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The Clear-Sky Unpolarized Forward Model for the
EOS Aura Microwave Limb Sounder (MLYS)

William G. Read, Zvi Shippony, Michael J. Schwartz, Nathaniel J. Livesey, and W. Van Snyder

Abstract— This paper describes the Earth Observing System
(EOS) Aura Microwave Limb Sounder (MLS) forward model
for a clear sky atmosphere emitting unpolarized radiation. This
model is used for the majority of the EOS MLS radiance
calculations. The orbital and viewing geometry of MLS on Aura is
such that a two dimensional (vertical and line-of-sight, horizontal)
forward model provides the most accurate basis for the inversion
performed in retrievals. The model consists of atmospheric
radiative transfer convolved with the instrumental field of view
and the spectral response. An additional model relating the
pointing heights supplied by the Aura satellite operations and
MLS scan pointing encoders to the limb tangent pressure and
atmospheric temperature is described. The analytic computation
of Jacobians needed for retrievals is given.

Index Terms— Radiative Transfer, Spectroscopy, EOS Aura,
MLS

I. INTRODUCTION

The Microwave Limb Sounder (MLS) [1], [2] is one of
four instruments on the Earth Observing System (EOS) Aura
satellite that was launched into a near polar low Earth orbit
on 15 July 2004. The Aura mission objective is to study
the Earth’s ozone, air quality, and climate [2]. EOS MLS
contributes to this objective by measuring temperature, several
key molecules: O3z, H,O, BrO, CH3CN, ClO, CO, HCl, HCN,
HNOj3;, HO,, HOCI, N,O, OH, SO,, and ice water content
(IWC) of clouds.

EOS MLS measures atmospheric thermal emission signals
at targeted frequencies spanning 118-2500 GHz (2500-120
um wavelengths). The instrument contains double sideband
heterodyne radiometers, except for the 118 GHz radiometer
which only receives the lower frequency sideband. The details
of the radiometric measurement are given [3]. The spectral
coverage of all the MLS bands is shown in Fig. 1. The
radiometers and bands are deployed to optimize measurements
of the targeted constituents [2].

Aura is in a sun-synchronous polar orbit (98.14° inclination
at 705 km). The forward viewing geometry of EOS MLS
gives measurements from 82°S to 82°N. Vertical profiles of
spectra are measured through separate GHz and THz optics
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which perform independent limb scans. A complete vertical
scan takes 24.7 seconds and there are 240 scans per orbit
giving ~3500 scans per day. The limb tangents of the GHz
and THz scans proceed from near the surface to 95 km in
a continuous movement with measurements taken every 1/6
second. The upward scan movement largely compensates for
the satellite forward motion and results in a nearly vertical
locus of the tangent point during the scan as shown in Fig. 1
of [4]. EOS MLS makes a limb scan every 1.5° of great circle
arc. A radiance limb ray whose tangent height is 20 km is
below 80 km (i.e., within the region of the atmosphere targeted
by MLS) for 16° great circle arc. Accordingly, the horizontal
(great circle arc) extent of an individual limb ray is observed
by several consecutive radiance scans. Taking advantage of the
forward looking geometry and simultaneously retrieving many
atmospheric profiles from a consecutive series of radiance
scans, the full impact of vertical and horizontal gradients is
accurately accounted for [5].

This paper describes the EOS MLS forward model that is
used to retrieve constituents [4] from the measured emission.
Extensions of the model to include cloud effects and polarized
mesospheric O, emission are in [6] and [7], respectively. The
EOS MLS forward model is the two dimensional extension
of the forward model used for the Upper Atmosphere Re-
search Satellite (UARS) [1], [8], [9], [10], [11]. Similar two
dimensional radiative transfer models exist that are described
n [12], [13], [14], [15], and [16]. The EOS MLS forward
model in addition to computing radiances for an atmosphere
with horizontal gradients also includes analytical computation
of 2D Jacobians for temperature, concentrations and spectral
parameters such as line width; however, it is noted that
analytical calculation of Jacobians is a feature of other forward
models [12], [13], [14]. The EOS MLS forward model is
designed for direct interface to the EOS MLS geophysical
parameter retrievals (Level 2) [4]. The forward model has an
additional scan residual model that computes the GHz and
THz limb tangent heights from their limb tangent pressures.

Figure 2 shows a schematic of the EOS MLS forward model
where each oval shows the section in the paper describing each
operation and the rectangular boxes show the data required for
or produced from that operation. The radiance forward model
performs the following calculations.

1) Ray Tracing evaluates the atmospheric state (height,
pressure, temperature, molecular compositions and vol-
ume mixing ratio (VMR)) along the limb line-of-sight
(LOS).

2) Cross Section Calculation computes the absorption cross
sections along the LOS for the pre-defined frequency
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Fig. 1. Spectral regions measured by EOS MLS and calculated atmospheric signals at three limb tangent pressures. The intermediate frequency scale is
relative to the local oscillator (LO) frequency and includes signals above and below the LO frequency except R1A and R1B, which only receives frequencies
below the LO.

grid. II. MEASUREMENT DEFINITIONS
3) Radiatiye Transfer calculates the.monochromatic, single A EOS MLS Calibrated Radiance
ray radiances for these frequencies.
4) Channel Radiance convolves these radiances with the Level 1 data processing [3] produces radiances from raw
MLS spectral responses to give radiances in EOS MLS ~ instrument data (Level 0), defined by,
spectral channels.

° 5]
5) Antenna Radiance convolves these channel radiances (I (x)—Ibl) =BLRr; + / dr
with the MLS antenna FOV. / R Ip—1t Jy
6) Combine Sidebands sums the antenna radiances fVlo,R fQAI (V,x(Q)) Pre (V) G (2, (1) ,v) dQdv

weighted by their upper and lower sideband fractions. X TuRe

7) Scan Motion Radiance accounts for the vertical smooth-
ing due to the continuous movement of the antenna. This

Fon e Jo, PR (V) G (Q, 9 (1) V) dQdv
FYoR [ T(VX(R)) Pree (V) G (R, (1), v) dQdv

+ rMRe

effect is neglected in the current version (v1.51) but will Jlor Jo, Pre (V) G(Q,Q (1), V) dQdv
be added in future versions. @))]
8) Add Baseline adds a spectrally invariant offset to the
radiance. Whefe
9) Scan Residual Model computes the height of the GHz (1 (x) —Ibl)RC is the radiance incident upon the switching
or THz limb tangent pressure derived from hydrostatic mirror, corrected for a “spectral baseline” determined
balance. from a combination of modeled extraneous antenna

effects [17] and views of ‘cold space’ through the
antenna [3].

X is the state vector, describing vertical profiles of at-
mospheric temperature and composition, along with
tangent pressure, measurement track tangent angle,
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Fig. 2. EOS MLS forward model schematic.

and baseline. It is the value of x that is produced by
Level 2 [4].

BLR; is aradiometer and tangent height dependent additive
baseline that is retrieved [4].

rur,c 1s the upper sideband relative response.

rRrc 18 the lower sideband relative response.

VioRr s the local oscillator (LO) frequency.

I(v,x(Q)) is the monochromatic, single ray limb radiance.

Pg(v) is the instrument spectral response.

G(Q,Q(r),v) is the antenna FOV.

v is frequency.

