1 APRIL 2018 WANG ET AL. 2699

Toward Predicting Changes in the Land Monsoon Rainfall a Decade in Advance
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ABSTRACT

Predictions of changes of the land monsoon rainfall (LMR) in the coming decades are of vital importance for
successful sustainable economic development. Current dynamic models, though, have shown little skill in the
decadal prediction of the Northern Hemisphere (NH) LMR (NHLMR). The physical basis and predictability for
such predictions remain largely unexplored. Decadal change of the NHLMR reflects changes in the total NH
continental precipitation, tropical general circulation, and regional land monsoon rainfall over northern Africa,
India, East Asia, and North America. Using observations from 1901 to 2014 and numerical experiments, it is
shown that the decadal variability of the NHLMR is rooted primarily in (i) the north-south hemispheric thermal
contrast in the Atlantic-Indian Ocean sector measured by the North Atlantic-south Indian Ocean dipole
(NAID) sea surface temperature (SST) index and (ii) an east-west thermal contrast in the Pacific measured by an
extended El Nifio-Southern Oscillation (XEN) index. Results from a 500-yr preindustrial control experiment
demonstrate that the leading mode of decadal NHLMR and the associated NAID and XEN SST anomalies may
be largely an internal mode of Earth’s climate system, although possibly modified by natural and anthropogenic
external forcing. A 51-yr, independent forward-rolling decadal hindcast was made with a hybrid dynamic con-
ceptual model and using the NAID index predicted by a multiclimate model ensemble. The results demonstrate
that the decadal changes in the NHLMR can be predicted approximately a decade in advance with significant
skills, opening a promising way forward for decadal predictions of regional land monsoon rainfall worldwide.

1. Introduction changes in land monsoon rainfall (LMR) a decade in
advance. Forecasting such changes requires knowl-
edge and understanding of anthropogenic forcing as
well as large-amplitude natural decadal variability
(Meehl et al. 2014). Some progress has been made in

projecting the impacts of anthropogenic climate

Increasing demands of infrastructure planning, water
resource management, disaster mitigation, and sustain-
able development require skillful predictions of the
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change on LMR (Meehl et al. 2007; Lee and Wang
2014). However, the mechanisms responsible for the
natural decadal variability of LMR, which often
overwhelms the anthropogenic trend on decadal time
scales, remain elusive.
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Progress has been made in documenting and under-
standing decadal variations in monsoon precipitation in
individual monsoon regions (Webster et al. 1998; Sutton
and Hodson 2005; Goswami et al. 2006; Lu et al. 2006;
Meehl and Hu 2006; Zhang and Delworth 2006). Fur-
thermore, such predictions would allow for “strategic
adaptation,” whereby extreme periods could be antici-
pated and their impacts mitigated (Webster and Jian
2011). However, the decadal variations and response to
external forcing often occur beyond regional scales, such
that a regional approach is unable to identify coherent,
decadal changes and overriding, planetary-scale con-
trols (Yim et al. 2014). Recent studies have examined
the total global and Northern Hemisphere (NH) mon-
soon rainfall over both ocean and land during the short
period of 1979-2012 (Wang et al. 2012, 2013). Because
the oceanic monsoon rainfall far exceeds that over land,
it remains unclear how the rainfall varies over land
alone, the part most relevant for addressing societal
concerns and needs. In addition, previous studies of the
global-scale LMR could not differentiate between the
trends associated with anthropogenic forcing and those
related to natural climate variability due to the rela-
tively short record used (Wang and Ding 2006; Zhou
et al. 2008).

Direct decadal predictions of precipitation in some of
the models from phase 5 of the Coupled Model In-
tercomparison Project (CMIPS) have shown some skill
over the Sahel, midlatitude Eurasia, and parts of North
America and southern South America (Bellucci et al.
2013; Gaetani and Mohino 2013; Martin and Thorncroft
2014; Meehl et al. 2014; Bellucci et al. 2015; Otero et al.
2016), but part of the positive skill found after 1980 can
be attributed largely to specified atmospheric green-
house gas concentration variations (Doblas-Reyes et al.
2013). Decadal predictions have shown some skill in
forecasting 4-yr mean Sahel rainfall with lead times of
2-5yr, but the skill is not statistically significant (p ~ 0.2)
(van Oldenborgh et al. 2012). Prediction of LMR be-
yond the Sahel region has not been attempted before.

Itis generally recognized that the variability on longer
time scales often involves a larger spatial scale. How-
ever, the spatial scales of the coherent decadal variation
of LMR, especially the dependence of decadal pre-
dictability on spatial scales, are unknown. The funda-
mental forms of decadal variability of LMR and the
physical basis for decadal prediction of LMR have not
been established, and the potential decadal pre-
dictability of LMR has yet to be estimated. The present
study focuses primarily on the Northern Hemisphere
LMR (NHLMR) because it has profound impacts on the
global hydroclimate, and the NH monsoon region is
home to about two-thirds of the world’s population,
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particularly in less-developed countries that are often
stressed by agricultural and urban water shortages; the
latter is exacerbated by rapid urbanization, and both are
affected by population growth.

In section 2, we describe the data and coupled climate
model, numerical experiments, and the decadal pre-
diction and validation methods used in this study.
Section 3 discusses the rationale and physical meaning
of the NHLMR index, a quantitative measure of the
variability of NHLMR. Section 4 shows the origins of
the decadal variability of the NHLMR are rooted in
the North Atlantic—south Indian Ocean dipole
(NAID) and extended El Nifio-Southern Oscillation
(XEN). In section 5, the physical basis for the decadal
prediction of the NHLMR is discussed based on two sets
of numerical experiments. Section 6 presents the skills of
the decadal prediction of the NHLMR index using a
hybrid dynamic conceptual model and the predictability
estimation. The final section presents concluding
remarks.

