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[1] Global data sets of total column precipitable water and cloud cover derived from the

Global Ozone Monitoring Experiment (GOME) are analyzed with respect to anomalies
induced by the strong El Niño 1997/1998. In contrast to other satellite observations of
water vapor, the GOME nadir observations in the visible spectral range are of similar
sensitivity over both land and ocean. In addition, they are sensitive in particular to the
water vapor concentration close to the surface where a major fraction of the water vapor
column is present. Information on the atmospheric cloud cover was derived from the
observed broadband intensity as well as the oxygen (O2) absorption. While the first
quantity is mainly a measure of geometrical cloud fraction, the latter also yields
information on the cloud altitude. We investigated the time series of monthly mean values
as well as anomalies calculated for a 6-month period during the El Niño 1997/1998. For
all three quantities we found strong anomalies over large areas and for extended periods.
Especially for the total column precipitable water, significant anomalies were found
even in mid and high latitudes indicating substantial changes in the hydrological cycle and
the global circulation patterns.
Citation: Wagner, T., S. Beirle, M. Grzegorski, S. Sanghavi, and U. Platt (2005), El Niño induced anomalies in global data sets
of total column precipitable water and cloud cover derived from GOME on ERS-2, J. Geophys. Res., 110, D15104,
doi:10.1029/2005JD005972.

1. Introduction
[2] The El Niño – Southern Oscillation (ENSO) represents
the strongest natural interannual climate variability phenomenon observed on Earth [Brooks and Braby, 1921; Walker,
1924; Bjerknes, 1966; Philander, 1990; Neelin et al., 1998;
Wallace et al., 1998, and references therein; Trenberth and
Caron, 2000]. It can be characterized as an irregular low
frequency oscillation between a warm (El Niño) and a cold
(La Niña) state. Around ENSO extrema the Walker circulation is weakened or completely interrupted [e.g., Cess et
al., 2001], and large deviations of many atmospheric and
oceanic properties from their mean values appear. The most
prominent quantities are sea surface temperature (SST) as
well as atmospheric cloud cover and precipitation. Although
many details of the feedback mechanisms between the
ocean and the atmosphere have been explained during the
past decades, a comprehensive theory is still not available
and the origin of ENSO is not fully understood. In particular, coupled atmospheric and oceanic models still have
difficulties correctly predicting ENSO events [Latif et al.,
1998; Oberhuber et al., 1998]. The extent to which the
study of ENSO events may lead to a deeper insight into the
mechanisms and consequences of climate change [Meehl et
al., 1993; Timmermann et al., 1999, and references therein]
is also of particular interest. For example, the strong
Copyright 2005 by the American Geophysical Union.
0148-0227/05/2005JD005972$09.00

