








































































































































































































































































































3.20. Sulfur Dioxide

Table 3.20.1: Summary of MLS v3.3 SO2 product.

Pressure /
hPa

Resolution
V × H km

Single profile
precision a / ppbv

Accuracy /
ppbv

Comments

< 10 — — — Unsuitable for scientif c use
10 3 × 180 3.5 6
15 3 × 180 3.5 3
22 3 × 180 3.2 4
32 3 × 180 3.2 5
46 3 × 180 3.0 5
68 3 × 180 3.0 6
100 3 × 180 3.0 6
147 3 × 180 3.1 10
215 3 × 180 3.8 20

>215 — — — Unsuitable for scientif c use

aAbsolute error in percent
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3.21. Temperature

3.21 Temperature

Swath name: Temperature

Useful range: 261 – 0.001 hPa

Contact: Michael J. Schwartz, Email: <Michael.J.Schwartz@jpl.nasa.gov>

Introduction

The MLS v3.3 temperature product is similar to the v2.2 product that is described in Schwartz et al. [2008].
MLS temperature is retrieved from bands near O2 spectral lines at 118 GHz and 239 GHz that are measured
with MLS radiometers R1A/B and R3, respectively. The isotopic 239-GHz line is the primary source of
temperature information in the troposphere, while the 118-GHz line is the primary source of temperature in
the stratosphere and above. MLS v3.3 temperature has a ∼ −1 K bias with respect to correlative measure-
ments in the troposphere and stratosphere, with 2 – 3 K peak-to-peak additional systematic vertical structure.
Table 3.21.1 summarizes the measurement precision, resolution, and modeled and observed biases. The fol-
lowing sections provide details.

Differences between v3.3 and v2.2

The MLS v3.3 temperature retrieval algorithms are largely unchanged from those of v2.2, using the same
subsets of the same radiance bands, so the resulting products are very similar. An exception is the 316-hPa
level, which in v3.3 is noisier and has larger biases relative to analyses than in v2.2. The v3.3 temperature
316-hPa level is not recommended for scientif c use. Version v3.3 has eight more retrieval levels in the upper
stratosphere, giving 12 levels per decade from the surface to 1 hPa. Noise and biases have been reduced at
“chunk boundaries”, the breaks between the 10-prof le blocks of data that are concurrently retrieved by
the 2-D algorithms. The non-convergence of the retrieval over substantial sections of the polar autumn
in v2.2 has been eliminated in version v3.3. Vertical smoothing has been reduced in the mesosphere and
lower thermosphere, improving vertical resolution at a cost of less than a factor of two in precision, but
also resulting in what, in preliminary validation, appears to be some vertically oscillating prof les in the
mesopause region, particularly at the equator. The a priori temperature prof les used in v3.3 are consistently
GEOS-5.2, while v2.2 used GEOS-5.1 before September of 2008. GEOS-5.1 has a low bias in the upper
stratosphere of 0 – 15 K, particularly at high latitudes, and resulted in biases of ∼1 K near the stratopause.

Resolution

The vertical and horizontal resolution of the MLS temperature measurement is shown by averaging kernels
in Figure 3.21.1. Vertical resolution, shown on the left panel, is ∼5 km from 261 hPa to 100 hPa, improves
to 3.6 km at 31.6 hPa and then degrades to 4.3 km at 10 hPa, 5.5 km at 3.16 hPa and 6 km at 0.01 hPa. Along
track resolution is ∼170 km from 261 hPa to 0.1 hPa and degrades to 220 km at 0.001 hPa. The cross-track
resolution is set by the 6-km width of the MLS 240-GHz f eld of view in the troposphere and by the 12-km
width of the MLS 118-GHz f eld of view in the stratosphere and above. The longitudinal separation of MLS
measurements from a given day, which is determined by the Aura orbit, is 10◦– 20◦ over middle and low
latitudes and much f ner in polar regions.
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Figure 3.21.1: Typical two-dimensional (vertical and horizontal along-track) averaging kernels for

the MLS v3.3 Temperature data at 70◦N (upper) and the equator (lower); variation in the averaging

kernels is sufficiently small that these are representative of typical profiles. Colored lines show the

averaging kernels as a function of MLS retrieval level, indicating the region of the atmosphere from

which information is contributing to the measurements on the individual retrieval surfaces, which

are denoted by plus signs in corresponding colors. The dashed black line indicates the resolution,

determined from the full width at half maximum (FWHM) of the averaging kernels, approximately scaled

into kilometers (top axes). (Left) Vertical averaging kernels (integrated in the horizontal dimension for

five along-track profiles) and resolution. The solid black line shows the integrated area under each

kernel (horizontally and vertically); values near unity imply that the majority of information for that

