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Abstract—The Earth Observing System Microwave Limb
Sounder measures several atmospheric chemical species (OH,
HO2, H2O, O3, HCl, ClO, HOCl, BrO, HNO3, N2O, CO, HCN,
CH3CN, volcanic SO2), cloud ice, temperature, and geopotential
height to improve our understanding of stratospheric ozone chem-
istry, the interaction of composition and climate, and pollution in
the upper troposphere. All measurements are made simultane-
ously and continuously, during both day and night. The instrument
uses heterodyne radiometers that observe thermal emission from
the atmospheric limb in broad spectral regions centered near 118,
190, 240, and 640 GHz, and 2.5 THz. It was launched July 15,
2004 on the National Aeronautics and Space Administration’s
Aura satellite and started full-up science operations on August 13,
2004. An atmospheric limb scan and radiometric calibration for
all bands are performed routinely every 25 s. Vertical profiles are
retrieved every 165 km along the suborbital track, covering 82 S
to 82 N latitudes on each orbit. Instrument performance to date
has been excellent; data have been made publicly available; and
initial science results have been obtained.

Index Terms—Microwave, remote sensing, stratosphere, submil-
limeter wave.

I. INTRODUCTION

THE Earth Observing System (EOS) Microwave Limb
Sounder (MLS), onboard the National Aeronautics and

Space Administration (NASA) Aura satellite launched July
15, 2004, uses the microwave limb sounding technique [1] to
provide information on Earth’s upper troposphere, stratosphere,

Manuscript received May 1, 2005; revised October 6, 2005. The work at the
Jet Propulsion Laboratory, California Institute of Technology, was done under
contract with the U.S. National Aeronautics and Space Administration. Work
at The University of Edinburgh was done with support from the U.K. Natural
Environment Research Council.

J. W. Waters, L. Froidevaux, R. F. Jarnot, H. M. Pickett, W. G. Read, P. H.
Siegel, R. E. Cofield, D. A. Flower, J. R. Holden, G. K. Lau, N. J. Livesey, G. L.
Manney, M. L. Santee, D. L. Wu, D. T. Cuddy, R. R. Lay, M. S. Loo, V. S. Perun,
M. J. Schwartz, P. C. Stek, R. P. Thurstans, M. A. Boyles, K. M. Chandra, M. C.
Chavez, G.-S. Chen, B. V. Chudasama, R. Dodge, R. A. Fuller, M. A. Girard, J.
H. Jiang, Y. Jiang, B. W. Knosp, R. C. LaBelle, J. C. Lam, K. A. Lee, D. Miller,
J. E. Oswald, N. C. Patel, D. M. Pukala, O. Quintero, D. M. Scaff, W. Van
Snyder, M. C. Tope, P. A. Wagner and M. J. Walch are with the Jet Propulsion
Laboratory, Pasadena, CA 91109 USA (e-mail: joe@mls.jpl.nasa.gov).

R. S. Harwood, M. J. Filipiak, and H. C. Pumphrey are with the University
of Edinburgh, Edinburgh, EH9 3JZ, U.K.

Digital Object Identifier 10.1109/TGRS.2006.873771

and mesosphere. It is an advanced follow-on to the first MLS
[2], [3] on the Upper Atmosphere Research Satellite (UARS)
launched September 12, 1991. The major objective of UARS
MLS was, in response to the industrial chlorofluorocarbon
threat to the ozone layer [4], to provide global information
on chlorine monoxide (ClO)—the dominant form of chlorine
that destroys ozone. The UARS MLS design was “frozen”
before discovery of the Antarctic ozone hole [5], [6], and the
design was for the middle and upper stratospheric measure-
ments thought most important at the time. It was, however,
able to provide valuable information for assessing the chlorine
destruction of lower stratospheric ozone in the Antarctic and
Arctic winters [7], [8]. UARS MLS also provided additional
measurements beyond stratospheric ClO, O , and H O for
which it was designed, most notable of which are upper tropo-
spheric H O vapor [9]–[11] and cloud ice [12], stratospheric
HNO [13], [14], and temperature variances associated with
atmospheric gravity waves [15], [16]. A summary of scientific
highlights from UARS MLS through 1999 is in [3]. The MLS
web site (http://mls.jpl.nasa.gov) contains an updated list of
MLS-related scientific publications.

EOS MLS is greatly improved over UARS MLS in having:
1) many more stratospheric measurements for chemical com-
position and dynamical tracers; 2) more and better upper
tropospheric measurements; and 3) better global and temporal
coverage and resolution These improvements were possible
because of: 1) advances in technology that have extended
the spectral range and bandwidth of microwave heterodyne
radiometer systems that can be operated on a satellite; 2) design
of EOS MLS for upper tropospheric and lower stratospheric
measurements; and 3) the Aura polar orbit that allows nearly
pole-to-pole coverage on each orbit and measurements made
in the orbit plane that enables more accurate handling of atmo-
spheric gradients in the line-of-sight (LOS) direction. The EOS
MLS atmospheric measurement objectives are shown in Fig. 1.

An overview of the Aura mission is in [17]. Companion
instruments to MLS on Aura are the Tropospheric Emission
Spectrometer (TES) [18], the Ozone Monitoring Instrument
(OMI) [19], and the High Resolution Dynamics Limb Sounder
(HIRDLS) [17].

