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ABSTRACT

In this paper and its companion, Part I, we explore the response of the atmosphere to sea surface tem-
perature anomalies in different geographical locations and seasons. In Part I, we focused on Northern
Hemisphere winter (DJF), whereas in this paper, Part II, we focus on summer (JJA) and interseasonal
comparisons. We use two different configurations of the same idealized atmospheric model, constructed
using two different configurations of continents and topography. These configurations give rise to slightly
different background wind fields and variability within the same season and therefore give a measure of
how robust a response is to small changes in the background state. We characterize the types of responses
that are found to SST anomalies in the midlatitudes and tropics in JJA and compare these with the two
corresponding responses in DJF. We find that the responses to midlatitude SST anomalies in JJA are
generally on a much smaller spatial scale than those in DJF. Responses in the tropical Pacific are much less
dependent on season, although teleconnections between the tropical Pacific and the North Atlantic are not
found in JJA as robustly as they are in DJF. Given insight from our model results, however, we do find some
summer periods in reanalysis data where there is a strong association between the tropical Pacific and the
summer North Atlantic Oscillation. We discuss the reasons for these effects and the implications for
Northern Hemisphere seasonal prediction in summer.
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1. Introduction

The response of the atmosphere to sea surface tem-
perature (SST) anomalies is a problem that has been
studied extensively using a wide range of techniques,
ranging from analytical studies in simplified equation
sets (e.g., Matsuno 1966; Gill 1980) to fully coupled
chemistry—climate models (e.g., Hurwitz et al. 2012).
A significant difficulty with such studies is that the
response of the atmosphere, particularly in midlatitudes,
is thought to depend strongly on the background
wind climatology and variability. In particular, Peng
and Robinson (2001) showed that the response of the
atmosphere to midlatitude SST anomalies depends
strongly on when during winter the anomaly was
present, with their results showing the response in
January having a very different character to the re-
sponse in February. The focus of the present work is to
investigate if this same kind of dependence is present in
Northern Hemisphere summer and more generally to
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understand the circumstances under which SST anoma-
lies can have a robust effect on the atmosphere. A com-
panion paper (Thomson and Vallis 2018, hereafter Part I)
looked at similar issues in winter.

Much previous work on the atmospheric response
to SST anomalies has focused on the winter months.
Notable exceptions to this include studies of the impact
of Atlantic multidecadal variability (AMV) on the
summertime circulation over North America, Europe,
and Sahel Africa (Sutton and Hodson 2005, 2007;
Hodson et al. 2010). The recent work of Ghosh et al.
(2017) also focuses on the impact of AMYV variability
but specifically on its impact on the North Atlantic
European region in summer. They find a region of
ocean-to-atmosphere heat flux resulting in a down-
stream low pressure center. Such a response is typical
of the cold-air-advection response to surface heating
described in Hoskins and Karoly (1981). A similar wave
train response in summer was found on seasonal time
scales in the combined reanalysis and model study of
Saeed et al. (2014).

Despite the previous focus on the winter months,
understanding the impact of SST anomalies on the
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atmosphere in summer is nevertheless of great im-
portance, with the ocean thought to play a role in de-
termining both climatological conditions (Dong et al.
2013) and extreme events, such as heat waves (McKinnon
et al. 2016). Atmospheric predictability coming from
SSTsis better established in winter (e.g., Scaife et al. 2017,
and references therein), but the reasons for this are un-
clear. Some recent studies using reanalysis data have
shown that there may be some skill in summer in
predicting the summer east Atlantic (SEA) pattern
(Oss6 et al. 2017; Wulff et al. 2017), as well as the in-
fluence of the tropical and subpolar Atlantic on sum-
mertime North Atlantic circulation (Gastineau and
Frankignoul 2015). However, difficulties in making these
links operational remain, likely because of the lack of
robust model responses to summertime midlatitude SST
anomalies (Hodson et al. 2010).

In this paper, we investigate the dependence of atmo-
spheric responses to SST anomalies on background cli-
matology in Northern Hemisphere summer [June, July,
and August (JJA)] with the goal of gaining a better un-
derstanding of seasonal differences. As in Part I, this is
done by using an idealized general circulation model with
two different configurations of continents and topogra-
phy. The differences in responses to SST anomalies in
these two configurations are then interpreted in the light
of their different climatologies.

The outline of this paper is as follows. Section 2
describes the model and its two different configura-
tions and compares the model’s climatologies and
variability with reanalysis. Section 3 outlines our de-
sign for SST anomaly experiments, section 4 discusses
the response to tropical anomalies, section 5 discusses
the response to midlatitude anomalies, section 6 com-
pares the responses to tropical and midlatitude SST
anomalies, section 7 investigates teleconnections be-
tween the tropical Pacific and the North Atlantic dur-
ing JJA, section 8 discusses and draws conclusions
about the summer results, and section 9 discusses the
combined conclusions and results from Part I and
Part II.

2. Model setup and comparison of model
climatologies and reanalysis

As in Part I, we construct our models using Isca
(Vallis et al. 2018). The model constructed here is of
intermediate complexity, with realistic radiative
transfer but with simple convection, boundary layer, and
surface schemes. The mixed layer ocean uses prescribed
heat transport (Q fluxes) to keep the basic-state SSTs
close to an annually repeating but seasonally varying
SST climatology from AMIP (Taylor et al. 2000).
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Further details can be found in the appendix of Part I.
Isca is run with two different configurations of land and
topography in order to generate slightly different cli-
matological states. The first is a “‘simple’” configuration
of continents and simplified topography, which are
shown in Fig. 1a. By contrast, the ‘“‘complex’ configu-
ration uses realistic continent shapes and topography
taken from the ERA-Interim invariants (Dee et al.
2011). This continental configuration is shown for
comparison in Fig. 1b. In addition to the differentiating
features described above, the complex configuration
has a very simple representation of sea ice and land ice,
where the simple configuration does not. Further in-
formation is provided in Part L.

