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Why I am optimistic about climate projections: progress is possible!

The atmosphere is a tangle of tangles: a web of competing and compensating cloud processes, interwo-
ven with the atmospheric circulation, which itself is threaded across vastly different spatiotemporal scales. 
Anthropogenic aerosol perturbations subtly shift this web of interactions. This introduces imbalances in 
the planet’s energy budget on the order of a percent of the unperturbed radiative energy fluxes and moves 
circulation features, such as the ITCZ and monsoons, with small changes at continental scales having large 

Abstract Global models are an essential tool for climate projections, but conventional coarse-
resolution atmospheric general circulation models suffer from errors both in their parameterized cloud 
physics and in their representation of climatically important circulation features. A notable recent 
study by Terai et al. (2020, https://doi.org/10.1029/2020ms002274) documents a global model capable of 
reproducing the regime-based effect of aerosols on cloud liquid water path expected from observational 
evidence. This may represent a significant advance in cloud process fidelity in global models. Such 
models can be expected to give a better estimate of the effective radiative forcing of the climate. If this 
advance in cloud process representation can be matched by advances in the representation of circulation 
features such as monsoons, then such models may also be able to navigate the complex tangle between 
spatially heterogeneous aerosol–cloud interactions and regional circulation patterns. This tight link 
between aerosol and circulation results in anthropogenic perturbations of climate variables of societal 
importance, such as regional rainfall distributions. Upcoming global models with km-scale resolution 
may improve the regional circulation and be able to take advantage of the Terai et al. (2020, https://doi.
org/10.1029/2020ms002274) improvement in cloud physics. If so, an era of significantly improved regional 
climate projection capabilities may soon dawn. If not, then the improvement in cloud physics might spur 
intensified efforts on problems in model dynamics. Either way, based on the rapid changes in aerosol 
emissions in the near future, learning to make reliable projections based on biased models is a skill that 
will not go out of style.

Plain Language Summary Human activity releases particles into the atmosphere. Some 
of these particles are small enough to remain suspended in air, forming an “aerosol.” Aerosols interact 
with clouds to make them brighter or dimmer. Clouds are very good sunlight reflectors, so changing their 
properties even slightly results in large changes to how much sunlight is absorbed by the Earth. Over time, 
this changes the rate at which the climate warms. It also affects the regional circulation, that is, recurring 
weather patterns at the regional scale. This is especially important to society when it affects regions that 
experience intense rainfall, such as the summer monsoon. If circulation patterns change, locations that 
used to experience intense rain may receive far less rain than they are used to, and vice versa. To predict 
how human activity will change regional rainfall in the future requires using models. Unfortunately, the 
models that are currently available struggle with both the interactions between aerosols and clouds and 
with some regional circulation features, so their regional predictions are not as reliable as society needs 
them to be. A recent study describes a model that appears to be much better at aerosol–cloud interactions 
than previous global models, potentially solving half the problem. Many groups are currently at work on 
a new generation of models that may be better at regional circulation, which would solve the other half, 
although it may be good to temper any optimism until this has actually been demonstrated. If these two 
advances can be combined within the same model, then that model will be able to provide a much more 
reliable estimate of future regional climate. But model development is hard and slow work, while aerosol 
emissions are changing rapidly, so it is also important to find ways to extract useful information from 
imperfect models.
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Key Points:
•  Global models are deficient in how 

they represent the aerosol influence 
on clouds and regional circulation 
patterns

•  Nevertheless, global models are 
essential for reliable regional climate 
projections

•  Recent advances make it more likely 
that future global models will be 
greatly improved
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If nature were kind, we could follow this flow chart
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This approach has not worked so far
because we have run into problems:

▶ Observations both underconstrain
and overconstrain the model

▶ Observations of PD state do not
constrain the sensitivity to
perturbations

▶ Observations mean something
different than the corresponding
model field

Too many parameter combinations are consistent with observed state
Parameter combinations resulting in good process representation yield bad climate

3 / 22



These models are all tuned to the present day

manuscript submitted to Geophysical Research Letters

Figure 1. Estimates of (A) ECS, (B) ERF2⇥, and (C) radiative feedbacks from abrupt-4xCO2

experiments. Individual CMIP5 and CMIP6 models are shown with unfilled blue and orange

circles, respectively, and their multi-model averages are shown with filled circles. The total radia-

tive feedback is broken down into Planck, lapse rate, relative humidity, surface albedo, and net

cloud components. The cloud feedback is further broken down into its SW and LW components.

Net refers to the net radiative feedback computed directly from TOA fluxes. The residual is the

di↵erence between the directly-calculated net feedback and that estimated by summing kernel-

derived components. (D) Net radiative feedback parameter plotted against ERF2⇥. Dashed lines

indicate constant ECS isopleths calculated using Equation 2. Filled markers indicate models with

ECS exceeding the maximum value in CMIP5. (E) Breakdown of the cloud feedback into net

non-low, net low, and SW low components. The SW low component is further broken down into

amount and scattering components, with tropical and extra-tropical means shown in triangles

and global means shown in circles. Multi-model means that are significantly di↵erent (p<0.05)

are connected with a solid line. Inter-model variances that are significantly smaller or larger in

CMIP6 (p<0.05) are indicated with arrows pointing toward or away from the CMIP6 mean,

respectively.

