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                    Abstract

This study quantifies diapycnal mixing and vertical heat transfer in the Pacific side of the Arctic Ocean, where sea-ice cover has disappeared between July and September in the last few decades. We conducted microstructure measurements in the open water region around the Canada Basin from late summer to fall in 2009 and 2010 using R/V Mirai. In the study domain, the dissipation rate of turbulent kinetic energy, ε, is typically as low level as O(10−10) W kg−1, resulting in vertical heat diffusivity of O(10−7) m2 s−1, which is close to the molecular diffusivity of heat, suggesting comparatively little predominance of mechanical turbulent mixing. An exception is the case at the Barrow Canyon, where the strong baroclinic throughflow generates substantial vertical mixing, producing ε > O(10−7) W kg−1, because of the shear flow instability. Meanwhile, in the confluence region, where the warm/salty Pacific water and the cold/fresh Arctic basin water encounter, the micro-temperature profiles revealed a localized enhancement in vertical diffusivity of heat, reaching O(10−5) m2 s−1 or greater. In this region, an intrusion of warm Pacific water creates a horizontally interleaved structure, where the double-diffusive mixing facilitates vertical heat transfer between the intruding Pacific water and the surrounding basin waters.



                    
    


                    
                        
                            
                                
                                    
                                        
                                    
                                    
                                        This is a preview of subscription content, log in via an institution
                                    
                                    
                                        
                                     to check access.
                                

                            

                        

                        
                            
                                
                                    Access this article

                                    
                                        
                                            
                                                
                                                    Log in via an institution
                                                    
                                                        
                                                    
                                                
                                            

                                        
                                    
                                    
                                        
 
 
  
   
    
     
     
      Buy article PDF USD 39.95
     

    

    Price excludes VAT (USA)

     Tax calculation will be finalised during checkout.

    Instant access to the full article PDF.

   

  

  
 

 
  
   
    Rent this article via DeepDyve
     
      
     

   

  

  
 


                                    

                                    
                                        Institutional subscriptions
                                            
                                                
                                            
                                        

                                    

                                

                            
                        

                        
                            Fig. 1[image: ]


Fig. 2[image: ]


Fig. 3[image: ]


Fig. 4[image: ]


Fig. 5[image: ]


Fig. 6[image: ]


Fig. 7[image: ]



                        

                    

                    
                        
                    


                    
                        
                            
                                
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Turbulent mixing in the upper ocean of the northwestern Weddell Sea, Antarctica
                                        
                                    

                                    
                                        Article
                                        
                                         15 March 2016
                                    

                                

                                Guijun Guo, Jiuxin Shi & Yutian Jiao

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Vertical eddy diffusivity in the subsurface pycnocline across the Pacific
                                        
                                    

                                    
                                        Article
                                         Open access
                                         09 January 2021
                                    

                                

                                S. Itoh, H. Kaneko, … I. Yasuda

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        The cruise observation of turbulent mixing in the upwelling region east of Hainan Island in the summer of 2012
                                        
                                    

                                    
                                        Article
                                        
                                         26 September 2018
                                    

                                

                                Mingming Li, Lingling Xie, … Junyi Li

                            
                        

                    
                

            
        
            
        
    
                            
                        
                    

                    

                    

                    References
	Comiso JC, Perkinson CL, Gerstern R, Stock L (2008) Accelerated decline in the Arctic Sea ice cover. Geophys Res Lett 35:L01703

                    Google Scholar 
                

	D’Asaro ED, Morison JH (1992) Internal waves and mixing in the Arctic Ocean. Deep-Sea Res 39(2):459–484
Article 
    
                    Google Scholar 
                

	Gargett AE (1988) Vertical eddy diffusivity in the ocean interior. J Mar Res 42:359–393
Article 
    
                    Google Scholar 
                

	Gregg M (1987) Diapycnal mixing in the thermocline: a review. J Geophys Res 92(C5):5249–5286
Article 
    
                    Google Scholar 
                

	Inoue R, Yamazaki H, Wolk F, Kono T, Yoshida J (2007) An estimation of buoyancy flux for a mixture of turbulence and double diffusion. J Phys Oceanogr 37(3):611–624
Article 
    
                    Google Scholar 
                

	Itoh M (2010), R/V Mirai Cruise Report MR10-05, JAMSTEC

	Itoh M, Nishino S, Kawaguchi Y, Kikuchi T (2013) Barrow Canyon fluxes of volume, heat and freshwater revealed by mooring observations. J Geophys Res 118(9):4363–4379. doi:10.1002/jgrc.20290
                
Article 
    
                    Google Scholar 
                

	Kämpf J (2010) Advanced ocean modelling. Springer, Berlin Heidelberg, p 181
Book 
    
                    Google Scholar 
                

	Kawaguchi Y, Itoh M, Nishino S (2012) Detailed survey of a large baroclinic eddy with extremely high temperatures in Canada Basin. Deep Sea Res 66:90–102
Article 
    
