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ABSTRACT

A new framework is proposed to gain a better understanding of the response of the
atmosphere over the tropical Pacific to the radiative heating anomaly associated with the sea
surface temperature (SST) anomaly in canonical El Nifio winters. The new framework is based
on the equilibrium balance between thermal radiative cooling anomalies associated with air

temperature response to SST anomalies and other thermodynamic and dynamic processes.

The air temperature anomalies in the lower troposphere are mainly in response to radiative
heating anomalies associated with SST, atmospheric water vapor, and cloud anomalies that all
exhibit similar spatial patterns. As a result, air temperature induced thermal radiative cooling
anomalies would balance out most of the radiative heating anomalies in the lower troposphere.
The remaining part of the radiative heating anomalies is then taken away by an enhancement (a
reduction) of upward energy transport in the central-eastern (western) Pacific basin, a secondary
contribution to the air temperature anomalies in the lower troposphere. Above the middle
troposphere, radiative effect due to water vapor feedback is weak. Thermal radiative cooling
anomalies are mainly in balance with the sum of latent heating anomalies, vertical and horizontal
energy transport anomalies associated with atmospheric dynamic response and the radiative
heating anomalies due to changes in cloud. The pattern of Gill-type response is attributed mainly
to the non-radiative heating anomalies associated with convective and large-scale energy
transport. The radiative heating anomalies associated with the anomalies of high clouds also
contribute positively to the Gill-type response. This sheds some light on why the Gill-type

atmospheric response can be easily identifiable in the upper atmosphere.

Keywords El Nifo, SST anomalies, thermodynamic and dynamic responses, Gill-type response



51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

1. Introduction

The hallmark of an El Nifio, in terms of sea surface temperature (SST) anomalies, is the pattern
of anomalous warming in the equatorial central-eastern Pacific and cooling in the western
equatorial Pacific (Bjerknes 1969; Larkin 2005; Kao and Yu 2009). Associated with the anomalous
SST pattern is an eastward shift of the rising branch of the Walker Circulation from the equatorial
western Pacific to the central Pacific. The eastward shifting of the Walker Circulation is manifested
by upward (downward) motion anomalies and anomalous divergence (convergence) in the upper
troposphere over the central equatorial (western) Pacific region (Zebiak 1986; Trenberth et al.
1998; Ashok et al. 2007; Yuan and Yang 2012). Associated with the anomalous divergence flow
is a pair of off-equator anti-cyclonic circulation anomalies on the west and an equatorial positive
center of geopotential height anomaly on the east (Gill 1980; Rasmusson and Kingtse Mo 1993).
For an easy reference, we refer to such spatial pattern of geopotential height anomaly as a positive
“tripod” of circulation anomalies. The off-equator anti-cyclonic circulation anomalies serve as the
source of Rossby wave train emanating from deep tropic into the extratropics along the great circle
route (Hoskins and Karoly 1981; Philander 1990; Trenberth et al. 1998). In this way, an El Nifio
leads to profound impacts on weather and climate over the globe, including remote regions via
teleconnections (Wang et al. 2000; Alexander et al. 2002; Lyon and Barnston 2005; Ashok et al.
2007; Wang et al. 2012). Besides this positive tripod, there exists a negative tripod associated with
the downward motion anomalies over the western equatorial Pacific, namely a pair of off-equator
anomalous cyclonic centers on the west and a negative geopotential height center on the east

centered at around 150° E (DeWeaver and Nigam 2004).

Gill (1980) provided an analytic solution of the idealized atmospheric dynamic response to a

localized diabatic heating anomaly center, which exhibits a positive tripod spatial pattern. It
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represents the dynamic balance of a pair of westward propagating Rossby anti-cyclonic circulation
anomalies and an eastward propagating high-pressure Kelvin mode in the upper troposphere with
the positive diabatic heating anomalies below. Conversely, a negative tripod spatial pattern in the
upper troposphere can be regarded as the Gill-type response to a diabatic cooling anomaly.
DeWeaver and Nigam (2004) used a linear general circulation model to prove that, in the upper
troposphere during the mature phase of El Nifio events, the co-existence of a positive tripod of
circulation anomalies over the central tropical Pacific and a negative tripod above the western
tropical Pacific can be regarded as the Gill-type response to a pair of localized heating anomalies

of opposite sign with positive in the east and negative in the west.

