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A B S T R A C T

This study focuses on integrated water vapor (IWV) which is the main source for precipitation, fog and dew
formation in the Atacama Desert in northern Chile. In order to study its long-term variability, a consistent
meteorological record is needed. Here, we utilize the European Centre for Medium-Range Weather Forecasts'
reanalysis ERA-20C which provides IWV among other atmospheric variables over the course of the entire 20th
century (1900–2010). In this two fold study, we first present a validation of ERA-20C IWV for the Atacama and
the bordering southeast Pacific region. Comparisons to satellite observations, i.e. the Hamburg Ocean
Atmosphere Parameters and Fluxes from Satellite data record and the Moderate Resolution Imaging
Spectroradiometer measurements, for overlapping time periods prove the suitability of ERA-20C to study IWV
variability. Assessment of the observation feedback in ERA-20C reveals a higher uncertainty for the beginning of
the 20th century when fewer observations are assimilated. Nevertheless, departures of the assimilated ob-
servations do not show a systematic bias in space or time supporting suitability of ERA-20C for long-term in-
vestigations. In the second part of the study, we describe the IWV variability over the course of the 20th century.
Deviations from the long-term mean greater than 30% are found on an inter-annual time scale over the con-
tinental Atacama. Furthermore, we investigate potential drivers of the IWV variability such as the Pacific
Decadal Oscillation (PDO) and the El Niño Southern Oscillation (ENSO) phenomenon. The relationship between
the local IWV and these large scale indices depends on region and season. For instance, during austral summer,
La Niña conditions yield overall greater IWV variability in the Atacama allowing both drier and even more
pronounced wetter extremes than El Niño conditions.

1. Introduction

The Atacama Desert in northern Chile is one of the driest places on
Earth. Nevertheless, it hosts a variety of species and microorganisms
which adapted to the concurrent hyper-arid conditions. Their spatial
appearance is not well understood but it is likely connected to the
availability of water. For instance, Pinto et al. (2006) found that the
geographical distribution of Tillandsia lomas is associated with fog
corridors. Furthermore, events of extreme precipitation or wetter time
periods on geological time scales can leave long lasting traces in the
landscape and impact biological evolution and colonization. Char-
acterizing the moisture supply to the Atacama Desert in the context of
the recent climate is essential in order to establish thresholds for growth
and development of the local biota and for surface alterations.

Water vapor, which amounts to about 99.5% of the total water in
the atmosphere (Stevens and Bony, 2013), is the most important source
for precipitation and is the key variable for fog formation and dew.
Aside from these obvious sources of liquid water for plants and surfaces,
water vapor itself constitutes a direct source of water for soils in arid

regions via water vapor adsorption and thereby stimulating microbial
activity (McHugh et al., 2015). Furthermore, relative humidity along
with temperature determines the phase transitions between gypsum,
anhydrite and their intermediate phases which has been demonstrated
in theory by Tang et al. (2019). Relative humidity and the isotopic
composition of the water vapor which is related to its source and
pathway are essential variables in order to develop a paleo-humidity
proxy (Surma et al., 2018). A better knowledge of the spatiotemporal
distribution of water vapor over a longer time period could help im-
prove the accuracy of such a proxy.

Another field of application for water vapor in the Atacama Desert is
Astronomy. The region is home to multiple astronomical facilities, such
as the European Southern Observatory (ESO) which operates for in-
stance the Very Large Telescope at the summit of Cerro Paranal. Even
though, the Atacama provides a hyper-arid environment, water vapor is
still a limiting factor of atmospheric transparency in the millimeter and
submillimeter wavelength spectral window. Characterizing the varia-
bility of water vapor and identifying potential drivers benefits the de-
velopment of the observatories and planning the conduction of very
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demanding observations (Kerber et al., 2014; Otarola et al., 2019).
Water vapor is one of the key factors which determine the surface solar
radiation budget (Rondanelli et al., 2015). The higher elevated parts of
the Atacama were found to be the most likely location with the highest
downwelling solar radiation at the surface on Earth (Rondanelli et al.,
2015). The extreme solar radiation also results in an extreme exposure
of the surfaces to ultraviolet radiation (Cordero et al., 2016) which is a
limiting factor to bacterial life (Cockell et al., 2008).

The influence of internal climate modes such as the El Niño
Southern Oscillation (ENSO) pattern or the Pacific Decadal Oscillation
(PDO) on precipitation and water vapor content has been assessed for
the Atacama region and the bordering Altiplano in various studies (e.g.
Garreaud, 1999; Vuille, 1999; Vargas et al., 2006; Houston, 2006;
Garreaud et al., 2009; Marín and Barrett, 2017). For instance, through
evaluation of gauge measurements it was demonstrated that the warm
phase of ENSO (El Niño) leads to more precipitation at coastal stations
and less precipitation in the Altiplano during austral summer (Houston,
2006). Furthermore, the PDO, which shows similar patterns in SST
anomaly as ENSO but acts on a much longer time scale (Garreaud et al.,
2009), appears to amplify the ENSO signal during its warm phase
(Andreoli and Kayano, 2005). On a synoptic scale, cut-off lows over the
adjacent southeast Pacific are associated with increased moisture
supply to the Atacama Desert (e.g. Bozkurt et al., 2016; Reyers and
Shao, 2019).

Water vapor is a major part of the water cycle being the dominant
phase which is subject to transport. More details on the atmospheric
water cycle in the Atacama region are given in Section 2.6. Due to the
scarcity of in-situ measurements especially over longer time periods,
region-wide studies on a climatological scale are limited. Satellite ob-
servations can provide greater spatial coverage but are temporally
limited to the satellite era which started in the 1980s. For long term
trend analyses and to study dependencies on low frequency internal
climate modes such as the ENSO pattern or the PDO, longer time series
are beneficial. Such time series with broad spatial and temporal re-
solution including multiple atmospheric parameters can only be pro-
vided by reanalyses data. Reanalyses combine model simulations and
observations to obtain the best estimate of the true state of the atmo-
sphere. To our knowledge four reanalyses data sets which cover the
entire 20th century are available as of today, namely the National
Oceanic and Atmospheric Administration's (NOAA) Twentieth Century
Reanalysis (20CR) and its successor 20CRv2c (Compo et al., 2011) and
the European Centre for Medium-Ranged Weather Forecasts (ECMWF)
twentieth century reanalysis (ERA-20C Poli et al., 2016) and a later
release with a coupled ocean model (CERA-20C Laloyaux et al., 2018).
In this study, we utilize ERA-20C (see Section 2.1). The accuracy of
reanalyses depends on the model representation of the physical pro-
cesses and on parameter schemes for processes which happen at scales
below the model resolution. Furthermore, the accuracy of the assimi-
lated observations and the abundance of observations plays a role as
well as the accuracy of the prescribed forcing data, e.g. sea ice con-
centration, sea surface temperature, aerosols, etc. Additionally, com-
plex orography with large variability on scales not resolved by the
model can decrease the accuracy. Therefore, the accuracy of a re-
analysis typically varies in space and time, so that a validation for the
particular study area and time period is inevitable to determine the
suitability for an application.

Integrated water vapor (IWV) is the moisture related variable which
can be observed most accurately from satellite measurements compared
to liquid water path or precipitation as the latter show much higher
spatiotemporal variability. Thus, due to its role as the major storage
term in the atmospheric water cycle and its good measurability, we
focus this study on IWV.

Here, we present a two fold study, which firstly investigates the
capabilities of ERA-20C to represent IWV in the Atacama region and
secondly provides an analyses of the 20th century IWV. The paper is
structured as follows. In Section 2, we describe ERA-20C, and the

satellite data products which are utilized for a comparison. Section 3
presents the validation of the reanalysis by comparing the different
satellite products for four different regions. In Section 4, we discuss the
spatiotemporal variability of the IWV over the entire time period of
111 years covered by ERA-20C and its relation to large scale indices
such as ENSO and PDO. Finally, Section 5 concludes the study.

