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60 Myr of temperature

(Zachos, Nature 2011)

The icehouse
(Large ice sheets, 
little moisture)

ocean overturning and increased surface temperatures should have 
decreased the flow of dissolved oxygen to deep water. Several direct 
lines of evidence, such as laminated sediment in cores from the Car-
ibbean and central Arctic regions, suggest that dissolved oxygen did 
indeed decrease across the PETM. Moreover, the PETM coincided with 
a major extinction of benthic foraminiferans, with widespread oxygen 
deficiency in the ocean as a possible cause17.

With such ocean conditions, greater preservation and burial of solid 
organic carbon in deep-sea sediments might be predicted, effectively 
countering the decreased carbon flux from surface waters. However, this 
has not been documented. Two largely unexplored processes involving 
the microbial decomposition of organic carbon, both functioning as 
additional positive feedbacks, might operate during times of massive 
carbon input and rapid warming. Carbonate dissolution in the deep 
ocean decreases sedimentation rates, exposing organic carbon at or near 

the sea floor for a longer duration, and warming of deep waters will 
accelerate overall microbial activity and the consumption of organic 
carbon. Future investigations might therefore focus specifically on the 
evidence for changes in ocean overturning, oxygen deficiency and the 
burial of organic carbon.

The positive feedbacks of greatest concern for understanding overall 
global warming may be those that could release hundreds to thousands 
of gigatonnes of carbon after initial warming11–13. The large masses of 
organic carbon stored in soils (for example, as peat) or sediments of shal-
low aquatic systems (for example, wetlands, bogs and swamps) represent 
a potential carbon input, should regions that were humid become drier. 
Rapid desiccation or fire could release carbon from these reservoirs at 
rates faster than carbon uptake by similar environments elsewhere. By 
contrast, regions that once were dry might emit methane as they become 
wetter18. Methane might also enter the ocean or atmosphere through the 
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Figure 2 | Evolution of atmospheric CO2 levels and global climate over 
the past 65 million years. a, Cenozoic pCO2

 for the period 0 to 65 million 
years ago. Data are a compilation of marine (see ref. 5 for original sources) 
and lacustrine24 proxy records. The dashed horizontal line represents the 
maximum pCO2

 for the Neogene (Miocene to present) and the minimum 
pCO2

 for the early Eocene (1,125 p.p.m.v.), as constrained by calculations of 
equilibrium with Na–CO3 mineral phases (vertical bars, where the length 
of the bars indicates the range of pCO2

 over which the mineral phases are 
stable) that are found in Neogene and early Eocene lacustrine deposits24. 
The vertical distance between the upper and lower coloured lines shows the 
range of uncertainty for the alkenone and boron proxies. b, The climate for 
the same period (0 to 65 million years ago). The climate curve is a stacked 
deep-sea benthic foraminiferal oxygen-isotope curve based on records from 

Deep Sea Drilling Project and Ocean Drilling Program sites6, updated with 
high-resolution records for the interval spanning the middle Eocene to 
the middle Miocene25–27. Because the temporal and spatial distribution of 
records used in the stack are uneven, resulting in some biasing, the raw data 
were smoothed by using a five-point running mean. The !18O temperature 
scale, on the right axis, was computed on the assumption of an ice-free 
ocean; it therefore applies only to the time preceding the onset of large-scale 
glaciation on Antarctica (about 35 million years ago). The figure clearly 
shows the 2-million-year-long Early Eocene Climatic Optimum and the 
more transient Mid-Eocene Climatic Optimum, and the very short-lived 
early Eocene hyperthermals such as the PETM (also known as Eocene 
Thermal Maximum 1, ETM1) and Eocene Thermal Maximum 2 (ETM2; 
also known as ELMO). ‰, parts per thousand.
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Ice sheets over the past glacial cycle
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Fig. 5. Modeled ice sheet thickness for MIS 5b (a), MIS 4 (b) and
MIS 2 (c). Geological and geomorphological constraints from Fig. 3
are shown as thick white lines.

The goodness of fit in this procedure was judged through
direct visual comparison of model-produced ice sheet out-
lines and geological constraints. An alternative approach
would have been to use goodness-of-fit metrics which could
then be used as the basis for an automated search algorithm.
However, all meaningful metrics we know of require com-
plete targets that can be fully numerically described. For sev-
eral of our targets only incomplete outlines and first-order
dome patterns are available. These incomplete outlines rep-

resent real and useful constraining data, but do not allow
the use of metrics for e.g. ice sheet area or center of grav-
ity. We regard the present approach as expedient and ap-
propriate for our ultimate goal, which is to provide reason-
able first-order large-scale ice sheet reconstructions for use
in climate modeling.

