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Abstract

A global heat and fresh water dataset based on the data of the second

ECMWF Re-Analysis project (ERA-40) is presented that is constructed in

the same way as the dataset based on the data of the first project (ERA-15)

and can be used as surface boundary conditions for ocean models with sea

ice components. The definition of these conditions is based on bulk formulae.

A mean annual cycle on a daily basis was constructed from ERA-40 for all

relevant parameters including wind stress. Continental runoff is considered

by using a runoff model.

To estimate implied meridional oceanic heat transports and to avoid tem-

poral drifts of globally averaged deep ocean temperature and salinity in ocean

model simulations, the heat and fresh water budgets have been closed by ap-

plying an inverse procedure to fine-tune the fluxes towards observed trans-

ports. Winds and short wave radiation at Southern higher latitudes and

short and long wave radiation in the subsidence zones are corrected. Applied

to any ocean/sea-ice model, the forcing dataset would induce only a relative

small net sea-surface buoyancy loss.

A comparison of both datasets shows that the effects of the changes in the

assimilation system of ERA are larger than the effects due to the different

periods. The latter effects reveal a southward shift of the Intertropical Con-

vergence Zone (ITCZ) in time and a pattern in the difference of the net heat

flux corresponding to a low phase of the North Atlantic Oscillation (NAO).

This pattern is essentially determined by a similar pattern in the latent heat

flux with a gradient across the North American basin of about 15 to 20 Wm−2

for the annual mean. That confirms that the first dataset is biased towards

a NAO high phase whereas the second one covers a whole NAO period.

2



1 Introduction

A global heat and fresh water forcing dataset based on the ECMWF Re-

Analyses (ERA-40; Simmons and Gibson, 2000) is presented which is the

successor of a similar dataset based on ERA-15 (Gibson et al., 1997; Röske,

2006) (henceforth Röske (2006) will be referred to as ROM). These datasets

have been developed for an Ocean Model Intercomparison Project (OMIP)

in which the results of ocean models which are part of coupled atmosphere/

ocean/sea-ice models are assessed with respect to the model formulation. The

ERA-40 data cover the time period from September 1957 to August 2002.

For the forcing dataset, however, only complete years were used (44 years

from 1958 to 2001). This dataset was constructed in the same way as the

first one based on ERA-15. The main construction elements are summarized

as follows.

The surface boundary conditions of the dataset are defined by using the

net heat flux which is the sum of short and long wave radiation as well as

of the turbulent, i.e. the sensible and latent heat fluxes. The turbulent

heat fluxes are computed by using the bulk formulae of Kara et al. (2005).

They adapted the formula to the Tropical Ocean Global Atmosphere Cou-

pled Ocean-Atmosphere Response Experiment (TOGA COARE) algorithm

version 3.0 (Fairall et al., 2003). For the dataset based on ERA-15, the bulk

formulae of Kara et al. (2005) have been extended by a parameterization

of sea ice concentration to enhance the turbulent heat loss in ice covered

regions, which is underestimated by ERA-15 (ROM). For the ERA-40 based

dataset presented in this report, the same extended bulk formulae are used.

For OMIP, it is crucial that the ocean models are treated in the same way.

None of them is to be at an advantage or at a disadvantage. The forcing

dataset must be the same for every model and may not be dependent on any

property of the ocean models. It must be possible to test the dataset for its

own properties independently of any ocean model. Thus, two cases must be

distinguished: the case when the forcing dataset is regarded independently

of any ocean/sea-ice model - the ”no-ocean-model” case - and the case when

the dataset is applied to force such models - the ”ocean-model” case. In
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this report, only the dataset is represented (the ”no-ocean-model” case).

However, additional information is presented about what has to be considered

in the case when this dataset is used to force an ocean model (the ”ocean-

model” case).

