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Abstract

This study investigates the influence of the El Niño Southern Oscillation (ENSO) on the atmospheric
observing conditions for astronomy in the Atacama desert. Astronomical observations ideally require a
cloudless night sky and a dry atmospheric column. The Atacama desert is hyper arid desert in northern
Chile, which provides excellent conditions in this respect to a number of large, international astronomical
observatories. Its hyper-arid climate is caused by a combination of global-scale subsidence in the Hadley
cell, the rain shadow of the Andes and a cold upwelling region off its Pacific coast, which effectively
suppress convection. The mean climate of the Atacama desert is furthermore characterised by a dualism
between summer rains in the north-east, connected with moisture influx from the Amazon basin, and
winter rains in the south associated with mid-latitude fronts. Anomalies related to ENSO are detected,
applying an Empirical Orthogonal Function (EOF) analysis to monthly mean ERA-Interim reanalysis
datasets and correlating the associated Principal Component (PC) time series with the Oceanic Niño
Index (ONI). Strong signals of ENSO exist mainly in the upper tropospheric global circulation and
hydrological variables such as cloud cover, humidity and precipitation. At observatories in the Atacama
desert the effect of the two ENSO phases, El Niño and La Niña varies among regions and with the
seasonal cycle. El Niño is associated with more high cloud cover, a slightly larger column water content
and enhanced winter precipitation in the southern Atacama. La Niña is associated with overall reduced
cloud cover, a drier atmosphere and enhanced summer rainfalls in the north-east.
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Chapter 1

Introduction

1.1 Motivation

The Atacama desert in northern Chile only rarely makes headlines. On certain occasions, however, it
does become the subject of increased public interest and news coverage. One recent example is the
first stone ceremony of the Extremely Large Telescope, the future largest optical/infrared telescope in
the world, which is built by the European Southern Observatory (ESO) on the Cerro Armazones summit
(European Southern Observatory cited 2017b). ESO, founded in 1962, is the foremost intergovernmental
astronomy organisation in Europe, operating and co-operating three major observing sites in the Atacama
desert (European Southern Observatory cited 2017a): The La Silla Observatory, the Paranal Observatory
and the Atacama Large Millimeter/Submillimeter Array (ALMA) on the Chajnantor plateau (European
Southern Observatory cited 2017d). Also beyond ESO, the sparsely populated Atacama desert is home
to a range of prominent research telescopes operated by institutions from major industrialised countries,
as it provides the unique combination of a very dry, mostly cloud-free atmosphere and little light pollu-
tion from urban settlements (Schilling cited 2017). Apart from its role as astronomy hub in the southern
hemisphere, the Atacama desert also gains public attention with its rare blooming events, the desierto
florido (“desert in bloom”) (Greshko cited 2017). During these events, rare rainfalls, associated with the
El Niño phenomenon in the tropical Pacific Ocean, allow for the germinations and blooming of flowers
in the otherwise barren, dry desert.

Given this optically spectacular effect that El Niño can have on Atacama in this example, one can
raise the question, whether and how the (otherwise) good atmospheric conditions for astronomy in the
Atacama desert are affected by the coupled atmosphere-ocean phenomenon of the El Niño Southern Os-
cillation (ENSO) (Wang et al. 2017). From within the astronomical community it has been repeatedly
stated that either extreme of ENSO is likely to cause poor observing conditions with more cloud, humid-
ity or other aspects of weather that can be detrimental to astronomical observations. Two examples of
publications of this kind shall be given in the following:

Sarazin (1997) investigates the relationship between the Southern Oscillation, the atmospheric part
of ENSO (Wang et al. 2017), and the average number of photometric nigths per month at the ESO obser-
vatories at La Silla and Paranal. The main condition for a night to be classified as a photometric night is
that the night-time sky must be cloudless (Gemini Observatory cited 2017). Sarazin (1997) finds that, for
both La Silla and Paranal, the number of photometric nights per month is substantially smaller in years
in which El Niño occurs. His conclusion from this finding is, that El Niño is connected with increased
cloud cover for both of the analysed ESO observatories.

Matsushita (2011) examines, for the ALMA observatory site, how observational rates, i.e. percent-
ages of the time per month, during which the atmospheric opacity τ is below certain desirable thresholds
(2.0 and 3.0), vary for the radiometer frequency of 225 GHz in relation to ENSO. The opacity or op-
tical depth τ of the atmosphere defines, for a given electromagnetic wavelength/frequency, how much
of the incident radiation (e.g. coming from a stellar object) is absorbed and scattered by gaseous con-
stituents of the atmosphere or by clouds and aerosol (Petty 2006). The transmitted fraction t is given
as t = exp(−τ). Thus, the smaller τ is in the atmosphere along the geometric path connecting the
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observer with the observed object, the more of the radiation emitted by the object can be received on
the ground. The evaluation of observational rates for ALMA by Matsushita (2011) reveals, that good
conditions (τ < 3.0) occur less frequent than normal in El Niño years, but more frequent in years of the
opposite state of El Niño, La Niña.

To translate these variations in the radiative properties to meteorological dimensions one has to con-
sider that two major absorbers at 225 GHz are water vapour and liquid water (Petty 2006). The results
of the study Matsushita (2011) are therefore equivalent to a postulated relationship between a higher
vertically integrated water vapour and/or cloud water content in the atmosphere above the Chajnantor
plateau and El Niño.

Inspired by these two publications, this thesis aims at finding possible links between local meteoro-
logical observing conditions at astronomical observatory sites in the Atacama desert and ENSO, and at
providing physical explanations for these links. Since ENSO is a global-scale phenomenon phenomenon
in the tropical Pacific Ocean and El Niño and La Niña events occur aperiodically in a time frame of 2-10
years (Allan 1996), a global dataset covering several decades of past atmospheric conditions is required
to achieve this goal. As such, the ERA-Interim climate reanalysis of the European Centre for Medium-
Range Weather Forecasts (ECMWF) (Dee et al. 2011) is chosen. While this global, gridded dataset
should fulfil its purpose in providing insights in potential large-scale teleconnections between ENSO the
Atacama desert, its spatial and temporal resolution is too coarse to resolve fast-changing, small scales
variations as they would occur in the boundary layer. Therefore only those observing conditions whose
variability is dominated by larger-scale processes, resolved by ERA-Interim, can be considered here.
This excludes variables like surface temperature or surface winds at individual observatories, which are
of importance for telescope operation (European Southern Observatory cited 2017c), but influenced too
much by very localised features such as small-scale orography or surface albedo. For similar reasons, the
seeing, a term describing the blurring of observed objects by vertically accumulated turbulent variations
of the refractive index Cerro Tololo Inter-American Observatory (cited 2017a), cannot be resolved by the
reanalysis and is therefore mostly neglected.

The main focus in this thesis is thus given to regional meteorological conditions defining the visibil-
ity, i.e. column water vapour content and clouds (e.g. Gemini Observatory cited 2017). Thus, the works
of Sarazin (1997) and Matsushita (2011) already serve as a good point of reference. Additionally, pre-
cipitation is covered more closely in the analysis as even the possibility of imminent rainfall causes strict
operability restrictions for telescopes, to prevent damage (European Southern Observatory cited 2017e).
As statistical tool to identify possible teleconnection signals in these and related variables an Empirical
Orthogonal Function (EOF) analysis (e.g. Hannachi et al. 2007) is applied to the ERA-Interim reanalysis
data.
Among the astronomical observatories that can be found in the Atacama region, only a subset of very
prominent and large, international observatories is considered in the following chapters. Their selection
is guided mainly by article of Schilling (cited 2017) and the list of facilities provided by the American
Astronomical Society (cited 2017). In Table 1.1, these sites are listed, together with their latitude, lon-
gitude and altitude, all of which are taken from the respective reference listed in the rightmost column.
In the first column the name of the observatory is given together with the name of the most prominent
instrument — if applicable — in brackets. Moreover, the observatories are divided by the geographical
coordinates into three groups of sites being located close to one another. In the first tier in Table 1.1 the
sites, located in the southern Atacama desert, are listed. They will hereafter be referred to as the southern
(group of) sites. The second tier contains the two sites that are situated considerably (about 5◦) further
north. They are from now on referred to also as the northern (group of) sites. The Chajnantor observatory
(with ALMA) is unique in this list , being located further east/inland and at a much higher altitude than
the other observatory sites. It is therefore counted as a group of its own
The locations, defined by these observatories/groups of observatories are used in the following as refer-

ence regions for potential teleconnections.
This thesis is structured as follows: The following two sections briefly introduce to a simple con-

cept of ENSO and to the ERA-Interim reanalysis. In Chapter 2 the mean climate of the Atacama desert
and its major external drivers are explained. In Chapter 3 this mean climate then serves as a reference
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Name Latitude
(◦S)

Longitude
(◦W)

Altitude
(m)

Reference

La Silla Observatory 29.2563 70.7381 2400 European Southern Observatory
(cited 2016a)

Cerro Pachon
(Gemini South)

30.2408 70.7367 2722 Southern Astrophysical Re-
search Telescope (cited 2016)

Cerro Tololo Inter-
American Observatory

30.1690 70.8061 2200 Cerro Tololo Inter-American
Observatory (cited 2017c)

Las Campanas
Observatory (GMT)

29.0146 70.6926 2380 Las Campanas Observatory
(cited 2017)

Cerro Paranal
Observatory (VLT)

24.6253 70.4028 2635 European Southern Observatory
(cited 2016b)

Cerro Armazones
Observatory (E-ELT)

24.5894 70.1919 3064 Els et al. (2009)

Llano de Chajnantor
Observatory (ALMA)

23.0235 67.7539 5080 European Southern Observatory
(cited 2017f)

Table 1.1: Table of all astronomical observatories in the Atacama region which are considered in this
thesis, including their latitude, longitude, altitude and the reference to the source of these coordinates

state from which anomalies connected with ENSO are analysed using Empirical Orthogonal Functions
(EOFs) and interpreted with respect to local effects at the observatory. In chapter 4 the results of the EOF
analysis are put into perspective with respect to observational data and to the studies by Sarazin (1997)
and Matsushita (2011) and an outlook to possible further extensions of this thesis is given.

1.2 El Niño-Southern Oscilliation (ENSO)

In the following, a brief schematic of the El Niño-Southern Oscilliation (ENSO) is given, based on the
review by Wang et al. (2017) and the book by Allan (1996). Furthermore, an index, characterising the
momentary state of ENSO is introduced.

The ENSO phenomenon can be described as an inter-annual large-scale anomaly oscillation of the
coupled ocean-atmosphere system of the tropical Pacific. The two opposing extremes that constitute the
ENSO phenomenon are El Niño and La Niña. La Niña can be seen as a fortified version of what is
the mean state: In the sea there is a pronounced zonal surface temperature gradient along the equator,
between cool waters in the east and the warmest waters in the west. As a consequence, there is a strong
convective loop between the warm pool and souther America, along the equator, which is called Walker
circulation. The Walker circulations consists of deep convective ascent over the western Pacific warm
pool, an upper-tropospheric westerly flow, leading to subsidence over south America. The easterly trade
winds at the sea surface close the circle of the Walker circulation and through wind shear stabilise the
oceanic temperature gradient.

El Niño conditions can be characterised somewhat as the consequence of a breakdown of this normal
Walker cell. With weakened trade winds, warm surface waters extend eastward along the equator, eventu-
ally shifting the centre of deep convection eastward and further weakening trade winds. In full-developed
El Niño, warmest surface waters and deep convection extend into the central and eastern Pacific, leading
to a reversal of the circulation in with ascent in the central and eastern Pacific and descent in the western
Pacific.

Since changes in the central to eastern equatorial Pacific sea surface temperatures (SSTs) are most
profound during El Niño, a commonly used index of ENSO is based on SST anomalies in this region:
the Oceanic Niño Index (ONI), provided by and publically available with the National Oceanic and At-
mospheric Administration (NOAA) (National Oceanic and Atmospheric Administration cited 2017). In
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tndex is based on the mean SST anomaly in the Niño3.4 region, a latitude-longitude box between 5◦

north and 5◦ south and between 170◦ and 220◦ west. The anomalies are compute with respect to a 30-
year window, which is updated every interval of 5 years. Thus the long-term warming trend of the sea
surface is removed to a large extent. The ONI is then computed as the three-month moving average of the
anomaly. Following the simple conceptual view of ENSO, outlined above, the sea surface in the Niño3.4
region is anomalously warm during El Niño. Accordingly, positive ONI values are equivalent to El Niño
conditions and negative ONi values to La Niña conditions.

For the sake of simplicity and given its straightforward, plausible computation, the ONI is used in
this thesis as measure of ENSO. Based on this index, El Niño and La Niña events and years are defined
adopting the method of Null (cited 2017): An El Niño/La Niña event is defined as at least 5 consecutive
months of the ONI exceeding values of ±0.5. Given that ENSO events often peak in austral summer,
El Niño/La Niña years are defined as years (September to August) in which the respective event occurs.
In case of on event enduring over two years (Sep.-Aug.), the following rule applies: If an event starts
in June or earlier, the previous year is counted as ENSO year, while the following years is counted as
ENSO year, if the event ends later than October.

With this definition of ENSO years, annual and seasonal cycles can be computed separately for El
Niño and La Niña years.

1.3 The ERA-Interim Reanalysis

For the analysis of potential ENSO teleconnection mechanisms of regional astronomical observing con-
ditions in the Atacama desert, the climate reanalysis product ERA-Interim of the European Centre for
Medium-Range Weather Forecasts (ECMWF) is used. In the following, the most important aspects of
the ERA-Interim reanalysis and the dataset in use in this thesis are outlined:

The general purpose of climate reanalysis is to obtain a coherent, spatially and temporally gapless
and physically consistent record of the past weather that is constrained by and consistent with observa-
tions. This is achieved by iteratively creating short-range forecast of twelve hours with a coupled general
circulation model (in the case of ERA-Interim the ECMWF IFS is used) assimilating a multitude of in-
situ and remote sensing observations with each iterations cycle (Dee et al. 2011). Thus, inconsistencies
between observations and model forecasts are systematically removed. Detailed specifications of the
model setup, the observations included and the assimilation mechanisms are well documented by Dee
et al. (2011) and by Berrisford et al. (2011). The temporal coverage of ERA-Interim starts in 1979 and
stretches until recent months. In order to obtain only full years, reanalysis data is used for the longest
possible period of 1979 - 2016 in this thesis. For the analysis of the mean regional climate and for
the EOF analysis (Chapters 2 and 3), monthly mean ERA-Interim fields of both surface variables and
upper-air variables for a fix set of pressure levels (200, 300, 500, 700, 850, 925 hPa) have been retrieved
from the ECMWF data portal. Monthly means in this dataset are computed in two steps as the monthly
mean of daily means of the 6-hourly available analysis output (Berrisford et al. 2011). One exception
from this is the variable total precipitation (tp) for which the monthly mean is computed for daily sums
of 12-hourly forecasts. A full table of all monthly mean variables in the EOF analysis used is given in
Section 3.1.
In the horizontal dimensions, the reanalysis data is provided by default on a 0.75◦x0.75◦ latitude-
longitude grid. With this spatial resolution, the Atacama desert should be covered by a sufficient number
of grid cells in order to resolve regional differences within the region.
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Chapter 2

climatology

In this chapter, the mean climate of the Atacama desert is outlined as a reference state with respect
to which inter-annual variations related to the El Niño Southern Oscillation (ENSO) can be defined.
This description is mainly based on the ERA-Interim reanalysis monthly mean data for the years 1979
to 2016, which is introduced in Section 1.3. Additionally, a number of studies which cover climate
and circulation patterns, relevant to the Atacama, are referred to in order verify and contextualise the
findings from ERA-Interim. As the overall objective of this thesis is to find possible effects of ENSO
on the astronimcal observing conditions, this analysis is focused on global to regional-scale conditions
which are likely to impact image quality, visibility or operability at the selected list of observatories (see
Section 1.1).