5 Results

5.1 Fit to the constraints

Figure 5 shows ice thickness in relation to the constraints,
and Fig. 6 shows ice elevations. The main deviations from a
“perfect” fit to the geological constraints for stage 5b are the
following. There is too little ice in Newfoundland, making
the Quebec Dome shorter in the NW–SE direction than the
constraints indicate, and too much ice on the western flank of
the Quebec Dome. The overall size of the Quebec Dome is
in line with the constraints. The model slightly undershoots
the minimum size for the proto-Keewatin Dome. In Eurasia,
there is too little ice in southern Norway, and the Scandina-
vian Ice Sheet reaches a somewhat larger easterly extent than
indicated by the constraints. The Barents-Kara Dome is well
centered within the constraints but slightly too small, partic-
ularly in the sector of the Putorana Plateau. In line with the
situation in North America, over- and undershoots of the ice
margin largely cancel out.
For stage 4, the fit is in general very good. The only sig-

nificant deviations from the constraints are the somewhat too
small ice extent in the Canadian Maritimes, a slightly too
small extent of the proto-Keewatin Dome, and some excess
ice in the easternmost part of the Eurasian Ice Sheet. The
model generates a plausible Cordilleran ice sheet with re-
stricted extent and an easterly located ice divide.

5.2 Paleotopographic evolution

In the paleotopographic plots (Fig. 6) we see that the inter-
glacial topography is characterized by two major highlands
of a size large enough to significantly affect atmospheric
circulation; Rocky Mountains–Coast Range and Greenland.
In contrast to the situation in North America and Eurasia,
glaciation south of 60�N is impossible in Greenland. Dur-
ing stage 5b (Fig. 6a), emerging ice sheets constitute four
additional highlands large enough to potentially influence at-
mospheric circulation. These are arranged in pairs in close
proximity to each other, the Barents-Kara Ice Sheet and the
Scandinavian Ice Sheet in Eurasia, and the Quebec and cen-
tral Arctic domes in North America. These pairs constitute
two highlands, 3500 and 3000 km long, respectively, each
with only a minor gap in the central parts.
In contrast to the interglacial situation with two signif-

icant and separated N–S oriented highlands located across
the westerlies, by stage 5b the number has thus increased to
four. In North America, a 1500–2500 km separation exists
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Figure 1. Evolution of the Northern Hemisphere ice volume and
variations in daily average top of the atmosphere insolation during
the northern summer solstice (60� N) as a function of time. The
solid and dotted lines in the top panel show the volume of the North
American and Eurasian ice sheets, respectively and the dashed line
is the total ice volume. The black dots in the lower panel mark the
relative time of the simulations and the thick dashed line shows the
mean insolation over the time period.

2 Model and experiments

2.1 Model

We employ the National Center for Atmospheric Research
Community Atmospheric Model version 3 (CAM3) (Collins
et al., 2004, 2006), using a spectral dynamical core with
T85 (approximately 1.4�) horizontal resolution and 26 hybrid
sigma-pressure levels in the vertical. Continental surfaces –
including prescribed ice sheets – are represented by the Com-
munity Land Model version 3 (CLM3) (Oleson et al., 2004).
The ocean is represented by a motionless slab of fixed heat
capacity, with ocean heat transport (OHT) represented by
a prescribed climatological seasonally varying energy con-
vergence field. The slab ocean also contains a thermody-
namic sea-ice model. Further details on the prescription of
the ice sheets and OHT are given below.

2.2 Ice sheets

Continental ice sheets over North America and Eurasia are
prescribed from the recent reconstruction described by Kle-
man et al. (2013), to which the reader is referred for full
details. Briefly, the reconstruction spans the last glacial and
employs a numerical ice-sheet model (specifically, the Uni-
versity of Maine Ice Sheet Model (UMISM); Fastook and
Chapman, 1989; Fastook, 1993) constrained by geological
and geomorphological data. While reasonably reliable data

constraints for ice-sheet margins during pre-LGM times are
available in some locations, other regions are less well con-
strained, and there are no constraints at all on ice-sheet ele-
vations and cross-sectional profiles. The strategy employed
by Kleman et al. (2013) was to tune the ice-sheet model’s
mass balance forcing using global model parameters to
match well-constrained outline segments as closely as pos-
sible where such constraints exist while relying on the model
physics to capture ice-sheet elevations and outlines in un-
constrained regions. This procedure bears some analogies to
data assimilation, where a physically based model is used as
an optimal extrapolator or predictor for regions or fields not
directly constrained by data.
The resulting evolution of global ice volume is shown in

