JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 105, NO. E2, PAGES 4109-4121, FEBRUARY 25, 2000

Seasonal variation of aerosols in the Martian atmosphere
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Abstract. Reanalysis of Viking Lander (VL) visible and Viking Orbiter infrared optical
depth measurements shows that the visible to infrared ratio of total extinction opacity
varies with season. The ratio is near to its previously reported constant value, 2.5, during
dust storm periods and higher during northern spring and summer. The increase in ratio
is hypothesized to be due to seasonally varying water ice haze, which produces a higher
optical depth in the visible than in the infrared. This differs significantly from previous
analyses of VL visible opacities which have assumed that only dust contributes to the
optical depth measured during the early afternoon. Consequently we suggest that the
Martian atmosphere is clearer of dust, especially during northern spring and summer,
than previously suggested based upon VL data. We find dust visible optical depths of
0.1—0.4 during the northern spring and summer seasons, compared to previous estimates
of 0.4—0.6. We also find that water ice hazes can provide roughly 50% of the total visible
opacity in these seasons. For southern spring and summer, dust optical depths are more
variable, but generally >0.4, with water ice opacity <0.1. The data suggest water ice
optical depths are slightly higher and peak earlier (Ls=80°—90°) at VL1 than at VL2
(Ls=115°—130°). We estimate average northern summer water (daytime minimum) ice
masses to be roughly 0.1 — 0.5 precipitable microns, depending on the assumed particle
size distribution and hence 1--5% of the total water column. The observation of significant
and previously unrecognized amounts of water ice haze suggests a larger role for water in
controlling atmospheric heating rates and the vertical distribution of dust and water vapor

than has been widely accepted to date.

1. Introduction

Dust has a profound impact on the Martian atmosphere.
It is both an effective absorber of solar radiation and an ef-
fective emitter/absorber of thermal infrared radiation. Con-
sequently, the amount and distribution of dust in the atmo-
sphere significantly affects atmospheric heating rates and
hence the circulation [Zurek et al., 1992]. Thus character-
ization of the seasonal dust cycle is of prime importance in
understanding the current Martian climate.

The seasonal cycle of dust on Mars is the keystone to the
other seasonal cycles because of its impact on atmospheric
temperature structure and transport and, through this, its im-
pact on volatile cycles and climate. The current standard
view of the dust cycle derives from Viking Lander (VL) mea-
surements of the visible optical depth since the optical depth
of the atmosphere provides a measure of the amount of sus-
pended aerosols. The key assumption in the interpretation of
these data has been that only dust significantly contributes
to the daytime opacity [Pollack et al., 1979, Colburn et al.,
1989] and hence that the amount of atmospheric dust can be
directly derived from them. However, dust is not the only
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aerosol in the Martian atmosphere. Water ice and CO3 ice
particles also form in the atmosphere [Curran et al., 1973;
Herr and Pimental, 1969], and while CO, ice particle for-
mation is limited to the winter polar regions and high alti-
tudes, water ice particles can form at most latitudes and at
most seasons.

The optical depth of the atmosphere has also been mea-
sured in the infrared by the Viking Orbiters’ Infrared Ther-
mal Mapper (IRTM) instruments [Martin, 1986; Martin and
Richardson, 1993]. Through observations of the depth of the
9 um silicate absorption feature relative to the 7 pm “con-
tinuum” these measurements theoretically allow the deriva-
tion of dust optical depth independent of other aerosols.
However, water ice particles can affect the infrared opacity,
though to a much smaller degree than in the visible. The ra-
tio of dust optical depth in the visible to that in the infrared
has physical significance in that the opacity in the visible
is a gauge of the effectiveness of solar heating due to dust
absorption, while the opacity in the infrared represents the
ability of the atmosphere to radiate heat to space through
infrared emission by dust. The ratio is also of diagnostic im-
portance as it is sensitive to dust properties. The value of the
visible to infrared ratio for dust has typically been taken to be
constant at roughly 2.5 [Martin, 1986]. Again assuming that
dust is the only aerosol, this fixed value of the opacity ratio
has been used in atmospheric circulation model heating rate
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calculations as well as to help constrain dust particle proper-
ties, such as composition and particle size distribution.
Seasonal variation in this ratio would have a wide range
of implications. However, the ratio has not been derived for
a good fraction of the annual cycle. Variations in the ra-
tio as a function of season could imply that aerosol popu-
lations have been incorrectly assessed in the past (i.e., that
neglecting water ice aerosols is not valid), that dust particle
size distributions vary significantly, or that our current un-
derstanding of the vertical distribution of dust is wrong. In
any case, opacity ratio variations reflect variations in atmo-
spheric aerosol properties that are not incorporated in current
atmospheric radiative models, and hence, circulation mod-
els. We began this study in order to examine any temporal
variations in this ratio and found a significant seasonal cycle
with northern summer peak values exceeding 20. In sec-
tion 2 we describe the means by which we derived the ratio
and show the seasonal variations. Then, in section 3 we dis-
cuss three likely causes for the variation. The options are
changes in the dust particle size distribution, changes in the
vertical distribution of dust, or variations in the amount of
dust and water ice in the atmosphere. Indeed, we conclude
that the primary cause must be a significant contribution to
opacity by water ice hazes (we use the phrases “water ice,”
“water ice hazes,” and “water ice clouds” interchangeably)
during northern spring and summer, arguing that the stan-
dard interpretation of VL opacity as being solely a measure
of dust must be abandoned. Next, in section 4 we reanalyze
the Mars Pathfinder optical depth measurements in terms of
the mixed dust/water ice model. In section 5 we discuss our
results within the context of a new picture of Mars climate,
Finally, in section 6 we review our conclusions, primarily
that water ice hazes play a significantly greater role in the
seasonal aerosol cycle than has been previously suspected.

