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deformation of opposite sign until square. The
elastic energy fE(s´, s´´) of the resulting lam-
inate of half-layers in a given state of curvature
was then calculated to quadratic order in the
principal curvatures s´ and s´´. The layer
elastic energy per volume obtained is fE = K/2
(s´ + s´´)2 – –K (s´s´´) +G(s´´ – s´), where K is
the Frank elastic constant for mean curvature
(s´ + s´´), –K is the Frank constant for Gaussian
curvature (–s´s´´), and Gº b drives curvature
in response to the frustrated internal in-plane
layer strain b (16). For a minimal surface (s =
s´ = –s´´), the free energy is particularly sim-
ple: f mE = –Ks2 – 2Gs, making Rp ≡

–K/G the
preferred radius of curvature. The energy f =
fE(s´, s´´) + Du, where Du is the Gibbs potential
per volume of the in-plane freezing, can be used
to predict the structure of a filament, viewed as a
set of ribbon-like layers twisted with a half-pitch
h ≡ p/q (16). The central layer is a minimal sur-
face of curvature s = q along its centerline, so
that for a very narrow ribbon (w << h), minimiz-
ing f mE gives q = G/ –K and therefore h = p/sp =
pRp ~ 20 nm. However, as T is lowered into the
B4 range, the ribbon can further lower its free
energy by growing wider, gaining Du in a larger
volume. Overall energy minimization yields finite-
width filaments with the layer ordering sup-
pressed (melted) outside, as the increase in w is
ultimately limited by the energy cost of reduced
(and thus less favorable) curvature away from
the centerline in a wider ribbon. Predicted val-
ues of w and h are consistent with Rp ~ 200 nm,
about 4 times the estimate from the in-layer struc-
ture (16).

The orientation of the in-plane structure within
the nanofilaments is shown in Fig. 4, F to H, and
fig. S4M. The lattice diagonal (polarization p)
must be either along or normal to the NF axis for
the saddle splay curvature to give the requiredNF
twist (Fig. 4, E and F). The choice of p to be
along the NF axis is clearly indicated by sec-
ond harmonic generation (SHG) evidence for
local C∞ rather thanD∞ symmetry of the phase
(16, 24). With this orientation, the filament edges
are (1,1) rows of molecules (fig. S4M); the result
is a crystal face with a low Miller index that
resists the addition of newmaterial upon cooling,
thereby promoting the highly anisotropic growth
of the needle-like filaments.

Upon slow cooling into the B4 phase, the
filaments appear via heterogeneous nucleation at
dilute sites. Each nucleation site is homochiral;
FFTEM and AFM show that once a handedness
is chosen, single-handed domains are formed, out
to distances of 10 to 100 mm. This leads to the
observed strong “sergeants and soldiers” enan-
tioselection of B4 chirality by weak chiral doping
(18), chiral surface treatment (25), or nucleation
from a chiral phase (14). At higher temperatures
the NF phase is fluid, likely a consequence of
lubrication of the filaments by the B2 or isotropic
phase that is suppressed from hexatic ordering by
the requirement for layer curvature. This fluidity
enables the filaments to anneal in their orientation

and twist phase into the coherent helical struc-
tures seen in Fig. 2G, Fig. 3, and fig. S1. Such
coherence shows that the filaments must interact,
but this interaction is weak in that it does not
noticeably influence the structure of contacting
filaments (Fig. 2, E and F). The AFM textures
like that in Fig. 3E, visualizing the planes nearly
normal to p, suggest that this interaction is
strongest when layers in adjacent filaments are
face-to-face and provide unambiguous evidence
for the coherent macroscopic helical twist of the
layering.

