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Abstract. A comparison of retrieved total column ozone
(TCO) amounts between the Pandora #34 spectrometer sys-
tem and the Dobson #061 spectrophotometer from direct-
sun observations was performed on the roof of the Boul-
der, Colorado, NOAA building. This paper, part of an on-
going study, covers a 1-year period starting on 17 Decem-
ber 2013. Both the standard Dobson and Pandora TCO re-
trievals required a correction, TCOcorr =TCO (14 C(T)),
using a monthly varying effective ozone temperature, 7g, de-
rived from a temperature and ozone profile climatology. The
correction is used to remove a seasonal difference caused by
using a fixed temperature in each retrieval algorithm. The re-
spective corrections C(7t) are Cpandora = 0.00333(7t —225)
and Cpopson = —0.0013(Tg — 226.7) per degree K. After
the applied corrections removed most of the seasonal re-
trieval dependence on ozone temperature, TCO agreement
between the instruments was within 1% for clear-sky con-
ditions. For clear-sky observations, both co-located instru-
ments tracked the day-to-day variation in total column ozone
amounts with a correlation of »2 = 0.97 and an average offset
of 1.1+ 5.8 DU. In addition, the Pandora TCO data showed
0.3% annual average agreement with satellite overpass data
from AURA/OMI (Ozone Monitoring Instrument) and 1%
annual average offset with Suomi-NPP/OMPS (Suomi Na-
tional Polar-orbiting Partnership, the nadir viewing portion
of the Ozone Mapper Profiler Suite).

1 Description of ground-based instruments
(PANDORA spectrometer system and Dobson
spectrophotometer)

This paper compares ground-based total column ozone
(TCO) retrievals obtained by two very different technolo-
gies: (1) the Dobson #061 spectrophotometer is designed to
utilize a spectral differential absorption technique by mak-
ing measurements of solar ultra violet radiation through a
pair of spectrally separated slits, and (2) the Pandora #34
spectrometer system TCO algorithm is based on spectral fit-
ting, 305-330 nm, of the attenuated solar spectrum using a
modern small symmetric Czerny—Turner design spectrome-
ter. For validation purposes, Pandora TCO is further com-
pared with satellite-retrieved TCO overpass data over Boul-
der, Colorado.

The Dobson spectrophotometer was developed in the mid-
1920s to measure stratospheric ozone and to assist inves-
tigations of atmospheric circulation (Dobson, 1957, 1968).
The Dobson time series of TCO measurements date back
as far as 1926 for the Arosa, Switzerland, station. Knowl-
edge of global stratospheric ozone levels prior to satellite in-
struments is based primarily on measurements with these in-
struments (Dobson, 1957, 1968). A world-wide network was
developed after the instrument redesign in 1947 and the In-
ternational Geophysical Year in 1957. Measurements made
with the Dobson spectrophotometer can be analyzed for to-
tal column content of ozone or for ozone vertical profiles
(Umkehr technique, Mateer and DeLuisi, 1992), depending
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on the light source observed (direct-sun or sky radiances).
The Dobson instrument calibration uses the “classical” Lan-
gley plot method to determine an effective extraterrestrial so-
lar constant (Langley, 1884; Shaw, 2007), which is unique to
each instrument.

A complete description of the Dobson operation, princi-
ples of measurement, and use is available elsewhere (Evans
and Komhyr, 2008). Briefly, the instrument measures the dif-
ference between the intensity of selected wavelength pairs in
the range 300-340 nm (Eq. 1).

A —pair (Al:305.5/A2:325.0nm)
C —pair (C1:311.5/C2:332.4nm)
D — pair (D1:317.5/D2 : 339.9nm) )

A spectrum is produced by a prism spectrograph and pro-
jected onto a slit board containing two slits S> and S3, with
the intensity of the longer wavelength at S3 being stronger
than that at Sy, since light at S, is more strongly absorbed
by ozone. A calibrated variable neutral density filter (“atten-
uator”) is used to reduce the intensity of the stronger wave-
length (S3) to that of the weaker (S2). The light from the two
slits is collected in a photomultiplier tube (PMT); the cur-
rent is amplified and differenced in an external meter so that
when the intensities from the slits are equal at the PMT; the
meter reads 0. During the measurement, the variability in the
PMT readings is recorded and used as a quality control of the
measurements and to detect optically thin clouds.

A measurement with the Dobson spectrophotometer with
a defined wavelength pair (A, C, or D) is recorded as the
position of the attenuator when the meter reads 0. When
the instrumental extraterrestrial constant (/gtc) is combined
with the measurement Imeas, the result is then expressed as
an N value. Based on Beer’s Law, an N value is defined as

(Eq. 2)

N = Log[/eTc(S2)/IeTc(S3)]
— Log[/meas(S2)/ Imeas(S3)1, 2

where N is the relative logarithmic attenuation caused by
ozone and aerosols for the wavelength pair. The N values
are converted to TCO values through the use of standardized
effective ozone cross sections and Rayleigh scattering opti-
cal depths determined through convolution with the standard
Dobson spectral band passes (Komhyr et al., 1993).

