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The presence of intense atmospheric depressions and 
sub-mesoscale variability in the Southern Ocean has the 
potential to strongly impact upper ocean mixing. 
Atmospheric depressions result in the modulation of wind 
stress at the sub--seasonal scale. These synoptic scaled 
events may impact upper ocean mixing through the 
associated stronger momentum flux inside the storms and 
a greater loss of sensible and latent heat in the 
surrounding ocean (Yuan et al., 2009). 
 
With the use of a physical--biogeochemical model we 
investigate the impact of sub--seasonal forcing and sub--
mesoscale dynamics on primary production in the 
Southern Ocean. We hypothesize that in the Southern 
Ocean, the effects of sub-‐mesoscale dynamics on 
vertical mixing and stratification of the upper ocean 
will interact with bloom dynamics on sub-‐seasonal 
scales. This in turn effects the seasonal cycle of 
primary production and carbon export.  
 
                This poster desrcibes the early stages of this 
research 
                     and future work. We   
                       present the results from the large-scale 
simulations which will be used    to initialize higher 
resolution runs.  

•  W e c o u p l e t h e 
physical configuration 
t o  t h e 
b i o g e o c h e m i c a l 
model, PISCES. As 
with temperature, we 
r e s t o r e  a l l  2 4 
PISCES tracers at 
t h e  n o r t h e r n 
boundary to maintain 
a steady state in 
tracer concentration.  

  

Can we use these concepts to 
explain 
nutrient variability in SAMW? 

•  Alleviate nutrient/iron limitation: Vertical velocities at sub-
mesoscales are approximately w ~100m/day (mesoscale ~ 
1m/day).  If you consider the vertical transport of nutrients in 
the upper 100 meters, it takes  on order of one day to reach 
the surface: w/day ≈ 1/µ (µ = phytoplankton growth rate) 
(Mahadevan and Tandon, 2006) .  

    At sub-mesoscale your time-scales are well matched with 
biological growth rate.  Alleviate iron limitation: Eddies with large vertical transport 

supply iron to the upper-ocean at critical timescales that match 
phytoplankton growth rates (Mahadevan and Tandon, 2006) 
Alleviate light limitation: Eddies stratify the upper-ocean by 
tipping light water over denser water (Mahadevan et al., 2012). 
Stratification allows phytoplankton to stay in the surface lit layers. 
 

Figure 2: Comparison between simulated new 
production for increasing model resolution dx=20km, 
6km and 2km, from mesoscale to sub-mesoscale. 

•  Our conf igurat ion d i f fers f rom 
Abernathey et al. 2011 in the addition 
of a seasonal cycle in our prescribed 
forcing. 

•  This model is unique from past ACC 
models, as it prescribes a northern 
boundary restoring (NBR) layer that 
restores temperature to an exponential 
profile, allowing for deep residual 
overturning.  

Numerically, when you increase the resolution of a model, the vorticity 
increases. Eventually, the vorticity becomes as large as planetary vorticity 
resulting in the simulation of large vertical velocities and sub-mesoscale 
dynamics. Through a hierarchy of numerical experiments (large scale to 
mesoscale to sub-mesoscale) we investigate the impact on productivity. 
We couple our configuration to the biogeochemical model, PISCES 

•  To simulate a passing storm we will make use of 
the Rankin vortex model - a flow model with 
radial symmetry. The inner part of the vortex is 
in a fixed rotation and the outer part is free with 
the speed inversely proportional to the distance 
from the center. 

•  In our configuration, a Rankin 
vortex with R=300 km is modified 
in order to have V=0 for 
R>Rmax=900km.  

•  Each vortex forms and vanishes at the same 
latitude with no meridional displacement. The 
position of formation varies, following a Gamma 
distribution. Wind stress max (1.2 N/m2) is 
modulated by a seasonal cycle. 

 Figure 10: Description of simulated 
storm, period of 10 days and life time of ~ 
2 days 

•  We will run two simulations at higher resolution 
(5km  ~sub-mesoscale): one with sub-seasonal 
(storms) atmospheric forcing and one without, 
Figure 3. 

•  Sub-Antarctic Mode Waters (SAMW),  
provide the primary source of nutrients to 
global thermocline and play a key role in 
global primary production (Ayers and 
Strutton, 2013). 

 
•  The interannual variability in SAMW 

nutrients have been shown to impact 
downstream tropical production by as much 
as 5-12% of annual mean (Ayers and 
Strutton, 2013). 