2.1 Mean climate of the Atacama Desert

The South American Atacama desert is one of the driest places on Earth, situated along the coast of
northern Chile to the west and rising up to the Andean Cordillera to the east, between approximately
15◦S and 30◦S in latitude. Its hyper-arid climate stems from a combination of global-circulation in-
fluences and regional as well as orographic conditions and is subject to both seasonal and inter-annual
variations (Houston 2006). The most important of these factors are outlined in the following.

From a global-circulation perspective, the Atacama desert lies within a zonal band of middle tropo-
spheric subsidence that constitutes the descending branch of the tropical Hadley circulation. Figure 2.1
shows the mean fields of total precipitation tp and the vertical velocity w at the middle-tropospheric
pressure level of 500 hPa in the ERA-Interim reanalysis data for the years 1979 to 2016. Note that, in
ERA-Interim data, vertical velocities are defined with respect vertical pressure coordinates, i.e as total
derivative of pressure with time: w = dp

dt . Positive/negative values of w in Figure 2.1b are thus equivalent
downward/upward motion In both precipitation and mid-level vertical velocity, the imprint of the Hadley
circulation is clearly visible: The Inter-Tropical Convergence Zone (ITCZ) appears as a zonal band of
both strong precipitation and strong upward motion, characteristic for deep convection, in equatorial
latitudes. Its northward displacement from the equator in the annual mean is caused by sea surface sem-
perature (SST) asymmetries between the hemispheres as discussed in Mitchell and Wallace (1992). The
ITCZ forms the upward branch of the Hadley circulations while the downward branch of the meridional
overturning Hadley cell is situated in subtropical latitudes, characterised in Figure 2.1 by positive w and
the absence of rain, as subsidence stabilises the Atmospheric column and suppresses convection. Within
the Pacific domain, subsidence is strongest along the American Pacific coast at around 30◦ north and
south, which includes central and northern Chile and the Atacama desert.

From this position within the global-scale circulation follows a number of distinct regional circu-
lation patterns in both atmosphere and ocean. Their effects on regional climate factors are illustrated in
Figure 2.3. Note also that the location of the Astronomical observatories introduced in Section 1.1 and
the two coastal Chilean cities Antofagasta and La Serena (coordinates taken from Google cited 2017)
are henceforth marked in these regional detail plots as points of reference. The subsiding motion in the
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(a) Total Precipitation (tp)

(b) Vertical Velocity (w)

Figure 2.1: Mean global fields of (a) total precipitation (tp) and (b) vertical velocity (w) for ERA Interim
(1979-2016). Note that vertical velocities in ERA Interim (see (c)) are defined in the vertical pressure
coordinates as dp/dt, i.e. in units Pa s−1.
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Hadley cell leads to a strong temperature inversion in subtropical latitudes and forms a vast, climatolog-
ical high-pressure system in the southern East Pacific. Figure 2.3a shows the mean winds at 925 hPa for
ERA Interim (1979-2016). The velocities of corresponding wind speed are given in colours, the arrows
show the wind direction and are scale proportionately to the wind speed. In this wind field, which is
representative of mean (marine) boundary layer winds, the mean wind in the (marine) boundary layer,
the pacific high pressure zone appears as the centre of anticyclonic (counter-clockwise turning) winds off
the coast of South America. On the northern and eastern edges of the high pressure system one can fur-
thermore see the trade winds that turn with increasing wind speeds from a southerly direction along the
Chilean coast to a more south-easterly direction towards the open tropical Pacific. These strong trades
push warm surface waters towards the west, away from the South American coast, and force strong
upwelling motion of cold deep water from the Humboldt current along the Chilean and Peruvian coast
leading to relatively cold mean SSTs in that region. Figure 2.3b shows the consequential pattern in the
mean SSTs for ERA-Interim (1979-2016). Along the Chilean and Peruvian Coast, the sea surfaces is
substantially cooler compared with the open Pacific, some 20 to 30 degrees longitudes further west, at
the respective same latitudes.

The local maximum of the aforementioned subsidence lies off the coast of Chile in about the same
latitude range as the Atacama desert and, reaching as far downward as the top of the boundary layer. In
the mean vertical wind for ERA-Interim (1979-2016) at 700 hPa this maximum becomes visible over
the sea. While deep convection and precipitation are thus effectively suppressed, the boundary layer is
cooled and moistened by the relatively cool sea surface and is therefore covered by sheets of marine stra-
tocumulus for a large part of the year (Garreaud et al. 2009). In Figure 2.3d this stratocumulus-topped
marine boundary layer (MBL) becomes visible in the as relatively high values of 40 % and more in the
mean cloud cover at 925 hPa for ERA-Interim (1979-2016). The top of the MBL however remains lower
than the peaks of the coastal mountain ranges of Chile for a large part of the annual cycle, thus cutting
the inland part of the Atacama region off from the Pacific marine moisture sources. Moreover, as is
described by Rutllant et al. (2003), a second boundary layer cell evolves over the Atacama desert as
an effect of the solar heating disparity between the west slopes of the Andean cordillera and the top of
the MBL. This Rutllant cell, provides additional subsidence and suppresses convection in the Atacama
desert, particularly when conditions would otherwise be favourable, i.e. in austral summer afternoons.
The sharp contrast in cloud cover along the coast in Figure 2.3d reflects the decoupling between the cool
and moist Marine boundary layer (MBL) and the dry Atacama boundary layer cell. Additionally, the An-
des and the neighbouring Alitplano block moisture advection from the inner continent into the Atacama,
generating a rain-shadow effect, with increasing intensity towards the west (Houston and Hartley 2003).
In Figure 2.2 the gridded orography as it is used in ERA-Interim, is shown for the broader Atacama
region. The high elevation of the Andes and the Altiplano of up to 4000 m and higher (in the relatively
coarse spatial resolution used in ERA-Interim) is clearly visible. The grid point geopotential heights
within the Atacama, between roughly 500 and 2500 m confirm that the surface height in the Atacama
exceeds the vertical extent of a typical stratocumulus-topped MBL off the Chilean coast (Wood 2012,
1000 m), even more so considering small-scale orography such as coastal mountain ranges. Combined
with the global-scale subsidence of the Hadley circulation, it is these two distinctly regional features, the
cool sea surface and MBL in the Pacific to the west and the high elevation of the Andean mountains to
the east, that drive the extreme aridity of the Atacama desert (Houston 2006).

With its hyper-arid climate, the Atacama desert provides an overall favourable regional climate for
astronomical observations. In Figure 2.4, important aspects of the mean climatic conditions for astron-
omy are summarised as they can be inferred from ERA-Interim reanalysis data. As described above,
strong subsidence over the Atacama desert suppresses convection and thus also cloud formation. The
average cloud cover is therefore very low. Figure 2.4a displays the mean total cloud cover tcc as it is
given in the ERA-Interim dataset (years 1979 tp 2016). Therein one can see that the cloud cover reaches
particularly low values in the northern/north-western Atacama with less than 10 %, which includes the
region of the northern observatory sites of Paranal, Armazones and Ventarrones. This low mean cloud
cover in close vicinity to the sea is in sharp contrast to the high cloud cover values associated with the
stratocumulus sheet off the coast. From the minimum in the north-western Atacama tcc increased both
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Figure 2.2: Geopotential surface height in ERA-Interim

towards the Andes and the Bolivian Altiplano in the north-east, including Chajnantor, and towards the
southern Atacama, where the southern observatories such as Las Campanas, La Silla or Cerro Tololo
are situated. For both observatories/groups of observatories the mean tcc is in the range between 10 and
20 %. It is therefore quite likely that, on average, a large number of cloud-free nights should be available
to all observatories for a considerable part of the year.

Apart from the absence of clouds, a dry atmospheric column is desirable for astromical observa-
tions. In this respect, the Atacama desert provides favourable conditions with low precipitable water
contents. In ERA-Interim, precipitable water, i.e. the vertically integrated water vapour content over
the atmospheric column per unit area, is termed total column water vapour (tcwv). Figure 2.4b depicts
the mean tcwv over the Atacama for ERA-Interim (1979-2016). In general, the atmospheric column of
the Atacama is extremely dry compared with the tropically moist air masses over Amazon rainforest
on the opposite side of the Andes Cordillera. Within the Atacama desert, tcwv decreases from about
20 kg m−2 in near-coastal regions to below 5 kg m−2 at high altitudes, towards the Altiplano, which can
mainly be explained by the eastward increasing surface elevation. Concerning the regions surrounding
the Atacama desert Figure 2.4b shows (1) that the Andes effectively block the influx of moist air from
the tropical centre of South America and (2) that the cool upwelling region (c.f. Figure 2.3b) off the
coast strongly impacts the column water vapour content above, as high/low tcwv values coincide with
warm/col surface waters

The spatial distribution of the mean total precipitation tp in ERA-Interim (1979-2016), which is
shown in Figure 2.4c, closely follows that of the total cloud cover, with the exception of the stratocu-
mulus cloud sheet off the coast. Statocumulus clouds produce very small amounts of rain in the form of
drizzle (c.f. Wood 2012), which vanish to almost zero in the multi-decadal mean shown here. On land, in
the Atacama desert, tp mirrors the mean cloud cover with the “dry centre” (some ) in the north-western
Atacama and increasing average rainfalls towards the Altiplano in the east and towards the south. On av-
erage the rainfalls remain below 1 mm per day for all observatories considered in this thesis. Assuming
that the little precipitations that falls on average in the Atacama desert is made up by very few convective
disturbances in to the otherwise strong large-scale subsidence regime, one can conclude that precipitation
only rarely poses and obstacle ot atmospheric observations in the Atacama.

A fourth aspect of the regional climate in the Atacama that is of relevance for observation quality is
the position of the sub-tropical jet stream in about these latitudes, as a consequence of the global Hadley
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(a) Wind speed (colors) and wind direction (arrows) at 925 hPa (b) Sea Surface Temperature (SST)

(c) vertical velocity (w) at 700 hPa (d) cloud cover at 925 hPa

Figure 2.3: Mean regional fields of (a) wind speed and wind direction at 925 hPa, (b) sea surface temperature (SST), (c) vertical velocity (w) at 700 hPa and (d)
cloud cover (cc) at 925 hPa for ERA Interim (1979-2016). Physical dimensions and units of w as in Figure 2.1b. The location of important observatories and coastal
cities are also provided as points of reference
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(a) Total cloud cover (tcc) (b) Total column water vapour (tcwv)

(c) Total precipitation (tp) (d) Wind speed (colors) and wind direction (arrows) at 200 hPa

Figure 2.4: Mean regional fields of (a) vertically integrated total cloud cover (tcc), (b) vertically integrated total column water vapour (tcwv), (c), total precipitation
(tp) (d) wind speed and wind direction at 200 hPa for ERA Interim (1979-2016).
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circulation (e.g. Peixoto and Oort 1992). In Figure 2.4d the jet is clearly visible as strong zonal wind
band in the mean wind field at 200 hPa in ERA-Interim (1979-2016), reaching mean wind speeds above
30 m s−1. On its course from the Pacific to the South American landmass, this mean jet passes over
Chile with its core at about 30◦S in latitude, intensifying and converging around the axis of a upper-level
ridge centred over northern-central South America. The jet stream, however is often accompanied by
turbulence which preferentially occurs in strong wind shears on the flanks of jet (Pepler et al. 1998). For
astronomical observations this strong-wind band overhead may therefore be detrimental in two different
ways: Firstly, associated with small-scale instability and turbulence, high cirrus clouds may form in the
vicinity of the jet stream (Cotton 2011a) and reduce visibility. Secondly, the jet stream may contribute
a considerable proportion of the turbulence that makes up the atmospheric seeing that any ground-based
observer or telescope faces, as the example for Paranal in Cerro Tololo Inter-American Observatory
(cited 2017a) shows.

In summary, the climate of the Atacama desert provides overall good mean conditions for ground-
based astronomy: As an effect of strong subsidence, very low cloud cover and a dry atmospheric column
ensure good visibility in both the visible and the long-wave parts of the electromagnetic spectrum. Fur-
thermore, as convections is mostly suppressed, precipitation is scarce and thus only rarely imposes lim-
itations on telescope operability. Lying beneath the subtropical jet stream, observatories in the Atacama
desert are confronted with worse seeing caused by scmall-scale turbulence within the jet or on its flanks.

So far, only a mean state over several decades, has been considered. The above climate conditions,
however, are all subject to seasonal variations, which are covered by the following section.

2.2 Seasonal cycle

In the analysis of the mean conditions for astronomical observations in the Atacama desert a number of
relevant features only become apparent when considering seasonal variations. In the previous section,
a set of relevant aspects of the regional climate with respect to astronomical observations are outlined:
cloud cover, vertically integrated column water vapour content, precipitation and position and behaviour
of the subtropical jet stream. In the following, the mean seasonal variations of these will be discussed,
again based on the ERA-Interim reanalysis monthly mean data for the years 1979 - 2016. Following the
definition of El Niño and La Niña years in Section 1.2, starting in September and ending in August, the
seasonal cycle will be given in this order: (austral) spring (SON), summer (DJF), autumn (MAM) and
winter (JJA). Computations are performed using suitable CDO functions (Schulzweida 2017)

On the global scale, the Hadley circulation underlies a profound change between summer and winter.
As described in Peixoto and Oort (1992), the double Hadley cell with rising motion in equatorial latitudes
and a polarward subsiding branch in either hemisphere arises only, if the annual mean is considered. A
more accurate picture of the Hadley circulations is that of a single cell with rising motion in the summer
hemisphere, an upper-tropospheric flow crossing the equator and subsidence in the winter hemisphere
(Lindzen and Hou 1988). An effect of this seasonality can clearly be seen in the seasonal cycle of the
subtropical jet stream over western South America in Figure 2.5. During austral winter (JJA), the jet
is strongest and almost purely zonal, fiiting into the classical view of a somewhat zonally symmetric
jet stream driven by the meridional flow in the Hadley cell. It is centred over the Atacama desert at
30th parallel (Garreaud et al. 2009). In the other seasons, the jet stream appears more intermittent with
a ridge-like jet maximum of the South American landmass. In summer (DJF), this deviation from the
zonally symmetric view is strongest, with a closed upper-level high over the Altiplano. This high, which
is commonly referred to as the Bolivian High, is the product of strong latent-heat release in the deep
convection of the nearby Amazon during summer. According to Vuille (1999), this the Bolivian High
in turn creates upper-level divergence which allows for deep convection and consequential precipitation
over the Altiplano. For the broader region, such disturbances and vertical motions in the jet stream are
likely to be accompanied by increased turbulence and wind shear and would therefore have a negative
impact on the seeing conditions over the Atacama desert.