2. Data and focus regions

2.1. ERA-20C

The ECMWF reanalysis ERA-20C (Poli et al., 2016) provides a
consistent meteorological record spanning 111 years (1900–2010) with
a horizontal resolution of about 125 km. Therefore, for this study area,
data on a 1.25 ° × 1.25° longitude by latitude grid are investigated. It is
based on ECMWF's weather forecasting system IFS cy38r1 and run with
time varying prescribed forcing data such as sea ice concentration, sea
surface temperature (SST), solar radiation, tropospheric and strato-
spheric aerosols, ozone and greenhouse gases. To approximate the
concurrent synoptic conditions, the assimilation of surface pressure and
marine surface wind are essential. To avoid introducing break points
and trends in the representation of the atmosphere, observations which
are only available for more recent years, such as vertical profiles and
satellite observations, were left out. Atmospheric reanalyses typically
assimilate vertical humidity profiles from radiosonde data. Humidity
from radiosondes is usually not homogenized, so that artificial trends of
water vapor can be introduced into these reanalyses (Dai et al., 2011)
among other complications (Elliott and Gaffen, 1991). Since ERA-20C
does not consider radiosonde data, it is not affected by any of such
inhomogeneities.

Poli et al. (2016) compared integrated water vapor (IWV) spatially
averaged over the tropical oceans (20°S–20°N) from ERA-20C to two
observational products, i.e. the Remote Sensing Systems version 7 IWV
product (RSS; Wentz (2013)) and the Hamburg Ocean Atmosphere
Parameters and Fluxes from Satellite data record version 3.2 (HOAPS;
Fennig et al. (2012)). Their resulting time series reveal a dry bias of
ERA-20C of approximately 2–3 kgm−2. However, when anomalies with
respect to a long term mean are considered, ERA-20C IWV agrees better
with the observations than the Japanese 55-year Reanalysis (JRA-55)
and the widely used ERA-Interim from ECMWF. Therefore, it seems
well suited for the analysis of climate variability.

2.2. HOAPS4

In order to validate IWV values in ERA-20C, we utilize IWV esti-
mates from the most recent version 4 of the Hamburg Ocean
Atmosphere Parameters and Fluxes from Satellite data record (HOAPS;
Andersson et al. (2017a)). This data record provides satellite based
retrievals of IWV as 6-hourly composites on a 0.5 ° × 0.5° longitude by
latitude grid for the period between July 1987 to December 2014. The
retrievals are derived from Special Sensor Microwave/Imager (SSM/I,
Hollinger et al., 1990) measurements. They are only provided over ice
free ocean where the microwave emission by water vapor can be se-
parated well from the surface signal. By utilizing radiation in the mi-
crowave spectrum, retrievals are possible for all sky conditions except
for heavy precipitation which can lead to strong scattering.

Generally, SSM/I based data records, such as HOAPS, provide IWV
retrievals of similar quality regarding stability and homogeneity
whereas non-SSM/I data records contain relatively large break points
which coincide with changes in the observational set up. This can lead
to different trend estimates from such records which are not in line with
theoretical expectations (Schröder et al., 2016; Andersson et al. 2017b).

2.3. MODIS

To allow an evaluation of ERA-20C IWV over land, we further utilize
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IWV retrievals from the Moderate Resolution Imaging
Spectroradiometer (MODIS) which is installed aboard the Terra satellite
and the Aqua satellite. The MOD05_L2 (on Terra; Borbas et al., 2017a)
and the MYD05_L2 (on Aqua; Borbas et al., 2017b) products provide
IWV retrievals which are derived from near infrared (NIR) and infrared
(IR) channels for both satellites at 1 km (NIR) and 5 km (IR) horizontal
resolution. Here, we utilize collection 6.1 which is the newest MODIS
collection. We only use the near infrared retrievals because they show
higher accuracy than the infrared retrievals (Steinke et al., 2015). These
are available for surfaces which are highly reflective in the near in-
frared such as clear land areas, clear ocean areas with sun glint, or
clouds above ocean or land. However, if the reflector is a cloud, the
retrieved IWV is not representative of the entire atmospheric column
because the water vapor path between the surface and the cloud is not
fully captured. For the calculation of spatial means of the MODIS IWV,
we omit scenes for which the reflector type is a cloud according to the
MODIS water vapor product. A potential “clear sky” bias is assumed to
be negligible considering the reflector type is a cloud for only 7 % out of
of all retrievals for the inland regions.

MODIS retrievals are available from February 2000 (Terra) and
from July 2002 (Aqua) to present. For the climatology study (Section
3.2), we only utilize Terra MODIS to benefit from the longer data re-
cord. The 10-year period between 2001 and 2010 is considered. For the
analysis of the variability over time (Section 3.4), we consider the 8-
year period between 2003 and 2010 to benefit from additional Aqua
MODIS retrievals. The equatorial overpass time of the satellites are
around 10:30 (Terra) and 13:30 (Aqua) local solar time. The un-
certainty for MODIS IWV retrievals typically ranges between 5% and
10% (Gao and Kaufman, 2003). A previous study revealed a spatially
varying dry bias between 1.6 and 3.5 mm of the MODIS NIR IWV
compared to GPS derived IWV within the Atacama region (Remy et al.,
2011). Furthermore, the authors report good agreement of the IWV
variability (1.3 mm standard deviation between GPS and MODIS re-
trievals after a linear correction). A more recent study carried out over
North America reveals a wet bias of the MODIS NIR water vapor pro-
duct of 4.1 mm, an RMSE of 5.6mm and coefficient of determination of
0.964 over land (He and Liu, 2019). Another study in a drier con-
tinental environment (Iran) revealed a wet bias of 2.4 mm, an RMSE of
3.4 mm and a correlation coefficient of 0.95 (Khaniani et al., 2020).
Both of these studies used Global Positioning System IWV retrievals as
reference and considered a one year period for their comparisons.
Judging from these studies, the bias seems to depend on the study area.
However, suitable representation of IWV variability is proven by all of
these comparisons.

2.4. Large scale indices ENSO and PDO

The ENSO pattern is a variability in the climate system manifested
in alternating cold and warm phases in the surface temperature of the
eastern tropical pacific which has strong influence on weather all over
the globe (e.g. Timmermann et al., 2018). During the warm phase (El
Niño), above average sea surface temperatures close to the western
coast of South America lead to locally decreased stability of the tro-
posphere and changes of the large scale circulation. For instance, en-
hanced upper tropospheric westerlies due to a northward displacement
of the Bolivian High lead to drier conditions in the Altiplano (Vuille,
1999). On the other hand, during the cold phase (La Niña) enhanced
tropospheric stability over the southeast Pacific favors drier conditions
at the southern coast of the Atacama (Houston, 2006). To quantify the
ENSO state, various indices have been created. Here, we apply the
commonly used Niño 3.4 index which represents the SST anomaly of
the equatorial Pacific between 5°S–5°N and between 170°W–120°W. To
calculate this index, we obtained SST data from https://www.esrl.noaa.
gov/psd/gcos_wgsp/Timeseries/Data/nino34.long.data (last access: 20
May 2019) which provides spatially averaged SST values for the Niño
3.4 region with a monthly resolution. These data are sampled from the

Met Office Hadley Centre's sea ice and sea surface temperature data set,
HadISST1 (Rayner et al., 2003). The HadISST1 provides a long con-
tinuous SST time series (1870–present). To derive the Niño 3.4 index,
we calculate the monthly SST anomalies. Only the years of our study
period, which is determined by ERA-20C (1900–2010), are considered.
The two different versions of HadISST for ERA-20C (Version 2.1) and
the Niño 3.4 index (Version 1) are highly correlated (r=0.96).
Therefore, no noticeable implications on the analysis are expected.