The first information has to do with the bulk formulae. They contain the

sea surface temperature (SST) and the sea ice concentration (SIC) as ”inter-

face” parameters. In the ”no-ocean-model” case, SSTs from ERA are used

and observed SICs from the National Snow and Ice Data Center (NSIDC;

Comiso, 2002). In the ”ocean-model” case, SSTs as computed by ocean mod-

els and also SICs, if these models contains prognostic sea-ice models, are to

enter the formulae. Because of using bulk formulae and in order to avoid

temporal drifts of globally averaged deep ocean temperature and salinity in

the ocean models when they are driven by the dataset, the budgets of heat

and fresh water should be closed. The imbalance, i.e. the integral of the net

heat and fresh water flux over the whole globe and the time period given,

should be small, i.e. within ± 1 Wm−2 and ± 1 mm/month, respectively.

The second information has to do with the closure of the heat and fresh

water budgets. In this report, the closure is done independently of any

ocean model. The results of the closure should be used in the ”ocean-model”

case. The German OMIP effort has shown that although the budgets were

closed before the dataset was used to drive the ocean models, the resulting

imbalances of the models were nearly in the range mentioned above (Table 1;

Fritzsch et al., 2000).

Ocean model heat flux fresh water flux
MOM2 0.4 -0.6
HOPE 1.2 -1.4

Table 1: Global imbalances of the Modular Ocean Model version 2 (MOM2;
Pacanowski, 1995) with coupled sea ice and parallelized code (Fritzsch
et al., 1998) and of the Hamburg Ocean Primitive Equation model
(HOPE; Wolff et al., 1997) after having been forced over 100 years, that
means forced by a 100-fold application of the ERA-15 based climatolog-
ical dataset. The numbers include effects of salinity relaxation and ice
growth. Heat fluxes are in Wm−2 and fresh water fluxes in mm/month.
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The ocean models used in the German OMIP effort differ in their formula-

tion. If other ocean models were driven by this dataset it would be expected

that also their imbalances are small. However, carefulness is necessary when

the models are driven over more than 100 years. If they are driven over

more than about 170 years, density changes of more than 1 kg m−3 would be

induced in a surface layer of 10 m thickness.

The budgets of the dataset were closed by using the inverse procedure

after Isemer et al. (1989) and da Silva et al. (1994). When the procedure

was developed by Isemer et al. (1989), a linearization was performed. There-

fore, the adjustment provided by this procedure to reach a global balance is

”sufficiently small”. For larger adjustments, however, regional corrections

are performed, partly on the base of global schemes, which are independent

of the inverse procedure.

An algorithm to construct a mean annual cycle on a daily basis (Röske,

2001) was applied which allows to study the mean oceanic circulation in the

”ocean-model” case.

The forcing dataset based on ERA-40 is compared to a mean annual cy-

cle derived from data of the National Centers for Environmental Prediction

and National Center for Atmospheric Research (NCEP/NCAR) Re-Analyses

(NRA; Kalnay et al., 1996) covering the same time period as ERA-40 (1958

to 2001), referred to as ”NRA-40”, and to the surface marine dataset of da

Silva et al. (1994) derived from the Comprehensive Ocean Atmosphere Data

Set (COADS; Woodruff et al., 1987) covering 45 years from 1945 to 1989.

To determine how much the mean annual cycles based on ERA-15 and

ERA-40 will differ from each other, the average of those cycles is subtracted

from one another and the difference is studied. However, the difference is

influenced by changes in the assimilation system of ERA and by effects of

the different periods, as well. If one is interested in the effects of only one

of these influences independently from each other, both effects have to be

separated.

This is accomplished by introducing another (third) climatological forcing

dataset, in addition to those based on the 15 years of ERA-15 (the first
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dataset) and based on the 44 years of ERA-40 (the second dataset). This

third dataset again is based on ERA-40 but only on those data covering the

ERA-15 time period, i.e. the years 1979 to 1993 (ERA-40/15). Also this

forcing dataset is constructed in the same way as the other ones. Then, two

differences can be computed. The ”first” difference is the difference between

the third forcing dataset (based on ERA-40/15) and the first one (based on

ERA-15) representing the effect of the changes in the assimilation system

of ERA and the ”second” difference is the difference between the second

forcing dataset (based on ERA-40) and the third one (based on ERA-40/15)

representing the effect of the different periods (Table 2 in section 3.1).

