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Abstract: Clouds are notoriously difficult to simulate. Here, we separate and quantify the impact
of Pacific climate modes on total cloud cover (TCC) variability, using reliable satellite observations
together with state-of-the art reanalysis outputs, over the 1979-2020 period. The two most prominent
modes of annual TCC variability show intense loadings over the Pacific basin and explain most of
the variance in what could be considered the “signal” in satellite TCC data. Canonical correlation
analysis (CCA) provides coupled TCC—sea surface temperature (SST) patterns that are linked to the
Eastern Pacific (EP) EINifio—Southern Oscillation (ENSO) and the Central Pacific (CP) ENSO in a
physically consistent manner. The two ENSO modes dominate global coupled SST-TCC variability
with the footprint of the CP ENSO explaining roughly half of the variance induced by the EP ENSO
among these coupled fields. Both the EP and the CP ENSO exert an influence on Pacific decadal TCC
variability. The impact of both ENSO modes on global total cloud cover variability is amplified by
two positive feedbacks. These results could be used as a reference for model investigations on future
projections of coupled TCC—SST variability responses to the CP and the EP ENSO.

Keywords: total cloud cover; Eastern Pacific El-Nifio; Central Pacific El-Nifio; sea surface tempera-
ture; convection

1. Introduction

Clouds have a complex influence on the Earth’s radiation budget, as seen in [1], and
predicting their behavior is problematic as doing so has generated the largest uncertainties
in climate projections for decades [2-5]. Thus, analyzing large-scale satellite total cloud
cover data is of great importance. However, the data are also not perfect, and issues
affecting satellite cloud measurements are numerous, including biases from top-down
viewing angles, artificial trends connected to instrument degradation and orbital decay [6],
changes in the number of observing satellites [7], data intercalibration issues [8], cloud
overlap [9] or biases connected to changes in viewing times and in the diurnal cloud
cycle [10,11].

Sea surface temperature (SST) is key factor in large-scale cloud formation and evolu-
tion [12]. SST—cloud interactions manifest through a variety of physical processes and
feedbacks which generate large discrepancies between climate models with regard to cli-
mate sensitivity [13-15]. The El-Nifio—Southern Oscillation (ENSO) [16-18] is the most
prominent mode of SST variability in the climate system and has a global socio-economic
impact [19-21]. During the last decade, an increasing number of studies have focused on
two types of ENSO: (1) conventional, canonical or Eastern Pacific (EP) ENSO, for which the
maximum SST variability manifests in the eastern tropical Pacific [22] and (2) the Central
Pacific (CP) El-Nifo [23], also known as the El-Nifio Modoki [24], Warm Pool El-Nifio [25]
or date line El-Nifio [26], with the maximum SST variability being located over the Central
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Pacific. In this paper, the generic term “CP ENSO” is used to refer to the latter. It has been
proposed that the EP-type and the CP-type of ENSO have distinct impacts on regional
temperature, precipitation and storm track activity [24]. It has been observed in recent
decades that the CP ENSO occurs more, but that its duration is shorter than that of the EP
ENSO [27]. This recent increase in the CP ENSO frequency, which is very likely higher than
any other similar period over the last 400 years [28], was attributed to climate change [23].
As anthropogenic warmings will intensify, it is argued that these events will become more
frequent, to the detriment of the EP ENSO [18,24].

The impact of the conventional ENSO on Pacific cloud variability has been the subject
of many previous studies, e.g., [19,29-33]. Cloud projections in CMIP5 models were
analyzed in relation to the EP ENSO [34] and decadal internal variability [35]. The CP
ENSO was investigated in relation to changes in high cloud cover [36] and local changes in
precipitation patterns [37,38]. However, the complexity of the ENSO phenomenon is still a
current and intriguing topic in the climate community [18,20,23].

In this study, we link the EP ENSO and the CP ENSO to observed coupled TCC—SST
variability on a global scale. We focus on addressing three questions: What are the differ-
ences between the EP and the CP ENSO in their relation to TCC? What is the quantitative
relevance of each ENSO mode in relation to coupled TCC—SST variability? What is the
quality of the satellite data when compared to outputs from reanalysis data, in relation to
interannual and decadal TCC? Section 2 includes a description of the observational data
and of the statistical methods used in this study. In Section 3, the main results of this study
are presented. Discussions and conclusions are presented in Section 4.

2. Data and Methods
2.1. Data

Observed TCC data were obtained from two indented satellite measurements from
the International Satellite Cloud Climatology Project (ISCCP) [39,40] and the Pathfinder
Atmospheres—Extended (PATMOS-x) fields [41]. The ISCCP and PATMOS-x datasets were
used in many studies on the causes and mechanisms of cloud changes [42—-46]. However,
as with many retrieval fields, these datasets are accompanied by uncertainties. These
uncertainties are related to changes in the geostationary satellite zenith angle [7], changes
in the equatorial crossing time [10] or changes in calibration [8]. Artefacts in the ISCCP and
the PATMOS-x data have been extensively addressed and corrected by [11]. For this study,
we used the corrected versions of the IPSCC and PATMOS-x TCC fields, distributed on a
2.5° x 2.5° global grid, from 1984-2009. The corrected versions of the ISCCP and PATMOS-x
total cloud cover data were obtained from the NCAR Research Data Archive available at
https://rda.ucar.edu/datasets /ds741.5/ (accessed on 1 October 2019).

