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vertical variation of temperature and opacity is not too
great, then the observed radiance will be characteristic ofWe present an algorithm for the retrieval of temperature in

the planetary boundary layer (lowest few kilometers) of the the temperature in a layer centered near the level where
martian atmosphere using upward-looking infrared spectra the absorber optical depth as measured along the line of
from a Mars lander. Temperature profiles retrieved from an sight from the observer (spacecraft) reaches unity. When
orbiting or passing spacecraft do not have adequate vertical opacity varies with frequency, the height in the atmosphere
resolution to provide significant information within the plane- at which unit optical depth is reached is different for differ-
tary boundary layer. By using spectra taken from a surface

ent frequencies. By using this fact, a temperature profilelander looking upward toward zenith, and by transforming to
can be retrieved if the vertical distribution of the opacitya vertical coordinate that ‘‘stretches out’’ the atmosphere just
source is known.above the surface where the contribution to the observed radia-

In the case of the martian atmosphere, thermal infraredtion peaks, we find that an efficient algorithm can be formulated
with adequate vertical resolution to successfully retrieve tem- spectra were obtained by the orbiting Mariner 9 Infrared
perature profiles that exhibit the major features of the diurnal Interferometer Spectrometer (IRIS) instrument during
cycle of planetary boundary layer temperatures. We expect that 1971 and 1972. A description of the Mariner 9 IRIS instru-
this technique can be extended to simultaneously retrieve the ment is given by Hanel et al. (1972a). In the IRIS spectra,
opacity, and possibly the scattering properties, of atmospheric

there is a strong CO2 absorption centered at 667 cm21 (15aerosols as well. Although no upward-looking martian infrared
em) that is suitable for temperature retrieval, and a broad,spectra yet exist, demonstration of the abilities of a lander-
weaker silicate absorption centered at about 1050 cm21

based infrared spectrometer is important for the planning of
(9–10 em) caused primarily by dust suspended in the atmo-future missions to Mars.  1996 Academic Press, Inc.

sphere. Using the CO2 absorption band, the Mariner 9 IRIS
data set has been used to retrieve atmospheric temperature
profiles (for example, Hanel et al. 1972b; Conrath et al.1. INTRODUCTION
1973; and Conrath 1975; 1981). The broad silicate absorp-
tion has been used to retrieve dust properties from MarinerThe practice of retrieving planetary atmospheric temper-
9 IRIS data set (for example, Toon et al. 1977; Santee andature profiles from thermal infrared spectra taken by a
Crisp 1993).passing or orbiting spacecraft has been well established. If

The process of retrieving temperature profiles from in-the atmospheric opacity source shows frequency depen-
frared spectra taken from an orbiting or passing spacecraftdent absorption, such as a molecular absorption line, then
is powerful, but the vertical resolution of the retrieveddifferent levels of the atmosphere may be sampled by re-

cording the radiance at several different frequencies. If the profiles is limited by the width of the region from which
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radiation at a given frequency originates. For the 667-cm21 Radio occultation experiments by Mariner 9 (Kliore et al.
1973) and the Viking Orbiters (Lindal et al. 1979) provideCO2 band, Conrath (1972) finds that this ranges from about

half of a scale height near the surface to two scale heights temperature profiles at scattered locations and times within
the PBL. In addition, observations of clouds in Vikingat the highest retrieved levels. This vertical resolution still

provides very useful information for many investigations, images allow indirect inferences to be made about some
PBL properties in a few instances (Kahn 1984).but it is not high enough for studies involving the martian

planetary boundary layer. The limiting vertical resolution Atmospheric temperature profiles, the abundance of
dust and water ice aerosols, and wind velocity are the keycan be improved slightly by better signal-to-noise (Conrath

1972), but there is still a fundamental limit to the highest quantities necessary for dynamical modeling of the PBL.
Current numerical models of the PBL (for example, Ha-vertical resolution obtainable, even with noise-free data,

which results from the ill-posed nature of the inverse radia- berle et al. 1993; Savijärvi 1995) are limited by the lack of
observations against which to compare. The fluxes of heat,tive transfer problem. However, if instead of taking spectra

from a spacecraft above the atmosphere looking down- mass, and momentum in the PBL are important drivers
for the rest of the atmosphere, and the determination ofward, we take spectra from a lander on the planet surface

looking upward to the sky, then much higher vertical reso- these fluxes is one of the chief goals of PBL modeling.
PBL modeling can also shed light on the processes thatlution can be obtained in the lowest few kilometers of

the atmosphere. exchange volatiles, such as CO2 and H2O, across the sur-
face-atmosphere interface. The conditions under whichIn this paper, we present a new algorithm for the re-

trieval of temperature profiles in the lowest few kilometers dust can be raised from the surface and then transported
is another important area of research that requires detailedof the atmosphere with high vertical resolution, using ther-

mal infrared spectra taken by an upward-looking, lander- knowledge of PBL processes. Clearly, temperature profiles
of the lower atmosphere with high vertical resolutionbased spectrometer on the surface of Mars. There was no

instrument on the Viking lander spacecraft capable of such would be a very valuable addition to the current set of
PBL data, and would provide a set of ‘‘ground-truth’’ ob-an observation, so no upward-looking spectra now exist.

