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Abstract

During the last century sea level rise strongly increased compared to sea level change in

the last 2000 years. The present study investigates global and regional sea level change,

simulated with the finite element sea-ice ocean model (FESOM). The major goal is to

separate sea level change into steric and eustatic contributions and to estimate the influence

of Greenland and Antarctic ice sheet melt on global and regional sea level.

Modeled steric height variations show realistic regional geophysical patterns compared

with steric height variations derived from altimetry measurements and GRACE. Compared

to the time before the 1990’s, an increased global trend in steric sea level rise is found

in estimates derived from the model and from satellite measurements. Modeled ocean

mass exhibits reasonable spatial structures. However, the trend in the global model mean

cannot be trusted in FESOM as it strongly depends on the mass budget of the model,

which is determined by uncertain mass fluxes. To account for this, global mean ocean

mass variations need to be optimized to realistic values. To this end results from GRACE

in combination with GPS data is used.

Greenland and Antarctic ice sheet melting influence the global sea level mainly through

the additional mass. The eustatic sea level rises by about 0.3 mm/yr for 100 Gt/yr of

melt water. Additionally, the fresh water causes local steric variations in sea level that

are transported farther by ocean currents. The ice sheet mass loss yields a decrease in

gravitational attraction causing a sea level fall near the source of mass loss but also to a

slight increase at long distance. This effect is computed for the Greenland ice sheet mass

loss using Green’s functions. It leads to a decreased sea level near the Greenland coast

and to a slightly increased sea level in the Southern Ocean. The effect of different melting

scenarios is investigated.
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Zusammenfassung

Während des letzten Jahrhunderts ist der Meeresspiegel stärker angestiegen als in den ver-

gangenen 2000 Jahren. Diese Studie untersucht globale und regionale Veränderungen des

Meeresspiegels, die mit dem Finite-Elemente-Meereis-Ozean-Modell (FESOM) simuliert

werden. Das Hauptziel ist es, sterische und eustatische Beiträge in den Meerespiegel-

änderungen zu separieren. Ausserdem wird der Einfluss des Schmelzwassers der beiden

grossen Eisschilde auf Grönland und der Antarktis auf den regionalen Meeresspiegel un-

tersucht.

Modellierte sterische Höhenänderungen zeigen realistische regionale geophysikalische

Strukturen, ähnlich denen, die aus Altimetriedaten und GRACE abgeleitet worden sind.

Verglichen mit der Zeit vor den 1990er Jahren, ist ein erhöhter Trend im globalen sterischen

Meeresspiegelanstieg sowohl in den Modellergebnissen als auch in den Satellitenmessungen

zu beobachten. Modellierte Ozeanmassenvariationen zeigen angemessene räumliche Struk-

turen. Dem Trend der globalem mittleren Massenvariationen ist normalerweise mit einem

grossen Fehler versehen, da dieser stark von der Massenbilanz des Modells abhängt, die

durch unsichere Massenflüsse bestimmt ist. Daher muss die Beschreibung der globalen

mittleren Massenvariationen optimiert werden. Hierfür werden Ergebnisse von GRACE in

Kombination mit GPS Daten verwendet.

Das Schmelzwasser der Eisschilde in Grönland und der Antarktis beeinflusst den glob-

alen Meeresspiegel. Die Simulationen zeigen einen eustatischen Meeresspiegelanstieg von

etwa 0,3 mm pro Jahr, wenn Schmelzwasser in Höhe von 100 Gt pro Jahr in den Ozean

fliessen. Das zusätzliche Süsswasser verursacht lokale sterische Variationen des Meer-

esspiegels, die durch die Meeresströmungen in weiter entfernte Regionen transportiert wer-

den. Ausserdem verursacht der Massenverlust eine Verringerung der Anziehungskraft des

Eisschildes. Dies führt zu einem verringerten Meeresspiegel in der Nähe des Eisschildes

und zu einer leichten Erhöhung in weiter entfernten Regionen. Dieser Effekt wird für die

Grönlandeisschmelze mit Hilfe von Green’s Funktionen berechnet. Er verursacht einen

Meeresspiegelfall in der Nähe der Grönländischen Küste und einem leichten Anstieg im
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Südozean. Der Effekt von verschiedenen Schmelzszenarien wird untersucht.
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Chapter 1

Introduction

In the last century the global sea level has risen substantially as humans involuntarily in-

tervened in the global climate system. This has become a serious problem for civilization

as various cities where many people live are located in coastal regions. An increase of

about 1-2 m would have strong impacts on humanity, as these cities would be flooded.

Industrialization has strongly influenced the global climate for example by the CO2 emis-

sions supporting the absorption of heat. As a consequence the ocean gains more heat. The

resulting thermal expansion leads to an increase in global mean sea level. If a sea water

column of 1000 m warms by 0.1oC the water column expands by 1 to 2 cm (Church et al.,

2010). Nowadays, thermal expansion is a major contributor to sea level rise and important

for regional sea level change. From 1995 to 1998 Levitus et al. (2005) observed an increase

in ocean temperature of 0.037oC in the upper 3000 m not considering temperature biases

that might occur from using different instrumentation. Based on this data, Church et al.

(2001), Antonov et al. (2005), and Ishii et al. (2006) reported a rise in steric sea level be-

tween 0.3 and 0.4 mm/yr for the same time period (1955-2003). In the upper ocean (to

about 700 m depth) steric sea level rise of about 0.4 mm/yr have been observed for the

period from 1955 to 2003. Its trend has accelerated to about 1.6 mm/yr in the last 10

years of the investigation period (Willis et al., 2004; Levitus et al., 2005; Ishii et al., 2006;

Bindoff et al., 2007).

Steric sea level is also varying due to salinity variations (halosteric), but its contribution

to global sea level is much smaller than from thermosteric effects. It is observed as 0.05

±0.02 mm/yr for the years 1957 to 1994 and to 0.04 ±0.01 mm/yr for the years 1955 to

2003 (Antonov et al., 2002; Ishii et al., 2006). Regionally, it is an important factor for the

freshening of the ocean, especially in the Polar Regions with sea-ice cover.

Temperature and salinity variations in the upper 2000 m of the ocean can be measured

1



CHAPTER 1. INTRODUCTION 2

with ARGO Array of floats, which are globally distributed over the ocean. About 100,000

new temperature and salinity profiles become available every year. However, investigations

suffer from the sparse observational data in greater depth yielding to an underestimation

of steric height change. Wenzel and Schröter (2007b) showed that the deep ocean below

500 m depth similarly contributes to steric sea level as the upper ocean. By assimilation

of different data sets in an ocean model they derive substantial warming below 2000 m

depth.

Sea level also changes due to variations in ocean mass, which result from mass exchange

between ocean and atmosphere via precipitation and evaporation. Also fresh water is

introduced by river runoff and groundwater discharge. The sum of these contributions

shows a seasonal signal resulting from the water storage in the land hydrology. In addition,

fresh water from continental ice sheets and glaciers flows into the ocean, if melting of the

land ice mass occurs. It increases global mean sea level proportional to the amount of

melting, which causes regional steric variations in sea level, mainly due to the freshening

and the modified mixing of ocean water. For example, the melting of the Greenland ice

sheet leads to a freshening of the North Atlantic, causing modifications in ocean circulation.

Also the gravitational effect of the reduced ice mass on Greenland leads to a decreased sea

level near the source of melting, but to an increase at farther regions (Mitrovica et al.,

2001). Near the Greenland ice sheet the total sea level would fall because the gravitational

effect due to the mass loss of the ice sheet becomes larger than the amount of additional

ocean mass and the changes in its density. This is dependent on the amount of melting.

The Greenland ice sheet is subject to increased melting in the last decade. Several

studies, such as Luthcke et al. (2006), van den Broeke et al. (2009), Velicogna (2009), and

Wu et al. (2010), observed melt rates between 100 Gt/yr in the beginning of the 21th

century, and 200 Gt/yr during the last few years. A melt rate of 100 Gt/yr is equivalent

to an increase in global mean sea level of about 0.3 mm/yr. If the whole mass of the

Greenland ice sheet would be added to the ocean, global sea level would rise by about 7

m, not accounting for steric effects (Lemke et al., 2007).

On the Antarctic continent the largest ice sheet is found. In comparison to the Green-

land ice sheet, it is more stable. Only, at coastal regions and in the West Antarctic ice

losses occur, which amount to about 100 Gt/yr as shown for example by Velicogna (2009),

Gunter et al. (2009), and Wu et al. (2010). The melt of sea-ice, which is located in the

Arctic and Southern Oceans is not increasing global mean sea level as no additional mass

is introduced. But significant steric effects occur locally, due to the freshening, especially

in the Arctic Ocean, where strong melt happened in the last years. In the near future, the

CryoSat mission will improve the capability to measure the extent and thickness of sea-ice
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and continental ice sheets.

To estimate future changes in sea level, it is important to understand the behavior of the

ocean in the recent past. Before global measurement techniques became available, sea level

change has mostly been studied with tide gauges. In the recent past, research in the field of

sea level variations has changed, as different space geodetic techniques have been developed,

such as the Gravity Recovery and Climate Experiment (GRACE) and satellite altimetry,

measuring the change in ocean mass and variations of the geometric shape of the Earth.

The GRACE satellite mission enables the scientific community to directly estimate time-

variable ocean mass on a global scale (Chambers et al., 2004; Ilk et al., 2005; Chambers,

2006; Macrander et al., 2009). Mass estimates are operationally provided by the three cen-

ters that form the GRACE science data system (GFZ, CSR, JPL) and a few others (Bonn

University, GRGS Toulouse, TU Delft). They are using different processing techniques

and different temporal resolution, which range from daily to monthly mass estimates. For

most applications the solutions have to be filtered because of (anisotropic) errors. Different

filter techniques have been applied, such as the Gauss filter (Wahr and Molenaar, 1998),

the pattern filter (Böning et al., 2008), or the de-correlation filter (Kusche, 2007). The

major disadvantage of filtering is that it reduces not only the aliasing effects but also the

signals under consideration.

Locally, measurements of ocean mass variation at many locations from ocean bottom

pressure recorders (OBPR) are available nowadays. These in-situ measurements are useful

to validate measurements from satellites and model simulations. GRACE solutions al-

ready fit reasonably well with in-situ measurements from OBPR (Rietbroek et al., 2006),

(Böning et al., 2008), (Böning, 2009) and (Macrander et al., 2009) in the polar regions

(with correlations mostly higher than 0.5) (Macrander et al., 2009). In many other regions

the correlation between GRACE and OBPR measurements is weaker. A particular prob-

lem is geocenter motion, which cannot be measured by GRACE as the two satellites fly

with respect to center of mass of the Earth system. On the other hand the total ocean

mass and thus OBP is sensitive to geocenter movements. To solve this issue and to in-

crease the correlation of ocean mass variations with OBPR, different studies combining

GRACE gravity solutions with other terrestrial data sets have been performed. For ex-

ample, Rietbroek et al. (2009) combined GRACE gravity data, GPS site displacements

and ocean bottom pressure (OBP) modeled with FESOM to estimate surface loading with

higher accuracy than GRACE only estimates, including geocenter motion.

Altimetry enables to measure the sea level. An increased trend sea level rise (3.1

mm/yr) has been estimated by Bindoff et al. (2007) between the years 1993 and 2003. The

relative contribution of the different sources to the trend is subject of current research.



CHAPTER 1. INTRODUCTION 4

Church et al. (2001) suggest that about 60% originates from thermosteric effects. The

different estimated melt rates between 100 and 200 Gt/yr, in case of Greenland ice mass

loss, induce an uncertainty range of 0.3 mm/yr. However, when measuring global ocean

mass variations with GRACE, no trend is observed, which can be directly referred to

land ice mass change yielding to assumptions that current sea level change originates

from steric effects. On the other hand current studies show an decreased trend in steric

sea level rise (Cazenave et al., 2008). Trends in GRACE must be corrected for glacial

isostatic adjustment (GIA) which introduces a substantial uncertainty (Wu et al., 2010;

Mitrovica et al., 2007). Therefore, the quantities of the different contributions are still

associated with large error bars.

The aim of this study is to investigate changes in global and regional sea level caused by

the major contributions through heat and mass variations. This includes sea level change

due to changes of inflow as well as temperature and salinity variations. In addition, the

response of the North Atlantic Ocean to melting of the Greenland ice sheet is investigated

in more detail. In Chapter 3 variations of ocean mass are estimated, using the finite ele-

ment sea-ice ocean model (FESOM), which is presented in Chapter 2. Here, ocean bottom

pressure anomalies are simulated that can be easily converted to ocean mass. Results

are compared with another ocean model, with in-situ bottom pressure measurements, and

GRACE measurements (Figure 1.1). The atmosphere strongly influences ocean circula-

tion. Hence, the error of modeled OBP is estimated by alternative model simulations,

using different atmospheric forcing fields. FESOM calculates the OBP and simultaneously

estimates the error of the calculation. Both fields, pressure and error estimate, vary in space

and time. The estimated error of modeled OBP strongly influences a combined inversion of

GRACE gravity data, GPS site displacements and modeled OBP (Rietbroek et al., 2009).

In Chapter 4 the global sea surface topography as well as sea level change due to steric

variations of the ocean are investigated. The results are validated using dynamic sea sur-

face topography from multi-mission altimetry measurements, which are provided by DGFI

München (Bosch and Savcenko, 2008). To compute steric height variations from the al-

timetry measurements different ocean mass data sets, like GRACE gravity or the results

of the joint inversion (Rietbroek et al., 2009) are used. In Chapter 5, the influence of ice

sheet melting in Greenland on the sea level is analyzed. In addition, variations in sea level

caused be mass loss of the West Antarctic ice sheet are presented. Finally the results are

summarized and discussed in Chapter 6.
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Figure 1.1: Comparison between estimates from satellite measurements (left) and ocean
modelling (right)



Chapter 2

Model Description

The finite element sea-ice ocean model (FESOM, Timmermann et al. (2009), Böning (2009))

is used to simulate ocean mass redistribution and steric sea level change. Simulations are

performed on a global and regular grid. As the name already suggest the model applies

the finite element method, which is described in the following.

2.1 Method of Finite Elements

The finite element (FE) method first came up with Galerkin (1915). It is a numerical

technique to solve partial differential equations of complex systems like the ocean, where

small-scale geometries, such as islands, sea mountains, or steep slopes are important to

be taken into account to realistically describe the state of the ocean. First, the method

splits the region of interest into a number of finite small regions, for example triangles for

two dimensions or tetrahedrons in case of three dimensions. Using FE to model the ocean

state on an unstructured grid is possible, whereby small features in the ocean and regions

of scientific interest can be discretized with a higher spatial resolution than other regions.

The resulting elements can then be described by a finite amount of parameters.

Basis functions are defined within the elements and substituted into the differential

equation to be solved. Together with the initial and boundary conditions, a linear system

of equations is defined that is generally solved numerically is defined. Here, an advantage

is that the system of equations can be solved for each element because the basis functions

are zero outside the cluster of neighbors. The numerical solution generally represents a

good approximation to the solution of the differential equations. The size of the system of

equations to be solved depends on the amount of finite elements. With increasing amount

of nodes and increasing complexity of the possibly unstructured grid the computational

6
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cost becomes higher and different approaches like parallelization have to be implemented

to achieve affordable costs.

2.2 Finite Element Sea-Ice Ocean Model

The finite element sea-ice ocean model (FESOM, Timmermann et al. (2009)) couples the

finite element ocean model (FEOM) (Danilov et al., 2004) and (Danilov et al., 2005), which

solves the hydrostatic primitive equations, with the finite element sea-ice model (FESIM,

Danilov and Yakovlev (2003)).

Various aspects of the FESOM model have been described by Timmermann et al.

(2009), Böning (2009), Böning et al. (2008), and Rollenhagen (2008). Beside the model

basics, this section concentrates on aspects that are important for this study, such as the

treatment of surface heat and fresh water fluxes and the sea level equation.

2.2.1 Finite Element Sea-Ice Model

The sea-ice model FESIM is a dynamic-thermodynamic model, which simulates mean

sea-ice concentration and thickness as well as velocities of sea-ice drift. It mainly uses

methods of Parkinson and Washington (1979), Hibler III (1979), Lemke et al. (1990), and

Owens and Lemke (1990). Within a grid cell the surface can be either sea-ice, open ocean,

or only partly sea-ice, where the areal proportion of sea-ice in a grid cell is described by

the sea-ice concentration. Sea-ice thickness is defined as mean thickness of sea-ice, which

is assumed as evenly distributed over the grid cell. The mean sea-ice thickness or sea-ice

concentration may vary due to melting or freezing. Also sea-ice drift is a possible source

of variations in sea-ice. It is determined by wind stress, oceanic currents, sea surface tilt

and internal forces in the sea-ice. The model includes a snow pack on top of the sea-ice

and a possible snow-ice conversion. It does not consider internal heat storage and blowing

snow (Timmermann et al., 2009). The prognostic equations for sea-ice concentration (A),

sea-ice thickness (h) and snow thickness (hs) are described by

∂h

∂t
+∇ · (�uih) = Sh (2.1)

∂hs

∂t
+∇ · (�uihs) = Shs

(2.2)

∂A

∂t
+∇ · (�uiA) = SA with (0 ≤ A ≤ 1) (2.3)
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In these equations the first term describes the regional change over time. The second

term defines the effect of advection. Ice and snow drift velocity are determined from the

momentum balance

m

(
∂

∂t
f(�kx)

)
�u = A(�τai − �τio) + �F −mg∇η (2.4)

which approximates large scale sea-ice as a continuum in two dimensions and uses the

scaling of ice/ocean stresses suggested by Connolley et al. (2004):

�τio = cd,ioρo(�u− �uw)|�u− �uw|

The mass of sea-ice and snow per unit area is defined by m. The drift velocity is �u and

the mean density of ocean water is ρ0 = 1027 kg/m3. The mean density of sea-ice is 910

kg/m3 and for snow 290 kg/m3. The gravitational acceleration g = 9.806 m/s2, �τai is the

wind stress, cd,io the sea-ice/snow drag coefficient, and �F the contribution from internal

stress. The wind stress at the boundary of atmosphere and sea-ice is denoted as �τai, and

the surface stress between ocean and ice is denoted by �τio). The last term on the right

hand side of equation 2.4 describes the effect of the sea surface tilt.

2.2.2 Finite Element Ocean Model

The FEOM model is a hydrostatic ocean circulation model with a spherical geometry and

solves the primitive equations. Partial differential equations are defined to represent the

prognostic variables potential temperature, salinity, and horizontal velocity, here formu-

lated in Cartesian coordinates. The temporal evolution of these variables are described by

the momentum equations, the continuity equation, the equation for salinity and potential

temperature balance, and the non-linear equation of state:

∂u

∂t
+ �u · ∇u− fv = −∂Φ

∂x
+ F u + Du (2.5)

∂v

∂t
+ �u · ∇v + fu = −∂Φ

∂y
+ F v + Dv (2.6)

0 = −∂Φ

∂z
− ρg

ρ0
(2.7)

The momentum equations 2.5 and 2.6 (horizontal momentum balance) describe the hori-

zontal velocities u and v in the direction of the horizontal coordinates x and y. Here, the
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first term describes the local temporal change, and the second term the variation of the

velocity field (�u = (u, v)) due to advection. The third term on the left hand site defines the

Coriolis force where f represents the Coriolis parameter (f = 4π
86400

·sin φ with φ = latitude).

The right hand site includes the pressure gradient as a function of the dynamic pressure

(Φ = P
ρ0

), and the force and dissipation (F and D) associated with turbulent flows. These

equations include the Boussinesq approximation, where density anomalies are only consid-

ered in the buoyancy term of the vertical momentum equation. The vertical momentum

balance in the hydrostatic approximation converts to the hydrostatic balance as defined

by equation 2.7, where ρ is the in-situ density. The vertical velocity is computed from the

continuity equation

∂u

∂x
+

∂v

∂y
+

∂w

∂z
= 0 (2.8)

which describes ocean water as incompressible fluid. The potential temperature T and

salinity S balance equations

∂T

∂t
+ �u · ∇T = F T + DT (2.9)

∂S

∂t
+ �u · ∇S = F S + DS (2.10)

describe the dynamics of T and S, which includes advection, as well as local sources (F )

and the diffusion (D) due to turbulent flows. The non-linear equation of state

ρ = ρ(T, S, z) (2.11)

defines the in-situ density as a function of potential temperature, salinity and depth.

The Boussinesq approximation used here simplifies the continuity equation from

∂ρ

∂t
+∇ · (ρv) = 0 (2.12)

to

∇ · (v) = 0 (2.13)

with v = (u,v,w); c.f. eq. 2.8, which leads to a conservation of volume (rather than

mass) with the assumption that density change has small impact on other forces. In order

to be able to use the Boussinesq approximations, ocean velocities must be much smaller

than speed of sound. Also vertical velocities must be small. To achieve a mass-conserving
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ocean within FESOM, a correction term after Greatbatch (1994) is applied (Böning, 2009).

Equation 2.14 recovers steric effects, which are neglected in the Boussinesq approximation.

Compared with the original Greatbatch correction (Greatbatch, 1994) the correction is

applied locally at every (surface) grid note, by adding

−
∫ η

−H

1

ρ

Dρ

Dt
dz (2.14)

to the sea level equation (described in section 2.5).

2.2.3 Coupling

The FESIM and FEOM models are coupled by the flux-averaging method (Timmermann et al.,

2002), where heat, fresh water and momentum are exchanged. Morison et al. (1987) de-

fined heat exchange (Qoi) between the bottom of the sea-ice and the ocean to be

Qoi = ρwcp,wch,oiu∗(T0 − Tf) (2.15)

where the friction velocity u∗ is defined by the relative velocity at the boundary between

sea-ice and ocean.

u∗ =
√

cd,oi|�uw − �ui| (2.16)

The density of water is ρw, the specific heat of water at constant pressure cp,w, and the heat

transfer coefficient ch,oi = 1.2 · 10−2. �uw is the ocean surface velocity, and cd,oi = 3 · 10−3

being the oceanic drag coefficient. T0 is the temperature of the surface layer of FEOM.

The in-situ freezing temperature Tf is computed as a function of salinity (Millero, 1978). If

there is no sea-ice in an element and the ocean temperature is cooled down to the freezing

point, sea-ice formation starts as soon as additional heat is lost.

The exchange of heat between atmosphere and open ocean/sea-ice is defined after

Parkinson and Washington (1979). It is described in section 2.4 in more detail as heat

exchange is important for thermosteric variations, which is a major contribution to sea

level change. The total amount of heat reaching the ocean (Qo) is described by

Qo = (1−A) ·Qow + A ·Qoi (2.17)
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where the heat exchange for ice-free ocean (open water) is defined by

Qow = Qao + ρiLi

(
∂h

∂t

)
ow

(2.18)

where the last term in the right hand side denotes the heat flux associated with the freezing

rate in an open ocean element, with Li being the latent heat of fusion.

Salt fluxes (F S
i ) between sea-ice and ocean occur due to melting and freezing of ice and

melting of snow. It is defined as

F S
i = (So − Si)

ρi

ρw

(
∂h

∂t

)
th

+ (So)
ρsn

ρw

(
∂hs

∂t

)
th

(2.19)

Salinity of sea-ice Si is assumed to be 5 psu and of snow 0 psu. Sea-ice and snow have

a constant density of ρi = 910 kg/m3 and ρsn = 290 kg/m3. Here, only thermodynamic

variations of sea-ice and snow denoted by the subscript th are taken into account because

snow accumulation and increase in sea-ice volume due to convergent sea-ice drift do not

contribute to the salt flux. Also a constant sea surface salinity is assumed to be So = 34

psu here to ensure global conservation of salt. In the parts where sea-ice is existing, net

precipitation enters the ocean as rain if the temperature T is higher than the freezing point

of fresh water. If the temperature is below the freezing point, precipitation falls as snow

on top of the ice covered part. In the open ocean, precipitation is generally a fresh water

flux into the ocean, independent of temperature (equation 2.20). The resulting total salt

flux F S = F S
i + F S

ow defines the salt balance at the surface nodes of the ocean model, with

F S
ow = So ·

⎧⎨
⎩

(P −E) if Ta ≥ 0oC

(1− A) · (P − E) if Ta < 0oC
(2.20)

The total stress at the ocean surface is computed by

�τo = A · �τio + (1− A) · �τao (2.21)

where the stress between ocean and sea-ice is computed with the bulk formula

�τio = ρ0cd,oi|�u− �uw|(�u− �uw) (2.22)

with cd,oi = 3 · 10−3. The stress between atmosphere and open ocean is implemented by

�τao = ρ0cd,oi|�u10|�u10 (2.23)



CHAPTER 2. MODEL DESCRIPTION 12

using cd,ao = 1 · 10−3. Here, the velocity of the ocean at the surface is neglected as it is

very small compared to the 10 m wind velocity. The stress between atmosphere and sea-ice

(�τai) is computed in the same way as �τao, only cd,ai is set to 1.32 · 10−3.

2.3 Subgrid-Scale Processes

The effects of subgrid-scale processes are parameterized after Redi (1982) applying tracer

mixing along isopycnals. Gent and McWilliams (1990) and Gent et al. (1995) provide the

scheme to model advective flux arising from an eddy-induced bolus velocity.

Lateral and vertical mixing are described by the harmonic operator

Dx = ∇(vx∇x) (2.24)

It defines the terms of viscosity and diffusion (Dx) in the momentum equations (eq. 2.5

and 2.6) and in the balance equations for salinity and temperature (eq. 2.10 and 2.9).

Viscosity vu,v and diffusivity vTS[m2/s] are linear functions of the spatial resolution

vu,v =
1

105s
Δ�i (2.25)

vT,S =
4

102s
· vu,v (2.26)

with Δ�i [m2] being the size of the element. Numerical instabilities in cases of very steep

surfaces of neutral density1 are avoided in the Gent and McWilliams (1990) scheme by

tapering the parametrization of lateral diffusivity according to the scheme of Griffies (2004).

Vertical viscosity is implemented after Pacanowski and Philander (1981) to achieve con-

tinuously increasing mixing of potential temperature and salinity with weakening stratifi-

cation. An upper limitation of vx
max = 0.01 m2/s is implemented, to avoid spurious deep

convection in the Southern Ocean. Unrealistic shallow mixed layers, which might occur

in summer, are avoided by introducing an additional diffusivity of 0.01 m2/s over a depth

defined by the Monin-Obukhov-length (Timmermann and Beckmann, 2004). A constant

viscosity of 2 ·10−3 m2/s is applied for vertical mixing of momentum. Bottom drag is com-

puted by a quadratic function, multiplying the bottom velocity with the bottom friction

coefficient Cd = 0.0025 (Beckmann et al. (1999))

1e.g. occurring in mixed layers and in places of deep convection
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Table 2.1: Albedo
albedo surface type
α = 0.85 dry snow
α = 0.75 wet snow
α = 0.75 sea-ice without snow pack on top
α = 0.66 melting ice
α = 0.10 open water

2.4 Surface Heat Budget

Following Parkinson and Washington (1979) the net heat flux at the surface of the open

ocean or sea-ice (Qs) is described as follows

Qs = Q↓

SW + Q↑

SW + Q↓

LW + Q↑

LW + Ql + Qs (2.27)

where Q↓

SW is the downward shortwave radiation (solar radiation) going into the ocean/sea-

ice (Zillmann (1972), Laevastu (1960)). Outgoing shortwave radiation Q↑

SW is computed

by αQ↓

SW , where α defines the albedo. It differs depending on the type of the surface and

its temperature, see Table 2.1 (Fischer, 1995).

