Several First Year's Results of the Ozone Monitoring Instrument
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Abstract

The Ozone Monitoring Instrument (OMI) is the Dutch-Finnish contribution to the NASA EOS-Aura platform, which was launched in July 2004. OMI is the first of a new generation of UV-Visible space-borne spectrometers that use two-dimensional detectors. These detectors enable OMI to daily observe the entire Earth with small ground pixel size (13x24 km2 at nadir), which makes this instrument suitable for tropospheric composition research and detection of air pollution at urban scales. The scientific objectives of OMI concern the recovery of the ozone layer, tropospheric pollution, the contribution of tropospheric ozone and aerosols to climate change and changes in surface UV-B. OMI's unique capabilities for measuring important trace gases with daily global coverage and a small footprint, will make a major contribution to our understanding of stratospheric and tropospheric chemistry and climate change along with Aura’s other three instruments. In addition to providing data for Aura’s prime research objectives, OMI will provide near-real time data for operational agencies in Europe and the United States. In this paper an overview will be presented of several results obtained in the first one-and-a-half year of the OMI instrument on Aura, focused on air quality and validation. 
1 The Ozone Monitoring Instrument

The Ozone Monitoring Instrument (OMI), a Dutch-Finnish contribution to the NASA EOS-Aura platform, was launched in July 2004. OMI is the first UV-Visible space-borne spectrometer that uses two-dimensional detectors, enabling a unique combination of daily global coverage and high spatial sampling. The 114° viewing angle of the telescope perpendicular to the flight direction corresponds to a 2600 km wide swath on the Earth surface. In the normal operation mode, the OMI pixel size is 13 km × 24 km at nadir (along × across track), however in the zoom mode the spatial resolution can be reduced to 13 km × 12 km. Other specific instrument characteristics of OMI are the use of a scrambler to pseudo-depolarize the incoming radiation, use of several types of reflection diffusers to measure the solar irradiance and the use of the Fraunhofer lines for spectral calibration [1]. OMI measures in the spectral range between 270 and 500 nm, using two channels, a UV channel (full performance range 270 - 365 nm) and a VIS channel (full performance range 365 - 500 nm), with a spectral resolution of about 0.5 nm. The spectral sampling distance ranges from 0.15 to 0.3 nm/pixel, depending on wavelength. The UV channel consists of two sub-channels with the following full performance ranges: the UV-1, ranging from 270 to 310 nm, and the UV-2 ranging from 310 to 365 nm. The full performance and spectral wavelength ranges, spectral sampling distances and spectral resolutions can be found in Table 1. This table also provides an overview of the gases that can be retrieved from OMI measurements.

OMI was built by Dutch Space and TNO TPD in the Netherlands in co-operation with Finnish VTT and Patria Advanced Solutions Ltd. KNMI (Royal Netherlands Meteorological Institute) is the Principal Investigator Institute. Overall responsibility for the OMI mission lies with the Netherlands Agency for Aerospace Programmes (NIVR) with the participation of the Finnish Meteorological Institute (FMI).
Table 1. Spectral performance range, spectral resolution, sampling distances and data products

	Channel
	Total range
Full Performance range
	Average spectral resolution (FWHM)
	Average Spectral sampling distance
	Data products

	UV-1
	270 – 314 nm
270-310 nm
	0.42 nm
	0.32 nm/pixel
	O3 profile

	UV-2
	306 – 380 nm
310 – 365 nm
	0.45 nm
	0.15 nm/pixel
	O3 profile, O3 column (TOMS & DOAS), BrO, OClO, SO2, HCHO, Aerosol, Surface UV-B, Surface Reflectance, cloud top pressure, cloud cover

	VIS
	350 – 500 nm
365 – 500 nm
	0.63 nm
	0.21 nm/pixel
	NO2, Aerosol, OClO, Surface UV-B, Surface Reflectance, cloud top pressure, cloud cover


1.2
OMI Data products
Trace gases measured by OMI are: O3, NO2, SO2, HCHO, BrO and OClO. In addition OMI measures aerosol characteristics, cloud top heights and cloud coverage, and UV irradiance at the surface. TOMS and DOAS heritage algorithms, as well as new ones developed by the international (Dutch, Finnish, and United States) OMI science team, are used to derive OMI’s advanced backscatter data products. The OMI data products as shown in Table 1 are obtained using different retrieval techniques. The algorithms heavily depend on experience gained from TOMS, SBUV, GOME and SCIAMACHY. There are roughly 5 major retrieval techniques used: TOMS type of retrieval (Ozone column, SO2), DOAS type (O3, NO2, O2-O2 cloud pressure), HCHO, OClO and BrO), optimal estimation methods (Ozone profile), Raman scattering (cloud pressure) and retrievals based on changes in the reflectance over long wavelength ranges (aerosols). An overview of the OMI data products is given in [2].

1.2 OMI’s Science Objectives

OMI works synergistically with the other three Aura instruments to collect data in support of Aura’s three mission objectives: detecting and explaining ozone trends, the global impact of pollution and the connections between atmospheric chemistry and climate [3]. OMI complements Aura’s three main objectives with its own questions:

· Is the ozone layer recovering?

