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ABSTRACT 

THE ROLE OF SUB-SEASONAL TROPICAL CONVECTIVE VARIABILITY FOR 
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The boreal winter extratropical response to tropical heating associated with a 

significant El Niño Southern Oscillation (ENSO) event has been understood primarily in 

terms of a seasonal average.  However, the development and variability of the response 

forced by a highly sub-seasonally variable atmospheric forcing is still unclear.  

Significant modes of sub-seasonal tropical convective variability exist that have well-

documented transient impacts on the extratropics, e.g. the Madden-Julian Oscillation 

(MJO).  Does sub-seasonal tropical convective variability impact the seasonal mean 

extratropical response?  If so, what matters for the response: short-lived strong events or 

more persistent moderate events?  Does sub-seasonal convective variability have 

implications for predictability during El Niño? 

Using the Community Atmospheric Model v. 4.0 (CAM4) of the National Center 

for Atmospheric Research, the response to ENSO is simulated using large ensembles of 

seasonal integrations forced with observed SST from multiple El Niño events.  We 
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decompose the diabatic heating rate (Q) across the tropical Indo-Pacific in terms of 

temporal and intra-ensemble variability. We then repeat the simulations by prescribing 

subsets of Q in an effort to diagnose the impact of sub-seasonal and intra-ensemble Q 

variability. 

Neglecting sub-seasonal Q variability has a systematic impact on the response, 

generally extending the Pacific jet and deepening upper-level heights across the North 

Pacific.  A local enhancement is simulated in tropical upper-level divergence, likely 

related to the vertical redistribution of Q resulting from averaging together vertical 

profiles associated with moderate and deep convection.  Persistence may also play a role. 

When prescribing nearly all Q variability (for frequencies greater than one day), 

we find that Q-circulation coupling is locally unimportant, i.e. the temporal evolution, 

mean, and variance of upper-level divergence from a coupled control simulation are 

reproducible.  However, interestingly the amplification of the extratropical response to El 

Niño is still simulated.  It follows that these differences are attributed to the neglect of 

tropical-extratropical two-way coupling.  This is the primary finding of the study and 

suggests that the extratropical response to a significant El Niño event is not simply a 

forced response to tropical heating. 

Regarding the variability of the response to El Niño, we find a robust relationship 

in the seasonal mean ensemble spread, linking Q variations in the west/central tropical 

Pacific and extratropical fluctuations projecting onto the Arctic Oscillation (AO).  This 

mode accounts for about a third of the ensemble spread (in 200 hPa geopotential height).  

Previous studies have revealed a similar relationship in observed interannual variability 
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and have simulated the tropically forced component.  In CAM4, this relationship in the 

ensemble spread is only evident during El Niño and is the dominant contributor to the 

enhanced ensemble spread simulated during El Niño, acting to lower predictability of the 

response.  Extratropical forcing of the tropics is important for this mode, as prescribing Q 

variability weakens the relationship and cannot reproduce the enhancement in spread.  

We find that this relationship emerges as residue of a low frequency sub-seasonal 

tropical-extratropical coupled mode for which a significant extratropical influence is 

evident.  Over the Pacific, coherent interaction is simulated between evolving persistent 

planetary waves and convectively coupled waves bearing a resemblance to equatorial 

Kelvin waves or MJO-like behavior.  We hypothesize that the two-way tropical-

extratropical interaction for this mode acts to weaken the extratropical response to El 

Niño.
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1.  INTRODUCTION 

The boreal winter midlatitude response to a significant El Niño Southern 

Oscillation (ENSO) event has been studied for many decades.  First observed and 

proposed by Bjerknes (1966), it is largest source of seasonal predictability (Philander 

1990), particularly over the Pacific and North American region.  Primarily motivated by 

the hope and possibility of improving skill in seasonal prediction, research efforts have 

established a wealth of theory regarding the intricacy of the complex processes involved.  

Current understanding is generally limited to an average across the season, considered to 

be the most relevant time scale for the response to ENSO.  However, the atmospheric 

tropical forcing, i.e. mid-tropospheric diabatic heating (Q hereafter) primarily resulting 

from latent heat release from convection, is highly variable throughout the season.  

Particularly during El Niño, there is substantial variability of tropical convection across 

the whole sub-seasonal spectrum.  Observations suggest a well-defined seasonal mean 

circulation response to ENSO.  A question not often asked is whether or not this seasonal 

mean response depends only on the seasonal mean tropical forcing.  What is the role of 

low frequency or intra-seasonal variability, such as the Madden-Julian Oscillation (MJO, 

Madden & Julian, 1971 & 1994) and other persistent events on the response to ENSO?  

What is the role of high frequency convective variability?  Are more persistent moderate 

events, or short-lived strong events more significant in generating a seasonal mean 

response? 
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 There has been a wealth of research into tropical sub-seasonal variability and its 

response, particularly for the MJO, as this is a source of potential medium-range 

predictability (Jones et al. 2004).  Some studies have begun meshing seasonal and sub-

seasonal time scales revealing potentially important nonlinear aspects involved with the 

combined activity of ENSO and MJO (Roundy et al. 2010).  Still, such studies rely on 

observational compositing, a restricted approach that alone has limited causal 

interpretation without the aide of controlled model experiments.  A general disconnect 

between the sub-seasonal and season mean time scales remains. 
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 Over the Pacific and North America, the source of seasonal predictability 

primarily comes remotely from ENSO, a coupled ocean-atmosphere phenomenon in the 

tropical Pacific that has significant interannual variability with amplitude peaking in 

boreal winter.  Here will focus only on the atmospheric component, and will simply refer 

to the warm phase of ENSO as El Niño.  The tropospheric impact of El Niño is best 

understood in terms of its average anomalous impact across the entire boreal winter 

season, for which it is discussed here.  Note that Chapter 4 provides a good summary of 

El Niño and its response, both from GCM simulations and observations.  El Niño 

involves a weakening of the Walker Circulation with an eastern spread of convection 

across the equatorial Pacific coupled to an extension of the warm pool in SST.  Enhanced 

deep convection in the equatorial central/east Pacific results in increased mid-level 
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diabatic heating (Q) from the release of latent heat, which is balanced by anomalous 

ascent resulting in enhanced upper-level divergent outflow.  In the subtropical west 

Pacific and along the Intertropical Convergence Zone (ITCZ), convection is reduced 

resulting in complementary cooling and subsidence along with convergence aloft.  With 

an overall atmospheric warming across the central/eastern tropical Pacific, a broad 

positive height anomaly develops aloft along with anomalous easterly zonal wind, or a 

weakening of climatological westerlies.  A good summary of this is provided by 

Philander (1990). 

During the development of an El Niño event, the anomalous divergent flow aloft 

significantly perturbs the large-scale upper-level tropical circulation, exciting equatorial 

Kelvin and Rossby waves (Gill 1980).  Provided with a westerly basic state, or sufficient 

southerly mean flow (Schneider & Watterson 1984), appreciably strong divergent 

outflow triggers a stationary Rossby wave that propagates into the extratropics 

influencing the anomalous circulation, most significantly in the Northern Hemisphere 

(NH).  Over the North Pacific and North America, a distinct teleconnection pattern 

occurs as a wave train propagating over a great circle (Horel & Wallace 1981).  A local 

extension and overall equatorward shift of the Pacific jet occurs in thermal wind balance 

with the enhanced meridional temperature gradient resulting from tropical warming.  This 

occurs hand-in-hand with an equatorward shift of the Pacific storm track consistent with 

enhanced low-level diabatic heating and baroclinicity on its equatorward side (Straus & 

Shukla 1997).  The remote upper-level anomalous height response is generally 

characterized by a low in the North Pacific, a high over Canada centered on the Hudson 
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Bay, and a low over the southeastern United States stretching westward and weakly 

bridged with that over the North Pacific. 

To first order, the anomalous tropical and extratropical response to La Niña may 

be thought of as the opposite, although typically it has been observed to be weaker.  

Higher-order details of the seasonal mean response like asymmetries between El Niño 

and La Niña responses have been established.  Hoerling et al. (1997) document an 

observed 35
0
 longitude phase shift in the response between El Niño and La Niña, and it is 

also evident that the response to El Niño generally has significantly larger amplitude.  

Both the phase shift and difference in strength are reproducible by multiple GCMs and 

seem to be more important for extreme ENSO events (Hoerling et al. 2001).  Nonlinearity 

in the tropics has been suggested as a possible origin for the nonlinearity of the 

midlatitude response, including the relationship between SST and precipitation (Hoerling 

et al. 2001), and the modified tropical basic state’s influence on the development of 

equatorial waves (Lin et al. 2007).  Still, it is generally understood that the modified basic 

state in the extratropics plays the dominant role (Simmons et al. 1983).  These topics are 

discussed further in section 1.1.2. 

ENSO has significant event-to-event variability, and there is evidence it has 

different ‘flavors’ that are most easily distinguished by the longitude of Pacific SST 

warming (Trenberth & Stepaniak 2001), either strong in the eastern Pacific or the 

west/central Pacific.  A distinction between types is robust when conducting statistical 

analyses on interannual SST variability (or typically any other convective variables for 

that matter), and it has even been controversially argued that the west/central Pacific 
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variation is physically distinct (deemed ENSO Modoki by Ashok et al. 2007).  The two 

types of variability have been deemed ‘eastern-Pacific’ and ‘central-Pacific’ types by 

Kao & Yu (2009), respectively, and in the warm phase, ‘cold tongue’ or ‘warm 

pool/mixed’ types by Kug et al. (2009).  For El Niño, will refer to them throughout the 

rest of the study as cold tongue and central Pacific El Niño events.  They are known to 

have significant local tropical differences, as well as significant differences in the 

midlatitude response, typically weaker for central Pacific events.  Either way, there is 

likely a continuous spectrum of event-to-event variability that unfortunately we’ve only 

begun to explore in the short observational record we have available. 

ENSO also has an impact on extratropical sub-seasonal variability.  Enhanced 

intra-seasonal variability, along with more probable blocking (Renwick & Wallace 1996) 

is observed during La Niña conditions compared to El Niño conditions, mainly attributed 

to internal dynamics associated with the modified basic state (Chen & van den Dool 

1997).  This is consistent with an observed preference of North Pacific ridging during La 

Niña (Straus & Molteni 2004, Straus et al. 2007).  During El Niño, there is a reduction in 

sub-seasonal variability in the North Pacific (Compo et al. 2001, hereafter CSP), likely 

related to with the equatorward shift in the Pacific jet. 

On the other hand, during El Niño a clear enhancement in seasonal mean internal 

variability is simulated throughout the NH, particularly at high latitudes (Sardeshmukh et 

al. 2000, CSP), having important consequences for seasonal predictability.  An 

enhancement in spread counteracts the stronger El Niño signal to some degree (lowering 

signal-to-noise ratio).  This result is not yet understood, and we will investigate this 

further as well as provide a validation for the results of CSP in Chapter 4. 
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 The response to ENSO is complex and not completely understood.  As far as the 

attribution of extratropical variability, the actual external signal originating from the 

tropics is small compared to internally generated variability.  There are preferential 

intrinsic modes that are only determined by the stationary basic state circulation.  For 

instance, the Pacific/North American (PNA) pattern (Wallace & Gutzler 1981) is a 

common, preferred structure that bears resemblance to the response of ENSO.  Simmons 

et al. (1983) show that this mode strongly resembles the least stable normal mode 

associated with barotropic instability, and it can be excited by perturbations originating 

from multiple different remote regions.  Under barotropic theory, the importance of the 

background flow plays a role in the refraction of Rossby waves.  Jet streams act as 

waveguides in that they exist as local maxima in stationary wave number leading to 

preferred paths of Rossby wave dispersion (Hoskins & Ambrizzi 1993), as well as that 

for higher frequency transient waves (discussed later).  On one hand this seems to 

indicate more dependence on the background extratropical circulation implying a degree 

of insensitivity to the source, but on the other hand the original source-dependent signal 

interacts with and modifies the basic state itself.  Furthermore, the actual source of 

vorticity generation involves not simply vorticity strectching from divergence, but also 

advection of vorticity by the divergent wind (Sardeshmukh & Hoskins 1988).  As the 

subtropical jet involves strong gradients of vorticity, the source itself has dependence on 

the jet. 
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Although barotropic instability is clearly important for the development of the 

midlatitude anomalous circulation, energetically the most important midlatitude process 

is the flux of heat and momentum by transient eddies associated with baroclinic 

instability – whose paths are defined as storm tracks.  Considering that barotropic 

simulations have no representation of this, barotropic solutions only have a clear 

application before interaction with storm tracks is important.  As was first shown by Held 

et al. (1989), the impact of higher frequency transient fluctuations actually dominates the 

response to ENSO, playing the major role in maintaining the response over the 

Pacific/North American region.  Hoerling & Ting (1994) further demonstrate the primary 

role of the storm track extension in maintaining the in the North Pacific and its 

connection with the jet extension forced by tropical heating.  Still, much uncertainty 

remains regarding the nature of storm tracks.  Their fluxes greatly reinforce circulation 

anomalies, but their degree of passivity is unclear in how they relate to low frequency 

movement of the jet. 

When considering the response to ENSO, there has been much confusion in 

causality, and a distinction needs to be made between the direct response (before or 

without feedback from transient eddies) and the indirect response (due to feedback from 

transient eddies).  The direct response is considered to be independent part of the 

response that is unmodified by interaction with transient fluctuations associated with 

either baroclinic or barotropic instability.  This part of the response is established when 

the forced circulation reaches an equilibrium with the basic state in generally two weeks 

(Jin & Hoskins 1995) before the basic state is modified.  The indirect response, although 
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still originally triggered by tropical forcing, is the part that results from the transient 

feedback.  Although it has such an important role, the indirect response is much less 

understood.  The establishment of theory for the indirect response came partly through 

clever modeling techniques and the decoupling of the essential midlatitude processes in 

order to determine causality (e.g. Held et al. 1989, DeWitt et al. 2005, unpublished 

manuscript).  However, one always needs to remember that in reality these processes 

work together hand-in-hand and assumptions under certain modeling frameworks may 

not be valid for higher-order aspects of the response that aren’t entirely linear. 

 Similar to the indirect part of the response, internally generated anomalies can 

also draw energy from the same instabilities, e.g. the previously discussed PNA pattern.  

Again, one must keep in mind that processes that play a major role in externally forced 

variability also tend to narrow the distribution of chaotic internal variability.  However, it 

is understood that the response, at least to El Niño, is robust enough to be statistically 

distinct from internal modes (Straus & Shukla 2002). 

 Another potentially import aspect of the extratropical response to ENSO exists in 

the interaction with north Pacific SST.  Typically on time scales longer than a season, the 

ENSO-forced signal can play a role as the  ‘atmospheric bridge’ or link between tropical 

and extratropical SST variability.  As opposed to the tropics, in the north Pacific the 

atmosphere essentially drives the ocean.  Lau & Nath (1996) demonstrated a role of north 

Pacific air-sea feedback for the response to ENSO.  By prescribing SST in the tropics and 

coupling to a mixed layer model in the north Pacific (referred to as a ‘pacemaker’ 

experiment), an appreciable enhancement was found in anomalies.  This indicates that the 
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reaction of the North Pacific Ocean can provide a positive feedback for the response to 

ENSO. 

!"7"##$%&'()&%#*(#8:('4025#-=<>-%2&()25#?2:42<454*;#
 

In light of our motivation for understanding the role of sub-seasonal variability for 

the response to El Niño, it is necessary to review the dominant modes of sub-seasonal 

variability as well as the transient response to these modes.  In particular, we review the 

MJO and its response, as it has a clear transient impact on the NH hemispheric circulation 

at intra-seasonal time scales.  The knowledge that has been gained studying the response 

to the MJO may arguably be applied to the response any sort of large-scale persistent 

convection and has strong relevance for understanding the role of sub-seasonal 

fluctuations in ENSO tropical forcing. 
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The dominant mode of tropical convective variability at intra-seasonal timescales 

is the Madden-Julian Oscillation (MJO).  The MJO is an air-sea coupled phenomenon 

that involves the large-scale organization of deep convection and circulation.  As 

summarized by Madden & Julian (1994), with an irregular period of 30-60 days, the MJO 

contributes to about half of the observed tropical intra-seasonal variance with its activity 

peaking in boreal winter.  With its variance extending mostly from 60
0
E to 150

0
W, MJO 

anomalies typically develop in the Indian Ocean and propagate eastward at an average 

speed of 5 m/s into the Pacific Ocean, weakening to some degree over the Maritime 
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Continent.  Beyond the central Pacific the MJO signal tends to disappear in convection 

but is still be evident in upper-tropospheric winds. 

 Weickmann (1983) first observed the NH midlatitude response to the MJO as 

PNA-like pattern influencing the Pacific and North America.  This has been reproduced 

in simple barotropic modeling studies (Ferranti et al. 1990), and similar to the response to 

ENSO, it may be understood as a Rossby wave with similar propagation and growth 

dependence on the basic state (e.g., wave refraction and barotropic instability).  Because 

the response to a particular phase of the MJO is only strong or potentially predictable for 

a relatively short period of time (compared to ENSO), that is, before transient eddy 

feedback becomes important, the transient response may be understood as directly forced. 

 The MJO has also been observed to have far reaching impacts on the other 

dominant modes of NH internal variability.  It has been observed to impact the phase of 

the AO (Zhou & Miller 2005, L’Heureux & Higgins 2008) and the NAO (Cassou 2008, 

Lin et al. 2009).  Considering these NH extratropical modes are largely internal, 

correlation coefficients indicate the relationships are not very strong.  Also, it is apparent 

that these relationships may be coupled phenomenona.  Concerning predictability, 

knowledge of the particular phase of the MJO 10 days prior raises/lowers the 

probabilities of a certain phases of the NAO (Cassou 2008). 

 In light of the MJO and its significant impact on the NH, one may ask a much 

more general theoretically question regarding diabatic heating (Q) associated with any 

tropical forcing: what characteristics of tropical convective variability are optimal for 

exciting a remote response?  Bladé & Hartmann (1995) investigate this as a function of 
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phase speed and reveal a sensitive dependence of the response.  It is found that the 

strongest responses are associated with stationary or slowly moving forcing.  This has 

implications for understanding the response to the MJO simulated in a GCM, particularly 

if it acts like a Kelvin wave and moves too quickly.  For the study at hand, the motivating 

question regards temporal dependence (e.g. persistent moderate events vs. short-lived 

strong events), and investigating the transient response may provide insight into any 

potential nonlinearity impacting longer time scales.  Li & Nathan (1997) use a simple 

barotropic model (linearized to a zonally asymmetric basic state) and investigate this 

question in terms of the frequency of periodic tropical forcing, as well as the longitude of 

the forcing.  Consistent with prior work, they reproduce the insensitivity to the position of 

the forcing for lower frequency periods (as for Simmons et al. 1983 and multiple other 

studies).  In addition to this, they find a preference of subtropical jets to supply more 

energy to Rossby waves generated by low frequency forcing (> 30 day periods) as 

opposed to higher frequencies.  In terms of at least the transient response, this explains 

why strong shot-lived convective events may not have a significant impact.  However any 

net time mean effect is unclear. 
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Hendon et al. (1999) provide a good observational study/summary for the 

interannual variability of the level of MJO activity.  MJO activity is observed to extend 

farther east across the Pacific during El Niño, however there is no clear relationship 

between ENSO and the net activity of the MJO with exception to reduced activity 

observed during a few strong El Niño events (Hendon et al. 1999).  However, the 
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extension of the warm pool across the west/central Pacific likely still plays a significant 

role.  Consequently the MJO may have a relationship with the ‘flavors’ of El Niño.  For 

instance, net MJO activity was actually lower during the large cold tongue events 

(1982/83 and 1997/98) that had warm anomalies eastward of the date line.  On the other 

hand, activity was enhanced during some central Pacific or ‘mixed’ events (1987/88 and 

1991/92) that had warm anomalies concentrated farther west bridging with the warm 

pool.  For these events, the MJO is actually associated with significant intra-seasonal 

fluctuations in the El Niño convective signal.  In our study, keep in mind that we are 

concerned with role of both coherent and incoherent tropical convective variability 

spanning the entire sub-seasonal temporal range during El Niño.  Nevertheless, the MJO 

is an important contributor to sub-seasonal variability during central Pacific events. 

As far as the midlatitude response to the MJO during ENSO events, Tam & Lau 

(2005) find that the response is affected by ENSO.  During La Niña the response is 

actually stronger, more zonally oriented and PNA-like.  ENSO can modulate the response 

to the MJO both directly by impacting MJO-related convection itself, and indirectly by 

modifying the midlatitude basic state flow thereby changing Rossby wave dispersion.  

This study cannot disentangle the two mechanisms, but it is likely that the latter is 

dominant (Matthews et al. 2004).  Roundy et al. (2010) verify the results of Tam & Lau 

(2005) and also find the MJO-NAO phase preference (Cassou 2008) to be much stronger 

during La Niña.  Most importantly, they note that the ENSO-dependent response is not 

simply a linear combination of the response to ENSO and the response to the MJO.  

During El Niño, the Pacific response is slightly weaker, but the Rossby ray path appears 
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to force anomalies at higher latitudes, which could plausibly affect the relationship with 

the AO.  Such an effect does not stand out in the work of Zhou & Miller (2005), but it is 

not inconsistent.  During the recent 2009/10 winter, there was a significant central Pacific 

El Niño event.  This was also a fascinating winter in that MJO variability was clearly 

phase locked to AO variability.  This consequently had a dramatic impact on snowfall 

over East Asia (Park et al. 2010) and the in the eastern U.S. (Moon et al. 2012). 

 As a significant motivation for our experiments (see Chapter 2), Sardeshmukh & 

Sura (2007) conduct a more comprehensive theoretical study concerning all temporal 

scales of tropical and extratropical variability.  They indirectly examine the global role of 

diabatic heating (Q) variability across a range of time scales by prescribing time mean Q.  

Without Q variability, the amplitude of all scales of variability is underestimated, 

particularly intra-seasonal and interannual.  Interestingly, the spatial structures of 

variability over the Pacific and North America are also changed significantly.  This study 

cannot isolate any phenomena, but provides a generalized experiment encouraging more 

investigation into the mechanisms that account for these differences. 
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There is evidence for extratropical variability affecting intra-seasonal tropical 

convection and the MJO.  Recent studies have argued that forcing from the North 

Atlantic can trigger MJO development.  This may occur through the excitation of 

equatorial Kelvin waves over the Atlantic and Africa forced by strong phases of the NAO 

(Lin et al. 2009).  Also, transient disturbances from the Middle East may play a role in 

triggering the MJO in the Indian Ocean (Hsu et al. 1990, Matthews & Kiladis 1999). 
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An extratropical influence is also apparent in the west/central Pacific via transient 

baroclinic activity.  Disturbances have been observed to impact convection in the SPCZ 

and ITCZ by driving cold air equatorward (Kiladis & Weickmann 1992).  These 

disturbances are modulated by sub-seasonally persistent planetary waves.  This reveals a 

significant mechanism for tropical-extratropical coupling regarding a pre-existing MJO, 

as transient activity originating from midlatitudes can directly contribute to the MJO 

convective signal (Matthews & Kiladis 1999).  This may be understood in terms of 

modification of the barotropic waveguide.  The MJO-related circulation with convection 

over the East Indian Ocean/maritime continent (central Pacific) involves a westward 

(stationary or eastward) shift of the edge of the tropical westerly duct permitting 

(inhibiting) propagation of transient waves into the tropical central Pacific.  It is also 

associated with the retraction (extension) of the subtropical jet strengthening (inhibiting) 

the equatorward refraction of waves.  Transient waves can impact high-frequency 

convective variability feeding back on the MJO signal, which in turn dynamically forces 

the jet. 

Sub-seasonal tropical-extratropical coupling may be very important, although it is 

still not understood well.  There is certainly communication between the tropics and 

extratropics – likely much more than simply the MJO and its forced response.  Strong 

coherence is found across intra-seasonal time scales between westerly slow-moving 

planetary scale fluctuations in the subtropical jet and the tropical circulation off the 

equator (Straus & Lindzen 2000).  Such interaction is likely driven by baroclinic 

instability.  Also, a dramatic reduction in tropical intra-seasonal variability, i.e. the MJO, 
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is simulated when extratropical variability is suppressed (Lin et al. 2000).  This strongly 

suggests an important role of the extratropics. 
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There has been much work and progress towards understanding El Niño and its 

response in terms of seasonal means.  Traditionally the seasonal mean time scale is 

assumed to be independent of sub-seasonal time scales, in spite of the fact that the 

atmospheric component that transmits the El Niño signal, diabatic heating (Q) mainly 

associated with convective latent heat release, exhibits a substantial amount of sub-

seasonal variability, some of which is large-scale and coherent with a clear transient 

impact, e.g. the MJO.  As previously stated, one of the fundamental questions that 

motivates our work is: does the seasonal mean response really only depend on the 

seasonal mean tropical forcing (Q)?  Some past work has suggested that slow moving low 

frequency convective variability is more important in terms of a transient response – does 

this have implications for the effect of transient Q variability on the time mean response 

during El Niño?  How much extratropical sub-seasonal variability is forced by Q 

variability during El Niño?  Does Q variability have implications for the predictability of 

the response to El Niño?  Also, considering tropical-extratropical coupling may be very 

important for the MJO, how important is it for the time mean response to ENSO? 

We investigate these questions by conducting a set of GCM experiments 

involving the prescription of Q over the tropical Indo-Pacific.  Using NCAR’s CAM4 

forced with observed SST corresponding to multiple El Niño events, we produce 

ensembles of seasonal (DJFM) simulations, which we refer to as the control simulations.  
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We decompose the resultant Q in terms of seasonal mean intra-ensemble spread, and low 

(periods of 30-120 days) and high (periods < 30 days) frequency variability.  We then 

prescribe subsets of Q in sets of experimental simulations in order to diagnose the impact 

of neglecting Q variability.  Comparison of the specified Q experiments with the control 

experiments also allows us to assess the coupling between Q and the local tropical 

circulation, as well as the coupling between the tropics and extratropics. 

Chapter 2 provides the relevant details of the model along with a justification for 

its use in the context of our experiments.  The methodology of Q prescription is discussed 

along with other modeling techniques not used that involve a weaker constraint on Q.  

Details of the Q decomposition are given, along with a description of the model 

experiments. 

Chapter 3 presents results for the climatological simulations.  The important 

relevant aspects of the general circulation are discussed in contrast to observations.  

Forced with climatological SST, CAM4 simulates a reasonable climatological basic state 

and variability, although some biases are present.  A broader tropical westerly duct and a 

westward shifted midlatitude jet exit region are simulated over the Pacific.  However, 

these biases do not carry over to El Niño simulations.  Chapter 3 also discusses results 

from simulating the 1988/89 La Niña event. 

El Niño, its response, and changes in variability during El Niño are shown in 

Chapter 4.  CAM4 has a realistic simulation of the response to El Niño, as seen in the 

control experiments.  The large ensemble size is able to capture higher order details of the 

response, including changes in the Pacific storm track, event-to-event differences, 

seasonally evolving aspects of the response, and changes in intra-ensemble and sub-

seasonal variability.  Consistent with the work of Compo et al. (2001), we reproduce a 
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broad enhancement in both intra-ensemble and sub-seasonal convective variability across 

the tropical Pacific, as well as enhancement in the intra-ensemble spread of the 

extratropical response, particularly at high latitudes. 

The primary results involving the impact of neglecting Q variability during El 

Niño are shown in Chapter 5.  In the tropics, a systematic enhancement of the seasonal 

mean response in upper-level divergence is simulated when the prescribed Q neglects 

sub-seasonal variability.  This is likely related to the vertical redistribution of Q resulting 

from averaging together vertical profiles associated with moderate and deep convection, 

as well as persistence.  With the inclusion of all Q variability, the tropical upper-level 

divergence response has negligible differences with the response in the control 

simulations, demonstrating that Q-circulation coupling is locally unimportant.  However, 

wave train differences in the extratropical response over the Pacific, North America, and 

Arctic are present in all simulations, even with the inclusion of nearly all Q variability.  