For normal measurements designed to determine the to-
tal column content of ozone, the measurements are taken
using multiple pairs (A+D or C+ D), combined to mini-
mize the effects of aerosols and other absorbers, and cor-
rected for Rayleigh scattering. The standard retrieval algo-
rithm uses ozone absorption coefficients determined from
the Bass and Paur (Bass and Paur, 1985) laboratory mea-
surements of the ozone cross section. The standard effective
0zone cross sections are applied to process measurements at
all Dobson stations at a fixed effective stratospheric temper-
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ature of Tg = —46.3°C. This is known to produce a system-
atic error in retrieved TCO caused by seasonal and merid-
ional variability in stratospheric temperatures (Redondas et
al., 2014).

Dobson instrument calibrations are maintained by compar-
ison with the World Standard Dobson #083, which is care-
fully maintained with regular Langley plot calibration at the
Mauna Loa Observatory in Hawaii by NOAA’s Earth Sys-
tem Research Laboratory (Boulder, CO). The Boulder station
instrument, Dobson #061, is formally compared to Dobson
#083 approximately once a year since 1982. Informal (with-
out time synchronization) comparisons were also performed
at various occasions whenever Dobson #083 was operated in
Boulder. The calibration of Dobson #061 is changed to match
Dobson #083 only when the results of the intercomparison
are consistently different by more than 1%. Over the last
5 years, the difference between total column ozone derived
from these two instruments was found to be within £1%
for air masses smaller than 2.5 when using the AD-DSGQP
type measurement (A-D pair wavelengths direct sun using a
ground quartz plate for clear-sky conditions). Based on the
last two formal intercomparisons (2013 and 2014), Dobson
#061 results are estimated to be 0.5 % =+ 1 % lower than Dob-
son #083 results.

Recently, a small spectrometer system designed to mea-
sure atmospheric trace gases, Pandora, has become available
based on commercial spectrometers with the stability and
stray light characteristics that make them suitable candidates
for direct-sun measurements of total columns of ozone and
other trace gases in the atmosphere (Herman et al., 2009;
Tzortziou et al., 2012). Sky observations are also made for
deriving trace gas altitude profiles. The Pandora spectrom-
eter system uses a temperature-stabilized (1°C) symmetric
Czerny—Turner system from Avantes over the range 280-
525nm (0.6 nm resolution with 4.5 x oversampling) with
2048 x 64 back-thinned Hamamatsu CCD, 50 micron en-
trance slit, and 1200 lines per mm grating and is fed light by
a 400 micron core diameter fiber optic cable. The fiber optic
cable obtains light from the sun, moon, or sky from front-
end optics with a 2.2° field of view (FOV) for direct-sun ob-
servations using a diffuser and 1.6° FOV for sky observa-
tions without a diffuser. The optical head uses a double filter
wheel containing four neutral density filters, a UV340 filter,
ground-fused silica diffusers, and a blocked position. When
combined with the variable exposure time (4-4000 ms), Pan-
dora has a dynamic range of 107 to 1, which is sufficient for
viewing both direct sun and sky and for measuring the dark
current in between each measurement. Wavelength calibra-
tion is performed at several spectrometer temperatures using
a variety of narrow line emission lamps that cover most of the
spectral range 280-525 nm. From the laboratory data, a poly-
nomial is fitted to the results as a function of pixel column
number 1-2048. Wavelength calibration was validated using
comparisons with the slit function convolved high-resolution
Kurucz spectrum’s solar Fraunhofer lines. Based on labora-
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tory measurements, the Avantes spectrometers are corrected
for response nonlinearity to the incoming signal, which can
amount to 3% at high counts and is negligible at low counts.
The exposure times to sun or sky photons are adjusted so that
the readout pixel with the highest intensity is never in excess
of 80 % of the CCD readout well depth of 200 000 electrons.
This means that each pixel in the 64 rows for each wave-
length is limited to less than 2500 electrons. The laboratory-
calibrated Pandora TCO retrieval algorithm uses an external
solar reference spectrum derived from a combination of the
Kurucz spectrum (wavelength resolution A/AA =500 000)
radiometrically normalized to the lower-resolution shuttle
Atlas-3 SUSIM spectrum (Van Hoosier, 1996; Bernhard et
al., 2004). Ozone absorption cross sections (BDM) are from
Brion et al. (1993, 1998) and Malicet et al. (1995). The use of
a well-calibrated top-of-the-atmosphere spectrum convolved
with the laboratory-measured spectrometer slit function de-
rived for each pixel permits derivation of ozone amounts
without resorting to either a Langley calibration approach or
calibration transfer from a standard instrument. The core slit
function is known to within 1%, which propagates into an
ozone error of less than 1 %.

The Pandora system has been tested in the laboratory to
determine the impact of the stray light in 300-330 nm spec-
tral range (Tzortziou et al., 2012). The study found that Pan-
dora stray light (107°) is comparable to a single grating
Brewer spectrometer. The use of a UV340 filter removes
most of the stray light that originates from wavelengths
longer than 380 nm. A typical UV340 filter has a small leak-
age (5%) in the vicinity of 720 nm, which misses the detec-
tor and hits the internal baffles. A very small, but unknown,
amount of this stray light may scatter on to the detector. The
“dark pixel” method correction is then applied to remove re-
maining stray light, which allows ozone retrievals to be ac-
curate up to a slant column between 1400 and 1500 DU or 70
and 80° solar zenith angles (SZAs), depending on the TCO
amount.

