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What Drives the Steady 
and Time-Varying 

Ocean & Sea Ice States?

Seek explanations that are robust, 
quantitative & mechanistic



What are budgets are why are they useful?

Property evolution & conservation:

Obtaining a CLOSED budget: 

• tendency = sources + sinks + redistributions  

• provides meaningful insights into drivers of change
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How to assess budgets?
•  Observations? 
•  Data products? 
•  Model-data syntheses? 

-  Ocean reanalyses? 
-  Ocean state estimates?



Observations 
& 

Data Products



Assessing Budgets: Challenges using observations

• incomplete, sampled heterogeneously in space & time

Cheng et al., 2016

(https://www2.whoi.edu/site/argo), Johnson et al., 2022) 

Fractional coverage of monthly S data, 1°x1° global grid



Assessing Budgets: Challenges using data products

• Statistical gap-filling (e.g., objective analysis) is unreliable 
in data poor regions; Arctic analysis biased warm

>10

WOA13 sfc T_analyzed (℃, Jan 1995-2004 ) 

#T obs Jan (1995-2004) 

>4

OA on 1° and 1/4° grids. Locarnini et al 2024



Assessing Budgets: Challenges using data products

“We are still hampered in a 
number of ways by the lack 
of data… 

Data may exist in one area 
for one season, thus 
precluding any 
representative annual 
analysis… 

We provide the number of 
observation fields so data 
reliability can be assessed 
by the user” 

Locarnini et al., 2024
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WOA23 sfc T_analyzed (℃, Jan 1995-2004 ) 

#T obs Jan (1995-2004) 

>4



Assessing Budgets: Challenges using data products

Courtesy of Ben Lincoln, Bangor University

• …and can introduce unphysical artifacts e.g., widespread 
sustained static instability in EN4 gridded product 

Mean PE1000m 2005-2016

Monthly PEA1000m 



Cunningham et al., 2013: Exploring drivers of the subtropical 
Atlantic cold anomaly  

(a) 

Assessing Budgets: Challenges using data products

(b) Ocean heat content (EN3)



Cunningham et al., 2013: Exploring drivers of the subtropical 
Atlantic cold anomaly  

(b) Ocean heat content (EN3)

(c) Ocean heat transport convergence

(d) Air-Sea heat flux (ERA-Interim)

(d) RESIDUAL (b-c-d)

(a) 

Assessing Budgets: Challenges using data products



Assessing Budgets: Challenges using data products

North Atlantic freshwater budget (Sv)

+ + = + =

Li et al., 2021: Quantifying North Atlantic air-sea freshwater 
exchange 



Assessing Budgets: Challenges using data products

Independent reanalyses
North Atlantic freshwater budget (Sv)

+ + = + =

Li et al., 2021: Quantifying North Atlantic air-sea freshwater 
exchange 



Reanalyses 
& 

State Estimates



Assessing Budgets: Challenges using reanalyses

• Target = optimal forecast via IC adjustment 

• Dynamical consistency/property conservation *NOT* enforced 

• Analysis increments introduce spurious sources/sinks 

Adapted from Stammer et al., 2016 Time

Data
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Xue et al 2017: Strong overfitting to local constraints and 
generation of spurious variability between moorings

Assessing Budgets: Challenges using reanalyses
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McPhaden et al., 2023



Assessing Budgets: Challenges using reanalyses

Xie et al., 2017: Discontinuities in TOPAZ4 Arctic SST due to 
observing system changes



Assessing Budgets: Challenges using reanalyses

Valdivieso et al., (2015), Balmaseda et al., (2015)
Ocean Reanalyses

Ocean heat 
gain

Ocean heat 
loss

Most ocean reanalyses 
show spuriously large 
surface energy imbalance 
(1993-2009 mean) 
inconsistent with 
observed ocean warming 
(< 1 Wm-2, Roemmich et al., 
2015) leading to large 
unphysical heat removal 
by the analysis increments                          



Assessing Budgets: Challenges using reanalyses

Time
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Filter with 
incremental analysis

Adapted from Stammer et al., 2016

• Target = optimal forecast via IC adjustment 

• Dynamical consistency/property conservation *NOT* enforced 

• Analysis increments introduce spurious sources/sinks even 
when transformed to smoothed forcing
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Smoother 