2. Data, model, experiments, and methodology
a. Data and decadal variation component

To examine the observed decadal-multidecadal vari-
ation, we used several long-record datasets:

(i) The monthly precipitation over global land from
the Climatic Research Unit (CRU) time series
version 3.23 (TS3.23) analysis, with a resolution
of 0.5° X 0.5° during 1901-2014 (Harris et al. 2014).

(i) The monthly precipitation derived from a historical,
reconstructed precipitation dataset, with a resolution
of 5° X 5° for 1901-2008 [twentieth century (20C)
reconstructed precipitation] (Smith et al. 2010).

(iii) The monthly data of 850-hPa wind taken from the
Twentieth Century Reanalysis (Compo et al. 2011),
with a resolution of 2° X 2° for 1901-60.

(iv) The monthly circulation data derived from com-
bined ERA-40 (Uppala et al. 2005) and ERA-
Interim (Dee et al. 2011) data for 1958-2014.

(v) The monthly mean blended SST from the Hadley
Centre Sea Ice and Sea Surface Temperature data-
set (Rayner et al. 2003), with a resolution of 1° X 1°
(1901-2014), and the NOAA Extended Recon-
structed SST version 4 (Huang et al. 2016), with a
resolution of 2° X 2° for 1901-2014.

To make these spatial resolutions comparable, we
regridded all datasets using a uniform resolution of
2.5° X 2.5°

To focus on the decadal-multidecadal variation, we
used 4-yr running mean time series. The 4-yr running
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mean is a widely used convention in the identification of
decadal variability (Kim et al. 2012; van Oldenborgh
et al. 2012; Goddard et al. 2013). For the 4-yr running
mean time series, the yearly mark represents the sec-
ond year of the 4-yr mean period; statistical tests for
correlation coefficients are determined by the effective
degrees of freedom by taking into account autocorre-
lations (Livezey and Chen 1983).

b. Coupled climate model and numerical experiment
designs

Considering the strong air—sea interactions over the
monsoon regions, we use a coupled climate model, the
Nanjing University of Information Science and Tech-
nology (NUIST) coupled Earth System Model (NUIST-
ESM) (Cao et al. 2015, 2017), to conduct numerical
experiments. The low-resolution version of NUIST-
ESM version la (vla) was used, which consists of the
Nucleus for European Modelling of the Ocean (NEMO,
version 3.4) model (Madec 2008); ECHAM (version
5.3), which is directly coupled with a simple land surface
model (Roeckner et al. 1996); the CICE (version 4.1) sea
ice model (Hunke and Lipscomb 2010); and the Ocean
Atmosphere Sea Ice Soil, version 3 (OASIS3)-Model
Coupling Toolkit version 3.0 (MCT_3.0) coupler (OASIS3-
MCT _3.0; Craig et al. 2017). The horizontal resolution of
the atmospheric component is spectral T42, and there
are 31 vertical levels. The ocean model also has 31 levels,
and its horizontal resolution is 2° X 2°, with an increased
resolution of /3° in the meridional direction in the equa-
torial region.

Two sets of numerical experiments were conducted.
The first is a 500-yr uninitialized preindustrial experi-
ment, which follows the CMIP5 (Taylor et al. 2012)
protocol. The external forcings, including solar, volca-
nic, greenhouse gases, and land use/land cover, were
fixed at the conditions at AD 1850. The purpose of this
experiment is to identify the internal modes of the
coupled climate system arising from the internal feed-
back processes among the atmosphere, ocean, land, and
sea ice.

The second set of experiments consists of coupled
integrations in which SST anomalies (SSTAs) associated
with observed NAID and XEN indices act as a forcing to
the atmosphere through nudging SST in the coupled
climate model, while the external forcings (solar, vol-
canic, and greenhouse gases) are fixed at 1990 condi-
tions. The purpose of this experiment is to simulate the
steady response of the monsoon precipitation and cir-
culation to a given NAID and XEN SSTA forcing.
Following Alexander et al. (2002), only the SSTAs in the
tropics (between 25°S and 25°N in the Pacific and be-
tween 30°S and 30°N in the North Atlantic-south Indian
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Ocean) are strongly nudged to the observed XEN or
NAID patterns, while the atmosphere—ocean interaction
is allowed to determine the SSTAs outside the forcing
regions. Buffer zones with a width of 5° latitude—longitude
along the nudged SSTA boundaries were used to obtain
smoothed solutions.

Each forced experiment includes a 40-yr integration,
and the result of each year is considered as one ensemble
member, so the 40-member ensemble mean is used to
suppress internal variability. For each set of the forced
experiments, we conducted a pair of experiments in
which two sets of ensemble simulations (each with 40
members) were made with opposite polarities in the
NAID and XEN SSTA forcing. The differences be-
tween the two-ensemble means are taken as the atmo-
spheric responses to the NAID and XEN SST anomalies.
As a result, the SST anomaly over the forcing region
is similar to observation, but the amplitude is nearly
doubled.

