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Abstract The Granger causality test is used to examine the effects of the El Niño–Southern Oscillation
(ENSO), the Pacific Decadal Oscillation (PDO), and the North Atlantic Oscillation (NAO) on global dry/wet
conditions. The results show robust relationships between dry/wet conditions and the ocean states, as
assessed through a multi-index (standardized precipitation evapotranspiration index and standardized
precipitation index) and multiscale (3months and 12months) evaluation. The influence of ENSO events is
widespread, dominating about 38% of the global land surface (excluding Antarctica). Southern and western
North America, northern South America, and eastern Russia are influenced by the PDO. The NAO influences
not only dry/wet conditions in Europe but also dry/wet conditions in northern Africa. Similarly, climate
variability in southern Europe and northern Africa may be due to the concurrence of the ENSO and the NAO.
Knowledge of the spatial influence of ocean states on global dry/wet conditions is valuable for improving
drought and flood forecasting.

1. Introduction

Droughts and flooding are poorly understood because the diverse processes that drive their onset, duration,
and recovery occur at multiple temporal (seasonal, annual, and decade) and spatial (local, regional, and
continental) scales [AghaKouchak et al., 2015; Dai, 2013; Kam et al., 2014; Kao and Govindaraju, 2010].
Drought or flood is ordinarily forced by extremes in natural climatic variations, which in turn are caused by
internal interactions in the atmosphere and feedback from the oceans and land surface [Diaz and Kiladis,
1992; McCabe et al., 2004; Sheffield et al., 2009; Seager et al., 2013]. Many studies have revealed that ocean
states impact the occurrence of droughts and floods [Barlow et al., 2002; Findell and Delworth, 2010]. For
instance, the El Niño–Southern Oscillation (ENSO) is an atmosphere-ocean coupled mode of climate variabil-
ity in the tropical Pacific [Hoerling et al., 1997; McCabe and Dettinger, 1999; Yuan et al., 2015]. Zou et al. [2015]
showed that sea surface temperature variabilities in the tropical Pacific and Atlantic Oceans are of great
importance in forming the climate conditions that drive interannual rainfall variations over the Amazon. In
recent years, climate signals from the oceans, such as the ENSO, the North Atlantic Oscillation (NAO), and
the Pacific Decadal Oscillation (PDO), have been treated as a source of climate predictability in dynamical
forecasting for global and regional dry and wet conditions, because the oceans possess a large heat capacity
and can act as a long-term memory for the climate system [Cayan et al., 1998; Barlow et al., 2001]. Therefore, a
better understanding of the connections between ocean states and dry/wet conditions will aid seasonal drought
and flood forecasting.

However, the spatial influence of the different ocean states on regional dry/wet conditions is heterogeneous.
In this paper, we investigated the spatial distributions of land areas with dry/wet conditions connected to the
ENSO, NAO, and PDO signals. We used the Granger causality test to investigate the impact of these climate
indices on regional dry/wet conditions. The Granger causality test is commonly used in econometrics
[Granger, 1969] but has recently also been applied to other research fields, including the study of climate
systems. For example, Attanasio [2012] analyzed the Granger causality of natural or anthropogenic forcing
on global temperature anomalies and Jiang et al. [2015] utilized the bivariate Granger causality test to identify
the interactions between vegetation variability and local climate over northern China. This paper is structured
as follows: in section 2, we describe the data used and the fundamental conception of the Granger causality
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test and detail the test procedures; in section 3, we present the results; and in section 4, we discuss the results
and present our conclusions.

2. Data and Methods

In this study, we used the standardized precipitation index (SPI) [McKee et al., 1993] and the standardized pre-
cipitation evapotranspiration index (SPEI) [Vicente-Serrano et al., 2010] as indices of dry/wet conditions.

The SPI quantifies observed precipitation as departures from a model of the raw precipitation data and was
estimated for the period 1902–2013 from the Climate Research Unit (CRU) TS3.22 monthly precipitation data
sets, which are popular for the long duration and fine spatial scale of the data. The principal sources for the
construction of the CRU monthly precipitation and temperature data sets are national meteorological agen-
cies, the World Meteorological Organization, the CRU, the Centro Internacional de Agricultura Tropical, and
the Food and Agriculture Organization of the United Nations, among others. All climate station records used
for the CRU data sets have been subject to extensive manual and semiautomated quality control measures
[Harris et al., 2014]. The SPI index was also calculated based on the precipitation data sets from the Global
Precipitation Climatology Centre (GPCC) [Becker et al., 2013] and University of Delaware (UDEL) [Willmott
et al., 2001] to validate the applicability of the CRU.