A rightful question that may arise in the context of the seasonality of the Hadley cell, concerns the
large-scale subsidence that is an important ingredient to the Atacama hyper-aridity (see Section 2.1) and
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Figure 2.5: Seasonal cycle of wind speed and directions at 200 hPa for ERA-Interim (1979 - 2016);
graphical display as in Figure 2.4d.

that is also necessary to maintain the climatological subtropical anticyclone in the southern east Pacific
(c.f. Figure 2.3a). According to Rodwell and Hoskins (2001), the large-scale subsidence over the western
flank of South America and the adjacent part of the Pacific Ocean can be ascribe to two major influences.
Firstly, the South American monsoon causes a strong latent-heat release east of the Atacama desert, on
the opposite side of the Andes. Interacting with the extra-tropical westerlies of the jet stream, this latent
heat release leads to Rossby wave response upstream, i.e over the Atacama desert and the Pacific Ocean.
Secondly, the presence of a high, meridional mountain rang, blocking westerlies, produces descent in this
region. More regionally, the mesoscale Rutllant cell (c.f. Section 2.1) is enhanced by deep convection
over the Altiplano, and maintains subsidence over the Atacama desert, ensuring aridity despite a warmer
sea surface and, consequentially, a higher MBL top.

. The effect of the seasonal variability in the large-scale circulation can be seen quite well in cloud
cover and precipitations over the Atacama desert. Figure 2.6 shows the mean seasonal cycle of total
cloud cover tcc in region in ERA-Interim (1979 - 2016). The seasonal variations in cloud cover over the
Atacama desert can best be tracked by focusing on how the area of minimum cloud cover (tcc < 10 %),
shown in purple moves over the course of the year. In austral spring (SON), this minimum covers mainly
the northern Atacama desert, including the northern group of observatory sites (Paranal, Armazones)
and Chajnantor, while the southern group of observatory sites is situated slightly south of if. Moving
into summer (DJF), cloud cover in the southern Atacama decreases,such that the area of low mean cloud
cover now stretches as far south as 35◦S. At the same time, in the north-eastern transition region between
Atacama desert and Altiplano, cloud cover increases as a consequence of the ascent of moist air. facil-
itated by the presence of the Bolivian High. In the southern Atacama and into central Chile, the effect
of the meachisms described by Rodwell and Hoskins (2001) (dynamic responses to monsoon latent heat
release and the Andes as flow barrier), as this region lies more directly under the jet stream in summer.
Over the sea, cloud cover reveals the response of the MBL to the warming sea surface towards the equa-
tor. Off the Peruvian coast and in a thin stripe along the coast into the northernmost Chilean waters,
total cloud cover, in this are is made up almost entirely of stratocumulus, sharply decreases in summer,
following the warming pattern in SSTs (not shown).

In austral winter (JJA), area of low total cloud cover (tcc < 10 %) shifts to the northernmost part of
the Atacama desert while cloud cover increases southward, reaching approximately 50 % around Cerro
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Figure 2.6: Mean seasonal cycle of total cloud cover (tcc) for ERA Interim (1979 - 2016)

Figure 2.7: Mean seasonal cycle of total precipitation (tp) for ERA Interim (1979 - 2016)

Tololo. The increasing cloud cover in the southern and central Atacama desert relative to summer con-
ditions is, according to Houston (2006), associated with extra-tropical frontal systems moving eastward
and northward from the Pacific. Autumn (MAM) conditions can be seen as a transition from summer into
winter as higher cloud cover linked to uplift over the Altiplano only slowly retreats while cloud cover in
the south increases with increasing influence from Pacific low pressure systems.

The contrast between a extra-tropical, Pacific regime and a tropical, Amazonian regime, found in the
cloud cover, is also dominant in precipitation. Figure 2.7 displays the mean seasonal cycle of total precip-
itation (tp) in ERA-Interim (1979 - 2016). As in cloud cover, the driest area with respect to precipitation
(shown in brown) follows the minimum of cloud cover over the course of the seasons from a northern
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Figure 2.8: Mean Seasonal cycle of total column water vapour (tcwv) for ERA-Interim (1979 - 2016)

position during winter to a southern/south-western position during summer. For austral summer (DJF)
Figure 2.7 shows strongest precipitations over the Amazon basin and the Altiplano, with elevated rainfall
sums of some 2 to 3 mm d−1 continuing into the north-eastern Atacama desert, where the Chajnantor
observatory is located. At the same time, the western part of the Atacama between the northern and
southern groups of astronomical observatories receives little or now rain with average sums of less than
0.1 mm d−1. Towards winter, when the global-scale circulations becomes more zonally symmetric, the
dry zone extends eastward and northward, including Chajnantor. In the southern Atacama, the southward
increasing effect of frontal outbreaks becomes visible in winter, bringing about 1 mm d−1 on average to
the southern group of observatories.

In the column water vapour content, the antagonism between the an Amazonian summer-rain regime
and a Pacific winter-rain regime is not as clearly visible as in cloud cover or precipitation. Figure 2.8
depicts the mean seasonal cycle of total column water vapour (tcwv) for ERA-Interim (1979 - 2016) in
the broader Atacama region. Instead of a dipole-like seasonal variation, the column water vapour over
the Atacama desert and the neighbouring part of the Andes exhibits a more uniform annual oscillation
between a dry winter and a more moist summer. During the dry winter (JJA) and into spring (SON),
the atmospheric column over the region is generally very dry (tcwv < 10 kg m−2), with tcwv decreasing
with geopotential height as mentioned in Section 2.1. In summer, on the other hand, the atmospheric
column is more moist throughout the Atacama desert. While, the moistening towards the north-east can
be ascribed to the increased humidity import from the Amazon basin, increasing humidity closer to the
coast appears to be related to an increasing SST off the coast (not shown) and a hence moistened and
warmed MBL. A likely explanation for this relationship between humidity over land and over sea in
summer may lie in the greater vertical extent of the summer MBL and the therefore weakened decou-
pling between the MBL and the Rutllant cell (Rutllant et al. 2003). Since the Rutllant cell is driven by
deep convection over the Altiplano, expecially during summer, subsidence in the descending branch of
this circulation traps the marine moisture below a strong inversion so that it cannot be converted into
convective precipitation.

Overall, following Houston (2006), the Atacama desert can be partitioned into two climatically dif-
ferent parts along a north-west to south-east diagonal line. In north-eastern half, the annual cycle is
marked by summer rain and cloud cover from an continental/Amazonian moisture source, while winter
clouds and rain from an extra-tropical, Pacific moisture source dominate in the south-western half. In
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seasonal cycle of column water vapour content, a dry winter is contrasted by a summer during which
moisture imports into the Atacama occur both over the Andes and from the Pacific.

With respect to the locations of the observatory sites, the division into three groups – northern,
southern and Chajnantor – is reflected in three different characteristic seasonal cycles: The high plateau
around Chajnantor shares much of its climate with the neighbouring Altiplano, i.e. predominantly sum-
mer rains in connection with the Bolivian High and a humidity influx from the Amazon basin. The large
group of southern observatories is confronted with enhanced cloud cover and rainfalls mainly during
winter. Finally, the northern group of observatory sites faces relatively little cloud cover and precipita-
tion throughout the year, with a slight tendency towards more cloud during winter.

2.3 Seasonal Variations of Representative Vertical Profiles

In this section, the different characteristic seasonal cycles will be demonstrated with the example of mean
representative vertical profiles for selected variables and observatory sites. These profiles are created us-
ing the three-dimensional monthly mean ERA-Interim (1979 - 2016) data defined on the bottom 37 model
levels, which is described in Section 1.3. For each site, the nearest-neighbour horizontal grid cell of the
ERA-Interim grid is computed using CDOs (Schulzweida 2017). From the thus created two-dimensional
(time, vertical level) data, the mean seasonal cycle is computed analogously to the computation, applied
to surface and pressure-level data in the previous section.

In order to obtain meaningful, physical vertical coordinates, pressure and geopotential height have to
be computed from the data itself. The computations of both vertical coordinates are performed using an
adapted version of the python code, which was developed by Mark Jackson from Cambridge Environ-
mental Research Consultants Ltd., and made available by Hennermann (cited 2017). The pressure for
the interfaces between two model levels are therein computed according to Berrisford et al. (2011), as
function of grid-point surface pressure ps and two level-specific constants. The pressure for the model
level itself follows then as the arithmetic mean of the pressure at the two interfaces, above and below the
model level. The geopotential height is computed iteratively bottom-up from the surface height using the
hypsometric equation (American Meteorological Society cited 2017), which requires, additionally, the
profiles of temperature t and specific humidity q. Both vertical coordinates are computed individually for
every month and then averaged for each mean season to mean seasonal coordinates. When considering
profiles with pressure as vertical coordinate, it is useful to define a reference pressure that is representa-
tive of the geopotential height of the individual observatory. This is achieved by linearly interpolating the
pressure grid to the geopotential height of the respective observatory for each of the four mean seasons.

With this tool, it is now possible to analyse meaningful vertical profiles. I the following important
aspects of the seasonal cycle in each of the three aforementioned regions, i.e. the northern observatory
group, the southern observatory group and Chajnantor, are presented with the aid of suitable vertical
profiles for one site. For the sake of simplicity the three ESO sites, La Silla, Paranal and Chajnantor are
selected as representative of the three groups/regions.

. Figure 2.9 shows the mean seasonal vertical profiles of horizontal wind speed, specific humidty q,
cloud cover cc and cloud water content cwc for the ERA-Interim (1979 - 2016) grid point nearest to La
Silla. In the wind speed profiles (Figure 2.9a), the seasonal cycle of the jet stream becomes visible: the
jet is strongest during winter (JJA) and into spring (SON) and weakest during summer (DJF), which is
line with the findings of the previous section. The vertical humidity profile (Figure 2.9b) confirms the
seasonal variations found for column-water vapour (tcwv) above. The summer profile is the most moist
and the winter profile is the driest. Noteworthy is also that the differences in humidity occur mainly in
the lowermost part of the profile, below 600 hPa, as the most important external influence on humidity
in coastal regions is moisture import from the MBL (see Section 2.2).

The profiles of cloud cover (cc) and cloud water content (cwc) in Figures 2.9c and 2.9d also ex-
hibit a clear seasonality, with both parameters reaching their maximum in winter and their minimum in
summer, uniformly for each vertical level. The profiles of cloud cover are somewhat top-heavy for all
seasons, i.e. cloud cover is largest for high clouds, centred approximately at 250 hPa (Cotton 2011a). For
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(a) Horizontal wind speed (b) Specific Humidity q

(c) Cloud cover cc (d) Cloud water content cwc

Figure 2.9: Mean seasonal vertical profiles of ERA-Interim (1979 - 2016) for the grid point nearest to
La Silla. In each vertical profile, the oberservatory site reference pressure is marked with a horizontal
bar.
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all seasons, the single largest contribution to total cloud cover comes from high clouds. The profiles of
cloud water content are more uniform in the vertical, with the exception if the quite bottom-heavy winter
profile, which hints to the occurrence of precipitation during this season. Overall one can conclude from
the cloud profiles, that observing conditions should be best in summer and by far worst during winter. In
fact, this assumption is confirmed, by Sarazin (1990), who document for La Silla the least percentage of
photometric nights,i.e. among other things, cloud-free nights (e.g. Gemini Observatory cited 2017), in
winter months and the largest for summer months.

For the ERA-Interim grid cell closest to the Paranal observatory, the profiles of wind speed and cloud
cover are shown in Figure 2.10. The wind speed profile is qualitatively quite similar to that at La Silla:
The jet is strongest and winter and weakest in summer. Overall, as Paranal lies further north and thus
further off the mean latitude of the jet core (c.f. Section2.2), upper-level wind velocities are lower by
about 5 m s−1 on average.

The cloud cover profile for Paranal (Figure 2.10b) shows a distinct bipolar structure: While cloud

(a) Horizontal wind speed (b) Cloud cover cc

Figure 2.10: Mean seasonal vertical profiles of ERA-Interim (1979 - 2016) for the grid point closest to
Paranal. In each vertical profile, the oberservatory site reference pressure is marked with a horizontal
bar.

cover is very low in the middle troposphere for all seasons, it reaches maxima firstly for high clouds,
centred at 250 hPa, and secondly for low clouds below 800 hPa. With respect to low-cloud cover, sum-
mer (DJF) is the cloudiest season and winter is the most cloud free season. This seasonal cycle mirrors
the moistening and vertical growth of the marine boundary layer off the coast of the northern Atacama
desert and the consequential influx of moist air further inland. Being located on a mountain summit, the
Paranal observatory lies above this low cloud layer. For the seasonal cycle of high-cloud cover one finds,
as for La Silla, that it reaches its maximum during winter. This appears be related to the jet stream being
strongest in winter. The minimum season of high-cloud cover over Paranal is, however not summer, but
spring. In summer, high-cloud cover may be enhanced by the relatively close proximity of the upper-
level Bolivian High north-east of Paranal (c.f. Figure 2.5), and the dynamic uplift of air that is associated
with it. Overall, however cloud cover is mostly lower at Paranal than at La Silla (note the differing scales
in Figures 2.9c and 2.10b). Paranal, and the northern region more generally, thus provide better better
conditions with, on average, more cloud-free, photometric nights than La Silla and the southern Atacama
(Sarazin 1990).

For the Chajnantor plateau nearest ERA-Interim grid cell, mean seasonal vertical profiles are given
in Figure 2.11. While the vertical profiles of wind speed (not shown) are very similar to that for Paranal,
the seasonal cycle of mean wind directions (Figure 2.11a) behaves somewhat surprising. For autumn
(MAM), winter (JJA) and spring (SON), the westerly winds (275◦) prevail over the vertical column with-
out much directional shear. In comparison, the wind-direction profile for summer is somewhat peculiar.
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On lower levels (In the region of Chajnantor this refers to model levels below the 500 hPa) the wind
direction deviates from westerly directions towards south, while in the upper troposphere winds turn
towards north-west during summer. The latter is most likely connected to the Bolivian High whereas the
former may be connected to occasional easterlies, which advect moist air uplifted in the interior of South
America in monsoon times (c.f. Section 2.2).