MLS data point has come from the measurements, whereas lower values imply substantial contributions

from a priori information. (Right) Horizontal averaging kernels (integrated in the vertical dimension)

and resolution. The horizontal averaging kernels are shown scaled such that a unit averaging kernel

amplitude is equivalent to a factor of 10 change in pressure.
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Precision

The precision of the MLS v3.3 temperature measurement is summarized in Table 3.21.1. Precision is the
random component of measurements which would average down if the measurement were repeated. The
retrieval software returns an estimate of precision based upon the propagation of radiometric noise and
a priori uncertainties through the measurement system. These values, which range from 0.6 K in the lower
stratosphere to 2.5 K in the mesosphere, are given, for selected levels, in column 2. Column 3 gives the rms
of differences of values from successive orbits (divided by the square-root of two as we are looking at the
difference of two noisy signals) for latitudes and seasons where longitudinal variability is small and/or is a
function only of local solar time. The smallest values found, which are for high-latitude summer, are taken
to be those least impacted by atmospheric variability, and are what is reported in column 3. These values are
slightly larger than those estimated by the measurement system in the troposphere and lower stratosphere,
and a factor of ∼1.4 larger from the middle stratosphere through the mesosphere.

Accuracy

A substantial study of sources of systematic error in MLS measurements was done as a part of the validation
of v2.2, and as the measurement system is substantially unchanged, those results are repeated here. The
accuracy of the v2.2 temperature measurements was estimated both by modeling the impact of uncertainties
in measurement and retrieval parameters that could lead to systematic errors, and through comparisons
with correlative data sets. Column 5 of Table 3.21.1 gives estimates from the propagation of parameter
uncertainties, as discussed in Schwartz et al. [2008]. This estimate is broken into two pieces. The f rst term
was modeled as amplif er non-linearity, referred to as “gain compression,” and was believed to have a known
sign, as gain is known to drop at high background signal levels. Correction of these linearity’s was a goal
of v3.3, but closer examination of the simple non-linearity model found that it did not close foreword model
and measured radiances as expected. It had been hoped that better radiance closure would permit the use
of more radiances in the middle of the 118-GHz O2 band, giving better resolution, precision and accuracy
in the upper stratosphere and better accuracy everywhere. This work is still ongoing, and it is hoped that
advances will manifest in improvements in a future version.

The second term of column 5 combines 2-σ estimates of other sources of systematic uncertainty, such as
spectroscopic parameters, retrieval numerics and pointing, for which the sign of resulting bias is unknown.
Gain compression terms range from −1.5 K to +4.5 K, and predicted vertical structure is very similar to
observed biases relative to correlative data in the troposphere and lower stratosphere. The terms of unknown
sign are of ∼2 K magnitude over most of the retrieval range, increasing to 5 K at 261 hPa and to 3 K at
0.001 hPa.

Column 6 contains estimates of bias based upon comparisons with analyses and with other previously-
validated satellite-based measurements. In the troposphere and lower stratosphere, the observed biases
between MLS and most correlative data sets are consistent to within ∼1.5 K, and have vertical oscillation
with an amplitude of 2 – 3 K and a vertical frequency of about 1.5 cycles per decade of pressure. A global
average of correlative measurements is shown in Figure 3.21.2.

Data screening

Pressure range: 261 – 0.001 hPa

Values outside this range are not recommended for scientif c use.

Estimated precision: Only use values for which the estimated precision is a positive number.

Values where the a priori information has a strong inf uence are f agged with negative precision, and
should not be used in scientif c analyses (see Section 1.5).
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Status flag: Only use profiles for which the ‘Status’ field is an even number.

Odd values of Status indicate that the prof le should not be used in scientif c studies. See Section 1.6
for more information on the interpretation of the Status f eld.