However, an upward-looking spectrometer could be servations against which models could be tested.
To demonstrate our retrieval algorithm we require a setplaced on a future Mars lander, and here we demonstrate

the important capabilities of such an instrument. In the of ‘‘typical’’ temperature profiles through the martian PBL
that captures the main expected vertical and diurnal varia-next section we give some background material on the

martian planetary boundary layer, and on the infrared tions. Radiative-convective modeling by Gierasch and
Goody (1967, 1968) and by Pollack et al. (1979) gives typicalspectra and weighting functions expected to be observed

from a lander on the surface. In Section 3 we describe the temperature profiles for various different times during the
martian day. More recently, detailed models of the PBLalgorithm that we use to retrieve temperatures, and in

Section 4 we present the results of retrievals from synthetic including surface-atmosphere interactions have been at-
tempted (for example, Haberle et al. 1993; Savijärvi 1991,data. Finally, in Section 5 we discuss some problems and

issues related to the algorithm, and in Section 6 we summa- 1995). Guided by the profiles from these models, from the
post-Viking standard martian atmosphere of Seiff (1982),rize our findings.
and by the observations described earlier, we adopt the

2. BACKGROUND set of temperature profiles displayed in Fig. 1 as our nomi-
nal PBL temperature profiles.

a. The Martian Planetary Boundary Layer and Its
The temperature profiles displayed in Fig. 1 show the

Diurnal Variation
main vertical and diurnal variations of PBL temperatures
predicted by modeling. For convenience, we describe localOn Mars, the planetary boundary layer (PBL) occupies

the lowest few kilometers of the atmosphere. The PBL is solar time by arbitrarily dividing the martian day (or ‘‘sol’’)
into 24 martian hours. From late morning until sunsetcharacterized by a large change in temperatures from day

to night, with convective mixing during the day, and a (1100–1800 hours) the convective portion of the atmo-
sphere extends upward from the surface for several kilome-stable inversion layer with a very large temperature gradi-

ent at night. Although a significant fraction of the mass of ters. The temperature profile is taken to be nearly an
adiabat but slightly stable based on descent probe measure-the atmosphere lies within the PBL, there are very few

direct measurements of meteorological parameters in this ments (Seiff and Kirk 1977). After the sun sets, a strong
inversion layer quickly forms near the surface and growsregion. The two Viking Landers directly measured temper-

ature between 3.5 and 1.5 km during their descent (Seiff to a depth of about 1 km by dawn (0600 hours). During
the morning hours (0800–1100), the convective region onceand Kirk 1977), and after landing measured temperature,

pressure, and wind velocity, but only at one height (1.6 m) again builds upward from the surface, briefly forming a
small local minimum in the temperature profile below 1above the surface (Hess et al. 1977, Sutton et al. 1978).
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FIG. 2. A typical downward-looking Mars infrared spectrum takenFIG. 1. Nominal model temperature profiles for various times
by the Mariner 9 IRIS instrument. This is the average of six spectra takenthroughout the martian day. Daytime temperature profiles are shown in
on revolution 174 (Ls 5 3368) with similar location (2238 latitude, 298the left panel, nighttime temperature profiles are shown in the right panel.
longitude), emission angle (138), and time of day (1400 hours). The effec-A scale height at these temperatures on Mars is approximately 11 km.
tive spectral resolution of Mariner 9 IRIS spectra is 2.8 cm21. By this
time the large dust storm that enshrouded the planet on the arrival of
Mariner 9 had subsided.

km above the surface. The large diurnal variation of tem-
perature is confined to the lowest half scale height of the
atmosphere. From Fig. 1 it is apparent that to characterize

of the CO2 band at 667 cm21 is seen in absorption in theeven the major features of the diurnal variation in the PBL
night spectra (0200 and 2000 hours) because of the sharpit is necessary to resolve features as small as a few hundred
near-surface inversion layer that forms at night. The ex-meters (a few hundredths of a scale height), which is a
pected radiance from an upward-looking spectrum is sub-vertical scale far smaller than can be retrieved from spectra

taken from an orbiting or passing spacecraft.

b. Upward-Looking and Downward-Looking Infrared
Spectra of Mars

We will refer to a spectrum as observed from above the
atmosphere looking downward at the planet surface as
a ‘‘downward-looking’’ spectrum, and to a spectrum as
observed from the surface looking upward toward the sky
as an ‘‘upward-looking’’ spectrum. Figure 2 shows a typical
downward-looking infrared spectrum of Mars. Except for
the strong CO2 absorption feature centered at 667 cm21,
and a broad, relatively weak silicate absorption centered
at about 1050 cm21, the spectrum is well characterized by
the shape of a Planck function at the surface temperature
of 275 K.