Net infrared radiation is the sum of downward atmospheric and upward surface compo-

nents, Q↓

LW + Q↑

LW , which are computed as

Q↑

LW = εsσT 4
s (2.28)

and

Q↓

LW = εaσT 4
a (2.29)

with

εa = 0.765 + 0.22 · A3
c

where a stands for atmosphere and s for surface (open ocean or sea-ice). The temperature

is denoted as T, σ is the Stefan-Boltzmann constant (5.67 · 10−8 W/(m2 K4)), and ε is the

emissivity. The emissivity of the surface (εs) is taken to be 0.97. For the atmosphere the

emissivity εa is a function of the total cloud cover Ac (Koenig-Langlo and Augstein, 1994).

Latent (Ql) and sensible (Qs) heat flux are computed by the bulk formulas

Ql = ρaLCl|u10|(qs − qa) (2.30)
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and

Qs = ρacpCs|u10|(Ts − Ta) (2.31)

where ρa = 1.3 kg/m3 (air density above surface), cp = 1004 J/(kg K) (latent heat capac-

ity), L = 2.5 · 106 J/kg and L = 2.834 · 106 J/kg (specific heat of evaporation of water

and sublimation of sea-ice, respectively), and Cs = Cl = 1.75 · 10−3 (sensible and latent

heat transfer coefficients) (Maykut (1977), Parkinson and Washington (1979)). The wind

velocity 10 m above the surface (u10), the air temperature 2 m above the surface (Ta), the

specific humidity of the atmosphere 2 m above the surface (qa), and the total cloud cover

are given as atmospheric forcing fields (see section 2.7). If only the dew point temperature

(Td) is available, the specific humidity qa is computed as

qa =
0.622

p
· 6.11 · ea·

Td
Td+b (2.32)

where p is atmospheric pressure and a and b are constants dependent on the surface type

(Murray, 1967). If the surface is only sea-ice, then a = 21.9oC and b = 265.5oC. If the

surface is only open water, then a = 17.3oC and b = 237.3oC. And if it is a mixture, then

a = 19.0oC and b = 250oC.

2.5 Sea Level Equation

The model comprises a free surface, so that variations in sea level can result from the

divergence of volume via the continuity equation, from steric effects due to thermal and

haline expansion, or from mass flux at the ocean surface. In the model the evolution of

the sea level (η) is computed by

∂η

∂t
+∇ ·

∫ η

−H

�udz = −
∫ η

−H

1

ρ

Dρ

Dt
dz + (P −E) + R + F +

DM

Dt
(2.33)

where ∂η
∂t

is the local temporal change of sea level (Böning, 2009). The horizontal transport

divergence is calculated as ∇ · ∫ η

−H
�udz. Steric effects are related to density changes in

the water column, caused by salinity and temperature variations and are computed by

− ∫ η

−H
1
ρ

Dρ
Dt

dz. The surface mass budget is introduced by (P − E) + R, with P being

precipitation, E being evaporation, and R being the river runoff2 (see also section 3.3).

2Surface runoff on the model does not include fluxes due to land ice melting, e.g. ice melt from glaciers,
ice sheets, or shelves. In Chapter 5 an additional term is introduced to the right hand side of equation
2.33 to account for meltwater from the Greenland and West Antarctic ice sheets.
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The water flux due to melting and freezing of sea-ice and snow is defined by F . Finally,

M is the volume of sea-ice and snow converted to equivalent water height. The transfer to

equivalent water height is performed by applying the density ratios ρice

ρ0
and ρsw

ρ0
, where = ρi

is 910 kg/m3 and = ρsw is 290 kg/m3. The total mass of the ocean does not change through

the exchange of mass between ocean and sea-ice. However, F and M have to be included in

the equation 2.33 to account for advection of sea-ice (and snow). This is needed as sea-ice

and snow have a drift speed different from ocean currents, so that horizontal redistribution

of sea-ice/snow has to be accounted for explicitly.

2.6 Spatial Discretization

Figure 2.1: Spatial discretization and Bottom to-
pography in the North Atlantic and the Arctic
Ocean

z-level depth z-level depth

1 0 14 2000
2 10 15 2500
3 30 16 3000
4 50 17 3500
5 75 18 4000
6 100 19 4250
7 150 20 4500
8 200 21 4750
9 300 22 5000
10 425 23 5250
11 600 24 5500
12 1000 25 6000
13 1500 26 6500

Table 2.2: z-Levels

Although the FESOM can provide simulations on unstructured grids, here a regular

grid is used. The ocean and sea-ice use the same horizontal discretization on a regular grid,

which consists of a mesh of triangles separated horizontally by 1.5o × 1.5o3. Vertically the

nodes of the 26 z-levels (Table 2.2) are aligned under the surface nodes, forming tetrahedral

structured elements. The ocean bottom topography used to create the 3D mesh is pro-

vided by the Rand Corporation/Scripps Institution of Oceanography (Gates and Nelson,

1975a,b). The global bathymetry has a spatial resolution of 1 degree and is interpolated

to the model grid. For illustration the spatial discretization of the North Atlantic and the

Arctic Ocean around Greenland are shown in Figure 2.1. The ocean depth in the model

3Note, that all global data sets used during this study are interpolated to the model grid.
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(in meter) is represented by the colors.

To avoid a mesh with a stepwise bottom topography and to receive a realistic bathymetry,

the nodes of the lowest elements may deviate from the z-levels. The tetrahedrons are de-

formed in such a way that the bottom nodes align directly at the ocean bottom (similar to

a shaved-cells approach described by Wang (2007)). To minimize pressure gradient errors,

only density anomalies are considered and a constant reference pressure as a function of

depth is subtracted4.

Linear basis functions in three dimensions are used for the tracers T and S, and the

velocity �u0. Two dimensional linear basis functions are used for the surface elevation η.

The variables are then represented as the sum of nodal values (xi) multiplied with the basis

functions Ψi:

x �
N∑

i=1

xiΨi (2.34)

where x has to be replaced by the variable under discussion, and N is the total amount of

nodes, depending on the dimension of the variable. The basis functions are 1 at node i,

linearly decreasing to 0 at the neighboring nodes, and are 0 outside.

2.7 Atmospheric Forcing

In the climate system the atmosphere plays a major role as it transports heat from the

equatorial region to the higher latitudes and is the main driver of ocean circulation. The

near-surface winds cause a surface stress (momentum input), which is transmitted down-

wards within the Ekman layer by internal friction. In addition, atmospheric pressure

gradients drive ocean current via the inverse barometer effect. Also the exchange of heat

at the ocean surface as well as the exchange of mass through precipitation and evaporation

have major influence to the ocean state. Realistic atmospheric forcing fields are therefore

important ingredients of any ocean model simulation.

An overview of the parameters used from the different atmospheric data sets is shown

in Table 2.3. Some aspects that are important when using these forcing fields in FESOM,

are described in the following sections5.

4Pressure gradient errors might occur if the vertical discretization is not following the geopotential
surface or if there are not enough orders of basis functions to approximate pressure or density accurately
(Wang, 2007)

5Atmospheric forcing with the NCAR/NCEP reanalysis has been already implemented by
Timmermann et al. (2009) and Böning et al. (2008)
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Table 2.3: Atmospheric datasets

Field Source time period temporal spatial description
resolution resolution

u-wind NCAR/NCEP 1958-2008 daily mean 1.875◦ × 1.875◦ mean zonal wind at 10 m
ERA40 1958-2002 6-hourly 2.5◦ × 2.5◦ height in m/s
ERA interim 1989-2008 6-hourly 1.5◦ × 1.5◦

op. ECMWF 2002-2007 6-hourly 1.125◦ × 1.125◦

v-wind NCAR/NCEP 1958-2008 daily mean 1.875◦ × 1.875◦ mean meridional wind at 10 m
ERA40 1958-2002 6-hourly 2.5◦ × 2.5◦ height in m/s
ERA interim 1989-2008 6-hourly 1.5◦ × 1.5◦

op. ECMWF 2002-2007 6-hourly 1.125◦ × 1.125◦

latent heat flux NCAR/NCEP 1958-2008 daily mean 1.875◦ × 1.875◦ evaporation in FESOM is computed
from latent heat flux:

Fw[m/s] = Ql

levap ρw

2m temperature NCAR/NCEP 1958-2008 daily mean 1.875◦ × 1.875◦ mean air temperature at 2 m
ERA40 1958-2002 6-hourly 2.5◦ × 2.5◦ height in ◦C
ERA interim 1989-2008 6-hourly 1.5◦ × 1.5◦

op. ECMWF 2002-2007 6-hourly 1.125◦ × 1.125◦

dew point ERA40 1958-2002 6-hourly 2.5◦ × 2.5◦ mean dew point temperature at 2 m
temperature ERA interim 1989-2008 6-hourly 1.5◦ × 1.5◦ height in ◦C

op. ECMWF 2002-2007 6-hourly 1.125◦ × 1.125◦

specific humidity NCAR/NCEP 1958-2008 daily mean 1.875◦ × 1.875◦ mean specific humidity at 2 m
height in kg/kg

atmospheric NCAR/NCEP 1958-2008 daily mean 1.875◦ × 1.875◦ mean sea level pressure
pressure ERA40 1958-2002 6-hourly 2.5◦ × 2.5◦ in Pa

ERA interim 1989-2008 6-hourly 1.5◦ × 1.5◦

op. ECMWF 2002-2007 6-hourly 1.125◦ × 1.125◦

total NCAR/NCEP 1958-2008 daily mean 1.875◦ × 1.875◦ mean precipitation rate at surface
precipitation ERA40 1958-2002 6-hourly 2.5◦ × 2.5◦ in m/s

ERA interim 1989-2008 6-hourly 1.5◦ × 1.5◦ op. ECMWF: total precipitation is
op. ECMWF 2002-2007 daily mean 1◦ × 1◦ stratiform precipitation plus
GPCP 1997-2008 6-hourly 1◦ × 1◦ convective precipitation

evaporation ERA40 1958-2002 6-hourly 2.5◦ × 2.5◦ mean evaporation rate at surface
ERA interim 1989-2008 6-hourly 1.5◦ × 1.5◦ in m/s
op. ECMWF 2002-2007 daily mean 1◦ × 1◦

total cloud cover NCAR/NCEP 1958-2008 daily mean 1.875◦ × 1.875◦ mean total cloud cover with
ERA40 1958-2002 6-hourly 2.5◦ × 2.5◦ range:[0...1]
ERA interim 1989-2008 6-hourly 1.5◦ × 1.5◦
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2.7.1 NCEP/NCAR Data

The National Centers for Environmental Prediction provide the daily NCAR/NCEP reanal-

ysis, which includes data sets of atmospheric conditions from 1948 to present (Kalnay et al.,

1996). For consistency the assimilation system has been unchanged for the entire reanal-

ysis period. On the other hand, data records are still influenced by changes in the input

data, as all useful data available at a given point of time are included into the processing

system. This is done to be as accurate as possible during the 50 year period. For data

processing from August 1989 to September 1991 the European Center for Medium-Range

Weather Forecasts (ECMWF) filled some data gaps in the wind field and provided a sea

ice database for the NCEP reanalysis.

The atmospheric data fields are classified into four classes (A to D) according to the

influence of observations and models. Variables that are denoted as class A are mainly

influenced by measured data, and are defined to be most reliable. No data set used in this

study is denoted as class A. The class B variables are strongly influenced by observation,

but also model results highly influence the analysis value. For example, sea level pres-

sure, specific humidity, and temperature and wind at 2 m height are assigned to class B

(Kalnay et al., 1996). The precipitation field as well as latent heat flux is classified to ”C”,

which means that the data set is estimated by models (forced by data assimilation). Al-

though the precipitation field should be used with caution, Kalnay et al. (1996) did several

comparison with observations and climatology and found good agreement on timescales of

a few days to inter-annual variability.

The NCEP data set has a spatial resolution of 1.875◦×1.875◦ and is used as the default

atmospheric forcing in the FESOM model. This includes 10-m wind u-component, 10-

m wind v-component, 2-m temperature, specific humidity, total cloudiness, atmospheric

pressure, precipitation, and evaporation. Evaporation is computed from NCEP’s latent

heat flux by

E =
Ql

ρw · levap
(2.35)

where the density of water is defined as ρw = 1000 kg/m3 and the latent heat of evaporation

is levap = 2.5 · 106 J/kg.

2.7.2 ERA40 Data

As an alternative atmospheric forcing the ERA40 reanalysis can be used for the period from

September 1957 to August 2002 (S.M.Uppala et al., 2005). Here, the data sets used are
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10-m wind zonal-component, 10-m wind meridional-component, 2-m temperature, 2-m dew

point temperature, total cloudiness, atmospheric pressure, precipitation, and evaporation.

They have a spatial resolution of 2.5◦ × 2.5◦. The model converts dew point temperature

to specific humidity by equation (2.32).

As in all data sets, also the ERA40 reanalysis has errors. For example, the total

precipitation has spurious variability and strong trends over the ocean, which need to be

taken into account when scaling the fresh water budget to reasonable bounds in FESOM

(section 3.3). Especially in the tropical regions precipitation is overestimated (chapter

3.2 and (Hagemann et al., 2005)). Until the 1990’s, the precipitation field was affected

by an incorrect bias correction in the assimilation of Special Sensor Microwave Imager

(SSMI). This error source was eliminated in 1993, improving the representation of the

water exchange between atmosphere and ocean (Hagemann et al., 2005). In addition,

uncertainties due to assimilation of High Resolution Infrared Radiation Sounder (HIRS)

data from a new satellite mission were introduced, as its bias correction was tuned to the

current state of the atmosphere. It was strongly distorted by aerosols originating from the

volcanic eruption of the Pinatubo (Hagemann et al., 2005). This error has been corrected

in 1996.

2.7.3 Operational ECMWF data

For the years from 2002 to 2007 operational ECMWF data are available for this study

(ECWMF, 1995), where the same data sets as in the ERA40 reanalysis are used in the

model. The only difference is that precipitation is separated in convective precipitation

and stratiform precipitation. Convective precipitation, also called thermodynamic precip-

itation, originates from convective clouds. The showers have strongly varying intensity

and fall locally for a relatively short period of time. Stratiform precipitation, also called

dynamic precipitation, originates from lifting of air due to processes causing lower level

convergence and divergence in the upper level. This process is due to the fact that the

relative humidity of air increases when unsaturated air is rising and cooling. If the air is

saturated and is still lifting, clouds are formed. The resulting rain is less intense, but lasts

longer than convective rain.

Freshwater fluxes of the operational ECMWF data are accumulated over 12 hours (Fig-

ure 2.2). Therefore, daily mean precipitation and evaporation rates in [m/s] are computed

with

P1 + P2

86400 s
(2.36)
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Figure 2.2: Accumulation of water fluxes

where P1 and P2 are the accumulated fresh water fluxes after 12 and 24 hours per day.

The operational ECMWF data sets have a major disadvantage against the ERA40 and

NCAR/NCEP data sets. The data processing is not homogeneous, i.e. all modifications of

the analysis model are included in the data set, which has the potential to create spurious

trends and longer-term variability in ocean simulations forced with such data. For this

reason, operational ECMWF data are not used as forcing in FESOM during this study.

2.7.4 ERA Interim

The ERA Interim reanalysis is more suitable for ocean modeling than the operational

ECMWF analysis because the ERA Interim reanalysis uses the same processing technique

during the complete time period (Berrisford et al., 2009). This data set has been developed

after the ERA40 reanalysis has finished. It has been derived from the operational system

using a 12-hour 4D-VAR data assimilation system (Simmons et al., 2006). It covers the

period from 1989 to near real time and will be ongoing until 2013. The spatial resolution

with 1.5◦×1.5◦ is higher than the resolution of the ERA40 data set. The time series overlaps

the ERA40 reanalysis during the period 1989-2002. With a few exceptions ERA interim

uses the same data sets for processing as for the ERA40 reanalysis operational ECMWF

analysis. The exceptions are not relevant in the following and will not be discussed here,

please refer to http://www.ecmwf.int/research/era/ for more details. The ERA-interim

reanalysis system solved different problems of the ERA40 reanalysis system like the too

strong oceanic precipitation in the tropical regions (Simmons et al., 2006).

The ECMWF compared the ERA-Interim data sets with other data sets available, to

estimate the quality of the data sets. It was found that the data sets are improved espe-

cially in the long-term homogeneity, compared to the ERA40 reanalysis. Generally, the

improvements are due to further developed processing systems as well as due to new types

of satellite data, like the Global Positioning System (GPS) assimilated into the processing

scheme (Dee et al., 2008). The GPS system provides among others temperature and hu-

midity profiles from the troposphere to the lower stratosphere using the radio occultation

(Healy and Thepaut, 2006). The observations are converted to bending angles and impact
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parameters. These are used to compute the refractivity, through which the atmospheric

parameters are determined. These measurements have global coverage and high vertical

resolution. The GPS system provides data under all weather conditions (Ao et al., 2003).

2.7.5 GPCP Precipitation
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Figure 2.3: Global Sum of GPCP Precipitation

The Global Precipitation Climatology Project (GPCP) of the World Climate Research

Program (WCRP) combines observations from different sources to quantify the distribution

of precipitation on a global grid (Adler et al., 2003). Primary datasets are gauge measure-

ments from the Global Precipitation Climatology Center (GPCC) of the Deutsche Wetter-

dienst (DWD) and the Climate Prediction Center of NOAA. Also estimates from several

satellite missions are used as input data, like infrared precipitation estimated by different

geostationary (GEO) satellites, estimates from atmospheric infrared sounders (AIRS) of

low earth orbit (LEO) satellites, data from Special Sensor/Microwave Imager (SSM/I),

which provides fractional occurrence of precipitation, and from TIROS Operational Verti-

cal Sounders (TOVS). A description of the data sets used as input to compute the global

precipitation fields can be found in Huffman and Bolvin (2009) and on the website of the

GPCP project (http://www.gewex.org/gpcp/html).

Monthly data sets from 1979 to present and a climatology are available on a 2.5o ∗
2.5o grid. Also daily one-degree precipitation fields are available from 1997 to present

(Huffman et al., 2001). The daily dataset is chosen to be most suitable in the following

as it has highest spatial resolution and the temporal resolution is most appropriate for

investigation that require weekly time scales. As the GPCP precipitation strictly uses only

observations, a disadvantage occurs. It includes missing values and missing days, which
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have to be taken care of. These data gaps are filled with a mean value, computed with

P̄ d(γ, θ) =
1

12

∑
y

P d
y (γ, θ) (2.37)

with y = (1997...2008) ([mm/s]). During this study the GPCP precipitation is used for a

comparison of precipitation fields from the different atmospheric data sets (chapter 3.2).

2.7.6 Reference Model Simulation and Sensitivity Experiments

Multi-decadal time series of observations have become an important source for analyzing

oceanic processes. However, analyzing long term trends is not possible with the atmo-

spheric data sets because in the time period of the reanalysis measurements techniques

have been changed. This is in particular the case in the 1990’s where more satellite mea-

surements became available.

The atmospheric forcing data set for the reference model simulation is provided by

the NCAR/NCEP reanalysis (Kalnay et al., 1996). ERA40 (S.M.Uppala et al., 2005) and

ERA Interim reanalysis (Berrisford et al., 2009) are used when running an alternative

model simulation, which is used to estimate the error of modeled OBP (section 3.5.3).

The model runs with time steps of 2h from 1958 to 2008. It is initialized with temper-

ature and salinity from the January mean data set of the World Ocean Atlas (WOA01).

Sea-ice thickness is initialized with 1 m and a concentration of 0.9 where the sea surface

temperature is smaller -1oC. On top of the sea-ice an initial layer of snow with a height

of 0.1 m is defined. For more details about the FESOM model version used in this study,

please refer to Timmermann et al. (2009), and Böning (2009).



Chapter 3

Variations of Ocean Mass

The ocean takes part in the hydrological cycle of the Earth, where different sources exist,

which can modify ocean mass. Generally, fresh water is transferred from ocean to atmo-

sphere by evaporation. Part of it condensates and falls back into the ocean by precipitation.

The other part remains in the atmosphere and is transported to the over land by the wind

systems. There, it falls as precipitation, which can be stored for many years if it falls as

snow on glaciers, ice caps or ice sheets. Precipitation falling as rain feeds plants, or flows

into rivers, lakes or the groundwater system. Some water on land is transferred back to the

atmosphere via evaporation, evapotranspiration or sublimation. Meltwater from glaciers,

ice caps or ice sheets also feeds the groundwater system as well as the rivers before it flows

into the ocean via surface runoff, closing the hydrological cycle of the Earth.

Variations in atmospheric pressure changes the regional distribution of mass in the

ocean but not its total mass (e.g. due to the inverse barometer effect). Regional density

variations occur due to melting and freezing of sea-ice and redistribution of mass within

the ocean. Here, the difference between sea-ice drift and ocean velocities is of major

importance (see Section 2.5). Redistribution of ocean mass also happens due to currents,

such as the Gulf Stream or the Kuroshio Current. The same is true for eddies, i.e. small

scale turbulences, which additionally account for mixing. They are not modeled in this

study as their scale is generally to small for the chosen spatial resolution of the model.

In the following, contributions from mass exchange between land, ocean, and atmo-

sphere via surface runoff, precipitation, and evaporation are analyzed. Weekly mean vari-

ations of ocean mass are modeled with FESOM, including changes in total ocean mass,

which is quite uncertain in the model as its accuracy directly depends on the given input

variables. Continental ice sheet and glacier melting are not considered in this Chapter. The

simulation results are used within a combination of individual data sets (joint inversion)

23
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with the aim to estimate the redistribution of ocean mass with higher temporal resolution,

as it has been done before Rietbroek et al. (2009). For the combination, the estimation of

the modeled OBP error is of major importance as the contributions of the different data

sets are weighted by their errors. Hence, different possible error sources of modeled OBP

have been investigated. The inversion also provides a mass correction term, which can

be used to optimize modeled global mean ocean mass variations. Finally, all results are

validated with measurements from the GRACE satellite mission as well as with in-situ

bottom pressure measurements.

3.1 Land-Ocean Mass Exchange

The mass budget in FESOM includes surface runoff from land. The river runoff is provided

on a rectangular grid of 1o×1o spatial resolution and is interpolated to the nearest coastal

nodes of the model grid. The daily volume flux is included into the model after converting

it to fresh water flux ([m/s]) by dividing it with the surrounding cluster area of the coastal

node. The cluster area defined as 1/3 of the area of the corresponding triangles around

the node. Here, the temperature of the fresh water flux is the same as the temperature at

the location, the fresh water is flowing into the ocean (Böning, 2009). The FESOM model

has been extended to use river runoff provided by an alternative hydrological model. The

two data sets are compared and their influence on the model results is investigated.

The given river runoff is provided by the hydrological discharge model (HDM), which

was developed to compute the global continental hydrology (Hagemann and Duemenil,

1998b). It estimates the lateral water flows from continents to oceans and was originally

used in coupled applications within climate models (Hagemann and Duemenil, 1998a).

It also provides estimates of the impacts of the hydrological cycle on Earth’s rotation

parameters (Walter, 2008). The model has a resolution of 0.5o with daily time stepping.

It is forced with atmospheric data sets from the ECMWF. The model covers all sources

of water outflow from land to atmosphere and ocean, except the flow due to sublimation

and melting in ice covered regions. The model provides daily estimates of runoff into the

ocean, which are included in the FESOM model to close the mass budget of the ocean.

Alternatively, data provided by the Land Surface Discharge Model (LSDM) from GFZ

Potsdam (Dill, 2008) is implemented as river runoff in FESOM. The model is a further de-

velopment of the Hydrological Discharge Model (HDM) from the TU Dresden. It considers

water storage via inflow to reservoirs like lakes, rivers and groundwater. Precipitation is

defined as snow according to the atmospheric temperature. Below −1.1oC precipitation
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Figure 3.1: River runoff of day 90 and 270 in 2005; HDM model (a) and (b); LSDM model
(c) and (d); difference (e) and (f)
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is added to the snow pack and above +3.3oC precipitation is falls as rain. In-between

precipitation is assumed as a linear mixture. Compared to the HDM model the LSDM

model included a seasonal driven discharge model for ice covered regions, such as for the

ice sheets of Greenland and Antarctica. It makes sure that snow accumulation and melting

is covered, but it does not consider long term ice mass change and transport of ice mass.

No present day melting of the Greenland and Antarctic ice sheets is considered.

Comparing the runoff of the two hydrological models (Figure 3.1), the LSDM model

shows runoff at the Antarctic coast, which is not the case for the HDM model. At the

coast of Greenland the river runoff is higher in the LSDM model. Comparing the runoff

from end of March and end of September 2005, in both models a clear seasonal cycle is

visible poleward of 40 degree latitude. In the Southern Ocean it is not as significant. At

the coast of India a strong seasonal signal occurs, due to the monsoon. This leads to very

low precipitation in winter and high precipitation rates in summer. The difference of the

two models show less runoff in the subtropical regions and higher runoff in polar regions

in the LSDM model. In the equatorial regions runoff is very similar in both data sets. It

is slightly higher in summer in the LSDM model. Global mean river runoff of both models

are compared in Figure 3.2. Here, the amplitude and phase are very similar, which is also

true for the long term trend. Only since 2001 the trend in the LSDM is a bit smaller than

the trend in the HDM model.
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Figure 3.2: Global river runoff in Sverdrup (Sv) provided by the HDM model (red) and by
the LSDM model (blue)

The fresh water flux influences the sea surface height (SSH). Simulating SSH, using

LSDM model instead of the HDM model as river runoff (same atmospheric forcing), result

in increased annual mean SSH. Around Greenland, ocean density changes due to the in-

creased fresh water flux in the years 1965 (Figure 3.3a) and 2005 (Figure 3.3b). In addition,

strong fluctuations appear in the Southern Ocean as the surface runoff of LSDM model

includes fresh water inflow at the Antarctic coast. This changes the ocean density in the
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Southern Ocean, which is transported around the globe within the Antarctic Circumpolar

Current (ACC). A typical error pattern appears, which is always excited when model pa-

rameters change. In the Golf of Mexico a decrease in SSH occurs, which is due to reduced

water inflow of the Mississippi when using LSDM model results. As a consequence, surface

runoff provided by the LSDM model is used within FESOM as river runoff, because of the

main advantage of including runoff at the Greenland and Antarctic coasts.

(a) (b)

Figure 3.3: Difference in annual mean SSH in meter due to different river runoff used in
FESOM (LSDM and HDM); (a): year 1965 and (a): year 2005

3.2 Mass Exchange between Atmosphere and Ocean

The second important parameter of global ocean mass change is precipitation minus evap-

oration, called net precipitation. It is included in the model as atmospheric forcing field

taken from the NCAR/NCEP reanalysis. Although this yields an inconsistency as the

LSDM model employs atmospheric data from the ECMWF to estimate river runoff, the use

of data from the NCAR/NCEP reanalysis in FESOM results in better oceanic circulation

and better representation of sea-ice as compared to using ECMWF data sets, described in

Chapter 2.7. Using net precipitation from the different data sets leads to strong differences

in regional and global mass redistribution. Hence, comparing all available precipitation

data sets major differences are found (Figure 3.4).

Here, daily mean precipitation and evaporation is first interpolated to the model grid

as the different data sets have different resolution ranging from 1o × 1o to 2.5o × 2.5o.

Generally net precipitation is negative over the ocean as only part of the evaporated water

falls back into the ocean as rain or snow. The other part is transported by the atmospheric
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Figure 3.4: Global integral of precipitation minus evaporation over the ocean (in Sv)
computed from different data sets; (a): NCAR/NCEP reanalysis, (b): ERA40 reanalysis,
(c): ERA Interim reanalysis, (d): operational ECMWF data

circulation to the continents, where it precipitates as rain or snow. Here, the water is a

source for the land hydrology and might be stored for many years. The NCAR/NCEP

data sets shows almost no trend in the global sum (see Figure 3.4a). The global sum

of net precipitation from the ERA40 reanalysis, shows highest long term trends (Figure

3.4b). These are changing over time, especially in the 1970’s. Since the year 1986 the

trend remains positive. However, the data centers don’t claim that their global mean is

correct. This is in particular the case for all ECMWF data sets. Here, net precipitation

is also negative in the ERA Interim reanalysis (Figure 3.4c), but not in the operational

ECMWF data (Figure 3.4d). All ECMWF data sets include strong trends. For the ERA

Interim reanalysis and the operational ECMWF data it is a clear negative trend.

