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when they convect, detrain, and mix with envi-
ronmental midtropospheric air masses (30). In
the third branch, radiative cooling acts to reduce
entropy as air is transported from high moist en-

tropy and cold temperatures to low moist entropy
and warmer temperatures. The thermodynamic
cycles in CESM and MERRA have a similar shape,
but MERRA's is stronger (larger maximum stream

0, (K)
340 320 300 280 260 340 320 300 280 260
LT N §52 B 0
220 : : :
] -75
240 4 H-150 ~
225 ¥
— QY - )
< O ~
£ 260 S N 300 z
280 | -375 >
-450
300 1 B -s525
|
282.6 199.9 117.1 34.4 -48.4 282.6 199.9 117.1 34.4 -48.4
s(K'kg™)
0
C %5’8811 e D Vsoohpa 0
2 hh a 5.1'_. 600hPa —250
>l 700np 1 700
- 5r :,O’ 1 7 :ﬁf" -500 —
o = -
2 & = ~750
2 - g
<10 | 4 F \ia 1 H-1000
@ I_(925hPa - =
S ! ._J 1000hPa \' ~1250 2
S 15 L l | B \‘l / 4 —-1500 @
\/ ld -1750
20 | I I I ] | 1 ! I | —2000
1 o0 1 2 3 4 1 o0 1 2 3 4

p (10 Jkg™)

Fig. 1. Thermodynamic diagrams for years 1981-2012. (A and C) CESM. (B and D) MERRA. [(A) and
(B)]T - s diagram. wtotal in color shading and gray contours (-75, =225, =375, and =525 Sv). Thick dashed
lines represents the zonal-mean vertical profile in different latitude bands. Dotted lines give the 100%
relative humidity curves at 1000 hPa, 500 hPa, and 200 hPa. Axes are oriented so that the lower left corner
is closest to typical tropical surface T — s values, the upper left corner is closest to typical tropical upper
tropospheric T — s values, and the right side of the graph is closest to typical polar T — s values. The
correspondence between the equivalent potential temperature 8. and s (21) is indicated on the top
abscissa. [(C) and (D)] g7 — p diagram. ¥t in color shading and gray contours (=333, =667, ~1000, and
-1333 Sv). The thick dashed line represents the zonal-mean vertical profile in the tropics. Pressure levels
are indicated along this profile. Axes are oriented so that the lower left corner is closest to typical tropical
surface gy — p values. [(A) to (D)] Thin black curves indicate where ptotal= —] Sy or wmoist= -1 Sy, They
indicate the small-magnitude cutoff over which Qtotal or Qmotst were computed to avoid floating-point errors.
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function value). In the region of the 7' — s diagram
rightward of the zonal-mean subtropical profile
(25°N to 35°N) and at temperatures lower than
280 K, the saturation specific humidity is small,
so that pressure is approximately a function of
temperature and moist entropy. In this region,
thermodynamic transformations that occur
along discrete pressure levels [diagnosed by
$(p.grssit), 4 (Dsar,sit), and o(p,gr,s,t) (20) but
not explicitly demonstrated here] yield the
prominent sawtooth patterns seen in the CESM
cycle. Although the same patterns appear in the
MERRA cycle, they are not as prominent be-
cause the vertical resolution is finer by a factor
of three, so that a smaller portion of the ther-
modynamic cycle is sampled along a given pres-
sure level.

Another difference between the CESM and
MERRA thermodynamic cycles is found along
the zonal-mean tropical profile. At low temper-
atures, MERRA’s W is weaker than that of
CESM, which suggests that MERRA’s thermody-
namic cycle represents a tropical heat engine more
confined to the lower half of the troposphere.

The power associated with the motions de-
scribed inthe 7' — s diagram can be computed as
the area occupied by the stream function ¥*“in
a similar way that one would quantify the work
output of an equivalent Carnot cycle.

. ds ©
Quora = {Tdt} L J(‘) e (s,T)dTds
The averages of le over the 1981 to 2012 period
for MERRA (6.34 Wm™>) and for CESM (6.36 Wm™2)
have a similar magnitude (Fig. 2, A and C).