To assess quantitatively how much of the main gain and loss regions of heat

and fresh water is still being observed in the ”first” and ”second” differences,

correlation coefficients between the fluxes and their differences are computed.

For the ”second” difference these coefficients are smaller than 0.1. Thus, the

differences are independent of the fluxes and the main gain and loss regions

of heat and fresh water are eliminated.

The ”second” difference of the fresh water fluxes in the tropical Pacific

Ocean shows a latitudinal band of negative values along the equator and a

band of positive values north of it. This is supposed to be involved with a

change of the Intertropical Convergence Zone (ITCZ) in strength and location

comparing the ERA-40 period to the ERA-15 period.

To interpret the ”second” difference of the heat fluxes in the North Atlantic

Ocean, the North Atlantic Oscillation (NAO) is considered. The NAO index

was anomalously low in the 1960s and anomalously high in the 1980s and

1990s (Wanner et al., 2001). Thus, the mean annual cycles of ERA-15 and of

ERA-40/15 are biased towards the NAO high phase (NAO+), whereas the

mean annual cycle of ERA-40 covers a whole NAO period, i.e. a NAO+ and

a NAO low (NAO-) phase.

The NAO index is defined by the pressure difference between Iceland and

Azores. During a high index (NAO+) anomalously warm SST over the North

American Basin and anomalously cold SST situated east/southeast Green-

land and west of North Africa are observed (Wanner et al., 2001). During

6



a low index (NAO-) the pattern regarding the SST anomalies is reversed.

Henceforth, this pattern will be referred to as ”tripole” pattern. The NAO is

a winter phenomenon and therefore, the short wave radiation is small during

that time. The long wave radiation of a black body and the turbulent heat

fluxes are sensitive to the SST. Therefore, it is expected that the net heat flux

of the difference between the datasets based on ERA-40 and on ERA-40/15

reflects the ”tripole” pattern of NAO-.

This paper is organized as follows. The construction of the forcing dataset

based on ERA-40 is described in section 2. The closure procedure is pre-

sented in section 3. The results of the comparison of the forcing datasets are

given in section 4. Conclusions follow in section 5.

2 The forcing datasets

A short overview of the ERA-40 project is given. In ERA-40, a variational

data assimilation system has been used to make a new synthesis of the in-

situ and remotely-sensed measurements made since mid-1957 (satellite based

since 1972), when a major improvement was made to the atmospheric ob-

serving system in preparation for the International Geophysical Year, 1958

(Simmons and Gibson, 2000). The data used in this study comprise 44 years

from 1958 to 2001. They are available on a Gaussian grid with T106 trun-

cation corresponding to a horizontal resolution of 1.125◦ × 1.125◦.

For the first forcing dataset based on ERA-15, the 24-hourly forecast cycle

was selected to become the basis of the dataset (ROM). In order to obtain

maximum comparability to this dataset, also for the second forcing dataset

based on ERA-40 the same forecast cycle was selected. From two forecasts

per day (one 24 hour forecast begins at 0:00 UTC and one at 12:00 UTC)

daily values were derived.

Net heat fluxes are calculated from net short wave radiation, net long

wave radiation, and the turbulent, i.e. the sensible and latent heat fluxes.

The turbulent heat fluxes are computed using bulk formulae (Kara et al.,

2005; Appendix A). The input variables for these formulae are: 2 meter air
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temperature Ta, 2 meter dew point temperature, freezing point temperature

is represented as a function of salinity derived from the equation of state

(UNESCO 1983; H. Simmons, pers. comm.), scalar wind V , mean sea level

pressure p and the surface temperature Ts. The transfer coefficients in the

bulk formulae are computed from Ta, Ts, V , p, and saturated specific hu-

midity qa as a function of Ta (Buck, 1981). The formulae are extended by a

parameterization of sea ice concentration cice.

In this report, the forcing datasets are regarded independently of any

ocean/sea-ice model. Ts is taken from ERA and cice are observed sea ice con-

centrations from the National Snow and Ice Data Center (NSIDC; Comiso,

2002). However, observed fractional sea ice concentrations (0 < cice < 1)

are not available prior to 1979. Observed sea ice concentrations cice = 0 or

cice = 1 prior to this year were not considered.