The Gill solution also predicts that there is a tripod with the opposite sign in the lower
troposphere centered at the localized diabatic heating center (Wu et al. 2000; Wu 2003). In other
words, one would expect a negative (positive) tripod spatial pattern over the tropical (western)
Pacific in the lower troposphere during El Nifio events, if the Gill-type response would prevail.
However, during El Nifio events, geopotential height anomalies in the lower troposphere do exhibit
negative values over the tropical eastern Pacific but positive values over the western equatorial
Pacific, indicating a negative Southern Oscillation pattern (Rasmusson and Carpenter 1982;
Rasmusson and Wallace 1983). The accompanied off-equator circulation anomalies of the same
sign as in the Gill-type response are not identifiable in the lower troposphere. The lack of Gill-type
dynamic response signal in the lower atmosphere seems to indicate that the thermodynamic
response would have to play a more important role in the observed response to SST anomalies in
the lower troposphere. Thermodynamic processes yield different spatial patterns in the lower-
tropospheric response to SST anomalies of El Nifio events, especially near the surface (Lindzen

and Nigam 1987; Battisti et al. 1999; Chiang et al. 2001; Back and Bretherton 2009). Battisti et al.
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(1999) found that the circulation anomalies near the surface were forced by sensible and latent
heat flux anomalies while circulation anomalies above the boundary layer were forced by the latent
heating anomaly. Furthermore, Chiang et al. (2001) reported that the Gill type response above the
boundary layer contributed significantly to the surface zonal wind but the meridional wind was
primarily forced by the gradient of SST anomalies associated with El Nifio events. Back and
Bretherton (2009) and Zhang et al. (2012) discussed the relative contributions from the
thermodynamic process in the boundary layer and the dynamic process above the boundary layer.
The existence of clearly organized Gill-type response in the middle and upper troposphere but less
organized one in the lower troposphere had been duplicated in model simulations of El Nifio (Lee

et al. 2009).

The main objective of this study is to delineate the roles of the thermodynamic and dynamic
responses to SST anomalies associated with canonical El Nifio events. Because geopotential height
and air temperature anomalies are related to one another via the hydrostatic balance (White 2008),
we will focus on air temperature response in this study. Specifically, we wish to examine how the
response in atmospheric temperature transitions from the thermodynamically-driven response in
the lower troposphere, which resembles to the SST anomaly pattern, to the pattern characterized
by the Gill-type response in the upper atmosphere. The remaining part of this paper is organized
as follows. Section 2 presents the analysis framework of the coupled dynamic and thermodynamic
responses and Section 3 describes data and analysis procedures. Features of atmospheric response

to SST anomalies associated with El Nifio events are presented in Section 4. Section 5 discusses
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the attribution of temperature response to individual radiative and non-radiative heating anomalies.

Conclusions are given in Section 6.
2. Analysis Framework

A new framework is proposed to delineate the atmosphere response to SST anomalies. The
main feature of this new framework is to divide loosely the atmosphere response to anomalous
upward longwave radiative fluxes associated with SST anomalies into two parts: non-temperature
response and temperature response. Non-temperature response includes the changes in
atmospheric dynamics processes, such as those in convective activity and large-scale atmospheric
circulation (e.g., the Gill-type response), as well as the changes in non-temperature thermodynamic
variables such as water vapor and cloud anomalies. The changes in atmospheric dynamics
processes redistribute energy both vertically and horizontally far away from the original diabatic
heating anomaly, but also generate additional heating anomalies, such as latent heat anomalies.
Associated with the changes in non-temperature thermodynamic variables are radiative heating
anomalies. It is the anomaly of thermal radiative cooling rate associated with the changes in air
temperatures that is in balance with the sum of these individual non-temperature induced radiative

heating anomalies and non-radiative energy flux convergence anomalies.

The formulation of the new framework is based on the perturbation equation of energy

balance in an atmospheric column from the boundary layer to the top layer, namely,

f(RAD)Q f(DYN)@_e A(RAD)Q+A(DY}V')Q:0 (1)

where t‘M)Q— AR4P )Q _corresponds to the vertical profile of total changes in radiative energy

absorbed by the atmosphere. A9 AP™Q corresponding to the vertical profile of non-

—_—
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radiative energy flux convergence anomalies, which are equal to the sum of perturbations in energy
redistributions by convective and large-scale atmospheric motions as well as changes in energy
fluxes entering the atmosphere due to the changes in surface sensible and latent heat fluxes. By

evoking a linear approximation, we have

RAD T wy C T other

A(RAD)Q ~ A(TS)Q+ A(WV)Q-FA(C)Q—A(T‘”")R + A(ﬂthﬂ‘)Q ()

where A0 -A9g is the vertical profile of the absorption of the perturbation longwave radiative

flux emitted from the surface associated with SST anomalies. A" )Q ﬁ‘M’Q and A(C)Q ﬁ(QQ are

the vertical profiles of the absorption perturbation of the shortwave and longwave radiative energy
due to the changes in atmospheric water vapor (WV) and clouds (C), respectively. H AR
is the vertical profile of radiative thermal cooling rate anomalies due to atmospheric temperature
(Tair) anomalies, and A"’ denotes the vertical profile of the absorption perturbation of
radiative energy fluxes due to the changes in stratospheric ozone and surface albedo. Because the

part of A(’”h“’")Qﬁ(MIQ due to the change in ozone is very small in the troposphere and the part

of A(‘”h”)Q Al%erg due to the change in surface albedo is nearly equal to zero over tropical oceans,
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we neglect the term A(”’h")Q-A-(M@ in this study. Combining (1) and (2) without the term

