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ABSTRACT

The influence of tropical precipitation variability on summertime seasonal circulation anomalies in the
Euro-Atlantic sector is investigated. The dominant mode of the maximum covariance analysis (MCA) be-
tween the Euro-Atlantic circulation and tropical precipitation reveals a cyclonic anomaly over the extra-
tropical North Atlantic, contributing to anomalously wet conditions over western Europe and dry conditions
over eastern Europe and Scandinavia (in the positive phase). The related mode of tropical precipitation
variability is associated with tropical Pacific SST anomalies and is closely linked to the El Nifio—Southern
Oscillation (ENSO). The second MCA mode consists of weaker tropical precipitation anomalies but with a
stronger extratropical signal that reflects internal atmospheric variability. The teleconnection mechanism is
tested in barotropic model simulations, which indicate that the observed link between the dominant mode of
tropical precipitation and the Euro-Atlantic circulation anomalies is largely consistent with linear Rossby
wave dynamics. The barotropic model response consists of a circumglobal wave train in the extratropics that is
primarily forced by divergence anomalies in the eastern tropical Pacific. Both the eastward and westward
group propagation of the Rossby waves are found to be important in determining the circulation response
over the Euro-Atlantic sector. The mechanism was also analyzed in an operational seasonal forecasting
system, ECMWEF’s System 4. While System 4 is well able to reproduce and skillfully forecast the tropical
precipitation, the extratropical circulation response is absent over the Euro-Atlantic region, which is likely
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related to biases in the Asian jet stream.

1. Introduction

Large-scale atmospheric circulation anomalies ex-
hibit a strong control on interannual variability of Eu-
ropean summertime temperature and precipitation
(Folland et al. 2009; Bladé et al. 2012). For example,
large-scale circulation anomalies are responsible for
very wet summers (Yiou and Cattiaux 2013), as well as
exceptionally hot and dry summers over continental
Europe (Fischer et al. 2007). However, despite the
demonstrated progress in seasonal forecasting skill of
Euro-Atlantic circulation in winter (Scaife et al. 2014;
Dunstone et al. 2016; Stockdale et al. 2015; Weisheimer
et al. 2017; Riddle et al. 2013), the skill is comparatively
low in summertime seasonal forecasts (Weisheimer and
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Palmer 2014; MacLachlan et al. 2015). Understanding
the predictable drivers of summertime circulation
anomalies over the Euro-Atlantic sector, therefore, is
important in helping to improve seasonal forecasting
capabilities.

Some predictable drivers of circulation anomalies
over the Euro-Atlantic sector have been highlighted in
previous studies. The Atlantic multidecadal oscillation
(e.g., Enfield et al. 2001) in sea surface temperatures
(SSTs) has been shown to be associated with a cyclonic
circulation anomaly over northwest Europe on decadal
time scales (Sutton and Hodson 2005; Knight et al. 2005,
2006; Sutton and Dong 2012; O’Reilly et al. 2017b),
broadly consistent with a linear baroclinic response to
extratropical Atlantic SST anomalies (Ghosh et al.
2017). However, Atlantic SST anomalies also appear
to influence summertime circulation on interannual
time scales. Gastineau and Frankignoul (2015) used a
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maximum covariance analysis on observational data to
show that a tripolar SST pattern in spring tends to be
followed by atmospheric circulation anomalies over the
east Atlantic, although the relative importance of the
tropical and subpolar-gyre SST anomalies is unclear.
Dong et al. (2013) found that interannual shifts in the
North Atlantic summer storm track are significantly
related to extratropical SST anomalies in the spring and
that the summer SST anomalies themselves were con-
sistent with the ocean exerting some control on the at-
mosphere. It has been shown that recent Arctic sea ice
anomalies might be responsible for some summertime
trends in atmospheric circulation over the Euro-Atlantic
region (Screen 2013; Petrie et al. 2015), although there is
only limited observational evidence that sea ice anom-
alies significantly influence circulation variability on
interannual time scales (Wu et al. 2013).

Seasonal forecasts in winter derive much of their skill
from tropical SST anomalies, particularly in the Pacific,
and the associated teleconnection patterns (Smith et al.
2012). Tropical SST anomalies, such as those associated
with the El Nifio-Southern Oscillation (ENSO), drive
convective precipitation and latent heating anoma-
lies, which generate Rossby waves that propagate
into the extratropics (e.g., Hoskins and Karoly 1981;
Sardeshmukh and Hoskins 1988; Trenberth et al. 1998).
Less attention has been given to teleconnections from
the tropics to the Euro-Atlantic sector in the summer.
During the summer, tropical SST anomalies tend to be
smaller, along with weaker (or even reversed) vorticity
gradients upon which Rossby waves propagate into the
extratropics, resulting in weaker associated circulation
anomalies than in winter (Hoskins and Ambrizzi 1993;
Ambrizzi et al. 1995). Nonetheless, in observations there
does appear to be a teleconnection between ENSO and
the Euro-Atlantic region in summer, with impacts for
precipitation in some parts of Europe (Ropelewski and
Halpert 1987; Park 2004; Shaman and Tziperman 2011;
Shaman 2014b). Shaman (2014a) analyzed the response
of a linear barotropic model to ENSO forcing in the late
summer [i.e., July-September (JAS)]; however, the
model response over the Euro-Atlantic sector is seem-
ingly different to the apparent influence of ENSO over
the period 1949-2011 [cf. Figs. 1, 3, and 8 in Shaman
(2014a)]. In other seasons though, Shaman (2014a)
found that the atmospheric circulation anomalies asso-
ciated with ENSO were found to be in reasonable
agreement with the response of a barotropic model. In
this study we investigate how summer (JJA) tropical
precipitation anomalies influence Euro-Atlantic circu-
lation over the satellite period (1979-2016) and test the
mechanism of the observed teleconnection in a simple
barotropic model, which is found to perform reasonably
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well. A comparison with the analysis of Shaman (2014a)
suggests that there is a strong dependence on time pe-
riod, which we discuss in section 6.

A direct statistical method of estimating the seasonal
extratropical response to tropical forcing is to analyze
covariability of tropical precipitation and extratropical
circulation anomalies. Ding et al. (2011) performed a
maximum covariance analysis, using a reconstructed
global precipitation dataset and a reanalysis dataset
between 1948 and 2009 to analyze the global circula-
tion response to tropical precipitation. Their analysis
revealed two ‘‘circumglobal’” covarying modes of
tropical precipitation and extratropical circulation. In
this study, we take a similar approach to Ding et al.
(2011), but here we analyze variability in tropical
precipitation that specifically impacts circulation in the
Euro-Atlantic region. The dataset, methods, and ide-
alized models used in our study are described in the
following section. We then discuss results from obser-
vations and reanalysis data over the satellite period in
section 3. The results from the observations are com-
pared with results from an idealized barotropic model
in section 4. In section 5 we move on to compare the
results with output from an operational seasonal
forecast model. A summary of our findings and further
discussion follows in section 6.