Q is the pointing solid angle of the limb radiance LOS.

€ (¢) is the FOV direction that varies with time during the
measurement.

t is time.

Q4 is that portion of solid angle for which the antenna
FOV is measured.

The integrals in the denominator of (1) are normalizations
of the instrument response functions. The integrated antenna

gain over Q4 (~0.4 sterad) is slightly less than 4w where
Jin G (2,9 (t),v)dQ = 4m. A correction for the radiance
outside ~ 0.4 sterad is included in Iy [17]. Quantities that
are sideband, radiometer, channel, and FOV pointing direction
dependent are designated with subscripts, s = u or 1, for
sideband; R = R1A, R1B, R2, R3, R4, R5H, or R5V for
radiometer; ¢ for channel; and t for limb tangent height.

The sideband fractions ryrc and rr. describe the ra-
diometer’s relative response in its upper and lower sidebands,
and include signal loss through the antenna system as a
consequence of scattering, spill-over, and absorption [17]. The
sideband fractions ryr and rjr . are given by

A A/
iRec = 1”|u7R,chru7R,c7

A A
"R = MRcPRMR )

r{] Re= nﬁ,R,crill,R,c 7
o nﬁ,R,c r{;,R,c + nﬁR,crill,R,c
A !
r; Re = = ?l,R,cr;,RAc —, (2)
Y T'Iu,R,cru,R,c + T]l,R,crl,R,c
r{],R = fvl;,;R DR (V) dv 7
Re ™ T P (V) dv

/" fVL(:R CDR,C (V) dv

rl,R,C - fjow (I)R,C (V) av )

where Mj'g . and My . are the antenna efficiencies for the
lower and upper frequency sidebands, and pﬁ (same for both
sidebands) is the product of the reflectivities of the antenna
system. The spectral response function, ®r ¢, has responses at
frequencies above and below the LO frequency. The 118 GHz
radiometer is an exception having a response only in the lower
sideband. The switching mirror for the terahertz instrument is
in front of its antenna, and thus its losses are calibrated out
[18], giving ryrc =1/ g c» MRc = M Re> and Iy =0.

B. Level 1 GHz and THz Tangent Angles and Heights

The Aura flight operations team provides the spacecraft
location, attitude and velocity. The EOS MLS GHz antenna
and THz switching mirror encoders give the angular positions
of their FOV directions. From these, the limb tangent angles
along the measurement great circle arc and tangent heights
of the GHz and THz FOV directions are determined. The
measurement track tangent angle are used by the ray tracing
calculation. The spacecraft velocity projected onto the ray
traced LOS is used for Doppler shifting the molecular lines
measured by EOS MLS. The height measurements (Level 1
GHz and THz pointing tangent heights) are used in the scan
residual model to retrieve tangent pressure and temperature as
described Section III-E of [4].

C. State Vector

The state vector x consists of the independent variables
being retrieved. It is composed of two variable types, X;, and
f. The variable type, X;, consists of quantities that are retrieved
for every MLS 1/6 second measurement, for example the
limb tangent pressure, and BLg, in (1). The second variable
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type, the representation state vector, f, has values at specified
pressures and measurement track angles. Temperature and
molecular composition are components of f.

III. ATMOSPHERIC REPRESENTATION

The atmosphere is represented by a series of vertical pro-
files along the measurement track. The measurement track
coordinate is ¢, the geodetic great circle angle along the
measurement track, between the equator and the location of
the vertical profile. The vertical coordinate of the profiles is
{ = —log(P) where P is atmospheric pressure in hPa. The
EOS MLS atmospheric representation for the kth state vector
component are functions of the form

NH* NP¥

=Y Y fhni(©nk9), 3)
l m

and
NH¥ NP¥

(o) =exp| Y Y Infimi(©)ny, (9)] @)
1 m

where fX(C,0) is the continuous representation, ff are its
values at breakpoints !/ and m, each representing a verti-
cal and angular value, NH* and NPX are the total number
of vertical and angular breakpoints respectively. The linear
function (3) is used for all species except H,O because it
permits retrieved profile fluctuations about zero concentration
which is needed in order to not introduce a positive bias
in averages of individual measurements with low signal-to-
noise. The logarithmic function, (4), is used for H,O because
the exponential shape more closely models its steep vertical
gradient in the troposphere and the H,O signal-to-noise is very
high. The functions 1% ({) and 1%, (¢), represent a piecewise-
linear interpolation.

The v1.51 EOS MLS constituent curtain consists of profiles
having 6 vertical breakpoints every decade change in pressure
from 103-10~! hPa and 3 levels per decade change in pressure
from 10~'-1073 hPa, separated every 1.5° along the measure-
ment track angle [4].

IV. RAY TRACING

The first task in the radiative transfer calculation is deter-
mining the atmospheric state at selected points along the MLS
LOS. These points serve as the quadrature for solving the
radiative transfer equation. Figure 3 shows one ray. This ray
is shown in the LOS frame (LOSF) coordinate system. The
x-y axes of the LOSF are the Aura orbital plane (neglecting
small instrument pointing misalignments). The Earth geoid is
a surface of constant geopotential (62.63681 km? sec™2 [19]).
The LOS ray, s, is characterized by its tangent pressure, {;,
and tangent geodetic angle along the measurement track great
circle arc, ¢;. Both the tangent pressure and tangent geodetic
angle include the effect of refractive bending. The height, &,
is dependent on the tangent pressure according to hydrostatic
balance. The tangent pressure is the point on s whose height
is both normal to the Earth geoid and s. The tangent pressure
and tangent geodetic angle provide the vertical and horizontal

So
unrefracted ray
refracted ray~ s

Ear&h geoid

SMLS

Fig. 3. Variables used in relation to the Earth geoid projected onto the
measurement track angle line of sight frame (LOSF).

location from which to evaluate the atmospheric state along
the ray trace.

The breakpoint pressures of the piecewise-linear representa-
tion determine where the atmospheric state is evaluated along
s. These pressures also establish the tangent heights of the
LOS rays to be computed. We double the number of grid
points in the troposphere and lower stratosphere to more
accurately account for vertical structure. This is the preselected
integration grid (PSIG), which is used for solving the radiative
transfer equation.

A. Hydrostatic Model

The atmosphere is assumed to be in hydrostatic balance
which allows calculation of heights from pressure and tem-
perature according to [8]

W2
gUR()
h(C7¢;Fn) = * T
80 Ro —kIn10X N y NPT (47 0T (oT) P)
*
— RY, (5

where k, is the Boltzmann constant, P; is the integral

tn/ (©

(6)

M is mean molecular mass, {, is the negative logarithm of
pressure at height h,, g, is the grav1tat10na1 acceleration at A,

R6P is the effectlve Earth radius and R,,—R +h,. Expressions

for g, and REB are given in [8] and [20]. Equation (5) embeds
the piecewise-linear temperature function into the hydrostatic
calculation. A two dimensional (angle and pressure) array of
heights are produced from (5) at the temperature measure-
ment track angles and the PSIG pressures. Using an iterative
procedure described in [8], the LOS angles corresponding to
the PSIG pressures and the FOV direction measurement track
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tangent angle are determined. The atmospheric constituent
values along the LOS are readily evaluated with (3) or (4).
The temperature Jacobian of (5) is

<2

n 8okIn10 R, My, (0) P
a—T - * PR
Jin |80 Ry —KIn10ZNT EN" (£, (08 P

where the T superscript denotes terms pertaining to the
temperature components of the state vector. The LOS ray
traced OR/df used in the radiative transfer and FOV Jacobian
calculations is interpolated from the 0/ /df] s.