2. Data

The most widely reported measurements of the atmo-
spheric optical depth are those derived from the VL cameras.
Both landers measured optical depth by directly imaging the
Sun at various zenith angles in the broadband solar chan-
nel centered on 670 nm [Pollack et al., 1977, 1979; Colburn
et al., 1989]. These are shown in Plates 1a and 1d. Data
have been filtered to show only the afternoon values where
the water ice cloud contribution will be at a minimum [Col-
burn et al., 1989]. The common assumption is that this min-
imum corresponds to the absence of water ice clouds and
that the opacity observed at these local times is due entirely
to dust. The graphs show a relatively clear northern spring
and summer (L,=0°—180°) with visible optical depths of
0.4—-0.7. Values for VL2 are slightly smaller, due to its po-
sition at higher elevation and the fact that aerosol opacity
roughly scales with atmospheric mass [Kahn et al., 1981].
A more dusty southern spring and summer (northern fall and
winter, L,=180°—360°) is also apparent, including the two
great dust storms of 1977 during which visible optical depths
reached values in excess of 3.

The retrieval of optical depth in the infrared (9 um) from
IRTM observations has been described by Martin [1986] and
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Martin and Richardson [1993]. Using the corrected IRTM
15 pm brightness (Ty5) temperatures [Wilson and Richard-
son, 2000], the surface emissivities of Christensen [1982],
and the two-stream source-function radiation code of Zurek
[1981], we have rederived the infrared optical depths for
the first two Viking years. Additionally, we have modified
the two-stream code to treat nonuniform (i.e., non-constant
mixing ratio) vertical distributions of dust. Once again, it
is common to assume that these infrared opacities are due
to atmospheric dust alone. While the effect of water ice
on these opacities will certainly be smaller than on the vis-
ible opacities, the impact is likely non-negligible and is ad-
dressed in section 3. Our derived values of 9 um optical
depths are shown in Plates 1a and 1d in conjunction with the
visible opacities. The infrared data shown in Plates la and
1d correspond to IRTM observations near both landing sites.
The infrared data included in this study fell within a 5° x5°
latitude-longitude box centered on each lander and had emis-
sion and incidence angles <60° (to minimize atmospheric
mass effects). The infrared values have been scaled up by
the canonical factor of 2.5 to more readily highlight devia-
tions from this assumed constant ratio value. The general
cycle of orbiter-derived opacity followed that of the landers.

The ratio of optical depths (visible to infrared) of 2.5 was
derived by Martin [1986] by comparing Viking Orbiter and
VL data sets during the dusty southern summer period; com-
parison during the rest of the annual cycle was not pursued
due to the “very low opacities in that period” [Martin, 1986,
p. 9]. The concern was that random noise in these low-
opacity data would make meaningless any comparison with
the visible opacities. However, Plates 1a and 1d show that
the random variation in opacities is consistently less than the
difference between the visible and infrared opacities (even
when scaled by 2.5); therefore comparison outside the dust
storm season is valid.

A very clear trend in the opacity behavior emerges when
the visible and infrared values are compared over the full
annual cycle. While the seasonal trends in the visible and
infrared optical depths at each landing site are similar, the
infrared optical depths are lower during northern spring and
summer than the VL values, even after scaling the values by
the canonical factor of 2.5.

The error bars for the visible opacity are shown. The er-
ror is harder to quantify for the infrared data; however, there
is enough infrared data that the random error can be gauged
from the scatter of individual data points. Again, it is impor-
tant to note that the scaled infrared values are consistently
lower than the visible values in the northern spring and sum-
mer seasons. Even in the unlikely event that the infrared
opacities are biased low by the 10—25% error that Martin
[1986] quotes, the scaled infrared opacities would still be
lower than the visible values.