deviations of atmospheric and oceanic parameters during
ENSO allow a systematic study of feedback mechanisms of
the climate and the response of the greenhouse effect to
altered conditions [Ramanathan and Collins, 1991; Chou,
1994; Raval et al., 1994; Lau and Nath, 1996; Soden, 1997,
2000; Allan et al., 2002, 2003; Jin et al., 2003]. In addition,
changes in amplitude and/or frequency of ENSO might be
seen as an indicator of global change [Trenberth and Hoar,
1996; Timmermann et al., 1999].
[3] ENSO originates in the tropical Pacific, where the
most prominent changes of environmental parameters occur.
However, ENSO also influences the global climate system.
These relationships have long been known and they are
usually referred to as teleconnections [Walker, 1924;
Berlage, 1957; Bjerknes, 1969; Van Loon and Madden,
1981; Wallace and Gutzler, 1981]. During recent years the
knowledge available on these teleconnections has expanded
substantially [e.g., Ropelewski and Halpert, 1987, 1996;
Kiladis and Diaz, 1989; Yulaeva and Wallace, 1994; Tourre
and White, 1995; Trenberth and Caron, 2000; Soden, 2000].
Today, teleconnections are detected in many regions of the
globe including not only regions close to the central Pacific
like Australia, Asia, and America, but also remote regions
such as Antarctica [Gloersen, 1995; Kidson and Renwick,
2002; Liu et al., 2002], and Europe [Fraedrich and Müller,
1992; Mariotti et al., 2002]. In addition to changes in
surface temperature and precipitation over remote ocean
basins and continents, teleconnections (i.e. correlations)
were also found to influence many other parameters like
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ocean surface elevation, surface pressure, winds, cloud
cover and cloud properties, humidity, Hadley circulation,
tropopause height, Earth radiation budget, and sea ice cover
[Gloersen, 1995; Ferraro et al., 1996; Oort and Yienger,
1996; Wallace et al., 1998; Klein et al., 1999; Dai and
Wigley, 2000; Meredith et al., 2003; Wu et al., 2003; Ribera
and Mann, 2003; Zveryaev and Chu, 2003; Park and
Roquet, 2004; Guo et al., 2004]. Depending on the part of
the Earth and the investigated quantity, also a phase shift
with respect to the Pacific sea surface temperature anomaly
of up to about two seasons was identified [e.g., Yulaeva and
Wallace, 1994; Klein et al., 1999] (a good overview on
recent ENSO-related publications can be found at http://
www.clivar.org/science/pacific_pubs.htm).
[4] In early years, ENSO-related studies focused on
ground-based observations; some studies analyzed very
large numbers of stations [Ropelewski and Halpert, 1987,
1996; Kiladis and Diaz, 1989; Fraedrich and Müller, 1992;
Klein et al., 1999]. Information on historic ENSO events
was also compiled from a variety of ancient reports, or
proxies like coral reefs or oceanic sediments [Quinn and
Neal, 1987; Charles et al., 1997; Koutavas et al., 2002;
Rosenthal and Broccoli, 2004]. In recent years the systematic ENSO research has grown to include large networks
of buoys moored across the ocean [e.g., Klein et al., 1999]
and, in particular remote sensing from satellites. Satellite
observations have the advantage of global coverage with the
same instrument, leading to a consistent sensitivity and
sampling frequency for most regions on Earth. Oceanic
parameters measured from satellite include, e.g., SST and
surface elevation; atmospheric parameters include in particular precipitation, cloud cover, humidity, and the radiation
budget [Kent et al., 1993; Chou, 1994; Reynolds and Smith,
1994; Yulaeva and Wallace, 1994; Bates et al., 1996;
Ferraro et al., 1996; Soden, 1997, 2000; Wang et al.,
1996; Coll and Caselles, 1997; Soden, 1997; Wallace
et al., 1998; Xie and Arkin, 1998; Klein et al., 1999;
Mergenthaler et al., 1999; Nerem et al., 1999; Ji et al.,
2000; Sandor et al., 2000; Trenberth and Caron, 2000; Cess
et al., 2001; Allan et al., 2002; Wang et al., 2003; Marsh
and Svensmark, 2003; Lu et al., 2004] (for an overview on
the different sensors, see also http://ess.geology.ufl.edu/
usra_esse/Viewing_ENSO.html).
[5] Here we report on atmospheric observations of the
global distribution of the total column precipitable water
and cloud cover, as derived from the Global Ozone
Monitoring Experiment (GOME) aboard the European
research satellite ERS-2 [ESA, 1995; Burrows et al.,
1999]. So far several ENSO related studies on these
parameters have been published [e.g., Ferraro et al.,
1996; Soden, 1997, 2000; Klein et al., 1999; Marsh
and Svensmark, 2003; Massie et al., 2000; Cess et al.,
2001; Lu et al., 2004]. Many of these satellite studies,
however, cover only a restricted latitudinal range, typically centered around the tropics. Furthermore, several
studies are only sensitive to a limited altitude range (e.g.,
for upper tropospheric humidity or high altitude clouds).
[6] In contrast to previous space borne observations of
atmospheric humidity, as from the Television Infrared
Observation Satellite Program (TIROS) Operational Vertical
Sounder (TOVS) and from the Special Sensor Microwave/
Imager (SSM/I) [Stephens et al., 1994; Elliot, 1995; Soden
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and Fu, 1995; Jackson and Stephens, 1995; Soden and
Bretherton, 1996; Randel et al., 1996; Wentz, 1997; Engelsen
and Stephens, 1999; Simpson et al., 2001; Soden et al., 2002;
Lang, 2003, and references therein], our water vapor data set
has three major advantages: First it covers the entire Earth,
including the continents (while SSM/I observations are only
reliable over oceans) leading to a much more consistent
picture of the global distribution of atmospheric humidity.
Second, as the GOME water vapor analysis is performed in
the visible spectral range for (at least partly) cloud free
observations, it is very sensitive also to the part of the water
vapor profile close to the surface, which constitutes the major
fraction of the total atmospheric column [Wagner et al.,
2003a]. In contrast, the sensitivity of TOVS water vapor
observations decreases systematically towards the surface. It
might be important here to note that because of the steep
decrease in water vapor concentration with altitude (typical
scale height is about 2 km), the atmospheric water vapor
total column is primarily a measure of the water vapor
concentration close to the surface. Third, in contrast to most
other algorithms our water vapor analysis does not rely on
independent additional information or a priori assumptions
[Wagner et al., 2003a].
[7] However, it should be noted that the GOME measurements also have significant limitations. First, compared
especially to the SSM/I observations the spatial and temporal resolution as well as the global coverage is much coarser.
In addition, also the accuracy of an individual observation
is in general modest (in particular for cloudy sky observations). GOME observations yield no profile information
while from TOVS measurements different tropospheric
layers can be distinguished. Especially upper tropospheric
humidity is an important quantity for climate studies.
[8] From GOME measurements we also analyze and
investigate two different cloud properties (for details, see
section 2.3): we obtain the distribution of the ‘effective’
cloud fraction using the Heidelberg Iterative Cloud Retrieval
Utilities (HICRU) algorithm [Grzegorski et al., 2004] from
the observed broadband intensity. It is a measure of cloud
fraction and cloud top albedo (mostly independent of the
cloud altitude).
[9] The second cloud quantity is based on the observation
of the atmospheric oxygen absorption, which is reduced in
the presence of clouds [see, e.g., Kuze and Chance, 1994;
Koelemeijer et al., 2001; Wagner et al., 2003b]. It is
influenced by both, cloud fraction and cloud top height.
From comparison with the HICRU-cloud cover information,
in particular on the cloud top height, can be derived.
[10] GOME observations were conducted continuously
over 8 years, from mid 1995 – mid 2003. Observations are
still ongoing but here we present observations covering the
period January 1996 – July 2001. This period is of special
interest for two reasons: first, many of these years showed
the hottest surface temperatures recorded in the era of
modern temperature measurements. Second, the very strong
El Niño event took place from 1997 to 1998, during which
even the Walker circulation collapsed completely [Cess et
al., 2001; Lu et al., 2004].
[11] Owing to the restricted time series, our study focuses
on the anomalies during one single El Niño event instead of
multiyear correlation analysis as in several previous studies
[e.g., Kiladis and Diaz, 1989; Yulaeva and Wallace, 1994;
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Klein et al., 1999; Wu et al., 2003]. Nevertheless, due to the
strength of this El Niño and due to the global coverage of
GOME water vapor and cloud observations it was possible
to identify global teleconnection patterns, even in mid and
high latitudes for this specific El Niño event.

