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Where to find answers to key questions

This document serves two purposes. Firstly, to e Do not use data for any profile where the field
summarize the quality of version 2.2 (v2.2) EOS St at us is an odd number.
MLS Level 2 data. Secondly, to convey important
information on how to read and interpret the data to e Data for profiles where th&t at us field is
the scientific community. non zero should be approached with caution.
The MLS science team strongly encourages  See sectiof1l5 on pafE 4, and the product by
users of MLS data to thoroughly read this document.  product description in chaptEl 3 for details on
Chaptelll describes essential general information for  how to interpret théSt at us field.
all users. Chaptéid 2 is considered background mate-
rial that may be of interest to data users. Chajter 3 ¢ Do not use any data for profiles where the
discusses individual MLS data products in detail. Qual i ty field is lower than the threshold
For convenience, this page provides information given in the section of chapt&l 3 describing
on how to quickly ascertain answers to anticipated  your product of interest.
key questions.
e Do not use any data for profiles where

Where do | get v2.2 MLS Level 2 data? the Conver gence field is higher than the

_ threshold given in the section of chapiér 3 de-
All the MLS Level 2 data described here can be ob- scribing your product of interest.

tained from the NASA Goddard Space Flight Center

seehttp://disc. gsfc. nasa. gov/). given in Chaptefl3. These summarize the find-
ings given in more detail in the various MLS

What format are MLS Level 2 data files in. validation papers submitted for the Aura Vali-

How do | read them? dation special issue of the Journal of Geophys-

MLS Level 2 data are in HDF-EOS version 5 format. ical Research.

Details are given in sectidn1.4 e 3).
9 (pelge 3) e As always, data users are strongly encouraged

to contact the MLS science team to discuss
their anticipated usage of the data, and are al-
ways welcome to ask further data quality ques-

These issues are described in sedfioh 1.5 (starting on  tions.
page®), and on a product by product basis in chap-
ter[d. The key rules are:

Which MLS data points should be avoided?
How much should | trust the remainder?

Why do some species abundances show nega-

e Only data within the appropriate pressurgye values, and how do | interpret these?
range (described product by product in chap-

ter[3) are to be used. Some of the MLS measurements have a poor signal
. . to noise ratio for individual profiles. Radiance noise
o Always c9n5|der the precision Of. the data, %an naturally lead to some negative values for these
reported in thd.-2gpPr eci si on field. species. It is critical to consider such values in sci-
e Do not use any data points where the preggntific study. Any analysis that involves taking some
sion is set negative to indicate poor informaform of average will exhibit a high bias if the points
tion yield from MLS. with negative mixing ratios are ignored.
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A note about revision history

Version 2.2x-1.0a

This was the original version of the document, released oy 22a2007.

Version 2.2x/2.3x-1.1

Version 2.3 of the Aura MLS data entered production in Ap@ilLl3. This update to the MLS algorithms
was necessitated by an update of GEOS 5 data useg@r@ari information for temperature in the retrievals.
Versions 2.2x and 2.3x of the MLS data should be consideredldnangeable. Note that (unlike the v3.3
document) we have not updated the body text to reflect thésdhangeability. References to v2.2 data in
this document should be taken to apply equally to v2.3.

The only other change was an update to some of the citati@ismire “in press” when the original
version of this document was released.
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Chapter 1
Essential reading for users of MLS version 2.2 data

1.1 Scope and background for this document

This document describes the quality of the geophysical piatducts produced by version 2.2 (v2.2 here-
after) of the data processing algorithms for the EOS Micr@vaimb Sounder (MLS) instrument on the

Aura spacecraft. The intended audience is those wishingatemse of EOS MLS data for scientific study.
The geophysical products described in this document angratluced by the “Level 2" algorithms, and

briefly summarized in Table.1.

The v2.2 MLS data are the second ‘public release’ of MLS dge. first being version 1.5 [Livesey
et al.,[2005]. The v2.2 data have been the focus of a serieslidftion papers to be published in a special
issue of thelournal of Geophysical Researain2007. This document highlights some findings from these
papers and gives more general information on the use of Mt& de always, those wishing to use MLS
data are strongly advised to consult the MLS science teamwecoimg their intended use.

In addition to describing the data quality, this documenesgia brief outline of the algorithms used
to generate these “Level 2" data (geophysical productsrtep@long the instrument track) from the input
“Level 1” data (calibrated microwave radiance observagjon

More information on the MLS instrument can be found in theudnentAn Overview of the EOS MLS
Experimen{Waters et all, 2004]. A more general discussion of the mies@ limb sounding technique and
an earlier MLS instrument is given in Waters et al. [1999].eTtheoretical basis for the Level 2 software
is described in_Livesey and Snyder [2004]. A crucial comporé the Level 2 algorithms is the “Forward
Model”, which is described in detail in_Read et al. [2004] &xhwartz et 411[2004]. The documeBOS
MLS Retrieved Geophysical Parameter Precision Estimpi#ipiak et all,|2004] is a very useful source
of information on the expected precision of the EOS MLS dataj should be regarded as a companion
volume to this document. The impact of clouds on MLS measarggmand the use of MLS data to infer
cloud properties is described lin Wu and Jiang [2004]. All @#heve documents and papers are available
from the MLS web sitelft t p: / / m s. j pl . nasa. gov/).

A subset of the information in these documents is also redontthel EEE Transatctions on Geoscience
and Remote Sensing\n overview of MLS is given in Waters etlal. [2006], the aligoms that produce the
data described here are reviewet in Liveseylet al. [2006idReal. [2006]; Schwartz etlal. [2006]; Wu el al.
] The results of a preliminary validation exercisefpened on the v1.5 MLS dataset are described in
lEdeﬂaux_et_dl 1[2006a]. Other papers describe the eaidor and performance of the various aspects of
the MLS instrument. [Jarnot etlal., 2006;_Pickett, 2006; Gofind Stek, 2006] and the MLS ground data
system|[Cuddy et al., 2006].

1.2 Overview of v2.2 and this document

The remainder of this chapter reviews issues that are cemresl@ssential readindor users of the v2.2
dataset. Chapté&l 2 details relevant aspects of the MLSumsint design and operations and the theoretical
basis for the v2.2 algorithms that are considdsadkground reading

EOS MLS Level 2 Version 2.2 / 2.3 Quality 1



Chapter 1. Essential reading for users of MLS version 2.2 dat

Table 1.1: Key information for each MLS standard product.

Significant Qualit Convergence Differences
Product name Useful range averaging Y 9 Contact name Contact Email
thresholdd  threshold] neededfl
neededfl
Br O 10-3.2hPa yes 1.2 15 yes Laurie Kovalenko Lauri e. Koval enko@ pl . nasa. gov
CH3CNe Unclear N/A N/A N/A N/A Michelle Santee m s@r s. j pl . nasa. gov
ao 100-1.0hPa no 0.8 15 see text Michelle Santee m s@n s. jpl.nasa. gov
Nathaniel Livesey (trop.) l'i vesey@n s. j pl . nasa. gov
co s 1 o.m — 1 Hugh Pumphrey H. C. Punphr ey@d. ac. uk
QuImlr 316-0.001 hPa no 0.6 1.2 no Michael Schwartz m chael @ s. j pl . nasa. gov
William Read (trop.) bill @s.jpl.nasa. gov
Hd =L no o e no Alyn Lambert (strat./mes.) al ambert @r s. j pl . nasa. gov
HC 100-0.15hPa no 1.0 15 no Lucien Froidevaux I uci en@n s. j pl . nasa. gov
HCN 10-0.1hPa no 0.2 2.0 no Hugh Pumphrey H. C. Punphrey@d. ac. uk
HNG3 215-3.2hPa no 0.4 1.8 no Michelle Santee m s@n s. j pl . nasa. gov
HO2 22-0.032 hPa yes N/A 1.1 yes Herbert Pickett hmp@n s. j pl . nasa. gov
HOC 10-2.2hPa yes 1.4 15 no Lucien Froidevaux | uci en@n s. j pl . nasa. gov
I wehi 261-68hPa no N/A N/A no Dong Wu' CWTIE] S0 ] 91 o 22, G0
= Jonathan Jiang j onat han@ s. j pl . nasa. gov
| WPl N/A no N/A N/A no Dong Wu' dwi@rl s. j pl . nasa. gov
- Jonathan Jiang j onat han@n s. j pl . nasa. gov
N20 100-1.0hPa no 0.5 1.55 no Alyn Lambert al anbert @ s. j pl . nasa. gov
sk 215-0.022 hPa no da 18 no Zmﬁms_m_ r_<mmm< (trop.) li <.mmm<©1 S.] pl . nasa. gov
- Lucien Froidevaux (strat./mes.) | uci en@ s. j pl . nasa. gov
OH 32-0.0032 hPa no N/A 11 no Herbert Pickett hmp@n s. j pl . nasa. gov
RHI N 316-0.002 hPa no 0.9 N/A no William Read bill @i s.jpl.nasa.gov
SO;M 215-10hPa no 0.4 1.8 no William Read bill @1 s.jpl.nasa. gov
Tenper at ur m:l: 316-0.001 hPa no 0.6 1.2 no Michael Schwartz m chael @ s. j pl . nasa. gov

aProducts marked ‘yes’ require significant averaging suaghasthly zonal means to obtain useful signal to noise. Othagtycts may require averaging for some of their vertica
range, and/or particular latitudes/seasons to obtainrénggion needed for individual studies

bDiscard profiles wittQual i t y lower than this value

®Discard profiles witfConver gence higherthan this value

dDay/night or ascending/descending differences requivedditable accuracy; see text for details

eNot considered a ‘standard product’, not ready for scientifie

fExceptions: use 1.2 for 215—100 hPa

9Geopotential Height

PThis product has a reporting grid spaced at 12 surfaces paddechange in pressure in the region around the tropopause

flce Water Content

Ilce Water Path

kFile also contains two swaths giving column above the (ML& GEOS-5 defined) tropopause

'Relative Humidity with respect to Ic€omputed from the MLS b and Temperature data

Molcanic enhancement events only

NFile also contains swaths giving estimate of tropopaussspre (WMO definition) inferred from MLS and GEOS-5 temperes

EOS Microwave Limb Sounder



1.3. Differences between MLS v2.2 and v1.5 data

Chaptei B describes the data quality to be expected for i@tdh products from the MLS instrument
for v2.2. These are observations of vertical profiles of thenalance of BrO, CIO, CO, #D, HCI, HCN,
HNO3, HO,, HOCI, N,O, O3, and OH and S along with temperature, geopotential height, relative hu
midity (deduced from the }O and temperature data), and cloud ice water content, alfitbesl as functions
of pressure. In v2.2 these profiles are mostly output on athatlhas a vertical spacing of six surfaces per
decade change in pressure((5 km), thinning out to three surfaces per decade aboveRal Bxceptions
to this are water vapor, temperature, and relative humidtich are on a finer 12 per decade grid around
the tropopause. Cloud ice water content is also reportedisrfine grid, and profiles do not extend to
the stratosphere and mesosphere. The OH anglpfi@lucts maintain a 6 per decade grid spacing into the
upper mesosphere. Horizontally the profiles are spaced®ygteat-circle angle along the orbit, which
corresponds to about 160 km. The true vertical and horitoesalution of the products is typically some-
what coarser than the reporting grid described here. Foegiitie products, the signal to noise ratio is too
low to yield scientifically useful data from a single MLS ptefbbservation. In these cases, some form of
averaging (e.g., weekly maps, monthly zonal means etcl pwitequired to obtain more useful results.

In addition to these standard products, the algorithmsgisduce data for many “diagnostic” products.
The bulk of these are similar to the standard products, inttiey represent vertical profiles of retrieved
species abundances. However, the information on thesealitig products has typically been obtained
from a different spectral region than that used for the steshgrroducts. These diagnostic products are not
discussed in this document. Further information on thesgadable from the MLS science team.

At the time of writing, the current version of the data praieg software is version 2.21, producing
files labeledv02- 21. The differences between the earlier version 2.20 and 2&& winor ‘bug fixes'.
This document is intended to be applicable to any x2S data. Revisions that represent more than a
minor ‘bug fix’ will not be known as v2.2and will be accompanied by a revised version of this document

1.3 Differences between MLS v2.2 and v1.5 data

Version 2.2 constitutes the second ‘public release’ of MlaBad Changes between v2.2 and the earlier
v1.5 are detailed on a product by product basis in Chépteh8.vR.2 water vapor, temperature and relative
humidity products are all reported on a grid having vertieablution twice finer than that used in v1.5 in the
1000 - 22 hPa range (being reported at 12 surfaces per ddtaigecin pressure, as opposed to 6). The true
vertical resolution of the information for these produstsliso improved over v1.5. The upper tropospheric
measurements of ozone and carbon monoxide are now far fiessedf by the presence of thick clouds,
leading to much reduced scatter for these products. A pushjadentified high bias in the stratospheric
nitric acid product has been corrected, and the usefulcatmange of this product now extends to 215 hPa.
Cloud Ice Water Path (WP) and sulfur dioxide $O2) are new MLS products in v2.2. Data screening rules
have been updated and refined, and an additional data gomitic (Conver gence) has been included in
the data files (see Sectibnll.5). GEOS-5 temperature datoaresed as priori information (v1.5 used
GEOS-4). Stratospheric column abundances are now repamtgdor the ozone product, and are based on
an improved tropopause pressure determination algorithm.

1.4 EOS MLS file formats, contents, and first order quality information

All the MLS Level 2 data files described here are availablenftbe NASA Goddard Space Flight Center
Data and Information Services Center (GSFC-DISChse: / / di sc. gsf c. nasa. gov/ ). The standard
and diagnostic products are stored in the EOS MleS8el 2 Geophysical Produ¢t2GP) files. These are
standard HDF-EOS (version 5) files containing swaths in theAvide standard format. For more informa-
tion on this format see Craig etial. [2003]. A sample readimgfion for the Interactive Data Language (IDL,

EOS MLS Level 2 Version 2.2 / 2.3 Quality 3



Chapter 1. Essential reading for users of MLS version 2.2 dat

version 6.1 or later required), knowniasad| 2gp. pr o may have been supplied with the data and is avail-
able from theOpen Channel Software Foundati@im t p: / / www. openchannel sof t ware. org/). A
reader for MATLAB ( eadL2CGP. m) is also available at the same site.

The standard products are stored in files named accorditng toonvention

M.S- Aura_L2GP- <product > v2-21 <yyyy>d<ddd>. heb

where<pr oduct > is Br O, O3, Tenper at ur e, etc. The files are produced on a one-day granularity
(midnight to midnight, universal time), and named accaydimthe observation date whergyyy> is the
four digit calendar year andddd> is the day number in that yea®@1 = 1 January). The files contain
an HDF-EOS swath given the same name as the product. In@udilie standard £product files also
contain swaths describing column abundances, and thessthiidmperature file contains additional swaths
describing tropopause pressure. As some L2GP files contaliipia swaths, it is important to ensure that
the correct swath in the2GP files is requested from the file. In the case where the ‘défaulaith is
requested (i.e., no swath name is supplied) most HDF saftwikaccess the one whose name falls earliest
in ASCII order. This generally results in the desired regad@ll products. For example(03” comes before
“O8 col um- GECS5". Likewise, for temperature, the standarbehper at ur e” product will be read in
preference to theWMOTPPr essur e- MLS” or “WWMOTPPr essur e- GEOS5” swaths that give tropopause
pressures (note these names are different from the equiiyaieducts in v1.5).

Each swath contains data field2gpVal ue andL2gpPr eci si on, which describe the value and
precision of the data, respectively. Data points for whHi@gpPr eci si on is set negativeshould not be
used as this flags that the resulting precision is worse than 50%eoa priori precision, indicating that
instrument and/or the algorithms have failed to provideugimouseful information for that point. In addition
to these fields, fields such aat i t ude etc. describe geolocation information. The fieidne describes
time, in the EOS standard manner, as the number of secorusedléncluding the 5 or 6 subsequent leap
seconds to date) since midnight universal time on 1 Janlg88.1

1.5 Additional quality control information describedinth eQual i t y, St at us
and Conver gence fields

In addition to the data and their estimated precisionsetftality metrics are output for every profile of each
product. The first, calleQual i t y, gives a measure of the quality of the product based on theHieeed
by the Level 2 algorithms to the relevant radiances. Largdéwes ofQual i t y generally indicate good
radiance fits and therefore trustworthy data. ValueQul i t y closer to zero indicate poorer radiance fits
and therefore less trustworthy data. The valu@adl i t y to be used as a “threshold” for rejecting data in
scientific studies varies from product to product, and iegikater in this document.

The second quality metric is callest at us. This is a 32 bit integer that acts as a bit field containing
several “flags”. FigurEZll1 describes the interpretatiothe$e flags in more detail. The first two bits (bits 0
and 1) are “flagging” bits. If the first bit is set it indicatésat the profileshould not be used in any scientific
study Accordingly, any profile for whicltst at us is an odd number should not be used. The second bit
indicates that data are considered questionable for soaseme Higher bits give more information on the
reasons behind the setting of the first two bits. So, for exangovalue ofSt at us of 18 (2+16) indicates
that the data are questionab=£ bit 2) because of the possible presence of high altitudedsl@L6 = bit
4).

The most commonly set information bits are the “high altudoud” and “low altitude cloud” bits.
These indicate that the data have been marked as quesadmadduse the Level 2 software believed that
the measurements may have been affected by the presenceids ¢tlouds alone will never cause a profile
to be marked as not to be used). The implications of this vary foroduct to product and, more importantly,

4 EOS Microwave Limb Sounder



1.6. An important note on negative values

10 9 8 7 6 5 4 3 2 1 0 Bit

1024 512 | 256 | 128 | 64 | 32 | 16 8 4 2 1 Val ue

JFIag: Do not use this profile
(see the ‘information’ bits for an
explanation).

Flag: This profile is question-
L— able (see the ‘information’ bits
for an explanation).

Information: This profile may
have been affected by high alti-
tude clouds.

Information: This profile may
have been affected by low alti-
tude clouds.

Information: The GEOS-5 data
used for the temperature a priori
were unavailable for this profile

Information: Either the retrieval
diverged, or too few radiances
were available for good retrieval.

Information: The task retrieving
data for this profile crashed (typ-
ically a computer failure).

Figure 1.1: The meaning of the various bits in tis¢ at us field. The bits not labeled are not used in
v2.2. Later versions may implement specific meanings fadldts. Note that bit 6 (GEOS-5 data) was
not used in v1.5.

height to height. For example, situations of “low cloud” basery little impact on the quality of stratospheric
data. Further details of the implications of these flags sendater in this document on a product by product
basis.

The third diagnostic fiel@€onver gence describes how the fit to the radiances achieved by the ratriev
algorithms compared to the degree of fit to be expected. Fhjaantified as a ratio of an aggreggfealue
to that predicted based on the assumption of a linear sydtamsky et al.| 2006]. Values around unity
indicate good convergence, the threshold values abovehwgrfiles should not be used are given on a
product by product basis later in this document.

1.6 Animportant note on negative values

Some of the MLS observations are ‘noisy’ in nature. A consege of this is that negative values may
often be reported for species mixing ratios. It is import#at such valuesot be ignored or maskedg-
noring such values will automatically introduce a positinas into any averages made of the data as part
of scientific analysis. Water vapor is retrieved using a filgenic basis (both vertically and horizontally, as

EOS MLS Level 2 Version 2.2 / 2.3 Quality 5



Chapter 1. Essential reading for users of MLS version 2.2 dat

discussed in sectidn1.7). Accordingly, no negative wadgiov abundances are produced by v2.2. Studies
involving averages in regions where the MLS signal to naisedor (e.g., the mesosphere) should accord-
ingly consider averages in the logarithm of the mixing ratio

1.7 The representation of MLS vertical profile observations

The MLS Level 2 data describe a piecewise linear representaf vertical profiles of mixing ratio (or
temperature, or log mixing ratio for water vapor) as a fumctof pressure, with the tie points given in the
L2GP files. In the case of water vapor, the representation is pigeelinear in log mixing ratio. This
contrasts with many other instruments, which report prefitethe form of discrete layer means. This
interpretation has important implications that need to twestlered when comparing profiles from MLS
and other instruments, particularly those with higherigarresolution.

It is clearly not ideal to compare MLS retrieved profiles wadtther data by simply ‘sampling’ the other
profile at the MLS retrieval surfaces. One might expect thstdad one should do some linear interpolation
or layer averaging to convert the other dataset to the ML& diowever, in the MLS case where the state
vector describes a profile at infinite resolution obtaineditgarly interpolating from the fixed surfaces, it
turns out that the appropriate thing to do is to compare t@st lequares fit of the non-MLS profile to the
lower resolution MLS retrieval grid.

Consider a high resolution profile described by the vegtorand a lower resolution MLS retrieved
profile described by the vectay. We can construct a linear interpolation in log pressuré ititarpolates
the low resolution information i, to the high resolution grid of,. Let's describe that operation by the
(typically highly sparseiy, x nj matrix H such that

Xnh = HX| (1.1)

wherexy, is the high resolution interpolation of the low resolutign It can be shown that the best estimate
profile that an idealized MLS instrument could obtain, wédre true atmosphere in the state described by
Zn, IS given by

7 =Wz, (1.2)

where
W = [HTH] 'HT (1.3)

In other wordsz represents a least squares linear figto This operation is illustrated by an example in
Figure[IT.2. Precision uncertainty on high resolution meaments may be similarly converted to the MLS
grid by applying

S =WSWw' (1.4)

whereS$;, is the covariance of the original high resolution data @gty diagonal) an@ is its low resolution
representation on the MLS pressure grid.