The SPEI takes potential evapotranspiration data as well as precipitation data into consideration and allows
for an exploration of the effects of temperature variability on drought and wetness assessment [Beguería
et al., 2010]. Long-term global-scale SPEI data for the period 1902–2013 were obtained from the Global
SPEI data set (http://sac.csic.es/spei/). An advantage of both the SPI and the SPEI is that values can be esti-
mated over different timescales. Here the SPI and SPEI indices were calculated over 3month (SPI03 and
SPEI03) and 12month (SPI12 and SPEI12) timescales to represent short-term and longer-term dry/wet condi-
tions. The monthly Southern Oscillation Index (SOI), NAO, PDO, and Niño 3.4 signals were taken from the
Global Climate Observing System (GCOS) Working Group on Surface Pressure (WG-SP) (http://www.esrl.
noaa.gov/psd/gcos_wgsp/Timeseries). A description of these climate indices is given in Table S1 and
Figure S1 in the supporting information.

We applied the Granger causality test (GCT) to examine the impact of these climate indices on global dry/wet
conditions. Granger [1969] first introduced this causality test in the field of econometrics. The test is used to
detect whether there is a potential causal relationship between variables. The Granger notion of causality is that
“a variable Y is causal for another variable X if knowledge of the past history of Y is useful for predicting the future
state of X over and above knowledge of the past history of X itself.” Thus, if the prediction of X is improved by
including Y as a predictor, then Y is said to be Granger causal for X. Recently, Granger models have been shown
to be applicable to some causality problems in climate systems. The test procedure was as follows:

1. The GCT method requires statistically stationary time series. To test for stationarity, we used the augmented
Dickey-Fuller (ADF) test [Dickey and Fuller, 1981], the most commonly used unit root test. The results showed
that the Niño 3.4, SOI, PDO, NAO, SPEI, and SPI indices are stationary series during the period 1902–2013.

2. A two-variable causal model for two stationary time series Xt and Yt was established as follows:

Xt ¼
Xm1

j¼1
ajXt�j þ

Xm2

i¼1
biYt�i þ εt (1)

Xt ¼
Xm1

j¼1
rjXt�j þ ε′t (2)

where X is a dry/wet index time series (SPEI or SPI), Y is a climate index (Niño 3.4, SOI, PDO, or NAO), t is the length
of the time series, a, b, and r are the regression coefficients, and εt andε′t are error terms. Equation (1) is the unrest-
ricted model, which includes both dry/wet and climate index information. Equation (2) is the restricted model, in
which only previous dry/wet information is taken into consideration. m1 and m2 represent the optimal lagged
months for X and Y, respectively. GCT results are susceptible to the lag length. In this study, we used the
Bayesian information criterion (BIC) [Schwarz, 1978] to obtain the optimal lags, with the maximum lag length
set to 12months. Each BIC was calculated from 1 to 12 lag months in the restricted model as follows:

BIC sð Þ ¼ t� ln RSSr=tð Þ þ sþ 1ð Þ� ln tð Þ (3)

RSSr sð Þ ¼
XT

t¼1
ε′
2
t (4)
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where s is the lag order (from 1 to 12) and RSSr is the sum of squared residuals for equation (2). The lag length
with the smallest BIC was considered the optimal lag order m1 for X, and then the unrestricted model was
constructed. The optimal lag order m2 for Y was similarly determined on the basis of the smallest BIC:

BIC m1; s
′

� � ¼ t� ln RSSu=tð Þ þ sþ 1ð Þ� ln tð Þ (5)

RSSu ¼
XT

t¼1
εt2 (6)

where s′ is the lag order (from 1 to 12) for Y and RSSu is the sum of squared residuals for equation (1). After the
optimal lag order m2 for Y was chosen, an F test was used to determine whether the unrestricted estimates
were statistically significantly different from the restricted estimates:

F ¼ RSSr � RSSuð Þ=m2

RSSu= t �m1 �m2 � 1ð Þ (7)

If F is greater than the specified critical value from the F distribution, the null hypothesis that Y does not
Granger cause X can be rejected. Throughout the study, we used a significance level of p< 0.05 to evaluate
the statistical significance of the results. If the p values calculated by the F test were lower than 0.05, Y was
considered to have Granger caused X.

