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ABSTRACT

The Atacama along the Pacific Coast of Chile and Peru is one of the driest and possibly old-
est deserts in the world. It represents an extreme habitat for life on Earth and is an analog for
life in dry conditions on Mars. We report on four years (September 1994-October 1998) of cli-
mate and moisture data from the extreme arid region of the Atacama. Our data are focused
on understanding moisture sources and their role in creating suitable environments for pho-
tosynthetic microorganisms in the desert surface. The average air temperature was 16.5°C and
16.6°C in 1995 and 1996, respectively. The maximum air temperature recorded was 37.9°C, and
the minimum was —5.7°C. Annual average sunlight was 336 and 335 W m~2 in 1995 and 1996,
respectively. Winds averaged a few meters per second, with strong fohn winds coming from
the west exceeding 12 m s™1. During our 4 years of observation there was only one signifi-
cant rain event of 2.3 mm, which occurred near midnight local time. We suggest that this event
was a rainout of a heavy fog. It is of interest that the strong El Nifio of 1997-1998 brought
heavy rainfall to the deserts of Peru, but did not bring significant rain to the central Atacama
in Chile. Dew occurred at our station frequently following high nighttime relative humidity,
but is not a significant source of moisture in the soil or under stones. Groundwater also does
not contribute to surface moisture. Only the one rain event of 2.3 mm resulted in liquid wa-
ter in the soil and beneath stones for a total of only 65-85 h over 4 years. The paucity of lig-
uid water under stones is consistent with the apparent absence of hypolithic (under-stone)
cyanobacteria, the only known primary producers in such extreme deserts. Key Words: Ata-
cama Desert—Extreme environments—Mars—Hypolithic cyanobacteria. Astrobiology 3,
393-406.
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INTRODUCTION

HE ATacaMA DESERT extends across 1,000 km
from 30°S to 20°S along the Pacific coast of
South America (Fig. 1). McGinnies et al. (1968) list
the Atacama Desert in Chile within the Meigs
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FIG.1. Location of the study site near Yungay, Chile,
an abandoned nitrate mine, in the extremely arid region
of the Atacama Desert. In addition to the Yungay and
Baquedano, the desert sites mentioned in this paper, the
main coastal towns are shown. The locations of the prin-
cipal nitrate fields are indicated by dotted regions. The
mountain peaks used in the topographic profile in Fig. 2
are labeled by triangles. The large saline lake, the Salar
de Atacama, is labeled and is near a nitrate field.
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classification scheme as Ea23 (E indicates ex-
tremely arid, a indicates no marked season of pre-
cipitation, 2 indicates mean temperatures during
the coldest months between 10°C and 20°C, 3 in-
dicates mean temperatures during the warmest
months between 20°C and 30°C). As discussed
before (e.g., Borgel, 1973; Caviedes, 1973; Miller,
1976, Rundel et al., 1991) the desert owes its ex-
treme aridity to the climatic regime dominated by
a constant temperature inversion due to the cool
north-flowing Humboldt ocean current and the
presence of the strong Pacific anticyclone. The po-
sition of the Pacific anticyclone is generally sta-
ble with a small shift of a few degrees south in
the summer (Trewartha, 1961). The main ele-
ments of climate dynamics in the arid region
along the Pacific coast and particularly in the
Atacama Desert are described in Lettau (1976),
Rutllant and Ulriksen (1979), Abreu and Bannon
(1993), and Rutllant et al. (1998, 2000).

Geological and soil mineralogical evidence
suggests that extreme arid conditions have per-
sisted in the southern Atacama for 10-15 Myrs
(Ericksen, 1983; Berger and Cooke, 1997), making
it probably the oldest desert on Earth. The Ata-
cama is a temperate desert, and although it is not
extremely hot, it is one of the driest deserts in the
world. The driest parts of the Atacama Desert are
located between ~22°S to 26°S (Borgel, 1973) in
the broad valley formed by the coastal range and
the medial range as shown in Fig. 2. The age and
aridity of the Atacama are probably directly re-
sponsible for the large nitrate accumulations that
are present there. The nitrates are likely to be of
atmospheric origin (Bohlke et al., 1997) and are
not biologically decomposed or carried away by
water flow because of the extreme aridity and
have accumulated into significant concentrations
over the long age of the desert. In the early 1900s
nitrate mining operations were conducted in this
area, but most are now abandoned.

