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Abstract Changes in the observed precipitation and
moisture transport induced by anthropogenic forcing and
natural variability were investigated. To separate into the
anthropogenic and natural modes, the multi-variate EOF
(MVEQF) analysis synthesized from three variables includ-
ing of precipitation, SST, and moisture flux convergence is
used. The precipitation pattern over the tropics has a tri-
polar structure in anthropogenic mode but a zonal asym-
metric structure near 150°E in natural mode. The patterns
of precipitation were determined in the principal modes
of moisture flux convergence using MVEOF. Through a
moisture budget analysis, the dynamic factor of moisture
flux was found to play an important role in the precipita-
tion changes. The natural and anthropogenic modes have
zonal wave patterns of potential function associated with
the dynamic factor: zonal wavenumber 1 and 2 structure,
respectively. When the decadal ENSO is in mega-La Nifia
phase, natural and anthropogenic forcings represent a posi-
tive sign of potential function, which means increased pre-
cipitation over the tropical western Pacific (WP). In the
tropics, anthropogenic forcing slightly strengthens west-
erly winds over the Indian Ocean and easterly winds over
the WP, while weaken the easterly winds over the eastern
Pacific. The natural variability strengthens the Walker cir-
culation in La Nifia phase. Therefore, during recent three
decades, the slightly strengthening of the wind convergence
near the WP by anthropogenic forcing and the strengthen-
ing of the Walker circulation by natural variability have
caused the increasing precipitation over the WP.
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1 Introduction

Developing an understanding of changes in precipitation
is important because such changes are closely related to
human activity. Studies of precipitation change have been
focused mainly at regional scales, such as that of mon-
soons, because of their indigenous characteristics. Such
dominant monsoon systems on Earth include the Asian,
Australian, African, and American monsoons. (Tao and
Chen 1987; McBride 1987; Nicholson and Kim 1997;
Webster et al. 1998; Zhou and Lau 1998; Higgins et al.
2003). Although many studies have addressed the question
of recent changes in monsoons, the results have relied on
different measures of monsoon strength. However, in its
physical essence, monsoons are a forced response of the
climate system. Land—sea thermal contrast is critical for
determining the location and strength of a monsoon, but it
is neither a necessary nor sufficient condition. Therefore,
an understanding of global precipitation change is required.

Observed land precipitation decreased from 1950 to
1980 but leveled off after 1980 (Higgins et al. 2003; Wang
and Ding 2006; Polson et al. 2013). In recent three decades
(i.e., since 1979), satellite estimates of oceanic rainfall have
revealed an increasing trend (Shon et al. 2004; Hsu et al.
2011; Wang et al. 2012). Several studies have noted that
global monsoon precipitation has been increasing during
the period 1979-2008 (Wang et al. 2012; Hsu et al. 2011;
Lee et al. 2014). Precipitation variability studies conducted
previously have mostly determined the ways in which
global precipitation has responded to the last 30 years of
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rapid global warming. However, owing to the lack of obser-
vations over the oceans before 1979, long-term change of
global precipitation could not be fully understood until
recently.

To understand changes in precipitation at the global
scale, including oceanic areas, such changes have been
studied primarily by using global climate models. Through
global climate model projection under global warming,
a robust signal of increased global precipitation has been
detected (Held and Soden 2006; Chou et al. 2009; Seager
et al. 2010; Cherchi et al. 2011; Hsu et al. 2012; Lee and
Wang 2014; Lee et al. 2014). Whether this increasing trend
will continue into a future potentially warmer climate
throughout the twenty first century is an important issue
that needs to be addressed.

However, recent studies have suggested that natu-
ral variability plays an important role, as large as that of
global warming, in long-term precipitation change (Hoer-
ling et al. 2010; Wang et al. 2012, 2013; Liu et al. 2013;
Marvel and Bonfils 2013). To predict future changes in
precipitation, the relative roles of natural variability and
global warming on the recent global precipitation increase
must be resolved, particularly over the western Pacific.
Recently, this has become an important but unanswered
issue.

To solve this problem, this study intended to investigate
the relative roles of global warming and natural variability
in observed change in the global precipitation and dynami-
cally interpret global long-term variability. The rest of this
paper is organized in the following manner. Section 2 intro-
duces the data and methods used in the study. Section 3
investigates the change in precipitation related to global
warming and natural variability. Section 4 presents an
analysis of global warming and natural variability by using
a diagnosis of the moisture budget, and Sect. 5 contains a
summary and discussion.