In the SSTA forcing experiments, the SSTA in the
specified regions was nudged toward the correspond-
ing observed anomaly dSST superimposed on the
model climatology SST,, by adding an additional SST
tendency term in the uppermost level of the ocean
temperature equation, dSST/dtyudging = [(SSTme +
aSST) — SST,,,]/(1/2 day), where SST,,,. is the model’s
climatological SST in the freely coupled run, SST
represents the observed regressed SST anomalies with
reference to the two proposed SST indices, and SST,,
is the model-simulated SST at each time step. The
nudging time scale is short: one-half day. The resultant
precipitation differences (between the paired oppo-
site polarities sensitivity experiments) are considered
to be the effects of the SSTA in the nudged (or forced)
regions together with the atmosphere—ocean in-
teraction that modify the local and remote forcing
effects.

c. Hybrid dynamic conceptual forecast model, IFR
prediction method, and forecast skill measures

A hybrid dynamic conceptual forecast model was built
to predict decadal variations of the NHLMR. The dy-
namic conceptual model takes a two-tier approach in
which a conceptual model is first derived from obser-
vations that link the NHLMR and SSTA indices, and
then the SST indices predicted by the multidynamic
model ensemble mean are used to predict the NHLMR.

An independent forward-rolling (IFR) prediction
method was used for decadal prediction (e.g., Wang
et al. 2015). Specifically, a “60yr—10yr” IFR prediction
was made. Here, 60 yr is the training period, and 10 yr is
the prediction period. Note that the conceptual pre-
diction model is derived using only the 60 yr of data prior
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FIG. 1. Leading decadal mode of NH land summer monsoon rainfall variability (1901-2014). (a) Spatial pattern of
the first EOF mode of the 4-yr running mean summer (MJJAS) rainfall and (b) the corresponding principal
component (PC1; red line). The yearly mark on the x axis represents the second year of the 4-yr running mean. For
comparison, the normalized decadal NHLMR (blue line) index is also plotted. The NHLMR index is the area-
weighted average of the summer precipitation within the NH land monsoon domains (outlined by the red contours),
which are defined by the regions where the local summer-minus-winter precipitation exceeds 300 mm, and the local
summer precipitation exceeds 55% of the annual total. Here, summer is MJJAS, and winter is November—March.
The insignificant least squares linear trends were removed before performing EOF analysis.

to the initial date of the dynamical prediction, and the
forecast was made for the ensuing 10 yr. For instance, for
the prediction initialized in 1961, we derived the con-
ceptual prediction model using only the data from 1901
to 1960 and then predicted the NHLMR for the ensuing
10-yr period of 1961-70 so that a set of 4-yr-mean pre-
dictions could be obtained: that is, years 1-4 (1961-64),
years 2-5 (1962-65), ... , years 7-10 (1967-70). Simi-
larly, we used data from 1902 to 1961 to predict the
ensuing 10-yr (1962-71) forecast, and so on. Note that
the conceptual model derived in the IFR prediction
method does not use any information from the pre-
diction period; thus, the conceptual model is free of ar-
tificially built-in skill. In this sense, the prediction
is independent, so that the IFR prediction provides a
more rigorous statistical test than the conventional
cross-validation method.

To measure deterministic forecast skill, we used the
correlation skill and the mean square skill score (MSSS)
(Murphy 1988; Goddard et al. 2013). The MSSS reflects
the percentage reduction in the mean square error
(MSE) of the model forecast, compared to the MSE of
the “climatological forecast,” MSE. =n~ 'Y (x; — x)’.
The MSSS is defined as

MSE

Here, the mean square error of forecasts is defined as

1 n
MSE = — 3 (f, = x,)".
i=1

where x; and f; denote the time series of the observations
and forecasts, respectively. A positive (negative) skill
indicates that the model forecast is better (worse) than
the climatological forecast.

3. The NHLMR index
a. Definition of NHLMR index

Following Wang and Ding (2008) and Lee and Wang
(2014), the NH land monsoon regions are defined by the
regions where the local summer-minus-winter pre-
cipitation exceeds 300 mm, and the local summer pre-
cipitation exceeds 55% of the annual total (outlined by
the red contours in Fig. 1a). Here, summer is May-
September (MJJAS), and winter is November—March.
The monsoon precipitation domain in NH includes four
regional monsoons over northern Africa, South Asia,
East Asia, and North America (Fig. 1a).

Figure la presents the spatial pattern of the leading
empirical orthogonal function (EOF) mode of the de-
cadal variation of the summer (May-September) mon-
soon precipitation over the NH land monsoon regions
for the period of 1901-2014. The dominant mode of
the 4-yr running mean NH summer LMR shows a nearly
uniform spatial pattern across all of the NH land monsoon
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regions, including northern Africa, South Asia, East
Asia, Central and North America, and Venezuela, sug-
gesting decadal variation of LMR may occur on a hemi-
spheric scale.

The spatial coherency in the leading mode indicates
that the intensity of the NH summer LMR can be
measured meaningfully by the summer mean pre-
cipitation averaged over the entire NH land monsoon
domain, as outlined by the red curves in Fig. 1la. We,
therefore, introduce an NHLMR index defined as the
area-weighted average of the summer mean pre-
cipitation over the entire NH land monsoon domain.
The NHLMR index is computed from the CRU dataset.
The same index computed from the 20C reconstructed
precipitation is highly correlated (r = 0.95) with it,
lending confidence to the values of the CRU rainfall
index.

The NHLMR index represents the leading principal
component of the NHLMR variability (r = 0.94;
Fig. 1b). Because the summer monsoon rainfall dom-
inates the corresponding annual mean rainfall, the
yearly total rainfall from May to the next April (re-
ferred to as the ‘“‘monsoon year’”; Meehl 1987;
Yasunari 1991) is highly correlated with the summer
rainfall (r = 0.96); thus, the NHLMR represents not
only the variation of summer rainfall, but also the
variation of annual precipitation. In this study, the
4-yr running mean NHLMR is referred to as the de-
cadal variation in the NHLMR or, simply, the decadal
NHLMR.