An empirical measure of uncorrected stray light is ob-
tained by examining the retrieved TCO as a function of air
mass. If there is residual uncorrected stray light, then the re-
trieved TCO will be curved downward from noon (inverted
U shape) with increasing air mass. This is especially evident
on days when TCO is nearly constant throughout the day.
It is also evident at very large air masses, when the signal
is almost all stray light (no UV), and the retrieved TCO in-
correctly decreases rapidly near sunrise and sunset. For cer-
tain older spectrometers that happen to have an unexpectedly
large amount of stray light, a stray light correction as a func-
tion of air mass is applied so that days with nearly constant
TCO have no retrieved curvature.

The Boulder, Colorado, Pandora #34 uses an older model
of the Avantes spectrometer that has more stray light than
the newer models with improved baffling. The excess stray
light resulted in observed curvature of TCO vs. time of day
centered about noon. To correct this, we used the following
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empirical stray light correction equation.

O3(Corrected) = O3(Measured)
[1+0.066AMF%4 — 19.0] ©)]

where the air-mass factor (AMF) is approximately equal to
1/cos(SZA) for direct-sun measurements. This completely
removed the noon-centered curvature. For typical TCO val-
ues in Boulder, the correction permits good retrievals out to
SZAs greater than 70°.

The algorithm for deriving ozone amounts differs from
Dobson or Brewer instruments in that spectral fitting is used
to cover the entire 310 to 330 nm range with a weighting sys-
tem that measures the noise as a function of wavelength for
each single pixel and inversely weights the significance of
the fitting to the amount of noise. On a typical clear-sky day,
about 4000 direct-sun measurements are taken in 20's at low
to moderate SZAs. The 4000 measurements are broken into
small groups that are averaged together, and their standard
deviation is determined. Averaging improves the single mea-
surement signal-to-noise ratio (SNR) by a factor of 60, and
the standard deviation from the mean provides the inverse
weighting.

The effective signal-to-noise ratio is composed of a com-
bination of electron noise and readout noise. For pixels hav-
ing the maximum intensity, the exposure time is adjusted
automatically to 80 % readout well depth filling (80% of
200000 electrons or an electron signal-to-noise ratio greater
than 400 : 1). The electron signal-to-noise ratio at the O3 ab-
sorption wavelengths is less (about 40 000 electrons) or about
200 : 1. Averaging 4000 measurements gives an increase of
a factor of 60, or an SNR of 12000 : 1. In addition, the spec-
trometer is better than 4 times over sampled (more than four
pixels per 0.5 nm), which gives another factor of 2. Finally,
we use a 20 nm band for the spectral fitting, which further
increases the signal-to-noise ratio. Other noise signals in the
Pandora system and in the changing atmosphere are larger.
On days when Os is nearly constant, the low instrument noise
is evident in the very low retrieved ozone scatter between
successively retrieved Oz values. For all conditions, the opti-
mum exposure time is determined using a test exposure just
prior to the 20 s measuring period, which can range from 4
ms to 4. The linearity of the spectrometer system has been
determined over the entire range of exposure times used in
the measurements.

An estimate of TCO retrieval precision and standard de-
viation can be obtained from a similar Pandora located at
Mauna Loa Observatory where the geophysical ozone vari-
ability is at a minimum compared to other sites. On a
quiet cloud-free day (1 February 2015) the ozone value was
236.27 +0.35 DU for 77 values between 11:00 and 13:00 h.
Some of this variation, 0.15%, is natural TCO variability
and some is from instrument noise. If we assume that the
entire variability is instrument noise, the signal-to-noise ra-
tio would be 650 : 1. From a spectral fitting viewpoint, the
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Mauna Loa estimated ozone error is 0.069 4 0.0016 DU, or
about 0.029 %, which gives an SNR of about 3500 : 1. This
estimate includes both total instrument noise and spectral fit-
ting errors. The estimated SNR will decrease with increasing
AMF and with cloud cover. The conclusion is that the Pan-
dora spectrometer system is not noise limited when measur-
ing under clear-sky conditions.

TCO retrievals can be made under moderately cloudy con-
ditions and at high SZA, but with increasing noise level be-
cause decreased UV sunlight reduces the number of measure-
ments possible in 20 s while continuing to fill the CCD read-
out well to about 80 %. Aerosols without spectral absorption
features have little effect on the TCO value retrieved and are
mostly removed by use of a fourth-order polynomial in the
retrieval algorithm. Both clouds and aerosols increase the re-
trieved TCO amount slightly because of multiple scattering
within the cloud or aerosol layer.

Thick clouds reduce the number of available photons to the
point where practical measurements are not possible because
of decreased SNR. Since Pandora also measures total col-
umn NO, amounts using visible wavelengths (400-440 nm),
a second cycle of measurements lasting 20 s is used without
the UV340 filter. The result is that TCO is measured every
80, since each 20 s measurement with light input is followed
by 20s of dark count measurements with the same exposure
time.

The algorithms and calibration techniques for the Dobson
spectrophotometer (Komhyr and Evans, 2006) are carefully
documented in available documents or open literature. Doc-
umentation for Pandora, PanSoftwareSuitel.5_Manual.pdf,
is available at http://avdc.gsfc.nasa.gov/pub/tools/Pandora/
install, with a detailed description in http://avdc.gsfc.
nasa.gov/pub/DSCOVR/Pandora/Web, and in Herman et
al. (2009).