Any specification of Q acts to amplify the response, and suggests that, in the control 

simulations, tropical-extratropical two-way coupling acts to weaken the response to El 

Niño. 

Coherent modes of tropical-extratropical interaction and their role during El Niño 

are presented in Chapter 6.  We find a robust relationship in the seasonal mean ensemble 

spread, relating Q variations in the west/central tropical Pacific and extratropical 

fluctuations projecting onto the Arctic Oscillation (AO).  In CAM4, this relationship is 

only evident during El Niño and is the dominant contributor to the enhanced spread 

simulated during El Niño, consequently acting to lower predictability of the response.  
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Extratropical forcing of the tropics is likely dominant for this mode, as prescribing Q 

variability cannot reproduce the enhancement.  We find that this relationship emerges as 

residue of a low frequency sub-seasonal tropical-extratropical coupled mode for which a 

significant extratropical influence is evident.  Over the Pacific, coherent interaction is 

simulated between evolving persistent planetary waves and convectively coupled waves 

bearing a resemblance to equatorial Kelvin waves or MJO-like behavior.  We 

hypothesize that the two-way tropical-extratropical interaction for this mode acts to 

reduce the extratropical response to El Niño. 

Finally, in Chapter 7 we summarize the main conclusions and discuss 

implications and future work.  We speculate further drawing from the consistency of our 

results and observed variability, e.g. the El Niño winter of 2009/10.  We discuss the 

unique conditions of Central Pacific El Niño events that are arguably optimal for tropical-

extratropical two-way coupled interaction, and we expand the relevancy to climate 

change, considering Central Pacific events may continue to occur more frequently.  

Lastly, we discuss the practical usefulness of the results in terms of sub-seasonal to 

seasonal climate predictability and prediction. 
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2. MODEL & EXPERIMENTAL DESIGN 
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We use the Community Atmospheric Model version 4.0 (CAM4, Gent et al. 

2011) at a resolution of 1.9
o
 x 2.5

o
 x L26.  For all integrations, boundary conditions are 

taken from the Hadley Centre observed sea surface temperature (SST) and sea ice dataset.  

CAM4 is one of the latest state-of-the-art general circulation models (GCMs) developed 

at the National Center for Atmospheric Research (NCAR).  Compared to its previous 

version, CAM3.1 (Collins et al. 2006), CAM4 has some significant improvements.  A 

switch is made to a finite-volume dynamical core, and some physical processes involved 

in the parameterization of deep convection are represented differently.  In particular, the 

scheme in CAM4 includes the impact on momentum and explicitly represents the process 

of dilution from entrainment.  Consequently there are significant improvements in the 

frequency distribution of tropical convective variability.  In general, convection occurs 

less often, but much stronger events are simulated – more consistent with observed 

convective activity.  In its coupled mode, MJO variability is greatly enhanced and is 

much more realistic than the previous model version (Subramanian et al. 2011).  The 

amplitude of ENSO is strong, but its occurrence is more irregular and consistent with 

observations.  In AMIP mode, CAM4 simulates an overly predictable linear response to 

ENSO (Fig. 2.1), stronger than many other models.  Despite its large magnitude, the  
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Fig. 2.1. Z200 regression patterns with Niño-3.4 index spanning DJFM 1979/80-1999/2000 for CAM4 and 
CAM3.1 AMIP simulations (left and right, respectively) as well as that from ERA40 Reanalysis (middle).  
Contours are in units of 10 m and shading represents 5% significance. 

  

  

Fig. 2.2. ERA40 Z200 linear ENSO pattern (left, adjusted regression pattern from Fig. 1) with associated time 
series with unit variance (right) for ERA40 Reanalysis (black line) as well as the projected time series for CAM4 
and CAM3 AMIP simulations (blue and red lines, respectively). 

 

Table 2.1. Statistics for ERA40 linear ENSO pattern projected onto AMIP simulations (pattern and time series 
from Fig. 2.2) in order of columns from left to right: correlation coefficient with ERA40 time series (!ERA40), 
temporal correlation with Niño-3.4 index (!Niño-3.4), fraction of variance of pattern in ERA40 (FOV), and 
fraction of explained total Z200 variance (FVE). 

 

Z200 linear ENSO 

time series 
!ERA40 !Niño-3.4 FOV FVE 

ERA40 1.0 0.745 1.0 0.324 

CAM3.1 0.497 0.761 1.130 0.232 

CAM4 0.769 0.926 1.766 0.325 

 

interannual variability of ENSO correlates much better with that observed, and it explains 

about the same fraction of total variance, in contrast to CAM3.1 (Fig. 2.2).  There is also 

some evidence of a more realistic anomalous low-level height structure for the response 
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to El Niño.  Overall, CAM4 is a good candidate for studying the impact of tropical 

diabatic heating variability. 

7"7"##-'%041;4)D#H42<2*40#I%2*4)D#JKL#
 

Diabatic heating (Q hereafter) is a significant driver of the large-scale 

atmospheric circulation and represents the impact of tropical convection.  In order to 

cleanly isolate its impact in a GCM, all or part of Q must be considered external to the 

climate system.  In simple dry adiabatic atmospheric models, it is common practice to 

universally prescribe Q (as it is not an internal model variable), but here in a moist, full-

physics GCM, we prescribe Q only across the tropical Indo-Pacific, allowing it to be 

freely coupled elsewhere.  More specifically, Q is prescribed for 62.5
0
 E - 87.5

0
 W, 24

0
 S 

- 15
0
 N with relaxation used at the edges for a width of 10

0
 longitude, 7

0
 latitude (Fig. 

2.3), a domain chosen to enclose SST-related tropical convection of both ocean basins. 

 

 

Fig. 2.3. Q forcing boundaries (blue lines): prescribed 62.50 E - 87.50 W, 240 S - 150 N and relaxed along edges 
with width 100 lon., 70 lat.  Plotted is seasonal/ensemble mean vertically integrated (800-200 hPa) diabatic 
heating (QVERT, W/m2) generated for CTL El Niño events (CTL refers to simulations for which Q is freely 
coupled – see section 2.3). 
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A freely coupled model generates Q at each time step (with "t = 30 minutes for the  

CAM4 simulations) as a sum of temperature tendencies from each relevant moist 

convective and radiative process, for which temperature is modified thereby forcing the 

local circulation to adjust.  We prescribe Q by simply offsetting, essentially overwriting 

this total tendency at each model time step.  In the CAM4 Fortran source code, the 

temperature tendency is updated in subroutine tphysbc.F90, for which we treat as an 

interface for prescribing Q.  The base of the Fortran code used to introduce an additional 

temperature tendency was provided courtesy of Drs. Min and Kirtman from the 

University of Miami.   

There exists a few different ways to partly control Q while still retaining some 

degree of coupling with the circulation.  One method involves the addition of a 

temperature tendency, as used by Jang & Straus (2012) to examine the impact of West 

Pacific Q associated with El Niño on the Indian Monsoon.  By adding a tendency term, 

one may reasonably control the ensemble average or low frequency part of the total Q 

while still maintaining some degree of coupling.  Here the total Q is the sum of the added 

or forced part (Qforced) and the coupled part that results from convective feedback 

(Qfeedback).  An iterative approach can be used to converge on a desired target for the total 

Q.  Experimental results indicate that the sensitivity of Qfeedback to Qforced is strongly 

dependent on the underlying SST.  Also, at higher frequency sub-seasonal time scales, 

variability of Qfeedback is typically of the same order as that of the total Q when computed 

freely.  This reflects the method’s lack of constraint on the particular temporal evolution 

of high frequency Q, which is necessary for our purposes here.  As a compromise 
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between prescription and addition, Q relaxation is also tested.  In general, it is found to 

modestly alleviate the issues stated above, although very high coefficients of relaxation 

are needed to satisfactorily affect high frequency Q variability.  By completely 

prescribing Q, we sacrifice coupling with the circulation, but have the necessary control 

over aspects of high frequency variability. 

In the simplest sense, the Q-circulation relationship may be considered analogous 

to that of atmosphere-ocean.  At least in the eastern tropical Pacific, neglecting air-sea 

coupling can be justified due to the dominance of the ocean forcing the atmosphere 

compared to vice-versa.  This allows for the prescription of SST so that its effect on the 

atmosphere may be assessed, something done routinely with ENSO-based prediction and 

predictability.  In order to assess any impact of Q-circulation coupling over the tropical 

Indo-Pacific, we run sets of twin experiments with and without Q-circulation coupling.  

Initial conditions from a freely coupled integration are perturbed and used in a second 

uncoupled integration with the identical Q prescribed at every model time step.  Locally, 

no systematic effect of decoupling Q is evident.  For example, equatorial upper-level 

divergence is clearly forced by Q, and its general evolution is nearly indistinguishable 

between coupled and uncoupled integrations (Fig. 2.4).  Further simulations have 

confirmed this, and this holds true in the time mean and variance throughout the tropics. 

7"A"##H%0(M'(&4*4()#(1#K#
 

We run a freely coupled (in terms of Q) control set of simulations (CTL) forced 

with observed SST from multiple ENSO events (see Section 2.4).  From each set of CTL 

simulations, we decompose the DJFM daily values of diabatic heating at every vertical  
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Fig. 2.4. 200 hPa horizontal divergence averaged along the equator (50 S- 50 N) plotted time (spanning DJFM) vs. 
longitude, for two simulations forced with 1982/83 SST.  Diabatic heating (Q) across the Indo-Pacific (domain 
shown in Fig. 2.3) is freely coupled with the circulation (left) and then prescribed time step by time step in an 
uncoupled simulation for which the initial conditions are slightly perturbed (right).  Black dashed lines indicate 
edges of domain for Q prescription. 

 

model level (26 levels) across the Indo-Pacific into a particular set of components.  The 

decomposition is given by 

Q(t,e) = Q0(t) + Q1(e) + QLOW(t,e) + QHIGH(t,e)   (2.1) 

and consists of the evolving climatological and SST-forced ensemble mean signal (Q0), 

the seasonal mean ensemble deviation about that signal (Q1), the 30-120 day low 

frequency variability (QLOW), and the < 30 day high frequency variability (QHIGH).   

Q0 is constructed using ordinary least squares with predictors chosen as Legendre 

polynomials fixed to the calendar day of the season, simultaneously fitted to all 50  

ensemble members, a method equivalent to that of Straus (1983).  Apart from the choice 

of predictors, the method and justification for the number of predictors is similar to that 

of Narapusetty et al. (2009) who use harmonics for estimating daily climatological values 

over the whole year.  In order to determine the optimal truncation (T), a cross validation 
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procedure is conducted by using 40 ensemble members to train the model from which the 

other 10 are predicted and the error is quantified (5 models).  The square root of the mean 

squared error, averaged across the forcing domain from 800-200 hPa and as a function of 

truncation, is shown in Fig. 2.5 as a fraction of the minimum error for each set of 

simulations (discussed next in Section 2.4) and for all simulations pooled together.  

Despite a lower optimal truncation for Q forced with climatological SST (CLIM), a 

single truncation is desirable for consistency and pooling all simulations together 

suggests an optimal truncation of T=8.  Keep in mind that this procedure is more 

conservative (leaning toward lower truncations) than the typical leave-one-out cross 

 

 

Fig. 2.5. Square root of the mean squared cross validation error for Q0, averaged across the forcing domain 
(62.50 E - 87.50 W, 240 S - 150 N) from 800-200 hPa, divided by the minimum error, as a function of truncation 
(T) in terms of Legendre polynomials.  Results for 1982/83, 1991/92, 1997/98 El Niño simulations (thin red lines), 
climatological (CLIM, thin black line), and 1988/89 La Niña (thin blue line) plotted off center with the result for 
all simulations pooled together (thick black line).  Minima (optimal truncation) indicated by points. 

 



26 

 

validation.  Note that T=1 is simply the seasonal/ensemble mean, and T>1 represent 

aspects of evolving signal.  The first three Legendre polynomials dominates the signal, 

but with such a large ensemble size (e=50), some features that change faster can be 

resolved with confidence, though Q0 contains very little power in frequencies less than 60 

days.  We note that for 1982/83, Q0 is actually constructed using annual spherical 

harmonics (not orthogonal across winter season), although the resultant profile is roughly 

equivalent to that constructed from Legendre polynomials with T=8 (RMSE & 2.3%).  

Essentially, Q0 is a smoothed ensemble mean that isolates the climatological and SST-

forced aspects of Q.  The signal is calculated in a similar manner for other tropical and 

extratropical variables, discussed in Chapters 3 & 4. 

Q1 is constructed by taking the seasonal mean of Q-Q0 for each ensemble 

member.  The remaining Q-Q0-Q1 is then partitioned into 30-120 day low frequency 

variability (QLOW) and < 30 day high frequency variability (QHIGH) by transforming to 

spherical harmonics using Fast Fourier Transform (FFT). 

In addition to CTL, we conduct experimental simulations, FIX, EFIX, and 

ESUBFIX, in which Q is prescribed in increasing inclusion of variability (Table 2.2).  

For FIX, all ensemble members are forced with the same Q0.  For EFIX, the seasonal 

mean ensemble deviation of the forcing Q1 is also included.  For ESUBFIX, the 30-120 

day low frequency variability is included as well.  For a visual comparison of the full 

vertically integrated Q (800 hPa – 200 hPa, QVERT) in contrast to the prescribed subsets of 

its components, the temporal evolution of QVERT for three ensemble members of the 

1982/83 simulations at a grid point in the equatorial eastern Pacific is shown in Fig. 2.6.   
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Table 2.2. Experimental simulations and prescribed Q varying in time (t) and ensemble member (e) at every 
grid point across the tropical Indo-Pacific. 

 

FIX Q(t,e) = Q0(t) 

EFIX Q(t,e) = Q0(t) + Q1(e) 

ESUBFIX Q(t,e) = Q0(t) + Q1(e) + QLOW(t,e) 

 

 

Fig. 2.6. 800-200 hPa vertically integrated Q (QVERT, W/m2) at 1650 W, 10 N, for ensemble members 1, 2, and 50 
of 1982/83 CTL (black).  Corresponding prescribed Q for FIX (blue), EFIX (red), and ESUBFIX (green). 

 

Conceptually this approach may be understood as follows:  From the CTL simulation, 

Q(t,e) at an arbitrary grid point (i,j,k) is decomposed (Equation 2.1).  At that same grid 

point (i,j,k), Q0(t) is prescribed identically for all 50 ensemble members in FIX.  Taken 

from a particular ensemble member (e) in the CTL, a unique deviation constant in time, 

Q1(e), is prescribed in addition to Q0(t) at grid point (i,j,k) for member (e) in EFIX.  

Similarly, the unique low frequency variability, QLOW(t,e), for member (e) is prescribed 

in addition to Q1(e) and Q0(t) at grid point (i,j,k) for member (e) in ESUBFIX. 
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We generate ensembles of seasonal simulations (CTL) under the framework of 

the Atmospheric Model Intercomparison Project (AMIP) for which the atmospheric 

model is constrained by an observationally based SST and sea ice dataset.  The dataset 

prescribed for our CAM4 simulations is a merged product based off the monthly mean 

Hadley Centre sea ice and SST dataset version 1 (HadISST1) and version 2 of the 

National Oceanic and Atmospheric Administration (NOAA) weekly optimum 

interpolation (OI) SST analysis (Hurrell et al. 2008).  Monthly mean values are linearly 

interpolated to provide a sub-monthly boundary forcing.  Spanning boreal winter 

(November through March), the simulations are forced with boundary conditions 

corresponding to a few significant observed ENSO episodes - 1982/83, 1988/89, 1991/92, 

and 1997/98.  We force an additional set of simulations with climatological SST and sea 

ice (1981-2000 calendar monthly averages) in order to generate a climatological basic 

state. 

Climate models are imperfect tools employed to understand interactions taking 

place in the true climate system.  Verification is necessary alongside the analysis of our 

simulations in order to draw hypotheses and/or conclusions regarding the true climate 

system.  We compare our simulation results with the ERA40 Reanalysis (Uppala et al. 

2005) and NCEP/NCAR Reanalysis (Kalnay et al. 1996).  We also examine tropical 

precipitation with the CPC Merged Analysis of Precipitation (CMAP, Xie & Arkin 1997) 

and the GEWEX Global Precipitation Climatology Project (GPCP, Huffman et al. 2001). 
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For each set of boundary conditions, 50 simulations are produced in which the 

atmospheric initial conditions are slightly perturbed on Nov. 1
st
.  This is done by 

smoothly perturbing different zonal wave numbers of zonal wind with maximum vertical 

amplitude located around the tropospheric jet level (200 hPa), with a magnitude of 0.5 

m/s.  Allowing ample time for the divergence of initial conditions, results are produced 

by examining the following December through March (DJFM).   

Experimental simulations are produced for the El Niño simulations (1982/83, 

1991/92, and 1997/98), for which Q is prescribed across the tropical Indo-Pacific (FIX, 

EFIX, & ESUBFIX).  A 10-day turn-on period of gradually strengthening relaxation is 

used to alleviate model shock (beginning Nov. 21
st
).  Further details and the results of 

these experiments are provided in Chapters 5 & 6. 
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3.  CLIMATOLOGICAL CONDITIONS & LA NIÑA 

A"!"##C54M2*(5(D4025#C()34*4()&#
 

By forcing an ensemble of simulations with climatological SST (and sea ice), we 

generate a climatological basic state to provide a reference for constructing anomalies 

(CLIM).  Here we present and discuss the relevant aspects of the DJFM climatological 

basic state simulated by CAM4 and contrast it with observationally based products.  In 

Section 3.1.1, tropical convective variability and the tropical circulation are examined for 

the climatological basic state, and in Section 3.1.2, the climatological extratropical basic 

state is examined. 

A"!"!"##8:('4025#C()F%0*4F%#?2:42<454*;#2)3#C4:0=52*4()#

 

The seasonal/ensemble mean basic state for precipitation rate, QVERT, 500 hPa #, 

upper tropospheric horizontal divergence (averaged 200-150 hPa, D) and zonal wind (200 

hPa, U) are plotted in Figs. 3.1 - 3.5, respectively.  The horizontal structural aspects of 

the tropical convective basic state are reasonable compared to CMAP and ERA40 

Reanalysis.  CAM4 generally has strong tropical convection compared to typical models 

(e.g., its previous version, CAM3.1).  Large values of latent heating (Fig. 3.2), ascent 

(Fig. 3.3), and upper-level divergence (Fig. 3.4) are associated with precipitation rate 

(Fig. 3.1) anchored to the climatological SST warm pool region over the East Indian 

Ocean extending over Maritime Continent into the West Pacific.  Convection here also  
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Fig. 3.1. Seasonal mean precipitation (2 mm/day) for CAM4 CLIM ensemble mean (top) and for CMAP 
(average of DJFM 1979/80 – 2001/02, bottom). 

 

 

Fig. 3.2. Seasonal mean vertically integrated (800-200 hPa) diabatic heating (QVERT, 10 W/m2) for CAM4 CLIM 
ensemble mean (top) and residually diagnosed from ERA40 Reanalysis (average of DJFM 1979/80 – 2001/02, 
bottom, Chan & Nigam 2009). 

 



32 

 

 

 

Fig. 3.3. Seasonal mean 500 hPa pressure vertical velocity (# , 2$10-2 Pa/s) for CLIM ensemble mean (top) and 
for ERA40 Reanalysis (average of DJFM 1979/80 – 2001/02, bottom). 

 

 

Fig. 3.4. Seasonal mean upper-level horizontal divergence (averaged 200-150 hPa, D, 15$10-7 s-1) for CLIM 
ensemble mean (top) and for ERA40 Reanalysis (average of DJFM 1979/80 – 2001/02, bottom). 
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extends farther north than observed.  Along the equatorial eastern Pacific, pronounced 

radiative cooling, sinking, and upper-level convergence occurs associated with the cold 

tongue in SST.  The longitudinal positions of these two vertical branches of the Walker 

Circulation (Fig. 3.6) are simulated realistically yet the branches are stronger than that for 

ERA40 Reanalysis.  Additional convective outflow from the upward branch drives 

slightly stronger upper-level tropical easterlies over the Maritime Continent while slightly 

stronger/broader climatological westerlies in the eastern Pacific balance additional 

sinking and cooling (Fig. 3.5).  The enhanced Walker Circulation is the most significant 

bias for the tropical climatological basic state.  Although note that the zonal circulation, 

e.g. the strength of the westerly duct in the eastern Pacific, is closer to observed for an 

AMIP simulation using CAM4.  Also, as discussed in Chapter 4, these biases do not carry  

 

 

Fig. 3.5. Seasonal mean 200 hPa zonal wind (U, 10 m/s) for CLIM ensemble mean (top) and for ERA40 
Reanalysis (average of DJFM 1979/80 – 2001/02, bottom). 
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Fig. 3.6. Seasonal mean diabatic heating (Q, shaded in K/day) with horizontal divergence (contours in 15$10-7 s-

1) and wind field (arrows) U (m/s) and –1*#  (200 Pa/s) longitude-sigma level (*1000) equatorial cross section 
(averaged 5o S -5o N) for CAM4 CLIM ensemble mean (left) and for ERA40 Reanalysis (average of DJFM 
1979/80 – 2001/02, right). 

 

over to the full fields for the El Niño simulations, despite their obvious presence in 

anomalies (changes about climatological values). 

Keeping in mind the resolution of our model (1.9
o
 x 2.5

o
), there are signatures of a 

weaker ITCZ and SPCZ across most of the Pacific.  Despite a hint of the classic ‘double 

ITCZ’ (weaker precipitation extending eastward along 5
o
 S, Fig. 3.1), they are 

structurally reasonable.  Although the latent heat release and local circulation associated 

with the central Pacific ITCZ is slightly weaker than that for ERA40 Reanalysis, the 

intensity of precipitation is definitely consistent with CMAP.  This likely reflects a bias 

model convective parameterization for CAM4 or the model used in ERA40 Reanalysis 

itself.  Still, other general features are consistent between CMAP and ERA40 Reanalysis.  

Unlike any observational based product, a bulls-eye in eastern Pacific ITCZ convection is 

simulated, a model bias also existent in CAM3.1.  This may be related to the stronger 
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subtropical westerly duct and possibly a greater impact of extratropical disturbances.  Off 

the equator in the subtropics, radiative cooling, sinking, and upper-level convergence are 

slightly weaker than observed, though again, the large-scale patterns are very realistic.  

Other tropical biases include reduced convection in the equatorial Atlantic as well as in 

the eastern Indian Ocean between 10
o
 S -5

o
 S.  Over the equatorial Atlantic, the 

meridional broadening and weakening of the ITCZ in late winter is a common model 

bias, and conversely a strong ITCZ is a bias in ERA40 Reanalysis (Biasutti et al. 2006); 

however the Atlantic is not a region of focus here.  Overall, and in contrast to other 

models, the tropical climatological basic state is structurally very good with the exception 

to some minor biases that we will have to keep in mind when considering variability and 

the large scale circulation.   

Forced with climatological SST, the heating is decomposed (refer to section 2.3 

for precise description) into the evolving climatological ensemble mean signal (Q0), the 

seasonal mean ensemble deviation about that signal (Q1), the 30-120 day low frequency 

variability (QLOW), and the < 30 day high frequency variability (QHIGH).  Similarly, the 

decomposition is done with upper-level divergence (D, averaged 200-150 hPa), yielding 

D0, D1, DLOW, and DHIGH.   

Considering the DJFM seasonal evolution of the Indo-Pacific climatological basic 

state, Fig. 3.7 provides Hovmöller plots for Q0 and D0, zonally averaged about the 

equator, and also meridionally averaged across the Maritime Continent/West Pacific and 

eastern Pacific.  To first order, Q0 and D0 do not vary much across the season, however 

there is some minor variation attributed to the movement of solar radiation and SST 
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Fig. 3.7. Seasonal evolution of Q0 integrated vertically (800-200 hPa, QVERT, 10 W/m2) spanning the Indo-Pacific 
and averaged about the equator (5o S - 5o N, upper left), and spanning 30o S - 30o N and averaged across the 
Maritime Continent/West Pacific (90o E - 180o, upper middle) and eastern Pacific (180o - 90o W, upper right).  
Corresponding seasonal evolution of D0 (15$10-7 s-1, bottom). 

 

evolution.  Convection over the Maritime continent has a clear peak just south of the 

equator in mid-January.  Trailing by a few weeks, convection peaks around the beginning 

of February in the West Pacific north of the equator.  Some latitudinal migration of the 

ITCZ is evident with a tendency to be stronger coincident with solar radiation around the 

beginning and end of the season, whereas the SPCZ peaks in mid-winter.  Across the 

northern subtropical west Pacific and equatorial eastern Pacific, radiative cooling and 

upper-level convergence generally persist throughout the season with less seasonal 

variation. 
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In order to get a sense of climatological variability about the climatological basic 

state (Q0 and D0) across the tropical Indo-Pacific, Fig. 3.8 shows the seasonal mean Q0, 

and standard deviations of Q1, QLOW, and QHIGH (all shown in terms of a vertical integral, 

QVERT), as well the corresponding variability in upper-level divergence (D1, DLOW, and 

DHIGH), which follows Q variability fairly well.  Despite that fact that convective 

variability is positively skewed and highly non-Gaussian, it is still very useful and 

necessary to view the spread in such a way.  Due to the orthogonality of the 

decomposition, the total variance ("2
) about the seasonal/ensemble mean may be 

 

 

Fig. 3.8. CLIM QVERT across tropical Indo-Pacific (W/m2, left column from top to bottom) for seasonal mean Q0, 
"  = 1 for Q1, "  = 1 for QLOW, and "  = 1 for QHIGH.  Note that intervals are in units of 10, 2, 5, and 10 W/m2, 
respectively.  Corresponding D (10-7 s-1, right column from top to bottom) for seasonal/ensemble mean, "  = 1 for 
seasonal mean ensemble deviations, "  = 1 for 30-120 variability, and "  = 1 for < 30 day variability.  Note that 
intervals are in units of 15, 5, 10, and 20 $10-7 s-1. 
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represented as a sum of each contribution (cross-covariances are zero): 
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with time (t) and ensemble member (e), 

m = 120 days and n = 50 ensemble members 

 

Across the tropical Indo-Pacific (62.5
0
 E - 87.5

0
 W, 24

0
 S - 15

0
 N, forcing region used for 

separate prescribed Q experiments, Fig. 2.3), seasonal mean and sub-seasonal variability 

at low and high frequencies contribute to 2.8%, 21.3%, and 75.9% (2.4%, 13.4%, and 

84.3%) of the total QVERT (D) variability, respectively.  Although we have defined 

variability about the mean and separated temporal bands for purposes of quantifying and 

understanding, there is clearly not a temporal scale independence considering the non-

Gaussian behavior of convection.  In general, time mean or low frequency convection is a 

direct result of pulses of enhanced higher frequency variability.  It is clear that the 

variability generally peaks where the mean signal is strong, particularly spanning the 

tropical West Pacific/East Indian Ocean, ITCZ, and SPCZ.  This is true for seasonal 
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variations as well.  However, it is interesting that a few regions have appreciable seasonal 

mean and sub-seasonal variability without a significant convective signal to complement.  

This includes two key regions that are influenced by extratropical variability at sub-

seasonal time scales, the southern tropical East Indian Ocean and the northern subtropical 

Pacific east of the date line.  Despite a small observational sample size, we compute the 

corresponding variability for 8 non-ENSO years of GPCP precipitation rate (Fig. 3.9).  