In addition to this least squares operation, it is possibtadltiply the high resolution data — as smoothed
by the least squares operator — by the MLS averaging kerféls.two dimensional nature (vertical and
along-track) of the MLS averaging kernels make this a comask. Users wishing to embark on this
exercise are advised to contact the MLS science team for iméwemation. As the averaging kernels
for most MLS products are fairly sharply peaked, applyingnthusually makes only small differences to
comparisons once the ‘least squares’ smoothing has bedirdipp

In the case of water vapor, where a logarithmic verticalbmsised, th& andz vectors should describe
the logarithm of the mixing ratio.
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1.7. The representation of MLS vertical profile observagion
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Figure 1.2: Comparisons of MLS (v1.5) pO observations with in-situ balloon data (courtesy of J.
Elkins). The raw balloon datag) are shown as the grey shaded region (shading indicatesiprec

A coincident MLS profile %) is shown in red with the red error bars indicating precisidie red
dots show the MLS data linearly interpolated to the ballomspures using thd matrix (i.e.,x, from
equatior ). The black line shows the ‘least squarestpalation of the balloon data onto the MLS
grid using thew matrix as described in the text (i.e, from equatiod_I2). The black line therefore
represents the closest possible match at this resolutitvetoriginal grey line, and is the appropriate
guantity to compare to the red MLS profile.
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Chapter 2
Background reading for users of MLS version 2.2 data

2.1 EOS MLS radiance observations

FiguredZ1l anfl 2.2 show the spectral coverage of the ML8msint. The instrument consists of seven
radiometers observing emission in the 118 GHz (R1A and R18),GHz (R2), 240 GHz (R3), 640 GHz
(R4) and 2.5THz (R5H and R5V) regions. With the exceptionhaf two 118 GHz devices, these are
“double sideband” radiometers. This means that the obgengafrom both above and below the local
oscillator frequencies are combined to form an “intermidieequency” signal. In the case of the 118-GHz
radiometers, the signals from the upper sideband (thogedreies above the126 GHz local oscillator)
are suppressed. These intermediate frequency signalberesplit into separate “bands”. The radiance
levels within these bands are quantified by various specters.

In operation, the instrument performs a continuous versican of both the GHz (for R1A—-R4) and THz
(R5H, R5V) antennae from the surface to about 90 km in a peri@bout 20 s. This is followed by about
5s of antenna retrace and calibration activity. Thi25 s cycle is known as ajor Frame(MAF). During
the ~20 s continuous scan, radiances are reported at 1/6 s ilgténavn asMiinor Frames(MIFs).

2.2 Brief review of theoretical basis

The Level 2 algorithms implement a stand@pgtimal Estimatiorretrieval approach_[Radgeéts, 1976, 2000]
that seeks the “best” value for the state vector (the probfeemperature and abundances) based on an
optimal combination of the fit to the MLS radiance observadi@ priori estimates of the state vector (from
climatological fields), and constraints on the smoothnéséiseoresult. This fit must often be arrived at in an
iterative manner because of the non-linear nature of the BOS measurement system.

An innovative aspect of the retrieval algorithms for EOS Miu&es from taking advantage of the fact
that the MLS instrument looks in the forward direction frohe tspacecraft. Figufe_2.3 reviews the EOS
MLS measurement geometry and shows that each radiancevatigeris influenced by the state of the
atmosphere for several consecutive profiles. In the v2.2IL2walgorithms, the state vector consists of
“chunks” of several profiles of atmospheric temperature emmposition, which are then simultaneously
retrieved from radiances measured in a similar number of Eitz8is. Results from these “chunks” are then
joined together to produce the products at a granularitynef day (the chunks overlap in order to avoid
“edge effects”).

The retrieval state vector consists of vertical profilesemfiperature and composition on fixed pressure
surfaces. Between these fixed surfaces, the forward mosklsee that species abundances and temperature
vary from surface to surface in a piecewise-linear fashiexcépt for the abundance of,@, which is
assumed to vary linearly in the logarithm of the mixing ratidrhis has important implications for the
interpretation of the data as was described in sedfioh In7adtition to these profiles, the pressure at
the tangent point for the mid-point of each minor frame isieged, based on both radiance observations
and knowledge of tangent point height from the MLS antennsitipm encoder and the Aura spacecraft
ephemeris and attitude determination.
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2.2. Brief review of theoretical basis
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Chapter 2. Background reading for users of MLS version 212 da
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Figure 2.2: This is similar to figurd—Zl1, except that x-axes represemetimediate frequency”. The
signal at each intermediate frequency represents a sune @&ighals observed at that frequency both
above and below the local oscillator.

Most of the MLS data products are deduced from observatibispectral contrast, that is, variations
in radiance as a function of frequency for a given limb poigti Many of the systematic errors in the
MLS measurement system manifest themselves as a spedtaalgrror in radiance. This is true of both
instrumental effects such as variations in instrument gaic offset during the limb scan, and “forward
model” effects such as knowledge of continuum emission hadnhpact of some approximations made in
the forward model in order to increase its speed. In ordectount for such effects, the v2.2 algorithms
also retrieve spectrally flat corrections to the MLS rademither in terms of an additive radiance offset
or an additive spectrally flat atmospheric extinction.
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2.3. The Core, Core+Rn approach
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Figure 2.3: The top diagram shows a section of one orbit. Three of the ib@®day paths per scan are
indicated by the “horizontal” lines. The lower diagram siscan expansion of the boxed region above.
The straight radial lines denote the location of the re&teatmospheric profiles. The limb ray scan
closest to each profile is that whose color is the same as tliae @rrow underneath. The thin black
line under the central profile indicates the locus of the litafgent point for this scan, including the
effects of refraction.

2.3 The Core, Core+Rn approach

2.3.1 The need for separate “phases”

Many aspects of the MLS measurement system are linear imenalu other words, there is a linear rela-
tionship between changes in aspects of the atmospherécastdtconsequent changes in the MLS radiance
observations. However, there are some components of ttee\&etor whose impact on the radiances is
very non-linear. The most non-linear of these is the eséméthe tangent pressure for each MIF of obser-
vation. The impact of water vapor in the upper tropospheréherMLS radiance observations is also very
non-linear. Solving for these aspects of the state vectibthveirefore require several iterations.

The computational effort involved in retrieval and forwanddels scales very rapidly (arguably as high
as cubically) as a function of the size of the measuremenesyé.e., the number of elements in the state
and measurement vectors). Thus it is desirable to simg@ifyevals involving strongly non-linear variables
to a small subset of the complete system, in order to cut dowtheeffort involved in retrievals that require
many iterations.

For this and other reasons, most retrieval algorithms diteisio phases For example, in the data pro-
cessing for UARS MLS version 03], a mfal phase of tangent pressure and temperature
was followed by one of upper tropospheric humidity. Follogithose, retrieval phases were performed for
other atmospheric species. These later phases used tles edbangent pressure, temperature and humidity
established by the earlier phases in their forward modelutations. However, the knowledge of such pa-
rameters is uncertain (having come from an earlier retiesa if a correct error budget is to be maintained,
the uncertainty in these parameters must be taken into atoothe later retrievals. This accounting (known
asconstrained quantity error propagatidiis typically a very time consuming process. In the case 08EO
MLS, the effort involved is far too large to be realisticaliyplemented in the algorithms, so an alternative
approach is needed.
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2.3.2 A new approach to retrieval phasing

For EOS MLS the retrievals still proceed in phases. Howewelhe later phases the previously retrieved
guantities (e.g., tangent pressure, temperature etcstillnetrieved, and the radiance measurements from
which their earlier estimates were taken are still incluttethe measurement vector. Because the later
phases now include the non-linear elements of the staterydioe retrieval error budget is correct. Further-
more, because the non-linear terms are in general alreadg b their true values as a result of the earlier
phase, fewer iterations should be needed, as the systeoses ¢tb a linear regime.

This approach has been implemented in what is known as thee;@wore+Rn” approach in the v2.2
algorithms. In the “Core” phase of the retrievals (actualiyee separate phases), retrieved estimates are
obtained for the tangent pressure, temperature, and upggerspheric humidity components of the state
vector. These are obtained from the R1A 118 GHz observatibasiission from Q (mainly for temperature
and pressure) and selected channels from the R2 190 GHzatisas (mainly for upper tropospheric water
vapor). “Core” is followed by phases such as “Core+R3”, “€eR2”, ... where, in addition to temperature
and pressure, other species such as ozone and nitric acidtdesed. In the v2.2 algorithms, there are
some exceptions to these rules. For example, in the “CorépRase does not retrieve upper tropospheric
humidity as it was found to introduce undesired instak#titinto the optimal estimation.

Table[Z] describes the phases in more detail. Many pro@eicts ozone) are produced in more than one
phase. All the separate measurements of these speciesodie@d as diagnostic quantities, and labeled
according to the spectral region from which they originat&éwr example, the ozone obtained from the
“Core+R2" retrieval is known in the v2.2 dataset@- 190. In v2.2, in order to reduce confusion for
users of MLS data, the algorithms also output “standarddpets, which is typically a copy of one of the
products from the Core+Rn phases. For example, the “stdhdaone product is a copy of thé3- 240
product. In the case of v2.2 nitric acid, the standard prodepresents a hybrid of the results from two
phases. Details of which standard product is obtained frémstwphase are given in tafle R.2.

2.4 Forward models used in v2.2

The retrieval algorithms in v2.2 make use of a variety ofatiéit forward models. The most accurate is
the so-called “full” forward model described in_Read et 2004] and_Schwartz et lal. [2004]. This is a
hybrid line-by-line and channel averaged model that comsgpradiances on appropriate grids of frequency
and tangent pressure that are then convolved with the Mldaidnecy and angular responses.

This model is generally very time consuming, although fane@omparatively “clean” spectral regions
the computational burden is small enough that the full fedv@odel can be used in the operational re-
trievals. In the v2.2 retrieval algorithms, its use is riegtid mainly to radiance channels whose focus is the
upper troposphere and lower stratosphere, as these radigenerally have a non-linear relationship to the
state vector.

For many of the MLS channels, a simpler “Linearized” forwanddel can be used. This model in-
vokes a simple first-order Taylor series to estimate radig@s a function of the deviation of the state from
one of several pre-selected representative states. Thisitgpthis model are pre-computed radiances and
derivatives corresponding to the pre-selected stategrgta by “off-line” runs of the full forward model.

This model is by its nature approximate. Many of the biasek warexpected scatter seen in the v2.2
simulation studies can be attributed to inaccuracies i thddel. The model accuracy is a function of
the proximity of the retrieved state to the pre-selectetestaed. The pre-selected states are taken from
climatological fields for fixed latitudes and calendar maentHn regions where the atmosphere departs
dramatically from the climatological values (e.g., in thasr polar vortices), the model will generally be
poorer than in other locations, giving rise to stronger ésas
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2.4. Forward models used in v2.2
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Chapter 2. Background reading for users of MLS version 212 da

Table 2.2: The origin of each of the ‘standard products’ from v2.2.

Product Origin Spectral region
BrO Core+R4A (B14) 640 GHz
CHsCN Core+R2 190 GHz
Clo Core+R4A (B14) 640 GHz
(6{0) Core+R3 240 GHz
H,O Core+R2 190 GHz
HCI Core+R4A (B14) 640 GHz
HCN Core+R2 190 GHz
HNO Core+R3 0 > 10hPa) 240 GHz

3 Core+R2A p < 10hPa) 190 GHz
HO, Core+R4A (B14) 640 GHz
HOCI Core+R4A (B14) 640 GHz
N2O Core+R4B 640 GHz
O3 Core+R3 240 GHz
OH Core+R5 25THz
Temperature Final-pTan 118 & 240 GHz

In addition, a “cloud” forward model can be invoked to modeé teffects of scattering from cloud
particles in the troposphere and lower stratosphere [WuJaamaly,| 2004]. This model was used in the
simulation of radiances for the v2.2 testing, but is not keabin the v2.2 retrieval algorithms (the handling
of clouds is described in more detail in sectiod 2.5).

2.5 The handling of clouds in v2.2

Thin clouds and atmospheric aerosols do not affect MLS gbimeréc composition measurements as the
typical particle sizes are much smaller than the wavelengfhthe radiation being observed. The MLS
v2.2 algorithms can reliably retrieve composition in madely cloudy cases (having small limb radiance
perturbations) by also fitting profiles of spectrally-flatiegtion and/or spectral baseline. However, thick
heavy clouds can affect the MLS radiances beyond the aloifithis approach to model, mainly through
scattering processes. Such situations need to be iderdifi@dhe so affected radiances excluded from the
retrievals, or their influence down weighted.

The first aspect of handling clouds in v2.2 is therefore thggilag of radiances that are believed to be
significantly contaminated by cloud effects. To determire éloud is present in each MLS radiance mea-
surement, we estimate the so-called cloud-induced raelifigg). This is defined as the difference between
the measured radiances and radiances from a forward mddelateon assuming clear-sky conditions. Spe-
cific window channels (those that see deepest into the atmospin each radiometer are chosen for these
flags.

In the case of the 240 GHz radiometBB( 240), instead of computing & parameter, the fit achieved
in an early retrieval phase to tlB8F: PT band (that measures the 233.9-GHZOline), as quantified by a
X2 metric is used as an indicator of potential significant cloodtamination. In computing;, for the other
radiometers, the forward model calculation takes the letseved atmospheric state, with relative humidity
capped at 110%.

Where theTg;, (or x? for R3: 240) values are sufficiently large (see Talld 2.3), the radsace flagged
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2.6. The quantification of systematic uncertainty in v2.2

Table 2.3: MLS frequency channels and thresholds for cloud flag

Radiometer Cloud channel USBJ/LSB frequency / GHz Low thresbld High threshold
R1[ A/ B] : 118 B[ 32/ 34]WPT. 4 115.3 (LSB only) Teir < —4K none
R2: 190 B5F: C O C1 178.8/204.9 Teir < —20K Teir > 10K
R3: 240 B8F: PT 233.4-234.5/244.8-245.9 none X% > 30
R4: 640 B11F: Br O C23 635.9/649.8 Ter < —10K Teir > 10K

as being possibly contaminated. The estimalgdor x? are improved as the retrieval progresses, and
finalized in theH ghCl oud phase, wherdg;, statistics are computed output to a diagnosis file for a wide
range of channels including the window channels.

The retrievals of gas phase species abundances may chagseri® cloud contaminated radiances, or
(in the case of some less impacted channels) to inflate thin&ed precision.

The other aspect of cloud handling in v2.2 is the estimatibdaud ice water content (IWC) and ice
water path (IWP) products from the fingl, computed by the retrieval. More information on these prigluc
and their derivation is given in sectifn-3113.

2.6 The quantification of systematic uncertainty in v2.2

A major component of the validation of MLS data is the quagifion of the various sources of systematic
uncertainty. These can arise from instrumental issues fadjometric calibration, field of view character-
ization), spectroscopic uncertainty, and through appnaxions in the retrieval formulation and implemen-
tation. A comprehensive quantification of these unceiitsriias been undertaken and the results for each
product reported in the relevant validation papers (se@thieidual sections of Chapt&l 3 for references).

For each identified source of systematic uncertainty, ifsach on MLS measurements of radiance (or
pointing where appropriate) has been quantified and modé&leese modeled impacts correspond to either
2-0 estimates of uncertainties in the relevant parameter(sgncestimate of their maximum reasonable
error(s) based on instrument knowledge and/or designnements.

For most of the uncertainty sources, the impact on MLS stahgl@ducts has been quantified by running
perturbed radiances through the MLS data processing #igwsi Other (typically smaller) uncertainty
sources have been quantified by simple perturbation cailcuta

Although the term ‘systematic uncertainty’ is often asatenl with consistent biases and/or scaling
errors, many sources of ‘systematic’ error in the MLS measient system give rise to additional scatter.
For example, an error in thes@pectroscopy, while being a bias on the fundamental pasameill have
an impact on the retrievals of species with weaker signatg,(€O) that is dependent on the amount and
morphology of atmospheric ozone. The extent to which sunindecan be expected to average down is
estimated to first order by these ‘full up studies’ throughiitiseparate consideration of the bias and scatter
each uncertainty source introduces.

The results of these studies are summarized as “accuracyl’ifesome cases additional contributions
to “precision”) on a product by product basis in the next ¢bagViore details on the quantification for each

product are given in the MLS validation papers. In additignpandix A ofiRead et all [20D7] gives more
specific details of the perturbations used in the study.
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2.7 A brief note ontheQual i ty field

As described in sectidn1.5, tii@ial i t y field in theL2GP files gives a measure of the fit achieved between
the observed MLS radiances and those computed by the fomvad#| given the retrieved MLS profiles.
Qual i ty is computed from x? statistic for all the radiances considered to have sigmifigaffected the
retrieved species (i.e., those close to the relevant spdiies), normalized by dividing by the number of
radiancesQual i t y is simply the reciprocal of this statistic (so low valuesigade largex?, i.e., poor fits).

Ideally, the typical values of these normalizetistatistics will be around one, indicating that radiances
are typically fitted to around their noise level®ual i t y will therefore also ideally have a typical value
of one. For some species, however, because of uncertainléagey of spectroscopy and/or instrument
calibration, the v2.2 algorithms are known to be consistamable to fit some observed radiances to within
their predicted noise. In many of these cases, the noisategpon the radiances has been ‘inflated’ to
allow the retrieval more leeway in fitting to radiances knawrbe challenging. As the noise level is the
denominator in the? statistic, these species will have typiog! statistics that are less than one and thus
typical values ofQual i t y higher than one. Accordingly, differences@ual i t y from one species to
another do not reflect the species’ relative validity.

2.8 A note on the HCI measurements in v2.2

Starting in February 2006, the primary MLS band for measuiiCl (R4: 640. B13F: HCl ) began to
exhibit symptoms of aging and was deactivated to consefee This is likely to be due to a radiation
susceptibility issue for a batch of transistors identifiadrtly before launch. Useful observations of HCI
are still made with the adjacent barf4( 640. B14F: O3) which, as can be seen from Figuteg 2.1 fantl 2.2
also observe the HCl line (and a smaller line for the ¥{@otopomer).

In order to avoid undesirable discontinuities in the v2.2 H&aset, th&13F: HCl are not considered
in the retrieval of the standard HCI product, even on daysvuich it was active (a change from the v1.51
configuration). For days prior to the 16 February 2006 deatitin ofB13F: HCl , the v2.2 algorithms also
product a second HCI product (in th4Cl - 640- B13 swath in theL2GP- DGG) file which includes the
B13F: HCl radiances, giving a product with improved precision analg®n in the upper stratosphere
and mesosphere.
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Chapter 3
Results for ‘standard’ MLS data products

3.1 Overview of species-specific discussion

This section describes each MLS v2.2 ‘standard product’ orerdetail. An overview is given of the
expected resolution, precision and accuracy of the dat& r&$olution is characterized by the averaging
kernels described below. Precision is quantified througbrahination of the precision estimated by the
MLS v2.2 algorithms, through reference to the systematietmainty budget described in sectlonl2.6, and
through study of the actual MLS data (e.g., consideratiothefobserved scatter in regions where little
natural variability is anticipated).

The systematic uncertainty reported is generally basecherstudy described in secti@a2.6. How-
ever, in some cases larger disagreements are seen betwegramdlLcorrelative observations than these
guantifications would imply. In such cases (e.g., MLS 215 @Ry the uncertainty quoted reflects these
disagreements.

A note on the averaging kernel plots

The averaging kernels shown in this section describe batthmizontal (along track) and vertical (pres-
sure) resolution of the MLS v2.2 data. While the averagingné&ks vary somewhat from profile to profile,
their variation is sufficiently small that these samples lbartonsidered representative for all profiles. The
averaging kernel plots are accompanied by estimates ofatieamtal and vertical resolution of the product
defined by the full width at half maximum of the kernels. Eaelnrel plot also shows the integrated areas
under the kernels.
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3.2. Bromine monoxide

3.2 Bromine monoxide

Swath name: Br O

Useful range: 10-3.2 hPa (day/night differences needed)

Contact: Laurie KovalenkoEmail: <Lauri e. Koval enko@ pl . nasa. gov>

Introduction

The standard product for BrO is taken from the 640-GHz (CoR4A) retrievals. The spectral signature
of BrO in the MLS radiances is very small, leading to a verymsignal-to-noise ratio on individual MLS
observations. Significant averaging (e.g., monthly zoneams) is required to obtain scientifically useful
results. Large biases of between 5 to 30 pptv (typical BrOhdbhoces range from 5 to 15 pptv) are seen
in the data. These biases can be minimized by taking day/diferences. For pressures of 4.6 hPa and
greater, nighttime BrO is negligible; however, for loweegsures, nighttime BrO needs to be taken into
account. TableEZ3l1 summarizes the precision, accuracyresadution of the MLS v2.2 BrO product. For

details, see validation papér [Kovalenko €tlal., 2007].

Vertical Resolution

Figure[3:1 shows that the vertical resolution for the v2.23VRrO is about 5.5km in the 10 to 4.6 hPa
pressure region, degrading to 6 km at 3.2 hPa.

Precision

The expected precision in a retrieved profile is calculatechfradiance noise. It is stored with each retrieved
data point. The value of the expected precision is made weggdtit is worse than 50% of the value
of the a priori precision. Figufe—3.1 compares the expectedigion (thick line) on an individual MLS
BrO measurement with that observed (circles). Also showrtlee expected precisions for daily, monthly,
and yearly 10 zonal means. For the minimal averaging recommended, a igak@h zonal mean, which
corresponds to about 3,000 measurements, the precisibous-a4 ppt. See Table-3.1 for more details.

Accuracy

The accuracy of the MLS BrO product is summarized in TabIk BHe effect of each identified source of
systematic error on MLS measurements of radiance has beatifigd and modeled [see Read et al., 2007].
These quantified effects correspond to eitheie&timates of uncertainties in each MLS product, or an esti-
mate of the maximum reasonable uncertainty based on instrukmowledge and/or design requirements.
For more details see Kovalenko et al. [2007]. The potendsditive bias in MLS BrO measurements can be
as high as about-30 ppt (~400%) at 10 hPa, decreasing to abeaift pptv (50%) at 3.2hPa. The potential
scaling uncertainty over the pressure range of 10 to 3.2W&leaoutt-20%. The additive bias is dramatically
reduced by subtracting the nighttime signal from the dagtsignal. Taking day/night differences does not
affect the scaling uncertainty, which remains at ab6@0%. If the MLS BrO data is used at 3.2 hP, the
day/night difference value will need to be adjusted to canspée for the non-negligible nighttime BrO. We
note that this method of taking day/night differences isagmtlicable for polar summer and winter, where
there is no diurnal variation in BrO.
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Figure 3.1: Typical vertical averaging kernels for the MLS v2.2 BrO dat@ON (left) and the equator
(right); variation in the averaging kernels is sufficiensiypall that these are representative of typical
profiles. Colored lines show the averaging kernels as aifamof MLS retrieval level, indicating the
region of the atmosphere from which information is conttilbgito the measurements on the individual

retrieval surfaces, which are denoted by plus signs in spmeding colors. The dashed black line indi-
cates the vertical resolution, determined from the fulltwiat half maximum (FWHM) of the averaging

kernels, approximately scaled into kilometers (top ax&kg solid black line shows the integrated area
under each kernel; values near unity imply that the majaftinformation for that MLS data point

has come from the measurements, whereas lower values imipégasitial contributions from a priori
information. The low signal to noise for this product nedasss the use of significant averaging (e.g.,

monthly zonal mean), making horizontal averaging kerragigdly irrelevant.
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3.2. Bromine monoxide

Data screening

Pressure range (10—3.2 hPa)Values outside this range are not recommended for sciensiic

Averaging required: Significant averaging (such as monthly zonal means) is reduf useful scientific
data are sought

Diurnal differences: For use in any scientific study, day/night or ascendingfeleging differences should
be used to alleviate biases. For 3.2 hPa, nighttime BrO neduks taken into account.

