
Surface Temperature Gradients as Diagnostic Indicators of Midlatitude
Circulation Dynamics

CHRISTINA KARAMPERIDOU

Columbia University, New York, New York

FRANCESCO CIOFFI

University of Rome ‘‘La Sapienza,’’ Rome, Italy

UPMANU LALL

Columbia University, New York, New York

(Manuscript received 1 February 2011, in final form 22 November 2011)

ABSTRACT

Zonal and meridional surface temperature gradients are considered to be determinants of large-scale at-

mospheric circulation patterns. However, there has been limited investigation of these gradients as diagnostic

aids. Here, the twentieth-century variability in the Northern Hemisphere equator-to-pole temperature gra-

dient (EPG) and the ocean–land temperature contrast (OLC) is explored. A secular trend in decreasing

EPG and OLC is noted. Decadal and interannual (ENSO-related) variations in the joint distribution of

EPG and OLC are identified, hinting at multistable climate states that may be indigenous to the climate or due

to changing boundary forcings. The NH circulation patterns for cases in the tails of the joint distribution of

EPG and OLC are also seen to be different. Given this context, this paper extends past efforts to develop

insights into jet stream dynamics using the Lorenz-1984 model, which is forced directly and only by EPG

and OLC. The joint probability distribution of jet stream and eddy energy, conditional on EPG and OLC

scenarios, is investigated. The scenarios correspond to (i) warmer versus colder climate conditions and

(ii) polarized ENSO phases. The latter scenario involves the use of a heuristic ENSO model to drive the

Lorenz-1984 model via a modulation of the EPG or the OLC. As with GCMs, the low-order model reveals

that the response to El Niño forcing is not similar to an anthropogenic warming signature. The potential uses

of EPG and OLC as macro-level indicators of climate change and variability and for comparing results across

GCMs and observations are indicated.

1. Introduction

The midlatitude storm track is a factor in determin-

ing moisture and heat transport associated with en-

hanced precipitation events. In a seminal paper, Lorenz

(1984) developed a model—the Lorenz-1984 (L84)—

for the jet stream and the superposed eddies that are

forced by the equator-to-pole temperature gradient (EPG)

and the ocean–land temperature contrast (OLC). The

model exhibits chaos and intransitivity, depending on

the combination of the EPG and OLC, and its prop-

erties have been extensively investigated parametrically

by a number of authors (e.g., Lorenz 1990; Broer et al.

2002; Freire et al. 2008). In the L84 model (see the ap-

pendix), the EPG is a primary driver of the mean jet

stream and the OLC of the eddies coupled to it. Non-

linear interactions between the jet stream and the eddies

lead to complex behavior that depends on both the

forcing parameters and past states of the system. Since

the driving variables of this model are the EPG and

OLC, the investigation of the trends and the decadal

and interannual regimes of these variables may be of pri-

mary interest for understanding the nature of the mid-

latitude storm track.

To the authors’ knowledge, only one paper, namely,

Jain et al. (1999), has investigated twentieth-century
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observations of the forcing variables EPG and OLC.

Jain et al. (1999) study the trends, the seasonality and

interannual variability of the observed equator-to-pole

gradient and ocean–land contrast in the period 1900–90,

and examine their response to increased greenhouse gas

emissions in a GCM. The first part of this paper extends

that work to (i) look at changes in the joint probability

distribution of EPG and OLC over the last century, fo-

cusing on decadal variations and ENSO-related changes;

and (ii) qualitatively examine changes in the Northern

Hemisphere midlatitude jet stream and storm track for

extreme combinations of EPG and OLC.

Motivated by the fact that the combination of the

EPG and OLC parameters in the L84 model is what

gives rise to different solutions in the phase space, our

focus is on their joint variability in the record, in addi-

tion to the trends in the individual variables. Using tem-

perature data updated since the work of Jain et al. (1999),

to construct the Northern Hemisphere EPG and OLC,

we find that there is a statistically significant shift toward

decreased values for both EPG and OLC and their

combination. The midlatitude storm track and the con-

tinental jet entry and exit locations are shifted in years

corresponding to opposite extreme combinations of EPG

and OLC. An examination of how the joint probability

distribution of EPG and OLC varies in 20-yr increments

over the twentieth century reveals statistically significant

decadal variations in addition to the secular trend.

The joint probability density function (pdf) of EPG

and OLC during El Niño events is found to be distinct

from the one during La Niña and neutral states. Further,

the cross-correlation function between OLC and the

Niño-3 index reflects the observed and modeled changes

in eddy-driven circulation during ENSO events. The data-

based analyses of the potential forcing of EPG and OLC

by ENSO reveal a stronger relationship with OLC than

with EPG, reinforcing this observation.

Having established that there are secular, decadal,

and ENSO-related variations in the observed EPG and

OLC, which have potential implications for circulation

patterns, in the second part of this paper, we (i) explore

how the joint probability distribution of jet and eddy

energy in the Lorenz-1984 model changes depending on

selected combinations of EPG and OLC; and (ii) ex-

plore whether driving the Lorenz-1984 model with a

heuristic ENSO model (Tziperman et al. 1994) that

forces either the EPG or the OLC, using coupling pa-

rameters derived from the twentieth-century record,

can provide insights into the relative sensitivity of the

midlatitude circulation to ENSO through either type of

hemispheric forcing.

Using simulations of the L84 model forced by com-

binations of the EPG and OLC that lie in the tails of

their joint pdf, we show that the shifts in the pdf of the

jet stream and eddy energy are consistent with expec-

tations from observations and GCMs. We then explore

the response of the jet and eddy energy to warm and cold

ENSO phases in an ENSO-forced version of the L84

model, which is introduced in section 3b. We investigate

two forcing schemes: direct ENSO forcing to (i) the jet

stream, through a modification of the EPG; and (ii) the

eddies, through a modification of the OLC. The results

of the second scheme are found to be more consistent

with the types of circulation shifts that are observed

between the different ENSO phases. In addition, the

shifts in the joint distribution of jet and eddy energy

between warm and cold ENSO phases is shown to be in

the opposite direction of the shifts in distribution ob-

served between the tails of the joint fEPG, OLCg pdf

that represent secular changes in these variables. The

latter indicates that the response of midlatitude circu-

lation to global warming is different from the response

to the El Niño teleconnection pattern, consistent with

observations from GCM simulations (Lu et al. 2008).

