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ABSTRACT

El Nifio-Southern Oscillation (ENSO) teleconnections have been recognized as possible negative influ-
ences on crop yields in the United States during the summer growing season, especially in a developing La
Nifia summer. This study examines the physical processes of the ENSO summer teleconnections and remote
impacts on the United States during a multiyear La Niia life cycle. Since 1950, a developing La Nifia summer
is either when an El Nifio is transitioning to a La Nifia or when a La Nifa is persisting. Due to the distinct prior
ENSO conditions, the oceanic and atmospheric characteristics in the tropics are dissimilar in these two dif-
ferent La Nifia summers, leading to different teleconnection patterns. During the transitioning summer, the
decaying El Nifio and the developing La Nifia induce suppressed deep convection over both the subtropical
western Pacific (WP) and the tropical central Pacific (CP). Both of these two suppressed convection regions
induce Rossby wave propagation extending toward North America, resulting in a statistically significant
anomalous anticyclone over northeastern North America and, therefore, a robust warming signal over the
Midwest. In contrast, during the persisting summer, only one suppressed convection region is present over the
tropical CP induced by the La Nifia SST forcing, resulting in a weak and insignificant extratropical tele-
connection. Experiments from a stationary wave model confirm that the suppressed convection over the
subtropical WP during the transitioning summer not only contributes substantially to the robust warming over

the Midwest but also causes the teleconnections to be different from those in the persisting summer.

1. Introduction

El Nifio-Southern Oscillation (ENSO) influences the
interannual variability of North American hydroclimate not
only in winter (e.g., Ropelewski and Halpert 1986, 1987,
Mason and Goddard 2001; Larkin and Harrison 2005; Jong
et al. 2016) but also in summer (e.g., Ropelewski and
Halpert 1986; Ting and Wang 1997; Wang et al. 2007).
Previous studies have suggested that ENSO can exert sig-
nificant impacts on crop yields over North America during
the summer growing season (e.g., Handler 1984; lizumi et al.
2014; Anderson et al. 2017). However, the less-established
understanding of ENSO summer teleconnections might
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be leading to poor forecasting skill in the Northern
Hemisphere summer extratropical circulations, in
sharp contrast to the demonstrated skill of boreal
winter ENSO-based seasonal climate forecasts (e.g.,
Wang et al. 2009; Ding et al. 2011). To address the
knowledge gap in ENSO summer teleconnections, this
study focuses on the different physical mechanisms of
summer teleconnections and characteristics of remote
impacts on the United States in the summer that arise
from the multiyear evolution of ENSO.

A typical ENSO event develops in late boreal spring,
peaks at the end of the calendar year, and decays in the
following spring to early summer (e.g., Rasmusson and
Carpenter 1982; Okumura and Deser 2010). During an
ENSO event, anomalous tropical deep convection
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induced by sea surface temperature (SST) anomalies
triggers an upper-level Rossby wave propagating from
the equator to the extratropics across the Pacific-North
America (PNA) region (e.g., Hoskins and Karoly 1981;
Webster 1981). The low-frequency Rossby wave shifts
the subtropical jet stream and storm track equatorward
(poleward) during an El Nifio (La Nifa), subsequently
influencing climate in remote regions including North
America (e.g., Trenberth et al. 1998). Besides the direct
tropical influence via Rossby wave propagation, mid-
latitude transient eddies also play an important role in
maintaining and modulating the extratropical response
to the ENSO tropical forcing through an eddy-mean
flow positive feedback (e.g., Hoerling and Ting 1994;
Harnik et al. 2010; Seager et al. 2010). Both mechanisms
are tightly linked to the intensity and location of the
subtropical jet stream (e.g., Hoskins and Ambrizzi 1993;
Hoerling and Ting 1994). Thus, the teleconnections and
their impacts on extratropical North America are the
strongest in the boreal winter when the ENSO tropical
forcing reaches its peak and the jet stream is strong and
closest to the tropics, allowing the Rossby wave source
originating from tropical diabatic heating anomalies to
extend into westerly flows and, hence, allowing Rossby
wave propagation into midlatitudes (e.g., Webster 1982).

These typical features of boreal winter climate, in-
cluding both the ENSO tropical forcing and the mean
locations of jet stream and storm track, differ in the
summer season. The intensity of teleconnections is
much weaker as the anomalous tropical SST and deep
convection are in either the developing or decaying
phases of ENSO. Further, the dominance of tropical
easterlies and the weaker and poleward-shifted North
Pacific jet stream limit the potential for Rossby wave
propagation out of the tropics into the extratropical
region (Hoskins and Karoly 1981; Webster and Holton
1982). The difficulties in establishing the regional im-
pacts of ENSO summer teleconnections are also ag-
gravated by stronger land-atmosphere interactions in
the summer season, which, over North America, can be
comparable to the impact of remote SST forcing (e.g.,
Koster et al. 2000; Douville 2010). These factors con-
strain our knowledge of ENSO teleconnections and
potentially limit the model forecasting skill of seasonal
regional impacts on North America.

