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ABSTRACT

The climatology and recent trends of low-level coastal clouds at three sites along the northern Chilean coast

(18.38–23.48S) are documented based upon up to 45 years of hourly observations of cloud type, coverage, and

heights. Consistent with the subtropical location, cloud types are dominated by stratocumuli having greatest

coverage (.7 oktas) and smaller heights (600–750m) during the nighttime of austral winter and spring.

Meridionally, nighttime cloud fraction and cloud-base heights increase from south to north. Long-term trends

in mean cloud cover are observed at all sites albeit with a seasonal modulation, with increasing (decreasing)

coverage in the spring (fall). Consistent trend patterns are also observed in independent sunshine hour

measurements at the same sites. Cloud heights show negative trends of about 100m decade21 (1995–2010),

although the onset time of this tendency differs between sites. The positive cloud fraction trends during the

cloudy season reported here disagree with previous studies, with discrepancies attributed to differences in

datasets used or to methodological differences in data analysis. The cloud-base height tendency, together

with a less rapid lowering of the subsidence inversion base height, suggests a deepening of the coastal cloud

layer. While consistent with the tendency toward greater low-level cloud cover and the known cooling of the

marine boundary layer in this region, these tendencies are at odds with a drying trend of the near-surface air

documented here as well. Assessing whether this intriguing result is caused by physical factors or by limita-

tions of the data demands more detailed observations, some of which are currently under way.

1. Introduction

The coast of northern Chile (19–248S, ;708W) lies

at the boundary between two remarkably contrasting

climatic environments. To the east, the extremely arid

AtacamaDesert and the highAndes Cordillera (.4000m

MSL) are located no farther than 300km from the coast.

To the west, the subsidence associated with the semi-

permanent southeast (SE) Pacific anticyclone and the

cold SE Pacific waters combine to produce a cool and

humid marine boundary layer frequently capped by a

stratocumulus (Sc) layer. The large extension and the

persistence of this Sc layer make it an important factor

in the global energy budget, acting as a cooling agent
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because of its effect on Earth’s mean albedo (Klein and

Hartmann 1993; Bretherton et al. 2004). As such, the SE

Pacific Sc cloud layer has been the subject of several ob-

servational and modeling studies aiming at improving the

understanding of its dynamics and the representation of

these clouds in climate models (Mechoso et al. 2014).

While closely related to the Sc clouds existing off-

shore, the low-level clouds along the northern Chilean

coast are also influenced by local circulations induced

by the land–sea contrast and prominent coastal to-

pography. As a result, coastal clouds in this region show

a marked diurnal, synoptic, and seasonal variability,

whose description is of importance for several appli-

cations including surface and air transportation, solar

energy resources, and tourism.

Several previous works have addressed climatological

features and tendencies of meteorological variables

measured at the coast of northern Chile. Muñoz et al.

(2011) presented a 29-yr climatology of surface meteo-

rology and vertical temperature and wind structure at

Antofagasta (23.48S, 70.48W). In particular, they de-

scribed the differences observed in this coastal boundary

layer depending on the presence of low-level clouds.

The current work can be considered a complement to

Muñoz et al. (2011) aimed at documenting in more de-

tail the climatology and trends of coastal clouds in this

region. Schulz et al. (2012) described the interannual

and long-term tendencies in precipitation, subsidence

inversion height, and cloudiness along the arid coast of

northern Chile. Of special relevance to this work, they

reported a strong decrease in total cloudiness since the

1970s affecting the northernmost portion of the Chilean

coast. Falvey and Garreaud (2009) and Vuille et al.

(2015), on the other hand, documented a cooling trend

in near-surface temperatures in the coastal region of the

SE Pacific over the last decades, at least partially ex-

plained by the cold phase of the Pacific decadal oscilla-

tion (PDO) that has prevailed since the late 1980s

(Trenberth and Fasullo 2013). Above the boundary

layer, however, they report a warming trend in the free

troposphere suggestive of a strengthening of the down-

ward branch of the Hadley cell over the study region. In

terms of climatological analyses of cloud observations

for this region, Quintana and Berríos (2007) and Berríos
(2008) provided a preliminary description of the vari-

ability of coastal clouds along northern Chile, while at a

global scale, Eastman and Warren (2013, 2014) com-

piled and documented a cloud climatology based on

surface observations, including the three stations ana-

lyzed herein. Finally, in a recent work Seethala et al.

(2015) analyzed corrected satellite observations of low-

cloud fractions to document decadal trends (1984–2009)

of cloudiness over several subtropical regions. For the

region off the west coast of South America, they show a

broad and significant increase in annual mean low-cloud

amount. By examining the attendant trends of meteo-

rological variables from reanalysis products, they attri-

bute this increase in low-level clouds mostly to an

increment in the estimated inversion strength capping

the marine boundary layer, aided by cooler sea surface

temperatures and enhanced cold air advection.

The present work aims at providing a more com-

prehensive description of the climatology and trends of

coastal clouds in this region by using a more detailed

and extended database than those of previous studies.