@)

V. SPECTROSCOPY
A. Molecules Considered

The EOS MLS bands (see Fig. 1) are affected by signals
from many molecules. Table I lists the molecules including
vibrational states and isotopes whose lines have been scanned
for inclusion in the MLS forward model. Frequencies and
line strengths of these molecules are taken from the JPL
Spectroscopy Catalog [21] or the HITRAN database [22].

B. The EOS MLS Molecular Line Catalog

The EOS MLS molecular line catalog consists of two parts:
1) molecule data and 2) line data. The molecule data includes
the isotopic abundance, mass, partition function values, and
line shape continuum parameters. The isotopic abundances are
based on crustal values of the elements except for 300 which
is based on atmospheric measurements [23]. The isotopic
abundances are used to scale the molecular concentrations
to its isotopic concentrations. The partition function includes
all known rotation, vibration and electronic energy levels for
the molecule. The continuum parameters are used to model
measured absorption unaccounted for by the line by line
(LBL) model and wing absorption from strong distant lines
that are more simply modeled with a pressure-squared and
frequency-squared continuum function. Continuum absorption
measurements for air and H,O for the 170-260 GHz range are
from [24] and H,O near 2.5 THz are from [25]. Air and H,O
continua for 114-123 GHz and 620-660 GHz are from [26].
In-orbit data are used to characterize the O3 continuum. The
640 GHz (R4) radiometer showed unusually large baseline
signatures in early retrievals, which correlated very well mea-
sured O3 concentrations. These baseline signatures were later
used to infer an O3 continuum function. Adding the in-orbit
derived O3 continuum has significantly reduced the baseline
signatures for R4. This procedure was repeated for R2 and R3.
We have defined a fictitious continuum species, EXTINCTION
that allows Level 2 to retrieve excess absorption [4].

The EOS MLS catalog includes all lines and continua of
N3, Oz, H>0, and O3 from 0 to 3 THz having an estimated
strength (line plus continuum) greater than 1 K at their line
centers. Other molecular lines including weaker lines from O,
H»O0, and O3 are individually selected for each EOS MLS band
when its estimated optically thin radiance exceeds a threshold
(IK for R1A, R1B, and R3, 0.5K for R5V and R5H, and
0.05K for R2 and R4). The JPL and HITRAN databases are

searched over the full EOS MLS spectral coverage of a band
or a group of overlapping bands (from the lowest frequency
channel minus one half its band width to the highest frequency
channel plus one half its bandwidth) 4 an additional 520 MHz
which is where a Lorentz becomes 1/4 of its maximum at
100 hPa, a rough approximation to where we enter the v>
continuum limit. Any molecule listed in Table I having a line
inside the frequency window with an estimated strength greater
than that threshold is included in the EOS MLS catalog. The
complete tables are in [8].

C. Cross Sections

The cross section (absorption coefficient divided by mixing
ratio), B¥ for the kth molecule is given by

B* = Blpr + Blont (8)

where Bf 5, is the LBL contribution and BX, is the continuum
contribution. The expression for the LBL cross section is given
in [8], [7], and [12]. We use a Voigt lineshape with a Van
Vleck-Huber prefactor [12], [27]. Molecular line positions are
pressure shifted and Doppler blue-shifted to account for the
orbital motion.

Derivatives of BX with respect to temperature, line broad-
ening, and line position are needed for computing radiance
Jacobians. Analytic expressions for these are in [8].

VI. RADIATIVE TRANSFER

The unpolarized radiative transfer equation for a non scat-
tering atmosphere in local thermodynamic equilibrium is [28]

dr (v,x(s))

P +x(v,x(5) I (v,x(s)) =K (v,x(5))B(v,x(s)),

©)
where K (V,x(s)) = Y, f*B¥ is the atmospheric absorption
coefficient and B (v,x (s)) is the source function. Equation (9)
can be rewritten as [12], and [28]

IT(v,x(sms)) =1 (v,x(s5)) T (V,x(smLs))

SMLS
+ B(v,x(s))x(v,x(s)) T (v,x(s))ds, (10)
So
where s =5, and s = smLs are the path locations at the top of
the atmosphere and at the EOS MLS respectively (Fig.3) and

T (v,x(s)) is the atmospheric transmissivity defined as

T (v,x(s)) = exp <_ L‘YK(V,X ) ds’> .

Recognizing that d7 = —x7ds and integrating by parts (11)
rearranges to

(11

I(V7X (SMLS)) =
(I (v,x(50)) =B (V,X(50))) T (V,X (smLs))

B(V,X(sMLs )
+B(V,x(smrs)) —/B(VX(Y T x()aBYx().

12)
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TABLE I
MOLECULES WHOSE LINES WERE SCANNED FOR INCLUSION IN THE EOS MLS FORWARD MODEL

BrO  BrO(vi) ®BrO 3!BrO(vi) CH3CN CH3;COCH; CH3Cl CHCl  CH3'Cl CH;0H Cco Bco
c7o c8o  oc®o $clo  Bcovy)  Yco  YClo(vy)  COF,  33¢loo*cl 3cli00%cCl °CIONO; 37CIONO,
H”Br  HS'Br H¥Cl HYCl D3Cl DYcl HCN  HCN(v,) HBCN HC®N  HCOOH HF
DF H,CO HPCO  HC"o H,0 H,0(v) H’0  HO(v,)  HI*O H30(v,) D,0 HDO
HDO(v;) HD'0 HD“O0 H,0, H32S H32504 HNO; HNO;(vs) HNO;(vg) HNOsz(v7) HNO;(vg) HNO3(vo)
HOBr HO!Br HO»CI HOYCI HO, HOONO, N, N,O NoO(vi)  NpO(va) N>O(2v2) ’NNO
N5SNOo  NYo  NBBo NO NO, 0 170 180 o¥clo o0¥clo oc3?s  ocHs
o3¢c32s OH 30H oD 0, 02(vy) 070 o0  0"0(v) 1A,0, 'Alf00 (o}
O3(viz) 03(v2) 03(2v2) O3(viz+va) 00 0'700 ofo  olo(v;) 0800 0800(v;) 3280, 2S0,(v2)
33SO2 34502
A. Discrete Radiative Transfer Equation fori>2N —t+1,
The discrete form of (12) using the layer notation in Fig. 3 i
of [7] is Ti=Dn-rriexp| — Y ASij|, (7

I(v,x(e AB;'T;

>

i=2N—t+1

ZAB‘T + (13)

i=1

where € is the refracted pointing angle of the LOS ray trace,
t is the tangent level, i = 1 is the path point nearest to MLS,
and AB; is the differential source function given by

Bit1—Bi—

2 )
with special cases for the top of the atmosphere and the tangent
level,

AB; = (14)

B1+B;

AB, = ———=

1 2 )

AB, — BZN7t+;_Bt71 7

By _112—B
AByy 141 = %7
and B +B
AByy = Ip — = (15)