Filter with 
incremental analysis

Assessing Budgets: Unique strengths of ECCO

• Target = optimal estimation of entire ocean state over full 
(multidecadal) period via control adjustment 

• Dynamical consistency/property conservation *ENFORCED* 

• No spurious sources/sinks

Adapted from Stammer et al., 2016



Assessing Budgets: Challenges using reanalyses

Valdivieso et al., (2015), Balmaseda et al., (2015)
Ocean Reanalyses

Ocean heat 
gain

Ocean heat 
loss

Most ocean reanalyses 
show spuriously large 
surface energy imbalance 
(1993-2009 mean) 
inconsistent with 
observed ocean warming 
(< 1 Wm-2, Roemmich et al., 
2015) leading to large 
unphysical heat removal 
by the analysis increments                          ECCOV4



Assessing Budgets: Unique strengths of ECCO

Complete global 
diagnostics                  
+        
accompanying 
documentation         

supports 
accurate budget 
assessment 



Assessing Budgets: Unique strengths of ECCO

+ ECCO 
community 
tutorials!

https://ecco-v4-python-tutorial.readthedocs.io



•Momentum 
•Vorticity 
•Heat 
•Salt (freshwater) 
•Water mass volume 
•Steric Sea level 
•Sea ice volume 
•…

    

• Momentum/vorticity e.g., Wunsch 2011, Thomas et al., 2014, 
Sonnewald et al., 2019, Le Bras et al., 2019, Trossman et al., 2024 … 

• Sea ice e.g., Bigdeli et al., 2019, Schulz et al., 2025 

• Heat content e.g., Buckley et al., 2014, 2015, Tamsitt et al., 2016, 
Piecuch et al., 2017, Ponte & Piecuch 2018, Asbjørnsen et al., 2020, Tesdal & 
Haine 2020, Tesdal & Abernathy 2021 … 

• Salt/salinity/freshwater content e.g., Vinogradova & Ponte 
2013, Gao et al, 2014, Ponte & Vinogradova 2017, Tesdal & Haine 2020,                     
Verdy et al., 2023, Siddiqui et al., 2024 … 

• Sea level e.g., Piecuch & Ponte 2011, 2012, 2013, 2014 … 

• …

Detailed Budget Assessments in the ECCO Framework



How to assess budgets?
🏆 ECCO state estimates 🏆 

✓ Observationally constrained 
✓ Dynamically consistent 
✓ Complete global diagnostics available 
✓ Documentation & detailed tutorials available 
✓ A wealth of published applications available



#2 Heat Content

What 
processes 
drive Arctic 
Amplification? 

Example Applications
#1 Momentum/Vorticity

On what 
scales does 
Sverdrup 
balance hold?

#3 Sea ice volume

How can 
atmospheric 
warming drive sea 
ice growth?



Question 
answered in 

example 
number 1

Reference for 
example number 1

#1 
Testing scales 

of Sverdrup 
balance

Thomas et al., 2014
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Question 
answered in 

example 
number 1

Reference for 
example number 1

Thomas et al., 2014

raw (1°)

 smoothed (5°,9°)

 x-integrated transports

raw (1°)

 smoothed (5°,9°)

 Pointwise transports
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Sverdrup transport
error (%) = 100 x

Sverdrup balance      
holds (error < 30%) in 
subtropical interior only: 

(1) When integrating to 
mid-depth (below 
main thermocline, 
above deep 
transports) 

(2) At scales > 5° 

#1 
Testing scales 

of Sverdrup 
balance

Summary:



Question 
answered in 

example 
number 1

Reference for 
example number 1

Identifying 
dynamically 

distinct 
circulation 

regimes

Sonnewald et al., 
2019

Depth 
Coherent

Interior 
Flow

Quasi-
Sverdrupian

Interior, 
vertical

Interior, 
SO Nonlinear



#2 Heat Content

What 
processes 
drive Arctic 
Amplification? 

