& frontiers | Frontiers in

@ Check for updates

OPEN ACCESS

EDITED BY
Jing-Jia Luo,

Nanjing University of Information
Science and Technology, China

REVIEWED BY
Andrea Taschetto,

University of New South

Wales, Australia

Shangfeng Chen,

Institute of Atmospheric Physics
(CAS), China

*CORRESPONDENCE
Ziyu Ye
yeziyu@eps.s.u-tokyo.ac.jp

SPECIALTY SECTION
This article was submitted to
Predictions and Projections,
a section of the journal
Frontiers in Climate

RECEIVED 21 August 2022
ACCEPTED 03 October 2022
PUBLISHED 15 November 2022

CITATION

Ye Z and Tozuka T (2022) Causal
relationship between sea surface
temperature and precipitation revealed
by information flow.

Front. Clim. 4:1024384.

doi: 10.3389/fclim.2022.1024384

COPYRIGHT

© 2022 Ye and Tozuka. This is an
open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which
does not comply with these terms.

Frontiersin Climate

TYPE Original Research
PUBLISHED 15 November 2022
pol 10.3389/fclim.2022.1024384

Causal relationship between sea
surface temperature and
precipitation revealed by
information flow

Ziyu Ye* and Tomoki Tozuka

Department of Earth and Planetary Science, Graduate School of Science, The University of Tokyo,
Tokyo, Japan

The atmosphere and the ocean are coupled with each other through various
processes. Therefore, it is of great importance to understand the causality
relationship between the atmosphere and the ocean for predicting their
states. Here we apply the normalized information flow (NIF) to sea surface
temperature (SST) and precipitation data to investigate the causality from the
atmosphere to the ocean and from the ocean to the atmosphere. When the
global spatial structure of the local NIFs is calculated for both directions, it
is found that the ocean affects the atmosphere more in the tropics, while
the atmosphere affects the ocean more in the extratropics. This causality
relationship between the ocean and the atmosphere agrees with previous
studies. To examine the teleconnections, the remote NIFs are then calculated
and compared with the local NIFs. The local impact from SST to precipitation
is dominant in almost all tropical regions, while the relative importance of
remote impacts is higher for the precipitation-to-SST NIFs, except for a small
area in the central-eastern equatorial Pacific and southeastern tropical Indian
Ocean. Regional analyses for six selected areas within the tropics are also
presented. This study suggests that NIFs may be a powerful tool to study
ocean-atmosphere interactions.

KEYWORDS

ocean-atmosphere interaction, normalized information flow, causality, sea surface
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Introduction

The atmosphere and the ocean are vital components of climate (Bjerknes, 1969;
Frankignoul, 1985) and have significant impacts on all aspects of human society,
including but not limited to the economy, fishery, and agriculture (Pontecorvo et al.,
19805 Semenov and Porter, 1995; Christy and Scott, 2013). Since the ocean and the
atmosphere are coupled with each other through numerous processes (Karnauskas,
2020), understanding their interactions is essential for predicting the future state
of climate.

It is well-known that the atmosphere drives the ocean. In 1905, Ekman (1905)
proposed a fundamental theory about the ocean’s response to steady wind forcing. The
successors developed a theory showing that the meridional mass transport is to the first
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order governed by the wind stress curl and the meridional
derivative of the Coriolis parameter (Sverdrup, 1947; Stommel,
1948). The large-scale organization of sea surface temperature
(SST) anomalies may be associated with the anomalous
atmospheric circulation via surface energy fluxes and Ekman
currents (Deser et al., 2010), and it is believed that the
atmosphere drives SST more than vice versa for the extratropical
regions (Frankignoul, 1985).

During the last few decades, there have been many studies
focusing on the mechanism of how the ocean affects the
atmosphere. Two major models have been proposed to explain
how SST anomalies drive the low-level atmospheric flow in the
tropics. While the Matsuno-Gill model assumes that anomalous
deep convection induces surface winds (Matsuno, 1966; Gill,
1980), the Lindzen-Nigam model asserts that the surface wind
convergence is caused by SST gradient and should be regarded
as the cause of deep convection (Lindzen and Nigam, 1987).
Using an atmospheric mixed layer model, Back and Bretherton
(2009) obtained a similar result with the Lindzen-Nigam model
in that the SST gradient causes surface wind convergence that
leads to deep convection. However, the SST above a convective
threshold is also necessary to sustain deep convection (Graham
and Barnett, 1987). Compared to the tropical ocean, it has
long been considered that extratropical oceans are driven by
atmospheric forcing and oceanic effects on the atmosphere are
negligible (Frankignoul, 1985). However, recent studies have
shown that SST fronts influence the atmosphere through their
impacts on the static stability of the atmospheric boundary layer
(Nonaka and Xie, 2003), pressure fields (Minobe et al., 2008),
and atmospheric baroclinicity (Nakamura et al., 2008).