0196-2892/$20.00 © 2006 IEEE
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Fig. 1. EOS MLS scientific measurement objectives. Solid lines indicate generally useful precision for individual profiles. Dotted lines indicate that zonal (or
other) averages are generally needed to obtain useful precision. Solid lines for lower stratospheric and upper tropospheric HCN and CH CN apply to enhanced
abundances expected from biomass burning injections. The height ranges shown here indicate what is ultimately expected to be achieved, and not necessarily
achieved with initial data processing. Different colors indicate different chemical families.

II. MEASUREMENT TECHNIQUE

Microwave limb sounding remotely measures atmospheric
parameters by observing millimeter- and submillimeter-wave-
length thermal emission as the instrument field of view (FOV)
is scanned through the atmospheric limb from above. Features
of the technique, described further in [1], include the following.

1) ability to measure many atmospheric gases, with emission
from molecular oxygen (and other molecules) providing
temperature and pressure;

2) reliable measurements, even in the presence of aerosol,
cirrus, or polar stratospheric clouds that can degrade
or prevent shorter-wavelength ultraviolet, visible, and
infrared measurements (Fig. 3 of [3] shows the small
effect of dense volcanic aerosol on MLS measurements);

3) ability to measure cloud ice and obtain information on ice
particle size for dense ice clouds that saturate or block
shorter-wavelength techniques;

4) ability to make measurements at all times of day and night,
and thus provide global coverage on a daily basis;

5) ability to spectrally resolve emission lines at all altitudes,
which allows measurements of very weak lines in the
presence of nearby strong ones.

The widths of atmospheric spectral lines in the millimeter
and submillimeter-wavelength spectral regions used by MLS
are dominated by pressure (collisional) broadening throughout
the troposphere and stratosphere, resulting in the linewidth
being a nearly exponentially decreasing function of height up to

50–70 km. Doppler broadening, which is proportional to the
line frequency and only weakly dependent on height (through
temperature), dominates at higher altitudes. Fig. 2 shows

Fig. 2. Linewidth versus height for some spectral lines measured by EOS
MLS.

linewidth variation with height for representative spectral lines
measured by EOS MLS.

The instrumentation used for MLS measurements has stable
and accurate calibration. Fig. 3 shows data indicating the
long-term stability of the UARS MLS antenna system reflec-
tivity. “Space radiances,” the radiances measured through the
antenna system when it is pointed well above the atmosphere
and calibrated in the same manner as the atmospheric radiances
[20], are plotted, after subtraction of an initial radiance offset of
a few kelvins. The absolute mirror reflectivities in all spectral
bands were inferred from reflectivity measurements using a
silver plate standard; the inferred reflectivity for the primary
mirror was 0.9956 0.0008 for bands covering 202–204 GHz
(and the image sideband at 200–201 GHz) [20] (inferred reflec-
tivity values for the EOS MLS primary mirror vary from 0.9977
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Fig. 3. Time-series of 205-GHz UARS MLS space radiances. The marker
on the left shows the effect that 0.1% change in reflectivity, with concomitant
emissivity change, would have. The nearly horizontal line is a best fit to
the radiance trend over the �5 year period analyzed, and has slope of
�0.004 K/year with �0.003 K/year 2� uncertainty.

at 118 GHz to 0.9889 at 640 GHz [21]). The typical in-orbit
temperature of the antenna is 250 K, and the trend in the
observed space radiances thus corresponds to an upper limit of

K K change per year in the overall
antenna system reflectivity, or an upper limit of 0.015% in the
change over the five-year period analyzed. Scatter in the plotted
points is thought due, mainly, to limitations of the simple
thermal model that was used to subtract the small amount of
emission from the antenna. Degradation in reflectivity of the an-
tenna reflector surfaces is thought to dominate any degradation
in instrument radiometric calibration because these are the only
surfaces in the signal path that are exposed to the degrading
effects of solar ultraviolet radiation and atomic oxygen. An-
tenna reflectivity affects overall radiometric calibration errors
proportionally, and these data therefore imply an upper limit of

per year degradation in UARS MLS radiometric
calibration due to this effect. Similar performance is expected
from EOS MLS. Uncertainty in instrument absolute calibration
accuracy [20]–[23] and in the spectroscopic parameters (e.g.,
[24]–[27]) used in data processing can be as small as a few
percent.

III. SCIENTIFIC OBJECTIVES

The overall scientific objectives of EOS MLS are to achieve
the following:

1) determine if stratospheric ozone chemistry is recovering;
2) quantify aspects of how composition affects climate;
3) study aspects of pollution in the upper troposphere.

A. Stratospheric Ozone Chemistry

An overarching question is whether global stratospheric
ozone will recover as expected in the next several decades,
following the international regulations on ozone depleting
substances. Stratospheric total chlorine will be near its peak
during the Aura mission, and stratospheric total bromine may
still be increasing, although more slowly than previously [28].
Climate change could possibly delay ozone recovery through

stratospheric cooling that can exacerbate some ozone chemical
destruction processes, and possibly through changes in trans-
port across the tropical tropopause that could alter the amount
of H O (and perhaps other substances) in the stratosphere,
affecting ozone chemistry and recovery.

EOS MLS produces an extensive dataset for tracking
stratospheric ozone chemistry. It provides the first global mea-
surements of OH and HO , the chemically reactive species
in hydrogen chemistry that dominates ozone destruction at

20–25 km outside winter polar regions, and at heights above
45 km. Our present understanding of hydrogen chemistry in

the upper stratosphere is in question due to some observations
of OH that are in disagreement with current theory [29]. One
MLS objective is to resolve this discrepancy.