The structure and relative contributions of convective variability verify fairly well with 

observations, however CAM4 simulates generally more variability than observed, 

consistent with a stronger climatological basic state. 

A"!"7"##+B*:2*:('4025#C54M2*(5(D4025#N2&40#-*2*%#
 

Here we discuss the simulated extratropical DJFM climatological basic state 

(CLIM) about which the midlatitude response to ENSO is assessed.  The climatological 

basic state will also be contrasted with ERA40 & NCEP-NCAR reanalysis products. 

The seasonal/ensemble mean 200 hPa geopotential height (Z200) and zonal wind (U200) 

give a sense of the large scale circulation over the northern hemisphere (Figs. 3.10 & 

3.11, respectively).  High frequency transient activity associated with synoptic scale 

waves are of primary importance for balancing and generating variability about the 

wintertime circulation and can be represented by the variance of 2-10 day meridional 

wind at 300 hPa, (2-10 day v%)2
 (Fig. 3.12).  Also, the baroclinic conditions that fuel 

transient disturbances may be represented by the Eady growth rate maximum ("BI, 

Equation 3.6), which accounts for vertical shear and static stability, calculated at ~780 

hPa (Fig. 3.13).   
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Fig. 3.9. Precipitation rate (mm/day) across the tropical Indo-Pacific for GPCP climatological mean and 
variability for DJFM spanning 1996/97 – 2008/09 (ignoring five significant ENSO years).  Seasonal mean (top 
left), "  = 1 for interannual variability (top right), "  = 1 for 30-120 variability (bottom left), and "  = 1 for < 30 
day variability (bottom right). Intervals are in units of 2, 0.5, 1, and 2 mm/day, respectively. 

 

 

Fig. 3.10. Seasonal mean 200 hPa geopotential height (Z200) for CAM4 CLIM ensemble mean (left) and for 
ERA40 Reanalysis (average of DJFM 1979/80 – 2001/02, right).  Plotted is total Z200 (contours) and eddy 
component, Z200* (shaded). 
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Fig. 3.11. Seasonal mean 200 hPa zonal wind (U200, 10 m/s) for CAM4 CLIM ensemble mean (left) and for 
ERA40 Reanalysis (average of DJFM 1979/80 – 2001/02, right). 

 

 

Fig. 3.12. Seasonal mean 300 hPa (2-10 day v%)2%  (30 m2/s2) for CAM4 CLIM ensemble mean (left) and for 
NCEP/NCAR Reanalysis (average of DJFM 1979/80 – 2001/02, right). 
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Fig. 3.13. Seasonal mean Eady growth rate maximum ("BI at ~780 hPa, day-1) for CAM4 CLIM ensemble mean 
(left) and for NCEP/NCAR Reanalysis (average of DJFM 1979/80 – 2001/02, right). 
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During the winter, the stationary planetary wave structure highlights the climatological 

trough and ridge patterns poleward of 45
o
 N (Z200* in Fig. 3.10).  Over northeastern Asia 

and the Northwest Pacific, the trough and accompanying subtropical high are associated 

with the Pacific jet.  Coincident with the upper-level jet passing over the warmer ocean, 

low-level baroclinicity peaks (Fig. 3.13) primarily with vertical wind shear and as well as 

reduced static stability.  Downstream over the Northeast Pacific, ridging is associated 

with the jet minimum, and disturbances have matured and are more active, with their 

dominant path representing the Pacific storm track (Fig. 3.12).  CAM4 reasonably 

simulates the climatological basic state over the Pacific.  The magnitude of the jet and 
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stationary waves are comparable to that in ERA40 Reanalysis.  The positions of the 

baroclinicity maximum and downstream storm track are realistic, although there is a 

slightly weaker/broader storm track despite slightly more baroclinicity compared to 

NCEP/NCAR Reanalysis.  Also, the jet exit region is simulated slightly to the west 

(compared to ERA40 Reanalysis) consistent with a slightly stronger westerly duct 

extending into the tropics (Figs. 3.11 & 3.5).  As mentioned previously, this issue is 

alleviated to some degree when generating a climatological basic state based on an AMIP 

simulation. 

The pattern over the North Atlantic is similar to that over the Pacific, however the 

North Atlantic jet is weaker and directed more poleward compared to that in the Pacific 

(consistent with an east-west tilted gradient in Z200*, Fig. 3.10).  Also, the Atlantic storm 

track is stronger as zonal asymmetries in diabatic heating maintains more growth (Chang 

2009) of transient waves that have more time to grow being steered by a slower jet 

(Nakamura 1992) that that still provides sufficient instability.  To first order, the 

climatological basic state is simulated fairly well over the Atlantic as well.  However, the 

jet is simulated to be slightly more zonal and storminess is again weaker than observed. 

Upstream from the Pacific jet, the wintertime subtropical jet spans from the 

Atlantic Ocean across Africa, the Middle East, and into Southeast Asia where it links up 

with the Pacific jet.  At higher latitudes around Eastern Europe, a split occurs in the 

transient activity extending downstream from the Atlantic storm track.  The weak yet 

favored northern path extends across Asia.  These features over continental Eurasia are 

simulated very realistically, comparing well with NCEP/NCAR Reanalysis. 
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The daily evolution of the climatological extratropical basic state (as well as sub-seasonal 

and intra-ensemble variability) is computed in an identical manner as that for Q and D as 

discussed previously (Q0 and D0).  As discussed with the decomposition of Q (Section 

2.3), variables are fitted to Legendre polynomials, although cross validation justifies 

lower truncations for extratropical variables, e.g. the signal for Z200, for which we will 

use a truncation of T=3 for CLIM and T=5 for ENSO events (Fig. 3.14).  The same 

truncations are used for other extratropical variables as well.  T=3 used for CLIM is 

consistent with the optimal truncation for NCEP/NCAR Reanalysis climatological 

variables (following Z200, Fig. 2.5), and is an appropriate truncation over a 120-day 

period (Straus 1983).  With a primary focus on the central/eastern Pacific, there is a 

distinct evolution of the Pacific jet/storm track throughout the season.  Mid-winter 

suppression of the Pacific storm track is simulated coincident with the peak/extension in 

the jet (Fig. 3.15).  This suppression has classically been attributed to the strength of the 

jet exceeding a threshold such that systems have less time to grow (~45 m/s, Nakamura 

1992).  More recently, model simulations also indicate a significant role of the Himalayas 

(Park et al. 2010).  A jet maximum is simulated that is weaker than observed, consistent 

with a jet exit region that is shifted slightly west.  The zonal migration of the Pacific 

jet/storm track, particularly the poleward movement towards the end of March, is 

simulated well.  Consistent with observations, only weak mid-winter suppression is 

simulated over the Atlantic, yet the North Atlantic jet does peak in early January and the 
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Fig. 3.14. Square root of the mean squared cross validation error for Z200 signal, averaged across the Northern 
Hemisphere (NH), divided by the minimum error, as a function of truncation (N) in terms of Legendre 
polynomials.  Climatological results (left) for CAM4 CLIM (solid line) and NCEP/NCAR Reanalysis (dashed 
line) plotted off center.  CAM4 ENSO results (right) for 1982/83, 1991/92, 1997/98 El Niño simulations (thin red 
lines) and 1988/89 La Niña (thin blue line) plotted off center with that computed for all ENSO simulations 
pooled together (thick black line).  Results for NCEP/NCAR Reanalysis climatological Z200 signal are computed 
with leave-one-out cross validation across a longer observational time period (DJFM 1979/80 – 2010/11).  
Minima (optimal truncation) are indicated by points.   

 

storm track is also most active in late winter.  Activity spanning northern Eurasia has 

similar variation as the Pacific, with a mid-winter minimum, though seasonal variation is 

subtler. 

Sub-seasonal and intra-ensemble variability about the climatological extratropical 

basic state is examined using 200 hPa geopotential height (Z200) in terms of the seasonal 

mean ensemble spread, and bands of sub-seasonal variability, low, mid, and high 

frequencies corresponding to variability with periods of 30-120 days, 11-24 days, and 2-  
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Fig. 3.15. Daily evolving climatological signal for 200 hPa U (contours, 5 m/s) and 300 hPa (2-10 day v%)2%  
(shaded, 20 m2/s2) over the Pacific (zonally averaged 150o E – 120o W, plotted time vs. latitude) for CAM4 CLIM 
(left) and for NCEP/NCAR Reanalysis (DJFM 1979/80 – 2001/02, right). 

 

10 days, respectively (Figs. 3.16 & 3.17).  CLIM results for sub-seasonal variability are 

compared to that from NCEP/NCAR Reanalysis.  The seasonal mean ensemble spread is 

generally highest over the Arctic, North Atlantic, and North Pacific.  Variability at low 

and mid frequencies is also dominant over the Arctic and North Pacific.  As we will show 

later in Chapter 6, the dominant contributor to the seasonal mean intra-ensemble and mid-

to-low frequency spread is a mode resembling the Arctic Oscillation (AO), which has 

centers of action over the Arctic and midlatitudes.  The corresponding interannual 

variability from NCEP/NCAR Reanalysis cannot be fairly compared as it is strongly 

influenced by year-to-year changes in SST.  This is reflected by an overall enhancement 

of spread over much of the NH, in particular a maximum in the subtropical Pacific 

enhanced by ENSO-forced fluctuations.  Sub-seasonal variability is reasonable, although 

CAM4 simulates slightly more mid to low frequency variability in the North Pacific, 

possibly related to the retracted jet and consequent closer proximity to its exit region and  
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Fig. 3.16. NH Z200 (top to bottom) "  = 1 for seasonal mean deviations (5 m, top) and "  = 1 for 30-120 variability 
(10 m, bottom) for CAM4 CLIM (left) and for NCEP/NCAR Reanalysis (DJFM 1979/80 – 2010/11, right).  
Shading begins at 10 m and 20 m, respectively. 

 

source of barotropic instability (Simmons et al. 1983).  As one would expect, high 

frequency Z200 variability simply reflects the midlatitude storm tracks, as the rapid 

passage of high and low pressure systems is reflected in the 200 hPa height field, 

corresponding well to 300 hPa (2-10 day v%)2
 (Fig. 3.17 compared to Fig. 3.12). 
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Fig. 3.17. NH Z200 "  = 1 for 11-24 day variability (10 m, top) and "  = 1 for 2-10 day variability (10 m, bottom) 
for CAM4 CLIM (left) and for NCEP/NCAR Reanalysis (DJFM 1979/80 – 2010/11, right).  Shading begins at 20 
m. 
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Although we are mainly concerned with El Niño and its response for which the 

results are discussed in Chapter 4, we also simulate the 1988/89 La Niña event.  In 
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Section 3.2.1, the simulated changes in tropical convective variability and the tropical 

circulation are examined for the 1988/89 La Niña event, and in Section 3.2.2 the 

associated changes in the extratropical basic state are examined. 
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During La Niña, a reduction in mean convection in the equatorial West/central 

Pacific is simulated with anomalous latent cooling (Fig. 3.19), descent (Fig. 3.20), and 

convergence aloft (Fig. 3.21) associated with reduced precipitation (Fig. 3.18).  Here 

there is also a corresponding reduction in seasonal mean intra-ensemble and sub-seasonal 

variability (Fig. 3.22).  The mean convection along the ITCZ is slightly reduced across 

the entire Pacific.  In the northern subtropical central Pacific, there is a weakening of the 

 

 

Fig. 3.18. Seasonal mean precipitation (2 mm/day) for 1988/89 CTL – CLIM ensemble mean (top, shading 
represents significance at 5% level beginning at ±  2 mm/day) and for CMAP (DJFM 1988/89 minus 
climatological average from Fig. 3.1, bottom). 
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Fig. 3.19. Seasonal mean vertically integrated (800-200 hPa) diabatic heating (QVERT, 10 W/m2) for 1988/89 CTL 
– CLIM ensemble mean (top, shading represents significance at 5% level beginning at ±  10 W/m2) and 
residually diagnosed from ERA40 Reanalysis (DJFM 1988/89 minus climatological average from Fig. 3.2, 
bottom, Chan & Nigam 2009). 

 

 

Fig. 3.20. Seasonal mean 500 hPa pressure vertical velocity (# , 2$10-2 Pa/s) for 1988/89 CTL – CLIM ensemble 
mean (top, shading represents significance at 5% level beginning at ±  2$10-2  Pa/s) and for ERA40 Reanalysis 
(DJFM 1988/89 minus climatological average from Fig. 3.3, bottom). 
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Fig. 3.21. Seasonal mean upper-level horizontal divergence (averaged 200-150 hPa, D, 15$10-7 s-1) for 1988/89 
CTL – CLIM ensemble mean (top, shading represents significance at 5% level beginning at lowest nonzero 
contour interval) and for ERA40 Reanalysis (DJFM 1988/89 minus climatological average from Fig. 3.4, 
bottom). 

 

climatological radiative cooling, sinking and convergence aloft, which carries over to an 

enhancement of variability in this region.  These features are consistent with those of the 

observed 1988/89 La Niña, but comparison is difficult simply because observations only 

provides a single realization that may also be affected by tropical internal dynamics.  An 

enhancement of precipitation in the northern subtropical central Pacific is simulated but 

not observed.  Contrary to observations, we do not simulate nearly as much enhanced 

mean convection in the far west Pacific or on the poleward side of the SPCZ.  Instead, a 

broad reduction of mean convection is simulated to extend over the Maritime Continent.  

Also, for reasons previously discussed, we simulate changes that are not observed over 

the Indian Ocean, particularly enhanced convection and convective variability south of 

the equator near the coast of Africa.  For our simulated 1988/89 La Niña event, we  
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Fig. 3.22. 1988/89 CTL-CLIM QVERT across tropical Indo-Pacific (W/m2, left column from top to bottom) for 
seasonal mean Q0, "  = 1 for Q1, "  = 1 for QLOW, and "  = 1 for QHIGH.  Note that intervals are in units of 10, 2, 5, 
and 10 W/m2, respectively.  Corresponding D (10-7 s-1, right column from top to bottom) for seasonal/ensemble 
mean, "  = 1 for seasonal mean ensemble deviations, "  = 1 for 30-120 variability, and "  = 1 for < 30 day 
variability.  Note that intervals are in units of 15, 5, 10, and 20 $10-7 s-1.  Shaded values represent significance at 
5% level (using a t-test and F-test) starting at lowest nonzero contour interval. 

 

compute the relative contributions to total variability across the tropical Indo-Pacific 

(62.5
0
 E - 87.5

0
 W, 24

0
 S - 15

0
 N).  Seasonal mean and sub-seasonal variability at low 

and high frequencies contribute to 2.6%, 20.6%, and 76.8% (2.2%, 13.0%, and 84.8%) of 

the total QVERT (D) variability, respectively.  Along with the mean, the total variability is 

slightly reduced during the 1988/89 La Niña event, with a 15.7% (7.1%) decrease for the 

total QVERT (D) variability, and there appears to be a weak net shift of variability from 

low to high frequencies.  Overall, the tropical basic state as well as intra-ensemble and 

sub-seasonal variability simulated for La Niña are much more similar to climatological 

conditions than that simulated during El Niño (discussed in Chapter 4). 
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During La Niña, a wave train of the opposite phase is simulated over the 

Pacific/North American region with low heights across the subtropical Pacific, high 

heights zonally elongated across the North Pacific, low heights in the Arctic and Canada, 

and high heights extended over the southeastern U. S (Fig. 3.23).  The anomalous height 

pattern is barotropic and reflected not only at 200 hPa, but slightly weaker at mid-levels 

(500 hPa).  The anomalous height pattern over the Pacific/North American region is 

consistent with a general retraction/poleward shift of the Pacific jet (Fig. 3.24).  Dramatic 

changes are also simulated with a poleward shift of the Pacific storm track resulting in a 

substantial enhancement of storminess in the North Pacific (Fig. 3.25).  Changes in the 

Pacific jet along with the enhanced storminess occur in mid-winter (Fig. 3.26).  By 

shifting the jet poleward and substantially reducing the mid-winter peak, there is far less 

suppression of transient activity in mid-winter (anomalous enhancement of activity).  

Also, significant overall enhancement occurs in early December whereas the equatorward 

reduction peaks much later in mid-March.  Keeping in mind the less significant tropical 

changes, large extratropical changes simulated during La Niña, particularly for 

storminess, are consistent with a significant role of transient eddy feedback onto the basic 

state.  Contrasting to the single observed event, estimated by ERA40 Reanalysis, the 

magnitude of the wave train is very similar.  Although in terms of anomalous Z200, the 

centers of the subtropical low (which is weaker), North Pacific high, and high latitude 

low are simulated slightly westward.  This corresponds to anomalous changes in the jet 

and may be related to the simulation of a climatological jet exit region that is broader and  
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Fig. 3.23. Seasonal mean geopotential height (20 m) at 200 hPa (Z200, top) and 500 hPa (bottom) for 1988/89 CTL 
– CLIM ensemble mean (left, shading represents significance at 5% level beginning at ±  20 m) and for ERA40 
Reanalysis (DJFM 1988/89 minus climatological average from Fig. 3.10, right). 
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Fig. 3.24. Seasonal/ensemble mean 200 hPa zonal wind (U200, 3 m/s) for 1988/89 CTL – CLIM ensemble mean 
(left, shading represents significance at 5% level beginning at ±  3 m/s) and for ERA40 Reanalysis (DJFM 
1988/89 minus climatological average from Fig. 3.11, right). 

 

 

Fig. 3.25. Seasonal/ensemble mean 300 hPa (2-10 day v%)2%  (5 m2/s2) for 1988/89 CTL – CLIM ensemble mean 
(left, shading represents significance at 5% level beginning at ±  10 m2/s2) and for NCEP/NCAR Reanalysis 
(DJFM 1988/89 minus climatological average from Fig. 3.12, right).  Note the scale is half that plotted for warm 
ENSO events. 
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Fig. 3.26. Daily evolving signal for 200 hPa U (left) and 300 hPa (2-10 day v%)2%  (right) over the Pacific (zonally 
averaged 150o E – 120o W, plotted time vs. latitude) for 1988/89 CTL – CLIM (shaded, 3 m/s and 5 m2/s2, 
respectively) and CTL (contours, 10 m/s and 20 m2/s2, respectively).  Note that changes averaged across the 
North Pacific for 300 hPa (2-10 day v%)2%  reach +60 m2/s2 (beyond color scheme) at the beginning of February. 

 

westward shifted (Fig. 3.11).  The anomalous upper-level subtropical low is weaker as 

well.  Keeping in mind that the differences with the observed may be largely internal, we 

contrast downstream anomalies.  Over the Atlantic, a strongly positive phase of the North 

Atlantic Oscillation (NAO) is observed, however a similar height gradient is simulated 

with an east-west tilt associated with the annular pattern projecting onto the Arctic 

Oscillation (AO).  Consequently a poleward shift in the jet and reduced storminess over 

the North Atlantic is observed but not simulated.  Also, a significant enhancement in 

downstream storminess over northern Eurasia is observed but not simulated. 

Considering changes in extratropical variability during La Niña, there is a general 

reduction over much of the NH, measured by variability in Z200 (Fig. 3.27).  Downstream 

of the Pacific region, this reduction is consistent with midlatitude tightening of the north-

south pressure gradient and resultant strengthening and poleward shift of the jet,  
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Fig. 3.27. NH Z200 "  = 1 for seasonal mean ensemble deviations (3 m, upper left), "  = 1 for 30-120 variability (5 
m, upper right), "  = 1 for 11-24 day variability (5 m, lower left), and "  = 1 for 2-10 day variability (5 m, lower 
right) for 1988/89 CTL - CLIM.  Shading represents significance at 5% level (F-test, sub-seasonal data uses 
effective sample size based on autocorrelation). 

 

consequently tightening the waveguide and confining high latitude variability from 

penetrating equatorward.  Interestingly, at high latitudes and the Arctic there is an 

enhancement of the seasonal mean intra-ensemble spread.  Also, reflecting the changes in 
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the Pacific storm track, high frequency variability is enhanced in the North Pacific.  

Interestingly, enhanced blocking over the Bering Strait/North Pacific is observed 

(Renwick & Wallace 1996) however it is not simulated by CAM4 in terms of mid-

frequency (11-24 days) Z200 variability, which if anything is reduced not enhanced.  Note 

that Compo et al. (2001, CSP) simulate enhanced intra-seasonal variability in the North 

Pacific with a comparable AMIP experiment forced with 1989 JFM SST.  In CAM4, this 

result is likely influenced by the biases in the climatological basic state.  Despite this 

issue, the seasonal/ensemble mean extratropical response to La Niña seems very realistic. 
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4.  EL NIÑO 

During El Niño, substantial changes take place in the tropics in terms of both the 

basic state and variability.  Here we examine aspects of the changes to the tropical and 

extratropical basic states and variability simulated in response to prescribed SST 

corresponding to three individual observed significant El Niño events: 1982/83, 1991/92, 

and 1997/98.  Results are examined for the three El Niño events pooled together, and 

then event-to-event differences are contrasted.  In order to pool results from the events, 

the individual climatological/SST ensemble mean signals (e.g. Q0) are simply averaged 

together, and variability for each event is still calculated about the signal for that event.  

For the total variability, this is represented as follows: 
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with time (t) and m = 120 days, 

ensemble member (e) and n = 50 ensemble members, 

and event (z) with (l) total events (l=3 for El Niño) 

 

Separate intra-ensemble and sub-seasonal variability is pooled together in a similar 

manner.  Despite a lack of an adequate observational sample size (only one realization of 

three different events), the El Niño pooled results are compared to composites from 

observationally based products.  When validating the response, we keep in mind that an 
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average of the three events cannot filter out large internal fluctuations observed during El 

Niño, especially in the extratropics.  In Section 4.1 we examine the simulated tropical 

convective variability and local circulation changes during El Niño, and in Section 4.2 we 

present the associated extratropical response and changes in variability. 
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As introduced in Chapter 1, the atmospheric component (Southern Oscillation) 

associated with El Niño is mainly characterized by a broad eastward shift/spread in 

convection across the Pacific Ocean (Figs. 4.1-4.4).  This is characterized by an 

anomalous increase in precipitation rate (Fig. 4.1) along with anomalous latent heating  

 

 

Fig. 4.1. Seasonal mean precipitation (2 mm/day) for El Niño CTL – CLIM ensemble mean (top, shading 
represents significance at 5% level beginning at ±  2 mm/day) and for CMAP (DJFM composite minus 
climatological average from Fig. 3.1, bottom). 
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(Fig. 4.2), ascent (Fig. 4.3), and upper-level divergence (Fig. 4.4) over the central/eastern 

equatorial Pacific.  An anomalous decrease in precipitation rate with latent cooling, 

subsidence, and upper-level convergence occurs with reduced convection in the West 

Pacific north of the equator, the Maritime Continent, broadly spanning parts of 

subtropical Pacific, and more weakly over equatorial South America.  The structure of 

these large-scale features is simulated realistically with some minor exceptions like 

enhanced convection around Papua New Guinea for which observations actually indicate 

the opposite.  The magnitude of the larger-scale changes is stronger than that observed.  

Intuitively speaking, a stronger convective response to El Niño is consistent with a 

climatological basic state that is generally more active.  Reflecting a weakening of the  

 

 

Fig. 4.2. Seasonal mean vertically integrated (800-200 hPa) diabatic heating (QVERT, 10 W/m2) for El Niño CTL – 
CLIM ensemble mean (top, shading represents significance at 5% level beginning at ±  10 W/m2) and residually 
diagnosed from ERA40 Reanalysis (DJFM composite minus climatological average from Fig. 3.2, bottom, Chan 
& Nigam 2009). 
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Fig. 4.3. Seasonal mean 500 hPa pressure vertical velocity (# , 2$10-2 Pa/s) for El Niño CTL – CLIM ensemble 
mean (top, shading represents significance at 5% level beginning at ±  2$10-2 Pa/s) and for ERA40 Reanalysis 
(DJFM composite minus climatological average from Fig. 3.3, bottom). 

 

 

Fig. 4.4. Seasonal mean upper-level horizontal divergence (averaged 200-150 hPa, D, 15$10-7 s-1) for El Niño 
CTL – CLIM ensemble mean (top, shading represents significance at 5% level beginning at lowest nonzero 
contour interval) and for ERA40 Reanalysis (DJFM composite minus climatological average from Fig. 3.4, 
bottom). 
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Walker Circulation (Fig. 4.6), El Niño involves strong anomalous upper-level easterlies 

across the eastern Pacific and weaker anomalous westerlies over the Maritime Continent 

as well as extending over South America and the Atlantic (Fig. 4.5).  Again, structural 

changes in the Pacific upper-level circulation are quite realistic, although the magnitude 

is somewhat stronger, consistent with additional weakening of a Walker Circulation that 

is slightly stronger to begin with.  Balancing this, stronger upper-level easterlies spanning 

tropical Africa and the Indian Ocean (Fig. 3.5) are reduced as well during El Niño 

(anomalous westerlies, Fig. 4.5).  Still, throughout the entire tropics, the geographic 

position of the U=0 contour is actually simulated very well, as well as the mean 

circulation.  Note that the stronger anomalous changes in zonal wind simply reflect the  

 

 

Fig. 4.5. Seasonal mean 200 hPa zonal wind (U, 3 m/s) for El Niño CTL – CLIM ensemble mean (top, shading 
represents significance at 5% level beginning at lowest nonzero contour interval) and for ERA40 Reanalysis 
(DJFM composite minus climatological average from Fig. 3.5, bottom).  Thick contours represent U=0 for 
ensemble mean El Niño CTL and ERA40 Reanalysis DJFM composite, respectively. 
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Fig. 4.6. Seasonal mean diabatic heating (Q, shaded in K/day) with horizontal divergence (contours in 15e-7 s-1) 
and wind field (arrows) U (m/s) and –1*#  (200 Pa/s) longitude-sigma level (*1000) equatorial cross section 
(averaged 5o S -5o N) for El Niño CTL - CLIM ensemble mean (left, only significant values plotted at 5% level 
beginning at ±1 K/day for Q and ±15$10-7 s-1 for divergence) and for ERA40 Reanalysis (DJFM composite 
minus climatological average from Fig. 3.6, right). 

 

bias in the climatological zonal wind. 

Considering that the SST signal is weaker outside of the Pacific basin (where the 

atmosphere plays a larger role in forcing SST), our simulated response may reflect biases 

from ignoring air-sea interaction and/or biases of the model itself, e.g. the climatological 

basic state.  It may also capture higher order aspects of the tropical response that are not 

evident in observations due to a lack of sampling.  Regardless, consistent with anomalous 

upper-level westerlies, we simulate reduced convection over the central/eastern Indian 

Ocean and eastern equatorial Africa, something not clearly observed. 

Keeping in mind that both the climatological signal and SST signal are not 

stationary and evolve slowly throughout the season, we examine the seasonal evolution 

of the tropical response to El Niño SST, provided by CTL – CLIM Q0 and D0, (Figs. 4.7-
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4.9 with reference to Fig. 3.7).  As there is significant event-to-event variation in the SST 

and response evolution, 1982/83, 1991/92, and 1997/98 events are examined individually.  