To compare the results obtained with the observed satellite measurements, we also
make use of TCC data on the 1979-2020 period obtained by the latest state-of-the-art re-
analysis product (ERA5R) from the European Centre for Medium-Range Weather Forecasts
(ECMWEF) [47]. The ERAS Reanalysis project is the latest example of ECMWF reanalysis and
provides a variety of atmospheric and climate variables. It uses a state-of-the-art modelling
and data assimilation system based on a large variety of historical observations of pressure,
temperature, humidity and other variables. Compared to ERA-Interim, ERA5R has many
advantages in terms of parametrization and assimilation and could provide a more realistic
representation of cloud physical processes [47]. ERA5R also provides sea level pressure
(SLP) and 10 m wind global fields at a resolution of 1° x 1°. Gridded ERA5R data are avail-
able for download at https://apps.ecmwf.int/data-catalogues/era5/?class=ea (accessed
on 1 October 2019).

SST data on the period 1870 to 2020were provided by the United Kingdom Met
Oftice’s (UKMO) through the Hadley Centre Sea Ice and Sea Surface Temperature dataset
(HadISST) [48] on a grid with a 1° x 1° resolution. The HadISST data are available at
https:/ /www.metoffice.gov.uk /hadobs/hadisst/ (accessed on 1 October 2019).


https://rda.ucar.edu/datasets/ds741.5/
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For the observed total precipitation rate (TPR) field, we used data on the 1979-2020
period obtained by the Combined Precipitation Data Set provided by the Global Precipi-
tation Climatology Project (GPCP) [49], which is distributed at a resolution of 1.5° x 1.5°.
The data are available at https://psl.noaa.gov/data/gridded/data.gpcp.html (accessed on
1 October 2019).

To measure the evolution of the EP ENSO, we used the Nifio3 index. The Nifio3 and
the Nifo4 time series are highly correlated (r > 0.8, >95% significance level). There is still
no consensus on the proper index with which to describe CP ENSO evolution [50-52].
In this study, we used the Trans-Nifio Index (TNI), which is defined as the difference of
the normalized SST anomalies from the Nifio 4 and the Nifio 1+ Nifio 2 regions [53]. The
low correlation between the TNI and the Nifio3 Index (r < 0.15, <90% significance level)
supports the idea that these two time series are describe the distinct evolutions of these
two types of ENSO-like events. The Nifio3 Index and the TNI Index were obtained from
http:/ /www.esrl.noaa.gov/psd/data/climateindices/list/ (accessed on 1 October 2019).

2.2. Initial Pre-Filter of the Data

In a preliminary stage, for all datasets used, monthly anomalies from the annual cycle
were calculated relative to the 1984-2009 period, and then annual means were computed.
Cloud trends in satellite data may be the result of various measurement artefacts [54,55].
In order to isolate the possible footprints of internal modes of variability, the trends in
satellite and reanalysis TCC data were removed by applying linear detrending. Because
the variability of the global SST field is dominated by the spatially quasi-uniform warming
trend, the SST trend is removed by subtracting the annual global average from each grid
point. The removal of the trend facilitated the identification of the coupled TTC-SST
footprints of Pacific internal variability on these fields. However, similar results were
obtained when the trend in the SST data was not removed (Figure S2).

2.3. Multivariate Statistical Methods

The dominant modes of TCC were derived by using the Empirical Orthogonal Func-
tions (EOF) method [56].This technique applies orthogonal transformation to transform
a set of observations of correlated variables into a set of values of non-correlated linear
variables. The uncorrelated variables represent linear combinations of the initial ones. The
first main component explains the maximum amount of variance among the original vari-
ables; the second one explains the maximum amount of remaining variance, which is not
explained by the first component, and so on. As it is essentially based on pattern separation,
EOF analysis is an efficient method to investigate the spatial and temporal variability of
time series as it extends over relatively large areas. All the analyzed EOFs were past rule
M for separation (“significance”) [57] because the spacing between the eigenvalues were
significantly larger than the sampling error for all analyzed EOFs (Table S1).

To identify coupled TCC-SST patterns, we employed Canonical correlation analysis
(CCA) (von Storch and Zwiers, 1999). CCA is a powerful multivariate technique used to
identify pairs of patterns with a maximum correlation between their associated time series.
In other words, CCA determines the extent to which two phenomena, each described by a
variable or a set of variables, are linked. Mathematically, CCA transforms pairs of originally
centered vectors, X and Y, into sets of new variables called canonical variables. The
canonical correlations are determined by solving the eigenvalue equations:

{ [Cax] ™ [Cay] [Cyy) ™ [Cyx] Wi = 02 W
[nyTl [Cyx] [Cxxrl [Cxy] Wy = p2Wy

where Cyy and Cyy are the matrices of covariance for x and y, respectively,
Cy=C -1 yx is the between-sets covariance matrix,
p? eigenvalues are the squared canonical correlations, and the eigenvectors,
Wy and W,, are the normalized canonical correlation basis vectors.
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As the core constraint of the method is the maximization of the correlation between
time components, the corresponding patterns are provided by the method even if they
do not explain large amount of variance in their fields, which means that the patterns
explaining the largest percentage of variance do not necessarily appear in the first pairs. In
order to increase this ratio and therefore to maximizes the effectiveness of CCA, each of the
two initial fields (SST and TCC) was decomposed in a linear combination of EOFs and then
was reconstructed based only on the first eight modes.