· What are the sources and distribution of aerosols and trace gases that affect global air quality?

· What are the roles of tropospheric ozone and aerosols in climate change?

· What are the causes of surface UV-B change?

With regard to the first objective, OMI continues the TOMS record of high quality, total ozone measurements and monitoring of stratospheric ozone recovery predicted by chemical models OMI acts as a bridge for monitoring ozone until the ozone measurements on NPOESS and METOP become operational. OMI’s high spatial resolution is used to detect key tropospheric pollution parameters, such as US EPA’s (Environmental Protection Agency) criteria air pollutants. OMI also measures surface UV irradiance, important for human health and agricultural productivity as well as for air quality predictions. Finally, OMI studies aerosols, the most uncertain contribution in the Earth’s radiation budget. OMI’s improved spatial resolution over other UV/VIS backscatter instruments  results in far more cloud-free scenes and enables more observations between the clouds to  capture more tropospheric information.

2 OMI Results

Almost all of the OMI data products are being produced operationally and many of them will be released publicly in 2006. Already a wealth of information has been produced on both the stratosphere  and the troposphere. In this section some selected examples are given that focus on the troposphere. As mentioned above, OMI provides valuable information on the troposphere because of its daily global coverage and small ground pixels. 

2.1 Fires in Portugal in summer 2005

The wild fires in Portugal were the worst fires in several decades. During and August of 2005 the fires destroyed many hectares of forests, and threatened several villages. The emissions of gases and smoke can be seen both in visible satellite imagery, as well as in Level 2 data products. Fig. 1 shows an example of different satellite data for 21 August 2005.
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Fig 1. Wild fires in Portugal for 21 August 2005. Upper left panel shows MODIS RGB image from the Dundee Satellite Receiving Station Archive; Upper right panel shows the OMI NO2 initial column density; Lower left shows the OMI UV aerosol absorbing index; and Lower right shows the OMI aerosol optical thickness. In all the boxes two boxes are drawn which indicate a plume in the north and a plume in the south of Portugal (see text).

Figure 1 shows each of the OMI data products provide complementary information on the plumes caused by the fires, that all contribute to a good understanding of this event. The two boxes in the figure show the location of a plume in the north of Portugal and one in the south. In the MODIS RGB both plumes the northern plume seems to have the largest density. As NO2 only lives a few hours in the troposphere, it is expected that the highest NO2 concentrations are found near the sources. As can be seen in Fig.1, the highest concentrations are found in the northern plume. The aerosol optical thickness also shows the highest values for the northern plume and the aerosol optical thickness compares very well to the spatial features shown in the MODIS RGB image. The aerosol absorbing index gives a different picture of the situation: the aerosol absorbing index shows the strongest signal for the southern plume. To explain this signal it should be mentioned that the aerosol absorbing index gives the highest signal for elevated layers of absorbing aerosols. The strong signal in the aerosol absorbing index for the southern plume is likely caused by aerosols located at higher altitude than for the northern plume. This vertical information cannot be derived from the other parameters shown in Fig.1. Thus, combining the different parameters provides a more complete picture of the troposphere.

2.2 NO2 and SO2 emissions over the Balkan

The emissions of NO2 and SO2 in industrial regions are both from the burning of fossil fuels. In Europe, the emissions of SO2 are to low to be observed by OMI, with the exception of some strong sources. For NO2 the situation is different: the NO2 concentrations have not been reduced as much as those of NO2 therefore can be observed over Europe with good accuracy. Fig 2. Shows a comparison of OMI tropospheric NO2 and SO2 observations. The high SO2 concentrations are from lignite-burning power plants in the Balkan region [4]. A very pronounced source is found in Bulgaria. In the region with these high SO2 concentrations, NO2 shows also increased values. However, high NO2 concentrations are also found in many other places that do not coincide with high SO2, for example over the city of Sofia in Bulgaria. This is expected because all fossil fuel burning will produce NO2, but only some of these sources will produce such high concentrations of SO2 that they van be observed from space.
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Fig 2. Left image: OMI tropospheric NO2 for February 9 2005 over the Balkan region in Europe. Right image OMI SO2 for the same location and time as the NO2 image. Image courtesy of Nick Krotkov, UMBC/NASA.
3
Validation

Validation is a key activity to establish credibility for the data products as well as to improve upon the data quality. The validation effort for OMI is an international effort, with contributions by European, American and Russian scientist. In this section some examples are given of validation results.