2. Instrument and Data Analysis
2.1. GOME on ERS-2
[12] The GOME instrument is one of several instruments
aboard the European research satellite ERS-2 [European
Space Agency (ESA), 1995; Burrows et al., 1999]. It
consists of a set of four spectrometers that simultaneously
measure sunlight reflected from the Earth’s atmosphere and
surface in 4096 spectral channels covering the wavelength
range between 240 and 790 nm with moderate spectral
resolution. The satellite operates in a nearly polar, sunsynchronous orbit at an altitude of 780 km with an equator
crossing time of approximately 10:30 am local time. Since
GOME measurements are always performed at the same
local time, any influence of the diurnal cycle of atmospheric
humidity and/or cloud cover on the measured ENSO-related
differences can be excluded.
[13] While the satellite orbits in an almost north-south
direction, the GOME instrument scans the surface of Earth
in the perpendicular east-west direction. During one scan,
three individual ground pixels are observed, each covering
an area of 320 km east to west by 40 km north to south.
They ly side by side: a west, a center, and an east pixel. The
Earth’s surface is entirely covered within 3 days, and
poleward from about 70 latitude within 1 day.
2.2. Water Vapor Data Analysis
[14] Several algorithms for the retrieval of the total
column precipitable water (usually referred to in DOAS
literature as vertical column density, VCD) in the red part of
the spectrum from GOME and SCIAMACHY were developed in recent years [Noël et al., 1999, 2000, 2002; Casadio
et al., 2000; Maurellis et al., 2000; Lang et al., 2003; Lang,
2003]. Our water vapor algorithm is based on Differential
Optical Absorption Spectroscopy (DOAS) performed in the
wavelength interval 611 – 673 nm. It consists of three basic
steps (described in detail by Wagner et al. [2003a]), which
will only briefly be described here: in the first step, the
spectral DOAS fitting is carried out, taking into consideration cross sections of O2 and O4 in addition to that of water
vapor. From the DOAS analysis, the water vapor slant
column density (the concentration integrated along the light
path) is derived. In the second step, the water vapor slant
column density is corrected for the non-linearity arising
from the fact that the fine structure water vapor absorption
lines are not spectrally resolved by the GOME instrument.
In the last step, the corrected water vapor slant column
density is divided by a ‘measured’ air mass factor which is
derived from the simultaneously retrieved O4 absorption
[Wagner et al., 2003a].
[15] Our approach has several advantages: (1) The DOAS
method can be correctly applied to nonresolved highly fine
structure absorptions. Thus the method is very fast: the
entire GOME data set of about 8 years (or about 80 million
spectra) can be analyzed on a PC in about 8 days. (2) A
direct correction of the effects of aerosols, clouds, and
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surface albedo is performed using simultaneously observed
O4 absorptions. (3) No independent information (e.g. on the
atmospheric state or cloud fraction) is required.
[16] It should be noted that compared to the version
presented by Wagner et al. [2003a] our algorithm has been
improved by some minor modifications (wavelength range
611 –673 nm instead of 611 – 676 nm, the Fraunhofer fit
coefficient is fixed to 1, a new H2O cross section (extracted
from the HITRAN data base for 280 K [see Rothman et
al., 2003]) is used, the degree of the polynomial was set
to 4 instead of 3). Overall, the results showed only slight
change compared to the previous version.
[17] It should be noted that the uncertainty in the derived
total column precipitable water can become relatively large
for an individual observation (up to >100% for totally
clouded measurements, see section 2.5). However, comparisons with model data [Wagner et al., 2003a] and SSM/I
data (section 2.5) indicate that the uncertainty for mean
values over longer periods is remarkably smaller (between
5% and 20% depending on latitude and cloud cover
[Wagner et al., 2003a]). For the purpose of this study, i.e.,
the determination of relative ENSO induced anomalies,
these uncertainties mostly cancel out.
[18] For this study, we did not correct our total column
precipitable water data for (varying) surface elevation. As a
consequence, the absolute values are systematically overestimated over high mountains, because the mountains
shield the lowest part of the total atmospheric O4 profile
(like clouds). In principle, this effect can be easily corrected
by calculating the reduced O4 absorption for clear sky. For
simplicity, however, we did not apply such a correction
here, because our study focuses on the determination of
relative changes which are not affected by the influence of
the surface elevation.
[19] Unfortunately, our current data set is limited to the
periods from January 1996 through July 2001 and November 2002 through June 2003 due to lack of direct sun spectra
from August 2001 through October 2002. Thus we had to
restrict the time series used for this study to the period
January 1996 through July 2001. It may be important to
note that the missing direct sun spectra might become
available after a future processor update. This would allow
to close the gap (July 2001– October 2002) so that the
whole time period 1995 – 2003 can be investigated.
[20] For the total column precipitable water, several
quantities can be used. For DOAS studies, the term vertical
column density (VCD) expressed in molecules per cm2 is
more commonly used. However, in the existing meteorological literature it is usually referred to as total column
precipitable water and is expressed in units of g/cm2. In this
study, we adapt this term and the unit of g/cm2; in most
figures both units (molec/cm2 and g/cm2) are shown.
2.3. Cloud Data Analysis
[21] Information on cloud properties can be derived from
GOME observations in various ways [Kuze and Chance,
1994; ESA, 2000, and references therein; Koelemeijer et al.,
2001; Wagner et al., 2003b]. In this study, we investigate
two cloud-specific quantities. The Heidelberg Iterative
Cloud Retrieval Utilities (HICRU [see Grzegorski et al.,
2004]) algorithm is based on the broadband intensity
observed by the so-called polarization measuring devices

3 of 18

D15104

WAGNER ET AL.: EL NIÑO INDUCED ANOMALIES

Figure 1. Measured optical depth of the O2 absorption at
630 nm along one GOME orbit as a function of the SZA.
The drawn line shows the maximum O2 absorption (for
clear sky).
[see ESA, 1995], which have a much higher spatial resolution (20  40 km2) compared to the standard GOME
ground pixel. This cloud algorithm yields an ‘effective’
cloud cover, which is a measure of cloud fraction and cloud
brightness (mostly independent of the cloud height). Reference values for clear and cloudy sky are extracted from long
time series by means of iterative image sequence techniques
and the actual cloud cover is determined by linear interpolation between these reference points. It is important to bear
in mind the limitations of the HICRU algorithm (like all
intensity based cloud algorithms in the visible spectral
range) in correctly quantifying the cloud fraction over ice
and snow covered surfaces (especially in polar regions).
Besides the generally decreased sensitivity over high
surface albedo, two additional systematic effects can
appear: First, especially for low sun elevation, cloud
surfaces can be even darker than the bright snow/ice
surface below. Thus an increased cloud cover can even be
interpreted as an apparently decreased cloud fraction by
the HICRU algorithm. Second, a changing snow/ice cover
(e.g., the 1-year-old sea ice coverage) can be simply
misinterpreted as changing cloud cover. In some cases
combinations of both effects can also occur. Over surfaces
free of snow and ice the uncertainty of the HICRU cloud
fraction is <10% [Grzegorski, 2003; Grzegorski et al., 2004].
[22] The second cloud product is based on the observed O2
absorption. If clouds appear, they shield (part of) the atmospheric O2 profile below the cloud; thus a reduced O2
absorption is interpreted as an increased cloud fraction.
However, it should be noted that the reduction of the O2
absorption results from both, increased cloud fraction and/or
cloud top height: a measurement over a high cloud fraction
and low cloud altitude can yield the same result as a
measurement over a low cloud fraction and high cloud
altitude. Nevertheless, from comparison with the
HICRU-cloud cover information, in particular, on the cloud
top height can be derived: e.g. a high cloud fraction derived
from HICRU coupled with only weakly decreased O2 absorption indicates a low cloud (and vice versa). It should be
noted (as for the total column precipitable water) that we did
not apply a correction for a (varying) surface elevation for the
O2 cloud cover. Such a correction could be easily applied, but
for the purpose of this study we have skipped it for simplicity.
The relative changes between non-ENSO and ENSO years
are not affected by the influence of varying surface elevation.