2 Data and methods
2.1 Data

The reanalysis physical variables used in this study include
daily specific humidity (q) and the northward and eastward
wind components (u, v), respectively, at 8 atmospheric
levels (1000, 925, 850, 700, 600, 500, 400, and 300 hPa).
The data were obtained from the NCEP/NCAR reanalysis
(NCEPI: Kalnay et al. 1996) and the European Centre for
Medium-Range Weather Forecasts (ECMWF) reanalysis
(ERA), which is a combination of the 40-year reanalysis
(ERA-40, Uppala et al. 2005) and Interim reanalysis (ERA-
Interim, Dee et al. 2011). Sea level pressure (SLP) was
used for vertical integration from the datasets.
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For monthly sea surface temperature (SST) data analy-
sis, the Hadley Centre Sea Ice and SST (HadISST, Parker
et al. 1999) and the extended reconstructed SST version 3
(ERSST-V3, Smith et al. 2008) were used. A monthly pre-
cipitation dataset was also obtained from NOAA’s precipi-
tation reconstruction dataset (NOAAP, Chen et al. 2002).
The NOAAP data cover both land and ocean.

These datasets cover different time periods and were pro-
duced by different numerical models or assimilation systems.
Thus, in order to obtain a robust result, we used the ensem-
ble average of results obtained from different data. All the
datasets were interpolated to a common 2.5° lat x 2.5° lon
grid by using a bilinear interpolation technique and merged
for each variable during the period 1958-2012.

2.2 Moisture budget equation

The moisture budget is composed mainly of the local
changes of total precipitable water (TPW), moisture trans-
port (Q), precipitation (P), and evaporation (E). P minus E
should maintain an approximate balance with the quantity
ATPW and convergence of vertical integrated moisture flux
(CVIMF, —V - Q) (Trenberth and Guillemot 1995). This
can be written as

3(TPW)
at

P—_E= —-V-Q. (1)

We should measure the vertical integrated local moisture
and moisture transport,

P
TPW = ; / qdp 2)
Ps
and
P
Q=2 [@van )
Ps

where ¢ is specific humidity, V is the horizontal wind vec-
tor, p is pressure, py is surface pressure, p; is top pressure,
and g is the acceleration of gravity.

Assuming that the rates of change of TPW and conden-
sates are small over a sufficiently long period, CVIMF is
balanced by precipitation minus evaporation. Thus Eq. (1)
can be written as

~v.Q=P-E. @)

In this study, () denotes the annual average. Thus,
CVIMF has a key role in the hydrological cycle pertaining
to moisture source and sink.

CVIMF can be divided into three terms: a moisture con-
vergence term, a moisture advection term, and an eddy
term, as shown below.
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The first term on the right side is the moisture conver-
gence term. If the wind is undergoing convergence (diver-
gence), it has a positive (negative) contribution to CVIMFE.
The second term on the right is the moisture advection
term. When it is positive (negative), i.e., the wind flows
from a wet (dry) region to dry (wet) region, CVIMF has a
positive (negative) contribution. The last term on the right
side is the eddy term. The convergence term and the advec-
tion term are usually referred as the dynamic and thermo-
dynamic components in moisture transport, respectively.

2.3 Divergent and non-divergent components

In this study, by separating the moisture transport vector
into divergent (Qp) and non-divergent (Qgr) components
(Rosen et al. 1979; Chen 1985; Sohn et al. 2004) and intro-
ducing the moisture flux potential function (xq), moisture
transport was solved for, that is,

~V.Q=P-E=-V¥xg (6)

Qp = Vo (7

Equations (6) and (7) were solved on a complete global
domain using the spectral method. The non-divergent com-
ponent describes mostly the large-scale moisture transport,
and the use of Egs. (6) and (7) is more appropriate for
investigating the hydrological cycle directly linking source
to sink regions.