A(ar/zer)Q A other)Q ylelds

T)p o AT Wy C DYN) o ATur) R zA””Q+A(WV)Q+A(C)Q+A(DYN)Q— (3)

Next, we calculate the pattern-amplitude projection (PAP; Deng et al. 2012) coefficients
according to
A7 J.azA(X)QjA(T"")Rj cosgdAdg 47! [ azA(X)QjA(T"”‘)Qj cospdAdg

PAPY) = 4 PPN — 4 €
\/A" [a>(A™R )? cos dady \/A’l ! *(AT)0,) cosgd Adg
A

where ¢ and A are respectively latitude and longitude, and a is the radius of the earth. A

corresponds to the area of the tropical Pacific domain of 30 °S-30 °N, 90 °E-90 °W. A()OQ/.

75—(&@/—-45 one of the terms on the right hand side (RHS) of (3) in the j* atmospheric layer. It is

easy to verify that according (3) the summation of PAP*’ —13741(7]in over all terms on the RHS of

; : : : (Tuir) T
(3) is approximately equal to the amplitude of the spatial pattern of A™’R, ﬂiﬂﬁgj over the area

A, namely, Y PAP™ z\/A’lIaZ(A(T“"‘)R/.)2 cosgdAd¢
X A

(the approximation is due to the linearization of the

radiative transfer model and the neglecting of the small term A(‘"h”)Q ALty Therefore,

PAPJ-(X ) PAP}& measures the relative contribution of each term on the RHS of (3) to A7~ R

A

ATOR in the j™ atmospheric layer in terms of both spatial pattern and amplitude. It follows that
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X) X : : (Tuir) T
the closer the value of PAP, —1%4{-’}—1 to the amplitude of the spatial pattern of A™’R, ﬁjﬂ*)Qj,

the larger is contribution of the corresponding process to both spatial pattern and amplitude of
temperature response. Thus, we can say that the atmospheric temperature change in the layer

over area A is mainly in response to the process X because the radiative cooling associated with

. (T) T : v H1AK) X
air temperature change (AR, ﬁL«le) is mainly in balance with A™’Q, 751—)@]

3. Data and Analysis Procedures

The data used in this study are obtained from the European Centre for Medium-range Weather
Forecasts (ECMWF) Re-Analysis Interim (ERA-Interim; Dee and Uppala 2009; Dee et al. 2011).
The atmospheric variables include geopotential height, air temperature, specific humidity, ozone
mixing ratio, cloud cover, and cloud liquid/ice water content. All atmospheric variables are defined
at 37 pressure levels from 1000 hPa to 1 hPa. We also consider the incoming solar energy flux at
the top of the atmosphere (TOA), the surface skin temperature, the upward longwave radiative

flux at the surface, surface albedo, and surface sensible/latent heat fluxes.

Following Hu et al. (2016), we use the data in the periods of the four major canonical El Nifio
winters (1982/1983, 1986/1987, 1997/1998, and 2006/2007) and eight ENSO-neutral winters
(1980/1981, 1981/1982, 1985/1986, 1989/1990, 1992/1993, 1993/1994, 2001/2002, and
2003/2004) to construct the composite El Nifio and neutral events, respectively. The differences

(denoted by the symbol A) between the composite El Niflo and neutral events are referred to as El
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Niflo anomalies. We focus on the El Nifio anomalies over the tropical Pacific and part of the East

Asia monsoon region (30 °S-30 °N, 80 °E-80 °W).

We use the Fu-Liou radiative transfer model (Fu and Liou 1992; Fu and Liou 1993) to evaluate

all terms in (2) at the original 37 levels of the ERA-interim on each grid point as the following:

AP = T & TE WVE CE otherE )= QT oy, T WV Y . CN  other]

air» air> > air> ai air> ™~ air>

T, E N N ~N N N N N ~N N
AQ( ) = Q(TSST > Tair’ WV;lir’ Cair’ Otherair ) - Q(TSST ° Tair’ WVair’ Cair’ Olhera'

i

wv N N E N N N N N ~N N
A( )Q = Q(TSSTﬁrairﬁ WV, C. Otherair)_ Q(TSST5 Tail‘7WK1ir’Cair=0therair'

air> ™~ air>

E N N N N N N
C Otherair ) - Q(TSST > Tair > WVair > Cair ’ Olherair )

air»

