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Abstract

Since May 2009 high-resolution Fourier transform infrared (FTIR) solar absorption
spectra are recorded at Addis Ababa (9.01° N latitude, 38.76° E longitude, 2443 m al-
titude a.s.l.), Ethiopia. The vertical profiles and total column amounts of ozone (O3)
are deduced from the spectra by using the retrieval code PROFFIT (V9.5) and reg-
ularly determined instrumental line shape (ILS). A detailed error analysis of the O
retrieval is performed. Averaging kernels analysis of the target gas shows that the ma-
jor contribution to the retrieved information always comes from the measurement. We
obtained 2.1 degrees of freedom on average for signals in the retrieval of O5 from the
observed FTIR spectra. We have compared the FTIR retrieval of ozone Volume Mixing
Ratio (VMR) profiles and column amounts with the coincident satellite observations of
Microwave Limb Sounding (MLS), Michelson Interferometer for Passive Atmospheric
Sounding (MIPAS) and Tropospheric Emission Spectrometer (TES), Ozone Monitoring
Instrument (OMI), Atmospheric Infrared Sounding (AIRS) and Global Ozone Monitoring
Experiment (GOME-2) instrument. The mean relative differences are generally found
below +15 % in the altitude range of 27 to 36 km for comparison of VMR profiles made
between MLS and MIPAS, whereas comparison with TES has shown below 9.4 % rel-
ative difference. Furthermore, the mean relative difference is positive above 31 km,
suggesting positive bias in the FTIR measurement of O3 VMR with respect to MLS, MI-
PAS and TES. The overall comparisons of column amounts of satellite measurements
with the ground-based FTIR instruments show better agreement exhibiting mean rela-
tive differences of ground-based FTIR with respect to MLS and GOME-2 within +0.4 %
to +4.0 % and corresponding standard deviations of 2.2 to 4.3 % whereas, in the case
of OMI, TES, AIRS, the mean relative differences are from —0.38 to —6.8%. Thus,
the retrieved O3 VMR and column amounts from a tropical site, Addis Ababa, is found
to exhibit very good agreement with all coincident satellite observations over the 2-yr
period.
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1 Introduction

The composition of the tropical atmosphere and its change is of significant importance
for global climate. For several decades, rapid population growth and industrial devel-
opment, along with deforestation, are-inereasingly—changing the environment in the
tropical countries. The effect of these changes on atmospheric composition and cli-
mate are quite uncertain, as the governing physical and chemical processes of the
tropical atmosphere are only poorly understood. Emissions within the tropics, e.g. from
biomass burning or plants, contribute substantially to the global budgets of many im-
portant trace gases (IPPC, 2007). Biomass burning is not restricted to the tropics, but
most burning occurs in the tropics. The tropics are also the location of two important
exchange processes, the interhemispheric exchange and the entry of tropospheric air
into the stratosphere.

Ozone is a very important molecule in the middle atmosphere because it absorbs so-
lar ultraviolet (UV) radiation and contributes to the radiative balance of the stratosphere.
Thus, the ozone layer protects life on Earth from the harmful and damaging UV solar
radiation. Ozone in the lower atmosphere, or troposphere, is also an important green-
house gas. Tropospheric ozone is formed under high ultraviolet flux conditions from
natural and anthropogenic emissions of nitrogen oxides (NO,), volatile organic com-
pounds (VOCs), methane and carbon monoxide Seinfeld and Pandis (2006). Under-
standing changes occurring in the distribution of ozone in the atmosphere is, therefore,
important for studying ozone recovery, climate change and the coupling between these
processes WMO (2007).

The tropical NDACC stations at which FTIR measurements are performed are Mauna
Loa (19.54° N, 155.6° W), Paramaribo (5.8° N, 55.2° W) and Tarawa (1°N, 173° E). Our
measurement site, Addis Ababa (9.01° N latitude, 38.76° E longitude, 2443 m altitude
a.s.l.), is also located in the tropics. It is the first high resolution FTIR spectrometer
on the African continent. FTIR at Addis Ababa site is planned to be part of NDACC
network that has been monitoring long term atmospheric composition changes. In this
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study, intercomparison of vertical profiles and column amounts retrieved gsolar spectra
observed by Fourier Transform Spectrometer and that from satellite measurements
in different observing modes. The observed differences between observations from
ground-based FTIR and satellites are investigated based on a full error characterization
and analysis.

The paper is structured as follows: Sect. 2 introduces the measurement site and the
FTIR spectrometer. Section 3 provides discussion of spectral analysis. Section 4 details
the methodology used for the analysis, and is followed by the detailed intercomparison
of the satellite measurements in Sect. 5. Finally, conclusions are given in Sect. 6.

2 Measurement site and instrumentation
2.1 Measurement site

Addis Ababa is located at 9.01° N latitude, 38.76° E longitude, 2443 m altitude a.s.l.,
which is in the the equatorial region. It is relatively dry due to its topography, mak-
ing it robust for monitoring trace species in the tropics as interference of tropospheric
water vapor absorption lines is of minor relevance. Moreover, The typical tropopause
height for tropical regions is between 16 to 18 km, and the corresponding temperature
is about 200 K. The tropical tropopause region is the transition layer between the dy-
namical control of the vertical mass flux by tropospheric convection, and by the strato-
spheric Brewer-Dobson circulation (Holton, 2004; Jacobson, 2000). Thus, the site is
highly affected by tropical dynamics allowing us to understand processes that modu-
lates tropical dynamics from the observed variation in the measurement of atmospheric
trace gases.