Section 2 of the paper describes the region of interest

and the databases used. The climatological features of

low-level coastal cloud fractions and heights at the three

sites are presented in section 3, together with their recent

trends. Section 4 does the same for meteorological vari-

ables such as temperature, humidity, and sunshine hours,

in an effort to verify the consistency between the docu-

mented variability of clouds and those of closely related

variables. This consistency is discussed in section 5 as well

as some disagreements that we find between our results

and those of previous works. Section 6 summarizes our

findings and describes some questions left open by them.

2. Sites and data

The main dataset analyzed in this study corresponds

to hourly cloud observations at the three major airports

along the northern Chilean coast: Arica (WMO station

85406; 18.338S, 70.338W; 58m MSL), Iquique (WMO

station 85418; 20.538S, 70.188W; 52m MSL), and Anto-

fagasta (WMO station 85442; 23.438S, 70.438W; 135m

MSL). Figure 1 shows the location of these sites together

with a topographic map and an example of a typical

morning cloud field over the region. The period of

analysis extends from 1969 to 2013 at Arica and Anto-

fagasta (45 years) and from 1981 to 2013 at Iquique

(33 years), as before 1981 the Iquique airport operated

in a different location. While data prior to 1969 exist at

Arica andAntofagasta, these are available only at 3-hourly

intervals and with reduced nocturnal coverage. In fact,

regular hourly cloud observations at Arica between 0100

and 0800 UTC only begin in April 1972.

Cloud observations are performed by professional

observers from the Chilean National Weather Service

supporting aeronautical operations at these airports.

During daytime, they use local topographic references

to estimate cloud-base heights. At night, heights are

estimated by using a ceiling light projector located at

a known distance from the observing point and a cli-

nometer that measures the elevation angle to the

point marked by the light reaching the cloud base.
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Since June 2006 this systemwas aided by a laser ceilometer

at Arica, although no change in the data is apparent. Some

previous studies on cloud climatologies warn about the

difficulties of cloud observations at night (Hahn et al. 1995)

and even avoid using them (Eastman and Warren 2013).

We argue that in this particular region nighttime appreci-

ation of low clouds is not especially hard for a trained

observer because the free troposphere above the marine

boundary layer is extremely clear and dry, as attested by

the presence of several astronomical observatories located

in the coastal mountains above the marine boundary layer

(Garreaud 2011; Rondanelli et al. 2015). Thus, even in the

absence of lunar illumination, low-level clouds can be well

contrasted against the dark black starred sky background

provided by the dry and clear free troposphere.

The basic dataset analyzed here consists of hourly

reports of up to four cloud layers, with documentation of

cloud type, cloud fraction, and cloud-base height. These

data correspond to the cloud descriptors included in

group 8 of section 3 of the synoptic (SYNOP) message

(WMO 1995) and similar data gathered in the prepara-

tion of METAR messages. The cloud fraction refers to

the fraction of sky occupied by clouds in each layer and is

measured in oktas (1 okta [ 1/8 of total sky cover).

Figure 2 shows the basic statistical characterization of

these data, including the distributions of the number of

FIG. 1. Regional topography and location of three sites. Contours drawn from 1000 to 5000m

MSLevery 1000m.Rectangle in the inset shows location of the study region inSouthAmerica. The

regional cloud field is illustrated by a GOES visible image for 1145 UTC 27 September 2014.
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cloud layers reported (Fig. 2a), cloud types (Fig. 2b), cloud

heights (Fig. 2c), and cloud fractions (Fig. 2d). Consistent

with their geographic location, the observed cloud types at

the three sites are dominated by Sc with heights below

1500m and typically large sky coverage fraction. It must

be pointed out that the cloud height distributions in Fig. 2c

are not smooth but show several local maxima below

1500m related to standard cloud-base heights used in

aeronautical practice.

Variables representative of low clouds are constructed

based on the basic cloud data. First, cloud types of stra-

tocumulus, stratus, or cumulus and cloud heights below

2000m are selected. In cases that more than one layer of

such clouds is reported, the layer with higher cloud

fraction (usually the highest) is chosen as representa-

tive of the low clouds for this hour. In this way we

construct hourly series of cloud height and cloud frac-

tion of low-level clouds for the three sites.

Ancillary measurements used to provide context to

the cloud data analysis include surface observations

of temperature and dewpoint, sunshine hours, and routine

1200 UTC (0800 LT) radiosondes performed daily at

Antofagasta airport. The temperature and dewpoint da-

tabase is constructed by blending data from the Chilean

National Weather Service (DMC) with NOAA’s inte-

grated surface hourly dataset (ISD). The former has a

longer record and generally better quality, although it

contains some anomalous peaks probably due to errors

when digitizing the original paper records. The latter has

hourly data since 1973 (at Arica andAntofagasta) and has

been used here in order to filter and correct the DMC

dataset. Thus, the temperature and dewpoint database

used in the current analysis contains hourly data from

1973 to 2013 for Arica and Antofagasta and from 1981 to

2013 for Iquique. From 2006 to 2010 the dewpoint data at

Arica and Iquique has only 3-hourly reports, which were

filled by simple interpolation in time in order to homog-

enize the temporal resolution of the datasets.

Sunshine hours are recorded by Campbell–Stokes

heliographs at the three sites. Every day a sensitive

FIG. 2. Statistical characterization of basic hourly cloud datasets at Arica (1969–2013), Iquique (1981–2013), and

Antofagasta (1969–2013). (a) Histograms of number of cloud layers reported each hour. (b) Histograms of cloud

types reported. (c) Histograms of cloud-base heights reported. Bars at the right combine all clouds with heights larger

than 2000m. (d) Histograms of cloud fractions reported.

