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ABSTRACT

Tropical precipitation anomalies associated with El Nifio and Madden-Julian oscillation (MJO) phase 1
(La Nifia and MJO phase 5) are characterized by a tripole, with positive (negative) centers over the Indian
Ocean and central Pacific and a negative (positive) center over the warm pool region. However, their mid-
latitude circulation responses over the North Pacific and North America tend to be of opposite sign. To
investigate these differences in the extratropical response to tropical convection, the dynamical core of a
climate model is used, with boreal winter climatology as the initial flow. The model is run using the full heating
field for the above four cases, and with heating restricted to each of seven small domains located near or over
the equator, to investigate which convective anomalies may be responsible for the different extratropical
responses. An analogous observational study is also performed. For both studies, it is found that, despite
having a similar tropical convective anomaly spatial pattern, the extratropical response to El Nifio and MJO
phase 1 (La Nifia and MJO phase 5) is quite different. Most notably, responses with opposite-signed upper-
tropospheric geopotential height anomalies are found over the eastern North Pacific, northwestern North
America, and the southeastern United States. The extratropical response for each convective case most
closely resembles that for the domain associated with the largest-amplitude precipitation anomaly: the central
equatorial Pacific for El Nifio and La Nifia and the warm pool region for MJO phases 1 and 5.

1. Introduction important phenomena that are associated with tropical
convection are the El Nifio-Southern Oscillation
(ENSO), which varies on the seasonal time scale, and
the Madden—Julian oscillation (MJO), which propa-
gates eastward with a period of 30-60 days. Typically,
ENSO is separated into three phases—El Nifio, neutral,
and La Nifla—often based upon the SST in the Nifio-3.4
region (defined as the SST in a box located between 5°S
and 5°N and between 170° and 120°W), and the MJO is
divided into eight phases that describe the longitude of
the large-scale outgoing longwave radiation (OLR) and
200- and 850-hPa zonal wind anomalies in the tropics
(Wheeler and Hendon 2004). Many previous studies
have found a large sensitivity of the extratropical re-
sponse to the phase of both ENSO and the MJO, as will
be discussed below.

Convective heating associated with the MJO in phases
1 and 5, and the El Nifio and La Nifia phases of ENSO, is
characterized on large scales by a tripole anomaly in
both the precipitation and OLR fields, with anomalies of
one sign being located over the equatorial central Pacific
and Indian Oceans and an anomaly of the opposite sign
Corresponding author e-mail: Michael Goss, magd75@psu.edu located over the Maritime Continent. Specifically, MJO

Large-scale complexes of tropical convective storms,
initiated in part by warm sea surface temperature (SST)
anomalies over the equatorial oceans, can alter large-
scale weather patterns in the extratropics (Bjerknes
1966, 1969; Rowntree 1972; Shukla and Wallace 1983;
Lau and Phillips 1986; Trenberth et al. 1998). The ex-
tratropical response to tropical convection is a Rossby
wave train, which has its source in the interaction be-
tween the divergent flow associated with the latent heat
released by the convective complexes and the absolute
vorticity in the subtropics: that is, the so-called Rossby
wave source (Sardeshmukh and Hoskins 1988; Qin and
Robinson 1993). The location and amplitude of this
extratropical wave train response is therefore intricately
tied to the location and amplitude of the convective
anomalies near the equator (Geisler et al. 1985; Kiladis
and Weickmann 1992; Lin and Derome 2004), as well as
the state of the extratropical initial flow (Ting and
Sardeshmukh 1993; Goss and Feldstein 2015). Two
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phase 1 and El Nifio are both associated with enhanced
convection (anomalously negative OLR) over the
central Pacific and Indian Oceans and suppressed
convection (anomalously positive OLR) over the
Maritime Continent. Opposite-signed anomalies are
seen in the MJO phase 5 and La Nina cases (Wheeler
and Hendon 2004; also see Rasmusson and Carpenter
1982). Importantly, the amplitudes of these maxima
differ substantially, with the ENSO cases showing the
strongest-amplitude convective signal over the central
Pacific and the MJO cases showing the strongest-
amplitude convective signal over the Maritime Conti-
nent. For El Nino, these convective anomalies are also
coupled to SST anomalies, with anomalously warm
SSTs found over the equatorial central Pacific and
Indian Oceans and anomalously cool SSTs located near
the Maritime Continent, with opposite-signed anomalies
for La Nifia.

Interestingly, even though the MJO phase 1 and El
Nifio OLR (as well as the MJO phase 5 and La Nifa)
patterns resemble each other, as discussed above, the
extratropical response to MJO phase 1 does not re-
semble the extratropical response to El Nifio, and,
likewise, the extratropical response to MJO phase 5
does not resemble that associated with La Nifia. Spe-
cifically, the extratropical response to MJO phase 1
(phase 5) projects onto the negative (positive) phase of
the Pacific-North America (PNA) teleconnection pat-
tern (Mori and Watanabe 2008; Johnson and Feldstein
2010; Moore et al. 2010; Franzke et al. 2011; Yoo et al.
2012; Riddle et al. 2013). On the other hand, the extra-
tropical response to El Nifio (La Nifia) projects onto the
positive (negative) phase of the PNA (e.g., Horel and
Wallace 1981; Wallace and Gutzler 1981; Trenberth
et al. 1998; Johnson and Feldstein 2010). Therefore,
while the large-scale El Nifio and MJO phase 1 (La Nifa
and MJO phase 5) equatorial convective anomalies
show a similar spatial structure, the responses over the
extratropics tend to be associated with circulation
anomalies of opposite sign.

