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ABSTRACT: El Niño Southern Oscillation- (ENSO) related anomaly patterns of monthly specific humidity (q), precipitable
water content (PW) and temperature (T) over South America are analysed using the FORMOSAT-3/COSMIC mission data
(August 2006–December 2013). The Global Positioning System radio occultation (GPS RO) technique provides high verti-
cal resolution profiles of atmospheric properties (refractivity, density, temperature and water vapour pressure) with a global
coverage under any weather condition. During the ENSO warm phase (or El Niño), positive PW anomalies are found over the
equatorial Pacific Ocean, southeastern Brazil, Bolivia, Paraguay and northern Argentina. Negative anomalies are found in the
northern part of South America, but covering a smaller area. During the ENSO cold phase (or La Niña), positive anomalies
are found in the northern part of the continent whereas negative anomalies are found over the Amazon Basin region. A Mor-
let continuous wavelet transform analysis is applied to deseasonalized PW anomaly time series. Over the areas showing PW
anomalies related to ENSO, main modes of oscillation between 35 and 38 months are found, similar to the main oscillation
mode of the Oceanic Niño index. Consistent with previous studies, PW anomalies in almost all these areas show a general
behaviour towards opposite signals during the opposite ENSO phases. q patterns show a linear (in phase with Oceanic Niño
Index) response to ENSO along the equator below 8 km height. The Andes mountains separate positive (west) from negative
(east) anomalies during El Niño (EN) events (reversing during LN). The higher q positive anomalies are found over the equato-
rial Pacific Ocean and over 60∘–50∘W, 35∘–20∘S during EN months. T patterns show positive anomalies in the whole tropical
troposphere during EN months, with higher values over the equatorial Pacific, west of the Andes between 7 and 15 km height.

KEY WORDS ENSO; FORMOSAT-3/COSMIC; precipitable water; South America

Received 17 December 2014; Revised 1 December 2015; Accepted 21 January 2016

1. Introduction

South America (SA) weather and climate are strongly
affected by the topography and the vegetation features as
well as by the adjacent oceans (Garreaud et al., 2008).
Roughly enclosed between 10∘N–55∘S and 34∘–81∘W,
SA presents diverse weather patterns including tropi-
cal, subtropical and mid-latitudes features. The Andes
mountain range, the longest in the world, extends from
north to south along the west coast of SA. With an
average height of about 4 km (40∘S–Equator), it rep-
resents a formidable barrier against tropospheric flow,
acting as a climate wall (Garreaud et al., 2008). The
Amazon basin region (0∘–20∘S and 75∘–45∘W), consti-
tutes the largest extent of tropical rainforest on Earth.
The annual regional precipitation becomes the main heat
source for the tropical atmosphere, providing almost 15%
of the global water discharged to the oceans (Richey
et al., 2004).

The El Niño Southern Oscillation (ENSO) is the largest
signal in the climate system on interannual timescales to
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cause global climate variability (Rasmusson and Arkin,
1985; Ropelewski and Halpert, 1987). The ENSO alter-
nates in an irregular cycle lasting between 2 and 7 years.
The warm ENSO phase or El Niño (EN) episode is char-
acterized by higher than average sea surface temperatures
(SST) in the central and eastern equatorial Pacific Ocean, a
reduced strength of the easterly trade winds in the Tropical
Pacific, and an eastward shift in the region of intense trop-
ical rainfall. Opposite, the cold ENSO phase or La Niña
(LN) episode is characterized by unusually cold SST in
the same region.