The presence of intense atmospheric depressions and sub-mesoscale 
variability in the Southern Ocean has the potential to strongly impact 
upper ocean mixing. Atmospheric depressions result in the modulation 
of wind stress at the sub-seasonal scale. These synoptic scaled 
events may impact upper ocean mixing through the associated 
stronger momentum flux inside the storms and a greater loss of 
sensible and latent heat in the surrounding ocean (Yuan et al., 2009).  
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Alleviate nutrient/iron limitation: In the ocean there 
are lateral gradients in density, which are not 
uniform but made 
up of fronts. These fronts become unstable and 
meander. Frontogenesis (pinching and widening) 
intensifies the front, 
resulting in the velocity increasing locally. As a 
result the shear between the front increase, 
increasing locally the 
vorticity on either side of front. Large vorticity 
means the front may no longer be in thermal wind 
and geostrophic 
balance, generating large vertical velocities and 
sub-mesoscale dynamics. Vertical velocities of sub-
mesoscales are on 
the order of w ~100m/day (mesoscale ~ 1m/day). 
So, If you consider the vertical transport of nutrients 
in 100 meters, it 
takes on order of one day, w/day ≈ 1/ µ (µ = 
phytoplankton growth rate ). At sub-mesoscale your 
time-scales are well 
matched with biological growth rate and promotes 
generation of growth. The physics and biology work 
in tandem. 
• Alleviate light limitation: Eddies act to restratify by 
taking light water and tipping it over denser water 
this was shown 
recently by Mahadeven et al., 2012. Where they 
found stratification to occur earlier than solar 
radiation – eddies induced 
an earlier stratification. Stratification allows 
phytoplankton to stay in the surface layers where 
there is abundant light. 

In the ocean there are lateral 
gradients in density, which 
are not uniform but made up 
of fronts. Frontogenesis 
intensifies the front 
increasing the velocity 
locally. The shear between 
the front increases and the 
vorticity on either side of 
front.  Large vorticity means 
the front may no longer be in 
thermal wind and 
geostrophic balance, 
generating large vertical 
velocities and sub-
mesoscale dynamics.  

Southern Ocean biological  productivity 
is limited by light + iron supplies. What 
mechanisms alleviate these limitations 
and allow for growth 

The dx=100km run (R100-B) will provide initial states for simulations at 
dx=20km (R20-B), which will be run for 200 years to reach steady state. 
Likewise, the R20-B run will be used to intialize two runs at dx=5km, one 
with sub-seasonal (storms) forcing and one without.  

The NBR varies seasonally in the upper 150km to 
mimic the seasonal cycle of mixed layer depths near 
40s (derived from GODAS data). A seasonally 
varying restoring term towards an SST profile is 
added with the objective of mimicking  air--sea 
interactions 

. The initial conditions for 
nutrients, for the large-
scale configuration are 
analytically prescribed. 
T h e d i s s o l v e d i r o n 
idealized profile is based 
on values from Tagliabue 
et al., 2012.  

Figure 4. Seasonally varying 
NBR  

VARIABILITY IN PRODUCTION 

R100-B	   R20-B	  
Dimensions	   3000km*2000km*4000m	   3000km*2000km*4000m	  
Resolution  	   100km / rdt = 5760	   20km / rdt =1200	  
levels	   51, full step	   51, partial step	  
Tracer advec 	   TVD + GM	   UBS	  
Eq. of state	   Linear (T only)	   Linear (T only)	  

Wind stress	  
Sinusoidal (max 0.15N/
m2)	  

Sinusoidal (max=0.15N/
m2)	  

Figure 6: Comparison of the physical adjustment for dx=100km 
(left) and dx=20km (right) 

dx = 100km dx = 20km 

Seasonal cycle (dx=20km): 

R100-‐B	   R20-‐B	  
Dimensions	   3000km*2000km*4000m	   3000km*2000km*4000m	  
Resolu1on	  	  	   100km	  /	  rdt	  =	  5760	   20km	  /	  rdt	  =1200	  
Levels	   51,	  full	  step	   51,	  par:al	  step	  
Tracer	  advec.	  	  TVD	  +	  GM	   UBS	  
Eq.	  of	  state	   Linear	  (T	  only)	   Linear	  (T	  only)	  

Wind	  stress	   Sinusoidal	  (max=0.15N.m-‐2)	  
Sinusoidal	  
(max=0.15N.m-‐2)	  

Bathymetery	   Flat	  boQom	   Random	  bathymetry	  

Simulation of SAMW in dx=20km: 

40°
S 

70°
S 

Figure 8: The seasonal cycle (190-200yr monthly mean), latitude vs. time for 
dx=20km run. Along with some Observations of SST’s and MLDs (DT02) from 
Boyer-Montegut  

Figure 9: Latitude vs. depth for dx=20km run for a.) 
temperature, b.) zonal velocities and c.) density.  

Increasing dx 

•  Sub-Antarctic mode waters have a density 
range between 26.6-27kg.m-3 (Ito et al.,
2010).  

•  Our model is able to simulate these mode 
waters, refer to density section in Figure 9. 
Here, we can begin to see the perturbation 
of the zonal velocities on the SAMW. This 
model will be used as a tool to investigate 
the modes of variability in SAMW.  

•  We are able to correct ly 
simulate the seasonal cycle of 
MLD and SST, Figure 8. The 
timing of observed deepest 
MLD’s match the timing by the 
model.  

 
•  For biology, the maximum 

s u r f a c e d i s s o l v e d i r o n 
corresponds to the deepest to 
these simulated MLD’s.  

•  The increase in total chlorophyll 
is marked by the change of in 
the net heat flux from negative 
to positive values during which 
stage there is sufficient iron in 
the surface layers to support the 
growth of a bloom. 