I, (=1(v,x(0))) is the background cosmic radiance incident
on the atmosphere, B is the Planck radiation function expressed
in temperature units [28]

hv

klexe () —1]

h is Planck’s constant, k is Boltzmann’s constant, v is the
radiation frequency and 7; is temperature at the ith level. 7;
is the transmissivity from the ith level to the EOS MLS given
by

B; = (16)

T =1,

for 1 <i<t

—exp< ZASJﬂJ 1)

fori=2N—t+1,
DN-—+1 =17,

j=2N—1+2

where AS;_,;_; is the incremental opacity between levels j
and j— 1, and Y is the Earth surface reflectivity. The limits
for the incremental opacity integral are reversed for i > ¢ to
keep the lower limit closest to the tangent surface. The Earth
reflectivity is 1 for all limb tangents above the Earth surface.
In limb viewing, the atmosphere is usually not transmissive
enough to see the surface. We use Y = 0.05 and set the
reflection boundary occurring at the reference geopotential.
Variations in Y and surface topography are not considered.
This simplification may cause errors over high mountains or
where the atmosphere is very dry over Antarctica. Radiance
data collected thus far does reveal computational errors of
several 10s of K for limb tangents greater than 700 hPa over
Antarctica having an elevation greater than 3 km. Evidence of
computational errors caused by this approximation over high
mountains such as the Tibetan Plateau is inconclusive. The
atmosphere over these mountains is considerably moister than
over Antarctica and often cloudy limiting the penetration depth
of MLS.
The incremental opacity is given by

A8I*>l 1= Z Aa[*}[ 1>
k=1

(18)

where k is a molecule and NS is the total number of molecules
considered. The species incremental opacity integral is

Aslr»ej‘;; Gim1 ds oh
A8 =t [T o) G Gpal ()

where ¥ is either from (3) or (4) and Bk is the cross section for
the kth molecule. { is the LOS path coordinate; it establishes
h and ¢ as described in section IV. Refraction causes a path-
lengthening effect relative to the unrefracted path lengths used
here. This is compensated for by scaling the opacity integral by
the ratio of the unrefracted path length to the refracted one.
Numerical experiments have shown this to be a satisfactory
approximation (< 0.01 K). The path length ratio is given by

i1 ds ah
dh E)C

refr
l*>l 1

Asii1 /Cl | Wag C//

(20)
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where A is the refractive index,

0.0000776 fH20
D ( 4810M) Q1)
T (€,0) 105 T (C,0)

The integrals in (19) are solved semi-adaptively using
either a 3-point Gauss-Legendre quadrature with singular value
elimination or with a rectangular quadrature as described in

[8].

AN=1+

B. Discrete Radiative Transfer Jacobians
The Jacobian of (13) is

ol (v,x( N
T ZQT + Y Q@
Xj i=2N—1+1
where x; is an element in state vector (x). and
JAB;
Qi= l Wi, (23)
Xj
where W is the transmittance derivative given by
M=0
fori<t, 3A8
AS; -
W= Wy +———,
E)xj
fori=2N—t+1,
‘I/VZthLl = q/Vlu
fori>2N—t+1,
0AS;_|_,
W= Wy 4 —— (24)
ox;

where dAS; ;1 /dx; is the layer opacity Jacobian with respect
to state vector element x;.

C. Opacity and Source Function Jacobians

The radiative transfer Jacobian in (22) is a function of the
opacity Jacobian and the differential source function Jacobian.
We now consider Jacobians for species mixing ratio, temper-
ature, and cross section terms separately

1) Mixing ratio: The source function Jacobian with respect
to mixing ratio is zero. The opacity Jacobian with respect to
mixing ratio for the linear basis is

aAa{(Hl 1 Asfi§71 Gy . )
S = A momew)

kds ah

B an ac e (25)

The opacity Jacobian with respect to mixing ratio for the
logarithmic basis is

OAS[ ;i AsE, /9’*1 n; (§)n (0(8))
aflmn AS"H" LJG flI;rm

xds oh

x FEoE)B S, 5t (26)

The logarithmic representation requires f,mn > 0.

2) Temperature: The Jacobian for temperature must include
its effect on absorption, pathlength between pressure grid
points on the LOS and the source function. The change in
the ratio of the refracted to unrefracted path lengths due to
temperature is ignored. Substituting ds/dh = R/+/R? — R? into
(19) and differentiating with respect to f,{m gives [8]

8A5fﬂl o Aslr'iffii1 /CHdC
aflmn Asii1 Jg
BT ()M, (9(8)) ds O
o T dh ac
2 OR 2 _dR
2R i = 3RY S + RR i

(R2 —R2) ¢
N7 (5, (0(8)) ds on
R T }

The first term in (27) is the temperature sensitivity of the
cross section and the second two terms are the temperature
sensitivity to the path length between pressures.

The source function Jacobian dAB;/dT},, for temperature is

+ fhpk

27)

dBir1 _ dBi_j

dABi = T — ATy,
d7;, 2 ,
where,
hv
dB,' exp { KT, } , ,

3) Cross section Jacobians: The cross section Jacobians
pertain to those state vector components (except temperature)
that affect the species cross section. These include spec-
troscopic parameters such as the broadening parameter, the
line broadening temperature dependence, and line position.
Radiance sensitivities to 3 are given by

OAS! As™IT Cim1
i—i—1 Si i1 / fk aB ds ahdg (29)
axj' CASi- ¢ 8x, dh aC

VII. CHANNEL RADIANCE

The EOS MLS channels measure radiation averaged over a
finite spectral bandwidth. The methodology for computing the
spectral integral in (1) is described here.

A. Filter Bank Channels

The upper sideband radiance for each channel and tangent
height is

fjl‘;?R I1(v,x(g)) PR (V)dv
fjl‘;,R PR (V)dv

There is a similar equation for the lower sideband (see
(1)). The radiances I (v,x(€)) are evaluated on an optimized
frequency quadrature (“Frequency grids” in Fig. 2) that has a
higher density of points where the spectral radiance gradient
is greater. Each tangent pressure has its own quadrature
to accommodate different linewidths. The channel spectral
response, Prc(V), is a described on a fine frequency grid

Lirc(x(g)) = (30)
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(“Channel shape data” in Fig. 2). The computed radiances
on the optimized quadrature are interpolated to this grid and
(30) is evaluated with a trapezoid rule. The channel radiance
Jacobians are evaluated similarly.

B. DACS
Digital autocorrelator spectrometers (DACS) resolve
narrow-line,  Doppler-broadened  emission  from the

mesosphere and lower thermosphere with 129 channels
equally spaced across 12.5 MHz. Since all the DACS
channels have identical filter shapes it is more efficient to use
the Fourier transform convolution theorem to evaluate (30).
The details are given in [29].