In order for our comparison of atmospheric re-
sponses to SST anomalies in these two configurations to
make sense, it is required that the climatologies of the
two configurations are similar to one another but not
identical. If their climatologies were either very dif-
ferent or identical, then the comparison would be
meaningless. These climatological states should also be
similar to the real world in order that conclusions are
applicable to real-world problems. Part I made such a
comparison in DJF. Here, we make the comparison in
JJA, with Figs. 1d and 1e showing the 20-yr time-mean
zonal wind at 850 hPa in JJA in the simple and complex
configurations, respectively, with Fig. 1f showing the
same field in the JRA-55, averaged between 1958 and
2016 (Kobayashi et al. 2015). Broadly speaking, the two
model configurations are similar to each other in terms
of their wind structure and magnitudes. Some small
differences are apparent, however, particularly in the
strength of the jet in the west Pacific and the position of
the maximum winds in the jet over the North Atlantic.
A comparison between the two configurations and
JRA-55 shows that, again broadly speaking, our model
wind distributions and magnitudes look quite like re-
analysis. Some notable differences are in the latitude
of the jet stream over the North Pacific and the
southwest—northeast tilt of the jet stream over the
North Atlantic, with the models’ jet streams being too
zonal. A similar comparison can be made between the
two model configurations and JRA-55 at other vertical
levels, and similar conclusions apply. For example,
Figs. 1g-i are equivalent plots to Figs. 1d-f at
250 hPa.

The modes of variability found in the two configurations
and in JRA-55 are also similar but not identical. This is
important because the projection of the atmospheric re-
sponse onto internal modes of variability is often seen in
DIJF (e.g., Part I or Peng and Robinson 2001). Figure 2
shows EOF1 of the zonal wind at 250 hPa in JJA, calcu-
lated separately over two latitude—longitude regions using
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FIG. 1. A comparison of (a)—(c) the topographic height and the zonal wind at (d)—(f) 850 and (g)—(i) 250 hPa in JJA in (left) the simple
configuration, (center) the complex configuration, and (right) JRA-55.

monthly mean data. These regions are the North Atlantic'
(20°-90°N, 80°W—40°E) and the North Pacific (20°-90°N,
120°-240°E). The modes over the North Pacific are
very similar in structure and magnitude in all three cases.
Over the North Atlantic, the complex configuration’s
mode looks relatively similar to the mode in JRA-55, albeit
with the positive jet feature being too far south in the
complex configuration. The simple configuration’s mode
is a little different; however, all of these modes correspond
to a latitudinal shift of the jet stream, so the modes are
indeed describing the same physical mode of the system.
Given all this, we regard our two configurations as being
both similar enough and different enough to each other
and to JRA-55 to make a comparison meaningful.

Response to the Gulf Stream

In order for us to reason that our SST anomaly-induced
responses are somewhat realistic, it seems natural to first
verify that the SST-induced atmospheric responses in the

!The EOFs calculated over the Atlantic correspond to the
summer NAO (Folland et al. 2009) mode of variability, although
the sign of the EOF is opposite to the definition found in Folland
et al. (2009), meaning that a positive projection onto our EOF
corresponds to a state of negative summer NAO.

basic state are realistic. To this end, we have checked the
response of the atmosphere to the Gulf Stream.

In observations, the atmosphere responds to the Gulf
Stream by way of a convergence on the warm side of the
SST front and precipitation that is tied closely to the Gulf
Stream axis (Minobe et al. 2008, 2010). This pattern is
observed in JJA as well as in DJF, although the overall
amplitude is weaker in JJA. In both our simple and
complex configurations in JJA, we similarly find conver-
gence over the warm side of the Gulf Stream and pre-
cipitation along its axis, with the response weaker than in
DIJF, as observed. We do not find the same association
between the Laplacian of SLP and atmospheric conver-
gence as was found in our model in DJF, suggesting the
DJF surface convergence mechanism may be too weak in
our JJA basic state, possibly because of a lack of hori-
zontal resolution. Nevertheless, other aspects of a realistic
response to the Gulf Stream are reproduced, particularly
the vertical structure of the atmospheric upwelling
over the Gulf Stream region, whose magnitudes com-
pare well with JRA-55 (not shown).

3. Experiment design

To study the atmospheric responses to SST anomalies,
we follow the same procedure as in Part I, to which the
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FIG. 2. (a) The first EOFs of the 250-hPa zonal wind in JJA in the simple configuration, calculated separately in the Atlantic and Pacific
basins. Dark lines mark the domain over which the EOF was calculated. (b),(c) Asin (a), but for the complex configuration and JRA-55,

respectively. The EOFs are calculated from data north of 20°N.

reader is referred for details. We do, however, remind
the reader of our robustness definition for clarity.
For a response to be deemed “‘robust,”” we require that
it meets two criteria:

1) The response in a particular quantity must be similar
across the two configurations.

2) The responses within the two configurations must
both be statistically significant, as judged by the 7 test
with a 95% confidence limit.

The responses produced by a particular SST anomaly
in our two configurations can therefore have both robust
and nonrobust components; that is, the local responses in
two cases might be the same across the configurations, but
the remote responses may be different. We would then
classify the local response as robust but the remote re-
sponse as not being robust. In what follows, we will focus
our analysis on the zonal-wind responses at 250hPa. We
have chosen this level because of its usefulness for diag-
nosing the free-atmosphere responses, as these are more
likely to be useful for teleconnections and predictability
than, for example, shallow, boundary layer responses.