Therefore, given the issues raised above, we aim to
address the following major questions in this study:
1) Does a simple global dynamical model successfully
reproduce the main differences in the extratropical re-
sponse to MJO phase 1 convective heating and El Nifio
convective heating (MJO phase 5 convective heating
and La Nifa convective heating)? 2) Do there appear to
be particular convective regions in the model that are
responsible for the largest contribution to the extra-
tropical response to the ENSO and MJO convective
heating? 3) If so, can differences in the key convective
regions explain the differences in the modeled extra-
tropical responses to ENSO and MJO convective
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heating? 4) Are the model results with respect to Q2 and
Q3 consistent with observations?

In section 2 of this paper, we discuss the data and
methods used to carry out the study. Section 3 presents
the results of the model experiments. Section 4 shows
observational results analogous to the model results in
section 3. Finally, in section 5, the conclusions are
presented.

2. Methods and data

In this study, we use the dynamical core of a National
Oceanic and Atmospheric Administration/Geophysical
Fluid Dynamics Laboratory (NOAA/GFDL) climate
model. The model is run with triangular 42 horizontal
resolution and 19 vertical levels in sigma coordinates.
The model is forced by radiative relaxation. Rayleigh
friction is applied for o > 0.7, with a 1-day damping time
scale at the surface that increases with height as in Held
and Suarez (1994). No Rayleigh friction is applied for
o = 0.7. Fourth-order horizontal diffusion is included
with a time scale of 0.1 days at the smallest resolvable
scale, and we run the model without vertical diffusion.
Newtonian cooling is applied to the perturbation tem-
perature, where a perturbation refers to the deviation
from the model’s initial state, which corresponds to the
observed December-February (DJF) climatology for
the years 1979-2012, calculated as the mean of the daily
fields of the European Centre for Medium-Range
Weather Forecasts interim reanalysis (ERA-Interim)
dataset (Dee et al. 2011). Since the climatology does not
result in a balanced state in the model, the model
equations are supplemented with a constant forcing
term, which exactly balances the model drift when in-
tegrating the equations forward in time from the
climatological state.

In the model runs, various heating fields are added to
the above initial flow. The heating in the model is sta-
tionary' and is active from day 0 through day 10. Sepa-
rate heating fields are specified for El Nifio, La Nifia, and
MIJO phases 1 and 5. The horizontal structure of the
heating fields for the model runs are derived from
composites of a daily interpolation of NOAA’s Climate
Prediction Center (CPC) Merged Analysis of

'To test the sensitivity of the modeled response to a moving
versus a stationary heating source, we additionally performed
analogous model calculations in which the heating field was
changed daily in a manner consistent with a 48-day MJO cycle. All
of the heating fields were still derived from precipitation compos-
ites. We found that, although the spatial pattern was slightly altered
and the amplitude increased in the moving convection case, the key
findings of the study were unchanged.



FEBRUARY 2017

GOSS AND FELDSTEIN

489

Precipitation Com%plosites

60 120 180 240 300

60 120

130 0
-
g
0 =
E
>
0]
1-30 £
Q
[ =
[5+]
Q
s
30 .E 3
= -6
_0 § _7
o -8
-9
-10
1-30

300

240

FIG. 1. Precipitation composites for (a) El Nifio days, (b) La Niiia days, (c) MJO phase 1 days, and (d) MJO phase 5 days (see text for
details). Seven domains (labeled 1-7 in the El Nifio plot) are outlined with black rectangles.

Precipitation data (CMAP; Xie and Arkin 1997).> The
precipitation rate is converted to a heating rate by
multiplying the precipitation rate by the latent heat of
vaporization of water and the density of water, then
dividing by the heat capacity of water at constant pres-
sure. The vertical structure is specified as in Yoo et al.
(2012), where the maximum heating anomaly is at the
o = 0.5 level. For El Nifio, all days in DJF months that
are classified as El Nifilo months are included in the
precipitation composite, and an analogous composite is
calculated for La Nifia months (Figs. 1a,b). The defini-
tion of El Nifio and La Nifla months is adapted from that
used by the CPC. Those months when the Oceanic Nifio
Index, which is defined as the 3-month running-mean
SST anomaly in the Nifio-3.4 region, is greater than or
equal to 0.5 (less than or equal to —0.5) for at least five

2 The sensitivity of our study to the precipitation source was also
tested. In addition to the interpolated CMAP data, we ran all of our
model analyses using the same methodology, but with precipitation
data from the National Aeronautics and Space Administration’s
Tropical Rainfall Measuring Mission (TRMM; with data only going
back to 1998) and from the research version of NOAA’s Global
Precipitation Climatology Project (GPCP). We found that the pre-
cipitation composites were almost identical, with the biggest dif-
ferences being associated with some of the weaker precipitation
anomalies over South America. The modeled responses showed
minor differences, and the results and main conclusions of the study
were not significantly altered by the choice of precipitation source.
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consecutive months, are considered to be El Nifio (La
Nifia) months. The MJO phases are based on the mul-
tivariate MJO index of Wheeler and Hendon (2004).
Briefly, we use the real-time multivariate MJO (RMM)
indices from that study, where the RMM1 and RMM?2
indices are the principal component time series of the
first two combined empirical orthogonal functions of
200- and 850-hPa zonal wind and OLR in the tropics,
and the phase is determined by the relative values of the
two indices. For the MJO phase 1 precipitation com-
posite, we include those DJF days when the Wheeler
and Hendon (2004) MJO index is in phase 1 with an
amplitude greater than 1.0 (Fig. 1c). An analogous
method is used to calculate the MJO phase 5 pre-
cipitation composite (Fig. 1d).