The decadal NHLMR index displays large-amplitude
fluctuations with a percentage change of up to
3.6% decade ! (Fig. 1b), which is much larger than the
corresponding trend induced by anthropogenic forc-
ing (only approximately 0.5% decade ') projected by
the CMIPS multimodel ensemble under the repre-
sentative concetration pathway 4.5 (RCP4.5) scenario
(Lee and Wang 2014). The result here suggests that
decadal variation might have a major contribution to
the total precipitation change on a time scale of a few
decades.

b. Relationship between NHLMR and circulation,
hydrology, and regional monsoons

The NHLMR index measures interannual and de-
cadal variations of the tropical general circulation. The
year-to-year variation of the NHLMR index correlates
well with interannual variations of the summer mean
intensities of the tropical monsoon circulation (r = 0.87,
p < 0.01) and the Walker circulation (r = —0.69, p <
0.01; Figs. 2b and 2c, respectively). Here, the tropical
monsoon circulation intensity is measured by the verti-
cal shear of the zonal wind (850- minus 200-hPa zonal
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wind) averaged over 0°-20°N, 120°W-90°E (Wang et al.
2013), and the intensity of the Walker circulation is
measured by the low-level zonal winds at 850 hPa av-
eraged over the equatorial Pacific (10°S-10°N, 140°E~
140°W).

The NHLMR index is a good indicator for the NH
hydrological cycle. The decadal NHLMR index is highly
correlated with the decadal variation of the total pre-
cipitation over the entire NH land region between the
equator and 60°N (r = 0.83, p < 0.01; Fig. 2a). Note,
however, that the total amount of the precipitation av-
eraged over the NH land regions has an increasing trend
that comes primarily from the nonmonsoonal, mid-to-
high-latitude regions.

The decadal NHLMR index also reflects well the
decadal variations of its four regional components
over northern Africa, South Asia, East Asia, and
North America. The results in Fig. 3 show that the
leading EOF modes of the four NH regional monsoons
(northern Africa, India, East Asia, and North Amer-
ica), similar to the NHLMR, also exhibit nearly uni-
form variability, but they account for a much higher
fractional variance than the NHLMR, especially over
northern Africa and India, where the leading modes
account for 38% and 34% of the total variance, re-
spectively. The summer mean rainfall averaged over
each regional monsoon domain can be used to define
the corresponding regional LMR indices. These re-
gional LMR indices represent the corresponding re-
gional leading modes well with correlation coefficients
varying from 0.76 to 0.97. Note that the decadal
NHLMR is significantly correlated with the decadal
variations of all four regional LMR indices with sig-
nificant (p < 0.01) correlation coefficients ranging
from 0.51 to 0.73 (Table 1). Therefore, understanding
the sources of predictability of the NHLMR may
provide useful information for understanding of de-
cadal predictions of the individual regional LMR, and
vice versa.

4. Sources of the decadal variability of the
NHLMR

To detect potential causes of decadal variability, we
explore how the NHLMR is linked to decadal variations
in the global SST. Figure 4 shows the correlation map of
the 4-yr running mean SSTA and the decadal NHLMR
during the period of 1901-2014. The SSTA pattern
features a grand east—west contrast in the Pacific and a
north-south hemispheric contrast in the Atlantic and
Indian Ocean sector. Over the Atlantic and Indian
Oceans, the SSTA associated with an intensified NHLMR
features a warm North Atlantic (NA) and cold south
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FIG. 2. NHLMR index and tropical general circulation intensity. (a) The decadal NHLMR
index (black) and the 4-yr running mean NH land rainfall (NHLR) index (blue), which is the
MIJJAS mean precipitation averaged over the NH land areas between 0°and 60°N. (b) The
year-to-year variations of the tropical monsoon circulation intensity index (red) measured by
the vertical shear of zonal wind (850- minus 200-hPa zonal wind) averaged over 0°-20°N,
120°W-90°E. (c) The year-to-year variations of the Walker circulation intensity index (red)
measured by the low-level zonal winds at 850 hPa averaged over the equatorial Pacific (10°S—
10°N, 140°E-140°W). All time series are normalized by their corresponding standard de-
viations. The correlation coefficients and the corresponding statistical significance levels are
shown at the bottom of each panel. Combined ERA-40 and ERA-Interim dataset for 1958-
2014 is used to calculate the circulation intensities.
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FI1G. 3. (a) The leading EOF modes of regional summer LMR decadal variability during 1901-2014 after 4-yr running average. (top) The
spatial pattern and (bottom) the corresponding principal component (PC1; red line) of the first EOF mode of the summer (MJJAS) mean
rainfall over the NAF-L region. For comparison, the northern African summer LMR index (blue line) is also plotted in the bottom panel
with the temporal correlation coefficient (TCC) shown in the top-right corner. (b)-(d) As in (a), but for EA-L, NAM-L, and IND-L,

respectively.

Indian Ocean (SIO). To quantify this characteristic pat-
tern, we define a NAID index:

NAID index = SSTA(NA) — SSTA(SIO),

which is the SSTA averaged over the NA (0°-60°N,
80°W-0°) minus that averaged over the SIO (0°-40°S,
50°-110°E), as illustrated in Fig. 4. The decadal variation
of the NAID index is significantly correlated with the
decadal NHLMR index (r = 0.68, p < 0.01; Fig. 5a).