In the mean seasonal profiles of specific humidity (Figure 2.11b) the effect of the aforementioned

(a) Horizontal wind direction (b) Specific Humidity q

(c) Cloud cover cc (d) Cloud water content cwc

Figure 2.11: Mean seasonal vertical profiles of ERA-Interim (1979 - 2016) for the grid point nearest to
Chajnantor. In each vertical profile, the oberservatory site reference pressure is marked with a horizon-
tal bar.

moisture import from Amazonia during summer becomes visible: The summer (DJF) profile is consider-
able moister than those of the other seasons, with the winter profile being the driest. Winter is therefore
accompanied by the best observing conditions for gigahertz and terahertz astronomy at Chajnantor, while
conditions are poorest in summer.

This judgement is confirmed by the seasonal cycles of the cloud cover and cloud water content pro-
files in Figures 2.11c and 2.11d. Both cloud cover and cloud water content more than double at around
500 hPa in summer compared with the average of other seasons. A comparably strong increase of cloud
cover in summer can also be found for high clouds, which is more than double of cloud cover during
autumn, winter or spring. The effects of the Bolivian High on (summer) conditions over Chajnantor is
thus quite profound.

In summary, the large-scale tropospheric conditions for astronomical observatories undergo consid-
erable seasonal variations in all three regions. In the southern Atacama desert, represented here by La
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Silla, winter conditions are generally the poorest with a greater likelihood of precipitation and increased
cloud cover compared with other seasons. In the northern region, in this case represented by the Paranal
observatory, winter conditions are only slightly poorer than normal, mainly in the form of increased high-
cloud cover. The strongest seasonal effect has been found for Chajnantor, where under the influence of
the upper-level Bolivian High, average humidity and cloud cover are much greater in summer compared
to the rest of the year. The effects of these seasonal variations of observing conditions in the Atacama
and associated circulations patterns are to some extent affected inter-annually by the El Niño Southern
Oscillation (ENSO), which is shown in the following chapter.
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Chapter 3

Changes in Regional Climate During El
Niño and La Niña

This chapter aims at providing an overview of the large-scale effects of ENSO on the regional climate
of the Atacama, and more specifically on relevant atmospheric fields and flows, on an inter-annual time
scale. In the first section, the main statistical tool, EOF analysis, its features, its possible shortcomings
and its application in detecting ENSO signals from ERA-Interim reanalysis data will be introduced.
The second section covers spatial patterns of variability that are highly correlated with ENSO, and their
physical interpretation. The third section discusses the changes in the regional climate and the mean
seasonal cycle in the Atacama desert that take place during mean El Niño and La Niña events. These are
interpreted with respect to potential impacts on astronomical observations.

3.1 EOFs as Analysis Tool for ENSO

The main goal of this thesis is to detect ENSO-related spatial patterns of variability that affect the regional
climate of the Atacama desert and thus consequently the mean observing conditions in the Atacama
desert. It is therefore desirable to decompose relevant fields, e.g. those of humidity, precipitation or
horizontal wind components, into spatial modes and corresponding time series describing the momentary
strength of the mode over time. A common and widely used tool to achieve this decomposition are
Empirical Orthogonal Functions (EOF). As the name suggests, a data signal in the space-time domain
is decomposed into modes or EOFs that are orthogonal, i.e. the standard scaler product of any set of
two different EOFs gives 0. The corresponding time series are often called Principal Components (PC).
This nomenclature, EOF and PC for spatial and temporal modes, will be used throughout this thesis.
Detailed and mathematically rigorous descriptions of EOFs can be found in various publications and
textbooks (e.g. Wilks 2006) on statistical analysis in atmospheric sciences and beyond. In the following
the basic formulation and the behaviour of EOF analysis are introduced based on the textbook by Storch
and Zwiers (1998) and the review by Hannachi et al. (2007). This description covers mainly aspects
relevant for this work and is by no means exhaustive with respect to EOFs as a general statistical tool.

In general, any gridded data field in the time-space domain can be represented by a n× p matrix X ,
where p denotes the number of grid points, n the number of time steps:

X =


x11 x12 . . . x1p
x21 x22 . . . x2p
...

...
...

...
xn1 xn2 . . . xnp

 (3.1)

In order to obtain anomalies, the time-mean for all grid points is subtracted from each time column in
X , giving the anomaly matrix X ′. For the sake of convenience however, the anomaly matrix is hereafter
denoted X , thus omitting the original data matrix. From the anomaly matrix, the p×p covariance matrix
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is computed as:

S =
1

n
XTX (3.2)

Each entry of S contains the covariance si j i, j = 1, . . . , n of the time series of two individual grid
points, with the conventional variances each time series on the main diagonal (i = j). Thus S gives a
measure of the total variance contained in the data matrix X , attributed to each grid point (row index i)
as the covariances with each other grid point (column index j).

The objective of the EOF analysis is to find a set of orthogonal base vectors that contain a maximum
chunk of this variability. This is equivalent to finding eigenvectors ek or EOFs of S with maximum
eigenvalues λk:

Sek = λkek; k = 1, . . . , p (3.3)

Each possible pair of two of these EOFs are orthogonal, i.e. the Euclidean scalar product of the two
vanishes:

〈ek, el〉 =

p∑
i=1

eki · eli = 0, l 6= k (3.4)

As can be seen in Equation 3.3, there are as many EOFs as there are spatial grid points in the data
field (p). The EOF analysis thus maintains the dimensionality of the original data field.

The eigenvalues λk provide a measure of the share of the individual EOF of the total variability, the
explained variance, through dividing λk by the sum of all eigenvalues. The percentage of explained
variance is given as:

100λk
p∑

j=1
λ j

% (3.5)

EOFs are computed and subscripted with decreasing explained variance, starting with the largest. The
first EOF is therefore the single most dominant spatio-temppral mode of variability in the dataset. Fi-
nally, the principal components are defined as the projection of the original anomaly field (in time-space
domain) onto the corresponding EOF, which is computed by multiplying the EOF vector to the right side
of X . Element-wise, this can be written for the k-th EOF/PC as:

atk =

p∑
j=1

xt jek j; t = 1, . . . , n (3.6)

PCs can be seen as the strength of the corresponding EOF in the course of time. They meet an analogous
orthogonality criterion to that of the EOFs (c.f Equation 3.4), i.e all PC time series are uncorrelated.

Given that the first few modes often explain a large proportion of the variability in a dataset, the
computation of EOFs and PCs is commonly truncated after a number of less than 20. The eigenvalues
are however computed completely as they are required to compute explained variances (see Equation
3.5). The computation itself is, according to Storch and Zwiers (1998), performed applying the singular
value decomposition, a description of which can be found in this and other textbooks. In the CDOs,
which are applied for this thesis in computing EOFs, the method of Storch and Zwiers (1998) is applied,
modified by a spatial weighting of the initial field which accounts for the curvature of the earth and the
consequential shrinking of grid cells of global data towards the poles. Furthermore, to obtain meaningful
units for the EOFs, a normalisation is applied to the output eks based on the reconstruction formula
provided in Schulzweida (2017). The original data matrix X is therein given, element-wise as function
of all EOFs and their corresponding PCs:

xi j =

p∑
k=1

aik · w j j · e jk; i = 1, . . . , n, j = 1, . . . , p (3.7)

The factors wj,j are elements of the diagonal matrix W , which contains the area weights used by CDO.
The expression which is the argument of the summation in Equation 3.7 is utilised to define each EOF
with the units of X . For this, the PC is normalised by its overall maximum absolute value, such that
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it contains a relative amplitude between -1 and 1. The former maximum PC absolute value is then
multiplied to the EOF along with the weights to yield the new, adapted EOF e′ as,

e′ = āmax ·W · e. (3.8)

With this definition, each EOF can be interpreted as anomaly mode as the positive or negative of its
maximum temporal strength, while the corresponding PC contains the amplitude of the pattern, relative
to that maximum strength, over time.

The EOF analysis is subject to a range of shortcomings, both from a of statistical as well as from a
physical point of view: As is discussed at length by Storch and Zwiers (1998), the computed eigenvalues
are a biased from the ‘true’ eigenvalue of the system, underestimating the largest and overestimating the
smaller eigenvalues. Moreover in the estimation of both eigenvalues and EOFs, there is uncertainty that
cannot always be neglected, which, however is not easy or straightforward to quantify. Rules of thumb
to compute such an uncertainty range exists, e.g. that of North et al. (1982), but a more thorough analysis
of the statistical uncertainty implied in the computed EOFs is far beyond the scope and the given time
frame for this master thesis. The computed eigenvalues, EOFs and PCs are therefore considered as ”true”
estimates hereafter.

Moreover, the interpretation of EOF patterns in a physical sense requires some diligence as well. As
Dommenget and Latif (2002) point out, EOFs do not necessarily represent physical modes of variability.
On the contrary, physically separate patterns are often combined in one EOF and/or “spread” over several
EOFs, so that a linear combination of these eigenvectors yields the actual physical mode. Moreover,
physical modes are seldom orthogonal. The strict temporal and spatial orthogonality constraint in the
EOF analysis often produces non-physical artefacts. E.g. when there is a strong localised maximum
in the first EOF, a dipole structure can be expected to occur in the second EOF (Dommenget and Latif
2002). Another restriction of the EOF analysis is that it can only detect non-propagating, stationary
patterns of variance (Hannachi et al. 2007; Dommenget and Latif 2002), which is the case with ENSO to
a sufficient extent.

Despite all these shortcomings, the EOF analysis still serves the purpose of singling out dominant
modes of variability in gridded datasets (in this case ERA-Interim) and the associated PC time series.
These time series allow for a direct comparison with ENSO indices such as the ONI or the SOI. The
main measure that is used for this comparison is Pearsons’s correlation coefficient. An estimate of the
correlation coefficient ρxy of two time series x and y of length n is computed as the ratio between the
covariance of the two and the product of the individual standard deviations (Storch and Zwiers 1998):

ρxy =
Cov (x, y)

σxσy
=

∑n
i=1 (xi − x̄) (yi − ȳ)√∑n

i=1 (xi − x̄)2
∑n

i=1 (yi − ȳ)2
(3.9)

Computed from two data time series according to Equation 3.9, an asymptotically unbiased, normally
distributed estimation of the correlation coefficient is obtained. The confidence interval for the estimated
correlation coefficient can hence be computed in a straightforward manner for the Gaussian normal
distribution. To ensure a reasonably well convergence, this is done with Fisher’s z-transform, i.e. taking
the tanh−1 of the correlation coefficient, determining the upper and lower boundary of the confidence
interval for a normal distribution (mean: tanh−1 (ρxy), variance: 1

n−3 ) for a given significance level and
finally re-transforming by taking the tanh of both values (Storch and Zwiers 1998).

Combined, the EOF analysis and the correlation coefficient provide a tool to detect ENSO-related
variability patterns in relevant data fields. While the corresponding eigenvalue provides a measure of
the variance in the raw data explained by the EOF, the correlation coefficient of the associated PC with
e.g. the ONI can be seen as a measure the temporal variance of PC explained by El Niño and La Niña. So,
ideally, a strong ENSO signal (EOF) in a data field is expected to have both a PC that is well correlated
with an ENSO index (i.e. close connection to ENSO) and a high value of explained variance as well as
a high rank among all EOF modes (dominant signal). In the following, the EOF analysis is applied to
two-dimensional anomaly fields of the monthly ERA-Interim data, which are computed by (1) removing
a linear trend over the full covered time of 1979 - 2016 and (2) removing the annual cycle, which in
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turn is given by the inter-annual mean over all years for each month. For this anomaly field an EOF
analysis with truncation after the first 20 leading modes is computed. All computations up to this point
are performed using suitable functions of CDO (Schulzweida 2017). Figure 3.1 gives an example for the
kind of spatial pattern that evolves from these analysis steps: It shows the leading EOF mode (EOF1)
of the global sea-surface temperature, which accounts for 15.27 % of the global SST variability. With a
correlation coefficient of 93.1 % its associated PC (PC1) shows a very close relationship with the ONI. It
is hence hardly surprising that the maximum of this spatial pattern very well covers the equatorial eastern
Pacific, where the SST anomalies of and El Niño occur and in which the reference longitude-latitude box
of the ONI is situated. On the one hand once can therefore safely identify the Oceanic component of
ENSO with the first EOF of the global SST. On the other hand this example demonstrates, that the EOF
analysis is capable of capturing ENSO related patterns of variability.

In the following, the described method – the EOF analysis of the global two-dimensional anomaly

Figure 3.1: EOF1 of sea-surface temperature (SST) for ERA-Interim (1979 - 2016); This mode explaines

field combined with the correlation coefficient between the associated PC and the ONI – is applied to
the full range of variables contained in the ERA-Interim dataset introduced in Section 1.3. Surface based
variables like SST as well as vertically integrated quantities like the total-column water vapour are herein
treated as single variables, while variables with a vertical dimension are split up into a set of selected
pressure levels. Each of these pressure-level-variable combinations is analysed separately for the 200,
300, 500, 700, 850 and 925 hPa levels. Table 3.1 provides an overview over all variables which are
analysed using EOFs, and the abbreviated identifiers that are used for them by the ECMWF. These ERA-
Interim IDs are hereafter used to refer to the variables and also to EOFs: E.g. the k-th EOF of the
temperature is referred to as t2m. For 3D variables, the pressure level is included in the identifier as in
t 850 2 for the second EOF of the global temperature anomaly on the 850 hPa level.

For each of the analysed variables/variable-level-combinations, the computation of EOFs and PCs
is truncated after the first 20 modes. For all of these the correlation coefficient between the respective
PC and the ONI are computed. To account for possible time lags between the occurrences of maxima
and minima between ENSO and related anomaly patterns in other variable fields, the computation of ρ is
performed for a range of time shifts between -12 and +12 months. With every EOF, only the coefficient
with the maximum absolute value is used further, saving the corresponding time shift. Out of each of the
aforementioned sets of 20 PCs, those three are selected that have the highest absolute value coefficient.
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2D data: surface/vertically integrated

Variable ID unit

sea surface temperature sst K
2-metre temperature t2m K
2-metre dew point d2m K
mean sea level pressure msl Pa
10-metre wind seppd si10 m s−1

total column water vapour tcwv kg m−2

total precipitation tp m d−1

total cloud cover tcc %
total column cloud water tcw kg m−2

- liquid tclw kg m−2

- ice tciw kg m−2

3D data: for selected pressure levels

Variable ID unit

temperature t K
geopotential z m2 s−2

u component of wind u m s−1

v component of wind v m s−1

vertical velocity w Pa s−1

specific humidity q kg kg−1

relative humidity r %
fraction of cloud cover cc %
cloud water content cwc kg kg−1

- liquid clwc kg kg−1

- ice ciwc kg kg−1

Table 3.1: Table of variables from ERA-Interim to which the EOF analysis is applied.