The B4 or HNF phase appears in a simple
bent-core molecular system as a response to the
competition between layering and twist inherent
in chiral media. The inability of the best local
solution to fill space selectively suppresses layer-
ing to produce a nanophase segregation of dif-
ferent degrees of order in a structural hierarchy
that enables bothmacroscopic chirality and layer-
ing in an exotic liquid crystal phase.
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Observational and Model
Evidence for Positive Low-Level
Cloud Feedback
Amy C. Clement,1* Robert Burgman,1 Joel R. Norris2

Feedbacks involving low-level clouds remain a primary cause of uncertainty in global climate
model projections. This issue was addressed by examining changes in low-level clouds over the
Northeast Pacific in observations and climate models. Decadal fluctuations were identified in
multiple, independent cloud data sets, and changes in cloud cover appeared to be linked to
changes in both local temperature structure and large-scale circulation. This observational
analysis further indicated that clouds act as a positive feedback in this region on decadal time
scales. The observed relationships between cloud cover and regional meteorological conditions
provide a more complete way of testing the realism of the cloud simulation in current-generation
climate models. The only model that passed this test simulated a reduction in cloud cover over
much of the Pacific when greenhouse gases were increased, providing modeling evidence for a
positive low-level cloud feedback.

Low-level clouds are of great climatic im-
portance because of their net cooling effect
on the global climate (1). If the coverage

of this type of cloud were to change as the cli-

mate warms, it could lead to either an enhance-
ment or a reduction in the warming (i.e., as either
a positive or negative feedback, depending on
whether cloud cover decreases or increases). At
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present, the sign of the low-level cloud feedback
in climate change is unknown (2–5).

Previous research on the subtropical strato-
cumulus decks in the Northeast (NE) Pacific has
laid the groundwork for our current understand-
ing of environmental controls on this cloud type
(6–10). These studies have shown that changes
in local meteorological conditions can explain
much of the variability in low-level cloud cover
occurring on daily to interannual time scales. The
longer-term variability of these clouds, however,
has received much less attention, partly because
long-term fluctuations in any particular cloud
data set would rightly be regarded with some
skepticism. Surface-based cloud observations,
for instance, can be problematic due to the sub-
jective nature of the measurement and sparse
sampling for large regions of the ocean (11, 12).
Satellite-based cloud observations have spurious
trends related to instrument drift and calibration
(13, 14) and are available for only the past 25
years. Here we examine long-term cloud varia-
tions in independent cloud data sets and analyze
meteorological data to provide a physical frame-
work for interpreting these variations.

Our principal source of data is monthly mean
gridded surface-based observations of total cloud
cover from the Comprehensive Ocean Atmo-
sphere Data Set (15) (COADS) during 1952 to
2007. We supplement this with cloud-type in-
formation from COADS that has been com-
piled by Hahn and Warren (16) for the period
1952 to 1997, and in particular, we examine
the category of marine stratiform clouds (com-
prising ordinary stratocumulus, cumulus under
stratocumulus, fair-weather stratus, and bad-
weather stratus). Additional independent infor-
mation on total cloud amount, low-level cloud
amount, and surface radiative fluxes is pro-
vided by the International Satellite Cloud Cli-
matology Project (17, 18) (ISCCP). Before using
ISCCP data, we applied some adjustments to
remove spurious long-term variability caused by
satellite artifacts and to account for erroneous
retrievals of low-level cloud-top height (19).
Other climate variables used in the analysis are
sea surface temperature (SST) (20), sea-level pres-
sure (SLP) from the Hadley center reanalysis
(21), and vertical velocity, surface winds, and
lower tropospheric static stability (potential tem-
perature at 700 mb minus surface temperature)
from the ERA-40 reanalysis (22).

The time series of total and low-level cloud
cover averaged over the NE Pacific (115° to
145°W, 15° to 25°N) are displayed in Fig. 1, A
and B. Both COADS and adjusted ISCCP data
sets show a shift toward more total cloud cover
in the late 1990s, and the shift is dominated by

low-level cloud cover in the adjusted ISCCP
data (bars, in Fig. 1B). The longer COADS total
cloud time series indicates that a similar-magnitude
shift toward reduced cloud cover occurred in the
mid-1970s, and this earlier shift was also domi-
nated by marine stratiform clouds (bars, Fig. 1A).
PATMOS-X, a next-generation version (23) of

the Advanced Very High Resolution Radiom-
eter Pathfinder Atmosphere (PATMOS) data
set with improved algorithms (24), shows sim-
ilar signals over the 1982 to 2007 period (fig.
S1). These cloud changes appear throughout the
year, and the shifts are also apparent in SST and
SLP time series (Fig. 1, C and D).