Estimated precision: Only use values at altitudes where the estimated precisigositive, to ensure a
minor a priori influence (see Sectibnll.4).

Status field: Only profiles for whichSt at us is an even number should be used in scientific studies (see
SectiorLb).

Clouds: No discernible impact of clouds on the MLS BrO data has beeemed; no special attention
need be given to profiles flagged as possibly cloudy.

Quality field: Only profiles with a value of the Quality field (see section) gkeater than 1.2 should be
used in scientific studies.

Convergence field: Only profiles with a value of the Convergence field (see seffi8) less than 1.5 should
be used in scientific studies.

Artifacts

Significant additive biases are seen in the BrO data, assfisduabove. Day/night (or ascending/descend-
ing) differences must be used to reduce these. For 3.2 hftattime BrO needs to be taken into account

[Kovalenko et al | 2007].

Review of comparisons with other data sets

We have calculated total bromine, Bfrom MLS measurements of BrO using a photochemical model,
and compared this with Brsimilarly inferred from balloon-borne measurements of Ri@ained by the
instruments DOAS, SAOZ, and SLS. When plotted in tracer sgaay., as a function of MXD), which
accounts for differences in age of air, good agreement is [é®zalenko et 4l | 2007].

Desired improvements for future data version(s)

e Improvements will be sought in the stability of the BrO bimse

e Future versions will also seek to improve the quality of th®Bbservations in the mid- and lower
stratosphere

e Improvements will also be sought in the polar regions, esfigduring summer/winter, when day/night
differences are not possible
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Figure 3.2: Comparison of the measured precision (circles) with thpeeted from the retrieval (thick
line), for a single profile. Also shown is the expected priecifor the day/night difference of 2&onal
mean profiles averaged over a day (dotted line), a monthlftiéhand a year (dashed line).

Table 3.1: Summary of the Aura MLS v2.2 BrO product.

Vertical - Bias uncer-  Scaling un-
Pressure Resolution Precisiorf taintyf / certaintyl/  Comments
range pptv
/ km pptv %
2.2hPaand less - - — - Unsuitable for scientific use
Need to account for
3.2hPa 6 +5 +6 +20 non-negligible night
time BrO
4.6 5.5 +4 +9 +20
6.8 5.5 +4 +20 +20
10 55 +4 430 420
150-15hPa - - - — Unsuitable for scientific use
1000-215hPa — - - - Not retrieved

aThe precision quoted is for a 1@onthly zonal mean

bBecause of large biases in the data, the daytime and nighBi®@ data are unsuitable for scientific use, so day/nigfermifices
must be used. Note that day/night differences are not ugafylolar winter and summer, where BrO does not undergo andiur
variation.

®Based on modeled impacts of systematic errors
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3.3. Methyl cyanide

3.3 Methyl cyanide
Swath name: CH3CN

Useful range: To be determined.

Contact: Michelle SanteeEmail: <M chel | e. Sant ee@ pl . nasa. gov>

Introduction

The standard CECN product is derived from radiances measured by the radementered near 190 GHz.
The v1.5 CHCN data were not recommended for use in scientific studiestrenusefulness of the GAN
product in v2.2 remains to be determined.

Resolution

The resolution of the retrieved data can be described usiweraging kernels'’ [e.@e@bom; the
two-dimensional nature of the MLS data processing systeansithat the kernels describe both vertical and
horizontal resolution. The vertical resolution of the VERI3CN data, as determined from the full width
at half maximum of the rows of the averaging kernel matrixvamdn Figure[3B, is~5km in the lower
stratosphere, degrading 610 km in the upper stratosphere. Figlreg 3.3 also shows mtakzaveraging
kernels, from which the along-track horizontal resolutisrdetermined to be-300—-600 km. The cross-
track resolution, set by the width of the field of view of theD18@Hz radiometer, is-10 km.

Precision

To be determined.

Accuracy

To be determined.

Data screening

Do not use: The v2.2 CHCN data should not be used without significant discussioh thi2 MLS science
team.

Artifacts

e To be determined.

Review of comparisons with other datasets

To be done.

Desired improvements for future data version(s)

e Future versions may refine the modeling of MLS radiance $sgmathe CHCN spectral region,
leading to improvements in this product.
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Figure 3.3: Typical two-dimensional (vertical and horizontal alomgek) averaging kernels for the
MLS v2.2 CHCN data at 70N (upper) and the equator (lower); variation in the avergdiarnels

is sufficiently small that these are representative of @ippcofiles. Colored lines show the averaging
kernels as a function of MLS retrieval level, indicating tiegion of the atmosphere from which infor-
mation is contributing to the measurements on the indidideaieval surfaces, which are denoted by
plus signs in corresponding colors. The dashed black lidie#@tes the resolution, determined from the
full width at half maximum (FWHM) of the averaging kernelqpaoximately scaled into kilometers
(top axes). (Left) Vertical averaging kernels (integratethe horizontal dimension for five along-track
profiles) and resolution. The solid black line shows thegraged area under each kernel (horizontally
and vertically); values near unity imply that the majoritiyioformation for that MLS data point has
come from the measurements, whereas lower values implyasttzs contributions from a priori infor-
mation. (Right) Horizontal averaging kernels (integratethe vertical dimension) and resolution. The
averaging kernels are scaled such that a unit change isadgjuivo one decade in pressure.
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3.4. Chlorine Monoxide

3.4 Chlorine Monoxide
Swath name: Cl O

Useful range: 100—-1.0 hPa

Contact: Michelle SanteeEmail: <M chel | e. Sant ee@ pl . nasa. gov>

Introduction

The quality and reliability of the Aura MLS v2.2 CIO measumms are assessed in detaiILb;LS.—a.m.e_eJet al.
]. The standard CIO product is derived from radiancessured by the radiometer centered near
640 GHz; CIO is also retrieved using radiances from the 18-@diometer, but these data have poorer
precision. The MLS v2.2 CIO data are scientifically usefutothe range 100 to 1 hPa. A summary of the
precision and resolution (vertical and horizontal) of tle2/CIO measurements as a function of altitude is
given in TabldZ3R. The impact of various sources of systemeitcertainty has been quantified; Tabld 3.2
also includes estimates of the potential biases and scatiogs in the measurements compiled from this
uncertainty analysis. The systematic uncertainty budgetided through this set of simulations is, however,
inconsistent with a significant artifact apparent in the soeaments: a negative bias present in both daytime
and nighttime mixing ratios below 22 hPa. In studies for whknowledge of lower stratospheric ClIO
mixing ratios to better than a few tenths of a ppbv is needdd,recommended that this negative bias be
corrected for by subtracting the value in Tabld 3.2 from tle@surements at each affected level. The overall
uncertainty for an individual data point is determined kirig the root sum square (RSS) of the precision,
bias, and scaling error terms (for averages, the singllgmrecision value is divided by the square root of
the number of profiles contributing to the average). Moraitkebn the precision, resolution, and accuracy
of the MLS v2.2 CIO measurements are given below; for a fullctigtion of the validation of these data,

sed Santee etlal. [2008].

Resolution

The resolution of the retrieved data can be described usiweraging kernels’ [e.@e@bOO]; the
two-dimensional nature of the MLS data processing systemnsi¢ghat the kernels describe both vertical
and horizontal resolution. Smoothing, imposed on theewti system in both the vertical and horizontal
directions to enhance retrieval stability and precisi@ygrddes the inherent resolution of the measurements.
Consequently, the vertical resolution of the v2.2 CIO datadetermined from the full width at half max-
imum of the rows of the averaging kernel matrix shown in Fed8r4, is~3-4.5km. Note that there is
considerable overlap in the averaging kernels for the 1@014 hPa retrieval surfaces, indicating that the
147 hPa retrieval does not provide completely independdntration. Figurd—3]4 also shows horizontal
averaging kernels, from which the along-track horizongsbtution is determined to be250-500 km over
most of the vertical range. The cross-track resolutionpgehe width of the field of view of the 640-GHz
radiometer, isv3 km. The along-track separation between adjacent rettipiailes is 1.8 great circle an-
gle (~165 km), whereas the longitudinal separation of MLS measargs, set by the Aura orbit, is TR0
over low and middle latitudes, with much finer sampling in plodar regions.

Precision

The precision of the MLS CIO measurements is estimated érafiyr by computing the standard deviation
of the descending (i.e., nighttime) profiles in the 2@ide latitude band centered around the equator. For
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Figure 3.4: Typical two-dimensional (vertical and horizontal alomgek) averaging kernels for the
MLS v2.2 CIO data at 70N (upper) and the equator (lower); variation in the avergdiernels is suffi-
ciently small that these are representative of typical [@®fiColored lines show the averaging kernels
as a function of MLS retrieval level, indicating the regidrtlte atmosphere from which information is
contributing to the measurements on the individual reslisurfaces, which are denoted by plus signs
in corresponding colors. The dashed black line indicatesélolution, determined from the full width
at half maximum (FWHM) of the averaging kernels, approxiehascaled into kilometers (top axes).
(Left) Vertical averaging kernels (integrated in the horital dimension for five along-track profiles)
and resolution. The solid black line shows the integrated ander each kernel (horizontally and ver-
tically); values near unity imply that the majority of infoation for that MLS data point has come
from the measurements, whereas lower values imply sultaontributions from a priori informa-
tion. (Right) Horizontal averaging kernels (integratedhe vertical dimension) and resolution. The
averaging kernels are scaled such that a unit change isadejuivo one decade in pressure.
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Figure 3.5: Precision of the (left) v2.2 and (right) v1.5 MLS CIO measusats for four representative
days (see legend). Solid lines depict the observed scattgghttime-only measurements obtained in a
narrow equatorial band (see text); dotted lines depicttireretical precision estimated by the retrieval

algorithm.

this region and time of day, natural atmospheric varigbdiiould be negligible relative to the measurement
noise. As shown in Figufe_3.5, the observed scatter in tH2de&a is~0.1 ppbv from 100 to 3 hPa, rising to
~0.3 ppbv at 1 hPa, above which it increases sharply. Theesdatessentially invariant with time, as seen
by comparing the results for the different days shown in Feg5.

The single-profile precision estimates cited here are, $b dider, independent of latitude and season,
but it should be borne in mind that the scientific utility oflimidual MLS profiles (i.e., signal to noise) varies
with CIO abundance. Outside of the lower stratospheric evipblar vortices, within which CIO is often
strongly enhanced, the single-profile precision exceepisdl CIO mixing ratios, necessitating the use of
averages for scientific studies. In most cases, precisiomeamproved by averaging, with the precision of
an average dfl profiles being /N times the precision of an individual profile (note that tisi:ot the case
for averages of successive along-track profiles, which areampletely independent because of horizontal
smearing).

The observational determination of the precision is comgban Figurd—3Jb to the theoretical precision
values reported by the Level 2 data processing algorithnie pFedicted precision exceeds the observed
scatter, particularly above 15 hPa, indicating that the@ignformation and the vertical smoothing applied
to stabilize the retrieval are influencing the results as¢Hevels. Because the theoretical precisions take into
account occasional variations in instrument performatieebest estimate of the precision of an individual
data point is the value quoted for that point in the L2GP filag, it should be borne in mind that this

approach slightly overestimates the actual measuremes#.no

Accuracy

The effects of various sources of systematic uncertainty,(|mstrumental issues, spectroscopic uncertainty,

and approximations in the retrieval formulation and imptertation) on the MLS v2.2 CIO measurements
have been quantified through a comprehensive set of rdtsavalations. The results of this uncertainty

analysis are summarized in TaBl€l3.2; see Santee et all][B0Rirther details of how the analysis was
conducted and the magnitude of the expected biases, addisoatter, and possible scaling errors each
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source of uncertainty may introduce into the data. In aggeegsystematic uncertainties are estimated to
induce in the v2.2 CIO measurements biases af0.1 ppbv from 100 to 32 hPa and less thaf.05 ppbv
above 22 hPa and multiplicative errors-of+5-20% throughout the stratosphere. A significant feature of
the v2.2 MLS CIO measurements not explained by the uncéytaimalysis, however, is the existence of a
negative bias in the data at the retrieval levels below 22(kBa Tabl€=3]2). Quantification of the low bias

is discussed in detail by Santee €t al. [2008].

Data screening

Pressure range (100 — 1.0 hPa)Values outside this range are not recommended for sciensiéc

Estimated Precision: Values at altitudes where the estimated precision is flagggative should not be
used, to avoid too strong an influenceagpriori information (see sectidn.4).

Status flag: Only profiles for whichSt at us is an even number should be used in scientific studies (see

sectior’Lb).

Clouds: Nonzero but even values &t at us indicate that the profile has been marked as questionable,
typically because the measurements may have been affgcthd presence of thick clouds. Globally
fewer than 1% of profiles are typically identified in this mannand clouds generally have little
influence on the stratospheric CIO data. Thus profiles witnexalues ofSt at us may be used
without restriction.

Quiality field: Only profiles with a value of th€ual i t y field (see sectiohl. §reaterthan 0.8 should be
used in scientific study. This threshold fQual i t y typically excludes~1-3% of CIO profiles on
a daily basis; it is a conservative value that potentialscdrds a significant fraction of “good” data
points while not necessarily identifying all “bad” ones.

Convergence field: Only profiles with a value of th€onver gence field (see sectiofl.9gssthan 1.5
should be used in investigations. On a typical day this tiolkeksfor Conver gence discards 2-5%
of the CIO profiles, some (but not all) of which are filtered butthe other quality control measures.

Artifacts

e A significant negative bias (see Talbll€]3.2) is present in baitime and nighttime mixing ratios
below 22 hPa. Although at the times/locations at which ¢héis not activated the negative bias in
the MLS CIO data can be eliminated by subtracting griddecboazmean nighttime values from the
individual daytime measurements, taking day-night diffexes is not a practical approach inside the
winter polar vortices, where subtraction of nonnegligibighttime CIO values substantially reduces
the degree of chlorine activation indicated by the data. Mesfore recommend that the negative bias
be corrected for by subtracting the value in T4blé 3.2 froertteasurements at each affected level.

Review of comparisons with other datasets

Comparisons with a climatology derived from the multi-y&s&kRS MLS dataset and correlative datasets
from a variety of different platforms (ground-based, bafidborne, aircraft, and satellite instruments) have
also been undertaken. A consistent picture emerges thatimamplitude and the altitude of the secondary
peak in the CIO profile in the upper stratosphere are wellrdeteed by MLS. The latitudinal and seasonal
variations in the CIO distribution in the lower stratosphare also well determined, but the correlative com-
parisons confirm the existence of a substantial negatiwibitne v2.2 MLS CIO data at the lowest retrieval
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levels. Further details on the correlative datasets anddhgarisons with MLS v2.2 CIO measurements

are given in_Santee etlal. [2008].

Desired improvements for future data version(s)
e Reduce the substantial negative bias present at the loetesval levels (below 22 hPa).

e Improve the CIO retrievals at 147 hPa.

Table 3.2: Summary of Aura MLS v2.2 CIO Characteristics

Resolution - Bias Scaling .
e vl Pl eyl ey Soun Aot
/ km / ppbv | %
0.68-0.001 — — — — Unsuitable for scientific use
1.0 3.5x 350 +0.3 +0.05 +15%
22-1.5 3-4.5< 250-400 +0.1 +0.05 +5-15%
32 3x 400 +0.1 +0.1 +10% —0.02 ppbv systematic bias
46 3x 450 +0.1 +0.1 +20% —0.12 ppbv systematic bids
68 3x 500 +0.1 +0.1 +20% —0.27 ppbv systematic bias
100 3.5x 500 +0.1 +0.1 +20% —0.41 ppbv systematic bids
147-316 — — — — Unsuitable for scientific use
1000-464 — — — — Not retrieved

aVertical and Horizontal resolution in along-track directi

bprecision on individual profiles, determined from obsergedtter in nighttime (descending) data in a region of mihima
atmospheric variability.

®Values should be interpreted asZstimates of the probable magnitude and, at the higheryesssare the uncertainties after
subtraction of the known negative bias tabulated in thetmgist column.

dDetermined directly from the observations, not from sirtiolas. Values quoted are based on averages over middle ghd hi
latitudes; sek Santee et m)08] for latitudinal vaoiasiin the magnitude of the bias estimates.
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3.5. Carbon monoxide

3.5 Carbon monoxide
Swath name: CO

Useful range: 215—-0.0046 hPa

Contact: Hugh C. Pumphrey (stratosphere/mesosphé&miail: <H. C. Punphr ey@d. ac. uk>
Nathaniel Livesey (tropospherdgmail: <Nat hani el . Li vesey@ pl . nasa. gov>

Introduction

Carbon monoxide is retrieved from radiance measuremerttgmbands in the MLS 240 GHz radiometer:
R3: 240: B9F: COandR3: 240. B25D: CO. Full details are given i 07] and Livesey
et al. tzTQh]. The retrieved values are qualitatively samiio earlier measurements of CO, but appear to
have some systematic scaling errors as indicated in TaBle 3.

Resolution

Figurel3® shows the horizontal and vertical averagingédsrior v2.2 MLS CO. In the middle atmosphere,
the MLS v2.2 CO retrieval is only lightly constrained. Thigams that the vertical and horizontal resolutions
are essentially those of the chosen retrieval grid, beid km vertically and 150 — 200 km horizontally. In
the UT/LS region, the vertical resolution worsens#km, with~300 — 400 km resolution in the horizontal.

Precision

The MLS data are supplied with an estimated precision (the fi2gpPr eci si on which is the a postiori
precision as returned by the optimal estimation. This isgmethan the scatter observed in the data in
regions of low natural variability due to the effects of irefal smoothing. Where the estimated precision is
greater than 50% of the a priori precision the data will beugficed by the a priori to an undesirably large
extent. In such casek2gpPr eci si on is set to be negative to indicate that the data should not &é&. us
Figure[3.Y shows both the scatter and estimated precisid®@@ with a typical profile for comparison.

Note that the random errors are larger than 100% of the misatig for much of the vertical range,
meaning that considerable averaging is needed to make tise déta.

Accuracy

The estimated accuracy is summarized in TARIE 3.3. In thelm@atmosphere the accuracies are estimated
by comparisons with the ACE-FTS instrument; see_ Pumphrai/ {2007] for further details. Close inspec-
tion of the data suggests that the accuracy in this regioessiepresented as a purely multiplicative error.
The MLS v2.2 CO data at 215 hPa (upper troposphere in thecgploiwer stratosphere in the mid-latitudes)
shows high (factor of-2) biases compared to other observations. The morpholagyever, is generally
realistic [Livesey et dll, 2008]. Addressing this issue sgh priority activity for later versions of the MLS
data processing algorithms.

Data screening
Pressure range (215 -0.0046 hPa)alues outside this range are not recommended for sciensiéc

Estimated Precision: Values at altitudes where the estimated precision is flagggative should not be
used, to avoid too strong anpriori influence (see Sectidn1.4).
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Figure 3.6: Typical two-dimensional (vertical and horizontal alomgek) averaging kernels for the
MLS v2.2 CO data at 70N (upper) and the equator (lower); variation in the avergdiarnels is suffi-
ciently small that these are representative of typical [@®fiColored lines show the averaging kernels
as a function of MLS retrieval level, indicating the regidrtlte atmosphere from which information is
contributing to the measurements on the individual reslisurfaces, which are denoted by plus signs
in corresponding colors. The dashed black line indicatesébolution, determined from the full width
at half maximum (FWHM) of the averaging kernels, approxiehascaled into kilometers (top axes).
(Left) Vertical averaging kernels (integrated in the horital dimension for five along-track profiles)
and resolution. The solid black line shows the integrated ander each kernel (horizontally and ver-
tically); values near unity imply that the majority of infoation for that MLS data point has come
from the measurements, whereas lower values imply sultaontributions from a priori informa-
tion. (Right) Horizontal averaging kernels (integratedhe vertical dimension) and resolution. The
averaging kernels are scaled such that a unit change isadejuivo one decade in pressure.
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Figure 3.7: Scatter (standard deviation) and (estimated) precisiotMiioS V2.2 CO. The statistics
shown are generated from all profiles within°16f the equator on 28 January 2005. A profile of
the mean volume mixing ratio (VMR) is shown for comparisorheTvertical co-ordinate is 18 —
log,o(PressurghPg) so that 16 km on the axis is exactly 100 hPa.

Status flag: Only profiles for whichSt at us is an even number should be used in scientific studies (see

SectiorLb).

Clouds: While scattering from thick clouds can lead to some unréaliglues for MLS v2.2 CO, the
application of theQual i t y andConver gence screening approaches described below capture most
of these. For studies of the upper stratosphere and mesesphé not necessary to screen the
data for clouds. The cloud ‘warning’ bits it at us are more overly sensitive than they were in
v1.5. Rejecting profiles on the basis of thedteat us bits discards a large number of values that
are not obviously ‘bad’ (either geophysically or from thargtpoint of retrieval performance). More
discerning cloud screening approaches are under invéstiga the time of writing.

Quiality field: In the stratosphere and mesosphegre (LO0 hPa) only profiles with a value of tigaial i t 'y
field (see Sectiofll. Hyreaterthan 0.2 should be used in scientific study. In the UT/pS-(100 hPa)
a stricter cutoff of 1.2 should be used. This stricter vakmaves about 2% of the data globally, 6%
between 30S and 30N.