In contrast to ENSO, which is focused on the equatorial Pacific, the
PDO represents a major climate variability pattern centered over the
midlatitude North Pacific basin. It has been defined as the principle
component of the leading Empirical Orthogonal Function (EOF) of the
SST anomalies (e.g. Mantua et al., 1997; Zhang et al., 1997) for the
Pacific north of 20∘N. Here, we apply the PDO index according to
Mantua et al. (1997) which is based on the U.K. Meteorological Office
Historical Sea Surface Temperature data set (Folland and Parker 1990,
1995) for the years between 1900 and 1981 and on the Reynold's Op-
timally Interpolated SST from 1982 to present. The PDO index was
downloaded from http://research.jisao.washington.edu/pdo/PDO.
latest.

Furthermore, local SST anomalies which are determined from the
ERA-20C SST as a spatial mean between 18.125°S–29.375°S and
75.625°W–71.875°W on a monthly resolution are considered as local
SST “index”. The chosen region lies in close proximity to the coast off
the Atacama (black rectangle in Fig. 1b).

2.5. Cut-off lows

To evaluate the capabilities of ERA-20C to represent synoptic fea-
tures which potentially impact IWV variability, we consider cut-off lows
off the coast of the Atacama (Section 3.2). Therefore, we utilize the cut-
off low data set derived by Reyers and Shao (2019). They define cut-off
lows as a local minimum of the geopotential height in 500 hPa within
the area ranging from 85°W to 70°W and from 30°S to 15°S (black
rectangle in Fig. 2 c, f, i). Geopotential heights were taken from the
ECMWF reanalysis ERA-Interim (Dee et al., 2011). To derive a list of
days which featured a cut-off low, the 12 UTC ERA-Interim output was
considered. More details on cut-off lows in the Atacama can be found in
Reyers and Shao (2019).

2.6. Focus regions and local atmospheric water cycle

A simplified water cycle for the Atacama region is depicted in Fig. 1.
The maritime boundary layer (MBL) is fueled with moisture by eva-
poration from the Pacific. Turbulent mixing results in a vertically al-
most constant specific humidity within the MBL which has an average
height between 800 and 1100m (Rutllant et al., 2003; Muñoz et al.,
2011). Adiabatic cooling with increasing height causes the water vapor
to reach saturation, so that condensation leads to cloud formation. Due
to the location at the subsiding end of the Hadley circulation, the MBL
is topped by a strong temperature inversion which prevents the ex-
change between the MBL and the free troposphere above. Therefore,
the cloud top height is limited to the base height of the temperature
inversion. Longwave radiative cooling at cloud top maintains the stra-
tocumulus or leads to further expansion. During the day, the surface at
the coast and coastal cliff warm more than the ocean water leading to
ascending motion at the cliff. This drives a circulation with a flow to-
wards the coast above the surface and a return flow beneath the in-
version base height, causing the stratocumulus cloud to be advected
away from the coast. At night, though less pronounced, the circulation
is reversed. Along with an even more effective radiative cooling, the
strocumulus cloud deck can then penetrate the coastal cliff area. Even
stronger heating of the Andean slopes during the day creates a strong
inland flow above the coastal cliff which end in an upward motion in
the high Andes creating convective clouds and precipitation. A return
flow at higher altitudes leads to increased subsidence over the ocean
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and coastal area. Therefore, two circulation cells are established
(Rutllant et al., 2003). In case the top of the coastal cliff, which has
altitudes ranging between 400 and 1500m, is below the inversion base
height, the MBL cell and the cell atop are coupled and Pacific moisture
can be transported inland. When the stratocumulus is advected inland
the mixing with warmer and drier inland air leads to dissipation of the
cloud. However, the air with enhanced water vapor can still be trans-
ported further inland where night time cooling might lead to the

formation of radiation fog (Cereceda et al., 2002).
The inland regions are characterized by fog at the coastal cliff and

coastal cordillera which typically forms at night and dissipates during
the morning hours after sunrise (Cereceda et al., 2008). Further inland,
clouds are rarely observed. Due to these differences, we distinguish
between inland and ocean for the validation. Furthermore, inland
precipitation decreases from south to north in particular during winter
season (Houston, 2006) which indicates the influence of the

Fig. 1. (a) Schematic depiction of the simplified atmospheric water cycle for northern Chile and its surrounding area. Over land, day time conditions are reflected.
Strong heating of the Andean slopes leads to a rising branch of the flow in the high Andes and a return flow at around 5000m which causes additional subsidence
above the coastal region. Below this upper circulation cell, another circulation cell typically establishes in the maritime boundary layer. Here, early night time
condition are depicted. A stronger cooling of the coastal cliff compared to the ocean surface causes a weak flow towards the coast so that the stratocumulus clouds can
spread towards the cliff and penetrate the coastal mountain range. (b) Mean ERA-20C SST averaged between 1900 and 2010. (c) Topography derived from the Shuttle
Radar Topography mission (SRTM) data set. The white rectangles denote the four focus regions which are studied. Their sizes are given by the size and position of the
ERA-20C grid boxes (1.25 ° × 1.25°). Regions 1 (ocean-N) and 2 (ocean-S) span 5×2 grid boxes, regions 3 (land-N) and 4 (land-S) span 4× 1 grid boxes.
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midlatitude storm tracks in the southern part. The stronger influence of
frontal systems in the southern part calls for an additional distinction in
northern and southern regions. Therefore, we focus on four individual
regions (Fig. 1). Region 1 (18.125°S–24.375°S) and 2
(23.125°S–29.375°S) are over ocean (74.375°W–71.875°W), and region
3 (18.125°S–23.125°S) and 4 (23.125°S–28.125°S) are mainly over land
(70.625°W–69.375°W).

3. Validation of ERA20C

To estimate how well IWV is represented in ERA-20C, we carry out a
comparison with HOAPS and MODIS IWV. By choosing the Terra-
MODIS IWV, a 10-year period (2001−2010) with retrievals from all
three data sets can be compared. Average IWV values for each data
record and each of the defined focus region are given in Table 1 re-
vealing a dry bias of ERA-20C between 18% (north) and 14% (south)
for the ocean regions (compared to HOAPS) and between 45% (north)
and 46% (south) for the inland regions (compared to Terra-MODIS).
Potential origins of this bias are discussed in Section 3.1. Henceforward,
spatial patterns are discussed for composites and seasonal means of the
IWV (Section 3.2) followed by an analysis of decomposed IWV time
series (Section 3.3). The representativity of the validation, which is

Fig. 2. Composite means of IWV retrieved from ERA-20C (a,b,c), HOAPS (d,e,f) and Terra-MODIS (g,h,i) for winter season (JJA, top row), summer season (DJF,
middle row) and composite anomalies of IWV for days for which the presence of a cut-off low was identified in ERA-Interim (bottom row). Here, cut-off lows are
defined as a local minimum of the geopotential height in 500 hPa (Reyers and Shao, 2019) within the region from 85°W to 70°W and 30°S to 15°S which is denoted by
the black rectangle (c,f,i). Composites are taken for a 10-year period (2001–2010).

Table 1
10-year (2001–2010) mean IWV values for the focus regions indicated in Fig. 1
for all months, austral winter months, i.e. June, July, August (JJA), and austral
summer months, i.e. December, January, February (DJF). Values are given in
kg m−2.

Season Ocean Inland

North South North South

HOAPS All 17.46 14.65
JJA 13.38 12.91
DJF 22.21 16.95

Terra MODIS All 15.99 12.96 14.68 8.90
JJA 12.26 11.63 9.23 5.66
DJF 18.57 15.17 20.87 12.90

Terra MODIS land only All 13.9 8.5
JJA 7.1 5.2
DJF 20.8 12.2

ERA-20C All 14.33 12.55 8.13 4.83
JJA 12.00 11.77 4.52 3.75
DJF 17.15 13.78 12.91 6.60
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carried out for recent decades, for the entire period covered by ERA-
20C is discussed in Section 3.4.