The derivation of infrared opacities uses the T} 5 tempera-
tures, which have been shown to be biased by surface tem-
peratures during the middle portion of the day [Wilson and
Richardson, 2000]. As we derive infrared opacities during
the late morning and early afternoon, we have examined the
impact of the corrected 75 temperatures on the model tem-
perature profile constructed within the optical depth retrieval
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Plate 1. (a) Optical depth versus L, for the Viking Lander 1 location. L, values range from 0 to 720, with
360—720 representing the second Martian year of Viking observations. Viking Lander derived values are
shown in blue diamonds, with their associated error bars. The Infrared Thermal Mapper (IRTM) derived
values are shown as black crosses. The IRTM values have been scaled by a factor of 2.5 to show their good
agreement during dusty periods (L,=180"—360°) and their lack of agreement during the clear periods
(L,=0° —180°). (b) Plot of the ratio of visible to infrared optical depths versus L, for the Viking Lander 1
location. (c) Difference between the derived infrared optical depths for the reference case (using corrected
T} s temperatures and dust confined to 1 scale height) and optical depths derived for various combinations
of corrected and uncorrected Ty temperatures and dust distributed uniformly, to 10 km, and to 6 km.
(d)—~(f) Similar to Plates 1a— lc, respectively, except for the Viking Lander 2 location.

code. The results are shown in Plates lc and 1f. It can be All previous derivations of 9 um infrared opacity [Mar-
seen that during relatively dust-free periods the difference tin, 1986: Martin and Richardson, 1993; Fenton et al., 1997]
between opacities derived using corrected and uncorrected ~have used a uniform distribution of dust. However, this may
T.s temperatures is roughly 10%. not always be appropriate, and so, we have tested the sensi-
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Figure 1. Ratio of optical depths in the visible and infrared as a function of cross-section weighted
mean particle size (reg), in microns, and effective width of the distribution (v.g) for a modified gamma
distribution of spherical dust particles. Indices of refraction in the visible came from Ockert-Bell et al.
[1997] and in the infrared from Toorn et al. [1977]. Note that modified gamma distribution has three
independent variables, , v, and ryede (e 1S a function of all three, and v g is a function of & and =),
one of which is usually held constant. A constant value of & = 2 was chosen for consistency with Toon
et al. [1977] and Pollack et al. [1979]. The visible to infrared opacity ratio (as a function of reg and ves)

is relatively insensitive to the choice of a.

tivity of optical depth retrievals to varying vertical distribu-
tions of dust. We chose a vertical distribution of dust that is
capped at 10 km as our standard case (the mixing ratio as a
function of height was described following Conrath [1975]
using v = 0.5). This height was chosen as it likely rep-
resents a realistic lower bound on the depth of dust mixing
during the northern spring and summer period [Richardson,
1999]. Additionally, we calculated opacities for a uniform
vertical distribution and for an extremely shallow distribu-
tion capped at 6 km (v = 1) (Plates i1c and 1f).

It is clear from Plates 1a and 1d that while a visible to in-
frared ratio of 2.5 is good for dusty periods (southern spring
and summer), the ratio increases significantly during the
clearer periods (northern spring and summer). The visible
to infrared ratios derived by comparing our infrared obser-
vations with those from VL are shown in Plates 1b and le.
A strong anti-correlation can be seen between the ratio and
opacity. The ratio reaches its minimum near 2.5 during the
extremely dusty periods and increases both in value and in
its variation during the clear periods.

3. Interpretation

There are three possible explanations for the increased ra-
tio during the clear periods: (1) changes in the mean size
of suspended dust particles, which would vary the visible
to infrared ratio assuming that the total extinction is due to
dust, (2) confinement of dust within a shallower layer of the
atmosphere, which would produce an underestimate of in-
frared opacity (and an overestimate of the ratio) when re-
trieved assuming a uniform vertical distribution of dust, and
(3) increased visible opacity due to the presence of previ-
ously neglected water ice clouds, while the dust visible to
infrared opacity ratio is assumed to remain constant.

3.1. Changes in the Dust Particle Size Distribution

The settling and removal of larger dust particles following
dusty periods may result in the shrinking of both the mean
size of the particle size distribution and the width of the dis-
tribution, leading to increased visible to infrared ratios as the
smaller particles exert more influence in the visible wave-
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Figure 2. Relative extinction due to dust particles as a finction of wavelength, assuming spherical parti-
cles. The solid line represents a dust particle size distribution with reg = 0.3 pm and veg = 0.0, which
yields a visible to infrared optical depth ratio of approximately 6.5. The dashed line represents a dust par-
ticle size distribution with 7eg = 1.8 pm and veg = 0.5 (similar to the particle size distributions derived
by Pollack et al. [1995] and Smith and Lemmon [1999]), which yields a visible to infrared optical depth
ratio of approximately 1.5. Refractive indices are from Toon et al. [1977].

lengths. Figure 1 shows a plot of the dependence of the vis-
ible to infrared opacity ratio as a function of cross-section
weighted mean particle size and effective width for spheri-
cal particles. Although the ratio increases with decreasing
mean particle size and decreasing width of the distribution,
the ratio never reaches values as high as those seen during
the clear northern spring and summer seasons. Particle scat-
tering calculations using nonspherical particles [Pollack and
Cuzzi, 1980] can increase the ratio somewhat for a given ef-
fective radius (r.g) and distribution width (v.g), however,
the increase does not reach the values seen in Plates 1b
and le, except for distributions with very small effective
radii and which are unrealistically narrow (reg <0.4um and
veg <0.1, Figure 1) (see Pollack et al. [1995] for a review).