We will first compare the differences in the model’s
extratropical response to ENSO-like and MJO-like
heating. We assume that the ENSO response, which is
typically associated with much longer time scales, can be
sufficiently captured by the model within the 10-day
window over which the model is run. This assumption is
supported by Hoskins and Karoly (1981), who find that
the extratropical response to tropical convection typi-
cally occurs on a time scale of about 7-10 days. Then the
ENSO and MJO precipitation composites will be sepa-
rated into a grid of 7 smaller domains, as shown in Fig. 1.
The domains used to test the response to localized
convective anomalies are shown as boxes numbered 1-7.
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Domain 1 is centered over the equatorial Indian Ocean,
from 50° to 90°E and from 10°S to 10°N. Domains 2 and 3
are located north and south of the equator over the
Maritime Continent, from 90° to 150°E and from the
equator to 15°N and 15°S, respectively. Domain 4 is
found west of the international date line over the
equatorial Pacific, from 150° to 175°E and from 10°S to
10°N. Domains 5 and 6 are located north and south of
the equator over the central equatorial Pacific, from
175°E to 150°W and from the equator to 15°N and 15°S,
respectively. Finally, domain 7 is found along the in-
tertropical convergence zone in the northeastern Pacific,
from 150° to 90°W and from the equator to 15°N. These
domains are chosen because they are regions over which
the MJO and ENSO signals are either of the same sign
(domains 1, 2, 3, and 6) or of opposites sign (domains 4,
5, and 7). In this way, we can determine the tropical
convective regions that are responsible for the differ-
ences in the observed extratropical responses to ENSO
and the MJO. Separate model runs are performed for
each of the 7 model domains. Each model calculation is
performed with a heating profile calculated from the
composite precipitation anomaly in that domain, and
outside the domain the composite precipitation anomaly
is set to 0. The extratropical response is analyzed based
on the 0.30-level geopotential height anomalies aver-
aged over model days 7-10.

In the observational study, composites of localized
tropical precipitation and 300-hPa geopotential heights
are found in the CMAP and ERA-Interim datasets by
analogy with the model runs for individual domains. For
these calculations, we use an analog method. A “‘pat-
tern” to match, Ppy(A, 6), is first found by using the
precipitation field in Fig. 1 for each domain and then
setting the precipitation to zero outside the domain.
We then search for those days when the observed
precipitation matches well with P,(A, 8) for each of
the seven domains in Fig. 1. To determine the analog
days, we then calculate the root-mean-squared error
[RMSE(¢)] for each DJF day using

P \/ [P (1.0) = P(t.1.0)

nn.
L

RMSE(f) =

M

Here, ¢ corresponds to a DJF day; A is the latitude; 0 is
the longitude; i and j correspond to the latitudinal and
longitudinal grid points, respectively; n; and n; corre-
spond to the number of latitudinal and longitudinal grid
points, respectively; and P is the precipitation anomaly
field for day . The domain used for calculating RMSE(¢)
in (1) includes all grid points between 15°S and 15°N.
The day with the lowest RMSE(¢) value is the first
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analog day that is chosen, and that day is removed from
the “pool” of analog days that are considered. An iter-
ative method is then employed to determine the sub-
sequent analog days, using

Zi’f \/[Ppat(/\’ 0) — Pcomp(d,)t, 9)]2

nn.
L)

RMSE(d) =

)

Here, d corresponds to the day from the remaining pool.
The precipitation pattern for which analogs are being
found is still Ppaq, but Peomp is the analog-based pre-
cipitation composite that includes those days from the
previous iterations in addition to day d. The day with the
lowest RMSE(d) value is that which is chosen as the next
analog day, and that day is then removed from the pool.
In other words, at each step, the day chosen is that which
minimizes the RMSE(d) value. The process is repeated
until there are at least five consecutive iterations for
which the RMSE value does not reach a new minimum,
and the analog days that comprise the minimum RMSE
value are those that are chosen for the precipitation
composite for the corresponding domain and case. (The
precipitation composites calculated in this manner are
shown in the left column of Figs. 7-10 for each of the
seven domains.) The number of analog days that result
from this technique ranges from 127 to 1350. Finally, the
corresponding lagged composites of the 300-hPa geo-
potential height anomalies averaged over lag days 7-10
for the analog days that contribute to the RMSE(d)
value are calculated. These 300-hPa geopotential height
composites are compared to the analogous model
results.

Statistical significance of the observational results is
tested by building distributions using Monte Carlo
simulations, with 5000 simulations calculated for each
significance test. Three types of Monte Carlo experi-
ments are set up to test three different aspects of the
observational analysis. In the first, we calculate pattern
correlations between the observed El Nifio (La Nifia)
and MJO phase 1 (MJO phase 5) precipitation com-
posites over the domain 15°S-15°N, 50°E-90°W. We
then generate 5000 pattern correlations between ran-
domly generated precipitation composites over the
same domain. For precipitation composites based on
ENSO, we choose a number of random DJF seasons
corresponding to the number of El Nifio or La Nifia
seasons. For precipitation composites based on the
MIJO, we choose a number of random DJF days corre-
sponding to the actual number of days in the MJO phase
1 or phase 5 composites, divided by the average number
of consecutive days in the respective composites, in or-
der to account for autocorrelation. The precipitation
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pattern correlations associated with Fig. 1 are 0.5800 and
0.3876 for El Nifio/MJO phase 1 and La Nifia/MJO
phase 5, respectively. The former value is statistically
significant at the 99.92th percentile and the latter at the
96.06th percentile. This suggests a high degree of simi-
larity between the composites.