2. Analysis of more than a century of observations

The large-scale surface boundary conditions for at-

mospheric variability, described by the NH EPG and the

OLC, are influenced, inter alia, by the state and evolu-

tion of the interannual and decadal natural variabilities

(e.g., ENSO) and, possibly, by long-term anthropogenic

forcing. In the following paragraphs, we investigate such

relationships and explore the connection between the

aforementioned variables and large-scale circulation pat-

terns in the midlatitudes. Details of the datasets and

methods used are given in the appendix.

a. Trends

Figure 1 shows the seasonal surface EPG anomalies

in the Northern Hemisphere during the period 1870–

2005. Throughout this paper, the winter of any given

year is denoted DJF and corresponds to the average

value of December of the previous year, and January

and February of the given year.

In accordance with the findings of Jain et al. (1999),

there exist three periods with warming and cooling

trends: 1870–1940 (warming), 1941–75 (cooling), and

1976–2005 (warming). The warming trend appears in

all four seasons in the period 1870–1940. In each case,

the EPG becomes less negative (decreases in absolute

value), which indicates a decrease in the temperature

contrast between the equator and the North Pole. The

cooling trend in the period 1941–75 is followed by

a warming trend in the period 1976–2005. The decrease

in the EPG shown in the historical record is consistent

15 JUNE 2012 K A R A M P E R I D O U E T A L . 4155



with the hypothesized poleward amplification of the

increase in surface temperature in the Northern Hemi-

sphere due to global warming associated with increased

CO2 (Cai and Chu 1998). However, the magnitude of the

post-1976 trend of the EPG is not as striking as the one

of the global mean temperature anomalies during the

same period (e.g., see Hansen et al. 2006); rather, it is

comparable to that of the 1870–1940 period. A possible

explanation could be that the aforementioned poleward

amplification of the increase in surface temperatures in

the NH, which accounts for the existing, but small, trend

in the EPG series, drives changes in the meridional heat

transport, which further reduces the rate of change in

EPG. The interplay between the EPG and mean global

temperatures has been discussed in Lindzen (1994) and

Lindzen and Pan (1994), who argue that paleoclimatic

changes were associated with dramatic changes in the

EPG, and that the global mean temperature change may

be best viewed as a residual arising from a change in the

EPG distribution. The observation here that the post-

1976 steep trend seen in global mean temperatures

does not correspond to comparable amplitude changes

in the EPG calls for further investigation of the afore-

mentioned interplay and its implications for midlatitude

storm tracks.

Figure 2 shows the seasonal OLC anomalies for the

zone 408–608N over the twentieth century. The three dis-

tinctive periods correspond to a pre-1940 decrease in

OLC, a 1941–75 stabilization, and a post-1975 decrease,

which is more pronounced in the winter and spring. A

decrease in OLC indicates a relative increase in land

temperature: OLC is positive in the winter, thus the

decrease in the positive value during the winter means

that the land temperature is increasing and approaching

the ocean temperature. In contrast, OLC is negative in

the summer, hence more negative values indicate an in-

crease in land temperature. This is consistent with the

general land-driven warming and the delay in the ocean

warming in these latitudes (Jones and Briffa 1992;

Thomson 1995; Mann and Park 1996).

b. Joint pdf of EPG and OLC and circulation
patterns

Since mutual changes in EPG and OLC can have

significant effects on midlatitude atmospheric dynamics,

as implied by the regimelike behavior of the L84 model,

one needs to examine the changes in their joint proba-

bility distribution and the implication for midlatitude

circulation. Figure 3 shows the joint probability density

of winter OLC (408–608N) and EPG after the two vari-

ables have been minimum–maximum normalized, that

is, after the difference between each variable and its

minimum is divided by the range of the variable values.

We choose the points at the extremes, which correspond

to years 1969 (high EPG and OLC) and 1989 (low EPG

and OLC) and are highlighted in the figure, to present an

example of how these extremes in the joint distribution

of EPG and OLC are manifest in circulation patterns.

Figure 4 shows the difference in (i) mean zonal wind

speed at 250 hPa, (ii) mean meridional wind speed at

850 hPa, (iii) sea level pressure, and (iv) surface air

temperature between the winters of 1969 and 1989. In

the case of EPG and OLC at their highest extreme (1969),

FIG. 1. Northern Hemisphere seasonal EPG anomalies over the twentieth century. Smoothing is done using loess

with a span of 13 yr. Shaded areas are 95% confidence intervals.
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the jet stream is located more equatorward in both the

Atlantic and Pacific regions (Fig. 4a); at the same time,

the high OLC (colder landmasses) could be associated

with persistent large-scale systems of high pressure cen-

tered over the land areas, leading the large-scale eddies

to meander around these high pressure regions. This is

more evident over the large landmass of Eurasia: in 1969

the high pressure system, coinciding with low tempera-

tures over the same region (Figs. 4c and 4d), is associ-

ated with poleward eddy transport at the exit region of

the Mediterranean flank of the jet and equatorward

transport over central Russia (Figs. 4a and 4b). In con-

trast, in the winter of 1989, when both EPG and OLC

are low, the jet stream is positioned at higher latitudes

(Fig. 4a). The low OLC is not associated with organized

high pressure systems specifically centered over land.

A case in point is the high pressure area covering the

eastern Pacific and U.S. West Coast region; there, the

poleward transport is enhanced in the exit region of

the Pacific jet (toward Alaska), meandering around the

higher pressure area in the region. This contrast in cir-

culation patterns between cases of high and low pres-

sure fEPG, OLCg combinations exists, on average, for

all cases in the upper and lower 25th percentiles of the

joint fEPG, OLCg distribution (not shown here).

c. Interannual to decadal variability of the joint pdf
of EPG and OLC

The twentieth-century evolution of the joint distri-

bution of winter EPG and OLC, at decadal time scales,

shown in Fig. 5, is in accordance with periods of dis-

tinct global temperature shifts. In the beginning of the

century, the center of the distribution of EPG and OLC

values lies approximately at a combination of long-

term mean values for each variable. In the next two

decades, the OLC values stay at the same levels but the

EPG decreases, that is, there is an apparent warming

FIG. 2. As in Fig. 1, but for Northern Hemisphere seasonal OLC anomalies (408–608N).