The influences between the ocean and the atmosphere are
not unidirectional and two-way interactions may exist. The most
prominent example is known as the Bjerknes feedback, which
plays a key role in the development of the El Nifio/Southern
Oscillation (ENSO; Bjerknes, 1969). When the easterly trade
winds are relaxed, the east-west thermocline tilt and thus
upwelling of subsurface cold water in the eastern equatorial
Pacific is suppressed. As a result, the zonal SST gradient is
reduced and the trade winds are further slackened. Another
important positive feedback process is the wind-evaporation-
SST (WES) feedback (Xie and Philander, 1994; Kataoka et al.,
2019). Under the mean easterly trade winds over the equatorial
oceans, positive SST anomalies to the north of the equator
induce anomalous northward cross-equatorial winds. Due to
the Coriolis force, wind anomalies are deflected to the left in
the Southern Hemisphere, while to the right in the Northern
Hemisphere. As a result, trade winds are enhanced to the south
and latent heat loss to the atmosphere is enhanced due to
increased wind speed, whereas trade winds and thus latent
heat loss are reduced to the north, and the original anomalous
SST gradient across the equator is strengthened. Such feedback
process plays an important role in the development of the
Atlantic meridional mode (Doi et al., 2009; Kataoka et al., 2019).
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In addition, the SST-cloud-shortwave radiation acts as either
positive or negative feedback depending on the background
condition (Tozuka and Oettli, 2018). Over the warm ocean,
a positive SST anomaly, for example, leads to enhanced deep
convection and high clouds, resulting in less shortwave radiation
at the sea surface and damping of SST anomalies (Waliser
et al,, 1994). On the other hand, in regions with low SSTs and
subsidence in the lower troposphere, a positive SST anomaly
leads to less low clouds and more shortwave radiation can reach
the ocean surface (Li and Philander, 1996). In this case, the
positive SST anomaly is further enhanced.

In addition to the local ocean-atmosphere interactions,
remote forcing also plays a vital role in the climate system.
For instance, the ENSO causes positive SST anomalies in the
Indian Ocean and the South China Sea through an atmospheric
bridge (Klein et al., 1999; Alexander et al., 2002). Wang (2002a,b)
further proposed that a warm El Nifio event would weaken
the Hadley cell in the Indian and Atlantic Oceans. On the
other hand, SST anomalies in the Indian Ocean are shown to
influence the Pacific (Watanabe and Jin, 2002; Wu et al., 2009;
Xie et al,, 2009; Li et al., 2017), while the Atlantic Ocean is
also demonstrated to influence the Pacific (Stouffer et al., 2006;
Zhang and Delworth, 2007). In addition to the atmospheric
teleconnections among the tropical oceans (Wang, 2019),
teleconnections from the tropical oceans to the extratropical
oceans are intensively studied. A famous example is the Pacific-
North American (PNA) pattern (Wallace and Gutzler, 1981).
Anomalous convection in the tropical Pacific causes a Rossby
wave propagation in the atmosphere, resulting in a high in the
tropical North Pacific, a low in the extratropical North Pacific, a
high in northwestern America, and a low over the Gulf Stream
(Horel and Wallace, 1981). Besides, the tropical Pacific can also
affect the mid-latitude northwestern Pacific and southeastern
Pacific by the Pacific-Japan pattern (Nitta, 1986, 1987; Kosaka
and Nakamura, 2010) and the Pacific-South American (PSA)
pattern (Mo and Paegle, 2001), respectively.