3 Principal coupling modes of global precipitation,
SST, and CVIMF

Assuming that SST can influence long-term global precipi-
tation change, as suggested in previous studies (Ropelewski
and Halpert 1996; Cobb et al. 2003; Yun et al. 2010; Liu
et al. 2013), the leading “coupled” mode of the 3-year run-
ning mean of annual averaged precipitation and the under-
lying SST field derived by singular value decomposition
(hereafter, SVD1) during the period 1958-2012 explains
about 71.57 % of the total covariance between the two
fields (Fig. 1). Global precipitation shows a zonal asymmet-
ric pattern near 150°E, and the SST pattern and its relation-
ship to the pattern of precipitation resemble a La Nifia-like
distribution (Fig. la, b). The time series show decadal or
multi-decadal variation and a positive linear trend (Fig. 1c).
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Fig.1 The leading SVD modes and time expansion coefficients for
the 3-year running means of annual averaged precipitation and SST
during the period 1958-2012 over the globe [60°S—60°N, 0-360°E].
SVDI1 explains 71.57 % of the total covariance between precipitation
and SST

The global precipitation pattern and evolution in SVD1 are
similar to those in the first empirical orthogonal function
(EOF) of precipitation, with spatial and temporal correla-
tion coefficients of 0.89 and 0.99, respectively (not shown).
In contrast, the SST has two dominant modes identified
by EOF analysis. One is associated with global warming
related to a long-term positive trend, the other is a pat-
tern resembling the decadal El Nifio-Southern Oscillation
(ENSO) (Wang et al. 2012, 2013; Dong and Zhou 2014a;
Dong et al. 2014). However, the SVDs for precipitation and
SST have difficulty defining separated modes by global
warming and decadal ENSO because the covariance of pre-
cipitation and SST in SVD is driven by larger variability of
precipitation than that of SST. Basically changes in precipi-
tation in a long time scale can be controlled by temperature,
which related with Clausius-Clapeyron equation. However,
the important term in a regional scale is circulation-based
moisture transport, which can be divided by the circulation
as a dynamic component and advection of moisture as a

@ Springer



3070

B.-H. Kim, K.-J. Ha

Fig. 2 The first (left panel) and (@) MVEOF1 Precip. 22.7% (e) MVEOF2 Precip. 16.0%
second (right panel) MVEOF 60N == Pl T | e 60N +
modes and principal compo- aoN T ‘- e 30N 4 Ko
nents (blue solid line) of the o |es : 0
3-year running means of annual
30S 30S

averaged precipitation, SST,

and CVIMF during the period 60S
1958-2012 over the globe 2
[60°S-60°N, 0-360°E]. For

comparison, the 3-year running

60E ol
001 -0.008 -0.006 -0.004 0.002 0

(b) MVEOF1 ssT

120E 180  120W  60W 0
- [ I I -

0002 0004 0.006 0.008 0.1

120W  60W

70002 0004 0.006 0.008 0.01

60E  120E 180

-0.01 -0.008 -0.006 -0.004 0.002 0

(f) MVEOF2 ssT

averaged negative PDO index
(black dashed line) and mega-
ENSO index (red dashed line) 0
are shown in panel (h)

60N = "

e,

60N
30N .

~

308

0 60E  120E 180
[ ____ - saE I 1
-0.01 -0.008 -0.006 -o.tlxulo.oozI [

(C) MVEOF1 CVIMF
60N - "

120W

1 I
0.002 0.004 0.006 0.008 0.01

ana 60S
60W 0

60E

- I
-0.01 -0.008 -0.006 -0.004 -0.002 O 0.002 0.004 0006 0.008 0.01

120E 180  120W  60W

(g) MVEOF2 CVIMF

4 3‘1{-" ‘p\:"“‘. 3 1: > /‘}\\5{\1.‘" - . 60N 1 =
30N SR . 5" S 30N -
0 0 -
308 308 {"
60S - . o 60S \
0 60E 120E 180 120W  60W 0 60E 120E 180  120W  60W
T T T T T T T EENTT T 1T 1T 17 1T 1T 1T T
-0.01 -0.008 -0.006 -0.004 -0.002 0 0.002 0.004 0.006 0.008 0.01 -0.01 -0.008 -0.006 -0.004 0002 O 0002 0004 0.006 0.008 0.01