The retrieved Pandora TCO amounts have also been suc-
cessfully compared to a carefully calibrated double grating
Brewer spectrometer #171 (Tzortziou et al., 2012) that uses
a six-wavelength algorithm based on the BDM O3 cross sec-
tions (an improvement over the standard four-wavelength
method) as described by Cede and Herman (2005). The
key results show good correlation between the Pandora and
Brewer TCO amounts, even at high SZA, but with a clear
seasonal difference caused by the assumption of a constant
effective stratospheric temperature for the ozone absorption
cross section, 225 °K, in the Pandora algorithm. The Brewer
ozone retrieval wavelengths were selected to minimize the
retrieval temperature sensitivity effect.

This paper will focus on 1 year’s worth of data collected
to perform direct comparison between the Dobson instru-
ment (#061) in Boulder, Colorado, located on the roof of
the NOAA building and a Pandora (#34) adjacently located
since 17 December 2013. All of the Dobson TCO compar-
isons in the following sections use retrieved clear-sky AD-
DSGQP. The Pandora-retrieved TCO data are matched to the
Dobson AD-DSGQP data times 7, and averaged over the in-
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Figure 1. (a) Retrieved AD-DSGQP TCO data obtained from Dob-
son #061 and Pandora #34 atop the NOAA building in Boulder,
Colorado, for 8 min average of TCO(Pan) about the Dobson mea-
surement time. (b) The difference TCO(Dobson) - TCO(Pandora),
showing a change in bias as a function of season without temper-
ature correction. The standard deviation from the red Lowess (0.5)
curve is £5DU. In this and subsequent graphs, the abscissa labels
are for the first day of each month from 1 December 2013 to 1 Jan-
uary 2015.

terval 1o == 8 min. Temperature corrections are applied based
on a standard temperature and ozone climatologies appropri-
ate for 40° N (see next section). A future paper will discuss
Pandora-retrieved Tg compared with 7¢ derived from balloon
sonde temperature profiles and their effect on retrieved TCO.

2 TCO: Dobson spectrophotometer #061 compared
with Pandora spectrometer #34

Both Pandora and Dobson ozone column retrievals depend
on the choice of the spectroscopic o0zone absorption data sets,
their spectral temperature dependence, and selection of the
stratospheric effective temperature 7t for daily data process-
ing. The current Pandora spectral fitting algorithm uses BDM
0zone cross sections, while the standard Dobson wavelength
pair algorithm uses Bass and Paur 0zone cross sections (Bass
and Paur, 1985). The standard retrieval algorithms for both
instruments use fixed effective TCO retrieval temperatures
(Dobson: 226.7°K and Pandora: 225°K), even though there
is known seasonal variation in stratospheric temperature. A
comparison of Pandora TCO with Dobson TCO shows that
the two instruments track the daily ozone amounts equally
well (Fig. 1).

Figure 1a shows TCO data uncorrected for temperature
from 17 December 2013 to 18 December 2014. The differ-
ence TCO(Dobson) — TCO(Pandora) shows a seasonal de-
pendence (Fig. 1b) that appears to approximately track the
seasonal change in stratospheric ozone weighted effective
temperature (Table 1 and Fig. 2). The difference between the
two time-matched data sets (Fig. 1b) shows that the net dif-
ference in temperature sensitivity causes a small systematic
seasonal difference between Pandora and the Dobson spec-
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Table 1. Ozone weighted average effective temperature 7 (°K) vs. ozone amount (DU) and month appropriate for Boulder, Colorado.

Mon/TCO 225DU 275DU 325DU 375DU 425DU 475DU 525DU 575DU
Jan 224.2 223.2 2225 221.9 2214 221.0 220.7 220.4
Feb 225.6 224.5 223.6 222.9 222.3 221.9 2215 221.2
Mar 226.9 225.6 224.6 223.8 2231 222.6 222.1 221.7
Apr 2295 228.0 226.7 225.7 224.8 224.1 2235 223.0
May 232.7 230.9 229.4 228.1 227.0 226.1 225.3 224.5
Jun 235.0 233.0 2314 229.8 228.5 2275 226.6 225.9
Jul 235.1 233.3 231.6 230.0 228.7 227.6 226.7 225.9
Aug 234.0 2321 230.3 228.8 227.6 226.6 225.8 225.2
Sep 230.6 229.1 227.6 226.4 2254 224.5 223.8 223.2
Oct 226.5 225.2 224.0 222.9 222.1 2215 2211 220.7
Nov 223.3 222.2 221.4 220.8 220.3 219.8 219.4 219.1
Dec 222.8 2219 2211 220.6 220.1 219.7 2194 219.1

222°K  220°K

- .
224% -0.41% B 1o

226°K 0.31%

228°K 1.02%

230°K 1.73%

234°K 3.45%

Month

Figure 2. Ozone effective weighted temperatures 7 (OK) and the
percent Pandora ozone correction function C(T') (in %) based on
a fixed retrieval temperature of 225 OK for the latitude of Boul-
der, Colorado, at 40° N as a function of total column ozone (TCO)
amount and month. Cpangora = 0.00333(T — 225), where TCO-
corr=TCO (1 + C(T)). The number pairs (T, C(T)) represent the
average values temperature and percent correction for the colored
area, not the contour boundaries.

trophotometers (—5DU or —2 % in winter and +10 DU or
+3% in summer). The seasonal difference is significant at
the level of 1 standard deviation +5 DU of the observed data
relative to the Lowess(0.5) curve (Fig. 1b). The Lowess(f)
procedure is based on local least squares fitting using low-
order polynomials applied to a specified fraction, f, of the
data (Cleveland and Devlin, 1988).