To validate precipitation from the different data sets, they are compared with a data set
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(a) (b)

(c) (d)

Figure 3.5: Ten year mean precipitation (1998 - 2007) of different data sets; (a):
NCAR/NCEP reanalysis, (b): ERA Interim reanalysis, (c): ERA40 reanalysis (1998-2001)
and operational ECMWF data (2002 -2007), (d): data from the Global Precipitation Cli-
matology Project (GPCP). Units are in meter per year

consisting of measurements only. This data set is also interpolated to the model grid after

missing values are filled, which naturally occur within a data set using only measurements

and no model simulations (see Section 2.7.5). The ten year means of the different data sets

and the GPCP data (1998 to 2007) show the spatial distribution of precipitation (Figure

3.5). The spatial distribution of precipitation of the ERA Interim reanalysis shows best fit

to the GPCP data sets, especially in the equatorial region. The amount of precipitation

is closer to the measurements of the GPCP data than the ERA40 reanalysis and the

operational ECMWF data sets. Precipitation provided by NCAR/NCEP includes some

artificial pattern mainly in the Southern Ocean originating from the spectral analysis during

data processing at the data center. This leads to a slightly lower correlation of 0.82 to the

GPCP data, compared to data sets provided by the ECMWF (Figure 3.6, left) having

correlations of 0.92 for precipitation of ERA Interim reanalysis (Figure 3.6, middle) and
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Figure 3.6: Correlation of ten year mean precipitation (1998-2007) from different data sets
to GPCP; left: NCAR/NCEP Reanalysis, middle: ERA Interim Reanalysis, right: ERA40
reanalysis (1998-2001) and operational ECMWF data (2002-2007)

0.9 for precipitation provided by the ERA40 reanalysis/operational ECMWF data (Figure

3.6, right). All data sets show realistic geophysical patterns, whereas GPCP has lower

precipitation rates in the tropical ocean especially compared to precipitation from the

ERA40/operational ECMWF data reanalysis (Figure 3.7), causing the two clouds in their

correlation.

Figure 3.7: Ratio of ten year mean precipitation from GPCP and ECMWF (1998-2007);
global mean: 1.4

3.3 Mass Balance in FESOM

The Boussinesq approximation, applied in FESOM, achieves conservation of volume, and

a correction after Greatbatch, included into the model, conserves mass (Greatbatch, 1994;
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Böning, 2009). The fresh water budget is closed by river runoff from the LSDM model,

and precipitation and evaporation from NCAR/NCEP or the ECMWF weather centers are

included as local volume flux to the reference model simulation. The different global fresh

water fluxes (Figure 3.8,upper panel) and their sum (lower panel) show that the overall

mass budget includes small long term trends.

Figure 3.8: Global river runoff and net precipitation (a) and the total fresh water flux
between atmosphere, ocean and land (b) in Sv

However, as already mentioned previously in Sections 2.7 and 3.2, the long term trends

in the atmospheric data sets and the water mass exchanges between the continents and

the ocean include high uncertainties. In addition, the small fresh water trends would lead

to unrealistically strong trends in global mean ocean mass variations of FESOM. For these

reasons, the global net freshwater flux has to be limited by realistic constraints. A two

year running mean of the surface fluxes is scaled to be in equilibrium (Böning et al., 2008).

Based on the assumption that river runoff is only poorly known it is scaled with a time

dependent factor α, which relates it to the net atmospheric flux (P-E) such that a global

balance is achieved (Equation 3.1). This method, of course, does not allow to model long

term trends of global mean ocean mass variation with FESOM1.

P (t)− E(t) + α(t)R(t) = 0 (3.1)

where P is the two 2 year running mean of precipitation, E is the two year running mean

evaporation, α is scaling factor for river runoff, and R is the two year running mean river

1The joint inversion described in Chapter 3.7 provides a mass correction term, which can be used to
optimize the fresh water budget in the model, described in Section 3.7.2
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runoff.

Alternatively, precipitation can be scaled when using ECMWF data sets within the

model (Equation 3.2) instead of scaling the river runoff, because in comparison to mea-

surements (GPCP data) precipitation of the different data sets provided by the ECMWF

have higher long term trends in the global sum and overestimate precipitation rates in the

equatorial region.

α(t)P (t)−E(t) + R(t) = 0 (3.2)

Most data sets provided by the ECMWF, such as the ERA Interim reanalysis, are not

available before 1989 and atmospheric data of the ERA40 reanalysis is used to spin up the

model.

Figure 3.9: Variations of global mean ocean mass in kg

Global mean ocean mass of the reference model simulation, using data from LSDM

model and the NCAR/NCEP reanalysis, is computed by subtracting the pressure of the

atmosphere from ocean bottom pressure (in Pascal) and then dividing by the reference

density of sea water ρw = 1027 kg/m3 and the acceleration of gravity g = 9.806 m/s2. The

mean global ocean mass is 1.381 ·1021 kg varying with an annual amplitude of about 3 ·1015

kg, which corresponds to approximately 9 mm equivalent water height (Figure 3.3).

Although the 2 year high pass filter has been applied, a positive mass trend of 0.3 mm/yr

remains. This trend does not originate from the mass budget. If the heat exchange between

atmosphere and ocean is set to zero, modeled global mean ocean bottom pressure can only

be caused by mass variations. The pressure from the ocean bottom to the equipotential

surface (geoid) is increasing due to cabelling, which occurs when two different water masses

with same density but different temperature and salinity mix (Figure 3.10). The mixed

water gets a higher density because of the non-linearity of the equation of state. It would

continue to increase until a homogeneous ocean is reached. To conserve ocean mass, the
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Figure 3.10: Variations in ocean bottom pressure anomalies, if the heat flux between the
atmosphere and the ocean is set to zero. The upper panel shows the pressure from ocean
bottom to the equipotential surface (geoid), the mid panel displays the sea surface height,
and lower panel the ocean bottom pressure

correction after Greatbatch (Greatbatch, 1994; Böning, 2009) lowers the ocean volume

by adjusting the sea surface height (see Section 2.2.2). The resulting global mean ocean

bottom pressure includes no trend during the simulation period.

The trend in global ocean mass originates from numerical inconsistencies when com-

puting ∂η
∂t

(temporal derivative of sea surface height) and ∂w
∂z

(vertical component of di-

vergence). On one hand, small inconsistencies occur as ∂η
∂t

is computed at nodes and ∂w
∂z

element wise. On the other hand, both parameters need the same boundary conditions.

When solving for w, it is slightly biased due to undetected inconsistent boundary condi-

tions. This is not a strong issue when investigating sea surface height trends, but it poses

a problem when solving for mass trends. To account for this, in the following analysis

concerning ocean mass, only differences with respect to the reference model simulations

will be investigated.

3.4 Weekly Ocean Bottom Pressure Anomalies

On the basis of the described mass balance ocean bottom pressure (OBP) anomalies are

modeled with FESOM on weekly time scales. The period, which is investigated, starts on

5 January 2003, i.e. the first full GPS week in 2003, and ends in the last full GPS week
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of 2008 (weeks from 1200 to 1511)2. OBP is computed through vertical integration of the

water column by applying

p(λ, φ, t) =

∫ 0

−H

ρ(λ, φ, t, z)gdz +

∫ h(λ,φ,t)

0

ρwgdz + pa(λ, φ, t) (3.3)

where ocean depth is denoted as H , h is the sea surface elevation, ρ the in-situ density, and

pa the atmospheric sea-level pressure (Böning et al., 2008). λ is the latitude and φ the is

longitude. Weekly anomalies are then computed by subtracting the multi-year mean OBP

at each grid point.

2003 2004 2005 2006 2007 2008 2009
−0.02

−0.015

−0.01

−0.005

0

0.005

0.01

0.015

0.02

time [years]

[d
ba

r]

weekly
monthly

Figure 3.11: Global mean OBP variations modeled with FESOM (dbar)

The daily mean net precipitation (P-E) and variations in the global mean atmospheric

pressure over the ocean introduce a short term variability in the global mean OBP. On

monthly mean time series the short term variations are almost averaged out. The seasonal

cycle in the global mean is induced by the net fresh water flux between land, ocean,

and atmosphere. It has an amplitude of 11.2 mm equivalent water height and a phase

of 244 (day of year). This is in good agreement with other studies (Blewitt and Clarke,

2003; Wu et al., 2006; Willis et al., 2008). More details on variations of global mean ocean

mass are discussed in Rietbroek et al. (2009). Regionally weekly OBP variations can be

separated into the contributions of ocean and atmosphere (Figure 3.12). The short term

variability in the atmosphere is caused by the weather. To a large part, it is balanced by the

inverse barometer effect leading to ocean mass anomalies of up to ±0.2 dbar (atmospheric

loading).

Comparing weekly mean OBP with monthly mean OBP anomalies (Figure 3.13), the

amplitude of regional variations are about twice in the weekly solutions, whereas the geo-

physical patterns remain the same. Strong variability appears mainly due to bottom to-

pography as seen in the Southern Ocean, with a strong signal west of the Drake Passage.

2A GPS week corresponds to a time duration from Sunday through Saturday.
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(a) (b)

Figure 3.12: Weekly mean pressure of ocean (a) and atmosphere (b) of the first full GPS
week in 2003 (week 1200) in dbar

Also semi-enclosed seas, such as the Hudson Bay or the Mediterranean Sea generally show

high variability and are more sensitive to changes in the model configuration. Short term

variations occur in the Arctic Ocean, which is generally homogeneously reacting to varying

winds and atmospheric pressure fields. Also variability in ocean mass is high in regions

of strong ocean currents, such as the Kuroshio, the Antarctic Circumpolar Current, or

the Gulf Stream. In other regions in the open ocean, the variability appears to be rather

moderate.

3.5 Error Estimation of Modeled Ocean Mass Varia-

tions

Error estimation is a crucial aspect when modeling OBP anomalies. Uncertainties of OBP

are highly unknown. Among the errors of modeling OBP are those related to discretization.

Further, model results generally suffer from uncertainties in the atmospheric forcing fields

in particular from uncertainties in the mass fluxes used as model input. For example,

the feature that long term trends may not be represented correctly in the data sets, used

to define mass flux between atmosphere/ocean and land/ocean, directly affects the model

results. Different model simulations are performed to investigate errors arising from spatial

discretization as well as from the atmospheric forcing, which is the main driver of the ocean

circulation.
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(a) (b)

(c) (d)

Figure 3.13: Monthly OBP and weekly OBP anomalies; (a): OBP anomalies of first full
GPS week of year 2003 (week 1200) ((b): OBP anomalies of January 2003 (c): Standard
deviation of weekly mean OBP anomalies (d): Standard deviation of monthly mean OBP
anomalies

3.5.1 Influence of Spatial Discretization

Modeled OBP is dependent on ocean bottom topography and on the spatial resolution,

i.e. the size of the finite-elements. For example if the horizontal grid size is decreased, the

model is able to represent small features like eddies, which are modifying ocean mass on

small spatial scales.

To evaluate the influence of changed spatial resolution, a second model simulation has

been performed using an alternative mesh including a refined grid structure in coastal

regions. In addition, the grid has a modified topography. The difference between the

OBP anomalies of the two experiments at the same location provides an estimate of the

minimum error of the model, as they are only due to different numerical discretization.

The main differences occur in the Southern Ocean and are related to the topographic

features in this region. The first EOF of the difference (Figure 3.14a) shows an increased
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Figure 3.14: First EOF of the difference between OBP anomalies modeled with FESOM
using different spatial discretization (a) and its principle component (b)

transport through the Drake Passage. Its principle component indicates a trend, related

to the accelerating mass transport. It explains a variance of 46.6 percent (Figure 3.14b).

The computed mass transport through the Drake Passage, simulated with the two model

setups, range between 120 and 160 Sverdrups (Sv) with a slightly decreasing trend in the

reference model simulation (Figure 3.15). The differences in mass transport amount up to

20 Sv in the last ten years.
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Figure 3.15: Volume transport through Drake Passage simulated with the reference model
simulation (blue) and with an alternative grid (red)

The global mean OBP variations of the two model simulations are very similar (Figure

3.16, upper panel). Their difference has a very small range with a maximum of 1.1 mm,

which can be neglected (Figure 3.16, lower panel). The difference between these model

simulations would not lead to a realistic estimation of the error of modeled OBP, because

the regional differences appear to be quite small. Only in the Southern Ocean, west of the

Drake Passage more pronounced signals occur. For these reasons, the discretization error
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does not provide reasonable error estimation, which could be used in the joint inversion

(see Chapter 3.7).

2003 2004 2005 2006 2007 2008 2009
−0.02

−0.01

0

0.01

0.02

[d
ba

r]

G4
G5

2003 2004 2005 2006 2007 2008 2009
−2

−1

0

1

2
x 10−3

time [years]

[d
ba

r]

Figure 3.16: Global mean of modeled OBP using different spatial discretization; the upper
shows both global mean ocean mass variations and lower panel their difference

3.5.2 FESOM and the Large Scale Geostrophic Model

Another possibility to estimate the error is to investigate OBP derived from an alternative

model. Here, OBP anomalies from the large scale geostrophic model (LSG) are compared

with OBP from the reference model simulation (FESOM), both applying the same ocean

bottom topography.

The LSG model was originally developed to investigate climate change with time scales

of thousands of years (Maier-Reimer and Mikolajewicz, 1991). After it has been combined

with its adjoint, it has been used to simulate the ocean state (Wenzel and Schröter, 2002,

2007b). The simulations have a global configuration and a spatial discretization of 1.5o ×
1.5o with 23 vertical layers. These layers vary in thickness from 20 m near the surface

to 750 m near the ocean bottom. The LSG model conserves mass. Net freshwater fluxes

are not separated into the individual contributions (precipitation, evaporation, and river

runoff). OBP have been computed with the LSG model from January 1987 to December

2000 where measurements from the TOPEX/Poseidon and GEOSAT satellite missions and

tide gauge records are assimilated.

For comparison with the LSG model results, monthly mean OBP anomalies of FESOM

for the period from January 1991 to December 2000 are simulated. The resulting global

mean OBP variations show significantly higher amplitude in the FESOM results as com-

pared to the LSG model results (Figure 3.17). The phase of the seasonal cycle the FESOM
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Figure 3.17: Global mean variations of modeled OBP anomalies simulated by FESOM and
LSG in meter equivalent water height

results is slightly shifted compared to the phase of LSG model. The LSG model results

contain a trend of 1.2 mm/yr, which is determined by the assimilation of measurements.

Global mean OBP variations derived by FESOM shows a similar trend during this time

period (1.1 mm/yr). Note, that this trend is not induced by the mass budget but results

from the numerical inconsistencies when computing the temporal derivative of sea surface

height and the vertical component of the divergence (described in Section 3.3).

(a) (b)

Figure 3.18: OBP anomalies of January 1991 derived with LSG (a) and FESOM (b) in
dbar

Both model results show geophysical patterns originating from large scale currents,

such as the Kuroshio or the Gulf Stream. In the polar regions, stronger variations in OBP

are modeled with FESOM (Figure 3.18). In case of the LSG model, simulations suffer

from low data availability for the assimilation process, as no altimetry measurements are

provided for polar regions. When comparing regional trends of the time series of OBP
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anomalies from FESOM and the LSG model, the values in the Atlantic Ocean and the

Southern Ocean are mostly of opposite sign (Figure 3.19). For the Indian Ocean trends

are similar. The same holds for the Mediterranean Sea. In the Pacific Ocean and in the

Hudson Bay, almost no trend appears in the OBP anomalies derived from the LSG model,

where FESOM exhibits a strong positive trend.

(a) (b)

Figure 3.19: Regional trends of OBP anomalies (a) modeled with LSG and (b) modeled
with FESOM in dbar

Generally, the amplitude of regional anomalies is much smaller in the LSG model than

OBP in FESOM. If an error would be computed by taking differences, the anomalies

modeled with FESOM would dominate and the error would mainly reflect its signals.

Hence, the results are not used for the estimation of modeled OBP error.

3.5.3 Influence of Atmospheric Forcing

As already mentioned, the atmosphere is a driver of the ocean circulation and has a strong

influence on the results of the model simulation. For this reason, the error of modeled

OBP is estimated by comparing two model runs using different atmospheric forcing data

sets, including different precipitation and evaporation fields. Instead of daily mean fields

from the NCAR/NCEP reanalysis, used in the reference model simulation, the 6 hourly

ERA40 reanalysis is used during spin up of a second model integration. The ERA Interim

reanalysis, which also consists of 6 hourly data, is then used within FESOM from 1989 to

2008.

To analyze the influence of the two different atmospheric data sets, the two model runs

have been performed for the period from 2003 to 2008. Major differences appear in the

global mean ocean mass variations (Figure 3.20), whereas the seasonal cycles are almost
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Figure 3.20: Global mean ocean mass variations in meter equivalent water height simulated
using different atmospheric forcing.

in phase. The amplitude of the simulation using atmospheric parameters from the ERA

Interim reanalysis is decreasing in the years 2007 and 2008 producing a slightly negative

trend. Both time series show similar short term variations, caused by variations in mean

mass of the atmosphere above the ocean.

�p(λ, φ) =

√√√√1

7

7∑
d=1

(p̄d
N(λ, φ)− p̄d

E(λ, φ))2 (3.4)

The weekly error of modeled OBP, �p, is calculated by the weekly root mean square of

the difference of daily mean OBP (equation 3.4). p̄d
N are daily mean OBP values modeled

with forcing from the NCAR/NCEP reanalysis and p̄d
E are daily mean OBP values modeled

with forcing from ERA-interim reanalysis.

The mean estimated error of modeled OBP is 0.04 m per 1.5o×1.5o grid cell. The error

maps show similar patterns for all weeks, varying in order of magnitude of mm. Major

variations of the error occur in the Southern Ocean and in regions of shallow topography,

which are not well connected to the open ocean, such as the Mediterranean Sea and the

Hudson Bay, where OBP reacts very sensitive to changes in the forcing. The error for week

1200 (the first full GPS week in January 2003) ranges between 0.003 m in the ocean near

the equator and 0.31 m in the Weddell and Ross Seas (Figure 3.21a). An error of about

0.1 m is found in the Southern Ocean west of the Drake Passage, which originates from

differences in the wind fields. The Arctic Ocean also appears to be sensitive to perturbation

in forcing fields (Brunnabend et al., 2010).

The root mean square of the differences between the two model runs indicates higher

variability of the differences in the Southern Ocean because of topographic features and

sensitivity of the strong currents of the Antarctic Circumpolar Current (Figure 3.21b).
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(a) (b)

Figure 3.21: Estimated error of modeled OBP of first full GPS week in 2003 (week 1200)
(a). For comparison, the standard deviation of OBP error in the period 2003-2008 is shown
in panel (b).

The error of modeled OBP is validated in Chapter 3.8.3.

3.6 Gravity Recovery and Climate Experiment

Instead of modeling OBP, measurements from the Gravity Recovery and Climate Experi-

ment (GRACE) can be used to estimate time-variable ocean mass on a global scale. In gen-

eral, GRACE is measuring gravity variations of the Earth (Tapley et al., 2004; Bettadpur,

2007). These are caused by mass variations in the atmosphere and ocean, in land hydrol-

ogy, in ice sheets and glaciers, and in the solid earth, for example due to plate tectonics.

The system consists of two satellites in a nearly circular low Earth orbit (LEO) following

each other with a distance varying between 200 km and 300 km. They fly in a nearly polar

orbit with an inclination of 89o and an altitude of about 500 km. Their positions, velocity

and the precise time are measured with the GPS system (appendix B).

The GRACE satellites fly with respect to the center of mass and measure the gravity

of the Earth by computing variations in the distance between them. For example, if the

first satellite gets closer to a region with higher density (e.g. a mountain), it will be

attracted more than the second satellite as this is still farther away from this region. The

increased distance between the satellites is measured by a microwave ranging system, both

satellites have on-board. When the second satellite is also reaching the area of higher

density the distance between the satellite become smaller again. If both satellites have

the same distance to this region, the distance is minimum. It increases again, when the
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Table 3.1: GRACE Solutions
GAA vertically integrated atmosphere from the background model (tide free mean atmosphere)
GAB vertically integrated ocean from the background model (tide free mean ocean)
GAC vertically integrated atmosphere over land and

above ocean regions vertically integrated atmosphere and ocean from the background model
(GAA + GAB)

GAD OMCT mean
GSM Estimate of the gravity field for an epoch (residuals derived from GRACE)
GACGSM Combination of GAC and GSM which represent mean ocean mass variations
GADGSM Combination of GAD and GSM which represent mean ocean mass variations

first satellite is flying away from this region. After both satellites have passed this region

and are far enough away, the distance between the satellites is the same as before they

arrived at the radius of influence. Also non-gravitational forces are acting on the satellites,

like air drag, solar radiation pressure, or attitude control activator impulses, which may

influence the distance between the satellites. Hence, accelerometers are carried measuring

surface force acceleration. Star cameras are measuring the attitude of the satellites and

are responsible for the correct interpretation accelerometer measurements.

Although different GRACE gravity field solutions are made available by the four major

research organizations, during this study, only solutions based on the GFZ RL4 processing

are used. The solution consists of different products, whose content can be recognized by

a special identifier (Table 3.1). Geo-potential estimates (G) are represented in spherical

harmonics (SH) coefficients and can be converted to monthly mean OBP by equation 3.5

(Wahr and Molenaar, 1998) (Böning et al., 2008).

Pg =
agρE

3

30∑
l=2

l∑
m=0

2l + 1

1 + kl
P̃lm(sin θ)[C ′

lm cos(mΦ) + S ′lm sin(mΦ)] (3.5)

where a is the radius of the Earth, ρE is the mean density of the Earth, and g the constant

gravity acceleration. The spherical harmonics coefficients of degree l and order m are C ′
lm

and S ′lm. P̃lm is defined as the fully normalized Legendre functions and kl is the load love

number of degree l, which describes the deformation of the Earth surface due to loading.

Products from the background model (A) are averaged over a specific time period. To

determine OBP from GRACE measurements (S), the background model GAC or GAD

has to be added to the GRACE estimate (GSM). Almost all GRACE solutions have to

be filtered, because of aliasing effects, causing unrealistic meridional patterns (Seo et al.,

2008). In this study, a two dimensional Gauss filter is applied (Wahr and Molenaar, 1998).

The numerical ocean model for circulation and tides (OMCT) was chosen as background

model for GRACE processing and the FES2004 tide model provides tide estimates that
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are used for tidal correction of the GRACE products.

Note that K-band measurements from GRACE are not useful to resolve geocenter

motion (SH degree 1 coefficients). This motion results from mass redistribution in the

atmosphere, ocean and land. It is defined as the variations of the Earth’s center of mass

with respect to Earth’s center of figure (CF). The two GRACE satellites fly with respect

to center of mass (in the CM reference frame), which is defined as center of the solid Earth

and the surface loads. It is stationary with respect to the GRACE orbits in inertial space

(Blewitt, 2003). The reference frame CF instead is characterized by the geometric shape

of the Earth (Rietbroek et al., 2009) and plays an important role in the analysis of GPS-

networks or VLBI. It can be approximated by the CE reference frame (center of mass of

the solid Earth). Compared to the CM frame, the CE frame cannot change its center, if

redistributed mass causes deformations of the solid Earth (Blewitt, 2003).

Because of tidal aliasing the C20 coefficient can also not be well determined by GRACE

(Chen and Wilson, 2008; Chen et al., 2008). This leads to some uncertainties, which for

example can be solved by combining different data sets, as performed in the joint inversion.

This issue is investigated in a related study (Rietbroek et al., 2009).

GRACE estimates with an increased temporal resolution to weekly time scales are pro-

vided by the GFZ Potsdam (Dahle et al., 2008). It is characterized by a decrease in spatial

resolution as fewer measurements are available for the reduced averaging period. Another

limiting factor is the orbit configuration. To achieve a maximum solution space of 30 x 303,

a ground track analysis has been performed, based on predicted orbits of GRACE A and

on the maximal spacing of ground tracks at degree 35N latitude (Dahle et al., 2008). The

background models and standards are identical to GFZ RL04 monthly solutions. Currently

the time series are provided for 306 estimates for weeks 1177 to 1489 (August 2002 to July

2008), with seven weeks missing due to erroneous GRACE L1B data (Dahle et al., 2008).

The background models GAA and GAB (Figure 3.22a, and 3.22b) show similar patterns

as modeled with FESOM (Figure 3.12b, 3.12a), resulting from the fact that atmospheric

pressure is causing the main structure of ocean mass redistribution and both models use

pressure fields provided by the weather forecast centers ECMWF and NCEP. If the pressure

of atmosphere and ocean is added, the sum can mostly be described by the inverse barom-

eter effect. The remaining ocean signal is dominated by wind driven ocean circulation and

large scale ocean waves.

The global mean OBP of both background model products are similar (Figure 3.23,

black and blue lines in upper panel) and show a lower amplitude than seen in the FESOM

3These maximum of SH degree and order is best suited for the inversion, described in Section 3.7
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(a) (b)

(c) (d)

Figure 3.22: Weekly GRACE background models of the first full GPS week in 2003 (week
1200) in meter e.w.h. (a) the atmosphere product GAA (b) the ocean product GAB (c)
GAC, which is the sum of Atmosphere (GAA) and Ocean (GAB) (d) GAD, which is the
OMCT mean.

results (red). Also a phase shift is apparent, which disappears, when the GSM product

is added to GAC and GAD (Figure 3.23, lower panel). The amplitudes are comparable.

Compared to the GRACE estimates, the phase of of ocean mass variations from FESOM

is better than in GAC. The amplitude in the background model is closer to the GRACE

estimates.

OBP anomalies simulated with the background models (GAC and GAD) strongly cor-

relate with OBP anomalies derived by FESOM (Figure 3.24a and 3.24b). Correlations

higher than 0.6 appear mostly in the open ocean and a level of around 0.5 is found in the

Arctic Ocean. Highest correlations are visible in the Indian ocean. Low correlations occur

in the Mid Atlantic Ocean. Near coastlines the correlation decreases, for example near the

coasts in the Amazon Delta or in the Indonesian region.

The weekly GRACE estimates, used for comparisons, are filtered with a Gauss filter
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Figure 3.23: Global mean ocean mass variations derived with GRACE in meter equivalent
water height.

to minimize aliasing artifacts. An averaging radius of 750 km is chosen as these solutions

show best correlation with in-situ measurements (see Section 3.8.1). The GRACE products

show less correlation with FESOM, compared with the correlation between FESOM and

the background models (Figure 3.24c and 3.24d). Best correlation with values over 0.6

appear in the Arctic Ocean. Due to the filter, strong negative correlations occur in regions

near the coasts as strong land hydrology signals are mixed with ocean signals, as seen for

example in the Amazonian region (leakage effects).

The strong negative correlations found between the GRACE solutions and the FESOM

results are much less visible between GRACE estimates and their background models

(Figure 3.24e and 3.24f). Generally, GRACE estimates deviate more from their background

models than from FESOM. Both background model products show low correlations to

GRACE measurements in the Arctic Ocean and in the North Atlantic. In the Southern

Hemisphere the correlation is higher, compared to the correlation between the GRACE

estimates and FESOM. Near the Antarctic coast, the correlation between the GRACE

estimates and the background model GAC is high, surrounded by a thin line of lower

correlation. This feature probably results from the mass patterns over land, which are

taken into account here. The correlation of the GRACE estimates and the background

model GAD does not display them.
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(c) (d)
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Figure 3.24: Correlation of OBP of GRACE Products and FESOM (degree and order up
to 30); (a): GAC and FESOM, (b): GAD and FESOM, (c): GSMGAC and FESOM, (d):
GSMGAD and FESOM, (e): Correlation of GAC and GSMGAC, and (f): Correlation of
GAD and GSMGAD; for products including GSM a 750 km Gauss filter is applied
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3.7 Joint Inversion

Although GRACE data can be used to measure ocean mass redistribution on a global scale,

measurements suffer from the limited capability to measure geocenter motion, as only the

GPS tracking of the two GRACE satellites can be used to for this issue. Also aliasing,

leakage effects, and the limitations in spatial and temporal resolution cause problems in the

processing and interpretation of the data. Hence, different studies augment the GRACE

measurements and combine multiple data types to overcome these problems. Wu et al.