Across the equatorial Indo-Pacific, a clear shift in convection across the date line is 

simulated for all events throughout the entire season (Fig. 4.7).  The cold tongue events 

of 1982/83 and 1997/98 are very different than the central Pacific or ‘mixed’ El Niño 

(Ashok et al. 2007, Kau & Yu 2009, Kug et al. 2009) of 1991/92 in that eastern Pacific 

convection is broader and peaks farther eastward and earlier in the season (mid-

December/January compared to February/early March).  They also exhibit slow westward 

propagation of convection across the season, whereas for 1991/92 there is slow eastward 

propagation.  In the eastern Pacific, radiative cooling and upper-level convergence  

 

 

Fig. 4.7. Seasonal evolution of Q0 integrated vertically (800-200 hPa, QVERT, 10 W/m2, top) spanning the Indo-
Pacific and averaged about the equator (5o S - 5o N) for 1982/83 (left), 1991/92 (middle), and 1997/98 (right) CTL 
– CLIM.  Corresponding seasonal evolution of D0 (10-7 s-1, bottom). 
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associated with compensating subsidence off to the north peaks at the same time and is 

generally evident throughout the whole season for cold tongue events (Fig. 4.9), unlike 

during 1991/92 for which an appreciable signal is not simulated (at least in terms of an 

average across the eastern Pacific).  As with the climatological basic state, the El Niño 

signal also shows some north-south migration and widening following solar forcing.  For 

all events, anomalous cooling and convergence associated with weakening of convection 

in the West Pacific north of the equator occurs over the latter half of the season with clear 

northward movement (Fig. 4.8).  Along the equator, divergence also occurs but 

interestingly without much of a signal in Q.  This emphasizes a degree of independence 

between two drivers of upper-level divergence: the local convective outflow and the 

balance with the large-scale tropical circulation (discussed further in Chapter 5). 

Tropical convective variability and its changes from the climatological basic state 

simulated during El Niño are shown in Figs. 4.10 and 4.11, respectively, for both QVERT 

and D.  Apart from a hint of reddening of the power spectrum (slightly more seasonal 

mean and low frequency variability relative to variability at higher frequencies), the 

relative contributions from each temporal band of variability do not change substantially 

across the tropical Indo-Pacific (62.5
0
 E - 87.5

0
 W, 24

0
 S - 15

0
 N).  Seasonal mean intra-

ensemble spread and sub-seasonal variability at low and high frequencies contribute to 

4.1%, 25.3%, and 70.6% (2.9%, 14.8%, and 82.3%) of the total QVERT (D) variability, 

respectively.  Along with the mean, the total variability however is clearly enhanced 

during El Niño, with a 25.0% (9.3%) increase for the total QVERT (D) variability.  

Consistent with the first order relationship between the mean climatological convection 
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Fig. 4.8. Same as Fig. 4.7, but spanning 30o S - 30o N and averaged across the Maritime Continent/West Pacific 
(90o E - 180o). 

 

and variability, during El Niño there is a broad eastward spread in convective variability 

across the Pacific Ocean.  The broad enhancement of variability in the central/eastern 

Pacific is disproportionately larger than the minor reduction in the West Pacific and in the 

northern subtropics.  Although the mean response is clearly strongest along the equator 

for which variability is also enhanced, an additional zonally elongated maximum for 

seasonal mean deviations and low frequency variability exists to the south between 10
o
 S 

-5
o
 S.  Together, the two maxima represent more robust fluctuations in the southward 

(northward) shifted ITCZ (SPCZ).  Much of the variance of the southern maximum is  
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Fig. 4.9. Same as Fig. 4.7, but spanning 30o S - 30o N and averaged across the eastern Pacific (180o - 90o W). 

 

present in the climatological basic state owing to an anomaly that doesn’t stand out as 

much.  High frequency variability is mainly enhanced along the equator, and although it 

spans south to 25
o
 S, a clear southern maximum isn’t as obvious.  Consistent with 

reduced convection simulated over the central Indian Ocean south of the equator, and in 

the Bay of Bengal, variability is also reduced.  Though ultimately, the enhanced 

variability across the central/eastern Pacific is what stands out.  In Chapter 6, we will 

examine coherent variability that dominates these maxima, and relate this to extratropical 

variability. 

Examining simulations for individual El Niño events reveals some important 
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Fig. 4.10. El Niño CTL QVERT across tropical Indo-Pacific (W/m2, left column from top to bottom) for seasonal 
mean Q0, "  = 1 for Q1, "  = 1 for QLOW, and "  = 1 for QHIGH.  Note that intervals are in units of 10, 2, 5, and 10 
W/m2, respectively.  Corresponding D (10-7 s-1, right column from top to bottom) for seasonal/ensemble mean, "  
= 1 for seasonal mean ensemble deviations, "  = 1 for 30-120 variability, and "  = 1 for < 30 day variability.  Note 
that intervals are in units of 15, 5, 10, and 20 $10-7 s-1. 

 

event-to-event differences that should be kept in consideration.  As discussed with all El 

Niño events pooled together, similar results are presented here individually for 1982/83 

CTL (Figs. 4.12-4.14), 1991/92 CTL (Figs. 4.15-4.17), and 1997/98 (Figs. 4.18-4.20).  

As strong cold tongue El Niño events, 1982/83 and particularly 1997/98 stand out with 

enhanced mean convection and convective variability spanning much farther east than 

during 1991/92, reaching the Peruvian coast.  The two zonally elongated maxima in 

variability are generally present for all events, although the cold tongue events have more 

amplified variability east of the date line as opposed to 1991/92, which has more 

amplification near and slightly west of the date line.  With a broader zonal extent of the 

equatorward movement of the ITCZ during the cold tongue events, anomalous cooling, 
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Fig. 4.11. As in Fig. 4.10, but for El Niño CTL-CLIM anomalies.  Shaded values represent significance at 5% 
level (using a t-test and F-test) starting at lowest nonzero contour interval. 

 

sinking, and upper-level convergence occur off to the north (10
o
 N -15

o
 N) in the eastern 

Pacific, along with reduced variability.  Weakening of the climatological bulls-eye in 

eastern Pacific ITCZ carries over to a locally stronger anomalous response, likely having 

implications for the immediate subtropical response of the jet/storm track over Mexico 

(discussed next in Section 4.2).  Other differences for the cold tongue events include a 

wider latitudinal extent of mean convection in the Pacific south of the equator along with 

additional radiative cooling, sinking, and upper-level convergence in the southern 

subtropics.  Also, there is much more suppression of mean convection and convective 

variability across the Indian Ocean.  Next we will examine the extratropical response to 

El Niño. 
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Fig. 4.12. 1982/83 CTL-CLIM seasonal/ensemble mean QVERT (10 W/m2, top), 500 hPa #  (2$10-2 Pa/s, middle), 
and upper-level horizontal divergence (averaged 200-150 hPa, D, 15$10-7 s-1). 
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Fig. 4.13. 1982/83 CTL QVERT across tropical Indo-Pacific (W/m2, left column from top to bottom) for seasonal 
mean Q0, "  = 1 for Q1, "  = 1 for QLOW, and "  = 1 for QHIGH.  Note that intervals are in units of 10, 2, 5, and 10 
W/m2, respectively.  Corresponding D (10-7 s-1, right column from top to bottom) for seasonal/ensemble mean, "  
= 1 for seasonal mean ensemble deviations, "  = 1 for 30-120 variability, and "  = 1 for < 30 day variability.  Note 
that intervals are in units of 15, 5, 10, and 20 $10-7 s-1. 
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Fig. 4.14. 1982/83 CTL QVERT across tropical Indo-Pacific (W/m2, left column from top to bottom) for seasonal 
mean Q0, "  = 1 for Q1, "  = 1 for QLOW, and "  = 1 for QHIGH.  Note that intervals are in units of 10, 2, 5, and 10 
W/m2, respectively.  Corresponding D (10-7 s-1, right column from top to bottom) for seasonal/ensemble mean, "  
= 1 for seasonal mean ensemble deviations, "  = 1 for 30-120 variability, and "  = 1 for < 30 day variability.  Note 
that intervals are in units of 15, 5, 10, and 20 $10-7 s-1. 
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Fig. 4.15. 1991/92 CTL-CLIM seasonal/ensemble mean QVERT (10 W/m2, top), 500 hPa #  (2$10-2 Pa/s, middle), 
and upper-level horizontal divergence (averaged 200-150 hPa, D, 15$10-7 s-1). 

 

 

 

 

 



75 

 

 

Fig. 4.16. 1991/92 CTL QVERT across tropical Indo-Pacific (W/m2, left column from top to bottom) for seasonal 
mean Q0, "  = 1 for Q1, "  = 1 for QLOW, and "  = 1 for QHIGH.  Note that intervals are in units of 10, 2, 5, and 10 
W/m2, respectively.  Corresponding D (10-7 s-1, right column from top to bottom) for seasonal/ensemble mean, "  
= 1 for seasonal mean ensemble deviations, "  = 1 for 30-120 variability, and "  = 1 for < 30 day variability.  Note 
that intervals are in units of 15, 5, 10, and 20 $10-7 s-1. 
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Fig. 4.17. As in Fig. 4.16, but for 1991/92 CTL-CLIM anomalies.  Shaded values represent significance at 5% 
level (using a t-test and F-test) starting at lowest nonzero contour interval. 
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Fig. 4.18. 1997/98 CTL-CLIM seasonal/ensemble mean QVERT (10 W/m2, top), 500 hPa #  (2$10-2 Pa/s, middle), 
and upper-level horizontal divergence (averaged 200-150 hPa, D, 15$10-7 s-1). 
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Fig. 4.19. 1997/98 CTL QVERT across tropical Indo-Pacific (W/m2, left column from top to bottom) for seasonal 
mean Q0, "  = 1 for Q1, "  = 1 for QLOW, and "  = 1 for QHIGH.  Note that intervals are in units of 10, 2, 5, and 10 
W/m2, respectively.  Corresponding D (10-7 s-1, right column from top to bottom) for seasonal/ensemble mean, "  
= 1 for seasonal mean ensemble deviations, "  = 1 for 30-120 variability, and "  = 1 for < 30 day variability.  Note 
that intervals are in units of 15, 5, 10, and 20 $10-7 s-1. 
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Fig. 4.20. 1997/98 CTL QVERT across tropical Indo-Pacific (W/m2, left column from top to bottom) for seasonal 
mean Q0, "  = 1 for Q1, "  = 1 for QLOW, and "  = 1 for QHIGH.  Note that intervals are in units of 10, 2, 5, and 10 
W/m2, respectively.  Corresponding D (10-7 s-1, right column from top to bottom) for seasonal/ensemble mean, "  
= 1 for seasonal mean ensemble deviations, "  = 1 for 30-120 variability, and "  = 1 for < 30 day variability.  Note 
that intervals are in units of 15, 5, 10, and 20 $10-7 s-1. 
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Dominating the seasonal/ensemble mean extratropical response to the warm phase 

of ENSO is the wave train structure in geopotential height (Fig. 4.21) extending over the 

Pacific/North America region, indicative of a forced stationary Rossby wave.  

Originating from the anomalous subtropical high at upper-levels, the extratropical 

response is compromised of anomalously low heights over the North Pacific, high heights 

over Canada, and low heights extending across the southern U.S.  This midlatitude 

pattern is barotropic and qualitatively describes most of the depth of the troposphere 

modulating surface temperature and precipitation.  With comparison to the observed  
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Fig. 4.21. Seasonal mean geopotential height (20 m) at 200 hPa (Z200, top) and 500 hPa (bottom) for El Niño CTL 
– CLIM ensemble mean (left, shading represents significance at 5% level beginning at ±  20 m) and for ERA40 
Reanalysis (DJFM composite minus climatological average from Fig. 3.10, right). 

 

composite of the corresponding El Niño events, the wave train is certainly stronger than 

observed yet has a very realistic structure and geographic location.  This carries over for 

the eastward extension of the Pacific jet, with an equatorward shift of the jet across the 

Pacific, North America, and further downstream, influencing the Atlantic jet (Fig. 4.22). 
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Fig. 4.22. Seasonal/ensemble mean 200 hPa zonal wind (U200, 3 m/s) for El Niño CTL – CLIM ensemble mean 
(left, shading represents significance at 5% level beginning at ±  3 m/s) and for ERA40 Reanalysis (DJFM 
composite minus climatological average from Fig. 3.11, right).  Full field contours at 0 m/s and 30 m/s (thick 
contours). 

 

It is important to note that in terms of zonal wind, most of the contribution to the 

‘amplified’ response for CAM4 is from the biases in the climatological jet, whereas the 

full fields associated with the response to El Niño are reasonable compared ERA40 

Reanalysis.  The associated equatorward shift of the storm track corresponds well to the 

jet with enhanced activity at ~25
0
 N and reduced activity at ~45

0
 N (Fig. 4.23), 

significantly altering the path of transient disturbances.  This equatorward shift in the 

storm track follows changes in vertical shear that are in thermal wind balance with the 

tropical warming (Straus & Shukla 1997).  Upstream, a reduction of storminess is 

simulated over the North Pacific as well as a reduction in activity propagating 

equatorward, very consistent with that observed.  Considering the seasonal evolution, the 

Pacific jet extension/shift peaks in mid-to-late winter along with storm track changes for  
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Fig. 4.23. Seasonal/ensemble mean 300 hPa (2-10 day v%)2%  (5 m2/s2) for El Niño CTL – CLIM ensemble mean 
(left, shading represents significance at 5% level beginning at ±  5 m2/s2) and for NCEP/NCAR Reanalysis 
(DJFM composite minus climatological average from Fig. 3.12, right). 

 

which suppression on the poleward side is quite substantial in the latter half of the season 

(Fig. 4.24).  This suppression is consistent with a significant reduction of upper-level 

height variability not only at high frequencies, but for lower frequency sub-seasonal 

variability as well, particularly the 30-120 day band (Fig. 4.25).  Regarding the seasonal 

mean intra-ensemble spread, it is interesting that only a minor reduction is simulated in 

the North Pacific, whereas enhancement is simulated over the rest of the entire 

hemisphere, particularly over the Arctic and Siberia where the climatological spread is 

large. 

Higher order aspects of the response in other regions are also simulated.  Along 

with an anomalous upper-level trough (Fig. 4.21) forced by anomalous tropical 

subsidence/convergence over the West Pacific/Maritime Continent (Figs. 4.3 & 4.4), the  
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Fig. 4.24. Daily evolving signal for 200 hPa U (left) and 300 hPa (2-10 day v%)2%  (right) zonally averaged over the 
Pacific (150o E – 120o W, plotted time vs. latitude) for El Niño CTL – CLIM (shaded, 3 m/s and 5 m2/s2, 
respectively) and CTL (contours, 10 m/s and 20 m2/s2, respectively). 

 

minor equatorward shift of the Asian subtropical jet is simulated well (Fig. 4.22), an 

improvement over the response simulated by CAM3.1.  Further upstream, a minor 

equatorward shift of the subtropical jet is simulated along its entire extent, spanning the 

Atlantic, Saharan Africa, the Middle East, and South Asia.  Unlike observations, hand-in-

hand with the modest poleward weakening of the jet, transient activity (that is 

climatologically weak to begin with) is reduced over the Tibetan Plateau (Fig. 4.23), 

which may impact the seeding of disturbances and downstream activity, evident in a 

minor reduction in sub-seasonal height variability along the subtropical jet downstream 

over East Asia and the West Pacific (Fig. 4.25).   

Over the North Atlantic, a relationship with ENSO is less striking however an 

equatorward shift of the jet/storm track is simulated.  Off to the south, along the entrance 

region of the subtropical jet and spanning much of the Atlantic and parts of Africa and  
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Fig. 4.25. NH Z200 "  = 1 for seasonal mean ensemble deviations (3 m, upper left), "  = 1 for 30-120 variability (5 
m, upper right), "  = 1 for 11-24 day variability (5 m, lower left), and "  = 1 for 2-10 day variability (5 m, lower 
right) for El Niño CTL - CLIM.  Shading represents significance at 5% level (F-test, daily data uses effective 
sample size based on autocorrelation). 

 

Europe, a broad enhancement of sub-seasonal and seasonal mean intra-ensemble height 

variability is simulated (Fig. 4.25).  In observations, anomalous enhancement of North 

Atlantic storm track activity has a more obvious split (Fig. 4.23), the result of a strong 
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positive phase of the internally driven North Atlantic Oscillation (NAO) during 1982/83 

along with similar yet eastward-shifted variability during 1991/92.  Considering that 

internal fluctuations are filtered out, it is interesting that a weak eastward shifted positive 

NAO-like pattern is simulated along with the associated with poleward/eastward-shifted 

storminess over Europe.  Still, atmospheric internally driven North Atlantic SST 

variability is present in the simulations, in particular the SST tripole variability that is 

forced by the NAO.  As it reinforces atmospheric NAO variability in the fully coupled 

system, this SST forcing has in turn been demonstrated to force the NAO (Peng et al. 

2002), and a modified representation of that is simulated here. 

Important differences are simulated in the extratropical response among the El 

Niño events (Figs. 4.26-4.37).  To first order, the strength of the wave train is generally 

proportional to the strength tropical forcing in the eastern Pacific as the stronger cold 

tongue events of 1982/83 (Fig. 4.26) and 1997/98 (Fig. 4.34) have much a much stronger 

response than the central Pacific event of 1991/92, for which the anomalous subtropical 

high is not only weaker but shifted westward (Fig. 4.30), similar to the enhanced 

convection in the tropics and consistent with observations.  This carries over to changes 

in the jet (Fig. 4.31 in contrast to Figs. 4.27 & 4.35) and changes in height variability, 

particularly the reduction in the North Pacific, which is not as significant 1991/92 (Fig. 

4.33 in contrast to Figs. 4.29 & 4.37).  Contrary to the cold tongue events, a broad slight 

enhancement of variability is simulated for 1991/92 in the central midlatitude Pacific, and 

interestingly the enhanced variability over high latitudes and the Arctic is much more 

substantial.  Further downstream over the Atlantic, an equatorward shift of the storm  
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Fig. 4.26. 1982/83 CTL – CLIM seasonal/ensemble mean geopotential height (20 m) at 200 hPa (Z200, left) and 
500 hPa (right).  Shading represents significance at 5% level beginning at ±20 m. 

 

 

Fig. 4.27. 1982/83 CTL -CLIM seasonal/ensemble mean 200 hPa zonal wind (U200, 3 m/s, left) and 300 hPa (2-10 
day v%)2%  (5 m2/s2, right).  Shading represents significance at 5% level beginning at ±3 m/s and ±5 m2/s2, 
respectively. 
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Fig. 4.28. Daily evolving signal for 200 hPa U (left) and 300 hPa (2-10 day v%)2%  (right) over the Pacific (zonally 
averaged 150o E – 120o W, plotted time vs. latitude) for 1982/83 CTL – CLIM (shaded, 3 m/s and 5 m2/s2, 
respectively) and CTL (contours, 10 m/s and 20 m2/s2, respectively). 

 

track is more striking for the cold tongue events, whereas the enhancement of activity 

over eastern Europe, associated with pressure gradient changes over western Europe are 

likely forced by North Atlantic SST, is more obvious for 1982/83 and 1991/92. 

Closely examining the strength of the North Pacific anomalous low during the 

comparable cold tongue El Niño events, it is evident that a stronger response is simulated 

for 1982/83 compared to 1997/98 (-20 m at 500 hPa, comparing Figs. 4.26 & 4.34).  This 

is the result of sustained deepening during the latter half of the season, whereas for 

1997/98, a clear peak occurs in late January, weakening after mid-February (not shown).  

This is evident with a shorter and earlier mid-winter peak in the jet for 1997/98 (Fig. 

4.36).  This is also consistent with changes in the Pacific storm track response, which 

provide energy for the seasonally evolving basic state.  For 1997/98, a poleward shift of 

storm track activity is evident in the Northwest Pacific (Fig. 4.35).  Throughout the 

season there is actually an anomalous enhancement in mid-winter storm track activity  
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Fig. 4.29. NH Z200 "  = 1 for seasonal mean ensemble deviations (3 m, upper left), "  = 1 for 30-120 variability (5 
m, upper right), "  = 1 for 11-24 day variability (5 m, lower left), and "  = 1 for 2-10 day variability (5 m, lower 
right) for 1982/83 CTL - CLIM.  Shading represents significance at 5% level (F-test, sub-seasonal data uses 
effective sample size based on autocorrelation). 
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Fig. 4.30. 1991/92 CTL – CLIM seasonal/ensemble mean geopotential height (20 m) at 200 hPa (Z200, left) and 
500 hPa (right).  Shading represents significance at 5% level beginning at ±20 m. 

 

 

Fig. 4.31. 1991/92 CTL -CLIM seasonal/ensemble mean 200 hPa zonal wind (U200, 3 m/s, left) and 300 hPa (2-10 
day v%)2%  (5 m2/s2, right).  Shading represents significance at 5% level beginning at ±3 m/s and ±5 m2/s2, 
respectively. 
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Fig. 4.32. Daily evolving signal for 200 hPa U (left) and 300 hPa (2-10 day v%)2%  (right) over the Pacific (zonally 
averaged 150o E – 120o W, plotted time vs. latitude) for 1991/92 CTL – CLIM (shaded, 3 m/s and 5 m2/s2, 
respectively) and CTL (contours, 10 m/s and 20 m2/s2, respectively). 

 

(less suppression) without an equatorward shift, and suppression on the poleward side is 

concentrated only in the first half and very end of the season (Fig. 4.36, note that 

the sign of changes are generally consistent across the Pacific basin).  For 1982/83 on the 

other hand, suppression is present and strong from January through March (Fig. 4.28).  

The source of these changes is presumed to be the large tripolar North Pacific SST 

anomalies in the fall/early winter (e.g. significant warming along the Kuroshio Extension 

region with cooling on either side) whose heat fluxes are known to force high pressure 

across the North Pacific (Frankignoul & Sennéchael 2007).  This counterbalances the El 

Niño signal, weakening it later in the season for 1997/98.  The SST variability prescribed 

here is atmospherically driven in the first place, so such differences may not exist if air-

sea coupling is freely simulated.  This is also true for behavior of the NAO in the North 

Atlantic. 

The simulated changes in sub-seasonal and intra-ensemble variability during El 
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Fig. 4.33. NH Z200 "  = 1 for seasonal mean ensemble deviations (3 m, upper left), "  = 1 for 30-120 variability (5 
m, upper right), "  = 1 for 11-24 day variability (5 m, lower left), and "  = 1 for 2-10 day variability (5 m, lower 
right) for 1991/92 CTL - CLIM.  Shading represents significance at 5% level (F-test, sub-seasonal data uses 
effective sample size based on autocorrelation). 

 

Niño may be directly compared to the work of Sardeshmukh et al. (2000) and Compo et 

al. (2001, CSP) who conduct a similar AMIP style GCM experiment with the NCEP 

MRF model using 180 member ensembles in response to JFM 1987.  They examine the 
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Fig. 4.34. 1997/98 CTL – CLIM seasonal/ensemble mean geopotential height (20 m) at 200 hPa (Z200, left) and 
500 hPa (right).  Shading represents significance at 5% level beginning at ±20 m. 

 

 

Fig. 4.35. 1997/98 CTL -CLIM seasonal/ensemble mean 200 hPa zonal wind (U200, 3 m/s, left) and 300 hPa (2-10 
day v%)2%  (5 m2/s2, right).  Shading represents significance at 5% level beginning at ±3 m/s and ±5 m2/s2, 
respectively. 
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Fig. 4.36. Daily evolving signal for 200 hPa U (left) and 300 hPa (2-10 day v%)2%  (right) over the Pacific (zonally 
averaged 150o E – 120o W, plotted time vs. latitude) for 1997/98 CTL – CLIM (shaded, 3 m/s and 5 m2/s2, 
respectively) and CTL (contours, 10 m/s and 20 m2/s2, respectively). 

 

spread in tropical precipitation and 500 hPa geopotential height (Z500), which has an 

obvious relationship with the spread of Q and Z200, respectively.  For direct comparison 

of the seasonal mean intra-ensemble spread, we reproduce Fig. 4 from CSP (Fig. 4.38).  

Qualitatively, our results are consistent.  CAM4 simulates an enhancement in 

precipitation spread over the east/central tropical Pacific, as well as broad enhancement 

in Z500 spread across most of the NH and southern hemisphere (SH).  The main 

differences are that CAM4 simulates substantially more precipitation spread with a 

broader extent across the tropical Pacific, no reduction of precipitation spread over South 

America, and slightly more of a reduction in Z500 spread isolated in the northwest Pacific.  

Considering that CSP analyze JFM 1987, a central Pacific or ‘mixed’ El Niño event with 

anomalously warm SST in the central Pacific (Ashok et al. 2007, Kau & Yu 2009, Kug et 

al. 2009), our central Pacific event of 1991/92 is more comparable in terms of tropical 

Pacific SST and consequently the local and remote response.  This appears to be true in 



94 

 

 

Fig. 4.37. NH Z200 "  = 1 for seasonal mean ensemble deviations (3 m, upper left), "  = 1 for 30-120 variability (5 
m, upper right), "  = 1 for 11-24 day variability (5 m, lower left), and "  = 1 for 2-10 day variability (5 m, lower 
right) for 1997/98 CTL - CLIM.  Shading represents significance at 5% level (F-test, sub-seasonal data uses 
effective sample size based on autocorrelation). 

 

terms of the zonal extent of the precipitation spread over the Pacific, as well as not as 

much of a reduction in Z500 spread in the northwest Pacific.  Also, more Z500 spread is 

generally simulated for 1991/92, with its magnitude closer to that of CSP.  As far as sub- 
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Fig. 4.38. JFM changes in seasonal mean ensemble spread during El Niño CTL-CLIM (top) and 1992 CTL-
CLIM (middle) for precipitation (left) and 500 hPa geopotential height (Z500, right).  Corresponding results from 
Fig. 4 of Compo et al. (2001, CSP) for 1987 JFM (bottom).  Unlike other spread comparisons, plotted here is the 
square root of the absolute difference in variance (sign given after square root, see Equation 1 in CSP).  
Contours for Z500 (precipitation) are plotted in intervals of 16 m (1 mm/day) beginning at 8 m (0.5 mm/day).  
Variances multiplied by 3 before taking difference.  Dark (light) shading refers to positive (negative) values. 

 

seasonal variability we verify a broad reduction in intra-seasonal variability simulated by 

CSP.  This is consistent with Straus & Molteni (2004) who simulate less clustering of the 

sub-seasonal circulation (to preferable states, or regimes), in line with previous studies 

that observe a reduction in blocking during El Niño. However unlike CSP, we do not 

simulate a strong reduction in the North Atlantic and northern Europe. 
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The magnitude of the changes in precipitation spread simulated during El Niño is 

likely a function of model convective parameterization.  The NCEP MRF model used by 

CSP uses the more primitive Kuo convective parameterization, which may be the reason 

for a smaller estimate.  This is also evident considering results using the older version of 

CAM (CAM3.1) which does not have the changes in convective parameterization 

implemented in CAM4, previously discussed in Chapter 2.  Forced with an El Niño 

composite SST that is different only in grid resolution (and resolutions are very similar), 

10-member seasonal simulations are generated using CAM3.1 and CAM4.  Across the 

tropical Pacific, the enhancement in precipitation ensemble spread is much larger for 

CAM4 compared to CAM3.1 (Fig. 4.39).  This relationship is also evident in 

climatological estimates, though not nearly as significant.  All models (including that of 

CSP) have comparable resolution although CAM4 uses a finite volume dynamical core, 

which is not considered to be a major factor. 

 

 

Fig. 4.39. As in Fig. 4.38, but for an El Niño Composite SST – CLIM precipitation for CAM4 (left) and CAM3.1 
(right).  CLIM for CAM3.1 corresponds to the climatological conditions generated by a 19-year simulation 
forced with climatological SST. 
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CSP hypothesize three mechanisms that may account for changes in extratropical 

variability: 

 

(i) They are directly forced by changes in tropical variability, 

(ii) they are modified by ENSO-forced changes in the basic state, and/or 

(iii) they are modified by changes in the transient eddies. 