Note here that both the averaged SST anomaly for the
North Atlantic (0°-60°N, 0°-80°W) (Enfield et al. 2001)
and the SST anomalies averaged over the SIO have
significant upward trends, and individually they are not
significantly related to the NHLMR index (Fig. 6). In
contrast, their difference, the NAID index, has no ap-
preciable trend and correlates significantly with the
decadal NHLMR.

The NAID index represents not only the contrasting
SSTA between the NA and SIO, but also the north-
south hemispheric SSTA contrast in the Atlantic-Indian
Ocean sector, denoted by the NASIOSA index and
calculated by 2 X NA SSTA — SIO SSTA — SA SSTA,
where SA is the South Atlantic (0°~40°S). This alterna-
tive index is highly correlated with the NAID index (r =
0.94, p < 0.01). Both the NAID and NASIOSA indices
are significantly correlated with the NHLMR index
(Fig. 5a). Basically, use of either index yields the same
prediction results.

How can the NAID affect the NHLMR? The NAID
dominates the overall north-south hemispheric SST
contrast because the Pacific SSTA is primarily an east—
west contrast (Fig. 4), and the north-south hemispheric
contrast in the Pacific is not significantly correlated with
the NHLMR index (r = 0.32, p > 0.05). It has been

shown that the NHLMR can be changed by the inter-
hemispheric SST gradients—induced, low-level, north-
ward cross-equatorial flows (Liu et al. 2009, 2012; Wang
et al. 2013). A positive phase of NAID combines the
effects of a warm NA and cold SIO. The warm NA can
shift the intertropical convergence zone northward
(Schneider et al. 2014) and enhance the North American
monsoon (Sutton and Hodson 2005; Meehl and Hu
2006), the West African monsoon (Gaetani and Mohino
2013; Martin and Thorncroft 2014; Otero et al. 2016),
and Asian rainfalls (Lu et al. 2006; Meehl and Hu 2006;
Zhang and Delworth 2006). A cold south Indian Ocean
can enhance the northward temperature gradient
between the Indian Ocean and the Asian continent,
strengthening the Asian monsoon rainfall (Webster
et al. 1998).

The principal Pacific decadal SST anomaly is charac-
terized by an east-west contrast resembling the inter-
decadal Pacific oscillation (IPO) (Power et al. 1999) and
mega-ENSO (Wang et al. 2013). Following Wang et al.
(2013), we use a new index to measure mega-ENSO that
is given by the SSTA averaged over the western Pacific

TABLE 1. The correlation coefficients between the NHLMR
index and northern African LMR (NAF-L) index, East Asian
LMR (EA-L) index, North American LMR (NAM-L) index, and
Indian LMR (IND-L) index during 1901-2014. All correlation
coefficients are significant at 0.01 significant level, taking autocor-
relations into account. These regional summer (MJJAS) monsoon
rainfall indices are defined by the areal means in the corresponding
monsoon domains (Fig. 3).

NAF-L EA-L NAM-L IND-L
TCC index index index index
NHLMR index 0.73 0.56 0.51 0.67

Unauthenticated | Downloaded 02/11/21 08:31 PM UTC



2706

JOURNAL OF CLIMATE

VOLUME 31

1901-2014

180° 120°W 0°

T
06 -04 02 0 0!2 04 0.6

T | —
0.6 -04 -02 0 02 04 06

FIG. 4. SSTAs associated with the decadal NHLMR index. The correlation map of boreal
summer (MJJAS) SST (shading over the ocean) and land rainfall (shading over the land) with
respect to the decadal NHLMR index during 1901-2014. The monsoon land areas are out-
lined in red. The blue and purple lines outline the areas used for defining the NAID and XEN
indices, respectively. The correlation coefficients that are significant at a 95% confidence level

by a Monte Carlo test (Hope 1968) are dotted.

(WP) K-shaped region minus that over the eastern Pa-
cific (EP) triangle region, as shown in Fig. 4. This new
index is referred to as the XEN index:

XEN index = SSTA(WP K-shaped region)
— SSTA(EP triangle region).

The XEN is a multi-time scale index: On the in-
terannual time scale, it is highly correlated with the
Nifno-3.4 index (r = 0.91 for 1958-2010; Wang et al.
2013); on the decadal time scale, it is well correlated with
the Pacific decadal oscillation (PDO) (Mantua et al.
1997), with r = —0.82 (Wang et al. 2013).

The decadal variation of the XEN index is signifi-
cantly correlated with the decadal NHLMR index (r =
0.53, p < 0.05; Fig. 5b). Physically, the eastern Pacific
cooling and western Pacific warming are consistent
with a strengthening of the two Pacific subtropical highs
in the Northern and Southern Hemispheres and their
associated trade winds, causing moisture to converge
into the Asian and African monsoon regions and, thus,
contributing to the intensification of NHLMR.

The combination of the NAID and XEN indices can
simulate the decadal NHLMR index when used as
“predictors” in a regression model. Using the observed
data from 1901 to 2014, we find

NHLMR index = 0.59 X NAID + 0.37 X XEN,

where the NAID and XEN explain, respectively, 35%
and 14% of the NHLMR variance.

The relationship between the NHLMR and the two
global SST indices has remained steady over the past 114
years. Figure 7a shows the correlation map of the 4-yr
running mean SST anomalies and the decadal NHLMR
during the period of 1901-60. The SSTA pattern associated

with the NHLMR during 1901-60 bears close similarity
to that for the period of 1901-2014 (Fig. 4). If we use the
data from 1901 to 1960 to derive the conceptual model,
we can reconstruct the decadal NHLMR for the ensuing
64-yr period (1961-2014) with observed SST during the
latter period. The temporal correlation skill is r = 0.71
(p <0.05) and MSSS = 0.40 (Fig. 7b). This suggests that
the relationship found for the period of 1901-60 is sta-
tistically stationary across the entire data record from
1901 to 2014. This steady linkage between the NHLMR
and NAID is essential for the independent forecast
made later in section 6.