A9 =l TN Wyl

air> air»

ATIR = [OT8y, TE . WV CN other ) - QT , TY WV ,CN Lother )]

air» air> ~ air» air> air> >~ air»

AN = QT8 , T WV CN otherE ) - QT T WY ,.C Lother])

air> air> ™~ air> air» air> >~ air»

A*MPQ = (T, TE WVLE CE other’ ) — O(Toer , T WV ,.CN other))

air? air® > air? air? air? > air? air

AQ =(TE,, TE WV, CY Jother’

air? air® > air? air

V=0T, T WV . CN Jotherl)

air? air® > air? air

A(WV)Q = Q(rgr,Tﬁ,WVﬁ,Cﬁ,,O[/’!@Iﬁ)—Q(Z{ZT,TN WV,,C0ther,,

air? air? " air? air )

®)

ANOQ =Ty, . TE WV CE Jother))—Q(Te, , TX WV CY other”

air? air? > air? air )

A RO T V. Clyother ) = QT T W3 other, )]

A"Q = (T, TE WV Y CY other: )— QT T, WV ,CY

ir air? air® " air

N
other)’)

where Q is the vertical profile of the net radiative energy flux convergence (in units of W/m?) in
each atmospheric layer obtained from the radiative transfer model using the information of SST,
vertical profiles of Tair, WV, and C, as well as other variables/parameters (denoted as “other”) such
as the incoming solar radiative flux at the TOA, ozone, and surface albedo. The superscript “N”

and “E” denote, respectively, the variables derived from the composite mean fields of the eight

10

[ Field Code Changed




198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

ENSO-neutral winters and the four major El Nifio winters. Note that the vertical profiles of C

include cloud liquid and ice water as well as cloud area. We then use (1) to indirectly infer the

term AV Q AP a5

51DYNLQ:_5(RAD)? A(DYN)Q:_A(RAD)Q (6)

Equations (5) and (6) enable us to obtain all of the terms in (3).

Note that because the units of all terms in (5) have been converted from K/s (degree per second)

to W/m?, they can be summed up vertically without changing their physical meanings. For example,

the vertical summation of A”"’QA"g from the lowest to the highest atmospheric layers

—

corresponds to the perturbation in the total energy absorbed by the atmosphere due to the changes
in atmospheric water vapor. Therefore, we can reduce the number of layers in our discussions to a
few selected layers by adding the terms vertically. We have divided the atmospheric column
broadly into six layers in presenting the results of (3) and (4): one for the boundary layer (1000-
925 hPa), two for the lower troposphere (925-800 hPa and 800-600 hPa), one for the middle
troposphere (600-400 hPa), and two for the upper troposphere (400-250 hPa and 250-150 hPa).
We will use the results in these layers to the explain temperature and geopotential height anomalies

at 950 hPa, 850 hPa, 700 hPa, 500 hPa, 300 hPa, and 200 hPa.
4. An Overview of the Key Features of Atmospheric Anomalies of El Nifio Events

We here present an overview of the salient features of atmospheric circulation anomalies
observed during El Nifio events. Figure 1a shows the composite SST anomalies over the tropical
Pacific during El Nifio winters. The corresponding geopotential height anomalies at various levels
are displayed in Fig. 2. It is seen that in the upper troposphere above 500 hPa, there exists a pair
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of negative and positive tripods of circulation anomalies centered over the western and eastern
tropical Pacific, respectively (Figs. 2a-b). The intensity of geopotential height anomalies is
strongest at 200 hPa. The existence of such a pair of tripods in the upper troposphere is consistent
with the Gill-type response to a pair of localized heating anomalies of opposite sign with positive
values in the east and cooling anomalies in the west (DeWeaver and Nigam 2004). Below the
middle troposphere (Figs. 2d-f), the geopotential height response mainly shows negative values
over the tropical eastern Pacific but positive values over the western Pacific, indicating the
negative Southern Oscillation pattern during El Niflo winters (Rasmusson and Wallace 1983;
Scherllin-Pirscher et al. 2011). The off-equator positive and negative centers are barely noticeable.
Therefore, the canonical low-level Gill-type response is not observed in the lower troposphere.
The lack of Gill-type dynamic response signal in the lower atmosphere seems to indicate that the
thermodynamic response could play a more important role in the observed response to SST

anomalies in the lower troposphere.