Convergence field: Only profiles with a value of th€onver gence field (see SectiohIl. 3gssthan 1.8
should be used in investigations. This test should rejemtitab% of profiles, from entire chunks that
have failed to converge, so that the retrieved profile islainid the a priori.

Artifacts

e Systematic factor of-2 high bias for data at 215 hPa.
e Positive systematic error of 30-50% throughout the mesargph

e Negative systematic error of 50-70% near 30 hPa.
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Table 3.3: Data quality summary for MLS version 2.2 CO.

Pressure Resolution / km  Precisiofi/ Systematic Comment
/ hPa Vert x Horiz. ppbv Uncertainty
< 0.001 — — — Not retrieved
0.0022-0.001 — — — Unsuitable for scientific use
0.0022 9x 200 11000 +30% to+50%
0.01 7x 200 3000 +30% to+50%
0.046 6.5x 200 1100 +30% to+50%
0.14 3x 200 900 +30% to+50%
1 3x 230 200 +30% to+50%
10 3x 300 28 +10%
31 3x 300 14 —70% to—50%
100 4x 500 20 +20 ppbv andt30%
147 4x 500 20 +30 ppbv andt30%
215 5x 600 20 ~ +1009%
316 — — — Unsuitable for scientific use
>316 — — — Not retrieved

aEstimated mainly from comparisons with other datasets
PBased on comparisons with other datasets rather than tbeetieal calculations used for other pressures.

e Retrieved profiles are rather jagged, especially betwedtal($8 km) and 0.1 hPa (64 km).

Review of comparisons with other datasets

In the upper troposphere, comparisons with various in suoBservations (NASA DC-8, WB-57 and the
MOZAIC dataset) indicate that the MLS v2.2 215 hPa CO prodsidiiased high by a factor of2. In
the mesosphere, comparisons with ODIN-SMR and ACE-FTSesigg positive bias: 30%-50% against
ACE-FTS, 50%-100% against SMR. Near 31 hPa, the MLS valuekatrer than SMR and ACE-FTS by at
least 70%.

Desired improvements for future data version(s)

The main goal for future versions is to addresstHi€0% high bias in the MLS v2.2 CO product at 215 hPa.
In addition, the extension of the useful range of the datardtw316 hPa is a high priority, along with
improved understanding (and hopefully correction) of amsés in the stratosphere and mesosphere. It
may be possible to constrain the retrieval in the middle aphere slightly more, in order to make the
retrieval less noisy, without having too severe an impadheraccuracy or resolution.
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3.6 Geopotential Height

Swath name: GPH

Useful range: 316 —-0.001 hPa

Contact: Michael J. SchwartZmail: <M chael . J. Schwartz@ pl . nasa. gov>

Introduction

O

The MLS geopotential height (GPH) product is described im@xutz et al [2008]. This product is retrieved, E
along with temperature and the related assignment of tarngessures to limb views, (pTan) primarily
from bands near @spectral lines at 118-GHz and 234 GHz. GPH and Temperatereaupled through
hydrostatic balance and the gas law; the change of presstneeén levels is the weight of the column
between the levels. The GPH difference between a givenyme$svel and the 100 hPa reference level is
the integrated temperature with respect to log-pressuvedea the levels, scaled IR/M/go, whereR s the

gas constantyl is the molar mass of air, arg) is mean sea-level gravity. Only one element of GPH, taken
to be the value at 100 hPa, is independent of the temperatofieep TabldZ3.6 summarizes the meaurement
precision, modeled accuracy and observed biases. Thaftficsections provide details.

Vertical resolution

Vertical resolution is not well-defined for GPH, as it is ategrated quantity. The vertical resolution of
temperature, which is integrated to give GPH, is given iniseS.20.

Precision

The precison of the MLS v2.2 temperature measurement is suizea in Tabl€316. Precision is the random
component of measurements that will average-down if a nmmeasnt is repeated. The retrieval software
returns an estimate of GPH precision only for the 100 hPaerée level, as this is the only element included
in the MLS “state vector.” GPH precision at other standamadpct profile levels (summarized in column 2
of Table[3®) is calculated from the GPH precision at therezfee level and the profile of temperature
precisions. Calculated precision values ar@5m from 316 hPa to 100 hPa; 45m at 1 hPay~ 110m

at 0.001 hPa. Off-diagonal elements of the temperature/@Mdt covariance matrix are neglected in this
GPH-precision-profile calculation, but resulting erroms believed to be smalk{ 5 km near 100 hPa.)

Accuracy

The accuracy of the v2.2 GPH has been modeled based upomemign of a variety of sources of sys-
tematic error, as discussed in[Schwartz e{ al., 2008]. ©¢thor sources considered, “Gain Compression”,
(non-linearity in the radiometer intermediate-frequenayplifiers,) has the largest impact, just as is the case
with the calculation for temperature. Simulations suggjest gain compression introduces a positive biases
in MLS GPH of ~ 150 m at 100 hPa that increase to 200 m at 10 hPa and to 700 m0At liF@&. These
values are the first terms in column four of Tdbld 3.6. Theséd¢erms in column four are model-based esti-
mates of the bias magnitude from other sources includingrmioty in pointing/field-of-view, uncertainty

in spectroscopic parameters, and retrieval numerics. dhwmed bias magnitudes due to these sources is
100-150 m.
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Column 5 of Tabl€-3]6 contains estimates of bias based upopadsons with analyses and with other
previously-validated satellite-based measurements. pfingary sources of correlative data were the God-
dard Earth Observing System, Version 5.0.1 data assimmlatystem (GEOS-5) [Reinecker et al., 4007],
used in the troposphere and lower stratosphere, and thadguof the Atmosphere using Broadband Ra-
diometry (SABER)|[Mlynczak and Russell, 1995], used in tipper stratospher through the mesosphere.
Correction for gain compression, which is not included it gorithms, would bring MLS GPH into bet-
ter agreement with correlative measurements at 100 hiPa@paling most of the observed 150 m high bias
in MLS relative to GEOS-5. However, it makes agreement waiile SABER GPH in the mesosphere and
lower thermosphere, approximately doubling the obser@8dré low bias in MLS GPH relative to SABER
at 0.001 hPa..

Data screening

GPH should be screened in the same way as temperature.

Pressure range (316 —0.001 hPa)Values outside this range are not recommended for scien§éc

Estimated Precision: Values at pressures where the estimated precision is wegdbuld not be used, to
avoid too strong aa priori influence (see sectidn1.4).

Status flag: Only profiles for whichSt at us is an even number should be used in scientific studies (see

sectiorCLb).

Clouds: GPHSt at us Clouds impact MLS v2.2 GPH only in the troposphere, predamily in the tropics
and to a lesser extent in mid-latitudes. Recommended sogeanthe troposphere is the same as for
temperature. If the low-cloud bit (the fifth least signifitdoit) is set in either of the two profiles
following a given profile, then that profile should be consatkto be potentially impacted by cloud.
The misalignment of cloud information by 1-2 profiles alorerk is discussed m 08].
The method flags 16% of tropical and 5% of global profiles asdyand captures 86% of the tropical
316 hPa temperatures that are more than -4.5KRq) below the mean okMLS minusa priori>.
The last two profiles of a day cannot be screened this way, lamad not be used in the troposphere.

Quiality field: Only profiles with a value of th€ual i t y field (see sectiobl Jjreater than 0.6 should
be used in scientific study. This threshold typically exelsidi% of profiles. In the polar autumn
and winter, there are days for which the final “phase” of theH@&mperature retrieval, that part of
the retrieval which adds information from the 239-GHz igataO, line, fails to converge. For these
profiles, quality is in the range 0.4-0.6 aB@dnver gence (discussed below) is greater than 1.2, but
reasonable retrieval values may still be obtained in tregatphere. These profiles may be used, with
caution, in the stratosphere, but should not be used at 26bhRigher pressures.

Convergence field: Use of profiles withConver gence greater than 1.2 is not recommended. Use of this
threshold typically discards 2% of profiles, but only an &iddial 0.5% beyond those already flagged
by Quality<0.6.

Review of comparisons with other datasets

The 100 hPa reference GPH (refGPH) is typically 100-250 nhdrighan GEOS-5 in the northern high
latitudes and 50—-200 m higher than GEOS-5 in the Southemlatgudes. At low latitudes, the ascending
branch of the orbit is typically 0-120 m higher than GEOS-5levthe descending branch is 100-200 m
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Modeled Observed

. Resolution Precisimﬁ bias bias
Region Vert. x Horiz. ) ) Comments
/ meters  uncertainty  uncertainty
/ km
/m /m
<0.001 hPa — — — — Unsuitable for scientific use
0.001 hPa 15¢ 220 4+110 70Q:150 —450
0.01 hPa 14< 185 485 600100 —100
0.1 hPa 9% 165 +60 500150 0
1hPa 8x 165 +45 300100 100
10 hPa 4.3x 165 +35 200100 100
100 hPa 5.2 165 +30 150+100 150
316 hPa 5.3 170 +35 100+150 150
1000 -383 hPa — — — — Unsuitable for scientific

8Precision on individual profiles

higher. A seasonal cycle in the daily mean differences-df00 m peak-to-peak is evident in the high-
southern latitudes (peaking in January) and in the ascgngianch of the equatorial mean differences
(peaking in July) There has been a general downward tret@iMtS minus GEOS-5 bias of 40-50 m/year
over the life of the mission. Correction of gain compresswhich is neglected in v02.2 retrievals, lowers
MLS 100 hPa GPH by 150 m, bringing it into better agreement with GEOS-5. MLSMZPH has a bias
of ~ 100 m at 10 hPa with respect to GEOS-5 and SABER, and the bthgegpect to SABER becomes
increasingly negative at lower pressures:-100 m at 0.01 hPa and —500 m at 0.001 hPa. These negative
biases reflect the general low temperature bias of MLS wiheet to SABER.

Desired improvements for future data version(s)

Biases in MLS GPH in the troposphere and stratosphere aievedlto be related to “gain compression,”
which is a form of non-linearity in MLS intermediate-frequey amplifiers. Modeling experiments suggest
that correction for gain compression will bring MLS tempara and GPH measurements into better agree-
ment with correlative data in the troposphere and lowetat@nere. In the upper stratosphere to the top
of the retrieval, MLS retrieved temperature generally hdmnabias relative to correlative measurements
and so has a low bias in GPH, reachinrg50 m at 0.001 hPa. The current model of gain compression is
such that its correction will make GPH agreement with catiet data such as SABER worse at upper
levels. A future version of MLS software which corrects fgain compression” should improve the GPH
product and the internal consitency of the pointing andatadi transfer models used in atmospheric con-
stituent retrievals. Biases with respect to correlativasaeements at the highest retrieval levels are tied to
retrieved-temperature biases, and are under investigatio
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3.7 Water Vapor
Swath name: H20

Useful range: 316 —0.002 hPa

Contact: Alyn Lambert (stratosphere/mesospheinail: <l anmbert @r s. j pl . nasa. gov>
William Read (tropospheremail: <bi Il @i s. j pl . nasa. gov>

Introduction

The standard water vapor product is taken from the 190 GHre((R2A) retrieval. The vertical grid for
H,O is: 1000-22 hPa, 12 levels per decade change in pressdjeqljpd for 14.7-0.1 hPa, and 3 Ipd for s
0.1—10.0°hPa 3 Ipd. The horizontal grid is every 1.8long the orbit track. It is unusual among MLS "(’3
products in that it is assumed that log(Mixing ratio), and mixing ratio itself, varies linearly with log
pressure. Scientific studies considering averages of MLiBrwapor data should perform the averaging on

log(H,0). Water vapor validation is presentec_in Read bt al. [2@0id] Lambert et all [2007]. TablEB.4 is
a summary of precision, resolution, and accuracy.

Resolution

Based on FigurE_3.8, the vertical resolution fgiQHis 1.5 km at 316 hpa increasing to 3.3-3.5 at 147 hPa.
The vertical resolution remains3.5 km to 4.6 hPa. At pressures lower than 4.6 hPa, the resolsteadily
degrades te-15 km at 0.1 hPa and holds steady at even lower pressures.|drtgeteack horizontal reso-
lution is ~ 200 km for pressures greater than 4.6 hPa, and degrades+@3MRm at lower pressures. The
horizontal cross-track resolution is set by the 7 km widthhef MLS 190-GHz field-of-view for all pres-
sures. The longitudinal separation of the MLS measuremerit&—-20 over middle and lower latitudes,
with much finer sampling in polar regions.

Precision

For pressure$>83 hPa the precisions given are the kcatter about the mean of coincident comparison
differences, which are larger than the formal retrievatjsiens [Read et al., 2007]. For pressured8 hPa
the formal retrieval precisions calculated by the Levelgbdathms are given, which are generally compa-
rable to the scatter of coincident ascending/descendin ldofile differences, but become larger in the
mesosphere_[Lambert et al., 2007]. The precisions are seffative values in situations when the retrieved
precision is larger than 50% of the a priori precision—andation that the data are biased toward the a
priori value.

Accuracy

The values for accuracy are based primarily on two sourcesiparisons with validated instruments or
from the systematic error analysis performed on the MLS mreasent system [Read et 4l., 2007] and
[Lambert et al.| 2007]. For pressures between 316215 h&¥ap@risons between AIRS and MLS show
~5% bias which is considerably less than either the AIRS oMh8& estimates of accuracy. The values in
the table for these pressures are AIRS validated accuratiies are less than those potentially possible for
the MLS measurement system. For the pressure range 178a8&el come directly from the systematic
error analysis performed on the MLS measurement systemcBewarisons with reliable instrumentation
exist for pressures between 178-147 hPa. These compavigocis include in situ sensors on the WB57
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Figure 3.8: Typical two-dimensional (vertical and horizontal alomgek) averaging kernels for the
MLS v2.2 H,O data at 70N (upper) and the equator (lower); variation in the avergdiernels is suffi-
ciently small that these are representative of typical [@®fiColored lines show the averaging kernels
as a function of MLS retrieval level, indicating the regidrtlte atmosphere from which information is
contributing to the measurements on the individual redlisurfaces, which are denoted by plus signs
in corresponding colors. The dashed black line indicatesélolution, determined from the full width
at half maximum (FWHM) of the averaging kernels, approxiehascaled into kilometers (top axes).
(Left) Vertical averaging kernels (integrated in the horial dimension for five along-track profiles)
and resolution. The solid black line shows the integrated ander each kernel (horizontally and ver-
tically); values near unity imply that the majority of infoation for that MLS data point has come
from the measurements, whereas lower values imply sultaontributions from a priori informa-
tion. (Right) Horizontal averaging kernels (integratedhe vertical dimension) and resolution. The
averaging kernels are scaled such that a unit change isadejnivo one decade in pressure.
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and frostpoint hygrometers flown on balloons indicate bgitgformance than indicated in the table. An
estimate of the accuracy between 121-83 hPa is also fromy#itensatic error analysis performed on the
MLS measurement system. Comparisons among in situ sensdrseed/NB57 high altitude aircraft and
frostpoint hygrometers flown on balloons show 30% disagesgsa—well in excess of the estimate accuracy
of each instrument including MLS—near the tropopause aneéictratosphere. The balloon based frost
point hygrometer shows agreement better than indicatdukitable. The validation paper describes in detalil
why a 30% spread is inconsistent with the MLS measurememadRt al., 2007]. For pressures less than
83 hPa the accuracy is based on the systematic error analysis

Data screening

Pressure range (316 —0.002 hPa)Values outside this range are not recommended for scieniéc

Estimated Precision: Values at altitudes where the estimated precision is flagggative should not be
used, to avoid too strong anpriori influence (see sectidn1.4).

I
R
@)

Status value: Only profiles for whichSt at us is an even number should be used in scientific studies (see

sectiorCLb).
Clouds: Ignore, but see Artifacts.

Quality field: Only profiles with a value of th@ual i t y field (see sectiofll. ®reaterthan 0.9 should be
used in scientific study. This eliminatesl% of the profiles on a typical day.

Convergence field: Ignore

Artifacts

There is a minimum concentration where MLS® measurements become unreliable. This is given in
Table[3% under the “Min. D" column. The lowest allowable #D is 0.1 ppmv. Errors in the middle
tropospheric HO constraint can cause errors at 316 and 261 hPa. The errdestamas dry {1 ppmv) and
moist spikes in a orbital time series. Such data are usuedigrapanied with good quality and status. Clouds
in the field of view also degrade the data in unpredictableswdost instances of quality 0.9 occur in the
presence of clouds; and therefore successfully screenamp&isons with AIRS in MLS detected cloudy
scenes that were successfully cleared with AIRS cloud idlgalgorithms and pass MLS data screening
metrics show small biases10% with a 50% increase in precision for the individual difieces. Therefore
users should be aware that although the overall statisitm&éasurements inside clouds are similar to that
for clear sky, individual profiles will exhibit greater vakility in their precision.

Correlative measurement comparisons show a fine-scaléatisai in the v2.2 HO retrievals, whereby
the mixing ratio at the 31.6 hPa (26.1 hPa) level is perdiistémw (high) by <0.4 ppmv (8%). Distributions
of the differences in the $O values between these pressure levels as a function oflat#nd time indicates
that larger amplitude oscillations can occur in the polatiges and occasionally be reversed in sign. Rather
than attempting a correction using fixed additive offsets,suggest replacing the values at the 31.6 hPa
and 26.1 hPa levels with their average for investigatioas déine impacted by the presence of the oscillation
using the following algorithm: ifi316 < Vagz and 516 < Vg1 and \b15 < Vog1 thenvaig = Vog1 = (V316 +
Vo6.1)/2, Wherev, is the volume mixing ratio at the pressure lepeh hPa.

Review of comparisons with other datasets
Read et al..[2007] and Lambert et al. [2007] describe in tetaivalidation of the HO data.
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Desired improvements for future data version(s)

Comparisons with AIRS show the likelihood that MLS has a 1ra#hance scaling error [Read et al., 2007]
that will cause an overestimation of the®l concentrations greater than 500 ppmv. It also severebiaff
the middle tropospheric relative humidity retrieval whishused as an estimate of middle tropospheric
H,0O. Future versions will correct for this error and extend th© retrieval to lower altitudes. Correlative
measurement comparisons indicate a persistent verticdlatisn in the region 32-26 hPa of amplitude
~0.4 ppmv which is a symptom of a known gain compression behavithe MLS radiometric calibration.
Future versions will address this.
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Table 3.4: Summary of MLS v2.2 UTLS KO product.

Pressure / Resolution Precisiofl Accuracy Min. /
hPa VxH/km | % / ppmv ppm\ﬂ Comments
0.001 — — — — Unsuitable for scientific use
0.002 13x 320 180 34 0.1
0.004 13x 360 82 16 0.1
0.010 12x 390 34 11 0.1
0.022 12x 420 18 9 0.1
0.046 16x 430 10 8 0.1
0.10 14x 440 6 8 0.1
0.22 6.7x 420 5 7 0.1
0.46 5.5x 410 4 6 0.1
1.00 4.6x 410 4 4 0.1
2.15 4.0x 380 4 5 0.1
4.64 3.6x 320 4 7 0.1
10 3.3x 280 4 9 0.1
22 3.2x 290 4 7 0.1
46 3.1x 240 6 4 0.1
68 3.2x 220 8 6 0.1
83 3.5x 180 10 7 0.1
100 3.4x 180 15 8 0.1
121 3.3x 180 20 12 0.1
147 3.5x 200 20 15 0.1
178 3.3x 185 25 20 3
215 1.9% 190 40 o5 3 MLS overestimates O for vmr
> 500ppmv
261 1 5% 200 35 20 4 MLS overestimates O for vmr
> 500ppmv
MLS overestimates yO for vmr
> 500ppmv. Occasionally erro-
316 1.5x 185 65 15 7 neous low value< 1 ppmv and
high value fliers are retrieved in
the tropics
>316 — — — — Unsuitable for scientific use

aPrecision for a single MLS profile
PMinimum H,O is an estimate of the minimumy® concentration measurable by v2.2 MLS.

EOS MLS Level 2 Version 2.2 / 2.3 Quality 43



H,O

Chapter 3. Results for ‘standard’ MLS data products

44

EOS Microwave Limb Sounder



3.8. Hydrogen Chloride

3.8 Hydrogen Chloride
Swath name: HCl

Useful range: 100-0.15hPa

Contact: Lucien FroidevauxEmail: <Luci en. Fr oi devaux@ pl . nasa. gov>

Introduction

The MLS v2.2 retrievals of the HCI standard product (from iheS 640 GHz radiometer) use a slightly
different set of channels, now from band 14, as a result araettion observed since early 2006 in nearby
band 13, originally used for v1.51 HCIl. Band 13 has been thofé since Feb. 16, 2006, except for
occasional days as a diagnostic. For days prior to this tegedyILS v2.2 software also produces a separat
"HCl - 640- B13’ product (stored in the L2GP-DGG file) using the band 13 nadés. This product has [as
slightly better precision and vertical resolution in thgapstratosphere than the v2.2 standard HCI produdii®l
but is only available up to Feb. 15 2006. MLS HCI data continacross the Feb. 16, 2006 date requires v2.
(reprocessed) standard HCI product data, as there arendiagities (typically a few percent in the mid- to
upper stratosphere) if one uses v1.51 data prior to that iatenjunction with v1.52 data thereafter. Aside
from these issues, the standard HCI product for v2.2 is @otbian for v1.5 data, but has slightly better
vertical resolution in the upper stratosphere, mainly beseaof changes made to the retrieval’'s vertical
smoothing constraints. The changes in average HCI, relativl.5 data, are typically 5—-10%; retrieved
values are now slightly larger in the upper stratospherelandr mesosphere, and smaller in the lower
stratosphere.

Table[3h summarizes the MLS HCI resolution, precision, armlracy estimates as a function of pres-
sure. More discussion and a brief validation summary arergia the following sections, along with data
screening recommendations, which should be of particaterést to MLS data users. Analyses describ-
ing detailed validation of this MLS v2.2 product and comparis with other data sets are described in

IFroidevaux et al/[2008b)].