4528 JOURNAL OF CL IMATE VOLUME 29



band is put in these instruments, which is marked by a

burnt trace when direct solar radiation impinges upon

the instrument. The daily bands are subsequently read

by the observer, who estimates and reports the hourly

fractions of direct sunshine received [sunshine hour

fraction (SH)] as well as the total sunshine hours for

each day. The SH data analyzed here is for the period

1977–2013 at Arica and Antofagasta and 1981–2013 for

Iquique. Data before 1977 at Arica and Antofagasta are

not considered because their variability appears differ-

ent than that for the subsequent period and further de-

tailed analysis would be required to assess whether the

change is real or artificial.

Finally, vertical profiles of temperature and humidity

are characterized by means of the routine 1200 UTC

(0800 LT) radiosondes launched at Antofagasta airport.

We use the database compiled and described by Muñoz
et al. (2011), starting in 1979 and updated until 2013.

Temperature profiles are used also to determine a sub-

sidence inversion base height (ZI), as explained in the

same reference.

3. Climatology and trends of cloud data

Figure 3 shows the diurnal and annual cycles of low-

cloud fractions (CFs) and cloud-base heights (CHs). At

the three sites the mean CF is greatest during nighttime

hours in themonths from July to September (austral late

winter–early spring). The mean CF decreases during the

austral summer with lowest overall values in February.

CF also decreases sharply after sunrise, reaching min-

imum values in the afternoon (1500–2100 UTC). The

diurnal and annual cycles of CH follow closely those of

CF, although with opposite phase, clouds being lower

during winter nighttime hours and higher during the

daytime and during summer. The diurnal cycles of CF

and CH at these coastal sites appear quite similar to

those commonly reported for marine stratocumulus

(Wood 2012).

Comparison of CF patterns at the three sites in Fig. 3

suggests that CF increases to the north, with Arica

showing mean CF values above 7 oktas during most of

nighttime hours in the winter period. At this station the

morning dissipation of low clouds appears to occur

about 2–3 h later than in Iquique and Antofagasta, a

feature that is confirmed by sunshine records described

in section 4a. The climatology of CH, on the other hand,

is similar at Arica and Iquique (750–1050m), while sig-

nificantly lower heights are reported at Antofagasta

(600–850m).

Time series of annual mean CF and CH are shown

in Fig. 4. Shaded regions in Figs. 4a,b represent 95%

confidence intervals for the annual mean values. The

intervals were calculated for each year using a 1000-

sample Monte Carlo simulation assuming normally

distributed random observational uncertainties of 1 okta

for cloud fraction and 200m for cloud height in their

daily averages (Williams et al. 2015). Bootstrap resam-

pling was used to take into account intraannual vari-

ability (Wilks 2005, 166–170). None of the CF series

show a clear tendency, and the correlation between the

annual averages is modest (largest correlation co-

efficients of r 5 0.64 found for Arica–Iquique and

Iquique–Antofagasta pairs). The series of CH, in con-

trast, show marked decreasing trends, although the pe-

riod in which they are most noticeable is different for

each site. Mean CH values at Antofagasta, for example,

decreased by about 200m from 1985 to 2005, being rel-

atively constant afterward. At Iquique the decreasing

trend begins around 1990 while at Arica it appears be-

tween 1995 and 2000. The consistency of these trends in

CHwith those of other variables is discussed in section 5.

For a similar climatological setting as that of our study

region but in the west coast of North America, Williams

et al. (2015) have recently reported lowering of cloud

bases and increased cloud frequencies for islands off the

coast of Southern California. At the coast itself, they

report the opposite trends and attribute them to ur-

banization effects.

Figure 5 shows the diurnal and monthly variation of

CF and CH tendencies. The statistical significance of the

trends was determined using a two-tailed hypothesis

test at the 5% level, where trend probabilities were de-

termined from a 1000-member synthetic null distribu-

tion derived by randomly reordering the annual series.

In the case of CH, the tendencies were restricted to the

1995–2010 period, in which all three stations show con-

sistent lowering of cloud bases (see Fig. 4b). The small

tendencies observed in the annual CF averages in Fig. 4a

actually disguise the presence of opposing seasonal trends

(Fig. 5, left). Inwinter and spring (June–December) there

is an apparent increasing trend of CF at all sites, while

the opposite occurs in summer and fall (January–May).

