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[1] On 1 August 2008, a solar eclipse of 98% totality passed over the Polar Environment
Atmospheric Research Laboratory at Eureka, Canada (80.05°N, 86.42°W), which is run by
the Canadian Network for the Detection of Atmospheric Change. During the eclipse,

a zenith-sky UV-visible spectrometer measured slant column densities (SCDs) and vertical
column densities (VCDs) of ozone up to 82% occultation and NO, up to 96% occultation,

beyond which low light intensities and changes in the solar spectrum due to limb
darkening compromised data quality. Ozone VCDs during the eclipse remained within
natural variability, and this study is inconclusive regarding ozone oscillations due to
limited temporal resolution and measurement errors toward eclipse maximum. Measured
NO, SCDs increased and decreased symmetrically around the eclipse maximum. NO,
SCDs were also calculated using a photochemical box model and a one-dimensional
radiative transfer model. The modeled ratio of eclipse day SCDs to the previous day’s
SCDs was compared to the measurements. They agreed within error bars leading up to
maximum occultation, but the model ratio was systematically larger than the measured
ratio for the second half of the eclipse, perhaps due to changing cloud conditions

12

throughout the eclipse. The measured NO, SCD ratio of 1.847( 43 at 96% totality is
larger than observed in past studies and agrees with modeled ratio of 1.91. Therefore our
current understanding of stratospheric photochemistry is sufficient to predict the evolution

of NO, chemistry through a solar eclipse.

Citation: Adams, C., C. A. McLinden, K. Strong, and V. Umlenski (2010), Ozone and NO, variations measured during the 1
August 2008 solar eclipse above Eureka, Canada with a UV-visible spectrometer, J. Geophys. Res., 115, D19310,

doi:10.1029/2010JD014424.

1. Introduction

[2] Solar eclipses provide a rare opportunity to study
atmospheric photochemistry: during an eclipse, the Moon
extinguishes sunlight to all layers of the atmosphere in a
short time compared to sunset, during which the sunlight is
gradually extinguished layer by layer. However, the
brightness of the Sun and the solar spectrum as seen from
Earth also change rapidly during solar eclipses. Therefore,
accurate remote sensing of the atmosphere during a solar
eclipse remains a challenge.

[3] Below 30 km, where the bulk of the ozone column
resides, ozone has a lifetime of at least a month. Therefore, a
2 h solar eclipse should not lead to significant photochem-
ical changes in the total ozone column. Ozone measure-
ments during eclipses have yielded a variety of results.
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Brewer and Dobson spectrophotometers have measured
both significant increases and decreases in ozone during
solar eclipses [e.g., Bojkov, 1968; Chakrabarty et al., 2001].
Many of these studies account for the effect of the changing
solar spectrum (limb darkening), which is only on the order
0of 0.01% [KazadZzis et al., 2007], but they do not account for
the effects of diffuse radiation during eclipses, which can
cause artificial decreases in Brewer and Dobson vertical
column densities (VCDs) of up to 30 Dobson units (DU)
[Zerefos et al., 2000]. While the Brewer and Dobson spec-
trophotometer measurements are compromised during
eclipses, other instruments have also yielded a variety of
results during eclipses, including a 30% decrease in ozone
measured by a radiometer [Dani and Devara, 2002] and no
changes in concentration measured in situ at 19.8 km [Starr
et al., 1980]. With a visible spectrometer, Gi/ et al. [2000]
found a decrease of approximately 5% in ozone VCD,
which was not significant due to measurement uncertainties.

[4] While photochemical changes in ozone are not pre-
dicted, reduced sunlight during eclipses cools the atmo-
sphere, which could lead gravity waves to form a bow wave
with periods ranging from 20 min to 4 h, depending on the
distance from the eclipse maximum [Chimonas and Hines,
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Figure 1. Path of eclipse totality in the Canadian Arctic, courtesy of F. Espenak and J. Anderson at
NASA [Espenak and Anderson, 2007]. The black arrow marks the line of sight of the PEARL-GBS at
the 98% occultation eclipse maximum with solar zenith angle 78°.

1971]. Fritts and Luo [1993] modeled eclipse-induced
gravity waves and found that variability in the ozone total
column would be difficult to detect above background
gravity waves but recently Eckermann et al. [2007] found
that this effect may be larger than previously thought.
Several studies have found evidence of waves in ozone
measurements, but with varying amplitudes and periods.
Mims and Mims [1993] smoothed total ozone portable
spectrometer measurements by 30% using a fast Fourier
transform routine and found an oscillation of 0.1% of the
total ozone column with a period of about 7 min, shortly
after the eclipse maximum. With a Dobson spectropho-
tometer, Chakrabarty et al. [1997] measured ozone oscil-
lations with an amplitude of about 5% of the total ozone
column and a 15 min period but did not correct for limb
darkening or increased diffuse radiation. Dani and Devara
[2002], using a radiometer, measured ozone total column
oscillations with amplitudes of ~10% with periods of ~30 min.
During a 1999 solar eclipse, Zerefos et al. [2000] found
evidence of ozone oscillations with periods of about 20 min
in erythemal UV-B solar irradiance. In a later study on a
2006 eclipse, Zerefos et al. [2007] corrected Brewer data for
diffuse radiation and, using spectral Fourier analysis, found
total ozone column oscillations with amplitudes of 2.5%—-3%
and periods of 30—40 min in two Brewer data sets.