1Rosenstiel School of Marine and Atmospheric Sciences, Uni-
versity of Miami, Division of Meteorology and Physical
Oceanography, MSC 362, 4600 Rickenbacker Causeway, Miami,
FL 33149, USA. 2Scripps Institution of Oceanography, University
of California-San Diego, La Jolla, CA 92093–0224, USA.

*To whom correspondence should be addressed. E-mail:
aclement@rsmas.miami.edu

Fig. 1. Time series of an-
nual mean values of cloud
and climate quantities av-
eraged over the NE Pa-
cific (115° to 145°W, 15°
to 25°N). The time mean
of each field is removed,
and a 1-2-1 smoothing
is applied. (A) COADS to-
tal cloud cover (black
line) and marine strati-
form cloud cover (bars).
Units are percent cloud
cover. (B) Adjusted ISCCP
total cloud cover (black
line) and adjusted ISCCP
low- plus mid-level cloud
cover (bars). Units are
percent cloud cover. (C)
COADS SST. Units are K.
(D) Hadley center SLP.
Units are hPa. The vertical dashed lines indicate the approximate mid-point of the 1976 and 1990s
climate shifts that have been previously identified in the literature. We use low- plus mid-level cloud
cover from ISCCP rather than low-level only because low-level clouds can be mistakenly identified as
mid-level clouds. This does not appear to be as much of an issue in the NE Pacific as it is for the SE
Pacific (19).

A COADS cloud (%)

B ISCCP cloud (%)

C COADS SST (K)

D HAD SLP (mb)

Fig. 2. Regression of cli-
mate variables on the time
series of NE Pacific SST
(from Fig. 1C). Values are
shown per degree change
in the NE Pacific index. (A)
SST (in K). (B) SLP (colors,
units of hPa), surface winds
from ERA-40 (arrows, units
of m/s).
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The decadal changes in NE Pacific clouds
and climate are linked to well-known basin-
wide climate shifts (25–30). This is illustrated in
Fig. 2, A and B, which shows that the regres-
sion patterns of SST, SLP, and ERA-40 sur-
face winds on the NE Pacific SST time series
resemble the now familiar pattern of Pacific
Decadal Variability. The SST signal spans the
entire Pacific basin and persists throughout
the year, and the SLP pattern comprises a weaker
Walker circulation in the equatorial region and
a deeper Aleutian low in the North Pacific
(Fig. 2B). The extension of the North Pacific
SLP low anomaly into the stratocumulus re-
gion constitutes a weakening of the climato-
logical high, and trade winds around the high
are weakened (hence the anomalous southerly
and westerly flow shown in Fig. 2B). The sub-
sidence and lower tropospheric stability (LTS)
in the NE Pacific are both weaker when SST is
warm there (fig. S2).

The spatial patterns of cloud-cover change
(Fig. 3) are physically consistent with the local
meteorological changes displayed in Fig. 2 and
fig. S2, with reduced cloud cover in the NE
Pacific when SST is warm, SLP is low, and sub-
sidence, equatorward advection, and static stabil-
ity are weak (6–10). For COADS total cloud,
we calculate the regression over the entire time
period (Fig. 3A), which includes both the 1976
and late-1990s shifts. The regression for marine
stratiform cloud (Fig. 3B), however, includes
only the 1976 shift due to lack of the Hahn and
Warren data compilation after 1997. A com-
parison of the patterns in Fig. 3, A and B,
indicates that marine stratiform cloudiness do-
minates the total cloud cover change and that
the climate shifts in 1976 and the late 1990s
were analogous but of opposite sign (i.e., the

Fig. 3. Regression of cloud data on the time series
of NE Pacific SST (from Fig. 1C). All panels are in
units of percent cloud cover per degree change in
the SST index. (A) COADS total cloud cover (for the
period 1952 to 2006). (B) COADS marine stratiform
cloud (MSC) cover (for the period 1952 to 1997).
(C) Adjusted ISCCP total cloud and (D) adjusted
ISCCP low- plus mid-level cloud cover [both (C) and
(D) are for the period 1984 to 2005].