5. Physical basis for the decadal predictability of
the NHLMR: Numerical experiments

The link between the NHLMR and NAID/XEN
suggests that the decadal variability of the NHLMR may
be rooted in the hemispheric thermal contrast in the
Atlantic and Indian Ocean sector and the east-west
thermal contrast in the Pacific. Here, we show that the
decadal variations in SST associated with the NAID and
XEN can reproduce observed decadal variations in the
NHLMR, and the decadal variations of the NHLMR,
NAID, and XEN are likely intrinsic modes of the cli-
mate variability in the coupled climate system.

a. Results from perturbed coupled experiments

To confirm the proposed causality in the previous
section and to understand the underlying physical pro-
cesses by which the NAID and XEN SSTA impacts the
NHLMR, we conducted a suite of coupled climate
model experiments with the NUIST-ESM vla model.
The experimental designs were described in section 2.

The coupled model’s ensemble simulations generally
replicate the observed anomalous NH summer LMR
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3 4YR Copr(NHLMR index,NAID index)= 0.68 (p<0.01)  4YR Corr(NHLMR index,NASIOSA index)= 10.72 (p<0.01)
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FIG. 5. Decadal SST indices from 1901-2014. Decadal variation (4-yr running mean) of
(a) the NAID index (red), representing the thermal contrast between the North Atlantic and
south Indian Ocean, the NASIOSA index (2 X NA SSTA — SIO SSTA — SA SSTA; blue),
representing the north-south thermal contrast in the Atlantic and Indian Ocean sector, and
(b) XEN index (red). For comparison, the NHLMR index is also plotted (black). All indices
are normalized by their corresponding standard deviations.

(Fig. 8). With the nudged tropical NAID SSTA (Fig. 8b), anomalies in the eastern Pacific that strengthen the
the positive phase of the NAID forcing reproduces a North American summer monsoon, but on the other
weak central equatorial Pacific cooling (similar to obser- hand, enhances equatorial easterly over the western Pa-
vation; Fig. 8a), which, on one hand, generates westerly cific and the associated western North Pacific subtropical

3 4YR Cort (AMO index & NHLMR index)= 0.37 (p30.05) ' 4YR Corr (SIO index & NHLMR index)=-0.24 (p>005)
- [ [ [ [ [ [ [ [ [ [ [

1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

FIG. 6. Decadal variation (4-yr running mean) of undetrended Atlantic multidecadal oscil-
lation (AMO) index, SIO SSTA index, and the NHLMR index.
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F1G. 7. (a) As in Fig. 4, but for the period of 1901-60. (b) The observed decadal NHLMR
index (black line), the reconstructed decadal NHLMR index using the NAID and XEN in-
dices during the training period of 1901-60 (solid red line), and the predicted decadal
NHLMR index for the period of 1961-2014 (dashed red line). The TCC and MSSS score for
the independent prediction period are shown in (b).

high (weaker than the observed), thereby strengthening
the subtropical East Asian summer monsoon. The posi-
tive NAID forcing also leads to an enhanced northern
African LMR, but the increased northern African rainfall

is not accompanied by significant circulation anomalies,
as it is in the observed counterpart.

With the nudged tropical XEN SSTA forcing
(Fig. 8d), a mega La Niiia reinforces Pacific trades and

NAID XEN
, ... C Observed decadal anomalies
60°N 60°'N P - = 7
40°N 40°N ! E
20°N . . 20°N 4
- s Ny
EQ AR EQ
P
20°S P 20°S
N > A "V"\ 7—6
T
40°s 4 . > bl “.X:\k ’ 40°s 4
0° 60°E 120°E 180° 120°W 60°W 0°
b Simulated decadal anomalies
60°N T2 60°N
40°N 40°N
20°N 20°N
EQ { EQ
20°S 20°S
40°S + 40°S -
0° 60°E 120°E 180° 120°W 60°W 0°
mm 03 02 01 0 01 02 03 K

FIG. 8. Observed and coupled climate model-simulated decadal anomalies. (a) Observed summer (MJJAS) mean SSTAs over the ocean
(shading; °C), precipitation anomalies over the land (shading; mm), and 850-hPa wind anomalies (vectors; ms~') that are regressed onto
the NAID index for the period of 1901-60. (b) Model-simulated responses of SST, precipitation, and 850-hPa wind anomalies to the NAID
SST forcing. (c),(d) As in (a),(b), but for the anomalies associated with the XEN index. The blue and purple boxes in (b) and (d),
respectively, indicate the regions where the SSTs are nudged to observation.
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F1G. 9. Leading decadal mode of NHLMR variability and related SSTA from NUIST-ESM
PI run (500 yr). (a) Spatial pattern of the first EOF mode of the 4-yr running mean NHLMR.
(b) Regressed 4-yr running mean summer (MJJAS) SSTA with respect to the simulated de-

cadal NHLMR index.

the associated Walker circulation, thereby increasing
the moisture convergence and monsoon rainfall over
Indonesia that further enhances the Indian southwest
monsoon. But the simulated easterly anomalies are not
as strong as the observed, and, consequently, the pre-
cipitation increase over East Asia is weaker than the
observed. The mega La Nifia also boosts the anomalous
westerlies in the equatorial Atlantic through a tropical
teleconnection, strengthening the West African mon-
soon. However, the increased rainfall in the North
American land monsoon region (mainly over Venezuela)
is due to the enhanced southerlies associated with the
South Atlantic subtropical high, while in observation
(Fig. 8c) the increased rainfall is linked to the anomalous
easterlies and associated positive shear vorticity over the
far eastern North Pacific. This discrepancy appears to be
related to the significant SST errors simulated in the
northeastern Pacific and subtropical southwest Atlantic
(Fig. 8d).