D15104

[23] As for the HICRU cloud cover, also the O2 cloud
cover is affected by the surface albedo (but in the opposite
direction): bright surfaces lead to enhanced O2 absorption
and thus to an apparently decreased cloud coverage. Nevertheless, in contrast to the HICRU algorithm the O2 cloud
algorithm is generally less affected and still very sensitive
above bright surfaces. Our cloud product is simply the
(negative) ratio of the observed O2 absorption to the maximum O2 absorption for the respective SZA (derived from
the GOME observations). The uncertainty of the analyzed
O2 absorption is very small; from the residual structure of the
spectral analysis we estimate the uncertainty to be <1%.
2.4. Cloud Effects on the GOME Total Column
Precipitable Water
[24] Clouds significantly affect satellite observations in
the visible spectral range of tropospheric trace gases. In
most cases, the predominant effect of clouds is to shield
absorption below the cloud. In addition, multiple scattering
can occur within the cloud. Because of the similarities in the
atmospheric height profiles of the oxygen dimer O4 (scale
height is about 4 km) and of water vapor, the observed O4
and water vapor absorptions are affected by clouds in a
similar way. Thus for most of the GOME observations, we
can apply our method using measured air mass factors from
simultaneous O4 absorption to correct for cloud effects on
the total column precipitable water. Nevertheless, especially
in the case of high clouds and large cloud fractions, large
errors can still occur, because the shielding effect of clouds
can differ for the partial columns of water vapor and O4
below the clouds [see Wagner et al., 2003a]. Due to the
strong changes in the atmospheric cloud cover during an El
Niño event, it is important to investigate this possibly
systematic cloud effect on the total column precipitable
water in more detail. For this purpose, we analyzed the
observed total column precipitable water as a function of
cloud cover for different latitude bands, surface types and
seasons. For the characterization and classification of the
cloud cover, we decided to use the absorption of O2. In
contrast to the HICRU cloud cover (see section 2.4 below),
it is directly derived from the same measured spectrum,
from which the total column precipitable water is analyzed.
Compared to the O4 absorption, it can be analyzed with a
much better signal to noise ratio and is much less affected
by instrumental problems like a changing etalon structure
after an instrument switch-off (etalon structures are caused
by optical interference effects originating at thin layers of
the detector coating and the ice cover on its surface [see
ESA, 1995]). Moreover, the O2 absorption is mainly influenced by the shielding effect of clouds, which leads to a
reduction of the observed absorption. In contrast, the O4
absorption might often also be affected by absorption
enhancement due to multiple scattering. Thus many cloud
covered GOME pixels could not unambiguously be classified as cloudy using a threshold based on the observed O4
absorption. In contrast, for the O2 absorption, the presence
of clouds is almost entirely characterized by significantly
decreased absorptions.
[25] For the identification of a ‘strong cloud influence’ on
the measurements we used a threshold for the O2 absorption
as a function of SZA (see Figure 1). The influence of the
actual choice of this threshold on the total column precip-
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Figure 2. Influence of the cloud screening (using different
threshold values for the O2 absorption) on the derived
average total column precipitable water for January 1996. If
only measurements with O2 absorption larger than 90% of
the maximum value (see Figure 1) are used, large gaps
appear for the monthly mean maps indicating that not
enough ‘cloud free’ measurements were available. If all
measurements are used (threshold of 0%) the total column
precipitable water is significantly underestimated due to the
shielding effect of clouds. A good compromise was found
for a threshold of 75% of the maximum O2 absorption (see
text).
itable water is illustrated in Figures 2 and 3. The derived
monthly average total column precipitable water depends
significantly on the chosen threshold value for the O2
absorption. If no threshold is applied (all measurements
are taken into account), in most cases the total column
precipitable water is significantly smaller compared to the
cases where a threshold for the O2 absorption is used.
[26] We investigated the dependence of the total column
precipitable water on the selected threshold in more detail
(see Figure 3). We found that the cloud effect is different for
different latitudes, surface types, and seasons. Except for
northern winter over the continents, the analyzed total
column precipitable water decreases if the cloud threshold
is decreased (meaning that the number of observations for
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cloudy skies increases). The observed cloud effect can be
explained by the superposition of two basic effects: First,
since clouds shield the air below the clouds the analyzed
total column precipitable water, in principle, underestimates
the true total column precipitable water in the presence of
clouds. This leads, in general, to a decrease of the analyzed
total column precipitable water with decreasing threshold.
Second, the selection of mostly cloud free scenes affects the
sampling statistics. Especially over the continents in mid
and high latitudes the total column precipitable water is
systematically lower for clear sky conditions compared to
cloudy scenes [see Gaffen and Elliott, 1993]. In most cases
the first effect is the dominating effect and an increasing
cloud threshold leads to an increasing average total column
precipitable water. However, during winter over the continents the second effect becomes more important and can
even lead to a reverse dependence (decrease of the average
total column precipitable water with increasing threshold,
see Figure 3). Our findings are in good agreement with
those of Gaffen and Elliott [1993]. They indicate the
importance of the way data are sampled; this becomes
particularly important when measurements are compared
with other data sets, e.g. model data. For our study we
conclude that the sampling effect (and the total cloud effect)
is of minor importance because we apply the same cloud
threshold for all measurements, in particular for observations during ENSO and non-ENSO periods. In the next
section, a more quantitative analysis of the cloud effect is
given on the basis of a comparison of the GOME data to
total column precipitable water observed by SSM/I.
[27] From our studies we found that a threshold of 75% of
the maximum O2 SCD is a good compromise. While it
leaves many observations under consideration (e.g. it is
possible to calculate meaningful monthly mean values), the
observations affected by the strongest cloud effect are
excluded. Figure 3 indicates that for a threshold of 75% a
significant difference with respect to clear sky observations
can still occur. However, it is important to note that the
cloud influence on the total column precipitable water is a
systematic effect which will affect measurements during
ENSO and non-ENSO conditions in the same way. Thus the
calculation of ENSO induced relative anomalies is hardly
affected by the selection of the cloud threshold. Any
remaining cloud effect is most probably caused by the
difference in the sampling statistics between El Niño and
non-El-Niño years. However, we found from sensitivity
studies that this effect is small and does not significantly
change the analyzed anomaly patterns of the total column
precipitable water.
2.5. Comparison to SSM/I Data
[28] Figure 4 shows an example of a comparison of
monthly mean total column precipitable water measured
by SSM/I and GOME. The major features (in addition to
many detailed structures) of the water vapor distribution are
nearly identical in both data sets. For such a comparison it
should be kept in mind that the SSM/I observations sample
all atmospheric conditions while for the GOME observations
mainly cloud free scenes are analyzed (see section 2.4).
[29] In order to avoid sampling effects, we also compared
daily observations of both sensors (Figure 5). For this
comparison, we selected daily observations of the SSM/I
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Figure 3. Influence of the cloud shielding on the average total column precipitable water for different
latitude ranges, surface types, and seasons. The average total column precipitable water is shown as a
function of the threshold for the O2 absorption (expressed as the fraction of the maximum O2 absorption,
see Figure 1). (top) Relative changes of the total column precipitable water. (bottom) Absolute changes of
the total column precipitable water. In most cases the analyzed total column precipitable water decreases
if the threshold of the O2 absorption is decreased (more cloudy measurements are considered). In
contrast, over the continents in (northern) winter the opposite behavior is found. For these observations,
sampling effects (systematically lower total column precipitable water for clear sky conditions compared
to cloudy skies [see Gaffen and Elliott, 1993]) play a dominant role.
instrument F10 in ascending mode (version 5, data are from
http://www.ssmi.com) made about one hour before the
GOME overpasses. Both data sets were represented on a
0.5  0.5 degree grid; then all collocated observations were
used for correlation analysis for different cloud thresholds
(Figure 5). We found that for a threshold of 75% of the
maximum O2 absorption, both data sets agree well. For a