Partly because predictability is expected to be higher
in regions where the ocean with a longer memory is
predominantly driving the atmosphere, many studies have
been devoted to understanding of the dominant direction
in ocean-atmosphere interactions (Wang et al., 2005; Kumar
et al, 2013; Kohyama and Tozuka, 2016). Those studies
attempted to detect the interactions between the ocean and
the atmosphere by examining correlation coefficients between
SST and precipitation on monthly or seasonal time-scales
(Arakawa and Kitoh, 2004; Wu and Kirtman, 2007; Chen et al.,
2012). Although such studies are combined with discussions of
plausible physical mechanisms to help understand the causality
(Kumar et al., 2013), correlation does not necessarily mean
causality. In this regard, Kalnay et al. (1986) examined the
driver in the local ocean-atmosphere coupling based on the
phase relationship between SST and relative vorticity anomalies
in the lower troposphere. If the atmosphere were driving the
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FIGURE 1

Normalized information flow (NIF) (A) from sea surface
temperature (SST) to precipitation and (B) from precipitation to
SST. Gray grid cells signify that the NIF is not significant at the
95% confidence level.

ocean, a cyclonic anomaly in the atmosphere is expected to
induce Ekman upwelling and thus a cold SST anomaly, but if
the ocean were driving the atmosphere, a positive SST anomaly
is expected to induce anomalous cyclonic circulation in the
overlying atmosphere. Furthermore, some recent studies relied
on causality analyses. Bach et al. (2019), for example, used
Granger causality to support that the ocean is mainly driving the
atmosphere in the tropical regions while vice versa among the
extratropical regions. Also, Silva et al. (2021) used the Granger
causality to study the teleconnections between the tropical
Pacific and the globe and identified the seasonal precipitation
response to SST anomalies associated with ENSO events.

In this study, we use an emerging statistical method called
the normalized information flow (NIF; Bai et al., 2018), to study
the causality between the ocean and the atmosphere. In contrast
to the Granger causality, which is an empirical measure, the
information theory-based causality measure is a quantitative
measure of causality that is based on rigorous formalism (Liang,
2014). This paper is organized as follows. The dataset used in
this study is described in the next section. In section Methods, a
brief description of the NIF is provided. Results are presented in
section Results, and conclusions and discussions are given in the
final section.

Data

In this study, we use SST to represent the state of
the ocean and precipitation to represent the state of the
atmosphere. For the precipitation data, we use the monthly
data of the fifth generation European Centre for Medium-
Range Weather Forecasts (ECMWF) atmospheric reanalysis
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(ERA5; Hersbach et al., 2020) from 1979 to 2020. For SST, we
use the monthly data of Extended Reconstructed Sea Surface
Temperature version 5 (ERSST V5; Huang et al., 2017) with the
same time span. The original spatial resolution of the ERA5 data
and ERSST V5 data are 0.25° x 0.25° and 2° x 2°, respectively,
and we calculate the average value to interpolate the ERA5 data
to 2° x 2°. The monthly average of the SST and precipitation
data is subtracted to obtain anomalies.

Methods

All time causality analysis

In this study, we use information flow (IF), which quantifies
the causality based on transfer entropy, to detect the causality
relationship between SST and precipitation anomalies. For
two time series X; and X3, Liang (2014) used the maximum
likelihood estimator (MLE) to derive that the IF from X to X;
can be estimated as

C11C12C2,41—C3,Cra
Cfl C22—C11Cf2

Ty 1= &y

where Cjj represents the covariance between X; and Xj and
C; gj is the covariance between X; and X] With a limit sample
sequence, X] can be obtained by finite-difference:

X =Tt X, 6)

If T,—,;=0, X, is not a cause of Xj, while Tr_,;7# 0
indicates that there is a causality from X to Xj.

However, to compare the importance of two variables among
different regions, it is necessary to find a way to normalize the IF
(Liang, 2015). For the normalization, we need to go back to how
we derive T2, 1. Consider a 2D dynamical system that satisfies

dx

S =F(X,t) +B(X,H) W,

(3)

where F= (F1,F,) , X= (x1,x2)€R2, W is a 2D white noise,
and B (X,t) is the perturbation amplitude. Liang (2008) has given
the rate of change of the marginal entropy Hj of X; in a 2D
system with

dH; dlogp; 1 82logp;
G ——p (P 080) —1E "8 ), @

where E(x) means the mathematical expectation of x, pj is
the marginal density of Xj, and gjj= bikbj. Then, we can
expand out the first term on the right hand side of Equation
(4) as
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FIGURE 2
Global distribution of the meridional SST gradient.
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FIGURE 3

Magnitude of Ciocqi. Positive values indicate that the ocean-to-atmosphere influence is more dominant, while negative values signify that the
atmosphere-to-ocean influence is more dominant.