Despite the limitations, the previous literature has
demonstrated the possibility that ENSO tropical forcing
can trigger Rossby waves propagating toward higher
latitudes in the summer season (e.g., Lau and Peng 1992;
Ding et al. 2011; Douville et al. 2011) and impact U.S.
summer climate such as variability in Great Plains rainfall
(Ting and Wang 1997; Hu and Feng 2001) and the Great
Plains low-level jet (Weaver and Nigam 2008; Liang et al.
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2015). In particular, a continental-scale anomalous anti-
cyclone typically sits over North America in the summer
of a developing La Nifia and thereby leads to hot and dry
summers over the central United States (Wang et al.
2007). The strong rise in maximum temperature and de-
crease in precipitation over major crop-producing area of
the United States in the developing La Nifia summer
were found to negatively affect maize and soybean
yields (Anderson et al. 2017). This negative impact on
agricultural production and the associated economic
losses and social impact highlight the importance of
better understanding the physical mechanisms that
control the extratropical teleconnections in the devel-
oping La Nifia summers. In establishing the physical
processes of ENSO summer teleconnections, however,
the multiyear evolution of ENSO was rarely consid-
ered in the previous literature.

The importance of the multiyear ENSO evolution
originates from the nonlinearity and asymmetry in the
evolution and duration of El Nifio and La Nifia events. A
La Nifia tends to persist through the following summer
and often reintensifies in the subsequent winter, leading
to a multiyear La Nifa event (McPhaden and Zhang
2009; Okumura and Deser 2010; Dommenget et al.
2013). Unlike La Nifia, an El Nifio tends to decay rapidly
in the tropical Pacific in the boreal spring, but El Nifio—
induced warming in the Indian Ocean can persist into the
following summer and impact the global circulation,
especially in the PNA region (e.g., Lau et al. 2005; Xie
et al. 2009). There have been various atmospheric and
oceanic mechanisms proposed to explain the asymmet-
ric duration of ENSO events (e.g., Okumura 2019). In
the ocean, the equatorial heat content discharge during
strong El Nifio may favor the subsequent development
of multiyear La Nifas (DiNezio and Deser 2014;
DiNezio et al. 2017; Wu et al. 2019). In the atmosphere,
the nonlinear response of deep convection to SSTs re-
sults in an eastward-shifted and stronger center of deep
convection anomalies during an El Nifio compared to a
La Nifia, leading to a correspondingly eastward-shifted
zonal wind response (e.g., Okumura and Deser 2010;
Dommenget et al. 2013). This makes easterlies over the
western Pacific induced by the Indian Ocean warming
during an El Nifio more effective at terminating the
event than their counterparts are during La Nifa
(Okumura and Deser 2010; Okumura 2019). On the
other hand, stronger surface wind anomalies during El
Nifio result in stronger negative oceanic feedback, ac-
celerating the termination of an El Nifio relative to a La
Nifia (Dommenget et al. 2013). Nevertheless, the origin
of the asymmetric evolution of ENSO events is still an
active research question and nonlinearities in ocean
thermodynamics might also contribute (e.g., Okumura
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2019; Wu et al. 2019). Our focus here is on the impact of
the asymmetry on teleconnections.

In fact, all the first-year La Nifias since 1950 transitioned
from El Nifio winters (https:/origin.cpc.ncep.noaa.gov/
products/analysis_monitoring/ensostuff/ONI_v5.php).
Therefore, La Nifia summers can be when an El Nifio is
transitioning to a La Nifia or when a La Nifia is persisting
from one year to the next. These two different cases were
both loosely defined as “developing La Nifia” in most of
the previous studies despite the distinct prior ENSO con-
ditions. The difference in the prior El Nifio or La Nifia
conditions may also lead to distinct teleconnections in
these two different La Nifia summers, one transitioning
from El Nifio and one persisting from La Nifia. For ex-
ample, the aforementioned drops in the U.S. maize and
soybean yields are uniquely observed in the developing
summer of a first-year La Nifia. That is, when an El Nifio is
transitioning to a La Nifia, but not in the developing
summer of second- or third-year La Nifias, when a La Nifia
is persisting (Anderson et al. 2017). The different agricul-
tural impacts imply that these summer teleconnections
may involve different dynamics, which has not been ex-
plored in any prior work.

In this study, we focus on distinguishing the features of
teleconnections between the two different La Nifia summers
(transitioning vs persisting) based on observations. The goal
is to understand the physical processes that lead to the strong
anomalous anticyclone that is unique in the summer when an
El Nifo is transitioning to a La Nifia. A stationary wave
model (SWM) is used to characterize the relationships be-
tween ENSO tropical forcings and teleconnections in the
two types of La Nifia summers. In section 2, we detail the
observational data and the stationary wave model used. In
section 3, we compare the evolutions of the two types of La
Nifia cases from the preceding winters to the developing La
Nifia summers based on the observations. We also identify
the sources that lead to the different teleconnections in the
two developing La Nifia summers. In section 4, we use the
SWM as a diagnostic tool to test the hypothesis derived from
the observational analyses. Conclusions and a discussion are
provided in section 5.

2. Data and method
a. Observed data

SST data are taken from the Extended Reconstructed
Sea Surface Temperature, version 5 (ERSSTv5; Huang
et al. 2017). ERSSTVS provides monthly SST data from
1895 with 2° X 2° spatial resolution. Atmospheric cir-
culation (200-hPa geopotential height and wind) and
global precipitation data are taken from the National
Centers for Environmental Prediction—National Center
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for Atmospheric Research Reanalysis 1 (NCEP-NCAR
R1; Kalnay et al. 1996). This dataset provides monthly
values from 1948 to the present with 2.5° X 2.5° spatial
resolution for pressure-level data and T64 Gaussian grid
for surface data. For monthly surface temperature over
land area, we use the 0.5° X 0.5° spaced Climate
Research Unit TS3.26 (Harris et al. 2014) available from
1901 to 2016. The monthly climatology used in this study
is consistently based on averages from January 1950 to
December 2014. The SST and surface temperature over
land area are both linearly detrended, and the trend is
removed for each 3-month season separately.

b. Definition of El Niiio and La Nifia events

El Nifio and La Nifia events are selected based on the
oceanic Nifio index (ONI), a 3-month running mean of SST
anomalies in the Nifo-34 region (5°N-5°S, 170°-120°W)
from ERSSTVS, relative to a 30-yr climatology. The 30-yr
base period is updated every 5 years and centered to the first
year of these 5 years [for a complete description, see the
NOAA Climate Prediction Center (CPC) website: https:/
origin.cpc.ncep.noaa.gov/products/analysis_monitoring/
ensostuff/ONI_change.shtml]. El Nifio and La Nifna
events are defined when the ONI reaches the threshold
of +0.5°C and —0.5°C for at least 5 consecutive over-
lapping 3-month averages.