 

Of course, despite the necessity of a model to estimate changes in variability, all of these 

mechanisms are model dependent.  If (i) is important, then as we have just demonstrated, 

it is likely sensitive to model convective parameterization.  Also, CAM4 generally 

simulates a much stronger response to ENSO compared to other models which would 

impact (ii) and (iii).  The anomalous response is certainly stronger than that simulated in 

Sardeshmukh et al. (2000) and CSP.  Approaches beyond comparison of total variance 

are used in Chapter 6 in order to narrow in on the role of tropical convective variability. 
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5.  NEGLECT OF Q VARIABILITY DURING EL NIÑO 

As previously discussed in Section 2.2, we take the diabatic heating rate (Q) 

freely generated by the model in the El Niño CTL simulations and decompose it into 

components involving the climatological and SST-forced signal (Q0) as well as the 

seasonal mean intra-ensemble (Q1) and sub-seasonal variability about that signal (QLOW 

& QHIGH).  Subsets of Q with an increasing inclusion of variability are then prescribed for 

FIX, EFIX, and ESUBFIX experimental simulations.  For FIX, all ensemble members are 

forced with the same Q0.  For EFIX, the seasonal mean ensemble deviation of the forcing 

(Q1) is also included.  For ESUBFIX, the 30-120 day low frequency variability (QLOW) is 

included as well.  An additional set of simulations is produced for 1991/92 for which 

nearly all Q variability is prescribed (DAYFIX).  Differences between these simulations 

are examined in order to assess the forcing role of Q variability during El Niño.  The 

local effect on upper-level divergence and tropical circulation are examined in Section 

5.1, and the impact of mixing Q vertical profiles is examined in Section 5.2.  Most 

importantly, the impact on the extratropical response to El Niño is examined in Section 

5.3. 

T"!"##R(025#H4F%:D%)*#+11%0*#
 

Now we investigate the direct tropical response to the prescription of subsets of Q 

during El Niño.  In order to confirm the anticipated direct local effect of neglecting intra-
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ensemble and sub-seasonal Q variability, we first quantify it in terms of upper-level 

divergence (averaged 200-150 hPa, D).  As D strongly depends on Q, forced changes in 

variability are expected to correspond very well.  The prescribed simulations are 

contrasted with CTL simulations and with each other in order to assess the tropical 

impact of neglecting variability.  Due to a strong similarity in the differences with CTL, 

El Niño events are again pooled together. 

First, considering the changes in variability during El Niño (Figs. 5.1 & 5.2), D 

clearly reflects its strong dependence on Q.  As one may expect, all simulations 

drastically reduce D variability corresponding to that neglected in the prescribed Q.  

Also, the inclusion of prescribed Q variability forces D variability that is roughly 

identical to CTL in structure, however it is systematically enhanced across the tropical 

Indo-Pacific forcing region.  Peaks in the enhancement generally project onto the 

variability itself.  Keeping in mind that fields are plotted in terms of standard deviation, 

variability is contrasted in terms of variance with a comparison to CTL quantified in 

Table 5.1.  Neglecting Q variability across the Indo-Pacific generally reduces 

corresponding D variance (standard deviation) about 75-85% (50-65%), whereas 

prescribing Q variability generally enhances the corresponding D variance (standard 

deviation) about 45-80% (20-35%).  The enhancement of Q seasonal mean intra-

ensemble variability is lower for ESUBFIX (for which low frequency sub-seasonal 

variability is also prescribed).  Also, as progressively more variability is prescribed, the 

reduction of high frequency variability is slightly less.  This likely reflects the fact that 

the different temporal scales are indeed not independent from each other in not only the  
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Fig. 5.1. El Niño horizontal divergence (D, 10-7 s-1) across tropical Indo-Pacific, in order from top to bottom, for 
seasonal/ensemble mean, "  = 1 for seasonal mean ensemble deviations, "  = 1 for 30-120 variability, and "  = 1 
for < 30 day variability.  Note that intervals are in units of 15, 5, 10, and 20 $10-7 s-1.  Columns correspond to 
FIX (left), EFIX (middle), and ESUBFIX (left) simulations. 

 

 

Fig. 5.2. Same as Fig. 5.1, but for El Niño FIX – CTL, EFIX – CTL, and ESUBFIX – CTL.  Shaded values 
represent significance at 5% level (using a t-test and F-test) starting at lowest nonzero contour interval.  Interval 
for seasonal/ensemble mean difference is 10-7 s-1, and intervals for "  = 1 differences are half those as for Fig. 5.1 
(2.5, 5, and 10 $10-7 s-1). 

 

natural organization of convection, but the Q-D relationship as well.  For instance, an 

enhanced (reduced) seasonal mean signal naturally occurs hand-in-hand with enhanced 

(reduced) sub-seasonal variability.  Similarly an enhanced (reduced) period of low  
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Table 5.1. D variance (rows, "1
2, "LOW

2, and "HIGH
2) for El Niño FIX, EFIX, and ESUBFIX (columns) averaged 

across forcing region (62.50 E - 87.50 W, 240 S - 150 N) and represented as a fraction of CTL. 

 

El Niño FIX/CTL EFIX/CTL ESUBFIX/CTL 

"1
2
 0.127 1.821 1.500 

"LOW
2
 0.140 0.186 1.452 

"HIGH
2
 0.147 0.150 0.242 

 

frequency variability naturally occurs hand-in-hand with enhanced (reduced) high 

frequency variability.  This also holds for the seasonal/ensemble mean and intra- 

ensemble spread and is even evident their changes.  Considering ESUBFIX results 

compared to EFIX results, both simulate somewhat of an enhancement in the 

seasonal/ensemble mean D in the central equatorial Pacific (Fig. 5.2), however this 

difference is much less for ESUBFIX.  This is consistent with less of an enhancement in 

intra-ensemble D spread (Table 5.1).  Despite these changes in D seasonal/ensemble 

mean and variability, the prescription of Q subsets clearly does the job of manually 

specifying different temporal and intra-ensemble variability, and to first order, prescribed 

Q variability reproduces that in CTL. 

Consistent with the bias in the forced variability, we also simulate significant 

local changes in the seasonal/ensemble mean D0 (top row of Fig. 5.2).  These changes 

project onto the mean response itself (D0 simulated for CTL), both in the seasonal mean 

and consistently throughout the season.  Keeping in mind the seasonal/ensemble mean 

divergent response for El Niño CTL (Fig. 4.4), the local divergence is slightly enhanced 

over the Maritime Continent, but most notably there is an enhancement across much of 

the equatorial Pacific between 0
o
 - 5

o
 N (Fig. 5.2).  Off to the north, the equatorward edge 
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of the compensating convergence is also amplified between 10
o
 N -15

o
 N.  These changes 

in the tropical response are very similar for FIX-CTL and EFIX-CTL, however, 

consistent with the ensemble spread (as previously discussed), the inclusion of low 

frequency sub-seasonal Q variability reduces this difference significantly.  Clearly, the 

seasonal/ensemble mean response is also modified outside of the forcing domain, e.g. 

significant large-scale changes in D0 over South America and Africa.  Keeping in mind 

that Q0 is preserved for all sets of simulations, changes must be adiabatically generated, 

caused by the neglect of sub-seasonal variability.  This is further discussed in Section 5.3. 

 Of course, when interpreting changes between prescribed Q experiments and 

CTL, a clean attribution of mean and variability changes depends on the role of Q-

circulation coupling.  In Section 2.2 we demonstrated that the temporal evolution of 

upper-level divergence in coupled and uncoupled simulations are difficult to distinguish 

from each other.  Here we conduct a more rigorous test of the local role of Q-circulation 

coupling in terms of temporal mean and variability.  For 1991/92, we conduct another 50-

member set of experiments in which daily-interpolated Q (taken from CTL) is prescribed 

across the tropical Indo-Pacific (referred to as DAYFIX).  Daily Q values are interpolated 

to the model time step frequency (30 minutes) by assuming that at 12Z values are 

equivalent to their daily means.  After interpolation, relatively small seasonally fixed 

values are added in order to maintain an identical seasonal mean as that in CTL.  Similar 

as before, we examine D in terms of its seasonal/ensemble mean (D0), seasonal mean 

ensemble spread (D1), 30-120 day low frequency variability (DLOW), and < 30 day high 

frequency variability (DHIGH) (Fig. 5.3).  Indeed, results for DAYFIX are roughly  
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Fig. 5.3. 1991/92 horizontal divergence (D, 10-7 s-1) for DAYFIX (left) and DAYFIX-CTL (right) across tropical 
Indo-Pacific, in order from top to bottom, for seasonal/ensemble mean, "  = 1 for seasonal mean ensemble 
deviations, "  = 1 for 30-120 variability, and "  = 1 for < 30 day variability.  Note that intervals are in units of 15, 
5, 10, and 20 $10-7 s-1. 

 

indistinguishable from those for CTL in terms of the D seasonal/ensemble mean response  

and variability.  Across the domain, there are nearly no statistically significant changes 

with the exception of a slight reduction in 2-24 day high frequency D variability.  This is 

the result of smoothing with daily interpolation.  Still, in terms of the domain as a whole, 

there is a net effect to slightly enhance the seasonal mean ensemble spread and low 

frequency variability (variance ratios of Table 5.2).  Along with this, there is also an 

insignificant enhancement in the seasonal/ensemble mean in the central equatorial 

Pacific.  This is either the result of daily interpolation or Q-circulation decoupling.  Still, 

it appears that tropical Q-circulation coupling is generally unimportant locally in terms of 

time mean and variance.  We assume that these results are reproducible for other events.  
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Table 5.2. D variance (rows, "1
2, "LOW

2, and "HIGH
2) for 1991/92 FIX, EFIX, ESUBFIX, and DAYFIX (columns) 

averaged across forcing region (62.50 E - 87.50 W, 240 S - 150 N) and represented as a fraction of CTL. 

 

1991/92 FIX/CTL EFIX/CTL ESUBFIX/CTL DAYFIX/CTL 

"1
2
 0.123 1.823 1.51 1.13 

"LOW
2
 0.150 0.198 1.479 1.13 

"HIGH
2
 0.150 0.155 0.248 0.89 

 

This is a significant result, and to our knowledge the role of Q-circulation coupling has 

not been rigorously tested prior.  The seasonal/ensemble mean enhancement of D is not 

the effect of decoupling Q, and we confirm the attribution of these changes to the neglect 

of sub-seasonal Q variability.  A hypothesis accounting for this enhanced divergence is 

discussed next in Section 5.2. 

T"7"##64B4)D#K#?%:*4025#U:(145%&#
 

The local tropical seasonal mean differences resulting when low frequency Q sub-

seasonal variability is neglected, e.g. 200-150 hPa divergence (D) differences (Fig. 5.2), 

suggest a direct systematic impact generating a stronger local response.  Here we 

examine daily mean point-by-point 800-200 hPa vertically integrated Q, QVERT, and D in 

terms of probability density functions (PDFs), as well as the vertical profiles of Q and 

divergence as a function of QVERT.  For this, a band in the equatorial Pacific domain is 

considered where the seasonal/ensemble mean enhancement in D occurs (120
0
 E - 120

0
 

W, 0 - 5
0
 N, Fig. 5.4).  As the seasonal mean differences are generally consistent across 

all events, only 1982/83 is analyzed as it is assumed representative for all events (in terms 

of point-by-point column relationships). 
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Fig. 5.4. Equatorial Pacific domain (1200 E - 1200 W, 0 - 50 N) for which the grid-point column relationship with 
QVERT is examined (blue line).  Plotted is 1982/83 FIX-CTL ensemble/seasonal mean D (significance shaded at 
5% level). 

 

The PDFs for CTL, FIX, EFIX, and ESUBFIX QVERT and D for the equatorial 

Pacific (Fig. 5.5) reveal significant changes in the distribution consistent with averaging, 

generally transforming the highly non-Gaussian QVERT and D to have narrower and 

roughly Gaussian distributions.  In addition to the significant removal of the occurrence 

of cooling/convergence with clear skies and absence of strong heating from deep 

convection (QVERT > 100 W/m
2
), values for moderate convection (0 W/m

2
 < QVERT < 75 

W/m
2
) occur much more frequently in all the forced experimental simulations.  This is 

clearly the case for FIX and EFIX PDFs that resemble each other closely, while the PDFs 

for ESUBFIX that include 30-120 day Q variability are more similar to that for CTL, 

particularly for QVERT values associated with moderate convection. 

Examining the relationship between QVERT and D reveals the D enhancement 

across a broad range of QVERT values.  By binning QVERT values into 1 W/m
2
 width bins, 

the distribution of D is examined as a function of QVERT.  The median values, 

interquartile range (IQR), and mean for D (Fig. 5.6) reveal a significant distribution shift 

and narrowing across all QVERT values for moderate convection for FIX, EFIX, and  
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Fig. 5.5. PDFs for 1982/83 daily grid-point QVERT (left, W/m2) and D (s-1, right) across the equatorial Pacific 
(1200 E - 1200 W, 0 - 50 N).  Ensemble/seasonal/domain average values given in upper right-hand corners. 

 

 

Fig. 5.6. Median and interquartile range (IQR, left), and mean (right) for D as a function of QVERT bins (x-axis, 
W/m2) over the equatorial Pacific (1200 E - 1200 W, 0 - 50 N) simulated for 1982/83 CTL, FIX, EFIX, and 
ESUBFIX, indicated by black, blue, red, and green lines, respectively. 

 

ESUBFIX, particularly for the range of 20 W/m
2
 < QVERT < 60 W/m

2
.  Again, FIX and 

EFIX D distributions are very similar with a more significant shift and spread reduced by 
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a factor of two (in contrast to CTL), as expected with the removal of sub-seasonal Q 

variability.  Keep in mind there still is geographic variability (regions have different 

values).  For ESUBFIX, these features are also evident but clearly not as strong (more 

similar to CTL). 

A theory for the enhanced D arises when examining the Q and divergence vertical 

profiles associated with the binned QVERT values.  Comparing vertical Q profiles for FIX 

and CTL, profiles in FIX have too much heating from 500-250 hPa and too little heating 

from 750-500 hPa for 0 W/m
2
 < QVERT < 60 W/m

2
, resulting in additional upper-level 

divergence (Fig. 5.7).  In CTL, the model’s natural transition from moderate to deep 

convection involves a rising of the level of peak heating that is much lower, in the lower 

troposphere (~750 hPa), when QVERT is generally less than 25 W/m
2
.  For FIX, vertical  

 

 

Fig. 5.7. FIX-CTL Q (left) and divergence (IQR (right) vertical profile as a function of QVERT (x-axis, W/m2) 
across the equatorial Pacific (1200 E - 1200 W, 0 - 50 N). 
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profiles from CTL have been redistributed such that the peak Q remains relatively 

constant (~500 hPa) across all values.  For higher QVERT values, the vertical redistribution 

of Q is somewhat different but dominated by the enhanced Q above 500 hPa resulting in 

a significant enhancement of divergence at 150 hPa but not 200 hPa.  This relationship is 

also simulated in the ESUBFIX simulation.  It appears that by removing high frequency 

sub-seasonal Q variability, Q vertical profiles for shallow or moderate convection are 

mixed with those for deep convection.  For FIX, the net effect is to enhance upper-level 

divergence because values with a higher vertical level of peak Q occur twice as 

frequently for which a higher D is expected.  For ESUBFIX, this effect is significantly 

reduced, as these values are not as frequent.  If one assumes a one-to-one relationship 

between QVERT and D, roughly half the expected seasonal/ensemble mean differences in 

D (relative to CTL) are reproduced with the same general patterns over the central 

equatorial Pacific.  This means that at least half of the enhanced upper-level divergence 

here is consistent with this relationship.  In order to test the role of mixing Q vertical 

profiles, one could constrain Q to have realistic vertical profiles (‘realistic’ in terms of 

what is generated freely by the model in CTL).  However, then the constraint of 

maintaining the seasonal mean/slowly evolving signal at every vertical level could not be 

satisfied.  Regardless of whether this would lead to further complications, it has not been 

tested and is left for further investigation. 

An additional local effect of neglecting sub-seasonal variability is the resultant 

persistent cloudiness that drastically reduces incoming solar radiation.  Simulating this in 

a model is hardly an issue over the ocean when SST is prescribed (as it largely 
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determines the near surface temperature), however results reveal significant surface 

cooling over land.  Persistent surface cooling stabilizes the boundary layer and induces 

changes in the low-level circulation (flow from relatively cooler land to warmer ocean).  

This is simulated over the Maritime Continent and particularly northern Australia, as well 

as the southernmost fringes of Southeast Asia (Fig. 5.8).  As Q is fixed, resultant low-

level circulation changes cannot modify local convection, but could plausibly have 

dynamical impacts along the subtropical boundaries of the forcing domain.  Although, 

further inspection of low-level winds reveals only minor changes in South Asia and it is 

unlikely to force any appreciable local response at upper-levels.  We will discuss upper-

level changes in the extratropical circulation in Section 5.4. 

 

 

Fig. 5.8. El Niño ESUBFIX-CTL 1000 hPa temperature (K).  Only significant values plotted at 5% level 
beginning at ±0.5 K. 
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Changes in horizontal divergence may be physically understood from the 

thermodynamic and mass continuity equations (Equations 5.1 & 5.2, respectively).  One 

may separate pressure vertical velocity into diabatic and adiabatic components #d and #a, 

respectively (# = #d + #a), as discussed by Mapes & Houze (1995) who show with a 

scale analysis that adiabatic vertical motion, which although may be strong at times, is 

negligible for deep, long-lasting heated circulations. 

 

! 

cp
dhT

dt
" #$ = Q  (5.1)  

! 
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Equation 5.5 states that the diabatic part of the horizontal divergence, 

! 

" •V
h( )

d
, is 

determined by the vertical gradient of Q (weighted by static stability, ").  With the 

vertical redistribution of Q such that it is higher below the level of divergent outflow, the 

vertical gradient of Q and consequently the upper-level divergence is increased (Fig. 5.7).  

Keeping in mind that Q is preserved in terms of its seasonal/ensemble mean, yet D is not, 

the real question is why the missing tails in the PDF for QVERT (Fig. 5.5) do not 

compensate.  The net enhanced divergence must then be the result of adiabatic changes 

(Equation 5.8) and/or changes in static stability (Equations 5.5 & 5.8). 
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Equation 5.8 states that the adiabatic part of the horizontal divergence, 

! 

" •V
h( )

a
, is 

determined by the vertical gradient of the total change in temperature (again weighted by 

static stability, ").  In other words, local and advective differential cooling (more cooling 

aloft) can enhance divergence as well.  Also, changes in static stability and its vertical 

gradient can also offset both terms.  If vertical imbalances are present and not alleviated 

when Q is prescribed, heat must be redistributed adiabatically or static instability can 

persist (as convection no longer responds to it).   

 For further insight we examine seasonal/ensemble mean changes vertically 

throughout the global tropics along the equatorial band for which the divergence is 

enhanced (Fig. 5.9).  Indeed, for all the prescribed Q simulations there is additional 

adiabatic cooling below the tropopause with warming in the stratosphere throughout 

much of the tropics, accompanied with additional ascent in the central Pacific below the 

enhanced divergence.  Note that the local central Pacific cooling is generally local and 

not the result of horizontal advection.  At lower-levels there is weak warming consistent 

with moistening (moisture is not constrained when prescribing Q).  Outside of the 

tropical Indo-Pacific, tropics-wide changes are simulated the in upper-level zonal wind.  

Easterly anomalies (‘anomalies’ here referring to differences with CTL) are forced 

globally along the tropical tropopause (reaching up to –9m/s over Africa) accompanied  
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Fig. 5.9. Seasonal/ensemble mean temperature (T, shaded, 0.5 K) with pressure vertical velocity (# , contours 
with interval of 0.5$10-2 Pa/s) (top), and zonal wind (U, contours with interval of 1 m/s) with horizontal 
divergence (shaded, 10$10-7 s-1) (bottom) plotted as longitude-sigma level (*1000) equatorial cross sections 
(averaged 0o -5o N).  Columns correspond to El Niño FIX-CTL (left), EFIX-CTL (middle), and ESUBFIX-CTL 
(right).  Only significant values plotted at 5% level beginning at ±0.5 K for T and ±10$10-7 s-1 for divergence.   

 

by returning anomalous westerlies spanning from South America to Africa roughly 

between 500-300 hPa (0.5-0.3 sigma).  In balance with these changes in the tropical 

circulation, convection is shifted slightly eastward over South America and Africa.  This 

constructively (destructively) interferes with the tropical El Niño response over South 

America (Africa).  In terms of all the vertical equatorial changes, including changes in the 

global tropical upper-level zonal circulation, FIX and EFIX are very similar in magnitude 

whereas ESUBFIX better resembles CTL.  In order to further verify that these global 

tropical changes are the result of neglecting sub-seasonal Q variability and not the result 

of Q-circulation decoupling, we contrast the simulations for which daily-interpolated Q is 
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prescribed (DAYFIX) with CTL (for 1991/92).  As expected, global changes are 

significantly reduced although there is still some minor cooling along the tropopause 

along with a weaker change in the circulation that slightly perturbs convection over the 

tropical continents (Fig. 5.10).  There is also minor ascent simulated below the cooling in 

the eastern Pacific.  These changes are likely due to a minor part of the variability that is 

neglected (some two-day and diurnal variability), although we cannot cleanly rule out the 

effect of Q-circulation coupling.  One effect of Q-circulation decoupling is that it excites 

gravity waves that impact at least the timing of high frequency convective changes 

outside of the domain.  Q-circulation coupling may also be important for stratospheric 

processes, however this is beyond the scope of our study.  Nevertheless, we are able to 

attribute most of the global tropical changes to the neglect of sub-seasonal Q variability. 

 

 

Fig. 5.10. 1991/92 DAYFIX-CTL seasonal/ensemble mean temperature (T, shaded, 0.5 K) with pressure vertical 
velocity (# , contours with interval of 0.5$10-2 Pa/s) (left), and zonal wind (U, contours with interval of 1 m/s) 
with horizontal divergence (shaded, 10$10-7 s-1) (right) plotted as longitude-sigma level (*1000) equatorial cross 
sections (averaged 0o -5o N).  Only significant values plotted at 5% level beginning at ±0.5 K for T and ±10$10-7 
s-1 for divergence. 
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 Although minor in terms of the impact of El Niño, the significant tropics-wide 

seasonal/ensemble mean changes that are simulated when Q is prescribed without sub-

seasonal variability are expected to force significant global changes in the extratropics.  

Also, the local amplification in the central Pacific divergent response intuitively could 

lead to a stronger wave train response as well.  Changes in the extratropics resulting from 

the neglect of sub-seasonal convective variability over the Indo-Pacific are discussed next 

in Section 5.4. 

T"E"##WM'20*#()#*9%#+B*:2*:('4025#$%&'()&%#
 

Here we examine the impact of neglecting intra-ensemble and sub-seasonal Q 

variability across the tropical Indo-Pacific on the extratropical response to El Niño.  First 

we examine changes to the extratropical basic state, and then we investigate changes in 

the seasonal mean intra-ensemble spread and low frequency sub-seasonal variability. 

For all of the El Niño experimental simulations with subsets of Q prescribed, 

qualitatively similar differences with CTL are simulated in seasonal/ensemble mean 200 

hPa geopotential height (Z200, Fig. 5.11).  Two sets of patterns roughly indicative of wave 

trains are present, one over the Pacific/North American region and one over the Middle 

East/Eurasia.  The latter consists of higher heights over the Middle East, lower heights 

over western Asia/eastern Europe, and higher heights over Southeast Asia.  As an 

apparent Rossby wave emanating from Africa, we presume much of this pattern is forced 

by the significant eastward shift in convection over equatorial Africa (# changes in Fig. 

5.9).  The wave train over the Pacific/North American region has some projection onto 

the El Niño extratropical response, as well as the negative phase of the Arctic Oscillation  
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Fig. 5.11. El Niño NH Z200 seasonal/ensemble mean (5 m) for FIX – CTL (left), EFIX – CTL (middle), and 
ESUBFIX – CTL (right).  Shading represents significance at 5% level beginning at ±5 m. 

 

(AO).  Lower heights are elongated across the North Pacific, accompanied by higher 

heights centered over Hawaii and at higher latitudes spanning the Arctic and Canada.  

Weak lower heights are also simulated over South America, as well as spanning the 

subtropics from Mexico across the Atlantic to northwestern Africa.  All prescribed Q 

simulations are similar although interestingly some differences are not as large for 

ESUBFIX.  The wave train simulated over the Middle East/Eurasia is significantly 

weaker, consistent with weakened changes in forcing over tropical Africa (Fig. 5.9).  

Also, height changes over South America are reduced (consistent with smaller changes in 

convection).  Although the heights are higher in the subtropical Pacific, changes in the 

North Pacific are slightly reduced for ESUBFIX.  The entire contribution to this is from 

the 1982/83 simulations.  On the other hand, the other large-scale changes for the 

prescribed experiments are generally consistent between individual events.  In light of the 

relative changes in upper-level tropical divergence (Fig. 5.2), the anomalies in the North 

Pacific have a degree of insensitivity considering that the enhanced response in the 
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tropical Pacific is significantly reduced for ESUBFIX, yet the magnitude of the 

Pacific/North American differences remain unchanged (or even slightly stronger) for 

1991/92 and 1997/98.  A hypothesis for these event-to-event differences is discussed in 

Chapter 6.   

We note that large differences bearing some similarity to these are simulated 

when prescribing Q with neglected sub-seasonal variability for simulations forced with 

climatological SST and 1988/89 SST (not shown).  The tropical changes over South 

America and Africa are stronger for these simulations possibly emphasizing a greater 

importance of sub-seasonal variability for other tropical basic states.  In this study, we are 

primarily focused on the role of sub-seasonal tropical convective variability during El 

Niño, and its role during neutral and cold ENSO events is left for further study. 

If one examines the corresponding changes in Z200 seasonal mean ensemble 

spread and sub-seasonal variability (not shown), there is no clean method for 

disentangling the impact of the modified extratropical basic state, which is forced by 

changes in Q variability and/or the neglect of tropical-extratropical coupling - an 

important factor for the prescribed Q experiments.  In order to isolate the impact of 

independent tropically forced sub-seasonal Q variability on the amount of extratropical 

variability, we may simply contrast prescribed simulations with each other. 

Examining the differences in the Z200 seasonal mean ensemble spread and low 

frequency sub-seasonal variability for EFIX-FIX and ESUBFIX-FIX (differences in 

standard deviation, Fig. 5.12), there is clearly an effect of Q variability to enhance Z200 

variability over the tropical and subtropical Indo-Pacific during El Niño.  Though not  
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Fig. 5.12. El Niño NH Z200, in order from top to bottom, for seasonal/ensemble mean (5 m), "  = 1 for seasonal 
mean ensemble deviations (3 m), and "  = 1 for 30-120 variability (5 m).  Columns correspond to EFIX-FIX (left) 
and ESUBFIX-FIX (right).  Shading represents significance at 5% level beginning at lowest nonzero contour 
intervals (low frequency filtered daily data uses effective sample size of 6 for a season). 
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nearly as substantial, this effect is also evident in many mid-to-high latitude regions, 

although regional differences have questionable inferred field significance.  At higher 

frequencies (periods < 30 days) there are only very small changes hence these changes 

are not shown here.  Some changes in variability may be influenced by the minor changes 

in the basic state, which are generally higher heights – notably the higher heights over the 

North Pacific for ESUBFIX that was discussed previously.  When Q variability is 

included, there is very little reduction in Z200 variability anywhere in the NH.  Keep in 

mind that results may not appear large in terms of standard deviation (Fig. 5.12), however 

variance ratios can be quite significant, particularly in the tropics and subtropics where 

height variability is largely dependent on tropical Q.  The overall enhancement for EFIX 

and ESUBFIX is quantified in Tables 5.3 and 5.4, respectively, as variance ratios for low 

latitudes (0 - 20
0
 N) and extratropics (20

0
 N - 90

0
 N).  At low latitudes, the existence of Q 

seasonal mean ensemble spread and low frequency variability roughly doubles Z200 

variance.  In the extratropics, the inclusion of independent Q variability general enhances 

the NH Z200 variance 5-10%.  Keep in mind that the prescription of Q variability (with  

 

Table 5.3. El Niño EFIX/FIX Z200 variance ratios.  Rows correspond to seasonal mean ensemble spread, 30-120 
day variability, 11-24 day variability, and 2-10 day variability.  Columns correspond to low latitudes (0 - 200 N) 
and extratropics (200 N - 900 N). 