Also, for the first time globally, EOS MLS simultaneously
measures stratospheric chlorine in both its dominant “reservoir”
form (HCl) that is not directly involved in ozone destruction
and is a measure of total chlorine in the stratosphere, and the
dominant “radical” form (ClO) that is responsible for ozone de-
struction. These two measurements allow tracking of both total
chlorine in the stratosphere, and the form of stratospheric chlo-
rine that destroys ozone; having them simultaneously provides
a stringent test of our understanding of stratospheric chlorine
chemistry and its possible changes. MLS measures BrO, which
is both the dominant form of bromine in the stratosphere as well
as the form that destroys ozone. The MLS simultaneous mea-
surements of ClO, HCl, HNO , N O, H O, O , and temperature
are important for tracking the processes affecting ozone destruc-
tion in the polar winter lower stratosphere (e.g., [7], [8], and
[13]). The Arctic, in particular, may be at a threshold for more
severe ozone loss due to climate change while stratospheric
chlorine loading is still high.

Quantifying processes in the tropical tropopause region,
where air enters the stratosphere, is important for assessing
changes in ozone chemistry and recovery. Our current knowl-
edge of these processes is so poor, however, that we cannot
even explain the sign of the observed trend in stratospheric
H O. How and why stratospheric humidity has been increasing
for the last few decades [30] has important implications for
stratospheric O [31]. The simultaneous and continuous MLS
measurements of H O, cloud ice, and temperature over several
years will help answer this question.

B. Composition Effects on Climate Variability

A key uncertainty in predicting future climate changes is the
response of tropospheric H O to changes in other greenhouse
gas concentrations. Depending upon details of the process af-
fecting it, upper tropospheric H O can either amplify or at-
tenuate the effects of changes in other greenhouse gases. Un-
derstanding the mechanisms that control humidity of the trop-
ical upper troposphere is essential for determining the nature of
the H O feedback on climate, and thus for improving climate
change predictions. The small amounts of H O in the upper tro-
posphere have a particularly strong infrared radiative effect, due
to the low temperatures there, and exert enormous leverage on
Earth’s radiative balance. Of particular importance is the mois-
ture in the dry subtropical regions, which has a large cooling
effect on the whole tropics [32].
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TABLE I
EOS MLS RADIOMETERS AND MEASUREMENTS

Measurement of upper tropospheric humidity (UTH) on a
global scale from satellite has historically been difficult, due
to its relatively small abundance and the presence of clouds.
This has limited the progress in understanding processes that
control UTH and its effect on climate variability. The MLS
technique, with its combined sensitivity and ability to measure
in the presence of ice clouds, can produce good daily global
measurements of UTH as demonstrated from UARS [9]–[11].
EOS MLS gives better UTH and cloud ice measurements than
UARS MLS; these, along with the MLS simultaneous measure-
ments of temperature, will help improve our understanding of
climate variability. The MLS measurements of cloud ice water
content will provide data on the supply of water to the upper
troposphere—helping, for example, to determine what fraction
of water in convective air parcels remains in condensed form
that can fall out. Variation in the observed UTH over seasonal
to interannual time scales will provide insight into how dif-
ferent forcings, such as El Niño, may affect climate variability.
MLS measurements of the tracer CO provide information on the
origin of air masses, and can place constraints on the hydration
paths for upper tropospheric water.

Greenhouse forcing of surface temperature is significantly
influenced by radiative effects of O and H O in the lower
stratosphere and around the tropopause [33]. A given fractional
change in O has the largest effect on surface forcing when it
occurs in the upper troposphere and lower stratosphere [34],
but O variations in these regions are poorly characterized. As
a consequence, our level of understanding of the greenhouse
forcing by stratospheric O changes is now classified as only
“medium” [33]. Radiative forcing by stratospheric H O trends
is expected to be comparable (and opposite in sign) to that
due to O depletion [35]. The important contribution to sur-
face forcing by H O in the near-tropopause region, where its
distribution and variation are poorly characterized, has been
highlighted in a number of studies. MLS measurements of
O and H O will reduce uncertainties in their contributions to
future changes.

C. Pollution in the Upper Troposphere

Tropospheric pollution and the global effects of regional pol-
lution have received increased attention in the past decade. Aura
is making a major step forward with measurements of many tro-
pospheric species by TES. The MLS upper tropospheric mea-
surements complement those from TES. The upper tropospheric
region measured directly by MLS exhibits signatures of chem-
ical emissions at the surface, for example from rapid convec-
tion and long-range transport processes. Measurements in this

region are important for assessing regional impacts on the global
atmosphere.

The MLS upper tropospheric measurements (made with
varying degrees of precision) include H O, cloud ice, tempera-
ture, O , CO, CH CN, and HCN. H O, cloud ice, temperature,
and O have sufficient precision for individual profiles to be
useful in most situations. Biweekly or monthly maps will
probably be the most useful product for CO, CH CN and HCN
under normal situations, but single profile measurements are ex-
pected to be valuable when the abundances of these species are
substantially enhanced, such as can occur in biomass burning
episodes. CH CN and HCN are good tracers of biomass
burning, and UARS MLS detected a large localized forest fire
enhancement of CH CN that was injected into the stratosphere
by a strong thunderstorm [36]. An important feature of MLS
for studying the upper troposphere is that its measurements can
be made in the presence of most ice clouds.