It is seen from Fig. 3 that the spatial pattern of air temperature anomalies in the lower
troposphere is similar to SST anomalies. The Gill-type response begins to emerge clearly at 500
hPa with the maximum intensity at 300 hPa. Therefore, one would infer from the hydrostatic
balance that the pair of tripod patterns in geopotential height anomalies exists only at levels higher
500 hPa with its intensity increasing with elevation until a level above 300 hPa. According to Fig.
2, the maximum amplitude of the tripod patterns in the field of geopotential height anomaly is at
200 hPa. The ability of using the hydrostatic balance to infer geopotential height anomalies from
air temperature response to SST anomalies is the rationale that prompts us to focus on air

temperature response in the framework of (3) for explaining the dominance of the
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thermodynamically-driven response in the lower troposphere but the Gill-type response in the

upper troposphere.
Now let us examine the anomaly fields that are responsible for the energy flux convergence
perturbations on the RHS of (3). The anomalous upward longwave radiative flux emitted from the

surface during El Niflo events (ARST N‘%Si, Fig. 1b) can be inferred directly from the corresponding

—_—

SST anomalies (Fig. 1a) using ARYT = 40'f§AT ] Wﬁﬁi‘; ,where o is the Stefan-Boltzmann

=3 = . . :
constant and 7's -7, is the mean SST derived from the composite mean of neutral events. The term

ARST m?gi can be regarded as the “source of external forcing” for the atmospheric response since

—_—

its absorption by the atmosphere, i.e. the first term on the RHS of (3), is the “sole” source of energy
outside the atmosphere component of the coupled atmosphere-ocean system in the analysis
framework (3). Here we wish to reiterate that the anomalous surface latent and sensible fluxes
should also be regarded as part of the “external forcing” to the atmosphere component. However,
the effect of anomalous surface latent and sensible fluxes entering the atmosphere has been blended
in the last term on the RHS of (3) as part of the atmospheric dynamic response since there is no
information available from the ERA-interim about where the energy is released without running a

general circulation model.

The atmospheric water vapor anomalies of the composite El Nifio (Fig. 4) exhibit a similar
spatial pattern as the SST anomalies, showing a moistening center in the central-eastern equatorial
Pacific and drying anomalies in the western equatorial Pacific and off-equator tropical latitudes in
both hemispheres, which is consistent with the results Prabhakara et al. (1985) and Takahashi et

al. (2013). The horizontal pattern of atmospheric water vapor anomalies remains largely
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unchanged throughout the troposphere but its amplitude decreases gradually with height in the
lower troposphere and diminishes in the upper troposphere. The cloud water/ice content anomalies
of the composite El Nifio, however, exhibit large amplitude in the middle and upper troposphere
(Figs. 5b-5d). The spatial pattern of cloud water/ice content anomalies in the middle and upper
troposphere resembles greatly to that of the rainfall anomalies of the composite El Nifio (Fig. 6),
suggesting that most of condensation or latent heating anomaly takes place in the middle and upper
troposphere. This conjecture is consistent with the vertical motion anomalies of the composite El
Nifio (Fig. 7). Specifically, the spatial patterns of vertical motion anomalies at 700 hPa, 500 hPa,
and 300 hPa (Figs. 7b-7d) are all similar not only to one another but also to the cloud water/ice
content anomalies at these layers (Figs. 5b-5d) and rainfall anomalies (Fig. 6). The nearly perfect
positive correlation among these spatial patterns indicates that the most latent heating anomalies
take place in the layers between 700 hPa and 300 hPa where both vertical motion and cloud content
anomalies are strongest and their spatial patterns match the spatial pattern of rainfall anomalies.
The pattern of downward motion anomalies with less clouds and reduction of rainfall over the
western equatorial Pacific and upward motion anomalies with more clouds and enhancement of
rainfall over the central-eastern Pacific is indicative of the weakening of the Walker Circulation
during the mature phase of El Nifio (Philander 1990; Hsu 1994; Power and Smith 2007). The
dominance of the downward motion anomalies away from the equator, together with the
dominance of the rising motion anomalies along the equatorial Pacific, is suggestive of the
strengthening of the Hadley Circulation (Oort and Yienger 1996; Sun et al. 2013; Nguyen et al.

2013).

In summary, the key features of the non-air temperature changes along the equatorial Pacific
associated with the SST anomalies of the composite El Nifio are (i) strengthening (weakening) of
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the upward thermal radiative fluxes emitted from the ocean surface in the central-eastern (western)
equatorial Pacific, (ii) moistening (drying) in the lower troposphere along the central-eastern
(western) equatorial Pacific, and (iii) more (less) latent heating release accompanied with more
(less) clouds in the middle and upper troposphere along the central-eastern (western) equatorial
Pacific. In the next section, we will consider the effects of radiative heating and non-radiative
energy flux anomalies and examine how they are balanced by radiative thermal cooling anomalies

associated with air temperature response.