Our research focuses on the period of overlap among the data sets, 1902–2013, and the global land areas
between 90°N and 75°S. In view of the poor instrumental observations in the first half of the twentieth cen-
tury, we also conducted the Granger tests for the periods of 1902–1957 and 1958–2013, respectively. The test
results were then compared to those for the whole period of 1902–2013, to statistically investigate the
robustness of Granger test.

3. Results

Figure 1 shows the relationships between the 3month dry/wet indices (SPEI03 and SPI03) and the climate
indices (Niño 3.4, PDO, SOI, and NAO) for six continents. The results of the GCT show that the causal relation-
ship between Niño 3.4 and short-timescale regional average dry/wet conditions was statistically significant at
the 95% confidence level for all continents except North America (Figure 1a). Although the causal relation-
ship between Niño 3.4 and North America as a whole was not statistically significant, Niño 3.4 did significantly
affect subareas within North America, as discussed below. A causal relationship between the PDO and short-
timescale dry/wet conditions was found for North America and Africa (Figure 1b). Figure 1c shows that the
Granger causal relationship between the SOI and SPEI03/SPI03 was significant over Europe, Africa, and
Australia but that the SOI did not Granger cause dry/wet conditions in the other continents. The NAO
Granger caused dry/wet conditions in Asia and Europe (Figure 1d). For Africa, a causal link was found
between the NAO and SPI03, but not between the NAO and SPEI03. The inconsistency in the results for
SPEI03 and SPI03 is likely related to the way that the two indices are calculated. However, in general, the
SPEI03 and SPI03 had consistent relationships with Niño 3.4, SOI, PDO, and NAO, reflecting the robust tele-
connections between ocean states and dry/wet conditions.

GCT result also shows that the causal relationship between Niño 3.4 and long-timescale regional average
dry/wet conditions (SPEI12 and SPI12) was similar to that for short-timescale dry/wet conditions (SPEI03
and SPI03) over all continents (Figure S2). There was no significant causal relationship between Niño 3.4
and long-timescale regional average dry/wet conditions in North America. The PDO Granger caused long-
timescale dry/wet conditions in Europe, Africa, South America, and Australia, results that are not fully consis-
tent with those for SPEI03 and SPI03. The SOI Granger caused both short- and long-timescale dry/wet condi-
tions over Europe and Africa. For the NAO, the causal relationship with SPEI12 and SPI12 was only statistically
significant in Europe.

The regional average SPEI/SPI indices were calculated by averaging across large regions with different cli-
matic features and phenomena. Because of this smoothing, important fine-scale information is likely to have
been lost, especially at the extremes. Therefore, we also tested the significance of the Granger causal relation-
ship at each grid location: the information contained at this finer spatial scale is likely to be particularly useful
for dry/wet forecasting. Figure 2 shows global maps of the significance of the Granger causal relationships
between the different climate signals (ENSO (Niño 3.4 and SOI), NAO, PDO) and SPEI03 (SPI03). At the 3month
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timescale, dry/wet conditions were significantly Granger caused by Niño 3.4 over approximately 38% of the
global land surface. Significant Granger causality was mainly observed in western and central North America,
northeastern and southern South America, eastern Africa, southern Europe, western and southeastern Asia,
and eastern Australia. The spatial distribution of regions significantly influenced by the SOI was similar to
Niño 3.4: the spatial extent was slightly narrower in North America, eastern Africa, and central Asia but wider
in Australia. The optimal lag order for the SOI and Niño 3.4 was 1month in most grid locations with significant
Granger casual relationships, except for a few grid locations in inland areas that had higher lag orders
(3–4months) (Figure S3). The dry/wet conditions appeared to be predictable with lead times of at least
1month. Although Niño 3.4 and the SOI are both indices for measuring the ENSO, the lag orders for these
indices were 1month and 4months, respectively, in northern Australia. It should be noted that the lag orders
presented in the figure indicate the lag order that produced the most significant relationship between
climate indices and dry/wet conditions, which does not necessarily preclude the existence of relationships
at other lag times. The climate index prediction ability would, however, be lower at other lag times
[Gershunov and Cayan, 2003]. For the PDO, a Granger causal relationship was found in grid locations
scattered across southwestern North America, southern South America, and northeastern Asia. An optimal
lag order of 1month was observed in most grids, indicating that the PDO-related prediction ability was most
significant with a lead time of 1month. The NAO Granger caused dry/wet conditions at the p< 0.05 signifi-
cance level across a large part of Europe and at some locations in Africa. The dry/wet conditions in southern
of Europeweremost strongly connected to the NAO at lag orders of 4months (Figure S3). The spatial distribution
of p values was consistent for SPEI03 and SPI03 across most regions except Greenland, where Niño 3.4, the SOI,
the PDO, and the NAO Granger caused SPI03 but did not Granger cause SPEI03. The results indicate a robust
causal relationship between the four climate indices and short-term dry/wet conditions at the global level.