We use the same 31 different locations for our SST
anomalies as in Part I, and these are shown in Fig. 3a.

Each of these locations is run separately for each
configuration, giving a total of 62 experiments.

4. Responses to tropical anomalies

To summarize the responses found in each of the 62
experiments, we have focused on the response of the
zonal wind at 250 hPa and have categorized the response
to each anomaly into as many of the following seven
categories as are relevant:

o None of the below: The response displays none of the
characteristics of the other six categories.

e Local anticyclonic circulation: A statistically signifi-
cant anticyclone at 250hPa, indicative of the local

linear-like response described in, for example,
Hoskins and Karoly (1981).

o Matsuno-Gill like: A statistically significant response
displaying the broad characteristics of the simple
linear responses to tropical heating described in
Matsuno (1966) and Gill (1980), specifically, low-
level convergence and upper-level divergence.

o NAO like: A statistically significant response over the
North Atlantic sector looks like either a positive or
negative summer NAO-like state. For some cases,
this will constitute a local response, and for others
(e.g., NAO-like responses to tropical Pacific SST
anomalies), it will constitute a remote teleconnection
response.

o Eastward winds over equatorial Atlantic: Broad region
of eastward winds over the equatorial Atlantic.

o Central African anomalies: Broad category incorpo-
rating small circulation anomalies over central and
northern Africa.

o Cyclone over central Atlantic: Small cyclonic circula-
tion over the central northern Atlantic.

The categories above were chosen to represent the
seven most common types of responses across all the
summer experiments. To represent these categories
graphically, we have assigned each category a color and
have color coded a circle in the SST anomaly’s location
by the kind of response they produce. Figure 3b shows
the responses produced by SST anomalies in the com-
plex configuration. Figure 3c shows the responses
produced by SST anomalies in the simple configura-
tion. Figure 3d shows the robust responses, being the
responses to each SST anomaly that are common across
both the configurations.

The broad summary of this section is seen in Fig. 3d,
namely, that robust summer responses (at least locally)
are found in all but one of the tropical SST anomalies.
This is in stark contrast to the responses to the midlati-
tude anomalies, where around half of the anomalies did
not produce a robust response. This qualitative result is
the same in winter, as discussed in Part I.
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FIG. 3. (a) The name given to each location. Also shown is a summary of the various responses produced in each
of the SST anomaly experiments. The variable used to define these responses is the JJA-mean zonal wind at
250 hPa. (b) The responses in each of the complex configuration experiments, with the colors denoting the type of
response. (¢) As in (b), but for the simple configuration. (d) The responses that are common across (a) and (b),

which are the so-called robust responses.

a. Tropical response to tropical Pacific SST
anomalies

We begin by considering the response of the trop-
ical atmosphere to tropical SST anomalies, which
we refer to as the ‘“local” responses to the tropical
anomalies.

Of the 12 locations considered in the tropical Pacific,
11 produce robust local responses, being the same local
responses in both configurations. This local response
is generally classified as being Matsuno-Gill-like, with
the standard differences being displayed between anom-
alies on and off the equator [for further details, see
chapter 8 of Vallis (2017)].

Given the well-known differences between Matsuno—
Gill-like responses on and off the equator, the main
contrast between the tropical Pacific responses comes in
their changes with longitude. Cases at 10°N, for exam-
ple, show a relatively weak response to the two west-
ernmost cases but a significantly stronger and zonally
broader response to the two easternmost cases, and this
is seen in both configurations. These stronger and
broader responses significantly weaken the JJA Walker
circulation, consistent with the weakening of the east—
west Pacific SST gradient by warming in the east. It is,
however, to be noted that the JJA Walker circulation
is much stronger in both model configurations than
in JRA-55 (not shown), meaning this aspect may not be
realistic.

The idea of the easternmost cases producing the
strongest responses goes against the work of Bony
et al. (1997), who suggest that tropical SST anomalies
produce a stronger response in the west Pacific in areas

of upwelling and a weaker response in the east Pacific
in areas of downwelling. However, Bony et al. (1997)
discusses the strength of the associated upwelling
rather than zonal wind at 250 hPa. Considering then the
anomalous upwelling, at 10°N, there is a hint of this
kind of east-west contrast in our two configurations,
with the easternmost case at 10°N having weaker up-
welling than cases to its west. Why the zonal-wind re-
sponses at 250 hPa have a larger response in the two
easternmost cases is therefore not explained, although
the large strength of the model’s Walker circulation in
JJA when compared with that in JRA-55 may be re-
lated. We do, however, see a longitudinal contrast in
upwelling in our equatorial cases, with the westernmost
cases having stronger anomalous upwelling than
eastern cases, consistent with Bony et al. (1997).

In general, the local responses to these Pacific SST
anomalies are all remarkably similar to those in DJF,
implying a robustness to the seasonally changing back-
ground wind field.

b. Extratropical responses to tropical Pacific SST
anomalies

There are many fewer cases of significant extra-
tropical responses compared with DJF. In fact, over the
North Pacific, there are no cases with significant re-
sponses to tropical Pacific SST anomalies in JJA. The
DJF responses in the North Pacific were mostly changes
in the Aleutian low, which is not present in JJA, so this
lack of response in JJA seems reasonable.