Resolution

Based on the width of the averaging kernels shown in Figi#tetBe vertical resolution for the standard HCI
product is~3 km (or about double the 640 GHz radiometer vertical fieldiefwwidth at half-maximum) in
the stratosphere, but degrades to 4—6 km in the lower messphhe along-track resolution4s200 km for
pressures of 2 hPa or more, an800 km in the lower mesosphere; typical (rounded off) vafoesesolution
are provided in TablEZ3.5. The cross-track resolution idgehe 3 km width of the MLS 640 GHz field of
view. The longitudinal separation of MLS measurementsbgeéhe Aura orbit, is 18-20° over middle and
lower latitudes, with much finer sampling in polar regions.

Precision

The estimated single-profile precision reported by the L2woftware varies from-0.2 to 0.6 ppbv in the
stratosphere (see Tallle13.5), and poorer precision isnaotdn the mesosphere. The Level 2 precision
values are often only slightly lower than the observed ecaitt the data, as evaluated from a narrow lat-
itude band centered around the equator where atmospheiabiity is often smaller than elsewhere, or
as obtained from a comparison between ascending and dasgeaihcident MLS profiles. The scatter in
MLS data and in simulated MLS retrievals (using noise-fiisdiances) becomes smaller than the theoretical
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Figure 3.9: Typical two-dimensional (vertical and horizontal alomgek) averaging kernels for the
MLS v2.2 HCI data at 70N (upper) and the equator (lower); variation in the avergdiernels is suffi-
ciently small that these are representative of typical [@®fiColored lines show the averaging kernels
as a function of MLS retrieval level, indicating the regidrtlte atmosphere from which information is
contributing to the measurements on the individual reslisurfaces, which are denoted by plus signs
in corresponding colors. The dashed black line indicatesélolution, determined from the full width
at half maximum (FWHM) of the averaging kernels, approxiehascaled into kilometers (top axes).
(Left) Vertical averaging kernels (integrated in the horital dimension for five along-track profiles)
and resolution. The solid black line shows the integrated ander each kernel (horizontally and ver-
tically); values near unity imply that the majority of infoation for that MLS data point has come
from the measurements, whereas lower values imply sultaontributions from a priori informa-
tion. (Right) Horizontal averaging kernels (integratedhe vertical dimension) and resolution. The
averaging kernels are scaled such that a unit change isadejuivo one decade in pressure.
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precision (given in the Level 2 files) in the upper stratospltad mesosphere, where there is a larger impact
of a priori and smoothing constraints.

The HCI precision values are generally flagged negative edspires less than 0.1 hPa, indicating in-
creasing influence from the a priori, although MLS inforroatstill exists (e.g., for averages and relative
changes) into the upper mesosphere.

Accuracy

The accuracy estimates shown in the Table come from a quatitifin of the combined effects of possible
systematic errors in MLS calibration, spectroscopy, etin.the HCI retrievals. These values are intended
to represent 2 sigma estimates of accuracy. For more detaésthe MLS validation paper by Froidevaux
etal. b]. Overall, we see no evidence, based on a nunfilbsemparisons with data sets from satellites,
aircraft, and balloons, that significant disagreementts{de the combined accuracy estimates) or significa
MLS-related issues exist for HCI for pressure of 100 hPa assl.|

Data screening

Pressure range (100 —0.15 hPa)Values outside this range are not recommended for sciensiic\We note
that the MLS values at 147 hPa are noisy compared to the tygdicemdances (of less than 0.5 ppbv)
in this region; negative biases were present in this regiovi.5 data, but the v2.2 147 hPa values
are biased high, at least at low to mid-latitudes. Also,@ltih there is likely some value in the
average MLS HCI data for pressures of 0.1 hPa or less, baségeokLS radiance signals in the
upper mesosphere, the increasing influenca pfiori in that region indicates that caution should be
applied, and we currently do not recommend using these data.

Estimated Precision: Only use positive precision values. Values at pressurddaviere the estimated
precision is flagged negative should not be used, to avoidtmng ana priori influence (see sec-
tion[L:4). Nevertheless, MLS does show sensitivity to H&) ilme upper mesosphere (e.g., for relative
changes and average values).

Status flag: Only profiles for whichSt at us is an even number should be used in scientific studies (see
sectiorLb).

Quality field: Only profiles with a value of th@ual i t y field (see sectiofpll. §)reaterthan 1.0 should be
used; this removes profiles with the poorest radiance fitgcayly a few % of the daily profiles (but
often about 5% from the tropics). For HCI (and the 640 GHz Mk&picts in general), this screening
correlates well with the poorly converged sets of profilee (selow); we recommend the use of both
theQual i t y andConver gence fields for data screening.

Convergence field: Only profiles with a value of th€onver gence field (see sectiofl.9gssthan 1.5
should be used. For the vast majority of profiles, this fieltegs than 1.1. On occasion, sets of
profiles (typically one or more group of ten profiles, reteehas a ‘chunk’) have thiSonver gence
field set to more than 1.5. These profiles are usually almaseffoee and close to the a priori profile,
and need to be discarded as non-converged.(Xitaé i t y field (see above) most often yields poorer
quality values for these non-converged profiles, and tipgally affects a few % of the total number
of (daily) profiles (including about 5% of the tropical prefl).
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Table 3.5: Summary for MLS hydrogen chloride

Pressure Precisiorf R(i/silu:;on Accurac;ﬁ Comments
hPa ppbv % km ppbv %
0.1 — — — — — Unsuitable for scientific use
015 1.2 40 6< 400  0.25 8
0.2 0.9 30 6x350  0.25 8
0.5 0.7 20 5350  0.15 5
1 0.5 15 4% 300  0.15 5
2 0.4 15 3x 250  0.15 6
5 0.3 10 3% 200 0.2 7
10 0.2 10 3x 200 0.2 10
20 0.2 15 3x 200 0.1 10
46 02  10to> 40 3% 300 02 10tgs40 @ ercentvaluesvary strongly
with latitude
68 02 15to> 80 3x 350 02 15tg-80 ercentvaluesvary strongly
with latitude
100 03 30t>100  3x350 0.5 15tg- 100 ' crcentvaluesvarystrongly
with latitude

May be useful at high lati-

tudes, but high bias at low
latitudes (not recommended
for scientific use)

147 0.4 50tc> 100 3x 400 0.3 50to> 100

8Precision (1 sigma) for individual profiles
b2 sigma estimate from systematic uncertainty charactésizéests

Review of comparisons with other datasets
The differences between MLS v2.2 HCI| data and HALOE and AQE-HCI are overall similar to those

observed for v1.5 data [Eroidevaux et al., 2006a] as disclisy Eroidevaux et al. [2008b], who also provide
results of comparisons between MLS HCI and balloon andairaneasurements. MLS HCl at 147 hPa is
biased high vs. the WB-57 aircraft in-situ (CIMS) measuretaglow to mid-latitudes); the MLS data may
be useful at high latitudes for this pressure level. Monthkyan time series of global upper stratospheric
and lower mesospheric HCI (v1.5) data from September 2003 atwmary 2006 have been compared to
expectations and other satellite data sets by Froidevaab [#006b], who find that there has been a slow
decrease in HCI and inferred total chlorine during that tpaegod.

Artifacts

e Users should ensure that they screen out the non-conveageldpbor quality) profiles, as these sets
of profiles (a few percent on most days) do not behave like thprnity of the other MLS retrievals
for this product (see above).

e The values at 147 hPa are biased high compared vs. airctaffs#se above). Note that the v1.5 values
exhibited some negative average values in this region anel ma recommended for use.
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3.9 Hydrogen Cyanide
Swath name: HCN

Useful range: 10—-0.1 hPa (Approx 32-64 km)

Contact: Hugh C. PumphreyEmail: <H. C. Punphr ey @d. ac. uk>

Introduction

HCN is retrieved from band®2: 190. B6F: G3 andR2: 190. B27M HCN. B27M is centered, in the lower
sideband, on the 177.26 GHz spectral line of HCN and is oppdd by the outer channels of B6F. Although
the target line is in an uncluttered part of the spectrum uther sideband of B27M contains many inter-
fering lines of @ and HNQ. As a result, the HCN product is not usable in the lower sgttere. In the
recommended range it is usable, but has rather poor precsio resolution.

It is possible to retrieve weekly zonal means of HCN over agrevertical range by first averaging
the radiances. Results of this process and further infeomain the HCN measurement may be found i

IPumphrey et al| [2006].

Vertical resolution

The HCN signal is rather small, so a rather strong smoothamgtcaint has to be applied to ensure that the
retrieval is at all useful. As Figufe-3110 shows, the velttieaolution is about 8 km at 10 hPa, degrading to
12 km at 0.1 hPa. The horizontal resolution along the measemetrack is between 2 and 4 profile spacings.

Precision

Figure[3T1l shows the estimated precision (values of the fi2bpPr eci si on), together with the ob-
served standard deviation in an equatorial latitude banerevthe natural variability of the atmosphere is
small. The observed scatter is smaller than the estimagaispsn due to the effects of retrieval smoothing.

Accuracy

The accuracy of the HCN product has not been assessed ihlmtause a cursory inspection reveals that
the product has extremely large systematic errors in ther@ivatosphere. For this reason the data are not
considered to be useful at altitudes below 32 km (pressufigshPa). In the upper stratosphere the values
are in line with current understanding of the chemistry oMHComparison to historical values suggests an
accuracy of no worse than 50%. The precision, resolutioregondracy of the HCN data are summarized in
table[3.6.

Data screening

Pressure range (10—0.1 hPa)Values outside this range are not recommended for sciensiéc

Estimated Precision: Values at altitudes where the estimated precision is flagggative should not be
used, to avoid too strong anpriori influence (see sectidn1.4).

Status flag: Only profiles for whichSt at us is an even number should be used in scientific studies (see
sectiorLb).
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Figure 3.10: Typical two-dimensional (vertical and horizontal alomgek) averaging kernels for the
MLS v2.2 HCN data at 70N (upper) and the equator (lower); variation in the avergdiernels is suf-
ficiently small that these are representative of typicafifg® Colored lines show the averaging kernels
as a function of MLS retrieval level, indicating the regidrtlte atmosphere from which information is
contributing to the measurements on the individual redlisurfaces, which are denoted by plus signs
in corresponding colors. The dashed black line indicatesélolution, determined from the full width
at half maximum (FWHM) of the averaging kernels, approxiehascaled into kilometers (top axes).
(Left) Vertical averaging kernels (integrated in the horial dimension for five along-track profiles)
and resolution. The solid black line shows the integrated ander each kernel (horizontally and ver-
tically); values near unity imply that the majority of infoation for that MLS data point has come
from the measurements, whereas lower values imply sultaontributions from a priori informa-
tion. (Right) Horizontal averaging kernels (integratedhe vertical dimension) and resolution. The
averaging kernels are scaled such that a unit change isadejuivo one decade in pressure.
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Figure 3.11: Estimated precisioh2gpPr eci si on and observed standard deviation for MLS V2.2
HCN. The data shown are all profiles within°16f the equator for January 28, 2005.

Table 3.6: Resolution and precision of MLS V2.2 HCN. The precision shas\the estimated precision
(L2gpPr eci si on); the observed scatter is about 80% of this value.

Resolution -
Precision /
Pressure V xH/ Accuracy Comments
pptv | %
km

< 0.1hPa — — — Unsuitable for scientific use

1-0.1hPa 50 12 50 50

10-1hPa 306 10 30 50
100-10hPa 30& 10 50 Very poor  Unsuitable for scientific use

> 100 hPa Not Retrieved
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Clouds: As HCN is only useable in the upper stratosphere, profileshvhave either, both or neither of
the cloud flags set may be used.

Quiality field: Only profiles with a value of th€ual i t y field (see sectiobl Hreater than 0.2 should
be used in scientific study. Values @Qfial i t y are usually near 1.5; occasional lower values do not
seem correlated with unusual profiles, but we suggest agauydien that only profiles witual i t y
> 0.2 be used. Typically this will eliminate only 1-2% of profiles

Convergence field: Only profiles with a value of th€onver gence field (see sectiofIl.9ssthan 2
should be used in investigations. This should eliminate @mynks which have obviously failed to
converge — typically this is only 1-2% of the total.

Artifacts

There are no obvious artefacts within the recommended@édtitange

Desired improvements for future data version(s)

Hopefully it will prove possible to retrieve HCN in the lowstratosphere.
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3.10 Nitric Acid
Swath name: HNG;

Useful range: 215-3.2hPa

Contact: Michelle SanteeEmail: <M chel | e. Sant ee@ pl . nasa. gov>

Introduction

The quality and reliability of the Aura MLS v2.2 HNOneasurements are assessed in detme etal.
]. The HNQ in v2.2 has been greatly improved over that in the previousier (v1.5); in particular,

the profiles are considerably smoother and less oscillatimngalistic behavior at the lowest retrieval levels

is substantially reduced, and a high bias caused by an ermne of the spectroscopy files used in v1.5

processing has been corrected.

The MLS v2.2 HNQ data are scientifically useful over the range 215 to 3.2 hibe. standard HN@
product is derived from the 240-GHz retrievals at and belasv, (at pressures equal to or larger than) 10 hPa
and from the 190-GHz retrievals above that level. A summéthe precision and resolution (vertical and
horizontal) of the v2.2 HN@ measurements as a function of altitude is given in TRBIE 3he impact
of various sources of systematic uncertainty has been ifjedntTable[3V also includes estimates of thd
potential biases and scaling errors in the measurementgileahirom this uncertainty analysis. The overall
uncertainty for an individual data point is determined Wkirig the root sum square (RSS) of the precision
bias, and scaling error terms (for averages, the singlilgpmrecision value is divided by the square root of
the number of profiles contributing to the average). Moraitkebdn the precision, resolution, and accuracy
of the MLS v2.2 HNQ measurements are given below; for a full description of glelation of these data,

sed Santee etlal. [2007].

I

Z

@)
N

Resolution

The resolution of the retrieved data can be described usiweraging kernels’ [e.@e@bOO]; the
two-dimensional nature of the MLS data processing systemnsi¢ghat the kernels describe both vertical
and horizontal resolution. Smoothing, imposed on theewedti system in both the vertical and horizontal
directions to enhance retrieval stability and precisi@duces the inherent resolution of the measurements.
Consequently, the vertical resolution of the v2.2 HN{ata, as determined from the full width at half max-
imum of the rows of the averaging kernel matrix shown in FBII2, is 3—4 km in the upper troposphere
and lower stratosphere, degrading~t6 km in the middle to upper stratosphere (see TRhlE 3.7). tate
the averaging kernels for the 215 and 316 hPa retrieval ssfaverlap nearly completely, indicating that
the 316 hPa retrieval provides essentially no independdatration. Figurd_3.12 also shows horizontal
averaging kernels, from which the along-track horizonéslofution is determined to be 400-500 km over
most of the vertical range, improving t6300 km in the upper stratosphere. The cross-track reso|usiet

by the widths of the fields of view of the 190-GHz and 240-GHdioeneters, is~10 km. The along-track
separation between adjacent retrieved profiles isdré&at circle angle~165 km), whereas the longitudinal
separation of MLS measurements, set by the Aura orbit, is2@® over low and middle latitudes, with
much finer sampling in the polar regions.

Precision

The precision of the MLS HN@measurements is estimated empirically by computing thedstal devi-
ation of the profiles in the 26wide latitude band centered around the equator, whereaiatmospheric
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Figure 3.12: Typical two-dimensional (vertical and horizontal alomgek) averaging kernels for the
MLS v2.2 HNG; data at 70N (upper) and the equator (lower); variation in the avergdiarnels is
sufficiently small that these are representative of typprafiles. Colored lines show the averaging
kernels as a function of MLS retrieval level, indicating tiegion of the atmosphere from which infor-
mation is contributing to the measurements on the indidideaieval surfaces, which are denoted by
plus signs in corresponding colors. The dashed black lidie#@tes the resolution, determined from the
full width at half maximum (FWHM) of the averaging kernelqpaoximately scaled into kilometers
(top axes). (Left) Vertical averaging kernels (integratethe horizontal dimension for five along-track
profiles) and resolution. The solid black line shows thegraged area under each kernel (horizontally
and vertically); values near unity imply that the majoritiyioformation for that MLS data point has
come from the measurements, whereas lower values implyasttzss contributions from a priori infor-
mation. (Right) Horizontal averaging kernels (integratethe vertical dimension) and resolution. The
averaging kernels are scaled such that a unit change isadejuivo one decade in pressure.
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Figure 3.13: Precision of the (left) v2.2 and (right) v1.5 MLS HN®neasurements for four represen-
tative days (see legend). Solid lines depict the observaitesan a narrow equatorial band (see text);
dotted lines depict the theoretical precision estimatethbyetrieval algorithm.

variability should be small relative to the measuremens@&oiBecause meteorological variation is nev
completely negligible, however, this procedure produces@er limit on the precision. As shown in Fig-
ure[3IB, the observed scatter in the v2.2 dataQs6-0.7 ppbv throughout the range from 215 to 3.2 hP&,
above which it increases sharply. The scatter is essgniisariant with time, as seen by comparing the
results for the different days shown in Figlire-3.13.

The single-profile precision estimates cited here are,sbdnder, independent of latitude and season, but
it should be borne in mind that the scientific utility of inglual MLS profiles (i.e., signal to noise) varies
with HNO3; abundance. At some latitudes and altitudes and in somerseabe single-profile precision
exceeds typical HN®@mixing ratios, necessitating the use of averages for stiestudies. In most cases,
precision can be improved by averaging, with the precisioancaverage oN profiles being 1¥/N times
the precision of an individual profile (note that this is no¢ ttase for averages of successive along-track
profiles, which are not completely independent because rifdrtal smearing).

The observational determination of the precision is comgham Figurd-3.113 to the theoretical precision
values reported by the Level 2 data processing algorithnihogh the two estimates compare very well
in the lower portion of the profile, above 22 hPa the predigietision substantially exceeds the observed
scatter. This indicates that the a priori information anel ¥lertical smoothing applied to stabilize the re-
trieval are influencing the results at the higher retrieeakls. In addition, the ‘notch’ in the theoretical
precision profile at 10 hPa arises from switching from the-&Hy to the 190-GHz retrievals in composing
the standard HN@product. Because the theoretical precisions take intouatonccasional variations in
instrument performance, the best estimate of the precisi@n individual data point is the value quoted
for that point in the L2GP files, but it should be borne in mihdttthis approach overestimates the actual
measurement noise at pressures less than 22 hPa.

Accuracy

The effects of various sources of systematic uncertainty,(|mstrumental issues, spectroscopic uncertainty,
and approximations in the retrieval formulation and impéernation) on the MLS v2.2 HNgmeasurements
have been quantified through a comprehensive set of rdtdavalations. The results of this uncertainty
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analysis are summarized in TaBIgl3.7;\see Sante¢ et all][@Od@rther details of how the analysis was con-
ducted and the magnitude of the expected biases, addisoatkr, and possible scaling errors each source
of uncertainty may introduce into the data. In aggregatstesyatic uncertainties are estimated to induce in
the v2.2 HNQ measurements biases that vary with altitude betwe@d and+2 ppbv and multiplicative
errors of+5-15% throughout the stratosphere, risingsta-30% at 215 hPa. These uncertainty estimates
are generally consistent with the results of comparisotis edrrelative datasets, as discussed briefly below.

Data screening

Pressure range (215 —3.2 hPa)Values outside this range are not recommended for sciensiéc

Estimated Precision: Values at altitudes where the estimated precision is flagggative should not be
used, to avoid too strong an influenceagpriori information (see sectidn.4).

Status flag: Only profiles for whichSt at us is an even number should be used in scientific studies (see
sectiorCLb).

Clouds: Nonzero but even values &t at us indicate that the profile has been marked as questionable,
typically because the measurements may have been affgcthd presence of thick clouds. Globally
~10-15% of profiles are identified in this manner, with the ticat of profiles possibly impacted by
clouds rising to~25-35% on average in the tropics. Clouds generally have iitfluence on the
stratospheric HN@data. In the lowermost stratosphere and upper troposphanever, thick clouds
can lead to artificial enhancements in the HN@Iixing ratios in the equatorial regions. Therefore, it
is recommended that at and below 100 hPa all profiles withermonzalues ofst at us be used with
extreme caution or discarded altogether because of thattior cloud contamination. This has the
unfortunate consequence of rejecting many profiles thapeoieably not significantly impacted by
cloud effects; further investigation as more v2.2 data bexavailable may help to refine this cloud
screening procedure.

Quality field: Only profiles with a value of th@ual i t y field (see sectiofll. §)reaterthan 0.4 should be
used in scientific study. This threshold fQual i t y typically excludes~2—-3% of HNG; profiles on
a daily basis; it is a conservative value that potentialscdrds a significant fraction of “good” data
points while not necessarily identifying all “bad” ones.

Convergence field: Only profiles with a value of th€onver gence field (see sectiof1l.9gssthan 1.8
should be used in investigations. On a typical day this tiolesfor Conver gence discards a
negligible fraction of data, but on occasion it leads to tlmieation of more than 1% of the HN§
profiles.

Artifacts

e Individual HNG; profiles often are slightly oscillatory in the vertical.

Review of comparisons with other datasets

Comparisons with correlative datasets from a variety diedéit platforms have also been undertaken.
A consistent picture emerges that, relative to Hi\fleasurements from ground-based, balloon-borne, and
satellite instruments operating in both the infrared ancrawave regions of the spectrum, MLS v2.2 HNO
mixing ratios are uniformly low by 10-30% throughout mostloé stratosphere. Comparisons with in situ
measurements made from the DC-8 and WB-57 aircraft in thenuppposphere and lowermost stratosphere
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Table 3.7: Summary of Aura MLS v2.2 HN@Characteristics

Pressure Resolution Precisiorf] Bias_ Scalir_mg
A V x HH o uncertaintyd uncertainty® Comments
/hPa [ km /'ppbv / ppbv | %
2.1-0.001 — — — — Unsuitable for scientific use
6.8-3.2 4-5x< 300 +0.7 +0.5 +10-15%
22-10 4.5-5.5¢ 450-550 +0.7 +1-2 +10%
100-32 3.5x 400 +0.7 +0.5-1 +5-10%
147 3.5x 400 +0.7 +0.5 +15%
215 4x 500 +0.7 +1 ~ +30%
316 — — — — Unsuitable for scientific use
1000-464 —

— — Not retrieved

8Horizontal resolution in along-track direction.

bprecision on individual profiles, determined from obserseatter in the data in a region of minimal atmospheric vélitgb
®Values should be interpreted as2stimates of the probable magnitude.

indicate that the MLS HN@values are low in this region as well. Further details on threatative datasets
and the comparisons with MLS v2.2 HN@easurements are given in Santee &t al. [2007].