From Equation (7), we can find that the marginal entropy

Hj consists of 3 parts, E (22 ) is the change rate of Hj from X,

al F : - .
—E (FI %,pl =— [é{’(%xfl)—g%] 5 T,_, 1 is the IF from X, to X, and the rest is the influence of
=E (&) _E [L M] ®) other stochastic parts H;’Oise.
dx; o1 ox; |°

For a linear predictive system,
According to Liang (2008), in a 2D system, the information
flow from X> to X7 is F=f—|—AX—|—BBT, (8)
where f=(f1,f2)7, A=(aij);;_; ,» and B=(by),;;_, ,. The

T _ 1 3(F1p1) 1 1 3%(gu1p1) coefficient matrices A and B are constant. Hence, these variables
2-1=—E| 5 =5 | F3E | 552 ) (©) . RN
1 will follow the Gaussian distribution (Liang, 2014). Let

By substituting Equations (6) and (5) into Equation (4),

. 1 (1 —up)?
we obtain _
1= exp | - ATHU” ©)
V2mog p|: 2012
and H"0%€ e
dH; _ 1, ( 9F; 1 1 9*(g11p1) 1
W—E(W) +T2—>1+ |:_§E /Tliaxi (7)
_1 9%logpy dH} 1 gy
2E (gll 3x§ ) . ét 22712, (10)
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FIGURE 4

Zonal average of NIFs at different latitudes. The red (blue) curve
shows NIFs from precipitation (SST) to SST (precipitation). The
meridional SST gradient (green) and the total precipitation
(magenta) data is also shown. The meridional SST gradient and
total precipitation are normalized to [0, 1] by

calculating y;= Xi—%min

Xmax —Xmin *

A Global SST to Local PreC|p|tat|on
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B Global PreC|p|tat|on to Local SST
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FIGURE 5
Maximum remote NIFs (A) from global SST to local precipitation
and (B) from global precipitation to local SST.

where 012

and gy can be obtained using the MLE in Equation (8)

: 2
811~ ALE [(X1—f1—a11X1—a12X2) ] .

Here,

_C22C1 41—C12C2 41

a
I detC
2 —C12C2,41+C11C2 a1
12 detC '
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can be replaced by the covariance of sample Cyj,

(€3))

(12)

(13)
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FIGURE 6

Ratio for the local and maximum remote NIFs (A) from global

SST to local precipitation and (B) from global precipitation to

local SST. The relative importance of local impact becomes

increasingly large as the value approaches one

To quantify the importance of X» to Xj, Bai et al. (2018)
proposed a modified normalization method for T>_, ;. Using
abs (T>_, 1) +abs <dH;“’ise / dt) as the normalizer, T>_, 1 can be
normalized as

abs(T21)
d noise
abs(T241)+abs( H >

A larger rf " ,; means that Xp has a more remarkable IF

B
251~

(14)

than other stochastic parts. Therefore, we can use rg ", to
compare the IF between SST and precipitation anomalies over
the global ocean.

Significance test

Since a real time series data would always be affected by
white noise and random error, T2, is unlikely to be exactly
equal to zero. Thus, a significance test is essential to avoid a
spurious causality. For Equation (6), Liang (2014) indicated that
when N is large enough, T>_,; can be viewed approximately
as normally distributed around the real value with a variance

f(g’z) 012 Then, we denote 0= (f1,a11,a12,b1), and a Fisher
information matrix NI can be obtained as

N 321039(Xn+1
NLj=— ). 90;00;

n=1

Xnié) (15)

Since the inverse of NI is the covariance matrix of 6
(Garthwaite et al., 2002), then we can obtain 6122 from (NI)~1
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FIGURE 7

NIFs between regional average SST and precipitation for February, April, June, August, October, and December in (A) the Nifio-3 region
(150-90°W, 5°N—5°S), (B) the western equatorial Pacific (120—140°E, 5°N—5°S), (C) the southeastern tropical Indian Ocean (90-110°E,
10°S—0°), (D) the northwestern tropical Indian Ocean (40-60°E, 0°-15°N), (E) the ATL3 region(20°W-0°, 3°N—3°S), and (F) the northwestern
Atlantic Ocean (55-30°W, 22-7°N). The blue (red) bar shows NIFs from precipitation (SST) to SST (precipitation).
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Monthly analysis

