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The global sea level budget
« The global mean sea level (GMSL) is an integral of changes occurring in the Earth’s climate system in 

response to unforced climate variability as well as natural and anthropogenic forcing factors e.g., net 
contribution of ocean warming (thermosteric effect), land ice mass loss, and changes in water storage in 

continental river basins. »

GMSL(t) = GMSL(t)steric + GMSL(t)ocean mass

~1/3 ~2/3

Main drivers of sea level change

Ablan et al., 2016
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• How is thermosteric sea level defined?
• How is thermosteric sea level linked to 

temperature changes integrated over the 
water column?

• How can thermostric sea level be estimated?



2

1 2 0

1

z 1 1h(z ,z ) = - *ρ dz
ρ(T,S,p) ρ(0,35,p)z

æ ö
ò ç ÷
è ø

The calculation of steric height between two depth layers h(z1,z2) involves a vertical integration of ocean density
ρ, which in turn can be estimated from temperature T and salinity S measurements, and the ocean pressure p
(ρ(T,S,p)):

where ρ0 is a reference density (Tomzcak and Godfrey, 1994). Steric height h(z1,z2) has the dimension of height
and is expressed in meters. 

At global scale, salinity is conserved, and changes in global steric sea level driven by the halosteric component 
can be neglegted. 

How is thermosteric sea level defined
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The calculation of steric height between two depth layers h(z1,z2) involves a vertical integration of ocean density
ρ, which in turn can be estimated from temperature T and salinity S measurements, and the ocean pressure p
(ρ(T,S,p)):

where ρ0 is a reference density (Tomzcak and Godfrey, 1994). Steric height h(z1,z2) has the dimension of height
and is expressed in meters. 

At global scale, salinity is conserved, and changes in global steric sea level driven by the halosteric component 
can be neglegted. 

This is different at regional scale, where the halosteric component can have an important impact on regional
steric sea level

How is thermosteric sea level defined
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The calculation of steric height between two depth layers h(z1,z2) involves a vertical integration of ocean density
ρ, which in turn can be estimated from temperature T and salinity S measurements, and the ocean pressure p
(ρ(T,S,p)):

where ρ0 is a reference density (Tomzcak and Godfrey, 1994). Steric height h(z1,z2) has the dimension of height
and is expressed in meters. 

At global scale, salinity is conserved, and changes in global steric sea level driven by the halosteric component 
can be neglegted. 

Consequently, global mean steric sea level change is predominantly driven by ocean temperature changes.

In practice, a mean salinity climatology is used for the density evaluation, and to thus obtain thermosteric driven
sea level change.

How is thermosteric sea level defined



Ocean heat content (OHC) anomaly is defined here as the deviation from a reference period and is closely
proportional to the average temperature change from depht layer z1 to depth layer z2 of the global ocean:

with a reference density of ρ0 = 1030 kgm-3, a specific heat capacity of  cp = 3980 J/kg°C, Tmth is the monthly
mean ocean temperaturen and Tclim the reference climatology. 

The units of OHC correspond to Jm-2. 

Link of ocean heat content and thermosteric sea level:

The total ocean heat content (OHC) can be computed from the global mean steric sea level (GMSSL) by the 
relation

OHC= GMSSL/𝜀

with 𝜀 being the uptake coefficient of the global ocean heat. Here we use for 𝜀 a value of 0.12m YJ−1 (Levitus et 
al. , 2005; Kuhlbrodt and Gregory, 2012; Melet and Meyssignac, 2015, Dieng et al., 2017).
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How is ocean heat content defined



INDIRECT ESTIMATE

Remote sensing Ocean in situ 
observing system

Remote sensing

GMSL(t) = GMSL(t)steric + GMSL(t)ocean mass

DIRECT ESTIMATE

The global ocean observing 
system for ocean 

temperature measurements

Data quality 
control

Statistically based 
gridded products

OCEAN REANALYSES

+

Different methods for thermosteric sea level and ocean heat content



The Global Ocean Observing System: check website for in-depth information: http://www.goosocean.org

The global ocean observing system



• Uses a liquid-in-metal thermometer to register temperature and a 
Bourdon tube sensor to measure pressure.

• Temperature readings are recorded by a mechanical stylus, which
scratches a thin line on a coated glass slide. 