higher threshold, the mean difference between GOME and
SSM/I observations is smaller, but the slope of the correlation analysis is higher than 1 (1.09). For a smaller threshold
the GOME total column precipitable water is systematically
lower than the SSM/I values; the slope is significantly
smaller than 1 and many individual GOME observations
show very large deviations from the collocated SSM/I data.

6 of 18

WAGNER ET AL.: EL NIÑO INDUCED ANOMALIES
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Figure 4. Comparison of the monthly mean total column precipitable water for April 1997 measured by
SSM/I (top) and GOME (bottom). It should be kept in mind that the SSM/I observations include all
atmospheric conditions while the GOME data include mainly clear sky observations. The SSM/I data
(instrument F10, version 5) were taken from http://www.ssmi.com.

[30] We also performed a similar correlation analysis for
the monthly mean data shown in Figure 4 (using GOME
observations with a cloud threshold of 75%). Now, the
mean difference between both data sets is slightly larger
compared to the daily comparison; this is very probably
due to the fact that the SSM/I observations also contain
measurements with large cloud cover (in contrast to
GOME observations). On the other hand, the slope is now
much closer to the expected value of 1 indicating that the
GOME observations at mid and high latitudes are much
more strongly affected (decreased) by selection of nearly
cloud free data. This is in agreement with the study of
Gaffen and Elliott [1993] and with the findings from
section 2.4 (Figure 3).
[ 31 ] In summary, we conclude that the agreement
between GOME and SSM/I is very good; the remaining
differences can mainly be related to the cloud effect on
GOME observations and to the different sampling statistics
of both instruments.

3. Results
[32] The long-term global observations allow to study the
El Niño influence on the distribution of the total column
precipitable water and clouds in various ways. For the
investigation of the temporal and spatial evolution, we
analyzed maps of 1- and 2-month averages as well as time
series of monthly mean values for selected locations. For the
identification of global teleconnections, we averaged global

maps over 6-month periods in order to minimize the
influence of short-term variations.
3.1. Maps of 1- and 2-Month Averages
[33] In Figure 6, global maps of the total column precipitable water, the HICRU cloud fraction and the O2 cloud
cover, precipitation and sea surface temperature are shown
for two selected months: January 1997 as an example for
non-ENSO conditions and January 1998 as an example for
ENSO conditions. It can be seen that the spatial patterns of
total column precipitable water closely follow those of sea
surface temperature anomalies: enhanced values of the total
column precipitable water are observed over regions of
enhanced sea surface temperature. Also, the precipitation
patterns are closely related to those of the total column
precipitable water. Nevertheless, in several cases also significant differences (even opposite deviations) were found
indicating that high humidity and strong precipitation are
not necessarily closely linked. For example, during El Niño
often very high values of total column precipitable water are
observed over the tropical Indian Ocean, while precipitation
is not always enhanced in a comparable way. Over the
northern parts of South America, precipitation is even less
compared to ‘normal years’, while the total column precipitable water is significantly enhanced. A close relationship
to the (changes in) sea surface temperature can also be
observed for cloud shielding. However, marked differences
are found for the HICRU and O2 cloud cover. While the O2
cloud cover closely follows the changed pattern of the sea
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Figure 5. Correlation analysis for collocated (on a 0.5  0.5 degree grid) and quasi simultaneous
observations of SSM/I and GOME on April, 1, 1997. The SSM/I data were taken from instrument F10 in
ascending mode (version 5, data from http://www.ssmi.com/) which measures about one hour before
GOME. Depending on the selected cloud threshold for GOME different results were obtained. Besides
the slope and the correlation coefficient also the mean difference between GOME and SSM/I
(Average G-S) was calculated (the offset of the fitted linear curve and the mean difference are given
in units of g/cm2). For a cloud threshold of 75% the GOME data agree well with the SSM/I data.
For a smaller threshold (more cloudy measurements are considered), individual GOME observations
strongly underestimate the SSM/I observations. If the monthly mean data (for April 1997) are
analyzed, the mean difference between both data sets is larger compared to the daily analysis, but the
slope is closer to the expected value of 1 (see also text).
surface temperature, the HICRU cloud fraction shows only
relatively weak changes. This can probably be explained by
significant changes in cloud altitude over the equatorial
Pacific as a consequence of the breakdown of the Walker
circulation [Cess et al., 2001; Lu et al., 2004]. Such changes
in the cloud altitude strongly affect the O2 absorption, while