Cloud consideration: Observe the higher order bits for theStatus field for cloud issues, described
below.

As an additional screen, the f fth-least-signif cant bit of Status (the “low cloud” bit) is used to f ag
prof les that may be signif cantly impacted by clouds. At pressures of 147 hPa and lower (higher in the
atmosphere), the cloud bits may generally be ignored. In the troposphere an attempt has been made
to screen out radiances that have been inf uence by clouds, but some cloud-induced negative biases
in retrieved temperature of up to 10 K are still evident, particularly in the tropics. The “low-cloud”
Status bits from the two prof les which follow a given prof le have been found to provide signif cantly
better screening of cloud-induced temperature retrieval outliers than do the prof le’s own Status bits.
Temperatures in the tropopause (261 hPa – 178 hPa) should be rejected as possibly inf uenced by cloud
if the “low-cloud” Status bit is set in either of the two prof les following the prof le in question. The
screening method f ags 16% of tropical and 5% of global prof les as cloudy and captures 86% of the
tropical 261 hPa values for which the difference between MLS T and its a priori is more than −4.5 K
(∼2σ ) below the mean of the difference.

Quality field: Only profiles whose ‘Quality’ field is greater than 0.65 should be used.

The Quality diagnostic in v3.3 is has fewer low values that did v2.2, ref ecting better closure of the
radiances used in the temperature retrieval. This threshold typically excludes 1% of prof les.

Convergence field: Only profiles whose ‘Convergence’ field is less than 1.2 should be used.

The Convergence diagnostic has far fewer high values in v3.3 than it had in v2.2, as there are far
fewer poorly-converged “chunks” in the new version. Use of this threshold typically discards 0.1% of
prof les, compared to 2% or prof les f agged in v2.2.

Artifacts

MLS temperature has persistent, vertically oscillating biases, in the troposphere and stratosphere, which are
believed to be due to shortcomings in the instrument forward model and are an area of continued research.
The impact of clouds is generally limited to tropospheric levels in the tropics, and to a lesser extent, mid-
latitudes. The greatest impacts of clouds are ∼ −10 K, at 261 hPa, while impacts are negligible at 100 hPa
and smaller pressures. Flagging of clouds is discussed above. Biases of >1 K that were seen in v2.2,
particularly in the troposphere, at the boundaries of the nominally-10-prof le “chunks” in which the retrieval
is processed have been greatly reduced in v3.3. Unusually short chunks often occur at the beginnings and
ends of days and these may contain spurious values. Further discussion of artifacts may be found in Schwartz
et al. [2008].

Review of comparisons with other datasets

Schwartz et al. [2008] describes detailed comparisons of MLS v2.2 temperature with products from the
Goddard Earth Observing System, version 5 [Reinecker et al., 2007] (GEOS-5), the European Center for
Medium-Range Weather Forecast [e.g., Simmons et al., 2005] (ECMWF), the CHAllenging Minisatel-
lite Payload (CHAMP) [Wickert et al., 2001], the combined Atmospheric Infrared Sounder / Advanced
Microwave Sounding Unit (AIRS/AMSU), the Sounding of the Atmosphere using Broadband Radiome-
try (SABER) [Mlynczak and Russell, 1995], the Halogen Occultation Experiment [Hervig et al., 1996]

T
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Figure 3.21.2: The left panel shows globally-averaged mean differences between MLS temperature

and eight correlative data sets. Criteria for coincidences are described in detain in Schwartz et al.

[2008]. The right panel shows the global standard deviations about the means.
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Figure 3.21.3: Zonal mean of the difference between MLS v3.3 temperature and GEOS-5.2 tempera-

ture (upper), and variability about that mean (lower), averaged for 2005–2010.