The climate throughout South America is af-
fected by changes in rainfall due to El Nifio. El
Nifio events can bring heavy rainfall to the
deserts of Peru, and stronger events can penetrate
further inland and southward. The rainfall
regime within the region and its relation to El
Nifio have been analyzed by Ortlieb (1995) and
Vargas et al. (2000). Vargas et al. (2000) have
shown that mudflows in the coast at Antofagasta
during the 20th Century are related to the occur-
rence of El Nino events. Ortlieb (1995) also found
that heavy rains in Antofagasta reported in his-
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guidebook). The peaks listed are indicated by triangles on Fig. 1.

toric times were correlated with El Nifio events
(e.g., 1982, 1987). Ulloa et al. (2001) monitored the
temperature, dissolved oxygen, chlorophyll-a,
and zooplankton in the coastal waters off Antofa-
gasta during the 1997-1998 El Nifio event and
found that perturbations associated with El Nifio
were clearly present.

Proxy temperature records indicate that in-
creased precipitation from El Nifio events oc-
curred from 10,000 to 16,000 years ago, though
rains still did not penetrate the absolute desert re-
gion (Betancourt et al., 2000). A 106,000-year pa-
leoclimate record from a drill core from the Salar
de Atacama (see Fig. 1 for location) also indicates
episodic wet periods during the past (Bobst et al.,
2001). Bobst et al. (2001) found that the early
Holocene wet interval at Salar de Atacama was
synchronous with the maximum Holocene lake
levels of the Chilean Altiplano lakes to the east
and with grass-rich rodent middens between
11,800 and 10,500 years in age from the Atacama
basin (cf. Betancourt et al., 2000).

Thus, the effects of a strong El Nifio event on
the coast of South America do reach as far south
as Antofagasta, and so the determination of any
effects in the Atacama Desert at this latitude is of
interest. We were fortunate to have our data in-
clude the period of the strongest recent El Nifio,
which spanned from April 1997 to mid-May 1998
(McPhaden, 1999; Takayabu et al., 1999), and we
can therefore determine directly the effect of this
El Nifio on rain in the central Atacama.

In extreme arid deserts, with higher plants rare
or practically absent, the main or only source of
photosynthesis is by microorganisms (Friedmann
et al., 1967; Friedmann and Galun, 1974), mostly
cyanobacteria. These live under translucent
stones of pavements (hypoliths) or below the sur-
face of translucent porous rock [cryptoendoliths

or chasmoendoliths (Friedmann and Ocampo-
Friedmann, 1977; Golubic et al., 1981)]. Light lev-
els in these habitats are sufficient to allow for pho-
tosynthesis, and the microenvironment under
stones (Jury and Bellantouni, 1976a,b) or inside
rocks apparently traps moisture necessary for life.

In deserts, the controlling environmental fac-
tor for life is the availability of water. Hypolithic
algae appear to be absent in the dry core region
of the Atacama. The purpose of this study was to
collect meteorological and soil moisture data to
understand the effect of the physical environ-
ment, especially liquid water, on the distribution
of photosynthetic microorganisms so as to quan-
titatively determine the limits of life as set by the
availability of water. Understanding the limits of
life on Earth in desert environments can help es-
tablish models for survival in the dry conditions
on Mars.