Example Applications



Asbjørnsen et al., 
2020

ECCOV4r3 trends 1993-2014

Mean AW pathways 
through the Barents Sea

#2 
Exploring       

mechanisms 
of Arctic 

Amplification



Asbjørnsen et al., 
2020
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#2 
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mechanisms 
of Arctic 

Amplification

Summary: Ongoing 
Atlantification is 
complex! Underlying 
mechanisms vary in 
space and time



#3 Sea ice volume

How can 
atmospheric 
warming drive sea 
ice growth?

Example Applications



Bigdeli et al., 2020

(a) counterintuitive sensitivity of ice volume to Tair

#3 
Exploring       
drivers of 

Arctic              
sea ice 

variability 

m/℃
More ice with warmingLess ice with warming



Bigdeli et al., 2020

(a) counterintuitive sensitivity of ice volume to Tair
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Exploring       
drivers of 

Arctic              
sea ice 

variability 

m/℃
More ice with warmingLess ice with warming

Sensitivity at 
earlier lead 
time?
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(a) counterintuitive sensitivity of ice volume to Tair
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Bigdeli et al., 2020

(a) counterintuitive sensitivity of ice volume to Tair
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Bigdeli et al., 2020

(a) counterintuitive sensitivity of ice volume to Tair

#3 
Exploring       
drivers of 

Arctic              
sea ice 

variability 

m/℃
More ice with warmingLess ice with warming



Bigdeli et al., 2020

(a) counterintuitive sensitivity of ice volume to Tair

#3 
Exploring       
drivers of 

Arctic              
sea ice 

variability 

More ice with warming

Sep-2005

m/℃

(b) Ice & snow thickness anomaly (WARM-CONTROL)

m

Lagged 
response to 
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Bigdeli et al., 2020

(a) counterintuitive sensitivity of ice volume to Tair

#3 
Exploring       
drivers of 

Arctic              
sea ice 

variability 

More ice with warming

Sep-2005 Dec-2005

m/℃

(b) Ice & snow thickness anomaly (WARM-CONTROL)

m

Lagged 
response to 
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Bigdeli et al., 2020

(a) counterintuitive sensitivity of ice volume to Tair

#3 
Exploring       
drivers of 

Arctic              
sea ice 

variability 

More ice with warming

Sep-2005 Dec-2005

m/℃

(b) Ice & snow thickness anomaly (WARM-CONTROL)

m

Lagged 
response to 
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Bigdeli et al., 2020

(a) counterintuitive sensitivity of ice volume to Tair

#3 
Exploring       
drivers of 

Arctic              
sea ice 

variability 

More ice with warming

Sep-2005 Dec-2005

m/℃

(b) Ice & snow thickness anomaly (WARM-CONTROL)

m
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Bigdeli et al., 2020

(c) System energy budget (WARM-CONTROL)

#3 
Exploring       
drivers of 

Arctic              
sea ice 

variability 

Energy gain 
due to 
applied T’>0 
over ice

Subsequent 
energy loss 
>>0 initial 
energy gain

Due to 
increased 
vertical heat 
flux through ice



Bigdeli et al., 2020

(d) Sea ice heat (equivalent ice volume) budget 
(WARM-CONTROL)

#3 
Exploring       
drivers of 

Arctic              
sea ice 

variability 



Bigdeli et al., 2020

(d) Δ thermal resistance (WARM-CONTROL) during 
period of significant sea ice loss in WARM

#3 
Exploring       
drivers of 

Arctic              
sea ice 

variability 
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Bigdeli et al., 2020

#3 
Exploring       
drivers of 

Arctic              
sea ice 

variability 

Summary: 

• Atmospheric warming can drive lagged sea ice 
growth via a snow-melt-conductivity feedback:


• Atmospheric warming melts snow (+ ice)


• Loss of snow layer —> reduced thermal 
buffering —> increased conductive heat 
loss —> ice growth 

• Increased thermal buffering from ice growth 
<< reduced thermal buffering from snow loss 
—> ice growth continues; +ve anomaly still 
detectable at end of melt season 


• TIMING: snow melt most impactful at end of 
melt season; preconditions ice growth through 
winter