Figure 3 shows synthetic upward-looking spectra of Mars
using temperature profiles typical of various times during
the martian day (see Fig. 1). To obtain these spectra we
assume a dust-free non-scattering atmosphere in local ther-

FIG. 3. Synthetic dust-free upward-looking Mars infrared spectra inmodynamic equilibrium. In Fig. 3, radiation coming from
the 667 cm21 CO2 band. Radiances are calculated using temperatureCO2 absorption and re-emission is seen. In the optically
profiles typical of various times during the Mars day, a path straight

thick portions of the spectrum (p640–700 cm21) the radi- upward through the atmosphere toward zenith, and a spectral resolution
ance has a brightness temperature characteristic of the of 2.8 cm21. A strong signal is apparent, showing large variation from

day to night.lowest few hundred meters of the atmosphere. The center
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stantial, and exhibits large changes from day to night. Both
the signal and its diurnal variation would easily be detected
with high signal-to-noise by an instrument such as the Mari-
ner 9 IRIS spectrometer.

c. Weighting Functions

A very useful quantity in describing radiative transfer
through an atmosphere is the weighting function, W

W(n, s) 5


s FE f(n, n9)e2t(n9,s) dn9G , (1)

where t(n9, s) is the optical depth, s is the coordinate
that describes distance along the path, and f(n, n9) is the
instrument spectral response function at frequency n9 when
the central frequency is n. The weighting function describes

FIG. 4. Weighting functions for a typical daytime Mars temperature
where the observed radiation originates along the viewing profile. In both plots, the central frequencies are 670, 675, 684, 690, 696,
path, and it is a function both of the frequency, n, and the 700, 704, and 709 cm21 from the bottom up. The left panel (a) shows

weighting functions with respect to the distance coordinate ẑ 5 ln (psurf/distance coordinate, s. For a non-scattering atmosphere
p). These weighting functions are not well suited for temperature retrieval.in local thermodynamic equilibrium, the total radiation
The right panel (b) shows weighting functions with respect to the distanceobserved by an instrument over a small solid angle is just
coordinate s 5 ln ŝ ; ln[(psurf 2 p)/psurf]. These weighting functions
have peaks at different values of the vertical coordinate and are therefore
much better suited for temperature retrieval.I(n) 5 Ey

0
B[n, T(s)]W(n, s) ds, (2)

where B is the Planck function. The locations where W is that are as suitable for temperature retrieval as those used
largest are the locations from where the contribution to in analysis of downward-looking spectra. In that case, a log-
the observed radiation is largest. To retrieve a temperature pressure (or distance in scale heights) vertical coordinate is
profile from observations, it is desirable to choose a set of usually used, so that the coordinate is proportional to the
frequencies such that their weighting functions are peaked logarithm of the pressure difference between the observer
at different heights in the atmosphere and have minimal and a point along the path. For the upward-looking case, the
overlap with each other. Then, the radiance at a given observer is no longer at zero pressure, but at the surface
frequency (and thus a temperature) can be assigned to a pressure, psurf . Thus, an analogous coordinate for this case
certain level in the atmosphere with a minimal amount of is s9 5 ln ŝ ; ln[(psurf 2 p)/psurf]. The column-integrated
contamination from other levels. mass of the gas through which a path passes (in the zenith

Considering an upward-looking geometry with a path geometry) is proportional to the pressure difference be-
vertically upward through the atmosphere toward zenith, tween the ends of the path, so both coordinates (log-pres-
the variable s could be just the linear height above the sure for downward-looking and ln ŝ for upward-looking)
surface, z, but it could also be any function of z by per- are proportional to the log of the mass of the gas between
forming a change of variables for the vertical coordinate. the observer and a point along the path, and both provide
A common choice for s is to measure distance in scale weighting functions that are well suited for temperature re-
heights, s 5 ẑ ; ln(psurf/p). Figure 4a shows weighting trieval.
functions with the choice s 5 ẑ for a set of frequencies in the The coordinate, s9 5 ln ŝ, can be related to the previously
667-cm21 CO2 band for a nominal afternoon temperature discussed coordinate, s 5 ẑ, as follows. From Eq. (1), we
profile. All weighting functions are sharply peaked at the have
surface. This is far from the ideal case for temperature

W(n, s) ds 5 W9(n, s9) ds9. (3)retrieval described above. In this coordinate system, the
weighting functions are very similar, and the retrieval of

This means that the new weighting functions, W9(n, ln ŝ),a temperature profile depends on the small differences
are related to the old weighting functions, W(n, ẑ), bybetween the shapes of the weighting functions. This is

numerically difficult and leads to instability in the retrieval
and/or large errors in the retrieved temperature profiles. W9(n, ln ŝ) 5

dẑ
d ln ŝ

W(n, ẑ) (4)
We desire a coordinate that provides weighting functions
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or, resolution is obtained while retaining an acceptable tem-
perature error.