the HICRU cloud cover is only slightly changed, since for
the HICRU cloud cover the signal of low or high cloud
cover is nearly indistinguishable.
[34] A more detailed view of the temporal and spatial
patterns during El Niño can be found considering the
anomalies with respect to normal years. In Figure 7 the
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Figure 6. Monthly mean values of several quantities for January 1997 (non-ENSO conditions) and
January 1998 (ENSO conditions). The maps cover the latitude and longitude ranges 90S to 90N and
180W to 180E. The sea surface temperatures (SST) were taken from http://www.osdpd.noaa.gov/PSB/
EPS/SST/data/monthly_means based on NESDIS’s AVHRR data). The precipitation rates were taken
from http://cics.umd.edu/yin/GPCP/main.html (GPCP). Please note that the O2 absorption and HICRU
can be strongly affected by snow and ice, especially in polar regions (see text). The total column
precipitable water and in particular the O2 cloud cover are also affected by high mountains (see text).
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global maps of the (relative) differences between the 2-month
mean maps from May/June 1997 through March/April 1998
with respect to the corresponding 2-monthly averages in the
years 1996/1997, 1998/1999, 1999/2000, and 2000/2001
are shown. In these maps, the first clear El Niño related
signal can be seen in May/June 1997: the cloud cover over
the western Pacific (east of Sumatra) is reduced, and part is
increased over the eastern (it is interesting to note that
significantly reduced total column precipitable water already appeared in April 1997 over Borneo, see Figure 8).
In July/August also clear positive anomalies can be seen in
the maps of total column precipitable water. The area
and amplitude of these bands of enhanced total column
precipitable water and cloud coverage increase during the
following months and reach a maximum from November/
December 1997 until January/February 1998. However, the
specific patterns differ for the three data sets: for example
the cloud cover is located slightly more to the north,
especially over the eastern Pacific. Another interesting
difference is found between both cloud data sets: while no
significant change of the HICRU cloud fraction is detected
on the west coast of South America, the O2 cloud cover
shows persistent positive anomalies. This indicates that the
cloud top height must have significantly increased during
the El Niño period while the cloud fraction hardly changed
[Cess et al., 2001].
[35] From November/December 1997 through March/
April 1998, clearly enhanced total column precipitable
water and cloud cover are also found over eastern Africa
and the western Indian Ocean. Especially the positive
anomaly of the total column precipitable water shows an
extended C-shaped pattern reaching from the southern
Arabian peninsula toward the southern Indian Ocean.
[36] While the negative anomaly of the total column
precipitable water over Indonesia weakens after September/October 1997, the cloud cover stays significantly
reduced until March/April 1998. From January/February
1998 through March/April 1998 strong negative anomalies of the total column precipitable water extend over
large areas of the northern Pacific and to a lesser degree
also over the southern Pacific. These negative anomalies
are only partly accompanied by anomalies of the cloud
cover. After March/April 1998 strong El Niño signals in
the three data sets disappear.
3.2. Selected Time Series
[37] From GOME we extracted the time series of the total
column precipitable water and cloud cover for various
locations on the globe. In Figure 8 the monthly mean values
(top and middle panel) of the total column precipitable water
and cloud cover (derived from O2) for the period of 1996 –
2000 are shown for four selected regions: Two central
Pacific regions (one with positive and one with negative
anomalies), Borneo and Kenya. Also the average seasonal
cycle (mean value of the respective months during the period
1996 – 2001) is shown (black lines). In the bottom panel, the
anomalies (difference from the seasonal cycle) for both data
sets are shown. We have also calculated the correlation
coefficient between both anomaly time series for the period
1997 and 1998 and displayed it in the bottom panel.
[38] The first central Pacific region (0 – 10S, 210 –
220E) is in the core of the positive El Niño induced
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anomaly and the total column precipitable water and cloud
cover are strongly increased for several months (from
October 1997– May 1998). The positive anomalies are very
large (up to +65% for the total column precipitable water)
compared to normal years. It is interesting to note that for
these regions a negative anomaly of total column precipitable water is found for the end of 1999/beginning of 2000,
most probably related to the La Niña phase. In contrast to
the regions with positive anomalies, the temporal and spatial
distributions of negative anomalies show a more complex
pattern (see also Figure 7). Several regions outside the
central tropical band show decreased values of total column
precipitable water during various months. For the second
Pacific region (10– 0N, 140 – 170E) we selected, a
strong negative anomaly was found from January through
April 1998 (up to 20% for the total column precipitable
water). Another interesting region with strong negative
anomalies is Indonesia. Over Borneo, very low total column
precipitable water occurred already during March – June
1997; strong negative deviations are again found in
September and October 1997 [see also, e.g., Fasullo
and Webster, 2002]. During these months, missing precipitation (in combination with deforestation) leads to
very severe biomass burning. For regions more to the
east of Indonesia, a water vapor deficit is observed
significantly later, towards the end of 1997 or beginning
of 1998. For some regions, the negative anomalies last
until August 1998 (see also Figure 7).
[39] Also outside the Pacific and especially for many
continental areas, an El Niño signal can be found in the time
series. In Figure 8, data for Kenya are shown, where strong
positive anomalies (up to 25% of the total column precipitable water) can be found for several months (October
1997– February 1998, April and May 1998). Kenya is part
of a C-shaped band of positive anomalies reaching from the
southern Arabian peninsula to the southern Indian Ocean
(see also Figure 7). At the beginning of 1999 a significant
negative anomaly is also found over Kenya, probably
related to the La Niña phase.
3.3. Teleconnections
[40] During El Niño, strong relative anomalies of the total
column precipitable water (and to a smaller degree of the
cloud cover) can also be found in mid and high latitudes
(see Figure 7). However, for short time averages (e.g., over
1 or 2 months), these anomalies are modulated (and mainly
masked) by the strong variability of changing weather
patterns. If longer time periods are averaged, the weather
induced short term patterns are diminished and systematic
El Niño induced anomalies become more perceptible.
[41] In Figure 9 the relative anomalies for a 6-month
period (October 1997 – March 1998) with respect to normal
years (1996/1997, 1998/1999, 1999/2000, 2000/2001) are
shown (the respective 6-month anomalies for the ‘normal
years’ are shown in Figure 10). From the comparison of
‘El Niño’ years with ‘normal’ years it is obvious that the
systematic anomalies shown in Figure 9 are clearly linked to
El Niño.
[42] Figures 9 and 10 were created without any smoothing or interpolation. Also no independent or a-priori information was applied (see section 2.2). GOME maps of
El Niño induced anomalies in the total column precipitable
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Figure 7. Relative anomalies (for 2-month averages) of the total column precipitable water, the O2
cloud cover, and the HICRU cloud fraction during the El Niño period from May/June 1997 to March/
April 1998 with respect to the averages of the similar months for the years 1996/1997, 1998/1999, 1999/
2000, and 2000/2001. The maps cover the latitude and longitude ranges 90S to 90N and 180W to
180E. Please note that the O2 and HICRU cloud data can be strongly affected by snow and ice,
especially in polar regions (see text).
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Figure 8. Time series of total column precipitable water and O2 absorption for selected regions. (Please
note that for the O2 absorption an inverted ordinate scale is used, because reduced O2 absorptions indicate
enhanced cloud cover.) The top panel shows the monthly mean values of the total column precipitable
water, and the middle panel shows the monthly mean values of the O2 absorption. The black lines
indicate the average seasonal cycle (average for all respective months for 1996– 2001 without July 1997 –
June 1998). In the bottom panel both quantities are shown after the seasonal cycle has been removed.
Also the correlation coefficient between the water vapor anomalies and the O2 cloud cover anomalies for
the period 1997 and 1998 is displayed. Except for Borneo, r2 is > 0.5; the small value (0.36) for Borneo is
caused by a phase shift between the water vapor and cloud cover anomalies.
water or cloud cover show a great amount of details. The
most striking ones are discussed below:
3.3.1. Central Pacific
[43] All three data sets show similar patterns of positive
and negative anomalies. Enhanced values are found over the
eastern and central Pacific, and decreased values are found
over the western Pacific. An interesting finding is the