3.1 Geolocation Verification

Verification of the geolocation assigned to individual OMI pixels was performed by comparing geophysical Earth surface details as observed from OMI false color RGB images, such as coast lines, with the high resolution map based on the 1993 CIA world map. OMI R(ed) G(reen) B(lue) images are distilled from the OMI VIS channel by narrow band integration of the Earth radiance intensity around 470 nm, 410 nm and 350 nm and assigning histogram equaled red, green and blue color values, respectively. Results indicate that the OMI geolocation is accurate up to 0.3º / 1000 where the latitude and longitude showed an offset of 8º / 1000 and -2º / 1000, respectively. An example of the superb overlap between the geolocation assigned to individual OMI pixels and the 1993 CIA world map is shown in the image depicted in Fig. 3.
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Fig. 3: Geolocation verification: From comparisons of OMI RGB images to the 1993 CIA world map we conclude that the geolocation assigned to individual OMI pixels is correct (data courtesy of Ruud Dirksen, KNMI).
3.2 Total ozone column validation

OMI ozone column data are available from two different algorithms, namely the TOMS-like and the DOAS algorithm. OMI-TOMS data are publicly available, OMI DOAS data are currently available to validators and will be released publicly in summer 2006 Near-to-real time Brewer as well as “archive quality” Brewer and Dobson total ozone observations have been used for validating more than one year of the TOMS and DOAS total ozone column products of OMI. The comparisons show an agreement of better than 1% for the OMI-TOMS measurements and of the order of 2% for OMI-DOAS on a global scale [5]. OMI-DOAS total ozone compared to ground based observations reveals a dependence on solar zenith angle against both Brewer and Dobson observations where TOMS total ozone does not. 

Statistical analysis of one year of OMI data shows that OMI TOMS and OMI DOAS total ozone columns correlate well but are biased with respect to each other. Correlation coefficients calculated per week of data range from 0.85 to 0.99. Globally averaged, OMI-TOMS reports 4-5 DU less total ozone column than OMI-DOAS. Analysis of OMI-TOMS minus OMI-DOAS total ozone columns also reveal the presence of subtle differences between both retrieval algorithms, such as the treatment of clouds, surface albedo, land snow and sea ice, volcanoes releasing sulfuric dioxide, and solar zenith angle effects. Absolute differences sometimes reach 50 DU or more. These comparisons between the two OMI total ozone algorithms will result in future algorithm improvements.
3.3 Total NO2 column validation

Observations by the SAOZ (Systeme d’Analyse par Observations Zenithales) network have been compared to OMI total and total minus tropospheric (i.e., stratospheric) NO2 column observations. SAOZ measurements represent mainly the stratospheric NO2, because of the reduced sensitivity in the troposphere, and the location in pristine regions of the world of the SAOZ systems. Comparisons indicate a strong correlation (R>0.9) between ground-based and satellite observations. As shown in Fig. 4, OMI stratospheric NO2 is on the average below SAOZ by ~ 0.4·1015 cm-2, however, with large standard deviation. There is a clear seasonal dependence in the difference between SAOZ and satellite data (similar for GOME, SCIAMACHY and OMI), also there are systematic differences between different satellite results. This work has been performed within the framework of the ESA/NIVR/KNMI OMI Announcement of Opportunity by Dmitry Ionov. 
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Fig. 4: Comparing almost one year of OMI stratospheric NO2 column data to SAOZ observations (image courtesy of D. Ionov, CNRS).
4
Conclusions

This paper provides an overview of several OMI’s results for the first one-and-a half years of operations. OMI’s unique capability for tracing tropospheric constituents, due to its small pixel sizes and daily global coverage has shown that pollution sources can be identified and tracked. OMI data can also be combined with very high resolution observations (e.g MODIS) to track aerosol plumes. OMI also performs well in continuing the monitoring the ozone layer and provides data to continue the TOMS volcanic SO2 climatic data record. First aerosol results with a multi-wavelength retrieval approach are shown. Validation efforts are well underway.

3 References 

1. P.F. Levelt, G. H. J. van den Oord, M. R. Dobber, A. Mälkki, H. Visser, J. de Vries, P. Stammes, J. Lundell, and H. Saari, “The Ozone Monitoring Instrument”, IEEE Trans. Geo. Rem. Sens.,Vol 44, No 5, p1093, 2006.

2. P. F. Levelt, E. Hilsenrath, G.W. Leppelmeier. G. B. J. van den Oord, P. K. Bhartia, J. Tamminen, J. F. de Haan and J. P. Veefkind, “Science Objectives of the Ozone Monitoring Instrument”, IEEE Trans Geo. Rem. Sens., Vol 44, No 5, p1199, 2006

3. Schoeberl, M.R., A.R. Douglass, E. Hilsenrath, and P.K. Bhartia, Overview of the AOS Aura mission, IEEE Trans Geo. and Rem. Sens., , Vol 44, No 5, p1066, 2006

4. Krotkov, N.A., S.A. Carn, A.J. Kreuger, P.K. Bhartia, and K. Yang, Band residual difference algorithm for retrieval of SO2 from the Aura Ozone Monitoring Instrument (OMI), IEEE Trans. Geos. and Rem Sens Special Issue on Aura, Vol 44, no 5, p1259, 2006.

5. J.P. Veefkind, J.F. de Haan, E.J. Brinksma, M. Kroon and P. F. Levelt, “Total Ozone from the Ozone Monitoring Instrument (OMI) using the DOAS Technique”, IEEE Trans. Geo. Rem. Sens., Vol 44, No 5, p1239, 2006.