A similar statistical test is performed to compare the
observed 300-hPa geopotential height response to the
full convective field (the total) with the sum of the ob-
served 300-hPa geopotential height responses to the
convective fields for each of the seven domains (the
sum). Here, the pattern correlation is again calculated
between the total and the sum response for each ENSO
and MJO case for the domain ranging from 15° to 75°N
and from 60°E to 60°W. Random geopotential height
composites are calculated for each convective domain
and for the full convective field, with the number of
randomly selected DJF days corresponding to the
number of analog days for the respective convective
domain. The random sum is calculated using the sum of
the randomly generated composites for each of the
seven smaller convective domains, and the random total
is simply the randomly generated composite corre-
sponding to the full convective field. A pattern correla-
tion is then calculated over the same spatial domain
between the random total and sum composites, and this
process is repeated 5000 times for each ENSO and MJO
case, resulting in a distribution of 5000 random pattern
correlations.

Finally, we test the significance of the response at each
grid point in each of the analog-based observational
300-hPa geopotential height composites. For each case,
we choose a number of random DJF days corresponding
to the number of analogs for that case. Five thousand
random composites are generated in this way for each
case, and the value of the actual composite at each grid
point is compared to the randomly generated distribu-
tion at the same grid point. Significance is tested at the
p < 0.05 level.

3. Model results

We show the modeled days-7-10 anomalous 0.30
geopotential height response to the imposed heating
fields described above (top four panels of Fig. 2). For the
El Nifo case (Fig. 2a), we see anomalous highs over the
tropical Pacific east of the international date line and
over northwestern North America, with anomalous lows
centered south of the Aleutian Islands, south of
Greenland, and over the southeast United States. The
La Nifia response seen in Fig. 2b shows essentially the
same spatial pattern, but with anomalies of opposite
sign. Figure 2d shows the modeled response to MJO
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phase 5 forcing. An anomalous high can be seen over
the tropical Pacific, with a maximum value to the west of
the Hawaiian Islands, another high stretching from
Kamchatka to the Aleutians and the southern coast of
Alaska, and a third high centered over the northeastern
United States and southeastern Canada. Anomalous
lows are seen in a band between the two Pacific highs,
with one maximum near Japan and Korea and a weaker
maximum centered over the southwestern United States
and northwestern Mexico. Finally, the response to
MIJO phase 1 forcing seen in Fig. 2c shows a similar
spatial structure to that seen in Fig. 2d, but with
anomalies of opposite sign. Notably, although the
large-scale spatial structure of the El Nifio and MJO
phase 1 (La Nifia and MJO phase 5) tropical convection
composites are similar, as seen in Figs. la and lc
(Figs. 1b,d), the modeled extratropical responses
shown in Figs. 2a and 2c (Figs. 2b,d) are quite different,
especially over the Pacific and North America regions,
where we see opposite-signed anomalies over the
tropical North Pacific, the midlatitude North Pacific,
northwestern North America, the southern United
States and northern Mexico, and the northeastern
United States and southeastern Canada.

For comparison, we also show the observed days-7-10
anomalous 300-hPa geopotential height response (bot-
tom four panels of Fig. 2). Although the aim of this study
is not to perfectly replicate the observed response in a
simple dynamical core model, we do see many similar-
ities, especially in the El Nifio and La Nifia cases. The
MJO phase 1 response in the model resembles that in
the observations except for the wave field appearing to
be slightly compressed in the latitudinal direction. The
MIJO phase 5 response, like that of MJO phase 1, shows
some similarities, with a somewhat more compressed
wave field in the model compared to the observations,
and with similarities most apparent over East Asia and
the subtropical and the western North Pacific. Also, the
amplitude of the response is about a factor of 3 smaller
in the model than in the observations. We believe there
are three main factors that account for this amplitude
difference. First, the model is run from a climatological
initial state, so high-frequency transient eddy feedback
is largely absent from the simulations. Second, although
the horizontal tropical heating field is based on the ob-
served precipitation rate, the vertical structure of the
heating is specified, and the amplitude of the extra-
tropical response (not the spatial structure) in this model
has been seen to be sensitive to the vertical structure of
the tropical heating field (Yoo et al. 2012). Third, we
performed the MJO model calculations using a moving
heating source rather than a stationary heating source
(see footnote 2 above), and found that the modeled



492

g

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 74

NN
BOICMTINI =00k NOOBONTOD

Geopotential height anomaly [m]

E 0

>

©

£

]

=

(4]

=

=]

©

= .

E -

b= N

m -

° %
- g :

h) MJO phase 5 | ;

180

0 60 120 240 300 0 60 120 180 240 300

FIG. 2. (top) Days-7-10 0.30- geopotential height anomalies for the model forced with heating based on (a) El Nifio, (b) La Niiia,
(c) MJO phase 1, and (d) MJO phase 5. (bottom) Observed days-7-10 composite 300-hPa geopotential height anomalies for (e) El Nifio,

(f) La Niiia, (g) MJO phase 1, and (h) MJO phase 5.

extratropical response shows a larger-amplitude signal,
closer to the observations (not shown).

To further understand these different responses, we
perform model calculations forced with heating limited
to domains 1-7. In Figs. 3-6 , in the left column, we show
the composite precipitation used to derive the model
heating, and in the right column we see the resulting
days-7-10 anomalous 0.30 geopotential height response.
[Note that enhanced (reduced) precipitation is shown
with cold (warm) colors.] The third through the ninth
rows in Figs. 3-6 correspond to the composite pre-
cipitation and the days-7-10 anomalous 0.30 geopotential
height fields for each of the domains 1-7, respectively.
The second row is a simple sum of the precipitation and
0.30 geopotential height for domains 1-7. For compari-
son, in the top row, we reproduce the precipitation and
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0.30 geopotential height fields shown in Figs. 1 and 2. We
see that, for Figs. 3-6, the modeled response in the first
row matches almost identically to the sum of responses
shown in the second row, except for some minor differ-
ences mostly over the Atlantic and European sectors.
This suggests that the response to the total heating field
can be approximated by a simple linear summation of the
responses to each regional heating field. Therefore, an
examination of the response to convection in each re-
gional domain can give insight as to which regions are
responsible for the similarities and differences we see
between the extratropical responses to ENSO-like and
MJO-like convective heating.