3.1. Bias assessment

Since a substantial bias between the satellite data sets and ERA-20C
is evident from the climatologies (Table 1), we investigate whether the
reasons of this bias potentially hamper ERA-20C's suitability for the
assessment of long term IWV variability within the study region. Sev-
eral factors can contribute to the bias, e.g. instrumental factors, omit-
ting cloudy scenes for the MODIS NIR retrievals, or problems inherent
to the reanalysis.

Starting with the ocean regions, we approximate the expected IWV
by the following conceptual considerations. Assuming a well mixed
boundary layer with a vertically constant specific humidity and a
negligible water vapor content within the free troposphere aloft, the
IWV is only a function of SST and the inversion height. The specific
humidity is approximated, assuming a relative humidity of 80% at the
surface. According to ERA-20C, the mean SST for the northern ocean
region is approximately 22°C and 17°C for the summer and winter
season, respectively. According to vertical profiles acquired by radio
soundings near Antofagasta (70.4°W; 23.4°S), the inversion base height
ranges between 900 m (winter) and 1100 m (summer) (Muñoz et al.,
2011). Towards the northwest, the inversion base height is increasing
(Rahn and Garreaud, 2010), so that inversion base heights about
100–200m above the heights at Antofagasta appear realistic. Such SSTs
and inversion base heights amount to theoretical IWV values of 20 and
12 kgm−2 for summer and winter season, respectively (cf. Fig. S1).
Considering the coarse resolution of the utilized SST which might cause
an underestimation of the strong SST gradient at the northern tip of the
focus region and a missed component of the free troposphere, these
theoretical values constitute a lower bound of the expected IWV. In this
light, the slightly higher HOAPS IWV appears realistic while ERA-20C
underestimates the IWV.

Judging from the ERA-20C temperature profiles within the lower
troposphere, an underestimation of the inversion height of about 50% is
revealed compared to results from the Variability of the American
Monsoon Systems Ocean-Cloud-Atmosphere-LandStudy Regional
Experiment (VOCALS-REx; Wood et al., 2011; Rahn and Garreaud,
2010) (cf. Fig. S1a). Such underestimations near the coast of subtropical
stratocumulus regions are typical for numerical models (Rahn and
Garreaud, 2010; Hannay et al., 2009; Wyant et al., 2010). For an in-
version height of about 600m, the theoretical boundary layer con-
tribution to the IWV amounts to about 7 and 10 kgm−2 for winter and
summer season, respectively (cf. Fig. S1). Furthermore, for the time
period in the case study, about 20% of the total IWV are contributions
from height levels between the modeled and the observed inversion
base height, partially compensating for the missing moisture below the
inversion base. Therefore, we conclude that the dry bias originates from
an underestimation of the inversion base and a false representation of
the vertical humidity profile within the boundary layer.

For the two inland regions, we investigate the bias between ERA-
20C and the MODIS near-infrared retrievals. While Remy et al. (2011)
reveal a dry bias of the MODIS NIR IWV, ERA-20C shows even lower
values in our study. This bias can be partially attributed to the coarse
height representation in ERA-20C (Fig. S2). The average height of the
northern inland region is about 1297m in ERA-20C which is about
342m above the height according to Shuttle Radar Topography Mission
(SRTM; Farr et al., 2007) data (955m). For the southern inland region
the overestimation is about 191m (ERA-20C: 1778m; SRTM: 1587m).
An approximation of specific humidity of 4 g kg−1 (JJA) and 9 g kg−1

(DJF) yield a theoretical difference in IWV of 1.5 kgm−2 (JJA) and
3.3 kgm−2 (DJF) for the northern region and 0.8 kgm−2 (JJA) and
1.8 kg m−2 (DJF) for the southern region. However, in particular for
the northern region a higher bias is expected because the northern tip of
the region has an actual even lower altitude allowing the penetration of

moist air from the MBL inland more frequently which is manifested in a
higher fog and low cloud occurrence in this region. This contribution to
the region wide mean IWV is not represented in ERA-20C due to its
coarse resolution. The same holds true for coastal strips and valleys
such as the Rio Loa valley which are not represented in ERAe20C.

According to the performed case study including theoretical con-
siderations, the bias between ERA-20C and the satellite-based IWV can
be attributed mainly to the reanalysis. The reasons are a false re-
presentation of the MBL (ocean) and topography (inland). Both effects
constitute systematic errors and thus should not interfere with the re-
presentation of temporal variability. Composite IWV anomalies for cut-
off low situations show similar magnitudes and spatial patterns for both
ERA-20C and the satellite-based data sets, demonstrating the ability to
capture IWV variations on a synoptic scale (Section 3.2).

3.2. Climatologies and composites

Across a wider area, the seasonal means over this 10-year period
reveal a meridional pattern over ocean with higher IWV to the west and
lower IWV closer to the coast for all three data sets (Fig. 2). This can be
attributed to the lower SST in closer proximity to the coast where the
Humboldt current is strongest (Fig. 1). During the summer season, i.e.
December, January, February (DJF), IWV observed by all three data
sets is higher than during winter season, i.e. June, July August (JJA)
(Table 1). While HOAPS shows an increase from winter to summer of
about 66% and 31% for the northern and southern regions, respec-
tively, the increase in ERA-20C is about 43% and 17%, respectively.
Again, a higher SST causes enhanced evaporation so that IWV increases
in particular over ocean. The southeast Pacific anticyclone typically
shifts towards the south in the summer season causing the surface winds
which drive the Humboldt current to shift south as well. This way, the
SST reaches maximum values in particular ahead of the Peruvian coast
(15∘S–20∘S). Enhanced IWV is found for this region in all three data sets.
Aside from higher SSTs, the summer season is also characterized by
higher air temperatures providing a higher water vapor holding capa-
city and advection of already water vapor enriched air. Accordingly,
MODIS and ERA-20C show an increased IWV over land during the
summer season. Between 20°S–26°S, cloud heights are typically higher
during the warm season (Böhm et al., 2019) which indicates a higher
inversion base height. This could enable more Pacific moisture to cross
the coastal cliff and be transported further inland leading to increased
IWV in this region. On the eastern side of the Andes, a zonal pattern is
revealed by ERA-20C and MODIS IWV with maximum values over the
Amazon Basin and decreasing values towards the midlatitudes. Overall,
ERA-20C is able to represent the patterns and seasonal changes which
are observed by the satellite based data sets.

Furthermore, we investigated the influence of cut-off lows on the
spatial distribution of IWV. Reyers and Shao (2019) found a higher
moisture availability in the Atacama coinciding with these synoptic
features. In this study, composite anomalies for cut-off low situations
during the winter season show an enhanced IWV for the Atacama and
for an extended area over the ocean off the Atacama coast (Fig. 2 c, f, i).
In addition to the previously discussed agreement between the IWV
patterns on a climatological scale, ERA-20C is even capable of re-
presenting the pattern of enhanced IWV for these synoptic features.

3.3. Comparison of decomposed IWV time series

To obtain time series for each data record, we calculate spatial and
monthly means for each of the four focus regions. In order to evaluate
the ability of ERA-20C to represent the IWV variability, we investigate
the IWV deviation from the respective temporal mean of each time
series. Furthermore, we decompose the time series into a 12-month
centered moving average (CMA) a seasonal component and the re-
sidual. The seasonal component is derived by subtracting the 12-month
CMA from the time series and then calculating the mean value for each
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month. Subtracting the 12-month CMA and the seasonal component
from the time series yields the residuals. While the 12-month CMA
represents the year to year variability, the residuals are a measure of the
month to month variability.