[5] Unlike ozone, NO, is photochemically active on a
time scale of minutes, due to the rapid cycling between NO
and NO,. Theoretically, NO, should increase (and NO
should decrease) as the Sun is blocked by the Moon until the
eclipse maximum, after which both NO, and NO should
recover to approximately their preeclipse values [Herman,
1979; Wuebbles and Chang, 1979]. Pommereau et al.
[1976] first measured an increase in NO, during an eclipse
using a spectrophotometric technique. Starr et al. [1980]

measured a decrease of in situ NO at 19.8 km, which
agreed well with modeled NO to NO, conversion. During an
82% totality eclipse, Elansky and Arabov [1983] measured
an NO, VCD increase of 60% + 20%, with a direct Sun UV
band instrument. During another eclipse of 87% totality,
Elansky and Elokhov [1993] measured a 55% =+ 6% increase
in NO, VCD using zenith-sky visible spectroscopy.
Chakrabarty et al. [2001] found that NO, slant column
densities (SCDs) measured by a visible spectrometer
approximately doubled and identified a wavelike structure in
the NO, measurements. They suggested that the latter effect
was related to eclipse-induced gravity waves. Gil et al. [2000]
used a zenith-sky visible spectrometer and corrected for the
changing visible solar spectrum during the eclipse to find a
55% £ 9% NO, SCD increase.

2. Measurements and Retrievals

2.1. UV-Visible Measurements

[6] On 1 August 2008, a solar eclipse passed from the
Canadian Arctic, over Greenland, and into Asia [Espenak
and Anderson, 2007]. The path of the eclipse is shown in
Figure 1. Above Eureka, Nunavut, the eclipse began at
08:36 UT (03:36 local time), reached a maximum of 98% at
09:30 UT (04:30 local time), and finished at 10:26 UT
(05:26 local time). On the morning before the eclipse, 31 July
2008, Environment Canada’s Eureka Weather Station
recorded mostly cloudy skies, clearing in the afternoon. On
the day of the eclipse, the weather was mostly cloudy and
rain started to fall around 12 UT (07 local time).

[7] The PEARL-GBS (Polar Environment Atmospheric
Research Laboratory Ground-Based Spectrometer) [e.g.,
Fraser et al., 2008, 2009] is located at PEARL in Eureka,
Canada (80.05°N, 86.42°W). It has been operating since
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Figure 2. Measured differential optical depths, with no fitting of absorption cross sections, before the
eclipse (black) and at 96% totality (gray). The DOAS fitting windows for ozone and NO, are indicated

(black arrows).

August 2006 as a part of the Canadian Network for the
Detection of Atmospheric Change (CANDAC) suite of
instruments and makes year-round (light permitting) mea-
surements of ozone and NO, differential slant column
densities (DSCDs) and VCDs with UV-visible sunlight. The
eclipse measurements were taken in the zenith-sky viewing
geometry, with a 2° field of view. A 600 g/mm grating
yielding a 0.5-2 nm resolution was used. Spectra were
recorded with a back-illuminated 2048 x 512 pixel charged-
coupled device detector that was thermoelectrically cooled
to 202-205 K. To better capture the behavior of ozone and
NO, during the solar eclipse, the PEARL-GBS measure-
ment frequency was increased from approximately one
measurement every 17 min to one measurement every 3 min
on the day of the eclipse.

[8] For zenith-sky measurements, the longitude and lati-
tude at which incoming photons are absorbed by trace gases
are different from the location of the instrument. Four loca-
tions along the line of sight of the instrument were calcu-
lated using the method in the work of Solomon et al. [1987]
and the resulting line of sight of the instrument is marked by
the black arrow on Figure 1. The totality of the eclipse
versus time for each of these locations was calculated using
the formulae in the constant part of the Astronomical cal-
endar [Abalakin, 1981]. The angular distances between the
Sun and Moon and other necessary data were computed
from the topocentric coordinates of the Sun and of the
Moon, calculated with the CERES software [Chernetenko
et al., 1992]. Differences in eclipse timing and occultation
between the four locations along the line of sight were very
small compared with instrument time resolution and other
measurement uncertainties. Therefore eclipse circumstances
calculated for the air mass directly above the PEARL-GBS
are used in this work.