(2006) estimated global surface mass distributions up to degree and order 50 on monthly

time scales by combining GRACE gravity data with GPS displacements and ocean bottom

pressure derived from the Estimating Circulation and Climate of the Ocean (ECCO) model.

This ocean circulation model assimilates altimetry data, and the spatially uniform error

for modeled OBP was assumed to be 1.7 cm for monthly averaged 1o × 1o grid cells.

A similar inversion scheme has been set up (Rietbroek et al., 2009; Jansen et al., 2009a),

which combines GRACE gravity data, GPS site displacements and OBP from the ECCO

model to estimate spherical harmonics coefficients up to degree and order 30 including

geocenter motion on monthly time scales. The error of modeled OBP has been assumed to

be 5 cm, which corresponds to the error of the satellite altimetry measurements that are

assimilated into the model. First experiments have also been performed using the Finite

Element Sea-ice Ocean Model (FESOM; Timmermann et al. (2009)) of this study instead

of applying the ECCO model (Rietbroek et al., 2009; Jansen et al., 2009b). The weekly

combination has been performed up to degree and order 30 and uses weekly GPS solutions,

weekly modeled OBP, and sub-monthly GRACE solutions. An uncorrelated error of 5 cm

per block-averaged grid cell 5o × 5o has been assumed for modeled OBP on the weekly

basis.

In a collaborative effort between the Alfred-Wegener-Institute Bremerhaven, the Ger-

man Research Center for Geosciences in Potsdam and the University of Bonn a strategy

for a joint inversion of time series of GPS site displacements, modeled OBP anomalies and

GRACE gravity data has been developed to describe mass transport and mass redistribu-

tion of the ocean. This project is part of the priority program SPP1257 ”Mass transport

and mass distribution in the Earth system” of the German Science Foundation (DFG).

The objectives of the project are improving the accuracy of GRACE, solving for geocenter

motion and increasing temporal resolution. The joint inversion, is developed by Roelof Ri-

etbroek (University of Bonn) and published in Rietbroek et al. (2009). It is performed in a

least squares sense, where the design matrices of the inversion are set up in the representa-

tion of the spherical harmonics (SH). Then a least squares adjustment is performed for the
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weekly normal system including full covariance of the GRACE and GPS data sets. The

error of the modeled OBP is defined in the first stage as a diagonal covariance assuming an

uncorrelated error of σ = 10 cm for each grid cell. This corresponds to about 3 cm for an

averaged grid cell of size 5o × 5o. The normal system of equations is solved at every time

step (week) without considering temporal correlation. Results are load coefficients (Stokes)

and residual reference frame parameters, which possibly effect the geometric observations

(translation, rotation and scaling). The inversion also provides the geocenter motion and

a mass correction term, which is used to improve the mass balance of the FESOM model.

The three different data sets that are used in the inversion are independent and com-

plementary. GPS site displacements are responsible for the low degrees, as this data set

is capable to resolve geocenter motion. GPS site displacements are described in Appendix

B. GRACE gravity data is useful to solve for the mid degrees without geocenter motion

as the two satellite are flying with respect to center of mass of the earth, described in

Section 3.6. Weekly OBP anomalies, derived during this study, are used to derive ocean

mass variations, which corresponds to high SH degrees.

3.7.1 Impacts of modeled OBP Error to the Inversion
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Figure 3.25: Weekly mean global ocean mass variations estimated by the joint inversion in
meter equivalent water height

To improve the results, the error of modeled OBP estimated in Section 3.5.3 can be used

in the inversion. This leads to a higher weighting of modeled OBP because the previous

error is higher than that of the estimated variable error maps. Almost no differences

in global mean ocean mass variations are seen using the alternative error estimation of

modeled OBP (Figure 3.25). Generally, the inverse solutions show a smaller amplitude

of the seasonal variations than the modeled OBP. FESOM simulates the phase of total

ocean mass variations similarly to the GRACE solution, which also coincides well with
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the inverse solution. The systematic difference occurring in the inverse solution, which

includes the variable error of modeled OBP, at the beginning of year 2003, results from

the problem of low GRACE data availability during this time period and the increased

weighting of modeled OBP. This means that OBP modeled with FESOM might strongly

influence the inverse solutions, if GRACE solutions are highly uncertain. As a consequence,

in the following the first 4 weeks will not be considered further.

Both inverse solutions show the typical geophysical pattern in the weekly fields, showing

reduced aliasing effects (Figure 3.26a and 3.26b). Hence, no filtering is applied for the

following investigations. The variability strongly depends on the weighting of modeled

OBP, especially in the polar regions, where less temporal variations are visible in the

inverse solution using the variable error of modeled OBP (Figure 3.26c and 3.26d). This is

caused by the generally less variable model results and its higher weighting in the inversion.

The difference in the standard deviation of the inverse solutions and FESOM show that

the inverse solution using the variable OBP error is closer to OBP derived with FESOM,

especially in the Norwegian and Barents Sea, and in Southern Ocean (Figure 3.26e and

3.26f). The inverse solution still includes some stripes mainly visible in the Pacific Ocean.

Also, the high differences at coastal regions occurring when using the constant error of

modeled OBP in the inversion mostly remain, e.g. near the Antarctic and Greenland

coasts.

3.7.2 Global Mass Correction derived from joint Inversion of

GRACE gravity data, GPS site displacements, and mod-

eled OBP

The inversion of GRACE gravity data, GPS site displacements and modeled OBP provides

a mass correction term for modeled OBP (Figure 3.27, upper panel). It is defined as an

uniform layer of ocean mass, describing the difference of mean ocean mass derived from the

inversion and the model simulation. The inversion calculations show that the correction

term has zero mean and a standard deviation of 2.8 mm. It can be used to improve the

fresh water budget of FESOM. The correction is performed by scaling precipitation with

a factor β (equation 3.6). The precipitation rate is chosen as it allows a more global

distribution of the mass correction term than for example river runoff. Furthermore, the

global P is larger than the global R which implies that correcting P for the same total mass

(per week) leads to a smaller relative correction (i.e. β). The first derivative of the mass

correction term is used as the inversion computes a bias for each week without correlation
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(a) (b)

(c) (d)

(e) (f)

Figure 3.26: Inverse solutions in meter equivalent water height
(a): Inverse solution using constant error of modeled OBP of first full GPS week

in January 2003 (week 1200),
(b): Inverse solution using variable error of modeled OBP of first full GPS week

in January 2003 (week 1200),
(c): Standard deviation of inverse solution using constant error of modeled OBP,
(d): Standard deviation of inverse solution using variable error of modeled OBP,
(e): Difference of STD of inverse solution using constant error of modeled OBP (c)

and STD of modeled OBP,
(f): Difference of STD of inverse solution using variable error of modeled OBP (d)

and STD of modeled OBP
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Figure 3.27: Ocean Mass Correction parameter (upper panel) and global mean ocean mass
variations (lower panel), in equivalent water height.

with the neighboring weeks. The mass correction terms of the first four weeks of the inverse

solution are not considered in the computation.

P new = βP ;

∫
P new =

∫
P−ΔMdΩdt (3.6)

The global precipitation is integrated over a week. ΔM denotes the mass correction term.

In the model the precipitation fields are multiplied with β and a subsequent model inte-

gration is performed.

Including the mass correction term as part of the model forcing reduces the amplitude

of the simulated global ocean mass variation to values similar to those from the inversion

(Figure 3.27, lower panel). Remaining differences between the two time series occur due

to the truncation of the spherical harmonics at degree 30, causing the signal to be slightly

blurred. Global mean ocean mass variations simulated by FESOM can be improved by

introducing the mass correction term. Now it is possible to model global mean ocean mass

with phase and amplitude similar to GRACE estimates. Also trends can be analyzed now

if longer time series become available, as the mass budget is not only defined by the input

parameters, but also refers to advanced ocean mass estimates, which mainly originate from

GRACE and GPS measurements.
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3.8 Ocean Bottom Pressure Recorders

About 152 time series at about 100 globally distributed locations from ocean bottom

pressure recorders (OBPR) are available (Macrander et al., 2009). OBPR are deployed to

estimate redistribution of mass in the ocean with a precision of up to 1 mm equivalent water

height. OBPR measure the pressure at the ocean bottom, i.e. the pressure corresponding

to ocean and atmosphere. The time period when measurements are taken differs at every

location. OBPR are mainly deployed at locations with strong oceanographic interest. For

example, ocean currents (e.g. in the Kuroshio extension) are investigated. Before the

measurements can be used to compute weekly means, the time series have to be corrected

for tides. To this end, results from the FES2004 tide model are subtracted from the

OBPR measurements (Böning et al., 2008). It has to be mentioned that tide signals in

OBPR measurements cannot be completely removed by subtracting estimates from the

tide model. For instance, there are difficulties in separating the seasonal mass signal in

OBPR from the seasonal tide signal. It may happen that the tide correction also reduces

the seasonal mass signal. Also, time series have to be corrected for non-linear sensor drift

by an exponential-linear fit function (least squares estimation) (Macrander et al., 2009).

For this reason, OBPR measurements allow for investigations of short term variability but

not for long term trends.

Time series of the inverse solutions, the modeled OBP and the weekly GRACE solu-

tions (GSM+GAC) are compared with OBPR at three exemplary locations, one in the

Southern Ocean and two in the North Atlantic (Figure 3.28). Generally the short term

signal structure is best represented by FESOM, whereas seasonal variations, which are not

well modeled in the FESOM results, are captured in the GRACE solutions. The inverse

solutions using the estimated variable error of modeled OBP best represent the temporal

mass signal measured with OBPR. This does not hold for the Arctic Ocean (see Figure

3.32b). At this location, the mass signal of the inverse solution (including the variable

error) is much less correlated to OBPR than the signals of GRACE measurements and

modeled OBP. Here, the inversion solution is not optimal, which indicates that there is

still some potential of improvement, e.g. of the weighting scheme of the inversion.

When comparing OBP of the model simulations including the optimized fresh water

budget with uncorrected model estimates, the regional influence of the mass correction

term (see Chapter 3.7.2) is mostly limited up to a change in correlation of 0.05 (Table 3.2

and 3.3). The difference between the variance ratio is very small and can be neglected.

This is expected, as the mass correction term is defined to be uniform over the globe and

is not due to a change ocean circulation. The time sequence of the OBPR signals can be
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Figure 3.28: Comparison of ocean bottom pressure time series with OBPR at specific
locations; (upper panel): RAPID MAR3 (24.5N 41.2W); (mid panel): MOVE M3 (16.3N
60.5W); (lower panel): POL SD2 (60.9S 54.7W).

represented well, e.g. at the location POL SD2 (South Drake Passage), AWI F8 (Fram

Strait), and AWI ANT13a (ACC region). However, the short term and seasonal variability

is not optimally described at many locations in both model simulations as seen at location

’AWI F8’. This is especially the case for the Kuroshio region where the variability of

modeled OBP generally represents about 7% to 15 % of the variability of the OBPR

measurements. For a complete list of all time series please refer to Appendix C to F.

3.8.1 Correlation with OBPR

The correlation between the different data sets and OBPR are highly dependent on the

region (Figure 3.29a and 3.29b). This holds for the different GRACE solutions as well as

for the FESOM model results, simulated with and without the mass correction term. For

example, modeled ocean mass variations correlate well in regions like the Arctic Ocean. In

other regions, (e.g. at the Kuroshio Current) the correlation between FESOM and OBPR

is even higher than between the inverse solutions and OBPR. This is mainly due to the fact

that in these regions weekly GRACE solutions (750 km Gauss filter applied) have lower

correlation. This is partly due to the issue of solving the SH degree 1 and 2 coefficients
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with GRACE only solutions. On the other hand FESOM cannot model the full variability,

which is seen in the OBPR time series. Looking at the variance ratio R,

R =
variance(obp)

variance(obpr)
(3.7)

the signal of FESOM mostly represents only 0.2 to 0.5 times the variability in the long

term signal of OBPR. Table 3.2 shows an overview of the correlations and regressions of all

time series and OBPR that are longer than 25 weeks. The cell is shaded if the correlation

is significant on a 95% confidence level. A dense pattern of OBPR is deployed in the

Kuroshio Current (see Table 3.3).

Correlations between OBPR and the different data sets are depicted in Figure 3.29. If

the correlation is significant at a location (on a 95% confidence level), the position is marked

with a bold black circle. The correlation between OBPR and the model simulations forced

by the reanalysis NCAR/NCEP (Figure 3.29a) and the ERA Interim (Figure 3.29b) are

computed for the time series of the investigated period (year: 2003 to 2007). In general the

correlations of both model simulations and OBPR are very similar, mainly resulting from

the similar wind fields used. Only in a few regions like the mid Atlantic Ocean they differ

slightly (up to 0.1). Most correlations are significant and appear to be between 0.5 and 0.9,

only at few a locations the correlation is lower than 0.4. The correlation of modeled OBP

using different model grids show similar correlations because small differences between the

two model simulations are located mainly in the Southern Ocean west of the Drake Passage,

where no OBPR were deployed (Figure 3.29c). If the fresh water budget is optimized by

introducing the mass correction term into the mass budget of FESOM, correlation remains

almost unchanged (Figure 3.29d). This has been expected, since the mass correction term

influences the global mass budget, but not regional mass variations.

GRACE results show generally a good correlation with OBPR (Figure 3.29e and 3.29f).

The Gauss filter influences the correlation, which appears to be high at most locations

when an averaging radius (Wahr and Molenaar, 1998) of 750 km is chosen. Only at a few

locations the correlation becomes smaller. Comparing the correlation between GRACE

and OBPR with the correlation of modeled OBP and OBPR, the correlation of modeled

OBP is much higher (about 0.2) in the Kuroshio region, in the South Drake Passage and in

the Atlantic Ocean east of the Caribbean Sea (e.g. the array of the Meridional Overturning

Variability Experiment (MOVE)). Both estimates show high correlations to OBPR in the

Arctic Ocean and in the Southern Ocean, near the Kerguelen Islands, and low correlations

at the Azores and the North Drake Passage. Correlations of GRACE and OBPR are higher

than FESOM and OBPR in the Fram Strait and in the North Pacific, with a few exceptions



CHAPTER 3. VARIATIONS OF OCEAN MASS 56

Table 3.2: OBPR Correlation with modeled OBP from the different model simulations
(reference simulation, simulation using alternative atmospheric forcing, and including the
optimized mass budget), weekly GRACE solutions, and the two inverse solutions. Corr
denotes the correlation coefficient and R the variance ratio. If a correlation is significant
on a 95 % confidence level, the cell is shaded

Station ID FESOM FESOM FESOM GRACE Inversion Inversion
NCEP ERA Interim corrected weekly (incl. err. OBP)

Corr R Corr R Corr R Corr R Corr R Corr R
ANT11 0.62 0.47 0.62 0.59 0.61 0.47 0.56 0.61 0.52 0.52 0.59 0.40
ANT13a 0.77 1.00 0.76 1.40 0.76 1.00 0.67 1.20 0.66 0.94 0.74 0.77
ANT3 -0.039 0.005 -0.09 0.004 0.049 0.004 0.11 0.036 0.32 0.016 0.17 0.008
ANT5 0.32 0.081 0.21 0.055 0.34 0.078 0.37 0.55 0.37 0.28 0.39 0.16
ANT537 0.40 0.14 0.27 0.14 0.42 0.15 0.46 0.91 0.50 0.46 0.51 0.28
ANT7 0.69 0.21 0.63 0.25 0.68 0.21 0.64 0.91 0.57 0.53 0.67 0.34
ANT9 0.62 0.36 0.55 0.45 0.61 0.36 0.59 1.10 0.58 0.79 0.70 0.57
APL ABPR 1 0.71 0.16 0.73 0.19 0.69 0.15 0.73 1.00 0.51 0.97 0.55 0.82
APL ABPR 3 0.73 0.23 0.74 0.30 0.75 0.20 0.59 1.00 0.44 1.00 0.47 0.89
AWI F2 0.57 0.22 0.57 0.22 0.57 0.20 0.73 1.20 0.67 1.00 0.70 0.76
AWI F4 0.68 0.21 0.68 0.21 0.67 0.20 0.78 1.20 0.71 1.00 0.71 0.77
AWI F5 0.68 0.16 0.66 0.16 0.65 0.15 0.80 0.90 0.71 0.73 0.68 0.55
AWI F6 0.58 0.17 0.58 0.18 0.58 0.16 0.71 0.90 0.62 0.76 0.63 0.60
AWI F7 0.63 0.12 0.63 0.13 0.60 0.12 0.79 0.72 0.68 0.58 0.68 0.45
AWI F8 0.64 0.14 0.62 0.15 0.63 0.13 0.73 0.78 0.63 0.64 0.64 0.51
CNES AMS 0.54 0.22 0.53 0.28 0.52 0.22 0.55 0.36 0.41 0.29 0.46 0.20
CNES CRO 0.58 0.27 0.57 0.29 0.61 0.26 0.54 0.69 0.40 0.41 0.54 0.23
MOV E M2.5 0.48 0.29 0.55 0.26 0.48 0.22 0.078 4.30 0.18 0.81 0.20 0.62
MOV E M3 0.55 0.43 0.50 0.43 0.54 0.34 0.25 7.50 0.39 1.20 0.41 0.97
MOV E M1 0.46 0.28 0.50 0.26 0.61 0.24 -0.065 5.30 0.15 0.98 0.44 0.63
MOV E M1.5 0.19 0.18 0.21 0.14 0.26 0.16 0.26 2.10 0.20 0.46 0.092 0.28
MOV E M6 0.35 0.36 0.50 0.28 0.43 0.3 0.17 4.50 0.45 0.90 0.49 0.56
MOV E M2 0.43 0.11 0.55 0.089 0.33 0.10 -0.004 1.80 0.26 0.41 0.26 0.29
DART d125 0.52 0.60 0.51 0.48 0.56 0.48 0.34 4.50 0.43 1.80 0.49 1.50
DART d157 0.12 0.088 0.14 0.073 0.13 0.069 0.53 0.46 0.44 0.36 0.43 0.18
DART d171 0.72 0.56 0.72 0.63 0.74 0.52 0.63 0.78 0.57 0.66 0.64 0.43
DART 46402 0.26 0.12 0.37 0.12 0.30 0.11 0.48 0.50 0.34 0.37 0.41 0.20
DART 46403 0.29 0.083 0.35 0.067 0.31 0.063 0.33 0.57 0.27 0.46 0.34 0.23
DART 46404 0.30 0.37 0.43 0.22 0.33 0.29 0.18 1.90 -0.003 1.40 0.18 0.83
DART 46405 0.52 0.38 0.58 0.30 0.59 0.28 0.14 1.80 0.30 0.72 0.45 0.35
DART 51407 0.29 0.16 0.33 0.18 0.30 0.15 -0.12 1.90 -0.12 0.20 0.004 0.17
POL IO1 0.66 0.29 0.66 0.31 0.64 0.26 0.50 0.83 0.54 0.72 0.58 0.45
POL IO2 0.65 0.26 0.56 0.28 0.60 0.23 0.47 0.82 0.40 0.79 0.55 0.52
POL ND2 0.26 0.018 0.30 0.013 0.30 0.013 -0.008 0.06 0.14 0.053 0.18 0.035
POL SD2 0.70 0.36 0.65 0.63 0.66 0.36 0.40 0.96 0.34 0.76 0.39 0.57
POL MY RTLE 0.70 0.37 0.80 0.39 0.75 0.32 0.35 1.50 0.33 0.61 0.45 0.42
POL SHAGEX1 0.33 0.11 0.35 0.11 0.28 0.085 0.34 0.36 0.26 0.31 0.20 0.17
POL SHAGEX2 0.56 0.073 0.54 0.053 0.58 0.056 -0.003 0.31 0.24 0.25 0.48 0.16
RAPID MAR1 0.48 0.43 0.49 0.28 0.53 0.32 0.039 6.10 0.17 1.80 0.35 0.89
RAPID MAR2 0.56 0.55 0.55 0.35 0.61 0.41 0.085 7.70 0.25 2.30 0.46 1.10
RAPID MAR3 0.44 0.91 0.53 0.50 0.52 0.63 0.23 6.10 0.45 1.30 0.55 0.80
RAPID MAR4 0.54 0.85 0.59 0.47 0.60 0.59 0.32 5.70 0.49 1.20 0.60 0.75
RAPID EB1 0.23 0.41 0.28 0.19 0.27 0.26 0.18 2.40 0.21 0.70 0.30 0.35
RAPID EB3 0.71 0.43 0.67 0.28 0.69 0.25 0.35 3.30 0.066 1.70 0.10 1.40
RAPID EBH1 0.43 0.63 0.48 0.35 0.49 0.38 0.26 4.00 0.052 1.70 0.10 1.30
RAPID EBH2 0.43 0.66 0.47 0.38 0.48 0.41 0.21 5.00 -0.022 2.80 0.01 2.20
RAPID EBH3 -0.026 0.43 0.13 0.24 0.095 0.26 0.14 3.20 -0.028 1.80 0.046 1.40
RAPID EBH4 0.18 0.45 0.21 0.26 0.24 0.28 0.098 3.40 -0.015 1.90 0.021 1.50
RAPID EBH5 0.26 0.20 0.12 0.11 0.16 0.12 0.22 1.50 0.062 0.84 0.053 0.65
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Table 3.3: Correlations at the Kuroshio (KESS) array with modeled OBP from the different
model simulations (reference simulation, simulation using alternative atmospheric forcing,
and including the optimized mass budget), weekly GRACE solutions, and the two inverse
solutions. Corr denotes the correlation coefficient and R the variance ratio. If a correlation
is significant on a 95 % confidence level, the cell is shaded

Station ID FESOM FESOM FESOM GRACE Inversion Inversion
NCEP ERA Interim corrected weekly (incl. err. OBP)

Corr R Corr R Corr R Corr R Corr R Corr R
KESS A2 b 0.54 0.17 0.53 0.19 0.56 0.15 0.23 0.20 0.50 0.14 0.56 0.10
KESS B1 b 0.56 0.14 0.55 0.14 0.60 0.11 0.46 0.20 0.57 0.18 0.65 0.13
KESS B2 b 0.68 0.25 0.67 0.27 0.73 0.22 0.45 0.24 0.54 0.20 0.64 0.14
KESS B3 b 0.39 0.17 0.41 0.18 0.43 0.15 0.32 0.19 0.26 0.15 0.29 0.10
KESS B4 b 0.49 0.17 0.48 0.16 0.52 0.15 0.25 0.17 0.34 0.14 0.43 0.11
KESS B5 b 0.55 0.12 0.56 0.12 0.57 0.11 0.32 0.12 0.38 0.096 0.47 0.074
KESS C1 b 0.67 0.16 0.68 0.14 0.67 0.13 0.45 0.27 0.53 0.26 0.65 0.18
KESS C2 b 0.50 0.08 0.49 0.075 0.51 0.063 0.27 0.11 0.52 0.11 0.54 0.083
KESS C3 b 0.44 0.09 0.43 0.10 0.50 0.08 0.23 0.10 0.36 0.081 0.45 0.058
KESS C4 b 0.53 0.10 0.54 0.11 0.57 0.086 0.30 0.11 0.32 0.08 0.44 0.059
KESS C5 b 0.21 0.074 0.23 0.077 0.25 0.061 0.11 0.12 0.12 0.08 0.13 0.056
KESS C6 b 0.56 0.092 0.55 0.094 0.58 0.083 0.21 0.13 0.43 0.084 0.56 0.062
KESS D1 b 0.73 0.15 0.76 0.14 0.70 0.12 0.39 0.38 0.51 0.34 0.60 0.25
KESS D2 b 0.65 0.15 0.67 0.15 0.67 0.12 0.41 0.18 0.46 0.14 0.55 0.10
KESS D3 b 0.49 0.10 0.49 0.12 0.54 0.095 0.36 0.15 0.40 0.088 0.45 0.062
KESS D4 b 0.40 0.071 0.40 0.075 0.44 0.063 0.21 0.095 0.30 0.071 0.36 0.053
KESS D5 b 0.38 0.058 0.44 0.058 0.39 0.051 0.13 0.071 0.20 0.05 0.22 0.041
KESS D6 b 0.51 0.089 0.53 0.09 0.51 0.079 0.10 0.11 0.30 0.079 0.36 0.062
KESS E1 b 0.40 0.18 0.45 0.18 0.42 0.14 0.27 0.45 0.29 0.38 0.38 0.28
KESS E2 b 0.62 0.13 0.64 0.13 0.61 0.11 0.37 0.17 0.45 0.14 0.47 0.10
KESS E3 b 0.48 0.096 0.48 0.099 0.49 0.081 0.30 0.13 0.39 0.11 0.39 0.08
KESS E4 b 0.44 0.077 0.43 0.082 0.46 0.068 0.17 0.10 0.38 0.079 0.43 0.059
KESS E5 b 0.11 0.062 0.17 0.063 0.10 0.053 0.027 0.075 -0.058 0.056 0.11 0.044
KESS E6 b 0.49 0.094 0.51 0.095 0.47 0.083 0.17 0.12 0.34 0.083 0.36 0.066
KESS E7 b 0.52 0.11 0.53 0.11 0.51 0.097 0.20 0.17 0.35 0.10 0.43 0.082
KESS F1 b 0.50 0.10 0.54 0.10 0.51 0.079 0.15 0.20 0.32 0.18 0.34 0.14
KESS F2 b 0.42 0.11 0.45 0.11 0.44 0.094 0.35 0.14 0.33 0.11 0.31 0.08
KESS F3 b 0.34 0.10 0.34 0.11 0.35 0.089 0.076 0.16 0.17 0.11 0.21 0.089
KESS F4 b 0.30 0.086 0.31 0.09 0.30 0.074 0.11 0.10 0.23 0.082 0.32 0.064
KESS F5 b 0.31 0.089 0.32 0.094 0.27 0.08 0.18 0.15 0.33 0.094 0.29 0.076
KESS F6 b 0.42 0.072 0.42 0.076 0.38 0.064 0.35 0.12 0.42 0.081 0.43 0.064
KESS G1 b 0.72 0.12 0.70 0.12 0.71 0.098 0.23 0.17 0.50 0.12 0.55 0.093
KESS G2 b 0.69 0.12 0.68 0.12 0.68 0.099 0.16 0.17 0.39 0.13 0.44 0.095
KESS G3 b 0.053 0.12 0.049 0.13 0.031 0.10 -0.078 0.15 0.009 0.12 0.071 0.094
KESS G4 b 0.31 0.14 0.31 0.14 0.27 0.12 0.036 0.17 0.15 0.13 0.23 0.11
KESS G5 b 0.39 0.073 0.41 0.077 0.33 0.064 0.29 0.11 0.27 0.07 0.32 0.058
KESS G6 b 0.31 0.27 0.35 0.29 0.31 0.24 0.088 0.40 0.30 0.26 0.29 0.22
KESS H2 b 0.68 0.096 0.67 0.098 0.65 0.083 0.081 0.17 0.42 0.11 0.49 0.088
KESS H3 b 0.58 0.16 0.59 0.16 0.53 0.14 0.25 0.26 0.24 0.18 0.31 0.15
KESS H4 b 0.098 0.13 0.13 0.14 0.068 0.11 0.088 0.20 0.076 0.14 0.12 0.12
KESS H5 b 0.34 0.085 0.39 0.09 0.27 0.077 0.18 0.17 0.17 0.096 0.15 0.084
KESS H6 b 0.38 0.17 0.39 0.19 0.35 0.15 0.19 0.32 0.26 0.20 0.24 0.16
KESS I1 b 0.52 0.25 0.55 0.26 0.51 0.21 0.23 0.45 0.31 0.24 0.34 0.20
KESS N1 b 0.65 0.21 0.65 0.23 0.67 0.18 0.39 0.24 0.50 0.17 0.61 0.12
KESS S1 b 0.70 0.29 0.73 0.31 0.70 0.24 0.38 0.60 0.39 0.32 0.48 0.25
KESS S2 b 0.40 0.41 0.43 0.43 0.43 0.33 0.36 0.88 0.34 0.49 0.38 0.40
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 3.29: Correlation of OBPR with (a) FESOM using NCAR/NCEP reanalysis as
atmospheric forcing, (b) FESOM using ERA Interim reanalysis as atmospheric forcing, (c)
FESOM using an alternative spatial discretization, (d) FESOM including optimized fresh
water budget, (e) GRACE GSMGAC solution filtered with 750 km Gauss filter, and (f)
GRACE GSMGAD solution filtered with 750 km Gauss filter, (g) Inverse solution using
assumed constant OBP error, (h) Inverse solution using space and time variable error of
modeled OBP
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(Brunnabend et al., 2010).

