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Abstract 

A new generation GPS flight receiver was launched on the Argentinian satellite SAC-C in 
2001. It has demonstrated the potential applicability for the continuous monitoring of the Earth’s 
atmosphere with radio occultation technology, and providing high vertical resolution profiles of 
temperature and water vapour data complementary to other sounding techniques. MIPAS (the 
Michelson Interferometer for Passive Atmospheric Sounding) on board of the ENVISAT satellite 
launched in 2002 provides vertical profiles of temperature and various tracer constituents by 
limb-emission measurements in the mid-infrared. Both observation systems will benefit from 
their cross-comparison. This analysis presents preliminary comparison of the temperatures 
retrieved from GPS/SAC-C radio occultation observations using JPL retrieval software, and fiom 
MIPASENVISAT infrared spectrum measurements using the IMK data processor. Both 
individual profiles and zonal means of the atmospheric temperature at different seasons and geo- 
locations show reasonable agreement, though some differences exist due to characteristics of the 
individual instruments and observation scenarios. Similar cross comparison technique can be used 
to validate the observed temperatures (5-100km) from the Earth Observing System (EOS) Aura 
Microwave Limb Sounder (MLS) instrument, to be launched in early 2004. 

1. Introduction 

Global Positioning System (GPS) radio occultations are active limb sounding 
measurements of the Earth‘s atmosphere, with the advantages of global coverage, high 
vertical resolution, self-calibration, and the capability to operate under all-weather 
conditions. By placing a GPS receiver on a low earth orbiter (LEO), the phase delays of 
the GPS carrier signals induced by the intervening medium can be accurately measured 
as the GPS-LEO satellite link descends through the atmosphere. Under the assumption of 
geometric optics and local spherical symmetry of the atmosphere, the phase delay 
measurements can be directly inverted to yield the index of refiaction profile with 
vertical resolution that varies fiom about 0.5 km in the lower troposphere to about 1 km 
in the lower stratosphere [Kursinski et al., 1997; Hajj et al., 20021. Coupled with the 
hydrostatic equation, the index of refiaction profile can be converted unambiguously into 
temperature profile above -5 km, where water vapor contribution is small. A sub-Kelvin 
precision in temperature retrievals achievable for the altitude range of 5-20 km has 
recently been demonstrated [Hajj et al., 20031. 

First proposed in the late 1980s [Guwich and Krasilnikova, 1987; Yunck et al., 19881, 
the concept of GPS occultation was successfblly demonstrated in the GPS/MET (GPS 
Meteorology) mission in 1995 [Ware et ai., 19961. The recently launched, polar orbiting, 
Argentinian satellite SAC-C (Satelite de Aplicaciones Cientificas-C) carries with it the 
new-generation occultation-enabled GPS receiver, the “BlackJack” supplied by the Jet 
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Propulsion Laboratory (JPL). SAC-C has been collecting occultation data nearly 
continuously since July 2001, with a typical throughput of about 200 soundings per day. 
The data are routinely processed at JPL, and the retrieval products are made publicly 
available. 

The Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) on board 
of the ENVISAT satellite provides vertical profiles of stratospheric temperature and 
volume mixing ratio (VMR) of various gas species by limb-observing mid-infrared 
emissions [Fischer and Oelhaf, 19961. While only six species (HzO, 0 3 ,  HNO3, CH4, 
N20, NO2) are analyzed under ESA responsibility in an operational mode, there are six 
different data processors in five institutions for science-oriented data analysis of the high 
resolution limb viewing infrared spectra. A recent blind test retrieval experiment based 
on synthetic spectra has shown that all the data processors are capable to produce reliable 
results within their individual specifications [Clarmann et al., 2003bl. This blind test 
experiment is regarded as a successful readiness for realistic data test. 