SITE DESCRIPTION AND METHODS

Our study site is located in the Atacama Desert
within the University of Antofagasta Desert Re-
search Station (24°04'50” S, 69°5'11” W, elevation
900-1,000 m) near the abandoned nitrate mine of
Yungay. Geomorphologically, our study site, like
most of the central Atacama Desert, is covered by
a rather sparse desert pavement with small stones
or pebbles lying on or partly embedded in the
soil. Such stones form a suitable habitat for hy-
polithic cyanobacteria and algae (Vogel, 1955;
Friedmann et al., 1967, Friedmann and Galun,
1974). The surface is characterized by a dried soil
surface with little moving sand and few stones.
Drill cores show that the vertical soil profile is
composed of broad alternate layers of sandy soil
and impervious clay, which inhibits vertical wa-
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ter diffusion. There is virtually no vegetation ex-
cept at rare sites where the water table reaches
the surface. Throughout the region the water
table is typically at =25 m depth. Figure 1 shows
the location of the study site, and Fig. 2 shows a
representative cross section of the topography of
the region. There are no permanent human set-
tlements in the central desert near Yungay.

The meteorological station was based on a
Campbell 10X data logger operated by solar-
recharged batteries. The system records air tem-
perature and relative humidity (RH) at 2 m above
the surface using a Campbell 207 probe in a ven-
tilated radiation shield. The error in the temper-
ature measurement is * 0.2°C. The error in the
humidity measurement is <10%. However, an
important caveat is that the Campbell 207 RH
sensor has high errors for RH values below 15%—
usually tending to systematically overestimate
values. A 05013 RM Young Wind Monitor (wind
speed and direction) was mounted at approxi-
mately a 2.5 m height. A Texas Electronics TE525
tipping bucket rain gauge was placed 20 cm
above the ground about a meter from the station.
Our onsite calibration after 3 years in the field
showed good operation and an accuracy of bet-
ter than 6%. Nearby, mounted to the top surface
of a small stone, a Campbell 237 leaf wetness in-
strument was used as a dew indicator. The dew
sensor recorded a signal from 0 to 1 that is de-
pendent on the amount of moisture present on
the sensor surface. There is no quantitative cali-
bration for this unit, but its proper operation was
confirmed after 3 years in the field. A LiCor Li200
pyranometer recorded solar flux. The Li200 is
based on a silicon detector sensitive to light of
wavelengths from 0.4 to 1.1 um. It was calibrated
against an Eppley precision pyranometer, and the
error in the averaged light measurement was
<10%.

At ground level, one RH chip (PCRC-11, Phys-
Chem Scientific Corp.) was placed beneath a
small (6 cm in diameter) quartzite stone of the
desert pavement; another was placed in the soil
surface a few centimeters away. The sensors ex-
tend to ~2 cm below the surface. Another unit
was placed at 10 cm depth in the soil. The PCRC-
11 is the same sensor element used in the Camp-
bell 207 probe. In the extreme dry soils of the At-
acama Desert, RH sensors are a practical way to
monitor soil moisture. The temperature of the un-
derside of the quartzite stone was measured us-
ing a copper-constantan thermocouple. Conduc-
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tivity probes to measure soil moisture were also
placed under the stone, as well as under another
quartzite stone similar in size located a few cen-
timeters away. The soil conductivity probe is
based on the voltage drop across two bare wires,
5 mm apart, referenced to a 2.2 k() (kohm) resis-
tor utilizing a 2.5-V alternating current excitation.

All sensors were sampled once every 3 min,
and the average of 10 measurements was written
to final memory every 30 min, corresponding to
48 recordings each day. For wind direction the in-
stantaneous direction at the time of output was
recorded, not the average.

The station was emplaced on September 24,
1994, and operated until it was removed on Oc-
tober 16, 1998. No useful data on wind direction
were obtained before November 31, 1995. Be-
cause of loss of the solar power panel the station
did not operate from September 2, 1997, to Octo-
ber 15, 1997. In total, 1,438 complete days of data
were recorded and 46 complete months. The com-
plete dataset, as well as monthly averages, are
available from the authors electronically.

RESULTS

Monthly summaries of the key meteorological
data are listed in Table 1. The list includes the
maximum, average, and minimum values for the
air temperature and air humidity. Also listed is
total rain; hours of dew; number of nights with
dew; hours that the conductivity beneath the two
stones exceeded 10 uS (a siemen is the SI unit of
conductance and is equal to 1 inverse ohm); max-
imum, average, and minimum values for the
stone temperature; maximum, average, and min-
imum values for the RH under the stone and in
the soil; average light; and wind speed.