Moreover, a latitudinal gradient is perceived, with stronger

positive trends in CF at Antofagasta and stronger negative

trends at Arica. The positive tendency in CF during

winter and spring nights at this latter station appears

to contradict the strongly negative trends in cloud

fraction reported for Arica by Schulz et al. (2012), a

matter that will be discussed in section 5. The ten-

dencies of CH, on the other hand, show a seasonal

structure only in the two more northern stations, al-

though the positive summer trends at these stations

have little statistical significance. The general pattern

of CH trends is thus dominated by the marked neg-

ative trend already shown in Fig. 4.
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FIG. 3. Diurnal and annual mean cycles of low-cloud (left) fractions and (right) base heights for (a),(b) Arica,

(c),(d) Iquique, and (e),(f) Antofagasta. Period considered in the climatology is 1969–2013 at Arica andAntofagasta,

and 1981–2013 at Iquique (LT 5 UTC 2 4 h).
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The annual averages shown in Fig. 4 lack a clear mark

of ENSO variability. Only the 1982/83 El Niño event is

partly reflected by a larger CF in Fig. 4a, but sub-

sequent events are not as clear. A clearer depiction of

the ENSO effect on CF is obtained by plotting the

time series of 3-month averages of CF (not shown). In

this case, conspicuous peaks of CF are obtained at

Arica station for El Niño events of 1983, 1992, and

1997/98. Less marked peaks are observed at the other more

southern stations. The ENSO effect on CH, on the other

hand, is much weaker. The larger interannual variability

of CH observed in years prior to 1985 may be due to the

more discretized values used in the reports, as mentioned

in section 2.

4. Climatology and trends of related variables

a. Sunshine hours

The sunshine hour fractions recorded by the Campbell–

Stokes heliographs provide an independent means of

characterizing cloud fractions, at least during daytime.

FIG. 4. Series of annual averages of (a) low-cloud fractions, (b) cloud-base heights, and

(c) temperature (solid) and dewpoint temperature (dashed) for Arica (black), Iquique (red)

and Antofagasta (blue) stations. Shading in (a) and (b) shows estimated 95% confidence in-

tervals for annual averages.
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Figure 6 shows bivariate histograms of CF and sunshine

hours at the three sites. There is a very good agreement

between both datasets, especially considering the fact

that the heliographs provide a measure of the time

fraction of cloud cover within each hourly interval

whereas the CF measurements are essentially in-

stantaneous estimations of the spatial fraction of cloud

cover at each observation time. At Arica, and to a lesser

FIG. 5. Diurnal and annual variation of tendencies in (left) CF and (right) CH for (a),(b) Arica, (c),(d)

Iquique, and (e),(f) Antofagasta. CF tendencies are computed for period 1981–2013 and CH tendencies are

computed for period 1995–2010. A 3-month-averaging smoothing filter has been applied to average values

prior to compute the monthly tendencies. Crosses indicate trends with statistical significance at a 5% level.
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extent at Iquique, there is a relatively large fraction of

cases in which low CF is accompanied by small sunshine

hour fractions. As CF has been restricted to describe

low-level clouds, these cases are explained by the pres-

ence of middle and high clouds that reduce the direct

solar radiation reaching the surface but are not included

in the CF index.

The mean diurnal cycles of SH at the three sites are

presented in Fig. 7a. As a reference, we added into the

figure the theoretical mean hour fraction in which the

sun is above the horizon. The most salient feature in

these diurnal cycles is the reduced SH at Arica during

the morning hours, which confirms the later-dissipating

clouds at this site described in the analysis of Fig. 3. Note

that the presence of coastal topography and the Andes

to the east of all sites may reduce measured sunshine

hours during the early morning.

The seasonal cycle of SH is depicted in Fig. 7b. SH

varies throughout the year for two main reasons: the

seasonal changes in the number of hours during which

the sun is above the horizon and the presence of clouds.

To concentrate on the cloud factor, we plot in Fig. 7b an

SH deficit, computed as the difference between the

maximumdaylight duration and the actual observed SH.

This deficit should be more clearly related to the CF at

each site. Indeed, the deficit maximizes around August

at Arica and Iquique and around September–October

at Antofagasta, which is generally consistent with the

seasonal distribution of CF in Fig. 3. The SH deficit

reaches a minimum around February–March, again in

agreement with CF observations. In terms of latitudinal

variation, Fig. 7b suggests that during winter and early

spring the cloud effect increases from south to north,

which is also consistent with the CF patterns in Fig. 3.

Finally, in terms of SH trends, Fig. 8 illustrates their

seasonal variation. Although with reduced statistical

significance, SH trends at the three sites show a seasonal

pattern consistent with the trends in CF: SH appears to

be decreasing from June to October (associated with

increases in CF observed in Fig. 5) and increasing during

summer and fall (associated with negative CF trends in

Fig. 5). The general consistency between the climatol-

ogy and trends of SH with the corresponding variations

of CF can be considered to provide support to both

datasets.

b. Surface temperature and dewpoint

Figure 9 shows the mean diurnal and annual cycles

of surface temperature, dewpoint, and dewpoint de-

pression at the three sites. Dewpoint is closely related to

absolute humidity, while dewpoint depression relates

more to the relative humidity of the surface air. The

temperature shows diurnal and seasonal variations with

mean amplitudes within 38–58 and 58–78C, respectively.
The rather modest diurnal amplitudes are likely asso-

ciated with the coastal location of these stations. A

northerly increase in mean temperatures is observed as

well, consistent with what can be expected for this geo-

graphic region. In terms of humidity, the dewpoint in the

center panels of Fig. 9 shows little diurnal variation

and a seasonal amplitude of about 58C, with maximum

values in the summer and minimum values in winter.