VIII. ANTENNA RADIANCE

Next we compute antenna radiances from the channel radi-
ances. The angular integration in (1) is [30]

Lire (x(,0)) = Tr /a [ Lore (x(e,00)

X Gsrc (& —€,0, — o) cosededat
/Tr/ Gsrc (& —€,0, — ) cosededa,
oy JEL
(31

where Gsrc (& —€,0; — ) is the polarized far field antenna
pattern, Tr is the trace of a matrix, I g ¢ (X (€,0)), the channel
averaged radiance in coherency matrix format [31], angles €
and a are elevation (vertical) and azimuth (cross-track) angular
components of solid angle, Q, and a4 and €4 are a portion
of the total solid angle Q for which Ggr ¢ (€ —€,0; — @) has
been measured. For unpolarized radiation, Isr (X (g,a)) is
diagonal and the Tr Gsrc (€ —€,0, — ) is the sum of the
co- and cross-polarized antenna gain patterns. Equation (31) is
simplified further by collapsing it to a one dimensional integral
given by

Lo (x(e)) = [ Lne(x(e)Curele—e)de,  (32)

where L (x(€)) is the channel averaged radiance (Section
VID), ES7R7C (g —¢€) is Tr Gsrc (& —€,0, — o) collapsed into
the LOSF scan dimension and normalized to unit area, and
g is the refracted pointing angle in the LOSF (Fig. 3). The
refracted pointing angle is

Sinet = 9\[:;&, (33)

Ry

Where R, and R; are the spacecraft and LOS tangent height
distance to the center of the Earth, respectively. Approximating
sin (¢, —€) ~ & — €, allows evaluation of (32) with Fourier
transforms.

Ft(Lre (x(&))) = Ft (Lre (x(€))) X Fr (Gsre(e—)),
(34)
where ¥t is the Fourier transform.

The antenna radiance Jacobian considers the sensitivity of
the antenna radiance to a state vector element at a fixed tangent
pressure. Therefore the antenna radiance Jacobian will include
the impact of how the state vector element may change the

antenna’s half power beam width (HPBW) in tangent pressure
coordinates. The antenna radiance Jacobian is given by

ox; B

= [ 9l 0 [/0e\]—
[m [a—xj +1£ (a—xj)] GsRrc (& —€)de

dg, [ dGsrec (& —€)
_ I )
+ ox; /m d(e—¢)

- dGsrc (& —€)
d(e; —¢)

de

e de, (35)
where x; is a state vector element and / = I;r ¢ (X (€&)). Molec-
ular concentrations have no effect on tangent pressure causing
de/dx; = 0, simplifying (35) considerably. The HPBW in
tangent pressure is dependent on the limb tangent temperature
profile and the angular derivatives with respect to temperature
in (35) are given by [8]

de tane OR;

Fle a R 9 151’
Kkl <£> _ 2+tan’e OR, M/ ML 36)
se\ofl, ) R Ooff T

where 7; is temperature at the limb tangent. Contributions
from 0, /0T have been neglected. Expanded forms including
OAN[;/0T are in [8], but numerical experiments show that
these contributions can be ignored. The antenna gain Jaco-
bian, dGsRrc (& —€) /d (€ —¢€) is evaluated using the Fourier
transform derivative property

7t (dﬁs,R,c (e—g)

7
de —¢; 37

> =iq¥t(Gsre(e—&))
where ¢ is the aperture coordinate measured in number of
wavelengths and i = v/—1.

IX. COMBINE SIDEBANDS

The antenna radiances for the upper and lower sidebands
are summed according to

IR (X (81)) =ruRrcluRec (X (st))

38
+rrchre (X(&)) o9

X. SCAN MOTION RADIANCES

The EOS MLS continuous motion scan adds vertical
smoothing through the time integral in (1). In the absence
of jitter (unwanted deviations from uniform linear motion),
the scan motion behaves like an additional broadening of
the antenna HPBW. However the ¥t algorithm described in
section VIII cannot be used because the amount of vertical
smearing varies with height. Since the effect is smaller than
the antenna HPBW (except for the THz scan through the
troposphere whose measurements are not used in Level 2
processing), we chose to neglect it in v1.51, but is considered
in subsequent versions. In the absence of jitter the error is
proportional to second derivative in radiance or typically less
than 0.15K (Some exceptions are noted in [8]).
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Post launch analysis of the GHz scan encoder data [17] has
revealed that there is ~8 arcsec jitter peak-to-peak. Because of
this jitter, radiance calculation errors could be as high as 0.7K
where the vertical gradient in the radiance growth is greatest.
The impact of this jitter is estimated to be minor for upper
tropospheric species CO and Os, retrieved on 6 levels per
decade change in pressure. For these molecules the estimated
uncertainty from Level 2 should increase by 10%.

XI. ADD BASELINE

The final operation is adding BLg, to the result from
section X. Baseline is a spectrally flat additive quantity that
empirically accounts for unmodeled instrument artifacts such
as errors in evaluating the (Iy)g . term. Although such errors
are not expected to be scan dependent, experience from both
UARS and EOS MLS experiments have shown that retrieved
BLR has vertical structure possibly suggesting an atmospheric
component or a temporal/scan dependent instrumental effect.
Baseline is added to the scan motion radiance result given in
(1). The instrument radiance calculation is complete.

XII. SCAN RESIDUAL MODEL

The encoder on the antenna pointing mechanism provides
the limb FOV pointing angle for each 1/6 second radiance
integration period. It is straightforward to derive the limb
tangent height from the antenna FOV pointing angles. The suc-
cessive differences between these heights when combined with
the limb tangent pressure—retrievable from the radiances—
are used to estimate the temperature between the scan mea-
surements. Over altitude regions where there are no direct
radiance measurement of pressure, the scan measurements
are used to infer the tangent pressure using a temperature
profile from other data. Optimal estimation is used to combine
the information supplied by the radiances, the scan height
measurements, and other auxiliary data [4]. Only the scan
model algorithm is given here.

The model for fitting the Level 1 GHz and THz pointing
tangent heights (Section II, B) is

0= (U, (B)-au,(3) - Ur(Ren)| /& 39)

where 0 is the scan residual, U, (R}) is the geopotential [8]

of R,, AU, (i,) is the geopotential difference of the tangent
pressure relative to 100 hPa, Zefeeopor is the geopotential
height of 100 hPa, U, (Rrf) and Ryt are the geopotential and
geometric height of Ziefgeopot, and g = 9.8066§ ms~2, The
refracted GHz or THz pointing tangent height, R, is

=

R =z,
Nt
where ﬁgeom is the Level 1 GHz or THz pointing tangent
height. The scan residual has units of meters with an uncer-
tainty equal to the root sum square of the covariances of all the
quantities used to compute tangent height. The model for the

Level 1 pointing heights is cast into a residual (a measurement
defined as 0 m for each scan measurement) so as to get all

(40)

the state vector dependent quantities on the right hand side
of (39). The uncertainty of the residual is that of the Level 1
pointing tangent heights.

The geopotential difference of the tangent pressure relative
to 100 hPa is the second term in the denominator of (5),

AU (Z,) - klnlOI\iTI\g (f,ﬁmi (6,) P (i,)) @D

The reference geopotential is computed from the reference
geometric height, which relates to the reference geopotential
height, Ziegeopot. according to

* \ 2
g® (Ré’f> «
Rref = - R@ +R€B7

*
gYR® —8Zrefgeopot

(42)

where g® is the gravitational acceleration at the Earth surface,
. . T -
R® is the Earth radius, Zretgeopot = Yo fn fgeOpmﬂ,Tn (¢t),

and fp, feeopot re the reference geopotential heights on the
temperature measurement track angles.