 

EFIX/FIX  

El Niño Z200 

Low latitudes 

0 - 20
0
 N 

Extratropics 

20
0
 N - 90

0
 N 

seasonal mean 

ensemble spread 
1.981 1.075 

30-120 day 1.066 1.050 

11-24 day 1.023 1.016 

2-10 day 1.014 1.003 



119 

 

Table 5.4. Same as in Table 5.3, but for El Niño ESUBFIX/FIX Z200 variance ratios. 

 

ESUBFIX/FIX  

El Niño Z200 

Low latitudes 

0 - 20
0
 N 

Extratropics 

20
0
 N - 90

0
 N 

seasonal mean 

ensemble spread 
1.967 1.051 

30-120 day 2.050 1.100 

11-24 day 1.198 1.016 

2-10 day 1.079 1.002 

 

sub-components neglected) results in locally enhanced D variability and may lead to a 

slight overestimation (Fig. 5.2).  This is reflected in a greater enhancement of Z200 

seasonal mean ensemble spread for EFIX compared to ESUBFIX.  Higher frequency 

variability also reflects increases (e.g. 11-24 day variability at low latitudes for 

ESUBFIX) although it is generally much less.  Although changes are certainly detectable 

across the entire NH, in terms of the extratropical Z200 seasonal mean ensemble spread 

and low frequency sub-seasonal variability, there is relatively little attribution to tropical 

Q emphasizing the dominant independence of at least the amount of extratropical 

variability on independently forced tropical convective variability. 

Although Q-circulation coupling is not very important locally, this may not be 

true for its interaction with the extratropics.  Are changes in the seasonal/ensemble mean 

Z200 response the result of an absence of tropical-extratropical two-way coupling?  We 

can reasonably isolate the role of tropical-extratropical coupling for Q by examining the 

response in the 1991/92 simulations for which daily-interpolated Q is prescribed relative 

to CTL (DAYFIX, Fig. 5.13, see Fig. 4.30 for anomalous response during 1991/92).  

Consistent with the apparent insensitivity to low frequency Q variability for El Niño (Fig.  
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Fig. 5.13. 1991/92 NH Z200 seasonal/ensemble mean (5 m) for FIX – CTL (top left), EFIX – CTL (top right), 
ESUBFIX – CTL (bottom left), and DAYFIX-CTL (bottom right).  Shading represents significance at 5% level 
beginning at ±5 m. 

 

5.11), the wave train differences that project onto the El Niño signal (and to some degree 

the negative AO) are still present for DAYFIX.  For other changes this is not the case.  

Consistent with the significant reduction of convective changes over Africa, the 

significant changes associated with the wave train over the Middle East and Asia are 
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absent.  Similarly, changes over South America and across the subtropical Atlantic into 

North Africa are absent as well, consistent with reduced convective changes over South 

America.  The neglect of tropical-extratropical two-way coupling acts to force changes 

over the Pacific, North America, and Arctic that consequently enhance the response to El 

Niño.  This suggests an appreciable systematic effect of tropical-extratropical two-way 

coupling for the extratropical response to El Niño – tending to reduce the response, and 

consequently lower predictability associated with El Niño.  Consider the question 

introduced in the Chapter 1; does the seasonal mean response really only depend on the 

seasonal mean tropical forcing (Q)?  Based on these model results, we conclude that the 

likely answer is no.  However, the explanation is more a matter of the direction of 

dependence, which is assumed for the question in the first place.  Tropical-extratropical 

two-way interaction is crucial rather than independent tropical Q variability.  This is the 

primary result of this work.  In Chapter 6, we will further examine coherent variability 

and a relevant tropical-extratropical coupled mode that will shed more light on this result. 
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6.  TROPICAL-EXTRATROPICAL INTERACTION DURING EL NIÑO 

X"!"##W)*%:)25#-%2&()25#$%52*4()&94'&#
 

In Chapter 4, we discuss changes in total tropical and extratropical variability 

during El Niño in terms of seasonal mean intra-ensemble spread and temporal sub-

seasonal bands.  Consistent with Compo et al. (2001, CSP), we simulate an enhancement 

of seasonal mean intra-ensemble spread in both tropical Q and the extratropical response, 

particularly at high latitudes (Fig. 4.25).  Discussed in Chapter 5, results from prescribed 

Q simulations demonstrate that independent tropical convective variability has a 

relatively small effect on the amount of extratropical variability, and cannot account for 

the enhanced spread of the extratropical response.  We also demonstrate that tropical-

extratropical two-way coupling is important for the El Niño signal.  In some manner, the 

absence of tropical feedback involved in coupled interaction accounts for changes in the 

basic state over the Pacific, North America, and Arctic (Figs. 5.11 & 5.13).  Does 

tropical-extratropical two-way coupling provide a link between the tropical and 

extratropical enhanced intra-ensemble spread?  Are there physically meaningful 

dominant modes that capture the important tropical-extratropical interaction?  Further 

investigation is needed in order to better understand what physical modes are operating 

that largely contribute to these significant changes, and to quantify the role of tropical-



123 

 

extratropical coupling.  In this chapter, we conduct statistical analyses in an effort to 

address these questions. 

Considering the seasonal mean ensemble spread ("1) and 30-120 day low 

frequency variability ("LOW) in Q, large-scale structures are present that project onto the 

slowly varying convective signal (Q0).  During El Niño, the enhanced variability across 

the Pacific is dominated by two zonally elongated maxima that represent more robust 

fluctuations in the southward (northward) shifted Intertropical Convergence Zone, ITCZ 

(South Pacific Convergence Zone, SPCZ) (Fig. 4.10).  On the other hand, a subtler pair of 

maxima is simulated for CLIM and 1988/89, primarily peaking in the west Pacific (Figs. 

3.8 & 3.22).  In light of these differences in the spread, is there a preferred large-scale 

coherent organization of convection contributing to these maxima, and if so, are its 

characteristics also a function of the underlying SST?   

By conducting Principal Component Analysis (PCA), we examine the leading 

Empirical Orthogonal Functions (EOFs), numerical modes that maximize variance and 

typically converge on distinct linear spatially coherent modes that dominate the variance.  

We keep in mind that convection is nonlinear and non-Gaussian, yet to a lesser extent for 

seasonally averaged values.  Nevertheless, this method is incredibly useful for extracting 

meaningful information.  Examining the leading EOFs in the seasonal mean vertically 

integrated diabatic heating rate (QVERT) over the tropical Indo-Pacific region (here we 

consider 60
0
 E - 90

0
 W, 30

0
 S - 30

0
 N), we examine the dominant modes of variability 

(Fig. 6.1).  EOF-1 is very similar for all El Niño events spanning most of the tropical 

Pacific and explaining about 15-25% of the total seasonal mean ensemble variance.  It  
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Fig. 6.1. EOF-1 (left) and EOF-2 (right) for seasonal mean ensemble deviations in QVERT (vertically integrated 
Q1) over the tropical Indo-Pacific (600 E - 900 W, 300 S - 300 N) computed about separate seasonal/ensemble 
means, in order from top to bottom, for CLIM, 1988/89, 1982/83, 1991/92, and 1997/98 CTL simulations, with 
total variances of 7.2$104 W2/m4, 6.4$104 W2/m4, 12.3$104 W2/m4, 12.1$104 W2/m4, and 9.2$104 W2/m4, 
respectively.  Corresponding percentages of explained total variance in upper left-hand corners. 

 

involves a seesaw between the southward shifted ITCZ and the northward shifted SPCZ.  

It also captures some agreement between the ITCZ and convection over the Indian 

Ocean.  Note that the pattern is extended farther eastward for the cold tongue events.  

However, 1991/92 simulates the highest total variance along with EOF-1 explaining more 

relative variance than the other events.  EOF-2 is also qualitatively consistent across El 
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Niño events as an east-west dipole over the Pacific, although exact longitudinal position 

varies. The qualitative convergence of the leading EOFs demonstrates the robustness of 

these patterns during El Niño.  The leading EOFs may capture physical modes related to 

instability of the modified tropical basic state.  Yet the constraint of orthogonality 

between EOF-1 and EOF-2 could likely result in the similarity of EOF-2, although an 

east-west seesaw in tropical convection may be distinct if not physically important across 

the season.  Consistent with the total spread, note that these modes of variability are 

nonexistent for CLIM and the 1988/89 La Niña event, for which fluctuations are confined 

to the West Pacific.   

A similar analysis is conducted with the seasonal mean NH extratropical 

circulation, represented by 200 hPa geopotential height (Z200).  In terms of its total 

spread, there generally is a maximum at high latitudes particularly in the North Pacific 

and North Atlantic (Fig. 3.16), and an enhancement is simulated during El Niño (Fig. 

4.25).  The corresponding leading EOFs for NH Z200 (north of 20
0
 N, Figs. 6.2 & 6.3) are 

qualitatively very similar for all events, and reflect the classic modes of internal 

variability found in observations.  EOF-1 strongly resembles the AO or Northern Annular 

Mode (NAM), whereas EOF-2 projects onto the Pacific North American (PNA) pattern.  

To first order, the general consistency of the leading EOFs across all events may reflect 

the degree of structural independence of coherent internal extratropical variability to that 

in the tropics.  However, the total variance as well as the fraction of total variance 

explained for EOF-1 is consistently larger during El Niño.  Interestingly, similar to the 

spread in tropical Q, 1991/92 stands out having much more total Z200 spread (~22% more  
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Fig. 6.2. EOF-1 (left) and EOF-2 (right) for seasonal mean ensemble deviations in Z200 across the NH (200 N - 900 
N) for CLIM (top) and 1988/89 (bottom) CTL simulations, with total variances of 4.11$106 m2 and 4.08$106 m2, 
respectively.  Corresponding percentages of explained total variance in upper left-hand corners. 

 

spread than 1982/83 and 1997/98), as well as a leading EOF that explains more relative 

variance (41% compared to 36% and 37% for 1982/83 and 1997/98, respectively).  This 

is true for the PNA pattern as well (EOF-2).  As the AO-like pattern accounts for over a 

third of the ensemble spread, its enhanced variability accounts for much of the 

enhancement in total spread during El Niño.  It is noted that there are some regional 

structural differences in EOF-1 and EOF-2 for El Niño in contrast to CLIM and the 
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Fig. 6.3. EOF-1 (left) and EOF-2 (right) for seasonal mean ensemble deviations in Z200 across the NH (200 N - 900 
N) for 1982/83 (top), 1991/92 (middle), and 1997/98 (bottom) CTL simulations.  Total NH Z200 variance for 
1982/83, 1991/92, and 1997/98 is 4.62$106 m2, 5.63$106 m2, and 4.61$106 m2, respectively.  Corresponding 
percentages of explained total variance in upper left-hand corners. 
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1988/89 La Niña event.  During El Niño, EOF-1 has more zonal asymmetry on the 

equatorward edge of the Arctic height anomalies, e.g., more ridging in western North 

America and North Atlantic during negative phase of AO simulated for 1991/92 and 

1997/98.  The East Asia/Pacific center of action also appears to be more zonally 

elongated.  In addition, the Pacific center of action for the PNA pattern (EOF-2) has a 

slight eastward shift during El Niño.  Following from this, the strong similarity in EOFs 

justifies pooling the three El Niño events together for which EOFs are recomputed using 

seasonal mean ensemble deviations from all 150 ensemble members, yet still for 

deviations defined about each event’s ensemble mean, analogous the pooling of the total 

variability (anomalous differences in Fig. 4.25).  This reproduces smoother 

representations of the EOFs for individual events (Fig. 6.4). 

Now we ask the question: is there a relationship within the spread, or meaningful 

ensemble co-variability between tropical Indo-Pacific QVERT and NH Z200 during El 

Niño?  In order to address this, we conduct maximum covariance analysis (MCA, 

Bretherton et al. 1992 and Wallace et al. 1992) between tropical Indo-Pacific QVERT and 

NH Z200 seasonal mean intra-ensemble deviations for the El Niño CTL simulations.  

MCA is used to optimally extract pairs of patterns that together maximize squared 

covariance.  The leading mode (MCA-1, Fig. 6.5) links together a mixture of the leading 

EOFs.  A relationship is apparent between an AO-like pattern and a dipole in QVERT 

between the SPCZ and central Pacific ITCZ.  QVERT and Z200 MCA-1 individually 

explain about 10% and 34% of the total QVERT and Z200 seasonal mean ensemble spread, 

respectively, and together they explain about 65% of the total squared covariance, with a 
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Fig. 6.4. El Niño CTL EOF-1 (left) and EOF-2 (right) for seasonal mean ensemble deviations in NH Z200 (top) 
and tropical Indo-Pacific QVERT (bottom).  Domains are identical to those in Figs. 6.1 – 6.3.  Corresponding 
percentages of explained total variance in upper left-hand corners. 

 

correlation coefficient of 0.89 for the associated ensemble coefficients.  In the tropics, 

MCA-2 actually explains more QVERT spread than MCA-1 and involves a dipole between 

eastern Pacific tropical convection south of the equator, and convection along the equator 

spanning the west/central Pacific and Maritime Continent (Fig. 6.5).  Its positive phase 

(as plotted) roughly represents a southeastward shift in the anomalous tropical El Niño 

signal.  The dominant feature of Z200 MCA-2 is weaker and less annular with anomalous 

height of one sign extending from the Arctic across northeastern Siberia spanning the 

North Pacific, and also extending into the North Atlantic.  Although this involves only 

about 9% of the total Z200 spread, MCA-2 modes together explain about 15% of the total  
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Fig. 6.5. El Niño CTL MCA-1 (left) and MCA-2 (right) for seasonal mean ensemble deviations in NH Z200 (top) 
and tropical Indo-Pacific QVERT (bottom).  Corresponding percentages of explained total variance in upper left-
hand corners. 

 

squared covariance.  With a weak center of action over Canada, MCA-2 projects 

significantly onto the El Niño signal.  Although the extratropical response to El Niño has 

a degree of insensitivity to the precise position of the tropical forcing, relatively small 

fluctuations in the eastern Pacific can plausibly affect the amplitude of the wave train 

response. 

Statistical significance of the leading MCA modes is established simply through 

its robustness across all El Niño events, determined using strict cross-validation 

procedure.  MCA is conducted on events individually, and patterns are projected onto the 

remaining events for which the correlation coefficient is calculated in order to test the 
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strength of the relationship in the independent data, summarized in Tables 6.1 & 6.2 for 

MCA-1 and MCA-2, respectively.  Considering that all cross-validated correlation 

coefficients are significant at the 1% level for both MCA-1 and MCA-2 (off-diagonal 

values in Tables 6.1 & 6.2), we conclude that these relationships are robust for the El 

Niño simulations.  The degree to at which relationships are weakened when tested on 

independent data gives a sense of the degree of overfitting, and we will refer to this in 

Section 6.2 when testing the relationship in the prescribed Q simulations.  It is interesting  

 

Table 6.1. Correlation coefficients (!) for QVERT-Z200 MCA-1 projections in independent events.  Leading MCA 
patterns are calculated for each individual El Niño event (rows) and projected onto QVERT and Z200 seasonal 
mean ensemble deviations for remaining independent events (columns), from which the correlation coefficient 
(!) is re-calculated.  Diagonal values represent individual MCA results, with 34%, 74%, and 58% explained 
squared covariance for 1982/83, 1991/92, and 1982/83, respectively.  Note that with 50-2 degrees of freedom, 
!CRITICAL ! 0.24 (0.33) for 5% (1%) significance level (one-tailed Student’s t-test).  All cross-validated 
correlation coefficients are highly significant. 

 

QVERT-Z200  

CTL 

MCA-1 

correlation coefficient (!) 

1982/83 1991/92 1997/98 

1982/83 0.97 0.74 0.54 

1991/92 0.54 0.93 0.66 

1997/98 0.48 0.71 0.93 

 

Table 6.2. Same as Table 6.1, but for MCA-2.  Individual MCA results yield 26%, 10%, and 14% explained 
squared covariance for 1982/83, 1991/92, and 1982/83, respectively.  All cross-validated correlation coefficients 
are highly significant. 

 

QVERT-Z200  

CTL 

MCA-2 

correlation coefficient (!) 

1982/83 1991/92 1997/98 

1982/83 0.92 0.50 0.51 

1991/92 0.37 0.94 0.43 

1997/98 0.66 0.53 0.94 

 



132 

 

that for 1991/92, not only is there more QVERT and Z200 seasonal mean ensemble variance 

compared to 1982/83 and 1997/98, there is much more squared covariance for MCA-1 

also.  Also, note that these tropical-extratropical relationships are nonexistent during 

CLIM and the 1988/89 La Niña event.  These coherent modes, particularly MCA-1, 

account for much of the enhanced high-latitude spread simulated by CAM4 during El 

Niño, and also may account for an even larger enhancement simulated for 1991/92. 

In order to provide additional verification of the robustness of these relationships, 

we conduct Canonical Correlation Analysis (CCA) in order to determine the patterns that 

maximize correlation, rather than covariance.  First, fields are semi-arbitrarily truncated 

to 10 EOFs each.  This is chosen in order to include a reasonable amount of variance 

beyond the leading EOFs (52.5% and 85.6% explained variance for QVERT and Z200, 

respectively).  Next we compute a cross-correlation matrix with the Principal Component 

(PC) ensemble coefficients and use singular value decomposition (SVD) to find 

combinations that maximize cross-correlation.   The leading patterns (CCA-1 and CCA-

2) strongly resemble MCA-1 and MCA-2 although variances are certainly reduced (Fig. 

6.6).  The patterns are not very sensitive to the truncation; for instance, even a truncation 

of 50 (84.6% and 99.6% explained variance for QVERT and Z200, respectively) gives 

qualitatively similar results.  This provides additional confidence in the robustness of 

these relationships in terms of correlation. 

Regarding our MCA-1, Wu (2010) demonstrates a very similar relationship in 

observed interannual and monthly mean variability by conducting MCA between SST 

and Z500.  With the leading mode representing the linear ENSO signal, Wu’s MCA-2  



133 

 

 

Fig. 6.6. El Niño CTL CCA-1 (left) and CCA-2 (right) for seasonal mean ensemble deviations in NH Z200 (top) 
and tropical Indo-Pacific QVERT (bottom).  Corresponding percentages of explained total variance in upper left-
hand corners.  Correlation coefficients for CCA-1 and CCA-2 are 0.85 and 0.7, respectively. 

 

reveals a significant relationship between West Pacific SST and AO-like variability in 

Z500 resembling the pattern for our MCA-1 in Z200 (of which is barotropic and reflected in 

Z500 as well).  Wu (2010) states that this mode is residue of a sub-seasonal coupled 

relationship for which an AO-like structure triggers changes in West Pacific SST, which 

also in turn can force/reinforce the AO-like pattern.  Wu (2010) demonstrates that along 

with the AO-like variability, anomalous surface winds associated with changes in sea 

level pressure (SLP) across the entire North Pacific basin modify the tropical trade winds 

and consequently SST and convection in the West Pacific (at about a one month lag).  
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These changes in SST project onto central Pacific ENSO variability.  Of course, in our 

simulations SST is prescribed, yet the signal is still found in QVERT fluctuations.  This 

certainly supports the notion that this mode originates in the atmosphere.  However, we 

presume that tropical SST changes are likely to provide an additional feedback onto this 

internal mode, something that has yet to be tested.  Due to such a small sample size, we 

cannot determine if Wu’s relationship is robust during the three El Niño events, although 

it does not appear to be inconsistent.  For all the warm events, the west Pacific SST is in 

the cool phase (Wu’s MCA-2), and this is consistent with the positive AO-like pattern for 

1991/92, although the relationship does not appear as strong/consistent for the cold 

tongue events.   

Li et al. (2006) demonstrate that the AO (-) can be forced by SST warming in the 

West Pacific, and provide a good mechanistic explanation using linearized models.  The 

meridional position of transient eddy forcing associated with the response of the Pacific 

storm track is essential for this.  Changes in the storm track west of the jet exit region (in 

the jet core) force a response projecting on the AO (-), whereas changes farther east (near 

the jet exit region) force a response confined to North America.  This sensitivity directly 

carries over to the position of tropical SST warming, making the tropical west Pacific 

preferable for forcing the AO (-), as it forces a shift in the Pacific storm track near the jet 

core.  An AO (-) response has additional enhancement by transient eddies in the North 

Atlantic, and also a significant contribution from extratropical air-sea interaction in both 

ocean basins.  This suggests that our MCA-1 relationship may be much stronger if we 

include air-sea interaction, which we have not yet tested, and this is left for future work. 
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The AO-triggering precipitation response to idealized SST warming in the West 

Pacific, simulated by Li et al. 2006, is very similar in structure to the positive phase of 

our QVERT MCA-1, with exception to additional heating/precipitation north of the equator 

in the West Pacific (refer to Fig. 4 from Li et al. 2006).  Also, during El Niño the jet is 

extended and the jet core may be more accessible for tropical forcing to excite a Rossby 

wave that will project on the AO, at least in its negative phase.  Also, in light of the 

results of Li et al. (2006), despite having more variance, MCA-2 may reflect tropical 

forcing that is not preferable for forcing a strong annular response. 

X"7"##89%#$(5%#(1#8:('4025#Y(:04)D#
 

How important is tropical forcing for the leading MCA relationships?  In CAM4, 

are AO-like seasonal mean intra-ensemble deviations forced by the QVERT dipole in the 

west/central Pacific during El Niño?  Also, do internal convective variations in the 

eastern Pacific modify the amplitude of the Pacific/North America wave train response to 

El Niño?  These questions are addressed by examining the previously calculated MCA 

relationships in the prescribed Q simulations.  By removing tropical-extratropical two-

way coupling and prescribing Q, Q fluctuations are external and independent of the 

extratropics, and any coherence between a tropically forced signal and internally 

generated variability is simply by chance.  If the relationships found in CTL are 

reproducible in the prescribed Q simulations, a degree of attribution may be made to 

tropical forcing.  We keep in mind that the total variability in upper-level divergence 

(200-150 hPa, D) is more sensitive to Q when Q is prescribed (Fig. 5.2).  This effect is 

reduced with the inclusion of low frequency sub-seasonal variability.  Either way, this 



136 

 

likely will result in some overestimation of the local response in the prescribed Q 

simulations.  This will be investigated later in this section. 

MCA-1 & MCA-2 patterns calculated with the CTL simulations are projected 

onto the Z200 data for individual EFIX & ESUBFIX events, as well as for 1991/92 

DAYFIX.  The resultant ensemble coefficients for QVERT and Z200 are correlated with 

each other in order to test the robustness of the relationships in the prescribed Q 

simulations.  EFIX & ESUBFIX results for are summarized for MCA-1 & MCA-2 in 

Tables 6.3 & 6.4, respectively.  With exception to 1982/83 ESUBFIX, all correlations are 

significant for MCA-1.  Though correlations are certainly not high, QVERT MCA-1 is 

certainly forcing a preference for Z200 MCA-1 in the prescribed simulations.  The 

procedure used for establishing significance of MCA-1 provides a crude sense of 

overfitting for the relationship in CTL.  Considering that correlation coefficients are all 

higher for the independent CTL events, assuming one-way tropical forcing is not valid 

for MCA-1, and tropical-extratropical coupling must be important.  Results are consistent  

 

Table 6.3. Correlation coefficients (!) for El Niño CTL QVERT-Z200 MCA-1 projections onto seasonal mean 
ensemble deviations for EFIX & ESUBFIX individual events.  Note that with 50-2 degrees of freedom, !CRITICAL 
! 0.24 (0.33) for 5% (1%) significance level (one-tailed Student’s t-test).  Correlation coefficients for all EFIX 
events as well as for 1991/92 ESUBFIX are highly significant, whereas correlation for 1997/98 (1982/83) 
ESUBFIX is significant (insignificant).  CTL cross-validated correlation coefficients (combined from MCA 
calculated on independent events) are shown in bottom row for comparison. 

 

QVERT-Z200  

MCA-1 

correlation coefficient (!) 
experiment 

1982/83 1991/92 1997/98 

El Niño 

CTL 

0.36 0.41 0.40 EFIX 

0.20 0.61 0.32 ESUBFIX 

0.50 0.70 0.59 CTL 
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Table 6.4. Same as Table 6.3, but for MCA-2 projections.  All correlations are highly significant. 

 

QVERT-Z200  

MCA-2 

correlation coefficient (!) 
experiment 

1982/83 1991/92 1997/98 

El Niño 

CTL 

0.38 0.47 0.57 EFIX 

0.42 0.62 0.58 ESUBFIX 

0.56 0.51 0.48 CTL 

 

for 1991/92 DAYFIX simulations as well, and a correlation coefficient of 0.58 (0.48) is 

calculated for the MCA-1 (MCA-2) relationship in projections.  It is interesting that 

including low frequency sub-seasonal Q variability for 1991/92 yields the strongest 

relationships (in terms of correlation coefficient) among the prescribed Q simulations. 

 Interestingly, MCA-2 is reproduced in all prescribed Q simulations with all 

correlation coefficients being highly significant, consistently higher than the 

corresponding correlation coefficients for MCA-1.  Comparing the correlation 

coefficients to those calculated for the independent CTL events, they are within the same 

0.4 – 0.6 range as the cross-validated values from and appear to be consistent.  As 

opposed to MCA-1, this mode is consistent with one-way tropical forcing.  Although, we 

still have not ruled out the possibility that its variability has an extratropical origin.  Any 

such conclusions would also require controlled experiments for which the extratropical 

influence is modified.  Such model experiments would provide great insight for MCA-1 

also.  This is left for further study. 
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Are the MCA modes discussed in Sections 6.1 and 6.2 simply residue of sub-

seasonal fluctuations?  For MCA-1, tropical-extratropical coupling is necessarily 

constrained to operate at shorter temporal scales than those at which the relationship is 

detected (i.e., time needed for interplay between the two).  What is the physical 

mechanism for tropical-extratropical interaction?  The strong similarity between patterns 

in QVERT seasonal mean ensemble spread and 30-120 day low frequency variability in the 

central Pacific is consistent with a potential relationship between the two, which 

intuitively makes physical sense as well. 

In order to investigate the sub-seasonal variability that contributes to the seasonal 

mean ensemble relationships between QVERT and Z200, QVERT MCA-1 & MCA-2 patterns 

are projected onto daily fluctuations about the slowly evolving SST and climatological 

signal (vertically integrated Q0) for each individual event.  Then the seasonal means 

(from which the modes are originally calculated) are removed such that only sub-seasonal 

variability is examined.  The projection time series’ for QVERT (150 seasonal evolutions 

of length 120 days) have very red power spectra (roughly 80% of variance has periods 

greater than 10 days).  This may be expected simply because QVERT MCA-1 & MCA-2 

are large-scale spatially coherent patterns.  We perform lead-lag regression between the 

projection time series’ and both tropical and extratropical fields in order to isolate the 

variability that tends to precede and trail sub-seasonal changes of the projection time 

series’.  The associated lead-lag regression patterns will be referred to MCA-1DAY & 

MCA-2DAY.  In the tropics, we focus on QVERT and D, and in the extratropics, we 
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examine Z200, 200 hPa zonal wind (U), 300 hPa (2-10 day v%)2
 (a metric for storminess 

that reflects the passage of transient eddies through meridional wind changes), and E-

vectors computed at 300 hPa given by 

! 