ENSO-induced precipitation and temperature anoma-
lies over several regions (including SA) have been stud-
ied by many authors (among others Ropelewski and
Halpert, 1987; Ropelewski and Halpert, 1989; Aceituno,
1988; Grimm et al., 2000; Grimm, 2003 and Vera et al.,
2004). Ropelewski and Halpert (1987, 1989) identified
ENSO-induced precipitation anomalies over northeast-
ern South America (NSA) and southern South America
(SSA). NSA, including north equatorial Brazil, French
Guiana, Surinam, Guiana and Venezuela, presents dry
(wet) precipitation anomalies during the months of March,
April and May (MAM) for EN (LN) events. In SSA, the
region covering southern Brazil, northeastern Argentina
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and Uruguay presents wet (dry) precipitation anomalies
during the whole EN (LN) period. Grimm et al. (2000)
analysed precipitation anomalies associated with EN and
LN events over SSA using monthly data from 134 sta-
tions during the period 1956–1992. Eight different coher-
ent regions during the EN events and six during the LN
events were identified. Six of them are almost the same
regions showing a general behaviour towards opposite sig-
nals in the precipitation anomalies during the respective
EN and LN cycles. The area of largest impact during EN
events on precipitation is southern Brazil. More recently,
Garreaud et al. (2008) used station data and atmospheric
reanalysis to show that precipitation anomalies during
EN (LN) episodes are negative (positive) in tropical SA
(December to March), positive (negative) over the south-
eastern SA and central Chile, and temperature anomalies
are positive (negative) over tropical and subtropical lati-
tudes. With smaller amplitude, a decadal and interdecadal
signal can be found in the precipitation records over SA.
The main low frequency fluctuation is the Pacific Decadal
Oscillation (PDO) (Mantua et al., 1997). Andreoli and
Kayano (2005) suggest that the ENSO is modulated by
the lower frequency PDO, with stronger anomalies when
the EN (LN) take place during the warm (cold) phase of
the PDO.

Besides surface stations, several satellite missions
observe a variety of parameters related to the atmospheric
hydrological response to ENSO, such as precipitation,
latent heating and water vapour. In particular, the Global
Positioning System (GPS) Radio Occultation (RO) limb
sounding technique provides vertical profiles of atmo-
spheric properties such as refractivity, from which density
(𝜌), pressure (P), temperature (T) and water vapour pres-
sure (e) are derived. It is important to note that additional
meteorological information is required to derive e in the
middle and lower troposphere. The Constellation Observ-
ing System for Meteorology, Ionosphere and Climate
(COSMIC) uses the The 1D-Var method technique (Healy
and Eyre, 2000) to retrieve both e and T profiles. 1D-Var
method is an effective way to combine information pro-
vided by GPS RO and a priori atmospheric state in a
statistically optimal way. A priori data from the European
Centre for Medium-Range Weather Forecasts is used.
The vertical resolution of RO profiles ranges from 0.1 km
in the lower troposphere to 1.4 km in the stratosphere
(Kursinski et al., 1997). The COSMIC mission (Anthes
et al., 2008) started in April 2006 and delivers approxi-
mately 2000 daily profiles. This technique operates under
any weather condition and provides a global coverage.
However, the profiles have no regular distribution across
the globe and over time. These characteristics and the
high vertical resolution of the RO data provide a more
detailed view of the 3-dimensional ENSO structure than
other observational data sets (Scherllin-Pirscher et al.,
2012). Teng et al. (2013) found that the global seasonal
distributions of COSMIC precipitable water content (PW)
associated with the ENSO events exhibit a high correla-
tion with the observed precipitation rate over the ocean
from the Special Sensor Microwave Imager (SSM/I)

and the Advanced Microwave Scanning Radiometer for
EOS (AMSR-E). Recently, Sun et al. (2014) showed that
the COSMIC-derived indices are significant for ENSO
signature monitoring. Furthermore, Hierro et al. (2012)
studied the capability of the GPS RO to reproduce global,
synoptic and regional climatological patterns over South
America.

The present work used COSMIC GPS RO data to study
the spatial patterns of ENSO-related anomalies over SA.
It is organized in four main sections. Section 2 illustrates
the data and methodology. The results are presented in
Section 3 and finally the conclusions are summarized in
Section 4.

2. Data and methodology

COSMIC postprocessed level 2 (Version 2010.2640) ‘wet’
vertical profiles provide T , P and e from near the sur-
face up to 40 km, interpolated every 0.1 km. Data are
binned into longitude, latitude, altitude and time grid
cells. Then, the data are averaged using different grid
cell sizes, according to the process to be shown (Hierro
et al., 2013). From COSMIC e, the specific humidity (q) is
calculated as:

q = 0.622
e

Pd + e
(1)

where Pd is the partial pressure of the dry air. The PW [in
(millimeter)] is defined as follows:

PW = 1
g∫

Pt

Ps

qdp (2)

where PS and Pt are the pressure at the surface and at
the top of the atmosphere, respectively. More than 90% of
COSMIC soundings penetrate the lowest 2 km (and more
than 72% the lowest 1 km), however, it is important to note
that usually they do not reach the surface. This lack of
information between the surface and the lowest point of the
RO sounding may lead to an underestimation of PW. To
improve the PW estimation, the missing values are filled
with the value of q at the lowest point of each sounding
(Teng et al., 2013).