W9(n, ln ŝ) 5
psurf 2 p

p
W(n, ẑ). (5) b. Retrieval Equations and Algorithm

We begin by taking Eq. (2), the expression for the ob-
served radiance, I(n), given a non-scattering atmosphereFigure 4b shows the transformed weighting functions,
in local thermodynamic equilibrium, and linearizing aboutW9(n, ln ŝ), with respect to the coordinate ln ŝ. These
a reference temperature profile, T0(s),weighting functions are much more suitable for tempera-

ture retrieval. Although there is still a fair amount of over-
I(n) 5 I0(n) 1 DI(n) (6)lap between them, the overlap is considerably less than

that in Fig. 4a, and most importantly, each weighting func-
I0(n) 5 Ey

0
B[n, T0(s)]W(n, s) ds. (7)tion has a relatively narrow peak at a different value of

the coordinate. By transforming to the ln ŝ coordinate
system we have ‘‘stretched out’’ the coordinate close to In finite difference form, if we have frequencies, ni with
the surface and have thus mathematically separated the (i 5 1, ... , m), and vertical levels, sj with ( j 5 1, ... , n), then
level of maximum influence for the different frequencies.
We use this ln ŝ vertical coordinate in our retrieval algo-
rithm. DI(ni) 5 On

j51

dIi

dTj
DTj , (8)

3. RETRIEVAL ALGORITHM where dIi/dTj is the value of the functional derivative of
the radiance at ni with respect to T at level sj, with sj 5 ln

a. Retrieval General Description
ŝj ; ln[(psurf 2 pj)/psurf] and DTj 5 T(sj) 2 T0(sj).

The vector of DTj values can in general be expressed inFor our retrieval we use the 667-cm21 CO2 absorption
terms of a set of basis vectors,band. This band is extremely strong, lies near the peak of

the martian thermal emission, and is virtually free from
contamination by H2O or other gaseous species (Crisp (9)DT 5 Fa,
1990). There is significant opacity (see Fig. 3) between
about 600 and 730 cm21. Thermal infrared spectrometers where F is a matrix whose columns are the basis vectors,
flown on spacecraft typically have spectral resolution of a is a column vector of expansion coefficients, and DT is
about 3–10 cm21, as do, for example, the Mariner 9 IRIS a column vector of DTj values. If we define the matrix K as,
instrument (Hanel et al. 1972) and the Thermal Emission
Spectrometer to be flown on the Mars Global Surveyor
mission (Christensen et al. 1992). Therefore, sampling of Kij 5

dIi

dTj
(10)

up to about 20 different frequencies on each side of the
CO2 band would be possible. In this paper we use just 8
different frequencies (670, 675, 684, 690, 696, 700, 704, and and if we use Eq. (9) for DT, then we can write an expres-
709 cm21) with a spectral spacing of at least 4 cm21 between sion for a quadratic form, Q, to be minimized in our con-
each frequency. strained and linearized least-squares inversion of Eq. (8):

To perform the retrieval, we follow the approach of
Conrath et al. (1994) who used a constrained and linearized Q 5 (DI 2 KFa)TE21(DI 2 KFa) 1 caTa. (11)
least-squares inversion of the equations of radiative trans-
fer to simultaneously retrieve temperature and the para

Here, E is the error covariance matrix, DI is the differencehydrogen fraction from Voyager infrared spectra of the
between the observed radiance and the radiance calculatedouter planets. The problem of retrieving a temperature
by using the reference temperature profile, and the super-profile from a spectrum is in general ill-posed, so some a
script ‘‘T’’ denotes matrix transposition. The last term inpriori assumptions need to be made to obtain a physically
Eq. (11) imposes a damping, scaled through the parameter,meaningful solution. In this formulation the assumption
c, which limits the amount that the temperature can betakes the form of a constraint that acts as a low-pass filter
different from the reference profile, T0 . If we make the(in the vertical coordinate) on the temperature profile. The
assumption that errors are statistically independent, thentradeoff here is between increased vertical resolution and

decreased temperature error (Conrath 1972). The balance
E 5 s 2

I1, (12)is struck by varying parameters until a maximum vertical
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where sI is the noise-equivalent radiance (taken here as
independent of frequency), and 1 is the unit matrix. Min-
imizing Q with respect to Tj , and solving for a gives,

a 5
1

cs 2
I

FTKT S 1
cs 2

I
KFFTKT 1 1D21 DI. (13)