If ρ is negative, both the PC and EOF are each multiplied with -1, yielding a positive coefficient without
changing the reconstructed anomaly data (c.f. Equation 3.7). The interpretation of an EOF is simplified
as any pattern in it is related to El Niño and its negative to La Niña. The 3 PC per variable (and pressure
level) are included into further analysis and put into perspective with respect to regional effects for the
Atacama desert in the following section.

3.2 Analysis of Dominant EOFs Linked to ENSO

As a first step in identifying ENSO related EOF patterns in the ERA-interim data, a subset of dominant
and ONI-correlated modes is selected according to the method that is descried in the previous section.
EOFs of this subset are then further analysed towards their spatial structure and their regional relevance
for the Atacama region.

Table 3.2 gives an overview over the single most ONI-correlated EOFs/PCs for each data field, the
respective correlation coefficients and maximum-correlation time lags. Additionally, with the ONI and
the SOI (Southern Oscillation Index), two indices of ENSO are listed as a reference: The ρONI value for
the ONI itself is a trivial 100 %, proving that the computation of the coefficient is performed correctly,
while the coefficient for the SOI provides a comparative value for ρONI , as it is representative for the re-
lationship between the oceanic (ONI) and atmospheric (SOI) component of ENSO. Coefficients greater
in absolute value than the 73.3 % for SOI (ONI and SOI are anticorrelated for conventional reasons), are
indicative of a close and strong relationship with ENSO.

As one can see, almost all EOFs that show a very high correlation with ENSO (ρONI > 50 %) and
that are dominant (first EOF) are related to humidity (tcwv, q, r), clouds (tcc, cc, tcw, tclw, tciw, cwc,
clwc, ciwc) and precipitation (tp). It thus appears that ENSO has a strong affect, globally, on the distri-
bution of water vapour and condensate in the atmosphere and the variations of rainfall. These variables
differ however slightly when considering changes of ρONI with the vertical pressure coordinate. For the
fields of specific humidity q, the first EOF shows ρONI ’s above 80 % while for relative humidity and even
more so for measures of cloud condensate and cloud cover the correlation of the first EOF mode dimin-
ishes from upper-tropospheric levels (200 and 300 hPa) towards the boundary layer (850 and 925 hPa).
The zonal wind component u shows a similar behaviour – correlations decreasing from high values in

the upper troposphere to below 50 % – while for the meridional component v, the correlation with the
ONI is generally lower with less than 40 %. The EOFs of the vertical velocity w are again highly corre-
lated with the ONI in a similar manner to the cloud variables. Surface pressure msl and the geopotential
z exhibit correlations with the ONI of less than 30 %. Additionally none of the EOFs of z or msl, listed in
Table 3.2 is the primary EOF of that field, albeit the third rank of the ONI-correlated sea-level pressure
EOF is consistent with the third rank of the z EOFs from the boundary layer (925 hPa) to the middle

25



ID ρONI ρONI,max ρONI,min lag
(%) (%) (%) (month)

ONI 100.0 100.0 100.0 0
SOI -73.3 -69.9 -76.3 0
sst 1 93.1 94.2 91.8 0
t2m 7 23.5 31.9 14.6 0
d2m 7 28.2 36.4 19.5 1
msl 3 26.7 35.0 18.0 1
si10 2 47.3 54.1 39.8 4
tcwv  89.2 90.9 87.2 -1
tcc  82.9 85.6 79.8 -1
tcw  83.3 85.9 80.3 -1
tclw  80.8 83.7 77.3 -1
tciw  81.8 84.6 78.5 -1
tp  89.3 91.0 87.3 -1
t 200 3 35.1 42.8 26.8 -1
t   81.9 84.7 78.7 -2
t 500 1 45.9 52.9 38.4 -3
t 700 1 30.1 38.2 21.5 -3
t 850 4 29.2 37.3 20.5 -2
t 925 7 24.8 33.2 15.9 6
z 200 2 25.4 33.8 16.6 -5
z 300 4 27.2 35.5 18.4 7
z 500 3 24.0 32.4 15.1 1
z 700 3 24.0 32.4 15.2 1
z 850 3 26.1 34.4 17.3 2
z 925 3 26.6 34.9 17.8 2
r   81.2 84.1 77.8 -1
r   81.6 84.5 78.4 -1
r   83.7 86.3 80.7 0
r   83.5 86.0 80.5 -1
r   73.3 77.3 68.8 0
r 925 1 47.2 54.0 39.7 -1
q   84.5 86.9 81.7 -1
q   82.9 85.6 79.8 -1
q   85.3 87.6 82.6 0
q   85.7 87.9 83.0 -1
q   87.0 89.0 84.5 0
q   88.1 90.0 85.9 0
u   81.5 84.4 78.2 -1
u   68.8 73.3 63.7 0

ID ρONI ρONI,max ρONI,min lag
(%) (%) (%) (month)

u 500 1 40.2 47.6 32.3 -1
u 700 1 39.2 46.6 31.1 0
u 850 2 40.2 47.6 32.2 4
u 925 2 43.2 50.4 35.4 4
v 200 1 37.7 45.3 29.6 0
v 300 3 21.6 30.2 12.7 1
v 500 17 21.1 29.7 12.2 -1
v 700 2 22.2 30.7 13.2 4
v 850 1 22.8 31.3 13.9 0
v 925 1 23.9 32.3 15.0 0
w   84.0 86.5 81.0 -1
w   85.1 87.4 82.3 -1
w   84.0 86.5 81.1 0
w   59.3 65.0 53.1 0
w 850 3 32.4 40.4 24.0 1
w 925 4 23.1 31.6 14.2 1
cc   81.7 84.5 78.4 -1
cc   77.9 81.3 74.0 -1
cc 500 1 49.6 56.2 42.4 0
cc 700 4 17.6 26.5 8.5 9
cc 850 3 20.5 29.1 11.5 0
cc 925 1 25.2 33.6 16.4 -1
cwc   85.5 87.8 82.8 -1
cwc   83.5 86.1 80.5 -1
cwc   82.9 85.6 79.8 -1
cwc   72.8 76.8 68.2 0
cwc 850 6 39.8 47.2 31.8 1
cwc 925 2 44.8 51.9 37.2 0
clwc 300 12 19.3 28.0 10.2 -7
clwc   83.0 85.6 79.9 -1
clwc   73.4 77.3 68.9 0
clwc 850 6 41.4 48.8 33.6 1
clwc 925 2 45.3 52.3 37.7 1
ciwc   85.5 87.8 82.8 -1
ciwc   83.5 86.1 80.5 -1
ciwc   81.5 84.4 78.2 0
ciwc 700 1 19.8 28.4 10.8 1
ciwc 850 1 24.2 32.7 15.4 1
ciwc 925 2 24.7 33.1 15.9 1

Table 3.2: Table of all primary ENSO-related EOFs: For each field that EOF/PC is listed which has the
highest correlation coefficient with the ONI, ρONI , together with that coefficient, the upper and lower
boundaries of the confidence interval of ρONI , and the associated time lag between the PC and the ONI.
Positive time lags mean that the PC time series lags behind the ONI, negative lags the opposite. ρONI

above 50 % are shown in boldface. Clwc is not shown for the 200 hPa as condensate occurs exclusively
in solid form.
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troposphere (500 hPa). Similarly the seventh EOFs of temperature and dew point at 2 m are consistent in
rank and ONI-correlation with the 925 hPa temperature, which is representative of the boundary layer of
most of the earth’s surface. The ENSO-related temperature EOFs in the free troposphere (700 hPa and
above) are again increasingly ONI-correlated with height and are all first modes with the exception of the
700 hPa level. For the surface winds speeds (10 m wind speed si10), the second EOF shows a reasonably
high correlation of almost 50 %. The time lags are mostly two or fewer months for highly ONI-correlated
EOFs (ρONI > 80 %), up to four months for intermediate correlations (ρONI > 40 %) and can reach
up to nine months for weaker correlations (cc 700 4). This somewhat monotonous relationship between
ρONI and the associated time lag emphasises the close relationship between highly ONI-correlated vari-
able fields: Their corresponding PC not only resembles the time course of ENSO well; the related spatial
anomaly also sets in without longer delay or shortly in advance to the SST anomaly in the central equa-
torial Pacific reflected in the ONI.

In interpreting the correlation coefficients in Table 3.2, one also has to bear in mind that mediocre
correlations with the ONI or lower ranked EOFs do not necessarily mean that ENSO has no noteworthy
impact on that variable field. As pointed out in section 3.1, EOF do not always represent a single physical
pattern of variability but will often combine atmospheric variability of different physical nature and/or
disparate regional limitations to a single mode in order to maximise explained variability and to meet the
orthogonality criterion. Considering furthermore some fields being affected by inter-annual cycles other
than ENSO, a lower ranked EOF should not be equated to a lesser, let alone negligible ENSO-related
pattern. ENSO-related EOF modes with lower values of ρONI and lesser ranks are therefore plausible
for variables, such as the surface pressure or the 2 m temperature, that are affected by other, e.g. extra-
tropical sources of variability. Consequently the selection of EOF modes for further, spatial analysis is
not purely based on the ρONI . Instead, the potential importance of an individual field in explaining the
link between atmospheric anomaly and the oceanic ENSO signal (represented by the ONI) should be
given comparable weight in this selection.

EOF7 of both t2m and d2m is a good example of this. For either field ρONI is considerably smaller
than the respective coefficients for ENSO modes of cloud and moisture sources (see Table 3.2). The spa-
tial structure of these EOFs, which is shown in Figure 3.2, reflects the anomalous SST pattern associated
with El Niño (see Figure 3.1) within the boundaries of the tropical Pacific: a Warming and moistening
over the central and eastern Pacific and mainly a drying of the near-surface air in the eastern Pacific. The
physical explanation for this finding is straightforward: A warmer sea surface leads to enhanced fluxes
of sensible and latent heat into the atmosphere, thus warming and moistening the boundary layer (Zhang
and Mcphaden 1995)
Considering firstly their correlation with the ONI, and secondly their relevance in describing ENSO

related variation of large-scale circulations or regional (observing) conditions in the Atacama, a group of
fields from Table 3.2 is selected to be spatially examined more closely. Apart from the two EOFs, just
shown in the the example (Figure 3.2) this selection of EOFs comprises:

• total precipitation (tp)

• temperature (t), specific humidity (q), cloud cover (cc) and cloud water content (cwc) in the upper
troposphere (300 hPa)

• zonal wind (u) at 200 hPa

• humidity (q) and cloud-water content (cwc) in the middle troposphere (700 hPa)

• vertically integrated cloud variables: total cloud cover (tcc) and total-column cloud water (cwc)

These variables will be used in the following to deduce potential links between ENSO and climate
anomalies in the Atacama region.

The changes in the surface fluxes mentioned above, lead in turn to a strong anomaly of deep con-
vection in the ITCZ as becomes visible in the ENSO-EOF of total precipitation in Figure 3.3a. Asso-
ciated with the warm phase of ENSO, convection and precipitation strongly increase along the equator
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(a) 2 m temperature

(b) 2 m dew point

Figure 3.2: EOF7 of 2-metre temperature and dew point. Contrarily aligned colour scales are chosen to
make contours more intuitively interpretable: cold (blue) to warm (red) for t2m vs. dry (red) to moist
(blue) for d2m
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in the eastern and central Pacific, with a maximum around the dateline, while convective precipitation
decreases over Indonesia, Australia and the southern west Pacific along the South Pacific Convergence
Zone (SPCZ, e.g. Allan 1996). This anomaly pattern of precipitation is well in line with the findings of
previous studies, e.g. by Dai and Wigley (2000) who find a very similar first EOF of precipitation for a
different dataset and the 1979-98 period.

Figures 3.3b - d show the ENSO-EOF modes that consequently arise in the upper tropical tropo-
sphere: The enhanced occurrence of deep convection in the central equatorial Pacific during El Niño
events is connected to a distinct warming signal at the 300 hPa level with two maxima, symmetri-
cally north and south of the equator over the central tropical Pacific (see Figure 3.3b). As described
by e.g. Arkin (1982) or Matthews and Kiladis (1999), strong latent-heat release within the central-Pacific
deep convection (see Figures 3.3a and b) generate an anticyclone pair in the upper troposphere (not
shown) which is the cause of a jet anomaly pattern that explains the first EOF of zonal wind at 200 hPa
in Figure 3.3c: The pattern, which occurs predominantly during austral summer (DJF), consist of two
westerly anomaly maxima around 30◦ north and south and an easterly anomaly around the equator. In the
southern hemisphere, these westerly anomalies are equivalent to an intensification and slight northward
displacement of the subtropical jet, as described by Gallego et al. (2005), and an eastward extension of
the equatorial easterlies. The positive anomaly in Figure 3.3c extends as far as southern South America
around the 30th southern parallel. This result and the works by Arkin (1982), Matthews and Kiladis
(1999) and Gallego et al. (2005) therefore suggest strong upper-tropospheric wind speeds over the Ata-
cama region in warm-phase ENSO conditions, particularly during austral summer.