For the El Nifio case, we see that the modeled height
response to convective forcing in domains 4, 5, and 6 is
most similar to that in the total response over the North
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FIG. 3. (left) Precipitation composites used to generate the model El Nifio heating field, and (right) the corresponding days-7-10 0.3
geopotential height anomaly. (top) The model run forced with the full heating field (identical to Figs. 1a and 2a). (rows 3-9) The model run
forced with a heating field restricted to domains 1-7, respectively (see Fig. 1a and text). (row 2) The sum of rows 3-9.
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FIG. 4. As in Fig. 3, but for the La Niia case.
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FIG. 5. As in Fig. 3, but for the MJO phase 1 case.
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MJO phase 5 precip. and hgt. (model) anom. composites
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FIG. 6. As in Fig. 3, but for the MJO phase 5 case.
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Pacific and North America, with the latter of those do-
mains having the strongest-amplitude signal (Fig. 3).
The response to convective forcing in domains 2 and 3
shows opposite-signed anomalies over the tropical Pa-
cific, although domain 2 does appear to be responsible
for some of the negative anomaly signal seen near the
Aleutian Islands. Convection in domain 7 is partially
responsible for the negative anomaly south of Green-
land. Figure 4 is the analogous figure for the La Nifia
case, where anomalies of opposite sign to those for El
Nifio can be seen. One difference between these two
cases is evident in domain 4, where the El Nifo con-
vective signal contains anomalies of both signs, resulting
in a weaker extratropical response compared to that for
La Nifa. The presence of a single-signed negative con-
vective anomaly for domain 4 may be due to the con-
vective threshold temperature being forced westward
during La Nina (Johnson and Kosaka 2016). Therefore,
the extratropical response to La Nifia is almost equally
partitioned between domains 4, 5, and 6.

The convective forcing and modeled response to in-
dividual domains for the MJO phase 1 case is shown in
Fig. 5. Unlike the ENSO cases, the response to con-
vective forcing in domains 2, 3, and 4 dominates the total
extratropical response over the North Pacific and North
America. Domain 3, the domain located over the Mar-
itime Continent south of the equator, shows the largest-
amplitude response. This is consistent with the fact that
domain 3 also shows the largest-amplitude convective
signal. Figure 6 is analogous to Fig. 5, but for the MJO
phase 5 case. We see that Figs. 5 and 6 are almost exactly
analogous, merely showing anomalies of opposite sign.

Several broader points can also be seen in Figs. 3-6.
First, the region of the strongest convective anomalies
(domains 2, 3, and 4 for the MJO cases and domains 4, 5,
and 6 for the ENSO cases) tends to dominate the ex-
tratropical response. Second, we can see that, for each
convective domain, precipitation anomalies of the same
sign are followed by a same-signed response in the ex-
tratropics; for example, for the MJO phase 1 case, the
response to domain 6 (which has a convective signal of
the same sign as that of the corresponding El Nifio case)
looks like a weak version of that for El Nifo. Third,
there appears to be some cancellation between the re-
sponse to warm pool convection and the response to
central Pacific convection for each of the MJO and
ENSO cases. An example of this can be clearly seen in
the MJO cases in Figs. 5 and 6, where domain 6 actually
gives an extratropical response that is opposite in sign
compared with the domains 2 and 3. Finally, we see that
the response to Indian Ocean convection does not ap-
pear to be overly important for the MJO and ENSO
composites we examined. The results in Figs. 3-6
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suggest, then, that even though the large-scale convec-
tive patterns associated with ENSO and the MJO show a
similar spatial structure, the significant differences be-
tween the extratropical responses to ENSO-like and
MIJO-like forcing arise from the differences in the lo-
cation and amplitude of the convective anomalies.

4. Observational results

We perform a similar set of calculations, as described
in section 2, with the observational dataset. Specifically,
Figs. 7-10 are analogous to Figs. 3-6 presented in section
3, with the following differences. First, the precipitation
composites for domains 1-7 in the left column of each
figure are based on analog days, as described in section
2, chosen such that the composite of the analogs closely
matches the anomalous values inside the domain and
zero outside of the domain. We see that the analog
precipitation composites in the left column of Figs. 7-10
match well with the localized precipitation fields used to
force the model runs (Figs. 3-6) and, notably, are near
zero outside of the respective domains. The sum of the
seven precipitation composites is shown in the second
row of the left column. Second, the right column for
domains 1-7 shows 300-hPa geopotential height anom-
aly composites for 7-10 days after those days that are
used in the corresponding precipitation composites,
representing the extratropical response to the corre-
sponding anomalous tropical convection. For the right
column of Figs. 7-10, statistical significance at each grid
point is calculated using a Monte Carlo simulation as
described in section 2 and is marked at the p < 0.05 level
with stipples. In all four cases, we find that regions of
statistical significance tend to align with regions of
greater 300-hPa height anomalies in the extratropics
(smaller-amplitude 300-hPa height anomalies are found
to be statistically significant closer to the equator, as one
would expect based on the smaller variance in that
region).