–16–

(see Dataset S1). This unexpected result is difficult to explain.
Potential explanations are the sublinear dependence of cloud
albedo on cloud optical depth, a tendency for cloud changes to
occur over snow or ice, or the dominant influence of variations in
solar zenith angle on cloud radiative forcing. However, the mean
cloud optical depth is no larger for CAM5.3_CLUBB than for
other models, the spatial distribution of the cloud optical
depth change for CAM5.3_CLUBB is not predominantly over
bright surfaces, and weighting cloud fraction and cloud optical
depth by the incoming solar flux does not affect the relationship
between Rc and τ for CAM5.3_CLUBB.
Fig. 1C shows the relationship between τ and Nd. The re-

lationship differs considerably across the nine models, with a
range of a factor of 2, because the relationship depends on cloud
microphysical processes (12), which are treated differently in
different models. The low values of the relationship for the
SPRINTARS and HadGEM3-U.K.CA models clearly contribute
to their low estimates of the relationship between R and Nd,
although the cloud fraction relationship to Nd is also small. The
KK version of the SPRINTARS model produces a much larger
value of the τ−Nd relationship, as might be expected because it
uses the Khairoutdinov and Kogan (13) autoconversion scheme
used by all versions of CAM5.3, which also produce larger val-
ues. To confirm this, we use Eq. 8 to decompose the relationship
into contributions from changes in L and re. The diversity in
these two terms from global and annual mean changes in the
numerators and denominators is also shown in Fig. 1C. Note
that, because these terms are added rather than multiplied, their
values have not been normalized by the means across the mod-
els. However, the two terms don’t strictly add because the finite
differences in Eq. 8 approximate the differential form.
From Fig. 1C, it is obvious that the diversity in the relationship

between τ and Nd is dominated by the difference between the
SPRINTARS and HadGEM3-U.K.CA models and the other
models, and that the difference in the τ−Nd relationship between
the SPRINTARS and HadGEM3-U.K.CA models and the other
models is dominated by the difference in the relationship be-
tween L and Nd. Because the relationship between L and Nd for
SPRINTARSKK (SPRINTARS with Khairoutdinov and Kogan
autoconversion scheme) is about halfway between the relation-
ship for SPRINTARS and the rest of the models, we can con-
clude that, to a significant extent, the much weaker relationship
from SPRINTARS and HadGEM3-U.K.CA is due to their use
of a different autoconversion schemes. However, because the
liquid water path relationship from SPRINTARSKK is about
half of the relationship of the rest of the models that use the
same autoconversion scheme, there must be some other model
differences that also contribute to the weaker relationship in the
SPRINTARS and HadGEM3-U.K.CA models.
Note that the relationship between L andNd from CAM5.3_MG2

is nearly indistinguishable from that simulated by the other
versions of CAM5.3. This result is surprising because previous
work (11, 14, 15) suggested that the prognostic treatment of
rain in CAM5.3_MG2 would produce a weaker relationship be-
tween L and Nd than the diagnostic treatment in the other models.
It is also noteworthy that, for all models except SPRINTARS,

SPRINTARSKK, and HadGEM3-U.K.CA, the relationship be-
tween re and Nd is weaker than the relationship between L and
Nd. The metrics used in Fig. 1C provide a convenient method of
quantitatively comparing the magnitudes of these two different
mechanisms producing aerosol effects on cloud optical depth.
Note also that the relationship between re and Nd is sub-

stantially weaker for ECHAM6-HAM (Hamburg version of
European Center for Medium-range Weather Forecasting
model) than the other models, mostly because re changes for
ECHAM6-HAM are smaller.
Returning to Fig. 1A, the relationship between Nd and CCN

varies widely (more than twofold) across the models. The CAM5.3

versions produce fairly consistent relationships, but the two
SPRINTARS versions produce much weaker relationships, which
contribute substantially to the smaller estimates of radiative forcing.

A

B

C

Fig. 1. (A) Values of each term in the radiative forcing balance for all models,
normalized by multimodel mean after averaging numerator and denominator
globally over lowwarm clouds. (B) Values of the warm cloud fraction and in-cloud
radiative forcing relationship with droplet number contributing to the relation-
ship between cloud radiative forcing and droplet number, for all models after
averaging globally but not normalizing. (C) Values of the terms contributing to
the relationship between cloud optical depth and droplet number for warm
clouds simulated by all models, after averaging globally but not normalizing.

5806 | www.pnas.org/cgi/doi/10.1073/pnas.1514036113 Ghan et al.
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0 . . . but the spread in climate projections is large

Zelinka et al. (2020); Ghan et al. (2016)
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Cloud state is a “necessary but insufficient” constraint on feedback

Zelinka et al. (2022)
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State and sensitivity

1. Cloud state and cloud feedbacks are fundamentally
controlled by different model parameters

2. Models are a tangle of compensating process errors can
be combined in different ways to give a similar state, but all
have different sensitivities to perturbations – equifinality

3. Constraining cloud state (e.g., CRE, SLF) is likely not
enough to constrain the feedback

Tsushima et al. (2020); Regayre et al. (2018); Lee et al. (2016); von Bertalanffy (1950)
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What process observations/understanding are available?

60◦S

0

60◦N

120◦W 0 120◦E

fwarm

0.05 0.1 0.2 0.4 0.6 0.8 1

Warm rain and cloud-top entrainment not only control ACI adjustments and cloud
feedback but are a microcosm of equifinality

Mülmenstädt et al. (2015, 2021)
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What process observations/understanding are available?

Warm rain and cloud-top entrainment not only control ACI adjustments and cloud
feedback but are a microcosm of equifinality

Wood (2012)
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Warm rain is very rare over land and over the extratropical oceans
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Mülmenstädt et al. (2015); see also Field and Heymsfield (2015)
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But not in GCMs!
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Warm rain has a large effect on ACI adjustments . . .
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. . . but we don’t even know which direction to correct in
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Warm rain has a large effect on extratropical phase feedback . . .

⇑

CMIP MME

60◦S 0

−1

−0.5

0

0.5

1

1.5

Fe
ed

ba
ck

(W
m

−
2

K
−

1
)

CMIP5

CMIP6

Zelinka et al. (2020)

; Mülmenstädt et al. (2021)

12 / 22



Warm rain has a large effect on extratropical phase feedback . . .

⇑

CMIP MME

60◦S 0

−1

−0.5

0

0.5

1

1.5

Fe
ed

ba
ck

(W
m

−
2

K
−

1
)

CMIP5

CMIP6

▶ What is the effect of overestimating
warm rain efficiency?

▶ Decrease in sink efficiency is
underestimated as warm clouds replace
cold clouds

▶ Therefore, negative cloud feedback
strength is underestimated
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Warm rain has a large effect on extratropical phase feedback . . .
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. . . but we don’t even know which direction to correct in

Stanford et al. (2023) 13 / 22



Entrainment should have a large effect on ACI adjustments . . .
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. . . but its actual effect is zero
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What’s wrong with microphysics in global models?

