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The Global Atmospheric Circulation
on Moist Isentropes
Olivier Pauluis,1* Arnaud Czaja,2 Robert Korty3

The global atmospheric circulation transports energy from the equatorial regions to higher
latitudes through a poleward flow of high-energy and -entropy parcels and an equatorward
flow of air with lower energy and entropy content. Because of its turbulent nature, this
circulation can only be described in some averaged sense. Here, we show that the total mass
transport by the circulation is twice as large when averaged on moist isentropes than when
averaged on dry isentropes. The additional mass transport on moist isentropes corresponds
to a poleward flow of warm moist air near Earth's surface that rises into the upper
troposphere within mid-latitudes and accounts for up to half of the air in the upper
troposphere in polar regions.

Earth absorbs shortwave radiation from the
Sun and emits back longwave radiation to
space. Although the total amounts of en-

ergy received and emitted are about equal, Earth
absorbs more energy than it emits in the equa-
torial regions and emits more energy than it ab-
sorbs at high latitudes (1). Such imbalance requires
an energy transport by the atmosphere and the
oceans, with the former responsible for the bulk
of the transport in mid-latitudes (2). Determining
the relationship between the atmospheric energy
transport and the global distribution of temper-
ature and humidity is a central question for our
understanding of the Earth's climate.

Averaging the global atmospheric circulation
usually implies computing a zonal and temporal
mean over a sufficiently long period. One of the
most common descriptions is the Eulerian mean

circulation (1), obtained by averaging the flow
at constant pressure or geopotential height. The
Eulerian mean stream function Yp is defined as

Ypðp; fÞ ¼ 1

t ∫
t

0
∫
2p

0
∫
psurf

p
va cos f

dp

g
dldt ð1Þ

Here, p is pressure, f is latitude, t is the time
period over which the average is computed, psurf
is surface pressure, l is longitude, a is Earth's
radius, v is the meridional velocity, and g is the
gravitational acceleration. Figure 1A shows the
annual mean stream function on pressure sur-
faces based on the National Centers for Environ-
mental Prediction–National Center for Atmospheric
Research (NCEP-NCAR) Reanalysis monthly
data (3) from January 1970 to December 2004.
The Eulerian-mean circulation exhibits a three-cell
structure in each hemisphere: the Hadley cell in
the tropics, the Ferrel cell in mid-latitudes, and a
polar cell at high latitudes. The Hadley and polar
cells, with air parcels moving poleward at high
altitude and equatorward at low altitude, are direct
circulations that transport energy toward the poles.
In the Ferrel cell, the flow is poleward near the
surface and equatorward at high altitude. This cor-
responds to an energy transport toward the equa-

tor. Nonetheless, in mid-latitudes, synoptic-scale
(~1000 km) eddies transport more energy toward
the poles than is brought equatorward by the Ferrel
cell, so that the total energy transport in the atmo-
sphere remains poleward.

An alternative to the Eulerian mean circula-
tion is to average the circulation on isentropic
surfaces (4–6). In atmospheric sciences, it is com-
mon to use the potential temperature q instead of
entropy. The potential temperature is given by

q ¼ p0
p

� � R
Cp
T , with p the pressure, R the ideal gas

constant, Cp the specific heat, T the temperature,
and p0 = 1000 mbar an arbitrary reference pres-
sure. Potential temperature is conserved for re-
versible adiabatic transformations in the absence
of a phase transition, and a surface of constant
potential temperature corresponds to isentropic
surfaces. The stream function Yq(q,f) on poten-
tial temperature surfaces is defined by

Yqðq0; fÞ

¼ 1

t ∫
t

0
∫
2p

0
∫
psurf

0
Hðq0− qÞva cos f dp

g
dldt ð2Þ

Here,H(x) is the Heavyside function, withH(x) =
1 for x ≥ 0 and H(x) = 0 for x < 0. Figure 1B
shows the annual mean stream function on poten-
tial temperature surfaces based on the NCEP-
NCAR Reanalysis daily data from January 1970
to December 2004.

