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Chl-a (colors), density (black contours), and 
mixed layer depth (white contours) in South 
Pacific

ORCHESTRA & RoSES Meeting, July 2018



Wind in the Southern Ocean
Lou St. Laurent from Feb 
2010 DIMES cruise:  “30 
knot + winds have kept 
profiling to only a 50% 
activity. HRP dissipations 
look good, but are boring.”

cDRAKE ~2008

Agulhas II, September 2017



DIMES: Winds 
inject energy into 

ocean

Wind work during a storm 
(3.5 kJ m−2) comparable to 
the vertically integrated 
kinetic energy over the 
following month ….

Kilbourne and Girton, 2014

E-mail exchange More wind



What is the impact of storms?
How well can we locate wind events?

• Storms generate waves detectable at Ross Ice Shelf 
(Momme Hell thesis research)

• Storm-driven mixing influences chlorophyll 
distribution (Carranza et al, revised, JGR-O, 2018)
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Ross Ice Shelf Seismic Data and Storm 
Strength

Momme Hell

Can we trace wind events to seismic stations on Ross Ice Shelf?



• Seismic Observations from the Ross 
Ice Shelf (2 years of data)

• Parallel supervised machine learning 
and Monte Carlo methods (PTMCMC)

• Classic surface gravity wave theory 
• Parametric models
• Remote sensing data for wind and 
waves, sea ice concentration and drift, 
SSH 

• Wave models and reanalysis products 
and cyclone tracking tools

Earth system approach to Southern Ocean processes



Ross Ice Shelf Vibration Project

Synoptic Southern Ocean storm
Significant wave height (shading) 
MERRA II surface winds (arrows)
Sea ice (gray area)
Storm track (thick black line)
High wind speed track (orange line)
Radial distance from Ross Ice Shelf 
(red circle)

Spectrogram of a wave event in the 
Ross Ice Shelf for one day.
2-dimensional function fitted to the data 
(black contours)
Estimated slope of the wave event (red 
line) indicates radial distance to onset of 
wave event



Ross Ice Shelf, Storms and Sea Ice- Momme Hell

   

Wave events & Southern Ocean storms - model validation

Wave events 
detected at 
Ross Ice 
Shelf
Black dots:  
radial distance 
and time of the 
wave origin, 
with 95% 
uncertainties 
(red). 

High noise 
events (gray) 
excluded from
analysis.



Position and time error of cyclones in reanalysis

Ross Ice Shelf Vibration Project, Momme Hell

Error statistics of Southern Ocean 
cyclones based on 182 wave 
events in the seismic data.
Blue dots (43%):  Reanalysis wind 
speed areas that align with the 
observations
Green dots (57%):  Closed wind speed 
areas of storms that do not match 
observations. These are likely due to 
biases in the reanalysis or oceanic
processes that deflect surface waves 
from their great circle path.

ERA5 1h Reanalysis



What is the impact of storms?
How well can we locate wind events?

• Storms generate waves detectable at Ross Ice 
Shelf (Momme Hell thesis research)

• Storm-driven mixing influences chlorophyll 
distribution (Carranza et al, revised, JGR-O, 
2018)



Mixed Layers in the Southern Ocean
Mixed layer defined by 
homogenized density

Deepening of mixed layer 
brings cold water and 
nutrients to surface

Possible factors:
• Direct wind forcing (21.8% 

of mixed layer variance)
• Buoyancy forcing (16.7%)
• Ekman pumping (smaller)

(Carranza and Gille, 2014)



Mixing Layers vs Mixed Layers

Mixed layer:  
Homogenized 
in density

Could be 
remnant of 
previous 
mixing event

Mixing 
layer:  
Actively 
mixing 
now

Blue line:  density
Green line:  phytoplankton biomass (represented by fluorescence or backscatter)

Carranza et al, in revision for JGR-Oceans, 2018



Approach
• Instrumented elephant 

seals (MEOP), EM-APEX 
floats, SOCCOM floats

• Examine fluorescence 
and backscatter 
variation in mixed layer

• Night-time data to avoid 
non-photochemical 
quenching

Carranza et al, in revision for JGR-Oceans, 2018



Observed profiles show Chl-a or 
backscatter varies within mixed layer

~40% of profiles 
have surface 
intensified 
chlorophyll and 
backscatter.  

~60% of profiles 
show deep 
maxima, often with 
substantial 
variability in the 
mixed layer.  