Obs
Model Theory Eval

Future
climate

What would we find if we tried to put all the puzzle pieces together?
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What fundamental uncertainties are we wombating?

476 | Soft Matter, 2021, 17, 475--488 This journal is©The Royal Society of Chemistry 2021

Geometric patterns have been observed in geology, physics, and
biology. The processes of cooling lava at Giant’s Causeway
Ireland or of drying cornstarch leads to hexagonal columns
called columnar jointings.8 Since the 1800s it has been known
that vibration of a membrane generates beautiful arrangements
of grains of sand known as Chladni figures.9 This is due to
nodal lines being created between parts of the plate that vibrate
in opposite directions. When a central stream of water strikes a
kitchen sink, a roughly circular standing wave of fluid is
created, but when the fluid is viscous, polygons such as two,
three, four, and five sided shapes can be observed.10,11 In
biology, pattern formation is responsible for the wing venation
patterns of dragonflies12 and the formation of toothed gears in
certain jumping insects.13 Despite the ubiquity of these pat-
terns, squares are rare, and cubes even more so.

In this study, we will focus on the bare-nosed wombat Vombatus
ursinus, which produces the most cubic feces of the three species
of wombat. The bare-nosed wombat, shown in Fig. 1a, has an adult
body length 1 m and mass 20–35 kg. It is drought-tolerant and
lives a solitary lifestyle in underground burrows. It typically
produces 80–100 cubic feces per day mostly above ground.3

Wombats generally have low-nutrient diets, primarily consisting
of grasses and sedges.14 To compensate, they have long, spacious
intestines of length 6–9 m (see Fig. 1d), utilize hind-gut fermenta-
tion, and have a mean food passage retention time of 40–80 h.14,15

In comparison, a human of 100 kg has an intestinal length of 8 m,
fore-gut fermentation, and a mean food passage retention time of
50 h.16,17 The extended digestion period of wombats allows them
to maintain exceptionally low metabolic rates18,19 and also an

energetically expensive digging lifestyle.20 These attributes allow
the wombat to survive droughts that would challenge most other
mammals.

Animals have long been known for using their urine and feces
to communicate. However, wombats have a unique way of using
their feces as markings. Wombats, particularly bare-nosed wom-
bats, have a propensity to deposit feces in aggregations called
latrines. Such latrines are found on or next to distinctive landscape
features such as prominent rocks, logs and small rises, and burrow
entrances within their home ranges,3,21 as shown in Fig. 1b.
Latrines are generally found with five or more wombat scats
indicating that one or several wombats may be involved. It is
generally believed that prominent latrines facilitate visual or
olfactory communication between wombats or other nearby ani-
mals. It has been proposed that the flat sides of the feces serves the
purpose of latrine stability by preventing the feces from rolling off
these raised surfaces.3–5 Understanding how wombats produce
cubes may provide insight into how such a unique adaptation
evolved.

In this study we investigate cube formation in the wombat
using dissections, material measurements, and mathematical
modeling. We begin in Section 2 with the histological and
tensile experiments performed on wombat intestine samples as
well as 2D phenomenological modeling informed by these
experiments. In Section 3, we discuss the implications of our
work and provide suggestions for future research. In Section 4,
we summarize the contributions of our study. In Section 5, we
provide the detailed methods.

2 Results
2.1 Wombat experiments

If wombats were to make cubes similar to the way we make
noodles, we would expect a square anal sphincter. In 2019, we
obtain a CT scan of a live adult female wombat (Video S1, ESI†).
The scan shows that the wombat’s anus is round, a feature
consistent with all other animals. Also, the pelvic bones, which
the feces were once proposed to glide past, are nowhere in the
vicinity of the colon. We thus conclude that wombats do not
change their feces shape through extrusion. We obtain further
evidence that extrusion does not influence shape with a series
of dissections of wombats.

In this study, we present data from three dissected wombats, all
obtained following euthanasia by veterinarian owing to vehicle
collisions in 2018–2020. Unfortunately, vehicle collisions are a
source of wombat and other marsupial mortality events in
Australia. In 2018, we dissect a young female wombat (2–3 years
old). In 2019, we dissect an adult male wombat (42 years old).
And in 2020, we dissect a young male wombat (o2 years old).
Given the similarity in age and size of all wombats, we expect
feces and intestinal measurements to be comparable. All dis-
sected wombats are referred to by the year of dissection. From
the 2018 wombat, cubic feces are removed from the end of
the distal colon and unformed feces removed from the end
of the proximal colon. One of the cubic feces is scanned with

Fig. 1 Wombats form cubic feces. All scalebars represent 5 cm. (a) A
female wombat with her joey. (b) A typical wombat latrine consisting of
feces placed on a low rock or stump. (c) A 2019 dissection of a wombat
shows the cubic feces fully formed within the mid-distal colon, (d) the
excised 3 m of wombat intestine shows feces transforming from a yellow
yogurt-like slurry near the stomach to darkened dry cubes near the anus.
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Geometric patterns have been observed in geology, physics, and
biology. The processes of cooling lava at Giant’s Causeway
Ireland or of drying cornstarch leads to hexagonal columns
called columnar jointings.8 Since the 1800s it has been known
that vibration of a membrane generates beautiful arrangements
of grains of sand known as Chladni figures.9 This is due to
nodal lines being created between parts of the plate that vibrate
in opposite directions. When a central stream of water strikes a
kitchen sink, a roughly circular standing wave of fluid is
created, but when the fluid is viscous, polygons such as two,
three, four, and five sided shapes can be observed.10,11 In
biology, pattern formation is responsible for the wing venation
patterns of dragonflies12 and the formation of toothed gears in
certain jumping insects.13 Despite the ubiquity of these pat-
terns, squares are rare, and cubes even more so.