CCA is based on the distinction between the time evolution of patterns (the time
series of consecutive pairs are uncorrelated). Therefore, CCA can be used to determine the
footprint of a forcing factor on a given field, while distinct forcing factors are character-
ized by different temporal evolutions. The distinction between the TCC spatial structures
associated with the EP ENSO and the CP ENSO in pairs derived through CCA was empha-
sized based on their specific SST footprint and also on their specific temporal evolution.
The final assessment of the significance of the identified coupled patterns relied on their
physical consistency.

The statistical significance of correlations and regressions were examined in relation
to the (two-tailed) probability (p) value to obtain a similar correlation value by chance.
In order to determine the exact degrees of freedom, the effective number of degrees of
freedom used to calculate was computed with the following: Nes = N (1 — RiRp)/(1 +
R1Rp), in which N is the number of values of the time series and R; and R; represent the
lag-one autocorrelation of each record [58].

3. Results
3.1. Dominant Modes of Global Total Cloud Cover Variability

The first two modes of TCC variability, derived through the EOF analysis of the annual
TCC anomalies from ISCCP and PATMOS-x datasets extending over the 1984-2009 period
and the ERA5 reanalysis data extending over the 1979-2020 period, are shown in Figure 1.
The first main component explains the maximum amount of variance among the original
variables; the second one explains the maximum amount of remaining variance, which is
not explained by the first component, and so on.

The spatial structures of EOF1, identified by ISCCP (Figure 1a), PATMOS-x (Figure 1c)
and ERAS5 (Figure le), are qualitatively and quantitatively similar across most of the globe.
They have the highest loadings in the tropical Pacific and can be characterized by a band of
positive TCC anomalies extending from the west coast of Peru toward the Central Pacific,
and by negative loadings in the Central, North East and South East Pacific. They also
include positive anomalies over most of North America, Central Asia and the North north
Atlantic that are more prominent in the ERA5 pattern (Figure 1e) and less intense in the
PATMOS-x data (Figure 1c), but also negative values over the tropical Atlantic, extending to
the north-eastern part of South America. Differences between the observed and reanalyzed
EOF1 patterns are seen over parts of Australia, the north-western part of South America
and the South Atlantic. The three associated time series (PC1, Figure 1g) are dominated by
interannual variability and are highly correlated (r = 0.89, significant at the 99% level).

The spatial patterns of the second EOF, derived from ISCCP (Figure 1b) and PATMOS-x
(Figure 1d) TCC data, and from ERA5 (Figure 1f), are similar across most of the globe, and
are characterized by an equatorial dipole of TCC anomalies in the equatorial Pacific, with
intense positive loadings in the central part and negative anomalies in the eastern sector.
They also include an increase in cloudiness in the north-eastern part of South America
extending to the tropical Atlantic, and a decrease in cloudiness over most of the North
Atlantic. The associated PCs (Figure 1h) show no increasing trend, and their correlation
coefficient is 0.77 (significant at the 99% level).

The maximum TCC positive anomalies of the spatial structures of both EOFs are
located in the tropical Pacific, and their PCs are dominated by interannual variability. The
combined variance explained by the first two modes, in the observational results, is 35%
for ISCCP (Figure 1a,b) and 32% for the PATMOS-x fields (Figure 1c,d). A large part of the
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distribution of the rest of the observed EOF variance (about 55%) is quasi-equally shared
by a large number of modes, each explaining less than 5% of variance (Table S1), which
suggests that these are associated with noise.

EOF1 (24%) ISPCC EOF2 (11%) ISPCC b

Cc EOFl (23%) PATMOSX EOF2 (9%) PATMOSX d

=

-3 -25 -2 -15 -1 -05-01 01 05 1 15 2 25 3 -3 -25 -2 -15 -1 -05-01 01 05 1 15 2 25 3

e EOF1 (19%) ERASR EOF2 (10%) ERASR f

-3 -25 -2 -15 -1 -05-01 01 05 1 15 2 25 3 -3 -25 -2 -15 -1 -05-01 01 05 1 15 2 25 3

g PCs PCs h
3 T T 3
= ISPCC PC1 = ISPCC PC2
2 — PATMOS-x PC1 | 2b A — PATMOS-x PC2 |

— ERAS5R PCl1 — ERASR PC3
1 1
50 50
Z-1 Z-1
-2 -2
-3F = 3

4980 1990 2000 2010 2020 1980 1990 2000 2010 2020

Figure 1. Global modes of TCC variability in detrended satellite and ERA5 reanalysis data. Left
column: The spatial structure of the dominant mode (EOF1) of TCC variability (%) based on ISCCP
(a), PATMOS-x (c) and ERADb reanalysis (e) data with their associated time series (g). Right column:
The second empirical orthogonal function (EOF2) of TCC variability (%) based on ISCCP (b) and
PATMOS-x (d) data and the third EOF from ERAS reanalysis (f) data, with their associated time
series (h).
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3.2. Observed Coupled SST-TCC Patterns Associated to Interannual Pacific Climate Variability

In order to identify globally observed SST-TCC pairs, two rounds of CCA were
performed for the period 1984-2009 using the observed SST, one using corrected TCC
anomalies from ISPCC data and the other using TCC data from PATMOS-x. The results
shown in Figure 2 (for ISCCP) and Figure 3 (for PATMOS-x) and are summarized in Table 1.
The percentage of variance explained by each spatial pattern provided by CCA is obtained
as the average of the squared correlation coefficient (r2) between the time series provided
by CCA and the reconstructed SST/TCC fields [58,59].