2. Data and methods
a. Observational and reanalysis data

We use the Global Precipitation Climatology Project
(GPCP) monthly precipitation dataset for the summer
months JJA over the 38-yr period 1979-2016. The GPCP
precipitation data are provided on a 2.5° X 2.5° grid and
are produced using data from rain gauge stations and
satellite observations (Adler et al. 2003). While results
from the GPCP precipitation data are presented
throughout, the analysis was also carried out using the
CPC Merged Analysis of Precipitation (CMAP; Xie and
Arkin (1997)) dataset and the results presented here are
insensitive to the use of either GPCP or CMAP data. We
also use data from the ECMWF ERA-Interim re-
analysis, also over the period 1979-2016 (Dee et al.
2011). SST data were taken from the NOAA Extended
Reconstructed SST (ERSST), version 4 dataset (Huang
et al. 2015), over the same period as the precipitation
and reanalysis datasets.

For the storm-track analysis in section 3, high- and
low-pass-filtered variables are calculated using an 8-day
Lanczos filter (Duchon 1979) with 15 weights on daily
data. The high- and low-pass-filtered variables are de-
noted by the subscripts £ and /, respectively.
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b. Barotropic model

In this study we employ an idealized model to exam-
ine the mechanisms of teleconnections to the Euro-
Atlantic sector. The model integrates the barotropic
vorticity equation on a sphere (following Hoskins and
Ambrizzi 1993):

(%+uw~V)§:F—/\{—MV4§, 1)
where uy, is the rotational velocity field, { is the absolute
vorticity (the sum of planetary and relative vorticity
components), F is a constant forcing term, A is a linear
damping rate with a time scale of 10 days, and
w=24x10"m*s"! is a biharmonic diffusion co-
efficient. The equation is solved using spectral har-
monics with a triangular truncation at wavenumber 42
(i.e., T42). The forcing is decomposed into two terms,
F=TF+ F', where F is selected to exactly maintain the
basic state, which is taken to be the climatological vor-
ticity field at 250 hPa.

The anomalous forcing, F’, is selected to mimic the
forcing of the barotropic vorticity equation by divergent
outflow in the tropics. Following, Sardeshmukh and
Hoskins (1988), the linearized Rossby wave source
anomaly S is given by

§'=—w, -V{—u -V'-{D' -{D, (2)

where u, is the divergent velocity field and D =V - u, is
the divergence. Here overbars and primes denote cli-
matological and anomaly fields, respectively. In this
study we force the model with a Rossby wave source
anomaly due only to anomalous divergence. We ignore
terms due to anomalous vorticity, since these corre-
spond to the circulation response we are assessing. The
forcing term therefore reduces to

S'=—u -V{-ZD'~~ID'=F 3)

The divergent wind term is neglected for the rest of our
study as this term was found to be over an order of
magnitude smaller than the divergence term and in-
cluding this term in the subtropics (i.e., up to about
25°N) had only a negligible influence on the results.
The choice of the 250-hPa level for the basic state is a
source of uncertainty in barotropic model experiments
(e.g., Held and Kang 1987); however, our results were
not found to be particularly qualitatively different for
basic states chosen between 350 and 200 hPa. The basic
state was taken from the upper troposphere because this
is where anomalous tropical forcing (via divergent out-
flow) is strongest (e.g., Krishnamurti et al. 2013). The
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vorticity gradients, upon which the signal propagates out
of the tropics, are also significantly stronger in the upper
troposphere. We found it was necessary that the basic
state includes these strong waveguides (which are not
present lower in the troposphere) to achieve a reason-
able response, in terms of both amplitude and pattern.

The model was initialized from the basic state and
integrated forward for 30 days. The response becomes
quasi-stationary after about two weeks, so the stationary
response to forcing is presented as the average over the
period 16-20 days.

Additional simulations were employed using sponge
layers to strongly damp anomalous vorticity at certain
longitudes. These sponge layers have a Gaussian longi-
tudinal profile, with a width of o = 25°. In the center of
the sponge layer the damping time scale is about 2h,
decaying away from the central longitude following the
Gaussian profile. These were found to be sufficient to
successfully damp group propagation across the longi-
tude of the sponge layer.

3. Observed tropical precipitation variability and
associated extratropical circulation

a. First MCA mode and first EOF of tropical
precipitation

We first use observational datasets to isolate the
dominant modes of covariability between seasonal
mean tropical precipitation and Euro-Atlantic circula-
tion anomalies, using geopotential height at the 500-hPa
level in the midtroposphere (i.e., Z500). To do this, we
initially take a similar approach to Ding et al. (2011)
and perform a maximum covariance analysis (MCA;
Bretherton et al. 1992) between global tropical pre-
cipitation anomalies over 15°S-30°N and detrended ge-
opotential height anomalies at the 500-hPa level in the
midtroposphere (i.e., Z500) over the Euro-Atlantic
sector (30°-70°N, 90°W-30°E,). The first MCA mode
explains 43% of the squared covariance and the ex-
pansion coefficient time series are reasonably well cor-
related (r = 0.63). The precipitation anomaly associated
with the first MCA mode is almost identical to the first
EOF of tropical precipitation (which explains 22% of
the total variance), with a correlation of r=0.97 be-
tween the respective time series. The eigenvalue of the
first EOF of summertime tropical precipitation is well
separated from the other eigenvalues according to the
“rule of thumb” of North et al. (1982). Correlations
between gridpoint precipitation and the first MCA
mode and first EOF pattern are shown in Figs. la,b,
respectively. The Z500 anomalies associated with the
first MCA mode are also shown in the Euro-Atlantic
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(a) Correlation with MCA mode 1 of Tropical Precipitation/Z,, (1979-2016)
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FIG. 1. Correlation of the summer (JJA) GPCP precipitation anomaly with indices of (a) first mode from a maximum covariance
analysis (MCA) between tropical precipitation and Z500 over the Euro-Atlantic sector, (b) first EOF of tropical precipitation (15°S—
30°N), (c) Maritime Continent precipitation, (d) Pacific warm pool precipitation, (e) central Pacific precipitation, (f) Caribbean pre-
cipitation, and (g) tropical Atlantic precipitation. The contours in (a) show the regression of Z500 anomaly onto the normalized first
precipitation mode time series from the MCA, with a contour interval of 5m. The first MCA mode explains 43% of the squared co-
variance between the tropical precipitation (15°S-30°N) and the Z500 over the Euro-Atlantic region. The Euro-Atlantic region used for
the MCA is shown by the green box in (a). Note that Z500 anomaly associated with the first MCA mode is only shown in the Euro-

Atlantic region.

region used for the MCA (Fig. 1a). To assess the extent
to which this pattern of tropical precipitation is co-
herent, as opposed to simply an artifact of the MCA, we
also calculated gridpoint correlation maps with area-
averaged precipitation indices based on the anomaly
centers in Fig. 1a, which are shown in the additional
panels in Fig. 1. The first MCA mode and first EOF
appear to be related to each of the area-averaged
precipitation indices—most clearly those over the
Maritime Continent, central Pacific, and tropical
Atlantic—indicating the global nature of this dominant
mode of tropical precipitation variability. Given the
equivalence of the first MCA mode and the first EOF of

tropical precipitation, we focus much of our analysis on
the anomalies associated with the first EOF of tropical
precipitation.