The results here suggest that the decadal variability of
the NHLMR is likely a result of the global SST anom-
alies associated with the NAID and XEN.

b. Results from unforced preindustrial control
experiments

To examine whether the observed relationships be-
tween the NHLMR and the NAID/XEN can also be
found in the long-term integrations with a coupled cli-
mate model, we performed a 500-yr preindustrial (PI)
control experiment with the same NUIST model. The
external forcing, including solar, volcanic, greenhouse

gases, and land use/land cover, were fixed at conditions
around AD 1850 following the CMIP5 (Taylor et al.
2012) PI protocol.

Similar to the observed NHLMR variations, the
dominant mode of the 4-yr running mean NH summer
LMR shows a nearly uniform spatial pattern across all
NH land monsoon regions, with a heavy weight over
India (Fig. 9a). The 4-yr running mean SST anomalies
regressed onto the model decadal NHLMR index also
show a similar pattern (Fig. 9b) as the observed (Fig. 4),
except that the negative correlation area in the equa-
torial Pacific extended farther west, a consequence of
the model’s excessive cold tongue bias. The model-
simulated NAID and XEN indices are significantly
correlated with the NHLMR index, with the correlation
coefficients of 0.53 (p < 0.01) and 0.55 (p < 0.01), re-
spectively. In the unforced PI control run, the decadal
variation of the NHLMR is a mode of internal vari-
ability. The result here suggests that the observed de-
cadal variability of the NHLMR may be a result of the
internal feedback processes within the coupled climate
system, possibly modified by the external forcing in the
twentieth century.

6. Decadal prediction of the NHLMR index using a
hybrid dynamic conceptual model

We first show that the current global climate models
may have little skill in the direct prediction of decadal
variations of the NHLMR. This assertion is based on ex-
amination of three coupled climate models that participated
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FIG. 10. Decadal hindcast skills for the NHLMR index. (a) TCC skill derived by hybrid dynamic conceptual
forecast (blue), model direct rainfall prediction (red), and persistent prediction (black) as functions of the lead time
(yr) for the period of 1967-2011 (i.e., the 4-yr running mean from 1968 to 2009). The hybrid forecast used the model-
predicted NAID index only. Stars indicate that the TCC is significant at a 95% confidence level, taking serial

autocorrelation into account. (b) As in (a), but for the MSSS.

in the CMIP5 decadal prediction experiment, including
the Met Office Decadal Prediction System [based on the
Hadley Centre Coupled Model, version 3 (HadCM3)];
the Geophysical Fluid Dynamics Laboratory (GFDL)
Climate Model, version 2.1 (GFDL CM2.1); and the
Max Planck Institute for Meteorology Earth System
Model, low resolution (MPI-ESM-LR). Both HadCM3
and GFDL CM2.1 have 10-member ensembles, while
MPI-ESM-LR has 3-member ensembles. The hind-
casts consist of 51 sets of 10-yr retrospective predictions
initialized every year from 1961 to 2011. As shown in
Fig. 10b, the three-models’ ensemble mean predic-
tion of the NHLMR has a near-zero MSSS, suggesting
that the skill is essentially the same as climatological
forecast.

Because the NAID and XEN involve coupled
atmosphere—ocean processes and slow ocean adjust-
ment processes, they may be more predictable than the
NHLMR on a decadal scale. Thus, we further assessed
the three CMIPS models’ ensemble prediction of the
decadal variation of the NAID and XEN. The results
indicate that the NAID index can be predicted 7-10 yr in
advance with useful skill, but the XEN index cannot
(Fig. 11). Because the ensemble prediction smoothed
out interannual variations, the predicted NAID tends to
be dominated by decadal variations.

Unlike in the ideal experiments, where the nudged
SST has a realistic pattern and the use of large-ensemble
simulations avoids errors in the initial conditions, the
SST patterns predicted by CMIPS models are often less

realistic, and the initial conditions have considerable
errors. In addition, the models have difficulties in
modeling accurate precipitation climatology and tele-
connections linking SST forcing and monsoon circula-
tion, as well as the atmosphere—ocean interactions in the
monsoon regions that are critical for capturing monsoon
variability (Wang et al. 2004, 2005). Thus, the direct
decadal prediction of the NHLMR in the models has no
skill, even though the models have useful skills in pre-
diction of the NAID index. For this reason, a hybrid
dynamic conceptual model approach is adopted here.

The dynamic conceptual model uses the conceptual
model derived from observations that relates the
NHLMR to the NAID as the sole predictor, and then
uses the NAID index predicted by the ensemble mean
of the three aforementioned dynamical models as the
input predictor. We made a 60 yr—10yr IFR prediction
(section 2¢). Figure 10 shows that a 51-yr hindcast of the
7-10-yr mean NHLMR index achieved a correlation
skill of 0.70 (p < 0.05) and MSSS = 0.46, which is signif-
icantly higher than the corresponding dynamical models’
direct rainfall prediction and a persistence forecast.