(d) PC1 time series
1 1 1

(h) PC2 time series
I L L

20

1.0

0.0 —

-1.0

2.0 —

- 2.0 -

- 1.0 —

t~-Negative PDO index (r= 0.8

T T T
1960 1970 1980

Year

thermodynamic component. Thus, the precipitation reacts
to the change of the dynamic and thermodynamic compo-
nents. As mentioned in Sect. 2.2, the CVIMF include the
dynamic and thermodynamic factors. To obtain the coher-
ent patterns related to precipitation, SST and CVIMEF, the
multi-variate EOF (MVEOF) synthesized from the three
variables was used. Figure 2 shows the first and second
MVEOF (hereafter, MVEOF1 and MVEOF2) modes and
the principal components (PCs) of the 3-year running
mean of annual averaged precipitation, SST, and CVIMF
during the period 1958-2012 over the globe [60°S—60°N,
0-360°E]. The MVEOF1 and MVEOF2 modes account for
22.7 and 16.0 % of the total variance, respectively. The first
and second PCs (hereafter, PC1 and PC2) of MVEOF show
a long-term positive trend and decadal variability, respec-
tively (Fig. 2d, h). To compare PC2 with decadal oscilla-
tion indices of SST, the negative Pacific decadal oscilla-
tion (PDO) and mega-ENSO index were used. The PDO
index was obtained from the Joint Institute for the Study
of the Atmosphere and Ocean (JISAO, http://jisao.wash-
ington.edu/pdo). The mega-ENSO index is defined as the
SST difference between the western Pacific K-shaped area
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and the eastern Pacific triangle (Wang et al. 2013). The
mega-ENSO is similar to ENSO, but it has a larger spatial
scale and longer time scale. PC2 is highly correlated with
the negative PDO (r = 0.85) and the mega-ENSO index
(r =0.79) (Fig. 2h). Thus, the MVEOF2 mode can be seen
the natural mode, whereas the MVEOF1 mode have a long-
term positive trend by anthropogenic forcing. Therefore,
the two modes of MVEOF are referred to the anthropo-
genic mode and natural mode, respectively. The SST pat-
tern of the MVEOFI mode shows a general warming over
global oceans except for the North Pacific, whereas the
SST pattern of the MVEOF2 mode is quite similar to the
mega-ENSO distribution (Fig. 2b, f).

The precipitation pattern of MVEOF1 shows a tri-polar
distribution in the tropics, whereas SST is warming glob-
ally (Fig. 2a). Positive anomalies of precipitation appear
over the western Pacific (WP) and eastern Pacific (EP),
while negative anomalies appear over the central Pacific
(CP). The pattern of precipitation of MVEOF?2 is a distinct
zonal asymmetric structure near 150°E (Fig. 2e). This pat-
tern can be seen as an influence of the zonal asymmetric
distribution of SST, in particular over the tropics (Fig. 2f).
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The warm and cold SST lead to the anomalous low and
high pressure over the tropics, respectively. The zonal
pressure gradient drives the easterly wind anomaly over
the tropics (Fig. 6¢), and eventually the moisture is trans-
ported from EP to WP, and the WP can have an increasing
rainfall. Through the Fig. 2a, e, anthropogenic forcing and
natural variability are caused of the increased precipitation
over the WP in recent 30 years (Wang et al. 2012, 2013).
Especially, the influence of natural variability is broad and
strong than that of global warming over the tropical WP
in precipitation change. According to previous study, the
influence of Interdecadal Pacific Oscillation (IPO) phase
transition dominated than that of global warming over the
Asian monsoon region during 1979-2008 (Dong and Zhou
2014b). The natural variability has a large influence on the
changes in precipitation. Thus, the relative role of natural
variability must be considered to improve the predictabil-
ity of future climate change in precipitation. The charac-
teristics of the precipitation patterns are also shown in
the CVIMF patterns, especially over the tropics (Fig. 2c,
g). Because the precipitation reacts to the change of the
CVIMF in moisture budget equation, the CVIMF changes
are important to precipitation changes, especially over the
tropics.