The precipitation anomaly regressed onto the nor-
malized principle component time series of the first
EOF of summertime tropical precipitation is shown in
Fig. 2a. To estimate the extratropical circulation
anomalies associated with the first EOF of tropical
precipitation, we regressed atmospheric circulation
anomalies onto the normalized time series and these are
also shown in Fig. 2. These time series exhibit no sig-
nificant autocorrelation, therefore, the significance of
the regression and correlation statistics quoted hereafter
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FIG. 2. (a) Precipitation anomalies regressed onto the normalized principal component time series of the first EOF of
boreal summer (i.e., JJA) over the tropics (defined as 15°S-30°N, shown by the magenta lines) from the GPCP dataset
(1979-2016). Also shown are anomaly fields (linearly detrended) regressed onto the normalized first principal com-
ponent time series of tropical precipiation: (b) SST; (¢) u (250hPa); (d) v (250hPa); (e) Z500; (f) v (700 hPa);
(g) Z (250 hPa); and (h) divergence, V - u (250 hPa). Also shown are (i) precipitation and (j) surface air temperature
anomalies from the CRU-TS gridded dataset (1979-2015) regressed onto the tropical precipitation index. Units are shown
per standard deviation of the normalized principal component. The black contours in (b),(c),(d),(e),(f),(g) and stippling in
(1),(j) indicate where the anomalies are significant at the 5% level, using a two-sided ¢ test. The black contours in (a) and
(h) indicate where the anomalies are significant at the 1% level. The region outlined by the gray box in (h) shows the region
identified as active tropical precipitation forcing. The magenta box in (e) shows the used to define the North Atlantic Z500
index shown in Fig. 3. In (c) the purple contours show the climatological u (250 hPa) at 10 and 20ms ™',
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FI1G. 3. Time series of the tropical precipitation index (i.e., .the normalized first principal
component time series of tropical precipitation) is plotted in black. Also plotted are the Nifio-
3.41index for the summer (JJA, in red) and the following winter (DJF, in green). A normalized
index of summer North Atlantic Z500, averaged over the region outlined in Fig. 2e (40°-55°N,
45°-20°W) and multiplied by —1, is plotted in blue. Correlations between the tropical pre-
cipitation index and the other time series are also shown; all correlation values are significant

at the 1% level according to a two-sided ¢ test.

were calculated using a Student’s ¢ test with each year
taken to be one degree of freedom. There are significant
circulation anomalies across much of the extratropics in
the Northern Hemisphere. Over the Atlantic sector
during the positive phase, a cyclonic anomaly—with low
geopotential height (Fig. 2¢) and a positive vorticity
anomaly (Fig. 2g)—is associated with an equatorward
shift in the upper-tropospheric jet over the North At-
lantic Ocean and eastward extension over Europe
(Fig. 2c), along with southerly wind anomalies over
western Europe (Fig. 2d). The meridional wind anom-
alies have a distinct barotropic structure over much of
the extratropics but particularly over western Europe
where the southerly wind anomaly in the lower tropo-
sphere (not shown) closely corresponds to the upper-
tropospheric wind anomaly. The circumglobal nature of
the meridional wind anomalies in the extratropics is
reminiscent of the low-frequency teleconnection pat-
terns within the extratropical waveguide during summer
(Branstator and Teng 2017). The upper-tropospheric
divergence anomaly (Fig. 2h) has highly significant
anomalies across much of the equatorial region and
closely corresponds to the precipitation anomalies. Over
Europe, the first EOF of tropical precipitation is asso-
ciated with increased precipitation over parts of western
Europe and drier conditions over areas of central Eu-
rope and Scandinavia. The wet conditions are consistent
with the slight southward shift of the climatological jet
and the southerly wind anomalies, which act to transport

more moisture into western Europe. The dry conditions
over central Europe and Scandinavia are associated with
dry, northeasterly wind anomalies. The influence on
surface air temperatures is less clear over western/central
Europe; however, there are significant cool anomalies
over eastern Europe (Fig. 2j). These temperature anom-
alies are largely consistent with the temperature advec-
tion due to anomalous southwesterly and northeasterly
winds.

The SST anomaly associated with the first EOF of
tropical precipitation is shown in Fig. 2b and is remi-
niscent of El Nifio SST anomalies over the tropical Pa-
cific. The time series of the first EOF of tropical
precipitation and the Nifio-3.4 SST indices for the cor-
responding summer and following winter are shown in
Fig. 3. The first EOF of tropical precipitation is strongly
correlated with the Nifio-3.4 SST anomalies in the
tropical Pacific in both the summer (r =0.91) and the
following winter (r = 0.88) (but not the preceding win-
ter, r= —0.07) and is therefore closely linked to the
development of ENSO events. Ding et al. (2011) simi-
larly found that a dominant coupled mode of variability
between tropical precipitation and extratropical circu-
lation tended to occur during summers when ENSO was
developing. Figure 3 also shows a normalized index of
the cyclonic anomaly over the North Atlantic (shown in
Fig. 2e), which is significantly related to the first EOF of
tropical precipitation (r=0.49). Interestingly, there
are also strong circulation anomalies downstream over
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Russia, where positive geopotential height anomalies
and persistent blocking highs were important features of
the 2010 Russian heatwave (Schneidereit et al. 2012).
The 2010 summer was a La Nifia year with exceptionally
negative value of the tropical precipitation index
(Fig. 3), so it is possible that the circulation pattern from
the observational analysis, and therefore anomalous
tropical precipitation, played a role in the 2010 Russian
heat wave. Overall, the observational analysis indicates
that the extratropical circulation anomalies associated
with the first EOF of tropical precipitation are strongly
related to ENSO conditions in the tropical Pacific.

b. Second MCA mode

The second MCA mode between tropical pre-
cipitation anomalies and Z500 over the Euro-Atlantic
sector explains 19% of the squared covariance and the
expansion coefficient time series are well correlated
(r =0.75). The second eigenvalue is well separated from
the following eigenvalues using the rule of thumb of
North et al. (1982)—applied to the squared covariance
rather than variance following Donges et al. (2015)—
and therefore warrants consideration. The third MCA
mode is not well separated from the fourth so we will not
present analysis of these higher modes. Figure 4 shows
the regression of anomalous fields on the normalized
precipitation time series from the second MCA mode.
The precipitation anomalies associated with the second
MCA mode are approximately 4-5 times weaker than
those for the first EOF mode, with the strongest anom-
alous precipitation (Fig. 4a) and associated upper-level
divergence (Fig. 4h) confined to the eastern tropical
Pacific, although the precipitation anomalies also extend
to the central tropical Pacific. Nonetheless, there does
appear to be significant SLP anomalies in both the
eastern and western tropical Pacific (Fig. 4f), indicative
of large-scale tropical circulation changes. There are
significant SST anomalies associated with the second
MCA mode, most notably in the far eastern tropical
Pacific, and the second MCA mode is significantly, albeit
weakly, anticorrelated with the Nifio-1+2 index
(r=—0.52). The associated extratropical circulation
anomalies are generally largest in the Euro-Atlantic
sector, which is to be expected given the choice of region
for the MCA, and consist of a strengthening of the
upper-tropospheric zonal wind in the jet entrance region
over the western Atlantic and anomalous anticyclonic
circulation farther downstream over Europe (Figs. 4c,e).
The anomalous flow over the Euro-Atlantic sector is
similar to the first EOF of Z500 (JJA) anomalies in the
MCA region—which is sometimes referred to as the
summer North Atlantic Oscillation (SNAO)—and
the expansion coefficient time series of the Z500 from
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the second MCA mode and the first EOF of Z500 are
significantly correlated (» = 0.82). However, comparison
between the circulation anomalies seen in Fig. 4e and
SNAO (i.e., first EOF of Z500) shows that the high over
the United Kingdom that is characteristic of the
SNAO is located farther east in the second MCA
mode. Nonetheless, the tropical precipitation
anomalies associated with the second MCA mode do
seem to be associated with a preferred phase of the
SNAO, albeit the correspondence is not so clear over
northern Europe.