Table 1. The variances explained by the EP ENSO and the CP ENSO SST/TCC patterns from ISPCC
(Figure 2) and PATMOS-x (Figure 3) satellite observations and ERAS reanalysis (Figure 4).

Explained Explained Correlation Correlation Projection Projection Projection on
P 2 P 2 L. . with the on EOF1 on EOF2/3 Decadal
CCA Variance (r*)  Variance (r*)  Coefficient Footprint . . . Cpers
SST TCC PCs Associated 1=Identical 1 =Identical Variability
Index Projection Projection Max Value =1
ISPCC. 20% 22% 0.98 EP ENSO 0.84 0.94 0.03 0.35
3rd pair
ISPCC. 7% 7% 0.97 CP ENSO 0.67 0.04 0.89 0.26
4th pair
PATMO.S_X 16% 17% 0.99 EP ENSO 0.8 0.79 0.02 0.29
3rd pair
PATMOS-x 9% 8% 098 CP ENSO 073 0.1 071 021
4th pair
ERAS 16% 13% 098 EP ENSO 091 095 0.2 025
3rd pair
ERAS. 7% 7% 0.97 CP ENSO 0.72 0.06 0.81 0.17
5th pair

The spatial structures of the first two pairs identified through conducting two rounds
of CCA explain less than 6% of the variance (Table S2), and are not of interest in our study
due to their spatio-temporal characteristics.

The third and fourth coupled SST-TCC pairs, derived through CCA using the ISPCC
TCC fields, are shown in Figure 2. The SST spatial structure of the third pair (Figure 2a)
explains 20% of the total variance and is dominated by a band of positive anomalies
located in the eastern tropical Pacific, which is surrounded by negative values, comprising
the typical structure of the EP ENSO [16-18]. Its coupled TCC pattern (Figure 2e) is
characterized by positive anomalies in the eastern-central Pacific and over the North and
the South Atlantic, and by negative anomalies in the western-central Pacific, the north-east
(NE) and the south-east (SE) Pacific. The TCC spatial structure explains 22% of the total
cloud cover variance and projects strongly on EOF1 (Figure 1a) (projection coefficient of
0,94, where r = 1 is the maximum value and represents identical projection) (see Table 1).
The corresponding time series (Figure 2c) are dominated by inter-annual variability and are
significantly correlated with the Nifio3 Index (r = 0.84). The maximum amplitude was in
1997-1998, when a strong EP ENSO event was recorded [60].The SST structure of the fourth
pair (Figure 2b) explains 7% of the total variance and can be described by the following
features: (i) the highest positive values, which are located in the Central Tropical Pacific;
(ii) a horizontal V-shaped anomaly structure with positive values starting from the central
tropical Pacific and extending toward the subtropics in both hemispheres; (iii) negative
SST anomalies near the northwest coast of South America. These characteristics were
identified as the SST signature of the CP ENSO in previous observational and numerical
studies [23,24,50,61]. The associated TCC spatial structure (Figure 2f) has the highest
loadings in the Central Pacific, with positive values in the Central Tropical Pacific and
negative TCC anomalies in the eastern tropical Pacific, surrounded by positive TCC values
in the subtropics. This feature is significantly distinct from any characteristic associated
with the EP ENSO (Figure 2e). The TCC spatial structure explains 7% of the total variance
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and projects strongly on EOF2 (Figure 1b). The association of the TCC structure with
the CP ENSO is also supported by the associated PC-s of this pair (Figure 2d), which are
significantly correlated (r = 0.67, significance level >95%) with the TNI, which is a very
good measure for CP ENSO events [62].

CCA - 3rd pair — SST (20%) b CCA - 4th pair - SST (7%)

60E 1208 180 1200 60w 0 60E 120E 180 1200 60w []
N I N —— g B I N
-0.3 -0.25 -0.2 -0.15 0.1 -0.05 0 005 0.1 015 02 025 0.3 -0.3 -0.25 -0.2 -0.15 0.1 -0.05 0 005 0.1 015 02 025 0.3

PC3 PC4

— Nino3 Index | 2 — TNI Index

1 L | 1 I
_31 985 1990 1995 2000 2005 2010

CCA - 3rd pair - ISPCCTCC (19%) §  CCA - 4th pair — ISPCC TCC (7%)

1 . 1 1 .
_31985 1990 1995 2000 2005 2010

60E 1206 180 1208 60w 0 60E 1208 180 1200 60w 0

-3 -25 -2 -15 -1 -05-01 01 05 1 15 2 25 3 -3 -25 -2 -15 -1 -05-01 01 05 1 15 2 25 3