FIG. 3. Joint pdfs of winter EPG and OLC (408–608N). The two

variables have been min–max normalized, so that 0 denotes the

minimum observed absolute value and 1 the maximum. The range

of absolute values for winter EPG is [0.7826, 0.8568] and for winter

OLC is [11.531, 16.9841]. The marked cases correspond to (a) 1969:

high EPG and OLC, and (b) 1989: low EPG and OLC.
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of the higher latitudes with respect to the equator. In the

period 1940–60 an apparent bimodality emerges, with

one mode lying at the values of the previous two de-

cades and another mode at higher EPG values. This is

in accordance with the cooling that was observed in the

middle of the twentieth century, which has been linked

to increased aerosol emissions due to World War II,

increased industrial activities after the war, and a number

of volcanic eruptions (Meehl et al. 2004; Wild et al. 2005).

This mode disappears as we enter the 1960’s and 1970’s.

It is in the late twentieth century (1980–2000) that the

pronounced warming at higher latitudes (lower EPG)

and also the warming of the land regions (low OLC)

creates a new mode of combinations of low EPG and

low OLC, which, as discussed in the previous section, may

be associated with a poleward shift of the jet stream and

associated increased precipitation at higher latitudes

and drying of lower latitudes. Significance testing of the

FIG. 4. The difference in (a) mean zonal wind speed at 250 hPa, (b) mean meridional wind speed at 850 hPa, (c) sea level pressure, and

(d) surface air temperature between winter of 1969 and winter of 1989. The winter of 1969 corresponds to high EPG and OLC, while the

winter of 1989 corresponds to low EPG and OLC.
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pdf evolution highlights the clear changes between

the first half and the second half of the century (see the

appendix and Table A2).

d. Empirical connections to ENSO

In addition to trends that could be attributed to an-

thropogenic forcing and natural variability associated

with solar radiation, changes in energy fluxes, etc., mech-

anisms of interannual variability, such as ENSO, also

have an effect on the meridional and zonal temperature

gradients. Figure 6 shows the seasonal cross-correlation

function between the detrended north–south tempera-

ture gradient at 1000 hPa and the Niño-3 index. In the

Northern Hemisphere, the cross-correlation function

shown in Fig. 6 peaks in the winter, decreases in the fol-

lowing spring, and disappears during the summer, to be

picked up again when the ENSO signals emerge in the

fall. This observation is consistent with the seasonality

in ENSO and the so-called spring predictability barrier

(Zebiak and Cane 1987; Xue et al. 2000; McPhaden 2003).

Figure 7 shows the Hovmöller-type diagram of the

cross-correlation function of the OLC and Niño-3 Index

for latitudes in the Northern Hemisphere. The thick

black lines mark statistical significance (95%), and the

dashed lines mark the latitudinal zone 408–608N. The

two series are highly correlated in the tropics, while they

are negatively correlated at latitudes of approximately

158 and 408N, and positively correlated at high latitudes

(approximately 748N), throughout the year. Positive cor-

relations ‘‘move’’ from low latitudes in the first half of

the year (208–358N) to higher latitudes in the second half

(408–608N). The positive correlation in the zone during

the first half of the year is consistent with eddy-driven

cooling evidenced in Lu et al. (2008). The negative cor-

relation at 408N peaks in the winter and fall seasons. In

the band 408–608N, the correlation reverses its sign as

the seasons progress and has peak positive values in the

summer at 508–608N. Higher values of OLC lead to higher

eddy intensity and thus greater dynamic instability; the

opposite occurs for lower values of OLC. Therefore,

Fig. 7 is in accordance with the hypothesis that ENSO

warm events reduce eddy energy at the 408–608N latitu-

dinal range and increase it at higher latitudes. In the sum-

mer, the positive correlation shifts from higher (708–808N)

to lower latitudes (408–608N) compared to the winter.

 
FIG. 5. The evolution of the joint pdf of winter EPG and OLC

(408–608N) over the twentieth century. Axes as in Fig. 3. The pdf

exhibits decadal shifts in accordance with distinct global temperature

shifts (see text for discussion and appendix for significance testing).
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Figure 8 shows the joint pdf of EPG and OLC with

respect to the state of ENSO. The pdf during El Niño

(warm) years is found to be significantly different from

the one during La Niña (cold) and neutral years (which

are similar to each other). EPG variability is constrained

around mean values during El Niño years, while during

La Niña years there is a greater probability of low EPG

values in accordance with a cooling of the tropics. The

similarity in the pdfs in La Niña and neutral years is to be

expected, given the proximity of the two states in terms

of SST anomalies in the equatorial Pacific. (This is cor-

roborated by the significance test presented in Table A3

and described in the appendix.)

The aforementioned changes in the joint pdf of the

meridional and zonal temperature gradients with ENSO

phase and the connection of the joint pdf to large-scale

circulation patterns presented in the section 2b motivate

a study of the possible connections of midlatitude cir-

culation features with ENSO evolution through the ef-

fect of ENSO on the EPG and OLC. This task will be

undertaken in section 3b of this paper, via an ENSO-

forced version of the L84 model.

3. Inferences from low-order models

a. Effect of changing EPG and OLC on L84

In this section, we investigate the response of the

L84 model to combinations of EPG and OLC. The

L84 model can be derived from the two-layer quasigeo-

strophic model (Holton 2004), via a truncated Fourier

series expansion plus a Galerkin projection and a fur-

ther reduction to a linearized 3D invariant manifold;

it preserves the fundamental dynamics of the interac-

tion between the jet stream and the low-level winds, as

shown in Van Veen (2003). A detailed description of

the model can be found in the appendix; we note here

that X is the intensity of a large-scale westerly wind

current (i.e., the jet stream), while Y and Z represent

the amplitude of the cosine and sine phases, respec-

tively, of a chain of superposed large-scale eddies. The

eddies transport heat and moisture poleward at a rate

proportional to the square of their amplitude, and they

are amplified at the expense of the jet stream. Lorenz

(1984) considers Y and Z to describe large-scale Rossby

waves; however, the model lacks a mechanism for wave

FIG. 6. Seasonal cross-correlation function of the north–south temperature gradient at 1000 hPa and the Niño-3 index. Confidence

intervals are [20.28, 0.28].
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propagation. Therefore, distinguishing between station-

ary and transient eddies is not possible in this model.