The unfiltered monthly time series of IWV for ERA-20C and HOAPS
between 1988 and 2010 are highly correlated due to a consistent re-
presentation of the annual cycle and year to year variability (1-year
CMA) for both the northern and the southern ocean regions (Fig. 3).
The month to month variability (residuals) yield slightly lower corre-
lations. A reason could be that synoptic features which pass through the
regions might be slightly offset in time and space. The strong 1997 El
Niño event is apparent in both data sets similarly. Only a small period
(2005–2008) of ongoing disagreement between HOAPS and ERA-20C is
apparent for the northern ocean region (1-year CMA, Fig. 3c).

The short period of disagreement and offset of the CMA between
2005 and 2008 within the northern region becomes a more dominant
feature for the comparison between ERA-20C and MODIS IWV because
the overlapping time period is much shorter (2003−2010). A missed
peak during 2006 is followed by an offset period between 2007 and
2008 which is apparent in the 1-year CMA for both the northern ocean
and inland region (Fig. 4). Before and after this period, ERA-20C IWV is
in agreement with HOAPS and MODIS regarding both amplitude and
phase. However, this short period of disagreement which is less pro-
nounced for the southern regions results in overall low correlations of
the 1-year CMA (Fig. 5 c, d). The month to month variability (residual)
shows similar agreement between ERA-20C and MODIS (Fig. 5 e, f) as
for the comparison between ERA-20C and HOAPS for the longer period.
This indicates that ERA-20C is able to represent synoptic features al-
though a substantial noise is present. This is expected given the coarse
resolution of the model.

The phase of the seasonal cycle is captured accurately by ERA-20C
which is indicated by correlations reaching almost unity for all regions
(Fig. 5 a, b). The amplitude of the seasonal cycle is underestimated by

ERA-20C, when absolute numbers are considered (Table 2). However,
relative to its overall mean, the amplitudes are closer to the satellite-
based estimates. These discrepancies are consistent with the detected
misrepresentation of the maritime boundary layer (ocean) and topo-
graphic heights (inland) which result in an overall dry bias of the ERA-
20C IWV (see Section 3.1).

The seasonal cycle is the main driver of variability according to the
amplitudes (Table 2). Differences between summer and winter peaks
range between 7.0 kgm−2 (HOAPS, southern ocean region) and
12.9 kgm−2 (HOAPS, northern ocean region). The month to month
variability (residuals) superimposes another 5 kgm−2 (north) and
3 kgm−2 (south) of variability over ocean according to the difference
between most upper and most lower peaks (c.f. Fig. 3, g, h). Similar
values are observed for the inland regions with about 4 kgm−2 (north)
and 3 kgm−2 (south).

A measure of uncertainty of the IWV representation in ERA-20C can
be derived by calculating the root mean square error (RMSE) for the 3
components (seasonal cycle, moving average and residuals) of the IWV
anomalies (Fig. 6). For the moving average, the RMSE between HOAPS
and ERA-20C is about 0.56 kgm−2 and 0.25 kgm−2 for the northern
and southern ocean regions, respectively. In relation to the long term
mean values (Table 1) these values range around 3% and 2%. For the
residuals, the RMSE between HOAPS and ERA-20C is about
1.09 kgm−2 and 0.80kgm−2 for the northern and southern ocean re-
gions, respectively. In relation to the long term mean values (Table 1)
these values range around 6% and 5%.

An extension of the analysis beyond the four focus regions to a
wider area reveals that the RMSE values are highest in the northern part
of the study area where the variability is found to be highest (Fig. 7 e, f,
g, h for ERA-20C against HOAPS and Fig. 8 e, f, g, h for ERA-20C
against Terra-MODIS). While higher correlations regarding to the
moving averages and the residuals are revealed in the south, higher
correlations regarding to the seasonal cycles are revealed in the north

Fig. 3. IWV time series of ERA-20C and HOAPS for focus regions 1 and 2 (over ocean, denoted in Fig. 1). (a,b) Deviations from the respective means. (c,d) 12months
centered moving average of the ΔIWV time series. (e,f) seasonal cycle. (g,h) residuals. Correlation coefficients r are denoted at the top left of each panel. By adding
the centered moving average, the seasonal cycle and the residual together, the overall time series of the deviation of the IWV results.
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(Fig. 7 a, b, c, d and Fig. 8 a, b, c, d).

3.4. Representativity for the 20th century

Thus far, the validation is carried out for a time period for which
satellite-based IWV retrievals are available. To further assess how

representative the validation is for the whole time period, we analyze
the observations which were assimilated into ERA-20C. We utilize the
number of assimilated surface pressure and marine surface wind ob-
servations along with their individual departures from the analyses
after their assimilation. These data are provided by the ECMWF ob-
servation feedback archive (Hersbach et al., 2015). We consider any

Fig. 4. IWV time series of ERA-20C, HOAPS, Terra-MODIS and Aqua-MODIS for region 1 (a,b), region 2 (c,d), region 3 (e,f), and region 4 (g,h) which are indicated in
Fig. 1. Shown are the 1-year centered moving average (CMA) of the IWV anomalies (left) and the seasonal components (right). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Correlation of the decomposed time series of IWV between the different sources: Aqua MODIS NIR (MOD-Aqua), Terra MODIS NIR (MOD-Terra), HOAPS, and
ERA-20C. (a,b) correlation of the seasonal cycle. (c,d) correlation of the centered moving average. (e,f) correlation of the residuals. Regions 1 and 2 (a,c,e) and 3 and
4 (b,d,f) are distinguished by showing the northern region in the upper left corner and the southern region in the lower right corner of each panel as indicated. The
underlying time series comprise 8 years (2003–2010). Note that HOAPS is only available over ocean. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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assimilated observations that are located within the region bounded by
90°W to 60°W and 40°S to 15°S. The total number of assimilated ob-
servations per year stayed below 5000 prior to the late 1950s except for
a local maximum around 1910 (Fig. S3a). During the 1970s this number
increased by a factor of greater than 25. The enormous increase is
mainly due to additional observations over land (Fig. S3b). On a global
scale, the number of assimilated observations increased continuously
despite a few interruptions (e.g. after World War II) (Poli et al., 2016).
Concurrently, the mean bias between ERA-20C and the assimilated
observations decreased to almost zero by the late 1990s (Fig. S3b). The
bias corrected mean absolute error decreased from about 1 hPa to at the
beginning of the modeled period to about 0.5 hPa at the end of the
period (Fig. S3b). This is not surprising, considering a denser observa-
tion network can add more realism to the model. This means, the un-
certainties are higher for the earlier part of the time series, in particular
prior to 1935. However, the spatio-temporal variability of the bias does
not reveal any systematic pattern in space or time (Fig. S5). Therefore,
there is no indication that the circulation pattern could be system-
atically offset for the earlier part of the 20th century.

As of today, no data with higher resolution than ERA-20C is avail-
able to study IWV for the entire 20th century. Overall, ERA-20C reveals
a dry bias which has been shown already by Poli et al. (2016). However,
the spatial distribution patterns agree well with satellite observations.

Agreement of anomaly patterns for cut-off low situations even prove a
good representation on a synoptic scale. The phase of the seasonal cycle
is represented very accurately, even though the amplitude is under-
estimated. Year to year variability is found to be represented very well.
However, a short time period was identified for which the moving
averages of ΔIWV from ERA-20C diverged from the satellite based re-
trievals. Even for this period, the month to month variability is still in
rather good agreement. Therefore, we conclude that ERA-20C re-
presents the IWV variability sufficiently well for the Atacama and the
bordering southeast Pacific region so that it can be utilized to study the
IWV within this region over the course of the 20th century.

4. 20th century IWV

To investigate the long term IWV variability in the Atacama Desert,
we consider the IWV deviations from the respective mean values for the
entire period which is covered by ERA-20C (1900–2010) with a
monthly resolution. First, the inter-annual to inter-decadal variability is
discussed for the focus regions. Second, the relationships between the
observed variability of IWV and the PDO, ENSO and local SST are in-
vestigated. Third, a seasonal distinction is shown.