39% 1%

34% 13%13%

Carranza et al, in revision for JGR-Oceans, 2018



% deep fluorescence maxima in mixed 
layer

Fraction of DFMs in 
mixed layer 
depends on mixed 
layer definition.
• Δσ=0.005:  

mixing layer
• Δσ=0.03:  

canonical 
definition

More DFMs in 
mixed layer in 
winter

Carranza et al, in revision for JGR-Oceans, 2018



Deep fluorescence maxima hover 
above base of mixed layer

Carranza et al, in revision for JGR-Oceans, 2018

Probability
density
function



Chl/backscatter maxima in mixed layer 
are significant

Standard deviation of mixed layer temperature near zero

Standard deviations of fluorescence and 
backscatter significant in all seasons

Carranza et al, in revision for JGR-Oceans, 2018

Normalized 
standard 
deviation index 
compares 
variability within 
mixed layer with 
spatial 
variability



Schematic framework

Storm events deepen and 
homogenize mixed layer

When storm ends, density remains 
mixed and top of mixed layer might 
continue mixing; phytoplankton grow 
where mixing is minimal



Schematic framework

Storm events deepen and 
homogenize mixed layer

When storm ends, density remains 
mixed and top of mixed layer might 
continue mixing; phytoplankton grow 
where mixing is minimal

Use CCMP 
winds to 
assign 
timescales

Storms:  
wind speed 
> 10m/s



Storm recurrence timescales

Storm 
duration ~3 
days

Storm 
recurrence 
~7 days

Time 
between 
storms: ~4
days

Interstorm
period 
slightly 
longer in 
summer

Time scales imply biological restratification occurs within 2 days



Match-ups:  individual profiles vs wind 
events

Stronger winds imply deeper mixed layer, 
regardless of definition

Stronger winds homogenize Chl-a 
fluorescence and backscatter

Carranza et al, in revision for JGR-Oceans, 2018



Match-ups:  What happens after a storm?

Winds decrease below threshold 
defining storm, and mixed layer 
shallows within 2-3 days

Imperfect match:  ~70% of mixed 
layers are homogenized at end of 
storm; ~50% at end of cycle

Standard deviation of fluorescence
and backscatter increases over 2-3 
days.   Temperature variability 
doesn’t change.  
Peak prominence (dashed line) 
implies exponential growth, with 
2.2 day doubling scale



What is the impact of storms?  Significant 
wind energy imparted to upper ocean

• Storms generate waves 
detectable at Ross Ice Shelf 

• Subsurface backscatter and 
fluorescence maxima 
– Frequently occur within the 

Southern Ocean mixed layer
– Hypothesis:  storms mix, 

and between storms 
phytoplankton preferentially 
grow at the base of the 
mixed layer.  (Less mixing?  
More nutrients?)



How well can we locate wind events?
Imperfectly…
• For wave generation, ~50% of storms “mis-

located” in reanalysis.
• Argo/wind co-locations statistics differ from 

wind statistics, implying that ~30% of storms 
are not at exactly the right position in wind 
product (CCMP---based on ERA-Interim)

• When Southern Ocean OOI data went on GTS, 
ECMWF forecast saw immediate change (see 
Simon Josey presentation for Ogle et al results)





Markov Change Monte Carlo Methods 
allow error estimates in time and radial 
distance that can verify reanalysis 
products. 
The probability of a wave event origin is 
shown as red shading. Storm tracks and their 
high wind speeds are shown as solid lines 
and circles in time and radial distance space. 
The wind speed area that fits the best with 
the observational estimates is marked in 
blue.



Cyclones generate waves
Pressure tendency relative to start of 
wave event.
Mean composite of the pressure 
tendencies of 66 matched storms. The 
pressure tendencies are aligned 
according to the match of its high wind 
speeds with the observations. 
Shaded area shows 5-95% range from 
bootstrapping

The wave events originate from the 
storm when the storm is in its mature 
phase.

Ross Ice Shelf Vibration Project, Momme Hell



What is the impact of storms?
How well can we locate wind events?

• Storms generate waves detectable at Ross Ice 
Shelf (Momme Hell thesis research)

• Episodic events lead to heat fluxes (Ogle et al, 
GRL, 2018)

• Storm-driven mixing influences chlorophyll 
distribution (Carranza et al, revised, JGR-O, 
2018)



OOI results

OOI measurements 
underscore importance of 
episodic events in driving 
turbulent heat loss for very 
deep winter mixed layers.

Data went on GTS in early 
August 2017, and within 2 
weeks, ECMWF reported 
significant impact on 
forecast.

Ogle et al, GRL, 2018



Tools:
• Parallel supervised machine 

learning,
• Surface gravity wave theory 

and idealized models
• Remote sensing data for wind 

and waves, sea ice 
concentration and drift, SSH 

• Wave models and reanalysis 
products and cyclone tracking 
tools

Earth system approach to Southern Ocean processes
Goals of the Project
• understand open ocean processes 
like development of wind waves, 
cyclone activity and surface 
momentum fluxes;

• understand sea-ice wave 
interactions.

• validate satellite measurements
• estimate Southern Ocean sea ice 
thickness
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