In contrast to the Eulerian mean circulation,
the circulation in isentropic coordinates exhibits a
single overturning cell in each hemisphere. Be-
cause the atmosphere is stratified in potential
temperature (∂zq > 0), the isentropic circulation
corresponds to a poleward flow at upper levels
balanced by a return flow near Earth's surface—
in the direction opposite to the Eulerian mean
circulation (4). The meridional mass transport on
an isentrope can be written as

rqv ¼ rqv þ rq′v′ (3)
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where rq ¼ −g−1 ∂p
∂q is the isentropic density, the

overline indicates a time and zonal average, and
the prime a departure from such a temporal and
zonal average (i.e., f ′¼ f − f ). The first term on
the right-hand side is the mass transport by the
zonal and timemean circulation and is in the same
direction as the Eulerian mean circulation. The
second term is the mass transport by the eddies
and dominates the isentropic mass transport in
mid-latitudes. This eddy mass transport is similar
to the Stoke's drift in shallow water waves (7).
The circulation on isentropic surfaces is similar to
the transformed Eulerian mean circulation in
which a residual circulation is computed by ac-
counting for the eddy mass transport (8–10). Be-
cause the potential temperature of an air parcel is
approximately conserved in the free troposphere in
the absence of condensation, the isentropic circula-
tion is more indicative of the parcel trajectories than
the circulation obtained through Eulerian averaging.

A key issue when discussing the isentropic
circulation lies in that the entropy of moist air is
not uniquely defined (11). Indeed, the specific en-
tropy of water vapor can be specified only to
within an additive constant. As a consequence, the
entropy of moist air can be known only up to this
constant multiplied by the water concentration. To
test whether this has an impact on the averaged
circulation, we computed the circulation by using
the equivalent potential temperature, qe, to define

isentropic surfaces (11). The equivalent potential
temperature is conserved for reversible adiabatic
transformations, including phase transitions. In
contrast to the potential temperature, it includes a
contribution from the latent heat content of water
vapor and can be roughly approximated by
qe ∼ qþ Lv

Cp
q, with Lv the latent heat of vaporiza-

tion and q the water vapor concentration. Both q
and qe define two distinct sets of isentropic sur-
faces, and correspond to a correct definition of the
thermodynamic entropy. We refer here loosely to
“dry” isentropes as surfaces of constant potential
temperature and to “moist” isentropes as surfaces
of constant equivalent potential temperature. The
stream function onmoist isentropes,Yqeðqe; fÞ, is
defined by

Yqeðqe0 ,fÞ
¼ 1

t ∫
t

0
∫
2p

0
∫
psurf

0
Hðqe0− qeÞva cos f

dp

g
dldt ð4Þ

Figure 1, B and C, compares the stream functions
on dry and moist isentropes. Although qualita-
tively similar, the two circulations differ substan-
tially in that the total mass transport on moist
isentropes is approximately twice that on dry is-
entropes. This difference is present in both hemi-
spheres and throughout the entire year.

The discrepancy between the two circulations
can be understood by looking at the joint dis-

tribution, M(qe, q), of the meridional mass trans-
port at a given latitude f. To obtain this distribution,
we sorted the meridional mass flux a cos fvd l dp

g
by the value of q and qe and integrated over time.
Figure 2 shows the joint distribution obtained
from theNCEP-NCARReanalysis at 40°N during
December, January, and February, averaged be-
tween 1970 and 2004. By definition, the equivalent
potential temperature is larger than the potential
temperature, qe > q, so the distribution is 0 be-
low the diagonal qe = q. In addition, the water
content is roughly proportional to the difference
q ≈ Cp

L ðqe− qÞ, so that the further a parcel is
above the diagonal, the higher its water content.
The maximum amount of water vapor in an air
parcel rapidly decreases with temperature due to
the Clausius-Clapeyron relationship. The mass
transport distribution becomes narrower in the
upper-right corner of Fig. 2: This portion of the
graph corresponds to upper tropospheric air parcels
with low temperature and therefore low water va-
por. The stream function at a given latitudeYq and
Yqe can be obtained by integrating the joint
distribution M(qe, q) over selected portions of the
domain. The mass transport between two dry
isentropes q1 and q2 is given by the integral