IV. EOS MLS INSTRUMENT

A. Complement of Radiometers

The EOS MLS instrument contains heterodyne radiometers
operating at ambient temperature in five spectral regions as
given in Table I. The 118-GHz (R1) radiometer, covering the
strong 118-GHz O line, was included for temperature and
tangent pressure. The 190-GHz (R2) radiometer was included
to measure the 183-GHz H O line, as done by UARS MLS,
and to measure a strong band of HNO lines. The 240-GHz
(R3) radiometer was included to cover very strong O lines in
a spectral region where upper tropospheric absorption (mainly
by H O vapor) is sufficiently small to allow measurements
of upper tropospheric O , and to measure CO. The 640-GHz
(R4) radiometer was included to measure the lowest-frequency
line of HCl, the strongest rotational line of ClO, and lines of
BrO, HO and N O. The 2.5-THz (R5) radiometer was chosen
for OH because of the relatively clean spectral region around
the pair of strong OH lines at 2.510 and 2.514 THz, and to
allow use of a methanol CH OH gas laser local oscillator.
(Solid-state local oscillator systems capable of driving the
Schottky diode mixer at 2.5 THz were not available.) The
individual radiometers, as indicated in Table I, provide (or
contribute to) additional measurements beyond those for which
each was included in the instrument. Fig. 4 gives the vertical
ranges of chemical species measured by each radiometer.

Planar-technology mixers [37] are used in all the radiome-
ters, with a monolithic millimeter-wavelength integrated-cir-
cuit (MMIC) amplifier (e.g., [38]) preceding the mixer in the
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Fig. 4. Chemical species measured by individual EOS MLS radiometers. (All radiometers contribute to measurement of temperature and cloud ice.) Different
colors indicate different chemical families. Solid lines indicate generally useful precision for individual profiles. Dotted lines indicate that zonal (or other) averages
are generally needed to obtain useful precision. Solid lines for CH CN and 190-GHz ClO are for enhanced abundances (biomass burning injections of CH CN
and HCN, and polar winter vortex ClO). As in Fig. 1, the height ranges shown here indicate what is ultimately expected to be achieved.

Fig. 5. EOS MLS overall signal flow block diagram.

118-GHz radiometer. Subharmonically pumped mixers are in
the 118-, 190-, 240-, and 640-GHz radiometers, and funda-
mental mixers in the 2.5 THz. Local oscillator systems are all
solid state, except at 2.5 THz where the gas laser system is
used. The MLS THz radiometer is described in [23] and [39].

B. Signal Flow

Fig. 5 gives a top-level signal flow block diagram. Atmo-
spheric signals for the 118-, 190-, 240-, and 640-GHz radiome-
ters are collected by a three-reflector offset antenna system that
vertically scans the limb. As needed, the antenna can be scanned
to high altitudes for a view of “cold space” through the complete
antenna system. The GHz antenna design [21] is similar to that
of UARS MLS, with a primary mirror dimension of 1.6 m pro-
jected in the vertical direction at the limb tangent point. Atmo-

TABLE II
EOS MLS FOV WIDTHS

Values are the full-width at half-power points in the

local vertical and horizontal planes at the tangent

point. See [21] and [23] for more information.

spheric signals for the 2.5-THz radiometer are obtained via a
dedicated telescope and scanning mirror. The 2.5-THz primary
mirror dimension in the limb vertical direction is 25 cm. Sizes
of the primary mirrors for both the GHz and THz systems set
the FOV widths; both have diffraction-limited designs. Table II
gives widths of the fields of view at the tangent point for the dif-
ferent radiometers.

A switching mirror following the GHz antenna system pro-
vides radiometric calibration by switching to views of onboard
blackbody calibration targets or to space. The same calibration
targets are used for all GHz bands. There are two GHz calibra-
tion targets, although only one (passively cooled to C
below ambient in orbit, and heated during prelaunch testing) is
used during normal in-orbit operations. The second GHz target,
included mainly for prelaunch testing, is at ambient tempera-
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Fig. 6. Schematic of the GHz optical multiplexer. Dichroic plates are indicated
by “dn”; a polarization grid by “p1.” See [21] for more information.

ture. The THz scan mirror, in front of the telescope, provides cal-
ibration of the THz bands by rotating to views of cold space and
the on-board ambient-temperature THz blackbody calibration
target. In normal operation radiometric calibration of all spec-
tral bands is performed between each atmospheric limb scan,
every 25 s.

An optical multiplexer, consisting of dichroic plates and a
polarization grid arranged as shown schematically in Fig. 6,
follows the GHz switching mirror and spatially separates the
signal into paths feeding the different GHz radiometers. The
second 118-GHz radiometer (“R1B,” at the orthogonal polar-
ization) provides redundancy for temperature and pressure. The
dichroic plates reflect low frequencies relative to a design value,
and transmit high frequencies; the polarization grid reflects one
linear polarization and transmits the other.

The radiometers down-convert frequencies of the incoming
signals to several broad intermediate frequency (IF) bands
in the range of 3–21 GHz. These first IF bands are further
down-converted to a common second IF frequency centered at
900 MHz [40]. The broad IF signal bands are fed, via a switch
network, to spectrometers that separate the signals into chan-
nels for analyses. The switch network gives some redundancy,
and can be used to select subsets of measurements in the unex-
pected event that time-sharing of measurements is required, for
example in case of future satellite power limitations.