Adjoint 
sensitivity 
expriment

Budget 
assessment

Forward 
perturbation 
experiments

Comprehensive mechanistic 
explanation of local & remote 

drivers of change

    Complementarity of tools in ECCO   
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Adjoint 
sensitivity 
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explanation of local & remote 

drivers of change

    Complementarity of tools in ECCO   

(

heat transport conv

Sfc heat flux 

heat content



SUMMARY

- Budgets analyses can provide a quantitative and 
mechanistic understanding ocean change 

- Key advantages of ECCO include the ability to: 
(1) perform meaningful budget analyses in a 

data-constrained framework  
(2) link local changes to local & remote drivers 

(via budgets + adjoint sensitivities) 

- Available ECCO diagnostics, documentation & 
tutorials can support your future analyses!



    

Thank You!
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OCEAN BUDGETS IN ECCO 
Part 2: Implementation

•Momentum 

•Heat  

• + hands on tutorial  
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RESIDUAL = RHS - LHS

Volume Budget Closure: See Ian & Andrew’s 
tutorial in                    Jupyter book 



Salt/Salinity Budget Closure: See tutorial at                    
https://ecco-v4-python-tutorial.readthedocs.io



And Chris Piecuch’s documentation & talk from 
ECCO 2019 Summer School

https://www.eccosummerschool.org/schedule-1



• Use diagnostics output on the native grid 

• These notes are for official ECCOV4r4 & 5 



ECCO Momentum 
Budgets



    MITgcm Momentum Budget: equations

https://mitgcm.readthedocs.io

From JMC yesterday, vector invariant momentum eq:
<latexit sha1_base64="S3xxQPWWs/+nL1awntc1DdRpdn0="></latexit>
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    MITgcm Momentum Budget: annotated call tree
. .

 .
. .

 .

ECCOV4r5ECCOV4r4
ASTE_R1



    MITgcm Momentum Budget: diagnostic output

Diagnostic Description (units) Units Location Dims

TOT[U,V]TEND [u,v] total Eulerian tendency  ms-1day-1 [u,v] [nx,ny,nz]

[U,V]m_Advec [u,v] tendency from inertia + Coriolis  ms-2 [u,v] [nx,ny,nz]

[U,V]m_dPHd[X,Y] [u,v] tendency from hydrostatic pressure gradient  ms-2 [u,v] [nx,ny,nz]

[U,V]m_dPsd[x,y] [u,v] tendency from surface displacement ms-2 [u,v] [nx,ny]

[U,V]m_Diss [u,v] tendency from explicit dissipation  ms-2 [u,v] [nx,ny,nz]

[U,V]m_Impl [u,v] tendency from implicit dissipation (vertical)  ms-2 [u,v] [nx,ny,nz]

[U,V]m_Ext [u,v] tendency from external forcing (wind)  ms-2 [u,v] [nx,ny,nz]

AB_g[U,V] [u,v] tendency from Adams-Bashforth timestepping  ms-2 [u,v] [nx,ny,nz]
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+Vm Diss(i,j,k) + Vm Impl(i,j,k) + Vm Ext(i,j,k) + AB gV(i,j,k)
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86400
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TOTUTEND(i,j,k)

86400
= Um Advec(i,j,k)+Um dPHdx(i,j,k) + Um dPsdx(i,j)
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+Um Diss(i,j,k) + Um Impl(i,j,k) + Um Ext(i,j,k) + AB gU(i,j,k)

for ASTE_R1 and ECCOV4r4. NB not true U/V, strictly X/Y-dir velocity



    MITgcm Momentum Budget: explicit vs implicit

Extrapolate forward
<latexit sha1_base64="/I9QIbgnZLlEbHr5lHRdHrjfC1E="></latexit>→→ adams bashforth2
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forward step
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do k = 1,Nr
<latexit sha1_base64="qzPz609nGnUL8H8p5M/mWsH/XA8="></latexit>→→ calc phi hyd

<latexit sha1_base64="MT8xo6CUmZkDfK7qwIe+Kys5FP4="></latexit>→→ mom vecinv

<latexit sha1_base64="/w18533XAeW4TO1/W+KPi7030Wo="></latexit>→→ timestep
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ENDDO

<latexit sha1_base64="LXMhLCOIxk6tO/hG+tx4vpCnUYI="></latexit>→→ calc grad phi hyd