In a g7 — p diagram, the quantity Y™ de-
scribes a clockwise cycle (Fig. 1, C and D) re-
stricted to g7 = 0 comprising three main branches.
In the dry branch, air is transported from p = 0 to
low relative humidity (high p) near the gr= 0
line. In the moistening branch, air is transported
from low g7 and low relative humidity to high g,
at saturation. The cycle to the right of the u = 0
line, formed by the dry and moistening branches,
primarily quantifies the moistening inefficien-
cies (as can be seen by comparing Fig. 1, C and
D, with fig. S1). At high g7 the moistening branch
follows the zonal-mean tropical (15°S to 15°N)
profile from 600 hPa down in the CESM but only
from 800 hPa down in MERRA. Because of this
important difference, moistening air masses
between 800 hPa and 600 hPa are drier than
the tropical environment in MERRA but not in
CESM, leading to fewer moistening inefficiencies
in CESM. This difference in how air masses are
moistened could arise if, for example, the data
assimilation in MERRA corrected the tendency
of parameterized convection to detrain and mix
with its environment. In both cases, the tropical
environment nevertheless determines the highest
gr values that can be produced by the atmo-
spheric circulation.

In the dehumidification branch, air is kept close
to u = 0 and transported from high g7 to low q7.
We note that in MERRA, the dehumidification
branch reaches into negative p values between
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qr =5 g kg and ¢y = 10 g kg™, whereas the
dehumidification branch in CESM follows the
1 = 0line (thin dashed line) more closely in this
region of the g7 — pu diagram.

The power necessary to maintain the global
moistening and remoistening motions described
in this diagram can also be written as the area
occupied by the stream function Y™,

Quoist = {H%} = —__L _([ WO (,g7)dpdgr

The average Q,m,ist over the 1981 to 2012 period
for MERRA (2.68 Wm™2) (Fig. 2D) is 18% larger
than for CESM (2.27 Wm™?) (Fig. 2B). The dif-
ference in ngt is mostly explained by a reduced
amplitude of moistening inefficiencies in CESM
(1.97 Wm™2) (fig. S2B) as compared to MERRA
(240 Wm™) (fig. $2D). Because the values of Q,y
are similar for the MERRA and the CESM data,
but those for @, differ, values for W (Fig. 2, A
and C) differ when averaged over the period
(3.66 Wm 2 for MERRA, 4.09 Wm™? for CESM).
Computing W from an o—p diagram gives the
same results and shows that the CESM has a larger
work output between 500 hPa and 200 hPa (fig.
S3). This suggests that the smaller amplitude of
moistening inefficiencies in CESM might allow
more deep convection than in MERRA.

The climate change response of ¥ (Fig. 3A)
to an anthropogenic forcing scenario takes the
shape of a dipole centered along the zonal-mean
tropical profile. The mass flux stream function
strengthens at higher moist entropy values and
weakens at lower moist entropy values, indicative
of a translation to higher moist entropy values.
The same response is observed for the zonal-mean
profiles.

The response of ¥ (Fig. 3B) does not ex-
hibit a dipole as in the 7' — s diagram. Instead, it
is strengthened almost everywhere in the g7 — p
diagram by a mostly uniform value. Accordingly,
the zonal-mean tropical profile does not move
appreciably. The strengthening is particularly
concentrated along the outermost streamline, sug-
gesting a slight dilatation of the cycle that results
in more moistening happening at higher gr to-
ward the end of the 21st century.

By changing the footprint and magnitude of
ol and POt the effect of anthropogenic
foycing will also influence W. Both & mel and
8 Q0 (Fig. 4A) exhibit large interannual var-
iability of comparable magnitude but substan-
tially smaller interdecadal variability. Both sets
of time series demonstrate that, while both Quorat
and 8Q,,;, incre_ase in response to projected
climate change, 8 Q,,,,, increases more rapidly.

