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Formation of seasonal upper-ocean stratification and its variability
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In the upper ocean from the surface to several hundred meters, there is a predominant seasonal
cycle of the vertical structure of the temperature and salinity, and thus the density stratification.
During the warming season, the upper-ocean seasonal stratification develops on the winter surface
mixed layer (ML) formed by convection due to surface cooling. Stabilizing the upper-ocean water
column, the seasonal stratification regulates the vertical exchange of water and, therefore, plays an
important role in the air-sea interaction during the warming season and also on the biogeochemical
processes of the upper ocean. Although the seasonality of the upper-ocean stratification is
ubiquitous from low to high latitudes in the global ocean, the characteristics such as the amplitude
of the seasonality and the depth range where the seasonality is evident are remarkably different
depending on the ocean region.

Historically, studies about the physical processes in the upper ocean have progressed mainly
focusing on the surface ML processes, because the thickness of the ML that provides the thermal
and mechanical temporary inertia with regard to oceanic direct response to the atmospheric forcing
is important for understanding ocean’s behavior. On the other hand, the formation of the seasonal
stratification under the thin summertime ML, including various physical processes, has been poorly
understood. Although some fundamental processes of the formation of the seasonal stratification
have been studied based on numerical models with the recently enhanced performances of
computers, its quantitative observational descriptions for comparison with the model studies have
been scarcely done, especially in the open ocean where the time series data with high vertical
resolution are hard to be obtained. For that reason, in the present dissertation, I addressed to
clarify the mechanism of the development of the seasonal stratification quantitatively from the
observational dataset (Chapter 2). Moreover, I also aimed to obtain a better understanding of the
roles of the upper-ocean stratification in the climate systems through investigating its long-term
change and interannual/decadal variability (Chapter 3 and 4).

In Chapter 2, through quantification of the strength of the seasonal stratification using the
Potential Energy Anomaly (PEA; required energy to make the density stratified water column
vertically homogeneous), I described the development of the stratification quantitatively with use of
the time-dependent equation of PEA. In the North Pacific, the PEAs computed from the
temperature and salinity profiles collected by the Argo floats show the regional differences in the
amplitude and phase of the development of the seasonal stratification. I performed the PEA budget
analysis to clarify which processes dominantly contribute to the development and how those
processes are balanced. As a result, I found that the seasonal stratification develops, in a large part
of the North Pacific, under a vertical one-dimensional balance between the creation by the
atmospheric buoyancy forcing and the destruction by the vertical mixing in the water column.
During the warming season when the vertical mixing is considered to be much weaker than the
cooling season, estimated vertical diffusivities indicate the occurrence of strong mixing in the

seasonal stratification, reaching the order of 10-4 m2 s—1, and show significant spatial and seasonal
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variability. On the other hand, the contribution from lateral process is significant in limited regions.
PEA advection and vertical shear of horizontal current contribute to the development of the
stratification in the Kuroshio Extension region and the region of the trade wind.

From the comparison of PEA budgets in two regions which have the similar total buoyancy gain
in the North Pacific, I demonstrated that spatial distribution of the “composition” of buoyancy
forcing, in addition to the “total magnitude”, is important for producing the regional difference in
the development of the seasonal stratification. In the case of the North Pacific, it the condition,
satisfied in its northern part, that both the penetrating component (shortwave radiation) and the
non-penetrating components (other buoyancy fluxes) contribute to the total buoyancy gain is more
favorable for the formation of more intense PEA, i.e. sharper, stratification.

In Chapter 3, I introduced the potential vorticity (PV) framework to understand the impact of
summertime preconditioning by the seasonal stratification on the development of the winter ML. I
first addressed the formalization for the estimation of the sea surface PV flux from the
observational dataset and then the description of its climatological features. To reduce estimation
bias, I revised the scaling laws with considerations of the penetration of the shortwave radiation at
the base of the ML and wind-driven mixing in the warming season. Newly estimated surface PV
flux was significantly improved, being more consistent with independently calculated variation in
the PV of ocean interior. In the annual mean field, I demonstrated well-known classical pictures of
air-sea PV exchange: PV gain (loss) occurs in low (high) latitude in both the North Pacific and the
North Atlantic. On the other hand, I also found that the balance between diabatic and mechanical
contribution to the net PV flux is different among the ocean regions: the mechanical term is more
significant in the North Pacific, and the diabatic term is dominant in the high-latitude region of the
North Atlantic.

The annual mean PV flux consists of summertime PV input and wintertime PV extraction. To
investigate which variability (summertime input or wintertime extraction) contributes to the
interannual variability in the annual mean PV flux, I computed their interannual variabilities
separately and compared them in each ocean region. As a result, I found that the interannual
variabilities in summertime PV forcing (input) are significantly larger than that of winter
(extraction) in the regions where the summertime atmospheric forcing has an impact as
preconditioning on the interannual variability in the winter ML depth.