The terms F and G describe the symmetric and asym-

metric thermal forcing, respectively, which Lorenz (1984)

identifies with the equator-to-pole and ocean–land tem-

perature gradients. Here, we normalize the observed EPG

and OLC values to correspond to the idealized forcing

parameters in the L84 model (see the appendix).

We examine how the joint pdf of jet stream energy

(proportional to X2) and eddy energy (proportional to

Y2 1 Z2) in the model responds to selected EPG and

OLC conditions. Given the shift from higher to lower

values of EPG and OLC in the record, shown in Fig. 5,

it is of interest to examine the response of the model to

two cases in the tails of the joint pdf of EPG and OLC.

We perform the experiments presented in Table 1 for

forcing that corresponds to the following cases: (i) 1969,

which reflects a high EPG and OLC; and (ii) 1989, which

had low EPG and OLC. The change across these two

years is loosely taken as a potential shift toward global

warming conditions, in accordance with the trends in

EPG, OLC, and their joint density presented in section 2.

As per Jain (1998), we note that the phase space of

the L84 model simulations is quite different for spring

and fall, when a seasonally varying forcing of EPG and

OLC is considered. Also, the tendency of EPG and OLC

[e.g., EPG decreasing (increasing) in the spring (fall)],

and hence of the states of the L84 variables, matters for

the subsequent seasons. Consequently, we run the model

in its seasonally varying form [Eqs. (A9)] and extract the

winter values of X, Y, and Z for subsequent analyses.

Figure 9 shows the joint pdf of winter eddy energy

and jet stream energy for the simulations under per-

petual (i) 1969 or (ii) 1989 conditions; Fig. 9c shows the

difference in the joint pdf between 1989 and 1969 win-

ters. Figure 9d shows the univariate pdf of the jet stream

energy.

In the case of 1969, when the EPG and OLC are both

at high values, the eddy energy varies along the y axis

and has higher variance and skewness, with the main

mode at a higher level compared to the 1989 case. In the

case of 1989, when both EPG and OLC take low values,

both the probabilities of strong eddies and of strong jet

stream are reduced, and a moderate mean zonal flow

is preferred. This is also indicated by the pdf of the

jet energy in Fig. 9d, where the tails are lighter in 1989

compared to 1969. The weaker eddy energy in 1989

is consistent with the expectation of weaker stationary

eddies in a warmer climate (Joseph et al. 2004). In the

L84 results, this weakening of the eddies favors a more

zonally symmetric flow (or vice versa), shown in the shift

in the joint pdf from the tails to a mode centered at

moderate values for both the eddies and the jet. This

result is also consistent with the findings of Joseph et al.

FIG. 7. A Hovmöller-type diagram of the cross-correlation function of the OLC and Niño-3 index in the Northern

Hemisphere. The thick black lines mark statistical significance (95%), and the dashed lines mark the latitudinal zone

408–608N. The plot reflects the observed and modeled changes in eddy-driven circulation during ENSO events (see

text for discussion).
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(2004), who show that the reduction in the amplitude

of the stationary waves in a climate change scenario is

primarily caused by the change in the zonal mean basic

state. In a model that considers the EPG as the main

external driver of the jet stream, this result may seem

counterintuitive at first, since a decrease in EPG should

act toward further weakening the jet. However, given

the nonlinearity of the model, it is not entirely unex-

pected. The effect of the EPG on the jet is a linear

amplification, while a weakening of the eddies interacts

with the jet stream in a nonlinear fashion [see Eq. (A6)].

By comparing the relative magnitude of the rhs terms,

it can be shown that the nonlinear terms in the tendency

equation (A6) dominate over the linear terms and can

explain the shift in the joint pdf in Fig. 9c. In fact, the

result is in qualitative consistency with GCM projections,

which show a strengthening of the upper-level zonal wind

(Lorenz and DeWeaver 2007).

b. The ENSO-forced L84 model

It has been suggested by Lu et al. (2008) that the re-

sponse of midlatitude circulation to global warming is

in the opposite direction of the response to the El Niño

teleconnection pattern. The sensitivity of the jet and

storm tracks to the distribution of SST warming (e.g., see

Inatsu et al. 2003; Brayshaw et al. 2008; Lu et al. 2010)

could be considered to explain the distinct responses.

Here, by construction of the EPG variable (see the ap-

pendix), the broader the latitudinal belt of warming (as

in the global warming case), the smaller its effect on the

value of EPG. Conversely, a narrow warming of the

tropics during El Niño events would increase the EPG

more. Indeed, as shown in Fig. 8c, in El Niño years the

EPG is constrained in the middle portion of the x axis

and has higher values compared to the La Niña years.

The relationship between tropical SSTs, and par-

ticularly ENSO-induced SST anomalies, and midlati-

tude circulation has been investigated in various papers

(Ropelewski and Halpert 1987; Kumar and Hoerling

1995; Kumar et al. 1994). Interannual differences in the

spectral distributions and organization of extratropical

eddies in response to ENSO events have been explored

(Mechoso et al. 1987; Hoerling and Ting 1994). Various

teleconnection patterns have been suggested for the

influence of ENSO on the midlatitudes (e.g., Wang 2004;

Palmer and Mansfield 1986a,b). Much of the related lit-

erature is discussed in Hoerling et al. (1995), Müller and

Roeckner (2008), and Strong and Davis (2008). Several

ways by which ENSO dynamics may receive feedbacks

from midlatitudes have also been proposed (Gu and

Philander 1997; Kleeman et al. 1999; Barnett et al. 1999).

In this paper we consider only the forcing of the high-

frequency midlatitude atmospheric circulation dynamics

FIG. 8. The joint pdf of winter EPG and OLC with respect to the

state of ENSO. The pdf during El Niño years is significantly dif-

ferent from the one during La Niña (cold) and neutral years (also

see Table A3). Axes as in Fig. 3.
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by the slowly varying ENSO state as manifest in the

EPG and/or the OLC.

In this section, following an approach similar to

Roebber et al. (1997), we examine two different ways

of dynamically forcing the L84 model with a heuristic

model of ENSO (Tziperman et al. 1994), motivated by

the observational analysis in section 2: (i) delayed forc-

ing of the midlatitude mean zonal wind X by ENSO

through the EPG and (ii) forcing of the midlatitude

eddies Y, Z by ENSO though the OLC. Roebber et al.

