference
()0, + 0; ——>20, + OH 1.5-10° 2200 | Schested et al., 1983
(2)HO, + HO,—— 0, + H,0, 8.3-10° 2720 Bielski et al., 1985
(3)HO, + 0, — >0, + H,0, 9.7-107 1060 | Bielski et al., 1985
(4) HO, + OH ——>0, + H,0 1.0-10' Elliot alngdg]23uxton,
(5)OH +0; ——0, +OH" 11100 | 2120 | Christemsenctal,
(6) H,0, + OH —— HO, + H,0 3.0-107 1680 Chmtel“;ge; ctal.,
(7)OH +0,—— 0, + HO, 1-10° Sehested et al., 1984
(8)O’P+0,——0, 4-10° Klaning et al.,1984
Table A-3 Nitrogen chemistry
Reaction Koo, M™ 57! E“I/(R’ Reference
" - + 10 Wagner et
(9)OH + NO,——— NO; + H 1.2-10 al.. 1980
Warneck and
(10) NO, + O; —> NO; + O, 1-10° Wurzinger,
1988
(1) NO, + NO,—*>5 HNO , + NO; + H" | 84-107 | -2900 5:;1‘139%%
(12) NO; + OH—> NO, + OH~ 1.1-10% Barli(;r;)t al.,
- - Damschen
5
(13) NO, + O,——> NO; + O, 5-10 7000 and Martin,
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1983

(14) HNO, + OH —— NO, + H,0 1-10° 1500 | Rettich, 1978
2 2 2

Mack and

_ 3 - 8
(15) NO; +0*P—— NO; + 0, 2-10 15001 5 1ion, 1999

Strehlow and
(16)OH + NO—— NO, + H* 2-10" 1500 | Wagner,1982

Table A-4 Aqueous phase photochemistry

Reaction number Reaction

Ji NO; + hv—"— NO, + OH
1 NO; + v——>NO, +O’P
I3 NO; + hv—"— NO + OH
J4 HONO + hv——> NO + OH
Js H,0, + hv——20H

Js NO, + hv——>NO + 0O
J; O, +hw—"% 5 H0,+0,

See actinic flux part for reference

Table A-5 Dissociation equilibrium

Reaction number Reaction KegM Reference
Ek1 HO, > H" + 0, 3.5-107 Perrin, 1982
Schwartz and
Ek2 HONO <> H" + NO, 1.96-107* White, 1981

Table A-6 Steady state species

Phase Species
Aqueous NO,’, NO5, OH, NO, HO,, H,0,, NO,, 03,HONO, O°P
d[NO; ]

~ = (A2 AklS [O° P])-[NO; 1+ Ak10-[0; ]-[NO, ]

—(AJ3+ Ak12-[OH]+ AKk13-[0,])-[NO; =0

(A-4)

d[NO; ]

= Ak9-[NO,]-[OH]+ AK13-[NO; -[O;]+ Ak11-[NO, > —(AJ1+ AJ2+ Ak15-[O*P])-[NO; =0
(A-5)
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d[OH]

dt
—{Ak12-[NO; 1+ Ak16-[NO]+ Ak9-[NO, ]+ Ak14-[HONO]+ Ak5-[0, 1+ Ak4-[HO,] (A-6)
+A4k6-[H,0,]1+ Ak7-[0,]1}-[OH]=0

= AJ1-[NO; 1+ AJ3-[NO; |+ AJ4-[HONO)+ Ak1-[0,]-[0; ]+ 2- AJ5-[H,0,]

d[g Ol_ 4s3. [NO; 1+ AJ4-[HONO]- Ak16-[OH]-[NO] =0 (A-7)
d[lfz] = Ak6-[H,0,]-[OH] - (4k2-[HO, ]+ Ak3-[0; 1+2- Ak4-[OH])-[HO,]=0 (A-8)
% = Ak2-[HO, T’ + Ak3-[HO,1-[0; 1+ Ak7-[OH]-[0,1-(AJ 5+ Ak6-[OH1)-[H,0,]1=0
(A-9)
dNO,] _ )1 .[NO; 1+ Ak12-[NO, 1-[OH]+ Ak14-[HONO]-[OH] (A-10)
—(AK10-[0; 1+ Ak9-[OH ]+ Ak11-[NO, ]+ AJ6)-[NO,]1=0
d10,] _ AKk8-[0°P1-[0,]- (Ak1-[0; 1+ AJT + AkT-[OHT)-[0,]1=0 (A-11)
@ = Ak11-[NO, * + Ak16-[NO]-[OH ]~ (AJ 4+ Ak14-[OH1)-[HONO] =0 (A-12)
d[fl:P] = AJ2-[NO; 1-(A4Kk15-[NO; 1+ Ak8-[0,1)-[0°P]=0 (A-13)
[H*1-[0; 1- Ek1-{[HO,]1=0 (A-14)
[H*]-[NO; 1- Ek2-[HONO] =0 (A-15)

There are numerous unknowns that must be tackled before we can routinely
predict the steady state concentration and rates of these reactions. Due to the lack of
ANTCI 2003 field measurement and the uncertainty of chemistry inside the quasi-liquid

layer, the comprehensive multiphase chemistry is not included in this thesis.
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