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Barron: Eocene QOcean Temperatures; A Climate Problem?
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Fig. 1. 1Isotopic paleotemperatures of the Eocene surface ocean from
Shackleton and Boersma [1981] in comparison with modern values. Northern and
Southern hemisphere isotopic values are plotted in both hemispheres (mirror
data sites are plotted as open squares) in order to draw a temperature
distribution with respect to latitude. The latitude scale is area weighted.

THE LOW GRADIENT “PROBLEM”
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Arctic hydrology during global warming at the

Palaeocene/Eocene thermal maximum
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early Eocene temperature proxy records
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Flve main hypothesis

* Ocean Heat transport was higher with closed high latitude gateways
* Atmospheric heat transport was greater because of a ‘permanent El Nino’

* Polar stratospheric clouds maintained a strong polar greenhouse effect,
warming the poles

* Or enhanced poleward latent heat fluxes warmed the poles and cooled the
tropics

* Let’s also not forget vegetation feedbacks
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One set of high
resolution
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Fig. 1. Mean annual and zonally averaged surface tempera-
tures over land and ocean for three modeling scenarios:
LoCO; (solid line), MidCO, (short-dashed line), and HiCO,
(long-dashed line). Also included are Eocene temperature es-
timates from proxies: triangles, from Sloan and Barron
(1992); open squares, ocean surface temperature data from
Zachos et al. (1994); diamonds, Eocene flora temperature es-
timates from Greenwood and Wing (1995); hatched square,
ocean surface temperature from Kobashi et al. (2001); plus

markers, ocean surface temperature data from Pearson et al.
(2000).

Shellito, Sloan, Huber, 2003
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Huber et al., Figure 5

e No evidence for increased
ocean heat transport to
account for small gradients,
even with closed ocean
gateways

e More than a 3-fold increase in
ocean heat transport is
necessary to reproduce small
equator-to-pole temperature
gradient

e Perhaps the data can be
reinterpreted to high tropical
temperatures and slightly
cooler ones at the poles
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NCreaseo

poleward heat transport (or something else”)

Now requ

*Models an

sufficient to maintain small equator-to-pole temperature gradients.

eRevisit the

ired (once again) by the data

d theory have not produced strong latent feedbacks

ocean heat transport argument

*Pursue Kerry Emanuel’s Tropical Cyclone--Ocean Heat Transport
Hypothesis, which provides a mechanism for Mitch Lyle’s 1997

ocean vert

ical mixing/climate hypothesis
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Simple climate model shows thresholded nonlinearity due
to dramatic increases in ocean mixing/heat transport
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Thermohaline Circulation--Why does dense water rise”?
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Atlantic
MOC
transport

Atlantic
Freshwater
flux

Fig. 1a: Schematic diagram of the familiar hysteresis associated with the MOC. For each
freshwater flux, there are two different transports corresponding to two distinctly
different stable solutions (points C and A). In a typical “hosing” numerical experiment,
the upper branch is followed when the freshwater flux is gradually increased. On the
other hand, the lower curve is followed when the freshwater flux is gradually decreased.
See, for example, Rahmstorf (2002) for details.

Friday, May 16, 2008

21



Atlantic
MOC
transport

/ Atlantic

critical fresh water
freshwater flux flux

Fig. 1b: Schematic diagram of our perception of the MOC. There are no two states for
the same freshwater flux. Rather, the “on” and “off” modes are actually a part of one
continuous solution, involving no hysteresis.
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2 X 50 yeatr filtered hysteresis plots
160 T . , .

Atlantic
MOC (Sv)
o
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Fig. 6b: Plots of the maximum value of the North Atlantic meridional overturning mass
flux (Sv) as a function of the freshwater flux perturbation applied to the 50-70 degree
North longitude band for each of the 6 experiments. The model output was filtered with
two passes of a 50-year running mean filter to remove some oscillations especially in the
very high diffusivity experiments 4 & 5. The size of the hysteresis loops increases with
increasing vertical diffusivity.
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Steady State Energy Balance
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Theoretical Upper Bound on
Hurricane Maximum Wind Speed:

Surface
temperature
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Tropical Cyclone Power Dissipation

A measure of the potential destructiveness of a tropical cyclone based
on integrated surface wind speed

PD:27T/ / Cap|V3|rdr dt
0o Jo

Cp - surface drag coeffiecient
p - surface air density
V| - magnitude of the surface wind

PD has units of Joules and represents the total amount of energy dissipated over the
lifetime of a tropical cyclone.
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27



Measures of tropical cyclone activity:

To—

| Power dissipation = 2t f; j; 'C o | V[ rdrdt. |

I 1
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Emanuel (05) approximates the Power Dissipation (PD) as the Power Dissipation Index (PDI):

PDI = | |Viae|® dt
0

Vmax IS the maximum sustained winds at 10 meters and the area integral
Is avoided.

Implementation of high-resolution ERA-40 global winds (1.125x1.125 degrees, 4 times
daily) allows us to calculate PD more explicitly:

T T0
PD =~ 27'('Cd,0/ / V3 |r dr dt
0 Jo

The productCipis assumed constant and now the geometric dimensions of the
storm are included in the integral.
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Figure 1

Power Dissipation from ERA-40

ERA Global PD
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AN

Trends in Power Dissipation (PD)
©quantities for the ERA40 project period ,
1 1958-2001.