The representation of mass signals is improved by combing different data sets as de-

scribed in Chapter 3.7 (Figure 3.29g). This is especially true for the MOVE array (Atlantic

Ocean east of the Caribbean Sea), where GRACE only solutions have low correlation to

OBPR (Kanzow et al., 2005). Further increased correlation of the inversion results is

achieved when introducing the variable error of modeled OBP in the inversion. However,

correlation of the inverse solutions and OBPR measurements depends on the weighting of

the individual data sets. If one data set has a low weight, because the data set includes high

uncertainties, some of the signals from this data set may be damped during the inversion.

Figure 3.30: Histogram of the differences between correlations with OBPR measurements
and (a): Inversion (constant OBP error applied) and weekly GRACE (750 km Gauss
filter applied), (b): Inversion (variable OBP error applied) and weekly GRACE (750 km
Gauss filter applied), as well as (c): Inversion (variable OBP error applied) and Inversion
(constant OBP error applied)

The influence of the weighting on the combinations of different data sets is also visible

in Figure 3.30 (Brunnabend et al., 2010). Even with a constant error of modeled OBP, the

inverse solution shows at many positions a higher correlation with OBPR measurements

than the GRACE-only solutions. At some positions, however, the correlation decreases,

e.g. south of Africa crossing the ACC. This is largely cured when the estimated error of

modeled OBP is applied. Compared to GRACE data, the correlation to OBPR data is

increased by up to 0.5. Compared to the inversion with the constant model error applied,

the correlation to OBPR increased in almost all cases, only at three positions it gets smaller.
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Because of the large number of deployments, the OBPR measurements in the Kuroshio

Current region are not included here. Figure 3.30 clearly demonstrates that the inverse

results improve the OBP estimate over a GRACE only solution (a,b). The improvement

is much more pronounced, when variable OBP error is taken into account (c).

3.8.2 OBPR for Regional Mean Mass Variations

Figure 3.31: Locations of OBPR (grouped by regions)

One disadvantage of OBPR is that they are point measurements and represent OBP

at a specific location. GRACE analysis and inverse solutions are more accurate on larger

scales. By averaging over a set of OBPRs in a region an estimate of regional mass variations

can be approximated. It will be tested if a comparison on a regional basis improves the fit

between the two data sets. OBPR mean mass variations of a specified region depend on the

location. In the following OBPR recorders are grouped in eight different regions, Arctic,

Fram Strait, Pacific, Atlantic, Drake Passage, ACC, Kerguelen, and Kuroshio (Figure 3.31).

Their respective mean is compared with regional mean mass variations from FESOM,

GRACE estimates and the inverse solution (variable error of modeled OBP applied). For

every week all available measurements are considered. If a measurement at a location is

not existing, this location not considered for the particular week.
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Figure 3.32: Ocean bottom pressure time series of North Polar Region; (upper panel):
Station ABPR1 (89.2543N 60.3597E) (mid panel): Station ABPR3 (89.2475N 148.1257E)
(lower panel): mean of station ABPR1 and ABPR3, during the time both time series are
available

Arctic Region

Two OBPR time series are provided by Morison et al. (2007) with positions near the North

Pole. Here, the inverse solution using the variable error of model OBP best represents the

regional mass variations (Figure 3.32), only the seasonal cycle from GRACE measurements,

is not described in OBPR. The capability of FESOM to model OBP in this region has

some limitations due to the problem of singularity at the North Pole. In the present model

version, this issue is solved by inserting a small island. Hence, ocean circulation might not

be as well represented as in other regions. However, FESOM still shows good agreement

with OBPR measurements, especially in the short term structure.

The two measurements, the inversion and FESOM, well correlate with the mean ocean

mass variations of the Arctic Ocean above 80oN latitude, which are derived from GRACE

(Figure 3.33). FESOM results show lower amplitudes compared to the other data sets,

but similarly correlate to OBPR as GRACE (about 0.7). Regional mean ocean mass

variations of the inverse solutions show correlations with OBPRs of 0.8, including a good

representation of seasonal variations of the mass signal, which is also the case for the

GRACE solutions. Also the short term structure is well defined, except for some short
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Figure 3.33: Ocean bottom pressure variations in the Arctic Ocean

time periods like in spring 2005.

Kuroshio
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Figure 3.34: Mean ocean bottom pressure variations at the Kuroshio current

The Kuroshio is a surface current located in the North West Pacific east of Japan. In

this region an array, which consists of 46 OBPR have been deployed from 2004 to 2006

(Park et al., 2008). The mean mass signal of the OBPR measurements in this region are

compared with regional mean mass variations of the different data sets (30o ≤ latitude

≤ 50o and 130o ≤ longitude ≤ 175o). The inverse solution shows best correlation with

OBPR, closely followed by modeled OBP and GRACE estimates. Short term variations

are also well described in all data sets. They depict the yearly signal of mass variations,

with slightly underestimated amplitude (Figure 3.34).
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Figure 3.35: Mean ocean bottom pressure variations in the Mid Atlantic Ocean

Mid Atlantic Ocean

In the equatorial Atlantic Ocean two arrays (MOVE and RAPID) are deployed. The

MOVE array (Kanzow et al., 2005) is located East of the Caribbean Sea, whereas the

RAPID array spans the whole width of the equatorial Atlantic Ocean. The region investi-

gated here, is defined as 0o ≤ latitude ≤ 40o and −75o ≤ longitude ≤ 0o. The correlations

of OBPR and the regional means of the different data sets are quite low (Figure 3.35). All

estimates are following the seasonal cycle, where the amplitude is somewhat overestimated

in the GRACE solutions. This was also seen previously in the comparison of the point

estimates with OBPR from the MOVE array.

Fram Strait
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Figure 3.36: Mean ocean bottom pressure variations in the Fram Strait

The Fram Strait is located between Spitsbergen and Greenland. It denotes the passage

between the Arctic Ocean and the Norwegian and Greenland Seas. The mean of all OBPR
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at Fram Strait and the mean of all corresponding OBP derived by the different methods

are computed for the region of 60o ≤ latitude ≤ 87o and −20o ≤ longitude ≤ 20o (Figure

3.36). Mean mass variation from GRACE and the inverse solutions correlate well with

mean OBPR measurements with values over 0.7 in the Fram Strait region. The correlation

of regional mean OBP of FESOM and OBPR measurements is a bit lower but still above 0.6

as the short term structure is well described. On the other hand, modeled mass variations

cannot represent the variability of mean ocean mass in this region as good as GRACE or

the inverse solution can do.

Antarctic Circumpolar Current
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Figure 3.37: Mean ocean bottom pressure variations in the ACC (South Atlantic)

The mean of all OBPR in the ACC in the South Atlantic and the mean of all cor-

responding OBP derived by the different methods are computed for the region south of

Africa −60o ≤ latitude≤ −30o and−30o ≤ longitude≤ 35o (Figure 3.37). OBPR measure-

ments at location AWI ANT 3 are not taken into account, as they show very strong short

term fluctuations, which are known to be related to much smaller scales of the Agulhas

Retroflection. Regional mean mass variations of FESOM and the inversion are estimated

with a correlation higher than 0.6. The correlation between GRACE estimates and OBPR

is slightly lower (0.57). The representation of the variability of the mass signal is underes-

timated in all data sets, compared to OBPR measurements. The short term structure in

the signal of OBPR can be identified in all data sets.

Kerguelen

The Kerguelen islands are a sub-Antarctic group of islands and are located in the Southern

Indian Ocean with a distance of 2000 km to Antarctica and 4000 km to Australia. Near
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Figure 3.38: Mean ocean bottom pressure variations near Kerguelen Islands

the Kerguelen Islands four OBPR were deployed from beginning of year 2003 to beginning

of year 2005 (Rietbroek et al., 2006). All regional mean mass estimates have similar cor-

relation of about 0.5 with OBPR (region: −60o ≤ latitude ≤ −30o and 30o ≤ longitude

≤ 100o). The short term structure of the mass signal in OBPR is well represented in all

data sets (Figure 3.38). Low frequency mass variations are not as well described as in

other regions. For example, in the second half of year 2003 only GRACE measurements

follow the OBPRs, while the inverse solution is mostly following the model results. Since

the second half of 2004 no data set describes the variability of the mass signal from OBPR.

Drake Passage
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Figure 3.39: Mean ocean bottom pressure variations in the Drake Passage

Drake Passage, the 800 km wide strait between the Cape Horn (South America) and

the Antarctic Peninsula, is part of the Southern Ocean and connects the Pacific and the

Atlantic Ocean. The ACC is the only current, which flows zonally around the globe, after
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the Drake Passage opened some 40 million years ago. Regional mean mass variations are

computed for −65o ≤ latitude ≤ −40o and −70o ≤ longitude ≤ −30o. Although there

are good correlations between point estimates of the data sets and OBPR measurements

available, OBPR measurements deployed in the Drake Passage cannot represent mean mass

variations of larger areas (Figure 3.39). There is almost no correlation between the data

sets and OBPR. Only the seasonal signal with underestimated amplitude and a small phase

shift is captured.
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Figure 3.40: Mean ocean bottom pressure variations in the North Pacific

In the North Pacific mean mass variations are computed for the area 30o ≤ latitude

≤ 70o and −180o ≤ longitude ≤ −100o, where most OBPR are deployed for the Tsunami

Early Warning System. The two deployments south of 30o latitude, which are defined

to be in the Pacific group, are not considered in the calculation of the mean, as their

locations are too remote from the other OBPR. It would be necessary to massively enlarge

the area of investigation to a size, where the OBPR measurements are not able to depict

the mass variations (Figure 3.40). For the Pacific region the correlation is already quite

low for modeled OBP, where the short term fluctuations are strongly underestimated. The

GRACE and inverse solutions are a bit higher correlated with OBPR (about 0.4). The

seasonal cycle is well defined in all data sets.

3.8.3 Validation of modeled OBP error

Modeled OBP from FESOM directly influences the inverse calculation. The estimated

error of the FESOM result has an indirect influence as it is used in the weighting scheme
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Figure 3.41: Comparison of modeled OBP error (red) with the true error, i.e. the differ-
ence between modeled OBP and OBPR measurements (blue) for locations (a): KESS E7
(Kuroshio), (b): AWI F8 (Fram Strait), MOVE M3 (Atlantic Ocean, east of the Caribbean
Sea) , and CNES AMS (near New Amsterdam, about 10o north-east of the Kerguelen Is-
lands)

of the Normal equations. In the previous chapters OBPRs were used to test the modeled

OBP. Now the error estimate, which varies in space and time, is tested with the in situ

data. A measure for the real error at these locations can be estimated when computing the

difference between modeled OBP and the measurements. Comparing these errors with the

perturbation-based error estimate (Chapter 3.5.3) reveals that they have similar magnitude

(Figure 3.41). The difference is mostly located within the estimated error boundaries.

At some positions the error is overestimated, for example in the Mid Atlantic Ocean.

Variability of the model OBP error estimate is small. The difference sometimes exceeds

the error estimate for a short time period, because of the stronger fluctuations of the short

term signals in the OBPR measurements. At least 84 % of the data remains within the

estimated error bounds (Brunnabend et al., 2010). In a Gaussian error distribution less

measurements would lie within one standard deviation, which shows our error estimate is
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conservative.

3.9 Conclusion

OBP anomalies modeled with FESOM capture the geophysical patterns of the global ocean,

whereas the modeled mass budget directly depends on the fresh water budget. This leads

to a direct transfer of uncertainties in the input variables to the modeled global mean ocean

mass variations.

On the basis of different atmospheric forcing fields, weekly error maps of modeled OBP

were derived, as atmospheric parameters such as wind, temperature and net precipitation

influences the state of the ocean. The estimated error has impacts on the joint inversion of

GRACE gravity, GPS site displacements and modeled OBP. Variable OBP error estimates

lead to a higher weighting of modeled OBP in the inverse calculations. The increased

trust in the FESOM bottom pressure appears to be justified because the inverse results

significantly improve. This holds true especially for the MOVE array in the equatorial

Atlantic Ocean, where the correlation between OBPR and GRACE measurements is quite

low. Correlation is improved by introducing modeled OBP into the inversion since FESOM

well simulates ocean mass change in this region. FESOM is well suited to represent large-

scale ocean mass variation on weekly time scales, while the seasonal variability of ocean

mass is better captured by GRACE. The comparison between inverse solutions and the

model results shows that simulated weekly global mean ocean mass variations have similar

phase, only the modeled amplitude is slightly overestimated. This can be improved by

introducing the mass correction term from the inversion into the model, e.g. as a scaling

to precipitation.

The mean of OBPR measurements in defined regions can represent mean ocean mass

variations of this regions, depending on the amount of deployments available and the size

of the region. Also the complexity of the different currents is influencing this capability.

For example, in the Arctic Ocean the regional mass is varying with the entire basin and a

few OBPR deployments can represent regional mean mass variations. This is not possible

e.g. at the Drake Passage, although FESOM results and the inverse solutions show good

correlations with most OBPR time series in this region.

Finally, OBP modeled with FESOM shows high correlations with the background model

GAC and GAD used in the GRACE processing (GFZ RL4 solutions). In the Arctic Ocean

the correlation is lower. But as FESOM results show better correlation to the GRACE

solutions here (GSMGAC and GSMGAD) than the background model, OBP derived with
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the FESOM model better represents ocean mass variations in these regions. This is also

true for the North Atlantic Ocean. On the other hand, FESOM results show strong negative

correlation with the GRACE solutions in several coastal regions, where the background

models correlate better.



Chapter 4

Sea Surface Topography and Steric

Sea Level

In ocean modeling, sea level is generally simulated with respect to a geopotential surface.

This so called geoid is a surface of equal gravitational potential energy and would coincide

with the average ocean surface, if it would not move. The dynamic sea surface topography

has its origins in hydrodynamic processes and amounts to magnitudes on the order of ± 1-2

m. Globally, the fresh water balance leads to deviations, but also the steric components.

They change global sea level through variations of the temperature (thermosteric) and

salinity (halosteric).

Different studies suggested an increased sea level rise since the early 1990s due to ther-

mal expansion (Levitus et al., 2005; Wenzel and Schröter, 2007b,a; Bindoff et al., 2007).

Lombard et al. (2005) analyzed thermal expansion from 1950 to 1998 using data from

Levitus et al. (2000) and Ishii et al. (2003). They found significant differences in the global

mean estimated for the period 1990 to 1998: The Levitus-based estimate leads to an in-

crease of 0.47 ± 0.44 mm/year, whereas the Ishii-based estimate amounts to 1.41 ± 0.49

mm/year. They explained the difference as being caused from problems with the XBT (Ex-

pandable Bathy-Thermographs) depth correction and the inhomogeneous data during the

computation of the Ishii data set. However, they found a closer estimate for thermosteric

contributions in the layers of the upper 500 m for the period of 1950 to 1990, which

amount to 0.11 ± 0.04 mm/year for the Ishii-based estimate and 0.19 ± 0.06 mm/year for

the Levitus-based estimate. In addition, they identified in the Ishii-based estimate regional

patterns of thermal expansion, which relate to the major oscillations such as the South-

ern Annular Mode (SAM), the El Niño Southern Oscillation (ENSO), the North Atlantic

Oscillation (NAO), or the Pacific Decadal Oscillation (PDO).

70
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Thermal expansion is dependent on the variability of the heat content in the ocean.

The world ocean database is used to estimate annual changes in heat content for the

upper 300 m and 700 m for the period of 1955 to 1998 by Levitus et al. (2005). Also

pentadal estimates for the upper 3000 m are provided. An increase in heat content of 14.5

· 1022 J (0.33 · 1022 J/year for the 44 years) is found. This corresponds to an increase

in mean temperature of 0.037oC. Ishii et al. (2006) suggested linear trends of global mean

thermosteric sea level of 0.31 ± 0.07 mm/yr and halosteric sea level of 0.04 ± 0.01 mm/yr,

which are derived for the upper 700 m of the area between latitudes 60oS and 60oN. In the

IPCC 4th Assessment Report estimated steric sea level rise has been 1.6 ± 0.25 mm/yr

for the years 1993 to 2003. For the period 2003 to 2008 Cazenave et al. (2008) suggested a

reduced trend in steric sea level rise of 0.3 ± 0.15 mm/year. In that study steric sea level

change was computed by taking the difference of altimetry measurements, which measures

full sea surface topography, and mass estimates derived from the GRACE mission.

In the following, different contributions of modeled heat exchange are described. The

sum of these contributions induces a loss in ocean heat, which results in a unrealistic

decrease of global mean sea level. For this reason, net heat flux is corrected, before in-

vestigating modeled sea surface topography and steric height variations. Spatial patterns

of modeled steric height anomalies are identified in steric estimates derived from satellite

altimetry and GRACE measurements following the approach of Cazenave et al. (2008).

Alternatively, the inverse solutions (Chapter 3.7) are subtracted from the altimetry mea-

surements for comparisons with modeled steric height variations.

4.1 Modeled Surface Heat Flux

Ocean heat change is a consequence of heat exchange between ocean and atmosphere and

internal heat transports. The heat exchange at the ocean surface is due to latent heat flux,

sensible heat flux, in-coming and out-going long wave radiation and short wave radiation.

Note, that in FESOM the heat exchange between atmosphere and ocean, and atmosphere

and sea-ice is computed separately (Parkinson and Washington, 1979).

Latent heat flux is the heat, which cools of the ocean during evaporation (Figure 4.1a

and 4.2a). It mainly depends on the wind speed and the specific humidity. Evaporation

is higher with dry air and strong winds and lower if winds are weak and the air is almost

saturated (relative humidity near 100%). Also the state of the ocean surface influences the

latent heat flux. If the ocean is ice covered, less evaporation occurs than from the open

water. Global average latent heat flux is about -80 W/m2 (loss for the ocean).
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Sensible heat flux is defined as the heat, which is carried out of the ocean by turbulent

fluxes (Figure 4.1b and 4.2b). It depends on surface wind speed and the temperature

gradient at the ocean surface. If winds are strong and the temperature difference is high,

the sensible heat flux is large. Its global average amounts to about +24 W/m2 (gain for

the ocean), i.e. it is generally smaller than the latent heat flux.

(a) (b)

(c) (d)

Figure 4.1: Modeled ten year mean surface heat fluxes in W/m2 for the open ocean; (a):
latent heat flux, (b): sensible heat flux, (c): net long wave radiation, and (d): net shortwave
radiation

The incomining and outgoing long wave radiation at the ocean surface is depicted as

net infrared radiation flux in Figures 4.1c and 4.2c. It depends on the cloud cover, as

long wave radiation of ocean water mostly radiates at wavelengths (near 10 μm), which

are absorbed by clouds and water vapor in the atmosphere and radiated back. Here, the

height (temperature) of clouds as well as their thickness (optical depth) is important. In

case of water vapor, dryer air lets more long wave radiation escape to space than more

humid air. Additional radiation is absorbed in the atmosphere in other spectral bands.

For example, in the band ranging from 3.5 μm to 4.0 μm CO2 absorbs long wave radiation.

Also the ocean surface temperature and the state of the ocean surface influence long wave
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radiation. If the temperature is higher, stronger radiation occurs. Ten year mean net long

wave radiation amount to about -65 W/m2 (loss for the ocean) in global average.

(a) (b)

(c) (d)

Figure 4.2: Modeled ten year mean surface heat fluxes in W/m2 for the ice covered ocean;
(a): latent heat flux, (b): sensible heat flux, (c): net long wave radiation, and (d): net
shortwave radiation

The shortwave radiation (solar energy flux), also called insulation, is partly absorbed by

the ocean (Figure 4.1d and 4.2d). The absorbed energy is dependent on the angle between

sun and horizon, which defines the cross-sectional area of the ocean surface absorbing the

heat. The angle varies with the seasons, which are also influencing insulation by the varying

length of the day (also depended on latitude). Global average short wave radiation amounts

to values between +145 W/m2 and +180 W/m2 (gain for the ocean) with maximum values

in the equatorial regions.

The full surface heat fluxes depend on the ocean state and are modeled with bulk

formulas described in Chapter 2.4 (Parkinson and Washington, 1979). Comparing the net

heat flux (sum of all heat fluxes) modeled with FESOM and provided by the NCAR/NCEP

reanalysis similar patterns are apparent (Figure 4.3). But also significant differences occur,

especially in the North Atlantic, in the regions of the Gulf stream, the Labrador current and
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(a) (b)

(c) (d)

Figure 4.3: Ten year mean net heat flux in W/m2, (a) modeled with FESOM and (b) from
the NCAR/NCEP reanalysis, interpolated to the FESOM grid. (c) being their difference
and (d) the difference in mean latent heat flux

Barents Sea. Here, the 10 year mean net heat flux from the NCAR/NCEP reanalysis shows

loss in heat of about 200 W/m2 higher than modeled with FESOM. Also the equatorial

Pacific mean net heat loss difference of about 40 W/m2 compared to the NCAR/NCEP

reanalysis is found. Modeled net heat is mostly similar to atmospheric reanalysis but it

includes a higher heat loss in the Southern Ocean west of the Drake Passage (about 80

W/m2) and West of Japan where the Kuroshio Current and Oyashio Current join (about

200 W/m2). The differences originate from all contributions, not from a single one only,

although mean latent heat flux best represents the structure of the differences. Within

the ten year period the global mean net heat flux of FESOM is about 6 W/m2 lower than

global mean net heat flux from the NCAR/NCEP reanalysis. This leads to an unrealistic

loss of heat. Thermosteric contraction then induces a decrease of the modeled sea level.
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4.2 Surface Heat Flux Correction

Instead of calculating net heat fluxes in FESOM, data sets from weather prediction centers

(e.g. NCEP or ECMWF) can be used in the model as varying boundary conditions.

Although it appears to be more consistent to use predefined data sets a disadvantage results

in the fact that the multi-year mean of heat flux averaged over the ocean is not required to

be balanced. The analysis must only be balanced on a decadal average within a few W/m2

(Taylor et al., 1999)1. The multi-year mean of the NCAR/NCEP reanalysis amounts to

−5.8 W/m2 (Sterwart, 2008). This yields a heat loss on inter-annual time scales, influencing

the thermosteric sea level. In addition, analyzed ice surface temperature appears to be too

high yielding a drastic decrease of sea ice in the first years of the simulation until no sea

ice is left after about 4 years. For this reason FESOM uses bulk Formula to obtain heat

fluxes instead of taking reanalyzed flux fields.
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Figure 4.4: Global yearly mean net heat flux computed with original bulk formulas (a) and
with the offset included (b)

Similar to the heat budget of the NCAR/NCEP reanalysis the modeled heat budget

is negative. A negative feedback takes place which lowers ocean surface temperatures and

outgoing long-wave radiation. The surface heat budget slowly adjusts and balances (i.e. is

zero). The adjustment is shown in Figure 4.4. The lowered sea surface temperature and

the loss of volume due to thermosteric contraction are not acceptable and an alternative

way to balance the surface heat fluxes is sought. To this end we add sufficient heat to

balance the global average for the period 1975 to 2008 at zero. The necessary correction

1Heat flux of 10 W/m2 into the ocean leads to an increase of temperature of 0.15oC if add in the upper
500 m (Taylor et al., 1999)
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amounts to 1.65 W/m2. However, it is dangerous to add this correction uniformly as sea

ice reacts to changed heat fluxes very sensitively. As a consequence heat is added only

in an equatorial band with a structure of unity for -25o < latitude < 25o and a smooth

transition to zero at 35o in the shape of a tangent hyperbolic (Figure 4.5).

Figure 4.5: Tangent hyperbolic function used to correct modeled net heat flux

After the net heat flux has been corrected, it is introduced in a second model integration

as an additional forcing parameter.

4.3 Modeled Sea Surface Topography

Sea surface topography, also called dynamic topography, can be used to analyze the trans-

port of heat in the ocean from equatorial to polar regions. On long time-scales it is mainly

influenced by the global mass and heat balance of the ocean. The surface topography

is an expression of the ocean circulation, i.e. the location of currents and their seasonal

and inter-annual variability. Sea level is higher at locations with warm water as density

is lower. The state of the subsurface water is equally important. After the net heat flux

is corrected, modeled sea surface topography are more realistic in regions of subtropical

gyres. Previously, these patterns have been underestimated (Figure 4.6).

Modeled sea surface topography, corrected for atmospheric pressure, maps the major

ocean currents (Figure 4.7). Due to the Coriolis force, in the Northern Hemisphere clock-

wise rotation of currents exist at high sea surfaces (e.g. at the subtropical gyre in the North

Atlantic) and a counter-clockwise rotation at low sea surfaces (e.g. at the sub-polar gyre

in the North Atlantic). In the Southern Hemisphere, it is the other way around. Clockwise

rotation of currents occur at low sea surfaces (e.g. at the ACC) and a counter-clockwise

rotation at high sea surfaces (e.g. at the south pacific gyre)

Four different mean dynamic topographies, derived from GRACE, altimetry and in-situ
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(a) (b)

Figure 4.6: Mean sea surface topography of year 2007 (in meter) simulated by using the
original bulk formulas (a) and by introducing the offset to the modeled net heat flux (b)

Table 4.1: Mean Dynamic Topography
Product Period Resolution Source Correlation

with FESOM

DNSCMSS08 1993-2004 1o (Vianna and Menezes, 2010) 0.95
(EGM08 (Pavlis et al., 2008))

MDOT060401 1992-2002 1/2o (P.Niiler et al., 2003; Maximenko and Niiler, 2005) 0.96
RIO5 1993-1999 1/2o (Rio and Hernandez, 2004; Rio et al., 2005) 0.97
MDT CNES CLS09 1993-1999 1/4o (Rio et al., 2009, 2010) 0.97

measurements are compared with the mean dynamic topography simulated with FESOM

(Figure 4.8, Table 4.1). To produce the data sets, which have different resolution, to

be comparable to modeled sea surface topography, they are interpolated onto the model

grid. In addition, modeled sea surface topography is averaged over the corresponding

averaging periods of the individual data sets. Compared to the FESOM results, mean

dynamic topography derived from measurements shows more detailed structures. The

model simulation has a smoother structure, whereas the global patterns, which originate

from the major currents, are similar. Generally, modeled sea surface topography shows

correlations above 0.95 to the mean topography derived from measurements.

The main difference to all data sets is caused by a global offset. For example, the

RIO05 data set shows a strong positive offset, resulting in sea surface heights over 2.5 m

in the equatorial regions. This is much reduced in a later development (CNES-CLS09).