(HALOE) and the Atmospheric Chemistry Experiment [Bernath et al., 2004] (ACE), as well as to radioson-
des from the global network. From 261 hPa to ∼10 hPa there is generally agreement to ∼1 K between the
assimilations (ECMWF and GEOS-5) and AIRS, radiosondes and CHAMP, with SABER and ACE having
generally warm biases of ∼2 K relative to this group. Figure 3.21.2 shows the global mean biases in the
left panel and the 1 σ scatter about the mean in the right panel for these eight comparisons. Between 1 hPa
and 0.001 hPa, MLS has biases with respect to SABER of +1 K to −5 K between 1 hPa and 0.1 hPa, of
0 K to −3 K between 0.1 K and 0.01 K and increasing in magnitude to −10 K at 0.001 hPa. Estimates of
systematic error in the MLS temperature are shown in black, with 2-σ uncertainty shown with gray shading.
The black line is the modeled contribution of “gain compression,” which was hoped would explain much of
the vertical structure of MLS biases in the upper troposphere and lower stratosphere. As discussed above,
the gain-compression model used in this study does not adequately close the retrieval’s radiance residuals,
so further study is needed to understand the forward-model inadequacies.

Figure 3.21.3 shows zonal mean temperature and its variability averaged over 93 days processed with
v2.2. Persistent vertical structure in the troposphere and lower stratosphere is evident, with the oscillations
somewhat stronger at the equator and poles than at mid-latitudes. In the upper stratosphere, MLS has a
general warm bias relative to GEOS-5 at mid and high latitude that increases to more than 10 K in the poles
at 1 hPa. The bias at 1 hPa is much smaller in polar summer, but persists in polar winter.

Desired improvements

Improvement of the forward model, perhaps through inclusion of some combination of amplif er non-
linearity or f lter shifts to better-closed radiance residuals, would permit the concurrent use of all of the
118-GHz and 239-GHz O2 bands, and improve accuracy throughout the prof le and precision and resolution
in the stratosphere.T

150 EOS Microwave Limb Sounder



3.21. Temperature

T
a
b

le
3
.2

1
.1

:
Su

m
m

ar
y

o
f
M

L
S

Te
m

p
e
ra

tu
re

p
ro

d
u
ct

P
re

ss
ur

e
P

re
ci

si
on

a

/K

O
bs

er
ve

d
S

ca
tte

rb

/K

R
es

ol
ut

io
n

V
×

H
/k

m

M
od

el
ed

B
ia

s
un

ce
rt

ai
nt

y
/K

O
bs

er
ve

d
B

ia
s

un
ce

rt
ai

nt
y

/K

C
om

m
en

ts

<
0.

00
1

hP
a

—
—

—
—

—
U

ns
ui

ta
bl

e
fo

rs
ci

en
tif

c
us

e
0.

00
1

hP
a

±
2.

5
±

3.
5

10
–1

3
×

22
0

+
2

±
3

−
9

0.
01

hP
a

±
2.

2
±

3
8–

12
×

18
5

+
2

±
3

−
2

to
0

0.
1

hP
a

±
2

±
2.

3
6

×
17

0
+

2
±

2
−

8
to

0
0.

31
6

hP
a

±
1

±
1.

5
7.

5
×

16
5

+
3

±
2

−
7

to
−

4
1

hP
a

±
1

±
1.

4
7.

0
×

16
5

+
1

±
2

0
to

+
5

3.
16

hP
a

±
0.

8
±

1
5.

5
×

16
5

+
2

±
2

+
1

10
hP

a
±

0.
6

±
1

4.
3

×
16

5
0

±
2

−
1

to
0

14
.7

hP
a

±
0.

6
±

1
3.

9
×

16
5

+
4

±
2

0
to

+
1

31
.6

hP
a

±
0.

6
±

1
3.

6
×

16
5

+
1

±
2

−
2

to
0

56
.2

hP
a

±
0.

8
±

0.
8

3.
8

×
16

5
−

1
±

2
−

2
to

0
10

0
hP

a
±

0.
8

±
0.

8
5.

0
×

16
5

+
2

±
2

0
to

+
1

21
5

hP
a

±
1

±
1

5.
0

×
17

0
−

1.
5

±
4

−
2.

5
to

−
1.

5
26

1
hP

a
±

1
±

1
5.