Limitations to the MBT:
• restricted to depths less than 300 m. 
• can be used with the ship underway, (< 3 knots).
• Metal thermometers are also subject to permanent deformation and 

can alter the performance of the MBT (e.g. issue in the tropics)

The mechanical bathythermograph (MBT) 

Measurements of in situ ocean temperature



• An XBT is a small probe that is dropped over the side of a ship. 
• As it falls through the water, it measures temperature through a small wire, 

which sends temperate data back to the ship for recording
• Because the probe falls through the water at a known rate, the depth of the 

probe can be inferred from the time of launch. 
• Once all the wire is out, the wire breaks and the XBT is lost (hence

“expendable”): 400, 800 or 1500m
• Can be launched from ships moving up to 30 knots

Expendable Bathythermograph (XBT) - Introduced in 1966, replacement of MBT

Limitations:
• Instrument is lost after one use
• The probe is assumed to fall at a known and constant rate thus

making it possible to infer the depth from the time the probe hit 
the sea surface. However, this is known to introduce some error
in depth (approximately 20%).

Measurements of in situ ocean temperature



Expendable Bathythermograph (XBT)
Contemporary XBT network

Total number of XBT profiles per year and the 
number of these for which the type is unknown

Measurements of in situ ocean temperature

Abraham et al., 2013

Program: ships of opportunity



1985

Argo: the first global real time in-situ ocean observing system
>3000 profiling floats worldwide measuring temperature and salinity to 2000 m depth.

www.argo.ucsd.edu

Measurements of in situ ocean temperature
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International contributions to Argo

Ø A dozen countries are sustaining the global network.

Ø Another dozen takes care of regional gaps.

Ø Many others are supporting Argo.

The international Argo program

Measurements of in situ ocean temperature



1985

battery-powered 
autonomous floats

How does Argo works?

Measurements of in situ ocean temperature



Autonomous Pinniped Bathythermographs (APB)

http://www.meop.net/

Measurements of in situ ocean temperature



MOORING ARRAYS 

http://www.oceansites.org

Measurements of in situ ocean temperature



Conducivity-Temperature-Depth Sonde (CTD)

Measurements of in situ ocean temperature

• The CTD is often incorporated into an array of Niskin bottles referred to as 
a carousel or rosette. 

• The sampling bottles close at predefined depths, triggered either manually 
or by a computer, and the water samples may subsequently be analyzed 
further for biological and chemical parameters, and for calibration of the 
sonde

• The CTD may also be used for the calibration of sensors.



Conducivity-Temperature-Depth Sonde (CTD)

Measurements of in situ ocean temperature

• The CTD is often incorporated into an array of Niskin bottles referred to as 
a carousel or rosette. 

• The sampling bottles close at predefined depths, triggered either manually 
or by a computer, and the water samples may subsequently be analyzed 
further for biological and chemical parameters, and for calibration of the 
sonde

• The CTD may also be used for the calibration of sensors.

Vital for calibration, correction and validation of other 
components of the global observing system such as Argo



Ocean Station Data (OSD)

Measurements of in situ ocean temperature



Drifting Buoys (DRB); 

A drifter is an oceanographic device floating on the surface to investigate ocean 
currents and other parameters like temperature or salinity and are typically tracked
by satellite, often GPS. They are sometimes called Lagrangian drifters since the 
location of the measurements they make moves with the flow. See also the Global 
Drifter Program

http://www.aoml.noaa.gov

Measurements of in situ ocean temperature



Undulating Oceanographic Recorder (UOR) 

• Towed system, which is used to measure a variety of 
environmental data live in the top 200m of water, while the 
ship is cruising of up to 10kn.

Glider data (GLD);

• An ocean glider is an autonomous, unmanned underwater vehicle
• Gliders may be equipped with a wide variety of sensors to monitor 

temperature, salinity, currents, and other ocean conditions. 
• Ability to travel far distances over long periods, without servicing. 