The close phase match between the seasonal varia-

tion in temperature and dewpoint produces very little

seasonal change in the mean nocturnal dewpoint de-

pression (Fig. 9, right), pointing to fairly constant

nocturnal relative humidity throughout the year. The

daytime temperature increases, however, make the

FIG. 6. Bivariate histograms of SH and CF for (a) Arica, (b) Iquique, and (c) Antofagasta. Values correspond to averages between 1000

and 1500 LT. Gray shading is proportional to the number of cases in the bivariate histogram for each (CF, SH) class, with full black

representing 800 or more class members. Lower-right cells in (a),(b), and (c) correspond to 438, 425, and 132 class members, respectively.

Period of analysis is 1977–2013 for Arica and Antofagasta and 1981–2013 for Iquique.
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dewpoint depression increase during the day, espe-

cially in the summer.

The series of annual averages of temperatures and

dewpoints have been shown in Fig. 4c. The strong hallmark

of the ElNiño events of 1982/83 and 1997/98 is clearly seen
in the temperature records of the three sites. They are also

seen in the dewpoints, therefore having little effect on the

dewpoint depression. The temperatures show a weak cool-

ing tendency at all sites, a feature already described and

discussed by Falvey andGarreaud (2009) andVuille et al.

(2015). Whether or not this temperature trend can be

attributed to an increasing trend in upwelling-favorable

winds is not a settled point. While Sydeman et al. (2014)

claim a strengthening in the upwelling-favorable winds in

the broad Humboldt system, Varela et al.’s (2015) results

based on high-resolution reanalysis suggest for the last

decades a weakening of the upwelling in central Chile,

south of theAntofagasta region. The dewpoints in Fig. 4c,

on the other hand, show an apparently larger decreasing

trend as compared to that of temperatures, suggesting a

possible drying tendency of the near-surface air at these

coastal sites. This result is intriguing and will be discussed

further in section 5.

The diurnal and seasonal patterns of the observed

trends in temperature, dewpoint, and dewpoint de-

pression are shown in Fig. 10. Statistical significance of

these trends was assessed with the same methodology as

that described for cloud fraction and cloud heights. The

temperature cooling tendencies have a strong diurnal

modulation, with larger magnitudes in daytime and

smaller values during the night, especially at Arica and

Iquique. This behavior was already described by Falvey

andGarreaud (2009), who found larger cooling trends of

maximum temperatures compared to smaller and even

positive trends of minimum temperatures at Arica.

Their interpretation of this effect was that the coastal

sea breeze circulation more efficiently transports the

oceanic cooling into the coastal stations during daytime

as compared to nighttime. The stronger cooling trend in

dewpoint (Fig. 10, center), on the other hand, does not

show a clear diurnal or seasonal pattern at all stations.

As a result, the tendencies in dewpoint depression show

patterns following those of the temperature: drying

during the nights, especially at Arica, and small ten-

dencies or even increasing humidity during daytime

(although less significant).

FIG. 7. (a) Diurnal cycles of sunshine hours at Arica (black), Iquique (red) and Antofagasta

(blue). Shading indicates theoretical hourly fraction of the sun above the horizon (aver-

aged for the three stations, individual cases being very similar). (b) Monthly variation of

the daily sunshine hour deficit for the three stations. Deficit is computed as a difference of

the theoretical sun-above-the-horizon fraction and the actual sunshine hours summed

over the full day. Period of analysis is 1977–2013 for Arica and Antofagasta and 1981–2013

for Iquique.
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5. Discussion

a. Comparison of cloud trends reported by previous
studies

1) CLOUD FRACTION TENDENCIES AT ARICA OF

SCHULZ ET AL.

The small annual cloud fraction tendencies at Arica in

Fig. 4a and the positive spring tendencies in Fig. 5a ap-

pear at odds with the strong negative trend in cloudiness

documented for this station by Schulz et al. (2012). They

report annual cloudiness at Arica changing from about

4.5–5.0 oktas in 1960–70 down to between 3.0 and 3.5

oktas over the period 2000–08 (Schulz et al. 2012, their

Fig. 11a). To investigate these conflicting results, we

attempted to reproduce their analysis based upon our

basic data. Schulz et al.’s (2012) analysis of cloud cover is

based on meteorological yearbooks, in which monthly

averages of total cloudiness are reported at only three

times of day: 1200, 1800, and 2400 UTC. Our basic data,

on the other hand, are hourly reports of up to four cloud

layers, as described in section 2. Themain two differences

in the analysis are therefore the use of total versus low-

level clouds and the use of three specific hours in the di-

urnal cycle versus using all available hourly observations.

To obtain a more direct comparison between our re-

sults and those of Schulz et al. (2012), we computed a

middle and high cloud cover index for clouds with base

heights above 2000m (we refer to them together as high

clouds) by applying the same methodology used to cre-

ate the index of low-cloud fraction. We then computed

annual averages using only 1200, 1800, and 2400 UTC for

the low and high clouds, as well as for their sum consid-

ered to be a total-cloud index. The series of annual means

of these indices is shown in Fig. 11. Our total-cloud index

compares well with that of Schulz et al. (2012), showing a

similar drop between 1980 and 2010. Our dataset, how-

ever, allows us to assess the contribution of low- and high-

level clouds to the negative trend reported in Schulz et al.