Fig. 1, and is a good qualitative match to previous reconstruc-
tions of global ice volume and inferences from sea-level data
(Peltier and Fairbanks, 2006; Stokes et al., 2012). Snapshots
of the spatial distribution of the ice sheets are shown in Fig. 2
and discussed further below.
UMISM outputs the net surface elevation, combining the

topographic height with the ice thickness and isostatic de-
pression of the bedrock due to ice loading, on a rectangu-
lar grid with 100⇥ 100 points, covering from approximately
45� N to the North Pole. This dataset is interpolated to T85
resolution and combined with the present day topography to
create a palaeotopography with global coverage for use in the
present simulations. We assume full glaciation of grid cells
where the palaeodata is at least 250m higher than the present
day topography.

2.3 Ocean heat transport (OHT)

Since a considerable number of runs are required to eluci-
date the evolution of the circulation over the past glacial,
use of a fully coupled ocean–atmosphere model is unfeasi-
ble for the present study. Resorting to the more computation-
ally efficient slab ocean model comes at the price of uncer-
tainty regarding the impact of changes in ocean circulation.
If the atmospheric circulation is very sensitive to OHT, re-
sults obtained with an arbitrarily prescribed OHT may be of
little relevance to the real world. To address this problem we
use two end-member OHT prescriptions, corresponding to
interglacial conditions and to the LGM, respectively, which
presumably bracket the range of OHTs over the last glacial.
The two OHT specifications are derived from correspond-
ing equilibrated simulations of the fully coupled version of
the NCAR model (the Community Climate System Model
version 3) under, respectively pre-industrial and LGM con-
ditions (Brandefelt and Otto-Bliesner, 2009). All the simu-
lations, to be described below, were carried out twice, once
with interglacial and once with LGMOHT (with modern-day
annual-mean mixed layer depths used to specify the slab’s
heat capacity in all cases). Comparison between these twin
simulations permits an assessment of the sensitivity to OHT
in each case. As it turns out, there are quantitative differences
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2.1 Model

We employ the National Center for Atmospheric Research
Community Atmospheric Model version 3 (CAM3) (Collins
et al., 2004, 2006), using a spectral dynamical core with
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The ocean is represented by a motionless slab of fixed heat
capacity, with ocean heat transport (OHT) represented by
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vergence field. The slab ocean also contains a thermody-
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prescribed from the recent reconstruction described by Kle-
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versity of Maine Ice Sheet Model (UMISM); Fastook and
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physics to capture ice-sheet elevations and outlines in un-
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Fig. 1, and is a good qualitative match to previous reconstruc-
tions of global ice volume and inferences from sea-level data
(Peltier and Fairbanks, 2006; Stokes et al., 2012). Snapshots
of the spatial distribution of the ice sheets are shown in Fig. 2
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UMISM outputs the net surface elevation, combining the

topographic height with the ice thickness and isostatic de-
pression of the bedrock due to ice loading, on a rectangu-
lar grid with 100⇥ 100 points, covering from approximately
45� N to the North Pole. This dataset is interpolated to T85
resolution and combined with the present day topography to
create a palaeotopography with global coverage for use in the
present simulations. We assume full glaciation of grid cells
where the palaeodata is at least 250m higher than the present
day topography.

2.3 Ocean heat transport (OHT)

Since a considerable number of runs are required to eluci-
date the evolution of the circulation over the past glacial,
use of a fully coupled ocean–atmosphere model is unfeasi-
ble for the present study. Resorting to the more computation-
ally efficient slab ocean model comes at the price of uncer-
tainty regarding the impact of changes in ocean circulation.
If the atmospheric circulation is very sensitive to OHT, re-
sults obtained with an arbitrarily prescribed OHT may be of
little relevance to the real world. To address this problem we
use two end-member OHT prescriptions, corresponding to
interglacial conditions and to the LGM, respectively, which
presumably bracket the range of OHTs over the last glacial.
The two OHT specifications are derived from correspond-
ing equilibrated simulations of the fully coupled version of
the NCAR model (the Community Climate System Model
version 3) under, respectively pre-industrial and LGM con-
ditions (Brandefelt and Otto-Bliesner, 2009). All the simu-
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with interglacial and once with LGMOHT (with modern-day
annual-mean mixed layer depths used to specify the slab’s
heat capacity in all cases). Comparison between these twin
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Impact of ice sheets on jets and storm tracks