In this study, we will focus on the bare-nosed wombat Vombatus
ursinus, which produces the most cubic feces of the three species
of wombat. The bare-nosed wombat, shown in Fig. 1a, has an adult
body length 1 m and mass 20–35 kg. It is drought-tolerant and
lives a solitary lifestyle in underground burrows. It typically
produces 80–100 cubic feces per day mostly above ground.3

Wombats generally have low-nutrient diets, primarily consisting
of grasses and sedges.14 To compensate, they have long, spacious
intestines of length 6–9 m (see Fig. 1d), utilize hind-gut fermenta-
tion, and have a mean food passage retention time of 40–80 h.14,15

In comparison, a human of 100 kg has an intestinal length of 8 m,
fore-gut fermentation, and a mean food passage retention time of
50 h.16,17 The extended digestion period of wombats allows them
to maintain exceptionally low metabolic rates18,19 and also an

energetically expensive digging lifestyle.20 These attributes allow
the wombat to survive droughts that would challenge most other
mammals.

Animals have long been known for using their urine and feces
to communicate. However, wombats have a unique way of using
their feces as markings. Wombats, particularly bare-nosed wom-
bats, have a propensity to deposit feces in aggregations called
latrines. Such latrines are found on or next to distinctive landscape
features such as prominent rocks, logs and small rises, and burrow
entrances within their home ranges,3,21 as shown in Fig. 1b.
Latrines are generally found with five or more wombat scats
indicating that one or several wombats may be involved. It is
generally believed that prominent latrines facilitate visual or
olfactory communication between wombats or other nearby ani-
mals. It has been proposed that the flat sides of the feces serves the
purpose of latrine stability by preventing the feces from rolling off
these raised surfaces.3–5 Understanding how wombats produce
cubes may provide insight into how such a unique adaptation
evolved.

In this study we investigate cube formation in the wombat
using dissections, material measurements, and mathematical
modeling. We begin in Section 2 with the histological and
tensile experiments performed on wombat intestine samples as
well as 2D phenomenological modeling informed by these
experiments. In Section 3, we discuss the implications of our
work and provide suggestions for future research. In Section 4,
we summarize the contributions of our study. In Section 5, we
provide the detailed methods.

2 Results
2.1 Wombat experiments

If wombats were to make cubes similar to the way we make
noodles, we would expect a square anal sphincter. In 2019, we
obtain a CT scan of a live adult female wombat (Video S1, ESI†).
The scan shows that the wombat’s anus is round, a feature
consistent with all other animals. Also, the pelvic bones, which
the feces were once proposed to glide past, are nowhere in the
vicinity of the colon. We thus conclude that wombats do not
change their feces shape through extrusion. We obtain further
evidence that extrusion does not influence shape with a series
of dissections of wombats.

In this study, we present data from three dissected wombats, all
obtained following euthanasia by veterinarian owing to vehicle
collisions in 2018–2020. Unfortunately, vehicle collisions are a
source of wombat and other marsupial mortality events in
Australia. In 2018, we dissect a young female wombat (2–3 years
old). In 2019, we dissect an adult male wombat (42 years old).
And in 2020, we dissect a young male wombat (o2 years old).
Given the similarity in age and size of all wombats, we expect
feces and intestinal measurements to be comparable. All dis-
sected wombats are referred to by the year of dissection. From
the 2018 wombat, cubic feces are removed from the end of
the distal colon and unformed feces removed from the end
of the proximal colon. One of the cubic feces is scanned with

Fig. 1 Wombats form cubic feces. All scalebars represent 5 cm. (a) A
female wombat with her joey. (b) A typical wombat latrine consisting of
feces placed on a low rock or stump. (c) A 2019 dissection of a wombat
shows the cubic feces fully formed within the mid-distal colon, (d) the
excised 3 m of wombat intestine shows feces transforming from a yellow
yogurt-like slurry near the stomach to darkened dry cubes near the anus.
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Geometric patterns have been observed in geology, physics, and
biology. The processes of cooling lava at Giant’s Causeway
Ireland or of drying cornstarch leads to hexagonal columns
called columnar jointings.8 Since the 1800s it has been known
that vibration of a membrane generates beautiful arrangements
of grains of sand known as Chladni figures.9 This is due to
nodal lines being created between parts of the plate that vibrate
in opposite directions. When a central stream of water strikes a
kitchen sink, a roughly circular standing wave of fluid is
created, but when the fluid is viscous, polygons such as two,
three, four, and five sided shapes can be observed.10,11 In
biology, pattern formation is responsible for the wing venation
patterns of dragonflies12 and the formation of toothed gears in
certain jumping insects.13 Despite the ubiquity of these pat-
terns, squares are rare, and cubes even more so.

In this study, we will focus on the bare-nosed wombat Vombatus
ursinus, which produces the most cubic feces of the three species
of wombat. The bare-nosed wombat, shown in Fig. 1a, has an adult
body length 1 m and mass 20–35 kg. It is drought-tolerant and
lives a solitary lifestyle in underground burrows. It typically
produces 80–100 cubic feces per day mostly above ground.3

Wombats generally have low-nutrient diets, primarily consisting
of grasses and sedges.14 To compensate, they have long, spacious
intestines of length 6–9 m (see Fig. 1d), utilize hind-gut fermenta-
tion, and have a mean food passage retention time of 40–80 h.14,15

In comparison, a human of 100 kg has an intestinal length of 8 m,
fore-gut fermentation, and a mean food passage retention time of
50 h.16,17 The extended digestion period of wombats allows them
to maintain exceptionally low metabolic rates18,19 and also an

energetically expensive digging lifestyle.20 These attributes allow
the wombat to survive droughts that would challenge most other
mammals.

Animals have long been known for using their urine and feces
to communicate. However, wombats have a unique way of using
their feces as markings. Wombats, particularly bare-nosed wom-
bats, have a propensity to deposit feces in aggregations called
latrines. Such latrines are found on or next to distinctive landscape
features such as prominent rocks, logs and small rises, and burrow
entrances within their home ranges,3,21 as shown in Fig. 1b.
Latrines are generally found with five or more wombat scats
indicating that one or several wombats may be involved. It is
generally believed that prominent latrines facilitate visual or
olfactory communication between wombats or other nearby ani-
mals. It has been proposed that the flat sides of the feces serves the
purpose of latrine stability by preventing the feces from rolling off
these raised surfaces.3–5 Understanding how wombats produce
cubes may provide insight into how such a unique adaptation
evolved.