2.2. Retrieval of SCDs and VCDs Under a Changing
Solar Spectrum

[v] PEARL-GBS data were analyzed using the differen-
tial optical absorption spectroscopy (DOAS) technique [e.g.,
Noxon, 1975; Solomon et al., 1987] with the WinDOAS

software [Fayt and Roozendael, 2001]. The eclipse caused
the solar spectrum to change, complicating retrievals.
Figure 2 shows the differential optical depth (DOD) before
the eclipse (black) and at 96% occultation (gray). DOD is
defined as

DOD(A) = In[I(N)/I,(A)]-3rd order polynomial, (1)
where A is the wavelength, /() is the intensity at twilight,
and I,() is the intensity at noon. The polynomial is fit to the
log ratio to remove low-frequency structure. The structure
of the DOD before the eclipse is small and can be attributed
to absorption of trace gases including ozone, NO,, H,O, and
04, while the structure of the DOD at 96% totality has
strong H, Fe, Mg, and Ca lines corresponding to the spec-
trum of the solar corona, as the central part of the solar disk
is extinguished [Pierce, 1968]. The H; line in this structure
has approximately twice the DOD shown in the residuals in
Figure 4 of Gil et al. [2000] for 95% occultation, which
makes these retrievals more challenging. The effective
temperature of the visible part of the solar disk also changes
as the Moon covers the Sun, but the resulting change in the
blackbody radiation curve [e.g., Kazadzis et al., 2007] is
removed with the polynomial in the DOAS technique.

[10] Ozone and NO, DSCDs were retrieved in WinDOAS
[Fayt and Roozendael, 2001] with ozone [Burrows et al.,
1999], O4 [Greenblatt et al., 1990], NO, [Vandaele et al.,
1998], H,O (converted from line parameters given in the
work of Rothman et al. [2003]), and Ring pseudoabsorber
[Chance and Spurr, 1997] cross sections. A reference
spectrum from 17 July 2008 with a solar zenith angle (SZA)
of 59° under cloudy skies was used, because it yielded the
best DOAS fits over the course of the measurement period.

[11] In order to quantify the depths of the coronal features
over the course of the solar eclipse, H; (486.1 nm) and Hvy
(434.0 nm) Balmer hydrogen line cross sections were con-
structed from the eclipse DOD in Figure 2 and added to the
WinDOAS analyses for ozone and NO, in the usual fitting
ranges of 450-545 and 425-450 nm, respectively. Figure 3
shows the DSCDs of the Balmer lines in arbitrary units. On
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Figure 3. On the left axis, DSCDs in arbitrary units for Hy on the morning before the eclipse (open
circles) and the morning of the eclipse (gray diamonds) and H3 on the morning before the eclipse (black
stars) and the morning of the eclipse (open squares). On the right axis, eclipse percentage occultation

(black line).

the day before the eclipse, both the Hv line DSCDs (open
circles) and Hy line DSCDs (black stars) are negligible,
which demonstrates that the Balmer line cross sections do
not interfere with the regular DOAS fits. On the morning of
the eclipse, the Hy line DSCDs (gray diamonds) and H 3 line
DSCDs (open squares) follow the similar shapes. When the
outer region of the solar disk is covered by the Moon
(occultation less than 20%-30%), Balmer line DSCDs
become negative. As more of the inner region of the solar
disk is covered and the contribution from the chromosphere
increases (occultation greater than 20%-30%), the Balmer
line DSCDs become strongly positive. This agrees with Gil
et al. [2000], who found that the transition between posi-
tive and negative Balmer line DSCDs occurred at ~20%
occultation.

[12] In order to avoid the coronal lines, a number of DOAS
fitting regions were tested. Ozone DSCDs were retrieved in a
variety of fitting windows, including 450—545 nm (traditional
fit window for the PEARL-GBS), 445-480 nm, 445-515 nm,
and 445-550 nm with gaps from 480 to 490 nm and from
515 to 520 nm. Only DSCDs retrieved in the traditional
ozone fitting region were stable on the day before the
eclipse, likely because the DOD of ozone at the SZA of the
eclipse (75°-80°) is small and affected by water absorption
due to cloudy weather. Both /75 and Mg-Fe correction cross
sections were tested on the data set. However, the broad
structure of the Fe and Mg lines interfered with the DOAS
retrievals on the noneclipse days. Therefore, only the H3
correction cross section was used. The resulting DOAS
cross-section fits for ozone at SZA = 78°-79° are shown in
Figure 4, with the DOAS fit in black and the data in gray.
Ozone fits on the morning before the eclipse (Figure 4a)
have random residuals. At 52% totality, the ozone fits
(Figure 4b) still have fairly random residuals, showing only
a small impact of the changed coronal spectrum. At 82%
totality, the ozone fits (Figure 4c) show some systematic
residuals around the wings of the Hy line and around the

517 nm Fe and Mg lines. When Balmer line cross sections
are not fit in the ozone retrieval at 82% totality (Figure 4d),
large systematic residuals dominate. Ozone DSCDs could
not be retrieved for 96% totality because the coronal struc-
ture overwhelmed the residuals for this spectrum.