Table 1. Correlation between cloud and various meteorological quantities in the NE Pacific for observations
and climate models. For the observations, the ISCCP-corrected and COADS cloud fraction (both total and low-
level cloud values are shown) are correlated with observed SST (first column), lower tropospheric stability (LTS,
second column), sea-level pressure (SLP, third column), and mid-tropospheric pressure vertical velocity (fourth
column). For the models, the total cloud cover is used because the separate low-level cloud cover is not made
available in this archive for most models. Models are grouped according to the sign of the correlation (r)
relative to observations. We only include models for which all diagnostics are available. Statistical sig-
nificance of the correlation values is calculated with a one-tailed t test. Degrees of freedom are derived
with the lag-1 autocorrelation. Values that are significant at the 99% level are shown in bold.

SST LTS SLP w 500

Observations
ISSCP-corrected total -0.75 0.44 0.80 0.30
ISCCP-corrected low + mid -0.91 0.81 0.89 0.70
COADS total -0.74 0.35 0.73 0.53
COADS MSC -0.82 0.42 0.74 0.70

Models with the correct cloud-meteorology relationships
ukmo_hadgem1 -0.81 0.84 0.65 0.39
inmcm3_0 -0.77 0.37 0.58 0.14

Models that simulate the wrong sign r(cloud, w 500)
mri_cgcm2_3_2a -0.60 0.21 0.35 -0.58
gfdl_cm2_0 -0.69 0.06 0.52 -0.42
ncar_ccsm3_0 -0.66 0.48 0.63 -0.18

Models that simulate the wrong sign r(cloud, SLP)
miroc3_2_hires -0.91 0.54 -0.03 -0.10

Models that simulate the wrong sign (or close to zero) r(cloud, LTS)
cccma_cgcm3_1_t63 -0.86 0.01 0.52 0.20
cccma_cgcm3_1 -0.80 -0.08 0.35 -0.14
cnrm_cm3 -0.73 -0.24 0.54 -0.54
ipsl_cm4 -0.53 -0.16 0.25 -0.32
ukmo_hadcm3 -0.44 -0.17 0.33 -0.43
gfdl_cm2_1 -0.31 -0.38 0.05 -0.56
mpi_echam5 -0.23 -0.44 0.06 -0.70
miroc3_2_medres -0.13 -0.08 -0.04 -0.67

Models that simulate the wrong sign r(cloud, SST)
giss_aom 0.12 -0.63 -0.39 -0.67
iap_fgoals1_0_g 0.22 -0.43 -0.24 -0.89
giss_model_e_h 0.34 0.10 0.10 -0.81
giss_model_e_r 0.39 -0.04 0.003 -0.58
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earlier shift was a warming and reduction in
clouds and the latter a cooling and increase in
clouds). The adjusted ISCCP regressions for
total and low-level cloud (Fig. 3, C and D) are
in agreement with both total and marine strati-
form cloudiness from COADS. This concur-
rence is surprising given the fundamentally
different measurement methods (human eye
versus satellite retrieval and algorithm). Fur-
thermore, the similarity in pattern and magni-
tude between adjusted ISCCP low-level cloud
cover and the COADS marine stratiform cloud
cover is especially impressive considering that
they do not occur over the same climate shifts
(adjusted ISCCP captures only the late-1990s
shift, whereas COADS marine stratiform cap-
tures only the 1976 shift). The larger size of
both COADS and adjusted ISCCP low-level
cloud signals relative to the total cloud signals
in the NE Pacific indicates that upper-level
clouds increase when low-level clouds de-
crease. Enhanced upper-level cloud cover is
consistent with the weakening of subsidence
over the NE Pacific (fig. S2).