It is interesting to consider the impact of a high visible to
infrared ratio of optical depth on the behavior of an atmo-
spheric model, assuming that dust provides the only source
of opacity. We undertook such an experiment with the Geo-
physical Fluid Dynamics Laboratory Mars General Circu-
lation Model [Wilson and Hamilton, 1996]. Specifically,

two numerical experiments were undertaken: first, a con-
trol simulation that was carefully tuned, through the rate of
dust injection at the surface, so as to match Viking IRTM
and Mariner 9 atmospheric temperature measurements; and
second, an otherwise identical simulation with a visible to
infrared opacity ratio of 12.5. In keeping with the fact that
a high ratio corresponds to effective solar heating of the at-
mosphere and relatively ineffective cooling to space, a sub-
stantial (510 km deep) global inversion, absent in the con-
trol simulation (and hence the spacecraft data), was found to
form near the surface of the high opacity ratio simulation in
response to significant net heating due to dust. The effect
of dust heating was noticeable throughout the atmosphere
below roughly 50 km, with temperatures at 10 km being as
much as 25 K warmer than those in the control simulation
and 10 K warmer at 25 km. The deep inversion greatly re-
duced lower atmospheric convection and lead to a sharp re-
duction in dust lifting such that after 30 sols (Mars days)
the opacities had dropped by a rough factor of 2 relative to
the control simulation. In short, high dust visible to infrared
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ratios do not appear to be consistent with the Martian at-
mosphere as we observe it [Zurek et al., 1992], and thus a
seasonal variation of the dust (as opposed to total aerosol)
visible to infrared opacity ratio by the amounts suggested in
Plates la and 1b is not physically credible.

A final argument against the dust particle size variation
relates to the fact that if the visible to infrared optical depth
ratio were varying significantly during the year due to dust
alone, the spectral shape of the 9 um silicate absorption fea-
ture should also change. In Figure 2, we show the variation
of dust extinction in and around the 9 pum absorption fea-
ture for two combinations of (reg,veg): (0.3 pm, 0.0) and
(1.8 pum, 0.5). These two combinations correspond to visi-
ble to infrared ratios of 6.5 and 1.5, respectively. There is
a significant difference in the shape longward of 9.25 um,
and there is a noticeable secondary maxima in extinction
at 8.8 yum in the former case, which is absent in the latter.
However, analysis of recent Thermal Emission Spectrom-
eter (TES) data [Smith et al.,, 2000a, Bandfield et al., 1999]
has shown that the dust absorption spectra are fairly invariant
with time (excluding the earliest phases of dust storms). This
provides a strong indication that the dust particle size distri-
bution is not varying significantly. Further, the absence of a
secondary minima in most TES and Mariner 9 Infrared Inter-
ferometer Spectrometer (IRIS) spectra suggests that particle
size variations cannot explain visible to infrared opacity ra-
tios as large as 6.

3.2. Changes in the Vertical Distribution of Dust

Another potential explanation for the ratio variations re-
lates to variations in depth to which dust is mixed. Specif-
ically, it could be argued that if a uniform vertical distribu-
tion of dust is assumed in the retrieval of infrared opacities,
while the true distribution had dust confined to relatively low
heights in the atmosphere, the actual dust opacity would be
underestimated by the retrieval, relative to dust distributed
deeply through the atmosphere. Dust confined lower in the
atmosphere is warmer and hence has a higher emission tem-
perature. This results in a smaller difference in the bright-
ness temperatures at 7 and 9 pym. Consequently, more dust
(opacity) is needed to fit a given observed T% (7 pm bright-
ness temperature) minus Tp (9 pm brightness temperature)
value in the confined dust case. In order to address this possi-
bility we have modified the radiative scheme used by Martin
[1986] and Martin and Richardson [1993] to treat arbitrary
vertical dust distributions. The results for uniform, moder-
ately confined (to 10 km), and shallowly confined (to 6 km)
dust distributions are shown in Plates Ic and 1f. We did
not consider dust distributions shallower than 6 km since at
the low and mid-latitude landing sites, the daytime bound-
ary layer depth should in general be roughly 6 km [Haberle
et al., 1993]. This effect of dust distribution assumption on
the retrieval turns out to be rather small. It is <10% for
clearer periods, increasing greatly during the dusty condi-
tions of southern summer. However, during these periods
the most likely case is a close to uniform distribution.