Figure 2. The EP ENSO and the CP ENSO footprints on global SST-TCC coupled fields, identified
through CCA using ISPCC TCC data on the 1984-2009 period. The left column shows the third
coupled SST (°C)—TCC (%) pair, the SST pattern (a), explaining 20% of variance, the TCC structure
(e), explaining 19% of variance and the time series (c) associated with TCC (blue line) and SST (red
line). The correlation with the Nifio3 index (green line) is 0.81. The right column shows the fourth
coupled SST (°C)—TCC (%) pair, the TCC pattern (b), explaining 7% of variance, the SST structure
(f), explaining 7% of variance, and the time series(d) associated with TCC (blue line), and SST (red
line). The correlation with the TNI Index (green line) is 0.61.

A similar CCA was performed using the PATMOS-x total cloud cover data (Figure 3).
The associated temperature (cloud) pattern of the third SST-TCC (PATMOS-x) pair explains
16% (17%) of the total variance, whereas the temperature (cloud) spatial structure of the
fourth pair explains 9% (8%) of the total variance (Table 1). The SST pattern of the third
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CCA - 3rd pair — SST (16 %)

pair (Figure 3a) is characteristic of the EP ENSO, with intense positive SSTs in the Eastern
Tropical Pacific. The corresponding time series (Figure 3c) closely follow the Nifio3 index
(r = 0.8, significance level >95%). The associated TCC structure (Figure 3e) includes positive
anomalies in the Eastern Tropical Pacific, in the North Atlantic and over most of North
America, and includes intense negative anomalies in the central-western Pacific, similar to
the EP ENSO footprint obtained using the ISPCC data (Figure 2e). Differences between
the two observed TCC spatial structures associated with the EP ENSO are observed over
Australia, parts of South America and Africa.

b CCA - 4th pair — SST (9%)

— — 60E 1208 180 1200 60w 0
60E 120 180 I T |IDVII B0W 0 T I I
—m s e =005 b5 o o.m. 25 0.3 -0.3 -0.25 —0.2 -0.15 —0.1 ~0.05 0 005 0. 0.5 02 0.5 03
3 T T T T 3 T T T T
H — SST . — SST
— TcC — TcC
2 ~— Nino3 Index 2F ~— TNI Index .

1 1 1 L 1
_31985 1990 1995 2000 2005 2010

1985

CCA - 3rd pair - PATMOSx TCC (17%)

-3

1
1990

1 1 Il
1995 2000 2005 2010

CCA - 4th pair - PATMOSx TCC (8%)

f

-3

1206

180 1200 60w 0 60E 1206 180 1200 60w 0

=25 =2UT=1:811=1" :=0:671=0:1 102" 06T #iir 11 4265 11 127171:2i67 1113 =3 7=25 ~207=1501=1) i=0I5T—0:41 10" 1 0:65T) 01 1 4:65 11 12011267 11173

Figure 3. The EP ENSO and the CP ENSO footprints on global SST-TCC coupled fields, identified
through CCA using PATMOS-x TCC data on the 1984-2009 period. The left column shows the third
most coupled SST (°C)—TCC (%) pair, the SST pattern (a), explaining 16% of variance, the TCC
structure (e), explaining 17% of variance and the time series (c) associated with TCC (blue line) and
SST (red line). The correlation with the Nifio3 index (green line) is 0.79. The right column shows the
fourth most coupled SST (°C)—TCC (%) pair, the TCC pattern (b), explaining 9% of variance, the SST
structure (f), explaining 8% of variance and the time series (d) associated with TCC (blue line) and
SST (red line). The correlation with the TNI (green line) is 0.73.
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Figure 4. The EP ENSO (left) and the CP ENSO (right) footprints on global SST-TCC fields identified
through CCA using ERAS5 total cloud cover data on the 1979—2020 period. The left column shows
the third most coupled TCC SST (°C)—TCC (%) pair identified through CCA using ERA5 TCC data,
the TCC pattern (a), explaining 16% of variance, the SST structure (c), explaining 13% of variance and
the time series (e) associated with TCC (blue line) and SST (red line). The correlation with the Nifio3
index (green line) is 0.89. The right column shows the fifth most coupled SST (°C)—TCC (%) pair, the
TCC pattern (b), explaining 7% of variance, the SST structure (f), explaining 7% of variance and the
time series (d) associated with TCC (blue line) and SST (red line). The correlation with the TNI Index
(green line) is 0.71.

The SST and the TCC spatial structures of the fourth pair (Figure 3b,f) can be charac-
terized by an east-west dipole of SST/TCC anomalies located in the Tropical Pacific, with
positive values in the Central Pacific and negative loadings in the east Pacific that more
prominent than those in the CP ENSO pair obtained using the ISPCC data (Figure 2b,f).
Their associated time series (Figure 3d) have a correlation coefficient of 0.73 (significant
over 95% confidence level) with the TNI x, further supporting the association of this pair
with the CP ENSO.