First, we investigate the El Nifio case in the observa-
tions. The results, which are shown in Fig. 7, are analo-
gous to the model results seen in Fig. 3. The 300-hPa
anomalous geopotential height composite associated
with the total convective precipitation field is shown in
the right column (first row), where we see that the ex-
tratropical response to El Niflo-like convective anom-
alies corresponds to highs centered over central Asia,
near Hawaii, over Canada, and over the Mediterranean
Sea, with lows centered over southeastern Asia, the Gulf
of Alaska, the southern United States, and along the
west coast of northern Africa. All of these anomalies
correspond very well with the sum of the composites for
individual domains (right column, second row), as was
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El Nifio precip. and height anom. composites
60 120 180 240 300 0 60 120 180 240 300

T A5
™ : &

x10

Total

Sum

24

Precipitation rate anomaly [m/s]
Height anomaly [m]

Domain7 Domainé Domain5 Domain4 Domain3 Domain2 Domain1

W
ah [
L
i L

60 120 180 240 300 0 60 120 180 240 300
Precipitation anomalies 300-hPa height anomalies

ore

FIG. 7. (left) Observed El Nifio precipitation composites based on analog days, and (right) the corresponding days-7-10 300-hPa geo-
potential height anomaly composites. (top) The full heating field case. (rows 3-9) Analog days for which the composite closely matches the
precipitation anomalies only in domains 1-7, respectively (see text). (row 2) A sum of rows 3-9. In (right), stippling in rows 1 and 3-9 indicate
regions where the anomalies are statistically significant at the p < 0.05 level.
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La Nina precip. and height anom. composites
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FIG. 8. As in Fig. 7, but for the La Niia case.
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MJO Phase 1 precip. and height anom. composites
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FIG. 9. As in Fig. 7, but for the MJO phase 1 case.
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MJO Phase 5 precip. and height anom. composites
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also the case in the modeled results seen in Fig. 3. In-
deed, the pattern correlation over Asia, the North Pa-
cific, and North America is 0.6918, significant at the p <
0.01 level. However, some differences are seen over the
highest latitudes, especially over the North Atlantic
sector. Some of these differences, especially those over
the North Atlantic, may arise from the convective
anomalies over South America, which are not included
in the sum of the domains. The differences over the
highest latitudes may be associated with nonlinear in-
teractions between waves in midlatitudes. The overall
match between the first and second rows allows us to
investigate which convective domains are most re-
sponsible for the extratropical response. As with the
model results in Fig. 3, we see that, in the observations, it
is convective domains 5 and 6 over the central equatorial
Pacific that contribute most to the response seen over
the North Pacific and North America. In addition, it is
seen that the extratropical response to the convective
anomalies in domain 2, north of the equator over the
Maritime Continent, partially cancels the contributions
from domains 5 and 6.

The corresponding La Nifia case is shown in Fig. 8. We
see that the extratropical response shows largely the
same spatial pattern as in the El Nifio case, but with
anomalies of opposite sign. Although there is a weak
negative geopotential height anomaly in the El Nifio
case over northwestern Russia, the positive geopotential
height anomaly in the La Nifia case over the same region
is spatially larger. Additionally, there is a negative geo-
potential height anomaly centered over the Beaufort
Seain the La Nifia case. As in Fig. 7, we see that the sum
of the responses to the individual convective domains in
the second row matches very well with the response to
the full La Nifia-like convective composite. The worst
match again appears to be over the North Atlantic sec-
tor, which may be associated with the convective
anomalies over South America. The match over the
highest latitudes is actually much better in the La Nifia
case than it is for El Niflo. The pattern correlation over
Asia, the North Pacific, and North America, between
the first and second row of the right column, is very
strong at 0.7941, which is significant well beyond the p <
0.01 level. Because the overall match is good, we can
again investigate which domains are most responsible
for the overall signal. We see that the anomalies over the
North Pacific and North America match best with the
responses to domains 4, 5, and 6. Unlike the El Nifio
case, and as in the model results, the precipitation
anomalies in domain 4 are very strong and are of one
sign for La Nifia (perhaps related to sensitivity to the
convective threshold SST). Therefore, domain 4 appears
to be more important in La Nifia than it is in El Nifio.
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This difference also helps to explain the more prominent
anomaly over northwestern Russia, as domain 4 is seen
to substantially impact that region. The cancellation
from domain 2 seen in the El Nifio case over the North
Pacific is not as obvious in the La Nifa case; instead, the
anomalies associated with domain 2 are largely in
quadrature with the total response.

Next, we investigate the MJO phase 1 case (Fig. 9).
The total 300-hPa anomalous geopotential height com-
posite again matches well with the sum of the analog-
based composites for the individual domains, with a
pattern correlation value over Asia, the North Pacific,
and North America of 0.6389, which is significant at the
p < 0.01 level, though larger differences are seen over
the Atlantic and European regions. The geopotential
height anomaly composite (right column) for the full
MJO phase 1 convective composite (the first row) shows
highs centered to the south of the Aleutian Islands, over
Mexico and the Gulf of Mexico, near the Cape Verde
Islands, over central Europe and the Mediterranean,
and over southern Asia. Lows are seen to the west of
Hawaii, from Alaska down toward the U.S. Rockies, and
over the North Atlantic south of Greenland. The biggest
differences between the total and sum composites are
located over Eurasia and the western North Atlantic.
Many of these differences may be associated with con-
vective anomalies over South America and Africa that
are not accounted for in the sum in the second row.
Additionally, there is a large-amplitude high centered
off the coast of California in the second row that is
weaker and farther south in the first row, which appears
to be associated with domain 4 and may be a result of
nonlinearities in the extratropical response. We see that
the signal over the North Pacific and North America is
mostly associated with domains 2, 3, and 4, as in the
MJO phase 1 model run, which corresponds to convec-
tive anomalies over the Maritime Continent and the
western equatorial Pacific. There is some cancellation
over the North Pacific from domain 6. Therefore, as with
the model results, we see that the extratropical geo-
potential height response to separate western and cen-
tral Pacific heating anomalies is similar for El Nifio and
MJO phase 1, with the extratropical response to the total
convective heating anomalies being of opposite sign in
key regions because of the larger-amplitude convection
in the central Pacific for El Nifio and the western Pacific
for MJO phase 1.

