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ABSTRACT

This paper reports an attribution analysis that quantifies addible contributions to the observed temperature

anomalies from radiative and nonradiative processes in terms of both amplitude and spatial pattern for the

two most prominent surface temperature patterns in an El Niño winter. One is the El Niño SST pattern

consisting of warming SST anomalies over the eastern equatorial Pacific basin surrounded by cooling SST

anomalies in the western and subtropical Pacific, and the other is a tripole surface temperature anomaly

characteristic of a positive Pacific–North American (PNA) teleconnection pattern. The decomposition of the

observed temperature anomalies is achieved with the coupled atmosphere–surface climate feedback-responses

analysis method (CFRAM), which is formulated utilizing energy balance in the atmosphere–surface columns

and linearization of radiative energy perturbation.

Out of the mean amplitude of 0.78 K of the El Niño SST pattern, the oceanic dynamics and heat storage

term alone contributes to 2.34 K. Water vapor feedback adds another 1.6 K whereas both cloud and atmo-

spheric dynamical feedbacks are negative, reducing the mean amplitude by 2.02 and 1.07 K, respectively.

Atmospheric dynamical feedback contributes more than 50% (0.73 K) of the mean amplitude (1.32 K) of the

PNA surface temperature pattern. Water vapor and surface albedo feedbacks contribute 0.34 and 0.13 K,

respectively. The surface processes, including oceanic dynamics in the North Pacific, heat storage anomalies,

and surface sensible/latent heat flux anomalies of ocean and land also contribute positively to the PNA surface

temperature pattern (about 0.14 K). Cloud and ozone feedback, although very weak, act to oppose the PNA

surface temperature anomaly.

1. Introduction

El Niño–Southern Oscillation (ENSO), the most pro-

nounced mode of air–sea interaction in the tropical

Pacific, affects the weather and climate globally and

constitutes the main source of interannual variability in

the earth’s climate system (e.g., Bjerknes 1969; Philander

1990). Following early efforts of Walker and Bliss (1932),

numerous investigations since the late 1960s have painted

a vivid picture of the global temperature response to

ENSO (e.g., Newell and Weare 1976; Angell 1981; Van

Loon and Madden 1981; Pan and Oort 1983; Kiladis and

van Loon 1988; Kiladis and Diaz 1989; Halpert and

Ropelewski 1992; Larkin and Harrison 2005; Wang et al.

2007). Among the most robust, ENSO-related tempera-

ture signals are 1) the in-phase relationship between

tropical tropospheric temperature and equatorial Pacific

sea surface temperature (SST; Newell and Weare 1976),

and 2) the above- (below-) normal temperature in the

northern United States/southern Canada (the south-

eastern United States) during an El Niño winter that fits

to the Pacific–North American (PNA) teleconnection

pattern (e.g., Wallace and Gutzler 1981). The nature of

the observed temperature response, in other words, the

relative contributions of various dynamical and thermo-

dynamic processes to the total temperature anomalies,

however, remains largely unexplained.

Lau et al. (1996) first demonstrated that basic struc-

tures of water vapor and cloud feedback to underlying
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SST anomalies during active ENSO phases are primarily

determined by the basinwide atmospheric circulation

response to the SST forcing. Following a similar ap-

proach and analyzing the top of atmosphere (TOA)

radiation budget, Sun et al. (2003, 2006) conducted sys-

tematic evaluations of the strength of the atmospheric

radiative and dynamical feedbacks to interannual SST

anomalies in the equatorial Pacific cold tongue. They

found that the tendency for coupled models to develop

a significant SST bias in this region was mainly caused

by a model underestimate of the atmospheric negative

feedbacks (e.g., cloud albedo and atmospheric energy

transport) to the underlying SST anomalies. A recent

analysis by Zhang et al. (2011) suggests that warming over

the northern United States in an El Niño winter likely

results from increases in both the downward solar radi-

ation (due to reductions in both cloud optical thickness

and surface albedo) and downward longwave radiation

(due to increase in precipitable water). The cooling over

the southeastern United States was similarly attributed to

reduced solar radiation reaching the surface caused by

increased cloud optical thickness. By comparing El Niño

and La Niña composites, Zhang et al. (2011) also quali-

tatively tied the local surface radiation budget to large-

scale motions in the free atmosphere and thus changes

in water vapor convergence and precipitable water.