discrepancy of the cloud anomalies over the eastern Pacific
derived from HICRU and from O2 absorption. In contrast to
the HICRU cloud fraction, the O2 cloud cover (like the total
column precipitable water) is significantly increased during
El Niño. This most likely indicates that while the effective
cloud fraction hardly changes, the average cloud height
significantly increases during El Niño years. The opposite
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Figure 9. Relative anomalies (average from October 1997 to March 1998) of the total column
precipitable water, the O2 absorption, and the HICRU cloud fraction during the El Niño period with
respect to the average of the non El Niño years (1996/1997, 1998/1999, 1999/2000, 2000/2001).
Significant El Niño induced anomalies are found not only for the tropics but also for mid and high
latitudes. The maps cover the latitude and longitude ranges 90S to 90N and 180W to 180E.
effect is seen in the western tropical Pacific, where a slightly
decreased cloud fraction (HICRU) is accompanied by a
strong decrease in the O2 cloud cover. This is in agreement
with the assumption of a decrease in the average cloud top
height. These findings are in excellent agreement with the
changes in average cloud altitude in the central Pacific

reported by Cess et al. [2001], Wang et al. [2003], and Lu
et al. [2004].
[44] The amplitude of the analyzed anomalies is strongest
for the HICRU cloud fraction (up to 600%), compared to up
to 80% for the total column precipitable water and up to
30% for the O2 cloud cover. However, it should be noted
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Figure 10. As in Figure 9, but now also including other (non-El-Niño) years. It is obvious that during the El Niño period
the global patterns of the total column precipitable water and cloud cover are much more strongly disturbed compared to
non-El-Niño years. The maps cover the latitude and longitude ranges 90S to 90N and 180W to 180E.
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Figure 11. Correlation analysis between the spatial anomalies of the total column precipitable water, O2
cloud cover, and HICRU cloud fraction. Significant correlation is only found for tropical regions (black
data points).
that the strong anomalies of the HICRU cloud cover simply
indicate the fact that for small values of the cloud fraction
during normal years, even small absolute changes lead to
strong relative anomalies. In contrast, average values of the
O2 cloud cover (and also the total column precipitable water
in the tropics) are always significantly different from zero.
3.3.2. Central Indian Ocean
[45] Positive anomalies are found in all three data sets
over the western Indian Ocean and east central Africa.
Significant differences between the different data sets are
found for the Arabian peninsula and northern India where
the strongest positive anomalies occur for the total column
precipitable water and the HICRU cloud fraction. Over the
southern Indian Ocean between Australia and South Africa,
strong positive anomalies are found only for water vapor;
for the HICRU cloud fraction and the O2 cloud cover only
weak enhancements are found.
3.3.3. Central Atlantic and Tropical Africa
and America
[46] The amplitude of the anomalies is in general smaller
in this region compared to the Pacific and Indian Ocean.
Interestingly, not only the magnitude but also the sign of the
anomalies differ between the water vapor anomalies and
those of both cloud quantities. Most of the strongest
(positive) anomalies are found for the total column precipitable water over the southern tropical Atlantic. Moderate
positive anomalies also appear over the entire northern part
of South America, central Africa, and the equatorial
Atlantic. Most of these anomalies are accompanied by
weak negative (or negligible) anomalies of the HICRU
and O2 cloud cover.
3.3.4. Mid and High Latitudes
[47] In general, at mid and high latitudes, the change in
the cloud fraction is much less during El Niño years
compared to the total column precipitable water. Strongly
enhanced humidity is, for example, found in the southern
midlatitude Atlantic, in the northern midlatitude Atlantic
west of Spain and Morocco, north of Alaska, and southwest
of South America. Strong negative anomalies appear over
large parts of the midlatitude and high-latitude Pacific, over
western Siberia, and over western Australia.
[48] Especially at mid and high latitudes, it is interesting
to compare these water vapor anomalies with anomalies