The explanation for the relatively small impact of the dust
distribution assumption (for reasonable ranges) on retrieval
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opacity is rather straightforward. “Uniform” dust refers to
a constant dust mass mixing ratio as a function of height,
which means that the total dust amount’decreases exponen-
tially with height (along with pressure). The difference be-
tween a uniform and a shallowly confined distribution is that
while the dust amounts in the former decrease exponentially
with height to the top of the atmosphere, the confined dust
case has dust amounts decreasing exponentially to 6 km and
decreasing more rapidy above that level. However, in both
cases, the majority of the dust mass (and hence opacity) is
located in the lowest half scale height of the atmosphere,
where the distributions are very similar. In short, variation
in dust vertical distribution cannot explain the magnitude of
the observed variation in the visible to infrared opacity ratio.

3.3. Water Ice Hazes

These facts together suggest that the third hypothesis,
added visible opacity due to water ice clouds, is more likely.
Dusty periods lead to increases in atmospheric temperature,
preventing the formation of water ice clouds. The clearer pe-
riods are colder, allowing water clouds to form more readily.
Water ice clouds contribute opacity in visible wavelengths
but much smaller amounts at the 7 and 9 pm wavelengths
[Curran et al., 1973; Smith et al., 20002] used for 9 pm op-
tical depth retrieval, making the ratio of opacities increase.
If we assume that the ratio of optical depth of dust (as op-
posed to total aerosol) in the visible to the infrared is truly
2.5, then Figure 3 shows the amount of opacity that is then
due to water ice. Again it is important to note that we used
daytime observations and therefore inferred water ice opac-
ities and hence water ice mass estimates representative of
daytime minimum values. The right-hand axis shows the
amount of precipitable microns of water that is necessary to
be frozen into ice in order to produce the required optical
depth, using a modified gamma distribution (r.g = 0.3 pm
and veg = 0.03, see section 4) and the water ice refractive
indices of Warren [1984]. If the particle size distribution de-
rived by Curran et al. [1973] (reg = 2 pm and veg = 0.03)
is used, the values shown on the right-hand axis of Figure 3
should be multiplied by 4. Similarly, if the ice grows around
a dust core, concentric shell calculations [Bohren and Huff-
man, 1983] show that an ice mantle of roughly the same
thickness as the original dust core radius is sufficient to make
the composite dust/ice particle indistinguishable from pure
ice in the visible and infrared. In this case the masses shown
on the right-hand axis overestimate the true ice mass as the
amount of water needed to grow around a dust core is less
than the amount needed to grow a pure ice particle. The ice
mass estimates are therefore likely only accurate to the order
of magnitude level.

Although previous studies have assumed that water ice is
neglectible in the retrieval of 9 um dust opacity, water ice
can produce a spectral contrast between 7 and 9 pm. In
Figure 4, we show the IRTM 7 and 9 um channel bright-
ness temperature differences possible for a range of water
ice particle size distributions assuming a surface tempera-
ture of 250 K, an ice cloud temperature of 200 K, and an
ice cloud opacity of 0.4 in the visible. In these calculations
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Figure 3. (a)—(b) Excess optical depth versus L, for the Viking Lander 1 and 2 sites, respectively.
Assuming the ratio of visible to infrared opacities for dust is a constant 2.5, Tys—2.3 Tz 1S a measure
of the optical depth in the visible due to other opacity sources, such as water ice clouds. The boxes and
lines are a boxcar average of all values in a 45° L, box. A size of 45° in L,was used to span gaps in
the temporal coverage; averages over a shorter interval follow the random noise, and averages over a
longer interval damp out seasonal trends. It was also assumed that there is no relative difference in 7%
and T brightness temperatures due to water ice and that vertical dust distribution is capped at 10 km.
The right-hand axis corresponds to the right-hand axis in Figures 3c and 3d, and indicates the amount of
precipitable microns of water that would need to be converted to water ice aerosols to produce the whole
amount of excess optical depth, using a modified gamma distribution (o = 8, v = 3, reg = 0.3 um, and
veg = 0.03, see section 4) and the water ice optical parameters of Warren [1984]. (¢)—(d) Excess optical

depths similar to Figures 5a and 5b, except that a T7 —

T, difference of —1 K was assumed. The right

hand axis shows the opacities converted to water ice amounts.