Differences to all four data sets occur in the North Atlantic, around Greenland, where

modeled sea surface topography is too high (Figure 4.9). This is caused by the fact that

the model is not loosing enough heat in this region in comparison to the NCAR/NCEP

reanalysis (Figure 4.3). In the Canadian Basin (Arctic Ocean) the sea surface topography
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Figure 4.7: Modeled mean dynamic topography in meter and mean horizontal velocity at
50 m depth (1993-2008)

induces highest negative difference to the FESOM results. Also variations in the difference

occur in the ACC, which are caused by strong variations in volume transport and the

sensitivity of the model in this region. Some portion also originates from uncertainties in

modeled heat flux exchange between ocean and atmosphere. However, there might also

be higher uncertainties in the polar regions in the measured data sets as high accuracy

altimetry measurements are not available for latitudes higher than ± 66o.

4.4 Variations in Sea Level

After the heat flux correction has been applied the unrealistic negative trend in sea level

change is eliminated (Figure 4.4). The global mean sea level shows only a slight increase

by about 0.7 mm/yr in the first decades. The trend amounts to about 3.1 mm/yr for

the period from 1993 to 2003, which is slightly overestimated compared to studies from

(Bindoff et al., 2007; Cazenave and Nerem, 2004)) Note, sea level contributions of melt

water from glaciers, ice caps, and continental ice sheets, are not included, here. For the

years 2003 to 2008 a reduced trend in sea level of about 2 mm/yr is simulated. The

reduction in trend has also been observed by Cazenave et al. (2008) (ARGO-based study).
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(a) (b)

(c) (d)

Figure 4.8: Mean dynamic topography in meter provided by (a) (Vianna and Menezes,
2010), (b) (P.Niiler et al., 2003; Maximenko and Niiler, 2005), (c) (Rio and Hernandez,
2004; Rio et al., 2005) , and (d) (Rio et al., 2009, 2010)

In this study the trend in sea level is reduced to about 2.5 mm/yr. However, modeled global

mean sea level shows much more realistic trends than without the heat flux correction.

Regionally, sea surface topography is not only varying due to continuous changes of

ocean circulation but can also change by events such as the Pacific Decadal Oscillation

(PDO), which is a pattern of warm and cold surface waters oscillating on decadal time

scales. A cold phase of the PDO is observed in the trend of yearly mean sea surface

topography derived for the period from 1993 to 2008 (Figure 4.11). In this phase warm

water reaching from the north to the south of the west Pacific enclose a large area of cold

water (with a wedge pattern) in the eastern Pacific, where sea surface height decreases as

a consequence. In a warm phase it is the other way around.

Another reason for variations in sea surface topography is the El Niño-Southern Os-

cillation (ENSO). The El Niño event is a perturbation of the system between atmosphere

and ocean. It is located in the equatorial Pacific Ocean and appears about every few years

in the months around December. Under normal conditions, the south east trade winds are
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(a) (b)

(c) (d)

Figure 4.9: Difference of mean dynamic topography (in meter) simulated with
FESOM and provided by (a) (Vianna and Menezes, 2010), (b) (P.Niiler et al., 2003;
Maximenko and Niiler, 2005), (c) (Rio and Hernandez, 2004; Rio et al., 2005) , and (d)
(Rio et al., 2009, 2010)

driving the ocean currents. The winds are dependent on the difference between the sub-

tropical high pressure field above the eastern south Pacific, including mostly dry and cold

air and the Indonesian low pressure field. When the El Niño event develops the Indonesian

low, where normally warm and moist air rises producing high precipitation rates, becomes

weaker and shifts to the central Pacific. In addition, the high pressure field in the south

pacific becomes lower. The pressure difference gets smaller weakening the trade winds.

Caused by this happenings, the slope in sea surface and therefore also the thermocline gets

flattened out, inducing some of the warm mixed-layer water to flow eastward as Kelvin

waves. At the coast of the eastern Pacific, these are separated to north and southward

coastal Kelvin waves2. For example, the El Niño, which occurred in 1997/98 started to

develop in April 1997 (Figure 4.12b), where some volume of warm water started to move

to the eastern Pacific. When it reached the coast of Ecuador and Peru it splits up and

2Parts of them are reflected as Rossby waves.
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Figure 4.10: Variations of global mean sea level in meter from 1960 to 2008

Figure 4.11: Trends of regional sea level change for the period from 1993 to 2008 in meter
per year

flows north and southwards in the coastal regions (Figure 4.12c). A second Kelvin wave

arrived at the American coast in January 1998 (Figure 4.12d).

4.5 Modeled Steric Height Variations

Steric height anomalies are computed with the Seawater Library (Morgan, 1994) from the

year 2003 to 2007 using modeled results of salinity, temperature and pressure. The steric

height

sh(S, T, P ) =
1

g

∫ 0

−H

α(S, T, P ) (4.1)

is defined as the integral of the specific volume anomaly α

α(S, T, P ) =
1

ρ(S, T, P )
− 1

ρ(35, 0, P )
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(a) (b)

(c) (d)

Figure 4.12: Development of the El Niño-Southern Oscillation in 1997-98 modeled by the
monthly mean anomalies (in meter) of sea surface topography (1993-2008); (a): January
1997, (b): April 1997, (c): July 1997, and (d) January 1998

extending from the sea surface to the ocean bottom divided by g (9.806 m/s2), where ρ is

ocean density. To achieve steric height anomalies, the multi-year mean is then subtracted

at every grid point, similar to the computation of the OBP anomalies.

Strong variations in global and regional sea level arise from ocean density changes,

dependent on variations in temperature and salinity (expansion and contraction of the

water column). Modeled global mean steric height variations show a clear seasonal signal

with highest values in January and lowest in July. It has an amplitude of about 3 mm

and includes a trend of about 0.4 mm/yr in the first decades. Between the years 1993 and

2003 the trend increased to about 2.5 mm/yr, and a decreased positive trend of about 2.0

mm/yr between 2003 and 2008.

Regional oscillations of steric sea level between the Northern and Southern Hemisphere

are observed in weekly steric sea level variations (Figure 4.14). For example, in March

2005 steric height anomaly is higher than average in the Southern Hemisphere by up to

0.1 m whereas in the Northern Hemisphere steric height variations are up to 0.1 m lower
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Figure 4.13: Monthly variations of modeled global steric sea level in meter from 1960 to
2008

Figure 4.14: Modeled steric height anomalies for March 2005 (week 1314; three weeks
running mean)

than multi-year mean. This is caused by the seasonally varying heat and fresh water fluxes

at the sea surface. Regional steric variations on smaller spatial scales are produced by

horizontal and vertical water movements, arising from variations in the wind fields or by

movements of eddies or fronts.

4.6 Satellite Altimetry

An effective system to estimate sea level variations on global and regional scales is satellite

altimetry. Additional satellite systems are needed to compute variations in sea level from

altimetry measurements with respect to the geopotential surface. The geoid can be derived

from the GRACE mission. Other applications are analysis of ocean tides, estimation of

the variability of ocean currents, waves and eddies, or estimation of the dynamics and the

mass balance of ice sheets.

Satellite altimetry measures the distance between the satellite and the ocean surface

by sending a short μ-wave pulse to the ocean surface (Figure 4.15). The signal travels
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Figure 4.15: Diagram of how satellite altimetry measures sea surface topography

through the atmosphere and is reflected at the surface. The satellite receives the signal

after it traveled through the atmosphere for a second time. The measured distance R

R = c
t

2
− R̃ (4.2)

is computed by the travel time t and the speed of light c (speed of the signal). The travel

time is divided by 2 as the signal travels twice the distance from the satellite to the ocean

surface. In addition, the measurements have to be corrected for inaccuracies in the range

R̃ originating from instruments, the atmosphere and variations in the ocean state. For

example, using radar altimetry sea surface roughness is a source of error in the return

signal as the signal (spherical wave) is reflected earlier at the crest of a wave (at shortest

distance) than at its through (at longest distance). As a result, the return signal is extended

and the travel time increases. A correction of the erratic signal can be achieved for example

by averaging over several return pulses. This method would decrease along track resolution

as the satellite is moving while the return pulses are received. After computation of the

distance the height of the satellite is used to compute the sea surface height, which is the

distance from the ocean surface to the ellipsoid. Sea surface topography is then computed

by subtracting the geoid height from the sea surface height. The geoid height deviates

from the ellipsoid by about -100 m to +80 m (± 30 m). The resulting difference of the

geoid and the sea surface topography amount to ±2m. There are additional anomalies

from the static ocean topography, called sea level anomalies, resulting e.g. from waves,
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tides, eddies, or atmospheric loading.

To minimize systematic errors in the orbits, a cross over adjustment is generally per-

formed. Here, the sea surface height at locations where ascending and descending satellite

tracks are overlapping (crossover point) are subtracted from each other. This can be done

when there is only little time difference between the 2 measurements. There are two differ-

ent types of crossovers defined. The first one is called ”Single-Mission-Crossovers” where

only 1 satellite mission is considered. But as there are more than one satellite mission

available for the different applications, generally ”Multi-Mission-Crossovers” can be used,

which include a minimum of two satellite altimetry system in the cross over adjustment.

Cross over points can be approximated analytically using e.g. Kepler elements. Cross-over

analysis also allows for quantifying the time variable part in the signal as Ho and N can

be eliminated.

Satellites of altimetry missions normally fly at an altitude of 800 km to 1000 km,

because at lower altitude the air drag would strongly increase, which would decrease the

mission life time, and the satellites are not flying higher, because the signal strength is

decreasing with increasing altitude as 1
(2R)2

.

4.7 Multi-Mission Altimetry Measurements

Multi-mission altimetry measurements (including cross over adjustment) are used to com-

pute the sea surface topography and are provided on a weekly time scale for the pe-

riod 2003 to 2007 by the Deutsches Geodätisches Forschungsinstitut (DGFI) München

(Bosch and Savcenko, 2008; Albertella et al., 2008). Measurements are interpolated to the

grid of FESOM with a spatial resolution of 1.5o. For every grid point a linearly weighted

mean has been computed from all measurements within the radius of influence of 1o. An-

other issue occurs as weekly solutions don’t include the full repeat cycle of the altimetry

satellites, which result in small data gaps. They are filled by nearest neighbor interpolation.

The resulting mean sea surface topography for the years 2003 to 2007 (Figure 4.16)

shows patterns similar to the simulated sea surface topography (Figure 4.7), including

the decrease in height in the region of the sub-polar gyre in the North Atlantic. Also

the patterns of increased sea level at the subtropical gyres and of decreased sea level in

the Southern Ocean can be identified. The standard deviation of geodetic observations

identifies strongest variations mainly in region of the Gulf Stream in the North Atlantic,

the Kuroshio, the Agulhas Current south of Africa, and in the Malvinas current south-east

of South America. These currents have strong and variable flows, including eddies and
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(a) (b)

Figure 4.16: Mean sea surface topography derived from weekly altimetry measurements
(a) and its standard deviation (b) in meter (2003 - 2007)

meanders.

4.8 Identification of Modeled Steric Height Changes

in Altimetry

Steric variations of the ocean are used to analyze density changes. The geodetic measure-

ments of steric change reflects the difference of the observed volume change and the volume

change associated with mass change. To estimate the ocean surface topography altimetry

measurements from multi missions are used. Mass changes are derived from the GRACE

gravity mission and the joint inversion. Here, only the lowest order terms of the geoid

change are considered because of the degree and order (30×30) of the weekly GRACE and

inverse solutions. To minimize systematic errors, GRACE solutions are again smoothed

with a Gaussian filter using the averaging radius of 750 km. The inverse solution is not

filtered. Measurements are smoothed with a 3 weeks running mean to reduce noise (not

applied in computing the global means).

Similar patterns can be identified when comparing modeled steric height with steric

height derived from GRACE estimates (Figure 4.17a). The pattern of the seasonal oscilla-

tion between the two hemispheres is also observed. Small structures, e.g. in the equatorial

regions or in the North Atlantic are visible. Steric height variations computed with GRACE

estimates show good correlations with modeled steric height variations, with values mostly

between 0.5 and 0.6 (Figure 4.17b). In the Southern Ocean correlation is very low for

two reasons. First, less altimetry measurements are available in these latitudes and the

FESOM model shows strong sensitivity in this region. A negative correlation occurs at the
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(a) (b)

Figure 4.17: Weekly steric height anomalies (3 weeks running mean applied) derived by
subtracting GRACE solutions from weekly altimetry measurements for March 2005 (week
1314) (a), correlation of geodetic and modeled steric height anomalies for 2003 - 2007 (b)

north-east coast of South America possibly caused by differences in the runoff from the

Amazonian River or leakage effects from land hydrology. Note, that the correlation might

be affected by applying the Gauss filter and by the uncertainties arising from the issue of

the low degree spherical harmonics coefficients of the weekly GRACE solutions (described

in Section 3.6).

(a) (b)

Figure 4.18: Weekly steric height anomalies (3 weeks running mean applied) for March
2005 (week 1314) derived by subtracting ocean mass variations of the inversion from weekly
altimetry measurements (a), as well as its correlation to modeled steric height anomalies
(2003-2007) (b)

When computing steric height variations using the inverse solution, the oscillation be-

tween the hemispheres is more pronounced compared to using GRACE estimates (Figure

4.18a), but local patterns remain very similar. Correlation with the modeled steric height

anomalies is improved to range mostly between 0.6 and 0.7. The improvement is caused by
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the availability of the low degree spherical harmonics coefficients and because no filtering

is applied to the mass variations.
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Figure 4.19: Weekly global mean steric height variations derived by taking the difference
of altimetry measurements and the inversion solution, and modeled with FESOM.

The trend of weekly global mean steric sea level variations of FESOM amounts to

about 2 mm/yr for the years 2003 to 2007. Measured estimates of global mean steric

height variations, computed by subtracting the mass variations of the inversion from al-

timetry measurements show a trend of about 2.4 mm/yr. Both trends are overestimated by

about 1 to 2 mm/yr compared to other studies (Cazenave et al., 2008; Leuliette and Miller,

2009). On the other hand they are consistent with studies by Wenzel and Schröter (2007b).

The phases of both solutions show similar values, only the amplitude differs. Compared

to the modeled steric height variations, the geodetic observations show about a doubled

amplitude, including strong short term fluctuations, not visible in the model solution.

4.9 Conclusion

Variations in sea surface topography are caused by steric and eustatic parameters. Eustatic

sea level changes corresponds to changes in the mass of the ocean, through fresh water

inflow. Changes in ocean temperature and salinity are the steric components. They are

transported in the ocean by currents, which are associated with sea surface topography.

Global mean sea level change modeled with FESOM includes a trend of about 3.1 mm/yr

for the period from 1993 to 2003. Compared to other studies (Wenzel and Schröter, 2007b;

Bindoff et al., 2007; Cazenave et al., 2008) it is slightly overestimated since eustatic sea

level change due to glaciers, ice caps, and continental ice sheets, are not considered in the

model experiment.
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During the first decades of the simulation steric sea level shows a trend of about 0.4

mm/yr, which well coincides with Bindoff et al. (2007). For the period between the years

1993 and 2003, the overestimated trend in sea level change results from the trend in modeled

steric sea level rise of about 2.5 mm/yr, which well agrees with the geodetic observations

implying a trend of 2.4 mm/yr for this period. This results confirms the results of the

study of Wenzel and Schröter (2007b), who estimated steric sea level rise of 2.47 mm/yr.

However, other studies implies lower trends of about 1.6 mm/yr (Bindoff et al., 2007;

Cazenave et al., 2008). A decreased positive trend of about 1.8 mm/yr between 2003 and

2008 is modeled.

Regionally modeled steric height anomalies show similar spatial structures compared to

geodetic observations. This indicates that FESOM is able to realistically simulate spatial

distributions of temperature and salinity in the ocean. Here, the correlations appear to be

higher when computing observed steric height variations by subtracting the inverse solution

from altimetry measurements.



Chapter 5

Sea Level Change due to Ice Sheet

Melting

During the last decades global mean sea level has risen due to global warming (Church et al.,

2001). The increase in mean temperature results in thermal expansion of the ocean, which

is the major contributor to sea level change (about 60%) (Bindoff et al., 2007). Another

strong contribution arises from mass change in the ocean due to melting of glaciers, ice

caps, and ice sheets in Greenland and West Antarctica (Lemke et al., 2007).

The fresh water inflow around the coasts of the two major ice sheets strongly influences

the state of the ocean. Global sea level is rising due to the additional mass. Density

variations in turn change the sea level locally due to the freshening of the regional ocean.

The reaction of the ocean to fresh water anomalies caused by Greenland ice sheet melting

under different boundary conditions is investigated by Gerdes et al. (2006). Their Modular

Ocean Model (MOM) simulations featured reduced overturning and gyre circulation in the

North Atlantic. Stammer (2008) investigated salinity and temperature variations, and the

response of the sea surface height (SSH) of the ocean to ice sheet melting in Greenland and

Antarctica using the MIT ocean general circulation model. He found a depression of SSH

located in the center of the sub-polar North Atlantic and the western subtropical North

Atlantic, associated with colder water masses. Also a reduced meridional overturning

circulation (MOC) in the North Atlantic was found. In the Southern Ocean, the fresh

water inflow is mainly from the West Antarctic Ice Sheet. It strengthens the MOC in

the southern hemisphere after 30 years. A study by Marsh et al. (2009) forced an eddy-

permitting ocean model, based on NEMO (Nucleus for European Modeling of the Ocean),

with fresh water inflow at the Greenland coast from 1991 to 2000. They found only slight

impacts in large scale ocean circulation, whereas sea level is changing west of Greenland,

90
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mainly in the Baffin Bay.

During this study, the influence of melting of the Antarctic and Greenland ice sheets on

the sea level is investigated. Theoretical melting scenarios are introduced into the FESOM

model to derive sea level change. The following scenarios are studied: Fresh water inflow

of 100 Gt/yr has been added at the coast of West Antarctica, to analyze its response to

the global ocean. At the Greenland coast, four different amounts of fresh water inflow

have been applied (100, 200, 500, and 1000 Gt/yr), to investigate the impacts of different

amounts of fresh water inflow on sea level. In an additional experiment, daily melt rates

are computed to investigate the influence of seasonal variability of ice sheet melting to the

sea level. The self gravitational effects are analyzed here, which account for less attraction

to the Greenland Ice Sheet (GIS), as mass is reduced due to melting. Additionally, the

resulting change in potential of the deformed Earth causes small changes in sea level. These

effects are modeled by applying Green’s functions and maps of melting rates, created from

melt extent data (Abdalati and Steffen, 2001; Abdalati, 2009).

5.1 Definition of Ice sheets

Figure 5.1: Definition of ice sheets (Lemke et al., 2007)

The cryosphere on the Earth is separated into glaciers and ice caps, ice sheets, ice

shelves, sea ice, and frozen ground, and ice on rivers and lakes. A glacier is defined as

large body of ice, which has it origins on land and flows due to gravity. On time scales

between years and centuries, glaciers increase their mass by precipitation in form of snow,
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whereas mass is lost through melting and sublimation. They can be found in mountain

areas world wide, but in tropical regions they occur only on top of high mountains, like

the Kilimanjaro. However, most ice is stored within the two larger ice sheets in Greenland

and Antarctica.

Ice sheets (Figure 5.1) are generally located on land and are larger than 50,000 square

kilometers. They are defined as glacier ice, also covering large areas around them. Today,

there are two major ice sheets, the Antarctic ice sheet and the Greenland ice sheet, which

are the major storage of fresh water on Earth. In the Antarctic new ice is entering the

ice sheet via snow, which is compressed to glacier ice. This is transported via ice streams

to the coast. Here, the ice sheet is passing the grounding line feeding floating ice shelves,

which may melt or be the origin of icebergs, via calving. Generally, if the ice mass loss to

the sea and the snow fall on top of the ice sheet is balanced, no change in global mean sea

level would occur. However, regional steric variations might occur due to the redistribution

of fresh water.

In comparison to ice shelves, sea ice is generated by freezing of ocean water. Due to

the salt in the ocean, water is freezing if the temperature becomes lower than about -1.7
oC. During the sea ice formation, salt is expelled from the sea ice, which becomes less

saline. Variations of sea ice have no influence on the global mean sea level as it floats on

top of the ocean water. The higher volume of sea ice compared to the salty ocean water,

is compensated by is lower density.

5.2 Loading and Self Attraction

Variations of mass in the ocean deform the shape of the Earth. This effect is separated

into loading (ocean floor deformation due to mass loads above) and self attraction. Also

changes of continental ice masses e.g. in Greenland influence the regional sea level, which

correspond to the gravitational effects. Sea level change due to global isostatic adjustment

(GIA) is not considered in the following.

Loading and self attraction do not change global mean sea level, but influence sea level

regionally. For example, the mass of the Greenland ice sheet is attracting water, which

results in a higher sea level near the coast of Greenland. Also the attracted water has a

mass, which again is attracting additional water masses (self attraction). The mass loss

induces a deformation of the ocean bottom, decreasing sea level (relative to the ocean

bottom). If the Greenland ice sheet looses mass, the ocean water is less attracted to the

ice causing a decrease of sea level near to the ice loss. A slight sea level rise in more distant
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regions occurs. Also the ocean bottom is lifted up due to the reduced load.

Loading and self attraction effects are computed during the calculation of ocean tides

(Farrell, 1972; Francis and Mazzega, 1990), using load Love numbers. They are first defined

by Love (1909), Love (1911), describing the elasticity of the Earth. The load Love numbers

define the deformation of the Earth due to loading in radial direction. Also, the horizontal

displacement due to loading is described. This effect is very small and is normally neglected.

The gravitational effect due to variations of surface mass are defined by 1 + k′n (Equation

5.2) and is called self attraction (or gravitational effect).

The self attraction effect of ocean mass redistribution is introduced into the model

at each time step, using Green’s functions (Farrell, 1972). It has only small influence as

the mass of the water inflow is redistributed through waves within days. The effect is

almost averaged out when computing weekly or monthly means. The loading effect is not

visible in the model because it computes sea level change with respect to the geoid. Hence,

the loading effect is not taken into account in FESOM. However, the indirect effect, i.e.

change in the gravity field arising from the Earth’s deformation to load changes leads to

small changes in regional sea level. This gravitational effect due to Greenland ice sheet

melting yields a geocentric load as seen from altimetry measurements. It is computed in

the same way as self attraction. It is computed during postprocessing, which is possible as

it does not change the ocean circulation.

A convolution integral calculates the sea level redistribution I due to the gravitational

attraction in equivalent water height for a location (φ, λ) (Equation 5.1; Francis and Mazzega

(1990)). The point-wise integration is used, as it is most accurate according to a study of

Schrama (2004), disregarding the high computational costs.

I(φ, λ) = ρw

N∑
i=0

Gk(αi)Fi(φ
′, λ′)dSi (5.1)

Fi(φ
′, λ′) is the change of the water level at location (φ′, λ′),where φ is latitude and λ

is longitude. The surface area is dSi and N the number of oceanic elements of the model.

The distribution of the Greenland ice sheet melt is derived from estimates of daily melt

extent (Abdalati and Steffen, 2001; Abdalati, 2009). The mass loss Fi(φ
′, λ′) is converted

to equivalent water height before performing the convolution. The Green’s function Gk is

defined as

Gk(α) =
a

Me

∞∑
n=0

(1 + k′n)Pn(cos(α)) (5.2)
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with

Pn(x) =
1

2nn!

dn

dxn
(x2 − 1)n (5.3)

and α being the spherical distance between φ, λ and φ′, λ′. It is calculated from

cos α = sin φ sin φ′ + cos φ cos φ′ cos (λ− λ′)

where the mean radius of the Earth is denoted as a, the total mass of the Earth is Me,

and Pn is the associate Legendre polynomial. The sum 1 + k′1 accounts for the direct

gravitational effect of the change mass (denoted by 1) and the load Love number k′n accounts

for the gravitational effects due to the deformation of the Earth (Blewitt, 2003).

5.3 Melting of the Antarctic Ice sheet
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Figure 5.2: Antarctic ice sheet (a) and bedrock (b) elevation in meter (Lythe et al., 2000)

The ice sheet on the Antarctic continent is the biggest ice sheet on Earth. Its volume

amounts 30 · 106 km3 on an area of about 14 million km2. The ice sheet covers about

98% of the Antarctic continent with a maximum thickness of around 4 km. Sea level

would be about 57 m higher than today, if it would melt entirely (Lemke et al., 2007).

The Antarctic ice sheet is geographically separated into two parts, the West Antarctic Ice

Sheet (WAIS) and the East Antarctic Ice Sheet (EAIS), which rests on land mass (Figure

5.2, Lythe et al. (2000)). In large regions the mass of the ice sheets depresses the bedrock
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Table 5.1: Antarctic Ice Mass Balance
Study Time Period Mass Loss Datasets

Chen et al. (2009) 04/2002 - 01/2009 −190± 77 Gt/yr GRACE measurements
Gunter et al. (2009) 07/2002 - 03/2005 −84to − 103 Gt/yr GRACE and ICESat measurements
Rignot et al. (2008) 1996, 2000, 2006 −12± 91,−106± 60, satellite interferometric

−196± 92 Gt/yr synthetic-apature radar observations
Velicogna and Wahr (2006) 2002 - 2005 −152± 80 km3/yr GRACE measurements
Velicogna (2009) 04/2002 - 02/2009 −143± 73 Gt/yr GRACE measurements
Wingham et al. (2006) 1992 - 2003 +27± 29 Gt/yr satellite radar altimetry
Wu et al. (2010) 2002 - 2008 −99± 59 Gt/yr GRACE measurements (GIA corrected)
Zwally et al. (2005) 1992 - 2002 −31± 12 Gt/yr Satellite radar altimetry data from

ERS-1 and ERS-2

to elevations near or below sea level. The bedrock below the WAIS extends to over 2500

m below sea level. It would be uplifted to higher elevation if ice mass would be lost,

as the load would be reduced. The EAIS remains almost constant in the interior of the

continent in today’s climate. Only at the coastal regions small variations in ice mass occur

(Gunter et al., 2009). Melting occurs at the WAIS, which is described in recent studies

(Table 5.1), estimating a mass loss of around 100 Gt/yr. For example, a loss of 143 ± 73

Gt/yr of Antarctic ice mass had been observed between April 2002 and February 2009 by

Velicogna (2009) using time-variable gravity measurements from GRACE. Gunter et al.

(2009) compared mass variations in Antarctica derived from the GRACE and ICESat

missions. Both data sets show similar ice mass loss of about 100 Gt/yr, mainly located

at the WAIS. This coincides well with a study of Rignot et al. (2008), showing a similar

ice mass loss in the Antarctic in the year 2000 using interferometric synthetic-aperture

radar data from different remote sensing satellite missions. During the whole period of

investigation (1996 to 2006) they found an accelerating ice mass loss from 78 Gt in 1996

to 153 Gt in 2006.

In the present study, an experiment is performed to investigate how much the global

and regional sea level increases if 100 Gt/yr of the WAIS is molten. Hence, the mass loss

is converted to a continuous volume flux, which is distributed along the coast of the WAIS

(Figure 5.4). Including the additional fresh water inflow, a model simulation is performed

for 48 years. Sea level change is computed by taking differences to a reference model

simulation.

Global sea level change amounts to about 0.3 mm/yr, slightly varying due to additional

steric effects. In the first years, relative sea level mainly changes near the source of the fresh

water in the West Antarctic (Figure 5.3). After about 15 years density variations reach the

Antarctic Circumpolar Current (ACC) and start to be transported around the Southern

Ocean. The ACC acts like a wall, which the fresh water passes very slowly. For this reason,



CHAPTER 5. SEA LEVEL CHANGE DUE TO ICE SHEET MELTING 96

(a) (b)

(c) (d)

Figure 5.3: Relative sea level change due to 100 Gt/yr West Antarctic ice sheet melting
after (a) 5, (b) 15, (c) 35, and (d) 48 years

sea level change is mostly limited to latitudes poleward of 30oS. The response is confined

to the Southern Ocean. The quadripol-like patterns of positive and negative change in the

Southern Ocean resemble patterns of high variability in locally excited circulations.