(2012). Figure 11 suggests that the total cloud cover de-

crease at this site is mainly due to less frequently reported

mid- and high-level clouds, more than to a drop in low-

level clouds. Moreover, the modest decrease in low-level

clouds shown in Fig. 11 is mostly due to the three specific

hours reported in the annals.As shown in Fig. 3, 1200, 1800,

and 2400 UTC do not represent well the hours of low-level

clouds, and the tendencies at these hours are biased toward

negative values (Fig. 5). As a final comment, the decrease

of mid- and high-level clouds shown in Fig. 11 must be

taken cautiously as the high prevalence of low-level clouds

at this site makes the observations of middle and high

clouds less robust, and their cover fraction is most probably

underestimatedby these observations.On theother hand, a

trend in mid- and high-level clouds could in principle affect

observations of low-level clouds, especially in the night, but

this effect is difficult to assess with the available database.

2) CLOUD TENDENCIES OF EASTMAN AND

WARREN

Eastman and Warren (2013, hereafter EW13) up-

dated until 2009 the 1971–96 global database of surface

cloud observations described by Warren et al. (2007).

FIG. 8. Seasonal variation of tendencies of sunshine hours at Arica (black), Iquique (red) and

Antofagasta (blue) expressed in units of oktas (30 yr)21. Period of analysis is 1981–2013 for the

three sites. A 3-month-averaging smoothing filter has been applied to averages prior to the

computation of monthly tendencies. Circles (inverted triangles) mark trends with statistical

significance at a 10% (20%) level.
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FIG. 9. Diurnal and annual mean cycles of (left) surface temperature, (center) dewpoint temperature, and (right)

dewpoint depression for (a)–(c)Arica, (d)–(f) Iquique, and (g)–(i) Antofagasta. Period considered in the climatology

is 1973–2013 at Arica and Antofagasta and 1981–2013 at Iquique.
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For the coastal region of northern Chile EW13 report an

average decrease of stratiform clouds of 0.4%decade21

[equivalent to 0.1 okta (30 yr)21]. In their companion

website, they provide a more complete characterization

of the climatology and trends of this cloud database.

Accordingly, the trends of stratiform clouds for this re-

gion are 10.3%, 21.4%, 0%, and 20.6%decade21 for

the summer, fall, winter, and spring periods, respectively.

FIG. 10. Diurnal and annual variation of tendencies in (left) surface temperature, (center) dewpoint temperature,

and (right) dewpoint depression for (a)–(c) Arica, (d)–(f) Iquique, and (g)–(i) Antofagasta. Period considered in the

analysis is 1981–2013 for the three sites. A 3-month-averaging smoothing filter has been applied to average values

prior to compute the monthly tendencies. Crosses indicate trends with statistical significance at a 5% level.
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Additionally, they provide trends for the 1971–96

period in stratocumulus daytime amounts, which av-

erage to 11.1%decade21, and in stratocumulus day-

time heights, which average to 140mdecade21. The

negative 1971–2009 cloud fraction trend and the posi-

tive 1971–96 cloud height trend conflict with our results

presented in the previous sections.

Some of the discrepancies may be due to differences

in the basic data used in each work. Three main differ-

ences are worthmentioning. First, while we use the basic

cloud observations reported in section 3 of the SYNOP

message, EW13 utilize themore aggregated and succinct

cloud information present in section 1 of the SYNOP

message (WMO 1995). Second, EW13 filter nighttime

data for lunar illumination of clouds (Hahn et al. 1995),

which we have not considered. Preliminary tests of the

impact of lunar illumination on our results showed that

for these stations it has little effect on averaged clima-

tological properties. In terms of tendencies, while the

seasonal pattern of cloud tendencies did not change, the

filtered database showed somewhat smaller magnitudes

in the tendencies (not shown). Finally, their results apply

to averages of stations located in a 108 3 108 grid box,

while our results are for individual stations. In particular,

the valuesmentioned in the previous paragraph apply to a

grid box located in northernChile, which includes Iquique

and Antofagasta stations but also four other stations lo-

cated close to the Chilean coast more to the south.

The companion website of EW13 also provides access

to their complete database so that a comparison with our

data can be performed. Indeed, while up to 1996 both

datasets agree well, in EW13’s database the amount of

available data for our three stations after 1996 drops to

about 4% of that of the previous period. This drop is not

present in our database, and the reason for its occurrence is

unclear. However, it makes EW13’s trends not represen-

tative of the full 1971–2009 period in this region.Moreover,

EW13’s database includes data for Iquique for periods

1971–75 and 1984–2009. The presence of data in the first

period is suspicious considering that, as mentioned in

section 2, the airport has operated at this site only since

1981. Finally, in terms of EW13’s cloud height data, it must

be pointed out that their basic data correspond to height

categories coded in the synoptic reports. These codes

have a coarse discretization in the range of stratocumulus

heights in our region of interest. For example, codes 4, 5,

and 6 are used for heights in the 300–600-, 600–1000-, and

1000–1500-m ranges, respectively. Although still not con-

tinuously distributed, Fig. 2c shows that our basic height

data have more detailed estimates of cloud-base heights.

3) CLOUD FRACTION TENDENCIES OF QUINTANA

AND BERRÍOS

Berríos (2008) and Quintana and Berríos (2007) per-
formed preliminary analyses of the cloud data used in

the present study. They reported long-term decreases in

low-level cloud frequency, especially at Antofagasta.

