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Abstract This study proposes a new explanation for the
formation of precipitation anomaly patterns in the boreal
summer during the El Nifio-Southern Oscillation (ENSO)
developing and decaying phases. During the boreal sum-
mer June-July-August (JJA) (0) of the El Nifio (La Nifia)
developing phase, the upper level (300—100 hPa) positive
potential temperature anomalies resemble a Ma-
tsuno-Gill-type response to central Pacific heating (cool-
ing), and the lower level (1000-850 hPa) potential tem-
perature anomalies are consistent with local SST anoma-
lies. During the boreal summer JJA(1) of the El Nifio (La
Nifa) decaying phase, the upper level potential tempera-
ture warms over the entire tropical zone and resembles a
Matsuno-Gill-type response to Indian Ocean heating
(cooling), and the lower level potential temperature
anomalies follow local SST anomalies. The vertical het-
erogeneity of potential temperature anomalies influences
the atmospheric stability, which in turn influences the
precipitation anomaly pattern. The results of numerical
experiments confirm our observations.
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1 Introduction

It is now well recognized that the El Nifio-Southern
Oscillation (ENSO) phenomenon is a dominant mode of
tropical climate variability (e.g., Bjerknes, 1969). The
boreal summer rainfall anomalies associated with ENSO
are of great socio-economic importance; for example,
they can influence the Indian summer monsoon (e.g.,
Kumar et al., 1999), the Australia summer monsoon (e.g.,
Wu and Kirtman, 2007), the East Asia summer monsoon
(e.g., Huang and Wu, 1989; Wu et al., 2003), and the
western North Pacific summer monsoon (e.g., Li et al.,
2008; Wang et al., 2001; Wu and Wang, 2000; Xie et al.,
2009; Yang et al., 2007).

Previous studies show that the anomalous precipitation
pattern not only depends on sea surface temperature
(SST), but it is also influenced by large-scale atmospheric
circulation (e.g., Lau et al., 1997). On the other hand, the
tropical convection anomaly can also influence atmos-
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pheric circulation (e.g., Gill, 1980; Matsuno, 1966; Xie et
al., 2009). Thus, SST, precipitation, and atmospheric cir-
culation have all been shown to interact with each other.
In this paper, we propose a new idea to describe the for-
mation of the anomalous precipitation pattern in the bo-
real summer during the El Nifio (La Nifa) developing and
decaying phases.

While El Nifio (La Nifia) is developing, the central and
eastern tropical Pacific SST becomes warmer (cooler)
during the boreal summer. While El Nifio (La Nifia) is
decaying, the central and eastern tropical Pacific SST
returns to normal, but the Indian Ocean and Atlantic SST
become warmer (cooler) because of the atmospheric
bridge (e.g., Klein et al., 1999; Lau and Nath, 2003) and
ocean Rossby wave (e.g., Du et al., 2009; Huang and
Kinter, 2002; Xie et al., 2002). The present study illus-
trates that there is a Matsuno-Gill-type response (e.g., Gill,
1980; Matsuno, 1966; Su and Neelin, 2003) to the central
and eastern tropical SST warming (cooling) during the
June-July-August (JJA) (0) period and to the tropical In-
dian Ocean warming (cooling) during the JJA(1) period
(e.g., Li et al., 2008; Wu et al., 2009; Xie et al., 2009;
Yang et al., 2007). Upper level temperature anomalies can
propagate to remote regions through atmospheric waves.
The lower level atmospheric temperature anomalies are
more constrained by local SST anomalies, which may
result from the direct heat exchange between the ocean
and atmosphere. Therefore, the atmospheric warming
(cooling) is not homogeneous from the lower level to up-
per level. Moreover, the vertical heterogeneity of tem-
perature anomalies may influence the atmospheric stabil-
ity and in turn rainfall during JJA(0) and JJA(1).

The goal of this paper is to study the formation of the
precipitation anomaly pattern during the developing phase
and decaying phases of ENSO. The remainder of the pa-
per is organized into sections: the second section de-
scribes the data and methods used; the third section pre-
sents our analysis of the observations and model simula-
tions; and the last section provides a summary and the
discussion.

2 Data and experiment

2.1 Data

We used the Hadley center SST (HadSST) dataset (e.g.,
Rayner et al., 2003) and the National Centers for Envi-
ronmental Prediction (NCEP) atmospheric reanalysis (e.g.,
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Kalnay et al., 1996), which were originally on 1° and 2.5°
grids, respectively. The CPC (Climate Prediction Center)
Merged Analysis of Precipitation (CMAP) precipitation
data (e.g., Xie and Arkin, 1997) were used as a proxy for
observations. For consistency with the precipitation data,
all observation analyses and model data were based on the
1979-2000 period. Over the 22-year time series, a corre-
lation coefficient of 0.44 reached the 95% significance
level based on the Student #-test.