(1997) showed that simulations with prescribed SSTs

differ significantly from L84 model simulations with dy-

namic forcing by an ENSO model. Here, we discuss the

effect of each of the aforementioned types of forcing on

the statistics of the atmospheric components of the L84

model. Unlike past work, we directly estimate the forc-

ing parameters in the model from historical data on the

EPG, the OLC, and the Niño-3 index. Seasonal variations

in the EPG and OLC and in the forcing of these variables

by ENSO are considered in order to get an appropriate

representation of the potential asymmetries in forcing

over the year, as indicated by the data. A detailed

description of the model is given in the appendix.

Figure 10 shows the effect of ENSO phases on the

joint pdf of winter jet stream and eddy energy for

the different forcing approaches. The left panels show

the composite joint pdf for El Niño winters, while the

right panels show the difference between El Niño and

La Niña winters.

When ENSO forces the jet stream equation, via its

forcing of the EPG, the change in the joint pdf be-

tween El Niño and La Niña winters is not pronounced

(Fig. 10b), even though it seems consistent with the

general strengthening of the jet stream during El Niño

winters (Seager et al. 2003). The heavier tails that cor-

respond to increased potential for higher jet energy in

El Niño versus La Niña winters is also seen in the case

of ENSO forcing on the eddy equation (Fig. 10d). This

forcing approach results in greater organization of the

joint pdf of jet and eddy energy (Fig. 10c). This obser-

vation suggests that the information channel connecting

midlatitude storm-track predictability and ENSO may

relate more to the baseline changes induced in OLC

than EPG. This is consistent with the notion that the

ENSO effects in midlatitudes are realized through Rossby

wave propagation (Seager et al. 2003). This observation

is also supported by the agreement of the correlations in

Fig. 7 with observed changes in eddy activity in response

to ENSO events, as discussed in section 2. The most no-

table result is, however, obtained by the comparison of

Figs. 9c and 10d: The 1989 2 1969 pattern (Fig. 9c), which

acts as our paradigm of a global warming trend, is in its

main mode opposite of the pattern in Fig. 10d. In the

1989 2 1969 case, the probability mass is centered with

TABLE 1. Experiments performed to explore the response of jet stream and eddy energy to combinations of EPG and OLC (408–608N).

Subscripts w and s denote winter and summer, respectively. The winter of 1969 exhibited high EPG and OLC, and the winter of 1989

exhibited low EPG and OLC (see Fig. 3).

Conditions Fw (EPG) Gw (OLC) Fs (EPG) Gs (OLC) F0 F1 G0 G1

Typical (mean) 8 (20.81) 1 (14.04) 6 (20.35) 21 (23.49) 7 1.5625 0 1.5625

1968/69 8.3 (20.84) 1.16 (16.32) 6.3 (20.37) 20.98 (23.43) 7.3 1.5625 0.09 1.675

1988/89 7.7 (20.78) 0.86 (12.14) 6 (20.35) 21.04 (23.65) 6.85 1.3281 20.088 1.488

FIG. 9. The joint pdf of winter eddy energy and jet stream energy from the simulations of the L84 model. (a) 1969: the system exhibits

main modes at enhanced eddy energy and a weaker mode at high jet stream energy. (b) 1989: the probability is shifted and concentrates in

moderate jet and eddy values. (c) The difference between the 1989 and 1969 pdfs. In 1989 both the probability of strong eddies and of

strong jet stream is weakened and a moderate mean zonal flow is preferred. (d) The univariate pdf of jet energy shows lighter tails in 1989.

Contours in the range [21, 1] at a 0.05 interval. Dashed lines denote negative values.
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respect to jet stream energy, while in the El Niño–La

Niña case the probability mass is shifted to the tails. This

is qualitatively consistent with the results of compre-

hensive GCMs, as shown in Lu et al. (2008), who noted

that in the GCMs they examined, ‘‘the extratropical

atmospheric responses to global warming occur in a

somewhat opposite fashion to the El Niño teleconnection

pattern’’ (p. 5836).

4. Summary and discussion

Climate models and analyses have become increas-

ingly sophisticated over the last few decades. Conse-

quently, a diagnostic and low-order model analysis

focused on assessing whether a pair of large-scale vari-

ables provides an interesting conceptual bridge between

slow and fast dynamics in a statistical context may seem

odd. E. Lorenz and B. Saltzman (1995, personal com-

munication) suggested the idea of thinking about how

changes in planetary orbital parameters, or anthropo-

genic changes in radiative forcing, or ENSO phases

may change the EPG and OLC, and how these changes

would in turn manifest as changes in specific attributes

of hemispheric circulation. While Jain et al. (1999) made

an initial investigation into the trends in the mean values

and the seasonality of these variables, and the implica-

tions of such changes, little subsequent research on these

indicators has followed. Consequently, given updated

FIG. 10. The joint density function of eddy energy and jet stream energy for El Niño winters and the difference with

La Niña winters in the ENSO-forced L84 model. (a),(b) ENSO forcing to the jet stream equation. (c),(d) ENSO

forcing to the eddy equations. Contours in the range [21, 1] at a 0.05 interval. Dashed lines denote negative values.
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climate data, a first objective of the current paper was

to update specific aspects of that work. We focused on

the joint probability density function of the EPG and the

OLC, and showed how it changes over the twentieth

century and in response to ENSO phases. Combinations

of the EPG and OLC at the tails of the distribution were

shown to relate to variability in large-scale circulation

patterns in the Northern Hemisphere. In addition, the

joint pdf of the EPG and the OLC during El Niño events

was found to be distinct from the one during La Niña

and neutral states. The discernible differences between

the joint pdf and their relation to circulation patterns are

consistent with the generally expected outcomes given

GCM and data analyses.

We were then curious whether the changes in the EPG

and the OLC induced by anthropogenic warming—

that is, a decrease in both variables—would lead to

changes in the circulation attributes in a simple dynamical

model that parameterizes only a few aspects of the mid-

latitude circulation, namely, the Lorenz (1984) model.

While the L84 model and its coupling with ENSO dy-

namics have been well studied (see the appendix for

details), the present study is the first one to fit the L84

forcing parameters to the historical data. Thus, we at-

tempted to explore a resulting solution space of the L84

model that is consistent in some sense with the twentieth-

century data.