The IFR prediction provides an estimate of practical
predictability, a constructive lower bound for the pre-
dictability of the NHLMR index. It suggests that about
50% of the decadal variance of the NHLMR can be
achievable by using the proposed hybrid conceptual
model. In the hybrid model prediction, the XEN index
was not used because the models could not predict its
decadal variation (Fig. 11b). If the model can capture
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FIG. 11. (a) Normalized NAID index derived from observations (black line) and three-model multimodel en-
semble (MME) hindcast with a 7-10-yr lead time (red line). (b) As in (a), but for the XEN index. The TCC during
the 4-yr running mean period of 1968-2009 is indicated in parentheses.

decadal variation of the XEN, the achievable skill might
be improved.

7. Concluding remarks

This pilot study explores decadal predictability of the
LMR, which has profound societal impacts on some two-
thirds of the global population. We find that the decadal
variations in the LMR have a coherent structure across
the entire NH monsoon domain, including the northern
African, Indian, East Asian, and North American re-
gional monsoons, so the spatial scale of decadal vari-
ability is beyond regional and at least on hemispheric
continental scale (Fig. 1). The intensity change of the
LMR averaged over the NH monsoon regions, measured
by the NHLMR index, represents very well the decadal
changes in the total amount of the NH land precipitation
and the decadal changes in tropical monsoon circulation
and Walker circulation (Fig. 2). The NHLMR index also
represents the decadal rainfall variability in the four re-
gional monsoons, with significant (p < 0.01) correlation
coefficients ranging from 0.51 to 0.73, especially the
northern African monsoon and Indian monsoon (Fig. 3
and Table 1). However, the current global climate models
have shown little skill in the direct prediction of decadal
variability of the NHLMR (Fig. 10b).

Using the observed data from 1901 to 2014 and nu-
merical experiments with a coupled climate model (the
NUIST-ESM vla), we showed that the decadal pre-
dictability of the NHLMR is rooted primarily in decadal
variations of the north-south hemispheric SSTA contrast
in the Atlantic-Indian Ocean sector and augmented by

an east-west SSTA contrast in the Pacific (Fig. 4). The
former is characterized by a dipolar SST anomaly pattern
between the NA and SIO (NAID) and the latter
features a mega-ENSO pattern and is measured by the
extended ENSO (XEN) index. Both indices are signifi-
cantly correlated with the NHLMR index (Fig. 5). A set
of SSTA nudged experiments indicates that the tropical
SSTA associated with the NAID and XEN indices can
reproduce, to a large extent, the observed NHLMR
anomalies (Fig. 8), suggesting the decadal variability of
the NHLMR is rooted in the two global SST modes: the
NAID and XEN. A 500-yr unforced simulation with the
NUIST-ESM vla model demonstrates that the LMR
over the NH has a coherent decadal variation pattern that
is significantly correlated with NAID and XEN (Fig. 9),
suggesting that the observed decadal variability of the
NHLMR may be a result of the internal feedback pro-
cesses within the coupled climate system, possibly mod-
ified by the natural and anthropogenic external forcing
since 1900.

Using a conceptual model linking the NHLMR and
NAID and three dynamical models’ predicted NAID,
we made a 51-yr decadal hindcast with an independent
forward-rolling prediction method (section 2c). The
hindcast results show that the 4-yr mean NHLMR can
be predicted approximately a decade in advance, with
significant correlation skill of 0.70 (p < 0.05) and
MSSS = 0.46; both are significantly better than the di-
rect dynamical prediction of the NHLMR and the per-
sistent prediction (Fig. 10).

The decadal prediction made here provides an esti-
mate of a constructive lower bound for the decadal
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predictability of the NHLMR index. It suggests that
about 50% of the decadal variance of the NHLMR can
be predicted. Our results open a promising way forward
for decadal predictions of regional land monsoon rain-
fall worldwide.

We have shown that the NHLMR depends on the
north—south hemispherical SSTA contrast in the
Atlantic-Indian Ocean sector. The mechanism re-
sponsible for this hemispheric asymmetric SST varia-
tion, however, remains elusive. The North Atlantic SST
is likely driven by atmospheric noise and affected by
radiative forcing (greenhouse gases and aerosols)
(Bellomo et al. 2017; Bellucci et al. 2017; Cane et al.
2017; Murphy et al. 2017). The north-south thermal
contrast in the Atlantic is suggested to be related to
fluctuations in the Atlantic meridional overturning cir-
culation (Liu 2012; McCarthy et al. 2015), although this
mechanism remains subject to considerable debate (Liu
2012; Knudsen et al. 2014). The physical link between
the South Atlantic and SIO SST variability is an open
question. In addition to internal feedback processes,
volcanic eruptions have been shown to have a significant
influence on the decadal variability of NH monsoon
rainfall (Liu et al. 2016). The variations in anthropo-
genic aerosol emissions have also been shown to have an
impact on the large-scale meridional temperature gra-
dients and the projection of the global-scale and re-
gional monsoons (Polson et al. 2014; Guo et al. 2015).
These issues call for further investigation.

This pilot study demonstrates that the decadal varia-
tions in the LMR can be predicted for the NH. Although
the decadal variation of the NHLMR intensity is sig-
nificantly correlated with the decadal LMR variabilities
of the four regional (northern Africa, India, East Asia,
and North America) monsoons, these regional LMR
intensities are not solely driven by the NAID and XEN.
Highly localized aerosol emission sources and the re-
sultant loadings could have negative impacts on the re-
gional monsoons. Exploration and implementation of
SST predictors that reflect distinct sources of pre-
dictability of individual regional monsoons are impera-
tive. A detailed regional approach to LMR prediction is
underway.
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