4.1. Regional IWV variability

The 1-year, 5-year, and 10-year centered moving averages (CMA)
for each of the four designated focus areas show different IWV varia-
tions on different time scales (Fig. 9). For all regions, a substantial inter-
annual to inter-decadal variability is observed. For the ocean regions,
IWV relative variations between −11% and +18% (ocean S) to +22%
(ocean N) are detected. For the inland regions, even higher variations
between −20% (land S) to −24% (land N) and +30% (land S) to
+31% (land N) are detected. The absolute numbers of positive and
negative deviations and the distribution of the 1-year CMA IWV
(Fig. 10) show that wet extremes are less frequent but more pro-
nounced. This means the dry state is closer to the mean condition. A
similar effect is generally observed for the ENSO state with El Niño
typically showing stronger departures from the mean compared to La
Niña. (See Fig. 11.)

The highest peak within the 111-year record occurs for the northern
ocean region during the 1997 El Niño. This El Niño yields a peak for all
focus regions for the 1-year CMA and is still a prominent feature in the
5-year CMA. Thereafter, IWV has been decreasing in all regions until

Table 2
Assessment of the seasonal cycles for the focus regions indicated in Fig. 1.
Differences between summer and winter peaks PS− PW for the seasonal cycles
shown in Fig. 4 and long term mean IWV w (c.f. Table 1) are given in kg m−2.
The ratio between half of the peak difference and the long term mean IWV is
given in percent.

Data Ocean Inland

North South North South

PS− PW ERA-20C 7.6 4.4 9.8 4.0
HOAPS 12.9 7.0
Terra MODIS 15.8 9.1

mean IWV w ERA-20C 14.33 12.55 8.13 4.83
HOAPS 17.46 14.65
Terra MODIS 14.68 8.90

−PS PW

w

1
2

( )
[%]

ERA-20C 26.5 17.5 60.3 41.4
HOAPS 36.9 23.9
Terra MODIS 53.8 51.1

Fig. 6. Same as Fig. 5 but for root mean square error (RMSE).
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the end of the covered period. Therefore, compared to the late 1990s,
the years around 2010 constitute a dry period. However, since the
1970s, IWV has been increasing in all four focus regions until the end of
the 20th century (Fig. 9c). The latter coincides with a shift from cold to
warm phase of the PDO (Fig. 11c) which will be discussed in more
detail in Section 4.2.

Correlations between the individual regions (Fig. 12) range around
0.65 to 0.7 for the 1-year CMA indicating rather pronounced coupling
between the regions. An exception is the northern inland region which
correlates less to the southern inland region (0.58) and the southern
ocean region (0.16). This indicates that the northern inland region re-
sponds differently to short term variability and is less connected in
particular to the southern regions. On the other hand, the northern
inland region shows higher correlations on longer time scales (10-year
CMA) with the southern ocean region (0.47) and the northern ocean
region (0.85). On shorter time scales, periods with more frequent wet
episodes might still cause a distinct signal in the 1-year CMA which is
smoothed on longer time scales. During summer, such wet episodes can
occur in the northeastern Atacama (Altiplano) when easterly winds
advect moist air from Amazon basin into the region. These easterlies
appear in connection to a southward displacement of the Bolivian High
which is a seasonal upper tropospheric high pressure system. It is pre-
sent during summer with a mean climatological position above Bolivia
(Garreaud et al., 2009). The origin of the moisture is the continental
boundary layer in central South America. Diurnal heating of the eastern
Andean slopes along with entrainment of easterly momentum from
upper levels results in strong upslope transport of moisture (Garreaud,

1999; Garreaud et al., 2003). Enhanced summer precipitation (Vuille,
1999) and enhanced summer IWV (Marín and Barrett, 2017) over the
Altiplano are associated with this synoptic pattern. While individual
wet episodes connected to upper level easterlies typically last for a
couple of days up to a week, their frequency of occurrence can vary on
inter-annual time scales (Garreaud et al., 2003). Therefore, the
moisture variability due the described mechanism could be visible in 1-
year CMA of the IWV. However, the described impacts of a southward
displacement of the Bolivian High are constraint to the northern part of
the Atacama. This could be an explanation why the northern inland
focus region might be less connected to the other focus regions, espe-
cially the southern regions. A still higher correlation with the northern
ocean region could be an indication that the easterly moisture transport
might even reach the Pacific. How this phenomenon relates to longer
term climate variability (ENSO, PDO) is discussed in Section 4.2 and
Section 4.3 with seasonal distinction.

4.2. IWV relationship with ENSO, PDO and local SST

To assess how the described variability of regional IWV in the
Atacama and bordering southeast Pacific is connected to larger scale
climate variations, we investigate its relationship to ENSO and the PDO.
Furthermore, local SST anomalies determined from the ERA-20C SST
(Section 2.4) are considered. ENSO, PDO and the local SST are all po-
sitively correlated (Fig. 12). This is not surprising since all these indices
usually feature warm (cold) SST anomalies in the southeast Pacific
during their warm (cold) phase. However, ENSO, PDO and local SST act

Fig. 7. Spatial distribution of correlation r (a–d), and RMSE (e–h) between HOAPS4 and ERA-20C on a 1.25 ° × 1.25° grid for a 23-year period (1988–2010). Shown
are the parameters for the time series with no decomposition, the seasonal cycle, the moving average, and the residuals (left to right).
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on different time and spatial scales, so that different relationships to the
local IWV can be expected. In particular ENSO and PDO feature more
pronounced teleconnection patterns compared to local SST. Therefore,
a more complex relationship to local IWV can be expected for these two
large scale features.

All indices feature mainly positive relationships with the IWV of the
focus regions, indicating higher IWV during the respective warm
phases. An exception is the northern inland region which does not show
a correlation to local SST and PDO (r≈0), but a slight negative corre-
lation to ENSO (r= − 0.22) for the 1-year CMA. This means, the re-
gion is drier during El Niño and wetter during La Niña. Previous studies
have shown this effect for the Altiplano during the austral summer
season mainly for precipitation (Vuille, 1999; Garreaud et al., 2003;
Canedo-Rosso et al., 2019) but also for specific humidity (Vuille, 1999).
During El Niño, which typically reaches its mature state during austral
summer, the Bolivian High weakens and retreats to the north, so that
pronounced upper level westerlies steer dry air towards the Altiplano
(Vuille, 1999). On the contrary, during austral winter an opposite re-
lationship has been reported. Enhanced ridging over the Pacific in
higher latitudes and troughing over the southeastern Pacific result in a
northward displacement of midlatitude disturbances yielding wetter
winters mainly in the southern Atacama (Vargas et al., 2006; Houston,
2006). Extended northward troughing with anomalous northwesterly
midtropospheric flow are also related to higher IWV over the Altiplano
during austral winter (Marín and Barrett, 2017). Therefore, opposite
responses to the same phase of ENSO are expected for summer and

winter season. This could explain generally low correlations of ENSO
with the inland IWV in particular for the northern inland region. A
more detailed analysis of seasonal effects is presented in Section 4.3.

The mechanism causing anticorrelation between IWV and ENSO
during austral summer is more pronounced in the northern region.
Therefore, the southern regions are not expected to show such strong
seasonal dependence of the relationship. This is manifested in higher
correlations between IWV and ENSO for the southern regions (Fig. 12).
The PDO is expected to have similar impacts in the study area compared
to ENSO but with smaller amplitude (Garreaud et al., 2009). Moreover,
PDO and ENSO phases can have constructive interference (Andreoli and
Kayano, 2005).