Formulas for the Jacobians of the scan residual with re-
spect to the limb tangent pressure, temperature and reference
geopotential are

90 NHT NP7

57 ~kin10 XL i (&)nf (&) / [s2 (5)]

dU, R - dInT,
43U R (9\[,—1) In10+ o
dR[ g%t d(:[

+o.3733?,”20 dInf2%  dInT,
710G dg, ag, )|’

X0 O ()l (&)

(43)

Ui
L/ = 2H O
R, Nt 14+ 0.3]331}‘
du, 7,7 10% 7 (7\ T (=
4 LI YEANEY
dR; ghiN s
(44)
*
20 du, i (q-)» ) Reef— R%+ R®
= t .
af;lefgeopo[ dRref " g@ R*EB _gZZHT fr;efgeopot T]ﬁ ( 5: )

(45)

The tangent pressure Jacobian is a sum of two contributions.
The first term is a hydrostatic contribution and the second
two terms are an index of refraction contribution. When R; <
R, the second two terms are zero. Water vapor Jacobians are
ignored in the scan residual model.

XIII. LEVEL 2 PROCESSING COEFFICIENTS FILE

The EOS MLS forward model does not run quickly enough
to permit its usage for all the EOS MLS channels used in
Level 2 processing. Many of the EOS MLS channels target
weak emitters (e.g. BrO, and ClO) whose radiances scale
linearly with concentration. For these situations, the forward
model can be replaced with a first order Taylor series where
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the radiances and Jacobians are calculated off-line with the
EOS MLS forward model. The Level 2 Processing Coefficients
(L2PC) file contains the first order Taylor series coefficients
of (1) given by

. Y :
I—Iy = 2}"8—( ),

(46)

. * . . . .
where x; is a state vector element, x; is a linearization state

vector element and ; is the calculated radiance (sections II-
IX) at the linearization state vector. The state vector contains
species and temperature profiles. In future versions of the
forward model, spectroscopic parameters (position and line-
shape), will be added to the state vector. Currently, the L2PC
calculation includes radiances and Jacobians for profiles from
5 adjacent LOS angles with the tangent LOS tangent angle co-
aligned with the center basis ¢. Radiances are computed for
76 tangent pressures between 10° and 107> hPa. Estimated
model radiances are evaluated using (46) at all the tangent
pressures in the L2PC state vector. The resulting radiances
are interpolated to the measured tangent pressures with cubic
splines. Jacobians for the retrieval are interpolated to the
measured tangent pressures with linear interpolation.

XIV. INTERPRETING BASIS COEFFICIENTS

A feature of the EOS MLS forward model is that it
runs at the “resolution” of the retrieved representations. The
piecewise-linear functionality of the representations is fully
embedded throughout the entire forward model calculation.
The benefits of this approach are it minimizes the number of
Jacobians to compute and there are no transformation errors
introduced by converting coarsely gridded representation func-
tions into finely gridded layer means. It should be appreciated
that the piecewise-linear representation is an approximation
to the true atmosphere. The averaging kernel widely used in
retrieval theory [32] will not capture the full extent of the
smoothing because it is calculated at the resolution of the
retrieval representation with this forward model. Therefore an
additional smoothing component from the forward model is
required. Consider a linearized forward model represented by

[=1+ (f—f‘n)H

*
where H= 097 /df is the radiance Jacobian in the limit of infi-
nite resolution, the same as the true atmosphere f, 1 is a matrix
containing the representation basis function values described

(47)

*
in Section III, and f is the linearization representation at the
retrieval resolution. The retrieval Jacobian used for computing

the averaging kernel is I*(Z Hn. It is required that the forward
model responds linearly to fine structure fluctuations of f that
are not captured by the representation basis resolution. If the
forward model has no errors apart from those introduced by
the limited resolution of the representations, the atmospheric
radiances are related to the modeled radiances according to

-7 (f fn)H~(f— )nH 48)
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where f is the forward model’s approximation of the true
atmosphere. The right hand side having fewer degrees of

freedom can only be an approximate solution. The ;‘nH is
common to both sides and can be dropped out leaving

fH ~ InH (49)

Over that portion of representation coefficients of f where
(HH') ' is invertible it is easy to show that

-1

f=fn'(nm') (50)

minimizes the sum of squared differences between the model
and true radiances. The forward model smoothing effect is a
least squares fit of the coarsely grldded representation to the
true representation given by m (Tm) . The full averaging
kernel is the product of the retrieval averaging kernel which
accounts for the degradation of resolution caused by random
errors associated with the measurements and forward model,
and the least squares matrix which describes the smoothing
effect caused by finite sampling.

XV. FORWARD MODEL COMPARISONS AND EXAMPLES OF
MEASURED AND FITTED SPECTRA

Ensuring the accurate implementation of the EOS MLS
forward model algorithm into computer code is done through
intercomparison. At JPL, we independently coded the EOS
MLS forward model algorithm in FORTRAN-90 and Inter-
active Data Language (IDL) computer languages. The IDL
forward model includes a few more approximations than
the FORTRAN-90 forward model. The MLS team at the
University of Edinburgh also has its own forward model which
is used for comparisons and quality checking. The Edinburgh
model is a 1-D radiative transfer model having an independent
spectroscopy interface with its own line selection method.
The Edinburgh model uses the same instrument response
functions. Detailed comparisons are performed periodically.
The FORTRAN-90 and IDL codes compare very favorably,
within a few tenths of 1 K in the stratosphere increasing to 3—
4 K in the upper troposphere. These differences are consistent
with the unrefracted path segment approximation (neglecting
20) in the IDL model. Comparisons of a 1-D run of the EOS
MLS forward model with the Edinburgh model show good
agreement (a few tenths) in the stratosphere and mesosphere.
Agreement degrades to a few K in the troposphere. The cause
of this is likely due to differences in the line selection and con-
tinuum spectroscopy used. The Jacobian calculation is checked
by intercomparing results between the IDL. and FORTRAN-90
models and comparing both to Jacobians calculated using finite
differences. The finite difference computation of Jacobians is
accomplished by perturbing each state vector element one at a
time and dividing the change in radiance by the perturbation—
a capability of the Level 2 software [4]. In all instances, the
agreement is excellent ensuring that the algorithm and coding
have been successful.

Fig. 4 shows 6 examples of signals measured by EOS MLS.
Each spectrum is an average of one day’s (3495) spectra from a
selected é second measurement whose FOV direction points
approximately at the tangent height indicated. The retrieval
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uses a subset of good measured radiances. The reasons for this
are: 1) to avoid correlated noise in the measurements, the Level
2 processing only uses non spectrally overlapping channels,
2) due to computer processing limitations, some non-linear
channels that are time consuming to evaluate are omitted, 3)
some channels that are modeled with L2PC files are omitted
when their radiances become non linear, and 4) some channels
where there is evidence that the EOS MLS is affected by RF
interference.

The radiance residuals show that the measurements are
being fit to about 1% of the signal except for band 19 which
is closer to 10%, but they also show spectral features larger
than the noise. The cause of the differences could be due
to many factors such as spectroscopic errors, instrument cali-
bration/characterization errors, or retrieval performance errors.
Further discussion of these issues is beyond the scope of this
paper but understanding them is actively being investigated by
the MLS team. It is worth noting that Bands 6 and 27 in R2
and Band 12 in R4 use the L2PC linear model described in
Section XIII. Bands 13, 14, 30, and 31 in R4 target HCI, O3,
HO,, and BrO. The lines of HO, and BrO are too small to
see on the scale of this figure, but are shown in Fig. 15 of [2].

XVI. SUMMARY AND FUTURE WORK

The EOS MLS instrument radiance and scan model algo-
rithms including the analytic calculation of Jacobians have
been presented. Table II summarizes the approximations made
by the instrument radiance model.

Forward model improvements are underway. Approxima-
tions associated with refraction on the horizontal evaluation
of profiles are being replaced with more exact calculations. A
better handling of the continuous scan is under development.
Updates for molecular line data are being made to the JPL
catalog and new line width parameters measurements are being
added to the EOS MLS catalog. The EOS MLS catalog will
be regenerated with weaker line selection thresholds. This will
improve the modeling of weaker signals. The additional lines
will slow the forward model calculation significantly. This
issue is being addressed by adding a Pre-Frequency Averag-
ing (PFA) approximation. PFA uses channel averaged cross
section tables and simplifies or eliminates the filter quadrature
calculation. PFA was successfully used for all the weak signal
bands in UARS MLS [8]. The PFA implementation for EOS
MLS has a mixed mode capability which permits the rapid
calculation of weak signals in the presence of strong ones
accurately (e.g. HNO3 on the strong wing of O3).
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TABLE II
SUMMARY OF FORWARD MODEL APPROXIMATIONS

H Section H Purpose H Impact

Approximation
Representation basis functions. I Al T?
PSIG driven quadrature. v A T
Hydrostatic balance. v N3 4
Co-alignment of orbital and LOSF v
planes.
Equivalent circular Earth. [8] A < 0.01K
Neglect refraction in LOS ¢, v o’
Neglect refraction on path ¢ v A
Minimum {; and A, are coincident. [8] N
Summed line x line Van Vleck Huber 6
L A% D
Voigt lineshape.
Estimated values for some spectroscopic 8]
parameters.
Line selection thresholds v A T
Refractive path length scaling VI A < 0.01K
LOS rays reflect off the reference
geopotential surface ignoring surface to- VI D
pography.
S_eparate frequency and spatial integra- VII A NEG?
tions
Neglect 2nd IF image sideband in DACS
. . [8] A
spectral integration
Neglect radiance cross track gradients in
FOV. VIII N
Antenna pattern elevation axis is in the
LOSF plane (8] A NEG
Antenna pattern is scan independent [8] A < 0.5K
FFT approximation to antenna radiance VIII A NEG
Empirical geocentric satellite height for
the equivalent circular Earth. (8] A NEG
Neglect difference between scanned ¢, (8] A
and instantaneously observed FOV ¢,
L2PC linear radiance model X1 A

A is an approximation that helps simplify a calculation or improves an
interface to the retrieval program.
T is a tunable approximation
N is a necessary approximation due to incomplete knowledge

- is an unknown error that is zero under certain conditions. For example,
neglecting refraction in the calculation of ¢ or ¢, only has error for a
horizontally inhomogeneous atmosphere.
O is an approximation caused by an oversight during the software
development that will be corrected in future versions.
D is discretionary choice. For example detailed models describing reflec-
tivities over various surface types with consideration of varying topogra-
phies have not been investigated at this time. Hence a simple surface
reflectivity model is used as a placeholder for more sophisticated models
to be added in future versions.
NEG is an unquantified uncertainty that can be shown to have much less
impact than the uncertainty associated with its instrumental parameter.
For example, the error introduced by separating the frequency and spatial
integrations neglects in the worst case, a 0.4% HPBW change across a
500 MHz wide filter at 118 GHz which is small compared to the few
percent uncertainty in the measured HPBW [17] and [18].
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Fig. 4. Examples of radiance spectra measured by the EOS MLS radiometers in 6 spectral regions as indicated. The upper plot shows the measured spectrum
which is a daily average of measurements on 29 June 2005 for a single integration period that points approximately to the height shown. The lower plot
shows the daily average of the difference spectrum, or residual, between measured and calculated radiances using the retrieved state vector. Each EOS MLS
channel is represented by a 4+ whose horizontal width indicates its spectral bandwidth and the height of the vertical bar is the precision of the average, which
is the individual measurement precision reduced by the square root of the number of samples averaged. The excessive averaging makes the precision bar for
many channels smaller than the thickness of the channel bandwidth line. A line joining the channel centers is overlaid on each measured spectra. See text for
an explanation of the missing channels in the residual spectrum.



EOS AURA SPECIAL ISSUE

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

J. W. Waters, L. Froidevaux, R. S. Harwood, R. F. Jarnot, H. M. Pickett,
W. G. Read, P. H. Siegel, R. E. Cofield, M. J. Filipiak, D. A. Flower,
J. R. Holden, G. K. Lau, N. J. Livesey, G. L. Manney, H. C. Pumphrey,
M. L. Santee, D. L. Wu, D. T. Cuddy, R. R. Lay, M. S. Lou, V. S.
Perun, M. J. Schwartz, P. C. Stek, R. P. Thurstans, M. A. Boyles, K. M.
Chandra, M. C. Chavez, G.-S. Chen, B. V. Chudasama, R. Dodge, R. A.
Fuller, M. A. Girard, J. H. Jiang, Y. Jiang, B. W. Knosp, R. C. LaBelle,
J. C.Lam, K. A. Lee, D. Miller, J. E. Oswald, N. C. Patel, D. M. Pukala,
0. Quintero, D. M. Scaff, W. V. Snyder, M. C. Tope, P. A. Wagner, and
M. J. Walch, “The Earth Observing System Microwave Limb Sounder
(EOS MLS) on the Aura satellite,” IEEE Transactions on Geosciences
and Remote Sensing: The EOS Aura Mission, 2005, (this issue).

R. F. Jarnot, V. S. Perun, and M. J. Schwartz, “Radiometric and spectral
performance and calibration of the GHz bands of EOS MLS,” [EEE
Transactions on Geosciences and Remote Sensing: The EOS Aura
Mission, 2005, (this issue).

N. J. Livesey, W. V. Snyder, W. G. Read, and P. A. Wagner, “Retrieval
algorithms for the EOS Microwave Limb Sounder (MLS),” IEEE Trans-
actions on Geosciences and Remote Sensing: The EOS Aura Mission,
2005, (this issue).

N. J. Livesey and W. G. Read, “Direct retrieval of line-of-sight atmo-
spheric structure from limb sounding observations,” Geophys. Res. Lett.,
vol. 27, pp. 891-894, 2000.

D. L. Wu, J. H. Jiang, and C. P. Davis, “EOS MLS cloud ice measure-
ments and cloudy-sky radiative transfer model,” IEEE Transactions on
Geosciences and Remote Sensing: The EOS Aura Mission, 2005, (this
issue).

M. J. Schwartz, W. G. Read, and W. V. Snyder, “EOS MLS forward
model polarized radiative transfer for Zeeman-split oxygen lines,” IEEE
Transactions on Geosciences and Remote Sensing: The EOS Aura
Mission, 2005, (this issue).

W. G. Read, Z. Shippony, and W. V. Snyder, “EOS MLS forward model
algorithm theoretical basis document,” Jet Propul. Lab., Pasadena, Calif.,
Tech. Rep. JPL D-18130, http://swdev.jpl.nasa.gov/doc.html#ATBDs,
January 16 2003.