Despite the results discussed above, we still miss in the

literature a comprehensive, quantitative, and global-extent

account of the relative contributions of various forcing and

feedback processes to surface temperature anomalies in

an El Niño winter. The purpose of the present study is to

accomplish this task through a process-based decom-

position of the observed El Niño surface temperature

anomalies utilizing the coupled atmosphere–surface

climate feedback-responses analysis method (CFRAM).

CFRAM was originally formulated as a new framework,

complementing the traditional TOA approach, for eval-

uating climate feedbacks (Lu and Cai 2009; Cai and Lu

2009). Here for the first time we adopt CFRAM to un-

derstand the most important mode of interannual vari-

ability in the climate system. Following this introduction,

section 2 outlines application of CFRAM for feedback

analysis of ENSO variability, including descriptions of

the data used and analysis procedure. The main results

are reported and discussed in section 3. Section 4 presents

some concluding remarks.

2. Application of CFRAM for feedback analysis
of ENSO variability

The foundation of CFRAM is the total energy balance

within an atmosphere–surface column at a given hori-

zontal grid point that consists of M atmospheric layers and

a surface layer [see Lu and Cai (2009) for more details].

Writing the total energy balance equation separately for

a winter state representative of El Niño condition [i.e.,

a warm-phase state (WPS)] and for a winter state free of

ENSO variability [i.e., a neutral-phase state (NPS)] then

taking the difference D between the two, we obtain

D
›E

›t
5 DS 2 DR 1 DQnon-radiative, (1)

where R (S) is the vertical profile of the net divergence

(convergence) of longwave (shortwave) radiation flux

within individual layers. For all layers above the surface

layer, Qnon-radiative is the vertical profile of the conver-

gence of total energy due to atmospheric turbulent,

convective, and advective processes. At the surface,

Qnon-radiative corresponds to the loss of energy due to

surface sensible and latent heat fluxes, as well as the net

energy convergence in the entire ocean column if the

surface is over ocean. The elements of ›E/›t are the en-

ergy storage terms. All terms in Eq. (1) have units of watts

per square meter.

By neglecting the interactions among various radiative

feedbacks, thus linearizing the radiative energy pertur-

bation, we may express DS and DR as the sum of partial

radiative energy flux convergence/divergence perturba-

tions due to individual radiative feedback processes:

DS ’ DS(w) 1 DS(c) 1 DS(a) 1 DS(O
3
) and

DR ’ DR(w) 1 DR(c) 1 DR(O
3
) 1

›R

›T
DT. (2)

In Eq. (2) superscripts w, c, O3, and a stand for water

vapor, cloud, ozone, and surface albedo, respectively.

Elements of DT are the temperature differences in each

layer between the WPS and the NPS, and ›R/›T is the

Planck feedback matrix whose jth column corresponds to

the vertical profile of the radiative energy flux divergence

perturbation due to 1-K warming at the jth layer from its

NPS temperature profile. We add here that in linearizing

radiative energy perturbation, we no longer assume the

temperature dependence of various feedbacks, which

distinguishes CFRAM from other linearization expan-

sions (e.g., Wetherald and Manabe 1988). Substituting

Eq. (2) into Eq. (1), rearranging the terms and multi-

plying both sides of the resultant equation by (›R/›T)21,

we obtain the following:

DT 5
›R

›T

� �21

[D(S 2 R)(w)
1 D(S 2 R)(c)