To examine seasonality in the IF, we regard the data of
different months as different time series and calculate the IF in
each month between SST and precipitation. For instance, when
we calculate T>—, 1 and H;"’ise between SST and precipitation
anomalies in June, we use

X 1u1y—Xi
. . July —j,June
Xj =LY TP 16
j,n Ar (16)
to obtain Xj)n and Cj.gj for Equations (1) and (11), and thus

rf >, ;- In the same manner, we use (Xluly‘X]une;é) in Equation
(15) when conducting a significance test.

Results

Influences between local precipitation
and SST

Local NIFs

We first compute the local NIFs from precipitation to SST
and from SST to precipitation in every grid cell (Figure 1). Since
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most high latitude regions do not show significant NIFs, we
focus on low and mid-latitude regions (60°S—60°N) in this
study. We expect higher NIFs from SST to precipitation in
regions where SST influences atmospheric convection, while
NIFs from precipitation to SST are expected to be higher in
regions where enhanced precipitation with more cloud cover
leads to reduced shortwave radiation reaching the ocean surface
and lower SST.

The NIF from SST to precipitation is significant in almost
all tropical oceans, especially in the eastern and central Pacific.
This may be due to the SST gradients’ impact on the pattern of
moisture convergence, which is more prominent in the tropics
(Shukla and Kinter, 2006). However, there is a small region
around 7°N in the eastern Pacific that does not have significant
NIFs. There are also significant SST-to-precipitation NIFs in the
western tropical Pacific, which may be attributed to the high
SST above the convective threshold (Graham and Barnett, 1987),
but the NIFs are smaller than in the eastern Pacific, because
the meridional SST gradient is relatively weak in the western
Pacific (Figure 2). Some subtropical regions also show small
(<0.1) but significant NIF. This is consistent with the result that
SST has small but discernible effects on the atmosphere in the
extratropics (Kushnir et al., 2002).
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FIGURE 8

Nino3 region

NIFs from remote SST to local precipitation in the Nifio-3 region (red box; 150-90°W, 5°N—5°S) for February, April, June, August, October, and
December. Gray grid cells signify that the NIF is not significant at the 90% confidence level.

In contrast, there is almost no significant NIF from
precipitation to SST in tropical and subtropical regions
(Figure 1). However, significant NIFs are found in a small
portion of the eastern Pacific, where the shortwave radiation-SST
feedback is known to serve as a negative feedback. The NIF from
precipitation to SST is significant mainly in the extratropics. This
result is in agreement with Frankignoul (1985), who concluded
that the atmosphere drives the SST over the extratropics.

Local drivers

Since the value of NIF can represent the magnitude of the
interactions between the ocean and the atmosphere, we can
consider that the ocean is the primary driver in the local ocean-
atmosphere coupling system if the NIF from SST to precipitation
were larger than the NIF from precipitation to SST in a grid
point, and vice versa. To quantify the relative importance of
two-way interactions, we introduce

TSST— Pre — TPre—SST

(17)
TSST— Pre + TPre—SST

Clocal =

where 7gg7_, pre is the magnitude of NIF from SST to
precipitation and tpe_,gs7 is the magnitude of NIF from
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precipitation to SST. An area is primarily driven by the
atmosphere if —1 <Cj,ycq1<0, and by the ocean if 0<Cjyeq1< 1.

Figure 3 reveals that Cjyea; shows considerable positive
values in the tropics and negative values among the extratropics.
This suggests that the ocean is the dominant driver in the
tropical ocean-atmosphere system, while the atmosphere mainly
drives the ocean in the extratropics. This is consistent with Bach
et al. (2019), who have drawn a similar conclusion using the
Granger causality.