we have used the scattering and absorbing radiative model of
Faige et al. [1994] and Tamppari et al. [ 2000]. These values
represent the most extreme case (i.e., the case that will pro-
duce the largest ice cloud signal) that is still consistent with
the opacity and IRTM temperature data. The T7 — Ty dif-
ferences have a minimum value of approximately —1 K and
are generally negative throughout most of the domain. The
T, — Ty values from the IRTM data set used in the determi-
nation of dust opacity typically have values between 0.7 and
1.5 K. Taking the extremum value of —1 K, from Figure 4,
as the general impact of ice, suggests that the true T7 — To
difference resulting solely from dust should be nearer 1.7 to
2.5 K. To test the impact of such 77 — Ty difference bias-

ing by ice, we retrieved the infrared dust optical depth for
Ty — Ty values 1 K greater than is extracted from the IRTM
data set. The resulting opacity values are shown in Figure 5
along with the standard values from Plates la and 1d. The in-
crease in dust optical depth is only really significant during
the relatively clear periods. Here the values increase from
roughly 0.03-0.1 to 0.05-0.15. Applying the canonical dust
opacity ratio of 2.5 and calculating the opacity deficit with
respect to the visible opacity values, we derive new water
ice opacities which are shown in Figures 3b and 3d. These
values are now lower than those derived for the reference
case since the dust provides a greater contribution to the to-
tal opacity in this case. Given the rather extreme surface-to-
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Figure 4. Difference between the IRTM T% (7 um brightness temperature) and 7% (9 pm brightness
temperature) caused by water ice particles as a function of cross-section weighted mean particle size (reg),
in microns, and effective width of the distribution (v.g) for a modified gamma distribution of spherical
dust particles. Indices of refraction came from Warren [1984]. The comment on the variables of the

particle size distribution is the same as for Figure 1.

cloud temperature contrasts and the high ice opacity values
used in deriving the higher dust amounts in this case, we can
reasonably claim that the two cases shown in Figures 5 and
3 bound the true dust and water ice values during the Viking
mission.

The wide spread of ice amounts at the VL sites during the
dusty southern spring and summer seasons are caused by the
difficulty of comparing the lander and orbiter observations
of optical depth during a period of large and rapidly chang-
ing dust amounts. The IRTM observations are matched with
a linearly interpolated lander opacity in order to calculate
the visible to infrared opacity ratio, and thus the water ice
amounts. This linear interpolation is valid during the rel-
atively steady northern spring and summer, but introduces
larger errors during the southern spring and summer periods
of rapid change. However one can tell the visible and in-
frared values produce a good match, using the ratio of 2.5,
based on simple visual inspection of Plate 1.

A seasonal cycle of cloudiness can now clearly be seen
in the data, with cloud opacity disappearing during the dust
storm periods and peaking during the northern spring and

summer. Although the data are noisy, the ice opacity values
appear to peak around the northern solstice. There is even
an indication that the peak at VL1 occurs earlier (L,=80° -
90°) than at VL2 (L,=115°—-130°). If true, these differ-
ences in timing may reflect a dependence of lower-latitude
clouds on the strength of the overturning (Hadley) circula-
tion, while the higher-latitude clouds respond more to the
increasing vapor amounts. In any case this cycle of water
ice is consistent with the cycle of water vapor observed by
Mars Atmospheric Water Detector (MAWD) [Jakosky and
Farmer, 1982], which peaks in the Northern Hemisphere
during northern summer. A similar seasonal cycle of the
apparition of water ice cloudiness and haziness has been re-
ported by ground-based observers [Beish and Parker, 1990].

The values of “excess™ optical depth due to water ice
clouds in the Viking data as well as the values derived from
the Mars Pathfinder data are of the order of a tenth to one
precipitable micron. These are amounts that the atmosphere
should have no difficulty supplying during these seasons
given vapor amounts of a few tens of precipitable microns
[Jakosky and Farmer, 1982]. The ice opacities we derive
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Figure 5. (a)—(b) Optical depths of dust in the infrared as a function of L, for the Viking Lander 1 and 2
sites, respectively, assuming that there is no relative difference in 7% and Ty brightness temperatures due
to water ice and that vertical dust distribution is capped at 10 km. The right-hand axis corresponds to the
right-hand axis in Figures Sc and 5d, and shows the infrared values scaled by 2.5 for comparison with
visible optical depths. (¢)—(d) Dust optical depths in the infrared similar to Figures 5a and 5b, except that
a Ty — Ty difference of —1 K was assumed to be due to water ice aerosols. The right hand axis shows the
opacities scaled by 2.5 for comparison with the visible.

are consistent with measurements of water ice opacity made
in the ultraviolet by Hubble Space Telescope [James et al.,
1996] after scaling for the difference in wavelength. It is
also important to note that the ice amounts we derive refer
to the daytime minimum values. Models suggest a diurnal
cycle of cloud ice, involving up to a few precipitable mi-
crons [Richardson, 1999]. Our daytime derived values are
not inconsistent with a cycle of this magnitude.