                    Google Scholar 
                

	Kelley D (1984) Effective diffusivities within oceanic thermohaline staircases. J Geophys Res 89(C6):10484–10488. doi:10.1029/JC089iC06p10484
                
Article 
    
                    Google Scholar 
                

	Kikuchi T (2009) R/V Mirai Cruise Report MR09-03, JAMSTEC

	Levine MD, Paulson CA, Morison JH (1985) Internal waves in the Arctic Ocean: comparison with lower-latitude observations. J Phys Oceanogr 15:800–809
Article 
    
                    Google Scholar 
                

	McPhee M (2013) Intensification of geostrophic currents in the Canada basin, Arctic Ocean. J Climate. doi:10.1175/JCLI-D-12-00289.1
                

                    Google Scholar 
                

	Mori K, Uehara K, Kameda T, Kakehi S (2008) Direct measurements of dissipation rate of turbulent kinetic energy of North Pacific subtropical mode water. Geophys Res Lett 35(L05601):2007G. doi:10.1029/L032867
                

                    Google Scholar 
                

	Noguchi T, Niino H (2010) Multi-layered diffusive convection. Part I. Spontaneous layer formation. J Fluid Mech 651:443–464
Article 
    
                    Google Scholar 
                

	Okkonen SR, Ashjian CJ, Campbell RG, Maslowski W, Clement-Kinney JC, Potter R (2009) Intrusion of warm Bering/Chukchi waters onto the shelf in the western Beaufort Sea. J Geophys Res 114:C00A11

                    Google Scholar 
                

	Osborn TR (1980) Estimates of the local rate of vertical diffusion from dissipation measurements. J Phys Oceanogr 10:83–89
Article 
    
                    Google Scholar 
                

	Osborn TR, Cox CS (1972) Oceanic fine structure. Geophys Res Fluid Dyn 3:321–345
Article 
    
                    Google Scholar 
                

	Padman L, Dillon TM (1987) Vertical heat fluxes through the Beaufort Sea thermohaline staircase. J Geophys Res 92(C10):10799–10806
Article 
    
                    Google Scholar 
                

	Polyakov IV, Pnyushkov AV, Rember RD, Ivanov VV, Lenn Y-D, Padman L, Carmack E (2011) Mooring-based observations of double-diffusive staircases over the Laptev Sea slope. J Phys Oceanogr 42:95–109
Article 
    
                    Google Scholar 
                

	Rainville L, Winsor P (2008) Mixing across the Arctic Ocean: microstructure observations during the Berigia 2005 expedition. Geophys Res Lett 35:L08606

                    Google Scholar 
                

	Rainville L, Woodgate RA (2009) Observations of internal wave generation in the seasonally ice-free Arctic. Geophys Res Lett 36:L23604
Article 
    
                    Google Scholar 
                

	Rainville L, Lee CM, Woodgate RA (2011) Impact of wind-driven mixing in the Arctic Ocean. Oceanography 24(3):136–145
Article 
    
                    Google Scholar 
                

	Ruddick BR (1983) A practical indicator of the stability of the water column to double diffusive activity. Deep Sea Res 30:1105–1107
Article 
    
                    Google Scholar 
                

	Ruddick BR, Turner JS (1979) The vertical length scale of double-diffusive intrusions. Deep Sea Res 26A:903–913
Article 
    
                    Google Scholar 
                

	Shaw WJ, Stanton TP, McPhee MG, Morison JH, Martinson DG (2009) Role of the upper ocean in the energy budget of Arctic sea ice during SHEBA. J Geophys Res 114:C06012. doi:10.1029/2008JC004991
                

                    Google Scholar 
                

	Shimada K, Carmack E, Hatakeyama K, Takizawa T (2001) Varieties of shallow temperature maximum water in the western Canada Basin of the Arctic Ocean. Geophys Res Lett 28(18):3441–3444
Article 
    
                    Google Scholar 
                

	Sirevaag A, Fer I (2012) Vertical heat transfer in the Arctic Ocean: the role of double-diffusive mixing. J Geophys Res 117:C07010

                    Google Scholar 
                

	Steele M, Morison J, Ermold W, Rigor I, Ortmeyer M, Shimada K (2004) Circulation of summer Pacific halocline water in the Arctic Ocean. J Geophys Res 109:C02027. doi:10.1029/2003JC002009
                

                    Google Scholar 
                

	Stroeve J, Holland MM, Meier W, Scambos T, Serreze M (2007) Arctic sea ice decline: faster than forecast. Geophys Res Lett 34:L09501

                    Google Scholar 
                

	Thorpe SA (2005) The turbulent ocean. Cambridge Univ. Press, Cambridge
Book 
    
                    Google Scholar 
                

	Timmermans M-L, Toole J, Krishfield R, Winsor P (2008) Ice-tethered profiler observations of double diffusion in Canada Basin. J Geophys Res 113:C00A02

