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Ground-Based Near-Infrared Imaging Observations
of Venus During the Galileo Encounter

D. Crisp, S. MCMULDROCH, S. K. STEPHENS, W. M. SINTON,*
B. RagenT, K.-W. Hoparp, R. G. ProBsT, L. R. DOYLE,

D. A. ALLEN, J. EL1AS

Near-infrared images of Venus, obtained from a global network of ground-based
observatories during January and February 1990, document the morphology and
motions of the night-side near-infrared markings before, during, and after the Galileo
Venus encounter. A dark cloud extended halfway around the planet at low latitudes
(<£40°) and persisted throughout the observing program. It had a rotation period of
5.5 £ 0.15 days. The remainder of this latitude band was characterized by small-scale
(400 to 1000 kilometers) dark and bright markings with rotation periods of 7.4 + 1
days. The different rotation periods for the large dark cloud and the smaller markings
suggests that they are produced at different altitudes. Mid-latitudes (+40° to 60°) were
usually occupied by bright east-west bands. The highest observable latitudes (+60° to
70°) were always dark and featureless, indicating greater cloud opacity. Maps of the
water vapor distribution show no evidence for large horizontal gradients in the lower

atmosphere of Venus.

MAGES OF THE NIGHT SIDE OF VENUS
taken at near-infrared (NIR) wave-
lengths (1 to 2.5 pm) reveal bright and
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dark markings that rotate from east to west
with periods of about 6 days (1, 2). This
infrared emission is produced by hot gases in
the lower atmosphere (0 to 50 km). It is most
intense at wavelengths near 1.74 and 2.3 um,
in the relatively transparent “spectral windows”
between strongly absorbing CO, and H,O
bands in the Venus atmosphere. The planet-
wide sulfuric acid (H,SO,) clouds provide
the primary source of opacity in these win-
dows (2-6). Kamp et al. (4, 5) found that 10
to 20% differences in the optical depths of the
clouds could account for the contrast between
bright and dark markings. They also derived
water vapor mixing ratios near 40 parts per
million by volume (ppmv) below the cloud
base (47 km). This is 1/2.5 to 1/5 of that
inferred from Pioneer Venus and Venera
entry-probe measurements (7-9). More re-
cent NIR imaging and spectroscopic obser-
vations (6, 10-12) support these conclusions
and place new constraints on the composition
and dynamics of the lower Venus atmo-
sphere.

The Galileo spacecraft’s flyby of Venus on
10 February 1990 provided a novel opportu-
nity to study the night-side NIR emission. The
Galileo Near-Infrared Mapping Spectrometer
(NIMS) acquired two high spatial resolution
(25 to 50 km) maps of the Venus night side at
17 NIR wavelengths between 0.7 and 5.2 pm.
This instrument also acquired complete NIR
spectra of selected regions (13). To comple-
ment these spacecraft observations, a broad
range of new NIR imaging and spectroscopic
observations of Venus were acquired from a
global network of ground-based observatories.
The spectroscopic observations have been pre-
sented elsewhere (6, 10-12, 14, 15). The prin-
cipal objective of the ground-based imaging
program was to document the morphology
and motions of the NIR markings before,
during, and after the Galileo encounter. Thou-
sands of NIR images were taken during the
first week of January and during the first 2
weeks of February. These observing times were
ideal for high-resolution imaging of the night
side because Venus was near inferior conjunc-
ton (18 January 1990) with its night side
facing Earth. Its angular size was about 50 arc
sec, allowing about 50 resolution elements
across the night side. Most images were taken
in twilight or during the day because Venus
was usually less than 30° from the sun. Images
were -collected almost continuously for 5- to
17-hour periods each observing day from sites
that were widely separated in longitude (16).
This high-resolution, long-duration time series
allowed us to track a large number of distinct
markings for periods ranging from 3 hours to
46 days (17).

The appearance of the Venus night side
during January and February is shown in Figs.
1 and 2, respectively. These images were taken
in the 2.3-um spectral window where the NIR
markings usually have the highest contrast.
Low latitudes (£40°) were characterized by a
persistent large-scale (zonal wave number 1)
pattern that moved from east to west (right to
left in Figs. 2 and 3). The spatial extent of the
bright and dark components of this pattern is
more obvious in Fig. 3, A and B, where the
imaging data from January and February, re-
spectively, have been projected onto cylindrical
latitude-longitude maps and combined to form
global mosaics. A large, long-lived, dark patch
that occupies this entire latitude range and
covers about 180° of longitude was first seen
on 1 to 2 January (Fig. 1, B and C), and again
on 6 to 7 January (Fig. 1, F and G). Parts of it
were also seen on 31 January, 5 February, and
10 to 12 February (Fig. 2, B and C and F
through H). This dark patch, and a very similar
feature seen in images taken in May and June
1988 (2), indicates the presence of increased
H,S0, cloud opacity (46, 12, 15).