Desired improvements for future data version(s)

e Reduce oscillations in the vertical profile.

e Minimize the impact of thick clouds on the retrievals to hat improve the HN@ measurements in
the upper troposphere and lowermost stratosphere.
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3.11 Peroxy Radical

Swath name: HO2

Useful range: 21-0.032 hPa

Contact: Herbert M. PickettEmail: <Her bert. M Pi ckett @ pl . nasa. gov>

Introduction

A description of data quality, precision, systematic esr@nd validation for the v2.2 software is given in
IPickett et al.[2008]. Earlier validation efforts using ¥koftware is described in_Pickett et al. [2006a]. The
HO, radical is retrieved from two bands in the 640 GHz radiometer

The estimated uncertainties, precisions, and resolutiphl©, are summarized below in TalleB.8

Resolution

Figure[3I# shows the HCaveraging kernel for daytime at the equator. This kernedjisesentative of the
daytime averaging kernels at latitudes60°. The vertical width of the averaging kernel at altitudesotel
0.1 hPais 5 km.

Precision

A typical HO, concentration profile and associated precision estimateoian in Figur€3.15. The profile is
shown both in volume mixing ratio (vmr) and density unitsl MLS data are reported in vmr for consistency
with the other retrieved molecular profiles. However, usdeaisity units (16 cm~3) reduces the apparent
steep vertical gradient of HCallowing one to see the profile with more detail. The nighffifgaf HO, is
expected to exhibit a narrow layer-at82 km similar to that for OH that has been described earliekp®t

et al.,@b]. Precisions are such that anpFE@nal average with a 0atitude bin can be determined with
better than 10% relative precision with 20 days of data (2Z#@ples) over 21-0.003 hPa.

Accuracy

Table[3:8 summarizes the accuracy expected fog.He scaling uncertainty is the part of the systematic
uncertainty that scales with HB@oncentration, e.g. spectroscopic line strength. Biasitaioity is the part
of the uncertainty that is independent of concentrationt deth bias and scaling uncertainty, quantifica-
tion of the combined effect in MLS calibration, spectrosg@gc., on the data product was determined by
calculating the effects of each source of uncertainty.

Bias uncertainty can be eliminated by taking day-nightdéhces over the entire recommended pressure
range. The accuracy of the H®neasurement due to systematic errors is a product of scatiogrtainty
and the observed HCzoncentration. The overall uncertainty is the square régiesum of squares of the
precision and accuracy.

Data screening

It is recommended that HOdata values be used in scientific investigations if all tHewang tests are
successful:

Pressure range: (22 —-0.0032 hPa)
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Figure 3.14: Typical vertical averaging kernels for the MLS v2.2 bi@ata at 70N (left) and the equa-
tor (right); variation in the averaging kernels is suffidigrsmall that these are representative of typical
profiles. Colored lines show the averaging kernels as aifumof MLS retrieval level, indicating the
region of the atmosphere from which information is conttiibgito the measurements on the individual
retrieval surfaces, which are denoted by plus signs in spmeding colors. The dashed black line indi-
cates the vertical resolution, determined from the fulltwiat half maximum (FWHM) of the averaging
kernels, approximately scaled into kilometers (top ax&kg solid black line shows the integrated area
under each kernel; values near unity imply that the majaftinformation for that MLS data point
has come from the measurements, whereas lower values imipégasitial contributions from a priori
information. The low signal to noise for this product nedasss the use of significant averaging (e.g.,
monthly zonal mean), making horizontal averaging kerragigdly irrelevant.
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Figure 3.15: Zonal mean of Retrieved HQand its precision for September 20, 2005 averaged over
2%¥N to 3FN. The average includes 2879 profiles. Panel (a) shows vnpressure for day (black)
and night (blue) overpasses. Panel (b) shows the same ddttadpior the stratosphere as a day—night
difference. Panel (c) shows the same data converted totgdemsts. Panel (d) shows the day—night
differences for the data in panel (c).
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Table 3.8: Summary of precisions, resolution, and uncertaintiestfeMLS HO, product

Pressure Resolution Precisiorf Bia_s Sca'"?g
/ hPa V x H /10F cm=3 uncertainty / uncertainty Comments
/ km 10° cm~3 | %
< 0.03 hPa — — — — Unsuitable for scientific use
0.046 hPa  16< 600 9 0.39 22 Use day-—night difference
0.10 hPa  16< 400 16 0.46 16 Use day-—night difference
1.0hPa 5.5< 660 18 1.1 6 Use day-night difference
10 hPa 4.5< 450 8 37 20 Use day—night difference
1000-21 hPa — — — — Unsuitable for scientific use

aPrecision for a single profile

Estimated Precision: Values at altitudes where the estimated precision is flagggative should not be
used, to avoid too strong anpriori influence (see sectidn1.4).

Status flag: Only profiles for whichSt at us is an even number should be used in scientific studies (see

sectiorCLb).
Quiality field: Ignore.

Convergence field: Only profiles with a value of th€onver gence field (see sectiof1l.9gssthan 1.1
should be used in investigations. This test typically féais100 out of 3500 profiles in a day. The
failing profiles often show large deviations in both direat due to the incomplete convergence of
the retrieval fit.

Artifacts
Currently there are no known artifacts in the H@roduct. The primary limitation is the precision and the
altitude range.

Review of comparisons with other datasets

Data from MLS v2.2 software has been validated with two lmadiborne remote-sensing instruments and
with ground-based column measurements. Details of the adegm are given in_Pickett etlal. [2008].
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3.12 Hypochlorous Acid
Swath name: HOC|

Useful range: 10—2.2 hPa

Contact: Lucien FroidevauxEmail: <Luci en. Fr oi devaux@ pl . nasa. gov>

Introduction

Average HOCI v2.2 data values are generally somewhat lawaghly 10% on average in the upper strato-
sphere) than the v1.5 data. Note that this retrieval is quisy for individual profiles and HOCI data require
some averaging (e.g., in 1@onal means for one or more weeks) to get useful sensiti¥igss than 10 pptv,

in comparison to typical upper stratospheric HOCI abundart 100 — 150 pptv. Tab[e".9 summarizes the
MLS HOCI resolution, precision, and accuracy estimatesHerupper stratosphere. More discussion and a
brief validation summary are given in the following secgpalong with data screening recommendations,
which should be of particular interest to MLS data users.

Resolution

Based on the width of the averaging kernels shown in FigUk8, 3he vertical resolution for upper strato-
spheric HOCI is~6 km. (significantly worse than the 640 GHz radiometer vattield of view width of
1.4km).

Precision

The estimated single-profile precision reported by the L2@oftware is about 350 pptv in the upper strato
sphere. A more useful number of 10 pptv is quoted in TabIk 8rGHe precision of typically-required
averages (such as1@eekly zonal means) for this product.

Accuracy

The accuracy estimates shown in the Table come from a quatiih of the combined effects of possible

systematic errors in MLS calibration, spectroscopy, etcthe HOCI retrievals [Read etldl., 2007]. These
values are intended to represent 2 sigma estimates of agcurhe largest contributors to possible errors
for HOCI are contaminant species, gain compression, argbaittl ratio uncertainties. The Table gives a
range of error estimates (for low and high pressures).

Data screening

Pressure range (10 —2.2 hPa)Values outside this range are not recommended for scienséic Artifacts
(negative averages) for pressures larger than about 10UrtRantty make this product unsuitable for
use in the lower stratosphere. Sensitivity to a priori iases rapidly at pressures of 1 hPa or less.

Estimated Precision: Only use positive precision values. Values at pressurdsaviere the estimated
precision is flagged negative should not be used, to avoidtiomg ana priori influence (see sec-

tion[L:4).

Status flag: Only profiles for whichSt at us is an even number should be used in scientific studies (see
sectiorLb).
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Figure 3.16: Typical vertical averaging kernels for the MLS v2.2 HOClalat 70N (left) and the equa-
tor (right); variation in the averaging kernels is suffidigrsmall that these are representative of typical
profiles. Colored lines show the averaging kernels as aifumof MLS retrieval level, indicating the
region of the atmosphere from which information is conttilbgito the measurements on the individual
retrieval surfaces, which are denoted by plus signs in spmeding colors. The dashed black line indi-
cates the vertical resolution, determined from the fulltwiat half maximum (FWHM) of the averaging
kernels, approximately scaled into kilometers (top ax&kg solid black line shows the integrated area
under each kernel; values near unity imply that the majaftinformation for that MLS data point
has come from the measurements, whereas lower values imipégasitial contributions from a priori
information. The low signal to noise for this product nedasss the use of significant averaging (e.g.,
monthly zonal mean), making horizontal averaging kerragigdly irrelevant.
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Quality field: Only profiles with a value of th€ual i ty field (see sectiofll.5reaterthan 1.4 should
be used; this removes profiles with the poorest radiancetfiially a few % of the daily profiles
(but often about 5% from the tropics). For HOCI (and the 64&@H.S products in general), this
screening correlates well with the poorly converged setwrafiles (see below); we recommend the
use of both th&ual i t y andConver gence fields for data screening.

Convergence field: Only profiles with a value of th€onver gence field (see sectiofl.9gssthan 1.5
should be used. For the vast majority of profiles, this fieldss than 1.1. On occasion, sets of profiles
(typically one or more groups of ten profiles, retrieved astaihk’) have thisConver gence field
set to more than 1.5. These profiles are usually almost ricdseand close to the a priori profile,
and need to be discarded as non-converged. There are ofteer ftowerQual i t y) values for
these non-converged profiles, and this typically affecena% of the total number of (daily) profiles
(including about 5% of the tropical profiles).

Review of comparisons with other datasets

The MLS HOCI retrievals exhibit the expected morphology iontily mean latitude / pressure contour
plots; for example, such plots for September months from M@ pare favorably, to first-order, with results
produced by the Michelson Interferometer for Passive Aphesc Sounding (MIPAS) for September, 2002.
Balloon HOCI data have also been compared to MLS HOCI averagmidlatitudes. The MLS values are
typically somewhat smaller than both the MIPAS and balloesutts. Further work is needed before we
provide more definitive validation documentation for MLS BlQlata and their usefulness.

Artifacts

e The 640 GHz radiometer bands 10 (for CIO) and 29 (for HOClenxerned off for a few time periods
in 2006 to investigate degradation issues that might affexte channels in the future. These band
were off on April 8,9, and 10, 2006, and also for April 17, 20@&er 19:52 UT) through May 17,
2006. There are no useful HOCI (or CIO) data for these timégsr Although the MLS Level 2
files provide some HOCI data from small sensitivity to HOCbther channels, these days will show
discontinuities and poorer retrievals, which should noubed. We note that bands 10 and 29 now
seem likely to last for the nominal Aura mission lifetime (b@ years), and they have remained on
since May 18, 2006.

T
®)
Q

e Users should ensure that they screen out the non-conveageldpbor quality) profiles, as these sets
of profiles (a few percent on most days) do not behave like thprity of the other MLS retrievals
for this product (see above).

e There are still significant artifacts in the mean values.(er@nthly zonal means) for HOCI in the
lower stratosphere, where the use of this product is nommewended.
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Table 3.9: Summary for MLS hypochlorous acid

. Resolution
Pressure  Precisiorfl Vert. x Horiz. Accurac;ﬂ Comments
hPa pptv % km pptv %
1.5 or less —_ — — — — Unsuitable for scientific use
2.2t010 10 10 6< 300 30-80 ~30-100
15ormore — — — — — Unsuitable for scientific use

aPrecision (1 sigma) for 1 week/10 degrees zonal means or Rsffedegrees zonal means
b2 sigma estimate from systematic uncertainty charactisizéests
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3.13 Ice Water Content
Swath name: | WC

Units: g/m®
Useful range: 261 —-83 hPa

Contact: Dong L. Wu,Email: <Dong. L. W@ pl . nasa. gov>,
Jonathan H. Jiangmail: <Jonat han. H. Ji ang@ pl . nasa. gov>

Introduction

The MLS IWC is retrieved from cloud-induced radiances (Jofrthe 240-GHz window channel at tangent
pressures less than 261 hPa in the HighCloud phase wheréntlosperic state (T, Ptan) and important
gaseous species £§B, O3, HNO3) have been finalized in the retrieval processing. The dériver are
binned onto the standard horizontal (1adong track) and vertical (12 surfaces per decade changes p
sure) grids, and converted to IWC using the modeled Tcir-I&i&tions MI.@B]. Different from
the v1.5 retrieval, the v2.2 retrieval handles the the TWIE relations more accurately for the nonlinear
portion. As a result, more large IWC values are expected i2 v&trievals. The standard IWC profile
has a useful vertical range between 261-83 hPa althoughalitation has been conducted for a subset
of IWC range. IWC measurements beyond the ranges specifi€abie[31D, currently giving qualitative
information on cloud ice, require further validation foramtitative interpretation.

Resolution

In the IWC ranges specified in Tallle—3.10, each MLS measurecagnbe quantitatively interpreted as th
average IWC for the volume sampled. This volume has a védidant of~3 km, with~300 km and 7 km
along and cross track respectively.

Precision

The IWC precision values in the L2GP IWC are not accurate. greeision for a particular measurement
must be evaluated on a daily basis using the method desdrilibe screening section. The precision listed
in Table[3T0D reflects typically values for MLS IWC measureise

Accuracy
The IWC accuracy values listed in Tallle_3.10 are estimatewh fromparisons with CloudSat. Detailed
analyses on the error budget can be fourMeE[ZO%].

Data screening

Pressure range (261 —68 hPa)Values outside this range are not recommended for scienséicThe max-
imum detectable IWC is-100 mg/n?.

Status flag: The user is recommended to screen the IWC data using tha $igdtliin the collocated tem-
perature profile to exclude bad retrievals [Schwartz 2808]. In other words, only IWC profiles
for which temperature Status is an even number should be used
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Other screening: In addition to the status screening, the user is also recaordeatkto screen the IWC data
for significant cloud hits. One approach that has been ssftdgsapplied for this screening is called
the 2—30 method, where is the precision of single IWC measurement. It works indejeaitly for
each pressure level as follows. First, remove the latiltyirdependent IWC bias. Because MLS
cloud hits are generally less than 20% at all latitudes, oag amalyze the daily IWC data in a“10
latitude bin and reject the outliers iteratively by exchglimeasurements greater tham tandard
deviation about the meam)(of the bin. Repeat the andu calculations after every new rejection.
The convergence is usually reached within 5-10 iteratiand,the final is the estimated precision
for the IWC measurements. Second, interpolate the @irzaddp to the latitude of each measurement,
and subtracti from IWC for each measurement. Finally, apply thetBreshold to determine if an
IWC measurement is statistically significant. In other vgrtl must have IWC> p + 30 in order
to be considered as a significant cloud hit. ThetBreshold is needed for cloud detection since a
small percentage of clear-sky residual noise can resultlamge percentage of false alarm in cloud
detection.

Artifacts

At wintertime mid-to-high latitudes, strong stratospbegravity waves may induce large fluctuations in the
retrieved tangent pressure, and cause false cloud detegtib the 2—30 screening method. The false
cloud detection seems to affect the 100 hPa pressure lewa] amexpected for such impact coming from
the lower stratosphere.

Comparisons with other datasets

Comparisons between MLS and CloudSat IWCs show a good agreemith PDF differencesc50% for
the IWC values specified in Tadle-3110. Comparisons with AI@8ll and MODIS suggest that MLS cloud
tops are slightly higher by1 km than the correlative data in general. See the validgiager for more
details.

Improvements with the future algorithms

The IWC retrieval in v2.2 and the earlier versions is a sinfijpgg-order conversion, applied independently to
each Tcir measurement. As a 2-D cloudy-sky radiative texrmabdel is developed for version 3 processing,
IWC profiles can be retrieved jointly with the Tcir measurensefrom adjacent scans.
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Figure 3.17:Maps on left show MLS, ECMWEF, and CloudSat IWC maps at 215-+F0for the period

7 July-16 August, 2006. The pressure levels (215, 177, 127, 100hPa) correspond to nominal

altitudes of 10.7, 12, 13.3, 14.7, and 16 km approximatelly.nfaps share the same color scale and
have the same°48° lat-lon grid. For ECMWF and CloudSat maps, the vertical hasaon is reduced

to 3km with further binning to match the MLS vertical resadut. On the right are the scatter plots

of grid-averaged IWC values from the maps, where color demlattitude from the equator and the 1:1
ratio is added as a guide.
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Table 3.10: Summary of MLS v2.2 IWC precision, accuracy, and resolution

. Typical Valid IWC
Pressure / Resolutiorl / precisiorﬂ / Accurac;ﬂ / mg/m? rangeﬂ
hPa km mg/m? <10 mg/m®  >10mg/n? / mg/m@
83 200x7x5 0.06 100% — 0.02-50
100 200<7x5 0.07 100% 150% 0.02-50
121 250« 7x4 0.1 100% 100% 0.04-50
147 300« 7x4 0.2 100% 100% 0.1-50
177 300« 7x4 0.3-0.6 150% 100% 0.3-50
215 300« 7x4 0.6-1.3 300% 100% 0.6-50

aThe along-track, cross-track and vertical extent, respelgtof the atmospheric volume sampled by an individual Mb8a-
surement.

PThese are typical d precisions where the better values are for the extratrapicsthe poorer values for the tropics. The
precision for a particular measurement must be evaluateddaily basis using the method described in the text.

CEstimated from comparisons with CloudSat.

dThis is the range where the stated precision, accuracy aufutn are applied. In this range MLS measurements can be
quantitatively interpreted as the average IWC for the va@wampled. IWC values above this range, currently givinditgtise
information on cloud ice, require further validation foraguitative interpretation.

IWC
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3.14 Ice Water Path

Swath name: | WP

Units: g/n?
Useful range: Column above-6 km

Contact: Dong L. Wu,Email: <Dong. L. Wi@ pl . nasa. gov>,
Jonathan H. Jiangmail: <Jonat han. H. Ji ang@ p! . nasa. gov>

Introduction

MLS standard IWP is retrieved from cloud-induced radian@gg) of the 240-GHz window channel at
650 hPa tangent pressure. It represents a partial colunve alfbkm, and is stored in the v2.2 L2GP IWC
file as a separate swath. For the IWP retrievay, i$ first converted to a hIWP along the slant path with a
~3°elevation angle using the modeled,IhIWP relation, The hIWP is then converted to the nadir IWP at
the tangent point location, and interpolated to MLS statidierizontal grid.

Resolution

In the IWP ranges specified in the summary at the end of thisoseeach MLS measurement can be
guantitatively interpreted as the average IWP for the velwsampled. The MLS IWP volume is a vertical
column above-6 km, with 60 km and 7 km along and cross track extent respagtiv

Precision

The IWP precision values in the L2GP IWC files are inaccuratéshould not be used. The precision for
particular measurement must be evaluated on a daily basig e method described in the data screenin
section below. The 4 g/fprecision given the summary at the end of this section reftgpical valuesfor
MLS IWP measurements.

Accuracy

The IWP accuracy is-50%, as estimated from comparisons with CloudSat. Detaitedlyses on the error
budget can be found MIMOS].

Data screening

The standard IWP product has a useful range up to 200@here MLS measurements can be quantitatively
interpreted as the average IWP for the volume sampled. Téreisisecommended to screen the IWP data
using the status field in the collocated temperature prafiextlude bad retrievals [Schwartz et al., 2008].
Only IWP values for which temperature Status is an even nusit@uld be used. In addition to the status
screening, the user is also recommended to screen the IVERadatignificant cloud hits on a daily basis
using the #-3c0 method described in the IWC sectidn{3.13). Tletlreshold is needed for cloud detection
since a small percentage of clear-sky residual noise caift insa large percentage of false alarm in cloud
detection.
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Artifacts

High-latitude high-land surface can be mistakenly detkete a cloud when the atmosphere is very dry.
The dry atmosphere allows MLS 240-GHz radiance to penettaten to the low-pressure high-latitude
atomsphere and see the surface such that surface emisaiterisig could reduce brightness temperature.
Surface effects (e.g., over the highland over Antarcticay imtroduce artificial IWP values as large as
10 g/n?. In addition, the geographical location of MLS IWP is cutigrregistered at the tangent point,
which is ~2 profiles away from the actual location of the IWP column asashin FigurdZ3.1B. The user
needs to correct this offset by replacing the IWP locatiothwhe one at 2 profiles earlier.

Comparisons with other datasets

Comparisons between MLS and CloudSat IWPs show a good agreéemith PDF differencesc50% for
the values specified in the summary at the end of this sedtigorovements with the future algorithms The
IWP retrieval in v2.2 is a simple first-order conversion, legapindependently to eachgl measurement.
Plans for future versions include development of 2-D cleskly radiative transfer model. This will allow
IWP to be retrieved jointly with the J; measurements from adjacent scans.

Summary for IWP

IWP Column Bottom: 6 km (estimated from MLS radiative transfer model calcolasi

Typical precision: 4 g/n? is the typical b precision. The precision for a particular measurement st
evaluated on a daily basis using the method described iete t

Accuracy: 50% (estimated from comparisons with CloudSat)
Resolution: 60 km along track, 7 km across track (the volume of air sampiedILS)

Valid IWP range: <200 g/n? (This is the range where the stated precision, accuracy esulution are
applied. In this range MLS measurements can be quantitaiivierpreted as the average IWP for the
volume sampled. IWP values above this range, currentlyhgigualitative information on cloud ice,
require further validation for quantitative interpredati
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Figure 3.18: Diagram to illustrate the MLS IWC and IWP measurement. Ttehdd lines are the MLS
tangential beams. At high tangent heights, the beams @¢a¢hrough the limb and become sensitive
to a volume-averaged IWC, whereas at low tangent height¥tte beams cannot penetrate through
the limb due to strong gaseous absorption and become orditiserio a partial column of IWP, namely,
hIWP, with a shallow angle~3°). The slant path of IWP, or hIWP, has a &evation angle. Note that
the actual volume of the hIWP locates-a800 km away from the tangent point, 2 profiles from the

location of the nominal profile.
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3.15. Nitrous Oxide

3.15 Nitrous Oxide
Swath name: N20O

Useful range: 100—1hPa

Contact: Alyn Lambert,Email: <Al yn. Lanbert @ pl . nasa. gov>

Introduction

The standard product for v2.2,8 is taken from the 640 GHz (Core+R4B) retrieval and detdilthe
retrieval method and validation results are presented amibert et al., 2007]. The v2.2,8 data show
significant improvements over the v1.5 data mainly throughuse a more accurate forward model for the
band 12 radiances. A linearized forward model was used fds based on pre-computed radiances and
derivatives for monthly climatological atmospheric stafbinned in pressure and latitude). The accuracy
is limited by the extent of the departure of the true statenfthe a priori state (linearization point) and is
generally poorer in the polar vortices. In the lower strph@se 68 hPa) polar vortex and near vortex
regions the MO data occasionally showed unrealisticly high biases invthé data which can be seen in
Figure[32D. An off-line post-processing data mask was naaddable for the v1.5 O data to screen
out the biased data points. However, as the comparison uréf§ 20 shows these high biases have been
eliminated in the v2.2 data.