In general, the spatial distributions at the 12month timescale were similar to those at the 3month timescale.
In southern North America, northeastern and southern South America, southeastern Africa, southern Europe,
central and southeastern Asia, and large parts of Australia, significant Granger causality was observed
between Niño 3.4 and SPEI12 (SPI12) (Figure 3). Comparison of Figures 2a and 3a shows that in Canada,
the region with significant Granger causality between Niño 3.4 and SPEI12 (SPI12) was smaller than the

Figure 1. Granger causality test results for SPEI03 (SPI03) and the climate indices (Niño 3.4, PDO, SOI, and NAO) for the six
continents during 1902–2013. Dashed gray lines indicate the significance threshold (p = 0.05); results below this line were
statistically significant.
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region with significant Granger causality between Niño 3.4 and SPEI03 (SPI03). Differences were also appar-
ent in southern and eastern Asia: at the longer timescale there were larger areas where the dry/wet condi-
tions were affected by Niño 3.4, especially in India and northern China. For the SOI, the sphere of influence
was slightly smaller at the 12month timescale than at the 3month timescale in southern North America,
Europe, central Asia, and Australia. The SOI Granger caused dry/wet conditions at longer timescales over lar-
ger parts of India, consistent with the results for Niño 3.4. SPEI12 and SPI12 were most consistent with the SOI
at 6month lag orders at some grid locations in northern Australia, which differs from the results for SPEI03
and SPI03 (Figure S4). For the PDO, the spatial patterns were generally consistent at the two timescales
except for southern Russia, where the relationship between the PDO and SPEI12 (SPI12) was not statistically
valid. Lastly, the NAO significantly affected dry/wet conditions over a smaller area at the 12month timescale
than at the 3month timescale. Although scattered grid locations in Europe and northern Africa showed sta-
tistically significant relationships between NAO and SPEI03 (SPI03), only Spain showed a statistically signifi-
cant relationship between NAO and SPEI12 (SPI12) with a lag order of 12months (Figure S4). Dry and wet
events are poorly understood and are difficult to pinpoint in time and space owing to their intrinsic

Figure 2. Global maps of the Granger causality test p values for SPEI03 (SPI03) and the climate indices (Niño 3.4, PDO, SOI,
and NAO) for the periods of 1902–2013. The colored regions indicate areas with statistically significant results (p< 0.05),
whereas the white regions indicate areas that did not have statistically significant results. The different colors represent
different p values.

Geophysical Research Letters 10.1002/2016GL069628

SUN ET AL. CAUSE OF GLOBAL DRY/WET CONDITIONS 6532



multiscalar nature. Previous studies have revealed that dry and wet events at different timescales pose differ-
ent threats to vegetation and hydrology [Vicente-Serrano et al., 2013]. Droughts occurring over a longer time-
scale (such as SPEI12/SPI12) might be affected by the cumulative dry conditions in some specific months and
may not be directly caused by oceanic climate signals [Vicente-Serrano et al., 2011]. In addition, the influence
of climate indices is smoothed when calculated over long timescales, whichmay have contributed to some of
the reductions in significant relationships at longer timescales.