4. Reanalysis of Mars Pathfinder Optical
Depths

Data from the Mars Pathfinder mission allow us to check
our model of increased influence of water ice aerosols. The
Imager for Mars Pathfinder (IMP) enabled the atmospheric
optical depth to be measured at four wavelengths (0.45, 0.67,
0.883, and 0.989 um). Changes in the particle size distribu-
tion of dust and water ice will change their respective ab-
sorption spectra (derived from Mie scattering calculations)

at these wavelengths; consequently, the measured spectra
can be used to constrain the particle size distributions of wa-
ter ice and dust by shape fitting, Once the optimum dis-
tributions are computed, the mass fraction can be derived by
matching to the total observed extinction. In this way we can
test whether our picture of the seasonal variation of aerosols
is consistent with the amount of dust and water ice opacity
observed in the Mars Pathfinder measurements.

The IMP observations [Smith and Lemmon, 1999] show a
similar amount of dust in the 0.67 pm region as the VL mea-
surements for the 90 sols for which they operated (L,=143°—
188°). In general, IMP saw similar or slightly higher optical
depth in the blue filter compared to the red filter. Smith and
Lemmon [1999] account for this extra opacity in the blue
wavelengths with high-altitude Rayleigh-scattering ice par-
ticles. They note that this solution is not unique, and indeed,
we found that a haze of low-altitude ice particles also pro-
vides a fit to their wavelength-dependent observations.

We used the dust particle size distribution derived by
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Figure 6. Derived values of optical depths of dust and ice in the red (0.67 pm) versus L, for Mars
Pathfinder. Only measurements made during the afternoon (after 1200 LT and before 1800 LT) were
used in order to remove the diurnal water ice cycle. Diamonds are the dust optical depth, and crosses
are the water ice optical depth (where optical depth solutions of 0.0 for ice have not been plotted). The
particle size distribution of Tomasko et al. [1999] (reg = 1.6 pm and veg = 0.6) was used for dust,
while a modified gamma distribution with r.g = 0.3 um and v.g = 0.03 (¢ = 8 and v = 3) was used
for ice. Refractive indices of Ockert-Bell et al. [1997] and Warren [1984] were used for dust and ice,
respectively. These solutions were constrained by total optical depth measurements in the 0.45, 0.67,
0.883, and 0.989 pm filters. The right-hand axis indicates the amount of precipitable microns of water
that would need to be converted to water ice aerosols to produce the water ice optical depth seen using the

above mentioned ice distribution.

Tomasko et al. [1999] based upon the angular dependence
of the Pathfinder spectral observations. The effective mean
radius of their distribution (r.g = 1.6 pm) is in good agree-
ment with previous Viking and Phobos measurements (see
Pollack et al. [1995] for a summary), but they were un-
able to constrain the distribution width beyond a value of
vegg >0.2. We thus experimented with a range of dust dis-
tribution widths and with both the effective radius and width
of water ice distributions. We found that the ice distribu-
tion specified by Curran et al. [1973] is unable to fit the
Pathfinder opacity observations regardless of the dust distri-
bution width. In fact, only ice distributions with an effec-
tive particle size <0.5 pm were capable of producing a fit,
in combination with the dust distribution of Tomasko et al.

[1999]. The width of the ice distribution was found to have
a negligible effect on the quality of the fit or the derived
dust/ice fraction. In addition, we found that the best fit to
the Pathfinder data, regardless of the ice distribution, was
obtained with a dust distribution v.g of 0.6. This is within
the range specified by Tomasko et al. [1999] and should be
viewed as a refinement of their estimate.

The Viking data for the Pathfinder observation period now
allow us to constrain the ice particle size effective radius
even further. The VL1 data for the Pathfinder period sug-
gest a water ice contribution of optical depth in the 0.67 um
channel of 0.0—0.1. We found that an effective radius of
0.3 +0.1 um produces red optical depths within this range.
Figure 6 shows our solution for the amount of ice and dust
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necessary to fit both the Pathfinder and VL1 measurements
of optical depth.

5. Current State of the Martian Climate

One of the primary results of the Viking mission was a de-
tailed description of the current Martian climate. The annual
cycles of atmospheric temperature, dust, and volatiles were
defined by observations spanning several Martian years. How-
ever, Clancy et al. [1990, 1996] have recently suggested
that this picture may not be representative of every, or even
most, years. Specifically, they claimed that the bulk Mar-
tian atmosphere near 25 km is now (1980 —present) cooler
by roughly 15—20 K than during the Viking period (1976 —
1980). Based upon Hubble Space Telescope observations,
they also suggested that Mars is less dusty than was observed
during the Viking era and emphasized both the presence of
water ice clouds and their potential role in limiting the verti-
cal distribution of dust (hence reducing atmospheric temper-
atures through decresed solar absorption).