Correlations between indices and regional IWV are generally lower
for the 1-year CMA compared the 10-year CMA (Fig. 12). In particular
the PDO shows stronger correlations on an inter-decadal time scale
compared to an inter-annual time scale. ENSO and to a lesser extent the
PDO favor certain weather patterns but are not expected to directly
cause them. Therefore, not every El Niño is associated with increased
precipitation at the southern coast of the Atacama (Houston, 2006) or
anomalous dry episodes in the Altiplano (Vuille, 1999; Garreaud et al.,
2003). The variability is still related to particular synoptic patterns. For
instance, an extreme precipitation event occurred in the Atacama in
March 2015 which was associated with an El Niño. Bozkurt et al.
(2016) demonstrate that only the interplay of the positive SST
anomalies and a concurrent cut-off low enabled the enhanced moisture
transport which ultimately fueled the unusual precipitation inland. The

Fig. 8. Spatial distribution of correlation r (a–d), and RMSE (e–h) between Terra-MODIS and ERA-20C on a 1.25 ° × 1.25° grid for a 10-year period (2001–2010).
Shown are the parameters for the time series with no decomposition, the seasonal cycle, the moving average, and the residuals (left to right). Here, the IWV from the
15 UTC output of ERA-20C is utilized.
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synoptic variability influences the IWV resulting in lower correlations
especially for shorter time scales.

For the southern inland region, the PDO explains more variability
compared to ENSO and local SST. This raises the hypothesis that during

the warm phase of the PDO the frequency of blocking situations in
higher latitudes with an accompanied northward shift of midlatitude
disturbances is increased. The latter pattern yields wetter conditions in
the Atacama during austral winter. It occurs more often during the
developing stage of El Niño (Vargas et al., 2006).

Over ocean and also for the northern inland region, the local SST
appears to have the strongest relationship with the IWV on an inter-
decadal time scale compared to ENSO and PDO. This implies that the
direct connection from an increased SST to a higher IWV is stronger
than the more complex relationship with ENSO and PDO. An increased
SST causes a warming and moistening of the MBL. An increase of the
water holding capacity of warmer air by about 7% per Kelvin is ex-
pected according to the Clausius-Clapeyron relation so that the IWV
would most likely increase for a higher SST.

This direct relationship between local SST and IWV is also mani-
fested by the results of lagged correlations. The highest correlation is
yielded for lag 0 (Fig. 13c). ENSO and PDO yield higher correlations if
the IWV is shifted back in time by 2–5months (Fig. 13a and b). This
supports the results from Vargas et al. (2006) who reported that the
pattern of anomalous ridging over the Pacific in higher latitudes and
troughing in subtropical latitudes is favored during the developing
stage of El Niño. Therefore, enhanced wetness would be expected a few
month prior to the fully developed El Niño.

4.3. Seasonal dependencies

To investigate the seasonal dependence, we calculate the normal-
ized density of the monthly IWV distinguished between austral winter
(JJA) and summer (DJF) season for each of the four focus regions.
Further, we distinguish between different states of the Niño 3.4 index
and the local SST by defining intervals with break points resulting from
different quartiles of the respective index (Fig. 14). El Niño like con-
ditions, i.e. the top quartile of the Niño 3.4 index, lead to above average
IWV during winter (JJA, Fig. 14 a–d) and decreased IWV variability

Fig. 9. Time series of IWV anomalies from ERA-20C for the northern and southern ocean and inland regions indicated in Fig. 1. Shown are the 1-year (a), 5-year (b)
and 10-year (c) centered moving averages between the years 1900 and 2010.

Fig. 10. Violins of IWV anomalies based on monthly values of the 1-year cen-
tered moving average (time series shown in Fig. 9a) between 1900 and 2010 for
the four focus regions indicated in Fig. 1. Horizontal lines within the violins
represent the 10th, 50th and 90th percentile of the distribution. The overall
mean value is given in parenthesis for each region in kg m−2.
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(narrower distribution) during summer (DJF, Fig. 14 e–h) with a shift to
the dry end of the overall IWV range. La Niña like conditions, i.e. the
lowest quartile of the Niño 3.4 index, lead to below average IWV during
winter (JJA, Fig. 14 a–d) and only show a small difference compared to
the neutral ENSO state (i.e. interquartile range of the Niño 3.4 index).
For the northern inland and ocean region, la Niña allows slightly higher
wet extremes of IWV compared to neutral or El Niño conditions during
the summer. However, the drier conditions during El Niño are a lot
more pronounced. A mechanism behind this could be enhanced upper

tropospheric easterly wind flow during La Niña. Vuille (1999) demon-
strate that a high southern oscillation index (SOI), which represents La
Niña conditions, is associated with a more pronounced and southward
shifted Bolivian high which leads to increased easterly winds over the
Altiplano. On the other hand, El Niño conditions result in a weakened
Bolivian High and stronger westerlies. Garreaud et al. (2003) also show
that while enhanced easterlies strengthen the upslope flow of moist
continental air on the eastern side of the Andes, weakened easterlies
strengthen the upslope flow of dry desert air on the western side of the

Fig. 11. Same as Fig. 9 but only for the southern ocean and northern inland regions. Additional lines of different shades of gray represent the PDO index, Niño 3,4
index, and the local SST anomalies. Local SST is taken from ERA-20C averaged over the region ranging from 75.625°W to 71.875°W, and from 29.375°S to 18.125°S).

Fig. 12. Correlations between the different time series, namely the ERA-20C IWV for 4 different regions (ocean and inland, north and south as indicated in Fig. 1),
PDO index, Niño 3,4 index, and the local SST. Shown are results for a 1-year moving average (upper left) and a 10-year moving average (lower right). Correlation
coefficients r are indicated by colour and are given as numbers.
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Andes. La Niña conditions, which are typically associated with in-
tensified subsidence over the eastern Pacific, potentially trigger en-
hanced easterly airflow over the Altiplano and control the position of
the Bolivian high. These moist upper tropospheric easterlies associated
with La Niña conditions cause increased specific humidity even at
Antofagasta (Vuille, 1999), a coastal city in the Atacama region.

Analogous results have been obtained for precipitation by Houston
(2006). He reports that higher winter precipitation in the Atacama
occurs during El Niño conditions, whereas enhanced summer pre-
cipitation occurs during La Niña conditions. The principle agreement of
our findings with the results from Houston (2006) indicates the close
relationship between IWV and precipitation. Thus, long term IWV re-
trievals might link to precipitation estimates for the past.

For the winter season, the effects of the local SST appear similar
compared to the effects of the Niño 3.4 index. This means that higher
local SSTs correspond to a shift towards higher IWV values whereas
lower local SSTs correspond to a shift towards lower IWV values
(Fig. 14 i–l). For the summer season, only the ocean regions show a
dependence on local SST (Fig. 14 m–p). Moreover, only the upper
quartile of the SST range appears to have an effect on the IWV, by
shifting the distribution towards higher values.

5. Conclusion

We investigated the IWV within the Atacama Desert and the bor-
dering southeast Pacific over the course of the 20th century. For IWV
estimates, we utilized the reanalysis ERA-20C. In order to assess its
suitability, we carried out a validation study first by comparing ERA-
20C IWV to different satellite observations (HOAPS, MODIS). On a
climatological scale, spatial and seasonal patterns are well reproduced

by ERA-20C. Furthermore, a dry bias between 2 kgm−2 to 3 kgm−2 for
the ocean regions and between 4 kgm−2 and 6.5 kgm−2 for the inland
regions is found, which can be attributed to an underestimation of the
MBL and the coarse representation of the topography by ERA-20C. This
is in agreement to Poli et al. (2016) who found a similar bias between
HOAPS and ERA-20C for spatial averages over the tropical ocean (be-
tween 20∘S and 20∘N). Such biases are not uncommon among reanalyses
(Schröder et al., 2017) and do not hinder the representation of varia-
bility.