Based on these criteria, we identified 4 single-year La Nifia
events from 1950 to 2014 (1964, 1988, 1995, 2005, indicated by
purple lines in Fig. 1), 5 two-year La Nifa events (1954-55,
1970-71, 1983-84, 2007-08, 2010-11, blue lines in Fig. 1), and
2 three-year La Nifia events (1973-75, 1998-2000, orange
lines in Fig. 1). Therefore, there are 11 first-year La Nifia
winters (indicated by the black dots in Fig. 1). The preceding
winters of these first-year La Nifia were all identified as El
Nifio winters (Fig. 1). We categorize the summers in the first-
year La Nifa developing phase as “transitioning summer”’
[denoted as JJA(0)7 in all the figures]. On the other hand,
there are 7 second-year La Nifia winters (triangles in
Fig. 1) and 2 third-year La Nifla winters (diamonds in
Fig. 1). We categorize the summers prior to these La Nifia
winters as ‘“‘persisting summer”’ [denoted as JJA(0)p].

c. Stationary wave model

The time-dependent baroclinic model used in this
study is based on the three-dimensional nonlinear prim-
itive equations in sigma (o) coordinates. The model
computes deviations from a prescribed zonally varying
climatological mean state in response to imposed zonally
asymmetric forcings. To find a steady-state solution, we
damp out the transient eddies with a 15-day interior
Rayleigh drag and a 15-day Newtonian relaxation along
with a scale-selective biharmonic diffusion with the co-
efficient of 1 X 10'". The model includes 24 vertical
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FIG. 1. Evolutions of the oceanic Nifio index for the first-year La Nifia during 19502014 from the previous year to the
following two years. Purple, blue, and orange lines are for the evolutions of single-year, two-year, and three-year La Niflas,
respectively. Circles, triangles, and diamonds indicate the first-year, second-year, and third-year La Nifia winters (November—
January), respectively. The dotted line indicates the —0.5°C threshold used to define La Nifia events. The years of La Nifia

winters are listed in the figure.

o levels and a rhomboidal truncation at wavenumber 30
in the horizontal (R30, roughly 2.25° latitude X 3.75°
longitude). We run the model for 80 days, and the average
from days 30 to 80 is shown. The SWM has been widely
used as a diagnostic tool to examine the mechanisms of
ENSO stationary waves in both boreal winter (e.g., Ting
and Hoerling 1993; Hoerling and Ting 1994) and summer
(e.g., Liu et al. 1998). More details are described in Ting
and Yu (1998) and Simpson et al. (2015).

The basic state is the observed three-dimensional June—
August (JJA) 3-month averaged climatology (1950-2014),
including temperature, horizontal wind, and surface pressure
fields, obtained from the NCEP-NCAR R1. The diabatic
forcings are derived from the composites of anomalous di-
abatic heating for transitioning La Nifia summer [JJA(0)7]
and persisting La Nifia summer [JJA(0)p]. Diabatic heating
is calculated as a residual from the three-dimensional ther-
modynamic equation, constructed by monthly temperature
and wind fields from NCEP-NCAR R1 and the transient
eddy sensible heat flux convergences. As the SWM does not
explicitly simulate transient eddies, the effects of midlatitude
transient eddies are included by adding them as an additional
forcing term. Both the transient heat and vorticity flux con-
vergences are computed from the NCEP-NCAR R1 daily
temperature and wind fields.

3. Results

a. Observations

1) EVOLUTION OF SST ANOMALIES

The fundamental difference between the transitioning
and persisting La Nifia summers originates from the

evolutions of oceanic conditions. Figure 2 illustrates the
evolutions of the SST anomalies from the preceding
winters to the developing La Nifia summers. For the
transitioning La Nifla, SST anomalies over the tropical
Pacific evolve from an El Nifo state (Fig. 2a) to a La
Nifia state (Fig. 2c¢). During the preceding El Nifio
winter, warm SST anomalies extend from the tropical
central Pacific (CP) to the eastern Pacific (EP) and these
decay rapidly in the following spring (Nifio-3.4 SST
anomalies drops from 1.45° to 0.62°C, Fig. 2b). By the
transitioning summer JJA(0)y (Fig. 2c), the tropical
Pacific has turned into a La Nifia state with negative SST
anomalies from the tropical CP to EP.

Contrary to the rapidly evolving tropical CP and EP,
the warm SST anomalies over the Indo-western Pacific
and the tropical Atlantic, caused by the El Nifio tropical
Pacific SST anomalies via the atmospheric bridge (e.g.,
Alexander et al. 2002), persist from the preceding winter
to the transitioning summer. The warming over the
Indo—western Pacific in the boreal spring to summer is a
classic delayed response to a decaying El Nifio (e.g., Lau
et al. 2005; Xie et al. 2009). In other words, the tropical
Indian and Pacific Oceans during the transitioning sum-
mer possess the anomalies from both the decaying El
Nifio and the developing La Nifia.