There is also a lack of response to tropical Pacific
SST anomalies in the North Atlantic. To see this, we
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FIG. 4. Time-mean responses to Q-flux anomaly in case P1E in JJA for the (left) simple and (right) complex
configurations at (a),(b) 850 and (c),(d) 250 hPa.

calculate correlation coefficients between the zonal-
wind response at 250hPa and EOF1 of zonal wind at
250 hPa over the North Atlantic. This is done separately
for the two configurations. We then plot the correlation
coefficient in the simple configuration against the cor-
relation coefficient in the complex configuration for
each case. This plot is shown later (see Fig. 5a, below),
with the coefficients from the simple configuration on
the x axis and the coefficients from the complex con-
figuration on the y axis. Any cases that have both high
correlation coefficients and similar coefficients in the
two configurations are deemed to have a robust pro-
jection of the response onto EOF1. The robustness of
the overall response, however, is determined purely by
the two criteria in section 3, with only the robustness
of the EOF projection measured by these correlation
coefficients. The lack of significant remote responses can
be seen in the lack of high correlation coefficients be-
tween the responses and the summer EOFl1s in the
North Atlantic (see Fig. Sa, below).

The lack of robust projections onto the summer NAO
over the North Atlantic is mainly due to the lack of
summer NAO responses in the complex configuration,
with the simple configuration showing many examples
of a summer-NAO-like response. These are cases
P1CW, PICE, PI1E (seen in Fig. 4), POW1, and POE2
(refer to Part I for naming conventions). We suggest two
possible explanations for this contrast between config-
urations. The first is the prevalence of the summer NAO

in the simple configuration’s basic state (i.e., that the
summer NAO’s EOF representation explains much
more of the variance in the simple configuration than in
the complex configuration and JRA-55). It seems likely
that this prevalence would make the summer NAO
pattern more likely to appear as a forced response in the
simple configuration, as is found. The second possible
explanation is that linear Rossby waves are able to
propagate more easily between the tropics and mid-
latitudes in the simple configuration than in the complex
configuration. These two explanations are discussed
in sections 5a and 7, respectively.

c. Responses to tropical Atlantic SST anomalies

A noteworthy feature of the responses to tropical
Atlantic SST anomalies is that only one of the four rel-
evant SST anomalies show a robust Matsuno-Gill-like
response. Of the four relevant SST anomalies, the two
equatorial anomalies do not produce Matsuno-Gill-like
responses in either configuration in JJA. The responses,
instead, are robust eastward winds over a broad lat-
itudinal region over the equatorial Atlantic. This lack of
Matsuno-Gill-like responses to equatorial Atlantic
anomalies is seasonal, however, with Matsuno—Gill-like
responses present in these cases in every season apart
from JJA.

Regarding the two anomalies off the equator, the
presence of a Matsuno-Gill-like response in case A1W
in the complex configuration but not in the simple
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FIG. 5. (a) Comparison of correlation coefficients in the simple configuration (x axis), with correlation coefficients
in the complex configuration (y axis). The correlation coefficients are calculated between the zonal-wind response
in JJA at 250 hPa in cases with tropical SST anomalies and the EOF of zonal wind in JJA over the Atlantic basin
(80°W—40°E). The dashed line is y = x. The colors denote the basin in which the anomaly is placed, with red being in
the Pacific and black being in the Atlantic. The code used at each point corresponds with Fig. 3 without the letter
denoting the basin. (b) Asin (a), but for the midlatitude SST anomalies. It is noted that our classification of a robust
response is based purely on the two criteria in section 3 and that these plots only serve as a guide as to how robust the

projection onto the leading EOF is.

configuration suggests some sensitivity to the back-
ground wind field. The responses in the two cases are
somewhat similar, but the negative anomaly that ex-
tends to the west at 250 hPa in Matsuno-Gill-like cases
instead extends to the south in the simple configura-
tion. We hypothesize that the different shape of the
South American continent in the simple configuration
is somehow able to disrupt the normal Matsuno-Gill-
like circulation, although further investigation into this
ideaisrequired. This idea is supported, however, by the
fact that the adjacent case A1E, which is farther off
the South American coast, does produce a robust
Matsuno—Gill-like response.

In terms of remote responses, there are two robust
cases in the tropical Atlantic that produce anomalies
over central Africa and many cases in the tropical Pacific
in the simple configuration that also produce anomalies
over central Africa. The influence of tropical Atlantic
SSTs on North Africa is suggestive of previously dis-
cussed effects of the AMYV on North Africa, as in Sutton
and Hodson (2005). In addition, some of our cases in the
tropical Atlantic, namely, cases A1W and A1E, produce
robust zonal-wind responses over the tropical Pacific.
This is also consistent with Sutton and Hodson (2005),
who show the impact of tropical Atlantic SSTs on the
tropical Pacific in their Fig. 3a.

In terms of other remote responses, none of the
tropical Atlantic anomalies stand out as having high
correlations with the Atlantic EOF1 in Fig. 5a. How-
ever, as discussed previously, the simple configuration

does produce three cases that look somewhat NAO-like,
where the complex configuration does not. Discussion of
the prevalence of the summer NAO in the simple con-
figuration is again deferred to section Sa.

A significant non-summer-NAO-like remote re-
sponse is found in the two easternmost cases, which
produce a small cyclonic circulation over the North
Atlantic, as can be seen for case AOE in Figs. 6a and 6b.
This suggests that a robust connection between the
tropics and the midlatitudes may well be possible in
JJA in the Atlantic, although this link may not be with
the summer NAO, as suggested in Ossé et al. (2017)
and Wulff et al. (2017).