It is now known that the Martian climate has not changed
significantly between the Viking mission and more recent
times [Richardson, 1998]. The discrepancy between air
temperatures derived from Viking IRTM measurements and
those derived from ground-based observations results from
a systematic warm bias in the Viking observations [ ilson
and Richardson, 2000], The Viking year mean air tempera-
tures now appear to agree with the more recent TES [Con-
rath et al., 1999] and microwave observations [Clancy et al.,
2000]. However, both the Mars Pathfinder [Smith and Lem-
mon, 1999] and TES [Smith et al., 2000b] measurements
of optical depth were found to be in good agreement with
Viking values. At first glance this would appear to be incon-
sistent with the downward revision of atmospheric tempera-
tures, especially during the cool northern spring and sum-
mer seasons. Agreement between Viking and Pathfinder
visible optical depths results mainly from the fact that the
Pathfinder observations occurred during the late northern
summer, when atmospheric water ice constitutes a small
fraction of the atmospheric aerosol load. For northern spring
and summer the inconsistency is resolved by the recogni-
tion that previous analysis of the Viking visible optical depth
measurements overestimated dust optical depths and by ne-
glecting the water ice opacity. Thus the “new” picture of the
Viking era includes lower atmospheric temperatures, lower
dust opacities, and more atmospheric water ice.

The results of this study suggest that at least the north-
ern spring and summer seasons are less dusty than generally
interpreted, based on the Viking Lander observations. In ad-
dition, we suggest that there is significant seasonal variation
in the ubiquitous water ice haze. This latter suggestion is
in keeping with recent Mars Orbiter Camera (MOC) [Malin
et al., 1998] and TES (J.C. Pearl et al., Mars Global Sur-
veyor Thermal Emission Spectrometer observations of water
ice clouds during aerobraking and science phasing, submit-
ted to Journal of Geophysical Research, 1999) observations
and reanalysis of Viking IRTM data [Tamppari et al., 2000].
which show rather widespread haziness due to water ice.
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In general, evidence suggests a rather repeatable northern
spring and early summer [Richardson, 1998; Clancy et al.,
2000, Martin and Richardson, 1993; Smith et al. 2000b] and
a downward revision of visible dust opacitites during these
seasons would appear to help in reconciling atmospheric
temperature and dust observations.

6. Summary and Conclusions

We have rederived 9 pum optical depths from the Viking
IRTM data and compared them with measurements of visi-
ble opacity from the Viking Landers. We found that the ratio
of visible to infrared opacity, which is typically assumed to
be constant, varies significantly with season. Both the visi-
ble and infrared opacities are usually assumed to relate only
to the dust amount in the atmosphere. Indeed, we investi-
gated two potential explanations for the opacity ratio varia-
tions that involve only variations in the dust properties. The
first argues that variations in dust particle sizes affect the ra-
tio. However, we show that realistic particle size variations
can explain less than half the range in the derived opacity
ratios, that even these variations do not appear to be reason-
able based on TES observations, and that such high ratios of
visible-to-infrared dust opacity would result in an unrealis-
tic atmospheric temperature structure and circulation. The
second potential explanation argues that if dust is confined
low in the atmosphere, our retrieval scheme (which assumes
uniformly mixed dust) would underestimate the true infrared
dust opacity. In this case the true opacity ratio would remain
constant, but would appear to vary due to errors in our in-
frared opacity calculation. We modified our retrieval scheme
to treat nonuniform dust, but found this explanation able to
account for only 10% of the peak opacity ratio variation,
even for dust confined to an unrealistically shallow column.

We conclude that the most likely explanation for varia-
tions in the opacity ratio is the previously neglected role of
persistent water ice hazes and clouds during northern spring
and summer. The implication here is that the Viking-derived
visible and infrared optical depths are not representative of
the seasonal cycle of dust, but of the combined cycles of dust
and atmospheric water ice. Thus we conclude that Mars is
less dusty and more cloudy than was believed on the basis of
VL observations, especially during the northern spring and
summer seasons. Visible optical depths duririg the northern
spring and summer seasons are typically 0.1—0.4 for dust
and 0.1 —0.4 for water ice, during the daytime. During the
rest of the year the water ice visible opacities fall below 0.1,
while dust opacities vary greatly, but generally are above
0.4. The variations in dust and water ice opacities appear
to be strongly anticorrelated. The ice amounts peak in early
norther summer (with the opacities possibly peaking earlier
at VL1 than at VL2), while the dust opacity is a minimum at
these times. The ice mass amounts derived from the peak ice
opacities are sensitive to ice particle sizes, but are of order
0.1-0.5 pr. pm. This is roughly 1—-5% of the total water
column.

Using both the Pathfinder and Viking data, we also have
been able to place a tighter constraint on the dust particle
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size distribution of Tomasko et al. [ 2000] (reg =1.6 pm and
veg = 0.6), and to derive the background water ice size dis-
tribution (reg = 0.3 pm and v.g = 0.03). However, the ice
particle size distribution may change as a function of sea-
son. In addition, we suggest that for dust the ratio of optical
depth in the infrared to the visible is likely to lie near 2.5 and
that consequently, models which use this constant value are
likely not in error.
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