1 D(S 2 R)(O
3
)

1 DS(a) 1 DQ(atmos dyn) 1 DQ(ocean dyn1storage)],

(3)
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where DQ(atmos dyn) is zero at the surface layer, and in the

atmosphere layers DQ(atmos dyn) 5 2D(S 2 R)
atmosphere

,

representing the vertical profile of the energy pertur-

bation in the atmosphere associated with atmospheric

motions (including turbulent, convective, and large-scale

motions) and heat storage anomalies (which is expected

to be very small); DQ(ocean dyn1storage) 5 2D(S 2 R)
surface

is zero in all layers except at the surface layer where it

corresponds to the energy perturbation at the surface

due to oceanic circulations (if the surface is over ocean),

heat storage anomalies, and surface turbulent sensible

and latent heat flux anomalies. Based on the linear de-

composition principle, Eq. (3) enables us to express the

vertical profile of the temperature difference between

WPS and NPS in the atmosphere–surface column at a

given horizontal location as the sum of the vertical pro-

files of the partial temperature anomalies due to (from

left to right) water vapor feedback, cloud feedback,

ozone feedback, surface albedo feedback, atmospheric

dynamical feedback, and the surface dynamical/heat

storage term.

We adopt the Fu–Liou radiative transfer model (e.g.,

Fu and Liou 1992, 1993) in the evaluation of the radia-

tive energy perturbation terms and the Planck feedback

matrix in Eqs. (2) and (3). Variables required as input to

the radiative transfer model, including solar energy

fluxes at the top of the atmosphere, air/surface temper-

atures, specific humidity, ozone mixing ratio, cloud

amount, cloud liquid/ice water content, and surface al-

bedo, are all obtained from the European Centre for

Medium-Range Weather Forecasts (ECMWF) Re-

Analysis Interim (ERA-Interim; Uppala et al. 2008; Dee

et al. 2011). ERA-Interim is the latest global atmo-

spheric reanalysis covering the period from 1979 to the

present and has a horizontal resolution of 1.58 longitude 3

1.58 latitude with 37 pressure levels in the vertical rang-

ing from 1000 to 1 hPa. Composite 3D and 2D fields used

in radiative transfer calculation representing the WPS

and NPS are constructed with the winter [December–

February (DJF)]-averaged data of the ERA-Interim.

Based upon the DJF-averaged Niño-3.4 index, a total of

seven warm-phase winters (index anomaly greater

than one standard deviation) and nine neutral-phase

winters (absolute value of the index anomaly less than

half of the standard deviation) are identified for the

period from 1979 to the present and used in constructing

the composites. Finally, given concerns on the use of a

time-mean thermodynamic state to calculate time-mean

radiative energy perturbation (Kato et al. 2011; Taylor

et al. 2011), we have thoroughly validated the use of

composite WPS/NPS for radiative transfer calculation

by comparing the TOA and surface radiation anomalies

calculated ‘‘offline’’ to those obtained directly from the

ERA-Interim.

3. Results

The composite surface temperature difference be-

tween the WPS and NPS, representing a canonical

El Niño pattern, is shown in Fig. 1a. Signals that are

statistically significant at the 90% level include the fol-

lowing: 1) warming (cooling) SST anomalies on the or-

der of ;2 K (;1 K) in the equatorial central-eastern

(equatorial western and subtropical) Pacific; 2) warming

with local maxima exceeding 3 K over the contiguous

northern United States, Canada, and Alaska; 3) cooling

over the eastern North Pacific and southern United

States, which, in conjunction with the warming over

northern North America, forms a tripole temperature

anomaly characteristic of a positive PNA pattern (e.g.,

FIG. 1. (a) The global surface temperature anomalies (K) in a canonical El Niño winter (DJF), expressed in terms

of the difference between the WPS and NPS (see main text for definitions). (b) The sum of partial temperature

anomalies (K) derived through CFRAM according to Eq. (3). The contour in (a) indicates 90% level of statistical

significance.
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Wallace and Gutzler 1981); and 4) warming over the

tropical Indian Ocean and midlatitude South Pacific and

cooling over midlatitude South Atlantic. Figure 1b dis-

plays the sum of CFRAM-derived partial temperature

anomalies. The high degree of similarity between Figs.

1a and 1b in terms of both spatial pattern and numerical

values demonstrates that the linearization of radiative

energy perturbation in CFRAM calculation is a reason-

able approximation to make.