Simulations of NIR spectra (12, 15) indicate
that the darkest markings have 10 to 25%
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greater H,SO, cloud optical depths than the
brightest markings. Clouds in the optically
thick dark markings absorb more of the up-
welling thermal radiation from the hot lower
atmosphere. Because of this, the dark markings
experience more thermal radiative heating than
the brighter markings. The horizontal heating
contrasts associated with the long-lived, low-

latitude bright-dark pattern should produce
significant horizontal temperature variations
within the clouds because the lifetime of this
pattern exceeds the 1- to 2-week radiative re-
laxation times at these altitudes (18). This radi-
ative mechanism could explain the anomalous
6.5 K offset between the vertical temperature
profiles measured by the two Vega balloons

Fig. 1. One image of Venus at 2.36 pm is shown for each successful observing day before inferior
conjunction. These images were arranged to illustrate the 5.5-day feature rotation period of the
planetary-scale markings; (A) 31 December, 21:23 UT; (B) 1 January, 18:34 UT; (C) 2 January, 18:56
UT; (D) 5 January, 00:39 UT; (E) 5 January, 19:03 UT; (F) 6 January, 23:44 UT; (G) 7 January,
19:01 UT. A gap was left between images (C) and (D) because we have not yet completed the
processing of the data from 3 January 1990. All images were obtained with the 58 x 62 element InSb
NIR camera on the Kitt Peak National Observatory 1.3-m telescope. Images are oriented so that north
(on the sky) is up and east (on the sky) is to the left. Before inferior conjunction, Venus was an
afternoon-evening object, and the NIR markings moved from the bright crescent to the dark limb. We
constructed each image by averaging up to 40 short exposures to increase the signal-to-noise ratio. We
reduced the effects of scattered light from the bright sunlit crescent by subtracting out-of-band images
(taken near 2.1 pm, where the night side emits little radiation) from each in-band (2.36 pm) image.
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(19, 20). Both balloons floated within the
middle cloud at low latitudes, but they were
separated by about 135° of longitude. Vega-1,
which measured consistentdy higher temper-
tures than Vega-2 at the same pressure level,
may have floated within a warmer dark mark-
ing, while Vega-2 sampled a cooler bright

The large (2000 km) low-latitude bright
spot centered near 16°N on 29 January (Fig.
2A) was seen again in images taken near
midnight UT (universal time) on 9 Febru-
ary, just before the Galileo encounter, but it
disappeared into the sunlit hemisphere be-
fore the first NIMS image was taken. It was
centered on the opposite side of the planet
from the large dark patch (Fig. 3B). This
bright spot persisted for at least 11 days, but
it dissipated before 15 February when it was
expected to reappear on the night side. Its
rotation period was 5.15 * 0.1 days, indi-
cating an average east-west velocity of 83 *
2 m s™! at 16°N. No north-south motion
was detected between 29 January and 10
February, which places an upper limit of 0.5
m s™! on its mean north-south velocity.

Bell ez al. (11, 12) acquired a spectrum of
this bright spot on 29 January and found
that its intensity could be simulated by the
removal of 60% of the mode 2’ (1.4-pm
modal radius) and mode 3 (3.4-pm modal
radius) particles from the middle (49 to 57 km)
and lower (47 to 49 km) cloud decks. They
also found that it was associated with the
largest deep-atmosphere water vapor abun-
dance ever measured from the ground. Their
spectra from 29 January indicated water vapor