Solve elliptic eq for p and update free surface displacement

velocity correction to remove divergence

<latexit sha1_base64="mWEwdo+ZFFyDj4Lv67GzChsWd9s="></latexit>→→ solve for pressure
<latexit sha1_base64="hQkKgyKkTEbrQDBeaERbd18KLLk="></latexit>→→ momentum correction step
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CALL DIAGNOSTIC SCALE FILL (dPhiHydX,tmpFac,1,‘Um dPHdx’,k,1,2,bi,bj,myThid)

<latexit sha1_base64="hQ+LWC8w85F9xEnuFtTOa6uAc/A="></latexit>

CALL DIAGNOSTIC SCALE FILL (gU eta,‘Um dPsdx’,1,1,2,bi,bj,myThid)

Compute & apply forcing from implicit dissipation

Explicit sfc PGF, output = [phiSurfX, phiSurfY]

Hydrostatic PGF for level k, output = [dPhiHydX, dPhiHydY]

Compute remaining explicit tendencies (dissipation, Coriolis, inertia)

Compute remaining tendency from external forcing & accelerate flow

e.g., PGF diagnostics in  ASTE_R1



Diagnostic Description (units) Units Location

TOT[U,V]TEND [u,v] total Eulerian tendency  ms-2 [u,v]

[U,V]m_Advec [u,v] tendency from inertia + Coriolis  ms-2 [u,v]

[U,V]m_dPhi[X,Y] [u,v] tendency from pressure gradient (hydrostatic + surface)  ms-2 [u,v]

[U,V]m_Diss [u,v] tendency from explicit dissipation  ms-2 [u,v]

[U,V]m_ImplD [u,v] tendency from implicit dissipation (=vertical)  ms-2 [u,v]

[U,V]m_Ext [u,v] tendency from external forcing (=wind)  ms-2 [u,v]

AB_g[U,V] [u,v] tendency from Adams-Bashforth timestepping  ms-2 [u,v]

    

for ECCOV4r5. NB not true U/V, strictly X/Y-dir velocity on tiles

MITgcm Momentum Budget: diagnostic output

<latexit sha1_base64="Uklo+2t7tnOll4qNGoLGHwC7y2Q="></latexit>

+Um Diss(i,j,k) + Um ImplD(i,j,k) + Um Ext(i,j,k) + AB gU(i,j,k)

<latexit sha1_base64="iSrqtEoCFwQpRE4SnxPxfArFNlM="></latexit>

TOTUTEND(i,j,k) = Um Advec(i,j,k) + Um dPhiX(i,j,k)

<latexit sha1_base64="xJ62JbK9EoUXH7eeW/9x0iYr/5E="></latexit>

TOTVTEND(i,j,k) = Vm Advec(i,j,k) + Vm dPhiY(i,j,k)
<latexit sha1_base64="GssgvdDP/MreeQE60ZLCPpKSW+Q="></latexit>

+Vm Diss(i,j,k) + Vm ImplD(i,j,k) + Vm Ext(i,j,k) + AB gV(i,j,k)



Diagnostic Description (units) Units Location

TOT[U,V]TEND [u,v] total Eulerian tendency  ms-2 [u,v]

[U,V]m_Advec [u,v] tendency from inertia + Coriolis  ms-2 [u,v]

[U,V]m_dPhi[X,Y] [u,v] tendency from pressure gradient (hydrostatic + surface)  ms-2 [u,v]

[U,V]m_Diss [u,v] tendency from explicit dissipation  ms-2 [u,v]

[U,V]m_ImplD [u,v] tendency from implicit dissipation (=vertical)  ms-2 [u,v]

[U,V]m_Ext [u,v] tendency from external forcing (=wind)  ms-2 [u,v]

AB_g[U,V] [u,v] tendency from Adams-Bashforth timestepping  ms-2 [u,v]

    

for ECCOV4r5. NB not true U/V, strictly X/Y-dir velocity on tiles

MITgcm Momentum Budget: diagnostic output

To avoid distraction sometimes helps to: 

 - combine TOT[U,V]TEND and AB_g[U,V] 