Finally, defining the 2-point correlation matrix, S, of the
basis vectors,

(14)S 5 FFT

and a parameter, a,

a 5
1

cs 2
I

(15)

and solving for the vector DT using Eqs. (9) and (13) gives,

DT 5 aSKT(aKSKT 1 1)21 DI. (16)
FIG. 5. Effective vertical resolution using the 2-point correlation

function of Eq. (14b). The effective vertical resolution is a function ofEquation 16 prescribes the correction to the temperature
height with the resolution being approximately equal to twice the heightprofile Tj given (1) the difference, DI, between the ob-
above the surface.

served radiance and the radiance calculated by using the
reference temperature profile, and (2) the constraints im-
posed by the parameter a. Non-linearity in Eq. (5) can
be accounted for by iteratively correcting the reference

Therefore, for two layers m and n, it is appropriate totemperature profile by the amount DT.
express S as a Gaussian with the form

c. Parameters
Smn 5 e2(sm2sn)2/2w2

, (17a)The parameters that need to be specified for this retrieval
are (1) the 2-point correlation matrix of the basis vectors,
S, (2) an initial guess of the temperature profile (the ‘‘refer- where w is the weighting function width with respect to
ence temperature profile,’’ T0 , discussed above), and (3) the coordinate s and is approximately equal to two. In
the combination of the damping parameter and radiance practice, we modify Eq. (17a) slightly because the lowest
measurement uncertainty, a. We assume that there is no weighting function peaks at 0.01 scale heights above the
dust in the atmosphere, and that the spectra are taken with ground (s 5 24.6), but the bottom of our model atmo-
a viewing geometry looking directly upward through the sphere is at s 5 28. Since there is very little retrievable
atmosphere toward zenith. information below the peak of the lowest weighting func-

The vertical resolution of the retrieval is set through the tion, the correlation matrix is set to the greater of Eq. (17a),
2-point correlation matrix of the basis vectors, S, defined or a Gaussian with width equal to 0.01 scale heights,
in Eq. (14). This matrix describes the degree of correlation
between two atmospheric levels. If S were the unit matrix,

Smn 5 max(e2(sm2sn)2/2w2
s, e2(ẑm2ẑn)2/2w2

ẑ), (17b)then there would be no correlation between different levels
and Eq. (16) would become equivalent to linearized maxi-
mum entropy algorithms. For our retrieval scheme, how- where ẑ is the height above the ground in local scale

heights, as before, and the Gaussian widths that we adoptever, we wish to impose a correlation between nearby
levels to reduce temperature errors caused by random in- are ws 5 2 and wẑ 5 0.01. Figure 5 shows the effective

vertical resolution obtained using Eq. (17b). The effectivestrument noise. The shape of the weighting functions gives
the fundamental vertical resolution of radiative transfer. vertical resolution is approximately equal to twice the dis-

tance above the surface, except that it is 0.01 scale heightsThe typical width of the weighting functions with respect
to the coordinate s (Fig. 4b), is about Ds 5 D ln ŝ 5 2. for altitudes less than 0.01 scale heights.
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The temperature profile that we use to initialize all our atmosphere consisting of 200 layers. We use layers that
are evenly spaced in the coordinate s 5 ln ŝ in the rangeretrievals is taken to be
from s 5 28 (3.35 3 1024 scale heights above the ground)
to s 5 0 (infinitely high), making the model layer thickness(18)T0(ẑ) 5 235 2 35ẑ.
approximately 1/50th of the best effective vertical resolu-
tion which is attained near the surface. We assume thatThis profile is similar to those shown in Fig. 1, but it is not
temperature is constant in each layer and that there arethe same as any of them. Numerical experiments show
no horizontal variations. The correlation and functionalthat the retrieved temperature where there is significant
derivative matrices are computed in finite difference form,amplitude in the weighting functions (between about 0.01
and the temperature correction is computed for each modeland 0.8 scale heights above the surface) is not sensitive to
layer. Typically, three iterations are sufficient for conver-the choice for T0 . Convergence is obtained more quickly
gence with our choice of parameters.for better choices of T0 , so a good guess for the initial

temperature profile is always desirable.
The parameter a contains the damping parameter, c, 4. RESULTS

that controls how large DT can be, in addition to the uncer-
a. Retrieved Temperatures Using Nominal Parameterstainty of the radiance measurement, sI . Based on experi-

ence with the Mariner 9 IRIS and Mars Observer Thermal Figure 6 shows retrieved temperature profiles for nine
Emission Spectrometer instruments, we take sI 5 3 3 1028

times during the martian day. The growth and collapse of
W cm22 ster21/cm21 as a conservative (noisy) estimate. The the near-surface boundary layer is duplicated in depth and
optimum value for c is found by conducting numerical amplitude in the retrievals. There is significant difference
experiments. The balance here is between faster conver- in the shape of weighting functions between about 0.01
gence and numerical stability. Small values of c allow the and 0.5 scale heights above the surface, and so this is the
temperature profile to quickly converge, but can also lead region where the retrieved profiles are reliable. Fine detail,
to numerical instability. Large values of c provide a stable such as the small local temperature minimum that occurs
retrieval but may require considerable computational re- at 0900 hours in the ‘‘actual’’ profile is not present in the
sources. We find that the choice c P 10 (degrees K)22 is retrieved profile because its vertical scale is too small for
a good compromise. This makes the parameter a 5 1016

this retrieval to detect. Many of the retrieved profiles show
if radiance is measured in W cm22 ster21/cm21 and tempera- a sharp temperature increase in the lowest 0.01 scale height
ture is in degrees K. above the surface. This is an artifact of the retrieval intro-

duced by the initial guess temperature profile. Its presence
d. Synthetic Spectra (Simulated Data) has negligible effect on studies of the PBL utilizing our in-

versions.The upward-looking infrared spectral ‘‘observations’’
from which temperature profiles are retrieved in this paper

b. Variation with the Correlation Length Scaleare computed by numerically integrating Eq. (2). The tem-
perature profiles are those given in Section 2a (see Fig. 1). Figure 7 shows how the retrieved temperature profiles
For the nominal case we assume a non-scattering, dust- change when the 2-point correlation length scale, ws , is
free atmosphere. Opacity in the 667 cm21 CO2 band is varied. Results are shown for two representative times of
treated using the correlated-k approximation (Lacis and day. At night (0200 hours), variation in ws strongly affects
Oinas 1991, Goody et al. 1989). Instead of performing a the retrievals. The ws 5 4 profile does not retain enough
line-by-line calculation, the idea behind the correlated-k vertical resolution to accurately describe the inversion in
approximation is to sort the absorption coefficient values, the lowest kilometer. The ws 5 0.5 and ws 5 1 profiles
k (where dt 5 2kdz), in a spectral interval [n, n 1 Dn] have sufficient vertical resolution to duplicate the actual
into n bins, and then to perform the radiative transfer temperature profile, but the random temperature error
integral (Eq. (2)) using a single value of ki characteristic associated with those values of ws is relatively large. The
of each bin (i 5 1, 2, 3, ... , n). The results are then added nominal choice of ws 5 2 provides the most accurate re-
together weighted by the fraction of the spectral interval trieval. It is the best compromise between high vertical
for which the absorption coefficient k is in each bin. The resolution and small random temperature errors. During
chosen ki values are a function of temperature, pressure, the afternoon (1400 hours), the actual temperature profile
and spectral resolution Dn. does not contain any features with small vertical length

scale except for the mild ‘‘kink’’ in the profile just above
e. Solution

0.4 scale heights. In this case, all four choices for ws do
similarly well. The ws 5 4 profile is good because theTo numerically evaluate the temperature correction

given by Eq. (16), we construct a plane-parallel model retrieval does not need high vertical resolution, and the
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FIG. 6. Retrieved temperature profiles for nine times during the martian day using nominal parameters.

large random errors evident in the nighttime ws 5 0.5 one iteration, as well as the uncertainty in the radiance
measurement. In each case shown, three iterations haveretrieval do not appear in the daytime ws 5 0.5 profile

because the actual temperature profile is similar to the been performed, and the instrument uncertainty is held
initial guess temperature profile. fixed so that variation of a is caused only by a change in

c. The a 5 1012 case represents a very strong constraint
c. Variation with the Parameter a on DT. After three iterations the retrieved temperature

profile is essentially the same as the initial guess. At a 5Figure 8 shows how the retrieved temperature profiles
1014, the constraint on DT has been relaxed, but still keepschange when a is varied. The parameter a (Eq. (15)) con-
the retrieved temperature profile from reaching conver-tains the damping parameter c that controls by how much

the temperature profile is allowed to change (DT) in any gence in three iterations. In both of these cases, the re-
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5. DISCUSSION

a. Propagation of Uncertainty

We have made approximations and assumptions about
the atmosphere and computational parameters to perform
the above retrievals. However, the only source of random
error in the expression for the temperature correction (Eq.
(16)) comes from the uncertainty in the radiance measure-
ment by the spectrometer, sI . We can estimate the effect
of this measurement error on retrieved temperatures. This
gives a measure of the reproducibility of temperature re-
trievals given different spectra observed by the same instru-
ment under the same conditions. We first define the ma-
trix C,

C 5 aSKT(aKSKT 1 1)21 (19)

so that we can write for a given atmospheric layer, j,
FIG. 7. Retrieved temperature profiles for four values of the 2-point

correlation length scale, ws . The nominal value is ws 5 2. Results for
DTj 5 O

i
Cij DIi , (20)typical night (0200 hours) and day (1400 hours) cases are shown.