A compiled climatology of ozone and temperature (Ta-
ble 1) was used to generate the ozone-weighted effective tem-
perature Tg for the location of Boulder, Colorado, at 40° N
latitude. The tables are given as a function of latitude and
ozone amount for each month (see ftp://toms.gsfc.nasa.gov/
pub/ML_climatology for climatology data files and discus-
sions by Wellemeyer et al., 1997; McPeters et al., 2007;
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McPeters and Labow, 2012). For this study, only the monthly
data for latitudes of 30-40° N and 40-50° N are used to form
an average suitable for 40° N. Tg is not an intrinsic function
of TCO. However, for a given latitude and month, the ozone
profile shape climatology was systematically organized by
total column amount, so that the T¢ tables can be parameter-
ized by TCO.

All Dobson TCO values for the WMO GAW network
(including data from the Boulder Dobson #061) are de-
rived based on procedures in the Dobson operational man-
ual (Evans and Komhyr, 2008). Temperature sensitivity of
the Dobson effective ozone cross sections for direct-sun mea-
surement is based on the Bass and Paur ozone cross-section
spectroscopy data set (Bass and Paur, 1985) and respective
spectral band passes measured for the Dobson #083 instru-
ment (Komhyr et al., 1993). Recent analysis (Redondas et al.,
2014, and references therein) shows that temperature depen-
dence in the Dobson and Brewer derived total column ozone
is based on the choice of the spectroscopic data set, its spec-
tral temperature sensitivity, and specific selection of spectral
band passes. Since total column ozone from Dobson #061
is processed with the Bass and Paur ozone cross sections,
we use —0.13%°K~1 (Komhyr et al., 1993) to correct the
results for seasonal variability in stratospheric temperatures
over Boulder, CO. Moreover, calculations recently published
by Redondas et al. (2014) find very similar temperature sen-
sitivity for Dobson #083 (—0.133 % °K 1) for the Bass and
Paur ozone cross-section data set and a different sensitivity
using the BDM O3 cross-section data (see Appendix A).

The temperature dependence for Pandora, +0.33 % °K 1,
is determined by applying retrievals at a series of different
ozone temperatures from 215 to 240°K for the BDM o0zone
cross sections (see http://satellite.mpic.de/spectral_atlas) and
obtaining a linear fit to the percent change. The temperature
corrections are shown in Table 2 and Fig. 2. A similar figure
could be made for the Dobson instrument based on the data in
Table 3. Most of the O3 retrieval temperature sensitivity is as-
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Table 2. Pandora TCO correction in percent as a function of month and ozone amount for 40° N.

Month/TCO 225DU 275DU 325DU 375DU 425DU 475DU 525DU  575DU
Jan 0.37 —-0.20 —0.67 —1.03 —-1.33 —1.57 —1.80 —-1.97
Feb 0.63 0.07 —-0.37 —0.73 —1.03 —1.27 —1.50 —-1.70
Mar 1.27 0.63 0.10 —0.30 —0.67 —0.97 —1.27 —1.50
Apr 2.20 143 0.80 0.30 —-0.13 —0.53 —-0.87 —-1.13
May 3.00 2.13 143 0.83 0.37 -0.07 —-0.43 -0.77
Jun 3.50 2.60 1.83 1.17 0.60 0.13 —0.23 —0.53
Jul 3.30 2.47 1.73 1.00 0.47 0.07 —0.27 —0.53
Aug 3.00 2.13 143 0.77 0.27 -0.10 —0.40 —0.67
Sep 2.27 1.50 0.83 0.20 —0.26 —0.60 —0.87 —1.10
Oct 1.30 0.63 0.03 —0.47 —0.87 —-1.17 —1.43 —1.63
Nov 0.53 -0.13 —0.67 —-1.17 —1.50 —-1.77 —-1.93 -2.10
Dec 0.27 —0.37 —0.83 —1.20 —1.53 —1.80 —2.00 -2.17
Table 3. Dobson TCO correction in percent as a function of month and ozone amount for 40° N.
Month/TCO 225DU 275DU 325DU 375DU 425DU 475DU  525DU  575DU
Jan 0.078 0.299 0.481 0.624 0.741 0.832 0.923 0.988
Feb —0.026 0.195 0.364 0.507 0.624 0.715 0.806 0.884
Mar —0.273  —0.026 0.182 0.338 0.481 0.598 0.715 0.806
Apr —0.637 —0.338 —0.091 0.104 0.273 0.429 0.559 0.663
May —0949 —-0.611 —-0.338 —0.104 0.078 0.247 0.390 0.520
Jun —-1.144 -0.793 —-0.494 -0.234 —-0.013 0.169 0.312 0.429
Jul —1.066 —0.741 —0.455 —0.169 0.039 0.195 0.325 0.429
Aug —-0949 -0.611 -0.338 —0.078 0.117 0.260 0.377 0.481
Sep —0.663 —-0.364 —-0.104 0.143 0.325 0.455 0.559 0.650
Oct —0.286 —0.026 0.208 0.403 0.559 0.676 0.780 0.858
Nov 0.013 0.273 0.481 0.676 0.806 0.910 0.975 1.040
Dec 0.117 0.364 0.546 0.689 0.819 0.923 1.001 1.066