DYq ¼ Yqðq2, fÞ−Yqðq1, fÞ
¼ ∫

q2

q1
∫
∞

0
Mðqe, qÞdqedq ð5Þ

Fig. 1. The global mean circulation from the NCEP-NCAR Reanalysis. (A)
Stream function on pressure surfaces Yp. (B) Same as (A) for the stream
function on dry isentropes Yq. (C) Same as (A) for the stream function on
moist isentropesYqe. Contour interval is 2.5 × 1010 kg s−1. Solid contours are
positive values of the stream function and correspond to northward flow at low
levels, whereas dashed contours are negative values of the stream function
and correspond to southward flow at low levels. In (B) and (C), the thin solid
line and two dotted black lines show the 50, 10, and 90 percentiles,
respectively, of the surface potential or surface equivalent potential temper-
ature distributions.
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Similarly, the mass transport between two moist
isentropes qe1 and qe2 is given by the integral

DYqe ¼ Yqe ðqe2, fÞ−Yqeðqe1, fÞ
¼ ∫

qe2

qe1
∫
∞

0
Mðqe, qÞdqdqe ð6Þ

The integral in Eq. 5 is taken between two
vertical lines in Fig. 2, whereas the integral in
Eq. 6 is taken between two horizontal lines. It is
apparent from Fig. 2 that the flow on moist isen-
tropes (corresponding to horizontal lines in the
figure) tends to point uniformly either toward the
pole (at high values of qe) or toward the equator
(at low values of qe). In contrast, the flow on dry
isentropes (corresponding vertical lines) has con-
tributions in both the equatorward and poleward
directions. There is thus less cancellation be-
tween equatorward and poleward components of

the flow when the circulation is integrated on
moist isentropes than on dry isentropes, and the
mass transport (Eqs. 5 and 6) is larger on moist
isentropes than on dry isentropes. Because the
equivalent potential temperature better separates
poleward and equatorward flows, averaging on
moist isentropes includes a larger portion of eddy
mass transport into the global circulation.

The difference between the mass transports
on dry and moist isentropes can be attributed to
the contribution from the upper left quadrant of
the distribution shown in Fig. 2. This corresponds
to poleward moving air parcels with high qe and
low q. The poleward mass transport from this
upper left quadrant cancels out with the equator-
ward flow at low q and low qe when computing
the mass transport on dry isentropes but is added
to the poleward flow at high qe and high q when

computing the circulation on moist isentropes.
The low potential temperature of these parcels is
typical of the lower troposphere. In Fig. 2, the
black contour line shows the values of q and qe
found at Earth's surface: This additional mass
transport on moist isentropes corresponds to a
low-level poleward flow of warm moist air. Its
high equivalent potential temperature is indicative
of air parcels that are nearly convectively unstable.

On the basis of these findings, we propose a
revised description of the global atmospheric cir-
culation in Fig. 3. It includes the previously
identified global circulation on dry isentropes
(black and blue arrows): Air rises to the upper
troposphere within the precipitation zones of the
equatorial regions andmoves poleward; although
some air subsides in the subtropics, the rest is
advected poleward across the storm tracks by syn-
optic eddies, subsides over the poles, and returns
equatorward near the surface (4, 5). The addi-
tional mass transport found in the moist isen-
tropes is associated with a “moist” branch of the
circulation (red and blue arrows) in which low-
level warmmoist air in the subtropics is advected
poleward by synoptic-scale eddies and rises
within the storm tracks before subsiding over the
poles and returning equatorward near Earth's
surface. This moist branch is reminiscent of the
Palmén-Newton circulation (12, 13), which stresses
the role of ascending warm air in mid-latitude
eddies. These two branches of the circulation trans-
port roughly the same amount of air: Half of the
air parcels in the polar upper troposphere have
risen within the storm tracks, whereas the other
half rose within the equatorial regions.