In Chapter 4, I investigated globally the long-term change and variability in the upper-ocean
stratification defined here as the difference between the surface and subsurface density. To resolve
spatial patterns of the trends and superposed decadal variability, I used temperature and salinity
observations with as spatial and temporal coverage as wide as possible. As a result, strengthening
trends of the upper-ocean stratification associated with global warming were detected over most of
the global ocean, except for the Arctic Ocean. In the global average, the speed of strengthening is
0.0365 kg m3 decade!, corresponding to an increase of 6.6—11.8% of the mean stratification from

the 1960s. I also found that, in addition to the well-mentioned effect of surface intensification of the



Gl 5)

(NO. 5)
global warming signal, the subsurface temperature changes and haline stratification changes also
have significant impacts on the long-term changes in the upper-ocean stratification. In some ocean
regions, the decadal/interannual variabilities in the upper-ocean stratification associated with each
particular climate mode are detected: the time series indicate a positive correlation with the Nifio
3.4 index in the tropical Pacific, a negative lagged correlation with the North Atlantic Oscillation
(NAO) index in the North Atlantic, and correspondences with SST variations associated with the
Pacific Decadal Oscillation (PDO) in the North Pacific.

In the present dissertation, I described the seasonal cycle of the upper ocean from two different
perspectives with the use of newly introduced concepts. I applied the concept of PEA to the seasonal
stratification in the open ocean for the first time and shows its utility for quantitative analysis. The
methodology and results of the PEA budget analysis can be utilized for quantifying and
understanding the impacts of physical variability on the upper-ocean biogeochemical phenomena.
Moreover, the estimation of the surface PV flux improved in this study has the potential to be used
not only for the description of the upper-ocean seasonal cycle but also for understanding the
fundamental ocean dynamics. In the next decade, Biogeochemical Argo floats that have additional
biogeochemical property sensors will become widespread and thus will enable us to investigate the
physical-biogeochemical interaction with denser and broader spatiotemporal coverage. I believe
that the present results facilitate advances in understanding of not only the ocean’s thermal role in

the climate system but also its roles in ecological system and material cycle in the earth system.



Bl &
i LA O ROEE

@ﬁﬁ’%(ﬁ%ééﬁﬁ)‘_]\Jl/i’(@/ﬁ/%t‘i%@ X, FEEHNCIFE S A E T SRIE XTI LD
KR - Moy BEN —BRRIBE VRSN S d, BRESISIEIMENC X0 R AT oK T E <
A/ %ﬁ“&.ﬁﬁk@#ﬂ‘/ﬁiéﬂéo ZOFMMICHET DHAEEIE, SHE TN OWKZHREZHRL,
N REBENP AR LIEBHERAMAEDKEGBTZSREBREIZED TEOKE ZRT, BEHAIZBIT S

RAWHERAAERASLCAEMTEB O X EKR &L 25, EF, BEE T AWFEIC L0 Z=HkE KRB
THREBROBMMPERTH—H T, BANCESSEEREZTEAL TR Y, KIFEIE. FREK
JEDEHWRIEEA NN = AL EZBRNT — 200 EEMICHALNCT DI EaME L, TH O
ZEREBEOMAZEL T, MEREBRBORIEI AT ACBT2EHO#EMBEBEELZLDT
»5,

EWhEEAICERZREN:, BEERBLIEZKEZHE - HKICTHI0ICHLER XL —&
(Potential energy anomaly: PEA) 1‘%/\72 T U TIALRIEPERIICHEA L, PEA OFFRIRES
BAZEHT L CEHIEBOREZEICHDLIAYHEMBEOFF X EEMICTHE L, ZORE,
ALK D K 3 TfnbL&#i@ﬂE’JT&)é &, B/ B bk e SR B AL 7o vk TUEOKER
MOHFELEETHLI LR EZHOLNICT L, £, R~ OFETREL I LTV IZFHiK
O & A FRARBOREL, MMORMIERE L TR -MICEL, TORKER LML X
) 509 72 5l 2 ¥ 1 1S TZ){F]{L77/722:Lfﬁri<ﬁﬁ?5$/ﬁ%ﬁﬁibﬁo iz
L0, BEMKEZHNAFTREGBORZBIEELZ LI DMWMBROFEER LN LI, 61
FIAREEZ2 & COBN T — ¥ é”ﬂ%b‘f, 1960 AR O R 2 ERIL Ly REmHL, &
WAL OMEAT A PIfEIC R L, &<, BBEAENMEEIE S TREWD &I X 58 ik
2Nz, WEBEAKROEASLCESHEMEDEDOFERFEEZH SN ’Lf:o

LB, @& o EimsCiX, EHRFIEOMNIC XY, WEOILRIZI T 5 ZFHikE o %
EiafE s ZORFEM LR L, BT —XIcKox, 6ib&)f—é"ﬁfﬁ’]’%aftbf_%0)f AN D
BN L CHFRIEEh 21T O I B m BRI EFHes A5 2 k%/TL“CI/\E) L7z o T,
WA E RO EGwIOEL, Lt (%) OFMwmX e LTHK LR



	S1H313201