2.2 The FTIR spectrometer and retrieval

BRUKER interferomenter based on [FS-120 put upgraded with the new electronics
of‘ IFS-125M20. Our FTIR interferometer is equipped with mercury-cadmium-telluride
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(Hg-Cd-Te) and indiumantimonide (InSb) detectors, which allow coverage of the 600—
1500 and 1500-4400cm™" spectral intervals, respectively. Recently, the new laser
source with power supply has been mounted on this interferometer in order to improve
the laser signal that reaches te the detector to attain quite stable movement of the op-
tics. Typically, spectral resolution of 0.009 cm™is applied. FTIR spectrometer makes
direct solar absorption observations throughout the day, under clear sky conditions.
The spectra are typically constructed by co-adding up to 10 scans recorded in about
8 min. A very large number of species of atmospheric relevance can be detected owing
to its wide spectral coverage. In this paper, VMR profiles and column amounts of Og
are derived from measured spectra using version 9.5 of the retrieval code PROFFIT.

PROFFIT was developed to analyze solar absorption spectra measured with high-
resolution ground-based FTIR spectrometer; and it has been compared to other re-
trieval codes Hase et al. (2004). Daily pressure and temperature vertical profiles used
in the retrievals are taken from the automailer system of Goddard Space Flight Center.
The climatological profiles are based on data from the National Center for Environment
Prediction (NCEP). Spectroscopic data are taken from the High Resolution Transmis-
sion data (HITRAN) 2004 database Rothman et al. (2005). PROFFIT includes vari-
ous retrieval options such as scaling of a priori profiles, the Tikhonov-Phillips method
(Phillips, 1962; Tikhonov, 1963), or the optimal estimation method (Rodgers, 1976).

The retrieved state vector contains the retrieved logarithm of volume mixing ratios
of the target gas defined in discrete levels in the atmosphere and retrieved interfering
species column amounts, and fitted values for some model parameters. These include
the baseline slope and instrumental line shape parameters. The retrieval of O profiles
is performed on a logarithmic scale because O3 concentration around the tropopause
are highly variable. Under these conditions a logarithmic scale inversion is superior to
a linear inversion (Hase et al., 2004; Schneider et al., 2006a).

As discussed in Rodgers (2000), the optimal estimation method allows the charac-
terization of the retrievals, i.e. the vertical resolution of the retrieval, its sensitivity to
the a priori information and degree of freedoms for signal (DOFs). The retrieved state
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vector X is related to the a priori and the true state vectors x, and x, respectively, by
the equation

X = x, +A(x - x,) + error terms (1)

where A is averaging kernel matrix. The actual averaging kernels matrix depends on
several parameters including the solar zenith angle, the spectral resolution and signal
to noise ratio, the choice of retrieval spectral microwindows, and the a priori covariance
matrix S,. The elements of the averaging kernel for a given altitude give the sensitivity
of the retrieved profile at that altitude to the real profile at each altitude, and its full
width at half maximum is a measure of the vertical resolution of the retrieval at that alti-
tude Vigouroux et al. (2007). Error estimation analysis pased on the analytical method
suggested by Rodgers (Rodgers, 2000):

X-x=(R-N(x-x,)+GK,(p-p)+Ge )

where p, p are the estimated and real model parameters, respectively, G is the gain
matrix, Rp is the model parameter sensitivity matrix and e represents noise. The first
term in Eq. (2) represents the smoothing error that is the main source of error for
vertical concentration profiles. The second term stands for the estimated error due to
uncertainties in input parameters, such as instrumental parameters or spectroscopic
data, the p — p is only valid for fully correlated perturbations of p (assuming that p
is a vector). In addition, the third term represents the error due to the measurements
noise.

The full width at half maximum of absorbtion lines of stratospheric gases and of ILS
have similar magnitudes. Therefore, instrumentaHine-shape-(l-S)-needed-for-aceurate
retrievalwas-derivedfrom regular cell measurements using the LINEFIT software Hase
et al. (1999), Using the globar as a source of IR radiation, up to 100 scans are coad-
ded to get spectra ef-beth with and without the presence of HBr cell placed in the
parallel beam of a radiation source. The LINEFIT software was used to compute ILS
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by comparing the measured line shape with the theoretical one. We obtained modula-
tion efficiency and phase error during the measurement period May, 2009 to February

1 as in Fig. 4. Figure 4 illustrates that the modulation efficiency remains nearly con-
@\t with minor fluctuation over a range of 98—100 %. The phase error is also confined
to £0.02rad. Therefore, there was an excellent instrumental alignment for a period of
more than 2 yr considered in this study.

3 Information content and error analysis

This section discusses information on the retrieval of vertical distribution and column
amount of O from ground-based high resolution FTIR spectra, because-itisrelated-to
the-pressure-broadening-of the-abserptiondines: While the line centers provide informa-
tion about the higher altitudes of the distribution, the wings of a line provide information
about the lower altitudes. Therefore the information content of the retrieval will strongly
depend on the choice of the absorption lines. The other important requirement that has
been taken into consideration to perform this task successfully is a good knowledge of
pressure and temperature profiles. Sensitivity of retrieval as function of altitude and
over error budget have been analyzed thoroughly to ensure information coming from
the measurement overweighs that from the a priori in-as much as possible in a trade off
procedure between getting smoothed profile and enhancing information from measure-
ment. Spectral microwindows found to be best in this sense for O retrievals are those
near 3041, 3045 and 3051 cm™" for the InSb measurements having high sensitivity in
the stratosphere and almost no sensitivity in the troposphere. The microwindows near
1000cm ™" isbest suited for the retrieval of ozone since ithas highest sensitivity to both
the stratosphere and troposphere which has been reported in different papers (Barret
et al., 2002, 2003; Lindenmaier et al., 2010) for the MCT measurement, however, in our
case, we have far more aumber-of InSb measurements than MCT measurements. In
this analysis, we considered six microwindows in the spectral region between 3039.37
to 3051.90cm™".
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The major absorption lines of interfering gases are H,O and CH,. There are also mi-
nor interferences from CH;D, CH5ClI, C,H, and solar lines. Figure 1 shows example of
measured spectra (black line), the corresponding simulated spectra (red) and the resid-
ual spectra in each microwindows for one of the measurements taken on 27 May 2010.
The magnitude of residual spectra grows up to a maximum of 1.5 % in the positive and
in the negative part of the plot.

Figure 2 (left panel) shows averaging kernel matrix while its rows shown in different
colors (right panel) depicts the same thing but response in two different altitude ranges
are clearly indicated by different color coding. For ideal retrieval for which the ozone
profile is purely determined by measurement, the averaging kernel will be unit matrix.
The full width at half maximum of the rows of the averaging kernel gives the vertical
resolution, which is in the order of 9—15 km for the retrieved Og in this study. The sen-
sitivity of the spectra to perturbation in VMR at each height is shown by well defined
and sharp rows of the averaging kernel. This means that the retrievals of O5 are mainly
sensitive in the altitude range 16 to 40 km as indicated in Fig. 2. Furthermore, the trace
of the averaging kernel matrix, the so called degree of freedom for signals, provides
another useful measure retrieval quality of target species. The independent pieces of
information retrieved from the observed spectra in the O3 spectral microwindows under
the given retrieval strategy contain about 2.1 degree of freedom for signals (dofs). This
provides 2 independent layers, which approximately covers the altitude range of 2.5 to
26 km and 26 to 40 km as marked by basically two dominant peaks of rows of averag-
ing kernel in Fig. 2 (right panel). The value of dofs obtained in this study is relatively
small as compared to the values reported in the literatures (e.g. Lindenmaier et al.,
2010; Schneider et al., 2005a). Different amount of degreeg, of freedom for signals can
be obtained due to application of different microwindows with different spectral reso-
lution and the choice a-priori covariance matrix. Wunch et al. (2007) reported 2.1-2.4
dofs for ozone retrieval by applying microwindows near 2775 and 3040 cm™ with dif-
ferent spectral resolution during instruments intercomparison campaign at University
of Toronto, which confirms our result. The spectral resolution of our instrument that we
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applied at this tropical site could give this degree of freedom for signals because the
tropopause level in tropical region is high.

As discussed in Sect. 2, the contribution of different sources of errors that contribute
to the quality of measurement of the target gas is displayed in Fig. 3. Figure 3 shows
the statistical error (left panel) and systematic error (right panel) profiles for a typical
Oj retrieval. The major sources of errors quantified in this study include temperature,
hoise, instrumental line shape, solar lines, line of sight, baseline, and spectroscopy.
One can note from Fig. 3 that the main systematic error source is the uncertainty
of spectroscopic parameters, whereas the major statistical error source is noise. The
contribution of error from uncertainty in solar lines and line of sight to O4 profile retrieval
is the lowest. The maximum estimated systematic and statistical error budget reach up
to 0.6 ppmv around 31km and 0.2 ppmv at 35km respectively. The main systematic
error sources for partial columns for the Og retrieval from ground-based FTIR is O
line intensities and air broadening coefficients (Barret et al., 2002, 2003) which could
partly explain the observed biases. Whenever averages are calculated on the basis of
log retrievals, this leads to biases (Funke and von Clarmann, 2012). There is an impact
of averages on the basis of log retrievals in the result of O3 in this study. By adding
up systematic and statistical error sources for a given altitude and then integrating it
along the error patterns (Rodgers, 2000), we obtained the total systematic and random
error on FTIR Og total columns to 2.1 % and 0.8 %, respectively. The total systematic
error on the total columns is in good agreement with those found in (Viatte et al., 2011
and reference therein). But the total random error for the total column estimated in this
study is 0.3 % higher than those reported by Viatte et al. (2011), this difference may
come from the considered retrieval parameters during retriev
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4 Satellite measurements
4.1 Microwave Limb Sounder (MLS)

The Earth Observing System (EOS) Microwave Limb Sounder (MLS) is one of four
instruments on the NASA EOS Aura satellite (Schoeberl et al., 2006), launched on
15 July 2004 into a near polar sun-synchronous orbit at 705 km altitude, with ascend-
ing equatorial crossing time of 13:45 (local time). The Aura-MLS instrument, calibra-
tion and performance for the different channels are described by Jarnot et al. (2006).
It scans the Earths limb providing 240 scans per orbit, spaced ~ 165 km along the or-
bit track, and 3500 vertical profiles per day for 17 primary atmospheric parameters:
pressure, temperature and cloud ice water content, as well as 14 trace constituents
such as O3, H,O and CO, with near pole-to-pole global latitudinal coverage from 82° S
to 82°N. MLS measures thermal emission lines from limb, using seven radiometers
to provide coverage of five spectral regions between 118 GHz and 2.5 THz, during
both day and night. The retrieval scheme is based on the optimal estimation method
(Rodgers, 2000). This retrieval approach is detailed by (Livesey et al., 2006). We used
the recommended parameters for screening the Aura-MLS data for the target trace gas
of Os.

In this work, we have used the version 2.2 of MLS O5; dataset for validation of
FTIR result. The MLS version 2.2 Oy profiles is the standard ozone product retrieved
from radiance measurements near 240 GHz. It has been extensively characterized
and validated (Froidevaux et al., 2008; Jiang et al., 2007; Livesey et al., 2008). The
vertical resolution is estimated to be ~3km in the upper troposphere and strato-
sphere, but degrades to 4 to 6 km in the upper mesosphere and the horizontal res-
olution is about 200-300 (along the track). The precision is estimated to be 10-30 %
(0.3ppmv) at 0.2—1 hPa, 2-5% (0.1-0.2 ppmv) at 2—46 hPa, and 0.04 ppmv (2-100 %
since the ozone values vary a lot) at 68—-215 hPa. More details regarding the MLS ex-
periment and O5 data screening are provided in the above references in detail and at
http://mls.jpl.nasa.gov/data/datadocs.php.
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4.2 Michelson Interferometer for Passive Atmospheric Sounding (MIPAS)

The MIPAS instrument is a high-resolution atmospheric limb sounder aboard ESAs
ENVISAT launched in March 2002 and operating in a sun-synchroneous orbit. It aims
at global and simultaneous measurements of the chemical composition of the mid-
dle atmosphere and upper troposphere. By means of sounding the Earths limb in the
mid infrared it gathers emission spectra during night and day time conditions. Nearly
global coverage is achieved within three days. For this purpose, it acquires spectra in
five frequency bands over the range 685-2410 cm™! (14.6—4.15 um). The pointing sys-
tem allows MIPAS to observe atmospheric parameters in a maximum altitude range of
5-160 km with a vertical spacing of 1-8 km depending on the altitude and on the mea-
surement mode (Fischer et al., 2008). Operational measurements at full spectral reso-
lution (0.025 cm'1) were conducted from July 2002 to March 2004. However, anoma-
lies affecting the interferometer slide mechanism led to the suspension of operations
on 26 March 2004. Observations were resumed in January 2005 with a new operation
mode, on a finer vertical grid and with reduced spectral resolution (0.0625 cm_1). The
vertical resolution of MIPAS ozone is increasing from 3.5 km at 10 km altitude to about
5km at 42 km, and around 8 km at 60 km altitude.

In this study, we have used the reduced spectral resolution (Institute for Meteorology
and Climate Research) IMK/IAA MIPAS ozone data product V5R_03_220 (von Clar-
mann et al., 2009) for validation purpose. The first validation of reduced resolution
IMK/IAA ozone data was reported by Stiller et al. (2012).

4.3 Tropospheric Emission Spectrometer (TES)

The Tropospheric Emission Spectrometer (TES) launched into sun-synchronous orbit
on aboard Aura, the third of NASAs Earth Observing System (EOS) spacecraft, on
15 July 2004. TES is an infrared high spectral resolution (0.1 cm™’ apodized in nadir)
Fourier Transform Spectrometer (FTS) with both limb and nadir sounding capabilities
(Beer et al., 2001). TES will record the Earths spectral radiance from discrete locations
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along the orbit track in the wave number range 650 to 2250 cm™ (15.4 to 4.4 mm).
The spectral radiances measured by TES are used to retrieve the atmospheric pro-
files through a nonlinear optimization algorithm that minimizes the difference between
observed radiances and those calculated with a Radiative Transfer Model (RTM), sub-
ject to the condition that the solution is consistent with an a priori description of the
atmosphere (Rodgers, 2000; Bowman et al., 2002, 2006). The standard products that
will be retrieved from these spectra are vertical concentration profiles of ozone, water
vapor, carbon monoxide, methane, nitric oxide, and nitric acid. The global survey mode
includes both daytime and nighttime ozone measurements. For cloud free conditions,
the vertical resolution of TES ozone profile retrievals is typically 6 km in the tropics
(Clough et al., 2002; Worden et al., 2004). TES level 3 data with grid spacing 2° lati-
tude and 4° longitude is used for validation purpose in this work. TES ozone data have
been evaluated by comparison to ozonesondes (e.g. Nassar et al., 2008; Worden et al.,
2007), aircraft data (e.g. Richards et al., 2008), and ozone measured by other satellite
instruments (e.g. Zhang et al., 2010).

4.4 Ozone Monitoring Instrument (OMI)

Ozone Monitoring Instrument, is one of the four instruments on EOS-Aura. OMI is
a Dutch-Finnish built nadir-viewing pushbroom UV/visible instrument. It measures
backscattered radiances in three channels covering the 264-504 nm wavelength range
(UV-1: 264-311 nm, UV-2: 307-383 nm, visible: 349-504 nm) at spectral resolutions of
0.42—-0.63 nm Levelt et al. (2006). OMI has a wide field of view (115°) with a cross track
swath of 2600 km. Measurements across the track are binned to 60 positions for UV-2
and visible channels and 30 positions for the UV-1 channel (due to weaker signals).
This results in daily global coverage with a spatial resolution of 13km x 24 km (along
x across track) at the nadir position for UV-2 and visible channels, and 13 km x 48 km
for the UV-1 channel. It measures OC, ozone profile, and the total abundances of other
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trace gases (e.g. NO,, SO,, HCHO, BrO, CHOCHO, OCIO), as well as UV absorbing
aerosols and clouds (Liu et al., 2010).

Profiles of partial ozone column densities in 24 layers from the surface to 60 km
are retrieved from OMI radiances in the spectral region 270-330 nm using the optimal
estimation technique. Retrievals contain 6—7 degrees of freedom for signal (Rodgers,
2000), with vertical resolution generally varies from 3965 km. In this study, we have
used OMI level 3d ozone total column amounts with grid spacing 1° longitude and 1°

latitude for comparisons. Overall the quality of total ozone data provided in OMTO@

should have a root-mean squared error of 1-2 %, depending on solar zenith angle;
aerosol amount, and cloud cover. More details about the instrument and its scientific
objectives can be found in the Science Requirements Document for OMI-EOS Levelt
et al. (2000). OMI total ozone column measurements has, been evaluated by compari-
son to Brewer and Dobson spectrophotometer ground-based observations Balis et al.
(2007).