 - combine [U,V]m_ImplD and [U,V]m_Diss  



Example: 
ECCOV4r5  
u-mom 
tendencies                        
(RHS terms, 
ms-2)                  
at z=5m on 
02/15/1992         

    ECCCOV4r5 Momentum Budget Closure



    ECCCOV4r5 Momentum Budget Closure

<latexit sha1_base64="Z9uXOewOd7Pw0kmgWCI0ngXd+w0="></latexit>∑
=

<latexit sha1_base64="JVq/E7fwjfBUPKvMV2+WOOdW+M4="></latexit>∑
RHS terms



    ECCCOV4r5 Momentum Budget Closure

-

<latexit sha1_base64="JVq/E7fwjfBUPKvMV2+WOOdW+M4="></latexit>∑
RHS termsTOTUTEND

RESIDUAL

=
Momentum 
budget closure 
at every grid cell 
at all times



    Momentum Budget Diagnostic Output - Extra terms

(Analogous decomposition for Vm_Advec)

<latexit sha1_base64="YlZmbjXIpZNNJhJmEPum+7Q6nGQ="></latexit>

Um Advec(i,j,k) = Um Cori(i,j,k)
<latexit sha1_base64="dLcIcsQY2MURnw0vbIqugrcD3iU="></latexit>

+Um AdvZ3(i,j,k) + Um AdvRe(i,j,k) + Um dKEdx(i,j,k)

Diagnostic Description (units) Units Location Dims

[U,V]m_Cori [u,v] tendency from Coriolis  ms-2 [u,v] [nx,ny,nz]

[U,V]m_AdvRe [u,v] tendency from vertical shears  ms-2 [u,v] [nx,ny,nz]

[U,V]m_AdvZ3 [u,v] tendency from “nonlinear Coriolis”  ms-2 [u,v] [nx,ny,nz]

[U,V]m_dKEd[x,y] [u,v] tendency from KE gradient ms-2 [u,v] [nx,ny,nz]

<latexit sha1_base64="cc+wBEPqWf2e9R9zOyODd11VC70="></latexit>

[ω3v,→ω3u]

<latexit sha1_base64="bs0P+JKttv50N54NC3nSz81D3Wk="></latexit>

[→ω2w, ω1w]

for ASTE_R1, ECCOV4r4, ECCOV4r5. NB not true U/V, strictly X/Y-dir velocity

<latexit sha1_base64="714bivn+zH7FVzfQZPPz601sYrE="></latexit>

[→ωKE/ωx,→ωKE/ωy]



    Momentum Budget Diagnostic Output - Extra terms

Diagnostic Description (units) Units Location Dims

[U,V]m_Diss2 [u,v] tendency from laplacian viscosity  ms-2 [u,v] [nx,ny,nz]

[U,V]m_Diss4 [u,v] tendency from biharmonic viscosity  ms-2 [u,v] [nx,ny,nz]

[U,V]m_SidDrag [u,v] tendency from side drag  ms-2 [u,v] [nx,ny,nz]

[U,V]m_BotDrag [u,v] tendency from bottom drag ms-2 [u,v] [nx,ny,nz]

[U,V]m_ShIDrag [u,v] tendency from shelf ice drag  ms-2 [u,v] [nx,ny,nz]

<latexit sha1_base64="vLwHNoEVBE0rfpWlUCgJHbXt4hI="></latexit>

Um Diss(i,j,k) = Um Diss2(i,j,k) + Um Diss4(i,j,k)
<latexit sha1_base64="3lxtbnnCHM6xM9i1PBkhAeIeWeE="></latexit>

+UBotDrag(i,j,k) + USidDrag(i,j,k) + UShIDrag(i,j,k)

(Analogous decomposition for Vm_Diss)

for ASTE_R1, ECCOV4r4, ECCOV4r5. NB not true U/V, strictly X/Y-dir velocity



    Momentum Budget Diagnostic Output - Extra terms

(a) (b)

(c) (d)

(e) (f)



Vorticity Budgets: See Ian & Andrew’s 
tutorial in                     Jupyter book 



ECCO Heat Budget 
Tutorial



MITgcm Heat Budget

Rescaled height coordinate:
<latexit sha1_base64="RmY121p8k06InFeSJEYIaBBGW6A="></latexit>

z
→ =

z → ω(x, y, t)