[13] NO, was also retrieved in a variety of fitting windows.
The best root mean square residual before and during the
eclipse was obtained for the 438—467 nm window, where
there is less coronal structure, as is evident in Figure 2. Note
that in the 438-467 nm window, no correction cross sections
were necessary. The resulting fits for the traditional 425—
450 nm range with H~ correction cross section and this new
fitting window are also shown in Figure 4. NO, DSCD fits
are good on the day before the eclipse for both windows
(Figure 4e and 4i). At 52% occultation, the advantages of
the 438—467 nm window (Figure 4j) over the traditional
window (Figure 4f) are apparent. At 82% occultation, the
438-467 nm window (Figure 4k) has some systematic errors
but is much better than the traditional window (Figure 4g).
The 425-450 nm fit is overwhelmed by the H+ line when an
H~ correction cross section is not included (Figure 4h). Due
to the reduced coronal interference in the 438—467 nm range,
NO, could be retrieved for 96% occultation (Figure 41).

[14] Ozone and NO, reference column densities (RCDs)
were obtained using a Langley analysis [e.g., Fraser et al.,
2009] for the four twilights of 30 and 31 July 2008 in the
76°-81° SZA range, which was the lowest available SZA
range for this time of year at Eureka. Eclipse day DSCDs
were not included in the calculation of the RCD. Air mass
factors (AMFs) were obtained from a one-dimensional
radiative transfer model described in section 3.2. NO,
AMFs were not chemically modified [e.g., Roscoe et al.,
2001]. However, this is expected to have a small impact
on results as the modeled diurnal variation of NO, VCDs in
the 76°-81° SZA range is less than 5%. To interpret the
PEARL-GBS measurements, the SCDs (DSCD + RCD)
from the morning before the eclipse were interpolated in
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Figure 4. DOAS fits (black) and data (gray). For ozone in the 450—545 nm window (a) on the afternoon
before the eclipse, (b) at 52% occultation, (c) at 82% occultation, and (d) at 82% occultation with no cor-
rection for Hz. For NO; in the 425-450 nm window (e) on the afternoon before the eclipse, (f) at 52%
occultation, (g) at 82% occultation, and (h) at 82% occultation with no correction for Hv. For NO, in the
438—467 nm window (i) on the afternoon before the eclipse, (j) at 52% occultation, (k) at 82% occultation,

and (1) at 96% occultation.

SZA to the eclipse day measurement grid and SCD ratios
were taken. For ozone, VCDs throughout the twilight were
also calculated with the formula,

VCD(6y) = (DSCD(6,) + RCD)/AMF (6), )

where 6, is the SZA.

2.3. Estimates of Eclipse Systematic Errors in Ozone
and NO, VCDs and DSCDs

[15] Previous DOAS studies during eclipses have not
quantified the systematic changes in the fit residuals over
the course of an eclipse. The error estimates used in this
study are summarized in Table 1 for the measurements at
82% totality and on the previous morning, both at 78° SZA.

[16] Random, noneclipse systematic, and eclipse system-
atic errors all affect the DSCDs. Random fitting errors were
calculated for each DSCD in WinDOAS and vary over the
twilight. Systematic instrument, pseudorandom, absolute
cross section, temperature dependence of cross section, and
Raman scattering were estimated by Fraser et al. [2009] at
3.3% for ozone and 11.8% for NO, and are assumed to be
consistent for all DSCDs.

[17] In order to estimate DSCD eclipse systematic errors,
two tests were performed on the 82% occultation spectrum.

In the first test, the residuals for the DOAS analysis of the
82% occultation spectrum were added to a spectrum from
the previous day, which was then reanalyzed for ozone and
NO,. Ozone and NO, DSCDs changed by —6.4% and
—3.7%, respectively, with the added residual. In the second
test, the DSCDs of ozone and NO, at 82% occultation were
retrieved for a variety of DOAS fit parameters, including
modified Balmer line cross sections, wavelength calibration
parameters, and offset corrections. Analyses in which these
parameters significantly changed the DSCDs on the day
before the eclipse or increased the DOAS root mean square
residual values were omitted. For ozone, the largest varia-
tion was a 16% decrease in ozone DSCD, when a quadratic
offset correction was added to the analysis. This was added
in quadrature with the change observed in the first test. For
NO,, the 82% totality DSCD decreased by 31.4% and
increased by 2.8%, when the fitting window was changed to
440-466 nm and 438471 nm, respectively. These two
values were each added in quadrature with 3.7% from the
first test and taken as upper and lower NO, eclipse sys-
tematic DSCD errors. The eclipse systematic errors calcu-
lated for the 82% totality spectrum were scaled to the other
measurements by the Balmer line DSCD strengths shown in
Figure 3.
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Table 1. Error Estimates for Ozone and NO, DSCDs, RCDs, and AMFs at 82% Occultation®

O; Percentage Error at 82% Occultation
[Same SZA on Noneclipse Morning]

NO, Percentage Error at 82% Occultation
[Same SZA on Noneclipse Morning]

Random fitting error on DSCD: calculated 4.6 [1.2]° 49 [3.2]°
in WinDOAS for each DSCD.