 

observation
s 

Julien Juanno 

•  The results of this work are currently in 
progress, presented here are the start of the 
diagnostics. 

Aim 2. How do sub-mesoscale and wind events 
affect the nutrient content of SAMW (which 
supports 75% of tropical export production)?   

Identification of physical processes driving variability in 
Southern Ocean primary production: a state of art high 
resolution numerical modelling study 

Fig 7: August monthly mean for dx=20km run, yr =190, MLD (right), surface 
dissolved iron (left). 

dx = 100km dx = 20km 

Fig 6: Comparison between the August monthly mean SST’s for the 
190th year of the dx=100km (left) and dx=20km (right) runs. 

40°S 

70°S 

Iron and light limit Southern Ocean phytoplankton 
growth (production). Seasonal modifications of wind 
and solar radiation strongly impact vertical ocean 
structure modulating light and iron availability. Yet, 
observations show high intra-seasonal and spatial 
variability unresolved by the seasonal cycle. 
Understanding the drivers of this variability is critical 
in our understanding of climate sensitivities in 
biological production and carbon export.   

Fig. 1 The response of phytoplankton biomass to the underlying physics. 
Light green highlights regions with high chlorophyll-a (a proxy for 
phytoplankton biomass) that are unresolved by the seasonal cycle. 

Broadly speaking, Southern Ocean primary production 
(PP) can be described by its response to the seasonal 
modification of surface buoyancy forcing (wind and solar 
radiation), which strongly impacts the vertical structure 
influencing both iron and light availability  

What mechanisms alleviate these limitations and 
explain observed variability?  

Mechanism 1:  Energetic circulation [eddies] 

Energetic circulation and storms impact 
vertical mixing and stratification of the 
upper ocean, interacting with biological 
production on intra‐seasonal scales. 
This in turn effects the seasonal cycle of 
biological production and  carbon export. 
 
Aim to show that the intra-seasonal 
modulation of upper-ocean physics: 
1.) sustains summer production in the 
Sub-Antarctic Zone. 
2.) accounts for observed spatial and 
temporal variability in production. 

HYPOTHESIS 

Fig 5: Reference configuration setup of Abernathey et al,2011  

Mechanism 2:  Atmospheric storms 

• . Strati f ication al lows 
phytoplankton to stay in 
the surface layers where 
there is abundant light.  APPROACH:  PHYSICAL BIOGEOCHEMICAL MODELLING 

State of the art numerical models used to determine 
What drives variability in biological productivity? 

Fig 2. Wind stress generated from large winter storms in the Southern Ocean (N.m-2) / 
CORE+ Large and Yeager (2004) / Date: 2007/06/01 

Alleviate iron limitation: Storms supply biology with wind-induced 
iron injections through deepened mixing. 
Increase light limitation: Storms mix biology out of the euphotic 
zone (abundant light layer). 
 

Fig 3. Schematic of upper ocean illustrating the impact of eddies 
and storms on phytoplankton. Phytoplankton photosynthetically fix 
atm. carbon (CO2) which is exported via biological fallout from the 
ML.   ML= mixed layer, Black line = temperature profile, green = 
phytoplankton. Yellow and red lines = light and iron limits.  

During storm deep mixed 
layers low light but 
increased iron 

Fig. 4: Numerical strategy: hierarchy of increasing model resolution, red cross to show completed 
runs. Blue bars represents simulations that will incorporate storm forcing.   

observations 

MODEL OUTPUT:  FROM LARGE-SCALE FLOW TO EDDY RESOLVING 

 FUTURE WORK 

Fig 9: 3D representation of final model configuration. Instantaneous buoyancy (box), 
sections of zonal velocity and vertical mixing intensity and wind stress vectors in grey.  

Fig 8: Description of simulated storm, period of 10 days and life time of ~ 2 days 
  

The addition of storms: to simulate a passing storm we 
will make use of the Rankin radial flow vortex model. 

Further increase model resolution to 5km: to simulate sub-
mesoscale circulation (highly energetic eddies ) 

To explore the various scales of physical supply mechanisms we developed a 
hierarchy of configurations from large-scale to eddy resolving [mesoscale to 
sub-mesoscale]. Modelling system: NEMO3.4 coupled to biogeochemical 
model PISCES. The reference configuration is a re-entry zonal channel model 
of the Antarctic Circumpolar Current (ACC), 40-70°S.   

The seasonal modification of buoyancy forcing which 
strongly impacts the vertical structure influencing both 
iron and light availability  

Here we provide some preliminary results from 
completed model runs. Fig 6 demonstrates the 
effect of increasing the model horizontal resolution 
from large-scale (dx=100km) to eddy resolving 
(mesoscale, dx=20km). Increased variability in flow. 
 
 
 

Simulated deep mixed layers are typically associated 
with enhanced concentrations of dissolved iron in the 
surface waters, Fig 7. Deep winter mixing in the ocean 
accesses a reservoir of iron which has not been 
consumed by biology and is entrained into upper ocean. 

Mixed layer depth (MLD) Dissolved Iron (Fer) 

Thomalla et al, 2011 



