Resolution

The spatial resolution is obtained from examination of teraging kernel matrices shown in Figlire_3.19.
The vertical resolution is 4-5 km and the horizontal alorgh resolution is 300—600 km over most of the
useful range of the retrievals. The horizontal cross-tnadolution is set by the 3 km width of the MLS
640-GHz field-of-view for all pressures. The longitudinaparation of the MLS measurements i$420°
over middle and lower latitudes, with much finer sampling @tep regions.

Precision

Precision as defined here is thesdincertainty in the retrieved value calculated by the Leévalgorithms
and has been validated against the scatter about the meamoident ascending/descending MLS profil
differences. The estimated precision on a single retrigvefile given in Tabl€31 varies with height from
~13-25 ppbv. The PO values at the 147 hPa pressure level have a large a priareide and practically
all precisions are flagged negative at this level.

Accuracy

The ‘accuracy’ values given in Tadle-3]111 are taken from tbited analysis presentedmt al.
] to quantify the systematic uncertainties assodiatéh the MLS instrument calibration, spectro-
scopic uncertainty and approximations in the retrievaialation and implementation.

Data screening

Pressure range (100 —1 hPa)Values outside this range are not recommended for scienisiéc In the
upper stratosphere and lower mesosphere v2Q@ fquires significant averaging for useful signals,
but see the note under ‘Artifacts’ for issues above 0.1 hPa.
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Figure 3.19: Typical two-dimensional (vertical and horizontal alomgek) averaging kernels for the
MLS v2.2 N,O data at 70N (upper) and the equator (lower); variation in the avergdiernels is suffi-
ciently small that these are representative of typical [@®fiColored lines show the averaging kernels
as a function of MLS retrieval level, indicating the regidrtlte atmosphere from which information is
contributing to the measurements on the individual redlisurfaces, which are denoted by plus signs
in corresponding colors. The dashed black line indicatesdlolution, determined from the full width
at half maximum (FWHM) of the averaging kernels, approxiehascaled into kilometers (top axes).
(Left) Vertical averaging kernels (integrated in the horial dimension for five along-track profiles)
and resolution. The solid black line shows the integrated ander each kernel (horizontally and ver-
tically); values near unity imply that the majority of infoation for that MLS data point has come
from the measurements, whereas lower values imply sultaontributions from a priori informa-
tion. (Right) Horizontal averaging kernels (integratedhe vertical dimension) and resolution. The
averaging kernels are scaled such that a unit change isadejuivo one decade in pressure.

76

EOS Microwave Limb Sounder



3.15. Nitrous Oxide
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Figure 3.20: MLS v1.5 N,O compared to MLS v2.2 on September 17, 2005.
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Estimated Precision: Values at altitudes where the estimated precision is flagggative should not be
used, to avoid too strong anpriori influence (see sectidn1.4).

Status flag: Only profiles for whichSt at us is an even number should be used in scientific studies (see

sectiorCLb).

Clouds: Clouds do not have a signifcant impact (outside the noisetherM\LO profiles and there is no
apparent need to discard data points based on where Staias wradicate the existence/influence of
clouds.

Quiality field: Only profiles with a value of th€ual i t y field (see sectiohl. §reaterthan 0.5 should be
used in scientific studies. A small fraction opb® profiles (typically 1%) will be discarded via this
screening.

Convergence field: Only profiles with a value of th€onver gence field (see sectiofl.9¢ssthan 1.55
should be used in investigations. A fraction of theONdata (typically less than 5%) at this level will
be discarded via this screening.

Artifacts

There are signs of poor convergence in some of th® Metrievals, resulting in sets of consecutive profiles
that are temporally ‘smooth’ at some levels. Data screenisigg the convergence field (see above) is
recommended to remove these data points. The allow&@lVdlues have been restricted in the retrieval to
a low bound of—40 ppbv (approximately three times the retrieval noisellgvthe recommended pressure
range) in order to prevent a problem occuring in the minitimzasearch process. The low bound is applied
at all levels, but it is only evident in the data for pressuess than 0.1 hPa where the vertical smoothing is
relaxed and the retrieval noise becomes comparable to theitade of the low bound value. n.b. Statistical
averaging of the data (zonal means or longer time periods)atebe applied successfully for pressures at
and less than 0.1 hPa as the result will be to produce esSmiditie a positive bias.

Review of comparisons with other datasets

Average values for v2.2 are 10% larger than v1.51 for pressigss than 50 hPa and at 100 hPa, they
are 15% smaller and the comparisons with coincides® Mheasuremements by ACE-FTS, Odin/SMR,
and Envisat/MIPAS show smaller mean biases than in v1.5mpaosons of MLS MO observations with
balloon borne observations are very encouraging, shovgregaent within the expected levels of precision.

Desired improvements for future data version(s)

Retrievals of NO to pressures greater than 147 liRaybe possible in later versions, however, these data
would be taken from the 190-GHz observations rather tha®40eGHz which currently form the standard
product.
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Table 3.11: Summary of MLS NO product
Resolution

Region Vert.  Hofiz. Precisiol Accuracy Comments
hPa km ppbv % ppbv %
<0.68 — — — — — Unsuitable for scientific use
1.00 6.5x 300 14 250 0.6 12
2.15 4.9% 340 15 110 1.2 9
4.64 4.1x 370 14 38 3 9
10.0 3.8x 430 13 16 7 9
21.5 4.1x 490 13 9 19 13
46.4 4.3x 540 16 7 32 14
68.1 5.6x 590 20 8 32 13
100 5.2x 620 25 9 70 25
147 — — — — — Unsuitable for scientific use
>215 — — — — — Notretrieved

8Precision on individual profiles
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3.16. Ozone

3.16 Ozone

Swath name: O3

Useful range: 215-0.02 hPa

Contact: Lucien Froidevaux (stratosphere/mesosphétejail: <Luci en. Fr oi devaux@ pl . nasa. gov>
Nathaniel Livesey (upper tropospherBnail: <Nat hani el . Li vesey@ pl . nasa. gov >

Introduction

The standard product is taken from the 240-GHz retrievaichvprovides the highest sensitivity down into
the upper troposphere, as well as in the mesosphere.

Table[3 TP summarizes the typical resolution, precisiod, systematic uncertainty estimates as a func-
tion of pressure. More discussion and a brief validationmany are given in the following sections, along
with data screening recommendations, which should be dicpéar interest to MLS data users. Papers
describing detailed validation of this MLS v2.2 product amnparisons with other data sets are expected

in a special Aura validation issue of the Journal of GeoptalsResearch [Froidevaux ef al.. 2008a; Jiang

etal., 71 Livesey et Al., 2008].

Differences with v1.5

The main difference in the stratospherig &erages is a slight change in the slope versus pressunmgymai
as a result of changes in the retrievals for temperature amgent pressure. Globally, average values are
now roughly 5% smaller near 100 hPa and about 10% larger neBe;lthis helps to rectify small sys-
tematic differences that existed (to varying degrees) eetw1.5 MLS data and correlative data sets for
stratospheric ozone. MLS v2.2 stratospheric ozone coluicwiamn values down to near the tropopause)
are reduced in comparison to v1.5 columns by roughly 1 to 3Btkabout 0.5 to 1.5%), with the larger
decreases obtained at high latitudes. There are 2 sepamte columns (typically in very good agreement)
in the L2GP @ files, with swath names £xolumn-MLS and Q column-GEOSS5, corresponding to the use
of tropopause pressures (WMO definition) determined fromSwilt GEOS-5 temperatures, respectively.
Better calibration of narrow digital autocorrelator spenteter (DACS) channels now provides more confi
dence in the mesospheric ozone values. In the upper tropasahd lower stratosphere (UT/LS), the ML
v2.2 O; data are generally less sensitive to contamination fromdckffects than are v1.5 data. This ha
resulted in less scatter in the v2.2 data. While some prafibessxhibit unrealistic (typically too low) values
in cloudy regions, these will mostly be captured by the dataening rules described below.

Resolution

Based on the width of the averaging kernels shown in Figd, 3he vertical resolution for the standard
O3 product is~3km in the upper troposphere and stratosphere, but degtade$o 6 km in the upper
mesosphere. The along-track resolutior i800 km, and varies from about 165 km (the along-track redfiev
grid) to nearly 300 km, depending on altitude; typical (rded off) values for resolution are provided in the
summary TableZ312. The cross-track resolution is set bg kme width of the MLS 240 GHz field of view.
The longitudinal separation of MLS measurements, set byAttra orbit, is 10—20° over middle and lower
latitudes, with much finer sampling in polar regions.
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Figure 3.21: Typical two-dimensional (vertical and horizontal alomgek) averaging kernels for the
MLS v2.2 O; data at 70N (upper) and the equator (lower); variation in the avergdiarnels is suffi-
ciently small that these are representative of typical [@®fiColored lines show the averaging kernels
as a function of MLS retrieval level, indicating the regidrtlte atmosphere from which information is
contributing to the measurements on the individual redlisurfaces, which are denoted by plus signs
in corresponding colors. The dashed black line indicatesélolution, determined from the full width
at half maximum (FWHM) of the averaging kernels, approxiehascaled into kilometers (top axes).
(Left) Vertical averaging kernels (integrated in the horial dimension for five along-track profiles)
and resolution. The solid black line shows the integrated ander each kernel (horizontally and ver-
tically); values near unity imply that the majority of infoation for that MLS data point has come
from the measurements, whereas lower values imply sultaontributions from a priori informa-
tion. (Right) Horizontal averaging kernels (integratedhe vertical dimension) and resolution. The
averaging kernels are scaled such that a unit change isadejuivo one decade in pressure.
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Precision

The estimated single-profile precision reported by the Lawsoftware varies from-0.1 to 0.3 ppmv (or

2 to 15 %) from 46 hPa to 0.5 hPa (see TdhIe13.12). The Level dgiwa values are often only slightly
lower than the observed scatter in the data, evaluated imawéatitude band centered around the equator
where atmospheric variability is expected to be small, daioled from a comparison between ascending
and descending coincident MLS profiles. The scatter in MLt& dad in simulated MLS retrievals (using
noise-free radiances) depart more from and are larger tmestimated precision in the lower stratosphere
and upper troposphere. To account for this in the summare Tale have used somewhat more conservative
values (than those in the Level 2 files) for the precision aspures of 46 hPa and larger.

Similar relationships are seen in the MLS UT/Lg data with more scatter seen than would be predicted
from the estimated precision. However, these are likely fmairt reflect genuine natural variability on UT/LS
Os. Quantification of systematic uncertainty on MLS UT/L$ [Rivesey et al.| 2008] indicates that many
mechanisms of uncertainty can impart additional scattehetdT/LS G values. This effect is account for
in the ‘Precision’ column of Table=3]12.

Negative precision values for ozone often occur at presdowmeer than 0.02 hPa, indicating increasing
influence from the a priori, although MLS information stilists (e.g., average day/night differences) in the
uppermost mesosphere and lower thermosphere.

Column values: The estimated precisions for MLS column ozone abundances t pressures of 100
to 215 hPais 2% or less, based on simulated MLS retrievalsgumisy radiances). The typical empirical
precision in the columns based ondlvariability in the tropics is 2 to 3%. We recommend the vatfie
3% as a conservative measure of the precision in such indi/iLS columns.

Accuracy

The accuracy estimates shown in the Table come from a quatitifin of the combined effects of possible
systematic errors in MLS calibration, spectroscopy, @ic.the ozone retrievals. These values are intended
to represent @ estimates of accuracy. For more details, see the MLS valit@aper by Froidevaux etlal.
[2008a] and_Livesey et Al [2008]. Overall, we see no evidehased on a number of comparisons with
well established data sets, that significant disagreenfeutside the combined accuracy estimates) or MLS-
related issues exist for the v2.2 ozone product in the Spaiere. In the UT/LS while sonde comparisons
indicate agreement at the20% level in the tropics, other comparisons (e.g., with SAGEow better
agreement. See the validation papers for further details.

@)
w

Column values: Sensitivity tests using systematic changes in variousnpeters that could affect the
accuracy of the MLS retrievals lead to possible biases é3timates) of about 4%, as an estimated accuracy
for the MLS column values (from integrated MLS ozone profdesvn to 100, 147, and 215 hPa).

Data screening

Pressure range (215—-0.02 hPa)Values outside this range are not recommended for scienséc

Estimated Precision: Only use positive precision values. Values at pressurddavbere the estimated
precision is flagged negative should not be used, to avoidtmng ana priori influence (see sec-
tion[T.4). Nevertheless, MLS does show sensitivity to ozote the thermosphere (e.g., for relative
changes in average values).
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Status flag: Only profiles for whichSt at us is an even number should be used in scientific studies (see
sectiorLb).

Clouds: Scattering from thick clouds can lead to unrealisticallw lealues of Q in the UT/LS. These
are mostly removed by th@ual i t y and Conver gence flagging described below. The cloud
‘warning’ bits in St at us are more overly sensitive than they were in v1.5. Rejectiradilps on
the basis of thesBt at us bits discards a large number of values that are not obvidhaly (either
geophysically or from the standpoint of retrieval perfono&). More discerning cloud screening
approaches are under investigation at the time of writing.

Quiality field: For data in the upper troposphere (i.e., between 215 hPaGhdPa at low latitudes), only
profiles with a value of th€ual i t y field (see sectiof1l. greaterthan 1.2 should be used. Else-
where, only profiles wher€ual ity is greater than 0.4 should be used. These are precautionary
measures to eliminate the poorest radiance fits (even iethesfiles may often look normal) and
typically only removes less than 1% of the (daily) ozone pesfi

Convergence field: Only profiles with a value of th€onver gence field (see sectiofl.9gssthan 1.8
should be used.

Review of comparisons with other datasets

The version 2.2 MLS retrievals generally reduce or elinerthe small sloping difference versus altitude that
existed in the version 1.5 comparisons; @mparisons indicate overall agreement at roughly the 34 10
level with stratospheric profiles from a number of comparssosing satellite, balloon, aircraft, and ground-
based data; a high MLS bias at 215 hPa has been obtained irceomparisons versus ozonesondes, but this
is not observed consistently in other comparisons. We fiadl#iitudinal and temporal changes observed
in various correlative data sets are well reproduced by th& Mzone product. Data users are referred to
the special issue on Aura validation for more detalils.

Artifacts

Columns: Users of the column ozone data from the MLS Level 2 files shbelédware that these values
and any other such column values have some artifacts, eflgeati high latitudes. This seems to be
caused by limitations in the current (MLS software) caltiolas of tropopause pressure; the use of
alternative values for this parameter is required for betsults.

Priorities for future data version

e Improve the upper tropospheric data: mainly by reducinglabting remaining biases at 215 hPa,
and extending the useful range to 316 hPa, if possible.

e Devise more refined screening methods for cloud effects lmmdjuality parameter (e.g., by looking
in more detail at radiance fits versus altitude), if possible
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Table 3.12: Summary for MLS ozone

Pressure Resolutlop Precisiorf Accurac;ﬂ Comments
/ hPa Vert. x Horiz. ppmv % ppmv %
<0.01 — — — — — Unsuitable for scientific use
0.02 6x 200 1.0 200 0.1 35
0.05 5x 200 0.6 100 0.2 30
0.1 4% 300 0.4 40 0.2 20
0.2 3x 350 0.4 30 0.1 7
0.5 3x 400 0.3 15 0.1 5
1 3 x 350 0.3 10 0.2 7
2 3 x 300 0.2 5 0.2 5
5 3 x 250 0.2 3 0.3 5
10 3x 200 0.2 3 0.3 5
22 3x 200 0.1 2 0.2 5
46 3x 200 0.1 4 0.2 8
68 3x 200 0.05 3-10 0.05 3-10
100 3x 200 0.04 20-30 [0.05+ 5%
150 3x 200 0.04 5-100 [0.02+ 5%
215 3x 200 0.04 5-100 [0.02+20%°
316 — — — — — Unsuitable for scientific use
1000-464 — — — — — Not retrieved

8Precision on individual profiles

bAs estimated from systematic uncertainty characteripatidsts. Stratospheric values are expressed in ppmv withieaty (9
equiavlentpercentage value quoted. 215—100 hPa errors are the sum gbtiivand percentagscaling uncertainty quoted.

A conservative estimate based on sonde comparisons. Qtimgracisons (e.g., with lidar) indicate generally bett@nti20%
agreement.
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3.17 Hydroxyl Radical

Swath name: OH

Useful range: 32—-0.0032 hPa

Contact: Herbert M. PickettEmail: <Her bert. M Pi ckett @ pl . nasa. gov>

Introduction

A description of data quality, precision, systematic esy@nd validation for the v2.2 software is given in
IPickett et al.[[2008]. Earlier validation efforts using Sisoftware are described lin_Pickett et Al [2006a].
The THz radiometer is dedicated to measuring OH and usesdience from 4 bands.

The estimated uncertainties, precisions, and resolutio®H are summarized below in Talple3.13.

Resolution

Figure[32P shows the OH averaging kernel for daytime at th®r. This kernel is representative of the
daytime averaging kernels at latitudes60°. The vertical width of the averaging kernel at altitudesohel
0.01 hPais 2.5km. The horizontal width of the averaging &eismequivalent to a width of 1°5165 km)
distance along the orbit. The changes in vertical resaiwioove 0.01 hPa are due mainly to use of a faster
vertical scan rate for tangent heights above 70 km. The twtdt resolution across track is 2.5 km.

Precision

A typical OH concentration profile and associated precigstimate is shown in Figuie_3123. The profile
is shown both in volume mixing ratio (vmr) and density unitdll MLS data are reported in vmr for
consistency with the other retrieved molecular profilesweler, use of density units (3@m~3) reduces
the apparent steep vertical gradient of OH allowing one #&tke profile with more detail. Additionally,
at THz frequencies the collisional line-width is approxteig equal to the Doppler width at 1 hPa. At
altitudes above 1 hPa Doppler broadening is dominant angehk intensity of OH spectral absorption is
proportional to density. (At altitudes below 1 hPa, the peddnsity is proportional to vmr.) The daytime
OH density profile shows two peaks &t45 km and~ 75 km that are not as apparent in the vmr-based
profiles. The night profile of OH exhibits the narrow layeraB2 km that has been described earlier Pickett
et al. [2006b]. Precisions are such that an OH zonal averiheavt latitude bin can be determined with
better than 10% relative precision with one day of data (l@es) over 21-0.01 hPa. With 4 days of
data, the 10% precision limits can be extended to 32—-0.0046 h

©)
T
Accuracy

Table[3IB summarizes the accuracy expected for OH. Thimgaatcertainty is the part of the systematic
uncertainty that scales with OH concentration, e.g. spsctpic line strength. Bias uncertainty is the part
of the uncertainty that is independent of concentrationt desh bias and scaling uncertainty, quantifica-
tion of the combined effect in MLS calibration, spectrosg@pc., on the data product was determined by
calculating the effects of easch source of uncertainty.

Bias uncertainty can be eliminated by taking day-nightedléhces from 32—20 hPa. For 10-0.1 hPa, the
observed night OH concentration is small and day-nighedifficing is not ordinarily needed. The accuracy
of the OH measurement due to systematic errors is a prodwsttating uncertainty and the observed OH
concentration. The overall uncertainty is the square rbtiteosum of squares of the precision and accuracy.
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Figure 3.22: Typical two-dimensional (vertical and horizontal alomgek) averaging kernels for the
MLS v2.2 OH data at 70N (upper) and the equator (lower); variation in the avergdiernels is suffi-
ciently small that these are representative of typical [@®fiColored lines show the averaging kernels
as a function of MLS retrieval level, indicating the regidrtlte atmosphere from which information is
contributing to the measurements on the individual redlisurfaces, which are denoted by plus signs
in corresponding colors. The dashed black line indicatesélolution, determined from the full width
at half maximum (FWHM) of the averaging kernels, approxiehascaled into kilometers (top axes).
(Left) Vertical averaging kernels (integrated in the horial dimension for five along-track profiles)
and resolution. The solid black line shows the integrated ander each kernel (horizontally and ver-
tically); values near unity imply that the majority of infoation for that MLS data point has come
from the measurements, whereas lower values imply sultaontributions from a priori informa-
tion. (Right) Horizontal averaging kernels (integratedhe vertical dimension) and resolution. The
averaging kernels are scaled such that a unit change isadgjuivo one decade in pressure.
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Figure 3.23: Zonal mean of Retrieved OH and its estimated precisionZbatal error bars) for Septem-
ber 20, 2005 averaged over’29to 39N. The average includes 98 profiles. Panel (a) shows vmr vs.
pressure for day (black) and night (blue) overpasses. Rahahows the same data plotted for the
stratosphere The retrieved night OH concentration &for altitudes below 1 hPa. Panel (c) shows the
same data converted to density units. Panel (d) shows thenisyt differences for the data in panel (c).
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Table 3.13: Summary of precisions, resolution, and uncertaintiestfetMLS OH product

Resolution Precisiorf / Blas_ Scahr_mg
Pressure V x H /km 10P om-3 uncertainty uncertainty Comments
/10f cm—3 1%
<0.003 hPa — — — — Unsuitable for scientific use
0.003 hPa 5.« 220 0.6 0.034 90
0.01 hPa 2.5¢ 200 1.3 0.031 41
0.1 hPa 2.5¢< 180 4.2 0.12 3.1
1.0 hPa 2.5¢< 165 2.4 0.50 7
10 hPa 2.5< 165 8.0 0.18 1.5
32-10 hPa 2.5 165 20.0 0.50 1.3 Use day-night difference
1000-32 hPa — — — — Unsuitable for scientific use

aPrecision on an individual profile

Data screening

It is recommended that OH data values be used in scientifiestigations if all the following tests are
successful:

Pressure range: (32—-0.0032 hPa)

Estimated Precision: Values at altitudes where the estimated precision is flagggative should not be
used, to avoid too strong anpriori influence (see Sectidn1.4).