First, we examined the joint distributions of the jet

stream and eddy energy under EPG and OLC condi-

tions, corresponding to opposite tails of the joint fEPG,

OLCg pdf: (i) a case corresponding to conditions mostly

observed in the beginning of the twentieth century; and

(ii) a case corresponding to conditions mostly observed

toward the end of the twentieth century, which acted as

a global warming paradigm. The differences in the joint

distributions are consistent with a weakening of the

eddies and an enhanced upper-level mean zonal flow as

a response of midlatitude circulation to global warming,

which is suggested by more complex GCMs (e.g., Joseph

et al. 2004; O’Gorman and Schneider 2008; Hernández-

Deckers and von Storch 2011), despite the fact that the

low-order model does not consider moist dynamics. With

regard to the response of jet stream dynamics to global

warming, it has been shown that more comprehensive,

yet dry, models (e.g., Lorenz and DeWeaver 2007; Butler

et al. 2011) give results that are in agreement with the

projections of fully developed GCMs.

Second, we explored the response of midlatitude cir-

culation to different ENSO phases, which behooved

the use of a more complex version of the L84 model, in

which a heuristic ENSO model forces midlatitude cir-

culation though a dynamic forcing of the EPG and OLC.

We noted a greater organization of the joint pdf of jet

stream and eddy energy when ENSO forces the eddies

directly. In El Niño years, the probability mass shifts

from intermediate values to the tails of the jet energy. By

contrast, for the EPG–OLC combinations loosely associ-

ated with warmer versus colder climate, the probability

mass moves toward intermediate jet energy values. The

different response of the model to global warming versus

ENSO is consistent with the results of more compre-

hensive GCMs, even though this simple low-order model

lacks moist dynamics, vertical structure, etc.

While the L84 model informs us as to a rather limited

aspect of the hemispheric atmospheric circulation dy-

namics, the conclusion is that changes in the EPG and

the OLC induced by ENSO or anthropogenic warming,

or other factors, can be qualitatively mapped into changes

in circulation parameters that are informative of the par-

titioning of the midlatitude jet stream and eddy energy.

The partitioning of jet and eddy energy is particularly

relevant in the entrance and exit regions of the jet (see

Holton (2004)). In those regions, eddy propagation has

been linked to the variability of the jet latitude (Kidston

et al. 2010), and the persistence of latitudinal jet shifts

has been associated with the jet–eddy interaction (Gerber

and Vallis 2007; Barnes et al. 2010). Hence, even though

the simple L84 model is not capable of representing

latitudinal shifts of the jet stream, exploring the parti-

tioning of the energy between the jet stream and the

eddies is implicitly relevant to the questions surrounding

the latitude of the jet stream and the storm tracks, and

their potential poleward shifts in future GCM projec-

tions (Yin 2005). In addition, such changes in the par-

titioning of the jet and eddy energy are proportional to

precipitation potential. Hence, independent of potential

changes in moisture dynamics, one can assess how the

aforementioned aspects of circulation that impact pre-

cipitation may change.

The insights developed here lend confidence that

further investigations of EPG/OLC changes may be a

useful way to build intuition as to potential changes

in the seasonality and probability distribution of mid-

latitude circulation. This line of inquiry is based on the

notion that slow changes in large-scale parameters, which

can be brought about by low-frequency natural variability

or anthropogenic climate change, can have significant

impacts on the persistence of the different states of syn-

optic circulation. In the context of the present study, the

‘‘slow’’ parameters are EPG and OLC, the ‘‘fast’’ vari-

ables are the jet stream and eddy energy, and the per-

sistence of the states of synoptic circulation is approached

via the probability density function, since each mode of

the pdf corresponds to a different circulation regime.

Investigations motivated by this line of thought can

utilize the hierarchy of models—from simple low-order
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models, such as the ones used in this study, to compre-

hensive GCMs—and can have interesting applications.

For example, these studies can identify causal relation-

ships between intermediate variables, such as the EPG

and OLC, and target variables, such as precipitation in-

termittence and intensity. These can then be used to

build multimodel combinations of GCM output by fo-

cusing on reducing the model biases on the trends and

the variability of the EPG and OLC. If successful, such

a bias correction could offer hope for large-scale im-

provement of resolved-scale precipitation output, in-

stead of doing such bias corrections for each region of

interest, as is done in many applications today.
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APPENDIX

Data and Methods

a. Data

The data used for the EPG and OLC calculations are

monthly Northern Hemisphere data from the variance-

adjusted version of the Hadley Centre Climatic Research

Unit temperature anomaly (HadCRUT; temperatures

span 2.58–72.58N and are averaged over all longitudes);

see Brohan et al. (2006). Figures 4 and 6 use National

Centers for Environmental Prediction–National Center

for Atmospheric Research (NCEP–NCAR) reanalysis

data (Kalnay et al. 1996), spanning the period 1949–

2010. The Niño-3 index is from Kaplan et al. (1998) and

Reynolds et al. (2002). Maps are provided by the In-

ternational Research Institute for Climate and Society

(IRI) Data Library and the National Oceanic and At-

mospheric Administration (NOAA) Earth System Re-

search Laboratory (ESRL)’s Physical Sciences Division

in Boulder, Colorado, from their website (http://www.

esrl.noaa.gov/psd/).

Smoothing of the EPG and OLC time series is done

using loess with a span of one-tenth of the length of the

record in each case.

b. Equator-to-pole temperature gradient (EPG)

The gradient is calculated according to Jain et al.

(1999).

Monthly temperature is represented by T
it
, defined as

Tit 5 �
n

j51

Tijt

n
, (A1)

where (�) represents the zonal average; j 5 1, . . . , n is the

longitude index; i 5 1, . . . , m is the latitudinal zone index

for m latitude zones; and t 5 1, . . . , 12 is the calendar-

month index. The gradient results from weighted least

squares regression, with weights given by

wi 5
cos(fi)

�
m

i51
cos(fi)

, (A2)

where fi denotes the latitude.