The evolution of W in response to anthropogenic
forcing indicates a trend of -0.038 + 0.08 Wm >
[one-sided ¢ test, 95% confidence interval (CI)]
per 100 years for the 10-year running mean
(Fig. 4B). Over the 21st century, this amounts
to a small reduction in W (2-1%). In an a-p
diagram, the W response at the end of the 21st
century exhibits a reduction of -0.102 Wm™ per
100 years below 300 hPa and an increase of
0.073 Wm™? per 100 years above 300 hPa (fig.
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S4); at 500 hPa, it is reduced by more than 5%
per 100 years. This response is compatible with a
general weakening of tropospheric motions accom-
panied with a strengthening of deep convective
motions that have enough energy to reach the
upper troposphere.

Because Qmoist is proportional to the material
derivative dgr/dt, we might expect its response
to scale like the near-surface specific humidity
and therefore be directly related to changes in
global surface temperature through a surface
Clausius-Clapeyron scaling. Indeed, the specific
humidity on the model level nearest to the sur-
face explains 94% of the variance of §Q, ,, over
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the entire 1981 to 2099 period (Fig. 4A). Both the
near-surface specific humidity and Ssz in-
crease by 5.4% per K global surface warming,
which is slightly less than the 7% per K surface
warming increase associated with a tropical
Clausius-Clapeyron scaling (14). In fact, most of
the increase in & Qmm can be attributed to an
increase in the moistening inefficiencies (fig. S5A).
Moreover, this increase alone compensates for
the increase in wal (fig. S5B) and is therefore
sufficient to constrain the atmospheric heat en-
gine’s work output.

Previous theoretical analyses of the entropy
cycle (6, 31) suggest that thl should scale like
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Fig. 3. Response of CESM thermodynamic diagrams between years 1981 to 2012 and years 2067
to 2098. (A) Response of Ptotal (color shading). Gray contours indicate the 1981 to 2012 streamlines
(Fig. 1A). Thick dashed lines show the change in zonal-mean vertical profiles for different latitude bands
between the 1981 to 2012 (black) and the 2067 to 2098 (blue) periods. Dotted lines illustrate the 100%
relative humidity curves at 1000 hPa, 500 hPa, and 200 hPa. (B) Response of ¥moist (color shading). Thick
dashed lines (black and blue overlapping) as in (A) but only for the tropical (15°S to 15°N) profile. Gray
contours indicate the 1981 to 2012 streamlines (Fig. 1C).
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Ry Tu(T;L - T;)), where R, is the outgoing
long-wave radiation and T},, T, and T, are the
mean temperature of atmospheric heat input,
output, and dissipation, respectively. Observations
of recent tropospheric warming [figures 2.26 and
2.27 in (32)] show that temperature trends are
somewhat uniform in the vertical, which sug-
gests that the difference 7}, — T} might increase
more slowly than either 7, or T,,. This slower
increase may explain why & Qm, does not follow a
surface Clausius-Clapeyron scaling and why one
would expect moist processes to limit the work
output in simulations with anthropogenic forcing.
Simulations over a wider range of climates would
help verify this hypothesis.

Our comparison of thermodynamic cycles in
CESM and MERRA show many similarities; how-
ever, we find that CESM requires less power to
maintain its hydrological cycle than the reana-
lysis, due to the smaller amplitude of its moist-
ening inefficiencies. We suggest that this difference
might be a consequence of the idealized nature
of parameterized convection schemes, and it is
likely that it might also influence the response of
CESM to anthropogenic forcing. Typically, con-
vection schemes artificially transport moisture
along a moist adiabat without accounting for the
work needed to lift this moisture, but in the real
world, this work is necessary to sustain precip-
itation. Any increase in global precipitation there-
fore requires an increase in work output; otherwise,
precipitation would have to become more effi-
cient, for example, by reducing the frictional dis-
sipation of falling hydrometeors (11, 12). This is
one reason we should interpret the constraint in
work output in CESM as a constraint on the large-
scale motions and not on the unresolved subgrid-
scale convective events.