c. Storm-track anomalies and feedback

In comparison with the first EOF of tropical pre-
cipitation (i.e., Fig. 2), there are only very weak tropical
circulation anomalies associated with the second MCA
mode. This suggests that the extratropical circulation
anomalies associated with the second MCA mode are
related to internal extratropical variability—highlighted
by the close correlation with the first EOF of Z500 in the
Euro-Atlantic sector—and are less likely to be driven by
“direct” teleconnections from tropical precipitation. To
examine the relative role of storm-track anomalies in
influencing the large-scale circulation anomalies asso-
ciated with the tropical precipitation variability, we have
regressed different storm-track measures onto the first
EOF of tropical precipitation and the precipitation time
series from the second MCA mode. Figures 5a,b show
the meridional eddy heat transport anomaly, v,T}
(850hPa), which is a signature of baroclinic wave
growth. The second MCA mode is associated with a
significant increase in eddy heat transport over the jet
entrance region over the western and northeastern
Atlantic, which is consistent with an increased eddy
kinetic energy (EKE) in the upper troposphere down-
stream (Fig. 5d). The eddy heat transport and eddy
kinetic energy anomalies associated with the first EOF
of tropical precipitation are weaker than those for the
second MCA mode anomalies, and constitute an
equatorward shift of the storm track over the North
Atlantic, consistent with the large-scale changes in the
zonal wind.

To assess the extent to which the storm-track anom-
alies are forcing the large-scale circulation anomalies
through eddy feedbacks, we calculated the barotropic
energy conversion rate E-D (at 250hPa). Here
E =[1/2(u} —v}), —wvy] is similar to the E vector of
Hoskins et al. (1983) and depends on the amplitude and
orientation of the high-pass-filtered eddies, and
D = (du;/dx — dv;/dy, dv;/dx + du;/dy) is a measure of
the deformation field of the low-pass-filtered flow.
E-D is a measure of the rate at which barotropic
eddies exchange kinetic energy with the large-scale,
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FIG. 4. (a) Anomalous precipitation anomalies, from the GPCP dataset (1979-2016), regressed onto the normalized
MCA mode 2 time series (see text for details). Also shown are anomaly fields (linearly detrended) regressed onto the
normalized MCA mode 2 time series: (b) SST; (c¢) u (250 hPa); (d) v (250 hPa); (e) Z500; (f) v (700 hPa); (g) Z
(250 hPa); and (h) divergence, V-u (250 hPa). Also shown are (i) precipitation and (j) surface air temperature
anomalies from the CRU-TS gridded dataset (1979-2015) regressed onto the tropical precipitation index. Units are
shown per standard deviation of the normalized principal component. The black contours in (b),(c),(d),(e),(f),(g) and
stippling in (i),(j) indicate where the anomalies are significant at the 5% level, using a two-sided ¢ test. The black
contours in (a) and (h) indicate where the anomalies are significant at the 1% level. The region outlined by the gray box
in (h) shows the region identified as active tropical precipitation forcing. In (c) the purple contours show the clima-
tological u (250 hPa) at 10 and 20 ms~'. The color scales are the same as in Fig. 2, to aid comparison.
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FIG. 5. Summer (JJA) storm-track anomalies regressed onto (a),(c),(e) the tropical precipitation index (i.e., the

normalized first principal component time series of tropical precipitation) and (b),(d),(f) the normalized MCA
mode 2. (a),(b) Meridional eddy heat transport, v'7" (850 hPa), anomalies (shading), and climatology (contours,
interval 2 K ms ™, zero contour suppressed). (c),(d) Eddy kinetic energy (EKE), 1/2(u2 + «?) (250 hPa), anom-
alies (shading), and climatology (contours, interval 20 m?s~2). (e),(f) Eddy-mean flow forcing, E - D (250 hPa),
anomalies (shading), and climatology (contours, interval 7.5 m?s~2day ', zero contour suppressed). For the cli-
matologies in all panels, green contours indicate positive values and magenta contours indicate negative values.

lower-frequency circulation (e.g., Mak and Cai 1989; Cai
and Mak 1990). There is relatively little significant
anomalous eddy feedback associated with the first EOF
of tropical precipitation (Fig. Se). However, the second
MCA mode does exhibit significant eddy feedback onto
the large-scale circulation (Fig. 5f). In particular, there
are significant negative E - D anomalies over the North
Atlantic associated with the second MCA mode, slightly
downstream of the increase in upper-tropospheric eddy
kinetic energy. This indicates that the increased eddy
kinetic energy is feeding into the large-scale circulation
over the eastern North Atlantic, acting to reinforce the
circulation anomalies during positive phases of the sec-
ond MCA mode.

The contrast in eddy forcing of the large-scale circu-
lation anomalies is consistent with the fact that the cir-
culation anomalies are largely confined to the
extratropics in the second MCA mode (Fig. 4). One
hypothesis is that the relatively weak, albeit significant,

precipitation anomalies over the eastern tropical Pacific
trigger anomalies that favor one particular phase of the
dominant internal mode of variability in the extra-
tropical circulation over the Euro-Atlantic sector. In
contrast, the first EOF of tropical precipitation exhibits
significant circulation anomalies throughout the tropics
(Fig. 2), indicating a more systematic, direct influence of
the tropical precipitation anomalies on the extratropical
circulation via forcing and propagation of Rossby waves.