In this study we investigate cube formation in the wombat
using dissections, material measurements, and mathematical
modeling. We begin in Section 2 with the histological and
tensile experiments performed on wombat intestine samples as
well as 2D phenomenological modeling informed by these
experiments. In Section 3, we discuss the implications of our
work and provide suggestions for future research. In Section 4,
we summarize the contributions of our study. In Section 5, we
provide the detailed methods.

2 Results
2.1 Wombat experiments

If wombats were to make cubes similar to the way we make
noodles, we would expect a square anal sphincter. In 2019, we
obtain a CT scan of a live adult female wombat (Video S1, ESI†).
The scan shows that the wombat’s anus is round, a feature
consistent with all other animals. Also, the pelvic bones, which
the feces were once proposed to glide past, are nowhere in the
vicinity of the colon. We thus conclude that wombats do not
change their feces shape through extrusion. We obtain further
evidence that extrusion does not influence shape with a series
of dissections of wombats.

In this study, we present data from three dissected wombats, all
obtained following euthanasia by veterinarian owing to vehicle
collisions in 2018–2020. Unfortunately, vehicle collisions are a
source of wombat and other marsupial mortality events in
Australia. In 2018, we dissect a young female wombat (2–3 years
old). In 2019, we dissect an adult male wombat (42 years old).
And in 2020, we dissect a young male wombat (o2 years old).
Given the similarity in age and size of all wombats, we expect
feces and intestinal measurements to be comparable. All dis-
sected wombats are referred to by the year of dissection. From
the 2018 wombat, cubic feces are removed from the end of
the distal colon and unformed feces removed from the end
of the proximal colon. One of the cubic feces is scanned with

Fig. 1 Wombats form cubic feces. All scalebars represent 5 cm. (a) A
female wombat with her joey. (b) A typical wombat latrine consisting of
feces placed on a low rock or stump. (c) A 2019 dissection of a wombat
shows the cubic feces fully formed within the mid-distal colon, (d) the
excised 3 m of wombat intestine shows feces transforming from a yellow
yogurt-like slurry near the stomach to darkened dry cubes near the anus.
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Geometric patterns have been observed in geology, physics, and
biology. The processes of cooling lava at Giant’s Causeway
Ireland or of drying cornstarch leads to hexagonal columns
called columnar jointings.8 Since the 1800s it has been known
that vibration of a membrane generates beautiful arrangements
of grains of sand known as Chladni figures.9 This is due to
nodal lines being created between parts of the plate that vibrate
in opposite directions. When a central stream of water strikes a
kitchen sink, a roughly circular standing wave of fluid is
created, but when the fluid is viscous, polygons such as two,
three, four, and five sided shapes can be observed.10,11 In
biology, pattern formation is responsible for the wing venation
patterns of dragonflies12 and the formation of toothed gears in
certain jumping insects.13 Despite the ubiquity of these pat-
terns, squares are rare, and cubes even more so.

In this study, we will focus on the bare-nosed wombat Vombatus
ursinus, which produces the most cubic feces of the three species
of wombat. The bare-nosed wombat, shown in Fig. 1a, has an adult
body length 1 m and mass 20–35 kg. It is drought-tolerant and
lives a solitary lifestyle in underground burrows. It typically
produces 80–100 cubic feces per day mostly above ground.3

Wombats generally have low-nutrient diets, primarily consisting
of grasses and sedges.14 To compensate, they have long, spacious
intestines of length 6–9 m (see Fig. 1d), utilize hind-gut fermenta-
tion, and have a mean food passage retention time of 40–80 h.14,15

In comparison, a human of 100 kg has an intestinal length of 8 m,
fore-gut fermentation, and a mean food passage retention time of
50 h.16,17 The extended digestion period of wombats allows them
to maintain exceptionally low metabolic rates18,19 and also an

energetically expensive digging lifestyle.20 These attributes allow
the wombat to survive droughts that would challenge most other
mammals.

Animals have long been known for using their urine and feces
to communicate. However, wombats have a unique way of using
their feces as markings. Wombats, particularly bare-nosed wom-
bats, have a propensity to deposit feces in aggregations called
latrines. Such latrines are found on or next to distinctive landscape
features such as prominent rocks, logs and small rises, and burrow
entrances within their home ranges,3,21 as shown in Fig. 1b.
Latrines are generally found with five or more wombat scats
indicating that one or several wombats may be involved. It is
generally believed that prominent latrines facilitate visual or
olfactory communication between wombats or other nearby ani-
mals. It has been proposed that the flat sides of the feces serves the
purpose of latrine stability by preventing the feces from rolling off
these raised surfaces.3–5 Understanding how wombats produce
cubes may provide insight into how such a unique adaptation
evolved.

In this study we investigate cube formation in the wombat
using dissections, material measurements, and mathematical
modeling. We begin in Section 2 with the histological and
tensile experiments performed on wombat intestine samples as
well as 2D phenomenological modeling informed by these
experiments. In Section 3, we discuss the implications of our
work and provide suggestions for future research. In Section 4,
we summarize the contributions of our study. In Section 5, we
provide the detailed methods.

2 Results
2.1 Wombat experiments

If wombats were to make cubes similar to the way we make
noodles, we would expect a square anal sphincter. In 2019, we
obtain a CT scan of a live adult female wombat (Video S1, ESI†).
The scan shows that the wombat’s anus is round, a feature
consistent with all other animals. Also, the pelvic bones, which
the feces were once proposed to glide past, are nowhere in the
vicinity of the colon. We thus conclude that wombats do not
change their feces shape through extrusion. We obtain further
evidence that extrusion does not influence shape with a series
of dissections of wombats.

In this study, we present data from three dissected wombats, all
obtained following euthanasia by veterinarian owing to vehicle
collisions in 2018–2020. Unfortunately, vehicle collisions are a
source of wombat and other marsupial mortality events in
Australia. In 2018, we dissect a young female wombat (2–3 years
old). In 2019, we dissect an adult male wombat (42 years old).
And in 2020, we dissect a young male wombat (o2 years old).
Given the similarity in age and size of all wombats, we expect
feces and intestinal measurements to be comparable. All dis-
sected wombats are referred to by the year of dissection. From
the 2018 wombat, cubic feces are removed from the end of
the distal colon and unformed feces removed from the end
of the proximal colon. One of the cubic feces is scanned with

Fig. 1 Wombats form cubic feces. All scalebars represent 5 cm. (a) A
female wombat with her joey. (b) A typical wombat latrine consisting of
feces placed on a low rock or stump. (c) A 2019 dissection of a wombat
shows the cubic feces fully formed within the mid-distal colon, (d) the
excised 3 m of wombat intestine shows feces transforming from a yellow
yogurt-like slurry near the stomach to darkened dry cubes near the anus.