described in other studies. For Europe, two studies of El Niño
induced anomalies of precipitation patterns [Fraedrich
and Müller, 1992; Mariotti et al., 2002] are available.
Although precipitation patterns are not necessarily directly
related to the distribution of atmospheric humidity, it is
interesting to compare these results to our water vapor
data sets. At least for some parts of Europe, similarities
can be found: for example, positive precipitation anomalies over Spain, Northern Africa, and France correlate
well with positive anomalies found in the GOME water
vapor data. Also, negative anomalies over Scandinavia
are found in both data sets.
[49] Also for Antarctica, some interesting correlations
were found. The positive anomalies of the atmospheric total
column precipitable water appear in the same region (southwest of South America) where Liu et al. [2002] and Guo et
al. [2004] identified strong anomalies of sea surface pressure, sea surface temperature, and surface air temperature.
Liu et al. [2002] also found strong anomalies of sea surface
temperature and surface air temperature over Northwest
Canada and Alaska, in agreement with the GOME water
vapor data.
[50] The aim of our study was not to investigate in detail
the reasons and mechanisms for the observed El Niño
induced anomalies. This should be the focus of detailed
future investigations, including, in particular, comparisons
with global circulation models. Nevertheless, from our data
sets we can already conclude that during El Niño, cloud
cover and atmospheric humidity change strongly not only in
the Pacific regions, but also at various tropical and subtropical locations. Significant anomalies of the total column
precipitable water were found especially at mid and high
latitudes. These findings indicate that during El Niño, the
hydrological cycle and the global circulation patterns
change strongly [see, e.g., Oort and Yienger, 1996].
[51 ] In Figure 11, correlation analysis between the
anomalies for the three data sets are shown. For the tropics
a pronounced correlation is always found, whereas outside
the tropics nearly no correlation is detected. This reflects the
fact that significant ENSO-induced anomalies outside the
tropics are only found for total column precipitable water.
[52] We also compared our data sets to existing maps of
El Niño induced anomalies of humidity and cloud cover. In
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the tropics, the anomalies of total column precipitable water
found by Wong et al. [2000] for the 1997/1998 ENSO agree
very well with our results. Anomalies of upper tropospheric
humidity were presented in several studies, mainly analyzed
for extended time series [Soden and Fu, 1995; Klein et al.,
1999; Allan et al., 2003; Zveryaev and Chu, 2003]. Again,
good general agreement with our results for the total column
precipitable water is found in the tropics. Outside the
tropics, no or only very little information on El Niño
induced anomalies of the total column precipitable water
can be found [e.g., Randel et al., 1996; Fasullo and Webster,
2002], and no meaningful comparison with our data set was
possible.
[53] Maps of ENSO-induced anomalies of the tropical
cloud cover 1983– 1990 are provided by Klein et al. [1999].
In general, good agreement with our cloud data sets is
achieved; differences, e.g., over the Pacific west of the
United States are most probably related to the different time
periods of both studies. Global anomalies of the cloud cover
for clouds above 3km altitude are presented by Wang et al.
[2003]. Their results agree well with our data over the
tropical oceans. However, differences are also found over
Africa and in the extra-tropical latitudes. The vertical
redistribution of clouds over the western and eastern central
Pacific agrees well with our findings and with the results of
Cess et al. [2001]. Anomalies of upper tropospheric clouds
are provided, for example, by Massie et al. [2000], Sandor
et al. [2000], and Wang et al. [2003]. The spatial distribution of the anomalies found by Massie et al. [2000] and
Wang et al. [2003] agrees well with our maps of cloud
anomalies over the tropics. The observed differences (mainly
outside the tropics) might be mainly related to the fact that the
GOME data refer to the total atmospheric column. The
anomalies reported by Sandor et al. [2000] agree well with
our data over the eastern Pacific (increased frequency of high
level cirrus). In the western Pacific, however, they also report
an increase of high level cirrus, whereas we find reduced
cloud cover in both data sets (in agreement with Massie et al.
[2000]). One explanation for these discrepancies could be that
Sandor et al. [2000] investigate the 1992/1993 ENSO, while
in our study and in that of Wang et al. [2003] the 1997/1998
ENSO is investigated.

4. Conclusions
[54] Anomalies of the atmospheric total column precipitable water and cloud cover (from broadband intensity and
O2 absorption) induced by the strong El Niño 1997/1998
were investigated using global data sets derived from the
GOME instrument aboard ERS-2. In contrast to previous
satellite data sets, our observations include measurements
over land and ocean with similar sensitivity. As GOME is a
nadir-looking instrument for the ultraviolet and visible
spectral range it is especially sensitive to the near-surface
layers, where most of the water vapor column is located.
The intensity based cloud algorithm (HICRU) is sensitive to
the total effective cloud fraction; from the comparison with
the O2-related cloud cover it is also possible to derive
information on the cloud top height. We investigated the
El Niño induced anomalies of these three data sets from
time series and maps of 1- or 2-month and half year
averages (October 1997 – March 1998 with respect to the
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years 1996/1997, 1998/1999, 1999/2000, 2000/2001). The
total column precipitable water as well as both cloud
data sets were significantly affected by the strong El Niño
in 1997/1998 leading to several interesting conclusions
summarized below:
[55] Large systematic El Niño induced positive anomalies
appeared first in May/June 1997. The strongest anomalies
occurred from November 1997 until February 1998. After
April 1998, significant El Niño induced anomalies disappear. Over Borneo, the negative anomalies of the total
column precipitable water and cloud cover start much
earlier (April/May 1997) than over the Pacific (end of
1997). Especially the cloud cover over Indonesia stays
continuously reduced from May/June 1997 through March/
April 1998. Together with human induced deforestation,
this led to the disastrous biomass burning in autumn
1997.
[56] Strong anomalies appear not only over the Pacific,
but all around the tropics and subtropics. Especially for the
total column precipitable water, significant anomalies were
found also at mid and high latitudes.
[57] The tropical anomalies are closely related to the
changes in sea surface temperature. In general, a positive
correlation was obtained between the water vapor anomalies
and those of the cloud cover and precipitation. However, we
also often found differences in the detailed patterns and
sometimes encountered even opposite deviations. This
indicates that high humidity is only one prerequisite for
cloud formation and precipitation. The differences might be
mostly related to the atmospheric circulation patterns, in
particular the large scale vertical motion of air masses.
[58] Also differences between both indicators for cloud
cover were found. These can be mostly related to changes in
cloud top height (to which only the O2 algorithm is
sensitive). So far, no quantitative cloud top heights were
retrieved or validated from the combination of both data
sets; an algorithm for this purpose is currently under
development in our group. Nevertheless, from the comparison of both data sets it was already possible to derive
qualitative results: an increase of the average cloud top
height over the eastern central Pacific, and a decrease over
Indonesia during ENSO. These findings are in excellent
agreement with other satellite observations [Cess et al.,
2001; Wang et al., 2003; Lu et al., 2004].
[59] The global changes in the total column precipitable
water and the cloud cover during El Niño indicate significant changes in the atmospheric circulation patterns compared to normal years on a global scale. Our data sets are
thus very well suited for comparison with results of global
circulation models. Our current understanding of the underlying processes could be assessed from such comparisons.
Also, the El Niño induced changes in the atmospheric
energy budget, e.g. the latitudinal transport of latent heat,
could be investigated.
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