E = ( " v 
2
# " u 

2
,# " u " v )   (6.1) 

 

(with primes also indicating variability with periods of 2-10 days).  Note that E-vectors 

give a sense of the group velocity of transient eddies.  We investigate the temporal 

evolution of MCA-1DAY & MCA-2DAY in the El Niño CTL simulations alongside those 

for ESUBFIX, as well as for 1991/92 CTL, ESUBFIX and DAYFIX.  Considering that 

tropical forcing is independent for ESUBFIX and DAYFIX, contrasting the results 

provides further insight about the role of tropical-extratropical coupling in terms of the 

sub-seasonal evolution of MCA-1DAY & MCA-2DAY.  Note that a separate analysis does 

not reveal any large asymmetries resulting in qualitative differences – in other words, 

anomalies associated with one phase generally represent those associated with the other 

multiplied by –1.  Although, a few minor asymmetries that do exist are noted later. 

Results suggest that MCA-1DAY captures variability that involves coupling 

between an evolving extratropical planetary wave and low frequency convective 

variability, bearing similar characteristics as the MJO.  Results are shown in the opposite 

phase in order to bear more physical meaning.  Fig. 6.7 shows the evolution of MCA-

1DAY in NH Z200 from lead-20 to lag-25 for El Niño CTL in contrast to that for 

ESUBFIX.  At lead-15 in CTL, Z200 anomalies over Northeast Asia and North Pacific 

project to some degree on the AO (weakly at lead-20 as well).  From lead-15 to lead-5, 

anomalies grow over the Pacific as the flow transitions into the PNA pattern from lead-5  
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Fig. 6.7. NH Z200 for El Niño MCA-1DAY.  MCA-1DAY calculated by regressing fields with QVERT MCA-1 
projection time series at various lags.  Plotted in 5-day intervals, lead-20 through lead-0 for CTL (ESUBFIX) in 
first (second) column from left, and lag-5 through lag-25 for CTL (ESUBFIX) in third (fourth) column from left. 
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to lead-0.  For ESUBFIX on the other hand, a stationary zonally symmetric pattern 

strengthens at a steady rate from lead-15 to lead-0 with weaker anomalies forced by low 

frequency tropical Q variability.  From lag-5 to lag-25, MCA-1DAY is very similar 

between CTL and ESUBFIX in the evolution of NH Z200, although ESUBFIX anomalies 

are stronger.  The pattern transitions into an annular structure by lag-10 and projects onto 

the AO (without much of a North Atlantic component) persisting through around lag-

20/lag-25.  For MCA-1DAY, the natural transition into the AO-like pattern and its 

persistence in CTL is consistent with the transient response to independent low frequency 

tropical forcing in ESUBFIX.  However, the disagreement that precedes this (especially 

at lead times) suggests an important role of tropical-extratropical coupling.  Of course, 

the independent role of the extratropics cannot be isolated considering that any Q 

variability that is forced by the extratropics is present in both simulations, although this 

variability is not in balance with the extratropics in the prescribed Q simulations.  The 

extratropical role can only be examined in the context of its interaction with tropical Q, 

inferred from regression involving the results from the CTL simulations. 

 MCA-1DAY results for 1991/92 CTL, DAYFIX, and ESUBFIX generally verify 

the results for all El Niño events (Figs. 6.8 & 6.9).  Although for 1991/92, regression 

anomalies are stronger.  Also, when Z200 leads tropical QVERT, the planetary wave 

development over Eurasia is much more zonally asymmetric and does not project onto 

the AO.  Up to three weeks beforehand it appears that there tends to be more 

development far upstream over the North Atlantic and Europe.  Interestingly, some of 

this is even roughly consistent with that forced by low frequency Q variability, however  
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Fig. 6.8. NH Z200 for 1991/92 MCA-1DAY.  Plotted in 5-day intervals, lead-20 through lead-0 for 1991/92 CTL, 
DAYFIX, and ESUBFIX in first, second, and third columns from left. 
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Fig. 6.9. NH Z200 for MCA-1DAY.  Plotted in 5-day intervals, lag-5 through lag-25 for 1991/92 CTL, DAYFIX, 
and ESUBFIX in first, second, and third columns from left. 

 



144 

 

the major changes from lead-10 to lead-0 in CTL are again not simulated for the 

prescribed Q simulations, even when nearly all variability is prescribed (DAYFIX).  For 

1991/92, the transition from the PNA pattern to the AO pattern is again consistent with 

the transient response to tropical forcing, although the relationship is stronger and more 

persistent (with larger regression coefficients resembling the AO and lasting for a 

month). 

 In order to physically understand the extratropical role, we take a closer look at 

changes associated with El Niño MCA-1DAY, contrasting its evolution in CTL and 

ESUBFIX (Figs. 6.12 – 6.15).  Similarly, we examine 1991/92 MCA-1DAY, contrasting 

its evolution in CTL and DAYFIX, for which the only significant difference is the lack of 

an extratropical impact on the tropics (Figs. 6.16 – 6.19).  Spanning Asia, the eastern 

Indian Ocean, tropical and NH extratropical Pacific, and North America, we examine 

regression fields from lead-10 through lag-10.  In particular, we examine changes in Z200, 

200 hPa zonal wind (U), storminess (300 hPa (2-10 day v%)2
), and 300 hPa E-vectors 

alongside tropical QVERT and D.  MCA-1DAY fluctuations in storminess, 300 hPa 

anomalous E-vectors, QVERT, and D occur relative to the full fields, which may be 

referenced in Figs. 6.9 & 6.10 (keeping in mind a different scaling) for El Niño and 

1991/92 results, respectively.  For zonal wind (U), Figs. 3.5 & 4.5 may be referenced for 

tropical CLIM and El Niño CTL – CLIM, respectively, and Figs. 3.11, 4.22, & 4.31 for 

NH CLIM, El Niño CTL – CLIM, and 1991/92 CTL – CLIM, respectively.  At lead-10 

(Fig. 6.12) for El Niño CTL, development has begun in height anomalies over Northeast 

Asia and the North Pacific, tightening the north-south gradient over eastern Siberia,  
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Fig. 6.10. Seasonal/ensemble mean 300 hPa (2-10 day v%)2 (shaded in green and purple, 30 m2/s2), 300 hPa E-
vector (vectors, magnitudes peak at 60-90 m2/s2 along the Pacific storm track), QVERT (shaded in yellow/red and 
blue, 10 W/m2), and D (thick contours, 15 s-1) for El Niño CTL (left) and El Niño ESUBFIX (right). 

 

 

Fig. 6.11. Same as Fig. 6.10 but for 1991/92 CTL (left) and 1991/92 DAYFIX (right). 

 

increasing local vertical wind shear.  A reverse height gradient is present at around 30
0
 N 

across the Pacific along with a weakening of the jet at its exit region.  Immediately 

downstream, a poleward nudge in the storm track occurs.  In the tropics, weak anomalous 

cooling/convergence occurs in the west/central Pacific south of the equator.  The low 

frequency Q forced response (ESUBFIX) involves a larger degree of enhanced  
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Fig. 6.12. MCA-1DAY at lead-10 for El Niño CTL (left column) and El Niño ESUBFIX (right column).  Z200 
(shaded, 5 m) and 200 hPa zonal wind (U, contours, 0.5 m/s) (top row).  300 hPa (2-10 day v%)2 (shaded in green 
and purple, 1.5 m2/s2), 300 hPa E-vectors (vectors, magnitudes peak at 5-7 m2/s2 along the Pacific storm track), 
QVERT (shaded in yellow/red and blue, 2 W/m2), and D (thick contours, 5 s-1). 

 

storminess in the North Pacific with more zonally symmetric height anomalies.  The 

forced tropical QVERT and D anomalies are much stronger with broader west/central 

Pacific cooling/convergence and anomalous heating/divergence developed along the 

ITCZ east of the date line.  Anomalous heating and divergence is simulated in the Indian 

Ocean as well.  These convective changes are consistent with anomalous westerlies 

(easterlies) in the West (East) Pacific. 

 At lead-5 (Fig. 6.13) for El Niño CTL, anomalous Z200 reflects a transitioning of 

the circulation into the PNA (-) pattern with rapid growth of high North Pacific  
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Fig. 6.13. Same as Fig. 6.12, but for MCA-1DAY at lead-5.  E-vector magnitudes peak at 6-12 m2/s2 along the 
Pacific storm track. 

 

anomalous heights accompanied by lowered heights to the south.  In the phase plotted, 

this behavior may represent the development of blocking.  In its opposite phase, this 

behavior resembles large-scale cyclogenesis associated with the growth of persistent 

disturbances observed in the North Pacific (Black & Dole 1993).  Its absence in response 

to low frequency Q forcing is consistent with its observed disassociation with remote 

forcing.  The nature and timing of its origin in East Asia is also consistent with 

observations, which for the cyclonic case, involves a build-up of cold air that is later 

transported into a persisting cyclone (Black & Dole 1993).  Along with the weakening of 

the jet, storminess and the amplitude of westerly E-vectors increase substantially in the 



148 

 

North Pacific, consistent with reduced baroclinic suppression along with the retraction of 

the jet (Nakamura 1992).  The broad anomalous convergence of E-vectors in the North 

Pacific east of the date line implies the role of the transient disturbances in extracting 

energy from the basic state via barotropic instability thereby retracting the jet (Hoskins 

1983).  Enhanced storminess also occurs upstream across Asia consistent with enhanced 

baroclinicity from increased vertical shear.  Along with a westward movement in the 

subtropical westerly duct (anomalous zonal westerlies near Hawaii), enhanced storminess 

has split equatorward along with the path of transient activity.  The relationship between 

the group velocity of transient eddies and the background zonal wind may be understood 

in terms of wave refraction (Hoskins & Ambrizzi 1993).  The retraction of the jet results 

in a ‘leakier’ waveguide and consequently the movement of transient eddies can escape 

equatorward, and along with westward expansion of the tropical westerly duct, they can 

penetrate further into the deep tropics.  Keep in mind that waveguide theory assumes a 

separation in temporal scales between a slowly evolving basic state and transient 

fluctuations (Hoskins & Ambrizzi 1993) - a separation we do not have.  Yet with such a 

large sample size, we are able to apply this theory to more rapid changes with fairly 

robust results.  In phase with these changes, additional convection develops along the 

ITCZ east of the date line.  Consistent with a pulse in high frequency Q variability (not 

shown), it appears as if disturbances are initiating additional convective variability.  This 

mechanism is observed to constructively impact the MJO in the west/central Pacific 

(Matthews & Kiladis 1999).  Cooling and convergence has strengthened in the West 

Pacific, with some additional heating and divergence in the Indian Ocean.  Changes in the 
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Indian Ocean are accompanied with upper-level easterlies as well as some additional 

strengthening of the subtropical Asian jet.  Note that together with enhanced (reduced) 

convection in the eastern Indian Ocean (West Pacific), the regression patterns in Z200 are 

strikingly similar to those regressed to the corresponding phase of the MJO (see 

Matthews et al. 2004), although a slight westward shift is evident, also consistent with 

MJO composites during El Niño (Tam & Lau 2005).  The low frequency Q forced 

response is qualitatively similar, yet North Pacific anomalies are generally much weaker, 

particularly with weaker height anomalies and much less retraction of the jet (which is 

actually stronger to begin with).  For ESUBFIX, less enhanced storminess occurs in the 

North Pacific, as well as with that splitting equatorward, consistent with the absence of 

subtropical westerly anomalies extending the westerly duct.  Although, consistent with 

significant amplification of QVERT and D anomalies, tropical zonal wind anomalies are 

actually much stronger for ESUBFIX. 

At lead-0 (simultaneous regression, Fig. 6.14) for El Niño CTL, anomalous Z200 is 

characterized by a mature PNA (-) structure, shortly after the maximum retraction of the 

jet.  More significant anomalous westerlies occur near Hawaii, and the extent of the 

equatorward path of enhanced storminess is larger, along with the extent of E-vectors 

directed equatorward.  Convection over the ITCZ east of the date line has increased 

substantially with an apparent northeastward shift.  Close by and off to the southwest, 

significant equatorial cooling/convergence has developed in the central Pacific, which 

lags the enhanced ITCZ convection by a day or two.  Again, this behavior is consistent 

with the observed role of extratropical disturbances contributing to the MJO signal that in  
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Fig. 6.14. Same as Fig. 6.12, but for MCA-1DAY at lead-0.  E-vector magnitudes peak at ~ 5-10 (6-13) m2/s2 along 
Pacific storm track for El Niño CTL (ESUBFIX). 

 

turn forces a dynamical feedback, possibly encouraging additional westward propagation.  

The large-scale convective and upper-level zonal wind structure is consistent with the 

MJO, although other characteristics are not as we will discuss later.  Convection has 

reduced even more over the SPCZ, along with additional enhanced convection, now 

spanning the East Indian Ocean, Maritime Continent, and western equatorial Pacific.  

Now, a tropical zonal upper-level circulation is present, in balance with 

divergence/convergence patterns.  Strong convective anomalies are also present at lead-0 

for ESUBFIX, although the central Pacific dipole along the ITCZ is weaker.  In 

midlatitudes, it is interesting that the forced response is weaker in terms of anomalous 
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Z200 and U, yet more anomalous storminess, westerly E-vectors, and their convergence 

are present in the North Pacific.  Considering that the basic state jet is extended more for 

ESUBFIX compared to CTL, it is closer to the threshold for storm track suppression such 

that changes in storminess are more sensitive to its retraction (Nakamura 1992), and it 

has more energy to provide to transient eddies. 

5 days later (lag-5, Fig. 6.15), for El Niño CTL the PNA (-) structure has 

weakened as the circulation begins to transition towards the positive AO-like pattern and 

converge to the tropically forced response.  Since lead-0, the equatorward plume of  

  

CTL      ESUBFIX 

 

Fig. 6.15. Same as Fig. 6.12, but for MCA-1DAY at lag-5.  E-vector magnitudes peak at 3-7 (6-13) m2/s2 along the 
Pacific storm track for El Niño CTL (ESUBFIX). 
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storminess and E-vectors has ceased coincident with the slight narrowing of the 

subtropical westerly duct.  The enhanced ITCZ convection east of the date line has 

disappeared and equatorial central Pacific cooling/convergence and West Pacific 

heating/divergence has moved eastward coincident with anomalous zonal wind changes.  

The anomalous cooling/convergence over the SPCZ is beginning to weaken as well.  For 

ESUBFIX on the contrary, the anomalous Z200 and U response has strengthened, and the 

associated enhancement in storminess and convergence of E-vectors in the central/eastern 

North Pacific persists.  In the tropics, convective anomalies have not weakened as much 

as those in CTL, and the ITCZ enhanced convection is still present.  In general, slower 

convective changes for ESUBFIX are simply due to the fact that Q variability with 

periods less than 30 days is neglected. 

The corresponding evolution of MCA-1DAY for 1991/92 CTL and DAYFIX (Figs. 

6.16 & 6.17) generally verifies the results previously discussed, and reinforces the role of 

an extratropical influence.  Again, for 1991/92, CTL regression anomalies are stronger, 

particularly with much more dramatic changes in storminess at lead-5 and the retraction 

of the Pacific jet reaching -6 m/s at lead-0, changes clearly not simulated for DAYFIX.  

With the more zonally asymmetric planetary wave development in 1991/92, stronger 

convective and circulation changes over the Indian Ocean appear to constructively 

interfere with development over Southeast Asia beforehand.  Consequently, changes in 

the subtropical Asian jet are more striking for 1991/92.  Also, it is quite interesting the 

changes in the zonal circulation over the central equatorial Pacific are stronger in CTL.  

A cleaner attribution of these differences between CTL and DAYFIX can be made to an  
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Fig. 6.16. MCA-1DAY from lead-10 to lag-5 for 1991/92 CTL (left column) and 1991/92 DAYFIX (right column).  
Plotted is Z200 (shaded, 5 m) and 200 hPa zonal wind (U, contours, 0.5 m/s). 

 

extratropical influence, again keeping in mind that tropical convective changes in MCA-

1DAY are nearly identical.  Apart from the physical initiation of ITCZ convection, these 

results also suggest an independent dynamical component for the extratropical impact. 
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Fig. 6.17. MCA-1DAY from lead-10 to lag-5 for 1991/92 CTL (left column) and 1991/92 DAYFIX (right column).  
Plotted is 300 hPa (2-10 day v%)2 (shaded in green and purple, 1.5 m2/s2), 300 hPa E-vectors (vectors), QVERT 
(shaded in yellow/red and blue, 2 W/m2), and D (thick contours, 5 s-1).  E-vector magnitudes peak at 12-18 m2/s2 
(10-16 m2/s2) along the Pacific storm track at lead-5 (lag-5) for 1991/92 CTL (DAYFIX). 
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Note that the coupled MCA-1DAY evolution during El Niño is robust and 

dominant using independent statistical analyses on daily data alone.  After removing 2-10 

day fluctuations from daily Indo-Pacific QVERT and NH Z200 truncated to the leading 10 

EOFs each, the major aspects of the MCA-1DAY evolution are crudely reproducible in the 

leading pairs of patterns produced when conducting MCA (usually referred to as SVD 

analysis when using EOF-truncated data) between QVERT and Z200 daily fields, 

particularly when Z200 lags QVERT by 11 days.  Corresponding to the spatial variation of 

the evolving MCA-1DAY, the second leading relationship has a significant lag correlation 

with the first and represents the major transitions of MCA-1DAY.  Our regression analysis 

is preferable for capturing all relevant transitional aspects that can’t be represented by 

two spatially fixed patterns.  Also, the simpler analysis clearly represents the sub-

seasonal counterpart that captures the interaction that produces the MCA-1 relationship 

of the seasonal mean intra-ensemble spread (by its design). 

Although structures of the tropical convective evolution of MCA-1DAY are very 

similar to the MJO, some dominant features are fairly stationary (e.g. anomalous changes 

in SPCZ), and significant MJO-like eastward propagation does not appear to precede the 

interaction with the extratropics.  Still, the equatorial evolution of convective anomalies 

from lead-0 onward indicates slow Kelvin wave-like eastward propagation that may 

relate to MJO-like variability produced by CAM4.  The equatorial (5
0
 S - 5

0
 N) evolution 

of MCA-1DAY for QVERT and U for El Niño CTL & ESUBFIX (Fig. 6.18) and 1991/92 

CTL & DAYFIX (Fig. 6.19) reveals that MCA-1DAY is associated with equatorial 

eastward propagation in convection at around 8-12 m/s, whereas in ESUBFIX, MCA- 
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Fig. 6.18. Temporal evolution of El Niño MCA-1DAY QVERT (shaded, 1 W/m2) and U (thick contours, 0.3 m/s) 
spanning most of Indo-Pacific and averaged about the equator (5o S - 5o N, plotted time vs. longitude) for CTL 
(left column) and ESUBFIX (right column). 

 

 

Fig. 6.19. Temporal evolution of 1991/92 MCA-1DAY QVERT (shaded, 1 W/m2) and U (thick contours, 0.3 m/s) 
spanning most of Indo-Pacific and averaged about the equator (5o S - 5o N, plotted time vs. longitude) for CTL 
(left column) and DAYFIX (right column). 

 

1DAY is fairly stationary around lead-0 with slower eastward propagation following at 

around 5-7 m/s.  Correspondence in upper-level zonal wind past lag-5 is not as clear for 

U anomalies, which appear to be fairly stationary.  Still, the difference in the phase speed 
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of QVERT and the general temporal evolution between CTL and ESUBFIX implies that the 

tropical-extratropical coupled mode operates on variability with periods less than 30 days 

also.  This is true for the MJO simulated in CCSM4 that has additional power for periods 

less than 30 days, with a peak period of 32 days in contrast to the observed 40-day peak, 

as well as with faster eastward propagation as well (Subramanian et al. 2011).  CAM4 or 

CCSM4’s representation of the MJO is only captured through a combined EOF analysis 

(involving OLR with upper and lower-level zonal wind), for which we have not 

conducted in order to determine its relationship with this tropical-extratropical mode.  

Although many features of MCA-1DAY are similar to the MJO, it is not clear whether or 

not MCA-1DAY captures coherence between MJO-like behavior simulated in CAM4 and 

extratropical low frequency variability. 

Still, in addition to its observed association with the PNA pattern, the MJO also 

has a relationship with the AO.  In terms of pentad means (spanning November-April), 

Zhou & Miller (2005) find a significant phase preference between the MJO and the AO 

in that it is twice as likely for them to be in the same phase compared to opposite phases.  

For the observed MJO and AO indices of 1982/83, 1991/92, and 1997/98, Zhou & Miller 

(2005) calculate simultaneous correlation coefficients of 0.32, 0.09, and 0.44, 

respectively, with only a significant relationship for 1997/98.  Conversely, our 

relationship is strongest for 1991/92.  Also, it should be noted that the strength of MJO 

activity was observed to be much weaker for 1982/83 and 1997/98 (Hendon et al. 1999).  

Correlating observed indices with a lag might result in a stronger relationship.  
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Nevertheless, it is noted that the observed existence of a MJO-AO relationship has 

similarity with the evolution of MCA-1DAY. 

Linear regression masks all asymmetry of the response (e.g., difference between 

positive phase and negative phase multiplied by –1).   Phase compositing fields reveals 

that there is generally little asymmetry about the climatological and SST-forced signal, 

although some asymmetric features are evident.  For the initial development of ITCZ 

convective anomalies, anomalies develop a few days sooner for the phase involving 

enhanced convection in contrast to the phase involving reduced convection (not shown).  

Wave refraction is dependent on the stationary wave number, which itself is nonlinearly 

dependent on zonal wind, particularly near the zero line (Hoskins & Ambrizzi 1993).  

This effect is likely to account for this asymmetric difference.  Analyzing other minor 

asymmetries is beyond the scope of this study. 

The neglect of tropical-extratropical coupling results in an extratropical response 

that amplifies the El Niño signal represented by Z200 (Figs. 5.11 & 5.13).  In light of the 

significant coherent tropical-extratropical coupled sub-seasonal interaction isolated by 

MCA-1DAY, we hypothesize that its absence accounts for the changes in the 

seasonal/ensemble mean response to El Niño.  Without coherent feedback from tropics, 

we presume that typical extratropical PNA variability in CAM4 is less likely to transition 

into an annular structure, projecting onto the AO.  This is consistent with the observed 

evolution of persistent PNA-like sub-seasonal variability (Black & Dole 1993).  Without 

these repeated tropical ‘kicks’ that feedback onto the evolving extratropical circulation 

allowing AO-like variability to persist longer, the net seasonal mean response to El Niño 
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may be different.  This may involve some sort of asymmetry in the evolution independent 

of the tropics, and requires further investigation.  Secondly, much of the enhanced 

ensemble spread of Z200 at high latitudes and the Arctic, is linked to tropical Q spread 

through MCA-1 (as previously discussed), and it arises from the sub-seasonal tropical-

extratropical coupled interaction captured by MCA-1DAY. 

Similarly, we examine the evolution of MCA-2DAY during El Niño, and results are 

for the most part consistent between El Niño CTL and ESUBFIX (Fig. 6.20).  At sub-

seasonal time scales, it appears as if a large-scale dipole in tropical Indo-Pacific 

convection is forcing variation projecting onto the response to El Niño.  In terms of the 

sub-seasonal strength of the response, MCA-2DAY basically links internal tropical 

variations to those in midlatitudes.  This makes intuitive sense, and originally we 

envisioned the existence of such variability modulating the temporal evolution of the 

response.  Unlike MCA-2DAY, there are no significant regression patterns beyond a few 

weeks.  An extratropical effect is not clear as it is for MCA-2DAY, although there may be 

a hint of a similar extratropical influence occurring after lead-0 in the eastern Pacific.  

Again, there is some evidence of equatorial propagation of convective anomalies (as well 

as in upper-level zonal wind) although it is faster at around 10-18 m/s (Fig. 6.21).  From 

lead-10 to lag-10, it appears that convective anomalies are coupled to the circulation, and 

again, equatorial propagation is consistent with a Kelvin wave.  Consistent with its 

imprint averaged across the season, it appears as if MCA-2DAY primarily involves one-

way forcing from low frequency Q variability. 
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Fig. 6.20. NH Z200 (shaded, 5 m, top hemispheric plots) with tropical Indo-Pacific QVERT (shaded in yellow/red 
and blue, 2 W/m2), D (thick contours, 5 s-1), and 300 hPa (2-10 day v%)2 (shaded in green and purple, 1.5 m2/s2) 
for MCA-2DAY.  MCA-2DAY calculated by regressing fields with QVERT MCA-2 projection time series at various 
lags.  Plotted in 5-day intervals, lead-10 through lead-0 for El Niño CTL (ESUBFIX) in first (second) column 
from left, and lag-5 through lag-15 for El Niño CTL (ESUBFIX) in third (fourth) column from left. 
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Fig. 6.21. Temporal evolution of El Niño MCA-2DAY QVERT (shaded, 1 W/m2) and U (thick contours, 0.3 m/s) 
spanning most of Indo-Pacific and averaged about the equator (5o S - 5o N, plotted time vs. longitude) for CTL 
(left column) and ESUBFIX (right column). 
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For the cold tongue El Niño events (1982/83 & 1997/98) CTL simulations, the El 

Niño signal is evident in the anomalously high seasonal/ensemble mean QVERT in the 

eastern equatorial Pacific (Figs. 4.12 & 4.18) with the largest positive anomalies 

extending from 180
0
 to 120

0
 W, between 10

0
 S and 5

0
 N.  There also is substantial low 

frequency variability over this region (Figs. 4.13, 4.14, 4.19, & 4.20).  Here we ask, what 

is the role of persistent convection in the eastern Pacific for the midlatitude response to a 

cold tongue (CT) El Niño?  In order to address this, we first remove 2-10 day variability 

from QVERT and take an area-average across the eastern equatorial Pacific region (180
0
-

120
0
 W, 10

0
 S-5

0
 N).  This index is referred to as QEAST, and is used to represent the sub-

seasonal magnitude of convection contributing to the broad signal in the eastern Pacific.  

We pool together the results from both cold tongue El Niño events.  Days of strong 
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convection are defined by days when QEAST exceeds +40 W/m
2
, and for the 12000 days 

that are considered (120 days $ 50 ensemble members $ 2 events), this occurs about 30% 

of the time.  Note that results have some sensitivity to threshold, and this particular 

threshold is chosen to capture about a third of the variability.  The days are then 

categorized according to duration of consecutive days of strong convection.  By 

analyzing composite fields, we assess the extratropical circulation associated with days of 

strong convection as a function of duration, for both Z200 and 300 hPa (2-10 day v%)2
, 

after each daily evolving ensemble mean signal is subtracted, for both 1982/83 and 

1997/98.  We also examine the local structures in QVERT, relative to the respective 

ensemble mean signal (Q0) for 1982/83 and 1997/98.  Note that the climatological and 

SST-forced ensemble mean signals are removed from the composite variables but not our 

index, QEAST.  However we do remove the signal in the index in a separate analysis and 

generally find qualitatively similar results, at least for CTL (not shown), indicating the 

temporal evolution of the signal is not important here and persistent strong eastern Pacific 

heating is not dominant during certain times of the season.  For both CTL and ESUBFIX 

simulations, we examine episodes for which strong convection persists for 2-3 weeks and 

3+ weeks.  Before the end of the second week, the remote response is assumed to still be 

in a developmental stage, before feedback from transient eddies modifies the response 

(Jin & Hoskins 1995). 