Finally, the MJO phase 5 case is examined, as seen in
Fig. 10. As with all three of the previous figures, the sum
of the 300-hPa geopotential height composites (right
column) in the second row matches very well with the
total 300-hPa geopotential height composite seen in the
first row, although differences can be seen over some
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regions, such as the northeastern Pacific. Specifically,
the pattern correlation over Asia, the North Pacific, and
North America is 0.5531, which is found to be statisti-
cally significant at the p < 0.01 level. Although in many
locations Figs. 9 and 10 show opposite-signed geo-
potential height anomaly responses in the full convec-
tive case (first row in both figures), there are some
differences as well. In Fig. 10, we see lows centered over
the eastern Mediterranean Sea, near Bangladesh, over
Kamchatka up through the Beaufort Sea and the Gulf of
Alaska, south of the Gulf of Tehuantapec, and in the
subtropical North Atlantic. Highs are centered over
Siberia, to the northeast of Taiwan, over eastern Canada
and Hudson Bay, and over the Arabian Sea. Many of
these anomalies are also seen in the sum of composites
in row 2, but there are also differences, most notably
over the North Pacific and North American sectors.
Specifically, we see a positive anomaly from the eastern
Aleutians down to California in the sum, and a negative
anomaly is located over the Canadian Archipelago.
These anomalies are not seen in the composite based on
the total MJO phase 5 precipitation field. Some of these
anomalies appear to be associated with domains 1, 6,
and 7. The differences may also partially arise from the
convective anomalies over Africa and South America,
which appear to be generally stronger for MJO phase 5
than in any of the other cases investigated. There may
also be nonlinearities in the extratropical response that
account for some of the differences we see. Because the
match over the North Pacific and North American sec-
tors is not as strong, it is more difficult to draw conclu-
sions about which convective domains are responsible
for the extratropical response. However, for the regions
that match up well, it appears that domains 2 and 3 make
the most significant contribution, as in the MJO phase 1
case. Domain 6 does not appear to contribute to can-
cellation over the North Pacific as compared to the sum
in the second row, although it does show opposite-signed
anomalies compared to the total in the first row.

The same broader points discussed in the model re-
sults can also generally be seen in the observational re-
sults in Figs. 7-10. The region of strongest convective
anomalies again dominates the extratropical response.
Although not as clean as in the model calculations,
precipitation anomalies of the same sign in each con-
vective domain tend to be followed by a same-signed
response in the extratropics. As with the model results, a
clean example is seen in domain 6, where, for both the
MIJO phase 1 and El Nifio (MJO phase 5 and La Niiia)
cases, the response over the North Pacific is the same
sign. There still appears to be some cancellation for both
the MJO and ENSO cases between the response to
convective anomalies over the Maritime Continent and
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the response to convective anomalies over the central
Pacific, as there was in the model results. Finally, we
again see that the Indian Ocean convection does not
appear to be responsible for driving the extratropical
response to the MJO and ENSO in this study. Therefore,
Figs. 7-10 support the conclusion in the model calcula-
tions that the significant differences between the extra-
tropical responses to ENSO-like and MJO-like forcing
arise largely because of differences in the location and
amplitude of the convective anomalies, although nota-
bly for MJO phase 5, as discussed previously, there may
be other important factors to consider.

Because all ENSO states are represented in the MJO
precipitation composites, there is a question of how
much of the MJO signal is merely a consequence of a
favored ENSO state. To test the impact of ENSO on the
MJO analysis, we perform the analysis for Figs. 9 and 10
again, based on MJO precipitation composites for MJO
days during only El Nifio, neutral, or La Nifia months. The
results for the El Nifio case are shown in Figs. 11 and 12,
for the neutral case in Figs. 13 and 14, and for the La Nifia
case in Figs. 15 and 16 for MJO phases 1 and 5, re-
spectively. We see for the neutral composites that the
precipitation and 300-hPa geopotential height results
match well with those in Figs. 9 and 10 (nearly iden-
tical amplitude and spatial structure, with statistical
significance in similar locations), which suggests that
any effect of El Nifio days in the MJO composites in
our original analysis is largely cancelled out by the
effect of La Nifia days in the same composites.

We next compare the MJO phase 1 precipitation and
300-hPa geopotential height anomalies for El Nifio and
La Nifia to those for neutral ENSO. For MJO phase 1/El
Niflo, since the MJO phase 1/neutral ENSO (Fig. 13)
and El Nifio (Fig. 7) precipitation anomalies occur at
about the same locations with the same signs, as ex-
pected, the amplitudes of all three precipitation anom-
alies for MJO phase 1/El Nifio (Fig. 11) are larger than
those of MJO phase 1/neutral ENSO. However, in
contrast to MJO phase 1/neutral ENSO, the location of
the largest-amplitude precipitation anomaly occurs over
the central Pacific, not the warm pool region. Consistent
with our argument that the response to tropical heating
is determined primarily by the sign and amplitude of the
largest heating anomaly, since the sign of the central
Pacific anomaly is opposite to that of the warm pool
anomaly, we see that the response to the MJO phase
1/El Nifio (Fig. 11) shows extratropical anomalies that
are of opposite sign to those for MJO phase 1/neutral
ENSO in the expected locations (those locations asso-
ciated with the El Nifio composites). For MJO phase
1/La Nifia, because the precipitation anomalies for MJO
phase 1/neutral ENSO (Fig. 13) are of opposite sign to
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MJO Phase 1 precip. and height anom. composites, ENSO+
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FIG. 11. As in Fig. 9, but using analogs from El Nifio days.
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MJO Phase 5 precip. and height anom. composites, ENSO+
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F1G. 12. As in Fig. 10, but using analogs from El Nifio days.
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MJO Phase 1 precip. and height anom. composites, ENSO Neut.
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FIG. 13. As in Fig. 9, but using analogs from ENSO neutral days.
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MJO Phase 5 precip. and height anom. composites, ENSO Neut.
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FIG. 14. As in Fig. 10, but using analogs from ENSO neutral days.
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those for La Nifia (Fig. 8), there is much cancellation
between the MJO phase 1 and La Nifla precipitation
anomalies. For MJO phase 1/La Nifa (Fig. 15), the
central Pacific anomaly again dominates. Since this
anomaly is of the same sign as the warm pool anomaly
for MJO phase 1/neutral ENSO, the sign of the extra-
tropical response over the northeastern Pacific and
western North America is unchanged.