Temperature

The temperature regime in the Atacama Desert
is not extremely hot, nor are extremes of cold
reached (e.g., compared with Death Valley where
air temperatures exceed 50°C for many days in
the summer). The maximum air temperature
recorded over the 4-year period was 37.9°C, and
the minimum was —5.7°C. Figure 3 shows daily
maximum, average, and minimum temperature
for each day in 1996. Typically, daytime maxi-
mum temperatures reach 32°C. There is more sea-
sonal variation in the minimum with summer
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FIG. 3. Daily maximum, minimum, and average tem-
peratures in the Atacama Desert for the year 1996.

minima at ~10°C, and winter levels near 0°C.
Over the 4-year period of this data set there was
only small interannual temperature variability.
Figure 4 compares the monthly mean tempera-
tures for the entire data set. As seen in Fig. 4, the
year-to-year variations in mean monthly temper-
atures are typically less than a few degrees. For
1995 and 1996, the data collected were uninter-
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rupted, and yearly averages can be computed.
The average air temperature was 16.5°C in 1995
and 16.6°C in 1996. The stones on the desert floor
heat up ~20°C above the air temperature under
full sunlight.

Moisture

In contrast to temperature and light, moisture
in the Atacama Desert is highly variable on daily,
monthly, and yearly time scales. The complete
record of those sensors that record moisture is
shown in Fig. 5. Dew occurred throughout the
measurement period but showed interannual
variability. Early 1995 had almost continuous
dew at night, while significant periods near June
1996 had no dew. We are confident that the vari-
ation in dew seen in Fig. 5 is real because of the
simplicity of the dew sensor (exposed wires) and
repeated field testing of the sensor throughout
the measurement interval. Thus 1994-1995 may
have been an unusual period of heavy dew, while
the record for 1996 onward may be more typical.
In the absence of rain, the soil humidity was
<30%, which is extremely dry for soil corre-
sponding to a water potential of —166 MPa.

N
o

Monthly Average Temperature, °C
o

01998 -
41997
21996 .
m1995
01994 N

| 1 | | | | I

ol L1 1

10 11 12
Month

FIG. 4. Monthly average temperatures in the Atacama Desert from September 1994 to September 1998. Open
squares are for 1994, solid squares are for 1995, open triangles are for 1996, solid triangles are for 1997, and open cir-
cles are for 1998. The solid line connects the points for 1996, which are shown in detail in Fig. 3.
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FIG. 5. Moisture patterns in the Atacama Desert. Top panel: Both dew (0 to 1 from the dew sensor is plotted as

ranging from 1 to 2 mm on the rain scale) and rain. Second panel: Conductivity beneath the stone. Third panel: RH
in the surface soil (02 cm). Bottom panel: RH beneath the stone. Dew is common, but the only significant rain event
was 2.3 mm on 11 May 1997. Only during this rain event was moisture present in the soil or beneath the stone at lev-

els >80% humidity.

Only five rain events were recorded. These are
listed in Table 2. Three of the rain events were
just at the limit of detection (0.1 mm), and a fourth
was at 0.3 mm. These small rain events probably
represent heavy dew that collected in the rain
gauge. On May 11, 1997, the only significant rain
(2.3 mm) occurred in a single 30-min recording
period close to midnight, which represents >20
tips of the recording bucket. As seen in Table 2,
most of the rain events occurred at night or early
in the morning. We suggest that these rain events
were merely the precipitation of heavy fog, pos-
sibly due to unusually large fog droplets created
as a result of a smaller than normal number of
condensation nuclei present on those days.