On the other hand, the oceanic conditions during a
persistent La Nifia evolve differently (Figs. 2d-f). In the
first-year La Nifia winter, cold SST anomalies extend
from the tropical CP to EP, as well as the Indian Ocean
and the tropical Atlantic (Fig. 2d). Following the peak
season, unlike El Nifio events, the tropical Pacific SST
anomalies decay slowly, with Nifio-3.4 SST anomalies
changing from —1.24°C in the winter to —0.81°C in the
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FIG. 2. Composites of detrended ERSSTVS SST anomalies (shaded over the ocean; °C), NCEP-NCAR R1 de-
trended surface temperature (shaded over the land; °C) and 850-hPa geopotential height anomalies with the zonal-
mean removed (contours; interval: 5m) for the (left) transitioning and (right) persisting La Nifla summers from
(a),(d) the preceding winters December—February [D(—1)JF(0)] and (b),(e) the preceding springs March-May
[MAM(0)] to (c),(f) the developing La Nifia summers JJA(0). The differences in the composites between the
transitioning and persisting La Nifia summers are shown in (g). Stippling denotes the 90% confidence for detrended
SST anomalies using a two-tailed Student’s ¢ test. Thick lines indicate the 90% confidence for 850-hPa height
variations. For surface temperature over the land area, only statistically significant values (at 90% level) are
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present.

spring, showing the asymmetry in the duration between
El Nifio and La Niiia evolutions (Fig. 2e). In the per-
sisting summer JJA(0)p (Fig. 2f), the negative SST
anomalies over the tropical Pacific remain with slightly
weaker intensity compared to the preceding winter and
spring. Compared to the transitioning summer (Figs. 2¢,g),
the spatial distribution of the tropical Pacific SST anomalies
is more meridionally extended. Also, the entire tropics are
colder than normal, distinct from the transitioning summer in
which the developing La Nifia in the tropical Pacific was
surrounded by warm anomalies in the Indian Ocean and
tropical Atlantic persisting from the decaying El Nifio.

2) TROPICAL RAINFALL ANOMALIES

The distinct oceanic characteristics of each type of La
Nifia lead to different atmospheric responses over the
tropical Pacific. For transitioning La Nifia events, over
the tropical CP, enhanced rainfall triggered by the El

Nifio warm SST anomalies (Fig. 3a) evolves into weak
reduced rainfall anomalies triggered by the developing
La Nifia SST anomalies (Fig. 3c). During the transitioning
summer, besides the suppressed deep convection over the
CP, another significant region of suppressed deep convec-
tion appears in the subtropical western Pacific (WP; Fig. 3c).
The suppressed deep convection in the subtropical WP is
likely caused by the baroclinic Kelvin wave forced by en-
hanced precipitation over the warm Indian Ocean (Fig. 2¢),
which triggers low-level divergence and upper-level con-
vergence in the subtropical WP (Xie et al. 2009). Therefore,
during the transitioning summer, there is suppressed deep
convection over the CP due to the developing La Nifia and
over the WP due to the decaying El Nifio.

The warming in the Indian Ocean and the suppressed
rainfall over the subtropical WP, on the other hand, are
absent in the persisting summer preceded by a La Nifia
winter (Figs. 2f,g, 3f,g). Instead, only the suppressed
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FIG. 3. Composites of precipitation anomalies (shaded; mm day ') and 200-hPa geopotential height anomalies
with the zonal-mean removed (contours; interval: 5 m) for the (left) transitioning and (right) persisting La Nifa
summers from (a),(d) the preceding winters D(—1)JF(0) and (b),(e) the preceding springs MAM(0) to (c),(f) the
developing La Nifia summers JJA(0). The differences in the composites between the transitioning and persisting La
Nifia summers are shown in (g). Stippling denotes the 90% confidence for precipitation anomalies using a two-
tailed Student’s  test. Thick lines indicate the 90% confidence for 200-hPa height variations. Purple boxes in (¢) and
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(f) indicate the subtropical WP and eastern North America regions used in Fig. 5.

deep convection induced by the negative La Nifia SST
anomalies is present over the tropical CP (Fig. 3f).
Accordingly, the primary difference in the anomalous
rainfall field is the suppressed rainfall over the subtropical
WP caused by the preceding El Nifio, a unique feature to
the transitioning La Nifia summer. This feature is robust
across multiple reanalysis datasets, including European
Centre for Medium-Range Weather Forecasts interim
reanalysis dataset (ERA-Interim) from 1979 to 2014
(Dee et al. 2011), Japanese 55-year Reanalysis (JRA-55)
from 1958 to 2014 (Kobayashi et al. 2015), and NOAA
Twentieth Century Reanalysis, version 2c (20CRv2c),
from 1950 to 2014 (Compo et al. 2011) (not shown).