Our work illustrates a major constraint on the
large-scale global atmospheric engine: As the cli-
mate warms, the system may be unable to in-
crease its total entropy production enough to
offset the moistening inefficiencies associated
with phase transitions. This suggests that in a
future climate, the global atmospheric circulation
might comprise highly energetic storms due to
explosive latent heat release, but in such a case,
the constraint on work output identified here
will result in fewer numbers of such events.
Earth’s atmospheric circulation thus suffers from
the “water in gas problem” observed in simu-
lations of tropical convection (6), where its ability
to produce work is constrained by the need to
convert liquid water into water vapor and back
again to tap its fuel.

REFERENCES AND NOTES

1. L. Barry, G. C. Craig, J. Thuburn, Nature 415, 774-777 (2002).

2. M. H. P. Ambaum, Thermal Physics of the Atmosphere (Wiley,
Hoboken, 2010), pp. 203-220.

3. 0. R. Wulf, L. Davis Jr., J. Meteorol. 9, 80-82 (1952).

J. P. Peixoto, A. H. Oort, M. De Almeida, A. Tomé, J. Geophys.

Res. 96 (D6), 10981 (1991).

R. Goody, Q. J. R. Meteorol. Soc. 126, 1953-1970 (2000).

0. Pauluis, I. M. Held, J. Atmos. Sci. 59, 125-139 (2002).

D. M. Romps, J. Atmos. Sci. 65, 3779-3799 (2008).

S. Pascale, J. Gregory, M. Ambaum, R. Tailleux, Clim. Dyn. 36,

1189-1206 (2011).

9. 0. Pauluis, I. M. Held, J. Atmos. Sci. 59, 140-149 (2002).

Ea

0N G

SCIENCE sciencemag.org

10. O. Pauluis, J. Atmos. Sci. 68, 91-102 (2011).

11. 0. Pauluis, V. Balaji, I. M. Held, J. Atmos. Sci. 57, 989-994 (2000).

12. 0. Pauluis, J. Dias, Science 335, 953-956 (2012).

13. S. Sherwood, R. Roca, T. Weckwerth, N. Andronova,
Rev. Geophys. 48, RG2001 (2010).

14. 1. Held, B. Soden, J. Clim. 19, 5686-5699 (2006).

15. R. Caballero, P. L. Langen, Geophys. Res. Lett. 32, L02705 (2005).

16. P. 0'Gorman, T. Schneider, J. Clim. 21, 5797-5806 (2008).

17. T. Schneider, P. A. O'Gorman, X. Levine, Rev. Geophys. 48,
RG3001 (2010).

18. G. Vecchi, B. Soden, J. Clim. 20, 4316-4340 (2007).

19. R. Feistel et al., Ocean Science 6, 91-141 (2010).

20. Materials and methods are available as supplementary
material on Science Online.

21. K. Emanuel, Atmospheric Convection (Oxford Univ. Press, MIT,
Oxford, 1994).

22. D. R. Johnson, International Geophysics, D. A. Randall, Ed.
(Academic Press, Waltham, 2001), pp. 659-720.

23. P. R. Gent et al., J. Clim. 24, 4973-4991 (2011).

24. R. H. Moss et al., Nature 463, 747-756 (2010).

25. M. M. Rienecker et al., J. Clim. 24, 3624-3648 (2011).

26. J. D. Zika, M. H. England, W. P. Sijp, J. Phys. Oceanogr. 42,

708-724 (2012).

K. Doos, J. Nilsson, J. Nycander, L. Brodeau, M. Ballarotta,

J. Phys. Oceanogr. 42, 1445-1460 (2012).

J. Kjellsson, K. Déos, F. B. Laliberté, J. D. Zika, J. Atmos. Sci.

71, 916-928 (2014).

S. Groeskamp, J. D. Zika, T. J. McDougall, B. M. Sloyan,

F. Laliberté, J. Phys. Oceanogr. 44, 1735-1750 (2014).

2

~

2

[

2

©

30. 0. M. Pauluis, A. A. Mrowiec, J. Atmos. Sci. 70, 3673-3688
(2013).