TaBLE 2. RAIN EVENTS IN THE ATACAMA DESERT AT
YUNGAY STATION (SEPTEMBER 1994-SEPTEMBER 1998)

Local standard time Date Rain (mm)
08:30 June 15, 1995 0.1
01:30 July 30, 1995 0.3
01:30 August 31, 1996 0.1
22:30 May 11, 1997 2.3
09:30 January 30, 1998 0.1

A detailed look at the days after the largest rain
event (2.3 mm) is shown in Fig. 6. The RH and
conductivity beneath the stone and the soil hu-
midity all confirm the presence of a significant
rain event. The rain produced increased soil
moisture lasting several days, with moist condi-
tions under the stones only marginally longer.
Actual liquid water (RH >95% and ) >10 uS)
occurred under the stones for ~65-85 h (see Table
1). Within 10 days both subsurface RH levels
were close to their pre-rain value. Though fluc-
tuations in the data indicated increased surface
moisture for 30 days rather than just 10 days, this
variation may not be significant given the limita-
tion of sensor accuracy at low moisture level. The
rain event occurred during the start of the
1997-1998 El Nifio while the sea surface temper-
atures were rising but not yet reaching the high
values associated with the main El Nifio phase
that occurred in June or July 1997, or possibly
even November 1997 (see Fig. 5 of McPhaden,
1999). However, the data of Ulloa ef al. (2001)
show EI Nifo effects off the coast at Antofagasta
as early as April 1997, so this rain event may have
been an El Nifio effect.
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FIG. 6. Detailed plot of the rain event of May 11, 1997 showing the 2.3 mm rain (indicated by the solid triangle),
daily average values of the RH of the soil surface, 10 cm below the soil surface, and under a surface stone, dew (0
to 1 from the dew sensors is plotted as ranging from 10% to 20% RH), and conductivity (in units of uS using the
RH axis). High moisture levels as indicated by RH values >80% persist in the soil surface for many days after rain
and for slightly longer under the stone. The moisture increase at 10 cm below the soil lags the rain event by 10 days.

As seen in Fig. 6, the RH indicator at 10 cm be-
low the soil surface recorded increased soil wa-
ter content ~10 days after the rain event. The in-
crease is significant (45% RH) compared with the
pre-rain baseline (~25% RH) and declines over
time scales of more than a month. This is the only
indication in our data of moisture change with
depth and suggests that moisture flow from the
surface downward does occur after significant
rain. Moisture flow from subsurface water tables
to the surface, however, was not evident.

As seen in Fig. 5, high nighttime RH and dew
occur frequently in the central Atacama. How-
ever, dew by itself did not produce measurable
moisture in the soil or under the stone (though
dew would have produced wetness on plant sur-
faces no plants were present). Only rain resulted
in soil moisture. Figure 7 shows a typical dew
night. At midnight the air RH was high, essen-
tially saturated. Dew formed as indicated by the
dew sensor was present all through the pre-dawn
hours. At dawn, temperatures rose, and the dew
dissipated. The wind speed was low in the pre-
dawn hours and morning, rising in the early af-

ternoon with the strong winds blowing from the
west. It is interesting to compare Fig. 7 with Fig.
8, a night just 2 weeks earlier in which no dew
was recorded. Temperature, light levels, and
wind profiles are indistinguishable between the
two days, and yet there is no dew or high night-
time humidity. We suggest that this indicates that
nighttime air moisture is a function of the source
of the air mass: Moist air moving in from the Pa-
cific can create dew, while dry air moving from
inland would not. The regular formation of thick
stratus cloud banks below 1,000 m along the coast
dissipates inward when the topography is low
and flat. Dense fogs, termed camanchaca in Chile,
are observed around steep slopes or isolated
mountains near the coast (e.g., Berger and Cooke,
1997, p. 584) and are an important ecological
source of moisture along the coastal range (Run-
del et al., 1991). Our results indicate that the ca-
manchaca reach the interior desert at night, re-
sulting in high humidity and dew, but they are
not an important source of moisture.