Non-eclipse systematic: same for all DSCDs, 3.3[3.3] 11.8 [11.8]
estimated by Fraser et al. [2009].

Eclipse DSCD systematic: calculated for 82% 17.9 [0]° o op
occultation by adding the following two tests
in quadrature and scaled to other DSCDs
by strength of Balmer lines
1. Residual addition test 6.4 [0]° 3.7 [0]°
2. Analysis variation test 16.7 [0]° 28, 0P

RCD systematic error 1: due to noneclipse 3.3 [3.3] 11.8 [11.8]
systematic error on DSCD.

RCD systematic error 2: from uncertainties 10.6 [10.6] 8.2 [8.2]
in Langley plot; this is independent
of other DSCD systematic errors

RCD systematic error 3: due to chemical changes N/A 2.5[2.5]
in VCD over Langley plot SZA range

AMF random error: same for all spectra, 2 (2] 5 [5]

estimated by Bassford et al. [2005]

ISquare brackets indicate error estimate on morning before eclipse at same SZA as the eclipse.

PError estimate calculated separately for each measurement.

[18] There are three RCD errors, all of which have a
systematic effect on the data. The first RCD error is caused
by the noneclipse systematic DSCD errors, which alter the
slope of the Langley plot and thus the RCD by the same
percentage. The second RCD error is from uncertainty in
Langley plots and was taken as the standard deviation of the
RCD values calculated from the four twilights. The third
RCD error quantifies the effect of using AMFs that were not
chemically modified for NO,. This error was estimated at
2.5%, or half of the modeled NO, VCD variation in the SZA
76°-81° range. The second and third RCD errors are inde-
pendent of DSCD systematic errors.

[19] The errors in DSCD, RCD, and AMF were propa-
gated through the SCD ratio calculation and the VCD cal-
culation in equation (2). The random errors were propagated
using random error analysis formulae, with an AMF random
error for ozone VCD calculations estimated at 2% by Bassford
et al. [2005]. The systematic errors were each applied as
upper and lower limits to the RCDs and DSCDs, and the
resulting percentage changes in SCD ratio and VCD were
calculated. For the SCD ratio, the 3.3% and 11.8% sys-
tematic errors apply equally to all DSCDs and RCDs and
therefore cancel. The total errors for each measurement were
calculated by adding all random and systematic errors in
quadrature.

3. Modeling Ozone and NO, SCDs
During an Eclipse

3.1.

[20] Since ozone displays no diurnal variation below the
uppermost stratosphere, a single ozone profile was used for
all modeling studies. It was derived from an ozonesonde
launched on the day of the eclipse and supplemented with an
ozone climatology above 35 km [McPeters et al., 2007].
This profile was held constant throughout the eclipse in the
photochemical box model calculations.

Ozone and NO, Ozone Profiles During an Eclipse

[21] A photochemical box model [McLinden et al., 2000;
Brohede et al., 2008] was used to simulate the evolution of
NO, during the day of 1 August 2008 at Eureka (80°N). The
model was constrained with measured ozone and tempera-
ture profiles from the ozonesonde described above, and NO,,
from a climatology [Brohede et al., 2008]. Profiles of NO
and NO, were obtained from the model simulation between
10 and 52 km. Mixing ratios of NO and NO, below 10 km
were set to the 10 km value at each time step. In this work,
modeling of the NO, profile through an eclipse is based on
the variation in the photolysis rate of NO, with the fraction
of eclipse totality. This is outlined below.

[22] To a good approximation throughout most of the
stratosphere, the ratio of NO, to NO, (NO, = NO + NO,)
can be obtained by considering the reactions,

NO, + hv —2 NO + O, 3)

NO + 05 -5 NO, + 0,. (4)

Assuming a near steady state,

[NOy] 1 1
INO,] ~ 1 4+J/(k[03]) 1 +#’

(5)

where J is the NO, photodissociation rate constant, a
function of available sunlight in the NO, photolysis region
(~340-420 nm), and k is the NO + Oj rate constant, where
[NO,] and [NO,] are the number densities of NO, and NO,,
respectively. The quantity » = J/(k[O3]) is the ratio of the
first-order rate constants assuming ozone remains constant.
The desired quantity » can be calculated from model cal-
culations of NO, and NO,,

1

"= NGO, - (©)
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Figure 5. (a) Eclipse percentage occultation versus SZA. (b) Ozone eclipse SCD divided by control
SCD with DOAS random fitting error (black with error bars) and combined fitting and eclipse systematic
errors (gray shading), and modeled SCD difference for the standard atmosphere (dotted zero-line) and
enhanced multiple scattering (black dashed line). (¢) O4 eclipse DSCD minus control DSCD, with random

fitting error.