4. Barotropic model results
a. Response to tropical forcing

We now investigate the mechanisms by which the
observed summer tropical precipitation anomalies can
generate circulation anomalies in the extratropics, par-
ticularly the equivalent barotropic circulation anomalies
over the Euro-Atlantic sector. To do this we employ a
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barotropic vorticity model linearized about a climato-
logical background flow, as described in section 2. This
type of barotropic model has proven to be a useful tool
to understand stationary Rossby wave anomalies and
propagation in previous studies (e.g., Branstator 1983;
Sardeshmukh and Hoskins 1988; Hoskins and Ambrizzi
1993; Ambrizzi et al. 1995; Shaman and Tziperman 2011;
Shaman 2014a). The model is linearized about the cli-
matological background flow at 250 hPa and forced by
Rossby wave source anomalies in the equatorial regions.
The model is forced by anomalous divergence over the
region outlined by the gray box in Fig. 2h, for the first
EOF of tropical precipitation, and in Fig. 4h for the
second MCA mode. The divergence anomalies in these
regions are highly significant and clearly related to
anomalous local precipitation. These divergence anoma-
lies are multiplied by the climatological absolute vorticity
field to give an appropriate Rossby wave source forcing.
Since these fields have small-scale structure, we produce
smooth idealized versions of the Rossby wave source
forcing fields with which to suitably force the barotropic
model. These idealized forcing structures are pro-
duced using a combination of two-dimensional Gaussian
functions.

The Rossby wave source field calculated from the
divergence anomalies associated with the first EOF of
tropical precipitation is shown in Fig. 6a and the ideal-
ized version used to force the barotropic model is shown
in Fig. 6¢c. The idealized forcing was chosen to have an
amplitude approximately 50% larger than in the ob-
served anomalies (i.e., Fig. 6a) to give a response of com-
parable magnitude in the vorticity field (cf. Figs. 6b,d).
The stationary response of the barotropic model is
shown in Fig. 6d. The response of the model in the
tropics is not similar to the circulation anomalies in the
observations; this is likely because the tropical circula-
tion changes associated with the precipitation anomalies
are baroclinic and not well represented by the baro-
tropic model. Over the Pacific basin there are alternat-
ing vorticity anomalies emanating from the tropics. In
the extratropical North Pacific the model seems to
capture more of the structure seen in the observational
field, though it should be noted that there are some
appreciable differences (Fig. 6b). Over the Euro-
Atlantic sector, the model response exhibits some sim-
ilarities to the observations. In particular, the cyclonic
vorticity anomaly west of the British Isles is present in
both the model response and the observations, along
with successive negative and positive bands of vorticity
on the equatorward side. The model also has a band of
positive vorticity anomalies over North Africa that ex-
tends eastward over the Middle East, which also seems
to be present in the observations.
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Although the idealized barotropic model does not
perfectly reproduce the observations, it seems to be able
to capture some of the characteristics of the observed
anomalies associated with the first EOF of tropical
precipitation. The forcing, however, is large across most
of the equatorial regions in the Pacific and Atlantic. To
examine which region of the forcing is most important in
determining the model response we performed simula-
tions isolating the west Pacific, east Pacific, and Atlantic
components of the forcing (Figs. 6e,g,i). The simulation
with only the east Pacific forcing component is able to
almost completely reproduce the circulation response of
the full idealized forcing simulation (Fig. 6f); not only
over North America and the North Atlantic but also
over Asia. The west Pacific forcing generates a much
weaker circulation response, with a slight contribution
to the cyclonic circulation anomaly seen over the At-
lantic in the extratropics (Fig. 6h). Perhaps surprisingly,
the model circulation response to equatorial Atlantic
forcing is negligible over the extratropical Atlantic and
farther east except over Greenland (Fig. 6j). These
simulations suggest that the extratropical anomalies
associated with the first EOF of tropical precipitation
are most likely generated by divergence anomalies in
the eastern equatorial Pacific.

We performed similar barotropic model simulations
with equatorial divergent forcing calculated from the
second MCA mode (i.e., Figs. 4h and 7c). The response
of the barotropic model to the forcing associated with
the second MCA mode is negligible outside of the Pa-
cific basin (Fig. 7d) and the observed circulation anom-
alies over the North Atlantic are not reconcilable with
linear barotropic Rossby wave dynamics. This is con-
sistent with our analysis in the previous section, which
indicated that eddy-mean flow interaction plays an im-
portant role in producing the large-scale circulation
anomalies associated with the second MCA mode.

We will now focus further on the response of the
barotropic model to the first EOF of tropical pre-
cipitation. One interesting aspect of the barotropic
model response to the east Pacific forcing (i.e., Fig. 6f) is
that there are circulation anomalies of comparable
magnitude across much of the midlatitudes. To examine
how the Rossby wave response propagates to the Euro-
Atlantic, we follow the approach of Shaman and
Tziperman (2007) and add sponge layers along partic-
ular longitudes; these act to damp vorticity anomalies
and, therefore, obstruct the zonal group propagation of
the Rossby waves. The results of simulations with east
Pacific forcing (i.e., Fig. 6e) and sponge layers over Asia
(90°E) and North America (90°W) are shown in Fig. 8
(note the different color scales for the full and damping
simulations). Damping over Asia results in quite a
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FIG. 6. (a) Observed Rossby wave source anomaly due to anomalous equatorial divergence associated with first
EOF of tropical precipitation (15°S-30°N, shown by the gray lines). (b) Observed relative vorticity anomaly re-
gressed onto the tropical precipitation index. (c),(e),(g),(i) The Rossby wave source forcing for different simula-
tions of the barotropic model for (c) the full idealized forcing, (e) east Pacific forcing, (g) west Pacific forcing, and
(1) Atlantic forcing. (d),(f),(h),(k) The relative vorticity anomaly of the linearized barotropic model averaged from

day 16-20 for each of the simulations. The black contours show the climatological u (250 hPa) at 10 and 20 m s

The observed vorticity anomaly in (b) has been smoothed to T21 horizontal resolution to aid comparison with the

barotropic model.

different circulation anomaly compared to the simula-
tion without a sponge layer, with the cyclonic anomaly
over the North Atlantic becoming displaced eastward
over Europe. The simulation with the sponge layer over
North America more faithfully reproduces the response
of the full model over the North Atlantic, even in the
absence of eastward wave energy propagation over
North America (Fig. 8c). The simulation with damping
over North America reproduces the wave train structure
along the Asian jet, indicating that westward Rossby
wave group propagation appears crucial in generating
the circulation response over the North Atlantic. Shaman
(2014a) found similarly superposed eastward- and

westward-propagating signals in barotropic model sim-
ulations of the late summer (i.e., JAS) response to
ENSO-related forcing. In their experiments, as here, the
westward-propagating response (via Asia) was found to
dominate the eastward-propagating response (via North
America), unlike the other seasons during which the
response over the North Atlantic to forcing in the
tropical Pacific is generated by a northeastward-
propagating wave train. It is important to note that the
response of the simulations with damping is approxi-
mately half the amplitude of the full experiments, indi-
cating that the circumglobal propagation is important in
determining the overall response over the Euro-Atlantic
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FIG. 7. (a) Observed Rossby wave source anomaly associated with MCA mode 2 (over region outlined by the gray
lines, see also Fig. 4h). (b) Observed relative vorticity anomaly regressed onto the tropical precipitation index.
(c) The full idealized Rossby wave source forcing. (d) The relative vorticity anomaly of the linearized barotropic
model averaged from days 16 to 20 of the simulation. The black contours show the climatological u (250 hPa) at 10
and 20ms ™', The color scales are the same as in Fig. 6, to aid comparison.

sector. One interesting feature of the barotropic simu-
lations is that the positive vorticity anomaly over Japan
is larger in the Asia damping simulation than in the
North America damping simulation, indicating that the
westward-propagating signal tends to build up eastward
of the Asian damping region.