There are no permanent recording stations near
our site, but we can compare our record of rain
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FIG. 7. Daily cycle of stone and air temperature, sunlight, air RH (solid line), dew (open squares showing 0 to 1
from the dew sensor ranging from 0% to 100% RH), wind speed (solid line), and wind direction (shown as arrows
added to the wind speed plot; north is up, east is 90° to the right). Dew and high humidity occur in the night. Time
is local standard time, 4 h west of Greenwich Mean Time.

with the rain reported for the city of Baquedano The fact that dew did not result in measurable
(23°13'S, 69°50'W, elevation 1,032 m), which is moisture under stones is significant. Friedmann
listed in Table 3. The same pattern of high inter- et al. (1967), based on dew measurements only,
annual variability is seen in the Baquedano record. tentatively suggested that the main source of wa-
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FIG. 8. Same as Fig. 7 but 2 weeks earlier, showing a day without high humidity and dew.
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TABLE 3. MEASURED PRECIPITATION (IN MM) FROM BAQUEDANO, CHILE

Year January February March April May June July August

September October November December Total

1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
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ter for hypolithic cyanobacteria in the Negev
Desert (Meigs classification Ac24) is dew. In light
of our measurements, this does not seem to be
the case in the arid region of the Atacama.

Light

The central Atacama is exceptionally free of
clouds. Uninterrupted light levels as shown in
Figs. 7 and 8 are typical. The annual average sun-
light was 336 W m~2 in 1995 and 335 W m~2 in
1996. This can be compared with the annual av-
erage sunlight above the atmosphere for this lo-
cation, which we compute to be 387 W m~2—an
atmospheric transmissivity of 87%. Figures 7 and
8 also show that solar heating raised the temper-
ature of the desert floor above the air tempera-
ture by 20°C. The maximum stone temperature
occurs at the time of maximum light, while the
maximum air temperature lags behind maximum
light by a few hours.

Wind

In many deserts, the temperature and mois-
ture content of the air depend strongly on wind
direction. This is expected in the Atacama,
which is bordered on the west by the Pacific
Ocean and on the east by the Andes. Figures 9
and 10 show the correlations between wind
speed and direction, and air temperature and air
humidity. In general, the data indicate that high

wind speeds are associated with warm, dry air,
and that the wind direction for these dry hot
winds is from the west toward the east (wind di-
rection 270°). This would be consistent with
downslope (féhn) winds coming from the
coastal mountains. As these winds descend they
are adiabatically heated and desiccated. Strong
downslope winds from the Andes are not indi-
cated in our data. This would suggest that par-
ticulate transport by high winds would tend to
move material from west to east.

CONCLUSIONS

Based on the 4 years of data presented here we
reach the following conclusions:

1. The strong EI Nifio of 1997-1998 did not bring
significant rain or increased moisture to the ex-
treme arid region of the central Atacama.

2. Dew occurs frequently following high night-
time RH. However, dew is not a source of
moisture in the soil or under stone surfaces.
Groundwater also does not contribute to sur-
face moisture. Only the single rain event of 2.3
mm resulted in detectable liquid water under
the stone and in the surface soil.

3. Anecdotal reports of low rain frequency (typ-
ically once per decade) are supported by our
dataset.
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FIG. 9. Correlation between air temperature (top) and air RH (bottom) with wind speed for the year 1996. Each
point represents a single 30-min sampling interval. The solid curve shows the average value of each parameter ver-

sus wind speed.

4. Strong winds in the Atacama are associated
with warm, dry fé6hn winds coming down
from the coastal mountains. These winds may
be an important transport mechanism for salts

4 m/s
40%

2

<
<

S

FIG. 10. Correlation between average wind speed
(solid line, scale 0-4 m/s) and average air RH (dotted
line, scale 0-40%) with wind direction. The strong winds
blow from the west and are dry consistent with the cor-
relation in Fig. 9.

and minerals, and would tend to accumulate
material on the east side of the central de-
pression.

5. During our study period of 4 years, liquid water
was present under stones for only 65-85 h. This
low level is consistent with the absence of hy-
polithic cyanobacteria under translucent stones
in the extreme arid regions of the Atacama.

6. The extent of liquid water present in this dry
environment on Earth provides a standard
against which to compare the transient melt-
ing of water on the surface of Mars (e.g.,
Hecht, 2002; Kuznetz and Gan, 2002).

Like many deserts of the world, the Atacama
shows considerable yearly variability in mois-
ture. To understand its climate will require a
record of meteorological data that is longer than
presented here. An adequate data set may need
to span 30 years.
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