The Oceanic Niño Index (ONI) is used for monitor-
ing the ENSO development. This is a 3 month running
mean of Extended Reconstructed Sea Surface Temper-
ature (ERSST.v3b) anomalies in the Niño 3.4 region
(5 N–5 S, 120–170 W) with respect to the climate average
(1971–2000) (Smith et al., 2008). The LN (cold) and EN
(warm) episodes are defined when the threshold (±0.5 ∘C)
is met for a minimum of five consecutive overlapping
months.

For monthly analysis purposes, the maximum resolu-
tion used is a 5∘ × 5∘ latitude–longitude grid cell. In the
region defined by (30∘–120∘W; 60∘S–25∘N), the number
of RO events per cell ranges from 5 to 83 with a median
of 27.

To remove the variability not associated with ENSO, a
standard multivariate regression analysis is used at each
grid point. The following linear model (M) is used:
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F (t) = M • coeff

F (t) = A0 + A1t + A2sin (𝜔t) + A3cos (𝜔t) + A4sin (2𝜔t)
+A5sin (2𝜔t) + A6sin (3𝜔t)
+A7cos (3𝜔t) + B1QBO1 (t)
+B2QBO2 (t) + B3SF (t) (3)

where 𝜔= 2𝜋/12 is the frequency in cycles per months
and F(t) represents any GPS RO time series (T(t),
PW(t) or q(t)). A0 and A1 are the constant and trend
coefficients respectively. A2 –A7 are the seasonal coeffi-
cients including the first two annual harmonics. QBO1(t)
and QBO2(t) are standardized time series represent-
ing the Quasi-biennial oscillation (QBO) variations at
30 mb and 50 mb, respectively (http://www.cpc.ncep.
noaa.gov/data/indices). SF(t) is the standardized time
series representing the solar flux (http://www.esrl.noaa.
gov/psd/data/correlation/solar.data). At each grid point,
the set of model coefficients that best fit the time series
F(t) is obtained by least squares:

coeff =
[
A0, ...,A7,B1, ...,B3

]
=
(
Mt • M

)−1 • Mt • F (t)
(4)

Then, the modelled time series are subtracted from the
GPS RO time series removing the seasonal, QBO and
solar dependence (F′(t)=F(t)−M • coeff). This method
guarantees that the ENSO and other second order fluc-
tuations remain within the anomalies. Once the data is
deseasonalized, ENSO-related anomalies are calculated
by taking the average along all EN, LN and neutral ONI
months. A 2 months lag for the ONI is used.

Despite the relatively short record, RO data capture the
ENSO signal, including two EN (15 months) and four LN
(33 months) episodes. The statistical significance of the
ENSO-related anomalies is assessed by using the Student’s
t-test. A statistical confidence level of 95% is used.

3. Results

3.1. PW anomalies

Figure 1(a) and (b) show the maps of mean PW anoma-
lies during EN and LN months, respectively. During EN
months, positive PW anomalies are found over the equato-
rial Pacific Ocean, southeastern Brazil, Bolivia, Paraguay
and northern Argentina (see regions A and C and their
surrounding areas in Figure 1). Negative anomalies are
found in the northern part of the continent and over the
Pacific Ocean (110∘–80∘W, 8∘–18∘S). Areas covered by
negative anomalies are smaller than those covered by pos-
itive anomalies during EN months. During LN months,
statistically significant positive anomalies are found in a
small part of Region B but less intense than during EN
months (green-dotted contours in Figure 1(b)). Negative
anomalies are found over the equatorial Pacific Ocean and
are less intense over the Amazon Basin (solid contours
in Figure 1(b)). A similar pattern is shown in Figure 11
of Teng et al. (2013), with the exception of high positive
anomalies over Paraguay and northern Argentina during

LN months. It is important to note that Teng et al. (2013)
averaged over individuals EN and LN events.

