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Surface Chla (Modis)

Lateral scales 1-50 km



Not explicitly accounted for in Earth System Models (ESM)
Sub-grid processes, parametrized



SST
Fine resolution grid 

1/60°
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Fine resolution model simulation

Emerge with increasing model resolution



Coarse resolution grid 
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Local (sub-)mesoscales impact on biogeochemical budgets 

Strong vertical circulation over fronts:

! Transport of  nutrients 
! Subduction of  oxygen
! Carbon export 
! … 

Levy et al, 2018



Local (sub-)mesoscales impact on biogeochemical budgets 

Strong vertical circulation over fronts:

! Transport of  nutrients 
! Subduction of  oxygen
! Carbon export 
! … 

Levy et al, 2018

Parametrization:

! GM: flatten large-scale isopycnals
! Redi: isopycnal diffusion



Levy et al, 2018

Local (sub-)mesoscales impact on biogeochemical budgets 



Stanley et al. (2017)
Towed VPR, Subtropical North Atlantic

Lateral scales 1-50 km
Vertical scales 0-200 m 

Local (sub-)mesoscales impact on biogeochemical budgets 



Remote (sub-)mesoscales impact on biogeochemical budgets 

Mean circulation affected by model 
resolution :

! AMOC
! Transport of  heat

" Consequences on large-scale 
transport of  nutrients, C, O2

Hirschi et al. (2020)



Biogeochemical climate projections
Major threats

Kwiatkowski et al, 2020Major uncertainties

• Emission scenario
• Model differences (parametrizations & numerics)

Deoxygenation Decrease of  PP (nitrate deficit)



Are biogeochemical climate projections sensitive to these hidden features ?

Due to computational constrains

2° to 1/60°: 500,000 X more CPU time



Outline

1. Reduction of  primary production

2. Deoxygenation and volume of  OMZ



Decrease of  primary production

Bopp et al. (2013)

Attributed to increased stratification in response to warming of  surface waters 



Tool model

! Double-gyre system (NEMO OGCM) with 
biogeochemical model 

! Domain of  reduced size allows to carry 
long integrations at fine resolution

! Seasonal forcings

! Progressive warming (RCP8.5) 

Couespel et al. (work in progress)



Surface speed

Phytoplankton at 
the surface

1°~100 km 1/9°~12 km 1/27°~4 km

3 horizontal resolutions

Emergence of  (sub-)mesoscales with increasing model resolution



Historical simulation

" Different mean-state (remote effect)

Levy et al. (2010, 2012)



Historical simulation

Levy et al. (2010, 2012)



Historical simulation

Levy et al. (2010, 2012)



Climate change simulation

" Different projections

+1% CO2 / year

+ 3°C in 70 years
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Couespel et al. (work in progress)
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" Strong PP decline at 1° in the northern gyre
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Couespel et al. (work in progress)

" Strong PP decline at 1° in the northern gyre

" Weakly sensitive to Aredi coefficient
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Bahl et al. (2019)

" Weakly sensitive to Aredi coefficient
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Couespel et al. (work in progress)

" Strong PP decline at 1° in the northern gyre

" Weakly sensitive to GM coefficient
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Couespel et al. (work in progress)

Finer res.

1/9°

" PP decline strongly attenuated at 1/9° and 1/27°

" Decline halfed at 1/27°
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Couespel et al. (work in progress)

Finer res.
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" Difference between resolutions larger than spread 
related to ocean parametrization

" Magnitude of  decline at 1° similar to ESMs

PP decline 

Couespel et al. (work in progress)

Finer res.

1/9°
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Vertical mixing
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Williams et al. (2006)

Vertical mixing

Nutrient stream

Primary production

Whitt (2019, 2020) 
Tagklis et al. (2020)
Slow down NS

Couespel et al. 
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NO3 stream intensity  linked to AMOC strength 

AMOC Whitt and Jansen (2020)



Relative stability of  the AMOC

Fu et al. (2020)



Impact of  resolution on projected PP decline

" Attenuated PP decline at fine resolution with our tool model  

" Tool model results suggest overestimated PP decline in ESMs

" Small local eddy effect small, remote eddy compensation effects 

" Calls for better understanding of  the role of  eddies in the transport response to CC

Couespel et al. (work in progress)



Impact of  resolution on Oxygen Minimum Zone

Oxygen at 400 m (WOA)

(µmol l-1)



Will OMZ expand or shrink ?

6234 L. Bopp et al.: Multiple stressors of ocean ecosystems in the 21st century

a. Sea surface temperature change

c. Oxygen concentration change at 200-600m

b. Sea surface pH change

d. Integrated net primary productivity change 

+mol/L

°C

gC/m2/y

RCP8.5: 2090-2099

Figure 5

Fig. 5. Change in stressor intensity (defined as the change in the magnitude of the considered variable) in 2090–2099 relative to 1990–1999
under RCP8.5. Multi-model mean of (a) sea surface warming ( �C), (b) surface pH change (pH unit), (c) subsurface dissolved O2 con-
centration change (averaged between 200 and 600m,mmolm�3), and (d) vertically integrated NPP (gCm�2 yr�1). Stippling marks high
robustness. Robustness is estimated from inter-model standard deviation for SST and pH, from agreement on sign of changes for O2 and
NPP. Dark red color shading is used to mark the change in stressor that is detrimental for the marine environment.