Status flag: Only profiles for whichSt at us is an even number should be used in scientific studies (see
Sectior’Lb).

Quiality flag: Ignore.

Convergence field: Only profiles with a value of th€onver gence field (see Sectiohll. 3gssthan 1.1
should be used in investigations. This test typically féiis100 out of 3500 profiles in a day. The
failing profiles often show large deviations in both direas due the incomplete convergence of the
retrieval fit.

Artifacts

For some seasons, the Gas Laser Local Oscillator (GLLO®ITHz receiver is automatically relocked
as many as 5 times during a day. These relock events occur thvbdénning range of the laser is less than
the thermal excursion over an orbit and over a day. This thkeaffect depends on the albedo of the Earth
as seen by the GLLO radiator. In these cases the status fl&d iari2l the profile is ignored. This is only a
problem for mapping because the missing data may appea sathe latitude and longitude on successive
days.

Review of comparisons with other datasets

Data from MLS v2.2 software have been validated with twodmailborne remote-sensing instruments and
with ground-based column measurements. Details of the adegm are given in_Pickett etlal. [2008].
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3.18 Relative Humidity with respect to Ice

Swath name: RHI

Useful range: 316 —0.002 hPa

Contact: William Read,Email: <bill @1 s.j pl . nasa. gov>

Introduction

RHi is relative humidity with respect to ice. The verticaidgfor RHi is: 1000-22 hPa, 12 levels per decade
change in pressure (Ipd), 14.7-0.1 hPa, 6 Ipd, 0.1—P0PIpd. The horizontal grid for RHi is every
1.5° along the orbit track. RHi is computed from the standard pectsl of water and temperature using the
Goff-Gratch ice humidity saturation formula. RHi validatiis presented in Read ef al. [2D07]. TdhlERB.14
is summary of precision, resolution, and accuracy.

Resolution

RHi is a derived product and therefore a retrieval averagargel does not exist. An estimate for the spatial
resolution of this product is a convolution of the temperatand HO resolutions. Since temperature has
lower spatial resolution than4@ ina the troposphere and lower stratosphere it is assuna¢dhi spatial
resolution of temperature shown in Figre—3.25 best reptesthe resolution of the RHi product. For
pressures less than 147 hPa the cross track resolution liyy $bé 12 km width of the 118 GHz field of
view. For pressures greater than or equal to 147 hPa the ttamgsresolution is set by the 6 km width of
the 190 GHz field of view. The longitudinal separation of theS$/measurements, set by the Aura orbit, is
10°—20 over middle and lower latitdudes, with much finer smpling algp regions.

Precision

The values for precision are the root sum square (RSS) wesisor H,O and temperature. See the Sec-
tions[3.T an@3:20 for more details. The precisions are satdative values in situations when the retrieved
precision is larger than 50% of the a priori precision foheittemperature or ¥#0—an indication that the
data is biased toward the a priori value.

Accuracy
The values for accuracy are the RSS accuracies @ &hd temperature. See the Sections 3.7and 3.20 for
more details.

Data screening

Pressure range (215 -0.0046 hPa)alues outside this range are not recommended for scienséc

Estimated Precision: Values at altitudes where the estimated precision is flagggative should not be
used, to avoid too strong anpriori influence (see sectidn1.4).

Status value: Only profiles for whichSt at us is an even number should be used in scientific studies (see
sectiorLb).

Clouds: Ignore, but see Artifacts.
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Quality field: Only profiles with a value of th@ual i t y field (see sectiofll. ®reaterthan 0.9 should be
used in scientific study. This eliminatesl% of the profiles on a typical day.

Convergence field: Ignore

Artifacts

See sectiong_3.7 for 4 and[3:2D for temperature for specific issues related to gieducts. Effects of
MLS temperature precision(1-2 K) must be considered if one wishes to use MLS RHi to stughessatu-
ration. Between 316-178 hPa a radiance scaling error wibeadditional overestimation of RHI for RHI
>~50%. This increases the ocurrances of supersaturated ragesuts when RHI is near 100%. Therefore
MLS RHI is not recommended for studying statistics of sugenstion at pressures greater than 147 hPa.
For lower pressures, one must remove the contribution fesmperature noise as part of the analysis. Mea-
surements taken in the presence of clouds significantlyadegthe precision, that is increases the scatter
about the mean, but the mean bias as compared to AIRS chaytgssithan 10%.

Review of comparisons with other datasets
The validation of the RHi is discussedlin Read étlal. [2007].

Desired improvements

Improvements are covered under secfioh 3.7 faDtdnd sectiof=3.20 for temperature.
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3.18. Relative Humidity with respect to Ice

Table 3.14: Summary of MLS v2.2 UTLS RHi product.

Pressure / Resolution Single profile Accurac\d /
hPa V x H km precisionﬁ/% % ﬂ Comments
0.001 — — — Unsuitable for scientific use
0.002 13x 230 190 100
0.004 13x 260 100 100
0.010 12x 590 50 100
0.022 12x 750 40 100
0.046 16x 400 30 100
0.10 14x 420 30 100
0.22 8x 370 20 90
0.46 8x 320 15 75
1.00 8x 280 15 60
2.15 8x 250 15 35
4.64 6x 220 15 15
10 4x 210 15 15
22 4x 210 15 20
46 4x 210 15 25
68 4 x 200 15 25
83 4 x 200 20 25
100 4x 200 20 20
121 4x 200 25 20
147 4x 200 25 20
178 4x 200 35 30
215 4x 200 45 35 see Tab[e3.4
261 4x 200 45 30 see Tab[e_3.4
316 6x 200 70 20 see Tab[e3.4
>316 — — — Unsuitable for scientific use

aAbsolute error in percent
PEractional error ( [error in RHi] / RHi) in percent
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3.19. Sulfur Dioxide

3.19 Sulfur Dioxide

Swath name: SO,

Useful range: 215-10.0 hPa

Contact: William Read,Email: <bill @1 s.j pl . nasa. gov>

Introduction

The standard S£product is taken from the 240 GHz (Core+R3) retrieval. ML8 oaly measure signifi-
cantly enhanced concentrations above nominal backgroweid &s that from volcanic injections. $@as
not yet been validated.

Vertical resolution

Based on FigurE_3:24, the vertical resolution for,3~3 km and the horizontal resolution is 170 km. The
horizontal resolution perpendicular to the orbit track kg1 for all pressures.

Precision

The estimated precision for $S@& ~3 ppbv for all heights between 215—10 hPa. The precisionseir®
negative values in situations when the retrieved precisdarger than 50% of the a priori precision — an
indication that the data is biased toward the a priori value.

Accuracy

The values for accuracy are based on the systematic errdysanperformed on the MLS measurement sys-
tem [Read et all, 2007]. The accuracy is estimated te Bppbv for pressures less than 147 hPa increasing
to ~20 ppbv at 215 hPa.

Data screening

Pressure range (215 —10.0 hPa)Values outside this range are not recommended for sciensiéc

Estimated Precision: Values at altitudes where the estimated precision is flagggative should not be
used, to avoid too strong anpriori influence (see sectidn1.4).

Status value: Only profiles for whichSt at us is an even number should be used in scientific studies (see
sectiorLb).

Quiality field: Only profiles having Quality- 0.4 should be used

Convergence field: Only profiles havingConver gence < 1.8 should be used.

Artifacts

The product is unvalidated.
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Figure 3.24: Typical two-dimensional (vertical and horizontal alomgek) averaging kernels for the
MLS v2.2 SQ data at 70N (upper) and the equator (lower); variation in the avergdiarnels is suffi-
ciently small that these are representative of typical [@®fiColored lines show the averaging kernels
as a function of MLS retrieval level, indicating the regidrtlte atmosphere from which information is
contributing to the measurements on the individual redlisurfaces, which are denoted by plus signs
in corresponding colors. The dashed black line indicatesélolution, determined from the full width
at half maximum (FWHM) of the averaging kernels, approxiehascaled into kilometers (top axes).
(Left) Vertical averaging kernels (integrated in the horial dimension for five along-track profiles)
and resolution. The solid black line shows the integrated ander each kernel (horizontally and ver-
tically); values near unity imply that the majority of infoation for that MLS data point has come
from the measurements, whereas lower values imply sultaontributions from a priori informa-
tion. (Right) Horizontal averaging kernels (integratedhe vertical dimension) and resolution. The
averaging kernels are scaled such that a unit change isadgjuivo one decade in pressure.
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Table 3.15: Summary of MLS v2.2 S@product.

Pressure / Resolution Slngle rofile Accuracy / Comments

hPa V x H km precisiond / ppbv ppbv
<10 — — — Unsuitable for scientific use
10 3x 180 3.5 6

15 3x 180 3.5 3

22 3x 180 3.2 4

32 3x 180 3.2 5

46 3x 180 3.0 5

68 3x 180 3.0 6

100 3x 180 3.0 6

147 3x 180 3.1 10

215 3x 180 3.8 20
>215 — — — Unsuitable for scientific use

aAbsolute error in percent

Review of comparisons with other datasets

MLS has successfully detected four eruptions since laumathiave also been detected by Aura OMI. These
include two from Manam, Papua, New Guinea, Anatahan, Marslands, and Soufriere Hills, Montserrat,
West Indies.
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3.20. Temperature

3.20 Temperature
Swath name: Tenper at ur e

Useful range: 316 —-0.001 hPa

Contact: Michael J. SchwartZmail: <M chael . J. Schwartz@ pl . nasa. gov>

Introduction

The MLS temperature product is described in Schwartz|eP80§]. This product is retrieved from bands
near Q spectral lines at 118 GHz and 239 GHz that are measured wit8 Mdiometers R1A/B and R3,
respectively. The isotopic 239-GHz line is the primary sewf temperature information in the troposphere,
while the 118-GHz line is the primary source of temperaturé¢he stratosphere and above. MLS v2.2
temperature hasa—1K bias with respect to correlative measurements in theosplpere and stratosphere,
with 2 -3 K peak-to-peak additional systematic verticalstiire. Tablé€Z316 summarizes the measurement
precision, resolution, and modeled and observed biasesfollowing sections provide details.

Resolution

The vertical and horizontal resolution of the MLS tempemtmeasurement is shown by averaging kernels
in Figure[3.2b. Vertical resolution, shown on the left pameb.3 km at 316 hPa, 5.2 km at 100 hPa, 3.5 km
at 31.6 hPa, 4.3km at 10 hpa, 6.2 km at 3.16 hPa and 14 km atBaD1&long track resolution is 170 km
from 316 hPa to 0.1 hPa and degrades to 220 km at 0.001 hPardssetrack resolution is set by the 6-km
width of the MLS 240-GHz field of view in the troposphere andtbg 12-km width of the MLS 118-GHz
field of view in the stratosphere and above. The longitudseplaration of MLS measurements from a given
day, which is determined by the Aura orbit, is°320° over middle and low latitudes and much finer in polar
regions.

Precision

The precison of the MLS v2.2 temperature measurement is suizead in Tabld-316. Precision is the
random component of measurements which would average daive measurement were repeated. The
retrieval software returns an estimate of precision bagmshuhe propagation of radiometric noise and
a priori uncertainties through the measurement systemseltiglues, which range from 0.6 K in the lower
stratosphere to 2.5K in the mesosphere, are given, fortedldevels, in column 2. Precision can also
be estimated from successive views of similar scenes. rferifees of successive profiles are not used for
this purpose to avoid correlations from shared calibratlata. Column 3 gives the rms of differences of
values from successive orbits (divided by the square-rbtwo as we are looking at the difference of two
noisy signals) for latitudes are seasons where longitudaaability is small and/or is a function only of
local solar time. The smallest values found, which are fghHatitude summer, are taken to be those least
impacted by atmospheric variability, and are what is reggbih column 3. These values are slightly larger
than those estimated by the measurement system in the plogresand lower stratosphere and a factor of
~1.4 larger from the middle stratosphere through the meswsph

Accuracy

The accuracy of the v2.2 temperature measurements has s&mated both by modelling the impact of
uncertainties in measurement and retrieval parametetscthed lead to systematic errors, and through
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Figure 3.25: Typical two-dimensional (vertical and horizontal alomgek) averaging kernels for the
MLS v2.2 Temperature data at M (upper) and the equator (lower); variation in the avergdiarnels

is sufficiently small that these are representative of @ippcofiles. Colored lines show the averaging
kernels as a function of MLS retrieval level, indicating tiegion of the atmosphere from which infor-
mation is contributing to the measurements on the indidideaieval surfaces, which are denoted by
plus signs in corresponding colors. The dashed black lidie#@tes the resolution, determined from the
full width at half maximum (FWHM) of the averaging kernelqpaoximately scaled into kilometers
(top axes). (Left) Vertical averaging kernels (integratethe horizontal dimension for five along-track
profiles) and resolution. The solid black line shows thegraged area under each kernel (horizontally
and vertically); values near unity imply that the majoritiyioformation for that MLS data point has
come from the measurements, whereas lower values implyastzs contributions from a priori infor-
mation. (Right) Horizontal averaging kernels (integratethe vertical dimension) and resolution. The
averaging kernels are scaled such that a unit change isadejuivo one decade in pressure.
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comparisons with correlative data sets. Column 5 of TROI€ 8ives estimates from the propagation of
parameter uncertainties, as discussed in Schwartz e08B]2This estimate is broken into two pieces. The
first term is due to amplifier “gain compression” and has a kmewgn, as gain is known to drop at high
background signal levels. The second term combinese®timates of other sources of systematic uncer-
tainty, such as spectroscopic parameters, retrieval nosmemd pointing, for which the sign of resulting bias
is unknown. Gain compression terms range froh5 K to+4.5 K, and predicted vertical structure is very
similar to observed biases relative to correlative datééttoposphere and lower stratospehre. The terms
of unknown sign are of~2 K magnitude over most of the retrieval range, increasingKoat 316 hPa and

to 3K at 0.001 hPa.

Column 6 contains estimates of bias based upon comparisitimamalyses and with other previously-
validated satellite-based measurements. In the troposred lower stratosphere, the observed biases
between MLS and most correlative data sets are consistemthim ~1.5K, and have vertical oscillation
with an amplitude of 2-3 K and a vertical frequency of abobt dycles per decade of pressure. A global
average of correlative measurements is shown in Flgure 3.26

Data screening

Pressure range (316 —0.001 hPa)Values outside this range are not recommended for scien§éc

Estimated Precision: Values at altitudes where the estimated precision is flagggative should not be
used, to avoid too strong anpriori influence (see secti¢n1.4).

Status flag: Only profiles for whichSt at us is an even number should be used in scientific studies. As
an additional screen, the fifth-least-significant bitStfat us (the “low cloud” bit) is used to flag
profiles that may be significantly impacted by clouds. At puess of 147 hPa and lower (higher in
the atmosphere), the cloud bits may generally be ignoredhdriroposphere an attempt has been
made to screen out radiances that have been influence bysclbutlsome cloud-induced negative
biases in retrieved temperature of up to 10 K are still evidgarticularly in the tropics. The “low-
cloud” St at us bits from the two profiles which follow a given profile have bdeund to provide
significantly better screening of cloud-induced tempegatatrieval outliers than do the profile’s own
St at us bits. Temperatures in the tropopause (316 hPa—178 hPaldsheuejected as possibly
influenced by cloud if the “low-cloud” Status bit is set intadt of the two profiles following the
profile in question. The screening method flags 16% of tré@ind 5% of global profiles as cloudy
and captures 86% of the tropical 316 hPa temperatures thahare than-4.5K (~20) below the
mean of<MLS minus a priori>.

Quality field: Only profiles with a value of th€ual i ty field (see sectiofll.5reaterthan 0.6 should
be used in scientific study. This threshold typically exelsidi% of profiles. In the polar autumn
and winter, there are days for which the final “phase” of thragerature retrieval, that part of the
retrieval which adds information from the 239-GHz isotofig line, fails to converge. For these
profiles, quality is in the range 0.4—-0.6 a@dnver gence (discussed below) is greater than 1.2, but
reasonable retrieval values may still be obtained in ttedadphere. These profiles may be used, wit
caution, in the stratosphere, but should not be used at Z6bhRigher pressures.

Convergence field: Use of profiles withConver gence greater than 1.2 is not recommended. Use of thi
threshold typically discards 2% of profiles, but only an &iddial 0.5% beyond those already flagge
by Qual i t y<0.6.
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Artifacts

MLS temperature has persistent, vertically oscillatingsks, in the troposphere and stratosphere, which
is believed to be due to gain compression in intermediaguiency amplifiers. The impact of clouds is
generally limited to tropospheric levels in the tropicsg &m a lesser extent, mid-latitudes. Temperatures at
316 hPa are impacted up t0—10 K, and impacts are negligable at 100 hPa and lower presshtegging

of clouds is dicussed above. MLS level-2 processing digtes overlapping blocks @20 limb scans to
individual CPUs and chunks of10 retrieved profiles are concatinated after the overlapsdacarded.
Biases of~1K are sometimes seen at chunk boundaries; they are particevident in the troposphere.
Further discussion of artifacts may be found_in Schwartz.¢paos].

Review of comparisons with other datasets

MLS v2.2 tempertures have been compared with temperatodupts from the Goddard Earth Observing
System, version 5_[Reinecker et al., 2008] (GEOS-5), theofean Center for Medium-Range Weather
Forecast e.?l, Simmons ef al.. 2005] (ECMWF), the CHAllegdMinisatellite Payload (CHAMP) [Wick-
ertetal. 1], the combined Atmospheric Infrared Souhdevanced Microwave Sounding Unit (AIRS/AMSU),
the Sounding of the Atmosphere using Broadband Radiom8f&BER) [Mlynczak and Russkell, 1995], the
Halogen Occultation Experimerit_[Hervig et al., 1996] (HAEDand the Atmospheric Chemistry Exper-
iment [Bernath et al), 2004] (ACE), as well as to radiosonfiem the global network. From 316 hPa
to ~10 hPa there is generally agreementtb K between the assimilations (ECMWF and GEOS-5) and
AIRS, radiosondes and CHAMP, with SABER and ACE having gelhewarm biases of-2 K relative to
this group. Figuré-3:26 shows the global mean biases in thpdeel and the & scatter about the mean
in the right panel for these eight comparisons. Between lamee0.001 hPa, MLS has biases with respect
to SABER of+1K to —5K between 1 hPa and 0.1 hPa, of 0 K48 K between 0.1 K and 0.01K and in-
creasing in magnitude te 10K at 0.001 hPa. Estimates of systematic error in the MLSp&ature are
shown in black, with 25 uncertainty shown with gray shading. The black line is theleted contribution

of gain compression, which explains much of the verticalcttire of MLS biases in the upper troposphere
and lower stratosphere.

Figure[32¥ shows zonal mean temperature and its varialiieraged over 93 days processed with
v2.2. Persistent vertical structure in the tropospherelandr stratosphere is evident, with the oscillations
somewhat stronger at the equator and poles than at middasit In the upper stratosphere, MLS has a
general warm bias relative to GEOS-5 at mid and high latithdéincreases to more than 10K in the poles
at 1 hPa. The bias at 1 hPa is much smaller in polar summergbsists in polar winter.

Desired improvements

Biases in MLS temperature in the troposphere and lowercsipaere appear to be caused by nonlinearity
(gain compression) in intermediate-frequency amplifierthe MLS radiometers. An effort to better model
these effects is currently underway. Correction for gaimgession could improve both the temperature
product and the internal consistency of the pointing anihteve transfer modeling related to atmospheric
constituent retrievals. The general cold bias in MLS witdpiext to correlative measurments from the upper
stratosphere through the mesosphere needs to be furtlestigated. Correction of gain compression will
allow the consistent use of more radiances and should iesaiproved vertical resolution at higher levels.
Cloud flags will be made more user-friendly in a future vemsio
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Figure 3.26: The left panel shows globally-averaged mean differencesdsn MLS temperature and
eight correlative data sets. Criteria for coincidencesdmscribed in detain in_Schwartz ef al. [2008].
The right panel shows the global standard deviations abeutieans. The dark green line is
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Table 3.16: Summary of MLS Temperature product

_uao_m_o_‘m Observed Resolution _/\_oqm_ma.m_mm OUMWMBQ
Pressure Scattef] V xH uncertainty . Comments
/K uncertainty
/K [ km /K
/K
<0.001 hPa — — — — — Unsuitable for scientific use
0.001 hPa +2.5 +3.5 15x 220 +24+3 -9
0.01 hPa +2.2 +3 14 x 185 +2+3 —2t00
0.1 hPa +2 +2.3 9.1x 170 +24+2 —-8t00
0.316 hPa +1 +1.5 8.3x 165 +3+2 —7t0—-4
1hPa +1 +1.4 7.9x 165 +14+2 0to+5
3.16 hPa 4+0.8 +1 6.2 x 165 +24+2 +1
10hPa +0.6 +1 4.3x 165 0+2 —1to0
14.7 hPa 4+0.6 +1 3.9x 165 +442 Oto+1
31.6 hPa +0.6 +1 3.5x 165 +1+2 —2t00
56.2 hPa 4+0.8 4+0.8 3.8x 165 —142 —2t00
100 hPa +0.8 +0.8 5.2x 165 +242 Oto+1
215 hPa +1 +1 5.0x 170 —-1.5+4 —2.5t0—-1.5
316 hPa +1 +1 5.3x 170 0+5 —2t00

1000 -383 hPa — —

— Unsuitable for scientific use

aPrecision on individual profiles
bPrecision on individual profiles from successive orbits
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Figure 3.27: MLS minus GEOS-5 zonal mean temperature and variabilityeaed for September—November.
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