1460 M. Löfverström et al.: The large-scale atmospheric circulation over the last glacial cycle

Figure 4. Evolution of the winter (DJF) precipitation (mmday�1) over the glacial cycle. The ice sheets are indicated by the heavy black
contours and the red contour lines show the 300 hPa zonal wind speed (10m s�1 contours starting at 30m s�1).

downstream of the fully developed Laurentide Ice Sheet is
deep and zonally extensive, yielding a strong and essentially
zonal jet. A similar result was obtained by Li and Battisti
(2008); Kageyama et al. (2013a); Ullman et al. (2014) using
fully coupled models with LGM boundary conditions fol-
lowing the PMIP2 protocol. However, simulations with the
updated PMIP3 boundary conditions yield a slightly more
tilted Atlantic jet (e.g. Kageyama et al., 2013a; Ullman et al.,
2014).
The sea-ice margin (Fig. 2) moves equatorward in both

ocean basins as the glacial progresses. However, the North
Atlantic remains largely ice-free throughMIS 5b, and even in
MIS 4 the ice margin has a clear northeastward tilt parallel to
the prevailing winds, presumably because warm advection by
the winds prevents sea-ice formation off western Europe. It

is only at the LGM, when the winds become perfectly zonal,
that the ice line reaches south to Iberia.
Note, however, that the zonalisation of the Atlantic jet axis

is not principally determined by the southward expanding
sea-ice margin. Supplement Fig. S5 shows the glacial evolu-
tion of the winter sea-ice and upper tropospheric zonal wind
using the two different representations of the OHT. The inter-
glacial OHT supports open waters in the eastern Atlantic also
at the LGM, while at the same time the jet has a conspicuous
zonal orientation in this region. Note that the sea-ice extent
is largely the same as in the MIS 4 simulations with the same
OHT where the tilt of the jet axis is maintained over the en-
tire ocean basin. The spatial extent of the zonalised region is
however less than in the simulation with the LGMOHT. This
suggests that a more equatorward sea-ice margin may help to

Clim. Past, 10, 1453–1471, 2014 www.clim-past.net/10/1453/2014/
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Response to increasing height of the 
Laurentide Ice Sheet

(Löfverström et al, submitted 2015)

X - 18 LÖFVERSTRÖM ET AL.: LGM STATIONARY WAVE REFLECTION

Figure 1. Winter (DJF) climatologies of 300 hPa zonal wind speed (left column, m s!1) and

PV on the 350 K isentrope (right column, PVU, 1 PVU=10!6 m2 s!1 K kg!1) in the ERA-Interim

reanalysis (a,b), the AMIP present-day simulation (c,d), and LGM simulations with low (e,f),

reference (g,h), and high (i,j) ice-sheet topography. Topography is shown by thin lines at 500m

contour intervals starting at 500m. Thick contours mark the edges of the Northern Hemisphere
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Response to increasing height of the 
Laurentide Ice Sheet

(Löfverström et al, submitted 2015)
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contour intervals starting at 500m. Thick contours mark the edges of the Northern Hemisphere
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X - 18 LÖFVERSTRÖM ET AL.: LGM STATIONARY WAVE REFLECTION

Figure 1. Winter (DJF) climatologies of 300 hPa zonal wind speed (left column, m s!1) and

PV on the 350 K isentrope (right column, PVU, 1 PVU=10!6 m2 s!1 K kg!1) in the ERA-Interim

reanalysis (a,b), the AMIP present-day simulation (c,d), and LGM simulations with low (e,f),

reference (g,h), and high (i,j) ice-sheet topography. Topography is shown by thin lines at 500m

contour intervals starting at 500m. Thick contours mark the edges of the Northern Hemisphere

ice sheets.

D R A F T November 5, 2014, 1:26pm D R A F T
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Nonlinear Rossby wave reflection
Barotropic model with mountain initialized from eddy-free state

Day 10

Wave activity and flux PV

(Brunet & Haynes, JAS 1996)
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Figure 4. Composite 300 hPa meridional wind field (shading, m s!1) and wave activity flux

(arrows) over reflective (left column) and non-reflective (right column) events in the Atlantic

for the low-elevation LGM simulation. The composites are centered at the time of maximum

poleward (e) or equatorward (f) wave flux, and the figure spans the period from 2 days before

the peak (top row) to 2 days after (bottom). Green line in each panel shows the corresponding

composite of the 2 PVU contour on the 350 K isentropic surface.