5. Responses to midlatitude anomalies

The responses to midlatitude SST anomalies show the
most contrast between configurations. Of the 15 mid-
latitude locations, in the complex configuration, 10 of
them produce local anticyclonic circulations and 3 pro-
duce summer NAO-like responses, whereas in the sim-
ple configuration, 6 of them produce local anticyclonic
circulations and 12 produce summer NAO-like re-
sponses. The prevalence of the local anticyclonic circu-
lation, which is robust in 6 of the 15 cases, is perhaps
unsurprising, given that it is part of the expected linear
response to midlatitude surface heating. It is noted,
however, that while most of these cases have corre-
sponding surface cyclonic circulations, as predicted by
linear theory, several do not, suggesting that the lower
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FIG. 6. Time-mean responses of the zonal wind at 250 hPa to Q-flux anomaly in case AOE in JJA for the (a) simple
and (b) complex configurations.

portion of the response is hidden by near-surface vari-
ability. As regards summer NAO-like responses, Pacific
cases P4C and P4E produce robust remote responses
over the North Atlantic, in contrast to the adjacent case
P4W and those at 30°N. These responses correlate
strongly with EOF1 over the Atlantic in both configu-
rations, having correlation coefficients that are close to
the y = x line in Fig. 5b. The responses in the two con-
figurations, although similar to their respective EOFTs,
are somewhat different to each other in spatial structure
(not shown), although this is simply a reflection of the
difference in EOF structure between the two cases. This
underlines the importance of accurately simulating
modes of internal variability for getting a robust re-
sponse to SST anomalies.

Other cases that have reasonably high correlation
coefficients in Fig. 5b are the easternmost cases in the
Atlantic at 50°N. The response in cases ASC and ASE
somewhat resembles those in case P4C, particularly in
the simple configuration, which has a strong EOF-like
barotropic response. The complex configuration’s re-
sponse is much weaker than in the simple configuration
and is baroclinic, being present at 250 hPa but not at
850 hPa, suggesting that any surface response is hidden
by the high background variability. Both these cases
produce an anticyclonic circulation over the United
Kingdom in the complex configuration that is similar to
that seen in cases P4C and P4E. That a surface response
is seen in cases P4C and P4E but not in cases A5C and
ASE perhaps suggest that cases P4C and P4E produce a
true projection onto the model’s internal modes but that
ASC and ASE’s response is more of a local baroclinic-
type response, consistent with cases P3W-P3E (see
Fig. 7 for P3E plots).

Unlike the winter cases studies in Part I, there are no
significant summer responses in the NH’s stratosphere
in either configuration. This is to be expected, however,
given the inability of vertically propagating waves to
propagate into the stratosphere in summer. This is due
to the easterly winds in the lower stratosphere in JJA,

unlike in DJF, as explained by the Charney-Drazin
criterion (Charney and Drazin 1961).

The summer NAO in the simple configuration

One of the clear features seen in Fig. 3c is that many of
the responses in the simple configuration in JJA project
negatively onto EOF1 of the zonal wind in the Atlantic
sector at 250 hPa. Despite these strong projections in the
simple configuration, little projection onto the EOF is
seen in many of the complex configuration cases in Fig. 3b.

One possible explanation for this difference is that the
summer EOF1 over the Atlantic in the simple configu-
ration explains 32.0% of the monthly variance, where
the summer EOF1 over the Atlantic in the complex
configuration explains only 23.6% of the monthly vari-
ance. It might be expected, therefore, that a model
response would project more strongly onto an EOF if
it explains more of the variance. The lower percentage
in the complex configuration is the more realistic of the
two, however, with the same EOF in JRA-55 explaining
23.3% of the monthly variance.” Equally, the EOF’s
spatial pattern in the simple case is arguably less realistic
than that in JRA-55, particularly in high latitudes. Both
of these factors suggest that the almost ubiquitous pro-
jection onto the summer NAO by midlatitude SST
anomalies in the simple cases may well be unrealistic.
This therefore highlights the need for model biases in
modes of variability to be as low as possible when
considering a model’s response to forcing.

6. Comparison of tropical and midlatitude
responses

The results described above show a clear contrast
between responses to tropical SST anomalies and

% Similar conclusions to these can be drawn from EOFs calcu-
lated using daily data, where the fractions of variance explained are
14.5%, 10.6%, and 11.1% in the simple configuration, complex
configuration, and JRA-55, respectively.
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F1G. 7. As in Fig. 6, but for case P3E.

midlatitude SST anomalies in JJA. This result is con-
sistent with a similar contrast discussed in DJF in Part I,
as is well known (Hoskins and Karoly 1981). One
prevalent explanation for why the atmosphere responds
differently to tropical and midlatitude SST anomalies
is that the response of the atmosphere to anomalous
heating is predominantly vertical advection of anoma-
lous temperature in the tropics and horizontal advec-
tion in the midlatitudes, as discussed in, for example,
Hoskins and Karoly (1981) and Frankignoul (1985). In
the corresponding analysis for DJF in Part I, a typical
contrast between tropical and midlatitude responses to
anomalous heating was shown in Figs. 8a and 8b of Part .
The same picture applies in JJA (not shown), as might
be expected, except that the latitude at which the hori-
zontal advection terms become important lies between
30° and 40°N rather than between 10° and 30°N in DJF.
This change in character between 30° and 40°N in JJA
may well be one of the reasons why the responses dis-
cussed in section 5 at 40°N in JJA in the Pacific are more
similar to those at 30°N in the Pacific in DJF than they
are to those at 40°N in DJF.