where the sum is performed over frequencies, i. If the
uncertainty in the radiance measurement is a constant sItrieval would reach convergence eventually, but would re-
for all frequencies, i, then the root-mean-square (RMS)quire more than three iterations. Using the nominal value
temperature error at level j isof a 5 1016 results in convergence in three iterations. How-

ever, increasing a significantly beyond the nominal value
(such as to a 5 1018) results in the retrieval becoming

[kdT 2
j l]1/2 5 FO

i
C2

ijG1/2

sI . (21)numerically unstable. The beginning of instability is appar-
ent in Fig. 8 for a 5 1018, and more iterations lead to
retrieved profiles further from the actual profile. Using sI 5 3 3 1028 W cm22 ster21/cm21, a conservative

estimate for a future instrument, we find that the tempera-
ture uncertainty caused by instrument noise is less than
0.7 K at all levels. Other errors of a systematic nature
are also present in the retrieval, such as those caused by
calibration or by using the 2-point correlation function.
Recalling Fig. 6 indicates that these systematic errors domi-
nate the random error from instrument noise.

b. Atmospheric Dust and Water Ice Aerosols

Dust particles are always present in the martian atmo-
sphere. In the above analysis, however, we have assumed
that the effect of dust is negligible at the frequencies that
we have been considering. Usually this assumption is a
good one, but during the global dust storms that occur
irregularly every few years, dust can contribute signifi-
cantly to infrared opacity even in the 667 cm21 CO2 band,
and it can greatly alter atmospheric temperatures by in-
creasing direct solar heating. We attempt to estimate the
error caused by not including dust by adding a well-mixed
non-scattering absorber to our model. We take the fre-FIG. 8. Retrieved temperature profiles for four values of the parame-
quency dependence of this ‘‘dust’’ opacity to be that ofter, a. The nominal value is a 5 1016. Results for typical night (0200

hours) and day (1400 hours) cases are shown. palagonite (Roush et al. 1991). The exact mineral used is
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glecting dust are not too much more than the RMS error
caused by instrument noise or that caused by other system-
atic errors. However, for times when the dust opacity is
higher, a simultaneous retrieval of temperature and dust
optical depth (as was performed by Santee and Crisp 1993,
for example) would be required to produce accurate tem-
perature profiles. Scattering by dust would introduce fur-
ther error by scattering photons from the surface back to
the instrument. However, the single scattering albedo of
palagonite is quite low (0.1–0.2) at the frequencies used for
this retrieval and for typical dust particle size distributions
(Toon et al. 1977, Santee and Crisp 1993), so the tempera-
ture error due to scattering by dust is small compared to
that due to dust absorption and re-emission described
above.

Besides dust aerosols, the other potentially significant
source of opacity is from water ice aerosols. Pollack et al.
(1977) observed a ground fog made of water ice particles

FIG. 9. Retrieved temperature profiles for five optical depths of dust, in nighttime Viking Lander data. A nighttime fog near the
t. Results for typical night (0200 hours) and day (1400 hours) cases

ground is also present in planetary boundary layer modelsare shown.
(Savijärvi 1995). The signature of higher level ice clouds
is observed in a number of Mariner 9 infrared spectra
(Curran et al. 1973), and ice clouds are seen in images
taken by Mariner 9 (Briggs and Leovy 1974) and Vikingnot important here since only an estimate of the impor-

tance of dust is being attempted. We perform the retrieval (Kahn 1984). In the Mariner 9 spectra (Curran et al. 1973),
the spectral signature of H2O ice is quite different thanas before, still assuming that CO2 is the only source of

opacity, even though a dust component has been added in that of CO2 and dust, so as is the case with dust, H2O ice
can be identified, and its opacity simultaneously retrievedevaluating the ‘‘observed’’ radiances. Figure 9 shows the

results of the retrievals for five different amounts of dust. with temperature if it is present.
The optical depth of the dust, t, refers to the average
optical depth between 1000 and 1100 cm21 where dust c. Using a Different Path Geometry
opacity is the greatest. The optical depth near 700 cm21,

An important feature for a lander-based spectrometer
where the retrieval takes place, is about 40% of that value.

would be the ability to take spectra at a range of viewing
A value of t 5 0.25 is typical of normal, ‘‘non-dusty’’ times

angles, from directly upward toward zenith to sideways
(Martin 1986; Santee and Crisp 1993), while during a global

toward the horizon. We can describe the viewing angle in
dust storm t $ 2 (Zurek 1982). The addition of dust tends

terms of the airmass, a, defined as the opacity along the
to increase the retrieved temperature at each level, by

line of sight divided by the opacity along a path directly
about 1 degree for t 5 0.25 and by about 10 degrees for

upward toward zenith. For a plane-parallel atmosphere
t 5 2. This is because the added opacity places the level

the airmass is simply
where total optical depth (CO2 plus dust) equals unity
lower in the atmosphere since we are looking upward from
the surface. This means that the observation sees a higher a 5

1
cos u

, (22)
radiance than expected for pure CO2 (at least where tem-
perature decreases with height), and thus a higher tempera-
ture is assigned by the retrieval. The effect of adding dust where u is the angle between the line of sight and zenith.

