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The Arctic Mediterranean
• Key gateways: The Greenland-Scotland Ridge, Bering Strait, Davis Strait.

• Long-term measurements since 1992.

Østerhus et al. [2019] 



Accumulation of heat in the Arctic Mediterranean  

• Accumulation of heat during 2000-2015 is at rate of ~10 TW [Mayer et 
al., 2016].

• Increased temperature transport in the Iceland-Faroe branch [Hansen 
et al., 2015] and NIIC [Jónsson and Valdimarsson, 2012]. 

Fig. Energy accumulation north of 70˚N [Mayer et al., 2016].



Challenge and approach

• Challenge

• Mass needs to be conserved to estimate ocean heat transport 
[Schauer and Beszczynska-Moller 2009].

• Approach

• Consider Arctic Mediterranean as a closed box.

• Apply box inverse model to constrain mass conservation.

Little is known about temporal variability, or even long-term mean 
of the ocean heat transport.



Objectives of this study

• To quantify robust time mean and temporal variability of the ocean 
heat transport.

Focus period is from January 1993 to April 2017
(24 years).



Data
• Initial guess for the inverse model

• Published volume transport time series.

• PIOMAS sea ice thickness & velocity data [Zhang and Rothrock, 2003].

• CORE II surface FW input with a repeat seasonal cycle [Large and Yeager, 2009].

• Calculation for the heat transport

• Published temperature transport time series.

• Observed temperature time series by moored instruments.

• Annual mean temperature based on ICES report [González-Pola et al., 2018].



• NIIC: 0.9±0.1 Sv,
   Jónsson and Valdimarsson [2012].
• IFR: 3.8±0.5 Sv,
   Hansen et al. [2015].
• FSC: 2.7±0.5 Sv,
   Berx et al. [2013].
• ES: 0.6±0.4 Sv,
   Østerhus et al. [2019].

Inverse model initialisation: Ocean volume transports

AW: +8.0±0.8 Sv

B. Hansen et al [2008, ASOF book] 

NIIC IFR FSC ES

• 11 branches are assigned to infer the  
ocean circulation.

Mean ± uncertainty



AW: +8.0±0.8 Sv

B. Hansen et al [2008, ASOF book] 

DS

FBC WTR
• Denmark Strait: -3.0±0.5 Sv,
   Jochumsen et al. [2017].
• FBC: -2.2±0.2 Sv,
   Hansen et al. [2016].
• WTR: -0.2±0.1 Sv,
   Sherwin et al. [2008].

OW: -5.4±0.5 Sv

Inverse model initialisation: Ocean volume transports

• 11 branches are assigned to infer the  
ocean circulation.

Mean ± uncertainty



B. Hansen et al [2008, ASOF book] 

Bering
Strait

Davis Strait west EGCshelf

• Bering Strait: +1.0±0.1 Sv,
   Woodgate [2018].
• Davis Strait west: -3.1±0.6 Sv,
   Curry et al. [2014].
• Davis Strait east: +1.2±0.3 Sv,
   Curry et al. [2014].
• EGCshelf: -1.8±1.0 Sv,
   de Steur et al. [2017].

PW: -2.9±1.2 Sv

AW: +8.0±0.8 Sv
OW: -5.4±0.5 Sv

Inverse model initialisation: Ocean volume transports

Davis Strait east

• 11 branches are assigned to infer the  
ocean circulation.

Mean ± uncertainty



Dealing with data gap
• Short data gaps (< 3 months) are filled by linear interpolation.

• Long data gaps (> 3 months) are filled by its mean annual cycle.
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Fig. NIIC volume transport. Original in black, filled in red.  



Inverse model setting: constraints, unknowns, uncertainties

• 4 constraints.

• Mass constraints: 3 layers and full depth.

• 25 unknowns.

• Horizontal vel. (11),  Diapycnal vel.(2), Sea ice (11), Surface FW flux (1).

• Uncertainties on horizontal velocity are set based on published 
estimates. When there is no observation, we set 2 times higher 
uncertainty. 



Vj:  inverted volume transport for branch j.

• We use published temperature transport time series for NIIC, IFR, 
Davis Strait west, Davis Strait east, Bering Strait.

• We use annual mean temperature (González-Pola et al., 2018) 
with repeat seasonal cycle (Hátún et al., 2004) for FSC, ES. 

• We use observed bottom temperature for Denmark Strait, FBC.

• We use constant temperature for WTR, EGCshelf. 

Ocean heat transport calculation

: transport weighted potential temperature for branch j.

For
: reference temperature set as 0˚C.



Be strict: temperature transport, heat transport.

• We refer temperature transport (W-eq) when the estimate is sensitive 
to choice of reference temperature, followed by Talley [2003].

• We only refer heat transport (W) when the estimate is 
independent from choice of reference temperature.

• See detail for Hall and Bryden [1982], Wijffels et al. [1992], Wijffels 
[2001], Ganachaud and Wunsch [2003], Schauer and Beszczynska-
Möller [2009].



Results 
Volume & heat transport variabilities in 1993-2016



Where does inverse modification happen?

• Initial imbalances is -0.1±1.2 Sv (ave ± std).

• PW (0.0±0.7 Sv) accounts for most of inverse modification (0.1±1.2 Sv).

Fig. Inverse modification on volume transport, split into different water masses.

Ave ± std.



• Continuous mass-closed transports.

• Seasonality in PW and AW.

• In good agreement with Østerhus et al. [2019].

(Sv) Mean ± std

PW -2.7±0.8

AW +8.1±1.0

OW -5.5±0.5

Volume transports during 1993-2016

Fig. Mass closed volume transport time series in different water masses.



Fig. Ocean heat transport time series.

Ocean heat transports during 1993-2016
• The ocean heat transport is 312±54 TW (ave ± std).

• Seasonality: 258 TW in AMJ, 372TW in OND.



Fig. Ocean heat transport time series with 61 months Hanning filter.

Ocean heat transports during 1993-2016
• The ocean heat transport is 312±54 TW (ave ± std).

• Seasonality: 258 TW in AMJ, 372TW in OND.

• Long-term change: Increase of ~20TW around 2000.



Shift in the ocean heat transport around 2000

• Extra 22 TW heat transport in 2000-2016 reference to 1993-1999.

• The change originates from AW.

Fig. Heat transport change with 61 months Hanning filter, reference to Jan. 1997.



Decomposition of the AW temperature transport

• Initially from FSC branch, then some contributions from NIIC and IFR 
branch.

Fig. Heat transport change split into different AW branches, reference to Jan. 1997.



Dominant causes of the ocean heat transport variability

• Both increased volume transport and increased temperature 
contribute to the change.

Fig. Decomposition of the heat transport change, reference to Jan. 1997.



Its role on heat content change 
• The additional 22 TW heat transport is 2 times larger than the 

accumulation of heat during 2000-2015 [Mayer et al., 2016].

• Ocean heat transport may have played a major role on heat 
accumulation in the Arctic Mediterranean since 2000.

Fig. Energy accumulation north of 70˚N [Mayer et al., 2016].



Summary
• This study quantifies time variability of the ocean circulation and 

heat transports using the box inverse model.

• Continuous mass-closed volume transport time series during 
1993-2016.

• The ocean heat transport is 312±54 TW (ave ± std).

• Additional 22 TW heat transport in 2000-2016 reference to 
1993-1999.

• The additional heat transport is caused by increased temperature 
and volume transports in AW.
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by Michio Hoshino

Thank you for your attention.
Any questions?