0
×

17
0

0
±

5
−

2
to

0
10

00
–

31
6

hP
a

—
—

—
—

—
U

ns
ui

ta
bl

e
fo

rs
ci

en
tif

c
us

e

a
Pr

ec
is

io
n

on
in

di
vi

du
al

pr
of

le
s

b
Pr

ec
is

io
n

in
fe

rre
d

fr
om

di
ffe

re
nc

es
of

in
di

vi
du

al
pr

of
le

s
fr

om
su

cc
es

siv
e

or
bi

ts
(v

2.
2

re
su

lts
sh

ow
n)

EOS MLS Level 2 Version 3.3 Quality 151

T



Bibliography
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H. Auvinen, and L. Oikarinen. An overview of the Odin atmospheric mission. Can. J. Phys., 80:309–319,
2002.

J. R. Pardo, E. Serabyn, and J. Cernicharo. Submillimeter atmospheric transmission measurements on
Mauna Kea during extremely dry El Niño conditions: Implications for broadband opacity contributions.
J. Quant. Spectrosc. Radiat. Transfer, 68:419–433, 2001.

H. M. Pickett. Microwave Limb Sounder THz Module on Aura. IEEE Trans. Geosci. Remote Sens., 44(5):
1122–1130, 2006.

H. M. Pickett, B. J. Drouin, T. Canty, L. J. Kovalenko, R. J. Salawitch, N. J. Livesey, W. G. Read, J. W.
Waters, K. W. Jucks, and W. A. Traub. Validation of Aura MLS HOx measurements with remote-sensing
balloon instruments. Geophys. Res. Lett., 33(1):L01808, doi:10.1029/2005GL024442, 2006a.

H. M. Pickett, W. G. Read, K. K. Lee, and Y. L. Yung. Observation of night OH in the mesosphere. Geophys.
Res. Lett., page L19808 doi:10.1029/2006GL026910, 2006b.

H. M. Pickett, B. J. Drouin, T. Canty, R. J. Salawitch, R. A. Fuller, V. S. Perun, N. J. Livesey, J. W.
Waters, R. A. Stachnik, S. P. Sander, W. A. Traub, K. W. Jucks, and K. Minschwaner. Validation
of Aura Microwave Limb Sounder OH and HO2 measurements. J. Geophys. Res., 113(D16):D16S30,
doi:10.1029/2007JD008775, 2008.

H. C. Pumphrey, M. J. Filipiak, N. J. Livesey, M. J. Schwartz, C. Boone, K. A. Walker, P. Bernath, P. Ricaud,
B. Barret, C. Clerbaux, R. F. Jarnot, G. L. Manney, and J. W. Waters. Validation of middle-atmosphere
carbon monoxide retrievals from the Microwave Limb Sounder on Aura. J. Geophys. Res., 112:D24S38,
doi:10.1029/2007JD008723, 2007.

H. C. Pumphrey, R. E. Cof eld, M. J. Filipiak, and N. J. Livesey. An all-sky survey at 230 GHz by MLS on
Aura. Adv. Space Res., 43:342–348, 2009.

Hugh C. Pumphrey, Carlos J. Jimenez, and Joe W. Waters. Measurement of HCN in the middle atmosphere
by EOS MLS. Geophys. Res. Lett., 33(8):L08804, doi:10.1029/2005GL025656, 2006.

W. G. Read, Z. Shippony, and W. V. Snyder. Microwave Limb Sounder forward model algorithm theoretical
basis document. Technical report, Jet Propulsion Laboratory, 2004. JPL D-18130.

W. G. Read, Z. Shippony, M. J. Schwartz, N. J. Livesey, and W. V. Snyder. The clear-sky unpolarized
forward model for the EOS Microwave Limb Sounder (MLS). IEEE Trans. Geosci. Remote Sens., 44(5):
1367–1379, 2006.

W. G. Read, A. Lambert, J. Bacmeister, R. E. Cof eld, D. T. Cuddy, W. H. Daffer, B. J. Drouin, E. Fetzer,
L. Froidevaux, R. Fuller, R. Herman, R. F. Jarnot, J. H. Jiang, Y. B. Jiang, K. Kelly, B. W. Knosp, L. J.
Kovalenko, N. J. Livesey, H.-C. Liu, G. L. Manney, D. Miller, B. J. Mills, H. M. Pickett, H. C. Pumphrey,
K. H. Rosenlof, X. Sabounchi, M. L. Santee, M. J. Schwartz, W. V. Snyder, P. C. Stek, H. Su, L. L. Takacs,
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