This revised circulation emphasizes the im-
portance of moist processes in mid-latitude dy-
namics. Although previous studies have noted
some impacts of the moist processes on the isen-
tropic circulation (5) and the transformed Euler-
ian mean circulation (10) in the mid-latitudes, we
have shown that an analysis based on a dry frame-
work systematically underestimates the atmo-
spheric circulation by averaging out the moist
branch of the circulation from the total mass
transport. The moist branch is closely tied to the
latent heat transport, which accounts for roughly
half of the poleward energy transports (2). Ascent
of warm, moist air within the storm tracks occurs
through a combination of deep and slantwise
convection (14, 15) and results in enhanced pre-
cipitation. A key question is to what extent moist
processes play an active role in setting the atmo-
spheric lapse rate in mid-latitudes, as has been
suggested recently (16, 17). Without fully answer-
ing this question, our findings confirm that the
circulation provides an ample supply of warm,
moist air that should have a direct impact on the
temperature structure in the mid-latitudes. As
Earth's temperature rises, the amount of water
vapor present in the atmosphere is extremely
likely to increase as well (18). Understanding how
changes in temperature and humidity affect the
dynamics of the storm tracks and, in particular,
the mass transport in the two branches of the cir-

Fig. 3. Schematic rep-
resentation of the global
atmospheric circulation.
Black and blue arrows
indicate isentropic circu-
lation on dry isentropes,
with air rising at the equa-
tor, moving poleward in
the upper troposphere,
and returning equator-
ward near the surface.
Red and blue arrows show
the moist branch of the
circulation corresponding
to the additional mass
transport on moist isen-
tropes, with warm moist
air moving toward the
mid-latitudes at low levels, rising into the upper troposphere within the storm tracks, and subsiding over the
pole and dry cold air moving toward the equator near the surface.

Fig. 2. Joint distribution of the mass transport as a function of q and qe at 40°N during December,
January, and February, averaged between 1970 and 2004. The combinations of (q, qe) found within the
black contour line have a high probability to be found at Earth's surface at 40°N, defined as having a
probability density function larger than 0.001 K−2.
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culation is a critical issue for better predicting
mid-latitude climate in a warmer world.
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Targeting QseC Signaling and
Virulence for Antibiotic Development
David A. Rasko,1* Cristiano G. Moreira,1 De Run Li,2 Nicola C. Reading,1 Jennifer M. Ritchie,3
Matthew K. Waldor,3 Noelle Williams,2 Ron Taussig,4 Shuguang Wei,2 Michael Roth,2
David T. Hughes,1 Jason F. Huntley,1 Maggy W. Fina,4 John R. Falck,2,4 Vanessa Sperandio1,2†

Many bacterial pathogens rely on a conserved membrane histidine sensor kinase, QseC, to respond
to host adrenergic signaling molecules and bacterial signals in order to promote the expression of
virulence factors. Using a high-throughput screen, we identified a small molecule, LED209, that
inhibits the binding of signals to QseC, preventing its autophosphorylation and consequently
inhibiting QseC-mediated activation of virulence gene expression. LED209 is not toxic and does
not inhibit pathogen growth; however, this compound markedly inhibits the virulence of several
pathogens in vitro and in vivo in animals. Inhibition of signaling offers a strategy for the
development of broad-spectrum antimicrobial drugs.

Akey challenge for medicine is to develop
new drugs against pathogens that are re-
sistant to current antimicrobial agents

(1, 2). A promising strategy is to identify agents
that inhibit microbial virulence without inhibiting
growth, because these present less selective pres-
sure for the generation of resistance (3–5). Many
bacterial pathogens recognize the host environ-
ment by sensing and responding to the host
adrenergic signaling molecules epinephrine and
norepinephrine (NE) in order to promote the ex-
pression of virulence factors (6, 7). These patho-
gens appear to use the samemembrane-embedded
sensor histidine kinase, QseC (7), to recognize
both host-derived adrenergic signals and the bac-
terial aromatic signal autoinducer-3 (AI-3) to ac-
tivate their virulence genes (5, 6). Upon sensing
any of these signalingmolecules, QseC autophos-
phorylates and subsequently phosphorylates a
transcription factor, QseB (Fig. 1A) (7), which
initiates a relay to a complex regulatory cascade
and leads to the transcription of key virulence
genes (Fig. 1B) (5–8).