To analyze the propagation of the response further we
have plotted the transient development of the model
response to east Pacific forcing in Fig. 9. The transient
development of the full simulation as well as those with
Asian and North American damping are shown. The
initial response to the forcing in the east Pacific is the
poleward propagation of anomalies over the extra-
tropical Pacific. These structures then become elongated
and extend westward between days 2 and 6. As the signal
propagates farther westward over Asia, in the full and
North American damping simulations, these elongated
circulation anomalies split into higher wavenumber
components (e.g., the right column in Fig. 9). In the
Asian damping simulation, however, the positive vor-
ticity anomaly over Japan becomes larger than in the
other simulations at about 6 days when the signal cannot
propagate farther west though the damping region. As
the response evolves, the cyclonic anomaly that de-
velops over the North Atlantic around day 12 in the full
and North American damping simulations extends over
Europe prior to becoming a separate anomaly. In the
Asian damping experiment an initial anticyclonic
anomaly develops over the North Atlantic by about day
8 that then retreats west slightly. Also, it is notable that
the cyclonic anomaly over the North Atlantic develops
earlier (i.e., day 8) in the North American damping
simulation than in the full simulation, whereas the

anomaly is stronger in the full simulation by day 16. The
delay in the full simulation appears because of the su-
perposition of the westward-propagating signal and the
eastward signal propagating over North America (as in
the Asian damping simulation), which is not present in
the North American damping simulation. The stronger
cyclonic anomaly over the North Atlantic by day 16 in
the full simulation, compared with the North American
damping simulation, occurs after the circumglobal re-
sponse pattern is established. This highlights that the
circumglobal response is able to amplify more than in
the North American damping simulation, potentially
through the interaction of the signal propagating across
North America with the westward-propagating signal
after day 12.

b. Group velocity of Rossby wave response

To understand how these signals are able to propagate
westward we analyze the barotropic Rossby wave dis-
persion relation (e.g., Hoskins and Karoly 1981; Karoly
1983; Hoskins and Ambrizzi 1993; Shaman et al. 2009;
Shaman and Tziperman 2016). In the presence of a
zonally asymmetric background flow, the zonal group
velocity u, of stationary Rossby waves for the Mercator
projection on a sphere is given by

(k* — P)B,, — 2klaZ/ox
(k2 + 1)

ug=uM+

, 4)

where 1y, = ti/cosf; 8,, = 9{/dy is the meridional gradi-
ent of absolute vorticity; and k and / are the zonal and
meridional wavenumbers, respectively. As high-
lighted in Hoskins and Ambrizzi (1993), in the limit of
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FIG. 8. The relative vorticity anomaly averaged between days 16 and 20 for simulations with
(a) no damping, (b) damping over Asia (90°E), and (c) damping over the United States
(90°W). The black contours show the climatological u (250 hPa) at 10 and 20ms . The
sponge layers are shown by the thick gray lines in (b) and (c). Each simulation was performed
with east Pacific idealized forcing (as shown in Fig. 6e). The dotted line in (a) shows the
latitude of the waveguide used to plot the Hovmoller diagrams in Fig. 11. Note that the color
scales for the damping simulations in (b) and (c) are half the magnitude of the scale in (a).

elongated zonal waves, where k> < [2, the zonal group
velocity approaches

g M_ZT' (5)

This means that long zonal Rossby waves, with a limited
meridional extent, can have westward group velocity
in regions with a sharp positive meridional vorticity

gradient. In barotropic simulations linearized about the
Northern Hemisphere winter circulation, Hoskins and
Ambrizzi (1993) observed westward propagation when
forcing was applied in a region of strong positive me-
ridional vorticity gradient (their Fig. 11). Summer cli-
matological fields of uys, By, and ug in the k* < [ limit
(for meridional half-wavelength /[ = 3.5 X 10°m) are
shown in Fig. 10. The map of u, (in the limit of zonally
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FIG. 9. The transient response of the barotropic model experiments shown in Fig. 8, with (left) no damping, (middle) Asian damping,
and (right) U.S. damping. Each simulation was performed with east Pacific idealized forcing (as shown in Fig. 6¢). Note that a nonlinear

color scale has been used here to aid comparison.

elongated waves) reveals negative group velocities
across the tropics, where the background flow is easterly,
but also along the southern flank of the Asian jet, where
the positive meridional vorticity gradient is strongest.
This explains why in the model simulations zonally
elongated Rossby waves are seen extending toward
Europe along the southern flank of the Asian jet in the
barotropic model simulations (i.e., Figs. 6 and 9).
Rossby waves that do not satisfy the long-wave limit,
however, are still expected to have eastward group
propagation. Therefore, the smaller-scale features that
develop following the elongated waves could be due to
shorter eastward-propagating Rossby waves, seemingly

triggered following the arrival of westward-propagating
waves. To allow us to analyze the development of the
circulation response, Hovmoller plots of the circulation
anomaly in the North America damping simulation,
along the approximate latitude of the ‘“‘quasi-zonal”
waveguide (see Fig. 8c), are shown in Fig. 11. This ap-
proximate waveguide was selected following the latitude
of the largest vorticity anomalies that are confined to the
region of strong zonal flow but also minimizing the
variation in latitude. The phase evolution of the vorticity
anomaly is reasonably stationary in time. Both westward
and eastward group propagation along the waveguide
from the forcing region (around 200°E) is also apparent.
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FIG. 10. (a) The climatological Mercator zonal velocity u,, at the 250-hPa level. (b) The
climatological meridional gradient of absolute vorticity 8, at the 250-hPa level. (c) The zonal
group velocity u, at the 250-hPa level in the long-wave limit (i.e., k> < ). All plots are for the
boreal summer (JJA). The dotted line in (a) shows the latitude of the waveguide used to plot

the Hovmoller diagrams in Fig. 11.