Table 4. Location of OMI and NPP overpass data sets. corrected data set (Fig. 3b), the day-to-day agreement is

good, as shown in Fig. 3a. The mean difference, 0.4 %, is

OMI:  http://avdc.gsfc.nasa.gov/index.php?site= similar to the mean difference between Dobson #061 and the
1593048672&id=28 _ _ Dobson #083 reference instrument.
NPP:  http://avdc.gsfc.nasa.gov/pub/data/satellite/Suomi_ The scatterplots (Fig. 4a and b) for Pandora vs. Dobson

NPP/OVP/TC_EDR_TO3/ TCO confirm the high correlation (2 = 0.96 and 0.97) and

near agreement (slopes 1.05 and 1.02) of the two data sets.
Including the temperature correction for both Dobson and

sociated with Pandora because of the spectral fitting method
compared to the pair ratio method for the Dobson.

Applying both respective corrections based on the effec-
tive ozone temperatures 7'(Month, TCO) and Dobson Bass
and Paur cross-section retrievals, where TCOcorr=TCO
(14 C(Tg, TCO)), gives the results shown in Fig. 3. After
removing the seasonal temperature effect from both Pandora
and Dobson TCO retrieval algorithms, the average bias is
reduced by a factor of 2 (—2.5DU or ~1% in winter and
+5DU or 1.5% in summer) and is within a standard devia-
tion of 5 DU about the Lowess(0.5) curve. Based on the stan-
dard deviation from the mean (1.1+5DU or +£1.7 %), the
mean difference of 1.1 DU is statistically not different from
0. While there is significant scatter for the entire temperature-
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Pandora retrievals almost removes the seasonal bias and im-
proves the correlation and agreement slightly.

3 Validation: Pandora vs. OMI (Ozone Monitoring
Instrument) and NPP satellite overpass TCO

A similar comparison with Pandora can be made using satel-
lite TCO overpass data from AURA/OMI and from Suomi-
NPP/OMPS (Suomi National Polar-orbiting Partnership, the
nadir viewing portion of the Ozone Mapper Profiler Suite).
The data used are derived using the TOMS (Total Ozone
Mapping Spectrometer) OMTO3 discrete wavelength algo-
rithm with a temperature correction applied based on a

www.atmos-meas-tech.net/8/3407/2015/
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Figure 3. (a) Temperature-corrected retrieved TCO data obtained
from the Dobson #061 instrument and Pandora #34 spectrometer.
(b) The difference TCO(Dobson) — TCO(Pandora) with tempera-
ture corrections removing most of the seasonal bias. The standard
deviation from the red Lowess(0.5) curve is 5 DU.
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Figure 4. Scatterplot of Pandora TCO vs. Dobson TCO for clear-
sky AD-DSGQP conditions: (a) no temperature correction and
(b) with temperature correction.

monthly zonal mean temperature climatology (Bhartia and
Wellemeyer, 2002). The Pandora data are matched to either
the OMI or NPP overpass times within 8 min and aver-
aged over the 16 min interval (see Figs. 5 and 6). OMI re-
trievals used the Bass and Paur O3 cross sections and OMPS
retrievals used the BDM O3 cross sections. As with the Dob-
son retrieval (see Appendix A), use of BDM increases the
retrieved OMPS TCO by about 0.6 % compared to the Bass
and Paur OMI TCO retrieval.
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Figure 5. (a) OMI overpass TCO data for Boulder, Colorado, com-
pared to Pandora TCO data averaged over a 16 min interval centered
on the OMI overpass time. (b) OMI TCO - Pandora TCO and a
Lowess(0.2) fit (red curve).

400F A NPP, TCOJAOverpass vs Pandora 1
g 350 £ | ‘\ F\ J\\/ %{% ’M “,‘M ’P‘::dora E
= S B Al
S 300f J\"u;y%/h\. v !\ﬂ P &!w,’\(

- i

b 1 M
vl \M I b

111 December 2014
I

17 December 2013
I

pbJ FMm A M J J A S O NDJ
T T

0
0[ B " NPP TCO Overpass - Pandora TCO ]
0 e

NPP - Pan TCO (DU)
N -
o
;

30 L Mean=3.8+8DU ]

D J F M A M J J A S (o] N D .}
2014 2015
Year

Figure 6. (a) NPP overpass TCO data for Boulder, Colorado, com-
pared to Pandora TCO data averaged over a 16 min interval centered
on the OMI overpass time. (b) OMI TCO - Pandora TCO and a
Lowess(0.2) fit (red curve).