amplifies the decrease of surface pH due to the uptake of an-
thropogenic carbon, consistent with Steinacher et al. (2009).
Changes in subsurface (200–600m) O2 are not spatially

uniform, and there is less agreement among models. But
despite a strong difference in magnitude, the complex pat-
terns of spatial changes are very similar across the two sce-
narios and reflect the influence of changes in several pro-
cesses (ventilation, vertical mixing, remineralization) on O2
levels (Figs. 5 and 6). The North Pacific, the North At-
lantic, the Southern Ocean, the subtropical South Pacific and
South Indian oceans all undergo deoxygenation, with O2 de-
creases of as much as �50mmolm�3 in the North Pacific
for the RCP8.5 scenario. In contrast, the tropical Atlantic
and the tropical Indian show increasing O2 concentrations
in response to climate change, in both RCP8.5 and RCP2.6
scenarios. The equatorial Pacific displays a weak east–west
dipole, with increasing O2 in the east and decreasing O2 in
the west. Apart from changes in the equatorial Pacific, these
regional changes in subsurface O2 are consistent across mod-
els under the RCP8.5 scenario (stippling in Fig. 5), and they
are quite similar to those from a recent inter-model com-

parison of the previous generation of Earth system models
(Cocco et al., 2013).
Over the mid-latitudes, patterns of projected changes in

subsurface O2 are broadly consistent with observations col-
lected over the past several decades (Helm et al., 2011; Sten-
dardo and Gruber, 2012; Takatani et al., 2012). Yet there is no
such model–data agreement over most of the tropical oceans.
Observed time series suggest a vertical expansion of the low-
oxygen zones in the eastern tropical Atlantic and the equato-
rial Pacific during the past 50 years (Stramma et al., 2008),
conversely with models that simulate increasing O2 levels
with global warming over the historical period (Andrews et
al., 2013). A more detailed analysis of the simulated evolu-
tion of volumes of low-oxygen waters is given in Sect. 3.2.4.
Similar to subsurface O2 and in line with previous mod-

eling studies (Bopp et al., 2001; Steinacher et al., 2010),
projected changes in NPP are spatially heterogeneous. A de-
crease in NPP is consistently simulated across models and
scenarios in the tropical Indian Ocean, in the west tropical
Pacific, in the tropical Atlantic and in the North Atlantic
(Figs. 5 and 6). This decrease reaches as much as �150 g

Biogeosciences, 10, 6225–6245, 2013 www.biogeosciences.net/10/6225/2013/

Bopp et al., 2013 ! 50% of  global deoxygenation due decreased 
O2 solubility

! Decreased ventilation balanced by decreased 
respiration

! O2 trend is largely uncertain in tropical 
regions where OMZ are located

Change in O2 between 400-1000m by 2100



OMZ at equilibrium

! Shadow zones, below major upwelling systems

! Balance between respiration and ventilation

! Ventilation largely due to eddies:
90% in the Arabian Sea OMZ (Resplandy et al., 2012)



Arabian sea OMZ at equilibrium

Lachkar et al., 2016

! More realistic OMZ with fine-
resolution model

! Shrinking of  suboxic volume

! Expansion of  hypoxic volume



! Less ventilation : less O2
! Less productivity: more O2

" Outcome depends on respective 
decrease of  each

Levy et al., accepted

Climate Change



Arabian Sea downscalling experiments

! Regional model of  the North Indian Ocean (ROMS-NPZD)

! Forced by atmospheric reanalyses + climate change anomaly from CMIP5

! 1/3° - 1/6° - 1/12°

Parvathi et al., work in progress
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Control Experiments

Arabian Sea downscalling experiments

Parvathi et al., work in progress

! Smaller OMZ at 1/12°
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Control Experiments Climate Change Experiments

Arabian Sea downscalling experiments

Parvathi et al., work in progress

! Shrinking of  the OMZ with CC

! Decrease in PP > decrease in 
ventilation

! Similar decrease of  the suboxic
volume (-50%) for both 
simulations



Key Messages 

1. Possible stabilizing effect of  (sub-)mesoscales on biogeochemical responses to climate change  
deserve further investigation by the community

2. Calls for improved parametrizations validated against quantities important for biogeochemistry 



Keerthi et al. – Work in progress

Widespread impact

Lateral scales 1-50 km
Vertical scales 0-200 m
Temporal scales < 100 days 

% of  Total Chla variance represented by sub-seasonal events of  spatial scale < 100 km  



Outline

1. Biogeochemical climate projections: sensitivity to mixing

2. Reduction of  primary production: sensitivity to model resolution

3. Deoxygenation and volume of  OMZ: sensitivity to model resolution



Evaluation of  uncertainties

1. Inter-model comparison: CMIP spread

2. Sensitivity to parametrizations of   (sub-)mesoscale dynamics

3. Sensitivity to explicit inclusion of  (sub-)mesoscale dynamics 



Parametrization of  lateral mixing

" CMIP model spread is partly related to uncertainties in eddy parametrization

Deoxygenation: CM2Mc model, varying eddy diffusivity

Bahl et al. (2019)

Deoxygenation : CMIP5 model ensemble



CM2Mc model, sensitivity to eddy diffusivity Aredi

Deoxygenation

Bahl et al. (2019)

Decrease in Export

Parametrization of  lateral mixing



" OMZ may expand or shrink depending on mixing coefficient

Bahl et al. (2019)

Oxygen Minimum ZonesDeoxygenation

ESM with parametrized eddy mixing