5. Attribution of Air Temperature Response to Anomalies of Radiative and Non-radiative

Processes

The anomalies of the radiative thermal cooling rate associated with the air temperature
anomalies at the 6 layers of 950 hPa, 850 hPa, 700 hPa, 500 hPa, 300 hPa, and 200 hPa (Fig. 8)
exhibit similar spatial patterns as the air temperature anomalies shown in Fig. 3, which is expected
because warm (cold) air temperature anomalies would emit more (less) thermal energy. We now
attribute the air temperature anomalies to radiative and non-radiative heating rate perturbations by
examining their balance with the air temperature induced radiative heating anomalies during El

Niflo winters. Figure 9 shows the pattern-amplitude projection coefficients of each term on the

RHS of (3) onto the left hand side (i.e., %R AR shown in Fig. 8) as a function of height.

It is seen from Fig. 9 that the response to SST anomalies accounts for nearly 80% of the spatial
pattern of the air temperature induced anomalies of radiative thermal cooling rate MM)
in the boundary layer (1000-925 hPa). Most of energy emitted from the surface due to SST
anomalies (Fig. 1b) is absorbed in the boundary layer (Fig. 10f), explaining why the air temperature

response in the boundary layer resembles to the SST anomalies greatly. Above the boundary layer,
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the direct effect of SST anomalies diminishes very quickly (Figs. 10a-10e). Because SST
anomalies no longer play a direct role in causing air temperature change above the boundary layer,
the spatial pattern of air temperature anomalies differs from the SST anomaly pattern more and the

difference increases as elevation goes up (see the orange portion of the bars in Fig. 9).

Displayed in Fig. 11 are the radiative heating rate anomalies due to the change in atmospheric
water vapor (A"Q A‘MIQ), As discussed in Sejas et al. (2016), an increase of atmospheric
greenhouse gases in a tropospheric layer, such as atmospheric water vapor, would lead to large
positive (weak negative) radiative heating anomalies in the layers below (above). The reversal can
be said for a decrease of atmospheric water vapor in a tropospheric layer. Recall that atmospheric
water anomalies (Fig. 4) tend to concentrate below the middle troposphere and are positively

correlated with SST anomalies. This feature explains why the spatial pattern of A"’ Q A""¢ in

the lower troposphere (panels (d)-(f) of Fig. 11) is positively correlated with SST anomalies but

negatively correlated with A”"’Q A"?¢ in the upper troposphere (panels (a)-(c) of Fig. 11). As

a result, A" 0 A9 contributes to the air temperature changes positively and strongly in the

lower troposphere but negatively and weakly in the upper troposphere (see the green portion of
the bars in Fig. 9).

We have confirmed that different from the surface, throughout the atmosphere the longwave
portion of the radiative heating rate anomalies (A©Q ﬁ@Q) or the greenhouse effect is greater

than the shortwave portion or the reflection effect (Bergman and Hendon 2000; Wang and Su

2013). Therefore, the behavior of the net effect of A0 A“@ is similar to the effect of A™"’Q

A9 | as far as the sign is concerned, namely large positive (weak negative) radiative heating
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anomalies below (above) the layer where cloud content anomalies are positive. Unlike atmospheric
water vapor, which mainly resides in the lower troposphere, clouds and their changes can take
place largely in the upper troposphere. This is especially true for the equatorial region where cloud
anomalies are associated with the changes in deep convection as both cloud and upward motion

anomalies are large and are positively correlated one another even in the upper troposphere (Fig.

5 versus Fig. 7). In light of the aforementioned factors, one would expect positive values of A“Q

—

A9 over the central-eastern equatorial Pacific throughout the troposphere but negative values

over the western equatorial Pacific (Fig. 12) due to the weakening of the Walker Circulation or the

weakening (strengthening) of deep convections over the western (central-eastern) equatorial

Pacific. As a result, & ﬁng contributes positively to the air temperature changes along the
equatorial Pacific throughout the troposphere. In the lower troposphere, ‘& ﬁ-‘QQ also
contributes positively to the air temperature anomalies outside the equatorial basin, becoming the
leading contributor to & EQQ over the entire tropical Pacific in the layer of 925-800 hPa
(gray portion of the bars in Fig. 9). In the upper troposphere, & *A-(QQ is weakly correlated

with A" R AT-R outside the equatorial basin, partially because the amplitude of cloud
anomalies becomes weaker away from the equatorial latitude band in the upper troposphere. As a

result, the positive contribution from A“Q A‘C9 to A"’ R A%~R becomes secondary in the

i

upper troposphere.