Key Points:
- PDl is a good approximation for PD.
- TC records for the Atlantic and western

Pacific are adequate indicators for
global TC activity.
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Reanalysis-derived PD (integrated intensity) and mean annual
tropical temperature

Figure 2 Figure S.4
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0.25 degree C increase in mean annual tropical temperature may lead to a ~ 80% increase in
tropical cyclone integrated intensity
Higher temperatures => higher integrated TC intensity->MOC increase
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Dynamic response of
the upper ocean to
tropical cyclone winds

e Extreme surface wind forcing
can excite the background
wave field

e - generating near-inertial
internal gravity waves

* - producing geostrophic
currents

e - leading to baroclinic ridges
from elevated isopycnals

thermocline

e Entrainment fluxes at the base upwelling

of the mixed layer account for S S A 5 ; A A
60-85% of upper ocean Ainax

cyclone-induced cooling.

(Jacob et al., 2000; Shay, 2006) Shay, 2006
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Penetration depth of mixing and energetics of geostrophic currents

Uh
Froude # F'r' e ——
Cn
Aspect ratio L
Ry,
Uh - translational speed of storm
P
Cr, = gH - speed of normal mode (n) long gravity waves
I, - horizontal length scale of storm
Cn
Rn — —— - radius of deformation
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Slow moving storms, F. <1

L
Produce more energetic geostrophic response and larger values of 1,

causing deeper penetration of mixing and elevated isopycnals.

- Orlanski and Polinsky, 1983

Fast moving stormes, F.>1

More energy is supplied to the near-inertial wave field and less to
geostrophic currents.
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Excitation of inertial waves

Hurricane Felix 1995

Vertical profiles of horizontal
velocities prior to, during, and after
passage of storm from observations
and model results.

Observations are from the Bermuda
testbed mooring site (denoted in plots
by thick black line).

Surface wind forcing excites the
background wave field producing a
near-inertial response.
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Wind stress k
‘~-._
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’
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Ocean response

In addition to generating near-inertial gravity waves,
TCs generate geostrophic ocean currents.

The geostrophic response of the upper ocean to TC-
wind forcing is divergent flow.

Cyclonic forcing by the atmosphere => anticyclonic
response by the ocean
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Wind stress k
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Ocean response

surface of constant density

In addition to generating near-inertial gravity waves,
TCs generate geostrophic ocean currents.

The geostrophic response of the upper ocean to TC-
wind forcing is divergent flow.

Cyclonic forcing by the atmosphere => anticyclonic
response by the ocean

Divergence leads to upward deflection of

Isopycnals
=> upwelling of cold water from within

thermocline.

Uplift of isopycnals (or the change in mixed layer
depth) may be up to 100 meters.
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The TC-OHT Hypothesis
(Emanuel, 2002)

* Tropical cyclones induce strong
‘cold wakes’ via vertical mixing
upwards of colder denser water
from below

* This vertical mixing is hypothesized
to drive the meridional overturning
circulation of the ocean and ocean
heat transport

* This process may represent the
ocean’s ‘missing mixing’ and it
may be--itself--a function of
tropical temperatures

40N

39N

30N

2ON

<ON
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Hurricanes of 2009
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Observations and model results for Hurricane Felix, 2001
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Tropical cyclones mix the upper ocean--causing cooling and plankton
blooms (~30% of new production in the oligotrophic gyres)

Lin et al., GRL 2003
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Surface cooling and estimated effective vertical diffusivity

d

Sriver and Huber, Nature,
2007

90N

60N

30N

30S

60S

90S

90N

60N

30N

0

30S

60S

90S

ERA—:tO 2MT 1982-2001
L L L L l Ll | Ll | Ll

Degrees Kelvin

W/m2

30E 60E 90E 120E 150E 180 150W 120W 90W

60W

30W 0 30E

-3.25 -2.5 -1.75 -1 -0.25
Diffusivit
1 1 I 1 1 I 1 1 I 1 1 I 1 1 I 1 1 I 1 1

30E 60E 90E 120E 150E 180 150W 120W 90W

60W

30W 0 30E

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.9

|
0.00 0.20 0.40

1.2 1.3

Friday, May 16, 2008

42



TC-induced OHC anomalies and tropical SST
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Standard deviations

ERA-40 derived, low pass filtered time
series of TC-induced OHC anomalies
(Red line) and mean annual tropical SST

(Black line).

L
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2000

Sriver and Huber, Nature, 2007
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TC-induced OHC anomalies and tropical SST
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Vertical Diffusivity and SST
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Vertical Diffusivity and SST
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Figure 3
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TMI SST
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Satellite (TMI) derived SST (top)
and Power Dissipation(bottom)

Sriver et al, submitted
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Sinned Analysis of per
storm heat convergence

1x10%4" ————————,

e \We calculate the integrated
OHC (magnitude of cold wake)
for each tropical cyclone

e Each storm is put into a bin
based on its integrated power
dissipation

Mean Per-Storm OHC Anomaly [J]

e The per storm OHC scales
linearly with per storm PD.

* |Interestingly, per storm PD
scales linearly with the fraction
of storms that reach Cat 3 in
each bin

* In other words, it’s the strong
storms that do the ‘heavy
lifting’

Figure 5
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® Vertical diffusivity is enhanced under

regions with strong TCs.
eareas of warmest SST

® T C activity provides a physical
mechanism for strong positive

relationship between vertical diffusivity
and SST.
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* with some more work we can either resolve this
process or stochastically parameterize it!
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