Paper Soft Matter

Pu
bl

is
he

d 
on

 0
8 

D
ec

em
be

r 2
02

0.
 D

ow
nl

oa
de

d 
by

 P
N

N
L 

Te
ch

ni
ca

l L
ib

ra
ry

 o
n 

10
/2

7/
20

24
 1

:5
4:

02
 A

M
. 

View Article Online

Can we predict emergent properties of one complex system (climate) using a structurally
different second complex system (climate model)?

17 / 22



What fundamental uncertainties are we wombating?

476 | Soft Matter, 2021, 17, 475--488 This journal is©The Royal Society of Chemistry 2021

Geometric patterns have been observed in geology, physics, and
biology. The processes of cooling lava at Giant’s Causeway
Ireland or of drying cornstarch leads to hexagonal columns
called columnar jointings.8 Since the 1800s it has been known
that vibration of a membrane generates beautiful arrangements
of grains of sand known as Chladni figures.9 This is due to
nodal lines being created between parts of the plate that vibrate
in opposite directions. When a central stream of water strikes a
kitchen sink, a roughly circular standing wave of fluid is
created, but when the fluid is viscous, polygons such as two,
three, four, and five sided shapes can be observed.10,11 In
biology, pattern formation is responsible for the wing venation
patterns of dragonflies12 and the formation of toothed gears in
certain jumping insects.13 Despite the ubiquity of these pat-
terns, squares are rare, and cubes even more so.

In this study, we will focus on the bare-nosed wombat Vombatus
ursinus, which produces the most cubic feces of the three species
of wombat. The bare-nosed wombat, shown in Fig. 1a, has an adult
body length 1 m and mass 20–35 kg. It is drought-tolerant and
lives a solitary lifestyle in underground burrows. It typically
produces 80–100 cubic feces per day mostly above ground.3

Wombats generally have low-nutrient diets, primarily consisting
of grasses and sedges.14 To compensate, they have long, spacious
intestines of length 6–9 m (see Fig. 1d), utilize hind-gut fermenta-
tion, and have a mean food passage retention time of 40–80 h.14,15

In comparison, a human of 100 kg has an intestinal length of 8 m,
fore-gut fermentation, and a mean food passage retention time of
50 h.16,17 The extended digestion period of wombats allows them
to maintain exceptionally low metabolic rates18,19 and also an

energetically expensive digging lifestyle.20 These attributes allow
the wombat to survive droughts that would challenge most other
mammals.

Animals have long been known for using their urine and feces
to communicate. However, wombats have a unique way of using
their feces as markings. Wombats, particularly bare-nosed wom-
bats, have a propensity to deposit feces in aggregations called
latrines. Such latrines are found on or next to distinctive landscape
features such as prominent rocks, logs and small rises, and burrow
entrances within their home ranges,3,21 as shown in Fig. 1b.
Latrines are generally found with five or more wombat scats
indicating that one or several wombats may be involved. It is
generally believed that prominent latrines facilitate visual or
olfactory communication between wombats or other nearby ani-
mals. It has been proposed that the flat sides of the feces serves the
purpose of latrine stability by preventing the feces from rolling off
these raised surfaces.3–5 Understanding how wombats produce
cubes may provide insight into how such a unique adaptation
evolved.

In this study we investigate cube formation in the wombat
using dissections, material measurements, and mathematical
modeling. We begin in Section 2 with the histological and
tensile experiments performed on wombat intestine samples as
well as 2D phenomenological modeling informed by these
experiments. In Section 3, we discuss the implications of our
work and provide suggestions for future research. In Section 4,
we summarize the contributions of our study. In Section 5, we
provide the detailed methods.

2 Results
2.1 Wombat experiments

If wombats were to make cubes similar to the way we make
noodles, we would expect a square anal sphincter. In 2019, we
obtain a CT scan of a live adult female wombat (Video S1, ESI†).
The scan shows that the wombat’s anus is round, a feature
consistent with all other animals. Also, the pelvic bones, which
the feces were once proposed to glide past, are nowhere in the
vicinity of the colon. We thus conclude that wombats do not
change their feces shape through extrusion. We obtain further
evidence that extrusion does not influence shape with a series
of dissections of wombats.

In this study, we present data from three dissected wombats, all
obtained following euthanasia by veterinarian owing to vehicle
collisions in 2018–2020. Unfortunately, vehicle collisions are a
source of wombat and other marsupial mortality events in
Australia. In 2018, we dissect a young female wombat (2–3 years
old). In 2019, we dissect an adult male wombat (42 years old).
And in 2020, we dissect a young male wombat (o2 years old).
Given the similarity in age and size of all wombats, we expect
feces and intestinal measurements to be comparable. All dis-
sected wombats are referred to by the year of dissection. From
the 2018 wombat, cubic feces are removed from the end of
the distal colon and unformed feces removed from the end
of the proximal colon. One of the cubic feces is scanned with

Fig. 1 Wombats form cubic feces. All scalebars represent 5 cm. (a) A
female wombat with her joey. (b) A typical wombat latrine consisting of
feces placed on a low rock or stump. (c) A 2019 dissection of a wombat
shows the cubic feces fully formed within the mid-distal colon, (d) the
excised 3 m of wombat intestine shows feces transforming from a yellow
yogurt-like slurry near the stomach to darkened dry cubes near the anus.
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Geometric patterns have been observed in geology, physics, and
biology. The processes of cooling lava at Giant’s Causeway
Ireland or of drying cornstarch leads to hexagonal columns
called columnar jointings.8 Since the 1800s it has been known
that vibration of a membrane generates beautiful arrangements
of grains of sand known as Chladni figures.9 This is due to
nodal lines being created between parts of the plate that vibrate
in opposite directions. When a central stream of water strikes a
kitchen sink, a roughly circular standing wave of fluid is
created, but when the fluid is viscous, polygons such as two,
three, four, and five sided shapes can be observed.10,11 In
biology, pattern formation is responsible for the wing venation
patterns of dragonflies12 and the formation of toothed gears in
certain jumping insects.13 Despite the ubiquity of these pat-
terns, squares are rare, and cubes even more so.