4.5 Atmospheric Infrared Sounding (AIRS)

The Atmospheric Infrared Sounder (AIRS) instrument is one of several instruments on-
board the Earth Observing System (EOS) Aqua spacecraft launched 4 May 2002. It
is comprised of a space-based hyperspectral infrared instrument (AIRS) and two mul-
tichannel microwave instruments, the Advanced Microwave Sounding Unit (AMSU-A)
and the Humidity Sounder for Brazil (HSB). The HSB instrument ceased operation on
5 February 2003. AIRS is a high spectral resolution spectrometer on board Aqua satel-
lite with 2378 bands in the thermal infrared (3.7—15.4 um) and 4 bands in the visible
(0.4—1.0um). The AIRS instrument operates to scan the Earth’s atmosphere in nadir
viewing. AIRS daily level 3 version 5 O standard products are used for validation and
its spatial resolution is 1° latitude and 1° longitude. Each level 3 daily product con-
tains information for a temporal period of 24 h for either the descending or ascending
orbit (rather than midnight-to-midnight) where ascending or descending refers to the
direction of movement of the sub-satellite point in the satellite track at the equatorial
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crossing. The ascending direction of movement is from Southern Hemisphere to North-
ern Hemisphere, with an equatorial crossing time of 01:30 p.m. local time; the descend-
ing direction of movement is from Northern Hemisphere to Southern Hemisphere, with
an equatorial crossing time of 01:30 a.m. local time. AIRS/AMSU/HSB will observe and
characterize the entire atmospheric column from the surface to the top of the atmo-
sphere in terms of surface emissivity and temperature, atmospheric temperature and
humidity profiles, cloud amount and height, and the spectral outgoing infrared radiation.
Paper regarding an overview of the AIRS Radiative Transfer Model has been published
by Strow et al. (2003). Further details about the overview of AIRS instruments can been
found in Young-In Won (2008) and at http://disc.gsfc.nasa.gov.

4.6 Global Ozone Monitoring Experiment (GOME-2)

The Global Ozone Monitoring Experiment (GOME-2) aboard MetOp-A is a scanning
spectrometer that captures light reflected from the Earths surface and backscattered
by the atmosphere. The spectrometer splits the light into its spectral components cov-
ering the UV/VIS region from 240 nm to 790 nm at a resolution of 0.2nm to 0.4nm. In
particular, the nominal spectral resolution of GOME-2 in the spectral range 325-335 nm
used for Oj fitting is slightly below 0.24 nm. The measured spectra are mainly used to
derive ozone total columns and vertical profiles, as well as concentrations of nitrogen
dioxide, bromine monoxide, water vapor, sulfur dioxide and other trace gases, and also
cloud properties and aerosols. The GOME-2/MetOp field of view of each step may be
varied in size from 5km x 40 km to 80 km x 40 km. The mode with the largest footprint
(twenty four steps with a total coverage of 1920 km x 40 km) provides daily near global
coverage at the equator.

The algorithm for O4 retrieval, GOME Data Processor (GPD), version 4.2 has been
used based on two methods: the DOAS (Differential Optical Absorption Spectroscopy)
method Platt (1994), and the iterative AMF/VCD (Air Mass Factor/Vertical Column
Density) computation Van Roozendael et al. (2006). Error analysis indicates an ac-
curacy and precision of O total columns of 3.6-4.3% and 2.4-3.3 %, respectively
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when the solar zenith angle is below 80° Van Roozendael et al. (2004). Total ozone
columns derived from this algorithm have been validated using ground-based net-
works (Balis et al., 2007b, 2008). Further details of the document can be obtained
from: http://wdc.dIr.de/sensors/gome2. In this paper, we have used O3 columns from
GOME-2 level 3 data.

5 Validation of FTIR O3 VMR profiles and column amount against MLS, MIPAS,
TES, OMI, AIRS and GOME-2 observations

5.1 Validation methodology

The closest satellite measurements (on the same day as the ground-based FTIR)
within £2 degrees of latitude and +10 degrees of longitude are selected. The more
stringent latitudinal criterion has proven to be a good choice for all comparisons, since
latitudinal variations are in general more pronounced than longitudinal ones. Based-en
the-factthatihese criteria yielded 76, 14, 13, 70, 70 and 46 days of coincident measure-
ments between FTIR and MLS, MIPAS, TES, OMI, AIRS and GOME-2, fer respectively.
All the satellite data (MLS, MIPAS, TES, OMI, AIRS and GOME-2) used in the follow-
ing comparisons have considerably better vertical resolution than ground-based FTIR
profiles due to observation geometry, spectral windows and measurement techniques
ina-netshell: The vertical resolution of satellite measurements of profiles are therefore
degraded to facilitate a comparison between the two sets of profiles. Therefore, the
satellite measurement profiles are smoothed using the averaging kernels calculated
during the ground-based FTIR retrieval process as proposed by Rodgers and Con-
nor (2003). Since then the method has been applied by many authors for intercom-
parison of satellite observations of different resolutions and observations from other
plateforms such as aircraft, ballen and from ground (e.g. Hoogen et al., 1999; Lucke
et al., 1999; Schneider et al., 2002; Mengistu Tsidu, 2005). The equation relating FTIR
and satellites can be given by
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)A(s =Xa+AFTIR(XSat_Xa) (3)

where xg; is the original satellite measurement profile, x, is the smoothed profile, and
X, and AFTlR are the a priori profile and the averaging kernel matrix of the ground-based
FTIR instrument, respectively. To calculate the profile of the mean absolute difference,
the differences are calculated for each pair of profiles at each altitude, and then aver-
aged at altitude z as

;1 N@

Bare?) = g 2 [FTIR2) - St (2) 4)
where N(z) is the number of coincidences at z, FTIR;(z) is the FTIR VMR at z and the
corresponding Sat,;(z) VMR for the validation instrument. Note that the term absolute,
as used in this work, refers to differences between the compared values, in VMR as
opposed to percentage or relative differences, in other words: absolute differences can
well-be negative. To calculate the profile of the mean relative difference, as a percent-
age, we used

N@ [FTIR;(2) - Sat;(2)]

A (2) = 100(%) x [FTIR,(2) + Sat;(2)]/2

1
(5)
N@) 15
In some cases, there seems to be a discrepancy between the apparent differences
given by the sign of the mean absolute and mean relative differences. Having in mind
that the mean relative differences are not calculated from the mean VMR profiles but
from each pair of coincident profiles (Eq. 4). Thus, the mean relative differences can
become negative, even though the mean absolute differences are positive. A compar-
ison of the total column amounts between FTIR and its correlative measurements has
been done by employing the FTIR averaging kernels for smoothing. The relative dif-
ferences of the total column amounts between FTIR and its correlative measurement
from MLS, TES, OMI, AIRS and GOME-2 instrument for coinciding dates is defined as
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, [FTIR,(TC) - Sat,(TC)]
Rel. diff.(%) = ( ) x 100 (6)
[FTIR,(TC) + Sat,(TC)]/2

where TC represents total column amount and Sat,(TC) refers correlative satellite mea-
surement. Moreover, data are screened to reject either the whole profile or identified
low-quality measurements at some altitudes from each instrument according to the
recommendations provided by each calibration/processing team.