However, the circulation anomalies exhibit clear short-
wave structure, which is not consistent with the theory of
westward-propagating long zonal waves. To separate
the shorter waves and the longer waves we performed
a simple Fourier decomposition on the circulation
anomalies along the waveguide. The Hovmoller plot of
the long-wave (k < 3) response clearly shows the west-
ward group propagation of the stationary Rossby wave
response toward Europe (Fig. 11b). The short-wave

(k>3) response, however, shows no clear westward
group propagation (Fig. 11c). The short-wave anomalies
that develop over the west Pacific (i.e., 120°-150°E)
follow the arrival of the long-wave response, and then
there is eastward group propagation toward North
America. The short-wave anomalies that develop over
Europe at around day 6 appear, at first glance, to have
propagated westward but they follow the arrival of the
stronger long-wave anomaly a day or two earlier. Our
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FIG. 11. Hovmoller plot of the response along the extratropical waveguide (shown in Fig. 8c)
for the east Pacific forcing simulation with damping over North America (i.e., Fig. 8c) for
(a) the relative vorticity anomaly; (b) as in (a), but for the long waves (k = 3); and (c) as in (a);
but for the short waves (k > 3). The vertical gray lines indicate the position of the sponge layer
damping in the simulation. Note that the x axis loops around 480° in longitude.

interpretation is that the short-wave structure in the full
circulation response (i.e., Fig. 11) is the result of shorter
waves that are triggered in response to the arrival of
westward-propagating long waves. This can also be seen

in the maps of the transient circulation response (i.e.,
Fig. 9).
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5. Tropical precipitation variability and associated
extratropical circulation in a seasonal forecast

model

We now analyze the summer precipitation variability
and associated circulation anomalies in an operational
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FIG. 12. (a) The first EOF of boreal summer (i.e., JJA) anomalous precipitation anomalies over the tropics
(defined as 15°S-30°N, shown by the magenta lines) from all 51 ensemble members from the ECMWF System 4
seasonal forecasts (1981-2014). Also shown are anomaly fields regressed onto the normalized first principal
component time series of tropical precipitation: (b) SST; (c) u (250 hPa); (d) v (250 hPa); (e) Z500; (f) v (700 hPa);
(g) relative vorticity, ¢ (250 hPa); and (h) divergence, V - u (250 hPa). All shaded regions are significant at the 1%
level according to a two-sided ¢ test. The color scales are the same as in Fig. 2, to aid comparison.

seasonal forecast model. Since the tropical precipitation
appears to be associated with significant circulation
anomalies over much of the extratropics, largely con-
sistent with a simple barotropic Rossby wave response,
it is of interest to assess how this is represented in op-
erational seasonal forecast models. Tropical pre-
cipitation is typically skillfully forecast in seasonal
forecast models and is a key source of skill during
forecasts of the winter season (e.g., Smith et al. 2012;
Scaife et al. 2017). Here we analyze the ECMWEF sea-
sonal forecasting system 4 (hereafter “System 4
Molteni et al. 2011), for summer (JJA) seasonal fore-
casts, consisting of 51 ensemble members initialized on

1 May each year. We combine data over the reforecast
period, between 1981 and 2010, and additional years
from the operational forecast output, between 2011 and
2014, to produce the 34-yr dataset analyzed here.

To compare the tropical precipitation variability
in the System 4 to the observations we calculate the
first EOF of JJA tropical precipitation. The first EOF
is calculated over all ensemble members and years
(i.e., N=51X34=1734 seasons) and the regression
of other variables on the normalized first principal
component index are shown in Fig. 12. The precipita-
tion pattern closely resembles the first EOF in obser-
vations (Fig. 12a), as does the anomalous upper-level
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(c) U,5, climatology and bias (System 4, 1981-2014)
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FIG. 13. Ensemble mean hindcast skill for the summer (a) Z500 anomalies and
(b) precipitation anomalies in the System-4 hindcasts (1981-2014). (c) The climatology (in
contours) and bias (in shading) of u (250 hPa) in the System-4 hindcasts. The bias is shown
with respect to the ERA-Interim climatology over the same period.

divergence associated with the precipitation (Fig. 12h).
The associated extratropical circulation anomalies over
the Pacific basin are also reasonably well reproduced by
System 4. In particular, the cyclonic anomaly over the
midlatitude Pacific Ocean and the equatorward shift of
the upper-level jet in the observations is also present in
System 4, albeit somewhat displaced and weaker than in
observations. Over the Euro-Atlantic sector, however,
the circulation anomalies seen in the observations are
not well captured in System 4, with only the band of

cyclonic vorticity over the subtropical North Atlantic
and the band of cyclonic anomaly over the Middle East
being comparable.

The ensemble mean skill of Z500 and precipitation in
System 4 are shown in Fig. 13. The inability of System 4
to replicate the teleconnection from the tropical Pacific
precipitation to the Euro-Atlantic sector likely con-
tributes to the lack of skill in seasonal forecasts of
summertime circulation in this region (e.g., Z500;
Fig. 13a). However, the tropical precipitation is very
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skillfully forecast by System 4 (Fig. 13b). Projecting the
forecast precipitation anomalies onto the first EOF of
observed tropical precipitation (i.e., Fig. 2a) and corre-
lating this time series with that of the observed leading
EOF yields a forecast skill of » =0.90 for the first prin-
cipal component time series. Given that the first EOF of
tropical precipitation is very skillfully forecast, it seems
that the signal is not propagating into the Euro-Atlantic
sector in the same manner as in the observations and the
barotropic model. One potential reason for this could be
that the model has a different climatological circulation,
thereby influencing the teleconnections. The bias of u
(250 hPa) in System 4 is shown in Fig. 12c. There is a
clear poleward bias along the Pacific and Asian jet
stream; this is also present to a lesser extent in the At-
lantic, where the jet is somewhat too weak over the jet
exit region.

To test the extent to which the biases in the jet stream
are influencing the stationary Rossby wave response to
tropical heating, we performed additional simulations
with the barotropic model, linearized about the System 4
climatological circulation. The circulation response to
east Pacific forcing (i.e., Fig. 6¢) is shown in Fig. 14a.
Barotropic model simulations with sponge layer damp-
ing over Asia and over North America, as in Fig. 8, were
also performed (Figs. 14b,c). The barotropic model
captures some of the characteristics of circulation
anomalies in System 4 associated with the first EOF of
tropical precipitation, in particular the circumglobal
nature of the teleconnection, although the response in
the full model is perhaps displaced slightly poleward in
comparison to the barotropic model (i.e., Fig. 12g). The
response of the barotropic model is generally similar to
the simulation using the ERA-Interim background
state; however, the series of positive vorticity anomalies
moving along the Pacific and Asian jet are somewhat
weaker (Fig. 8a). This is likely a result of the poleward
jet bias in System 4, which causes tropical forcing to
generate Rossby wave anomalies less efficiently. This is
shown quite clearly in a barotropic simulation with the
System 4 background state performed with sponge layer
damping over North America, shown in Fig. 14c. The
circulation response along the Asian/west Pacific jet
stream is substantially weaker than in the equivalent
experiment with the ERA-Interim background state
(i.e., Fig. 8c). Therefore, the westward Rossby wave
propagation that seems to be an important component
of the response to precipitation in the tropical Pacific
may not be well captured in System 4 because of the
substantial climatological Asian/west Pacific jet biases.

Projecting the forecast precipitation anomalies onto
the second MCA mode from the observations (i.e.,
Fig. 4a) yields a skillful ensemble mean forecast
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(r=0.75) for the second MCA mode index. However,
the regression of circulation anomalies on the second
MCA mode projected index (from System 4) do not
show any clear correspondence to the anomalies of
MCA mode 2 in the observations (not shown). There-
fore, the apparent interaction between the tropical
precipitation anomalies and the storm track involved in
the second MCA mode is not well reproduced in
the model.