Both the ISCCP and the PATMO-x datasets capture the main features of the EP ENSO
and the CP ENSO modes over the oceans, but the results obtained using the PATMOS-x
data are more consistent with previous regional studies in North America [19], South
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America [63] and Australia [64], indicating that this dataset is more suitable for regional
investigations in terms of the ENSO (Figure S1). Together, the two global TCC spatial
patterns explain more than 25% of the global cloud cover variance. TCC patterns associated
with the CP ENSO (Figures 2e and 3e) project strongly on EOF1, while the TCC spatial
structures associated with the CP ENSO (Figures 2f and 3f) project strongly on EOF2
(Table 1), indicating that the two ENSO modes have a profound impact on global total
cloud cover variability.

3.3. Coupled SST- Reanalysis TCC Patterns Associated to Interannual Pacific Climate Variability

In order to test the robustness of the results within a different time frame, we also
performed a CCA using the ERA5 reanalysis total cloud cover data on the 1979-2020 period,
and the results are shown in Figure 4.

The SST spatial structure of the 3rd pair (Figure 4a) explains 16% of variance and
resembles the EP ENSO, with a band of intense positive SSTs in the Eastern Tropical Pacific
flanked by negative loadings and positively correlated with the associated TCC structures.
The reanalyzed TCC spatial structure associated with the EP ENSO (Figure 4e) includes
positive loadings in the Eastern Tropical Pacific, over most of North America and the North
Atlantic, while negative anomalies are present over the Western Pacific, over the NE and the
SE Pacific and over the tropical Atlantic. The reanalyzed EP ENSO TCC footprint is similar,
quantitatively and qualitatively, over most of the globe, with both the ISPCC (Figure 2e)
and PATMOS-x (Figure 3e) footprints, but resembles the one obtained using ISPCC data
over land more. The associated time series (Figure. 4e) are significantly correlated with the
Nifio3 index (r = 0.91, >95% significance level). The SST structure of the 5th coupled pair
(Figure 4d) is dominated by a dipole of anomalies in the Atlantic basin and intense positive
loadings in the Central Pacific, which is typical for the CP ENSO. The coupled TCC pattern
includes negative anomalies in the Eastern Tropical Pacific and positive anomalies in the
Central Pacific, which is in very good agreement with the TCC pattern associated with the
CP ENSO using the ISPCC (Figure 2f) and PATMOS-x (Figure 3f) data. The time series
associated with the coupled patterns (Figure 4f) are significantly correlated with the TNI
index (r = 0.72, >95% significance level).

Both TCC structures presented in Figure 4 are similar to the corresponding TCC
structures identified in the ISPCC (Figure 2) and in the PATMOS-x (Figure 3) data and
associated with the EP ENSO and the CP ENSO. This indicates that ERA5 reanalysis
reproduces the formation and evolution of total cloud cover on a global scale fairly well.
The close similarity between the TCC structures derived from satellite observations and
from the reanalysis indicate that the observed results are relevant for global TCC variability
across various time scales.

3.4. Coupled SST-TCC Patterns Associated to Decadal Pacific Variability

In order to facilitate the identification of the impact of decadal SST variability on the
evolution of global cloud cover, three CCAs were performed between SST and TCC values
from ISPCC, PATMOS-x and ERAD5 reanalysis data, filtered by a 5-year running mean. The
resulting pairs of interest are shown in Figure 5.

All three SST structures (Figure 5a—c) can be characterized by a horseshoe-like structure
in the North Pacific with negative anomalies in the north-west surrounded by positive
loadings, and an El-Nifio like structure in the tropical Pacific. These features have been
attributed previously to the positive phase of the Pacific Decadal Oscillation [65,66] or the
North Pacific Gyre Oscillation [67]. The TCC pattern from the first pair obtained using
ISCCP data (Figure 5a) is dominated by positive anomalies located in the Central Tropical
Pacific, and by negative anomalies extending westward, which are positively correlated
with the SSTs anomalies. Negative anomalies which are anti-correlated with the SSTs
anomalies are observed in the north-east and south-east Pacific. These features have been
previously associated with Pacific decadal SST variability [31]. The same characteristics
can be observed in the TCC spatial structure obtained using PATMOS-x (Figure 5h) and
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ERADS (Figure 5i) data, but the negative anomalies are less prominent in the eastern and
southern Pacific. The ISCCP—TCC pattern (Figure 5a) includes positive anomalies over the
southern part of North America and the south eastern part of South America, while negative
loadings are observed over most of northern South America and the north of Australia.
These features were previously associated with positive decadal SST variations in the North
Pacific [63] and were not captured so well in the pair obtained using the PATMOS-x and
ERAS data. Both the EP ENSO and the CP ENSO impact the evolution of decadal TCC
variability in the Pacific basin (Table 1), with the EP ENSO being more prominent. This
is in good agreement with previous studies that show that both the eastern and central
expressions of ENSO play significant roles in modulating Pacific decadal variability [68].
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Figure 5. Pacific decadal SST variability footprint on global SST-TCC fields identified through CCA
using ISPCC, PATMOS-x and ERAD5 total cloud cover data filtered by a 5 yr mean. The left column
shows the first coupled TCC (%)—SST (°C) pair identified through CCA using ISPCC TCC data,
the SST pattern (a), explaining 14% of variance, the TCC structure (g), explaining 13% and the time
series (d) associated with TCC (blue line) and SST (red line). The mid column shows the first coupled
TCC (%)—SST (°C) pair identified through CCA using PATMOS-x TCC data, the SST pattern (b),
explaining 13% of variance, the TCC structure (h), explaining 16% and the time series (e) associated
with TCC (blue line) and SST (red line). The right column shows the third coupled TCC (%)—SST
(°C) pair identified through CCA using ERA5 TCC data showing the SST pattern (c) explaining 10%
of variance, the TCC structure (i) explaining 14% and the time series (f) associated with TCC (blue
line) and SST (red line).
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3.5. Associated Physical Processes