5.2 Comparison of FTIR and MLS

Figure 5 shows gxample of comparison of O3 profiles between ground-based FTIR and
MLS version 2.2 on 27 May 2010. Middle and right panels of Fig. 5 depict the absolute
difference between FTIR and smoothed MLS profiles of O and its relative (fractional)
differences respectively. FTIR measurements are slightly greater than MLS measure-
ments above 31 km altitude. Figure 6 shows the statistical relationship for all 76 coin-
cidences for O3. The left-hand side shows the mean absolute differences (ppmv) and
the right-hand side is mean relative differences (%). Error bars represent the standard
deviation. The mean relative differences are within —6.7 to +20 % above 16.6 km. In
general, it is noted that FTIR measurement has a negative bias in the altitude between
16.6 and 28.5 km, and a positive bias above 28.5 km with respect MLS.

Figure 7 depicts the comparisons of daily time series of O stratospheric columns of
FTIR and MLS (not smoothed). The upper panel in Fig. 7 shows the results of FTIR
measurements and of collocated MLS data while in the lower panel, the relative differ-
ence between them is displayed. The time series of the O3 column amounts derived
from FTIR, particularly during May 2009 is relatively higher than values at other times.
During May 2009, the spectra that were recorded at the solar zenith angle (SZA) of
around 15° is used that led to high amount of ozone. As evident from Table 2, a mean
relative difference of (3.9 + 4.3)% reveals that there is significant but small difference
between the FTIR and MLS results. In general, FTIR column amounts are about 3.9 %
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higher than MLS values which is higher than the total uncertainty of FTIR O3 column
amounts of the measurement. The correlation coefficient between FTIR and MLS col-
umn amount is also depicted in Fig. 16a. The correlation coefficient of 0.81 suggests
strong relationship between the two datasets.

The validation of FTIR measurements of O; amounts have been done with different
instruments such as Brewer spectrometer (Schneider et al., 2005a) with very small
differences in contrast to satellite measurements from Improved Limb Atmospheric
Spectrometer-1l (ILAS-II) (Griesfeller et al., 2006) with the relative differences within
10 to 15 % for vertical VMR profiles. Other-validation-papers,for-example;the mean
relative differences between ACE-FTS and ground-based FTIR vary between —14 and
+12 %, in the middle troposphere (~ 6 km) up to the stratopause (~ 47 km) reported
by-Senten-et-al+(2008); which in-general-suppertg the results presented here. Some
of the differences between the FTIR and MLS could have arisen from local and spatial
differences in the measurements, even though there is no large variabilityin-space-and
time-during-taking-coincident-measurement. [Tropics are well characterized by strong
dynamics so that it could contribute ferthe variation of ozone amount. As reported by
Ture (2011), there is also strong interaction between tropics and midlatitude as well
as stratosphere-troposphere exchange during Rossby wave breaking bringing in rich
ozone airmass into the tropics. Furthermore, different spectroscopic windows used by
FTIR and other instruments used for this validation might have also some contribution
to the observed differences.

5.3 Comparison of FTIR and MIPAS

The comparison of ozone profiles between FTIR and MIPAS has-analyzed in the alti-
tude between 11.7 and 40 km have been analyzed. Figure 8 shows that the compari-
son of Oy profiles from ground-based FTIR with MIPAS IMK/IAA ozone profiles (version
V5R_03_220) on 26 May 2010. Figure 8 (middle and right panels) depicts the absolute
difference between FTIR and smoothed MIPAS profiles of O and its relative (fractional)
differences respectively. FTIR O3 VMRs are slightly greater than MIPAS measurements
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above 35 km. The magnitude of the largest absolute difference is 1.7 ppmv (-20.4 %)
around 27.7 km. Figure 9 shows the statistical relationship for 14 coincident measure-
ments. Figure 9 (left panel) shows the mean absolute differences (ppmv) and mean
relative differences (left panel in %). The mean relative differences are within £20 %
above 23 km. Comparison, shown vary significantly between the lower stratosphere,
where dynamics and chemistry interfere, with clear influences of tropospheric dynam-
ics, and the higher stratosphere, where photochemistry dominates. The larger differ-
ences observed at the lower part of the comparison can be associated, as already
noticed, to the effects of strong atmospheric gradients in the Upper Troposphere Lower
Stratosphere (UTLS). It is noted that FTIR measurement has a negative bias below the
altitude below 32.4 km and a positive bias above 32.4 km. Furthermore, the discrep-
ancy of the result could be partly explained by known contributions to the systematic
error budget of the comparison. As compared to other previous comparison study, for
example, Steck et al. (2007) compared MIPAS O; VMR profiles with ground-based
FTIR over different stations and found the mean differences within £10 % in the middle
stratosphere, which is also comparable to the differences found in the comparison of
O3 VMR profiles of FTIR with MIPAS in this study.