Temperature variations are advected by the ACC and distributed over the whole South-

ern Ocean, mainly occurring at depths between 100 m and 500 m. After 48 years, similar

patterns as in the relative sea level change are visible. At the surface no specific structures

of temperature change can be identified, as sea surface temperatures are dominated by at-

mospheric forcing. Also an increase in temperature occurs in the North Atlantic reaching

from the Sargasso Sea to Barents Sea. East and West of this narrow band the temperature

decreases, mainly at the east coast of Canada and west of Strait of Gibraltar. This leads

to small variations in sea level that occur in the North Atlantic after some decades, as the

volume transport to the North within the intermediate water is slightly modified.

Salinity changes, which are occurring in the upper 200 m of the water column, are

localized at the coast of the WAIS and are slowly transported by the ACC to the Atlantic
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Figure 5.4: Continuous fresh water inflow in m/yr, due to melting of the West Antarctic
ice sheet (100 Gt/yr)

basin of the Southern Ocean after 48 years of model integration. Its maximum is located

at the surface around 40oS between Rio de la Plata (South America) and South Africa.

5.4 Mass Variations of the Greenland Ice Sheet

Besides the Antarctic ice sheet, a large ice sheet is located on Greenland. It extends over

an area of 1.7 · 106 km2, which covers about 82 % of Greenland. Its volume amounts to

2.8 · 106 km3 and is on average about 2.3 km thick. In central Greenland the ice sheet

can reach a thickness of more than 3 km (Figure 5.6) (Bamber et al., 2001a,b). The mass

of the ice sheet results in a depression of the bedrock mainly lying near sea level. In

some region the bedrock topography is lying more than 100 m below sea level, mainly in

the interior of Greenland. No ice is reaching the Greenland coast without obstruction by

mountains, resulting in the lack of large ice shelves. However, strong calving of icebergs

occur where glaciers reach the sea. Due to its location the GIS is strongly influenced by

global warming. In the recent past Greenland is melting below an altitude of 2000 m.

Above 2000 m the ice mass is almost balanced or slightly thinning (Luthcke et al., 2006;

Shepherd and Wingham, 2007; Wouters et al., 2008). If no ice would remain on Greenland

global sea level would rise by about 7 m (Lemke et al., 2007).

Due to present day melting, several studies were undertaken to investigate the GIS

characteristics using either in-situ or satellite measurements, or models (Table 5.2). For

example, ice mass loss of 101 ± 16 Gt/yr in Greenland between 2003 and 2005 was derived

by Luthcke et al. (2006). GRACE measurements indicate a mass loss of 155 Gt/yr at

elevations lower than 2000 m and a gain of ice mass at higher elevations, including a

strong seasonal cycle at lower elevations. Wouters et al. (2008) estimated ice mass loss of

179 ± 26 Gt/yr in Greenland between 2003 and 2007, including a negative mass balance

above 2000 m in 2007. A loss of Greenland ice mass had been estimated during April 2002
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(a) T0 (e) S0

(b) T100 (f) S100

(c) T200 (g) S200

(d) T500 (h) S500

Figure 5.5: Difference of temperature (oC) and salinity (psu) at different depth after 48
years if 100 Gt/yr of West Antarctic ice is released into the ocean (with respect to a
reference simulation without additional melt water input).
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(a) (b)

Figure 5.6: Greenland ice sheet (a) and bedrock (b) elevation in meter; (Bamber et al.,
2001a,b)

and February 2009 by Velicogna (2009) using time-variable gravity measurements from

GRACE. They found a mass loss of the GIS of 137 Gt/yr between 2002 and 2003, and of

286 Gt/yr between 2007 and 2009.

5.4.1 Constant Melt Rates

Figure 5.7: Continuous fresh water inflow in m/yr due to Greenland ice sheet melting
(200 Gt/yr).

Four simulations have been performed with different mass losses at the Greenland

coasts to investigate the oceanic response. The mass losses of 100 Gt/yr and 200 Gt/yr

span the range of observational studies (e.g. Rignot et al. (2008), Wouters et al. (2008), or

Velicogna (2009). Furthermore, two extreme cases were tested, adding 500 Gt/yr, and 1000

Gt/yr of melt into the ocean. They describe scenarios when mass loss of the Greenland ice

sheet would drastically increase. The continuous fresh water flux, which is added to the

model is evenly distributed along the coast of Greenland south of 75oN (Figure 5.7). The

simulations are performed for 48 years, starting in 1960. Sea level change is computed by
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Table 5.2: Greenland Ice Mass Balance

Study Time Period Mass Loss Data sets

Box et al. (2004) 1991 - 2000 −78 km3/yr Polar MM5 model and in-situ measurements
van den Broeke et al. (2009) 2003 - 2008 −237± 20 Gt/yr GRACE measurements and Regional

Atmospheric Climate Model (RACMO2/GR)
Chen et al. (2006) 04/2002 - 11/2005 −239± 23 km3/yr GRACE measurements
Hanna et al. (2005) 1961 - 1990 +22± 51 km3/yr meteorological ECMWF data, surface melt

1998 - 2003 −36± 59 km3/yr water runoff/retention model and in-situ data
Luthcke et al. (2006) 2002 - 2005 −113± 17 Gt/yr GRACE measurements
Ramillen et al. (2006) 07/2002 - 03/2005 −129± 15 km3/yr GRACE measurements

(10-day GRGSEIGEN-GL04 solutions)
Thomas et al. (2006) 04/1993 - 09/1998 −4 to 50 Gt/yr Laser altimeter measurements

09/1998 - 12/2004 −57 to 105 Gt/yr
Velicogna and Wahr (2005) 2002 - 2004 −82± 28 km3/yr GRACE measurements
Velicogna (2009) 04/2002 - 02/2009 −230± 33 Gt/yr GRACE measurements
Wouters et al. (2008) 02/2003 - 01/2008 −179± 25 Gt/yr GRACE measurements
Wu et al. (2010) 2002 - 2008 −161± 35 Gt/yr GRACE measurements (GIA corrected)
Zwally et al. (2005) 1992 - 2002 +11± 3 Gt/yr Satellite radar altimetry data from

ERS-1 and ERS-2

taking the difference of monthly mean sea level simulated with the additional fresh water

inflow and a reference model simulation.
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Figure 5.8: Response of global mean sea level to melting of the Greenland ice sheet (GIS)
for continuous melt during 48 years

Global mean sea level is rising if the Greenland ice sheet is melting (Figure 5.8a). Its

amount is given by the amount of ice mass change and the geometry of the ocean. Global

mean sea level rises by about 0.3 mm/yr if 100 Gt/yr of land ice mass flow as additional

fresh water into the ocean, proportionally increasing with the amount of fresh water. This

finding coincides with many other studies e.g. from Hanna et al. (2005), Luthcke et al.

(2006), van den Broeke et al. (2009).

Figure 5.9 depicts the relative sea level change after 5, 15, 35, and 48 years of model

integration, if 200 Gt/yr of melt water is released into the ocean along the coast of Green-

land. During the first years the relative sea level increases near the coast of Greenland
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Figure 5.9: Relative sea level change in meter if 200 Gt/yr of the Greenland ice sheet
is melting, after (a) 5 years, (b) 15 years, (c) 35 years, and (d) 48 years. Relative sea
level change for increased inflow of 500 and 1000 Gt/yr is shown in panels (e) and (f),
respectively, after 48 years. Note the change in color scale, which is scaled according to
the source strengths.
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mainly in the Labrador Sea and the Baffin Bay. After about five years, sea level change

enters the North Atlantic near the east coast of Canada via the Labrador Current. In the

next ten years it slowly follows the North Atlantic Drift, reaching Europe after about one

decade. From there, the change is following the subtropical gyre to the equatorial region of

the Atlantic Ocean while another filament is entering the Arctic Ocean along the Eastern

coast. After 48 years sea level reaches the entire North Atlantic, whereas the center of

the subtropical gyre is not affected, also suggested by Gerdes et al. (2006). The sensitivity

experiment using different melting scenarios around Greenland show similar structures and

time evolutions in regional sea level (Figure 5.9d-f). Mainly the amplitude varies with the

amount of fresh water inflow.

The pattern of the deviation in relative sea level mostly results from salinity changes

due to the fresh water input (Figure 5.4.1). The structure of the variations in temperature

and salinity in the North Atlantic Ocean at 100 m depth is very similar to the modeled

sea level change, shown in Figure (5.9). The surface salinity decrease originates from the

additional fresh water, which stays in the upper 200 m above the saltier ocean water,

and is following ocean surface currents. Sea surface temperature does not show a specific

structure, as it is dominated by unchanged atmospheric forcing.

In Baffin Bay, the sea surface salinity is reduced by about 0.2 psu due to the additional

fresh water. The corresponding reduced surface density causes an increase in stability of

the near-surface water column. This reduces vertical mixing in the top ocean layers and less

heat exchange between colder water on top and warmer sub-surface water occurs, leading

to reduced erosion of the temperature maximum around 450 m depth. A slight warming

in the depth interval between 100 and 1000 m occurs. Also salinity exchange is decreased

in the top 500 m, leading to an increased salinity around 200 m depth.

No melt water is transported to the South Atlantic west of Namibia by surface circu-

lation. Hence, there is no significant change of surface water properties. But the reduced

upwelling of cold, fresh water induces a warming and increased salinity of subsurface water

around the 200 m level. In the North Atlantic, more fresh water is found at the surface,

reducing sea surface salinity by about 0.1 psu. The reduced surface density increases the

stability of the near-surface water column. The vertical mixing in the top ocean layers is

reduced and less heat is exchanged between warmer water on top and colder sub-surface

water. The ocean is warming by 0.1 oC at 100 m level, cooling by 0.01-0.05 oC at depths

between 200 and 1200 m.

After several decades, global mean sea level rise amounts to 0.028 m after 48 years with

a local maximum due to density change of 0.04 m at the coast of Nova Scotia (Canada).

The density change will lead to an increase in the sea level at the European and North
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Figure 5.10: Difference of temperature (oC) and salinity (psu) at different depths after 48
years if 200 Gt/yr of Greenland ice is released into the ocean (with respect to a reference
simulation without additional melt water input).
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(a) (b)

Figure 5.11: Regional sea level change in meter resulting from Greenland ice sheet melting
of 200 Gt/yr after 48 years; (a): Relative sea level change including regional and global
mean sea level change and (b) total change, after adding the gravitational effect due to
Greenland ice mass loss

American coast (Figure 5.11). The sea level around Greenland is falling by 0.14 m, as the

reduced gravitational attraction leads to stronger decrease in sea level than the increase

due to the additional melt water near the origin of mass loss. Note, that the gravitational

effect will also cause an additional increase in sea level at greater distances. Generally, the

gravitational attraction does not change global mean sea level and its global mean over the

ocean is therefore zero.

5.4.2 Sea Level Evolution in Coastal Regions

As previously described, variations in sea level are dependent on the amount as well as on

the location of ice sheet melt. This leads to local changes in sea level at different coastal

regions, not identical to the global trend. Sea level evolution, with respect to a reference

model simulation is depicted in Figure 5.12a at three locations if the Greenland ice sheet is

continuously melting at a rate of 200 Gt/yr. Compared to the global mean, small variations

in local sea level change occur at the coast of Maine (USA), the Dutch coast in the North

Sea, and the south-east coast of Greenland, induced by the non-linearity of the oceanic

response. Locally sea level rise appears to be above the average due to the changes in

density caused by the freshening in the surface waters. When adding the gravitational

effect, the sea level at the coast of south east Greenland strongly decreases as after a few

years the gravitational effect, which is not changing its spatial pattern, becomes higher

than the regional trend given by the additional ocean volume (Figure 5.12b). At the two

other locations only a slight decrease occurs, as in these regions there is only a small
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Figure 5.12: Local sea level change, due to fresh water inflow at the Greenland coast,
corresponding to 200 Gt/yr (a) without and (b) with the gravitational effects

influence of the gravitational effect.

Comparing the total change in the sea level at the coast in the North Sea, including

different continuous melt rates, variations are mainly caused by the additional volume

(Figure 5.13). The non-linear signal is identified as steric variations, mostly caused by

freshening in the upper ocean layers. It reaches the North Sea after about one decade and

does not necessarily increase with the amount of melt water (non-linear ocean response).

For example, it may happen, that for a period of time steric height may increase stronger

if the ice mass loss correspond to 100 Gt/yr than to 200 Gt/yr, as observed after 42 years

of model integration. After 48 years of model integration, the small gravitational effect in

this region amounts to about 1 cm decrease of sea level if 200 Gt/yr of ice is molten. If

1000 Gt/yr is molten, the gravitational effect amount to about 5 cm. This leads to a fall

in total sea level as the gravitational effect becomes more dominant than the steric effects.

5.4.3 Varying Melt Rates

In an additional experiment the influence of seasonal melt signals on the sea level is in-

vestigated. Here, a time series of regional melt rates has been created to investigate the

influence of seasonal variations in the water inflow. In this experiment ice sheet melt-

ing of 161 Gt/yr in Greenland has been assumed for the years 2003 to 2007, according

to Wu et al. (2010). The distribution of the ice mass loss is approximated by using the

maps of daily melt extent, defined on a 25 km × 25 km grid (Abdalati and Steffen, 2001;
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Figure 5.13: Local sea level change at the coast of the North Sea (a), including the regional
steric effects due to fresh water inflow at the Greenland coast (b) and the gravitational
effect due to the reduced Greenland ice mass (c)

Abdalati, 2009)1. The total ice melt of five years is equally distributed to all melting days

of the time period. All melting days are weighted with their respective melting areas. This

results in melt rates between 133 Gt/yr in 2003 and 207 Gt/yr in 2007. Figure 5.14a depicts

the total melt of the year 2007 in equivalent water height. The map of year 2007 indicates

strong melting in the coastal regions of Greenland, which have elevations lower than 2000

m. In the south also large melt regions in the interior of Greenland occur. Strong melting

appears in small regional near the north east and north west coast of Greenland, inducing

a major difference to the experiments using continuous melt water inflow. Previously, no

fresh water inflow was included into the model at locations north of 75oN latitude. Now,

a more realistic pattern of the fresh water flux is found (Figure 5.14b).

In Greenland, the ice sheet melting generally is not continuous over time but varies with

the seasons. It occurs mainly in the summer months between July and September (Figure

5.15) with a maximum daily melt rate in summer. Weekly sea level variations are analyzed

from 2003 to 2007 after the daily fresh water inflow fields are included into the model. The

model results are compared with simulated sea level variations, where continuous fresh

1Annual Greenland ice mass loss extent is measured by passive microwave satellites from year 1979
to 2007 ((Abdalati and Steffen, 2001; Abdalati, 2009)). The data describes the regional distribution of
surface melt in Greenland.
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(a) (b)

Figure 5.14: The sum of Greenland ice sheet melting of 2007 (a) and the corresponding
water inflow (b) in equivalent water height (in total 207 Gt)

Figure 5.15: Response of global mean sea level to continuous and varying melt rates of
the Greenland (GIS) after 5 years (in total 805 Gt of ice melt)

water inflow of 161 Gt/yr is evenly distributed over the Greenland coastal nodes south of

75oN latitude, similar to the first set of experiments. Compared to a continuous melting

rate, a clear seasonal variability of global mean sea level is modeled, if daily varying fresh

water inflow is added. Here, strong increase in global mean sea level occurs in the summer

months, whereas in winter the sea level stays constant, as no melting is present. During

winter and spring, also a slight decrease in sea level can happen, because small steric effects

occur due to the additional fresh water, which changes global mean sea level by about one

order of magnitude less than by the additional mass. This steric effect originates from

changed exchange of heat between atmosphere and ocean (Figure 5.16). However, no

specific location can be identified, where heat flux is changing. In the mean, the heat flux

change appears to be random and generated by internal variability.

The structure of relative sea level change after five years is similar to the simulation
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Figure 5.16: Comparison of steric height variations in meter equivalent water height and
surface net heat flux in W/m2

using continuous melting rates of 161 Gt/yr (Figure 5.17). Also sea level increases mainly

west of Greenland, but in this case, sea level rise mostly remains in the Baffin Bay, less

affecting the Labrador Sea. Adding the global mean sea level change of about 0.46 mm/yr

(varying with the seasons and the amount of melting days of a year), yields a rise in sea

level at the east coast of Greenland and in the Labrador Sea.

The sum of all contributions (regional and global mean sea level change, and sea level

change due to the gravitational effect) are depicted in Figure 5.17d. Only slight sea level

rise occurs at the east coast of Greenland and in the Labrador Sea. An increased sea level

in the Baffin Bay remains. In addition, sea level stays almost constant in the Norwegian

and Barents Sea, caused by the reduced gravitational attraction of the ice sheet. Due

to the gravitational effect, ocean water is less attracted and sea level is falling near the

Greenland coast by about 6 mm and in large regions of the Arctic Ocean by about 0.8 mm

after five years (Figure 5.18). The sea level slightly rises up to 0.5 mm further away with

a maximum in the Southern Ocean.

5.5 Conclusion

Global mean sea level is confirmed to rise by about 0.3 mm/yr if 100 Gt/yr is melting,

proportionally increasing with the amount of ice sheet melting. Steric effects lead to small

additional variations in sea level. They are about one order of magnitude smaller than the

direct effect due to the addition of water mass.

Relative sea level change due to WAIS melting is limited to the Southern Ocean, because

density changes cross the ACC only very slowly. Impacts on the ocean due to fresh water

inflow at the Greenland coasts are not regionally limited and can be distributed over
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(a) (b)

(c) (d)

Figure 5.17: Relative sea level resulting from Greenland Ice Sheet melting of 161 Gt/yr
after 5 years (2003-2008), (a) with continuous melting equally distributed at coastal nodes
below 75oN latitude, and (b) distributed according to melting days, (c) distributed accord-
ing to melting days plus global mean sea level change, and (d): the total sea level change
including regional and global mean sea level change and the gravitational effect related to
Greenland ice sheet melting

the whole ocean. The patterns of steric sea level change are following the currents and

are mainly originating from changes in temperature and salinity in the upper 200 m.

The decrease in Greenland ice mass also reduces its gravitational attraction, leading to

a sea level decrease near the Greenland coast, but also to a slight increase further away.

Seasonal variations in ice sheet melting in Greenland influences sea level change in the

North Atlantic, mainly near the source of melting. After five years, sea level change is

more restricted to Baffin Bay and less rising in the Labrador Sea, compared to the case of

continuous melting.
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Figure 5.18: Relative sea level change in meter due to the gravitational effect of Greenland
Ice Sheet melting of 805 Gt, corresponding to 2.35 mm mean sea level equivalent



Chapter 6

Summary and Outlook

The present study investigates the major contributions of sea level change for the last

fifty years, with special interest in the recent past (2003 to 2007). The major aim was

to investigate the separation of eustatic and steric change. Since the beginning of the

GRACE mission it has become possible to measure mass changes. In conjunction with

observations of ocean volume from space altimetry the steric contributions can be esti-

mated indirectly. We study ocean mass variations on weekly time scales, which are derived

from the mass conserving finite element sea-ice ocean model (FESOM, Timmermann et al.

(2009); Böning et al. (2008)). In the reference model simulation, the daily mean fresh wa-

ter input from land to ocean was provided by the LSDM model (Dill, 2008). The fresh

water flux between atmosphere and ocean is provided by the NCAR/NCEP reanalysis

(Kalnay et al., 1996). The global sum of all contributions is not balanced. A correction

is performed to achieve a realistic mass budget (Böning, 2009). The fresh water budget

needs to be filtered with a 2-year high pass filter to achieve realistic long term behavior of

global variations in ocean mass. All weekly solutions show realistic geophysical patterns

and a realistic seasonal cycle in global mean ocean mass variations (Figure 6.1a). Their

phase is similar to GRACE estimates, but the amplitudes are overestimated.

Changing atmospheric conditions directly results in ocean mass redistribution. In this

study, the error of modeled OBP has been estimated by computing weekly standard devia-

tions of daily mean differences of ocean bottom pressure (OBP) from two model simulations

using different atmospheric forcing from NCAR/NCEP and ECMWF (S.M.Uppala et al.,

2005; Simmons et al., 2006; Berrisford et al., 2009). The resulting weekly error maps show

high errors in regions of strong signals, e.g. in the Southern Ocean west of the Drake

Passage. Patterns vary only slightly over time.

Among others, Böning (2009) successfully validated regional variations modeled OBP
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and GRACE estimates on monthly time scales. On weekly time scales, validation of mod-

eled OBP variations has been performed by comparison with GRACE and in-situ mea-

surements from ocean bottom pressure recorders (OBPR).
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Figure 6.1: Global mean sea level in meter; (a) ocean mass, (b) steric sea level, and (c)
total sea level

FESOM model results show significant high correlations to OBPR and the weekly GRACE

solutions. Correlations in high latitudes of up to 0.7 are confirmed. However, limited by

the low spatial resolution of 1.5o, model results cannot represent the full variability of

ocean mass redistribution measured with OBPR. This variability can be represented by
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GRACE estimates, which also show high correlation to OBPR measurements. GRACE

estimates suffer from the filtering needed to account for aliasing effects. In addition, un-

certainties arise from missing degree-1 spherical harmonic coefficients (geocenter motion)

and the erroneous (2,0) coefficient (oblateness of the Earth). These issues can be resolved

by combining modeled OBP, GPS site displacements and GRACE estimates in a joint in-

version (Rietbroek et al., 2009). The inverse solution merges the small scale structures of

modeled OBP, which originate from ocean circulation and the variability from the GRACE

estimates. It best represents the time series from OBPR. Especially the spurious GRACE

signals in the equatorial Atlantic are strongly improved.

The inverse solution strongly depends on the weighting of the individual input variables,

which are defined by their error estimates. Replacing a constant error for modeled OBP

by an estimated variable error of modeled OBP in the joint inversion improves the results,

compared to OBPR measurements.

The inversion provides a mass correction term, which allows for modeling a more accu-

rate description of global mass in the model. It improves the fresh water balance, which is

used in a second model integration. This reduces the amplitude of modeled global mean

ocean mass variations to values similar to global mean ocean mass variations derived from

GRACE data and the inverse solution.

A second major contribution to sea level change arises from temperature and salinity

variations in the ocean. These steric variations change ocean volume through expansion

and contraction. To achieve realistic sea level changes in the model, the net heat flux

between atmosphere and ocean has been tuned with an offset to reduce the unrealistic

heat loss of the ocean implicit in the atmospheric reanalysis. The resulting global mean

sea level rise between 1960 and 2008 appears to be realistic compared to other studies,

although in the last decades it might be less reliable, as no melt water of ice sheets and

glaciered regions is included in this experiment.

Spatial patterns of modeled steric height variations are identified in steric anomalies

derived from geodetic observations. Especially the seasonal oscillation between the hemi-

spheres is clearly visible. Ocean mass variations estimated by the joint inversion of GRACE

gravity data, GPS site displacements and modeled OBP improves the geodetic steric height

observations (Bosch and Savcenko, 2008; Albertella et al., 2008). The correlation with

modeled steric height variations increased compared to steric height measurements derived

with GRACE and altimetry data. Modeled global mean steric height variations are slightly

overestimated since the 1990’s, but still remaining in a realistic range, as most studies in-

vestigate steric height variations only down to a specific depth. Here modeled steric effects

include the whole water column. Especially in the recent past, steric sea level rise shows a
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reduced trend, which is similar to the trend of the geodetic observations (Figure 6.1b).

In the recent past, modeled global mean variations in total sea level shows realistic

amplitude and phase, compared to altimetry measurements (Figure 6.1c). The sea surface

topography is associated with variations of the ocean circulation. It correlates well with

the mean dynamic topography derived in different studies. Regular oscillations, which are

mostly induced by atmosphere conditions, like the El Niño-Southern Oscillation (ENSO)

or the Pacific Decadal Oscillation (PDO), can be identified.

During the last decade, several studies investigated the mass loss of the Greenland

and West Antarctic Ice Sheet. The melt water flows into the ocean and increases the

eustatic sea level by about 0.3 mm/yr if 100 Gt/yr of mass is lost. To investigate the

oceanic response to the additional melt water, different amounts of fresh water have been

added as additional volume flux along the coast of Greenland. Results are compared to

a reference model simulation and confirm the magnitude of global mean sea level rise,

estimated by other studies. The additional volume is distributed over the ocean within

days, as barotropic waves are generated. In these perturbation experiments global sea level

rises due to the additional water mass, a small portion of global mean sea level change

originates from varying heat exchange between ocean and atmosphere, which cannot be

related to a specific region. This effect is at least one order of magnitude smaller than the

sea level change caused by the mass of the melt water inflow. It can be attributed to the

non-linear nature of oceanic processes and may be regarded as a measure of uncertainty.

Locally, the fresh water inflow changes ocean density near the source of the melt water

and radiates as baroclinic waves dependent on the seasonal character of the melt water

inflow. In case of Greenland Ice Sheet melting, density changes mainly in the Labrador

Sea and Baffin Bay during the first years. After some decades density variations are

distributed through ocean currents farther away mainly showing patterns identified in

salinity variations at 100 m depth. After the density change reaches the coastal regions

of east Canada, it follows the North Atlantic Drift to the European continent. Then

it is separates in one filament flowing into the Arctic Ocean and another one following

the subtropical gyres to the equatorial North Atlantic. The density in the center of the

subtropical gyre is not affected. However, in the Labrador Sea a more stable water column

is modeled, leading to reduced vertical mixing. Additional local variations in sea level

appear by the decreased gravitational attraction corresponding to the reduced ice sheet

mass. Gravitational change is computed in post processing using maps of local melt extent

and Green’s functions. The effect reduces sea level near the source of mass loss, while

farther away it slightly increases. Global mean sea level is not affected by the change in

gravitational attraction.
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In addition to melting of the ice sheet in Greenland, mass loss of the West Antarctic

Ice Sheet has been observed by different studies, whereas the East Antarctic Ice Sheet

remains almost constant. An experiment with 100 Gt/yr of melt water flux from the West

Antarctic Ice Sheet into the ocean shows similar behavior in global mean sea level. Main

differences occur in density variations, which are limited to the Southern Ocean as the

ACC acts as a barrier, which steric variations can pass only very slowly. Additionally

temperature variations show a quadripol-like pattern, resulting from the sensitivity of the

model in this region. These patterns are known from the calculation of error estimates.

Outlook

This study evaluates the capability of current ocean models to simulate sea level variations

without assimilation of geodetic observations. It gives an indication on how much the major

contributions modify global and regional sea level. The main focus lies on the computation

and analysis of spatial and temporal variability, including trends of short time periods (<

10 years). These cannot necessarily be extended into a long term trend, as variations of

one year can strongly contribute and change these trends. Therefore, longer time series

from measurements have to developed to be able to analyze trends in the recent past. This

is especially true for measured ocean mass variations, as the modeled global mean ocean

mass variations are corrected using GRACE estimates. In addition, further investigations

are needed to solve the issue of the artificial trend caused by the numerical inconsistencies

described in Section 3.3.

Global mean ocean mass variations of the recent past can be modeled with realistic

phase and amplitude and is further improved by optimizing the fresh water budget of the

model using the mass correction term of the inverse solutions. Its short term variations

are similar to GRACE estimates and the inverse solution, because they are induced by

variations of the total mass of the atmosphere above the ocean, which are provided by data

sets from NCEP and ECMWF. The interesting fact that global ocean mass derived from

GRACE does not show a trend that can be assigned to uncertainties in GIA estimates.

Hence, the different contributions of eustatic sea level have to be investigated in detail

to identify consistent quantities of the different contributions of the ocean mass budget.