Apart from the release of latent heat described above, the eastward shift of strong deep convection in
the inner tropics during El Niño affects also the water vapour content in the upper troposphere. In Figure
3.3d one can see the ENSO-associated first EOF of specific humidity at the 300 hPa level. In central
tropical latitudes the anomaly pattern resembles that of precipitation (c.f. Figure 3.3a) as considerable
amounts of moisture are transported upward by the ascending updraughts within deep convection over
the warm SST anomaly, while less convection over Indonesia leads to a drier upper troposphere in that
region. Towards subtropical latitudes the positive q anomaly of the central and eastern tropical Pacific
however deviates from the precipitation pattern: originating from the global maximum around the inter-
section of equator and dateline, two “branches” of positive anomaly (more pronounced in the southern
hemisphere) stretch towards north-east and south-east, repsectively until they reach about 30◦ north and
south. From that point eastward they stretch zonally over the Americas. The southern branch of positive
humidity anomaly thus covers also the Atacama desert to considerable extent. The overall shape of the
positive q anomaly pattern suggests a poleward transport of upper-tropospheric water vapour with the
Hadley circulation from the anomalous convective zone towards the subtropical jets, which advect the
anomalously moist air eastward. Despite providing a plausible physical explanation for the shape of
ENSO-related q anomaly pattern, this view remains speculative, particularly with respect to the mixing
processes between inner tropics and subtropical jets. The pattern itself however is nonetheless valid and
is confirmed by the work of McCarthy and Toumi (2004), who break down the relationship between
ENSO and the upper troposphere relative humidity (UTRH) into contributions from specific humidity
and temperature. Comparing composites of El Niño and La Niña based on observational and NCEP-
NCAR reanalysis data, they find a difference pattern for q that matches that of the first EOF of q at
300 hPa in Figure 3.3d remarkably well. Moreover, their UTRH anomaly pattern related to temperature
changes shows a similar meridionally symmetric double maximum in the central to eastern tropical Pa-
cific as in EOF1 of t at 300 hPa in Figure 3.3b. It is therefore an obvious and natural first assumption that
astronomical observatories in the Atacama, even at high altitudes such as Chajnantor, should be facing
increased/decreased water vapour paths in the atmospheric column above, during El Niño/La Niña.
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(a) tp (b) t at 300 hPa

(c) u at 200 hPa (d) q at 300 hPa

Figure 3.3: EOF1 of (a) total precipitation, (b) temperature at 300 hPa, (c) zonal wind at 200 hPa, (d) specific humidity at 300 hPa
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However, as the work by McCarthy and Toumi (2004) already shows, the changes in specific humid-
ity (and temperature) affect also the relative humidity and with it the overall likeliness of condensation
and cloud formation. Figure 3.4 shows the associated EOFs of cloud cover at 300 hPa pressure level.
Clouds at this level are in general high-level ice clouds, i.e. cirrus and its sub-types and cover a wide
range of possible transparencies, from opaque to partly transparent or even sub-visible , with cloud op-
tical depths in the visible band of 0.03 < τ < 3 (Cotton 2011a; Sassen and Cho 1992). The first EOF
of both cloud cc and cwc reflect quite well the ENSO-related anomaly pattern of q in Figure 3.3d, albeit
with minor differences. For both variables, the southern-hemispheric branch of the positive anomaly
stretches from the central Pacific maximum (related to the shift in deep convection, see above), roughly
following the subtropical jet stream, to southern South America including the Chile and the Atacama
desert between 20◦S and 40◦S. But unlike cloud cover, the cloud water content follows the decrease
in specific water vapour (q) along this “path” from the tops of equatorial deep convection towards the
Chilean coast. The increase in cloud cover, associated with El Niño, however is somewhat more uniform
along the anomaly branch. This fact suggests, that an increase (decrease) of cloud formation and cloud
cover during the warm (cold) phase of ENSO is not so much controlled by the changes in water vapour,
but by rather by the strengthening (weakening) of the jet stream (c.f. Figure 3.3c). The physical mecha-
nisms through which changes in the jet stream affect cirrus cloud formations can in this context only be
speculated about. E.g Krämer et al. (2016) and also Muhlbauer et al. (2014) name the (subtropical) jet
stream as source of in-situ, fast-updraught formation of thick cirrus, which is related to instability, turbu-
lence and consequential small-scale vertical circulations in the vicinity of the jet (Cotton 2011a). Since
such motions happen on spatial and time scales which are most likely not resolved by monthly means on
a global grid such as in the ERA-Interim dataset that is used in this thesis, they cannot be analysed here.
The consequential cloud cover anomaly pattern itself is nonetheless a plausible result as it both matches
the broader, El Niño pattern of anomaly in the upper tropical troposphere (c.f. Figures 3.3c, 3.3d, 3.4b)
to a satisfying extent and confirms recent work on ENSO-related cirrus cloud cover: performing an EOF
analysis of high cloud fraction in the International Satellite Cloud Climatology Project (ISCCP) dataset,
Li et al. (2017) find a very similar first mode to that in Figure 3.4a, which is very well correlated with
ENSO. In the earlier study by Eleftheratos et al. (2011) a very similar ENSO pattern of high cloud cover
was obtained through a multiple linear regression model of the same dataset, which included besides
ENSO, the Quasi-biennial Oscillation (QBO), the solar cycle and the long-term trend. With these con-
firmations, one can conclude from EOF1 of q, cc and cwc (Figures 3.3d 3.4) that an increase/decrease
of upper-tropospheric humidity and cloud cover over a vast stretch of the eastern subtropical Pacific,
including coastal Chile and the Atacama desert, is associated with El Niño/La Niña states.

In the middle and lower troposphere, the relationship between moisture and cloud cover over the
Atacama region and ENSO is not so pronounced, as Table 3.2 shows. The only variable that has a strong
ENSO-related first EOF over all pressure levels is the specific humidity q. In Figure 3.5 these EOFs of
q are depicted for the 700 hPa and 925 hPa pressure levels, which represent the middle troposphere and
the lower troposphere or boundary layer, on a global an on a regional scale. On a global scale, the modes
of both levels contain the strong anomaly over the central and eastern tropical Pacific, which is related
to the eastward shift of deep convection in the ITCZ during El Niño events, shown earlier. Unlike in
the upper troposphere, in absence of strong jets in these levels , the positive humidity anomaly does not
reach the coast of the Atacama region. On the regional scale, the patterns is, instead, more broken up
with weak positive and negative anomalies over the different parts of the Atacama desert. At 700 hPa
one finds a rather weak dry anomaly for the northern observatories and an even weaker moist anomaly
for the southern observatories and for Chajnantor. At 925 hPa, the anomaly is weakly positive, with a
slightly stronger moistening over the northern observatories compared with the others. Overall, q over
the Atacama desert is not strongly affected by the ENSO patterns at these levels. The stronger positive
signal on the opposite site of the Andes, roughly over souther Brazil, northern Argentina, Paraguay and
Uruguay, appears to be caused by a regional change in convection, which can also be seen in the EOF1 of
precipitation in Figure 3.3a, and is therefore not directly connected to the central Pacific warming/cooling
during an El Niño/a La Niña season.
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(a) cc

(b) cwc

Figure 3.4: EOF1 of (a) cloud cover and (b) cloud water content at 300 hPa
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(a) 700 hPa global (b) 700 hPa regional

(c) 925 hPa global (d) 925 hPa regional

Figure 3.5: EOF1 of specific humidity q at 700 hPa (a and b), representing the middle troposphere, and at 925 hPa (c and d), representing the lower tropo-
sphere/boundary layer. b and d show a regional section of the EOFs in a and b respectively. Note that the colour scale is adapted to the data range individually for
each of the four sub-figures.
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The ENSO effect on cloud variables at middle and lower levels is significantly weaker than in the
upper troposphere (see Table 3.2). Below 700 hPa none of the cloud EOFs (cc, cwc, clwc, ciwc) is
strongly correlated with the ONI. For cloud cover this is true for all levels below 300 hPa. In the cloud
water content, however, there is an ENSO-correlated mode at 700 hPa, which is shown in Figure 3.6.
On a global scale (Figure3.6a), the ENSO anomaly pattern appears somewhat similar to that in the upper
troposphere (see Figure 3.4b). On a regional scale (Figure 3.6b) the southern branch of the global-scale
positive cloud water anomaly intersects with the South American coast further south and affects mainly
only to the southern observatory sites such as Cerro Tololo or Cerro Pachoon, while for the northern
sites anomalies are close to zero. Over the Altiplano, and thus close to Chajnantor, a negative anomaly is
part of this mode. This corresponds to the changes in the moisture flux from the interior of the continent
into the Altiplano which is described by Garreaud et al. (2009): During El Niño stronger than normal
westerlies (c.f. Figure 3.3c) block the moisture transport from the Amazon basin into the Alitplano, while
during La Niña, a weaker westerly flow allows for the easterly influx of moist air to occur more often.

This contrast between the southern and the north-eastern Atacama is even more pronounced when
considering the ENSO related anomalies in rainfall in the region. Figures 3.7a and 3.7b show a regional
section of the first EOF of total precipitation (global view in Figure 3.3a). In absolute terms (Figure
3.7a), the aforementioned contrast in enhanced rainfall during El Niño in the south and during La Niña
appears. The edge between the two ENSO-related rainfall regimes runs north-west to south through the
Atacama, from the coast north of Antofagasta to the Andes cordillera, following roughly the divide be-
tween summer (in the north, more during La Niña) and winter precipitation (in the south, more during
El Niño)) described in Houston (2006). Considering the extreme aridity and the scarce rainfalls in the
central Atacama desert (see Figure FIMXE:Reference), the relatively small anomaly signal in Figure
3.7a in that sub-region corresponds to a considerable increase, relative to the normal, in Figure 3.7b. For
the grid points closest to all major observatory sites except Chajnantor, El Niño is accompanied by an
positive anomaly pattern of more than 80 % and a negative change of about one half for Chajnantor. One
has, however to keep in mind that the EOF as it is graphically displayed here corresponds to the most
extreme occurrence of this pattern and, furthermore, that extreme minima and maxima might diminish
when adding other, orthogonal modes to the first EOF to reconstruct the full anomaly field.

Treating clouds in an integral view between the surface and the troposphere, the two opposite regimes
found for the precipitation, persist. In EOF1 of total cloud cover (Figure 3.7c), there is a sharp NW to SE
line between positive and negative anomalies that noticeably resembles that in precipitation. The total
cloud water path in Figure 3.7d shows a similar patter in its first EOF, in which the contrast between posi-
tive and negative anomalies is however not as sharp as in cloud cover but with a smoother transition zone
with very weak anomalies in the northern coastal Atacama. These differing responses to ENSO cycle in
cloud cover, water content and precipitation correspond to separate large-scale circulation system: Mid
latitude storms for the southern Atacama in austral winter and tropical deep convection over the Amazon
basin during austral summer for northern Atacama and the Altiplano (Garreaud et al. 2009).

These and other mean changes in the seasonal cycle with ENSO are analysed further in the following
section. In this section, with the EOF analysis, a number of important links between ENSO and the
regional climate in the Atacama desert have been found: the centre of deep convection over the tropical
Pacific oscillates with the zone of warmest surface waters between the central Pacific (El Niño) and the
warm pool around Indonesia (La Niña), exerting a moistening and heating signal on the upper tropo-
sphere. As a consequence, the subtropical jet stream is stronger/weaker and located further north/south
over the Atacama desert during the warm/cold phase of ENSO. With a stronger and more moisture-laden
jet, the cirrus cloud cover is increased over the Atacama desert in El Niño conditions. In the middle
and lower troposphere, strong ENSO effects are divided into two regimes, a tropical, north-eastern and
a more subtropical south-western regime. In the north-east of the Atacama desert, in particularly in the
high plateau in which Chajnantor is situated, clouds and precipitation increase with the easterly influx
of moist air from the interior of the continent, which is enhanced by weaker westerlies in La Niña con-
ditions. In the south-west, including the southern observatory sites, but also impacting more northern
regions around the Paranal and Armazones summits, low clouds and precipitation are enhanced with a
northward shift of mid-latitude low-pressure and frontal systems during El Niño. With these changes,
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(a) global

(b) regional

Figure 3.6: EOF1 of specific cloud water content (cwc) at 700 hPa on a global (a) and regional scale
(b). As in Figure 3.5, the contour range is downscaled in the regional view.
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(a) tp absolute (b) tp relative

(c) tcc (d) tcw

Figure 3.7: EOF1 of precipitation and clouds on a regional scale: total precipitation absolute (mm d−1(a) and relative to the mean over all months (%) (b), (c) Total
cloud cover, (d) total column cloud water
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ENSO appears to pose challenges and cause adversity for astronomical observations in the different re-
gions of Atacama most profoundly through (1) more and potentially thicker/more opaque cloud and (2)
more rainfall, which limits the operability of telescopes. In the following section, the manifestation and
variations of the derived signals in the seasonal cycle are covered with more detail.

3.3 Anomalous Seasonal Cycle in the Atacama Desert Associated with
ENSO

In the previous section, ENSO-related anomaly modes in meteorological fields, relevant for ground-based
astronomy in the Atacama desert, have been found through an EOF analysis of the monthly ERA-Interim
reanalysis data for the years 1979-2016. The most prominent of these modes have been found to be asso-
ciated with In this section, changes of the mean seasonal cycle associated with these EOFs are analysed.
For this, seasonal cycles of corresponding variables are computed as in Sections 2.2 and 2.3, but now
separately for El Niño years and La Niña years, defined as in Section 1.2. These mean El Niño and La
Niña seasonal cycles can then be compared with each other or with the overall mean seasonal cycles
described in Section 2.2.

An important ENSO signal in the global circulations has been found in the previous section in the
strength and also the position of the subtropical jet stream. On average, as in the first EOF of zonal wind,
the jet stream is stronger/weaker and slightly northward/southward displaced in El Niño/La Niña years.
In Figure 3.8 the mean seasonal wind speeds at 200 hPa over the Atacama desert are displayed for winter
(JJA) and summer (DJF) and as the mean over all El Niño and La Niña years. In winter, in accordance
with the result of the EOF analysis, the jet is stronger than normal in El Niño years than it is in La Niña
years. In summer, the most relevant difference in the jet stream lies in the Bolivian High. In warm-phase
El Niño summers, it is weaker than normal and slightly northward displaced, while in La Niña summers
it is stronger and located further south (e.g. Vuille 1999)

Given the importance of the Bolivian High for the formation of clouds and precipitations over the
northern Atacama desert and particularly over the Chajnantor plateau, this finding has some direct im-
plications for the region. In Figure 3.9 the relative difference in the seasonal cycle, comparing the mean
seasonal cycle over all years of either phase of ENSO with the mean seasonal cycle for the full years
1979-2016. For La Niña, rainfalls in summer decrease by some 10 % in the region of Chajnantor, while
for El Niño Chajnantor receives about 30 % less rain. For parts of the Atacama closer to the coast, the
signal of ENSO appear to be more mixed during summer, with a tendency towards relatively wet El Niño
conditions and drier La Niña conditions for the souther Atacama (and the southern group of observa-
tories), and less rain for both ENSO phases in the northern Atacama (Around Paranal). In winter and
already in autumn the impact of ENSO on precipitations seems somewhat clearer: In El Niño years the
anomaly in precipitations is about +30 to more than 70 %, whereas in La Niña years, rainfalls amount
to about 30 % less than normal the southern Atacama, dropping to less than 50 % in the north. Overall,
it appears that in the first EOF of tp, the positive autumn and winter anomaly prevails in the southern
Atacama region and the negative summer anomaly in the northern Atacama. In simpler terms, the ENSO
effect on precipitation in the Atacama desert can be expressed with the formula: “enhanced summer
precipitation in the summer-rain region (north-eastern Atacama, Chajnantor) during La Niña, enhanced
winter precipitations in winter-rain regions (southern Atacama) during El Niño”
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(a) El Niño JJA (b) La Niña JJA

(c) El Niño DJF (d) La Niña DJF

Figure 3.8: Mean wind speed at 200 hPa in winter (JJA, (a) and (b)) and summer (DJF, (c) and (d)) in El Niño ((a) and (c)) and La Niña ((b) and (d)) years for
ERA-Interim (1979-2016). Displayed as in Figure2.4d.
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The ENSO signal in cloud cover and column cloud-water content, which was found in the previous
section (Section 3.2), translates into seasonal anomalies in similar fashion as for precipitation. In Fig-
ure 3.10, mean El Niño and La Niña conditions are compared with the mean over all years (1979-2016)
for each of the four seasons at the nearest ERA-Interim grid point for Chajnantor. As in precipitation,
ENSO-related deviations from the mean state are greatest for the summer (DJF), when the strength and
position of the Bolivian High varies with the ENSO phase. Mid-level cloud cover therefore follows
the tendency towards increased convective activity with a stronger Bolivian high: In El Niño years, the
lower cloud cover maximum around 500 hPa is enhanced while cloud cover on this level is consider-
able reduced in La Niña years. High cloud cover reacts to ENSO in the opposite direction: Positive
cloud cover anomalies are associated with El Niño, negative anomalies with La Niña. Unlike the mid-
level cloud cover this ENSO signal is not restricted to summer (and thus dependent from the Bolivian
High), but exist for all seasons, albeit with varying magnitude: cloud cover and inter-annual cloud cover
variability are considerably smaller from March to November than they are in summer. As shown in
the previous section, ENSO-related anomalies in high cloud cover are a consequence to modulations of
the subtropical jet by equatorial deep convection shifting zonally with ENSO. Therefore the high cloud
cover anomaly lasts, with the jet stream anomaly (c.f. Figures 3.8a and 3.8b), into the winter after the
peak of the individual ENSO event. Taken together, the variations in mid-level cloud cover at Chajnantor
slightly outweigh those of high-cloud cover, such that observing conditions should be better during El
Niño events and worse for La Niña events.