Latitudinal variation of NIFs

Since a strong latitudinal dependence for NIFs is seen in
Figures 1, 3, we calculate the zonal average of NIFs at different
latitudes in both directions (Figure 4). It is shown that NIFs
in both directions reach their peak near the equator and
rapidly decrease with increasing latitude in the tropics, but then
they flatten out in the mid-latitudes. The high NIF peak in
both directions indicates that the ocean and the atmosphere
are strongly coupled with each other near the equator. Also,
the SST-to-precipitation NIFs are higher than equatorward of
about 30°N and 30°S, while the precipitation-to-SST NIFs are
higher on the poleward side, in agreement with past literatures
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(Bach etal,, 2019). Interestingly, there is an abnormal local
minimum for the NIFs from SST to precipitation around 7°N
and a local maximum for the NIFs around 15°N. The local
minimum in precipitation-to-SST NIFs may be attributed to the
Intertropical Convergence Zone (ITCZ), which is located to the
north of the equator around 5°N in its mean. We hypothesise
that the ITCZ may restrain the effect from SST to precipitation,
which results in a local minimum of SST-to-precipitation NIFs
around 7°N and therefore a local maximum around 15°N. Also,
there is a slight interhemispheric asymmetry; the peak of the
SST-to-precipitation NIFs is located slightly to the north of the
equator, while the peak of precipitation-to-SST NIFs appears
south of the equator. The northward shift of the peak of SST-
to-precipitation may be attributed to the higher SST north of the
equator, but the reason for the southward shift of the peak in
precipitation-to-SST NIFs is not clear.

Remote analyses

Remote NIFs

Since SST in one place may be influenced by atmospheric
convection in a remote area and vice versa via teleconnections,
we compute the NIFs from SST in all other grid points to
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precipitation in one grid point and from precipitation in all
other grid points to SST in one grid point. Figure 5A shows
the maximum SST-to-precipitation NIFs. All regions show
significant NIFs from somewhere. The NIFs in the tropical
Pacific, particularly in the central and western tropical Pacific,
are relatively high. Besides, the western and eastern tropical
Indian Ocean also show relatively high NIFs. On the other hand,
NIFs in the extra-tropics are lower than 0.2. Precipitation over
regions with low maximum NIFs are not strongly influenced
by SST anywhere on the globe and may be associated with
atmospheric internal variability. Thus, precipitation anomalies
in such regions may be less predictable. For the maximum
NIFs from precipitation to SST (Figure 5B), the most prominent
part is also located in the central and eastern Pacific, although
relatively high NIFs of around 0.4 are found in some regions in
the extra-tropics.

Remote driver

To compare the magnitude of remote and local influences,
the ratio of the local and maximum remote NIFs is computed
(Figure 6). Tt is shown that the local impact from SST to
precipitation is dominant in almost all tropical regions. For the
precipitation-to-SST NIFs, remote impacts are much stronger
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As in Figure 8, but for the southeastern tropical Indian Ocean (90-110°E, 10°S—0°).
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except for a small area in the central-eastern equatorial Pacific
and southeastern tropical Indian Ocean. Also, some regions,
such as the northwestern and southeastern Indian Ocean,
eastern equatorial and northwestern Atlantic, and most of the
equatorial Pacific, show apparently larger remote NIFs from SST
to precipitation. We will discuss where those large remote NIFs
come from for these specific regions in the next subsection.

Regional analyses

To better understand the interactions between the
atmosphere and the ocean in regions with relatively large
NIFs, we select six representative regions: The Nifio-3 region
in the eastern equatorial Pacific (150-90°W, 5°N—5°S),
the western equatorial Pacific (120-140°E, 5°N—5°S), the
southeastern tropical Indian Ocean that corresponds to the
eastern pole of the Indian Ocean Dipole (IOD; 90-110°E,
10°S—0°), the northwestern tropical Indian Ocean (40-60°E,
0°-15°N), the Atl-3 region in the eastern equatorial Atlantic
(20°W—0°, 3°N—3°S), and the northwestern Atlantic Ocean
(55-30°W, 22-7°N).