31. V. Lucarini, K. Fraedrich, F. Ragone, J. Atmos. Sci. 68,
2438-2458 (2011).

32. D. L. Hartmann et al., Climate Change 2013: The Physical
Science Basis. Contribution of Working Group | to the Fifth
Assessment Report of the Intergovernmental Panel on Climate
Change, T. F. Stocker et al., Eds. (Cambridge Univ. Press,
Cambridge and New York, NY, USA, 2013).

ACKNOWLEDGMENTS

We acknowledge the Global Modeling and Assimilation Office
(GMAOQ) and the Goddard Earth Sciences Data and Information
Services Center (GES DISC) for the dissemination of MERRA data.
This work was supported by the G8 Research Initiative grant
“ExArch: Climate analytics on distributed exascale data archives”
made available through the Natural Sciences and Engineering
Research Council (NSERC).

SUPPLEMENTARY MATERIALS
www.sciencemag.org/content/347/6221/540/suppl/DCL
Materials and Methods

Supplementary Text

Figs. S1to S5

References (33-36)

9 June 2014; accepted 3 December 2014
10.1126/science.1257103

OPTICAL IMAGING

Expansion microscopy

Fei Chen,'* Paul W. Tillberg,?* Edward S. Boyden™>*>¢+

In optical microscopy, fine structural details are resolved by using refraction to magnify
images of a specimen. We discovered that by synthesizing a swellable polymer network
within a specimen, it can be physically expanded, resulting in physical magnification.

By covalently anchoring specific labels located within the specimen directly to the polymer
network, labels spaced closer than the optical diffraction limit can be isotropically
separated and optically resolved, a process we call expansion microscopy (ExM). Thus,
this process can be used to perform scalable superresolution microscopy with
diffraction-limited microscopes. We demonstrate ExM with apparent ~70-nanometer
lateral resolution in both cultured cells and brain tissue, performing three-color
superresolution imaging of ~10” cubic micrometers of the mouse hippocampus with a

conventional confocal microscope.

icroscopy has facilitated the discovery

of many biological insights by optically

magnifying images of structures in fixed

cells and tissues. We here report that

physical magnification of the specimen
itself is also possible.

We first set out to see whether a well-known
property of polyelectrolyte gels—namely, that
dialyzing them in water causes expansion of
the polymer network into extended conforma-
tions (Fig. 1A) (I)—could be performed in a bi-
ological sample. We infused into chemically

'Department of Biological Engineering, Massachussetts
Institute of Technology (MIT), Cambridge, MA, USA.
2Department of Electrical Engineering and Computer
Science, MIT, Cambridge, MA, USA. *Media Lab, MIT,
Cambridge, MA, USA. *McGovern Institute, MIT, Cambridge,
MA, USA. *Department of Brain and Cognitive Sciences,

MIT, Cambridge, MA, USA. ®Center for Neurobiological
Engineering, MIT, Cambridge, MA, USA.

*These authors contributed equally to this work. tCorresponding
author. E-mail: esb@media.mit.edu

fixed and permeabilized brain tissue (Fig. 1B)
sodium acrylate, a monomer used to produce
superabsorbent materials (2, 3), along with the
comonomer acrylamide and the cross-linker
N-N'-methylenebisacrylamide. After triggering
free radical polymerization with ammonium
persulfate (APS) initiator and tetramethylethy-
lenediamine (TEMED) accelerator, we treated
the tissue-polymer composite with protease to
homogenize its mechanical characteristics. After
proteolysis, dialysis in water resulted in a 4.5-fold
linear expansion, without distortion at the level
of gross anatomy (Fig. 1C). Digestion was uniform
throughout the slice (fig. S1). Expanded speci-
mens were transparent (fig. S2) because they
consist largely of water. Thus, polyelectrolyte gel
expansion is possible when the polymer is em-
bedded throughout a biological sample.

We developed a fluorescent labeling strategy
compatible with the proteolytic treatment and
subsequent tissue expansion described above,
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