We emphasize that the NE Pacific cloud
changes described above are tied to cloud changes
that span the Pacific basin. Despite much less
surface sampling in the Southeast (SE) Pacific,
cloud and meteorological changes in that region
generally occur in parallel with those in the NE
Pacific (Figs. 2 and 3). Also, we find that the

leading mode in an empirical orthogonal function
analysis (15% of the variance) of global cloud
cover (fig. S3) has a spatial pattern similar to that
in Fig. 3 and the time series shows the same
decadal shifts as in Fig. 1, indicating that the
changes in the NE Pacific are part of a dominant
mode of global cloud variability.

The regression of adjusted shortwave and
longwave cloud radiative effects from the ISCCP
Flux Dataset on NE Pacific SST reveals that the
change in net cloud radiative effect warms the
ocean by about 6 W m−2 K−1 (fig. S4). Despite
the weaker winds, latent heat flux anomalies
still act to cool the ocean when SST is warmer
(31). Model studies have shown a negligible sim-
ulated SST response when forced with a wind
pattern like that displayed in Fig. 2B (32),
suggesting that ocean dynamics play little role
in NE Pacific decadal SST variability. Hence,
we conclude that a change in solar heating of
the ocean due to a change in stratocumulus
cloud cover is the principal factor maintaining
decadal SST anomalies in the NE Pacific.
Previous studies have shown that decreased
cloud cover and warm SST additionally pro-
mote weaker circulation (33–37). This response
is caused by a decrease in longwave radiative
cooling of the boundary layer by clouds that
reduces large-scale horizontal temperature and
pressure gradients. The existence of these same
relationships among SST, cloud, and circula-

tion on decadal time scales implies that changes
in subtropical stratocumulus act as a positive
feedback on climate in the region.

Is this feedback present in climate models?
To address this question, we analyze the 20th-
century climate simulation in 18 coupled ocean-
atmosphere general circulation models with
comprehensive output available from the World
Climate Research Programme’s (WCRP’s) Cou-
pled Model Intercomparison Project phase 3
(CMIP3) multimodel archive (38, 39). Correla-
tions between cloud cover in the NE Pacific and
the local thermal structure (SST and LTS) and
circulation (SLP and mid-tropospheric vertical
velocity) are computed for each model and com-
pared with observations in Table 1. Models
are grouped according to whether they have the
wrong sign correlation relative to observations.
By eliminating models successively on this basis,
we are left with only two that simulate the cor-
rect sign correlations for all variables, the INM-
CM3.0 and the HadGEM1. Because these two
models represent opposite ends of the range of
values of equilibrium climate sensitivity (INM-
CM3.0 has the lowest value and HadGEM1 has
the highest) (5), the cloud-meteorology correla-
tion test alone is not a sufficient metric for
global climate sensitivity.

These models are distinct in other ways that
are relevant for the simulation of low-level clouds.
The INM-CM3.0 adopts a more empirical ap-
proach that parameterizes low-level cloud cover
as a linear function of relative humidity with
coefficients that depend on temperature, altitude,
land/ocean, and stratification (40), whereas the
HadGEM1 has higher spatial resolution, more
explicit cloud microphysics, interactive parame-
terization of cloudiness as a function of local
variability in humidity, and a sophisticated plan-
etary boundary-layer mixing scheme (41, 42).
Moreover, the HadGEM1 produces doubled car-
bon dioxide (2 × CO2) changes in SST, LTS, and
circulation that are consistent with the multi-
model mean, but the INM-CM3.0 does not (fig.
S5). Unlike the INM-CM3.0, most models simu-
late a weakening of tropical atmospheric circu-
lation under increased greenhouse gases (43)—a
phenomenon that appears in 20th-century obser-
vations as well (43, 44).