The atmospheric stability (AS) was calculated as the
upper level (300-100 hPa) potential temperature minus
the lower level (1000-850 hPa) potential temperature. We
used the SST averaged over the eastern equatorial Pacific
(Nifio3.4: 5°S—5°N, 120-170°W) as the ENSO index.

2.2 Model

The Community Atmosphere Model Version3 (CAM3)
at T42 resolution (about 2.8° latitude x 2.8° longitude) in
the horizontal and 23 sigma levels in the vertical was used
in this study. Details of the physical and numerical meth-
ods used in CAM3 are provided in Collins et al. (2006).
We performed a 21-member ensemble of the CAM3
model integration forced by the observed monthly mean
SSTs from the Hadley Center dataset during the
1950-2000 period, which we designate CAM3 EM. The
members of the ensemble for CAM3 REAL differ only in
their initial conditions. Results of model simulations are
based on the 21-member ensemble mean.

3 Results

The JJA(0) (JJA(1)) correlation distribution of both
precipitation and atmospheric stability with the Decem-
ber-January-February (DJF) (0) Nifio3.4 index is shown
in Fig. 1a (Fig. 1c). The results apply to both El Nifio and
La Nifia; however, the rest of this paper only describes the
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anomalies corresponding to the El Nifio cases because the
La Nifia cases are the same as for El Nifio, except the sign
is reversed. During JJA(0), more rainfall is seen in the
positive AS-Nifio3.4 (atmospheric stability with Nifio3.4
index) correlation region, which is mainly located in the
central-eastern tropical Pacific and South Atlantic; less
rainfall is seen in the negative AS-Nifio3.4 correlation
region, which is mainly over the east of Australia, south-
western Pacific, and tropical Atlantic (Fig. la). During
JJA(1), the tropical atmospheric stability increases over
almost the entire tropical zone, except over the western
Indian Ocean and the eastern Pacific. Rainfall decreases
in regions where higher positive AS-Nifio3.4 correlations
are seen, such as in the subtropical North Pacific, tropical
South Atlantic, and a belt from eastern Australia to south-
ern South America; rainfall increases in regions of nega-
tive or low positive AS-Nifo3.4 correlations, which for
example occurs in the western Indian Ocean and in the
central and eastern Pacific (Fig. 1¢). The model results are
consistent with the observations (Figs. 1b and 1d). There
are some regions where the rainfall increase (decrease)
does not coincide with an atmospheric stability decrease
(increase), such as in the North Pacific where there is
more rainfall during JJA(0) but atmospheric stability in-
creases. Figure 1 demonstrates that atmospheric stability
can impact rainfall anomalies, however, this question re-
mains: how does the atmospheric stability anomaly pat-
tern forms in the boreal summer during the El Nifio de-
veloping and decaying phases?

Previous studies show that the local SST can impact
remote regions through atmosphere waves, which can in
turn impact the upper-level atmospheric temperature (e.g.,
Su and Neelin, 2003; Xie et al., 2009). We calculated the
correlation of the upper level (300-100 hPa) potential
temperature anomaly with the DJF Nifio3.4 index, which
is shown in Fig. 2. The distribution of the upper level po-
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Figure 1 Correlations of DJF mean Nifio3.4 index with precipitation (lines) (the dashed line denotes a correlation coefficient below —0.44, and the
solid line denotes a correlation coefficient above 0.44) and with atmospheric stability (shading) during (a) the preceding JJA(0) and (c) the following
JJA(1). Plots (b) and (d) are the same as (a) and (c) but use ensemble means from the CAM3 experiment. Both the computation of observed correla-
tions and the simulation analysis of the 21-member ensemble mean were based on the same 22 years of data (1979-2000).
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Figure 2 Correlation coefficients between the DJF mean Nifio3.4 index and the upper level (300—-100 hPa) vertically averaged potential temperature
during (a) the preceding JJA(0) and (c) the following JJA(1). Plots (b) and (d) are the same as Figs. la and lc, but use ensemble means from the
CAM3 experiment. Both the computation of observed correlations and the simulation analysis of the 21-member ensemble mean were based on the

same 22 years of data (1979-2000).

tential temperature-Nifio3.4 correlation displays a Gill-
type response to the central Pacific atmospheric heating,
and the anomalies are mainly concentrated on the Pacific
during JJA(0). During JJA(1), the potential temperature
increases along the entire tropical zone and features a
Matsuno-Gill-type response to SST warming in the Indian
Ocean, which is consistent with previous studies. The
model results are the similar as the observations. It is un-
clear why the upper level potential temperature-Nifio3.4
correlation is mainly confined to the Pacific during JJA(0)
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but covers the entire tropical zone during JJA(1). This
may be because of the difference in the SST anomalies
between JJA(0) and JJA(1). As Fig. 3 shows, positive SST
anomalies are mainly concentrated in the tropical Pacific
during JJA(0), but they are found in the entire tropical
ocean during JJA(1).