Figure 2 shows the partial temperature anomalies due

to the six thermodynamic and dynamical processes ob-

tained through CFRAM. Along the equatorial Pacific

basin, changes in oceanic circulation, turbulent heat fluxes,

and heat storage are responsible for an area-averaged

cooling of approximately 4.9 K in the west and a warm-

ing of approximately 5.2 K from the central to eastern

Pacific basin, consistent with shallowing thermocline

anomalies in the west, deepening thermocline anoma-

lies, and suppressed upwelling in the east during El Niño

(Fig. 2a). The warming in the Pacific cold tongue is

further enhanced by a positive feedback of approxi-

mately 4 K from water vapor (Fig. 2b) and counteracted

by a negative feedback of approximately 6 K from clouds

(Fig. 2c). The enhancement of convection over the eq-

uatorial central to eastern Pacific and reduction in the

western basin results in a negative atmospheric dynamical

feedback to the SST anomalies (i.e., suppressing warming

anomalies in the cold tongue and cooling anomalies in the

FIG. 2. Partial temperature anomalies (K) in an ENSO WPS due to (a) oceanic dynamics and heat storage

anomalies, (b) water vapor feedback, (c) cloud feedback, (d) atmospheric dynamical feedback, (e) ozone feedback,

and (f) surface albedo feedback.
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warm pool; Fig. 2d). This negative feedback, for example

in the cold tongue, is established through a reduction of

downward longwave radiation reaching the surface as

a result of an enhancement of convections that cools the

lower troposphere and warms the mid- to upper tropo-

sphere. Water vapor feedback, which is dominated by

the longwave (i.e., ‘‘greenhouse’’) effect of water vapor,

is also responsible for significant cooling anomalies over

the equatorial western and subtropical Pacific, while

cloud and atmospheric dynamical feedback create pos-

itive partial temperature anomalies that reduce the

magnitude of cooling. Over the equatorial Pacific,

small changes in the ocean surface albedo (OSA), likely

a result of changes in the distributions of clouds and

surface winds, is responsible for a weak negative feed-

back to the underlying SST anomalies (Fig. 2f).

Outside the equatorial Pacific basin, atmospheric dy-

namics is clearly the primary driver of the tripole tem-

perature anomaly over the Pacific–North American

sector (Fig. 2d). It contributes to more than 3 K of

warming over the northern United States/Canada and

approximately 2 K of cooling over the eastern North

Pacific and southern United States in a region extending

from the Gulf of Mexico to the subtropical North At-

lantic. Water vapor (Fig. 2b) and surface albedo (Fig. 2f)

feedback provide extra warming for northern North

America, which is consistent with the discussion in

Zhang et al. (2011) that increased moisture and reduced

albedo in this region lead to more longwave and short-

wave radiation, respectively, being absorbed by the

surface. Cloud feedback, on the other hand, generates

weak cooling over a large portion of the United States

and western Canada. The significant warming found

over the tropical Indian Ocean in WPS (Fig. 1a) is

largely related to water vapor feedback (Fig. 2b). The

effect of oceanic dynamics (Fig. 2a) on SST in this region

is largely compensated by cloud feedback (Fig. 2c).

Cloud feedback is also the main contributor to the

warming over the midlatitude South Pacific (Fig. 1a),

while both atmospheric dynamical feedback and cloud

feedback are responsible for surface cooling over the

midlatitude South Atlantic. The magnitude of ozone feed-

back is very small at the surface (Fig. 2e). Albedo feedback

is also generally weak except over northern North America

(as discussed above) and Antarctica (Fig. 2f).

To quantify the relative contributions of individual

processes to both the spatial pattern and mean ampli-

tude of surface temperature anomalies at a given region,

beyond the grid-by-grid attribution as done in Fig. 2,

we calculate the pattern-amplitude projection (PAPi) to

the observed temperature anomalies over the area A un-

der consideration from one of the partial temperature

anomalies DTi according to Jiang and Deng (2011) and

Cai and Tung (2012):

PAPi 5

A21

ð
A

a2DTiDT cosf dl df

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A21

ð
A

a2(DT)2 cosf dl df

r , (4)

where f and l are latitude and longitude, respectively;

and a is the mean radius of the earth. Because the sum of

all DTi converges to DT as indicated in Fig. 1b, we have

that the sum of all of PAPi converges to the root-mean-

square amplitude of the total temperature anomalies

over A, namely,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A21
Ð

A a2(DT)2 cosf dl df
q

.