In matrix notation, if y is the temperature per lati-

tude, X is the vector of latitudes, and W is the vector of

weights, given by Eq. (A2), then weighted least squares

regression is given by Eq. (A3):

XTWy 5 XTWX. (A3)

The average seasonal EPG is computed as the average

of the corresponding three monthly EPG values:

EPGs 5
1

3
�

3

t51
EPGt (A4)

where the subscript s denotes the season. The EPG is

expressed in degrees Celsius per latitude.

c. Ocean–land temperature contrast (OLC)

The monthly OLC is obtained by averaging ocean and

land temperatures over all longitudes, as in Eq. (A1),

taking their weighted average over each latitudinal zone

and, finally, subtracting the land values from the re-

spective ocean values. For each latitudinal zone i, OLC

is given by

OLCit 5 T
ocean
it 2 T

land
it . (A5)

The average seasonal OLC is computed as the average

of the corresponding three monthly OLC values, as in

Eq. (A4). The OLC is expressed in degrees Celsius.

d. The L84 model and parameter estimation

The L84 model addresses certain characteristics of

extratropical circulation, namely, a mean zonal westward
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wind caused by the equator-to-pole thermal gradient

and by the earth’s rotation and the superposed eddies,

which transport mass, energy, and momentum, as driven

by the EPG and the OLC.

The Lorenz equations [Eqs. (A6)–(A8)] can be derived

from the two-layer quasigeostrophic model (Holton

2004) via a truncated Fourier series expansion plus a

Galerkin projection and a further reduction to a linear-

ized 3D invariant manifold (Van Veen 2003), and are as

follows:

_X 5 2Y2 2 Z2 2 aX 1 aF, (A6)

_Y 5 XY 2 bXZ 2 Y 1 G, and (A7)

_Z 5 bXY 1 XZ 2 Z, (A8)

where

F 5 F0 1 F1 cos(v
a

t) and

G 5 G0 1 G1 cos(v
a

t). (A9)

Here, X denotes the intensity of a large-scale westerly

wind current (i.e., the jet stream) and also the geo-

strophically equivalent large-scale poleward tempera-

ture gradient that is assumed to be in equilibrium with

it. The terms Y and Z represent the amplitude of the

cosine and sine phases, respectively, of a chain of su-

perposed eddies, which transport heat poleward at a

rate proportional to the square of their amplitude and

transport no angular momentum. The nonlinear terms

XY and XZ represent the amplification of the eddies

through interaction with the jet stream, at the expense

of the latter, as indicated by the terms 2Y2 2 Z2 in

Eq. (A6). The terms 2bXZ and bXY represent the dis-

placement of the eddies by the jet stream; for a co-

efficient b greater than unity, the displacement occurs

more rapidly than the amplification. The linear terms

represent mechanical and thermal damping; for a co-

efficient a less than unity, the westerly current damps less

rapidly than the eddies. The terms aF and G [Eqs. (A9)]

represent symmetric and asymmetric thermal forcing,

respectively, and vary with the annual cycle of solar ra-

diation, changes in regional albedo, and alterations in

energy exchanges. In the absence of coupling between the

mean zonal wind and the superposed eddies, the former

should approach a damped EPG (represented by F) and

the latter should approach OLC (represented by G).

The F and G parameters are computed as follows:

We assume that the typical values provided by Lorenz

(1984) of Fw 5 8, Gw 5 1 and Fs 5 6, Gs 5 21 for winter

and summer, respectively, correspond to the mean values

of EPG and OLC for DJF and JJA. For OLC, we

consider the mean value of the latitudinal zone 408–608N.

We set Eqs. (A9) equal to the corresponding values for

winter and summer for each year, and solve the system

of equations to get the input values for F0, F1, G0, and G1

for the model, as shown in Table 1. The values proposed

by Lorenz (1984) of a 5 0.25 and b 5 4.0 were used. All

simulations were sampled at a 5-day time step.

We note that the model has been extensively studied

(Lorenz 1990; Broer et al. 2002; Freire et al. 2008; among

others), and its coupling to models of the thermohaline

circulation and ENSO, through their modulation of the

EPG and OLC, has also been pursued. Roebber et al.

(1997) compare the results of the L84 model forced

by prescribed SSTs to those of a coupled atmosphere–

ocean model, which comprises the L84 model and the

heuristic model of ENSO discussed by Tziperman et al.

(1994). Based on the substantial differences in the re-

sults between the forced and the coupled model, the

authors argue that caution should be taken when inter-

preting the results of forced higher-order models. Ear-

lier, Roebber (1995) also proposed a coupling of the L84

model to a Stommel-like ocean box model. Van Veen

et al. (2001) follow up on the analysis by Roebber (1995)

and investigate in detail the dynamics of the model,

showing that whether the ocean is passive or active de-

pends on small changes in the coupling parameters. The

work by Van Veen et al. (2001) illustrates how low-order

models can be used to assess the feedback between the

two subsystems, and, thus, gain a better understanding

of the underlying physics of climate models. In a similar

context, Jain (1998) used a range of low-order climate

models, including the L84, for tropical–extratropical

interactions to develop insights into the nature of mid-

latitudinal circulation and the associated global tele-

connections via investigation of the quasi-periodicity,

intransitivity, and chaotic dynamics exhibited in the

models. The study suggests that inferences drawn by

such simple models can ‘‘serve as guidelines for a choice

of key parameters in complex models, development of

suitable parameterization for key processes and arriv-

ing at reasonable hypotheses to be tested on sophisti-

cated models’’ (p. 167). In a recent paper, Roebber (2009)

presents an application of the L84 model to the study

of irregular cyclogenesis and blocking over the North

Atlantic, and illustrates how the intuition offered by the

low-order model provides a basis for organizing obser-

vational analyses.

All of these studies use idealized values of the forcing

terms (the EPG and the OLC), following the sugges-

tions in the original paper by Lorenz (1984). Such anal-

yses of low-order models have been impressive in their

ability to offer interpretations of the underlying behavior

without losing quantitative rigor (Lorenz 1982; Simonnet
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et al. 2009), including educational interpretations of how

anthropogenic warming may change the frequency of

circulation modes (Palmer 2005; Palmer et al. 2005).

e. The coupled L84–ENSO model and parameter
estimation

The L84 equations are coupled with a single-equation

model of ENSO, following the work of Roebber et al.