N. J. Livesey, W. G. Read, L. Froidevaux, J. W. Waters, H. C.
Pumphrey, D. L. Wu, M. L. Santee, Z. Shippony, and R. F. Jarnot,
“The UARS Microwave Limb Sounder version 5 dataset: Theory,
characterization and validation,” J. Geophys. Res., vol. 108, no. D13,
pp. 4378, doi:10.1029/2002JD002 273, 2003.

W. G. Read, J. W. Waters, D. L. Wu, E. M. Stone, Z. Shippony,
A. C. Smedley, C. C. Smallcomb, S. Oltmans, D. Kley, H. G. J. Smit,
J. Mergenthaler, and M. K. Karki, “UARS MLS upper tropospheric
humidity measurement: Method and validation,” J. Geophys. Res., vol.
106, no. D23, pp. 32,207-32,258, 2001.

F. T. Barath, M. C. Chavez, R. E. Cofield, D. A. Flower, M. A. Frerking,
M. B. Gram, W. M. Harris, J. R. Holden, R. F. Jarnot, W. G. Kloezeman,
G. J. Klose, G. K. Lau, M. S. Loo, B. J. Maddison, R. J. Mattauch,
R. P. McKinney, G. E. Peckham, H. M. Pickett, G. Siebes, F. S. Soltis,
R. A. Suttie, J. A. Tarsala, J. W. Waters, and W. J. Wilson, “The Upper
Atmosphere Research Satellite Microwave Limb Sounder Instrument,”
J. Geophys. Res., vol. 98, pp. 10,751-10,762, 1993.

S. A. Buehler, P. Eriksson, T. Kuhn, A. von Engelin, and C. Verdes,
“ARTS, the atmospheric radiative transfer simulator,” J. Quant. Spec-
trosc. Radiat. Transfer, vol. 91, pp. 65-93, 2005.

P. Eriksson and S. Biihler, “ARTS user guide,” http://www.sat.uni-
bremen.de/arts/arts2/doc/uguide/uguide.pdf, 2005.
Karlsruhe  Group, “The Karlsruhe  Optimized
Radiative transfer Algorithm (KOPRA),”
imk.fzk.de/asf/ame/publications/kopra_docu/.

T. Steck, M. Hopfner, T. von Clarmann, and U. Grabowski, “Tomo-
graphic retrieval of atmospheric parameters from infrared limb emission
obsrevations,” Appl. Opt., vol. 44, no. 16, pp. 3291-3301, 2005.

W. J. Reburn, V. L. Jay, R. Siddans, and B. J. Kerridge, “Retrievals of
03 and H2O in the lower stratosphere and troposphere from ENVISAT,”
European Space Agency, Tech. Rep. ESA SP-572, 2004.

R. E. Cofield and P. C. Stek, “Design and field-of-view calibration of
114-660 GHz optics of the Earth Observing System Microwave Limb
Sounder,” IEEE Transactions on Geosciences and Remote Sensing: The
EOS Aura Mission, 2005, (this issue).

H. M. Pickett, “Microwave Limb Sounder THz module on Aura,”’
IEEE Transactions on Geosciences and Remote Sensing: The EOS Aura
Mission, 2005, (this issue).

C. C. Tscherning, Ed., The Geodesist’s Handbook. Bureau Central De
L’ Association Internatiale De Géodésie, 1984, vol. 58, no. 3.

R. J. List, “Smithsonian meteorological tables,” Smithson. Inst., Wash-
ington, D. C., Smithson. Misc. Collect. 114, 1951.

and  Precise
http://www-

[21]

[22]

(23]
[24]

[25]
[26]

(271
[28]

[29]

[30]
[31]
[32]

[33]

[34]

13

H. M. Pickett, R. L. Poynter, E. A. Cohen, M. L. Delitsky, J. C. Pearson,
and H. S. P. Muller, “Submillimeter, millimeter, and microwave spectral
line catalog,” J. Quant. Spectrosc. Radiat. Transfer, vol. 60, no. 5, pp.
883-890, 1998, see http://spec.jpl.nasa.gov/.

L. S. Rothman, C. P. Rinsland, A. Goldman, S. T. Massie, D. P.
Edwards, J. M. Flaud, A. Perrin, C. Camy-Peyret, V. Dana, J. Y.
Mandin, J. Schroeder, A. McCann, R. R. Gamache, R. B. Wattson,
K. Yoshino, K. V. Chance, K. W. Jucks, L. R. Brown, V. Nemtchi-
nov, and P. Varinasi, “The HITRAN molecular spectroscopic database
and HAWKS (HITRAN atmospheric workstation): 1996 edition,”
J. Quant. Spectrosc. Radiat. Transfer, vol. 60, p. 665, 1998, see
http://www.harvard.edu/HITRAN/.

P. Kroopnick and H. Craig, “Atmospheric oxygen: Isotopic composition
and solubility fractionation,” Science, vol. 175, pp. 54-55, 1972.

A. Meshkev and F. DeLucia, 2004, personal communication.

H. M. Pickett, 2004, personal communication.

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

D. L. Huber and J. H. V. Vleck, “The role of Boltzmann factors in line
shape,” Rev. Mod. Phys., vol. 38, no. 1, pp. 187-204, 1966.

M. A. Janssen, An introduction to the passive microwave remote sensing
of atmospheres. John Wiley & Sons, 1993, ch. 1, pp. 1-35.

M. J. Schwartz, W. V. Snyder, and W. G. Read, “Mesosphere-
Specific Forward Model Algorithm Theoretical Basis Document,”
Jet Propulsion Laboratory, Mail Stop 183-701, 4800 Oak
Grove Drive, Pasadena, Ca., 91109-8099, Overview ATBD,
http://swdev.jpl.nasa.gov/doc.html#ATBDs JPL D-28534, June 15
2004, version 1.0.

J. D. Kraus, Radio Astronomy. New York: McGraw-Hill, 1966.

M. Born and E. Wolf, Principles of Optics. New York: The MacMillan
Company, 1964.

C. D. Rodgers, “Characterization and error analysis of profiles retrieved
from remote sounding measurements,” J. Geophys. Res., vol. 95, no. DS,
pp- 5587-5595, 1990.

M. Y. Tretyakov, V. V. Parshin, V. N. Shanin, S. E. Myasnikova, M. A.
Koshelev, and A. F. Krupnov, “Real atmosphere laboratory mesurements
of the 118 ghz oxygen line: Shape, shift and broadening of the line,” J.
Mol. Spectrosc., vol. 208, no. 1, pp. 110-112, 2001.

B. J. Drouin, 2004, personal communication.

William G. Read was born in Rockville Centre,
New York, on April 14, 1957. He received the A. B.
degree from Occidental College, Los Angeles, CA.,
and the Ph. D. degree in physical chemistry from the
University of Illinois, Urbana, IL in 1979 and 1983,
respectively.

From 1983 to 1985 he held an NRC-NASA
Resident Research Associateship award at the Jet
Propulsion Laboratory, Pasadena and then became a
JPL employee. Currently he is a Principal Research
Scientist and a Co-investigator for the NASA Earth

Observing System Microwave Limb Sounder.