H(x, y) + ω(x, y, t)
H(x, y)

Scale factor:
<latexit sha1_base64="D8PR2Gx8LbvILKLFC2x8J8/gNrI="></latexit>

s
→(x, y, k, t) = 1 +

ω(x, y, t)

H(x, y)

<latexit sha1_base64="62ObSaRPg8jmdanWiuwpBE0f9/M="></latexit> {<latexit sha1_base64="62ObSaRPg8jmdanWiuwpBE0f9/M="></latexit> { <latexit sha1_base64="62ObSaRPg8jmdanWiuwpBE0f9/M="></latexit> {<latexit sha1_base64="62ObSaRPg8jmdanWiuwpBE0f9/M="></latexit> {

<latexit sha1_base64="jLVS4gB9QGqw0NS1kkkTAmqwLeE="></latexit>

Gω
total tendency

<latexit sha1_base64="aX6BZ2qkMgZbXWq4VXNg10Rw/Fk="></latexit>

Gω
advection

<latexit sha1_base64="eKLfdEGIM4J4uBObSfY6eLsbyNI="></latexit>

Gω
di!usion

<latexit sha1_base64="VZTuCRIvIMbd0Pjfm8LNyR2DR/E="></latexit>

Gω
forcing

<latexit sha1_base64="SJvzY3zApi25n+/uBm/FnCaWB2g="></latexit>

ω(s→ε)

ωt
= →↑z→(s→εvres)→

ω(εwres)

ωz→
→ s→(↑ · Fω

di!) + s→F ω
sfc



  

Diagnostic Time Description (units) Units

ETAN Snapshot Surface height anomaly m

THETA Snapshot Potential temperature ℃

TFLUX Average Total heat flux Wm-2

oceQsw Average Net shortwave radiation Wm-2

ADVx_TH Average X-dir advective flux of pot. temp. ℃ m3s-1

ADVy_TH Average Y-dir advective flux of pot. temp. ℃ m3s-1

ADVr_TH Average Vertical advective flux of pot. temp. ℃ m3s-1

DFrI_TH Average Implicit vertical diffusive flux of pot. temp. ℃ m3s-1

DFrE_TH Average Explicit vertical diffusive flux of pot. temp. ℃ m3s-1

DFxE_TH Average Explicit X-dir diffusive flux of pot. temp. ℃ m3s-1

DFyE_TH Average Explicit Y-dir diffusive flux of pot. temp. ℃ m3s-1

MITgcm Heat Budget Diagnostics



Diagnostics required for   MITgcm Heat Tendency Terms



Diagnostics required for   MITgcm Heat Tendency Terms

<latexit sha1_base64="sApQvriatEyihQ8PdaJr7EPRM2M="></latexit>

t = t2
<latexit sha1_base64="V6bB94BEDnvrUvC3oOXZIi24gKg="></latexit>

t = t3

<latexit sha1_base64="uEf/PBXjaMT0Jh9r7b+o7ksolnQ="></latexit>

${varname}.${ITERt2}.data
<latexit sha1_base64="+g1AdclJ/EJKB9tIx+bvf+AKbuE="></latexit>

${varname}.${ITERt3}.data
<latexit sha1_base64="Ut3UcBXDHglL5n/0vRA2qwMuHPQ="></latexit>

${varname}.${ITERt3}.data

<latexit sha1_base64="rrwfAAW/kPD/yjfubBE/xN5khm8="></latexit>

snapshot files:
<latexit sha1_base64="xmdU24y48oBtIyHdxQOkLMHDnm4="></latexit>

monthly mean files written at end of averaging period:



Diagnostics required for   MITgcm Heat Tendency Terms



    

Revisit Cunningham et al., 2014 heat budget 
calculation in the North Atlantic    

(b) Ocean heat content (EN3)

(c) Ocean heat transport convergence

(d) Air-Sea heat flux (ERA-Interim)

(d) RESIDUAL (b-c-d)

(a) 

• Obtain closed budget

Objectives

• Diagnose V4r5 OHC’

•  Determine driver of 
cold anomaly