 For CT events in CTL, strong convection occurs 3557 days total, with 365 days 

persisting 2-3 weeks.  During 2-3 weeks of sustained strong convection, a wave train-like 

dipole pattern is evident with low anomalous heights in the North Pacific and high 
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anomalous heights over eastern Canada (Fig. 6.22).  Over the Pacific and North America, 

notice there is similarity with CTL MCA-2DAY Z200 (opposite phase as plotted) at lag-5, 

although the pattern here is shifted slightly westward.  This seems consistent considering 

that QVERT for MCA-2DAY projects onto the QEAST index for a few weeks prior (lead-10 

through lag-5), and the average QVERT structure associated with 2-3 weeks of sustained 

strong convection roughly resembles the persistent MCA-2DAY with a north-south dipole 

in the central Pacific.  Unlike regression, compositing here is also capable of capturing a 

degree of systematic nonlinearity, which is what we are interested in here.  Further 

downstream, weaker height anomalies are present but there is also some indication of an 

enhanced storminess over the Atlantic and across Europe.  During 3+ weeks of sustained 

strong convection (using 232 days), the anomalous circulation structures are modified 

(Fig. 6.23).  The wave train pattern is modified and anomalous low heights over the 

southern U. S. have now developed.  With strong convection persisting 3+ weeks, the 

pattern more closely projects onto the seasonal mean El Niño response.  A reduction in 

storm track activity occurs across North America and the North Atlantic as well as 

enhancement further downstream over southern Europe and spanning into Asia.  A hint 

of enhanced downstream storminess over Eurasia is also represented by MCA-2DAY (not 

shown), although the significant changes in Z200 are not.  Visually, the anomalous height 

pattern resembles a long wave train originating in the eastern Pacific extending over 

North America, the North Atlantic, Europe, and the Middle East, in conjunction with 

anomalous westerly motion over Europe and a generally weakening of the subtropical jet  
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Fig. 6.22. NH Z200 (10 m, top row), 300 hPa (2-10 day v%)2 (10 m2/s2, middle row), and tropical Indo-Pacific QVERT 
(10 W/m2, bottom row) composite fields during 2-3 weeks of sustained strong convection (QEAST > +40 W/m2) for 
CT El Niño CTL (365 days) and CT El Niño ESUBFIX (574 days). 

 

to the south, over the Middle East.  These changes are evident in the seasonal/ensemble 

mean response and it appears this composite is capturing part of its contribution. 
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Fig. 6.23. NH Z200 (10 m, top row), 300 hPa (2-10 day v%)2 (10 m2/s2, middle row), and tropical Indo-Pacific QVERT 
(10 W/m2, bottom row) composite fields during 3+ weeks of sustained strong convection (QEAST > +40 W/m2) for 
CT El Niño CTL (232 days) and CT El Niño ESUBFIX (495 days). 

 

For CT events in ESUBFIX, strong convection (QEAST > +40 W/m
2
) occurs 3045 

days total (~25% of the time), with 574 days persisting 2-3 weeks and 495 days persisting 
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3+ weeks.  Keeping in mind that QEAST already has < 30-day variability removed, more 

days with long persistence are expected.  During 2-3 weeks of sustained strong 

convection, Z200 anomalies for ESUBFIX differ quite a bit compared to those in CTL 

(Fig. 6.22).  Interestingly, the strong anomalous low height response is not simulated.  

This may have something to do with the position of the subtropical Pacific high height 

center that is displaced eastward by 20-30
0
, despite similar patterns in tropical QVERT.  

There is some minor agreement downstream, with enhanced storminess over parts of the 

North Atlantic and Europe.  After 3+ weeks (Fig. 6.23), there is much more qualitative 

agreement between CTL and ESUBFIX.  Interestingly, the anomalously low heights 

projecting onto the seasonal mean El Niño response over the Pacific and North America 

are simulated for ESUBFIX as well.  The global wave train feature is also simulated.  

Reduced storminess over North America and the North Atlantic, as well as some 

enhanced storminess downstream is also simulated to some degree. 

The consistency between CTL and ESUBFIX for eastern Pacific convective 

persistence during CT El Niño events provides a degree of significance to the result.  It is 

quite interesting that there are significant anomalies consistently simulated far 

downstream.  Still, even if this approach has isolated some impact of convective 

persistence in the eastern Pacific, after 3+ weeks the anomalous heating tends to be 

amplified along with the compensating equatorial central Pacific cooling.  It could be that 

the impact of a stronger forcing overshadows any role of persistence.  Also, this analysis 

uses a much smaller sample size, from which we have not quantitatively estimated 

statistical significance.  Either way, convective persistence (as we have defined according 
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to QEAST) beyond 2 weeks is rare, and our composite plots combined represent only about 

7% of the total data, and less likely to have a significant effect on the seasonal/ensemble 

mean response to El Niño.  It may however be important for the downstream response. 
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7.  CONCLUSIONS & DISCUSSION 

7.1.  Primary Results 
 

The motivation of this study is to better understand the extratropical response to 

El Niño.  Current understanding is generally limited to an average across the season, 

considered to be the most relevant time scale for the response.  Considering that ENSO 

and its response have well defined seasonal mean characteristics, an assumption exists 

that the seasonal mean forcing is all that matters.  However there is significant variability 

in the atmospheric component that transmits the El Niño signal, diabatic heating (Q), 

much of which involves large-scale low frequency convective development and exhibits 

a clear transient impact locally and outside of the tropics, e.g. the MJO.  There is also 

substantial intra-ensemble spread simulated during El Niño.  Is the seasonal mean forcing 

really all that matters for the seasonal mean response?  We challenge this assumption and 

essentially test it as a null hypothesis in a set of controlled model experiments.  Using 

NCAR’s Community Atmospheric Model version 4 (CAM4), we run a freely coupled (in 

terms of Q and the circulation) control set of simulations forced with observed SST from 

multiple El Niño events (CTL).  After decomposing the resultant Q over the Indo-Pacific 

in terms of its seasonal mean intra-ensemble spread and sub-seasonal variability, we 

prescribe subsets of Q in sets of experimental simulations in order to diagnose the impact 

of neglecting Q variability.  Comparison of the specified Q experiments with the control 
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experiments also allows us to assess the coupling between Q and the local tropical 

circulation, as well as the coupling between the tropics and extratropics.  Based on our 

results, in the CAM4 control experiments the answer to the proposed question is no; the 

seasonal mean forcing is not all that matters for the seasonal mean response.  

Unexpectedly, the direction of forcing (tropics ' extratropics) is not all that matters 

either.  We find an extratropical impact on the tropics is also important for the seasonal 

mean response.  This is the crucial finding of this work. 

 In the context of a response to prescribed SST forcing, CAM4 has a fairly realistic 

simulation the extratropical response to ENSO.  The seasonal/ensemble mean tropical 

and extratropical structures of the response to El Niño compare well with observationally 

based products, although the magnitude of the response, in terms of anomalous 

circulation, appears to be quite strong.  However, most of this bias is attributed to the 

representation of the climatological basic state generated by prescribing climatological 

SST, and the relevant full fields simulated during El Niño compare much better with 

those in observations, e.g. the tropical eastern Pacific westerly duct and strength of the 

extended and equatorward shifted Pacific jet, which likely has a critical importance for 

this study.  In addition to seasonal mean changes, the seasonal evolution of the Pacific 

jet/storm track is simulated well. 

Providing with a large ensemble size, changes in variability during El Niño are 

robust in our simulations, and compare well with the work of Compo et al. (2001, CSP).  

During El Niño, along with a broad westward spread of the convective signal across the 

tropical Pacific, significant basin-wide enhancement of vertically integrated diabatic 
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heating (800-200 hPa, QVERT) variability is simulated.  Of particular interest is the large 

enhancement in seasonal mean ensemble spread and 30-120 day low frequency 

variability.  Clear elongated maxima exist as more robust fluctuations in the southward 

(northward) shifted ITCZ (SPCZ).  For the extratropical response, a consistent reduction 

in sub-seasonal variability is simulated in the North Pacific, which is most likely the 

related to changes in the extratropical basic state and/or modified by feedback from 

transient eddies.  This is consistent with the reduced occurrence of blocking during El 

Niño, as simulated by Straus & Molteni (2004) with reduced clustering during El Niño.  

These are among the mechanisms proposed by CSP who simulate this reduction as well.  

Most interestingly, we simulate a significant enhancement in the seasonal mean intra-

ensemble spread of Z200 over much of the NH, particularly in the Arctic and at high 

latitudes, consistent with the results of CSP.  This has important implications for the 

predictability of the response to El Niño. 

A significant finding that is critical for the experimental design of this work is that 

for CAM4, Q-circulation coupling is not locally important.  This appears to be 

approximately valid in terms of details of the daily evolution, the seasonal/ensemble 

mean, as well as for intra-ensemble and sub-seasonal variance of the local divergent 

response, when daily-interpolated Q is prescribed.  Consequently, we are justified to use 

the method of Q prescription. 

 The prescription of modified Q variability over the tropical Indo-Pacific provides 

adequate control of the variability in upper-level horizontal divergence (averaged 200-

150 hPa, D), and in this context, D is primarily a local response to vertical motion 



171 

 

balancing Q.  With Q prescription, the complete neglect of components of Q variability 

generally reduces the corresponding D variance by 75-85%.  However, the inclusion of 

components of Q variability interestingly enhances the corresponding D variance by 45-

80% when sub-seasonal Q variability at relatively higher frequencies is neglected.  We 

presume that this reflects the lack of independence between temporal scales. 

The neglect of sub-seasonal Q variability also has an appreciable effect on the 

seasonal/ensemble mean local divergent response simulated in CAM4, and it acts to 

enhance the local response to El Niño.  This is consistent with the enhanced variability.  

By examining the vertical column relationship between Q and divergence as a function of 

QVERT, results suggest that at least half of the enhanced divergence may be the result of 

the vertical redistribution of Q vertical profiles, an effect of temporal averaging.  

Moderate values of QVERT absorb the vertical profiles naturally associated with deep 

convection in the model, and raise the level of peak Q.  For moderate values of QVERT, 

this effectively increases the vertical gradient of Q and forces additional divergence, and 

interestingly there is no compensating effect in other values of QVERT across its range.  

We presume that the persistence of Q also plays a significant role.   

The seasonal/ensemble mean Q is preserved.  Therefore, adiabatic processes must 

balance the net additional divergence – divergence that presumably compensates for 

imbalances arising from the neglect of sub-seasonal Q variation throughout the season.  

This is verified by the presence of adiabatic cooling at upper-levels.  These changes force 

an upper-level circulation that slightly modifies convection outside the Indo-Pacific 

domain, most notably resulting in shifts in convection over South America and Africa.  
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These convective changes in turn appear to force changes in the upper-level circulation 

over parts of the NH.  In particular, modified convection over Africa appears to force a 

wave train response over the Middle East and much of Asia. 

Under the assumption that the extratropical response to El Niño is completely 

determined by independent Q forcing, we ask to what degree can variability in 

independent tropical forcing account for variability in the extratropics.  In particular, we 

test a hypothesis of CSP that changes in tropical Pacific convective variability themselves 

can possibly force changes in extratropical variability, e.g. a one-way causal relationship 

between the enhanced tropical and extratropical ensemble spread during El Niño.  We 

find that equatorward from 0-20
0
 N, independent Q seasonal mean intra-ensemble spread 

and 30-120 day variability each account for roughly half of the corresponding variance in 

Z200 during El Niño, although poleward of 20
0
 N, they each account for only 5-10% of 

the corresponding variance in Z200. We conclude that in the CAM4 El Niño control 

simulations (CTL), independently forced Q intra-ensemble spread is unlikely to account 

for the enhancement in Z200 spread across the NH, particularly at higher latitudes. 

In terms of the seasonal/ensemble mean extratropical response simulated during 

El Niño, there is a forced wave train pattern extending over the Pacific, North America, 

and Arctic, consistently simulated in all prescribed Q simulations relative to CTL.  This 

structure projects onto the response to El Niño, and acts to amplify it.  For 1982/83, it 

appears that much of this may be attributed to independently forced sub-seasonal Q 

variability, however for the other events this is clearly not the case.  Also, this 

amplification of El Niño signal remains even with the prescription of nearly all Q 
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variability (daily-interpolated Q for 1991/92).  This unexpected result suggests that the 

differences are the result of neglecting tropical-extratropical two-way coupling, as 

opposed to the effect of independent sub-seasonal Q variability.  This is the most 

important finding of our study, and suggests that for CAM4, extratropical variability 

interacts with the tropics in such a way as to reduce the amplitude of the El Niño SST 

forced signal. 

Motivated by better understanding the predictability of the seasonal mean 

response to El Niño, is the enhancement in Z200 spread related to that in tropical Pacific 

Q?  We demonstrate that it is unlikely to be independently forced, but is there a two-way 

coupled relationship?  For QVERT, the dominant mode contributing to the total seasonal 

mean intra-ensemble spread is represented by a seesaw in convection between the ITCZ 

and SPCZ, a preferred internal mode that is nonexistent during neutral or La Niña events.  

The dominant mode in the NH extratropical Z200 seasonal mean intra-ensemble spread is 

represented by an AO-like pattern, an internal mode of variability that is robust regardless 

of the phase of ENSO, yet is more active and more dominant during El Niño (e.g. 

explains more variance itself and more variance relative to the total).  This mode is the 

dominant contributor to the enhanced Z200 spread simulated during El Niño, and its 

relationship with the tropics may provide some insight into seasonal predictability. 

Using maximum covariance analysis (MCA), robust statistical relationships are 

found within the seasonal mean intra-ensemble spread linking tropical and extratropical 

variability during El Niño.  Sure enough, the leading relationships generally link the 

previously discussed dominant coherent modes in tropical QVERT and extratropical Z200.  
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Capturing 65% of the total squared covariance, the AO-like pattern is strongly related to 

a dipole in QVERT between the SPCZ and central Pacific ITCZ, with some minor 

dependence on the Indian Ocean as well (MCA-1).  Observational and modeling 

evidence verifies this relationship.  Wu (2010) finds a similar relationship between 

observed seasonal mean SST and 500 hPa geopotential height, and argues that the AO-

like variability forces changes in the western/central Pacific that in turn dynamically 

reinforce the AO-like variability.  This observed interannual variability is at least 

apparent during the 1991/92 El Niño event.  As further demonstrated by Li et al. (2006), 

SST warming in the West Pacific can force the AO (-).  This is largely dependent on 

feedback from differential changes in the Pacific jet/storm track.  Geographically, the AO 

(-) is more sensitive to changes in the jet core, rather than changes along the exit region, 

which makes the West Pacific preferential for triggering or reinforcing it.  Demonstrating 

a degree of one-way tropical forcing, we simulate this relationship in the prescribed 

simulations as well, although it is significantly weakened – less than that expected from 

statistical overfitting.  Along with the observational evidence, this suggests that the 

relationship simulated in CAM4 is a tropical-extratropical two-way coupled mode.  In 

CAM4, this mode is the primary link between the enhanced intra-ensemble spread in the 

tropics and extratropics, and may provide insight for the results of CSP. 

The second leading MCA mode (MCA-2) is also very robust and links tropical 

and extratropical variations that project onto the El Niño signal, explaining 15% of the 

remaining squared covariance.  This mode is also present in the prescribed Q simulations, 
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and unlike MCA-1, the strength of the relationship is maintained, and therefore consistent 

with one-way tropical forcing. 

Using a regression technique, it is evident that these seasonal mean ensemble 

relationships exist as residue of sub-seasonally varying low frequency interaction 

between the tropics and extratropics, which we denote as MCA-1DAY and MCA-2DAY.  

MCA-1DAY involves two-way coupled interaction between an evolving extratropical 

planetary wave passing between dominant modes of internal variability and low 

frequency convective variability bearing similar characteristics of the MJO.  The 

extratropical component appears to originate from development over Northeast Asia and 

shortly after involves persistent development resembling strong large-scale cyclogenesis 

or blocking over the North Pacific as it transitions into the PNA pattern.  At the same 

time, convective anomalies develop over the SPCZ, heating/cooling the atmosphere in 

thermal wind balance with changes in the Pacific jet, along with weaker anomalies of the 

opposite sign developing in the Indian Ocean, in balance with changes in the subtropical 

Asian jet.  Along with changes in the Pacific jet, a split in anomalous storminess occurs 

and more or less transient disturbances are allowed to travel equatorward.  This effect 

may be understood in terms of barotropic dynamics and wave refraction; the jet acts as a 

waveguide for transient disturbances, and weakening (strengthening) modifies its index 

of refraction (Hoskins & Ambrizzi 1993), basically loosening (tightening) the pull of the 

jet on the path of transient eddies.  Anomalous subtropical westerlies constructively allow 

more (less) equatorward propagation of transient eddies, which appear to initiate (not 

initiate) convection over the ITCZ east of the date line.  This extratropical influence is 
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observed for the MJO (Matthews & Kiladis 1999).  Changes in ITCZ convection in turn 

appear to dynamically force and broaden convective anomalies off to the southwest, 

broadening the convective features over the SPCZ, in tune with the growth of anomalies 

over the Indian Ocean.  These convective changes in turn appear to force the PNA pattern 

to transition into an AO-like pattern where the circulation can persist for up to a month.  

The extratropical role of this mode, in addition to the tropically forced impact on the 

PNA and AO-like variability, are characteristic of observed MJO behavior.  After the 

impact from transient eddy activity is felt in the ITCZ, convective anomalies originating 

in the Indian Ocean are simulated to propagate over the next few weeks along the equator 

and across the entire Pacific at around 5-15 m/s.  Although, regression does not capture 

significant propagation of the upper-level circulation, and propagating anomalies do not 

have much development away from the equator suggesting that this resembles more of a 

slow Kelvin wave as opposed to the MJO.  Still, similarities suggest the possibility that 

this tropical-extratropical two-way coupled behavior involves coherence between 

extratropical low frequency sub-seasonal variability and CAM4’s representation of the 

MJO.  As a manifestation of the dominant relationship in the seasonal mean intra-

ensemble spread, the sub-seasonally active MCA-1DAY mode bridges the traditionally 

separated time scales and may be interpreted as an internal process that reduces seasonal 

predictability of the response to El Niño in CAM4 by its contribution to the noise. 

MCA-2DAY is an interesting mode of variability in CAM4, and it also reflects a 

sub-seasonal evolution that contributes to the seasonal mean intra-ensemble spread 

represented by MCA-2, although the extratropical evolution is much more stationary.  



177 

 

MCA-2DAY involves intensification or weakening of the El Niño response, and links the 

tropical variations to those in midlatitudes.  The strong agreement between CTL and the 

prescribed Q simulations is consistent with this mode involving one-way tropical forcing.  

Similar to MCA-1DAY, MCA-2DAY exhibits clear eastward propagation along the equator, 

yet faster at around 10-20 m/s, with a more obvious relationship with the upper-level 

circulation. 

There are some consistent differences between the El Niño events for MCA-1, its 

sub-seasonal component represented by MCA-1DAY, and the total seasonal mean 

ensemble spread and low frequency variability of Z200.  1991/92 clearly stands out having 

the largest total NH Z200 seasonal mean ensemble spread and largest amount of low 

frequency variability, especially in the North Pacific (keeping in mind a reduction is still 

simulated during El Niño relative to CLIM).  The ensemble spread at high latitudes and 

the Arctic is most notable, simulated well by CAM4 and by CSP.  The leading EOF of 

NH Z200 (AO-like fluctuations) also explains much more variance relative to the total for 

1991/92, and is certainly the dominant contributor to the enhanced spread.  Interestingly, 

this AO-like variability also has the strongest relationship with tropical QVERT during 

1991/92 CTL, EFIX, and ESUBFIX, consistently explaining much more squared 

covariance with a higher correlation coefficient than for the other events.  Clearly, MCA-

1DAY is most robust and active during 1991/92 as well. 

We also simulate a potential impact of long convective persistence in the eastern 

Pacific during cold tongue El Niño events.  When convection is fairly strong for longer 

than three weeks, Z200 anomalies project better onto the seasonal mean response to El 



178 

 

Niño in terms of low anomalous heights extended from the Pacific across the southern 

U.S.  There also appears to be a significant downstream impact with a wave train 

structure extending all the way from the eastern Pacific to the Middle East.  This also 

projects onto the El Niño response downstream.  Although, any appreciable effect of long 

convective persistence is questionable, as it only occurs about 7% of the time. 

7.2.  Discussion 
 

Again, based off our results, in the CAM4 control experiments the seasonal mean 

forcing is not all that matters for the seasonal mean response.  Unexpectedly, an 

extratropical impact on the tropics is also important for the seasonal mean response.  We 

have simulated that the neglect of two-way tropical-extratropical coupling results in an 

extratropical response that amplifies the El Niño signal in CAM4.  The structure of this 

response strongly resembles the transition from the PNA to the AO-like pattern involved 

with the dominant tropical-extratropical coupled mode simulated during El Niño (MCA-

1).  We hypothesize that the absence of this mode (in terms of its two-way interaction and 

not simply its tropically forced component) accounts for the changes in the 

seasonal/ensemble mean El Niño response.  Without coherent feedback from tropics, we 

presume that typical extratropical PNA variability in CAM4 is less likely to transition 

into an annular structure, projecting onto the AO.  This still needs to be investigated in 

the model control simulations, but this is consistent with the observed evolution of 

persistent sub-seasonal variability associated with the PNA pattern (Black & Dole 1993).  

Independent tropical forcing does not compensate, and it is likely that the prior 

development in Northeast Asia and the North Pacific somehow may be critical for its 
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evolution later – simply a matter of tropical-extratropical constructive vs. destructive 

interference. 

More analysis is necessary to support this hypothesis for the simulations, let alone 

the real world; further observational evidence is also necessary, particularly for the 

unique conditions during El Niño, and Central Pacific types in particular.  Little 

observational evidence exists – largely because of such a small sample size available to 

work with.  Although, this simulated tropical-extratropical coupled mode may have been 

important during some observed El Niño events, particularly during the recent winter of 

2009/10, a significant Central Pacific event.  This was a particularly fascinating winter 

across the NH when MJO activity, phase locked to AO variability, apparently had a 

dramatic impact on snowfall over East Asia (Park et al. 2010) and the eastern U.S. (Moon 

et al. 2012).  The variability involved here is certainly consistent with that from our 

simulations, although we have not yet fully investigated in detail the observed evolution 

of variability during this event, neither have we found evidence of an extratropical impact 

on the MJO.  Regarding the MJO, we have not convincingly established the link of this 

coupled behavior to the MJO simulated by CAM4, although model results and 

observations are certainly suggestive of this possibility.  More analysis is necessary to 

examine individual tropical and extratropical modes of variability separately in the model 

and comprehensively distinguish if or how the coupled behavior involves each of them.  

Despite the advances with CAM4 involving the response to ENSO and CAM4’s 

improved parameterized representation of tropical convection and its behavior, these 
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results ultimately should be reproduced using an independent GCM.  These topics are left 

for future work. 

Nevertheless, we speculate that Central Pacific El Niño events can plausibly 

provide optimal conditions for tropical-extratropical interaction.  Observational evidence 

suggests these events are favorable for MJO activity.  Also, without enhanced convective 

heating in the eastern Pacific there is less narrowing of the westerly duct, allowing sub-

seasonal changes to incite equatorward propagation of transient eddies, i.e. more 

sensitivity than during Cold Tongue events.  Results of this study suggest a major 

extratropical influence for the simulated coupled mode (MCA-1).  If this behavior is 

indeed important in the real world, it is possible that the enhanced and eastward-extended 

Kelvin wave and MJO activity itself arises out of reinforcement from transient 

disturbances originating in midlatitudes.  Also, the weaker El Niño response (relative to 

cold tongue events) is preferable due to the positioning of the eastward-shifted Pacific jet.  

Changes in the equatorward movement of transient eddies would be less sensitive to 

perturbations in a stronger jet farther from its exit region (Hoskins & Ambrizzi 1993).  

On the other hand, some extension of the jet is preferable for transient eddy feedback 

from a tropically forced Rossby wave onto AO-like variability (Li et al. 2006).  This may 

make Central Pacific events ‘just right’ so to speak.  Keep in mind that all of these 

processes occur hand-in-hand.  Even the weaker response (during Central Pacific events 

compared to cold tongue events) itself is consistent with our results indicating that the 

inclusion of tropical-extratropical coupling weakens the response to El Niño – coupling 
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that is amplified when simulating the response to SST from the Central Pacific event of 

1991/92. 

Furthermore, if this type of tropical-extratropical coupled behavior is indeed 

important during Central Pacific El Niño events, this may have increasing relevance 

under a changing climate, as Central Pacific El Niño events are simulated to become 

much more frequent relative to traditional El Niño events (Yeh et al. 2009).  Their 

enhanced occurrence in observations may be related to a trend of weakening low-level 

easterlies and a flattening thermocline (Ashok et al. 2007).  Keeping in mind that 

attribution to an anthropogenic source may be impossible considering the shift is 

arguably undistinguishable from natural variability (Newman et al. 2011), one still cannot 

rule out the possibility that anthropogenic climate change could modify the probability of 

such ‘natural’ behavior (Corti et al. 1999).  Tropical-extratropical interaction during 

Central Pacific El Niño events may even provide a link for this paradigm.  Ultimately, 

understanding the optimal pathways of the atmospheric energy cycle at sub-seasonal time 

scales may be necessary for understanding longer term changes. 

Note that there is strong evidence that air-sea coupling is also important for the 

tropical-extratropical coupled mode of variability simulated by CAM4, at least at 

monthly or seasonal time scales.  Wu (2010) demonstrates the extratropical forcing of 

tropical SST, which in turn amplifies the atmospheric convective signal involved with the 

observed mode.  In the North Pacific, the PNA pattern is supported by air-sea coupling, 

particularly in the fall or early winter (Frankignoul & Sennéchael 2007).  Also, air-sea 

interaction is simulated to substantially amplify the AO-like response to West Pacific 
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SST warming (Li et al. 2006).  Despite our neglect of air-sea coupling, interestingly the 

variability is still robust and clearly is generated by internal atmospheric processes alone.  

Still, it would be quite interesting to reproduce our results with an air-sea coupled GCM, 

i.e. the Community Climate System Model version 4 (CCSM4) or possible using a slab 

ocean model. 

The results suggest that the enhanced ensemble spread of Z200 at high latitudes 

and in the Arctic, is indeed linked to the enhanced tropical Q spread via the tropical-

extratropical coupled interaction that has been discussed.  We have also demonstrated 

that it is unlikely to be independently forced by the enhanced Q variability, and this 

further reinforces the likelihood of two-way communication between the tropics and 

extratropics being an important factor.  Demonstrating the dependence of the tropics on 

the extratropics during El Niño certainly complicates our traditional understanding and 

challenges the paradigm of external tropical forcing.  This is a significant result, because 

tropical-extratropical coupling can effectively lower the seasonal predictability of the 

response to El Niño not only by potentially weakening the seasonal mean signal, as we 

have hypothesized, but also by increasing the noise.  As far as longer time scales, if this 

tropical-extratropical interaction is becoming more active under a changing climate, e.g. 

the increased frequency of Central Pacific El Niño events, El Niño may be less 

predictable in the future. 

Ultimately, the usefulness of this work lies in its contribution to the understanding 

of sub-seasonal to seasonal climate predictability and any practical benefit for improving 

prediction.  If the behavior of the dominant tropical-extratropical coupled mode simulated 
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during El Niño is indeed important in nature, knowledge of its phase could lead to 

significant medium range and/or seasonal predictability of the AO, apart from the well-

established predictability related to the El Niño signal.  For instance, knowledge of the 

initial phase of MCA-1DAY could be used as an additional predictor for statistical climate 

prediction.  This emphasizes an importance of initial conditions in both the tropics and 

extratropics, and could provide additional information beyond that simply based on the 

MJO.  For dynamical prediction using numerical models, these results motivate both the 

improvement of the initialization for a seamless framework and improvement towards 

understanding model biases that deteriorate sub-seasonal-to-seasonal forecasts.  For 

instance, a model that cannot simulate such behavior may overestimate seasonal 

predictability yet produce lower prediction skill during El Niño.  The tropical-

extratropical interaction simulated in CAM4 is likely sensitive to both the small-scale 

representation of tropical convection and the large-scale basic state circulation, both of 

which can vary significantly among GCMs currently used for climate prediction.  We are 

optimistic that the results of this work can provide an additional basis for improving 

predictability. 
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