Our observational analysis indicates that
increased SST and weaker subtropical highs
(Fig. 4A) will act to reduce NE Pacific cloud
cover, as indeed occurs in HadGEM1 under
increased greenhouse gases (Fig. 4B). Although
one might expect an increase in low-level cloud
cover from the increase in LTS simulated by
all models for 2 × CO2 (45, 46), the resem-
blance of the spatial structures of the HadGEM1
2 × CO2 cloud change and SLP change (Fig. 4)
to observed decadal cloud and SLP variability
suggests that LTS does not play a dominant
role. Although we cannot evaluate the exact
causes of these cloud changes without addi-
tional experiments, the decreased cloud cover
in subtropical stratocumulus regions appears to

Fig. 4. (A) UKMO-
HadGEM1 sea-level pres-
sure change in 2 × CO2 –
present climate (in Pa).
(B) Total cloud cover (CLT)
change (%) in UKMO-
HadGEM1 for 2 × CO2 –
present climate. These
data are taken from the
1pctto2x experiment, which
was initialized from year
410 of the PIcntrl experi-
ment. CO2 was increased
by 1% per year, com-
pounded until doubling
(year 480), and then held
fixed [at 710 parts per
million (ppm)] for another
150 years. The differences
shown in this figure were
calculated by taking the
last 50 years of the sim-
ulation with CO2 held at
710 ppm and subtract-
ing years 1 to 70 of the
simulation.
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result from warmer SST and a weakening of the
large-scale atmospheric circulation in the Pacific
in this model.

The question of whether low-level clouds act
as a positive or negative feedback to climate
change has been an issue for decades. The anal-
ysis presented here provides observational evi-
dence that this feedback is positive in the NE
Pacific on decadal time scales. The only model
in the CMIP3 archive that properly simulates
clouds in the NE Pacific and exhibits 2 × CO2

circulation changes that are consistent with multi-
model mean produces a reduction in cloud
throughout much of the Pacific in response to
greenhouse gas forcing (i.e., a positive feedback).
Evaluating cloud feedback with one model is,
however, far from ideal. This presents a clear
challenge to develop a larger number of climate
models that can pass these and other tests so that
we may have greater confidence in the sign of
the low-cloud feedback under future changes in
greenhouse gas concentrations.
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The Dynamics of Phenotypic Change
and the Shrinking Sheep of St. Kilda
Arpat Ozgul,1 Shripad Tuljapurkar,2 Tim G. Benton,3 Josephine M. Pemberton,4
Tim H. Clutton-Brock,5 Tim Coulson1*

Environmental change, including climate change, can cause rapid phenotypic change via both
ecological and evolutionary processes. Because ecological and evolutionary dynamics are
intimately linked, a major challenge is to identify their relative roles. We exactly decomposed the
change in mean body weight in a free-living population of Soay sheep into all the processes
that contribute to change. Ecological processes contribute most, with selection—the underpinning
of adaptive evolution—explaining little of the observed phenotypic trend. Our results enable
us to explain why selection has so little effect even though weight is heritable, and why
environmental change has caused a decline in the body size of Soay sheep.

Amajor goal of population biology is to
understand how environmental change
generates a rapid phenotypic response

(1, 2). Recently, it has been recognized that
evolution can occur on ecological time scales (2),
and the new challenge is to differentiate trait
dynamics driven by evolution from those driven

by ecological responses to environmental change
(3). This is difficult because ecological and evo-
lutionary effects are intimately intertwined (2, 4),
and available analytical methods do not allow
the quantification of different sources of change.
For example, evolutionary models of phenotypic
change (5, 6) focus on selection and the genetic

response to it (7). However, when applied in
well-studied, pedigreed, wild animal populations,
they often fail to explain phenotypic outcome,
leading many authors to speculate that plastic re-
sponses to environmental variation play a large
role in phenotypic dynamics (1, 8–11). Conversely,
some phenotypic trends are interpreted as evolu-
tionary change without any evolutionary analysis.
An exactmethod to decompose phenotypic change
into contributing processeswould aid in identifying
the roles of selection (the underpinning of adaptive
evolution) and ecology in generating phenotypic
trends.

In 1970, Price developed an equation that de-
scribes change in the mean value of a phenotypic
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