Note that by calculating » using full chemistry instead of
simply using the model-calculated J/(k[O5]) directly, other
reactions that impact the NO, partitioning, in particular
NO, + O(C’P), are accounted for.

[23] In this work r is a measure of the NO, partitioning in
the absence of an eclipse. The impact of the eclipse on
photochemistry can be taken into account by adjusting the
rate of NO, photolysis in a manner consistent with the
varying sunlight. This is done by scaling r by the fraction of
the solar disk that remains unocculted and is justified as the
rates of both NO, + hv (equation (3)) and NO, + O(CP) scale
with the amount of available sunlight, the latter as the
supply of OCP) is largely controlled by the photolysis of Os.
In this case, NO, through an eclipse can be expressed as

~ NOY
[NOz} = m, (7)

where ~ represents the eclipse fraction, as shown in
Figures 5, 6, and 7, and » was calculated using equation (6).
Equation (7) is simply equation (5) with a scaling applied to
the rate of NO, destruction. When v = 0 or no eclipse, NO,

is at its normal level, but for a total eclipse, v = 1, then
[NO,] = [NO].

[24] The brightness of the Sun, and thus the available
sunlight for photolysis, varies across the solar disk. There-
fore, an additional limb darkening correction is applied to 7,
based on the calculations of Koepke et al. [2001], using their
values at 390 nm to represent the NO, photolysis region.

3.2. Modeling of Slant Column Densities

[25] Slant column densities of ozone and NO, are mod-
eled using the general expression,

SCD(Q()) == ZA]\/[F(Z7 00)[){](2, Go)AZ, (8)

where z is altitude, 6, is SZA, [X] is the number density of
ozone [O3] or NO, [NO,], Az is layer thickness, and the
summation is over altitude layers. The AMF describes the
enhancement in absorption due to light traversing a slant
path through a layer and is calculated using the multiple-
scattering radiative transfer model of McLinden et al. [2002,
2006]. Calculations are performed using a surface albedo of
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Figure 6. (a) Ozone VCDs for the day preceding the eclipse and the eclipse morning versus fractional
day measured by the PEARL-GBS with random error (gray with error bars), Brewer 021 (black open
circles), and Brewer 069 (black stars). (b) PEARL-GBS ozone VCDs during eclipse versus fractional day
(bottom axis) and SZA (top axis) during eclipse with random error (black with error bars) and combined
eclipse systematic and random errors (gray shading) plotted with the eclipse percentage occultation on the

right axis (black line).

0.1 and a wavelength of 500 nm for ozone and 452 nm for
NO, to correspond with the wavelengths regions in which
ozone and NO, were retrieved. Using these AMFs, ozone
SCDs were calculated using the sonde-measured ozone
profile and NO, SCDs from the model-calculated profile
described above.

[26] During an eclipse, the fraction of multiple-scattered
light should increase [Shaw, 1978; Emde and Mayer, 2007].
This is due to a larger relative contribution of diffuse light
from neighboring air masses that are experiencing a smaller
(or zero) eclipse fraction. To assess how this might impact
the overall AMF, a total eclipse AMF is defined that is
calculated considering only multiple-scattered light. An
eclipse AMF can then be defined as,

AMF, = (1 — v)AMFgq4 + YAMF s, 9)

where AMF 4 is the standard AMF and AMF,,; is the AMF
calculated considering only multiple-scattered light. The

assumed linear combination implies that during a total
eclipse, only multiple-scattered light is measured.

4. Results and Discussion

4.1. Radiative Transfer During the Eclipse

[27] To aid in the interpretation of the PEARL-GBS
measurements during the eclipse, the SCDs from the pre-
vious morning were interpolated in SZA to the eclipse day
measurement grid; these measurements will be called the
control data. Ozone SCD measurements derived from the
450-545 nm region are shown in Figure 5. Figure 5a shows
the eclipse percentage occultation versus SZA, calculated
using the method described in section 2.1. In Figure 5b, the
ratio between the eclipse and control ozone SCDs are
plotted with the random fitting error only (black with error
bars) and for combined fitting and eclipse systematic errors
caused by the changing solar spectrum (gray shading) and
show no significant changes in ozone caused by the eclipse.
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Figure 7. On the left y axis, ratio of eclipse NO, SCD to
control SCD measured with the PEARL-GBS with system-
atic and random errors (gray with error bars) and random
errors only (black with error bars), and the modeled
SCD ratio for no eclipse (black dashed zero line), eclipse
with no clouds (black dotted line), and eclipse with optical
depth 10 (gray dashed line). On the right axis, the eclipse
percentage occultation is shown (thick black line).