At Paranal, where mid-level cloud cover is very low in most months, the mean seasonal cloud-cover
profiles (Figure 3.11) only share the ENSO-related high-cloud cover anomaly with those of Chajnantor.
Here, however, the strength of the anomaly appears to be somewhat more dependent on the individual
season. In autumn (MAM) and winter (JJA), the positive El Niño anomaly is most pronounced, whereas
in summer, the cloud cover profile for El Niño is almost identical to that for the climatological mean. A
plausible, yet uncertain explanation for this behaviour could be an apparently weaker acceleration of the
jet stream in El Niño summers compared with the following winter (see Figure 3.8). Nonetheless, one
can conclude for Paranal that observing conditions in El Niño/La Niña years tend to be worse/better than
normal, with more/less cirrus cloud cover, particularly in winter.

For La Silla, as representative of the observatory sites in the southern Atacama desert, the near-
est ERA-Interim seasonal cloud cover profiles (Figure 3.12) vary with ENSO quite similarly to the re-
spective profiles for Paranal: over the complete seasonal cycle and for all model levels, cloud cover is
positively/negatively anomalous in El Niño/La Niña years. In spring (SON) and summer (JJA) these vari-
ations are only small and limited to high cloud. In autumn (MAM) and winter (DJF), however, anomalies
are more pronounced and cover the whole vertical column. While the anomalies in high-cloud cover fol-
low those of the jet stream position and velocity as discussed for Paranal (see above), vertically uniform
changes with ENSO in autumn and winter cloud cover are more likely linked to those of precipitation:
With a more northern/southern course of mid-latitude storms during El Niño/La Niña (see Section 3.2),
deep, precipitating frontal clouds with a large vertical extent (e.g. Cotton 2011b) hit the southern part of
the Atacama desert more/less often in winter. Accordingly, the winter cloud cover anomaly at La Silla
reaches from the lower to the upper troposphere. Taken together, cloud cover conditions are poorer/better
at La Silla during warm/cold phases of ENSO, particularly in winter, when mean observing conditions
already tend to be disadvantageous (c.f. Section 2.3).

In the atmospheric water-vapour content, the EOF patterns found in Section 3.2 for middle tropo-
spheric levels showed only weak, spatially intermittent anomalies. Likewise, the annual cycle of tcwv in
Figure 3.13 only contains a slightly enhanced summer humidity peak for La Niña and a slight positive
anomaly for El Niño during the drier rest of the year. The changes in the seasonal water vapour cycle for
the northern and southern observatory sites with ENSO (not shown), exhibit a very similar weak dualism
between moister La Niña and moister El Niño years. Thus it appears as though atmospheric water-vapour
content reaction to the different ENSO phases does not vary so much spatially, but rather seasonally.

Overall, in this section, seasonal variations of the ENSO-related EOFs of the ERA-Interim monthly
reanalysis data (1979-2016) which are most relevant for ground-based astronomy, those of total precip-
itation, of cloud cover and of column water vapour, have been analysed. This has been achieved by

39



(a) El Niño

(b) La Niña

Figure 3.9: Relative difference in the seasonal mean total precipitation between (a) El Niño years and
all years, (b) La Niña years and all years for ERA-Interim (1979-2016)
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Figure 3.10: Mean seasonal profiles of Cloud cover cc in ERA-Interim (1979-2016) for Chajnantor.
Comparison of the mean over all years (blue), the mean for all El Niño years (yellow) an the mean for
all La Niña years. The thick horizontal bars in each vertical profile mark the interpolated pressure level
for the observatory site.
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Figure 3.11: As in Figure fig:FigSeasonalCCProfilesChajnantor for Paranal
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Figure 3.12: As in Figure fig:FigSeasonalCCProfilesChajnantor for La Silla

Figure 3.13: Comparison of the mean annual cycle of total-column water vapour (tcwv) for all (blue),
all El Niño (yellow) and all La Niña years (green).
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comparing the mean seasonal cycle computed over all years with the mean seasonal cycles computed ex-
clusively over the years attributed to either ENSO phase. For column water vapour, only weak, spatially
uniform tendency towards moister La Niña summers and moister conditions for El Niño during the rest
of the years.

The effect of ENSO on the mean seasonal cycle of cloud cover and precipitation can be divided into a
spatially and seasonally quasi-uniform signal for high clouds and a regional, seasonally varying signal for
mid-level clouds and precipitation. In the high cloud cover, a positive/negative anomaly in subtropical-
jet stream velocities during El Niño/La Niña is accompanied with an anomaly of the same sign for all
three considered sub-regions of the Atcama desert and for all four seasons. Concerning precipitations
and mid-level cloud, each of those sub-regions shows its own distinct response to ENSO: For the north-
eastern Atacama desert/the Chajnantor plateau, the main ENSO effect is found in the summer season,
connected with modulations of the Bolivian High. During an El Niño/La Niña event a stronger/weaker
Bolivian High dynamically triggers fortified/subdued convection, mid-level cloud cover and precipita-
tion. In the northern region, closer to the coast and here represented by the Paranal observatory, ENSO
solely affects cirrus cloud cover as described above, with a slightly stronger effect during autumn and
winter. On Mid-levels, cloud cover in this region is negligible regardless of the ENSO phase. In the
southern Atacama, near the La Silla observatory, mid-level cloud cover and precipitation are affected
by ENSO mainly in winter, the regional wet season. In El Niño/La Niña years, average precipitation
and vertically extensive cloud cover, connected with more/fewer mid-latitude frontal outbreaks from the
Pacific, are stronger/weaker than normal. In summary, ENSO tends to affect mean observing conditions,
except for high cloud cover, most strongly in the normally already wettest and most cloudy season.
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Chapter 4

Discussion and Outlook

In this chapter, the results obtained so far are summarised and compared with the findings of Sarazin
(1997) and Matsushita (2011). Furthermore, an example is given of how representative these findings
base on the ERA-Interim reanalysis might be. Finally a brief outlook is given to possible directions, in
which extended research on the subject, treated in this thesis could go.

In the previous chapter, the EOF analysis of the monthly ERA-Interim (1979 - 2016 ) data revealed
that there is a clear ENSO signal in the fields of cloud cover and precipitation in the Atacama desert:
For precipitation, the Atacama region is divided into two rainfall regimes, a north-eastern summer-rain
region, that receives more rain in La Niña years and a south-western winter-rain region that receives
more precipitation in El Niño years. This double difference between the two parts of the Atacama desert
can be attributed to different moisture sources and different dynamic, precipitation forming mechanisms:
In the north-east dynamic uplift of moist air from the Amazon rainforest related to the Bolivian High
causes convective rain during summer. This mechanism and moisture influx is increased with a stronger
Bolivian High during La Niña events. In the south-west, mid-latitude storms moving with the jet stream
bring precipitation during winter. During El Niño years, these rainfalls increase with as stronger, north-
wards displaced jet stream.

For cloud cover, the ENSO-related EOF is most pronounced in the Atacama for high cirrus clouds.
Comparing the mean seasonal cycles computed for El Niño years, La Niña years and all years, this
anomaly appears in all three regions and more or less for all four seasons: Niño is clearly associated
with an increased cirrus cloud cover over the Atacama desert. For mid-level clouds, the EOF analysis
did not reveal a clear ENSO signal. Comparing the mean seasonal cycles of vertical cloud cover profiles
for the two ENSO phases, the pattern of found for precipitation (see above) reappeared. Mid level cloud
cover variations, enhanced during La Niña for Chajnantor and during El Niño for the southern sites, are
therefore tied to variations of precipitation.
Both the related EOFs and the inter-comparison of the annual cycle of column-water vapour shower
comparably weaker, uniform responses to ENSO for all three main regions/observatory groups. The in-
creased summer influx of moist air from the interior continent during La Niña leaves its trace , as does
the overall moistening of the column with a warmer Pacific sea-surface during El Niño.
Comparing these results on ENSO influences in astronomical observing conditions with the studies by
Sarazin (1997) and Matsushita (2011), the overall impression is, that their findings can be confirmed in
this thesis, albeit with differing certainty. Sarazin (1997) demonstrated for both La Silla and Paranal
that El Niño has a clear detrimental effect on observing conditions, with a considerable lower number of
cloudless nights per month. Given what has been shown in Chapter 3, this finding is largely confirmed.
For all seasons and for both sites, mean high-cloud cover has been demonstrated to be enhance in El
Niño years. Considering that high clouds forming in close relationship with the jet stream, as is the case
here, should not dependent on the diurnal cycle, it is somewhat safe to assume that these ENSO-related
variations of the mean cloud cover should affect the night time over the Atacama desert proportionately.

In the case of Matsushita (2011), a judgement is not so easily reached. A major problem in a com-
parison with their work is, that they solely describe ENSO signals in opacities, but do not differentiate
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between water vapour and clouds or make any assumptions to what meteorological conditions their find-
ings may be related to. Nonetheless, their main result is that conditions (opacities) at Chajnantor are
generally worse (higher) during El Niño and better (lower) during La Niña. Considering that cloud cover
over Chajnantor is very low for all seasons and ENSO phases in an absolute sense, water vapour can be
expected to be responsible for most of the 225 GHz opacity, their results can be brought into accordance
with those of this thesis. For most of the year, as was shown in Section 3.3, column water vapour is
larger in El Niño years and smaller La Niña years at Chajnantor. During summer, however, this signal is
reversed on average. In Matsushita (2011) El Niño conditions are worse for all season, although that ten-
dency is weaker for the summer. One can however speculate about how the mean column water vapour
ENSO signal in summer evolves. A plausible explanation could be, that the import of moist air from
Amazonia during summer, occurs in the form of few intermittent short-term events. Thus, the atmo-
spheric opacity a Chajnantor would only deteriorate for short instances with little impact of the monthly
observational rates discussed by Matsushita (2011). Along this line, the mean tcwv over Chajnantor in El
Niño years is smaller due to lack of such moist disturbance events, when in fact the atmospheric column
contains more water vapour than in normal years, for most of the time.

A question that remains mostly unanswered concerns the representativeness of the results in this
thesis for the actual conditions at individual observatories. Although the ERA-Interim reanalysis incor-
porates a vast number of observations, it remains dubious how accurate the results are in a region as
sparsely covered by both population and observations. Unfortunately, very few observational data, that
include cloud cover could be found. In fact, requiring long-term observations, only one observatory, the
Cerro Tololo Inter-American Observatory (CTIO), provides a long term dataset of observed cloud cover
(Cerro Tololo Inter-American Observatory cited 2017b). This dataset contains four observations of total
cloud cover per day, starting in January 1975 and ending in December 2012. In Figure 4.1 the monthly
mean of this cloud cover record is compared with the ERA-Interim monthly mean total cloud cover
and the nearest grid point. Quite obviously the two time series match remarkable well. Quantitatively,
ERA-Interim cloud cover is biased towards lower values by about 5 %. With a correlation of about 93 %
one can conclude, that ERA-Interim succeeds in reproducing the observed conditions and that results
produced based on ERA-Interim data in this thesis should be reliable, at least for the cloud cover.

Figure 4.1: Comparison of the monthly mean observed cloud cover at CTIO with the monthly mean
total cloud cover (tcc) at nearest ERA-Interim grid point

In this thesis, it has been shown that the ENSO phenomenon has a profound impact on observing
conditions for astronomical observatories in the Atacama desert, in particular on cloud cover. It can
nonetheless be seen as a starting point for a more detailed and more comprehensive analysis of ENSO
effects on atmospheric conditions for astronomy in the Atacama. One way of expanding this analysis is,
to consider how temporal variations in the ENSO cycle itself modulate these effects. In a large number of
fairly recent publications (e.g. Xie et al. 2012; Ashok et al. 2007; Li et al. 2017), two types of ENSO, an
easter-Pacific,“canonical” type and a central-Pacific, “Modoki” type are distinguished. Moreover, year-
by-year analysis of the respective ENSO phase and the coincident observing conditions in the Atacama
desert could be carried out. Also, as a simpler approach, ENSO events can be classified by their strength
(Null cited 2017). Thus the effect of strong ENSO events can be investigated separately, from moderate
events.
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Another approach for future extensions of this thesis could be to expand the set of analysed observing
conditions. An important aspect of atmospheric conditions in the eyes of astronomers is the seeing,i.e. the
reduction of the image quality by turbulent eddies of different refractive indices (Gemini Observatory
cited 2017; Cerro Tololo Inter-American Observatory cited 2017a). Although this turbulence is not
resolved in reanalysis datasets, the seeing can be computed, using statistical models, based on model-
output vertical profiles. A good example of such a model is that of Trinquet and Vernin (2007) which
has been used already in testing potential sites for astronomy (Giordano et al. 2014).

Finally, a worthwhile extension of this work could be to expand the analysis into the future. Applying
the analysis methods, presented in this thesis, on climate model simulations, projections could be created
on how astronomical observing conditions in the Atacama desert could change in a warming climate and
a potentially changing ENSO.