To investigate the contributions of the dynamic and ther-
modynamic effects in CIVMF change, the ratio fields of
the moisture convergence and advection terms to CVIMF
are shown in Fig. 3. The eddy effect is not shown because
it is smaller than those of the others. For global precipita-
tion change, the moisture convergence (dynamic) compo-
nent is more dominant than the moisture advection (ther-
modynamic) component in both the anthropogenic and
natural modes. This result is consistent with the results of
previous theoretical and modeling studies (Held and Soden

2006; Chou et al. 2009; Seager et al. 2010; Cherchi et al.
2011; Lin et al. 2014). Thus, the long-term trend and dec-
adal variability of global precipitation are dominated by
the dynamic component. Also, in middle latitude, the ther-
modynamic component ratio in anthropogenic mode is
smaller than in natural mode (Fig. 3c, d). However, at the
regional scale, the thermodynamic and eddy effects cannot
be ignored in change of precipitation.

4 Attribution to changes in moisture budget
components

The detailed dynamic component changes in the moisture
budget are investigated in this section because the com-
ponent mainly drives the change of CVIMF in both the
anthropogenic and natural modes. Moisture source and sink
regions are related to divergent winds of the dynamic com-
ponent; thus, precipitation changes are investigated by the
divergent component of moisture flux. Figure 4 shows that
the potential function and divergent component of moisture
flux are regressed by PC1 and PC2. The potential function
pattern of the MVEOF1 mode has a zonal wave number 2
structure, whereas the MVEOF2 mode has an east—west
pattern around the date line. The WP regions obtain mois-
ture by both anthropogenic forcing and natural variability
in the La Nifia phase. However, if the distribution of SST is
an El Nifio pattern, it can disturb the increasing of precipi-
tation over the WP, and the increased precipitation occurs
over the EP. Such distributions of zonal wave patterns
establish a great zonal transport band. Particularly, over the
tropics, eastward (westward) moisture transport by diver-
gent wind is dominant from the CP (EP) to the EP (WP) in
anthropogenic (natural) mode.
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The time-averaged potential function and divergent
component of moisture flux divide into stationary and eddy
parts:

X0 = X0+ Xg

Op = 0p+ 0,
where 6 is the stationary part and () is the eddy part. The

potential function and divergent component distribu-
tions are dominated mostly by the stationary part (Fig. 4).
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The eddy part can exert an affect in the middle latitudes,
but its effect is also smaller than that of the stationary
part.

To compare the decadal variability indices, the negative
PDO index and mega-ENSO index were regressed on the
potential function and divergent component of moisture
flux (Fig. 5). The two indices well show the zonal dipole
pattern of the potential function. However, the mega-ENSO
index well captures the easterly moisture transport over
the tropics, but the negative PDO index does not. This is a
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consequence of the PDO index being derived as the lead-
ing PC of monthly detrended SST anomalies in the North
Pacific Ocean, poleward of 20°N. Thus, the mega-ENSO
index is better than the PDO index for denoting characteris-
tics in the tropical Pacific.

To investigate the vertical structure change of zonal
wind by anthropogenic and natural forcings, the zonal
winds in the tropics [10°S—10°N] were used. In anthro-
pogenic mode, the anomalous westerly winds at low
level strengthen the climatological westerly winds over
the Indian Ocean (I0) [60°E-120°E], while the anoma-
lous westerly winds at low and middle levels weaken the

climatological easterly winds over the EP (Fig. 6a, b). In
particular, over the EP, the anthropogenic forcing has a
vertically elongated significant effect up to 500 hPa. As a
result, the Walker circulation is hindered by anthropogenic
forcing. Vecchi and Soden (2006) detected a robust sig-
nal of weakening Walker circulation under global warm-
ing using climate models. In natural mode, the easterly
winds are enhanced by the anomalous easterly winds at
low level over the CP (Fig. 6¢). This strengthened easterly
wind over the CP can contribute to a strengthening of the
Walker circulation. However, if the decadal ENSO is in El
Nifo phase, the effect of natural variability counteracts the
Walker circulation. Therefore, during the recent three dec-
ades, the increased precipitation over the WP seems a result
of the combination of a strengthened westerly wind over
the 10 by anthropogenic forcing and a strengthened Walker
circulation over the Pacific by natural variability, despite
the disturbance of anthropogenic forcing. However, many
works have shown evidences that following the global
warming driven by the greenhouse gas forcing, an east-
erly wind anomaly will appear in the IO (Chu et al. 2014;
Dong and Zhou 2014a; Dong et al. 2014). In future projec-
tion using the models, the warmer SST is appeared over the
western I0. However, in this study, the SST pattern is simi-
lar a basin wide pattern. Thus, the westerly wind anomaly
seems to be led by zonal SST gradient. Also, the Kelvin-
Rossby waves can lead the westerly wind anomaly (Lau
and Peng 1987; Hendon 1988; Rui and Wang 1990), but the
cause and effect can’t prove because the annual mean varia-
bles are used. The mechanism related to the wind in global
warming will investigated in the further study.