The non-radiative heating anomalies (A" Q AP™g) include latent heat release anomalies
==

and perturbations in energy redistributions by convective and large-scale atmospheric motions as

well as changes in energy fluxes entering the atmosphere due to the changes in surface sensible
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and latent heat fluxes. Overall, the non-radiative heating anomalies are negatively correlated with
the upward motion (—®) anomalies (i.e., Fig. 13 versus Fig. 7), particularly along the equatorial
latitude band. This seems to indicate that the non-radiative heating anomalies are mainly associated
with the energy redistributions by convective and large-scale atmospheric motions because latent

heat release anomalies are expected to be positively correlated with upward motion anomalies. In

other words, the negative (positive) values of A”™QAP™Mg in Fig. 13 are indicative of
P

divergence (convergence) of energy transport by convection and/or large-scale dynamics. The

longitudinal pattern of A®™Q AP™Mg along the equatorial Pacific basin suggests an

enhancement (reduction) of upward energy transport associated with the convection in the central
(western) Pacific and reduction of energy transport from the western equatorial Pacific to central-

eastern equatorial Pacific. Each of these two possible scenarios is a direct evidence of the
weakening of the Walker Circulation during El Nifio. The meridional pattern of A”"™Q AN
is indicative of strengthening (weakening) of poleward energy transport over the central-eastern
(western) tropical Pacific sector. Overall, A*™Q AP™Mgcontributes to air temperature changes
positively in the middle and upper troposphere but negatively in the lower troposphere (the blue

portion of the bars in Fig. 9). In particular, A?"™Q AP™Mgbecomes the leading contributor to

A R AT R at 200 hPa.

6. Conclusions

Using the ERA-Interim reanalysis data set, four major canonical El Nifio events and eight
neutral cases are selected for the period of 1979-2013. The DJF-mean differences between the two

groups are regarded as the composite anomalies for the mature phase of the canonical El Niflo. We
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have confirmed that the spatial pattern of air temperature anomalies in the lower troposphere is
similar to SST anomaly pattern and the Gill-type response begins to emerge mainly in the layers
above 500 hPa with the maximum intensity at 300 hPa. To gain a better understanding of why the
Gill-type response to SST anomalies over the tropical Pacific during El Nifio mature phase is
observed mainly in the upper troposphere, we examine the balance of thermal radiative cooling
anomalies associated with air temperature response to SST anomalies with other thermodynamic

and dynamic processes.

Most of the anomalous upward longwave radiative fluxes associated SST anomalies are
absorbed in the boundary layer. In response to such heating anomalies, air temperature anomalies
in the boundary layer exhibit a similar spatial pattern as the SST anomalies so the associated
thermal radiative cooling anomalies would balance out most of the absorbed energy. The
moistening and more clouds in the lower troposphere produce positive radiative heating anomalies
in the central-eastern equatorial Pacific but drying and less clouds in the western equatorial Pacific
introduce negative radiative heating anomalies. The air temperature anomalies in the lower
troposphere are mainly in response to water vapor and cloud-induced radiative heating anomalies
to reach a radiative equilibrium balance. The remaining part of the radiative heating anomalies is
taken away by an enhancement (a reduction) of upward energy transport in the central-eastern
(western) Pacific basin. The non-radiative heating anomalies associated with the changes in
dynamics contribute secondarily to the air temperature anomalies in the lower troposphere. The

dominance of the thermodynamic response in the lower troposphere explains why the Gill-type
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response in the low levels is identifiable mainly in a dynamic model that does not include radiative

heating processes.

Above the middle troposphere, the radiative effect due to water vapor feedback is weak.
Thermal radiative cooling anomalies are mainly in balance with the sum of latent heating
anomalies, the vertical and horizontal energy transport anomalies associated with atmospheric
dynamic response, and the radiative heating anomalies due to cloud changes. The pattern of Gill-
type response is attributed mainly to non-radiative heating anomalies associated with convective
and large-scale energy transport. The radiative heating anomalies associated with the anomalies of
high clouds also contribute positively to the Gill-type response. This feature sheds light on why

the Gill-type atmospheric response can be easily identifiable in the upper atmosphere.
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Figures and Captions

Figure 1. Composite DJF-mean anomalies in El Nifio winters of observed (a) land and sea surface
temperature (SST) anomalies (K) and (b) upward longwave radiative flux anomalies (W/m?).
Stippling indicates the 90% confidence level of statistical significance. Zonal means are

excluded.

Figure 2. Composite DJF-mean anomalies of observed geopotential height anomalies (in units of

m) at (a) 200 hPa, (b) 300 hPa, (c) 500 hPa, (d) 700 hPa, () 850 hPa, and (f) 950 hPa for El
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Nifio winters. Stippling indicates the 90% confidence level of statistical significance. Zonal

means are excluded.
Figure 3. Same as Fig. 2 but for air temperature anomalies in units of K.

Figure 4. Composite DJF-mean anomalies of observed water vapor anomalies (in units of kg/m?)
in the layers of (a) 250-150 hPa, (b) 400-250 hPa, (c) 600-400 hPa, (d) 800-600 hPa, (e) 925-
800 hPa, and (e) 1000-925 hPa for El Nifio winters. Stippling indicates the 90% confidence

level of statistical significance. Zonal means are excluded.
Figure 5. Same as Fig. 4 but for cloud water/ice content anomalies in units of g/m>.

Figure 6. Composite DJF-mean anomalies of observed precipitation (in units of mm/day) for El

Nifio winters. Stippling indicates the 90% confidence level of statistical significance.
Figure 7. Same as Fig. 2 but for vertical velocity (w) anomalies in units of Pa/s.

Figure 8. Air temperature-induced radiative cooling rate anomalies (in units ef—of W/m?) in the
layers of (a) 250-150 hPa, (b) 400-250 hPa, (c) 600-400 hPa, (d) 800-600 hPa, (¢) 925-800

hPa, and (e) 1000-925 hPa.

Figure 9. Vertical profile of pattern-amplitude projection coefficients of the patterns in Figs. 10-

13 onto the pattern shown in Fig. 8 (units W/m?). Note that “Total” corresponds to
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Figure 10. Same as Fig. 8 but for the SST-induced radiative heating rate anomalies in units of

W/m?.

Figure 11. Same as Fig. 8 but for the water vapor-induced radiative heating rate anomalies in units

of W/m?.

Figure 12. Same as Fig. 8 but for the cloud-induced radiative heating rate anomalies in units of

W/m?.

Figure 13. Same as Fig. 8 but for the non-radiative dynamic heating rate anomalies in units of

W/m?.
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Figure 1. Composite DJF-mean anomalies in El Nifio winters of observed (a) land and sea surface
temperature anomalies (K) and (b) upward longwave radiative flux anomalies (W/m?).
Stippling indicates the 90% confidence level of statistical significance. Zonal means are

excluded.
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Figure 2. Composite DJF-mean anomalies of observed geopotential height anomalies (in units of
m) at (a) 200 hPa, (b) 300 hPa, (c) 500 hPa, (d) 700 hPa, (¢) 850 hPa, and (f) 950 hPa for El
Niflo winters. Stippling indicates the 90% confidence level of statistical significance. Zonal

means are excluded.
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Figure 4. Composite DJF-mean anomalies of observed water vapor anomalies (in units of kg/m?)
in the layers of (a) 250-150 hPa, (b) 400-250 hPa, (c) 600-400 hPa, (d) 800-600 hPa, (e) 925-
800 hPa, and (e) 1000-925 hPa for El Nifio winters. Stippling indicates the 90% confidence

level of statistical significance. Zonal means are excluded.
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Figure 6. Composite DJF-mean anomalies of total precipitation (in units of mm/day) for El Nifio

winters. Stippling indicates the 90% confidence level of statistical significance.
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Figure 7. Same as Fig. 2 but for vertical velocity (w) anomalies in units of Pa/s.
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Figure 8. Air temperature-induced radiative cooling rate anomalies in units of W/m? in the layer
of (a) 250-150 hPa, (b) 400-250 hPa, (c) 600-400 hPa, (d) 800-600 hPa, (¢) 925-800 hPa, and

(f) 1000-925 hPa.
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Figure 9. Vertical profile of pattern-amplitude projection coefficients of the patterns in Figs. 10-

13 onto the pattern shown in Fig. 8 (units W/m?). Note that “Total” corresponds to

\/A‘IJaZ(A(T‘"')Rj)z cosgdAdg . the amplitude of AR at the j" layer over domain A (90°

A

A

E-90 W and 30°'S-30°N).
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607  Figure 10. Same as Fig. 8 but for the SST-induced radiative heating rate anomalies in units of

608 W/m?.
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(a) 250-175 hPa W/m? (b) 400-250 hPa W/m?
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(e) 925- 800 hPa W/m® (f) 1000- 925 hPa W/m?
20N . . \Q% 20N : ‘ : w“'
208 3 g 208 S -
9(;5 |20E 1505 Iéﬂ 156“’ 126\‘\‘ 90‘W 9(;E 120E 15;JE 1é0 !SGIW 126W aow
[ I | [
610 6 5 -4 -3 2 A -ol.s c[) 0!5 12 3 4 5 6

611  Figure 11. Same as Fig. 8 but for the water vapor-induced radiative heating rate anomalies in units

612 of W/m?.
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615  Figure 12. Same as Fig. 8 but for the cloud-induced radiative heating rate anomalies in units of

616 W/m?.
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619  Figure 13. Same as Fig. 8 but for the non-radiative dynamic heating rate anomalies in units of

620 W/m?.
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