47



List of Figures

2.1 Mean tp and w . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 Geopotential height, regional . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.3 Regional mean wind at 925 hPa, SST, w at 700 hPa, cc 925 hPa . . . . . . . . . . . . . 10
2.4 Regional mean tcc, tcwv, tp, wind at 200 hPa . . . . . . . . . . . . . . . . . . . . . . . 11
2.5 Mean seasonal cycle wind at 200 hPa . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.6 tcc seasonal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.7 Mean seasonal cycle of tp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.8 Mean seasonal cycle of tcwv . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.9 Mean seasonal vertical profiles at La Silla . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.10 Mean seasonal vertical profiles at La Paranal . . . . . . . . . . . . . . . . . . . . . . . . 18
2.11 Mean seasonal vertical profiles at Chajnantor . . . . . . . . . . . . . . . . . . . . . . . 19

3.1 EOF1 of SST . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.2 EOF7 t2m and d2m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.3 EOF1 of tp, t at 300 hPa, u at 200 hPa, q at 300 hPa . . . . . . . . . . . . . . . . . . . 30
3.4 EOF1 cc and cwc at 300 hPa . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.5 EOF1 q at 700 hPa and 925 hPa, global and regional . . . . . . . . . . . . . . . . . . . 33
3.6 cwc at 700 hPa, global and regional . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.7 EOF1 tp absolute/relative, tcc, tcwv . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.8 wind speed at 200 hPa (JJA and DJF) El Niño vs. La Niña . . . . . . . . . . . . . . . . 38
3.9 relative seasonal difference in tp El Niño/La Niña vs. mean . . . . . . . . . . . . . . . . 40
3.10 Seasonal cc profiles for different ENSO phases at Chajnantor . . . . . . . . . . . . . . . 41
3.11 Seasonal cc profiles for different ENSO phases at Paranal . . . . . . . . . . . . . . . . . 42
3.12 Seasonal cc profiles for different ENSO phases at La Silla . . . . . . . . . . . . . . . . . 43
3.13 Annual cycles of tcwv for different ENSO phases at Chajnantor . . . . . . . . . . . . . . 43

4.1 Observed cloud cover vs. ERA-Interim tcc at CTIO . . . . . . . . . . . . . . . . . . . . 46

48



List of Tables

1.1 Prominent astronomical observatories in the Atacama region . . . . . . . . . . . . . . . 4

3.1 ERA-Interim variables used in the EOF analysis . . . . . . . . . . . . . . . . . . . . . . 25
3.2 Primary ENSO-related EOFs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

49



Bibliography

Allan, R., 1996: The El Nio southern oscillation and climatic variability. CSIRO Publishing, Colling-
wood, URL http://www.gbv.de/dms/goettingen/222310898.pdf, includes bibliographical references
(p. 91-116).

American Astronomical Society, cited 2017: Facility Keywords. URL http://journals.aas.org/authors/
aastex/facility.html?sorts%5Blocation%5D=1, retrieved 14/09/2017 14:14.

American Meteorological Society, cited 2017: hypsometric equation . URL http://glossary.ametsoc.org/
wiki/Hypsometric equation, retrieved 12/09/2017 22:53.

Arkin, P. A., 1982: The relationship between interannual variability in the 200 mb tropical
wind field and the southern oscillation. Monthly Weather Review, 110 (10), 1393–1404, doi:10.
1175/1520-0493(1982)110〈1393:TRBIVI〉2.0.CO;2, URL https://doi.org/10.1175/1520-0493(1982)
110〈1393:TRBIVI〉2.0.CO;2, https://doi.org/10.1175/1520-0493(1982)110〈1393:TRBIVI〉2.0.CO;2.

Ashok, K., S. K. Behera, S. A. Rao, H. Weng, and T. Yamagata, 2007: El nio modoki and its pos-
sible teleconnection. Journal of Geophysical Research: Oceans, 112 (C11), n/a–n/a, doi:10.1029/
2006JC003798, URL http://dx.doi.org/10.1029/2006JC003798, c11007.

Berrisford, P., and Coauthors, 2011: The era-interim archive version 2.0. Shinfield Park, Reading, 23 pp.

Cerro Tololo Inter-American Observatory, cited 2017a: AO tutorial 1: Imaging through the turbulence.
URL http://www.ctio.noao.edu/∼atokovin/tutorial/part1/turb.html, retrieved 12/01/2017 15:01.

Cerro Tololo Inter-American Observatory, cited 2017b: Old Cloud Cover Logs. URL http://www.ctio.
noao.edu/noao/old-cloud-cover-logs, retrieved 04/05/2017 12:24.

Cerro Tololo Inter-American Observatory, cited 2017c: Site Description. URL http://www.ctio.noao.
edu/noao/content/Site-Description, retrieved 14/09/2017 14:57.

Cotton, W. R., 2011a: The Mesoscale Structure of Extratropical Cyclones and Middle and High Clouds,
chap. 10, 527–672. Cotton (2011b), URL http://www.gbv.de/dms/ilmenau/toc/61417712X.PDF.

Cotton, W. R., 2011b: Storm and cloud dynamics : the dynamics of clouds and precipitating mesoscale
systems. 2nd ed., International geophysics series, Acad. Press, Amsterdam u.a., URL http://www.gbv.
de/dms/ilmenau/toc/61417712X.PDF.

Dai, A., and T. M. L. Wigley, 2000: Global patterns of enso-induced precipitation. Geophysical
Research Letters, 27 (9), 1283–1286, doi:10.1029/1999GL011140, URL http://dx.doi.org/10.1029/
1999GL011140.

Dee, D. P., and Coauthors, 2011: The era-interim reanalysis: configuration and performance of the data
assimilation system. Quarterly Journal of the Royal Meteorological Society, 137 (656), 553–597, doi:
10.1002/qj.828, URL http://dx.doi.org/10.1002/qj.828.

Dommenget, D., and M. Latif, 2002: A cautionary note on the interpretation of eofs. Journal of Climate,
15 (2), 216–225, doi:10.1175/1520-0442(2002)015〈0216:ACNOTI〉2.0.CO;2, URL http://dx.doi.org/
10.1175/1520-0442(2002)015〈0216:ACNOTI〉2.0.CO;2, http://dx.doi.org/10.1175/1520-0442(2002)
015〈0216:ACNOTI〉2.0.CO;2.

50

http://www.gbv.de/dms/goettingen/222310898.pdf
http://journals.aas.org/authors/aastex/facility.html?sorts%5Blocation%5D=1
http://journals.aas.org/authors/aastex/facility.html?sorts%5Blocation%5D=1
http://glossary.ametsoc.org/wiki/Hypsometric_equation
http://glossary.ametsoc.org/wiki/Hypsometric_equation
https://doi.org/10.1175/1520-0493(1982)110<1393:TRBIVI>2.0.CO;2
https://doi.org/10.1175/1520-0493(1982)110<1393:TRBIVI>2.0.CO;2
https://doi.org/10.1175/1520-0493(1982)110<1393:TRBIVI>2.0.CO;2
http://dx.doi.org/10.1029/2006JC003798
http://www.ctio.noao.edu/~atokovin/tutorial/part1/turb.html
http://www.ctio.noao.edu/noao/old-cloud-cover-logs
http://www.ctio.noao.edu/noao/old-cloud-cover-logs
http://www.ctio.noao.edu/noao/content/Site-Description
http://www.ctio.noao.edu/noao/content/Site-Description
http://www.gbv.de/dms/ilmenau/toc/61417712X.PDF
http://www.gbv.de/dms/ilmenau/toc/61417712X.PDF
http://www.gbv.de/dms/ilmenau/toc/61417712X.PDF
http://dx.doi.org/10.1029/1999GL011140
http://dx.doi.org/10.1029/1999GL011140
http://dx.doi.org/10.1002/qj.828
http://dx.doi.org/10.1175/1520-0442(2002)015<0216:ACNOTI>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2002)015<0216:ACNOTI>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2002)015<0216:ACNOTI>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2002)015<0216:ACNOTI>2.0.CO;2


Eleftheratos, K., C. S. Zerefos, C. Varotsos, and I. Kapsomenakis, 2011: Interannual variability of cirrus
clouds in the tropics in el nio southern oscillation (enso) regions based on international satellite cloud
climatology project (isccp) satellite data. International Journal of Remote Sensing, 32 (21), 6395–
6405, doi:10.1080/01431161.2010.510491, URL http://dx.doi.org/10.1080/01431161.2010.510491,
http://dx.doi.org/10.1080/01431161.2010.510491.

Els, S. G., T. Travouillon, M. Schck, R. Riddle, W. Skidmore, J. Seguel, E. Bustos, and D. Walker, 2009:
Thirty meter telescope site testing vi: Turbulence profiles. Publications of the Astronomical Society of
the Pacific, 121 (879), 527, URL http://stacks.iop.org/1538-3873/121/i=879/a=527.

European Southern Observatory, cited 2016a: About La Silla. URL http://www.eso.org/sci/facilities/
lasilla/site/aboutls.html, retrieved 22/11/2016 20:22.

European Southern Observatory, cited 2016b: Paranal Site Information. URL http://www.eso.org/sci/
facilities/paranal/astroclimate/site.html, retrieved 23/11/2016 11:16.

European Southern Observatory, cited 2017a: About ESO. URL https://www.eso.org/public/
unitedkingdom/about-eso/, retrieved 12/09/2017 20:22.

European Southern Observatory, cited 2017b: First Stone Ceremony for ESO’s Extremely Large Tele-
scope. URL https://www.eso.org/public/unitedkingdom/news/eso1716/?lang, retrieved 27/05/2017
12:14.

European Southern Observatory, cited 2017c: Help for the La Silla MeteoMonitor. URL http://www.ls.
eso.org/lasilla/dimm/dimm.html#T Help, retrieved 14/09/2017 12:50.

European Southern Observatory, cited 2017d: Telescopes and Instrumentation. URL http://eso.org/
public/unitedkingdom/teles-instr/?lang, retrieved 13/09/2017 15:44.

European Southern Observatory, cited 2017e: The ESO 3.6 meter Telescope. URL https://www.eso.org/
sci/facilities/lasilla/telescopes/3p6/overview.html, retrieved 1409/2017 13:02.

European Southern Observatory, cited 2017f: What is the Atacama Large Millimeter/submillimeter
Array (ALMA)? URL http://www.eso.org/public/unitedkingdom/teles-instr/alma/?lang, retrieved
14/09/2017 15:04.

Gallego, D., P. Ribera, R. Garcia-Herrera, E. Hernandez, and L. Gimeno, 2005: A new look for the south-
ern hemisphere jet stream. Climate Dynamics, 24 (6), 607–621, doi:10.1007/s00382-005-0006-7,
URL http://dx.doi.org/10.1007/s00382-005-0006-7.

Garreaud, R. D., M. Vuille, R. Compagnucci, and J. Marengo, 2009: Present-day south amer-
ican climate. Palaeogeography, Palaeoclimatology, Palaeoecology, 281 (34), 180 – 195, doi:
http://dx.doi.org/10.1016/j.palaeo.2007.10.032, URL http://www.sciencedirect.com/science/article/
pii/S0031018208005002, long-term multi-proxy climate reconstructions and dynamics in South
America (LOTRED-SA): State of the art and perspectives.

Gemini Observatory, cited 2017: Observing Condition Constraints . URL http://www.gemini.edu/sciops/
telescopes-and-sites/observing-condition-constraints#SkyTransparencyClouds, retrieved 05/05/2017
10:50.

Giordano, C., J. Vernin, C. Muoz-Tuon, and H. Trinquet, 2014: Seeing and ground meteorology fore-
cast for site quality and observatory operations. URL http://dx.doi.org/10.1117/12.2056832, 91490F-
91490F-8 pp., doi:10.1117/12.2056832.

Google, cited 2017: Google Maps. URL https://www.google.de/maps, retrieved 14/07/2017 14:0.

Greshko, M., cited 2017: El Niño Paints the World’s Driest Place with Color. URL
http://news.nationalgeographic.com/2015/11/151103-atacama-desert-flower-bloom-el-nino/, re-
trieved 14/09/2017 06:28, National Geographic.

51

http://dx.doi.org/10.1080/01431161.2010.510491
http://dx.doi.org/10.1080/01431161.2010.510491
http://stacks.iop.org/1538-3873/121/i=879/a=527
http://www.eso.org/sci/facilities/lasilla/site/aboutls.html
http://www.eso.org/sci/facilities/lasilla/site/aboutls.html
http://www.eso.org/sci/facilities/paranal/astroclimate/site.html
http://www.eso.org/sci/facilities/paranal/astroclimate/site.html
https://www.eso.org/public/unitedkingdom/about-eso/
https://www.eso.org/public/unitedkingdom/about-eso/
https://www.eso.org/public/unitedkingdom/news/eso1716/?lang
http://www.ls.eso.org/lasilla/dimm/dimm.html#T_Help
http://www.ls.eso.org/lasilla/dimm/dimm.html#T_Help
http://eso.org/public/unitedkingdom/teles-instr/?lang
http://eso.org/public/unitedkingdom/teles-instr/?lang
https://www.eso.org/sci/facilities/lasilla/telescopes/3p6/overview.html
https://www.eso.org/sci/facilities/lasilla/telescopes/3p6/overview.html
http://www.eso.org/public/unitedkingdom/teles-instr/alma/?lang
http://dx.doi.org/10.1007/s00382-005-0006-7
http://www.sciencedirect.com/science/article/pii/S0031018208005002
http://www.sciencedirect.com/science/article/pii/S0031018208005002
http://www.gemini.edu/sciops/telescopes-and-sites/observing-condition-constraints#SkyTransparencyClouds
http://www.gemini.edu/sciops/telescopes-and-sites/observing-condition-constraints#SkyTransparencyClouds
http://dx.doi.org/10.1117/12.2056832
https://www.google.de/maps
http://news.nationalgeographic.com/2015/11/151103-atacama-desert-flower-bloom-el-nino/


Hannachi, A., I. T. Jolliffe, and D. B. Stephenson, 2007: Empirical orthogonal functions and related
techniques in atmospheric science: A review. International Journal of Climatology, 27 (9), 1119–
1152, doi:10.1002/joc.1499, URL http://dx.doi.org/10.1002/joc.1499.

Hennermann, K., cited 2017: ERA-Interim: compute geopotential on model levels. URL https://
software.ecmwf.int/wiki/display/CKB/ERA-Interim%3A+compute+geopotential+on+model+levels,
retrieved 07/07/2017 18:04, Copernicus Knowledge Database, European Centre for Medium-Range
Weather Forecasts.

Houston, J., 2006: Variability of precipitation in the atacama desert: its causes and hydrological impact.
International Journal of Climatology, 26 (15), 2181–2198, doi:10.1002/joc.1359, URL http://dx.doi.
org/10.1002/joc.1359.

Houston, J., and A. J. Hartley, 2003: The central andean west-slope rainshadow and its potential con-
tribution to the origin of hyper-aridity in the atacama desert. International Journal of Climatology,
23 (12), 1453–1464, doi:10.1002/joc.938, URL http://dx.doi.org/10.1002/joc.938.
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during my stays in Hamburg. Finally, many thanks to my parents for their straightforward and under-
standing support in the past months and to a very special young lady for being the most encouraging and
comforting partner and the greatest inspiration one could ask for.



Versicherung and Eides Statt

Hiermit versichere ich an Eides statt, dass ich die vorliegende Arbeit im Studiengang M.Sc. Meteo-
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