In a real spherical atmosphere, a maximum airmass ofis small in the lowest kilometer or so, but grows rapidly
with height. This is because near the surface the retrieval is about 20 is reached looking directly toward the horizon

(u 5 908). Although the height above the surface of thesensitive to frequencies with very high total column optical
depth, so the additional opacity from dust is small com- peak of a particular weighting function varies roughly as

Ïa for downward-looking geometry, the peak height var-pared to the opacity from CO2 . At higher altitudes the
retrieval is sensitive to frequencies with lower total column ies roughly as 1/a for the upward-looking geometry. It

follows then that the range of useful information is shiftedoptical depth and the additional opacity from dust can be
a significant fraction of the opacity from CO2 . For non- downward, and that the vertical length scale in kilometers

(or scale heights) that can effectively be resolved is de-dusty conditions (t # 0.25), the errors introduced by ne-
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creased, by a factor of a. Actually computing the weighting trieval is desirable to obtain the most information possible
about temperatures throughout the atmosphere. While re-functions as a function of a shows this approximation to

be good. trievals using downward-looking spectra give a good over-
all view of the vertical temperature structure, they fail toThe advantage of using a viewing angle more toward

the horizon is that a longer path length of atmosphere is provide significant information on the rapidly changing (in
time and space) temperatures of the planetary boundaryviewed. Using viewing angles with high airmass would aid

in the detection and study of trace atmospheric constit- layer. We have provided a retrieval method using upward-
looking spectra to fill this need.uents, as well as in the study of near-surface phenomena.

Observations over a range of viewing angles would likely As with retrievals using downward-looking spectra, the
variation of opacity with frequency in the 667-cm21 CO2give better constraints on the scattering properties of atmo-

spheric aerosols, and could provide information on the band is employed for the upward-looking retrieval. A
change of variables in the vertical coordinate allows thevertical distribution of fogs and hazes. The development

of retrieval algorithms to take advantage of the additional retrieval to be mathematically efficient. Tests with syn-
thetic data from expected temperature profiles show thatinformation available from a set of spectra with a range

of viewing angles would be a very useful addition to this re- the major features of the diurnal cycle of the PBL can be
obtained using upward-looking spectra. The useful verticaltrieval.
range for retrieved temperatures is between about 0.01

d. General Comments and 0.5 scale heights (100 m to 5.5 km) above the surface
for nominal parameters. The effective vertical resolutionAlthough no upward-looking spectra taken from the
varies with height, being roughly equivalent to twice thesurface of Mars currently exist, there are terrestrial up-
distance above the ground. Using a viewing angle moreward-looking spectra of oxygen in the microwave region
toward the horizon compresses the useful vertical range(52–59 GHz) that have been used to obtain temperature
for retrieved temperatures and allows better vertical reso-profiles in the lowest few kilometers of the Earth’s atmo-
lution. The propagation of instrument noise leads to asphere (Westwater 1972). The vertical coordinate used for
relatively small temperature uncertainty, and the majorthese retrievals is the linear distance above the ground
source of retrieved temperature error is systematic error(s 5 z). This gives weighting functions that are very similar
in the retrieval process. Opacity from sources other thanto those in Fig. 4a for s 5 ẑ. Instead of our damping
from CO2 , such as from dust and water ice aerosols, canconstraint, c, and use of the 2-point correlation matrix,
be large, but these are potentially correctable by simultane-these retrievals use constraints based on a large database
ously retrieving temperature and aerosol abundance.of previous observations from weather balloons, a type of

Logical extensions of this work would be to add a simul-supporting data which would not be available for Mars.
taneous retrieval for atmospheric aerosols, and to developMore recently, ground-based upward-looking microwave
algorithms to take advantage of a set of spectra with adata have been combined with downward-looking spectra
range of viewing angles. The extensive set of temperaturetaken from orbit to obtain accurate temperature profiles
profiles in the PBL that could be retrieved from a landerover a wide range of altitudes (for example, Westwater et
on the surface of Mars equipped with an infrared spectrom-al. 1985, and the review by Askne and Westwater 1986). A
eter would be a tremendous addition to the current limitedsimilar scheme is desirable for Mars. A lander can retrieve
set of PBL observations. The importance of these data,temperatures in the lowest few kilometers, while an orbiter
along with the possible addition of the retrieval of thesimultaneously retrieves temperatures above the PBL. The
abundance of dust and water ice aerosols, should be consid-retrieved temperatures from each instrument (lander and
ered in the planning of future missions to Mars.orbiter) can then be used to constrain the retrievals of

the other.
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