We have calculated PAPs for two regions indicated by

the two boxes in Fig. 1b, where the two most prominent

surface temperature patterns in a canonical El Niño

winter are observed. The El Niño SST pattern, consisting

of warming SST anomalies over the eastern equatorial

Pacific basin surrounded by cooling SST anomalies in the

west and subtropical Pacific, has a spatial mean ampli-

tude of 0.78 K. The PAP results shown in Fig. 3a indicate

that oceanic dynamics and heat storage term alone

contributes 2.34 K to the mean amplitude of the El Niño

SST pattern. Water vapor provides the strongest positive

feedback to the El Niño SST pattern (11.6 K). Anom-

alies in cloud field give the strongest negative feedback

(22.02 K) and atmospheric dynamics represents the

FIG. 3. Pattern-amplitude projections (PAPs) of the six partial

temperature anomalies (K) onto the observed (a) El Niño SST

pattern and (b) the PNA surface temperature pattern.
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second largest negative feedback (21.07 K). Albedo

feedback is also weakly negative (20.08 K) in this re-

gion. In the extratropics, the PNA surface temperature

pattern has a spatial mean amplitude of 1.32 K. As seen

from Fig. 3b, atmospheric dynamics becomes the main

driver of the PNA surface temperature anomaly,

contributing more than 50% (0.73 K) to its mean am-

plitude. In order of decreasing importance, water va-

por, oceanic dynamics and heat storage, and surface

albedo feedback all act to strengthen the PNA surface

temperature pattern by 0.34, 0.14, and 0.13 K, re-

spectively. Over the PNA region, the area where

cloud feedback is negative (the southern portion of the

region) is slightly larger than the area with positive cloud

feedback (the northern portion of the region; Fig. 2c vs

Fig. 1a), resulting in a weak negative contribution

(20.006 K) from the overall cloud feedback to the PNA

surface temperature pattern. Ozone feedback is also

weakly negative (20.004 K) in this region.

4. Conclusions

This study utilizes a new framework of climate feedback

analysis (CFRAM) to isolate contributions from individ-

ual radiative and nonradiative dynamical processes to the

observed global surface temperature anomalies in a ca-

nonical El Niño winter. Using CFRAM-derived partial

temperature anomalies in the calculation of pattern-

amplitude projection, we conducted an attribution anal-

ysis for the two most prominent surface temperature

patterns in an El Niño winter: the El Niño SST pattern

and the PNA surface temperature pattern. It is found

that over the tropical Pacific, water vapor provides the

largest positive feedback to the underlying SST anoma-

lies driven mainly by oceanic dynamics and heat storage

anomalies. Cloud, followed by atmospheric dynamics,

represents the most significant negative feedback over

this region. In the extratropics, particularly over the PNA

sector, atmospheric dynamics becomes the main driver

of the tripole temperature anomaly characteristics of

a positive PNA teleconnection pattern. Water vapor and

surface albedo feedbacks provide strong positive contri-

butions to the PNA surface temperature anomaly, while

cloud and ozone feedback are weakly negative. It is

demonstrated here that CFRAM is an efficient ‘‘offline’’

approach for evaluating observed and/or simulated ther-

modynamic and dynamic processes that are responsible

temperature anomalies associated with dominant modes

of low-frequency variability in the climate system. It is

also important to recognize that the degree of accuracy

of the results presented here is constrained by the ERA-

Interim data used in the analysis. Biases in the data, par-

ticularly those related to clouds, will affect the partitioning

of WPS energy perturbations between cloud change

and atmospheric–oceanic dynamics in CFRAM. Similar

analysis will be conducted in the future with other high-

resolution reanalysis such as the National Aeronautics and

Space Administration (NASA) Modern Era Retrospective-

Analysis for Research and Applications (MERRA) to

further understand the contribution of model cloud bias

to the overall uncertainty of the results.
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