3) ANOMALOUS 200-HPA ATMOSPHERIC
CIRCULATIONS

Since ENSO teleconnections are forced by anomalous
tropical convection, the distinct tropical rainfall pat-
terns between the transitioning and persisting La Nifia

summers will lead to different teleconnection patterns.
In the transitioning summer, significant anomalous at-
mospheric circulations extend from the tropics to the
extratropics, with a significant anomalous anticyclone
over northeastern North America (Fig. 3c). The anom-
alous circulation pattern over the PNA region appears to
be composed of two Rossby wave trains: one from the
suppressed convection over the tropical CP following an
approximately great circle route (Hoskins and Karoly
1981), with an anticyclone in the central North Pacific,
a deepened Aleutian low, and the anticyclone over
northeastern North America; and another originating
from the suppressed convection over the subtropical
WP and propagating across the PNA region. This sec-
ond wave train is composed of an anomalous low near
the suppressed convection, a high anomaly in the
midlatitude North Pacific (centered at around 40°N and
165°W and separate from the main high center caused
by the CP cooling), a deepened Aleutian low, and the
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FIG. 4. As in Fig. 2, but for composites of CRU detrended surface temperature. Stippling denotes the 90%
significance for detrended surface temperature anomalies using a two-tailed Student’s ¢ test. Boxes in (c) and

(f) indicate the Midwest area used in Fig. 5.

anomalous anticyclone over North America. It appears
the two wave trains superimpose on each other and
constructively contribute to the anomalous anticyclone
over North America. The extratropical teleconnections
are essentially barotropic, extending down to the lower
level and affecting the surface climate over the United
States (Fig. 2¢), as will be discussed in the next subsection.

For the persisting summer, however, statistically signifi-
cant anomalous atmospheric circulations are confined in the
tropics, although there are indications of a single wave train
emanating from the tropical CP (Fig. 3f). This teleconnec-
tion, triggered by the weak suppressed convection in the
tropical CP, is weak and is not augmented by a wave train
from the subtropical WP. Therefore, the teleconnection
patterns over extratropical North America behave differ-
ently in these two La Nifia summers: a superposition of tel-
econnections influences North America in the transitioning
summer, but only a weak tropics-to-extratropics telecon-
nection exists in the persisting summer. This feature is robust

across the ERA-Interim, JRA-55, and 20CRv2c datasets
based on different time spans (not shown).

4) U.S. SURFACE TEMPERATURE

The atmospheric teleconnections are the bridge con-
necting tropical forcing and extratropical meteorologi-
cal conditions. Hence, the regional impacts of ENSO on
the U.S. surface climate are substantially different in
these two developing La Nifia summers. The evolution
of the U.S. surface temperature (Ts) for the transitioning La
Nifia presents the classic distribution of Ts anomalies during
ENSO winters, warm (cold) north—cold (warm) south di-
pole pattern during El Nifio (La Nifia) winters (e.g.,
Ropelewski and Halpert 1986; Figs. 4a,d). For the tran-
sitioning summer (Figs. 2c, 4c), when the teleconnections
reach extratropical North America, the anomalous anticy-
clone, with barotropic structure, exerts significant warm
anomalies on most of the area east of the Rocky Mountains,
especially over the Midwest region where the anomalies are
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F1G. 5. Midwest CRUv3p25 detrended surface temperature (Ts) and anomalous rainfall for all (a) transitioning [JJA(0)7, orange dots] and
(b) persisting [JJA(0)p, blue dots] La Nifia summers. Scatterplots for JJA (c) subtropical WP rainfall vs 200-hPa geopotential height anomalies over
eastern North America, (d) subtropical WP rainfall vs Midwest detrended Ts, and (e) 200-hPa geopotential height anomalies over eastern North
America vs Midwest detrended Ts. The regions of subtropical WP and eastern North America are indicated in the Figs. 3c and 3f. The region of
Midwest is presented in Figs. 4c and 4f. Numbers in (c)—(e) are the percentages for JJA(0)7 and JJA(0)p in each quadrant.

more than 1°C. The warming over the Midwest (box area in
Fig. 4c) is robust, as it happened in 9 of the 11 historical
transitioning summers from 1950 to 2014 (orange dots
in Fig. 5a). Also, the warming has been identified in
both land temperature datasets [e.g., CRU shown in
Fig. 4c and NCEP/Climate Prediction Center Global
Historical Climatology Network (GHCN), version 2,
and the Climate Anomaly Monitoring System (CAMS)
datasets, not shown (Fan and van den Dool 2008)] and
reanalysis datasets (e.g., NCEP-NCAR R1 shown in
Fig. 2c and ERA-Interim, not shown), implying the
warm anomaly is not sensitive to the particular data
used. In addition, the anomalous anticyclone also leads
to a dry tendency over the Midwest region: 8 of the 11
historical transitioning summers brought drier-than-
normal condition to the Midwest (Fig. 5b).

For the persisting summer, the statistically significant
parts of the teleconnections are mostly confined in the
tropics, and the remote impacts on extratropical North
America are weak and insignificant (Fig. 4f). Also, un-
like in the transitioning summer, Ts anomalies over the

Midwest show no consistency among the historical
persisting summers (blue dots in Fig. 5a), with half of the
events showing warm anomalies and half showing cold
anomalies. The strong warming over the Midwest in the
transitioning summer and the much weaker response in
the persisting summer reinforce the substantial differ-
ences between these two types of La Nifia summers and
indicate the need for better understanding the dynamics
underlying the different teleconnection patterns.

5) THE ROLE OF THE WP SUPPRESSED
CONVECTION

The primary difference between the two La Nifia sum-
mers is the suppressed convection over the subtropical WP in
the transitioning summer and its absence in the second
summer. This WP suppressed convection is a robust feature
during the transitioning summer: 10 out of 11 historical
transitioning summers experienced drier-than-normal rain-
fall over the subtropical WP (Figs. 5c,d, orange dots). At the
same time, positive 200hPa geopotential anomalies over
eastern North America and the anomalously warm Midwest
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contour is omitted for simplicity. Stippling denotes the 90% confidence for RWS terms using a two-tailed Student’s ¢ test.