4. Discussion and Conclusions

The Granger causality test enabled us to examine the relationship between sea surface temperatures and glo-
bal dry/wet conditions in an objective way. Our study provides a general picture of how short- and long-term
dry/wet conditions are associated with different ocean states. The relationships observed were robust, as evi-
denced by the fact that similar results were seen with multiple indices (SPEI and SPI) and multiple timescales
(3months and 12months). A combination of the SOI and Niño 3.4 indices indicates the evolution of ENSO
events. The results for the SOI and Niño 3.4 indices were mostly consistent except for central Northern

Figure 3. Global maps of the Granger causality test p values for SPEI12 (SPI12) and the climate indices (Niño 3.4, PDO, SOI,
and NAO) for the periods of 1902–2013. The colored regions indicate areas with statistically significant results (p< 0.05),
whereas the white regions indicate areas that did not have statistically significant results. The different colors represent
different p values.
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America and Europe, where there was no clear Granger causal relationship between the SOI and SPEI (SPI).
The SOI is based on differences in air pressure between Tahiti and Darwin, Australia, which are located some-
what south of the equator (Tahiti at 18°S, Darwin at 12°S). However, the ENSO phenomenon is a large system
that is focused more closely along the equator. This may contribute to the lack of a significant relationship
between the SOI and dry/wet conditions in these regions. Furthermore, although the SOI and Niño 3.4 are
both common indices for measuring the state of the ENSO, the correlation coefficient between monthly
SOI and Niño 3.4 was only �0.602 for the period 1902–2013, indicating that the two indices are not comple-
tely consistent. Short-term fluctuations have a greater influence on the SOI than Niño 3.4 because the SOI is
calculated from the sea level pressure at two individual stations. Previous studies have investigated the tele-
connections between the ENSO and extreme climatic events (floods, droughts, heat waves, etc.) in different
regions and found that El Niño (La Niña) phases generally correspond to increased (decreased) precipitation
in the southern Pacific Ocean and dry (wet) conditions in Australia, southeastern Asia, southern Africa, and
northern South America [Diaz et al., 2001; Huang and Xie, 2015; Sun et al., 2015; Vicente-Serrano et al., 2011].

The spatial distributions described in this paper show that the influence of ENSO events is widespread and
robust. The evolution of the ENSO was associated with dry/wet conditions over approximately 38% of global
land surface, covering western and central North America, northeastern and southern South America, eastern
Africa, southern Europe, western and southeastern Asia, and eastern Australia. The results provide strong evi-
dence that the ENSO modulates the variability in global atmospheric circulation. Fluctuations in surface tem-
perature and trade wind intensity in the ENSO basin induce important changes in tropical circulation and
affect global meteorological conditions via atmospheric teleconnections. Based on wind-driven seasonal var-
iations in the amount of heat stored in the upper few hundred meters of the tropical Pacific Ocean, ENSO
becomes the most predictable climate fluctuation on Earth system [McPhaden et al., 2006]. Greater assess-
ment of the possible climate responses to ENSO variations in the regions listed above will not only help to
explain climate variability and the occurrence of extreme events but will also improve climate predictions.

The PDO contributes to the decadal to multidecadal variability in the tropical and midlatitude Pacific and is
widely used to characterize anomalies in the Northern Hemisphere climate and the North Pacific ecosystem
[Mantua et al., 1997; Schneider and Cornuelle, 2005]. Our results revealed that the regions in which dry/wet
conditions were influenced by the PDO were concentrated in southern and western North America, northern
South America, and eastern Russia. The NAO is the dominant mode of climate variability in the North Atlantic
region and interferes both with the mean climate and with climate extremes across Europe [Dong et al., 2010;
Scaife et al., 2008]. The Granger causality test identified NAO variability as associated with dry/wet conditions
not only in large parts of Europe but also in northern Africa.