D R A F T November 5, 2014, 1:26pm D R A F T

lag 2 days

lag 1 day

lag 0

Relation between wave breaking and 
reflection in LGM runs

Composites over strong 
reflection events, identified
by strong poleward wave 
activity flux over eastern 
Atlantic

Shading: v (m/s)

Green line: 2 PV contour 



Summary 

Stationary waves driven by Laurentide break in the subtropical western 
Atlantic, leading to
➡Homogenization of subtropical PV gradients, jet strengthening and 

sharpening in the western/central Atlantic
➡Nonlinear reflection, builds cyclone over northeastern N. Atlantic, 

shifting eastern tip of the jet southwards and giving overall 
zonalisation of the jet

X - 18 LÖFVERSTRÖM ET AL.: LGM STATIONARY WAVE REFLECTION

Figure 1. Winter (DJF) climatologies of 300 hPa zonal wind speed (left column, m s!1) and

PV on the 350 K isentrope (right column, PVU, 1 PVU=10!6 m2 s!1 K kg!1) in the ERA-Interim

reanalysis (a,b), the AMIP present-day simulation (c,d), and LGM simulations with low (e,f),

reference (g,h), and high (i,j) ice-sheet topography. Topography is shown by thin lines at 500m

contour intervals starting at 500m. Thick contours mark the edges of the Northern Hemisphere

ice sheets.
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2. The greenhouse



Eocene surface temperatures were ~15ºC 
warmer than today

 Data

 Model

(Huber & Caballero, Clim Past 2011)
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Storm tracks weaken and move polewards 

temperature representative of the subtropical moisture
source regions [Pierrehumbert, 2002]. If neither V nor the
location of the source regions change, the flux will increase
exponentially with Tsrc and thus with Tm; this is essentially a
more quantitative rephrasing of the mechanism discussed in
the introduction. Other, possibly more accurate parameter-
izations of FL exist [e.g., Stone and Yao, 1990]. However,
(2) is appealingly simple and is adequate as a diagnostic tool
in the identification of mechanisms responsible for the
observed saturation of poleward energy flux.
[9] Figure 2a shows the FL predicted by (2) under the

simplest assumptions, constant V and constant source region
latitude. Note that we make no attempt to predict the
absolute value of FL, which has been scaled arbitrarily for
ease of comparison. The prediction is clearly far off the
mark: latent heat flux grows exponentially with Tm every-
where. We can try to correct the estimate by taking values of
V directly from the model (Figure 3a). The resulting
prediction (Figure 2b) is closer to the model results, but
still too sensitive to Tm at high temperatures.
[10] Accounting for the remaining discrepancy requires

closer examination of changes in the structure of the model’s
general circulation. As shown in Figure 3b, increasing Tm
results in poleward migration of the storm tracks. This has a
moderating effect on FL, both because the moisture source is
now located over cooler waters, reducing qs(Tsrc), and
because the storm track contracts zonally as it moves
poleward, as reflected by the cos(j) term in (1). Taking both
factors into account leads to a prediction (Figure 2c) which
captures the main qualitative features of the GCM results, in
particular the saturation of FL at high Tm.
[11] Finally, we need to account for the behavior of V

shown in Figure 3a. Why should eddy kinetic energy first
increase and then decrease as global mean temperature
increases? Baroclinic instability theory suggests that the level
of eddy activity is controlled by the horizontal and vertical
temperature gradients of the background flow, usefully sum-
marized by the Eady growth rate sBI = 0.31 f j@v/@zjN!1,
where notation is standard [Hoskins and Valdes, 1990]. This
quantity (Figure 3c) strongly decreases with increasing Tm.
Since surface temperature is fixed, the decrease is due
almost entirely to the static stability term. Decreasing sBI
can account for the damping of eddy activity at high Tm, but
is inconsistent with the increasing eddy activity seen at

lower temperatures. Lapeyre and Held [2004], using a
quasi-geostrophic model with fixed static stability, show
that latent heat release energizes extratropical eddies, an
effect that can be captured in a dry model using a reduced
effective static stability. We speculate that this effect pre-
dominates at low Tm, while above Tm = 15!C it is over-
whelmed by the increase in actual static stability.