C. Spectrometers

Four types of spectrometers, having different spectral res-
olutions and bandwidths, are used to cover different altitude
ranges. Measurements at lower altitudes require more spectral
coverage, but less resolution, than those at higher altitudes.
“Standard” 25-channel spectrometers are the primary source
of information for measurements throughout the stratosphere.
These have a bandwidth of 1300 MHz and resolution varying
from 96 MHz at band edges to 6 MHz at band center. Individual
channel positions and widths are given in Table III and illus-
trated in Fig. 7. “Midband” spectrometers, with filters having
the same specifications as the center eleven channels (num-
bered 8 to 18) in Table III, are used for additional measurements
in the middle and upper stratosphere. Digital autocorrelator
(DAC) spectrometers provide the finer spectral resolution for
measurements of mesospheric temperature, H O, O , and

TABLE III
NOMINAL POSITIONS AND WIDTHS OF FILTERS FOR

CHANNELS IN THE MLS “STANDARD” SPECTROMETERS

Filter positions are relative to the center of the

targeted spectral line. Widths are full-widths between

half-power points. The positions and widths for

channels 8 to 10 are also the nominal values

for channels 1 to 11 of the MLS “midband”

spectrometers. See [22] for more information.

Fig. 7. Illustrating coverage of the EOS MLS “standard” 25-channel
spectrometer. Each filter in the spectrometer is shown as a horizontal bar whose
width gives the filter resolution. Vertical bars, too small to be seen except
in the narrow center channels, give the �1� noise for the 1/6-s individual
integration time of the MLS instrument and a double-sideband radiometer
noise temperature of 1000 K. The signal shown here is a simulated ozone
line for a limb observation path with tangent height in the lower stratosphere.
The 11 filters between the dotted vertical lines also occur in the “midband”
spectrometers.

CO. These have 129 channels covering 10-MHz width, with
a resolution of 0.15 MHz to measure narrow spectral lines
at atmospheric pressures below 1 hPa (see Fig. 2). “Wide”
filters, having 0.5-GHz width, extend the spectral range of the
25-channel spectrometers for measurements extending lower
into the troposphere.

The instrument has 19 “standard” spectrometers, five “mid-
band” spectrometers, and four DAC spectrometers. There are
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TABLE IV
SPECIFICS FOR SPECTRAL BANDS MEASURED BY EOS MLS

12 “wide” filters organized into three “bands” of four channels
each (one “band” each in R1A, R1B, and R3). All channels of all

spectrometers are measured simultaneously and continuously.
Table IV gives specifics for all the spectral bands measured by
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Fig. 8. Line drawing and photograph of the EOS MLS instrument.

MLS. Fig. 1 of [41] shows the bands superimposed on the at-
mospheric spectrum.

Digitized data from the spectrometers are passed to the com-
mand and data-handling system for transmission to the ground.
The individual measurement integration time is 1/6th second,
termed an MLS Minor Frame (MIF). The MLS Major Frame
(MAF) is the nominal time over which a complete limb scan is
taken. A MAF normally has 148 MIFs (120 of which are limb
views and the others are calibration views), but occasionally has
149 for synchronization of the limb scan with the Aura orbit.

D. Overall Instrument

The EOS MLS instrument is fabricated in three modules:

1) the “GHz module” that contains the GHz antenna system,
calibration targets, switching mirror, optical multiplexer,
and 118-, 190-, 240-, and 640-GHz radiometers;

2) the “THz module” that contains the THz scan and
switching mirror, calibration target, telescope, and
2.5-THz radiometers at both polarizations;

3) the “Spectrometer Module” that contains spectrometers,
command and data handling systems, and power distribu-
tion systems.

Fig. 8 shows a line drawing and photograph of the instrument.
Table V gives overall mass, power, and data rate.

E. Calibration

The EOS MLS instrument calibration is described in
[21]–[23]. There are four categories as follows.

1) “Radiometric calibration” determines the absolute power
incident upon the GHz switching mirror, or the THz scan
mirror, received through each spectral channel. As typical
in microwave radiometry, power is calibrated in terms of a

TABLE V
EOS MLS OVERALL MASS, POWER, AND DATA RATE

“temperature” that is proportional to the power received,
and converges in the long-wavelength limit to the absolute
temperature of a blackbody emitting that power. The ra-
diometrically calibrated outputs are termed “radiances.”

2) “Field-of-view calibration” determines the relative re-
sponse of the instrument as a function of the angle at
which the input signal is incident upon the antenna.

3) “Spectral calibration” determines the relative response as
a function of the frequency of the input signal.

4) “Engineering calibration” gives the output of engineering
sensors in appropriate units (e.g., volts, amperes).

Approximate accuracies of the radiometric, spectral, and
field-of-view calibrations [21]–[23] are as follows.

1) Radiometric: The systematic uncertainty in the atmo-
spheric/Earth radiances measured through each spectral
channel is less than the following:
a) 3 K for the absolute value of the radiances;
b) 1% or for the spectrally varying component

of the radiances measured from one channel or filter to
another throughout a given radiometer, where
for each spectral region is given in Table IV.

2) Spectral and field of view: The spectral and FOV re-
sponses are characterized sufficiently that their separate
uncertainties do not introduce uncertainties in the MLS
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TABLE VI
DETAILS OF THE NOMINAL GHz AND THz LIMB SCANS

“forward model” calculations of the atmospheric/Earth
radiances of more than the following:
a) 3 K in the absolute value of radiances measured

through each spectral channel;
b) 1% or for the spectrally varying component

of the radiances measured from one channel or filter to
another throughout a given radiometer.