(1997). The ENSO model [Eqs. (A10) and (A11);

Tziperman et al. (1994) after Munnich et al. (1991) after

Cane and Zebiak (1985)] includes a Kelvin wave, a

Rossby wave mode, a dynamic link from mid-Pacific

wind stress anomalies to the aforementioned wave

modes, and a phenomenological seasonal forcing term,

which represents the effects of seasonally varying fea-

tures of the equatorial Pacific Ocean and atmosphere.

The model allows the system to enter into nonlinear

resonance with the seasonal cycle at several periods

of the oscillators and, thus, the authors argue that

nonlinearity could explain the irregular occurrence and

partial locking to the regular seasonal cycle of El Niño.

The thermocline depth anomaly in the eastern equato-

rial pacific is denoted by h, t is time, L is the basin width,

and va is the annual frequency of the idealized seasonal

forcing. The first term on the rhs represents a wind-

forced Kelvin mode that travels at a speed CK, the sec-

ond term is due to the westward-traveling Rossby wave

of speed CR excited by the wind at time t 2 [L/CK 1

L/(2CR)] and reflected as a Kelvin wave. The non-

linear function A(h) relates wind stress to SST and

SST to thermocline depth, and reflects the nonuniform

stratification of the ocean. The slope of A(h) at h 5 0,

set by the parameter k, is a measure of the strength

of the coupling between ocean and atmosphere, as

shown:

_h 5 t1A

�
h t 2

L

2CK

� ��
2 t2A

�
h t 2

L

CK

1
L

2CR

� ��

1 t3 cosv(t 2 d) and (A10)

A(h) 5

b
1

1
b

1

a
1

�
tanh

�
ka

1

b
1

(h 2 h
1

)

�
2 1

�
, h

1
, h;

kh, h
2

# h # h
1

;

2b
2

1
b

2

a
2

�
tanh

�
ka

2

b
2

(h 2 h
2

)

�
1 1

�
, h , h

2
.

8>>>><
>>>>:

(A11)

We employ the one-way linkage between the L84 equa-

tions and the ENSO model shown in Eqs. (A12)–(A14),

which represents the direct influence of El Niño on jet

stream and eddy strength through atmospheric pathways:

_X 5 2Y2 2 Z2 2 aX 1 afF0 1 F1 cos(v
a

t)

1 anxT
6

tanh[c
6

h(t 2 tX)]g, (A12)

_Y 5 XY 2 bXZ 2 Y 1 G0 1 G1 cos(v
a

t)

1 anyT
6

tanh(c
6

h), and (A13)

_Z 5 bXY 1 XZ 2 Z. (A14)

We explore two different coupling approaches, moti-

vated by the observational analysis in section 2: (i) de-

layed forcing of the midlatitude mean zonal wind X by

ENSO through EPG: anxT6 tanh[c6h(t 2 tX)] and (ii)

forcing of the midlatitude eddies Y, Z by ENSO through

the OLC: anyT6 tanh(c6h).

The term T6 tanh[c6h(t 2 tX)] represents the tropical

SST anomaly, where the parameters T1 (T2) and c1

(c2) are associated with positive (negative) thermocline

depth anomalies h given by Eq. (A10). We consider two

months for the lagged response of midlatitude circula-

tion to the tropical Pacific conditions (tX 5 2), based on

the cross correlation between the Niño-3 index and the

EPG. Figures 6 and 7 show that the effect of ENSO on

the EPG and OLC exhibits strong seasonality. In this

model, the coupling coefficients anx and any do not vary

seasonally; therefore, the above-mentioned seasonality

is expressed only via the seasonal changes in the ENSO

signal amplitude represented by the ENSO model. Re-

gression of the EPG and OLC time series on the Niño-3

record provides coupling parameters anx 5 0.005 13 and

any 5 20.184. The F and G parameters are computed

in such a way that the terms fF0 1 F1 cos(vaT) 1

anxT6 tanh[c6h(t 2 tX)]g and [G0 1 G1 cos(vaT) 1

anyT6 tanh(c6h)] equal the summer and winter values

of F and G, respectively. The values of all other param-

eters, which are adopted from Lorenz (1984), Tziperman

et al. (1994), Munnich et al. (1991), and Cane and Zebiak

(1985), are given in Table A1.

f. Significance test of bivariate pdf changes

To assess the significance of the difference between

20-yr periods of the joint pdf of the EPG and OLC,
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presented in section 2, we perform the following signif-

icance test.

The null hypothesis is that any random 20-yr sample

from the record is drawn from the same population. We

consider two random samples, i and j, from the EPG and

OLC record, both of length n 5 20 yr. We estimate the

joint probability density function fi(EPG, OLC) using

local polynomial estimation Locfit (Loader 1999). We

define Lij as the likelihood that sample i could have been

generated by the same process that generated sample j:

Lij 5 e�
n

t51flog[ f
i
(EPG

jt
,OLC

jt
)]/ng (A15)

If the likelihood is high, then the two samples belong

to the same underlying population. Conversely, if it is

low, then the null hypothesis of the common generating

mechanism would be rejected.

This observation suggests that a one-sided significance

test that assesses whether Lij . La, where La is the ath

percentile of the sampling distribution of Lij, is needed.

To determine the significance level, we calculate the

likelihoods Lij of randomly drawn 20-yr samples 1000

times and define the significance level to be the 10th

percentile of the likelihood values obtained from the

1000 experiments, namely, 0.45.

For each one of the 20-yr periods shown in Fig. 5, we

compute the likelihood of its belonging to the same

population as any of the other 20-yr periods and show

the results in Table A2. Under the null hypothesis that

samples i and j are generated by the same process, both

Lij and Lji should be above the significance level. Bold-

face numbers indicate the values that are below the sig-

nificance level, that is, fail the test and indicate that the

two joint pdfs are distinguishable and could not come

from the same population. The results indicate that the

pdfs in the first half of the century are significantly dif-

ferent from the pdfs in the second half.

We performed the same test to estimate the signifi-

cance of the changes in the pdf of the EPG and OLC

with respect to ENSO events. Table A3 shows the like-

lihood estimates. Boldface numbers indicate that the

two pdfs could not be drawn from the same population at

the 10% significance level. The results indicate that the

pdf during El Niño events is significantly different from

the pdfs during La Niña and neutral years. The similarity

of the pdfs between La Niña and neutral events is to be

expected, given that La Niña conditions are closer to the

normal state of the equatorial Pacific.
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