It is noteworthy that in some regions, the causal relationship depends on the timescale at which dry/wet con-
ditions were measured. In Europe and Africa, dry/wet conditions measured at short timescales showed a
strong relationship with the NAO, but the relationship was weaker when dry/wet conditions were measured
over a longer timescale. In India and northern China, the ENSO Granger caused long-term but not short-term
dry/wet conditions. Measurements over longer timescales generate smoother fluctuations and hence longer
sequences of anomalies with the same sign [Vicente-Serrano et al., 2011]. Our results suggest that the NAO
tends to result in greater flash climate variability in the affected regions, whereas the ENSO tends to produce
gradual and persistent effects in India and northern China. In addition, the results also suggest that dry/wet
conditions can be affected by multiple factors. It is clear that drought and wetness conditions over North
America and northern South America are affected by the combined influence of the ENSO and the PDO
[Gershunov and Barnett, 1998]. The ENSO and the NAO are sources of climate variability in southern Europe and
some locations scattered across northern Africa [OrtizBevia et al., 2010]. The state of large-scale oceanic and atmo-
spheric variabilities (the PDO, the Aleutian low pressure, the Arctic Oscillation, etc.) can significantly modulate the
global influence of ENSO teleconnections [Kwon et al., 2013;Wang et al., 2014]. For instance, Hu and Huang [2009]
indicated that ENSO and PDO signals can reinforce each other when the ENSO and the PDO are in phase, which
would intensify the climate anomalies over the regions affected by these two oscillations [Gershunov and Barnett,
1998]. Therefore, studying the mutual relationships among ocean climate indices is likely to help explain dry/wet
changes across global land surfaces and may improve the accuracy of climate predictions.

In summary, the analyses presented here show that stable and robust teleconnections exist between the
ENSO, PDO, and NAO and global dry/wet conditions. The Granger test results based on different periods

Geophysical Research Letters 10.1002/2016GL069628

SUN ET AL. CAUSE OF GLOBAL DRY/WET CONDITIONS 6534



(Figures S5–S8) and observed data sets (Figures S9 and S10) also reflect these robust and general relation-
ships. The causal relationships presented here will likely be useful for investigations into the climate variabil-
ity and global warming-related occurrence of droughts and flooding in different regions of the world. For
instance, the frequency of droughts in East Africa has increased in recent years. This trend is most likely
caused by natural sea surface temperature variability in the Pacific Ocean and the evolution of the ENSO,
as shown by this study and previous studies [Camberlin and Philippon, 2002; Lyon and DeWitt, 2012; Mason
and Goddard, 2001]. Knowledge of the spatial patterns by which different ocean states influence global
dry/wet conditions will help couple ocean variability information to drought forecasting. The evidence for
relationships between the climate indices and local dry/wet conditions is credible and robust.

The Granger test results are generally in agreement with the results from other attributive methods (e.g.,
empirical orthogonal function (EOF) analyses). For instance, the Granger test results show robust influence
of ENSO and PDO on the dry/wet conditions over the southwestern North America and the southern Great
Plains, which is consistent with the results from the Climate Variability and Predictability drought experi-
ments [Schubert et al., 2009; Mo et al., 2009]. EOF analyses have revealed teleconnections between the
ENSO signal and climate variability in southeast China [Zhang and Zhou, 2015], Australia, and the Amazon
[Lewis et al., 2011; Lopes et al., 2016], similar to the results from the Granger test. We believe that the
Granger causality test is reliable and easier to use for large-scale studies. Compared with other attributive
methods, Granger causality offers more insights in the detected relationships (e.g., analyzing lag time). The
large heat capacity of the ocean allows an oceanic climate signal to persist for months. The corresponding
climate response to such climate signals would not be synchronous and would exhibit various lag times in
different regions. The lag time values in each grid, available from the Granger causality test, would suggest
whether the climate signals from the previous months significantly cause dry/wet conditions over land. For
example, the sensitivity of Northern America and northern Australia to the ENSO signals is different. While
both are affected by ENSO, the optimal lag order for the ENSO indices was 1month in most grid locations
of northern America, but the lag orders for these indices can be up to 4months in northern Australia. The
NAO from the previous 4months shows a significant causal relation with the dry/wet conditions in southern
Europe. Compared with the lagged correlation statistics in previous studies, the causality test is generally
more rigorous and reliable since it based on the notion of predictability in which climate indices are treated
as potential predictors [Wang et al., 2004].

It is noted that the Granger causality test used in this study has some limitations. For example, the Granger
causality test is based on linear regression modeling, as shown in equations (1) and (2). However, the relation-
ship between a certain predictor and the corresponding climate response may be nonlinear with complex
dynamics. Our analysis did not account for nonlinear causal relationships between ocean climate signals
and climate conditions over land. Moreover, the method tests only a bivariate relationship and does not con-
sider mutual and compounding effects of different, related, variables. Furthermore, the Granger causality test
examines only statistical relationships between different variables. Understanding the physical mechanisms
underlying the feedback between changes in ocean and land climate would require additional investigation.
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