Thus, in order to study the temporal variability of the IWV, we
consider anomalies. It is found that even specific synoptic features, i.e.
cut-off lows, are represented very well in ERA-20C. Furthermore, a time
series analysis for four different focus regions revealed that temporal
variability of IWV in ERA-20C is overall in accordance with the satellite
observations. In particular, the phase of the seasonal cycle is captured
well with correlations reaching almost unity. The inter-annual varia-
bility is represented well with correlations between ERA-20C and
HOAPS of about 0.82 (ocean north) and 0.89 (ocean south). However,
for a short period between 2005 and 2008, the inter-annual variability
of ERA-20C IWV deviates about 1kgm−2 from HOAPS and MODIS
observations. This period of disagreement becomes a dominant feature
for the comparison of ERA-20C and MODIS IWV due to the short
overlapping time period (2003–2010). A possible reason for the dis-
agreement could be a change in the assimilated observations. However,
the seasonal cycle and the month to month variability are still re-
presented well even for this time period.

The validation is carried out for the time past 1988 for which
HOAPS data, which constitute the longest record of satellite based IWV
observations, are available. As no area wide IWV observations are
available prior to the satellite era, we have to rely on reanalyses. A

Fig. 13. Correlation coefficients for lagged correlations between ERA-20C IWV and PDO (a), Niño3,4 index (b) and local SST (c) for the 1-year centered moving
averages. Distinguished are the 4 focus regions (ocean north, ocean south, land North, land south). The lag k indicates that the correlation is calculated between the
time series IWVt+k and the respective index indt (PDO, Niño3,4 or local SST).
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further assessment of the observation feedback archive for ERA-20C
revealed an increased uncertainty for the beginning of the 20th century.
However, no systematic biases were identified which would hamper a
useful analysis. We could show that ERA-20C is capable of representing
IWV variability realistically by only assimilating surface pressure and
wind observations along with temporally varying forcing data for the
Atacama region.

In the second part of this study, we investigated the IWV variability
which is represented in ERA-20C over the course of 111 years

(1900–2010). Inter-annual variability is high with deviations of the
12months running mean from the overall mean rising above 30% for
example for the inland regions. Furthermore, varying trends on inter-
decadal time scales are observed. For instance, an increase of IWV is
detected after 1970 until the strong El Niño in 1997/1998 and a decline
thereafter, which is in particular pronounced in the northern regions.
This increase is consistent with global warming which increases the
water vapor holding capacity. However, between 1979 and 2006 local
cooling trends have been found for coastal stations in the Atacama

Fig. 14. Composite normalized density of IWV retrieved from ERA-20C for the covered time period (1900–2010) for different conditions of the Niño 3,4 index (a–h)
and of the local SST anomaly (i-p). The 4 focus regions are distinguished by 4 columns. Furthermore, winter season (JJA, 1st and 3rd row) and summer season (DJF,
2nd and 4th row) are shown separately. IWV densities are shown for lowest quartile (red), the inter-quartile range (black) and the highest quartile (blue) of the
respective indices. This way, the red curves represent conditions typically associated with La Niña like conditions and the blue curve represent conditions typically
associated with El Niño like conditions. The analysis is based on monthly values of the indices. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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(Falvey and Garreaud, 2009). Another explanation of the increased IWV
during the last quarter of the century could be the PDO which shows a
concurrent shift into a positive phase during the 1970s. The onset of
this positive trend from the 1970s onward and its potential linkage to
the PDO as well as various earlier trends could not be revealed using
reanalysis which only cover recent decades, such as ERA-Interim (Dee
et al., 2011).

In general, warm phases of PDO, ENSO and local SST are associated
with increased IWV, except for the northern inland region. A more
detailed picture is revealed when a seasonal distinction is applied.
While El Niño typically features a dry austral summer, La Niña allows
dry and wet summers. This phenomenon is identified for all regions but
most pronounced in the northern regions. While the mechanisms be-
hind dry summers under El Niño conditions have been described mainly
for the Altiplano in the northeastern part of the Atacama (e.g. Vuille,
1999; Garreaud et al., 2003), it remains unclear if the same mechan-
isms, i.e. enhanced westerlies/ suppressed easterlies, explain the ob-
served dry conditions for the southern regions during the warm phase
of ENSO. For the austral winter season, El Niño conditions have an
opposite effect compared to the summer. Then, increased IWV is asso-
ciated with the warm ENSO phase, while drier conditions are found for
La Niña. We found overall positive correlations between ENSO and
regional IWV on inter-annual time scales (Fig. 12). This implies that the
increase of IWV during winter is generally stronger than the overall
lower IWV during the summer associated with El Niño. This seasonal
opposite effects seem more balanced for the northern regions mani-
fested in lower correlations (Fig. 12). An even negative correlation for
the northern inland region indicates the following: The drying effect
due to enhanced westerlies during El Niño summers overcompensates
the increased IWV signal during El Niño winters. This results in overall
drier years associated with the warm ENSO phase. However, there
might be potential tipping points for very strong El Niño events which
might alter the previously described relations. An example could be the
1997/98 El Niño for which the northern ocean region yields the highest
peak within the entire ERA-20C record (Fig. 9).

La Niña conditions can feature a wider range of IWV during the
summer compared to El Niño. While dry summers are typical during El
Niño conditions, they can also occur during La Niña conditions.
However, wetter summers are limited to La Niña. This indicates, that
while the ENSO state favors certain conditions, the synoptic variability
is still an important factor to influence the IWV. This is also evident
from the higher correlations between the indices and IWV for the long
term moving averages (10-year) when synoptic variability is smoothed
out compared to shorter time scales.

Generally, the local SST explains the most variability compared to
ENSO and PDO. This might be due to the more complex relationship
between ENSO (or PDO) and IWV. The impacts of ENSO depend on
region and season. Additionally to an immediate impact on IWV via
increased SST according to the ENSO phase, teleconnection patterns
change the general circulation patterns over the study region compli-
cating the relation to IWV.

Furthermore, the PDO as well as the Niño 3.4 index and the local
SST can only partially explain the IWV variability within the four focus
regions. Highest correlations are found between the local SST and the
IWV of the ocean regions. Therefore, other features have to be identi-
fied which further influence the IWV. This could be different weather
types which might in turn be controlled by ENSO to a certain degree.
Future studies could further exploit ERA-20C. For instance, it would be
interesting to investigate to which degree the circulation in different
levels of the troposphere is influencing the regional IWV. Marín and
Barrett (2017) found that during fall, winter and spring season, high
IWV episodes in the Altiplano are concurrent with intensified troughing
to the east of northern Chile. The resulting northwesterly flow advects
anomalous humid air to the Altiplano. Their study is based on re-
analysis data for more recent decades (1979–2010) which are domi-
nated by PDO warm phase. The long record of ERA-20C would allow to

test whether the PDO phase influences the weather patterns which yield
lower or higher IWV. Moreover, the relationship between ENSO and
IWV could be investigated in dependence on the PDO phase. Andreoli
and Kayano (2005) already investigated this relationship with regard to
precipitation for the period between 1948 and 1999 for the South-
American continent. Their findings reveal more conspicuous El Niño
signals during the warm PDO phase with more pronounced seasonal
differences.

Clouds and precipitation are much more difficult to simulate com-
pared to water vapor as they result from the interplay of many small
scale processes. Only a few station records with partly missing data
provide precipitation estimates within the Atacama. Available satellite
estimates of precipitation, e.g. the Tropical Rainfall Measuring Mission
(TRMM), suffer from uncertainties and biases which are greater than
the actual signal for the extreme environment of the Atacama (Schween
et al., 2020). Therefore, it would be desirable to potentially use IWV as
a proxy for precipitation in order to estimate the amount of liquid water
which is provided to the land surface and the biosphere. A regional
study in the Spanish Mediterranean area demonstrated that IWV is
closely related to extreme precipitation (Priego et al., 2017). To in-
vestigate whether IWV can serve as a proxy for precipitation, in-
vestigations with cloud resolving models are planned in the future.
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