To ensure efficient scanning of the vertical region of interest,
the accuracy in placement of the tangent height of the FOV bore-
sights, after in-orbit adjustments, is 0.5 km at the start of each
limb scan (which can degrade to 1 km at the end of the limb
scan). To ensure that tangent height uncertainties due to bore-
sight elevation uncertainties are comparable to, or less than, the
equivalent height uncertainties in MLS measurements of tan-
gent pressure, the changes in elevation of the FOV boresights
with respect to nadir during each limb scan are known to 2
arcsecond, and the rate of change is known to 1 arcsecond per
second at time scales between 1/6 and 25 s. MLS instrument
data on the FOV boresight elevation, and spacecraft data rele-
vant to the MLS FOV boresight elevation, are recorded twice
per MIF. Jitter in elevation of the FOV boresights at time scales
shorter than 1/6 s, as determined from analyses of prelaunch
data, is 8 arcseconds peak-to-peak and caused dominantly by
performance of the MLS pointing control system [21]. This jitter
integrates down to give 1 arcsecond FOV boresight uncertainty
for each 1/6-s MLS individual measurement. Absolute pointing
knowledge, needed for the geopotential height measurements,
is obtained from the Aura satellite star tracker and Inertial Ref-
erence Unit. Drifts in these data can be “calibrated out” by
analyses of overlapping observations from successive orbits in
the polar regions, and in the tropics where MLS temperature
data indicate stable atmospheric conditions.

V. MEASUREMENT COVERAGE

The Aura orbit is sun-synchronous at 705 km altitude
with 98 inclination, 1:45 P.M. ascending (north-going)
equator-crossing time, and 98.8-min period. The MLS fields

Fig. 9. EOS MLS operational limb scan profiles. The curves give the
tangent point height of the FOV boresights as a function of time. Radiometric
calibration (observation of blackbody target and of cold space) and FOV retrace
are performed in the gap between limb scans. The approximately 1-s difference
between the ends of the THz and GHz scans is to reduce power transients when
mirrors move quickly during retrace.

of view “look” in the forward direction (direction of orbital
motion) and vertically scan the limb in the orbit plane. This
gives 82 S to 82 N latitude coverage on each orbit. The mean
geometric distance to the atmospheric limb, for 6371 km mean
Earth radius, is 3080 km for 10-km tangent height (
elevation angle) and 2970 km for 50-km tangent height
( elevation angle). The limb is scanned in the upward
direction to give an observation path tangent point locus that
is much more vertical (see [42, Fig. 1]) than if the limb were
scanned downward. The higher tangent points are closer to
the satellite, which the forward motion compensates for in the
Earth frame of reference.

In nominal operation the MLS limb scans are synchronized
to the orbit, with 240 scans per orbit and phased such that limb
scan tangent point loci occur near the equator on each equator
crossing. This gives 1.5 great circle (165 km) along-track sep-
aration between adjacent limb scans, which is well-matched to
the along-track resolution for upper tropospheric water vapor
measurements. There are equal numbers of limb scans in the
Northern and Southern Hemispheres. Fig. 9 illustrates the oper-
ational limb scan profiles used to date since launch; Table VI



1084 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 44, NO. 5, MAY 2006

TABLE IX
MLS LEVEL 2 GEOPHYSICAL DATA DIAGNOSTIC QUANTITIES

gives details. These scans are performed continuously (non-
stepped), and the 1/6-s integration time provides upper tropo-
spheric and lower stratospheric radiance measurements every
0.3–0.5 km in the vertical. MLS obtains vertical profiles at 3500
locations over the globe every 24 h.

Fig. 10 shows the locations of the limb scans for one 24-h
period. As the Aura orbit is sun-synchronous, MLS observations
at a given latitude on either the ascending or descending sides
of the orbit have approximately the same local solar time
(to within several minutes) throughout the mission. Fig. 11
shows the local solar time of the measurements as a function
of latitude.

VI. DATA PROCESSING AND PRODUCTS

There are three levels of MLS data processing that pro-
duce corresponding levels of data products as summarized in
Table VII. The EOS MLS data processing system is described
in [43].

A. Level 1 Processing

EOS MLS Level 1 data processing algorithms are described
in [22] and [23]. The primary tasks are as follows.

1) Qualify each raw input datum using instrument configu-
ration and checksum data, as well as transmission quality
flags and statistical tests for “reasonableness.”

2) Calibrate the instrument engineering data (e.g., voltages
and temperatures).

3) Interpolate space and target radiometric measurements to
the time of the limb measurements,

4) Calculate radiometric gain at the time of the limb mea-
surements.

5) Estimate components of the limb signal arising from an-
tenna emission and scattering effects.

TABLE X
PLANNED MLS LEVEL 3 DATA PRODUCTS

6) Calibrate the limb radiances and provide estimates of their
uncertainties.

7) Determine the field-of-view boresight pointing angles for
each radiometer.

8) Generate ancillary data (e.g., tangent point location, local
solar time and zenith angles; flags for “bright objects” in
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Fig. 10. EOS MLS measurement locations (crosses) for a 24-h period. The
suborbital track (continuous line) is slightly displaced because of Earth’s
rotation during the time the satellite moves forward to the MLS tangent point
latitude. The ascending (mostly daytime) portions of the orbit are those with
the southeast–northwest tilt.

the field of view) that are needed for quality checks in
Level 2 processing.

9) Produce daily files of the data and a log summarizing in-
strument performance and outputs.

The calibrated radiances produced by Level 1 processing
are the values, for each spectral channel and 1/6-s instrument
integration period, of the radiance received within approximately
6 of the field-of-view boresight direction. This is the angular
range over which the shape of the field of view is measured
duringgroundcalibrations,andforwhichradiancesarecalculated
in Level 2 processing. The small amount of radiance received
outside is estimated and removed during Level 1 processing.
The radiance is calibrated as average radiant power per unit
spectral interval received by that channel, and is expressed
in units of temperature as discussed earlier.