Figure 7 shows the monthly average of NIFs. For both
directions, NIFs in the Nifo-3 region are generally higher
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than the others, and they are particularly high in October, in
agreement with the development of the ENSO. This suggests that
strong ocean-atmosphere coupled interactions contribute to the
development of the most dominant mode of interannual climate
variability (i.e., ENSO). In addition, the SST-to-precipitation
NIF is more than twice as strong in April when the ENSO often
start to develop, suggesting that ocean-to-atmosphere influence
is more important at the initial stage of its development.
Although the ENSO reaches its peak in December, the SST-to-
precipitation NIF in December is smaller than that in August
and October, because the growth rate of ENSO reaches its
maximum in boreal autumn (Stein et al., 2010; Jin et al,
2019). However, the precipitation-to-SST NIF becomes higher
than the SST-to-precipitation NIF in December and February.
This may be due to the cloud-shortwave radiation feedback
that operates more strongly at the peak phase of the ENSO
(Waliser et al., 1994). In the western equatorial Pacific, relatively
higher SST-to-precipitation NIFs are found in October, which
may be likewise caused by the ENSO. The higher SST-to-
precipitation is also found in February. In the southeastern and
northwestern tropical Indian Ocean, NIFs may be influenced by
the seasonality of the IOD, which generally develops in boreal
summer and reaches its peak in autumn (Saji et al., 1999; Saji
and Yamagata, 2003). In particular, NIFs in both directions over
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the southeastern tropical Indian Ocean are high in October.
In the Atlantic, the NIFs in February are smaller for both
directions. For the ATL3 region, the precipitation-to-SST NIFs
are higher from April to August, while SST-to-precipitation
NIFs are higher in October. The seasonality may be related to
Atlantic Nifo that peaks in boreal summer and the zonal mode
that peaks in November and December (Okumura and Xie,
2006). On the other hand, the SST-to-precipitation NIF peaks
in June and precipitation-to-SST NIF reaches its maximum in
October for the northwestern Atlantic. These seasonal variations
in NIFs may be linked with the seasonality of the Atlantic
Meridional Mode that peaks in late boreal spring (Doi et al,
2010).

We then compute NIFs from SST anomalies in every grid
point to the average precipitation anomalies over the six selected
regions (Figures 8-13). It can be seen that most regions present
significant NIFs from the local SST. Significant local NIFs
are found in February, April, and October for the eastern
equatorial Pacific (Figure 8), and throughout the year except
in December for the western equatorial Pacific (Figure 9). For
the southeastern tropical Indian Ocean (Figure 10), significant
local NIFs are found in June, August, and October, which
are in agreement with the development and peak phases of
the 10D, and significant local NIFs are limited to October
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for the northwestern tropical Indian Ocean (Figure 11). Since
atmospheric circulation over the northwestern tropical Indian
Ocean is strongly influenced by the Indian monsoon and/or
internal atmospheric variability, local SST may not be important
for most of the year (Izumo et al., 2008), but it may have some
influences in the overlying atmosphere in October, possibly due
to weak monsoonal wind during the monsoon break season
and/or the peak phase of the IOD with anomalously warm
SST enhanced precipitation during the positive IOD (Saji et al.,
1999). For the ATL3 region (Figure 12), the local SST-to-
precipitation NIFs are significant in April, August, October, and
December, while for the northwestern Atlantic (Figure 13), the
local SST shows significant impacts in April, June, and August.
Precipitation in the above six regions is also significantly
influenced by remote SST anomalies. In particular, the wide
remote effects from the central Pacific may be due to the
ENSO, the most dominant interannual climate mode. The Nifio-
3 region is affected by the Atlantic SST in April and also receives
some influence from the western Pacific in August, October,
and December (Figure 8). The former can be explained by the
influence from the Atlantic to the ENSO events (Ham et al.,
2013). As for the western equatorial Pacific, there are strong NIFs
from the eastern Pacific and subtropical southwestern Pacific
regions for most of the time (Figure 9), the latter of which
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may be related to the South Pacific Convergence Zone (SPCZ;
Kiladis et al., 1989). The southeastern tropical Indian Ocean is
affected by the central Pacific in August and by the Atlantic
Ocean for February, April, and December as well (Figure 10).
The NIFs from the Atlantic support the inference that there is
some influence from the Atlantic Ocean to the Indian Ocean
(Takaya et al., 2021). The northwestern tropical Indian Ocean is
influenced by SST over the southeastern tropical Indian Ocean
(Figure 11) due to anomalous Walker circulations associated
with the IOD (Tozuka et al., 2016). The precipitation in the
ATL3 region only receives remote impacts from the eastern
Pacific in April (Figure 12). For the northwestern Atlantic
(Figure 13), there are some significant NIFs from the Indian
Ocean in June and August and from the northwestern and
northeastern Pacific except for the April. Since there are no
significant NIFs from the central and eastern tropical Pacific to
the northwestern Atlantic, ENSO events may not have direct
impacts to precipitation in this region.