[28] Theoretically, toward an eclipse maximum, con-
tributions from multiple-scattered light dominate in the
zenith-viewing direction [Shaw, 1978; Emde and Mayer,
2007]. Therefore the AMFs were derived for both the
standard atmosphere and for increased multiple scattering
toward eclipse maximum, as discussed in section 3.2, then
applied to modeled ozone profiles to calculate SCDs, and
are shown in Figure 5b. The modeled difference in ozone
SCDs calculated with the standard AMFs (dotted line) is a
constant value of one as there are no photochemical changes
in ozone over the short time period of the eclipse. The SCD
ratio for the multiple-scattering AMFs (dashed line) is
positive as the multiple-scattering AMFs tend to be about
20% larger than the standard AMFs at eclipse maximum.
The multiple-scattering AMFs are outside the uncertainty
range of the SCD difference, suggesting that this has a small
effect up to 82% occultation.

[29] O4 SCDs can also be used as a proxy for changing
radiative transfer [e.g., Wagner et al., 2002]. In Figure 5Sc,
the difference between eclipse and control O, DSCDs
measured in the 450—-545 nm range are shown in black with
fitting error. The DSCD ratio was not plotted due to near-
zero O4 DSCDs in the denominator. O4 increases over the
morning of the eclipse, likely due to the incoming rain
clouds, but does not appear to be correlated with the eclipse
occultation, suggesting that the eclipse is not significantly
affecting the path of light to the instrument.

[30] There is no evidence of enhanced multiple-scattering
in the O4 or ozone measurements. This is likely because
ozone measurements were all taken more than ten minutes
away from the eclipse maximum. In a modeling study,
Emde and Mayer [2007] found that diffuse radiation does
not contribute significantly to zenith-scattered light outside
+10 min of a total eclipse at SZA 35°. Their study was
performed for much higher Sun and therefore is not directly
applicable to this work but demonstrates that away from
eclipse maximum, the impact of diffuse radiation can drop

ADAMS ET AL.: OZONE AND NO, DURING 2008 SOLAR ECLIPSE

D19310

off quickly. Because there was no evidence of enhanced
multiple scattering in this study, standard AMFs were
therefore used.

4.2. Variability of Ozone VCDs During the Eclipse

[31] In Figure 6a, PEARL-GBS ozone VCDs are plotted
against the fractional day (gray with error bars) for the day
before and the morning of the eclipse. Two Brewer spec-
trometers are located at Eureka, Brewer 021 (a MKIII
double-Brewer) and 069 (a MKII single-Brewer) [e.g.,
Savastiouk and McElroy, 2005] and their direct Sun VCDs
are shown in black open circles and black stars, respectively.
Good agreement is evident. In Figure 6b, the VCDs during
the eclipse measured by the PEARL-GBS are shown in
more detail with random error (black with error bars) and
combined eclipse systematic and random errors (gray
shading) and are plotted against fractional day (bottom x
axis) and SZA (top x axis). On the right y axis, the per-
centage occultation of the eclipse is plotted (thick black
line). Ozone VCDs from the Brewer spectrometers during
the eclipse are not shown as they have not been corrected for
the change in the solar spectrum and hence are unreliable.

[32] Over the 2 h of the eclipse, ozone VCDs measured
with the PEARL-GBS rose at a rate of 7.0 £ 0.5 DU/h. The
gradual increase in ozone over the course of the eclipse
could be due to natural variability, as a 10.3 + 1.2 DU/h drop
in ozone was measured over a two-hour period on the
previous afternoon. Two possible ozone oscillations occur
between approximately 30%—80% occultation on either side
of eclipse totality, with ~2%—3% amplitudes and ~20 min
periods. These are consistent with ozone oscillations mea-
sured by Zerefos et al. [2007], who found 2.5%-3%
amplitude oscillations with periods of 30-40 min and
Chakrabarty et al. [1997], who found ~5% amplitude oscil-
lations with periods of ~15 min. However, the oscillations
are not significant above the combined random and sys-
tematic errors, which run from 3.3% to 6.8% over the eclipse.
Also, only four measurements make up each oscillation and
the 19 min time period around maximum eclipse occultation
was not sampled. Therefore, this study is inconclusive
regarding ozone oscillations.

4.3. NO; During the Eclipse: Measurements
and Models

[33] NO, shows a much stronger variability during the
eclipse. The measured ratios between eclipse and control
NO, SCDs were calculated and multiplied by 1.07 to
account for day-to-day variability in NO,. These are shown
on the left y axis of Figure 7, with fitting error (black with
error bars) and combined fitting error and eclipse systematic
error (gray with error bars) indicated. The measurements
increase and decrease with eclipse occultation (thick black
line on right y axis). The ratio of the maximum measured
SCD, at 96% occultation, to the SCD measured at the same
SZA on the previous morning was 1.8470 3.