Inputs to Level 1 processing are: a) the MLS Level 0 data;
b) the Aura satellite ephemeris and engineering data that are
used, for example, to obtain satellite location and attitude; and
c) solar, lunar, and planetary ephemerides, which are used to
“flag” situations when objects (e.g., moon, planets) are in the
MLS fields of view.

B. Level 2 Processing

The following are the primary tasks of the Level 2 processing.

1) Retrieve boresight tangent pressures and geophysical
parameters (such as temperature and constituent abun-
dances) from the EOS MLS Level 1 data, and give
estimated uncertainties for the retrieved quantities.

2) Produce diagnostic information (such as radiances calcu-
lated from the retrieved parameters, and chi-square statis-
tics) on the quality of the retrieved geophysical parame-
ters, and “flags” to identify bad retrievals.

3) Produce ancillary data, such as tropopause pressure,
which may be derived from MLS data and/or ancillary

Fig. 11. Local solar time of MLS measurements versus latitude. Crosses give
locations of profile measurements. Arrows show the direction of motion around
the orbit.

TABLE VII
MLS DATA VOLUMES

Volumes given are for the archived products. Level 1 and 2 data

files are produced on a daily basis. With each daily file for

00–24 h UT. Level 3 data will be produced on a monthly basis,

with equivalent daily volumes given here. The MLS Level 1

data are sometimes referred to as “Level 1B,” to distinguish

them from “Level 1A” datasets that do not include geolocation.

meteorological data available at the time of data pro-
cessing.

4) Produce daily files of the output data, and a log summa-
rizing appropriate information on the processing for that
day.

Table VIII lists the “standard” geophysical data product
output files produced by Level 2. Table IX gives the contents
of the Level 2 geophysical data quantities “diagnostic” file.
Typical “diagnostic” quantities are species atmospheric profiles
retrieved from spectral regions other than that used for the
standard product for that species. These quantities provide
valuable cross-checks for the retrieved quantities.

MLS Level 2 data processing algorithms are described in
[42], and simultaneously retrieve atmospheric structure in both
the vertical and LOS direction [44]. The “forward models” used
by this processing are described in [41] and [45], and algorithms
for the MLS cloud measurements in [46].

The standard MLS vertical grid, used for retrievals of most
geophysical parameters, represents the atmospheric profile as
a piecewise-linear function of the logarithm of atmospheric
pressure, with breakpoints at hPa ( , 0.316, 0.464,
0.681, 1.00, 1.47, 2.15, 3.16, ). Under normal operation,
profiles are retrieved every 1.5 of great circle arc along the
suborbital path. Where needed, “smoothing” (in the vertical
and/or horizontal directions) is implemented to stabilize the
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TABLE VIII
MLS LEVEL 2 “STANDARD” GEOPHYSICAL DATA PRODUCT FILES

TABLE IX
MLS LEVEL 2 GEOPHYSICAL DATA DIAGNOSTIC QUANTITIES

retrieved profile at the expense of degraded resolution. The
geophysical data product output files also contain the estimated
precision for each datum. Precision is set negative when the
retrieved value has more than 25% contribution from the a
priori. A “quality” indicator that indicates the degree to which
(in a chi-square sense) the appropriate radiances are fitted by
the retrievals, and a “status” flag to indicate “abnormalities”

(such as operational abnormalities), are included for each
retrieved profile for each product. See [42] and [47] for more
information.

Inputs to the Level 2 processing are MLS Level 1 data and
operational meteorological data from NASA’s Global Modeling
and Assimilation Office (GMAO) or, if needed, can be from the
National Centers for Environmental Prediction (NCEP).
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C. Level 3 Processing

Primary tasks of MLS Level 3 processing, not yet operational,
are to produce the following:

1) daily maps for data having adequate signal-to-noise;
2) daily and monthly zonal means;
3) monthly gridded maps.

Algorithms for producing the daily maps are described in
[48]. Fourier “asynoptic mapping” techniques, as initially de-
veloped by [49], are used to produce maps from the MLS Level
2 data files. Table X gives the planned Level 3 data products.

VII. SOME INITIAL RESULTS

Following launch on July 15, 2004, activation of the MLS
instrument began on July 18. “First light” with the THz module
was achieved on July 24; with the GHz module on July 27.

Fig. 12 shows “first light” spectra from radiometers in each of
the five MLS broad spectral regions measured at tangent heights
in the middle to upper stratosphere; these illustrate the excellent
performance of the instrument from the start of observations.
The first full day of operation in orbit was August 3, 2004, and
full-up science operations began on August 13.

MLS operations started in time to observe development of the
2004 Antarctic ozone hole [50], and its breakup [51]. Fig. 13
shows August 3, 2004 measurements over Antarctica that are
relevant to polar processes affecting ozone. At this time of year
sunlight is returning to the south polar region, and rapid ozone
loss is just beginning. MLS provides an extensive dataset for
tracking polar processes affecting stratospheric ozone. These
are especially valuable for the Arctic, where climate change
could cause increased ozone loss.