The MIPAS data analysis processor at Institut f ir  Meteorologie und Klimaforschung 
(IMK) provides simultaneous retrieval of temperature and line-of-sight parameters, as 
well as, indirectly, pressure from measured spectra and the spacecraft ephemerides. This 
step follows after cloud detection and after the retrieval of instrument line shape 
correction parameters (instrument line width, phase correction, and spectral shift), but 
precedes the species abundance retrievals. This is because an accurate knowledge of the 
observational geometry and the physical state of the atmosphere is an essential 
requirement for any space-based limb-viewing remote sensing experiment attempting to 
characterize the chemical composition of our environment. The details of the proposed 
retrieval scheme and its robustness and accuracy have been discussed by Clarmann et al. 
[2003a,b,c] and Stiller et al. [2003]. 

The available MIPAS measurements produced with the IMK data processor are 
accumulating. This makes it possible to compare them with observations of other 
satellites and provide evidences of geophysical validations. Previously, the IMK MIPAS 
temperatures have been compared with a number of other satellite observations [ Wang et 
al. 2003a,b], including GPS-RO/CHAMP (Challenging Mini-Satellite Payload for 
Geoscientific Research and Application), HALOE (Halogen Occultation Experiment), 
and SABER (Sounding of the Atmosphere using Broadband Emission Radiometry), as 
well as UKMO (United Kingdom Meteorological Office) Stratospheric Assimilated data. 
Both individual profiles and zonal means of the atmospheric temperature at different 
seasons and geo-locations show reasonable agreement. The overall mean differences are 
estimated at about 1-2 K with root-mean-square (rms) deviations of -5 K. 

In this study, we will compare temperatures measured by MIPAS and GPS/SAC-C. This 
analysis benefits not only the two different limb-viewing observation systems of active 
radio occultation and passive infrared emission, but also the future cross-comparison with 
temperature measurements from soon-to-be launched EOS Aura-MLS instrument. 
Following a description of the data characteristics and analysis methods in section 2, the 
comparisons between inQividual profiles and zonal mean differences of the GPS- 
RO/SAC-C and IMK MIPAS temperatures are presented in sections 3 and 4. The 
application to EOS Aura MLS observations is briefly discussed in section 5 ,  and our 
conclusions are contained in section 6. 
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2. Data Description and Comparison Methods 

The GPS/SAC-C level 2 temperature data are produced by the JPL retrieval software. 
The data provide global coverage with more than one hundred temperature profiles per 
day (third column of Table 3). These temperature profiles are derived by means of Abel 
inversion, refractivity equation, hydrostatic equation, and the equation of state, with 
assumptions of spherical symmetry in the vicinity of the tangent point and the water 
vapor is negligible [Hajj et al, 20021. The retrieved temperatures are considered as “dry 
temperatures”. When the water vapor is significant at low latitudes (< 5 km), a model 
(NCEP in the JPL analysis) is needed to resolve the ambiguity, in particular by modeling 
the water vapor so that temperature profiles can be retrieved. The boundary condition is 
set by the NCEP temperature at height of 30 km as an initial guess in the JPL retrieval. 

Tablel: Numbers of coincidence profiles used for comparison. Coincidence Criteria: latitude and longitude 
differences are less than 5 and 10 degrees, respectively, the time differences are less than 6 hour. 

The MIPAS temperature data used for this study are derived from infrared emissions 
using the IMK data processor. The MIPAS limb-viewing observations from ENVISAT, 
the sun-synchronous polar orbiter, provide global coverage with 14.4 orbits per day. At a 
given latitude over the course of a day, about 30 longitudinal points are sampled, 15 in 
each of the ascending and descending modes. The sampling in the two legs corresponds 
to two different local times, each of which remains approximately constant for successive 
orbits, changing in fact by only 20 minutes per day. The standard observation mode 
covers tangent altitudes between 6 and 42 km at step width of 3 km, then at 47, 52, 60, 
and 68 km. The sampling rate is -500 km along-track and -2800 km across-track at the 
equator. The IMK data processor uses the standard retrieval approach of constrained non- 
linear multi-parameter least-squares fitting. The temperature data are calculated based on 
the operational ESA level- 1 data (Le. calibrated and geo-located radiance spectra). The 
retrieval of current version VO.0 is performed between 6 and 70 km on a 1-km grid below 
44 km and 2-km above. The retrieved grids are finer than the typical vertical distance of 
two adjacent tangent points. Therefore the solution has to be stabilized by a constraint. 
The bottom and top of the atmosphere are taken to be the Earth’s surface and 120 km, 
respectively. This choice eliminates lower and upper boundary effects on retrieved 
temperatures at altitudes where one can reasonably expect quality retrievals. Also, local 
thermodynamic equilibrium (LTE) is assumed in the retrievals, since the non-LTE effects 
are not significant in the region below 70 km except for the lower mesosphere in the 
polar winter regions [Clarmann et al., 2003~1. The data set only includes noise errors at 
present. This tends to underestimate the total measurement errors. Some measurements 
due to severe cloud contamination were rejected. The number of available measurements 
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for each day varies fiom the several tens to low hundreds (see the second column of 
Table 1). 