One intriguing feature of all of the anomalous tem-
perature profiles seen in both the simple and the complex
configurations in midlatitudes in JJA (not shown) is that
none of them appear to have a significant role played by
cold-air advection, as judged by the lack of positive me-
ridional advection terms near the surface. In contrast, all
of the cases considered seem to have a significant role for
the vertical advection terms. This is rather unlike the
expected response to midlatitude warm anomalies cal-
culated in Hoskins and Karoly (1981).

As was discussed in Part I, the prevalence of the ver-
tical advection term is perhaps a reflection on the
strength of our SST anomalies, which may well be trig-
gering deep convection in the midlatitude cases when
perhaps weaker, and arguably more realistic, SST
anomalies might not. However, the importance of the
vertical temperature advection term in the basic-state
response to western boundary currents in both obser-
vations (Minobe et al. 2008, 2010) and high-resolution

models (Smirnov et al. 2015) may mean that such a re-
sponse is in fact not unreasonable. This lack of a role for
cold-air advection in summer is somewhat unlike the
recent work of Ghosh et al. (2017), who found cold-air
advection to be very important in summertime as a re-
sponse to AMYV variations. This pattern was, however,
found on decadal time scales and was found in response
to much weaker anomalous heat fluxes than those pro-
duced in our experiments, which may make a qualitative
difference to the type of response produced.

7. Investigating summer teleconnections

As was noted in section 4b, there are several cases in
the simple configuration where tropical Pacific SST
anomalies produced North Atlantic responses, but there
were no cases of this in the complex configuration. It is
well known that a mechanism to connect the tropical
Pacific and the North Atlantic is propagation of large-
scale stationary Rossby waves (e.g., Hoskins and Karoly
1981). A well-known feature of the summertime atmo-
sphere is that such waves cannot propagate out of the
tropics and into the midlatitudes because of the pre-
dominantly westward winds throughout the depth of the
troposphere in summer (e.g., Lee et al. 2009, and ref-
erences therein). It is clear, however, that the JJA-mean
zonal wind in the simple configuration at 250 hPa does
have a longitudinal band where there are no westward
zonal winds over the central Pacific (see Fig. 1g),
meaning it is possible for large-scale waves to propagate
out of the tropics in the simple configuration, and we
have verified this using linear Rossby wave ray tracing
(not shown). It is noteworthy that the complex config-
uration has westward winds in this region, as does JRA-
55 (Figs. 1h and 1i), meaning Rossby waves cannot
escape. This contrast in basic state provides an expla-
nation for why there is a tropical Pacific-North
Atlantic connection in the simple configuration but
not in the complex configuration.

As suggested by this observation, it is clearly possible
for there to be a connection between the tropical Pacific
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FI1G. 8. (a) The linear regression coefficients of HadISST SST data regressed onto JRA-55’s PC1 time series of the first EOF of the zonal
wind at 250 hPa over the Atlantic basin. (b) As in (a), but only using summer months when the time series of equatorial zonal wind at
250 hPa, averaged between 160°E and 170°W, is positive. (c) A composite of the zonal wind at 250 hPa during months when the zonal-wind

index is positive.

and the North Atlantic during summer but that this
connection depends on the sign of the winds in the
tropics. We therefore wish to consider the possibility
that natural variability in the tropical winds over the
Pacific is such that there are times when eastward winds
are favored, allowing Rossby wave propagation out of
the tropics and into the North Atlantic. To test this
idea, we looked at the zonal wind along the equator in
monthly JRA-55 data at 250 hPa and took sector aver-
ages of 60° width centered on 170°W, thus giving a
single equatorial zonal-wind time series for the central
Pacific. We find that the natural variability in this re-
gion is such that the winds are sometimes eastward
even if they are westward for the majority of the time.
Having created this index, we then calculated the linear
regression between the real-world HadISST dataset
(Rayner et al. 2003) and the North Atlantic EOF’s PC1
from JRA-55 but calculated the regression separately
for summer months when the zonal-wind time series
was negative, as is normal, and for those summer
months when the zonal-wind time series was positive.
The regression map in the case of negative equatorial
winds (not shown) looks very like the map calculated
using all summer months, the latter of which is shown in
Fig. 8a. However, the regression map in the case of
positive equatorial winds is significantly different and is
shown in Fig. 8b alongside a composite of the zonal-
wind conditions during the summer months with a
positive zonal-wind index in (Fig. 8c). It is clear from
Fig. 8b that there is now a much stronger associa-
tion between the SSTs off the west coast of South
America and the EOF in JJA, with this pattern of
SSTs resembling an El Nino-like SST anomaly [e.g.,
Fig. 22.13(c) of Vallis (2017)]. It therefore appears that
some summer months could have a strong association
between tropical SSTs and the circulation over the
North Atlantic, potentially leading to increased sea-
sonal predictability for the North Atlantic during these
periods. However, these periods are the exception
rather than the norm. Of the 174 summer months be-
tween 1958 and 2015 in our JRA-55 and HadISST

datasets, there are only 42 months (24 %) with positive
equatorial winds over our predefined longitude range,
with 132 months (76%) having the standard negative
equatorial winds. Using different longitude widths and
central longitudes for the averaging that creates this
zonal-wind time series changes these numbers some-
what, especially as the number of months where a
negative zonal wind occurs decreases when the central
longitude of our sector average is moved away from the
central Pacific.’ However, the general pattern of the
regression maps stayed the same under these changes.
Further investigation of the potential causes of such a
connection, and if there is a link with El Nifo, is cur-
rently underway.