An examination of the MJO phase 5 precipitation and
300-hPa geopotential height anomalies shows features that
are consistent with those for MJO phase 1, but with
anomalies of opposite sign. For example, the signs of the
MJO phase 5/La Nifia and MJO phase S/meutral pre-
cipitation anomalies are the same, and the largest MJO
phase 5/La Nifia precipitation anomaly is located over
the central Pacific. Consistently, the signs of the MJO phase
5/La Niiia 300-hPa (Fig. 16) geopotential height anomalies
are opposite to that for MJO phase S5/mneutral ENSO
(Fig. 14). The MJO phase 5/El Nifio precipitation anomalies
are of the opposite sign as those for MJO phase 5/neutral
ENSO. Again, since the largest precipitation anomaly is
located over the central Pacific, the signs of the MJO phase
5/El Nifo 300-hPa geopotential height anomalies (Fig. 12)
are the same as those for MJO phase S/meutral ENSO
(Fig. 14).

5. Conclusions

In this study, we investigated the role of equatorial
convective precipitation anomalies in forcing varied
extratropical responses. Specifically, we tested questions
related to 1) whether a simple dynamical model can
reproduce the main differences in the extratropical re-
sponse to forcing by MJO phase 1 and El Nifio (MJO
phase 5 and La Niiia), 2) if specific convective regions in
the model can explain the majority of the extratropical
response to the MJO and ENSO convective heating,
3) if differences in the relative strength of convective
anomalies in key regions can explain the different ex-
tratropical responses between MJO and ENSO, and 4) if
the model results with respect to questions 2 and 3 can
be sufficiently reproduced in an observational dataset.

With regard to question 1, we find that the modeled
response to ENSO-like convective heating anomalies is
indeed quite different from that for the broadly similar
convective heating anomalies associated with the
MJO. Specifically, whereas the modeled response to
MJO phase 1 (phase 5) convective heating anomalies
produces a negative (positive) height anomaly over
northwestern North America and the northeastern
United States and a positive (negative) height anomaly
centered over the southwestern United States, for the
very similar El Nifio (La Nifia) convective heating
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anomalies, the modeled response generally produces
anomalies of the opposite sign over those regions. This is
consistent with the differences seen in the observations.

For questions 2 and 3, the model results suggest that
the extratropical response in each case is essentially the
linear summation of the extratropical response to con-
vective heating anomalies in each convective subdomain.
Both the amplitude and location of the anomalies are
found to be important. With regard to the extratropical
response over the North Pacific and North America to the
MIJO convective heating anomalies, it is found that the
largest contribution is from the convective anomalies
found over the warm pool region. Conversely, for ENSO,
most of the extratropical response over the North Pacific
and North America is associated with convective anoma-
lies located over the central equatorial Pacific. These two
regions generally correspond with the strongest convective
heating anomalies for each case. In fact, convective
anomalies over the warm pool and over the central equa-
torial Pacific tend to force opposite-signed extratropical
responses over the North Pacific and North America, in-
dicating that there is some cancellation over those regions.
We also found that the Indian Ocean convective anoma-
lies, which are relatively weak, do not appear to play a
large role in the overall extratropical response over the
North Pacific and North America. Therefore, the differ-
ences in the modeled response to MJO-like and ENSO-
like convective forcing can be explained by the differences
in the relative location and amplitude of the convective
anomalies associated with MJO and ENSO.

Finally, for question 4, we developed a technique to
reproduce the model results in an observational dataset.
We found that, as with the model results, the total extra-
tropical response to tropical convection over the North
Pacific and North America can generally be seen as the
sum of the responses to tropical convection over each
subdomain. The exception to this was with MJO phase 5,
for which the summation did not match well with the
extratropical response to the total convective field over the
region of interest. However, the rest of the observational
results corroborate well with the model results, suggesting
that, to a large degree, the differences we see in the
extratropical response to MJO-like and ENSO-like
tropical convective heating in the atmosphere can be
explained by the difference in the relative strength and
location of the convective heating anomalies.

Understanding the sensitivity of the extratropical re-
sponse to the location and amplitude of tropical convection
is potentially important. Because no two ENSO or MJO
events are identical, understanding how differences in
tropical convection may impact the extratropical response
has forecasting implications. However, more research into
nonlinearities in the extratropical response to tropical
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FIG. 15. As in Fig. 9, but using analogs from La Nifia days.

0 60

120 180 240 300

300-hPa height anomalies

Precipitation rate anomaly [m/s]

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

Height anomaly [m]

60

54

48

42

36

30

24

18

12

-12

-18

-24

-30

-36

-42

-48

-54

-60

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 02/10/21 03:43 PM UTC



510 JOURNAL OF THE ATMOSPHERIC SCIENCES VOLUME 74

MJO Phase 5 precip. and height anom. composites, ENSO-
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FIG. 16. As in Fig. 10, but using analogs from La Nifia days.
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convection, (as with the MJO phase 5 in the observational
part of this study), as well as an investigation of other MJO
phases, would further help to improve our understanding of
the importance of tropical convection for the extratropical
circulation.
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