Again, these results appear to conflict with our findings

in Fig. 5. In this case, the conflict is resolved by noticing

that, although not explicitly said, their fractional cover

averages were conditional to the existence of low-level

clouds, which is different than the total averaged low-cloud

FIG. 11. Annual averages of low-cloud (blue) and high-cloud (red) coverage indices at Arica

for 1200, 1800, and 2400 UTC. Total cloud cover (thick black), computed as the sum of the

other two lines, aims at reproducing the results of Schulz et al. (2012) shown as thin black line

with circles. See text for details.
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fraction computed in the present study, in which we

consider a zero cloud fraction when no low-level clouds

are reported. Thus, both results are consistent, as more

frequent low-level clouds with smaller cloud coverages

can produce a smaller conditional cloud fraction but a

larger total cloud fraction average.

b. Cloud-base height and lifting condensation level
tendencies

The two most conspicuous trends in variables de-

scribed in section 3 are that of decreasing cloud-base

heights and diminishing surface humidity. Figure 12

shows them together in the form of annual averages of

CH and surface lifting condensation level (LCL) for

cases with significant nighttime cloud coverage. The LCL

was estimated by its approximate relationship to dew-

point depression, as described by Bohren and Albrecht

(1998, p. 275). For most of the period, the mean LCL lies

well below CH at the three sites, implying that in this

coastal boundary layer (BL) there has not been a strong

coupling between the surface and cloud layers. The op-

posing trends in CH and LCL, however, have led the two

FIG. 12. Annual averages of cloud-base height (red) and surface LCL (blue) for (a) Arica,

(b) Iquique, and (c) Antofagasta. Averages are computed for 0100–0900 UTC and nights that

have mean low-cloud coverage greater than 7 oktas over the 0100–0900 UTC period. In

(c) black line indicates the corresponding average of 1200 UTC subsidence ZI. Shading areas

show estimated 95% confidence intervals for annual averages.
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variables to converge in recent years. This is especially

noticeable at Antofagasta, where the annual means of both

variables are almost identical since 2000, at the same time

that the trends of both variables leveled off. The conver-

gence of LCL and CH suggests that a stronger coupling of

the BL has occurred in recent years. Indeed, Jones et al.

(2011) and Zheng et al. (2011) report that the marine

boundary layer near the coast of northern Chile appeared

more coupled and well mixed than that offshore during the

2008 VAMOS Ocean–Cloud–Atmosphere–Land Study

(VOCALS) regional experiment (Mechoso et al. 2014).

However, without long-term observations of clouds off-

shore, it is not possible to ascertain whether the possible

coastal coupling trend documented here has any counter-

part offshore. On the other hand, the potential role of

coastal circulation changes in the evolution of the degree of

coupling of this coastal boundary layer is a possibility, but

assessing it would require analysis of wind data and model

results, which falls beyond the scope of the present work.

To better diagnose the degree of coupling of this

coastal BL, we computed the interdaily correlation be-

tween LCL and CH for each station, at annual intervals

(the same set of nights with large cloud cover used to

construct Fig. 12 was used for these correlations). As

expected for an uncoupled BL, the correlation between

LCL and CH is small (less than 0.5) in almost all years

and stations (not shown). The only exception is Anto-

fagasta in which the correlation increases starting in

1990, reaching values between 0.5 and 0.70 after 2007.

This may also be a sign of increased coupling of the BL

at Antofagasta in recent years. In fact, using the last

seven years of the record, the variance of CH explained

by LCL is about 30%, while adding ZI as a factor in-

creases the explained variance of CH up to about 50%.

Considering that CH is visually estimated and ZI and

LCL are completely independently measured, this can-

not be considered a low variance fraction (r ’ 0.7).

At Antofagasta we have added in Fig. 12c the annual

averages of ZI for the same set of days, derived from the

1200 UTC radiosondes launched routinely at this site. A

slightly negative tendency for ZI is observed in Fig. 12c,

consistent with the negative trend in ZI of 2myr21 re-

ported by Schulz et al. (2012). The smaller trend in ZI as

compared to that of CH suggests that the coastal cloud

layer may have been deepening in the last decades, from

an average depth of about 200m in the 1980s to about

300m in the last decade. As in a cloud-topped boundary

layer a main source of turbulence relates to radiative

cloud-top cooling, the deeper cloud layer could be related

to the stronger coupling of the BL suggested earlier.