The temperature data used for this comparison analysis are taken fiom different geo- 
locations at solstice and polar winter conditions. Due to characteristics of the sampling 
scenarios for the two data sets, it is difficult to achieve excellent spatial and temporal 
coincidence for individual pairings of MIPAS profiles with correlative GPS/SAC-C 
measurements. As a first order approximation, individual paired-profile comparisons are 
conducted for those measurements with latitude and longitude differences smaller than 5 
and 10 degrees, respectively. The time differences between the paired profiles are 
required to be less than 6 hour. The paired profiles are then interpolated to a common 
altitude grid as that used by the MIPAS-IMK data. No resolution or averaging kernel 
[Rodgers et al., 20031 is used in this preliminary study. 
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Figure la: Comparisons of MIPAS and GPS/SAC-C temperatures on 24 July, 2002. In each panel, the 
MIPAS (solid) and GPS/SAC-C (dotted) temperature (in Kelvin) profiles are displayed in the left sub-panel, 
while difference (in Kelvin) of the two temperatures are shown in the right sub-panel. The orbit and scan 
numbers, UT time, latitude and longitude (in degrees) are denoted for the MIPAS measurement. The 
correlative GPS/SAC-C observation has latitude and longitude differences smaller than 5 and 10 degrees, 
respectively. The time difference (or its range if there are multiple correlative measurements) between 
MIPAS and GPS/SAC-C observations are indicated by At in minutes. 
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Figure lb: Same as Figure la, but for 20 September, 2002. 

3. Comparisons of Individual Profiles 

Individual temperature profile comparisons are performed for the MIPAS and SAC-C 
measurements between 5 and 30 km at solstice and polar winter conditions. The total 
MIPAS, SAC-C sampling profiles and the numbers of MIPAWSAC-C correlative 
profiles used for this study are listed in Table 1. The coincidence criteria are defined in 
the previous section. One MIPAS profile may have multiple GPS/SAC-C coincidences 
due to the sampling characteristics and our coincidence criteria. Note that by the time this 
study was conducted, MIPAS measurements were only available for July 24 and 10 days 
between September 20 and October 13 (the results for 12 and 13 October not presented). 

As examples, Figures 1 a, b and c, display comparisons of a few paired MIPAS/SAC- 
Cy profiles at different locations and different measurement days. The mean differences 
and the root-mean-squared (rms) deviations averaged over all available paired profiles 
are presented in Figures 2a and 2b for July and September/October periods, respectively. 
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Figure IC: Same as Figure la, but for 26 September, 2002. 

In general, the MIPAS and SCA-C temperature profiles agree well, with overall mean 
differences less than 2 K and the rms deviations less than 5 K or more throughout 
troposphere and lower-stratosphere. For July 24 profile, the mean MIPAS temperatures 
are slightly warmer (- 1 to 2 K) than SAC-C temperatures. For the 8-day period of 
September-October, although there is no apparent height dependent bias, the mean 
MIPAS temperatures are somewhat cooler by -1 K near the tropopause between about 12 
to 18 km. Also, the individual paired temperature profiles exhibit a lot of refined 
structures due to the influences of planetary waves, topography and convection related 
gravity waves, as well as tides (though they are thought to be small in the region of 
interest in this analysis). 