Precipitation and evaporation rates, derived by the weather forecast centers show realistic

estimates, but include uncertainties especially in the global sum. Also, different ongoing

studies investigate the land hydrology including the surface runoff to the ocean, whose

results are most promising, but normally don’t include runoff from ice melting. Hence, the

question arises about the change in the mass budget of the ice sheets and glaciers.
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In-situ measurements from OBPR can be used for validation of modeled OBP. They

generally include mass variations originating from tides, which are not modeled with FE-

SOM. Time series of OBPR are corrected for tides using the FES2004 tide model, but

not all tide signals can be removed. Although most of the remaining tide signal is elimi-

nated when weekly means are computed, further investigations, especially under usage of

alternative tide models, are needed to find the optimal tide correction.

The fast barotropic response of the ocean remains on the same time scales as other

waves in response to atmospheric pressure change. It is also difficult to differentiate the

seasonal melt signal from the regular seasonal signal. The long term signals originating

from currents are persistent enough to be measured by tide gauges, altimetry and salinity

measurements. In ongoing studies such as in the project ”Fingerprints of ice melting

in geodetic GRACE and ocean models” (FIGO), within in the framework of the DFG

priority program ”Mass transport and Mass distribution in System Earth” time varying

estimates from measurement systems like GRACE or ICESat will be added as forcing into

ocean modeling to achieve time dependent forcing, including the seasonal cycle. Beside

estimates from the Greenland and Antarctic ice sheets, also estimates from land glaciers

in different regions like Alaska, Patagonia or the Himalayas will be considered. In future

investigations, the grid will be refined at regions of interest, such as the Labrador Sea to

study the influence of the additional fresh water on properties of this region.

Long term influence on ocean circulation due to ice sheet melting can be investigated

on decadal time scales. This includes estimation of present and future variations of salinity

changes caused by the additional fresh water, of regional heat content including the ex-

change of heat between atmosphere and ocean, and of changes in the ocean surface fluxes

within different climate scenarios. In addition, variations in the deep water formation in

the Weddell, Labrador and Greenland Seas as well as the convection and stratification in

these regions should be investigated. This is in particular important for the North At-

lantic. If deep water production changes in the future, it will have strong impacts on the

temperature in Europe. For this reason, the influence of Greenland Ice Sheet melting on

the meridional overturning circulation (MOC) transports should be investigated including

sensitivity experiments. Here, a refined grid is needed in the North Atlantic, which can

then also be used to analyze influences on major ocean currents like the Gulf Stream, its

extension, and on coastal currents.

The identification of modeled sea level change in measurements produced by tide gauges

is important for the validation of the model results. Therefore, time series of sea level

change need to be analyzed at their positions. Time series at special positions in the open

ocean like the center of the Subtropical Gyre can be compared with altimetry measure-
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ments. However, modeled sea level change only considers dynamic changes. The geometric

effects like loading or GIA have to be accounted for during comparison. In addition, it has

to be investigated if modeled variations in salinity and ocean currents are localized enough

to be able to be detected in oceanic measurements like from ARGO floats or satellite

missions dedicated to measure sea surface salinity.
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Wenzel, M. and Schröter, J. (2002). Assimilation of topex/poseidon data in a global ocean
model: differences in 1955-1996. Pergamon, Elsevier Science Ltd., 568. PII: S1474-
7065(02)00086-4.
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Appendix

A List of Acronyms

ACC Antarctic Circumpolar Current
AIRS Atmospheric Infrared Sounders
AWI Alfred-Wegener-Institut
CF Center of Surface Figure
CM Center of Mass of the Earth System
DEM Digital Elevation Model
DFG German Science Foundation (Deutsche Forschungsgemeinschaft)
DWD Deutsche Wetterdienst
EAIS East Antarctic Ice Sheet
ECMWF European Center for Medium-Range Weather Forecasts
ENSO El Niño Southern Oscillation
ERA40 Reanalysis of the global atmosphere and surface conditions for 45-years
FIGO Fingerprints of ice melting in geodetic GRACE and ocean models
FE Finite Elements
FESIM Finite-Element-Sea-Ice-Model
FEOM Finite-Element-Ocean-Model
FESOM Finite-Element-Sea-Ice-Ocean-Model
GEO Geostationary Orbit
GIS Greenland Ice Sheet
GFZ German Research Center for Geosciences (Geoforschungscentrum Potsdam)
GNSS Global Navigation Satellite System
GPS Global Positioning System
GPCC Global Precipitation Climatology Center
GPCP Global Precipitation Climatology Project
GRACE Gravity Recovery and Climate Experiment
HDM Hydrological Discharge Model
IGS International GNSS Service
LEO Low Earth Orbit
LSA Loading and Self Attraction
LSDM Land Surface Discharge Model
JIGOG Joint inversion of GPS site displacements, ocean bottom pressure models

and GRACE global gravity models
LSG Large Scale Geostrophic
MEO Medium Earth Orbit
MDT Mean Dynamic Topography
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NAO North Atlantic Oscillation
NCAR National Centers for Atmospheric Research
NCEP National Centers for Environmental Prediction
NetCDF Network Common Data Form
NOAA National Oceanic and Atmospheric Administration
OBP Ocean Bottom Pressure
OBPR Ocean Bottom Pressure Recorders
OMCT Ocean Model for Circulation and Tides
PDO Pacific Decadal Oscillation
RL04 Release 04
RMS Root Mean Square
SAM Southern Annular Mode
SLA Sea Level Anomalies
SMB Surface Mass Balance
SSH Sea Surface Height
SSM/I Special Sensor/Microwave Imager
SST Sea Surface Temperature
STD Standard Deviation
TIROS Television and Infrared Observation Satellite
TVOS TIROS Operational Vertical Sounders
WAIS West Antarctic Ice Sheet
WOA World Ocean Atlas
WCRP World Climate Research Program
XBT Expandable Bathy Thermographs
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B Global Positioning System

Global Positioning System

The Global Positioning System (GPS) is a Global Navigation Satellite System (GNSS).
Although it is primarily designed for navigation purposes, it is also useful for many geodetic
sciences, such as meteorological science, plate tectonics, or to forecast volcanic eruptions.
This is mainly the case since with different positioning strategies the accuracy can be
improved from meters to a few centimeters. The space segment includes 24 Satellites that
are flying on a Medium Earth Orbit (MEO) with an altitude of about 20,000 kilometer. The
6 different orbits are nearly circular and are separated along the equator by 60 degrees. The
inclination is 55 degrees with a revolution time a 11h58m (half a sidereal day). A minimum
four satellites are needed to estimate the position of a GPS station on the ground in 3D.

Site displacements computed from the Global Positioning System (GPS) are included
in the inversion because they allow the estimation of low degree surface loadings as well as
the detection of geocenter motion (detection of degree 1 deformation). Note, the estimates
of the z component (height) is generally worse as no satellite is visible below 0 degree.
Therefore, weekly IGS network solutions from 150 - 200 stations have been used for a
global coverage. For example if inverting GPS site displacements alone, the global solution
becomes ill-posed. Then it has to be stabilized over the ocean. A disadvantage of this data
set is the contamination by (post) seismic effects, plate motion, or Postglacial rebound
(PGR), for example.
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C Comparison of OBPR and FESOM Timeseries

In the following all OBPR time series, which are longer than 20 weeks, are compared with
time series of two FESOM simulations using different atmospheric forcing. In the title
the location and the correlation of the two model simulations and OBPR are shown. For
inter-comparison, the time series and correlation are computed for the time period of the
inversion (2003 to 2007).
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D Comparison of time series from OBPR and Inverse

Solutions

In the following all OBPR time series, which are longer than 20 weeks, are compared with
time series of the two inverse solutions. The first inversion uses a constant error assumption
to weight modeled OBP. The second one uses the estimated variable model error. In the
title the location and the correlation of the two inversion solutions and OBPR are shown.
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E Comparison of time series from OBPR and GRACE

Solutions

In the following all OBPR time series, which are longer than 20 weeks, are compared
with time series of the GRACE solutions from GFZ (RL04) and modeled OBP (NCEP
forcing). The GRACE solutions (GSMGAC) are filtered with a Gauss filter (radius: 750
km). In the title the location and the correlation of the GRACE solutions as well as the
FESOM solution and OBPR are shown. As the weekly GRACE solutions have data gaps,
only modeled OBP are taken into account for the weeks where also GRACE solutions are
available. To avoid distortions from the estimates of the first weeks, the GRACE solutions
of the weeks 1200 to 1203, if present in the OBPR time series, are not taken into account
when computing the correlation.
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[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

AWI ANT9, FESOM: 0.62, GSMGAC (Gauss 750 km): 0.59

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

RAPID MAR1, FESOM: 0.48, GSMGAC (Gauss 750 km): 0.039

[m
]

time [years]

FESOM
OBPR
GRACE

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

RAPID MAR2, FESOM: 0.56, GSMGAC (Gauss 750 km): 0.085

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

RAPID MAR3, FESOM: 0.44, GSMGAC (Gauss 750 km): 0.23

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

RAPID MAR4, FESOM: 0.54, GSMGAC (Gauss 750 km): 0.32

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

RAPID EB1, FESOM: 0.23, GSMGAC (Gauss 750 km): 0.18

[m
]

time [years]

FESOM
OBPR
GRACE
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2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

RAPID EB3, FESOM: 0.71, GSMGAC (Gauss 750 km): 0.35
[m

]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

RAPID EBH1, FESOM: 0.43, GSMGAC (Gauss 750 km): 0.26

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

RAPID EBH2, FESOM: 0.43, GSMGAC (Gauss 750 km): 0.21

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

RAPID EBH3, FESOM: −0.026, GSMGAC (Gauss 750 km): 0.14

[m
]

time [years]

FESOM
OBPR
GRACE

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

RAPID EBH4, FESOM: 0.18, GSMGAC (Gauss 750 km): 0.098

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

RAPID EBH5, FESOM: 0.26, GSMGAC (Gauss 750 km): 0.22

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

APL ABPR 1, FESOM: 0.71, GSMGAC (Gauss 750 km): 0.73

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

APL ABPR 3, FESOM: 0.73, GSMGAC (Gauss 750 km): 0.59

[m
]

time [years]

FESOM
OBPR
GRACE
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2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

AWI F2, FESOM: 0.57, GSMGAC (Gauss 750 km): 0.73
[m

]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

AWI F4, FESOM: 0.68, GSMGAC (Gauss 750 km): 0.78

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

AWI F5, FESOM: 0.68, GSMGAC (Gauss 750 km): 0.8

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

AWI F6, FESOM: 0.58, GSMGAC (Gauss 750 km): 0.71

[m
]

time [years]

FESOM
OBPR
GRACE

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

AWI F7, FESOM: 0.63, GSMGAC (Gauss 750 km): 0.79

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

AWI F8, FESOM: 0.64, GSMGAC (Gauss 750 km): 0.73

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS A2, FESOM: 0.54, GSMGAC (Gauss 750 km): 0.23

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS B1, FESOM: 0.56, GSMGAC (Gauss 750 km): 0.46

[m
]

time [years]

FESOM
OBPR
GRACE
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2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS B2, FESOM: 0.68, GSMGAC (Gauss 750 km): 0.45
[m

]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS B3, FESOM: 0.39, GSMGAC (Gauss 750 km): 0.32

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS B4, FESOM: 0.49, GSMGAC (Gauss 750 km): 0.25

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS B5, FESOM: 0.55, GSMGAC (Gauss 750 km): 0.32

[m
]

time [years]

FESOM
OBPR
GRACE

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS C1, FESOM: 0.67, GSMGAC (Gauss 750 km): 0.45

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS C2, FESOM: 0.5, GSMGAC (Gauss 750 km): 0.27

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS C3, FESOM: 0.44, GSMGAC (Gauss 750 km): 0.23

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS C4, FESOM: 0.53, GSMGAC (Gauss 750 km): 0.3

[m
]

time [years]

FESOM
OBPR
GRACE
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2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS C5, FESOM: 0.21, GSMGAC (Gauss 750 km): 0.11
[m

]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS C6, FESOM: 0.56, GSMGAC (Gauss 750 km): 0.21

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS D1, FESOM: 0.73, GSMGAC (Gauss 750 km): 0.39

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS D2, FESOM: 0.65, GSMGAC (Gauss 750 km): 0.41

[m
]

time [years]

FESOM
OBPR
GRACE

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS D3, FESOM: 0.49, GSMGAC (Gauss 750 km): 0.36

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS D4, FESOM: 0.4, GSMGAC (Gauss 750 km): 0.21

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS D5, FESOM: 0.38, GSMGAC (Gauss 750 km): 0.13

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS D6, FESOM: 0.51, GSMGAC (Gauss 750 km): 0.1

[m
]

time [years]

FESOM
OBPR
GRACE
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2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS E1, FESOM: 0.4, GSMGAC (Gauss 750 km): 0.27
[m

]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS E2, FESOM: 0.62, GSMGAC (Gauss 750 km): 0.37

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS E3, FESOM: 0.48, GSMGAC (Gauss 750 km): 0.3

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS E4, FESOM: 0.44, GSMGAC (Gauss 750 km): 0.17

[m
]

time [years]

FESOM
OBPR
GRACE

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS E5, FESOM: 0.11, GSMGAC (Gauss 750 km): 0.027

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS E6, FESOM: 0.49, GSMGAC (Gauss 750 km): 0.17

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS E7, FESOM: 0.52, GSMGAC (Gauss 750 km): 0.2

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS F1, FESOM: 0.5, GSMGAC (Gauss 750 km): 0.15

[m
]

time [years]

FESOM
OBPR
GRACE



E. COMPARISON OF TIME SERIES FROM OBPR AND GRACE SOLUTIONS 169

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS F2, FESOM: 0.42, GSMGAC (Gauss 750 km): 0.35
[m

]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS F3, FESOM: 0.34, GSMGAC (Gauss 750 km): 0.076

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS F4, FESOM: 0.3, GSMGAC (Gauss 750 km): 0.11

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS F5, FESOM: 0.31, GSMGAC (Gauss 750 km): 0.18

[m
]

time [years]

FESOM
OBPR
GRACE

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS F6, FESOM: 0.42, GSMGAC (Gauss 750 km): 0.35

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS G1, FESOM: 0.72, GSMGAC (Gauss 750 km): 0.23

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS G2, FESOM: 0.69, GSMGAC (Gauss 750 km): 0.16

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS G3, FESOM: 0.053, GSMGAC (Gauss 750 km): −0.078

[m
]

time [years]

FESOM
OBPR
GRACE
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2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS G4, FESOM: 0.31, GSMGAC (Gauss 750 km): 0.036
[m

]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS G5, FESOM: 0.39, GSMGAC (Gauss 750 km): 0.29

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS G6, FESOM: 0.31, GSMGAC (Gauss 750 km): 0.088

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS H2, FESOM: 0.68, GSMGAC (Gauss 750 km): 0.081

[m
]

time [years]

FESOM
OBPR
GRACE

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS H3, FESOM: 0.58, GSMGAC (Gauss 750 km): 0.25

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS H4, FESOM: 0.098, GSMGAC (Gauss 750 km): 0.088

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS H5, FESOM: 0.34, GSMGAC (Gauss 750 km): 0.18

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS H6, FESOM: 0.38, GSMGAC (Gauss 750 km): 0.19

[m
]

time [years]

FESOM
OBPR
GRACE
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2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS I1, FESOM: 0.52, GSMGAC (Gauss 750 km): 0.23
[m

]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS N1, FESOM: 0.65, GSMGAC (Gauss 750 km): 0.39

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS S1, FESOM: 0.7, GSMGAC (Gauss 750 km): 0.38

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS S2, FESOM: 0.4, GSMGAC (Gauss 750 km): 0.36

[m
]

time [years]

FESOM
OBPR
GRACE

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

CNES AMS, FESOM: 0.54, GSMGAC (Gauss 750 km): 0.55

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

CNES CRO, FESOM: 0.58, GSMGAC (Gauss 750 km): 0.54

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

MOVE M2.5, FESOM: 0.48, GSMGAC (Gauss 750 km): 0.078

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

MOVE M3, FESOM: 0.55, GSMGAC (Gauss 750 km): 0.25

[m
]

time [years]

FESOM
OBPR
GRACE
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2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

MOVE M1.5, FESOM: 0.19, GSMGAC (Gauss 750 km): 0.26
[m

]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

MOVE M1, FESOM: 0.46, GSMGAC (Gauss 750 km): −0.065

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

MOVE M6, FESOM: 0.35, GSMGAC (Gauss 750 km): 0.17

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

MOVE M2, FESOM: 0.43, GSMGAC (Gauss 750 km): −0.0037

[m
]

time [years]

FESOM
OBPR
GRACE

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

DART d125, FESOM: 0.49, GSMGAC (Gauss 750 km): 0.34

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

DART d157, FESOM: 0.14, GSMGAC (Gauss 750 km): 0.53

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

DART d171, FESOM: 0.71, GSMGAC (Gauss 750 km): 0.63

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

DART 46402, FESOM: 0.27, GSMGAC (Gauss 750 km): 0.48

[m
]

time [years]

FESOM
OBPR
GRACE
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2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

DART 46403, FESOM: 0.29, GSMGAC (Gauss 750 km): 0.33
[m

]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

DART 46404, FESOM: 0.35, GSMGAC (Gauss 750 km): 0.18

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

DART 46405, FESOM: 0.53, GSMGAC (Gauss 750 km): 0.14

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

DART 51407, FESOM: 0.29, GSMGAC (Gauss 750 km): −0.12

[m
]

time [years]

FESOM
OBPR
GRACE

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

POL IO1, FESOM: 0.66, GSMGAC (Gauss 750 km): 0.5

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

POL IO2, FESOM: 0.65, GSMGAC (Gauss 750 km): 0.47

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

POL ND2, FESOM: 0.26, GSMGAC (Gauss 750 km): −0.0076

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

POL SD2, FESOM: 0.71, GSMGAC (Gauss 750 km): 0.4

[m
]

time [years]

FESOM
OBPR
GRACE
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2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

POL MYRTLE, FESOM: 0.71, GSMGAC (Gauss 750 km): 0.35
[m

]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

POL SHAGEX1, FESOM: 0.33, GSMGAC (Gauss 750 km): 0.34

[m
]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

POL SHAGEX2, FESOM: 0.56, GSMGAC (Gauss 750 km): −0.0031

[m
]

time [years]

FESOM
OBPR
GRACE
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F Comparison of time series from OBPR and cor-

rected FESOM

In the following all OBPR time series, which are longer than 20 weeks, are compared with
time series and modeled OBP (NCAR/NCEP forcing), where the fresh water budget is
corrected according to the mass correction term of the inverse solution (including the error
of modeled OBP). In the title the location and the correlation of the FESOM solutions and
OBPR are shown. The mass correction term of the first weeks are not used (weeks 1200 to
1203). Here, systematic differences occurred, as GRACE solutions, used in the inversion,
are generated using only low amount of raw data. Therefore, the solutions of these time
period are not trusted.

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

AWI ANT11, FESOM: 0.62, FESOM corrected: 0.61

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

AWI ANT13a, FESOM: 0.77, FESOM corrected: 0.76

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

AWI ANT3, FESOM: −0.039, FESOM corrected: 0.049

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

AWI ANT5, FESOM: 0.32, FESOM corrected: 0.34

[d
ba

r]

time [years]

FESOM
FESOM corrected
OBPR
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2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

AWI ANT537, FESOM: 0.4, FESOM corrected: 0.42
[d

ba
r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

AWI ANT7, FESOM: 0.69, FESOM corrected: 0.68

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

AWI ANT9, FESOM: 0.62, FESOM corrected: 0.61

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

RAPID MAR1, FESOM: 0.48, FESOM corrected: 0.53

[d
ba

r]

time [years]

FESOM
FESOM corrected
OBPR

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

RAPID MAR2, FESOM: 0.56, FESOM corrected: 0.61

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

RAPID MAR3, FESOM: 0.44, FESOM corrected: 0.52

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

RAPID MAR4, FESOM: 0.54, FESOM corrected: 0.6

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

RAPID EB1, FESOM: 0.23, FESOM corrected: 0.27

[d
ba

r]

time [years]

FESOM
FESOM corrected
OBPR
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2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

RAPID EB3, FESOM: 0.71, FESOM corrected: 0.69
[d

ba
r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

RAPID EBH1, FESOM: 0.43, FESOM corrected: 0.49

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

RAPID EBH2, FESOM: 0.43, FESOM corrected: 0.48

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

RAPID EBH3, FESOM: −0.026, FESOM corrected: 0.095

[d
ba

r]

time [years]

FESOM
FESOM corrected
OBPR

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

RAPID EBH4, FESOM: 0.18, FESOM corrected: 0.24

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

RAPID EBH5, FESOM: 0.26, FESOM corrected: 0.16

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

APL ABPR 1, FESOM: 0.71, FESOM corrected: 0.69

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

APL ABPR 3, FESOM: 0.73, FESOM corrected: 0.75

[d
ba

r]

time [years]

FESOM
FESOM corrected
OBPR
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2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

AWI F2, FESOM: 0.57, FESOM corrected: 0.57
[d

ba
r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

AWI F4, FESOM: 0.68, FESOM corrected: 0.67

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

AWI F5, FESOM: 0.68, FESOM corrected: 0.65

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

AWI F6, FESOM: 0.58, FESOM corrected: 0.58

[d
ba

r]

time [years]

FESOM
FESOM corrected
OBPR

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

AWI F7, FESOM: 0.63, FESOM corrected: 0.6

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

AWI F8, FESOM: 0.64, FESOM corrected: 0.63

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS A2, FESOM: 0.54, FESOM corrected: 0.56

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS B1, FESOM: 0.56, FESOM corrected: 0.6

[d
ba

r]

time [years]

FESOM
FESOM corrected
OBPR



F. COMPARISON OF TIME SERIES FROM OBPR AND CORRECTED FESOM 179

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS B2, FESOM: 0.68, FESOM corrected: 0.73
[d

ba
r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS B3, FESOM: 0.39, FESOM corrected: 0.43

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS B4, FESOM: 0.49, FESOM corrected: 0.52

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS B5, FESOM: 0.55, FESOM corrected: 0.57

[d
ba

r]

time [years]

FESOM
FESOM corrected
OBPR

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS C1, FESOM: 0.67, FESOM corrected: 0.67

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS C2, FESOM: 0.5, FESOM corrected: 0.51

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS C3, FESOM: 0.44, FESOM corrected: 0.5

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS C4, FESOM: 0.53, FESOM corrected: 0.57

[d
ba

r]

time [years]

FESOM
FESOM corrected
OBPR
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2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS C5, FESOM: 0.21, FESOM corrected: 0.25
[d

ba
r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS C6, FESOM: 0.56, FESOM corrected: 0.58

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS D1, FESOM: 0.73, FESOM corrected: 0.7

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS D2, FESOM: 0.65, FESOM corrected: 0.67

[d
ba

r]

time [years]

FESOM
FESOM corrected
OBPR

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS D3, FESOM: 0.49, FESOM corrected: 0.54

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS D4, FESOM: 0.4, FESOM corrected: 0.44

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS D5, FESOM: 0.38, FESOM corrected: 0.39

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS D6, FESOM: 0.51, FESOM corrected: 0.51

[d
ba

r]

time [years]

FESOM
FESOM corrected
OBPR
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2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS E1, FESOM: 0.4, FESOM corrected: 0.42
[d

ba
r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS E2, FESOM: 0.62, FESOM corrected: 0.61

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS E3, FESOM: 0.48, FESOM corrected: 0.49

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS E4, FESOM: 0.44, FESOM corrected: 0.46

[d
ba

r]

time [years]

FESOM
FESOM corrected
OBPR

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS E5, FESOM: 0.11, FESOM corrected: 0.1

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS E6, FESOM: 0.49, FESOM corrected: 0.47

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS E7, FESOM: 0.52, FESOM corrected: 0.51

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS F1, FESOM: 0.5, FESOM corrected: 0.51

[d
ba

r]

time [years]

FESOM
FESOM corrected
OBPR
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2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS F2, FESOM: 0.42, FESOM corrected: 0.44
[d

ba
r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS F3, FESOM: 0.34, FESOM corrected: 0.35

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS F4, FESOM: 0.3, FESOM corrected: 0.3

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS F5, FESOM: 0.31, FESOM corrected: 0.27

[d
ba

r]

time [years]

FESOM
FESOM corrected
OBPR

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS F6, FESOM: 0.42, FESOM corrected: 0.38

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS G1, FESOM: 0.72, FESOM corrected: 0.71

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS G2, FESOM: 0.69, FESOM corrected: 0.68

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS G3, FESOM: 0.053, FESOM corrected: 0.031

[d
ba

r]

time [years]

FESOM
FESOM corrected
OBPR
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2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS G4, FESOM: 0.31, FESOM corrected: 0.27
[d

ba
r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS G5, FESOM: 0.39, FESOM corrected: 0.33

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS G6, FESOM: 0.31, FESOM corrected: 0.31

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS H2, FESOM: 0.68, FESOM corrected: 0.65

[d
ba

r]

time [years]

FESOM
FESOM corrected
OBPR

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS H3, FESOM: 0.58, FESOM corrected: 0.53

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS H4, FESOM: 0.098, FESOM corrected: 0.068

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS H5, FESOM: 0.34, FESOM corrected: 0.27

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS H6, FESOM: 0.38, FESOM corrected: 0.35

[d
ba

r]

time [years]

FESOM
FESOM corrected
OBPR
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2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS I1, FESOM: 0.52, FESOM corrected: 0.51
[d

ba
r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS N1, FESOM: 0.65, FESOM corrected: 0.67

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS S1, FESOM: 0.7, FESOM corrected: 0.7

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

KESS S2, FESOM: 0.4, FESOM corrected: 0.43

[d
ba

r]

time [years]

FESOM
FESOM corrected
OBPR

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

CNES AMS, FESOM: 0.54, FESOM corrected: 0.52

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

CNES CRO, FESOM: 0.58, FESOM corrected: 0.61

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

MOVE M2.5, FESOM: 0.48, FESOM corrected: 0.48

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

MOVE M3, FESOM: 0.55, FESOM corrected: 0.61

[d
ba

r]

time [years]

FESOM
FESOM corrected
OBPR
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2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

MOVE M1.5, FESOM: 0.19, FESOM corrected: 0.26
[d

ba
r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

MOVE M1, FESOM: 0.46, FESOM corrected: 0.54

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

MOVE M6, FESOM: 0.35, FESOM corrected: 0.43

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

MOVE M2, FESOM: 0.43, FESOM corrected: 0.33

[d
ba

r]

time [years]

FESOM
FESOM corrected
OBPR

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

DART d125, FESOM: 0.52, FESOM corrected: 0.56

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

DART d157, FESOM: 0.12, FESOM corrected: 0.13

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

DART d171, FESOM: 0.72, FESOM corrected: 0.74

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

DART 46402, FESOM: 0.26, FESOM corrected: 0.3

[d
ba

r]

time [years]

FESOM
FESOM corrected
OBPR
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2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

DART 46403, FESOM: 0.29, FESOM corrected: 0.31
[d

ba
r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

DART 46404, FESOM: 0.3, FESOM corrected: 0.33

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

DART 46405, FESOM: 0.52, FESOM corrected: 0.59

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

DART 51407, FESOM: 0.29, FESOM corrected: 0.3

[d
ba

r]

time [years]

FESOM
FESOM corrected
OBPR

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

POL IO1, FESOM: 0.66, FESOM corrected: 0.64

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

POL IO2, FESOM: 0.65, FESOM corrected: 0.6

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

POL ND2, FESOM: 0.26, FESOM corrected: 0.3

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

POL SD2, FESOM: 0.7, FESOM corrected: 0.66

[d
ba

r]

time [years]

FESOM
FESOM corrected
OBPR
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2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

POL MYRTLE, FESOM: 0.7, FESOM corrected: 0.75
[d

ba
r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

POL SHAGEX1, FESOM: 0.33, FESOM corrected: 0.28

[d
ba

r]

2003 2003.5 2004 2004.5 2005 2005.5 2006 2006.5 2007 2007.5 2008

−0.1

0

0.1

POL SHAGEX2, FESOM: 0.56, FESOM corrected: 0.58

[d
ba

r]

time [years]

FESOM
FESOM corrected
OBPR