Conclusions and discussions

In this study, we employ an emerging statistical method
to detect the causality relations between SST and precipitation
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variability. We first compute NIFs between local SST and
precipitation over the global oceans. It is found that the
NIFs from SST to precipitation are significant in most of
the tropical oceans, while the NIFs from precipitation to SST
are significant mainly over the extratropics. The largest NIFs
for both directions appear in the tropical Pacific (>0.5). For
both directions, the magnitude of NIFs decreases with the
latitude. Also, by comparing the magnitude of precipitation-
to-SST and SST-to-precipitation NIFs, this study argues that
the ocean drives the atmosphere more than vice versa over the
tropics, while the atmosphere drives the ocean more among the
extratropical oceans. This supports the earlier study by Bach
etal. (2019).

Furthermore, we use NIFs to verify the teleconnections
between SST and precipitation. The remote SST-to-precipitation
and precipitation-to-SST NIFs are also larger in the tropical
Pacific. However, precipitation seems to receive stronger local
impacts from SST in the tropics, while vice versa for the
extratropics. For precipitation-to-SST NIFs, the remote NIFs are
much larger for most of the regions, except for a small region of
the central-eastern equatorial Pacific and southeastern tropical
Indian Ocean.

Also, six regions with significant NIFs are selected to
calculate the NIFs from remote SST anomalies to average
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As in Figure 8, but for the northwestern Atlantic Ocean (55-30°W, 22-7°N).

precipitation anomalies in those regions. The precipitation of
the western Pacific is affected by not only SST of central
and eastern tropical Pacific, but also the north-central and
south-central Pacific, which may indicate that the western
Pacific receives influences from not only the ENSO, but also
from the SPCZ (Kiladis et al., 1989). However, the effect
from the SPCZ region appears from April to October, but
not clear in December and February, which is the peak
season of the SPCZ. For the Indian Ocean, the teleconnections
between the southeastern and northwestern Indian Ocean
are stronger in boreal fall, and the precipitation over the
southeastern Indian Ocean is also affected by the central tropical
Pacific in boreal summer. For the Atlantic, the ATL3 region
receives impacts from the eastern Pacific in April, while the
northwestern Atlantic seems not being affected by the central
and eastern Pacific.

As an extension of this study, we may compute NIFs
between SST and precipitation anomalies simulated in
coupled models to assess skills of these models in representing
local ocean-atmosphere interactions and teleconnections.
Furthermore, if such NIFs were computed and compared
between historical and future scenario runs, we may
study how ocean-atmosphere interactions change under
global warming.
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Although we have calculated NIFs between SST and
precipitation, ocean-atmosphere interactions are not limited
to these two variables. For example, we may compute
NIFs between latent heat fluxes and SST to investigate
thermodynamic air-sea coupling. If the atmosphere is driving
the ocean, enhanced latent heat loss results in negative
SST anomalies, but if the ocean is driving the atmosphere,
positive SST anomalies generate enhanced latent heat loss.
We may quantify the relative importance of ocean-to-
atmosphere and atmosphere-to-ocean influences using NIFs.
In addition, NIFs between wind stress curl and SST may
be useful in examining the dynamical coupling (Kalnay
et al., 1986). More specifically, cyclonic anomalies may induce
negative SST anomalies via Ekman upwelling, whereas positive
SST anomalies may be induced by anticyclonic anomalies
via Ekman downwelling. On the other hand, anomalously
warm SST may induce anomalous cyclone in the overlying
atmosphere, while cool SST anomalies may induce anticyclonic
anomalies. NIFs may be quite useful to examine their
relative role.

Compared to correlation analysis or other conventional
statistical methods, NIF has some advantages. Most importantly,
we can easily and quantitatively estimate causality relations
between different time series. In addition, the NIF has no
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requirement for the distribution, which means that NIF can
be applied in most situations in the study of climate systems.
However, we note that there are some caveats to this method.
First, NIF is just a statistical method and we emphasize that
results obtained by calculating NIFs should be accompanied
by discussions on physical mechanisms. Also, we may only
use a single lag when calculating NIFs, but some ocean-
atmosphere coupled processes may not be instantaneous and
have different time lags. Since we use At=1 month in this
study, we can only catch the information flow with monthly
timescales. If we want to study the causality for a longer
timescale (e.g., variability associated with the Interdecadal
Pacific Oscillation), we need to use larger At to compute
NIFs.
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