In this study, we will focus on the bare-nosed wombat Vombatus
ursinus, which produces the most cubic feces of the three species
of wombat. The bare-nosed wombat, shown in Fig. 1a, has an adult
body length 1 m and mass 20–35 kg. It is drought-tolerant and
lives a solitary lifestyle in underground burrows. It typically
produces 80–100 cubic feces per day mostly above ground.3

Wombats generally have low-nutrient diets, primarily consisting
of grasses and sedges.14 To compensate, they have long, spacious
intestines of length 6–9 m (see Fig. 1d), utilize hind-gut fermenta-
tion, and have a mean food passage retention time of 40–80 h.14,15

In comparison, a human of 100 kg has an intestinal length of 8 m,
fore-gut fermentation, and a mean food passage retention time of
50 h.16,17 The extended digestion period of wombats allows them
to maintain exceptionally low metabolic rates18,19 and also an

energetically expensive digging lifestyle.20 These attributes allow
the wombat to survive droughts that would challenge most other
mammals.

Animals have long been known for using their urine and feces
to communicate. However, wombats have a unique way of using
their feces as markings. Wombats, particularly bare-nosed wom-
bats, have a propensity to deposit feces in aggregations called
latrines. Such latrines are found on or next to distinctive landscape
features such as prominent rocks, logs and small rises, and burrow
entrances within their home ranges,3,21 as shown in Fig. 1b.
Latrines are generally found with five or more wombat scats
indicating that one or several wombats may be involved. It is
generally believed that prominent latrines facilitate visual or
olfactory communication between wombats or other nearby ani-
mals. It has been proposed that the flat sides of the feces serves the
purpose of latrine stability by preventing the feces from rolling off
these raised surfaces.3–5 Understanding how wombats produce
cubes may provide insight into how such a unique adaptation
evolved.

In this study we investigate cube formation in the wombat
using dissections, material measurements, and mathematical
modeling. We begin in Section 2 with the histological and
tensile experiments performed on wombat intestine samples as
well as 2D phenomenological modeling informed by these
experiments. In Section 3, we discuss the implications of our
work and provide suggestions for future research. In Section 4,
we summarize the contributions of our study. In Section 5, we
provide the detailed methods.

2 Results
2.1 Wombat experiments

If wombats were to make cubes similar to the way we make
noodles, we would expect a square anal sphincter. In 2019, we
obtain a CT scan of a live adult female wombat (Video S1, ESI†).
The scan shows that the wombat’s anus is round, a feature
consistent with all other animals. Also, the pelvic bones, which
the feces were once proposed to glide past, are nowhere in the
vicinity of the colon. We thus conclude that wombats do not
change their feces shape through extrusion. We obtain further
evidence that extrusion does not influence shape with a series
of dissections of wombats.

In this study, we present data from three dissected wombats, all
obtained following euthanasia by veterinarian owing to vehicle
collisions in 2018–2020. Unfortunately, vehicle collisions are a
source of wombat and other marsupial mortality events in
Australia. In 2018, we dissect a young female wombat (2–3 years
old). In 2019, we dissect an adult male wombat (42 years old).
And in 2020, we dissect a young male wombat (o2 years old).
Given the similarity in age and size of all wombats, we expect
feces and intestinal measurements to be comparable. All dis-
sected wombats are referred to by the year of dissection. From
the 2018 wombat, cubic feces are removed from the end of
the distal colon and unformed feces removed from the end
of the proximal colon. One of the cubic feces is scanned with

Fig. 1 Wombats form cubic feces. All scalebars represent 5 cm. (a) A
female wombat with her joey. (b) A typical wombat latrine consisting of
feces placed on a low rock or stump. (c) A 2019 dissection of a wombat
shows the cubic feces fully formed within the mid-distal colon, (d) the
excised 3 m of wombat intestine shows feces transforming from a yellow
yogurt-like slurry near the stomach to darkened dry cubes near the anus.
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Internal variability can only tell us so much about the forced response
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Even 30-year slices are unreliable estimators of the forced response

0

0.1

0.2

0.3

1700 1800 1900 2000

time

fixed 1849 aerosol

historical aerosol

∆ logNd

∆ logL

0.085

0.086

0.087

0.088

0.089

0.09

0.091

4.5× 107 5× 107 5.5× 107 6× 107

Nd (m−3)
L

(k
g
m

−
2
)

1900 1950 2000

19 / 22



Weave lines of evidence into a tight net for this multiscale problem
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Johannes Mülmenstädt1, Edward Gryspeerdt2, Sudhakar Dipu3, Johannes Quaas3,
Andrew S. Ackerman4, Ann M. Fridlind4, Florian Tornow5,4, Susanne E. Bauer4, Andrew Gettelman1,

Yi Ming6, Youtong Zheng7,8, Po-Lun Ma1, Hailong Wang1, Kai Zhang1, Matthew W. Christensen1,
Adam C. Varble1, L. Ruby Leung1, Xiaohong Liu9, David Neubauer10, Daniel G. Partridge11,

Philip Stier12, and Toshihiko Takemura13

1Atmospheric, Climate, and Earth Sciences Division,
Pacific Northwest National Laboratory, Richland, WA, USA

2Grantham Institute – Climate Change and the Environment, Imperial College London, London, UK
3Leipzig Institute for Meteorology, Leipzig University, Leipzig, Germany

4NASA Goddard Institute for Space Studies, New York, NY, USA
5Center for Climate System Research, Columbia University, New York, NY, USA

6Schiller Institute for Integrated Science and Society and Department of Earth and Environmental Sciences,
Boston College, Boston, MA, USA

7Atmospheric and Oceanic Science Program, Princeton University, Princeton, NJ, USA
8Department of Earth and Atmospheric Science, University of Houston, Houston, TX, USA
9Department of Atmospheric Sciences, Texas A&M University, College Station, TX, USA