Temperature-corrected Pandora ozone compared to the
OMI TCO overpass data set (Fig. 5) shows no seasonal bias
and has a mean difference of 1.1+ 8DU. A similar com-
parison between Pandora and Suomi NPP/OMPS TCO over-
pass data (Fig. 6) shows an average offset of 3.8 -8 DU. For
both OMI and NPP the Pandora temperature correction has
mostly removed any seasonal dependence. The small resid-
ual seasonal dependence is not statistically significant. Fig-
ure 7 shows that there is high correlation (2 = 0.95) between
OMI and NPP ozone compared with Pandora ozone mea-
surements. The temperature-corrected Pandora TCO closely
tracks the daily variations observed from OMI and NPP and
has little residual seasonal dependence. It should be noted
that the wavelengths for the OMTQO3 discrete wavelength al-
gorithm were selected to minimize temperature dependence.

A similar comparison between OMI and NPP is shown in
Figs. 8 and 9 based on the TCO overpass data for Boulder,
Colorado (see Table 4), for the year, starting 17 December
2013. The two independent retrievals of satellite TCO show
reasonably good agreement even though the ground location

Atmos. Meas. Tech., 8, 3407-3418, 2015
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Figure 8. (a) Comparison of retrieved Boulder, Colorado, overpass
TCO; (b) difference NPP — OMI TCO.

of each satellite’s field of view is different by up to 50 km and
the satellite retrievals use different O3 absorption cross sec-
tions. The correlation is given by 2 = 0.96 in Fig. 9 but with
aslope of 0.9, suggesting a small bias between OMI and NPP
TCO. This is also shown by the average of the difference in
TCOnpp — TCOomi = 3.6 DU but with a standard deviation
of 9.8 DU. Given the scatter in the points, the difference is
not significant.

For the comparison of Pandora #34 and the Dobson #061,
the TCO data were filtered for the presence of clouds us-
ing the Dobson AD-DSGQP criteria for cloud-free observa-
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Figure 10. Pixel 2000 (about 520 nm) in counts per second vs. time
of day (UT) for a cloudy day (Thursday, 19 December 2013).

tions. When comparing Pandora 0zone measurements with
OMI and NPP, partial cloud filtering was used based on an
estimate of the Pandora ozone retrieval uncertainty (<2 %)
and spectral fitting residual of <0.1 for each measurement.
In addition, 12 Pandora measurements are averaged together
over =8 min about the Dobson, OMI, or NPP measurement
times, increasing the Pandora signal-to-noise ratio by a fac-
tor of 3. For OMI and NPP comparisons there is still residual
scatter in the presence of light clouds even though the ozone
retrieval is acceptable.

4 Pandora TCO data

The Pandora spectral data contain a clear measure of the oc-
currence of clouds and clear scenes during each day within its
field of view, 2.2° surrounding the sun, by saving the output
in counts from one pixel (# 2000) at approximately 520 nm.
Cloudy (Fig. 10) and clear (Fig. 11) situations are easily dis-
tinguished. Moderately cloudy conditions, such as depicted
in Fig. 10, will reduce the spectral signal and increase the
statistical retrieval error to greater than 2 %. In contrast, the
day depicted in Fig. 11 is nearly cloud free.

The average effect of moderate cloud cover on 19 De-
cember 2013 reduced the average observed intensity at all
wavelengths (by a factor of 2 at 520 nm). The effect on the
retrieved ozone is to increase the apparent noise level of
the ozone retrieval (Fig. 12: SD=2DU, where SD is the
standard deviation from the mean of the difference between

www.atmos-meas-tech.net/8/3407/2015/
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Figure 11. Pixel 2000 (about 520 nm) in counts per second vs. time
of day (UT) for a clear day (Wednesday 25 December 2013).
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Figure 12. Pandora-retrieved TCO under cloudy conditions as
shown in Fig. 7 and a Lowess(0.2) fit (red curve) to the TCO data.

the ozone data and a Lowess fit) as compared to the clear-
sky case (Fig. 13: SD = 0.8 DU). For thin-cloud conditions,
direct-sun observations have very few scattered photons in
Pandora’s 2.2° FOV and negligible multiple scattering ef-
fects. The ozone retrieval for 19 December also has missing
cloud-filtered data for short periods when the clouds were
thick in the Pandora FOV. Data before 09:00 and after 15:00
are not reliable in December at 40° N because of increasing
stray light effects for SZA >75°. For the Boulder site, there
are obstructions for direct-sun observations (a building and
the mountains) in the early morning and late afternoon as
shown by the counts dropping to nearly 0 (Figs. 10 and 11).
All of the Pandora TCO values have had a retrieval filter
applied that limits the formal retrieval noise to 2 DU (about
0.5to 1% error). During December, the noon SZA was about
63.5°. Good retrievals of TCO can be obtained up to SZA of
about 75°, if the Pandora field of view is not obstructed. At
large SZA, the spectrometer retrieval can be affected by stray
light as the direct contribution of photons in the 305-320 nm
range is diminished by the large ozone absorption AMF. For
days or locations with high total column ozone values, the
SZA cutoff can be smaller. The Pandora ozone spectral fit-
ting retrieval algorithm inversely weights the contribution of
each wavelength by its increased standard deviation from the
mean caused by reduced count rate with increasing AMF.
The effect of the effectively shifted wavelength retrievals is

www.atmos-meas-tech.net/8/3407/2015/
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Figure 13. Pandora-retrieved TCO under clear-sky conditions as
shown in Fig. 8 and a Lowess(0.2) fit (red curve) to the TCO data.

taken into account in the temperature corrections shown in
Table 2 and Fig. 3.