In order to investigate the physical mechanisms linking the SST-TCC anomalies and
to test the robustness of the EP ENSO and the CP ENSO footprints identified through CCA,
we regressed the sea level pressure (SLP), 10 m wind and total precipitation rate (TPR)
fields on the time components (PCs) associated with the CP ENSO (Figure 3c), the EP ENSO
(Figure 3d) and the pacific decadal variability (Figure 5d), with the results being shown
in Figure 6. The regression analysis was restricted to the Tropical Pacific (30° S-30° N) for
the first two ENSO modes, and to the North Pacific (0°-60° N) for the maps associated
with the decadal variability. The highlighted areas correspond to a statistical significance
level above 95%. Similar results were obtained for the PCs derived through rounds of CCA
using the PATMOS-x and the ERAS reanalysis TCC data.

The regression map of the SLP field of the time component associated with the EP
ENSO, derived through CCA (Figure 6a), is dominated by the Southern Oscillation dipole,
which is the atmospheric component of a typical El-Nifio event [16,17]. The associated
TPR structure (Figure 6b) presents positive anomalies from the eastern to the Central
Tropical Pacific and negative loadings near Indonesia, regions in which the most severe
TCC anomalies from the CCA pair linked to this mode are located (Figure 3e). The 10 m
wind (Figure 6¢) is convergent in the warm SST region, which, together with the SLP and
TPR structure, is consistent with changes in the Walker circulation associated with the EP
ENSO [69,70].

10m—-Wind

T (

Q @&m\\/\

-0 -4 -0 -20 -0 100 20 N 40 0

-1 -08 06 -04 -02 02 04 06 08 1

Figure 6. The regression maps of SLP (%/hPa) (left, a,d,g), TPR (%/mm/day) (middle, b,e,h) and 10
m wind (stream line) (right, c,f,i) fields of the time series of CCA pairs associated with EP ENSO (top
row), CP ENSO (middle row) and decadal variability (bottom row) over the 1984-2009 period. The
associated statistical significance in the highlighted areas is above 95%.

The SLP regression map (Figure 6d) associated with the CP ENSO is dominated by
a negative V-like structure starting from the central-western Pacific and extending into
the subtropics, where the positive SST anomalies from the CCA pair associated with the
CP ENSO are located (Figure 3b). The TPR regression map (Figure 6e) has a dipole in the
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Central Pacific with the most intense positive values in the central-western Pacific, where
positive TCC anomalies from the pair associated with the CP ENSO are located (Figure 3f).
These changes in TPR are related to variations in the intertropical convergence zone (ITCZ)
position generated by CP ENSO [27]. The 10 m wind, TPR and SLP structures associated
with the CP ENSO (Figure 6d—f) can be characterized by features that are different to those
associated with the EP ENSO (Figure 6a—c) and are in good agreement with the findings of
previous studies investigating the impact of the CP ENSO on these fields [23,24,27]. Of spe-
cific importance is the distinct relation between the SST and TCC anomalies in the tropics
and in subtropics. In the deep tropics and in some areas in the subtropics, there is a positive
correlation between the SST (Figures 2a, 3a and 4a) and TCC (Figures 2e, 3e and 4e) anoma-
lies. This reflects a positive feedback in which relatively warm surface waters increase
convection and cloud formation, mainly at high atmospheric levels [71,72]. In turn, high
clouds increase the temperature at lower heights through longwave absorption and further
contribute to the warming of the SSTs, which could lead to an amplification of both ENSO
modes [33]. In the NE and the SE Pacific, where TCC is dominated by low level marine
stratiform clouds, when the SLP is low (Figure 6a), positive SSTs (Figures 2a, 3a and 4a) are
accompanied by negative TCC anomalies (Figures 2e, 3e and 4e). This reflects a distinct
feedback, in which reduced cloud cover, associated with weak stability, increases the short-
wave radiation fluxes toward the ocean surface and result in positive SST anomalies which,
in turn, reduce low level cloudiness [31]. This feedback has been confirmed in more recent
studies using numerical simulations [13] and could extend over the entire planetary ocean,
not only in the regions dominated by stratocumulus clouds [14]. From this perspective, the
persistence of decadal SST anomalies in the NE and SE Pacific is more related to a change
in the amount of solar radiation received by the ocean due to a change in cloud cover than
to ocean dynamics [45].