10Institute for Atmospheric and Climate Science, ETH Zürich, Zurich, Switzerland
11Department of Mathematics and Statistics, University of Exeter, Exeter, UK

12Atmospheric, Oceanic and Planetary Physics, Department of Physics, University of Oxford, Oxford, UK
13Research Institute for Applied Mechanics, Kyushu University, Fukuoka, Japan

Correspondence: Johannes Mülmenstädt (johannes.muelmenstaedt@pnnl.gov)

Received: 2 January 2024 – Discussion started: 9 January 2024
Revised: 31 March 2024 – Accepted: 6 April 2024 – Published: 27 June 2024

Abstract. General circulation models’ (GCMs) estimates of the liquid water path adjustment to anthropogenic
aerosol emissions differ in sign from other lines of evidence. This reduces confidence in estimates of the effec-
tive radiative forcing of the climate by aerosol–cloud interactions (ERFaci). The discrepancy is thought to stem
in part from GCMs’ inability to represent the turbulence–microphysics interactions in cloud-top entrainment, a
mechanism that leads to a reduction in liquid water in response to an anthropogenic increase in aerosols. In the
real atmosphere, enhanced cloud-top entrainment is thought to be the dominant adjustment mechanism for liq-
uid water path, weakening the overall ERFaci. We show that the latest generation of GCMs includes models that
produce a negative correlation between the present-day cloud droplet number and liquid water path, a key piece
of observational evidence supporting liquid water path reduction by anthropogenic aerosols and one that earlier-
generation GCMs could not reproduce. However, even in GCMs with this negative correlation, the increase in
anthropogenic aerosols from preindustrial to present-day values still leads to an increase in the simulated liquid
water path due to the parameterized precipitation suppression mechanism. This adds to the evidence that corre-
lations in the present-day climate are not necessarily causal. We investigate sources of confounding to explain
the noncausal correlation between liquid water path and droplet number. These results are a reminder that as-
sessments of climate parameters based on multiple lines of evidence must carefully consider the complementary
strengths of different lines when the lines disagree.
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Abstract. General circulation models’ (GCMs) estimates of the liquid water path adjustment to anthropogenic
aerosol emissions differ in sign from other lines of evidence. This reduces confidence in estimates of the effec-
tive radiative forcing of the climate by aerosol–cloud interactions (ERFaci). The discrepancy is thought to stem
in part from GCMs’ inability to represent the turbulence–microphysics interactions in cloud-top entrainment, a
mechanism that leads to a reduction in liquid water in response to an anthropogenic increase in aerosols. In the
real atmosphere, enhanced cloud-top entrainment is thought to be the dominant adjustment mechanism for liq-
uid water path, weakening the overall ERFaci. We show that the latest generation of GCMs includes models that
produce a negative correlation between the present-day cloud droplet number and liquid water path, a key piece
of observational evidence supporting liquid water path reduction by anthropogenic aerosols and one that earlier-
generation GCMs could not reproduce. However, even in GCMs with this negative correlation, the increase in
anthropogenic aerosols from preindustrial to present-day values still leads to an increase in the simulated liquid
water path due to the parameterized precipitation suppression mechanism. This adds to the evidence that corre-
lations in the present-day climate are not necessarily causal. We investigate sources of confounding to explain
the noncausal correlation between liquid water path and droplet number. These results are a reminder that as-
sessments of climate parameters based on multiple lines of evidence must carefully consider the complementary
strengths of different lines when the lines disagree.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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4 Discussion   

Aerosol-cloud adjustments are described in terms of interactions between Nd and LWP, but these processes occur in 

the context of precipitation and its confounding effects, driven by coalescence scavenging (Figure 1; Figure 4). We find that 480 

surface observations have utility in constraining global aerosol-cloud adjustments, despite their poor sampling of the global 

atmosphere (Figure 2). Surface observations from the DOE ARM site at ENA provide a broad suite of cloud and precipitation 

measurements (Wood et al., 2015) that enable this analysis. Figure 1Figure 4 

Observed state and covariance metrics examined in this study (Table 4) were within the range produced by the PPE 

(Figure 6; Figure 8). The regression of LWP on Nd (( )* ,-+
( )*&!

), which has been used in previous studies to characterize aerosol-485 

cloud adjustments (Bellouin et al., 2020), barely overlapped between the PPE and observations (Figure 8). We share four 

potential hypotheses to explain this behavior and suggested pathways to evaluate these hypotheses: (i) missing processes in 

Figure 14 (a) The density of emulated distributions and (b-e) how autoconversion-related parameters are distributed. The 
errorbar represents the 95% confidence interval of the observationally-constrained distribution on each axis and the circle 
shows the location of the CAM6 default runs. (a) depicts the density of the 107 emulates within the emulator space. (b), (c), 
and (d) depict the average distributions of micro_mg_autocon_lwp_exp, micro_mg_autocon_fact, 
micro_mg_autocon_nd_exp, and micro_mg_accre_enhan_fact within this space. In (b-e) pixels that contained fewer than 50 
emulates have been masked. 

https://doi.org/10.5194/egusphere-2024-2158
Preprint. Discussion started: 30 August 2024
c� Author(s) 2024. CC BY 4.0 License.

Climate response depends on base state, the Achilles heel of model physics studies

PPEs offer a way to solve this problem cleanly: only look at the hyperslice through
parameter space that respects present-day constraint (CPE, see Elsaesser et al.)

Mülmenstädt et al. (2020); Mikkelsen et al. (2024)
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Why I am optimistic about climate projections:

▶ Things look pretty bleak right now, but it is in our power to make them better

▶ Don’t shy away from the big question! What are the fundamental limits on
constraining the climate response?

▶ Don’t shy away from your colleagues in other subfields! Get the best possible puzzle
pieces and see what happens when we put them together!

▶ Key ingredients: MMPPEs to tell us what the climate is sensitive to, observations
designed from the outset to constrain those processes

▶ Don’t do more than is possible

– but don’t do less, either!

Obs

Multi-
model
PPE/CPE

Theory Eval
Future
climate
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