Measurements of in situ ocean temperature



http://www.jcommops.org

The global ocean observing system: contemporary sampling
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The global ocean observing system: contemporary sampling



In situ
< 1960 2000

• Expendable Bathythermograph (XBT)
• Profiling Floats (PFL)
• Autonomous Pinniped

Bathythermographs (APB); 
• Mechanical Bathythermographs (MBT); 
• Ocean Station Data (OSD); 
• High Resolution CTD/XCTD (CTD); 
• Drifting Buoys (DRB); 
• Undulating Oceanographic Recorder 

(UOR); 
• Glider data (GLD); 
• Moored Buoys (MRB)

The global ocean observing system: change in sampling over time



In situ
< 1950 2000

1934

1960

1985

2009

Abraham et al., 2009

The global ocean observing system: change in sampling over time



In situ
< 1950 2000

1934

1960

1985

2009

Abraham et al., 2009

Era of historical measurements Argo era

The global ocean observing system: change in sampling over time



Cabanes et al., 2012

?

… several steps from the observations to the heat
content/steric sea level estimate….

The global ocean observing system: change in sampling over time



The global ocean observing system: Quality control

Data quality control – a fundamental basis for quality in research

Example of profile where part of the 
profile outside an accepted range

Example of profile which fall out of the 
automated quality controlled, but has been 
included again after visual quality check.

Three types of quality control
1. Automatic quality control procedures (real time (RT) data sets)
2. Semi-automatic quality control, including visual control/check (near-real time (NRT) data sets)
3. Longer tern and in-depth quality control (research level) (delayed mode products (DM))



The global ocean observing system: Quality control

Data quality control – a fundamental basis for quality in research

Example of profile where part of the 
profile outside an accepted range

Example of profile which fall out of the 
automated quality controlled, but has been 
included again after visual quality check.

Within each step of quality control, each data point will be flagged with a number. 
èWhen you download an un-gridded data set, you obtain ALL (good & bad) data

è It is of uppermost importance that only data which are flagged as ”good” should be used in your 
analysis !!!! (normally data flagged “1” and “2”, but table should be available at data centers)



Problem of detection: large coherent signal, difficult to 
detect with  regional quality control procedures

Significant effect on observed climate indicators 
(see also Barker et al., 2011)

Lymann et al., 2006

Global OHC (annual), 
0-750m, 1992-2005

Argo + other

Argo excluded Willis et al., 2008
Global OHC (annual)

all data
all data, no SOLO FSI

Argo, no SOLO FSI

no Argo

The global ocean observing system: quality control

Data quality control – a fundamental basis for quality in research



The global ocean observing system: Quality control

For the global ocean: A BIG JOB !

Two global data center:
NOAA, NODC (USA)
CORIOLIS, Ifremer (France)

But also several efforts by 
different research centers for 
additional quality control 
processes.

è Check also the GOOS, the GCOS (Global Climate Observing 
System) and the Argo websites for more regional organizations, 
and see presentation from Somkiat Khokiattiwong (DAY 1)



The global ocean observing system: data processing

Cabanes et al., 2012

Another essential step to move from the profile measurement to the 
ocean heat content and steric sea level estimate: statistical mapping



INDIRECT ESTIMATE

Remote sensing Ocean in situ 
observing system

Remote sensing

GMSL(t) = GMSL(t)steric + GMSL(t)ocean mass

DIRECT ESTIMATE

The global ocean observing 
system for ocean 

temperature measurements

Data quality 
control

Statistically based 
gridded products

OCEAN REANALYSES

+

Different methods for thermosteric sea level and ocean heat content



Global ocean reanalyses

Main objective



Global ocean reanalyses

Credits: S. Masina



Global ocean reanalyses – Validation frameworks

CMEMS multi-reanalysis ensemble product GREP based on ORCA025 
GLORYS/C-GLORS (CMCC)/GLOSEA5 (UKMO)/ORAS5 (ECMWF) 

Reanalysis product inter-comparison



Global ocean reanalyses

Validation through metrics approach



Global ocean reanalyses

Validation through metrics approach



Global ocean reanalyses

Main application
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The indirect estimate

Estimates of steric sea level and ocean heat content from remote sensing

Remote sensing Ocean in situ 
observing system

Remote sensing

GMSL(t) = GMSL(t)steric + GMSL(t)ocean mass



The indirect estimate

Estimates of steric sea level and ocean heat content from remote sensing

Remote sensing Ocean in situ 
observing system

Remote sensing

GMSL(t) = GMSL(t)steric + GMSL(t)ocean mass

Remote sensing data: processing steps: L1/L2 è L3 è L4 products



Data availability

REMINDER: Three types of quality control

RT

NRT

DM

Automatic quality control procedures (real time (RT) data 
sets)

Semi-automatic quality control, including visual 
control/check (near-real time (NRT) data sets)