                    Google Scholar 
                

	Turner JS (2010) The melting of ice in the Arctic Ocean: the influence of double-diffusive transport of heat from below. J Phys Oceanogr 249–256

	Wolk F, Yamazaki H, Seuront L, Lueck RG (2002) A new-free fall profiler for measuring biophysical microstructure. J Atmos Oceanic Technol 19:780–793
Article 
    
                    Google Scholar 
                

	Wüest A, Schmid M (2014) Transport and Mixing in Natural Waters, Eawag, Switzerland, http://www.eawag.ch/forschung/surf/teaching/trans_mix/index_EN. Accessed 1 Apr 2014

	Yamazaki H (1990) Stratified turbulence near a critical dissipation rate. J Phys Oceanogr 20:1396–1583

                    Google Scholar 
                


Download references




Acknowledgments
We wish to thank the captain, officers, and crew of the R/V Mirai, which was operated by Global Ocean Development, Inc. We also thank the staff of Marine Works Japan, Ltd. The authors are grateful to Dr. Steele of the University of Washington for his valuable comments that improved the clarity of the manuscript. We are also particularly grateful for the assistance given by Dr. Fujiwara of NIPR for his satellite data handling. We also appreciate the insightful and constructive comments from two anonymous reviewers and a handling editor of the Journal of Oceanography.


Author information
Authors and Affiliations
	Japan Agency for Marine-Earth Science and Technology, Yokosuka, Japan
Yusuke Kawaguchi, Takashi Kikuchi & Ryuichiro Inoue

	Applied Physics Laboratory, Polar Science Center, University of Washington, Seattle, WA, USA
Yusuke Kawaguchi


Authors	Yusuke KawaguchiView author publications
You can also search for this author in
                        PubMed Google Scholar



	Takashi KikuchiView author publications
You can also search for this author in
                        PubMed Google Scholar



	Ryuichiro InoueView author publications
You can also search for this author in
                        PubMed Google Scholar





Corresponding author
Correspondence to
                Yusuke Kawaguchi.


Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Kawaguchi, Y., Kikuchi, T. & Inoue, R. Vertical heat transfer based on direct microstructure measurements in the ice-free Pacific-side Arctic Ocean: the role and impact of the Pacific water intrusion.
                    J Oceanogr 70, 343–353 (2014). https://doi.org/10.1007/s10872-014-0234-8
Download citation
	Received: 04 November 2013

	Revised: 19 April 2014

	Accepted: 24 April 2014

	Published: 23 May 2014

	Issue Date: August 2014

	DOI: https://doi.org/10.1007/s10872-014-0234-8


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        


Keywords
	Arctic Ocean
	Microstructure measurements
	Double-diffusive interleaving
	Pacific water intrusion
	Diapycnal heat transfer








                    
                

            

            
                
                    

                    
                        
                            
    

                        

                    

                    
                        
                    


                    
                        
                            
                                
                            

                            
                                
                                    
                                        Access this article


                                        
                                            
                                                
                                                    
                                                        Log in via an institution
                                                        
                                                            
                                                        
                                                    
                                                

                                            
                                        

                                        
                                            
 
 
  
   
    
     
     
      Buy article PDF USD 39.95
     

    

    Price excludes VAT (USA)

     Tax calculation will be finalised during checkout.

    Instant access to the full article PDF.

   

  

  
 

 
  
   
    Rent this article via DeepDyve
     
      
     

   

  

  
 


                                        

                                        
                                            Institutional subscriptions
                                                
                                                    
                                                
                                            

                                        

                                    

                                
                            

                            
                                
    
        Advertisement

        
        

    






                            

                            

                            

                        

                    

                
            

        

    
    
    


    
        
            Search

            
                
                    
                        Search by keyword or author
                        
                            
                            
                                
                                    
                                
                                Search
                            
                        

                    

                
            

        

    



    
        Navigation

        	
                    
                        Find a journal
                    
                
	
                    
                        Publish with us
                    
                
	
                    
                        Track your research
                    
                


    


    
	
		
			
			
	
		
			
			
				Discover content

					Journals A-Z
	Books A-Z


			

			
			
				Publish with us

					Publish your research
	Open access publishing


			

			
			
				Products and services

					Our products
	Librarians
	Societies
	Partners and advertisers


			

			
			
				Our imprints

					Springer
	Nature Portfolio
	BMC
	Palgrave Macmillan
	Apress


			

			
		

	



		
		
		
	
		
				
						
						
							Your privacy choices/Manage cookies
						
					
	
						
							Your US state privacy rights
						
						
					
	
						
							Accessibility statement
						
						
					
	
						
							Terms and conditions
						
						
					
	
						
							Privacy policy
						
						
					
	
						
							Help and support
						
						
					


		
	
	
		
			
				
					
					3.82.145.95
				

				Not affiliated

			

		
	
	
		
			[image: Springer Nature]
		
	
	© 2024 Springer Nature




	






    