5.4 Comparison of FTIR and TES

Figure 10 shows example of the comparison of O4 profiles derived from ground-based
FTIR with profiles from TES at Addis Ababa on 27 May 2010. The comparison result in
Fig. 10 reveals that FTIR measurements are slightly greater than TES measurements
above 31km. The largest absolute difference is about 1.0 ppmv and the correspond-
ing relative discrepancy is about 14 % at the altitude of 38.8 km. Figure 11 shows the
statistical relationship for 13 coincidences for O3 profiles for the mean absolute dif-
ferences (ppmv) and mean relative differences (right panel in %). The mean relative
differences lie between -4.4 to +9.4 % in the altitude range of 11.7-36.3km where
the mean absolute differences are within —0.2 ppmv to +0.8 ppmv. From the overall
comparison results, it can be noted that FTIR measurement has a positive bias in the
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altitude below 18.3 km and above 27.7 km and a negative bias between 18.3—27.7 km.
TES ozone data have been evaluated by comparison to ozonesondes (e.g. Nassar
et al., 2008; Worden et al., 2007). For example, Nassar et al. (2008) reported the bias
exceeds 20 % at low altitudes over tropics, which confirms our results presented here.
Fhis, tropospheric biases agreed with the evaluation of TES ozone using airborne dif-
ferential absorption LIDAR (Richards et al., 2008).

FTIR O4 total columns are also validated-against TES measurement, Figure 12 dis-
plays the comparisons of time series of O4 total columns of FTIR and TES. Figure 12
(upper panel) depicts the results of FTIR and of collocated TES column amounts and
the lower panel shows relative difference. On 13 occasions, the mean relative differ-
ence of FTIR data is (—2.6 +£ 10.5)%. This would suggest that it is in good agrement.
We did not compute the correlation coefficient because the sample size is small.

5.5 Comparison of FTIR and OMI

measurement-hasbeen—reperted: Figure 13 shows the comparisons of time series
of O3 total columns of FTIR and OMI over Addis Ababa. Based on the coincidence
criteria, 70 coincident days are found. The overall mean relative difference between
FTIR and OMI shown in Table 2 is (-0.4 + 6.3)%. This discrepancy could be explained
by the application of UV and IR spectroscopy of ozone during retrieval. The mean
relative difference of our result is slightly higher than the mean relative differences of
the previous comparisons between FTIR and OMI made by Viatte et al. (2011). The
FTIR measures systematically higher O total columns than the OMI instrument, which
may be due to inconsistencies in the spectroscopic parameters (Viatte et al., 2011 and
reference therein). Figure 16b shows a good correlation of 0.77 between FTIR and OMI
data for the coincident periods. Moreover, as stated in Sect. 5.2, the temporal variation
of the measurement could also contribute ferthe discrepancy of the comparison over,
tropical site since tropics isqwell characterized by strong dynamics.
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5.6 Comparison of FTIR and AIRS

The-comparisens-of O eolumn-ameunts-betweenFHR-and AlRS-have-been-diseussed
in—this—seetion: Figure 14 depicts the comparison of O3 total columns of FTIR and
AIRS. The upper panel in the plot shows the results of FTIR measurements and of
collocated AIRS data. The 70 coincident days are found based on the coincidence
criteria given in this Secti he lower panel shows the relative difference between
FTIR and AIRS total column. The relative differences between the FTIR and AIRS total
column are generally within £15%. This suggests that the absolute difference of the
column amount is bounded within 1.3 x 10'® molem ™. In general, the mean relative
difference is (-6.8 +£7.6)% (see Table 2) which suggests a slight underestimation O
columns by FTIR. To further understand the implication of the biases in the comparison
between FTIR and AIRS data, we examined the correlation between the instruments.
Figure 16c displays the correlation between FTIR and AIRS column amounts of Oj
for the given coincident data as characterized by correlation coefficient of 0.70 and
slope of the linear regression of 0.77. The relative difference between FTIR and AIRS
is found to be consistent with the literature reported by Dupuy et al. (2009) during the
comparison between ACE-FTS and ground-based FTIRs. As stated in the previous
sections, tropical dynamics could also partly contribute for the disagreement between
FTIR and AIRS comparison of total column amounts.

5.7 Comparison of FTIR and GOME-2

The validation of FTIR O column amounts against GOME-2 measurements has been
done, Figure 15 depicts the comparisons of Oy total columns between FTIR and
GOME-2. The upper panel shows the comparison of time series of O total column
amounts on both instruments. Based on the coincidence criteria, 46 coincident days
are found. The lower panel shows the relative difference between FTIR and GOME-2
total column amounts. As can be seen in the plot, the maximum relative differences are
observed on few coincident measurements during 2009. In general, the mean relative
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differences between FTIR and GOME-2 total columns are 0.5 :EZ.ZlQThis indicates
that there is better agreement between FTIR and GOME-2 measurements. The most
likely explanation for this is a bias in the UV and IR spectroscopy of ozorlghe mean
relative difference of 1.8 % is agreed with the previous comparison study viatte et al.
(2011). The positive sign of mean relative differences appearing in the comparison
suggest that the IR ground-based measurements over-estimate the O total column
amounts. This trend confirms the systematic difference between IR and UV measure-
ments.

6 Conclusions

Ground-based FTIR speetrometer, is a very useful technique to derive total column
amounts and vertical profiles of many important trace gases in the atmosphere. This
measurement site located at Addis Ababa (9.01° N latitude, 38.76° E longitude, 2443 m
altitude a.s.l.), is a tropical site which will complement previous two sites. As it provides
unique information on the African continent, these measurements are of great impor-
tance for a better understanding of global climate and physical and chemical processes
of the tropical atmosphere as well as for satellite validations. The instrument character-
istics are regularly determined i.e. on average about every one month. The instrument
is found to be quite stable from analysis of modulation efficiency and phase errors
during the whole measurement period even though there were adjustments made i
detector and jmproving, laser signal that controls the movement of the scanner.