Fig. 14 shows MLS measurements of OH and HO made on
August 30, 2004. This illustrates the MLS ability to make these
new measurements (on a daily basis for zonal means), and the
wide dynamic range, from to relative abundances,
over which they can be made. Initial validation of the OH and
HO measurements with balloon instruments, and some early
results relative to the “HO dilemma” are given in [52]. Solar
proton flare enhancement of mesospheric OH and HO , and the
resulting effects on O have also been detected [53]. The most
difficult stratospheric measurement for MLS is BrO, which is
generally expected to require monthly averages for useful pre-
cision. Fig. 15 shows spectra for the two BrO lines observed
by MLS, as well as the spectra for some other relatively weak
lines, measured on August 3, 2004. The quality of these spectra
shows that useful measurements of all these species are being
obtained.

Measurements of carbon monoxide (CO) in an upper strato-
spheric layerat 50kmaltitudeareshowninFig.16.COisagood
tracer of atmospheric air masses. In the upper stratosphere and
mesosphereit tracesdescentofCO-richairproducedbyphotodis-
sociation of CO in the thermosphere. In the upper troposphere
CO traces injections of polluted air from below. Enhanced abun-
dances of CO in the upper troposphere over southern Asia have
been detected by MLS [54]. These are consistent with chemical
model results that show the enhanced CO originated from surface
pollution in industrial regions of southern Asia [55].

Fig. 12. Examples of target spectral lines measured by five different MLS
radiometers and “standard” 25-channel spectrometers. The target line, centered
in the band, is labeled in the upper left of each panel. Additional lines of O
evident in some bands, and the vibrationally excited O line in band 1 are
indicated. The two fine structure components for OH are easily seen, and
the three for HCl can be seen with more scrutiny. These are EOS MLS “first
light” measurements: OH on July 24, 2004, the others on July 27. Vertical bars
(too small to be seen in many cases) give � 1� noise for the individual 1/6-s
measurements; horizontal bars give individual filter widths.

EOS MLS is continuing the UARS MLS measurements of
upper tropospheric water vapor [9]–[11] and cloud ice [12], but
with much better resolution and sensitivity. The improvements
over UARS are due to the EOS MLS denser vertical and
horizontal sampling in the upper troposphere, and its broader
spectral bandwidth. Fig. 17 shows an example of the EOS
MLS upper tropospheric H O measurements. Fig. 18 shows
an example of the cloud ice measurement. Comparisons of
the MLS cloud ice measurements with operational analyses
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Fig. 13. MLS measurements on August 3, 2004 for�18 km height (lower stratosphere, interpolated to the 490-K potential temperature isentropic surface). White
contours, potential vorticity from operational meteorological data, indicate the dynamical edge of the Antarctic vortex. Vortex temperatures are low; values of N O
are also low, characteristic of air that has descended from higher altitudes. Descending air also brings large values of HNO and H O. In the coldest regions of the
vortex (black contours), HNO and H O are depleted by formation of polar stratospheric clouds. Reactions on these clouds trigger conversion of chlorine from the
reservoir HCl to ozone-destroying ClO. The yellow contour on ClO (shown on day side of the orbit only) indicates the edge of daylight, required for substantial
amounts of ClO. See [50] and [51] for analyses of the evolution of these quantities during development and breakup of the 2004 Antarctic ozone hole.

Fig. 14. OH and HO measured on August 30, 2004. Zonal means from the
ascending (day) side of the orbit are shown.

products and global circulation models are given in [56].
Information on cirrus crystal orientation has been obtained
from the dual-polarization measurements of the R1A and
R1B radiometers [57]. The broad spectral range of EOS MLS
also contains information on the size distribution of cloud ice

Fig. 15. Spectra for weaker signals observed by MLS. Global averages of
measurements made at approximately 30–40-km tangent heights on August 3,
2004 are shown; the targeted spectral line is labeled in each panel. Vertical
extents of bars give the estimated noise for the average; horizontal extents show
the spectral resolution of each filter. Smooth curves give calculated spectra for
species in the band. Zero levels on the vertical axes, and offsets of calculated
spectra, are arbitrary.

particles [46]. Injections of SO into the stratosphere have
been detected [58] from the New Guinea Manam volcano that
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Fig. 16. Carbon monoxide in a layer at �50 km altitude measured on
August 3, 2004. White contours are potential vorticity (from operational
meteorological data), where closely spaced contours indicate the dynamical
edge of the Antarctic winter vortex.

erupted on January 27, 2005. LOS mesospheric wind has also
been obtained from research algorithms [59], and compared
with other measurements in analyses of the “two-day wave” in
the mesosphere [60].

VIII. VERSION 1.5 DATA

In January 2005, the EOS MLS Science Data Processing
System [43] began producing the first version of MLS data
being made publicly available. These algorithms and data
version, denoted MLS “Version 1.5” (v1.5), include improve-
ments implemented as a result of inspecting the data produced
by preliminary algorithms used immediately after launch. A
“data quality document” [47] describes the quality of each
MLS geophysical data product, including precision, resolution,
and known artifacts. Users of MLS data need to be familiar
with information in the data quality document, and are en-
couraged—especially with this initial version of the data—to
contact the MLS science team (e-mail data@mls.jpl.nasa.gov)
on their usage and any problems or questions about the data.
EOS MLS data, starting with v1.5, are available from the
NASA Goddard Space Flight Center Earth Distributed Active
Archive Center (DAAC) (http://disc.gsfc.nasa.gov/Aura).

Table XI gives examples of estimated precision for the
MLS v1.5 data products. Absolute accuracy, to be determined
as part of validation activities now underway, is expected
to be typically 5% to 10% for composition and 2 K for
temperature, and (like precision) will vary with the specific
measurement and altitude. Some early validation analyses are
in [61].
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TABLE XI
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