5 Summary and discussion

This study aimed to investigate the changes in observed
precipitation and moisture transport by anthropogenic forc-
ing and natural variability. To better understand the change
in precipitation, the major components of the moisture
budget, including moisture flux convergence, were investi-
gated based on several reanalysis data.

The SVDs of precipitation and SST are not sufficient
to divide into anthropogenic and natural modes because
moisture is directly affected by SST whereas precipita-
tion patterns are controlled by wind circulation. Thus, in
this study, the MVEOF synthesized from the three vari-
ables of precipitation, SST, and CVIMF was used to con-
sider the dynamic and thermodynamic factors. As a result,
the anthropogenic and natural modes were well separated
by MVEOF analysis. The anthropogenic mode showed
a tri-polar distribution of precipitation over the tropics.
The natural variability strengthened the zonal asymmet-
ric precipitation near 150°E. The change in CVIMF well
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matched the change in precipitation by the two forcings,
particularly over the tropics. Thus, precipitation change can
be estimated by moisture transport. The dynamic compo-
nent of the moisture flux dominates precipitation change
induced by anthropogenic forcing and natural variability.
The dynamic component affects the long-term trend and
interannual variability of global monsoon rainfall (Lin et al.
2014). Thus, the dynamic component is important in varia-
tion of precipitation.

To better understand the changes in moisture source and
sink regions associated with increased and decreased pre-
cipitation, we investigate the potential function and diver-
gent component of moisture flux. Through the moisture
budget analysis, it was identified that the anthropogenic
mode has zonal wavenumber 2 structure of the potential
function and that the natural mode has zonal wavenumber
1 structure divided at the dateline. A common feature of
the two modes is a dominant zonal moisture transport by
the divergent component over the tropics. Additionally,
we identified that the mega-ENSO index indicates dec-
adal variability of SST better than the PDO index through
the divergent component of moisture flux. When the dec-
adal ENSO is in La Nifia phase, the natural and anthro-
pogenic modes show a positive sign of potential function,
which denotes an increase of precipitation over the tropi-
cal WP. In the tropics, anthropogenic mode shows signifi-
cant anomalous westerly winds over the IO and EP, while
the anomalous easterly winds over the WP. The natural
mode has significant anomalous easterly winds over the
CP. In particular, under a global warming scenario, the
anomalous westerly winds over the EP denote a vertically
elongated effect to the middle as well as the low level of
the atmosphere. The anomalous easterly winds of natural
mode have more strength than the anomalous westerly
winds of anthropogenic mode over the tropical Pacific at
low level. Therefore, the recent increase in moisture con-
vergence over the tropical WP can be explained by the
strengthened westerly and easterly winds near the WP by
anthropogenic forcing and the strengthened easterly winds
over the Pacific by natural variability at low level because
the moisture is almost entirely transported at low level.
However, the cause of winds over the 10 is unclear in this
study. The Kelvin-Rossby waves can lead to the changes in
zonal winds over the tropics. Thus, the part is remained for
the further study.

Although we used the ensemble mean to reduce the
uncertainty between several datasets, this study may still
include uncertainty related to the reliability of the reanaly-
sis data because of uncertain satellite measurements associ-
ated with algorithm defects or calibration errors. Neverthe-
less, the increase in precipitation over the WP is a robust
result compared to previous modeling studies under global
warming (Chou and Neelin 2004; Held and Soden 2006;

@ Springer

Chou et al. 2009). Also, a definite answer to the question
of whether natural variability, as well as global warming,
plays a significant role in long-term precipitation change is
presented in this study. Therefore, the knowledge presented
here is helpful for understanding the driving factors of past
and future change in global precipitation patterns and the
dynamics of the hydrological cycle. It also has important
ramifications for decadal prediction of precipitation pattern
change, which is critical for water resource management,
agriculture, extreme hydrological disaster prevention, and
infrastructure planning.
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