QseC homologs are present in at least 25
important human and plant pathogens (table S1),

and qseCmutants of enterohemorrhagicEscherichia
coli (EHEC) (Fig. 1C and fig. S1) (7), Salmonella
typhimurium (Fig. 2A) (8), and Francisella tularensis
(9) are attenuated in infected animals. Because of the
central role of the AI-3/epinephrine/NE QseC recep-
tor in promoting the virulence of several important
pathogens, we tested the effectiveness of inhibitors
of this receptor as broad-spectrum antimicrobial
agents.

A library of 150,000 small organic molecules
from the University of Texas (UT) Southwestern
was screened at a 5 mM concentration in a high-
throughput assay to identify inhibitors of QseC-
dependent virulence gene activation in EHEC
(fig. S2) (10). The first round of positive hits,
which represented a diverse range of molecular
architecture, was subjected to additional rounds
of screening followed by preliminary evaluations
for toxicity against bacterial cells in vitro. This
yielded a pool of 75 potential inhibitors with me-
dian inhibitory concentration (IC50) values at or
below 10−5M.One compoundwas selected based
on its potency as compared with other lead mole-
cules,minimal toxicity toward bacterial and human
cell lines, and potential for chemical modification.
This molecule was subjected to structure-activity
studies to identify ways to improve its potency.
The result, LED209 [N-phenyl-4-{[(phenylamino)
thioxomethyl]amino}-benzenesulfonamide]
(Fig. 1D), was prepared in three steps (fig. S3).

New types of antimicrobial agents are needed
to treat EHEC infections because treatments based
on conventional antibiotics have been associated
with worse clinical outcomes (11), probably be-
cause antibiotics induce an SOS response that
enhances EHEC virulence (12). The genes en-

coding Shiga toxin are located within the late
genes of a l bacteriophage (a bacteriaphage that
infects bacteria) and are transcribed when the
phage enters its lytic cycle upon induction of an
SOS response in EHEC (13). Shiga toxins are
responsible for the morbidity and mortality of
these infections. Transcription of EHEC virulence
genes is induced by AI-3 and epinephrine. Nei-
ther AI-3 nor epinephrine had any effect on pro-
moting virulence in a qseC mutant (Fig. 1B).

It was reported (7) and we confirmed that
purified QseC in a liposome binds to tritiated NE
and that phentolamine (an alpha-adrenergic an-
tagonist) antagonizes this binding to block QseC
autophosphorylation. In contrast, propranolol (a
b-adrenergic antagonist) has no effect on QseC
(Fig. 1E). We found that NE binding can be di-
rectly antagonized by 5 pM, but not 5 fM,LED209.
Autophosphorylation of QseC in response to
50 mM epinephrine is also inhibited in the pres-
ence of 5 pM LED209 (Fig. 1F).

Consequently, QseC-dependent virulence gene
expression in response to epinephrine (Fig. 1G)
and AI-3 (Fig. 1H) was inhibited in the presence
of 5 pM LED209. LED209-mediated inhibition
of virulence gene expression also inhibited the
secretion of EspA and EspB, two proteins en-
coded within the locus of enterocyte effacement
(LEE) that are required for EHEC to translo-
cate bacterial proteins into host cells and cause
attaching-effacing (AE) lesions (Fig. 1I). At 5 pM,
LED209 abolished EHEC AE lesion formation
on cultured epithelial cells (Fig. 1J). Unlike con-
ventional antibiotics, LED209 does not kill or
hinder EHECgrowth (fig. S4) or trigger the EHEC
SOS response. Consequently, it does not promote
the expression of Shiga toxin; indeed, it decreases
the expression of the stxAB genes that encode this
toxin (Fig. 1H).

However, administration of LED209 to infant
rabbits before, after, or alongwith EHEC resulted
in only a modest (and statistically nonsignificant)
reduction in EHEC colonization of the intestine
(fig S5). The failure of LED209 to reduce EHEC
colonization in this animal may be attributable to
rapid absorption from the gastrointestinal (GI) tract
(see below and fig. S6). A nonabsorbable formu-
lation may be required for noninvasive human
pathogens such as EHEC.

S. typhimurium encodes a homolog of the
EHEC QseC (87% similarity) sensor kinase that
also controls virulence gene expression (14) (Fig.
2C). EHEC and S. typhimurium QseC are func-
tionally interchangeable (14), and a S. typhimurium
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