Ts tend to be associated with the suppressed convection in
the subtropical WP (Figs. 5c—e, orange dots). Yet these
features are not as connected to the subtropical WP in the
persisting summer (Figs. Sc,d, blue dots). Therefore, we
hypothesize that this El Nifio—induced WP suppressed
convection and the associated Rossby wave strengthen
the extratropical teleconnection patterns induced by the
developing La Nifia SST forcing, resulting in a strong
anomalous anticyclone over the United States during the
transitioning summer.

To test the hypothesis, we first calculate the Rossby
wave source (RWS), which represents the anomalous
vorticity source produced by upper-level divergence due
to anomalous convective activities in the tropics (e.g.,
Sardeshmukh and Hoskins 1988).

The RWS is defined as

RWS=-V -V +f)—(+/)V-V,,
where (') and ()’ represent the climatological three-

month mean and perturbation, respectively; V, is the
divergent component of the wind field; { is the relative

vorticity; and fis the Coriolis parameter. The first term
on the right-hand side represents the vorticity advection
by anomalous divergent flow, and the second term is the
vorticity stretching term due to anomalous divergence.

Figure 6 presents the contribution to the RWS from the
vorticity advection by the anomalous divergent flow (first
term; upper panels in Fig. 6) and from the stretching term
due to anomalous divergence (second term; middle panels
in Fig. 6) during the transitioning and persisting La Nifia
summers. During the transitioning summer, significant
positive vorticity forcing due to stretching is found near the
regions of suppressed convection in both the subtropical
WP and tropical CP (Fig. 6b). This is expected from the
local response to tropical thermal forcing: anomalous
suppressed convection triggers anomalous convergence in
the upper levels and subsequently a Rossby wave propa-
gation farther downstream. In particular, the suppressed
convection over the subtropical WP during the tran-
sitioning summer provides an anomalous vorticity source
that induces Rossby wave propagation toward extra-
tropical North America. On the other hand, during the
persisting summer, the RWS due to anomalous upper-level
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convergence is only significant over the tropical CP
where the suppressed convection triggered by the de-
veloping La Nifia SST anomalies is located (Fig. 6¢).

The RWS associated with vorticity advection by the
anomalous divergent flow (Fig. 6, upper panels) is rather
similar between the transitioning and persisting sum-
mers. Therefore, the primary difference in RWS be-
tween the two cases stems from the stretching effect due
to the suppressed convection in the subtropical WP
caused by the decaying El Nifio (Fig. 6g). In the next
section, we use the stationary wave model to further
examine the role of the suppressed convection in the
subtropical WP in strengthening the extratropical tele-
connections in the transitioning summer.

b. SWM results

1) GLOBAL ANOMALOUS DIABATIC HEATING

We first force the SWM with the observed anomalous
diabatic heating globally from both the transitioning and

persisting summers to examine ENSO summer tropical
forcing of extratropical teleconnections. The composites
of anomalous diabatic heating at 400 hPa (Fig. 7), where
the strongest mean diabatic heating happens, are largely
similar to the anomalous rainfall patterns (Figs. 3c,f) in
the tropics. During the transitioning summer, two areas
of significant anomalous cooling at 400 hPa are observed
over the tropical CP and subtropical WP, representing
the two areas of suppressed convection (Fig. 7a). The
vertical profiles of the anomalous diabatic heating also
show the anomalous cooling throughout the tropo-
sphere over both the tropical CP and subtropical WP
(Fig. 7b, orange lines), indicating the suppression of
these two deep convection areas. In contrast, during the
persisting summer, anomalous cooling is only observed
in the tropical CP and not in the subtropical WP
(Figs. 7c,d).

Figures 8b and 8e show the model anomalous stream-
function in response to the global anomalous diabatic
heating forcing (Fig. 7) during the two developing La
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(a) and (d) for the PNA (0°~75°N, 120°E-60°W) region.

Nifia summers. During the transitioning summer, there
is a quadruple pattern of anomalous streamfunction in
the tropics that resembles the Gill-Matsuno response to a
tropical heat source centered off the equator (Ting and
Yu 1998) and similar to the observations (Fig. 8a). The
quadruple pattern is centered at around 120°W and
extends westward to reach East Asia and Australia in
both the model and the observations. The pattern
correlations for the anomalous streamfunction be-
tween the observations and the model response are
0.84 for the global area and 0.87 for the PNA area (0°-
75°N, 120°E-60°W; Table 1, first row). This suggests
that tropical diabatic forcing is able to cause anomalous
circulations outside of the tropics including North
America, even though the basic-state westerlies are
weak in the boreal summer. In the persisting summer
(Fig. 8e), the quadruple pattern of anomalous stream-
function is weaker in amplitude and shifted farther to
the east compared to the transitioning summer, though
it is also similar to the observations (Fig. 8d). Unlike in
the transitioning summer, the western part of the

). Numbers in (b), (c), (e), and (f) indicate the pattern correlations with the observations in

quadruple pattern only extends to around 150°E, not
reaching East Asia and Australia. The pattern corre-
lations between the observations and the model re-
sponse are 0.67 for the global area and 0.73 for the PNA
area (Table 1, first row).