Longer term and in-depth quality control (research level) 
(delayed mode products (DM))



Data availability

REMINDER: Three types of quality control

RT

NRT

DM

Advantage: data are available in real time, and deliver an ad-hoc view on the status of the 
marine environment, and are regularly up-dated
Disadvantage: Results need to be interpreted with caution as just automated quality control 
had been applied. Moreover, product often do not reach far back in time, and are not 
distributed on a regular grid

Advantage: Quality control of data is at higher level compared to the RT level, and information 
can be obtained close to the real time, and are regularly up-dated
Disadvantage: Although most correction on data have been applied, measurement biases can 
still exist. Moreover, product often do not reach far back in time, but can be used to extend DM 
products. Moreover, product often do not reach far back in time, and are not distributed on a 
regular grid

Advantage: Best available data quality, and products are mostly delivered on a regular grid. 
Moreover, scientific documentations are available 
Disadvantage: Data products often do not go close to real time, and are often not up-dated 
regularly. However, the latter is about to change through efforts of operational oceanography



Data availability

REMINDER: Three types of quality control

RT

NRT

DM

These type of data are mostly available at the global data 
centers or PI, or in operational services

The type of data are available through data centers (NOAA NODC, CORIOLIS), 
operational services and programs (CMEMS, C3S, ESA-CCI, NASA, …), and 
research projects/initiatives (NCAR Climate data guide; list of Argo products on their 
webpage; ESSD, ….)

These type of data are mostly available at the global data 
centers or PI, or in operational services



Data availability: An example of an operational service

The	Copernicus	Marine	Environment	Service	(CMEMS)	as	part	of	the	EU	Copernicus	program:	A	unique	catalogue	of		
observations,	reanalyses,	near-real-time	analyses	and	forecasts	of	the	blue,	white	and	green	ocean		~150	numerical	products

http://marine.copernicus.eu



Data availability

MULTI-YEAR
10	to	45	years

REAL-TIME
Daily,	hourly

FORECAST
2	to	10	days

ESSENTIAL MARINE VARIABLES
• Physics
• Sea-ice
• Waves
• Biogeochemistry

OBSERVATIONS	
In-situ	&	Satellites

NUMERICAL	MODELS &	
data	assimilation

Open	and	Free	access



Data availability

Sea level 
SST
Sea Ice
Sea Wind
Ocean Color

Currents (drifters)

T/S (profiles & gridded)

Waves (significant wave height from buoys)

BGC (Chl O2)

GLOBAL European regional seas

Sea level 
SST 
Sea Ice
Ocean Color

T/S (profiles & gridded)



Data availability

FOCUS & OBJECTIVES

• Altimetry era 1993-now
• High resolution (<5 km) models
• Optimal use of obs. network
• Consistency with RT analysis
• (DA) BIO coupled or forced by PHY
• Agreement on validation metrics
• Maximum consistency in between regions

1	PHY
1	BIO

2	PHY
1	BIO

1	PHY	
1	BIO

1	PHY
1	BIO

2	PHY
1	BIO

1	PHY
1	BIO

1	PHY
1	BIO

See strategy document	on	
marine.copernicus.eu



Data availability

COPERNICUS MARINE SERVICE 
OCEAN MONITORING INDICATORS

OCEAN HEAT CONTENT

SEA LEVEL 

SEA ICE

Global OHC
1993-2016

Reg. OHC
1993-2016

Reg. OHC
2016

Global SL
1993-2017 

Reg. SL
1993-2017

SIE Arctic
1993-2016

SIE Antarctic
1993-2016

SIE Arctic
1979-2016

VISUALISATION DOCUMENTATION DATA DISTRIBUTION



http://marine.copernicus.eu



http://marine.copernicus.eu

THANK YOU!



Practical exercise (Python notebook)

Global mean sea level from satellite altimetry Regional sea level trend over the period 1993-2017(MAY) 

from satellite altimetry



Practical exercise (Python notebook)

Calculate mean sea level: 2-D maps and time series

è Start python notebook

è Open « Mean_Sea_Level_altimeter.ipynb »

è Before starting: clean cells by selecting "Cell", and "clear" in the menue. 

è Step-by-step: The execute each cell through the "RUN" button (if a number occurs in the brackets left side, 
the cell is excecuted. If « * » occurs in the brackets left side, exceution is under progress)