8. Discussion of summer results

In this work, we have compared the atmospheric re-
sponse to small-scale SST anomalies in two different
configurations of an idealized GCM. The aim of this study
was to assess whether the responses in Northern Hemi-
sphere summer depended significantly on the back-
ground climatological winds and whether SST anomalies
in a particular part of the globe would be of use for in-
creasing seasonal predictability for, for example, the
summer NAO over the North Atlantic. One conclusion
of this work is that the local responses to SST anomalies
in the tropical Pacific are indeed robust to small changes
in the background climatological winds, with the re-
sponses local to the SST anomalies proving similar across
our two configurations (simple and complex). The re-
sponses to tropical Pacific SST anomalies were largely
of a “Matsuno-Gill-like” pattern, with areas of strong
positive zonal wind to the west of the anomaly at low

3 Using a central longitude of 150°W and a sector width of 60°
gives 41 months with positive equatorial zonal winds, rather like
the case centered on 170°W. Taking a central longitude of 130°W
gives only 10 months with positive equatorial zonal winds, a central
longitude of 170°E gives 14 months, and a central longitude of
150°E gives 0 months.
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levels, and negative zonal-wind anomalies at upper levels,
and some dependence of the responses’ magnitude on
longitude, as suggested in Bony et al. (1997).

In the tropical Atlantic, by contrast, non-Matsuno—
Gill-like responses were seen in three of the four cases.
The non-Matsuno—Gill-like responses to anomalies on
the equator were robust across configurations, suggest-
ing this is a robust difference between the summertime
tropical Atlantic and tropical Pacific. In terms of the
remote response to tropical SSTs, by and large, and with
some exceptions, the tropical SST signal is unable to
escape from the tropics in JJA because of the structure
of the tropical winds, as is well known. There are some
hints, however, that signals can sometimes propagate
out of the tropical Atlantic into the North Atlantic and
project onto the summer NAO, as was seen in case AOE.
This is consistent with the work of Gastineau and
Frankignoul (2015), who show from reanalysis data that
SSTs in the subpolar and tropical Atlantic can influence
summertime conditions in the North Atlantic. In-
vestigating the mechanism for the teleconnection in
this particular case will form part of our future work.
Using reanalysis data, we have also shown that there
are significant monthly periods during which the cli-
matological westward winds over the equator in JJA
can reverse, and during such periods, a significantly
higher association is found between tropical SSTs in
the eastern Pacific and the summer NAO. It is there-
fore possible that the tropical Pacific may indeed pro-
vide some extratropical predictability, but only during
months with eastward equatorial winds.

In midlatitudes in summer, most of our SST anomalies
do not produce a robust response across the two config-
urations. Of those that did produce robust responses,
several had a very local and baroclinic character, with a
small-scale cyclonic circulation at low levels, and an
upper-level anticyclonic circulation, consistent with a
linear response to surface heating. The prevalence of the
linear response could be because of a lack of background
atmospheric variability in JJA but also because of the
general weakness of eddies, which may play a significant
role in modifying the linear response (Peng and Whitaker
1999; Kushnir et al. 2002).

Despite the apparent linear resemblance of the typical
summertime response, the low-level cyclone is often
seen to be over the SST anomaly itself and not displaced
downstream, as in Hoskins and Karoly (1981) and the
recent reanalysis work for summer of Ghosh et al.
(2017). Analysis of the temperature advection equation
also confirms the lack of role for cold-air advection im-
plied by this lack of downstream displacement. This is
consistent with the apparent dominance of the vertical
advection term in the atmospheric response to the Gulf
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Stream (Minobe et al. 2010) and also the response of the
atmosphere to Gulf Stream variability (Wills et al. 2016)
and variability over the Oyashio Extension region
(Smirnov et al. 2015). Further work looking at the impact
of horizontal resolution on these responses is required,
however, to understand our results more fully. Our study
has additional limitations (albeit deliberately chosen
ones) in terms of the realism of both the magnitude and
shape of the SST anomalies, and further work is required
to better understand how our results relate to more re-
alistic SST anomaly distributions and magnitudes.

Two midlatitude Pacific anomaly cases (i.e., P4C and
P4E) produce robust projections onto the summer
NAO, suggesting that there may be a source of pre-
dictability for the summer NAO from the midlatitude
Pacific, but this is a very preliminary result. By contrast
with these two cases, the remainder of our robust mid-
latitude SST responses were local and baroclinic, sug-
gesting that any predictability from these anomalies will
be quite local. This influence of SST anomalies on their
immediate locality is generally consistent with Dong
et al. (2013), who show, via regression models applied to
reanalysis, that there are significant local correlations
between the summer NAO index and the SSTs in the
midlatitude Atlantic in both spring- and summertime.

One significant difference between our simulations
and most others is the small spatial scales used for our
SST anomalies, meaning that our anomalies may not as
efficiently produce the larger-scale patterns found in,
for example, Dong et al. (2013). An investigation of the
type presented here, but with larger-scale patterns of
SST anomalies, may therefore prove more fruitful for
finding responses that project significantly onto the
summer NAO and other large-scale patterns of vari-
ability. Our SST anomalies are also present throughout
the annual cycle, so it may be that our JJA responses
include the effect of the SST anomaly in spring on the
summer circulation. While the large amplitude of our
anomalies makes this unlikely, further investigation
into seasonally varying SST anomalies is planned as
future work. We are also yet to test anomalous heating
over the Caribbean region, which could prove to be
important for European summer predictability, as
suggested in Hodson et al. (2010), Ossé et al. (2017), and
Waulff et al. (2017). Conducting such experiments is an
additional topic for future work.