Figure 14 shows a sample of Pandora ozone retrievals
throughout 13 consecutive days. For the Boulder, Colorado,
location there are substantial TCO variations during most
days, which are only partially detected in the Dobson mea-
surements obtained a few times each day. Because of this
variation, the Pandora time interval selected for the Pandora—
Dobson comparison must be kept fairly short (e.g., £8 min)
without causing under-sampling of the coincident time se-
ries. Note that each daily graph has a vertical axis range of
60 DU to visually show the different daily daytime variation
in retrieved TCO. Based on the set of observations, the morn-
ing to afternoon change is almost as likely to show increases
or decreases over an extended range of days.

5 Summary and conclusion

A 1-year-long comparison (17 December 2013 to 18 De-
cember 2014) between collocated and time-matched TCO
derived from the Pandora #34 and Dobson #061 instru-
ments (limited to clear-sky AD-DSGQP data) shows agree-
ment with a small residual 1.1 4 5.8 DU bias after correction
for ozone-weighted temperature climatology appropriate for
Boulder, Colorado, at 40° N. Before the temperature correc-
tion is applied to both Pandora and Dobson ozone values,
there is small (—5 to 1 DU) seasonal dependence in the dif-
ference between Pandora and Dobson TCO. After the cli-
matologically derived and total ozone-adjusted temperature
correction for each instrument is applied to the retrieved
TCO values, the comparisons show reduction in the sea-
sonal bias by a factor of two. Some of the differences be-
tween the Dobson and Pandora TCO may be associated with
day-to-day variability in the stratospheric ozone and temper-
ature not accounted for in the climatological temperature data
set. Comparisons of Pandora TCO with both AURA/OMI
and NPP/OMPS satellite data show very good agreement for
the day-to-day variations and seasonal dependence even in
the presence of light to moderate cloud cover. The compar-

Atmos. Meas. Tech., 8, 3407-3418, 2015
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Figure 14. The variation of Pandora-retrieved TCO throughout each day in Boulder, Colorado, from 17 December 2013 to 31 December
2013. The timescale is local standard time (GMT —7). Times before 09:00 and after 15:00 are shaded. All vertical scales encompass 60 DU.

ison showed average Pandora TCO agreement with OMI to
within 0.3 % (1.1 DU) with 2 % variability about the mean. A
similar comparison with OMPS showed 1 % offset (3.8 DU,
OMPS > Pandora) with 2% scatter. Reprocessing the Dob-
son TCO retrievals using BDM ozone cross sections (see
Appendix A) increased the annual average TCO by 2 DU
(0.6 %) with similar residual seasonal variation with respect
to Pandora TCO retrievals. The nearly continuous Pandora
TCO retrieval shows that on any given day there can be
strong diurnal variation, but when averaged over 28 days
the average diurnal variation is small (£5DU). The year-
long comparisons with the Dobson, OMI, and OMPS show
that the Pandora system is stable and reliable with almost
no operator intervention. The results of the Dobson com-
parison and a previous Brewer comparison (Tzortziou et al.,
2012) suggests that the automated Pandora spectrometer sys-
tem may be suitable as a replacement for older, more expen-
sive ozone monitoring instruments with the additional benefit
of Pandora also measuring other trace gas amounts. Addi-
tional comparison campaigns with Brewers and Dobson in-
struments will be carried out in the future.

Atmos. Meas. Tech., 8, 3407-3418, 2015
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Appendix A

Reprocessing the Dobson data using the BDM Og cross sec-
tions increases the fixed temperature values of retrieved O3
by 0.8 % relative to retrievals using Bass and Paur cross sec-
tions. The BDM temperature sensitivity is 0.042 % °K~1 or
Cpobson—BDM = 0.00042(7t — 226.7) per °K (Redondas et
al., 2014). When the Dobson-measured radiances are pro-
cessed with the BDM o0zone cross sections instead of those
from Bass and Paur, the Dobson values are increased by
2 DU, but the temperature dependence for the difference be-
tween Pandora and Dobson ozone values remains the same
(Fig. Al). The Pandora-measured radiances use BDM ozone
cross sections to retrieve TCO.

The almost identical Lowess(0.5) curves (inset in Fig. Al)
are from retrieving Dobson TCO with Bass and Paur (Fig. 3)
and again with BDM cross sections. The Dobson BDM—
Pandora TCO Lowess(0.5) curve is shifted by —2 DU to give
a nearly identical over plot. This is because the Pandora spec-
tral fitting ozone retrieval algorithm has more temperature
sensitivity than the Dobson pair ratio ozone retrieval method
does.
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Figure Al. Temperature-corrected retrieved TCO data obtained
from the Dobson #061 instrument using the BDM ozone cross sec-
tions and Pandora #34 spectrometer using BDM. (b) The difference
TCO(Dobson) — TCO(Pandora) with temperature corrections. The
standard deviation from the red Lowess curve is +5 DU. Inset com-
pares the Lowess(0.5) difference curves for Dobson with Bass and
Paur cross sections for Fig. 3 (Black) with the Lowess(0.5) differ-
ence curves for BDM-2 DU (Red).
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