Tropical diabatic heating is the dominant driver of the
ENSO teleconnection pattern, but the teleconnections
are also influenced by midlatitude transient eddy vor-
ticity and sensible heat fluxes (e.g., Hoerling and Ting
1994). Figures 8c and 8f show the streamfunction re-
sponses to the combination of diabatic heating and
transient heat and vorticity flux convergences during the
two types of La Nifia summers. The primary effect of
midlatitude transient eddies is to shape the details of the
teleconnection patterns in the extratropics. For example,
the anomalous anticyclone over the United States during
the transitioning summer (Fig. 8c) becomes more distinct
and like the observations in the presence of transient
eddy forcing, compared to the case forced with only the
diabatic heating (Fig. 8b). Similarly, the anomalous an-
ticyclone in North America during the persisting summer
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TABLE 1. Pattern correlations for 200-hPa streamfunction anomalies from the SWM forced with observed diabatic heating anomalies
and transient eddies fluxes convergence anomalies for the PNA (0°-75°N, 120°E-60°W, bold) and global (italic) regions in the tran-

sitioning and persisting La Nifia summers. Pattern correlations are compared with the observed composite (Figs. 8a,d, OBS) and the

outputs in response to global diabatic heating anomalies in the SWM (Figs. 8c,f) for the regional diabatic heating experiments.

Figure No. Forcing Correlate with Transition JJA 7(0) Persistent JTA p(0)
Figs. 8b,e Global Q OBS 0.87/0.84 0.73/0.67
Figs. 8c,f Global Q and transient eddies OBS 0.86/0.85 0.77/0.68
Figs.9a,e WP + CP Q and transient eddies OBS 0.84/0.81 0.83/0.69
SWM 0.96/0.90 0.92/0.80
Figs. 9b,f CP Q and transient eddies OBS 0.65/0.69 0.80/0.64
SWM 0.79/0.75 0.88/0.78
Figs. 9¢c,g WP Q and transient eddies OBS 0.57/0.49 0.01/0.07
SWM 0.68/0.61 0.00/0.08

shifts northeastward and compares better with the ob-
servations (the pattern correlation in the PNA region
increases from 0.73 to 0.77; Table 1, second row) when the
transient eddy effects are added. The strong similarity
between the SWM responses and the observations sug-
gests that the SWM forced with diabatic heating and
transient eddy forcing has the ability to reproduce the
observed ENSO teleconnections as well as to distinguish
the difference in circulation responses between the two
different developing La Nifia summers.

2) REGIONAL ANOMALOUS DIABATIC HEATING
EFFECT

To focus on the role of diabatic cooling in the sub-
tropical WP in the transitioning summer, we next ex-
amine the model responses to the regional diabatic
heating (Fig. 9). We force the stationary wave model
with the global transient vorticity forcing and regional
diabatic heating over 1) both the subtropical WP and
tropical CP (EXP — WP + CP; Figs. 9a,e), 2) the trop-
ical CP (EXP — CP; Figs. 9b.f), and 3) the subtropical
WP (EXP — WP; Figs. 9¢,g) for both the transitioning
and persisting summers.

In the transitioning summer (denoted as EXP7), the
diabatic coolings over the subtropical WP and the tropical
CP dominate the anomalous circulations. The anomalous
circulations from EXP7 — WP + CP (Fig. 9a) are highly
similar to the anomalous circulations forced by the global
diabatic heating field (Fig. 8c) with a pattern correlation
of 0.90 for the global domain and 0.96 for the PNA region
(Table 1, third row). The streamfunction pattern in
Fig. 9a also resembles the observations shown in Fig. 8a,
with a pattern correlation of 0.81 for the global domain
and 0.84 for the PNA region. When only the tropical CP
diabatic cooling is prescribed to force the model (Fig. 9b),
the quadruple pattern of anomalous streamfunction is
much weaker in amplitude and does not extend as far to
the west as when both the WP and CP diabatic cooling are

included. This is also reflected in the spatial pattern cor-
relation with the anomalous circulations forced by the
global diabatic heating (Fig. 8c), which drops to 0.69 for
the global domain and 0.65 for the PNA region (Table 1,
forth row). The intensity of the extratropical tele-
connections is weakened, but an anomalous anticyclone
is still found over North America, consistent with the
classic wave train in response to the La Nifla tropical
forcing.

On the other hand, when only the subtropical WP
diabatic cooling is applied to the model, the quadruple
pattern shifts westward with the center near the date line
(Fig. 9¢c), suggesting that the WP diabatic cooling con-
tributes to the westward extension of the tropical re-
sponse associated with the La Nifia tropical CP forcing.
Furthermore, the subtropical WP diabatic cooling also
contributes to the anomalous anticyclone over North
America with a similar amplitude as that due to the
tropical CP cooling (Fig. 9b). The pattern correlations
with the anomalous circulations forced by the global
diabatic heating (Fig. 8c) are 0.61 for the global domain
and 0.68 for the PNA region (Table 1, fifth row), com-
parable to the ones in EXP, — CP, justifying the impor-
tant role played by the subtropical WP cooling in the
overall teleconnection in the transitioning La Nifia sum-
mer. These results support our hypothesis that the sup-
pressed convection over the subtropical WP can trigger
stationary wave propagation toward extratropical North
America and strengthen the ENSO extratropical tele-
connections during the transitioning summer. The anom-
alous diabatic heating over the far eastern tropical Pacific
and tropical Atlantic in the transitioning La Nifia summer
(Fig. 7a) also partially contributes to the extratropical
teleconnections over North America (Fig. 9d; e.g.,
Kushnir et al. 2010; Wang et al. 2010), but the ampli-
tude of the associated anomalous circulation is weaker
compared to the ones forced with tropical Pacific dia-
batic coolings (Figs. 9a—c).
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(Figs. 8a,d) for the PNA region. The area of regional diabatic heating anomalies are indicated in Figs. 7a and 7c.