[34] NO, profiles were modeled for 09:30 UT (04:30 LT),
the time of the eclipse maximum, for normal levels of sunlight
and for reduced sunlight during the eclipse. For normal
sunlight, the corresponding VCD was 4.75 x 10'> mol/cm?,
while at eclipse maximum, it was 9.18 x 10" mol/cm?.
Modeled VCDs were converted to SCDs and a ratio of eclipse
to noneclipse SCDs was taken. This ratio is shown in Figure 7
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Table 2. Measurements NO, During Eclipses From Past Studies Compared With Calculations Using the Eclipse Photochemical Model

From This Study

Eclipse Date Measured Quantity Latitude  Occultation SZA Measurement ~ Model
This work 01 Aug 2008  Ratio of eclipse to noneclipse SCD 80°N 96% 78° am  1.847013 1.91
Gil et al. [2000] 26 Feb 1998  Ratio of eclipse to noneclipse SCD 28°N 95% 92° pm 1.55 + 0.09 1.47
Elansky and Elokhov [1993] 22 Jul 1990 Ratio of eclipse to noneclipse VCD 61°N 99.7% 87° am 1.55 £ 0.06 1.55
Elansky and Arabov [1983], 31 Jul 1981 Ratio of eclipse to noneclipse VCD 44°N 92.5% 82° am 1.6+ 0.2 1.72

Elansky and Elokhov [1993]

for the eclipse under cloud-free conditions (black dotted
line). The modeled ratio agrees well with the data up until
the eclipse maximum. For the second half of the eclipse, the
measurements follow the same shape as the model, but are
systematically lower than the model. This asymmetry may
be introduced by multiple scattering in clouds [Pfeilsticker
et al., 1998] as cloudy conditions varied over the course
of the eclipse. AMFs were also calculated for an optical
depth of 10 and the resulting SCD ratio is shown in Figure 7
(gray dashed line). These cloudy-weather AMFs were found
to change the modeled SCD ratio by 6%—7%, which could
account for the discrepancies between the model and mea-
surements. Furthermore, at Eureka, the tropospheric SCD is
about 5% of the total SCD. Therefore, errors of 40% in the
modeled tropospheric NO, density would impact the overall
modeled SCD at the 2% level. The model suggests an SCD
ratio of 1.91 at 96% occultation for cloud-free conditions.

[35] In an effort to compare these results to results from
previous studies, which were measured for different times of
year, eclipse totalities, locations, and SZAs, the eclipse
model was applied to previous eclipse studies and the results
are summarized in Table 2. These simulations were carried
out in an identical manner to this study except that cli-
matologies were used for the ozone [McPeters et al., 2007]
and temperature [Nagatani and Rosenfield, 1993] in the box
model. In all cases, the modeled SCD and VCD ratios agree
within uncertainty with the studies. This demonstrates a
high level of consistency considering the range of latitudes
and SZAs at which the eclipses occurred. It was found that
aside from eclipse totality, the main factor affecting the ratio
was the SZA. At large SZA, much of the NO, is already in
NO,, so there is less NO, available for conversion to NO,.
Therefore, due to the smaller SZA (higher-Sun) of 78°, this
study measures a larger increase in NO, in than in past
studies.

5. Conclusion and Summary of Results

[36] During the 98% totality 1 August 2008 solar eclipse,
ozone and NO, were measured using the PEARL-GBS, a
UV-visible ground-based spectrometer at Eureka, Canada.
DSCD retrievals were complicated by the small SZA of the
measurements (75°-80°) and the changing solar spectrum
during the eclipse. The changes in the solar spectrum were
explored and fitting parameters were optimized to reduce the
impact of the coronal spectrum. Eclipse systematic errors
were estimated to account for added structure in the DOAS
fitting residuals. With improved DOAS analysis settings,
ozone was retrieved up to 82% occultation and NO, was
retrieved up to 96% occultation.

[37] Radiative transfer up to 82% occultation was studied
with O, DSCDs and a radiative transfer model with

enhanced multiple scattering. It was found that the eclipse
had little impact on radiative transfer for zenith-scattered
sunlight up to 82% totality.

[38] Ozone VCDs were retrieved and a gradual increase in
ozone throughout the eclipse was found to be within the
natural variability of ozone at Eureka. Due to measurement
errors and the limited temporal resolution of the data, no
conclusion could be drawn about ozone oscillations
although there was some evidence of two oscillations with
amplitude of 2%-3% and a 20 min period.

[39] Measured eclipse and control day NO, SCDs were

found to have a peak ratio of 1.847912 which agrees with

the modeled value of 1.91. The NO, eclipse model was
applied to the eclipse totalities, locations, and SZA of the
measurements of Gil et al. [2000], Elansky and Elokhov
[1993], and Elansky and Arabov [1983] and was found to
be in good agreement with these studies. Due the large
eclipse occultation and the small SZA of this study, the
NO, SCD ratio from this study was the largest of past
measurements.
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