9. Comparison of winter and summer and
conclusions of Part I and Part I1
a. Response to tropical anomalies

There is a large degree of similarity between DJF
and JJA in the local responses to tropical anomalies,
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particularly in the Pacific. For example, the responses
in case P1E can be compared in Fig. 4 for JJA and Fig. 4
of Part I for DJF. The character of the responses close
to the SST anomalies are broadly similar across the
seasons, suggesting that the same Matsuno-Gill-type
responses are similarly at work in DJF as in JJA and
that the impacts of different seasonal background wind
changes are small. The main difference in these two
responses is their magnitude, which is much larger in
JJA. This implies a dependence of the response on the
background state of the tropical atmosphere across the
seasons even though some of these background-state
differences are rather small. There is, however, a sig-
nificant difference between the responses to tropical
Atlantic SST anomalies between DJF and JJA that
is robust across configurations. This seasonal contrast
in the tropical Atlantic responses requires further
investigation.

In terms of the remote responses to tropical SSTs,
there are clearly more robust teleconnections between
the tropical Pacific and the midlatitudes in DJF than in
JJA. In terms of the large-scale Rossby wave picture,
this is explained by the generally westward winds
throughout the depth of the tropics in JJA, as is well
known. However, the suggestion of our section 7 is that
the teleconnections in JJA are still possible but are
state dependent. Further experiments are required to
investigate this possibility.

b. Response to midlatitude anomalies

In terms of the responses to midlatitude SST anoma-
lies, only cases P3W-P3E and P4W produce robust re-
sponses in both winter and summer. These responses are
very different, however, being a projection onto the
model’s internal modes of variability in winter and
being a local baroclinic response in summer. There are
clearly several major differences in the climatological
circulation that could cause such a contrast between
seasons. The EOF patterns, for example, are different
between summer and winter, which would be significant
if the ideas of Peng et al. (2003) are correct, who sug-
gested that the strength of a response’s projection
onto the internal modes would be determined by their
proximity to the EOF maxima/minima in, for example,
geopotential height. It could be argued, however, that
the model’s EOF patterns are more similar across
summer and winter than the stationary wave patterns,
which are opposite in sign and have different maxima
locations in winter and summer. We therefore propose
the differences in stationary waves to be the most sig-
nificant winter/summer contrast for the purpose of SST
anomaly responses. In addition, the dominance of the
vertical advection terms at 30°N in JJA leads to larger
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horizontal divergences aloft in JJA compared with DJF
(not shown), meaning that a significant difference in
responses between DJF and JJA is to be expected in
these regions.

One other possible explanation for the seasonal con-
trast in responses in the same latitude locations is that a
local baroclinic response is in fact present in winter at, for
example, 30°N but is hidden by the larger response that
projects onto the EOF. Such a scenario was shown by
Deser et al. (2004), who investigated the atmospheric
response to changes in polar SSTs and sea ice. They found
that their atmospheric responses projected significantly
onto the internal modes of the system but developed a
method to subtract off the internal mode portion of the
response, which revealed a classic baroclinic response.
We have implemented this method for our winter results
but could not see a baroclinic response as clearly as in
Deser et al. (2004). Despite this, the baroclinic response
being hidden by the larger internal mode component of
the response in DJF remains a likely scenario. This would
therefore suggest that differences in the internal modes,
stationary waves, and background eddy activity may well
play a significant role in creating contrasting responses
between DJF and JJA. This will be investigated as part of
our future work.

c. Summary

To give a general summary of our findings from this
paper and Part I, focusing only on those results that we
believe to be robust, our conclusions are as follows:

1) In winter (DJF), tropical SST anomalies produce
a robust local response and, possibly through the
action of propagating Rossby waves, can in some
circumstances produce a robust midlatitude response.

2) In summer (JJA), similar tropical Pacific SST anom-
alies produce a similarly robust local response to that
in winter. However, the signal finds it hard to propa-
gate into midlatitudes under climatological conditions
because the predominantly westward winds prevent
Rossby wave propagation out of the tropics. There are
time periods, however, when Rossby waves can
propagate out of the tropics and could provide a
tropical-midlatitude teleconnection as in winter.

3) In the midlatitudes, in both summer and winter, SST
anomalies do not typically produce as strong a re-
sponse in the free atmosphere as do tropical anom-
alies. The signal-to-noise ratio is worse and the
background conditions are much less constrained
than in the tropics because of baroclinic activity.

4) Inwinter, midlatitude SST anomalies can nevertheless
produce a robust remote response, particularly if the
response projects onto internal modes of variability.



DECEMBER 2018

5) Insummer, midlatitude SST anomalies produce local
baroclinic responses and only occasionally produce a
robust remote response.

6) Cold-air advection does not seem to be important in
any of the midlatitude responses in JJA and is only
important in some cases in DJF. The vertical term in
the temperature advection equation seems much
more important in all cases.

Discussion of the caveats and exceptions to these results
can be found in the main text, as can their explanations.
Topics for future work include studying the reasons for
the different types of responses seen in midlatitudes in
winter and summer, with the occasional large-scale re-
sponses in winter contrasting with the generally local
and linear responses in summer. Possible causes include
the seasonal changes in stationary wave patterns, sea-
sonal changes in eddy fluxes and in modes of internal
variability, and changes in the dominant terms in the
temperature advection equation.

Our conclusions above suggest that seasonal pre-
dictability due to long-lived SST anomalies may come
primarily from the tropics in winter, secondarily from
the midlatitudes in winter and the tropics in summer,
and rarely from midlatitudes in summer. Experiments
with higher-resolution models, as well as further com-
parison with observations, may indicate more pre-
dictability in midlatitudes if the SST signal can be
better felt in the free atmosphere.
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