Another factor that could be favoring the deepening of

clouds and the coupling of the boundary layer is the in-

crease of the inversion strength capping the boundary

layer as described by Seethala et al. (2015) and docu-

mented for the Antofagasta radiosonde database by

Zamora (2010). Such strengthening would inhibit

cloud-top entrainment and the subsequent evapora-

tion of cloud water (Wood and Bretherton 2006).

c. Humidity tendencies

The drying of the near-surface air described previously

poses two questions: 1) how to reconcile it with a cloud

layer that may be becoming deeper andmore frequent (at

least in spring at Antofagasta; Fig. 5e) and 2) what its

physical forcing could be. A possible answer to these

questions could be that a stronger turbulent coupling of

the BL makes the transport of humidity from the near

surface toward the upper portion of the BLmore efficient,

thus drying the surface and presumably increasing the

humidity at its top. The routine 1200 UTC radiosondes at

Antofagasta allow, in principle, examination of this

mechanism. Figure 13a shows the series of annual aver-

ages of themaximum relative humiditymeasured by these

radiosondes in the 200–2000-m layer, in an attempt to

characterize the humidity at the top of the coastal BL. In

contrast with what was expected, a negative trend in hu-

midity is suggested by Fig. 13a, especially in the 1986–2004

period. A clear jump is also noted in 2005, which is asso-

ciated with a change in radiosonde equipment that oc-

curred that year. Unfortunately, there is a lack of

information regarding other possible changes in radio-

sonde equipment or procedures in other years, which

makes the use of this radiosonde dataset to derive

tendencies in humidity somewhat unreliable. Such

problems in homogeneity of radiosonde humidity

data for the computation of long-term trends have

been extensively discussed by Dai et al. (2011).

Regarding the cause of the surface drying, another

possibility is a reduction of the surface fluxes. Although

there are no records of direct measurement of fluxes,

another tendency suggested by the radiosonde dataset

could be of interest here. Figure 13b shows the annual

frequency of surface-based inversions in the 1200 UTC

profiles (Muñoz et al. 2011). These inversions are typi-

cally shallow (median depth of 33m) and weak (median

temperature increment of 1K), but they still may affect

the turbulent surface exchange rates. Moreover, their

apparent increase in frequency over the last three de-

cades could point to a more stable atmospheric surface

layer and a subsequent reduction in surface fluxes. This

would be consistent with a coastal cooling driven by the

ocean as suggested by Falvey and Garreaud (2009).

Unfortunately, the lack of confidence in the homoge-

neity of this radiosonde dataset along the years pointed

out earlier forces us to add a note of caution when in-

terpreting the tendencies of Fig. 13b as well.
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6. Summary and concluding remarks

Based upon 33–45 years of hourly observations of

cloud type, coverage, and heights at three sites along the

northern Chilean coast (18.38–23.48S), we have docu-

mented here the climatology and trends of low-level

coastal clouds at the eastern margin of the southeast

Pacific. The diurnal cycle of cloud fraction shows a large

amplitude at the three sites, especially in winter and

spring, when average cloud fractions reach 7 oktas during

some hours in the night while during daytime average

values are between 2 and 3 oktas. The seasonal variation of

low-level cloud coverage is characterized by maximum

values in the austral winter and spring and minimum cov-

erage in January–March (austral summer). The diurnal

and seasonal variations of cloud-base heights are generally

in opposite phase to that of cloud fraction:minimumvalues

during the night and winter and maximum values in day-

time and summer. Meridionally, nighttime cloud fraction

and base heights are observed to increase from south to

north, with the northernmost station, Arica, having

nighttime clouds with the largest mean coverage and

the longest persistence into morning hours.

Trends of cloud fraction show a seasonal modulation

at the three sites, with increasing coverage in the spring

(stronger in the southern stations) and a negative

tendency in the fall (more marked in the northern sta-

tions). These trends are confirmed by independent

measurements of sunshine hours at the sites, which

show a consistent seasonal trend variation during day-

time hours. Cloud-base heights, on the other hand, show

generally negative trends at all stations. From south to

north, these lowering trends begin around 1985, 1990,

and 1995 at Antofagasta, Iquique, and Arica, respec-

tively, ending around 2005 at Antofagasta.

The positive trends of cloud fractions during the cloudy

season reported here conflict with previous studies that

have described a negative tendency for cloud occurrence

in this region. We attribute these discrepancies to dif-

ferences in the datasets used (EW13; Schulz et al. 2012)

or to methodological differences in the data analysis

(Quintana and Berríos 2007). The lowering cloud-base

height tendency is stronger than the lowering inversion

base height at Antofagasta and appears consistent with

the cloud fraction tendency, in the sense that a deeper

and more fully covered cloud layer is becoming more

frequent. The lowering cloud base is in principle also

consistent with a cooling tendency for this coastal bound-

ary layer as documented here and in previous studies

(Falvey and Garreaud 2009; Vuille et al. 2015). However,

we show here that this cooling has been accompanied by a

drying of the near-surface air, a tendency that is difficult to

FIG. 13. (a) Annual averages of maximum relative humidity in the 200–2000-m layer derived

from 1200 UTC radiosondes at Antofagasta. (b) Annual frequency of occurrence of surface-

based inversions derived from 1200 UTC radiosondes at Antofagasta. A red shaded bar in

(a) marks the occurrence of a documented instrumental change in radiosonde equipment.

15 JUNE 2016 MUÑOZ ET AL . 4541



reconcile with more frequent low-level clouds. Assessing

whether this intriguing result is caused by physical factors

(e.g., increased aerosol load in the boundary layer or

changes in the coastal circulation patterns) or by limita-

tions of the data demands further analysis and more ob-

servations. In this respect, starting in August 2013 a

continuously monitoring laser ceilometer is operating at

the Antofagasta site, together with a total sky imager and

an automatic weather station. It is expected that this new

instrumentation will provide more detailed information

on the dynamics of these coastal clouds and help answer

some of the questions left open by the present work.
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