The linear view of the atmospheric signal associated
with ENSO consists of inverse anomalies during the dif-
ferent ENSO phases (Bradley et al., 1987). Figure 1(c)
shows the ENSO linear response (i.e. anomalies during EN
months minus anomalies during LN months). Andreoli and
Kayano (2005), using rainfall reanalysis data, concluded
that the linear approach over South America seems to be
appropriate. However, the PW response to ENSO exhibits
a linear response only over the equatorial Pacific Ocean.
Over the continental part of South America anomalies are
greater during EN and a weak linear response can be found
over southeastern Brazil and the northern part of the con-
tinent. Large differences in amplitude imply that there is
significant nonlinearity.

EN-related subtropical convection anomalies in South
America modify the large scale cell circulation anomaly
between the tropics and subtropics (Grimm, 2003). The
vertical velocity omega from the National Centers for
Environmental Prediction (NCEP) data, is defined as
𝜔= 𝜕P/𝜕z, where P is pressure and z is the height. Thus,
𝜔< 0 means ascent movement. During EN months, strong
and consistent positive (negative) PW anomalies occur in
areas with negative (positive) 𝜔 anomalies (not shown).

Figure 1(d) shows the ENSO regression coefficients
derived using the standard multivariate regression but
with a different linear model (Equation (3) + B4ONI(t)).
Regression coefficients show similar values to the ones in
Figure 1(c) and are similar to those shown in Figure 2(c)
of Scherllin-Pirscher et al., 2012). However, lower values
are found over southern Brazil, northeastern Argentina,
Paraguay and Uruguay.

Three regions were selected (see Figure 1) due to their
different response to ENSO: region A (equator–10∘N,
100∘–110∘W), region B (equator–10∘N, 50∘–60∘W) and
region C (20∘–30∘S, 50∘–60∘W). Region A, over the
equatorial Pacific, is selected to show the lag of COSMIC
water vapour with ONI. Region B is representative of areas
showing positive anomalies during LN and region C during
EN. In Figure 2(a), the time evolution of ONI index and
monthly PW anomalies in region A, B and C are shown.

The continuous wavelet transform (CWT) is a power-
ful tool for studying multi-scale and non-stationary pro-
cesses occurring over finite spatial and temporal domains
(Torrence and Compo, 1998). Its capability to deal with
non-stationary signals (Daubechies, 1990) is one of its
advantages with respect to the Fourier transform, which
can lose information within the temporal (or spatial)
domain. The signal is compared against shifted and scaled
versions of the so-called base or mother wavelet, obtain-
ing the correlation coefficients as function of scale and
position. Thus, for each signal portion, the more similar
the signals, the higher the values obtained. This process is
repeated for all scales and positions of the mother wavelet.
This allows to detect the possible existence of oscilla-
tions, their periods and positions, as well to locate short
life signals and high frequency like sharp changes. The
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(c) Mean PW anomalies [mm], El Niño - La Niña

(a) Mean PW anomalies [mm] during El Niño months, lag 2 (b) Mean PW anomalies [mm] during La Niña months, lag 2
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Figure 1. Mean Precipitable Water (PW) related anomalies during (a) El Niño months, (b) La Niña months. (c) Linear response to ENSO, El Niño–La
Niña PW anomalies. (d) PW ENSO regression coefficient. The grey mask corresponds to altitudes greater than 2 km. Green-dotted lines encompass

values that are, according to the Student’s t-test, significant at the 95% confidence level.

mother wavelet used was the Morlet wavelet, which con-
sists in a flat wave modified by a Gaussian envelope (Lau
and Weng, 1995). This wavelet has been widely used to
identify periodic oscillations of real life signals as well
as in the analysis of climate-related records (e.g. Lau and
Weng, 1995; Yi and Shu, 2012). The use of the Mor-
let wavelet provides a clear advantage due to its complex
nature, which makes it possible to detect time-dependent
amplitude and phase for different frequencies (Lau and
Weng, 1995). Moreover, the influence of edge effects is
well defined for the Morlet wavelet (Torrence and Compo,
1998).

In Figure 2(b), the CWT using a Morlet base is applied
to the ONI. Two main modes of oscillation are found,
with periods of ≈18 and ≈37 months slightly decreasing
towards the end of the timespan. Figures 2(c), (d) and (e)
show the Morlet CWT applied to the deseasonalized PW
signal corresponding to regions A, B and C, respectively.
For regions A, B and C, the longer mode presents a period
similar to the ONI index but slightly increasing towards
the end of the timespan for region B. For regions A and C,
the longer mode disappears beyond 2012 when the ENSO
neutral condition starts. Water vapour is well coupled to
SST variations over this area, showing the reliability of

COSMIC e. For region B, two main modes of oscillation
are also found. The longer mode has a period of ≈37
months and the shorter mode has a period of ≈20 months.
The shorter period is present between January 2008 and
January 2012. The original signal can be reconstructed by
using an inverse CWT (iCWT). The iCWT applied on the
correlation coefficients obtained by the CWT correspond-
ing to certain scales (periods) can be interpreted as a band
pass filter for those scales. Figure 2(f) shows the filtered
signal corresponding to the periods between 35 and 38
months for the ONI (black), deseasonalized PW in region
A (blue), B (red) and C (green). Filtered PW in regions
A and C are in phase with ONI index, whereas region
B oscillates in counterphase. This reinforces the idea of
a linear response to the ENSO in some regions. In this
figure, a ≈2–3 months lag is found between ONI and PW
anomalies over region A. Other regions which present pos-
itive or negative PW anomalies during EN or LN months
show a similar behaviour with similar modes of oscillation
(not shown).

3.2. Specific humidity anomalies

One of the main advantages of the GPS RO technique
is its capability to provide a three-dimensional view of
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Figure 2. (a) Time evolution of the Oceanic Niño Index (ONI) and monthly PW anomalies in region A, B and C. Morlet Continuous Wavelet
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the periods between 35 and 38 months for the ONI (black), deseasonalized PW in regions A (blue), B (red) and C (green).

atmospheric thermodynamic variables with a high vertical
resolution. Vertical patterns of the anomalies were anal-
ysed by studying different vertical slices. Kishore et al.
(2011) studied the distribution of water vapour between
50∘S and 50∘N observed by COSMIC and compared it
with radiosonde data sets. A good agreement was found
up to 8 km, suggesting that COSMIC water vapour data
are reliable in the troposphere.

In particular, three representative slices are anal-
ysed: two altitude-latitude slices averaged between
120∘–100∘W and 50∘–60∘W, and an altitude-longitude
slice averaged between 10∘S–10∘N. Almost all the
ENSO-related anomalies showed in Figure 1(c) are con-
tained in these three slices. Figure 3 shows different
vertical slices of deseasonalized q anomalies where the

mean is taken during EN (upper row) or LN (lower row)
months. Figures 3(a) and (d) show an altitude-latitude
slice averaged between 120∘–100∘W. During EN months,
positive anomalies are found between Equator–10∘N and
1–8 km height, negative anomalies are found between
20∘S–Equator and 2–5 km height. The patterns reverse
during LN months and negative anomalies are found
between Equator–20∘N and 1–8 km height and pos-
itive anomalies between 20∘S–Equator and 2–5 km
height. Figure 3(b) and (e) show an altitude-latitude slice
averaged between 60∘ and 50∘W. During EN months,
positive anomalies are found between the 35∘–15∘S and
1–8 km height with the higher anomalies below 5 km.
Negative anomalies are found between 45∘–40∘S and
1–4 km height. During LN months, positive anomalies

© 2016 Royal Meteorological Society Int. J. Climatol. (2016)
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are found north of the Equator between 2 and 6 km height.
Figure 3(c) and (f) show an altitude-longitude slice aver-
aged between 10∘S and 10∘N. The influence of the Andes
range is clearly seen with opposite behaviour east and
west of the Andes (see Garreaud et al., 2008). During EN
months, positive anomalies are found over the Equatorial
Pacific, west of the Andes, between 1 and 8 km height,
whereas negative anomalies are found east of the Andes
between 2 and 8 km height. During LN months only weak
negative anomalies appear.

3.3. Temperature anomalies

Figure 4 shows the same three representative vertical slices
as above, but now for the deseasonalized T anomalies,
where the mean is taken during EN (upper row) or LN
(lower row) months. The possible influence of QBO in the
lower tropical stratosphere cannot be ruled out. Although
the effects of QBO have been removed via linear regres-
sion, the occurrence of residuals coincident with the timing
of QBO and ENSO suggest interactions not modelled by
the linear QBO and ENSO (Randel and Wu, 2015). QBO
influence is important in the negative anomalies along the
lower tropical stratosphere (above 20 km height) during
EN months (Figure 4(a), (b) and (c)) and positive anoma-
lies during LN months (Figure 4(d), (e) and (f)). However,
the negative anomalies found during EN months in the

subtropical stratosphere could be associated with ENSO
(Figure 4(a) and (b)).