Fig. 2. One NIR image of Venus is shown from
each successful day of the postconjunction period
(29 January to 15 February 1990). Venus was in
the morning sky, and the NIR features moved
from the dark limb toward the bright crescent.
Images were arranged to illustrate the 5.5-day
period for the planetary-scale markings. Gaps
indicate days with no data. (A) A K-band (2.2-
pm) image taken with the University of Hawaii
(UH) 256 X 256 eclement HgCdTe camera
mounted on the Mauna Kea Observatory (MKO)
0.6-m telescope on 29 January, 17:10 UT. (B)
Same as (A), but taken on 31 January, 17:51 UT.
(C) Same as (A), but taken on 5 February, 17:09
UT. (D) A 2.36-pm image taken with the UH
NICMOS camera on the UH 2.2-m telescope at
MKO on 7 February, 19:38 UT. (E) Same as
(D), but taken on 10 February, 00:50 UT, about
2 hours before the first Galileo NIMS image was
taken. (F) Same as (D), but taken on 10 February,
17:01 UT. (G) A 2.38-pm image taken with the
Palomar 256 x 256 element HgCdTe prime-
focus camera on the Palomar 5-m telescope on 11
February, 14:13 UT. (H) Same as (G), but taken
on 12 February, 13:58 UT. () A 2.36-um image
taken with the 128 x 128 element HgCdTe
camera on the Las Campanas Observatory 1-m
telescope on 13 February, 10:00 UT. (J) Same as
(I), but taken on 14 February, 10:57 UT. (K)
Same as (I), but taken on 15 February, 10:16 UT.
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mixing ratios near 200 ppmv at pressures be-
tween 1 and 8 bars (30 and 50 km). This is 2.5
to 5 times as much water as other ground-
based observers have reported (5, 6, 15), but it
is comparable to that measured by the Pioneer

Venus and Venera entry probes (7, 8). Bell et
al. also took a spectrum of the dark marking
just to the west of the bright spot and found
much smaller water vapor mixing ratios (40

ppmv).
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Fig. 3. Images of the Venus night side at 2.36 pm were projected onto a cylindrical latitude-longitude
grid and then assembled into mosaics for (A) 31 December to 7 January and (B) 7 to 15 February. To
register the images in longitude, a 5.5-day rotation period was assumed at all latitudes, and all longitude
offsets were referenced to 00:00 UT on 10 February 1990. The longitude range seen by Galileo NIMS
falls roughly between 0° and 90°. The alignment and overall similarity of the large-scale features in the

January and February mosaics verify the 5.5-day period and show that the larg

est features have lifetimes

that exceed 1 month. Small-scale features, like those that dominated the night side on 10 February,

rarely persist for more than one rotation period.

Fig. 4. All tracking results from 100 —

January and February were com-
bined to derive the velocities of
NIR markings as a function of lat- 8o}
itude. The error bars show 1 o
uncertainties for velocities mea-
sured in 5° latitude bins. These 60}
uncertainties are caused primarily
by errors in the determination of
the positions of distinct markings
in different images. The largest un-
certainties are contributed by the
changes in the atmospheric seeing
(blurring caused by Earth’s atmo-
sphere), digitization errors caused
by the finite pixel sizes on the NIR
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detectors, foreshortening errors 00
produced as features move close to
the Venus limb, and errors in the
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location of the Venus limb on the detector. Some of the observed variance may also be caused by real
differences in the feature velocities. The large planetary-scale markings move up to 25 m s™! faster than

the smaller markings at low latitudes, producing two distinct velocity profiles. Small, slow-moving

markings dominated low latitudes on the day of the Galileo encounter.
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To determine the horizontal distribution of
wet and dry regions in the deep atmosphere of
Venus, we constructed “water maps” from
ratios of narrow-band NIR images taken at
wavelengths in and out of water vapor absorp-
tion bands. Differences in the water vapor
abundance as large as those reported by Bell et
al. would appear as factor of 2 intensity varia-
tions in these ratio maps. The first maps were
constructed from 2.40-pm (in-band) and 2.24-
um (out-of-band) images taken at the Palomar
5-m telescope on 9 February. These maps,
which were made 11 days after the observa-
tions described by Bell et al., showed no evi-
dence for enhanced water vapor mixing ratios
near the bright spot. That apparent water vapor
anomaly may have been dispersed beyond our
detection limits by the strong vertical shears in
the east-west winds below the cloud base (21).
These ratio maps, and others compiled from
ratios of 2.4-pm (in-band) and 2.3-pm (out-
of-band) images taken at the 3.9-m Anglo-
Australian Telescope (AAT) on 13 February
(15), rarely show horizontal intensity contrasts
larger than a few percent. Numerical simula-
tions of these data (15) show that the prevailing
water vapor mixing ratio is near 40 + 20 ppmv
below the clouds. These observations provide
no evidence for the large, north-south water
vapor gradients below the clouds that were
proposed to explain the Pioneer Venus net flux
radiometer measurements (22).