The TPR regression map (Figure 6h) of the PC from the CCA pair associated with
decadal variability (Figure 6d) has positive values in the tropical band, where the positive
areas of SST (Figure 5a) and TCC (Figure 5g) are located. Negative anomalies are seen in
the western extra-tropical Pacific, coincident with negative loadings of SST and TCC. In
the western extra-tropical Pacific, where a decrease in ocean temperature and cloudiness
was identified (Figure 5g), negative TPR anomalies were recorded. The SLP regression
map associated with decadal variability (Figure 6g) is dominated by negative anomalies in
the subtropical North Pacific and positive anomalies over Alaska and around Indonesia.
These features, together with the precipitation and 10 m wind spatial structures, have been
previously associated with decadal variations in the Pacific basin [65,68].

4. Discussion and Conclusions

The uncertainties in the observed cloud cover data make their use for studying rela-
tively long term natural or anthropogenic variability debatable [4,32,73-75]. In this study,
interannual and decadal changes in global total cloud cover are analyzed using reliable
gridded global satellite data, together with state-of-the-art reanalysis data. This provides
a comprehensive picture of global TCC variability in relation to tropical Pacific climate
modes. The most important modes of observed and reanalyzed global TCC variability
were identified in a preliminary stage through EOF analyses and then linked through CCA
to the Eastern Pacific and the Central Pacific variations of ENSO, based on their spatial
and temporal properties. Both the EP ENSO- and the CP ENSO-induced TCC impacts
project strongly on Pacific decadal TCC variability, with the EP ENSO being more promi-
nent. The coupled SST-TCC footprints are physically consistent and are supported by the
corresponding SLP, 10 m wind and TPR regression maps.

The identification of the EP ENSO and the CP ENSO TCC footprints in the same CCA
analysis provides a better perspective on the concurrent percentages of global SST and
TCC variance explained by these two modes and also allows an estimation of the impact
these two modes have on decadal variability; together, the ENSO modes explain ~ 25%
of the global coupled SST-TCC variance, with the CP ENSO covering half of the variance
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induced by the conventional El-Nifio. However, if no measures to reduce carbon emissions
are implemented, we expect this percentage to increase as CP ENSO events become more
frequent [23,24].

The ISPCC and PATMOS-x and ERA5 data were compared in terms of their observed
impacts on EP ENSO and CP ENSO TCC. All the TCC structures identified using ERA5R
fields were similar over most of the regions, with the corresponding TCC structures in
ISCCP and PATMOS-x being associated with the EP ENSO and the CP ENSO, indicating that
this reanalysis product reproduces observed interannual and decadal changes in global total
cloud cover. Over the Pacific sector, the ISCCP, the PATMOS-x and the ERA5-reanalyzed
TCC patterns look almost identical, indicating that a robust structure is associated with
the EP ENSO and the CP ENSO modes, regardless of the data set or period. Across the
continents, the PATMOS-x data captures the impact of the EP ENSO and the CP ENSO
over the North America, South America and Australia better, making them more suitable
for future regional analyses. Contrastingly, the ISCCP data seem to be more reliable for
identifying decadal Pacific variations. We have shown that independent continuous CP
ENSO and EP ENSO indices can be obtained based entirely on total cloud cover anomalies.

The role played by the SST—cloud interaction with respect to climate sensitivity is
of critical importance in the endeavors to improve the accuracy of future climate projec-
tions [12-15,33]. Several previous studies have investigated cloud cover anomalies related
to canonical ENSO [19,29-32], while the CP ENSO has been investigated in relation to
high cloud cover variability [36] and local changes in precipitation [37,38]. We focused on
coupled SST-TCC changes over two distinct regions: the tropical Pacific and the NE and
SE subtropical Pacific. By analyzing total cloud cover fields, we have shown that, over the
tropical Pacific, where cloudiness is dominated by high clouds, the positive correlation
between the SST (Figures 2a, 3a and 4a) and TCC (Figures 2e, 3e and 4e) anomalies together
with the negative SLP (Figure 6a) indicate that the TCC anomalies are induced by changes
in SST through convection, a relation amplified by positive feedback [33,76]. However,
in the NE and the SE Pacific, where total cloud cover is dominated by low level marine
stratiform clouds, the negative SST (Figures 2a, 3a and 4a)/TCC (Figures 2e, 3e and 4e)
correlation suggests a different feedback, through which changes in cloudiness modulate
the SST, exists over this region [15,31]. However, the link between clouds and atmospheric
circulation is very complex [2,12,33,46,77,78] and a consensus on the physical mechanism
describing the CP ENSO has not been yet reached [18,23,24,50]. Nonetheless, the decom-
position of the global total cloud cover fields, conducted in this research based on a linear
combination of coupled SST-TCC pairs, could provide a reference with which one could
validate the performance of general circulation models in simulating the EP ENSO and the
CP ENSO dynamics.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/atmos14030456/s1; Figure S1: Regression maps of ISPCC (a,c)
((std. dev/%) and PATMOS-x (b,d) (std. dev/%) fields on the time series of the Tropical Pacific EOF
structure associated with the EP ENSO (a,b) and the CP ENSO (c,d).; Figure S2: The EP ENSO (left)
and the CP ENSO (right) footprints on total cloud cover identified without removing the trend from
HadISST data; Table S1: The variances explained by each EOF pattern from ISPCC, PATMOS-x and
ERAS5R TCC data; Table S2: The variances explained by each TCC pattern obtained through CCA
using ISPCC, PATMOS-x and ERA5R TCC data. References [79,80] are cited in the supplementary
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