In the persisting summer (denoted as EXPp), in contrast
to the transitioning summer, the anomalous circulations in
EXPp — CP (Fig. 9f) are similar to the ones in EXPp —
WP + CP (Fig. 9¢). The quadruple patterns in these two
experiments are both similar to the anomalous circulations
forced by the global diabatic heating (Fig. 8f) as well as the
observations (Fig. 8d) with the center around 120°W and
extending westward to around 150°E. This implies that the
diabatic heating over the subtropical WP is not influential in
this case. Figure 9g shows the anomalous circulations from
EXPp — WP. This shows no similarity with the observations
(pattern correlation is 0.07 for the global domain and 0.01

for the PNA region; Table 1, fifth row). Hence, in the per-
sisting summer, diabatic cooling over the tropical CP dom-
inates the ENSO teleconnection patterns, unlike during the
transitioning summer when diabatic coolings over both the
tropical CP and the subtropical WP play substantial roles.

4. Conclusions and discussion
a. Conclusions

Here we have examined the physical mechanisms of
teleconnections in developing La Nifia summers when
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ENSO tropical forcing reduces soybean and maize
yields in the United States. Examining the post-1950
period, a developing La Nifia summer is either when an
El Nifio is transitioning to a La Nifia (transitioning
summer) or a La Nifia is persisting (persisting summer).
We have focused on distinguishing the dynamics of these
two types of developing La Nifla summers based on
observations and using a stationary wave model (SWM)
as a diagnostic tool.

o Transitioning and persisting summers have different
SST anomaly patterns across the tropics because they
have evolved differently from the preceding winters.
During the transitioning summer, although the trop-
ical Pacific has transitioned into a La Nifia state,
the Indian Ocean and the tropical Atlantic are still in
the El Nifio decaying phase. In contrast, during the
persisting summer, the La Nifia signal alone spans the
tropics.

« Different oceanic anomalies lead to different atmo-
spheric responses. During the transitioning summer,
two suppressed deep convection areas dominate the
anomalous rainfall field over the tropical Pacific: one is
over the central Pacific (CP) due to the developing La
Nina, and another one is over the western Pacific (WP)
due to the decaying El Nifio. On the other hand, during
the persisting summer, only the suppressed deep con-
vection induced by the La Nifia SST forcing is present
over the tropical CP.

e During the transitioning summer, the suppressed
convection over the tropical CP and the subtropical
WP both provide anomalous vorticity sources via
the stretching effect and induce Rossby wave prop-
agation extending to North America. These two
wave trains superimpose on each other, leading to
statistically significant teleconnections in the extra-
tropics with a significant anomalous anticyclone
over northeastern North America and a robust
warming over the Midwest. In contrast, during the
persisting summer, without the augmentation by a
wave train from the subtropical WP, the telecon-
nection is weak and only statistically significant in
the tropics with no significant temperature anoma-
lies over the United States.

e According to the SWM experiments, the diabatic
cooling over the subtropical WP and that over the
tropical CP contribute roughly equally to the anoma-
lous anticyclone over North America. During the
persisting summer, the lack of forcing in the WP
means diabatic cooling over the tropical CP dominates
the ENSO teleconnection pattern.

Therefore, the suppressed convection over the sub-
tropical WP in the transitioning summer distinguishes
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the teleconnections from those in the persisting summer.
This El Nifio-induced WP suppressed convection and
the associated Rossby wave strengthen the extratropical
teleconnection induced by the developing La Nifia SST
forcing, leading to a strong anomalous anticyclone and
robust warm signals over the Midwest during the
transitioning summer.

b. Discussion

Although the model experiments decently repro-
duced the observations in many aspects, the observed
difference in the intensity of anomalous anticyclone
between transitioning and persisting summers is much
larger than in the SWM results. A plausible explanation
for this discrepancy is that the intensity of the anoma-
lous anticyclone in the observations is also affected by
several other factors not included in the SWM. These
possible factors include the following:

o Land-atmosphere feedback is strong in the summer,
and its influence on circulation is comparable to that
of remote SST forcing according to some previous
studies (e.g., Koster et al. 2000; Douville 2010). Soil
moisture anomalies can affect the surface meteoro-
logical conditions through changes in evapotranspi-
ration and therefore surface heat fluxes. The result-
ing anomalous surface diabatic heating can modify
the regional atmospheric circulation, which may
further feed back to the surface meteorological
conditions. This could amplify the impacts on atmo-
spheric circulations of tropical SST (e.g., Koster
et al. 2016).

« Random atmospheric internal variability could, through
constructive or destructive interference, create different
amplitudes of extratropical teleconnections between the
transitioning and persisting La Nifia summers in obser-
vations (e.g., Hoerling and Kumar 1997; Chen and
Kumar 2018; Jong et al. 2018).

e The transient eddy flux anomalies are caused by
changes in the midlatitude mean flow but also feed
back on the midlatitude mean flow. However, this
eddy-mean flow interaction is not allowed in the
model as transient eddies are treated as forcing, and
this could lead to errors in the amplitude of the forced
response.

To summarize, the different oceanic states of different
La Nifia summers result in different atmospheric con-
vection and circulation anomalies. Hence, it is necessary
to separately consider the transitioning and persisting
La Nifia events as their teleconnections and, therefore,
impacts on crop yields, are significantly different. This
demonstrates that improved understanding of ENSO
summer teleconnections and seasonal prediction of U.S.
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summertime hydroclimate will require further study of
the seasonal evolution of ENSO characteristics within a
multiyear ENSO life cycle.
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