In contrast to the lower latitudes, which
show bright and dark markings with a vari-
ety of spatial scales, mid-lattudes (40° to
60°) of both hemispheres were occupied by
bright quasi-zonal bands. Similar structures
were seen in all earlier observations (1-3).
The absence of distinct markings frustrated
efforts to track east-west velocities at these
ladtudes, but these bright bands may still
constrain the dynamics of the middle and
lower cloud decks. The reduced cloud opac-
ity in these bands could be produced by
downwelling, which transports H,SO,
droplets below the cloud base where they
evaporate. The persistence of this down-
welling suggests that it might be associated
with the descending branch of a low-latitude
cloud-level Hadley cell, like that proposed
by Limaye (23). If this Hadley cell is con-
fined to the region of the clouds where the
NIR markings are formed, one should be
able to detect it directly by measuring the
north-south velocities of these markings.
Unfortunately, the uncertainties in our
ground-based measurements at mid-lat-
tudes (+8 m s~ ') are too large to confirm or
preclude such a cell. The higher resolution
Galileo observations might provide the con-
straints needed to test this hypothesis.

Scattered light from the bright sunlit cusps
of Venus precludes observations of night-side
NIR emission in the polar regions, but the
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highest latitudes that can be seen (£60° to 75°)
are always dark and featureless (2). These dark
bands fall at the same latitudes as the “cold
collar” seen at mid-infrared wavelengths (8 to
12 pum) (24-26). The cold collar has been
attributed to a cold cloud top. Unlike the
mid-infrared measurements, our NIR observa-
tions are not sensitive to the temperature of the
cloud top. Instead, they indicate that the clouds
have greater optical depths at these latitudes.
The mechanisms that make the clouds more
opaque and cloud tops colder at these latitudes
are not currently known, but both phenomena
could be produced by strong vertical convec-
tive mixing within the middle and upper cloud
layers (49 to 57 and 58 to 65 km, respectively).
This mixing would suspend larger cloud parti-
cles that are more opaque at NIR wavelengths.
The almost adiabatic vertical temperature gra-
dients derived from Pioneer Venus radio occul-
tation observations at these altitudes and lati-
tudes (27) appear to support this hypothesis.

The largest markings (>2000 km) at lat-
tudes less than +60°, including the planetary-
scale dark cloud, the bright spot seen on 29
January and 10 February, and distinct features
within the persistent mid-latitude bright bands
(+40° to 60°) rotate from east to west in
almost solid-body rotation with periods near
5.5 + 0.15 days (Fig. 4). This corresponds to
an equatorial velocity of 80 = 3 m s™! (17),
which is about 10 m s™' faster than that
derived from earlier studies of NIR markings
(1-3). Similar rotation periods were derived
from markings tracked over both short (3- to
5-hour) and long (5- to 46-day) intervals.
Unlike the largest markings, most small-scale
(400 to 2000 km) markings at low latitudes
had east-west velocities near 60 = 7 m s~ 1,
indicating rotation periods near 7.4 * 1 days.
During the Galileo encounter, slow-moving,
small-scale markings dominated the Venus
night side at low latitudes (£30°), while faster
moving large-scale features occupied higher
latitudes.

The apparent coexistence of distinct rotation
periods for large- and small-scale markings sug-
gests that they are related to different phenom-
ena. For example, they may provide indepen-
dent estimates of the winds in the middle and
lower cloud layers. To determine the plausibil-
ity of this hypothesis, we used the thermal wind
equation (28) to estimate the north-south tem-
perature gradient at 30° latitude implied by the
observed velocity difference. If the faster com-
ponent (75 m s~ ') was centered near 0.6 bar
(middle cloud) and the slower component (60
m s™') was centered near 1.3 bars (lower
cloud), the computed poleward temperature
gradient is —0.14 K per degree of latitude.
Measurements by the Pioneer Venus entry
probes (29) and radio occultation experiment
(27) reveal similar horizontal temperature gra-
dients near the 1-bar (50 km) level and support
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this interpretation of the distinct NIR marking
velocity profiles.
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During the 1990 Galileo Venus flyby, the Near Infrared Mapping Spectrometer investigat-
ed the night-side atmosphere of Venus in the spectral range 0.7 to 5.2 micrometers.
Multispectral images at high spatial resolution indicate substantial cloud opacity variations
in the lower cloud levels, centered at 50 kilometers altitude. Zonal and meridional winds
were derived for this level and are consistent with motion of the upper branch of a Hadley
cell. Northern and southern hemisphere clouds appear to be markedly different. Spectral
profiles were used to derive lower atmosphere abundances of water vapor and other species.
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