4. Slab Ocean Runs

[12] To directly assess the role of FL in controlling the
meridional temperature gradient, we conduct a number of
runs using NCAR’s CCM3.6 at T21 resolution coupled to
an aquaplanet slab ocean with prognostic surface tempera-
ture. Ocean albedo and fixed ocean energy transports are
adjusted to obtain two base states using present-day pCO2

and annual-mean insolation: a warm, low-gradient state
(case 1, Tm = 30.7!C, DT = 25.7!C) and a cooler, higher-
gradient state (case 2, Tm = 20.2!C, DT = 37.8!C). We then
compare with identical runs in which pCO2 is quadrupled.
All these runs are permanently ice-free, and they all employ
fixed, climatological cloud fraction and liquid water path
distributions computed from a previous, variable-cloud run.
Surface-albedo, cloud radiative forcing and ocean transport
feedbacks have thus been deactivated in these runs, so
changes in equator-to-pole temperature gradient caused by
quadrupling pCO2 should be largely attributable to changes
in poleward energy transport.
[13] Results are shown by the blue segments in Figure 1c.

Quadrupling pCO2 leads to a"2!C reduction ofDT in case 2,
while in case 1 DT increases slightly as the climate warms.
This is consistent with poleward heat transport feedback:
case 2 is in a regime where transport increases with Tm and
thus reduces DT, while case 1 is in the saturated regime,
where transport actually decreases slightly with Tm.

5. Summary and Conclusions

[14] We have studied the behavior of poleward energy
transport in a GCM as a function of global mean temper-
ature Tm and equator-to-pole temperature difference DT. For
Tm > 15!C and DT < 30!C, poleward heat transport
becomes essentially independent of Tm. We attribute this
behavior to two main dynamical causes: (1) the eddy kinetic

Figure 3. (a) Velocity scale V estimated from the model runs as
!!!!!!!!!!!!!

2EKE
p

, where EKE is eddy kinetic energy averaged over
a 30! latitude band around the storm-track axis below 500 hPa. (b) Latitude of the storm-track axis, defined as the location
of maximum EKE below 500 hPa. (c) Eady growth rate sBI averaged over the same region as in Figure 3a.
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No major changes in eddy size or structure

(Caballero & Hanley, JAS 2012)
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Poleward moisture  transport decreases at 
high temperature

(Caballero & Hanley, JAS 2012)

Latent heat flux across 40oN in winter

Sequence of CAM3 slab-
ocean aquaplanet 
simulations with successive 
doublings of CO2 
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Diffusive scaling

– typical eddy velocity -- decreases with temp

– mixing length -- not much change if we take it 
as typical eddy size

– reference saturation humidity -- increases with temp

So we expect:

(Pierrehumbert, Nature 2002)



That fails!



    Comparing length scales

(Caballero & Hanley, JAS 2012)

eddy length scale

mixing length
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Mixing length diagnosed
from

is much less than eddy 
scale, and decreases with
temperature 



What sets the mixing length?

is	  the	  typical	  eddy	  life.me

is	  the	  typical	  eddy	  diameter

is	  the	  mixing	  length



F = D
�q

�y
= v� �

�q

�y
� v� � qsat

v�

qsat

� = �v� � � const

F � v2
� qsat

Modified diffusive scaling

typical eddy velocity -- decreases with temp

with 

reference saturation humidity -- increases with temp

Then:

and assume



That works!

(Caballero & Hanley, JAS 2012)



Summary

• Weakening of storm track eddies at high 
temperatures leads to decreased diffusivity

• Both velocity and mixing length contribute to drop 
in diffusivity

• Diffusivity overwhelms increase in poleward 
moisture gradient, leading to drop in moisture flux 
at high temperature



Conclusions

• Nonlinear stationary wave reflection may play a 
crucial role in organizing storm tracks, at least 
under glacial conditions.

• The appropriate mixing length for storm tracks is 
not the eddy scale.



Evolution of terms in diffusive approximation



Eddy lifetime
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Figure 9. Left column: same as Fig. 3 for winter precipitation (shaded) and position of the
Atlantic jet stream without LIS (dashed) and for the corresponding experiment (continuous line).
Right column: summer precipitation (shaded) and snowfall (contour every 0.1 mmday�1, blue
contour for positive values, orange for negative values).
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Diffusive scaling

so	  finally:


