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Abstract For the tropical atmosphere on planetary scales, it is common to model the circulation using
strong damping. Here with new data analysis techniques, evidence suggests that damping can actually
be neglected. Specifically, near the equator, the east-west overturning circulation is in agreement with the
undamped wave response to atmospheric heating. To estimate the heating, satellite observations of
outgoing longwave radiation (OLR) are used. Frequently, OLR is used as a heuristic indicator of cloudiness.
Here the results further suggest that OLR variations are actually proportional to diabatic heating variations,
with a proportionality constant of 18 W m−2 (K d−1)−1. While the agreement holds best over long time
averages of years or decades, it also holds over shorter periods of one season or 1 month. Consequently, it is
suggested that the strength of the Walker circulation—and its evolution in time—could be estimated using
satellite data.

1. Introduction

Two overturning circulations exist in the tropical atmosphere. In the north-south direction is the Hadley
circulation and in the east-west direction is the Walker circulation. The overturning is coupled with cloud
patterns and precipitation: ascending air occurs in regions of deep convection, and descending air is cor-
related with desert regions. For the Walker circulation, this is illustrated schematically in Figure 1a. While
the Walker circulation is traditionally defined as only the circulation cell over the Pacific Ocean [Bjerknes,
1969], here the term will sometimes be used more broadly to include all east-west overturning circulations
in the Tropics, of which the Pacific cell is one of the strongest. As such a strong component of the climate
system, the Walker circulation has global significance and is intimately tied to monsoons, the El Niño–
Southern Oscillation (ENSO) [Julian and Chervin, 1978], and associated biogeochemical processes [Barber
and Chavez, 1983].

It is common to model the Walker circulation using strong damping. The most likely candidates for this
damping are momentum damping through convective momentum transport and temperature damp-
ing through radiative cooling. In mathematical form, these processes are typically represented as Rayleigh
friction, −u∕𝜏u, and Newtonian cooling, −𝜃∕𝜏𝜃 , respectively, where u is the east-west velocity and 𝜃 is the
potential temperature. Such damping is a staple of tropical climate modeling; it is in standard use for not
only the Walker circulation [Matsuno, 1966; Webster, 1972; Gill, 1980; Gill and Rasmusson, 1983; Heckley
and Gill, 1984] but also monsoonal circulations [Webster, 1972; Gill, 1980], the El Niño–Southern Oscilla-
tion [Gill and Rasmusson, 1983; Zebiak and Cane, 1987], and the Madden-Julian oscillation [Chao, 1987;
Biello and Majda, 2005]. Estimates of the damping time scales 𝜏u and 𝜏𝜃 are typically in the range of 1–10
days, a strong damping for climatological phenomena that are usually measured with monthly, seasonal, or
yearly averages.

It has been noted by several studies that the need for strong damping seems unsettling [Neelin, 1988;
Battisti et al., 1999]. On the other hand, some studies have also offered justifications. For example, Holton and
Colton [1972] found that a strong damping is needed in their model to obtain agreement with the observed
vorticity field at 200 hPa. They furthermore conjecture that convective momentum transport is the mecha-
nism responsible for the strong damping. Along these lines, Lin et al. [2008] also present evidence for strong
damping and suggest that the damping rate is spatially inhomogeneous.

Another issue in modeling the Walker circulation is the specification of diabatic heating. Obtaining accurate
estimates of diabatic heating is an ongoing challenge and is discussed in more detail below.
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Figure 1. (a) Schematic diagram of east-west overturning circulations near the equator. (b) The zonal winds of the Kelvin
wave as observed in NCEP/NCAR reanalysis data, averaged from 1980 to 2009. Displayed is the low-altitude (850 hPa)
component of the Kelvin wave’s zonal wind. (c) The amplitude of the observed (solid blue line) and model-predicted
(dashed red line) Kelvin wave averaged from 1980 to 2009.

The purpose of this paper is to apply a new data analysis procedure to investigate the observed Walker
circulation, and to compare it with a simple model. The evidence from this investigation will suggest two
surprising results: (i) the Walker circulation can be modeled without damping and (ii) outgoing longwave
radiation (OLR) variations are not only a heuristic indicator of cloudiness but are actually proportional to
diabatic heating variations.

2. Data, Methods, and Model
2.1. Data
Two data sources are used here. First, as a surrogate for atmospheric heating, NOAA interpolated outgoing
longwave radiation (OLR) is used [Liebmann and Smith, 1996]. Second, National Centers for Environmen-
tal Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis data are used for all other
variables: wind, geopotential height, and sea surface temperature [Kalnay et al., 1996]. Both data sets have
a horizontal spatial resolution of 2.5◦ × 2.5◦ and a daily temporal resolution from 1 January 1979 to 31
December 2011.

2.2. Methods
In this section, a procedure is described to identify Kelvin and equatorial Rossby wave amplitudes from
observational data. These waves are commonly used to describe the structure of the Walker circulation
[Gill, 1980]. To identify their amplitudes K(x) and Rm(x) (m = 1, 2, 3, · · ·) from observational data, a procedure
was recently introduced and described in detail elsewhere [Stechmann and Majda, 2014]. Here an overview
of the procedure is described for the present focus on the Walker circulation, as opposed to the procedure’s
original focus on the Madden-Julian oscillation, which requires additional steps beyond what is needed
here. Here the method involves two steps: a vertical mode truncation to move from 3-D (x, y, z) to 2-D (x, y),
and then a meridional mode truncation to move to 1-D (x).

The first step distinguishes the overturning component of tropical circulations, which is characterized by
opposing zonal winds in the lower troposphere (850 hPa) and upper troposphere (200 hPa), as indicated
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in the schematic diagram in Figure 1a. To define these first baroclinic mode variables, a simple method is
used here. The method utilizes data from only two pressure levels, 850 and 200 hPa, in order to capture the
essence of the first baroclinic mode structure:

u(x, y) =
U850(x, y) − U200(x, y)

2
√

2
(1)

v(x, y) =
V850(x, y) − V200(x, y)

2
√

2
(2)

𝜃(x, y) = −
Z850(x, y) − Z200(x, y)

2
√

2
(3)

where Z is geopotential height and is related to potential temperature anomaly 𝜃 via a hydrostatic balance
equation. (The equations have been nondimensionalized using standard equatorial reference scales
[Stechmann et al., 2008; Majda and Stechmann, 2009; Stechmann and Majda, 2014], which result in an
equivalent depth of roughly 260 m and a gravity wave speed of roughly 50 m/s.) In equations (1)–(3), by
taking the difference between the data at 850 and 200 hPa, this method isolates the overturning component
of tropical circulations from the barotropic component.

In the second step, the method furthermore breaks down the overturning circulation into its individual
wave components, such as the Kelvin wave amplitude K(x) and the longwave equatorial Rossby wave
amplitudes Rm(x). To accomplish this, meridional basis functions 𝜙m( y) are used to write the expansion
u(x, y) =

∑∞
m=0 um(x)𝜙m( y), where the functions 𝜙m( y) are the parabolic cylinder functions, and where the

quantities um(x) are obtained using the projections um(x) = ∫ ∞
−∞ u(x, y)𝜙m( y) dy. Similar formulas also apply

for 𝜃(x, y) and 𝜃m(x). Utilizing these projections, the wave amplitudes K(x) and Rm(x) are defined as

K(x) = 1
√

2
(u0 − 𝜃0) (4)

Rm(x) =
√

m + 1
√

2
(um+1 − 𝜃m+1) −

√
m

√
2
(um−1 + 𝜃m−1), m = 1, 2, 3, · · · (5)

More details are provided in the supporting information or by Stechmann and Majda [2014].

2.3. Model
For comparison with the observed Kelvin and Rossby wave amplitudes (K(x) and Rm(x)), a simple model is
used to predict these wave amplitudes, given heat and momentum forcing functions. The model is similar
to the classical Matsuno-Gill model [Matsuno, 1966; Gill, 1980], except no damping is used here. Contem-
porary derivations formulate the model explicitly in terms of the K(x) and Rm(x) variables [Biello and Majda,
2006; Majda and Stechmann, 2009; Stechmann and Majda, 2014]; the model equations for these variables are
described below. Also, heat and momentum sources must be specified as inputs to the model, as described
below. See the supporting information for more details.

3. Results and Discussion
3.1. Stationary Kelvin Wave
The Walker circulation can be viewed as a stationary wave pattern. Figures 1b and 1c illustrate the first
component of this pattern, the Kelvin wave. Its amplitude is strongest near the equator and decays as
exp[−y2∕(2L2

E)], where LE is an equatorial trapping scale of roughly 1500 km, or 13.5◦ latitude. To obtain the
observed wave pattern, zonal wind and geopotential height data have been projected onto the theoretical
structure of the Kelvin wave, using its vertical (z) and meridional (y) structure [Majda and Stechmann, 2009;
Stechmann and Majda, 2014].

To compare with the observed Kelvin wave in Figure 1b, a linear model predicts the Kelvin wave amplitude
shown in Figure 1c. The model prediction agrees with observations with a pattern correlation of 0.98.
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To predict the amplitude K(x) of the stationary Kelvin wave, the following model is used:

dK
dx

= − 1
√

2
(Fheat − Fmom), (6)

where Fheat is the atmospheric heating rate and Fmom is the atmospheric momentum forcing, appropriately
nondimensionalized. This agreement in Figure 1 is surprising, since the Kelvin wave model in equation (6) is
an undamped model [Majda and Stechmann, 2009; Stechmann and Majda, 2014], whereas previous model
results used a strong damping with time scale of 1–10 days [Matsuno, 1966; Webster, 1972; Gill, 1980; Gill and
Rasmusson, 1983; Heckley and Gill, 1984; Zebiak and Cane, 1987; Chao, 1987; Biello and Majda, 2005].

The effect of damping is illustrated in the supporting information. If 1 day damping is included, a significant
phase error is introduced, and the pattern correlation in Figure 1c would be reduced to 0.82. On the other
hand, if 5 day damping is included, the result is similar to Figure 1c, and the pattern correlation is 0.97. This
suggests that the model result is essentially the same for any damping with a time scale of 5 days or longer,
including the preferred choice here of neglecting the damping altogether.

Since undamped waves will continue to oscillate and propagate without decay, the concept of a steady
undamped wave pattern merits some consideration. The steady undamped model in equation (6) could
be interpreted in two ways. One interpretation is that it is a temporal average of the unsteady equation
for Kelvin waves. In this case, through the temporal average, the influence of propagating Kelvin waves
is averaged out, leaving only the steady Kelvin wave pattern described by equation (6). Another interpre-
tation is that equation (6) describes the steady state that would be achieved in a damped model, in the
limit that the damping rate tends to zero. This is a regular limit in the setup used here, although in other
cases the limit can potentially be subtle, since certain consistency conditions must be satisfied by the forc-
ing in the undamped limit, as pointed out by Majda and Klein [2003]. See the supporting information for
further discussion.

What is different about the approach here compared to previous studies? How are pattern correlations
of 0.98 achieved here without damping, whereas previous studies reported a need for strong damping?
Several aspects here are notable, such as (i) the zonal mean component is not considered, (ii) the first
baroclinic mode is isolated by a new observational data analysis technique, and (iii) accurate estimates of
diabatic heating variations, Fheat, and momentum forcing, Fmom, must be input to the model in equation (6).
Further discussion is provided in the subsequent sections, and some subtle points are described in detail in
the supporting information.

3.2. Diabatic Heating and Outgoing Longwave Radiation
To model the Walker circulation as a steady wave response as in equation (6) and Figure 1, one must know
the atmospheric momentum sources (Fmom) and heat sources (Fheat) that shape the circulation. These
sources have proven difficult to measure from observational data. The two most important heat sources
are arguably (i) latent heating, which occurs within clouds, due to the phase change of water vapor to
condensed water and (ii) radiative cooling. For both of these heat sources, extensive programs have been
created to retrieve estimates from satellite data [Ramanathan et al., 1989; Rossow and Lacis, 1990; Tao et al.,
2006; L’Ecuyer and McGarragh, 2010]. The retrieval algorithms are quite complex, and they incorporate a
variety of satellite-observed data. Assessing the accuracy of these methods is a major ongoing challenge.

One relatively simple quantity measured from satellites is outgoing longwave radiation (OLR). OLR
is the total power per unit area (W m−2) of electromagnetic radiation emitted to space by the Earth-
atmosphere system.

The Earth and atmosphere both emit radiation that contributes to OLR, and hence, raw OLR data are not
widely used by itself as an estimate of atmospheric radiative cooling. Moreover, the Earth-emitted por-
tion and atmosphere-emitted portion cannot be easily separated, partly because Earth-emitted radiation
is affected by the atmosphere on its way to space. For instance, it is partially absorbed by atmospheric con-
stituents such as carbon dioxide, water vapor, and liquid water and ice in clouds. Consequently, unless
additional information is known about the atmospheric state, it appears difficult to use OLR data to isolate
atmospheric radiative heating.

Since clouds affect OLR, it is natural to use OLR data as an indicator of cloudiness in the tropics [Gruber, 1974;
Zangvil, 1975; Knutson and Weickmann, 1987; Wheeler and Kiladis, 1999; Wheeler and Hendon, 2004]. Based
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on black-body radiation theory, it is expected that a negative anomaly of OLR should indicate a cloudy
region, since the temperature at cloud top is lower than at the Earth’s surface. Following this expectation,
statistical correlations have been examined between OLR and upper tropospheric divergence [Julian, 1984],
and some satellite rainfall retrieval algorithms make use of OLR or infrared radiances to infer rainfall at the
Earth’s surface [Xie and Arkin, 1997; Joyce et al., 2004]. Furthermore, some studies have examined statistical
correlations between OLR and cloud heating [Christy, 1991; Yanai and Tomita, 1998], although no univer-
sal relationship is currently in widespread use. In short, raw OLR data are typically interpreted as a heuristic
indicator or proxy of cloudiness rather than a quantitative measure of a specific cloud property.

Surprisingly, the results in Figure 1 suggest that OLR is directly related to the total diabatic heating, from all
sources, as

Fheat = −HOLR ⋅ OLR, (7)

where Fheat and OLR are understood to represent anomalies from the zonal mean. The proportionality
constant that provides the best observations-versus-model agreement in Figure 1c is

HOLR = 0.056 K d−1 (W m−2)−1. (8)

To obtain the model result in Figure 1c, it is assumed that the momentum sources are small (Fmom ≈ 0)
compared to the heat sources, and equations (6) and (7) are combined to yield

dK
dx

=
HOLR√

2
⋅ OLR, (9)

which predicts that the Kelvin wave amplitude can be inferred from the integral of the satellite
OLR variations.

Relationships such as equation (7) can be difficult to establish accurately; this is because it would require an
accurate, independent measure of diabatic heating, Fheat, which is a major ongoing challenge [Ramanathan
et al., 1989; Rossow and Lacis, 1990; Christy, 1991; Yanai and Tomita, 1998; Tao et al., 2006; L’Ecuyer and
McGarragh, 2010]. Here this problem is circumvented by using equation (6), which allows equation (7) to be
inferred by comparing OLR with wind and geopotential height data, which are among the most accurately
measured of all atmospheric quantities, a point that lends confidence to equation (7).

3.3. El Niño, La Niña, and Seasonal Time Scales
While Figure 1 suggests equations (6)–(9) are valid in a 30 year average, it is natural to next explore
shorter time scales. Figure 2 shows the Kelvin wave averaged over 3 month segments. The two contrast-
ing segments display the El Niño and La Niña phases of the unusually strong El Niño event of 1997–1998
[McPhaden, 1999]. In addition to providing tests on shorter time scales, these two segments were also cho-
sen to test the relationships in equations (6)–(9) across some of the most extreme variations of the Walker
circulation. Even in these two extreme cases, the model-predicted, undamped Kelvin wave agrees with the
observed Kelvin wave, with pattern correlations of 0.94 and 0.91.

3.4. Stationary Rossby Waves
The results in Figures 1 and 2 suggest that the strength of the Walker circulation could be inferred from
satellite observations. However, in addition to the Kelvin wave contribution, the total Walker circulation also
includes contributions from equatorial Rossby waves.

To assess the model predictions of the Rossby waves, the first Rossby wave pattern R1 is shown in Figure 3.
Thirty year averages are shown for each of four separate seasons. For three of the seasons, the model skill is
comparable to its skill for the Kelvin wave. For the other season, spanning December, January, and February,
the modeled Rossby wave is stronger than the observed Rossby wave. Overall, in the annual average, the
pattern correlation between observed R1 and (undamped) modeled R1 is 0.98, which is comparable to the
Kelvin wave case.

Rossby waves make important contributions to both the equatorial and off-equatorial circulation. Due to
the off-equatorial character of the Rossby waves, some of them can become difficult to model with the
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Figure 2. The Kelvin wave amplitude during example 3 month segments with contrasting ENSO state. Sea surface
temperature anomalies (K) are shown for (a) June-July-August of 1997 during a strong El Niño event and
(b) December-January-February of 1998–1999 during the subsequent La Niña event. The time-averaged amplitude K(x)
of the observed (solid blue line) and model-predicted (dashed red line) Kelvin wave is shown for (c) the 1997 JJA El Niño
event and (d) the 1998–1999 DJF La Niña event.

approach used here. This is due to a multitude of reasons. For instance, equatorial wave theory eventually
breaks down away from the equator; and the topographic effects of Tibet and the Andes are influential
off-equatorial features that are neglected by idealized wave theories. In addition, in the Rossby wave model,
north-south velocity v is also incorporated; while v could potentially be predicted from OLR observations
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Figure 3. (a) The zonal winds of the Rossby wave R1 as observed in NCEP/NCAR reanalysis data, averaged from 1980 to
2009. The amplitude of the observed (solid blue line) and model-predicted (dashed red line) Rossby wave R1 averaged
from 1980 to 2009 for the (b) MAM, (c) JJA, (d) SON, and (e) DJF seasons.
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Figure 4. (a) Low-altitude (850 hPa) component of zonal winds of the overturning circulation, as observed in NCEP/NCAR
reanalysis data, averaged from 1980 to 2009. (b) Same as Figure 4a except for the wind of only the Kelvin wave K and first
two Rossby waves, R1 and R2. (c) Same as Figure 4b except for the model-predicted Kelvin wave K and first two Rossby
waves, R1 and R2.

and the model, the results here include observed v along with observed OLR to predict the longwave Rossby
pattern Rm(x) via

dRm

dx
= (2m + 1)vm +

√
m + 1
√

2
(f u

m+1 − f 𝜃m+1) +
√

m
√

2
(f u

m−1 + f 𝜃m−1), m = 1, 2, 3, · · · (10)

where the details of this equation are described in the supporting information or by Stechmann and Majda
[2014]. A further possible complexity with Rossby waves is that the OLR observations are needed in both
equatorial and off-equatorial regions, and one might expect the simple relationship in equation (7) to break
down as one moves away from the equator and into the subtropics, where large meridional temperature
gradients, different cloud types, etc. could possibly change the contributing elements to OLR. To assess this,
the next equatorial Rossby waves in the hierarchy are examined. In the supporting information, it is shown
that R2 is predicted with a pattern correlation of 0.96, nearly as high as the R1 case, but the R3 prediction has
a lower pattern correlation of 0.80.

3.5. Walker Circulation and its Kelvin and Rossby Components
Given that the K , R1, and R2 waves are predicted well by the model, the next question is as follows: Are the
observed K , R1, and R2 waves sufficient to capture the main features of the observed Walker circulation?
Figure 4 shows the total observed winds and the observed winds obtained from the contributions of the K ,
R1, and R2 waves only. Most features of the total winds are captured by the linear superposition of the K , R1,
and R2 waves alone, with a pattern correlation of 0.86. In fact, the K and R1 waves alone account for the main
broad features of the total observed circulation, with a pattern correlation of 0.80.
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4. Conclusions

In summary, evidence is presented for two main results: (i) the Walker circulation can be modeled without
damping and (ii) diabatic heating variations are proportional to OLR variations.

Three remarks are in order. First, note that the same value HOLR = 0.056 K d−1 (W m−2)−1 has been used for
modeling all of the wave types here, which suggests this value is robust. It was calibrated using equation (6)
for the Kelvin wave case, and one could potentially try to further restrict the calibration to only a single zonal
wave number such as k = 1. Second, note that the zonal mean was removed in establishing the relationship
in equation (6). As a result, the zonal mean Hadley circulation is not included here. It would be interesting
to extend the ideas here to include the zonal mean Hadley circulation, although some initial attempts have
not yet been satisfactory. Lastly, note that only the overturning (baroclinic) circulation has been consid-
ered here, not the barotropic component of the circulation, which is driven by many factors besides diabatic
heating alone.

As one application of the methods here, one could potentially estimate the strength of the Walker circu-
lation and its evolution over time. Interesting questions include the following: Has the Walker circulation
been strengthening or weakening? Is there any relationship between the Walker circulation and global
climate change [Vecchi et al., 2006; L’Heureux et al., 2013]? Traditionally, Walker circulation strength has been
estimated using sea level pressure, from which one would like to infer the strength of the higher-altitude
overturning circulation. In contrast, the methods here quantify the strength of the overturning circulation
itself, either from direct measures or from satellite OLR observations. In a preliminary examination of the
period 1980–2009, the root-mean-square of the wave patterns K(x) and Rm(x) shows some variations from
year to year but no clear long-term trend.
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