During EN months, T positive anomalies are found in
the troposphere between 20∘S and 20∘N with higher values
between 10 and 15 km height (Figure 4(a) and (b)). Similar
results were found by Scherllin-Pirscher et al., (2012) and
Randel and Wu, (2015). The pattern reverses during LN
months, but with weaker anomalies. Figure 4(b) and (e)
show an altitude-latitude slice averaged between 60 and
50 W. Positive anomalies are found from 35∘S to 25∘N
from 3 km height to the tropopause, with the higher val-
ues in 35∘–20∘S. During EN months, positive anomalies
are found in the whole tropical troposphere (Figure 4(c)),
with higher values over the equatorial Pacific, west of the
Andes between 7 and 15 km height. East of the Andes,
weak positive anomalies are found above ∼7 km up to
the tropopause. The warming of the troposphere is a
well-known feature of ENSO (Calvo Fernández et al.,
2004; Scherllin-Pirscher et al., 2012).

At higher latitudes (60∘–45∘S), positive (negative)
anomalies are found in the southern Pacific Ocean
(Figure4 (a)) below (above) the tropopause during EN
months. In the southern part of the continent (Figures4 (b)
and (e)), negative anomalies are found in the stratosphere
(above 15 km height) during EN months, reversing with
less intensity during LN.

© 2016 Royal Meteorological Society Int. J. Climatol. (2016)
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Figure 4. Mean temperature-related anomalies during El Niño (upper row) and La Niña (lower row) months, (a)–(d) altitude-latitude averaged
between 120∘ and 100∘W, (b)–(e) altitude-latitude averaged between 60∘ and 50∘W, (c)–(f) altitude-longitude averaged between −10∘S and 10∘N.
The grey-shaded contour represents the topography. Dotted lines denote the mean lapse-rate tropopause (LRT) and the cold point tropopause (CPT)

altitude. Green contours encompass values that are, according to the Student’s t-test, significant at the 95% confidence level.

4. Summary

COSMIC GPS RO data were used to investigate the
ENSO-related anomaly patterns of monthly PW, q and
T over South America. Despite the relatively short data
record, RO data clearly capture the ENSO signal, as can be
seen in the wavelets analysis of deseasonalized anomalies.
Over the areas showing PW anomalies related with ENSO,
two main modes of oscillation between 35 and 38 months
and 18 and 20 months are found, similar to the main oscil-
lation modes for the ONI. These modes oscillate in phase
or counterphase with respect to the ONI. With the actual
amount of RO data, the highest possible resolution for
monthly analysis is about 5∘ × x5∘ latitude–longitude grid
cell, with a median of 27 RO events per grid cell/month.
During the ENSO warm phase (or El Niño) PW pos-
itive anomalies are found over the equatorial Pacific
Ocean, southeastern Brazil, Bolivia, Paraguay and north-
ern Argentina. Negative anomalies are found in the north-
ern part of the continent, but covering a smaller area. Dur-
ing the ENSO cold phase (or La Niña), positive anomalies
are found in the northern part of the continent whereas
weak negative anomalies are found over the Amazon Basin
region. q patterns show a linear [in phase with Oceanic
Niño Index (ONI)] response to ENSO along the Equa-
tor below 8 km height. The Andes mountains separate

positive (west) from negative (east) anomalies during EN
events (reversing during LN). The higher positive anoma-
lies are found over the equatorial Pacific Ocean and
over 60∘–50∘W, 35∘–20∘S during EN months. Consis-
tent with previous studies, almost all these areas show
a general behaviour towards opposite signals during the
opposite ENSO phases, but with a weaker signal dur-
ing LN. Furthermore, T anomalies show the well-known
warming of the troposphere during EN months. The pos-
sible influence of QBO in the lower tropical stratosphere
cannot be ruled out. Due to the possible nonlinear inter-
action between QBO and ENSO, some QBO residu-
als may remain in the tropical stratospheric T-related
anomalies.
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