The distribution of lower level potential temperature
anomalies is the same as that of local SST anomalies dur-
ing both JJA(0) and JJA(1) (Figs. 4a and 4c). There are
positive anomalies over the central-eastern Pacific and
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Figure 3 Correlation coefficient between the DJF mean Nifio3.4 index and sea surface temperature (white contours at intervals of 0.1; dark

shade<-0.5; light>0.5) during (a) JJA(0) and (b) JJA(1) from 1979 to 2000.
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Figure 4 Correlation coefficient between the DJF mean Nifio3.4 index and the lower level (1000—850 hPa) vertically averaged potential tempera-
ture (white contours at intervals of 0.1; dark shade<—0.5; light>0.5) during (a) the preceding JJA(0) and (c) the following JJA(1). Plots (b) and (d) are
the same as Figs. 1a and Ic, but use ensemble means from the CAM3 experiment. Both the computation of observed correlations and the simulation
analysis of the 21-member ensemble mean were based on the same 22 years of data (1979-2000).

negative anomalies over the western Pacific during JJA(0);
positive anomalies are found over the Indian Ocean, cen-
tral Pacific, and equatorial America during JJA(1). The
model results, as shown in Figs. 4b and 4d, are consistent
with the observations. The similar distribution of lower
level potential temperature anomalies and SST anomalies
may result from the direct air-sea heat exchange.

The results show that lower level potential temperature
anomalies are constrained most strongly by the local SST,
whereas the upper level potential temperature anomalies
are influenced by atmospheric waves. Thus, potential
temperature anomalies are vertically heterogeneous,
which can influence the atmospheric stability and in turn
influence the precipitation anomalies in the boreal sum-
mer during the El Nifio developing and decaying phases.

4 Summary and discussion

In the boreal summer, during the developing phase of
El Nifio (La Nifa), the SST anomalies occur mainly in the
tropical Pacific. The upper level temperature anomaly
pattern resembles a Gill-type response to the central Pa-
cific warming (cooling); the lower level temperature
anomaly pattern is consistent with the SST anomaly dis-
tribution. The heterogeneous vertical distributions of po-
tential temperature change the atmospheric stability,
which can influence the tropical rainfall in JJA(0). In the
boreal summer, during the El Nifio (La Nifia) decaying
phase, the upper-level temperature anomalies resemble a
Matsuno-Gill-type response to the Indian Ocean heating
(cooling); the lower level potential anomalies are mainly
constrained by local SST anomalies. Numerical experi-

ment results confirm these observations. The heterogene-
ous potential temperature distributions lead to a change in
atmospheric stability, which can influence the tropical
rainfall.

Although the distribution of the precipitation-Nifio3.4
correlation and atmospheric stability-Nifio3.4 correlation
coincide with each other in most regions, there are also
some regions where they do not. This disagreement may
be caused by other processes that lead to precipitation
anomalies, such as low-level atmospheric circulation,
moisture flux, etc. As in Fig. 1, we calculated the JJA(0)
(JJA(1)) correlation coefficient of both precipitation and
the 10-m-layer convergence with the DJF(0) Nifio3.4 in-
dex for Fig. 5a (Fig. 5b), which shows that although the
correlation distribution between the 10-m-layer conver-
gence and the Nifio3.4 index is scattered, we do find more
(less) rainfall over the positive (negative) correlation re-
gions. It is interesting that the JJA(1) rainfall anomalies
over the western North Pacific correspond to low-layer
convergence but are not consistent with atmospheric in-
stability.

Previous studies have shown that ENSO decayed
quickly in the boreal spring before the late 1970s but has
decayed slowly after the late 1970s (e.g., Wang et al.,
2008). In addition, the pattern of SST anomalies in the
summer during ENSO decaying periods has experienced a
decadal change since the late 1970s (e.g., Xie et al.,
2010"). Whether the precipitation anomaly pattern in the
boreal summer during the ENSO developing and decay-
ing phases has changed is an interesting question that
needs further study.

! Xie, S. P., Y. Du, G. Huang, et al., 2010: Interdecadal change of the 1970s in El Nifio influences interdecadal change of the 1970s in El Nifio influ-

ences, submitted to J. Climate.
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Figure S Correlation of (DJF) mean Nifio3.4 index with precipitation (lines) (dashed line denotes a correlation coefficient below —0.44, and solid
line denotes a correlation coefficient above 0.44) and with the 10-m-layer wind convergence (shading) during (a) the preceding JJA(0) and (b) the

following JJA(1).
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