6. Summary and further discussion

In this study we have investigated the influence of
summertime tropical precipitation variability on sea-
sonal circulation anomalies in the Euro-Atlantic sector.
The MCA using observational data revealed a domi-
nant mode of covariability between tropical pre-
cipitation and Z500 in the Euro-Atlantic sector that
was indistinguishable from the first EOF of tropical
precipitation. The Euro-Atlantic circulation anomalies
associated with the first EOF of tropical precipitation (in
the positive phase) consists of a cyclonic anomaly over
the extratropical North Atlantic and is associated with
summertime climate anomalies over Eurasia (Fig. 2).
The first EOF of tropical precipitation is related to
tropical Pacific SST anomalies and is closely linked to
ENSO (Fig. 3).

The barotropic model simulations indicate that the
observed link between the first EOF of tropical pre-
cipitation and the Euro-Atlantic circulation anomalies
are largely consistent with linear Rossby wave dynamics.
The model response was seen to be primarily forced by
divergence anomalies in the eastern tropical Pacific
(Fig. 6) and the westward group propagation of the
Rossby waves was found to be crucial in determining the
circulation response over the Euro-Atlantic sector
(Figs. 8 and 9). The westward group propagation of
zonally elongated Rossby waves is superposed with
shorter waves that propagate with eastward group ve-
locity and give rise to the small-scale structure in the
total response (Fig. 11). However, the barotropic model
response is significantly larger without sponge layer
damping over North America. This suggests that the
circumglobal nature of the extratropical circulation
response—also apparent in the observational analysis
(Fig. 2)—reflects the importance of both eastward and
westward wave propagation in determining the full re-
sponse to tropical forcing.

The response of the barotropic simulations is similar
to that found by Shaman (2014a) for the late summer
season (i.e., JAS). However, Shaman (2014a) note that
the observed circulation anomaly associated with ENSO
in this season has the opposite sign over the North
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(a) JJA vorticity anomaly (barotropic model, System-4)
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FIG. 14. The linearized barotropic model results, as in Fig. 8, but here linearized around the
System-4 climatological winds at the 250-hPa level. The relative vorticity anomaly averaged
between days 16 and 20 for simulations with (a) no damping, (b) damping over Asia (90°E),
and (c) damping over the United States (90°W). The black contours show the System-4 cli-
matological u (250 hPa) at 10 and 20ms ™~ '. The sponge layers are shown by the thick gray
lines in (b) and (c). Each simulation was performed with east Pacific idealized forcing (as

shown in Fig. 6g).

Atlantic. As well as the different summer season defi-
nition, the apparent disparity could be due to Shaman
(2014a) analyzing the observed circulation response to
tropical SST indices whereas here we use observed
precipitation anomalies. The precipitation is a proxy for
latent heating of the atmosphere, while tropical SST
anomalies represent the potential for anomalous heat-
ing. For example, the Nifio-3.4 index accounts for 80%

of the variance in the first EOF of tropical precipitation.
Another potentially important difference between the
results of this paper and the findings of Shaman (2014a)
is that the latter are based on a different period, 1949—
2011. It could be that the response to tropical Pacific
forcing is not stationary, which seems to be the case for
winter teleconnections (e.g., Greatbatch and Jung 2007;
Brands 2017; O’Reilly et al. 2017a; O’Reilly 2018).
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FI1G. 15. (a) Nifio-3.4 (JJA) index and normalized North Atlantic Z500 indices from ERA-
Interim (1979-2016, as in Fig. 3) and from NCEP-NCAR reanalysis (1948-2016). The Z500
indices are averaged over the region outlined in Fig. 2e (40°-55°N, 45°-20°W) and multiplied
by —1. (b) Correlation between the Z500 indices and the Nifio-3.4 index in moving 25-yr
windows. The shading indicates the 5%-95% confidence interval calculated using a boot-
strapping with replacement method performed 10 000 times.

To assess the importance of the analysis period on the
teleconnection from the tropical Pacific to the Euro-
Atlantic sector we analyze the Nifio-3.4 index and North
Atlantic Z500 index from 1948 to 2016, using the
NCEP-NCAR reanalysis (Fig. 15a). The correlation
between the two indices over moving 25-yr periods is
shown in Fig. 15b. The strong relationship between
Nifio-3.4 tropical Pacific SSTs and the Euro-Atlantic
circulation weakens dramatically before the ERA-
Interim period (1979-2016, also shown in Fig. 15b) and
is essentially zero during the period between 1948 and
1978. This indicates that the apparent disagreement

between the observational analysis shown here and the
results of Shaman (2014a) is mostly due to the different
periods analyzed. The dramatic shift in the relationship
between Nifo-3.4 tropical Pacific SSTs and the Euro-
Atlantic circulation in the late-1970s does not seem to be
associated with the magnitude of tropical Pacific forcing,
which has approximately equal variance in the earlier
period (0.36 K?, 1948-78) and the later period (0.37 K2,
1979-2016). However, since we do not have satellite
data for the earlier period, we cannot verify whether the
precipitation anomalies associated with the Nifio-3.4
tropical Pacific SSTs were similar to those observed over
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the later period. The varying link between the trop-
ical Pacific and Euro-Atlantic circulation clearly
warrants further study and is something we are ac-
tively investigating.

We also analyzed the second MCA mode, which was
found to consist of weaker precipitation anomalies than
the first EOF of tropical precipitation, located in the
eastern tropical Pacific, but these are associated with
much stronger associated circulation over the Euro-
Atlantic sector (Fig. 4). Analysis of the storm-track
anomalies and eddy-mean flow interaction (Fig. 5)
suggest that the large-scale circulation anomalies asso-
ciated with the second MCA mode—which closely cor-
responds to the first EOF of Z500 in the Euro-Atlantic
sector—are predominantly the result of internal atmo-
spheric variability, rather than a direct teleconnection
from the tropics. The precipitation anomalies in this
region also stand out as being statistically significant if
regressed onto the principal component time series of
the first EOF of Z500 (not shown), so this link does not
emerge simply as an artifact of the MCA method. It is
plausible that the relatively weak precipitation anoma-
lies in the eastern tropical Pacific are able to generate
Rossby wave anomalies over the jet entrance region in
the North Atlantic, which then trigger the observed
storm-track anomalies and associated eddy feedback
onto the large-scale circulation.

The variability of tropical precipitation and the
extratropical circulation was also analyzed in an opera-
tional seasonal forecasting system, the ECMWF System
4. While System 4 is well able to reproduce and skillfully
forecast the first EOF of tropical precipitation, the as-
sociated extratropical circulation anomalies found in the
observations were largely absent in over the Euro-
Atlantic region in System 4. However, the simulated
teleconnection appears to be reasonable along many
regions in the extratropics, particularly over the Pacific.
Barotropic model simulations linearized about the Sys-
tem 4 background state, which do a reasonable job of
capturing the response of the full model, indicate that
the poleward bias of the Asian/west Pacific jet stream
hinders Rossby wave propagation from the tropical
Pacific. This suggests that these biases are one of the
reasons why the remote teleconnection between tropical
Pacific precipitation and the Euro-Atlantic sector is not
well reproduced in the System 4 seasonal forecasts. This
indicates that there remains significant potential sea-
sonal forecast skill that may not yet be realized in cur-
rent seasonal forecasting systems.
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