4. Comparisons of Daily Zonal Mean 

The planetary wave and other small scale wave-like structures of individual profiles 
can be alleviated by conducting comparison of daily zonal means of the temperature 
differences at different latitude bands, since the more random, small-scale geophysical 
variations of temperature are expected to be averaged for the multi-orbital data sets. To 
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determine the daily zonal means, all available longitudinal data at individual heights are 
sorted into latitude bins of a specified width (10" in latitude are used for this study, in 
order to have enough data points available in each bin). The daily means of available data 
points are computed separately for each leg. 
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Figure 2: Mean differences (solid) and root-mean-squired deviations (dotted) of MIPAS and GPSISAC-C 
temperatures (K). The light lines are data averaged over all available paired profiles in a single day, dark 
solid lines are averaged over all the measurement days in the plot: one day for July 24 (left panel), eight 
days for September-October (right panel). 
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Figure 3: Daily zonal averaged temperature differences (in Kelvin) of correlative MIPAS and GPS/SAC-C 
measurements. MIPAS observations are separated by descending mode (left) and ascending mode (right). 
See Table 1 for the criteria and numbers of coincidences. The temperatures are contoured by 2 K interval. 

7 



We examine the mean differences of MIPAS and SAC-C temperatures at 5-30 km to 
further show the statistical consistency between the two data sets. The data cover the 
period of September-October of 2002, when an unprecedented Antarctic winter 
stratospheric sudden warming event occurred (Manney et al., 2003; Wang et al., 2003~). 
Figure 2 show the daily zonal mean temperature differences between the correlative 
MIPAS and GPS/SAC-C measurements. In general, there are random differences of 2-4 
K in wide latitude and altitude regions. The noticeable large differences are about 6-10 K 
at high latitude poleward of 60"s around 20-25 km during 22-27 September, 2002, when 
MIPAS temperature measurements reported a major polar stratospheric warming event 
[ Wang et al., 2003~1. The cause of this MIPAS warm-bias over SAC-C, however, is not 
clear at present. 

5. Future comparison with EOS Aura MLS 

EOS MLS is a 'second-generation' MLS experiment [Waters et al., 19991 to be 
launched onboard the NASA EOS Aura satellite in early 2004. MLS measures 
atmospheric composition, temperature, cloud ice, and pressure from observations of 
thermal emission at wavelengths between 2.5 mm and 0.12 mm as the instrument field- 
of-view is scanned down through the atmospheric limb. The EOS MLS temperature 
measurements cover 82"s to 82"N on each orbit, which will provide good precision for 
single profiles (-2 K) and zonal means (-0.1 K) for altitudes between 5 and -70 km with 
vertical resolution of -2.7 km. Mesospheric temperatures up to 100 km can also be 
estimated when monthly or seasonal averages are applied. 
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Figure 4: Approximate vertical range of temperature measurements by EOS AuraMLS, MIPAS and 
GPS/SAC-C. Shaded vertical bars indicated standard data ranges, dotted lines indicate that substantial 
averages of individual measurements are needed for useful precision. 

Figure 4 illustrate approximate vertical ranges of temperature measurements from 
EOS Aura/MLS, MIPAS and GPS/SCA-C instruments, which show a similar vertical 
coverage of EOS AurdMLS and MIPAS. The cross-comparison technique that used in 
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this study provides a useful and quick comparisodvalidation tool for the temperature 
measurements fkom EOS AurdMLS. In addition, cross-comparison and validations of 
temperatures, water vapor and other species measured by MLS and MIPAS will be 
especially valuable for studies related to stratosphere ozone depletion, greenhouse gases 
transformation, troposphere-stratosphere exchange, and radiative forcing of climate 
change. 

6. Concluding Remarks 

Comparisons of -280 correlative profiles of MIPAS-IMK and GPS/SAC-C 
temperatures between 5-30 km are conducted. Both individual profiles and zonal means 
of the temperature at two different seasons and various geolocations show reasonable 
agreement. The overall mean differences are estimated at about 2 K with rms deviation of 
-5 K. No apparent height dependence exists. 
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