The closest satellite measurements (on the same day as the ground-based FTIR)
within +2 degrees of latitude and +10 degrees of longitude are selected. These cri-
teria yielded 76, 14, 13, 70, 70 and 46 days of coincident measurements between
FTIR and MLS, MIPAS, TES, OMI, AIRS and GOME-2, for respectively. All the satellite
data (MLS, MIPAS, TES, OMI, AIRS and GOME-2) used in the following comparisons
have considerably better vertical resolution than ground-based FTIR profiles. The res-
olution of ozone profiles from the satellites are degraded to the FTIR resolution after
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convolving with FTIR O3 averaging kernel for the validation purpose. The agreement
determined from an intercomparison of O4 profiles and column amounts of FTIR and
the satellites instruments are found to be very good. For instance, the comparison of
FTIR O3 with that of MLS yields the mean relative differences of —6.7 to +18.8 % be-
tween 16.6 and 39.1 km. Comparison with MIPAS shows mean relative difference of
+18.4 % above 24.8 km. Similarly, in comparison of FTIR with TES, the mean relative
differences/absolute differences lie between —4.4 to +9.4 % (—0.2 ppmv to +0.8 ppmv)
in the altitude range of 11.7-36.3 km. Furthermore, the mean relative difference is pos-
itive above 31 km, suggesting positive bias in the FTIR measurement of O3 VMR with
respect to MLS, MIPAS and TES. In general, a low bias is observed at the region of
peak ozone concentration. On the other hand, the larger biases are seen in the UTLS,
which is partly explained by the effect of strong atmospheric gradients.

Measurement differences have also been shown by other studies and could be com-
pared with the results of this study. Griesfeller et al. (2006) compared Improved Limb
Atmospheric Spectrometer-II (ILAS-1I) VMR profiles with FTIR and found differences of
10-15 %, which is comparable to the differences found in the comparison of O3 VMR
profiles between FTIR and MLS. Other independent comparison study, for example,
Nassar et al. (2008) validated TES ozone profiles against ozonesondes and ebtaired
the bias exceeds 20 % at low altitudes over tropics, which confirms our results pre-
sented here.

The overall comparisons of column amounts of satellite measurements with the
ground-based FTIR instruments show better agreement with mean relative differences
of MLS and GOME-2 within +0.2% to +4.9 % and corresponding standard deviations
of +0.4 % to +4.0 %; whereas, in the case of OMI, TES, AIRS, the mean relative differ-
ences are from -0.4 to —6.8 %. Those comparison results have also been compared
with previous validation report, We found that it is more or less consistent with the
previous comparison studies such as Schneider et al. (2005); Viatte et al. (2011).

There are possible reasons that have been suggested for the differences between
FTIR and satellite measurements during comparison. Tropics are well characterized by
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strong dynamics so that it could contribute fex the discrepancy of the comparisons. As
reported by Ture (2011), there is also strong interaction between tropics and midlatitude
as well as stratosphere-troposphere exchange during Rossby wave breaking bringing
in rich ozone airmass into the tropics. The other factor for the discrepancy among
instruments comparisons is due to inconsistencies in the spectroscopic parameters
such as UV and IR spectroscopy of ozone.
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Table 1. Summary of the characteristics of the instruments and measurement systems of O,
addressed in this study.
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Instrumets FTIR MLS MIPAS TES oMI AIRS GOME-2

Platform Ground- Satellite Satellite Satellite Satellite Satellite Satellite
based

Observation upward limb limb nadir nadir nadir nadir

geometry

Observation absorption emission emission emission back- emission back-

mode scattered scattered

Vertical ~9-15 34 3.5-5 ~6 3-5 greater 3-5

resolution (km) than ~ 6

Spectral 0.009cm™" 0.0625cm™"  0.1cm™ 0.42- 0.5— ~0.24nm

resolution 0.63nm 2cm™

Spectral 600— ~80,000cm™" 685 650— 270—- 650— 325-

domain 4400cm™'  (~240GHz)  2410cm™  2250cm™'  330nm  2700cm™'  335nm
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Table 2. Summary of the comparison between O; columns amount derived from FTIR and from
various satellites data (MLS, TES, OMI, AIRS and GOME-2) over Addis Ababa. N represents

number of coincidences.

Comparison of

FTIR with N  Mean Relative Difference (%)
MLS 76 3.9+43

TES 13 -2.6+10.5

OoMmI 70 -0.4+6.3

AIRS 70 -6.8+7.6

GOME-2 46 05+22
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Fig. 1. O; — the top and the third panels show the measured spectrum (black line) and sim-
ulated spectrum (red line); and the second and the bottom panels show spectral residuals on Full Screen / Esc
27 May 2010.
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MLS (green with plus sign symbol), as function of altitude. Differences between the FTIR and
smoothed MLS are shown with units of volume mixing ratio and % (solid line with circle) on the
middle and right panels respectively. Interactive Discussion
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Fig. 8. Comparisons of O; VMR profiles from the FTIR and MIPAS at Addis Ababa on
26 May 2010. On the left panel: O3 VMR profiles of FTIR apriori (red with diamond symbol),
FTIR daily mean (black with triangle symbol), MIPAS smoothed (yellow with circle) and MI-
PAS (green with plus sign symbol), as function of altitude. Differences between the FTIR and
smoothed MIPAS are shown with units of volume mixing ratio and % (solid line with circle) on
the middle and right panels respectively.
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bol), FTIR daily mean (black with triangle symbol), TES smoothed (yellow with circle) and
TES (green with plus sign symbol), as function of altitude. Differences between the FTIR and
smoothed TES are shown with units of volume mixing ratio and % (solid line with circle) on the
middle and right panels respectively.
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Fig. 16. Scatter plot of columns amount of O; measured by ground-based FTIR versus those
observed by MLS, OMI, AIRS and GOMEZ2. In all figures, the red line shows the fitted correlation
function between the two data sets being compared. The slope and R for the comparisons are
given on the plot. The black solid line shows the one-to-one relationship for the comparison.

6812

Jadedq uoissnosiq | Jaded uoissnasiq

Jadedq uoissnosiq | Jaded uoissnosiq

AMTD
5, 6763-6812, 2012

Retrieval and
validation of O3 from
FTIR observation

S. Takele Kenea et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/5/6763/2012/amtd-5-6763-2012-print.pdf
http://www.atmos-meas-tech-discuss.net/5/6763/2012/amtd-5-6763-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

	Review_AMT paper.pdf
	amtd-5-6763-2012-review.pdf