When the forcing datasets are applied to force ocean/sea-ice models,

model simulations of Ts and cice should be used instead of ERA and ob-

servational data (the ”ocean-model” case). Furthermore, if an ocean/sea-ice

model simulates its own albedos, total short wave radiation Qtot
sw including

the reflected part is required instead of net radiation Qnet
sw . ERA provide

only net radiation. Therefore, total radiation has to be computed. For this

purpose, the albedo a of ERA was used in the following way:

Qtot
sw =

Qnet
sw

(1 − a)
. (1)

In this report, net radiation Qnet
sw is used to calculate the heat budget inde-

pendently of any ocean/sea-ice model.

For the long wave radiation, the same distinction of cases has to be made.

If the forcing dataset is applied to any ocean/sea-ice model, the model SST

can be considered in the following way:

Qlw,model = Qlw,ERA + εσ(T 4
s,ERA − T 4

s,model) (2)

where Qlw,model is the long wave radiation in the ocean model, Ts,model is the

sea surface temperature of the model, Qlw,ERA is the net long wave radiation

from ERA, Ts,ERA is the sea surface temperature also from ERA, ε is the
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emissivity of water, and σ = 5.67 · 10−8 Wm−2K−4 is the Stefan-Boltzmann

constant. Again, in this report, net radiation Qlw,ERA is used to calculate

the heat budget independently of any ocean/sea-ice model.

For all relevant parameters a mean annual cycle has been produced. As

for ERA-15, also for ERA-40, high-frequency variance shows its maximum

in the year 1982, when a strong El Niño began (ROM).

Continental runoff is computed from continental precipitation (including

snow) and evaporation by using the runoff model of ROM which is based on

two datasets provided by Hagemann and Dümenil (1998). These datasets

contain information about river catchment areas and main drainage basins

globally.

Figure 1: Implied meridional northward heat transports for the global ocean (Ap-
pendix D). The OMIP/ERA15- and OMIP/ERA40-Forcings are defined
in section 3.1. Heat transport observations are from Macdonald and
Wunsch (1996). Note that the x-axis starts at the North Pole.

Both, ERA-15 and ERA-40, show positive, i.e. northward directed im-

plied meridional oceanic heat transports (MHTs; Appendix D) for the global

ocean between 20◦S and 60◦S (Fig.1). Keith (1995) and Trenberth and Caron

(2001) however, suggested southward directed heat transports. If the kata-

batic winds at Antarctica are corrected and short wave radiation is reduced

in the Southern higher latitudes, then the MHTs between 20◦S and 60◦S

9



become negative, i.e. southward directed. The katabatic winds are not cap-

tured very accurately by the ECMWF analyses (Kim and Stössel, 1998; van

den Broeke and van de Wal, 1997) and probably also not by ERA. They are

corrected by using the global scheme from ROM (Appendix B). Short wave

radiation is reduced by a simple multiplication with a constant factor be-

tween 60◦S and 90◦S and a smooth quadratic transition at 60◦S. A factor of

0.89 for ERA-15 (ROM) showed best agreement with satellite observations

from the Surface Radiation Budget (SRB). Because of the high similarity

of the implied northward MHTs of ERA-15 and ERA-40 (Fig.1) the same

factor was also applied on the short wave radiation from ERA-40.

Furthermore, to correct the bias of short and long wave radiation in areas

of oceanic upwelling, the regions of subsidence, another global scheme from

ROM (Appendix C) was applied.

3 Closure procedure

Meridional implied oceanic heat transports (Appendix D) can only be inter-

preted if the net heat flux has no imbalance, i.e. the integral of the heat

flux over the whole globe and the time period given is close to zero. The

imbalance of ERA-15 decreases with increasing length of the forecast period

(Kallberg, 1997; Garnier et al., 2000). The mean annual cycle shows a sim-

ilar behavior. For the 24-hour forecast cycle of the ERA-15 the imbalances

of the heat and fresh water budget are minimal and small, i.e. within ± 1

Wm−2 and ± 1 mm/month, respectively (ROM). However, if bulk formulae

are used to calculate the surface fluxes, the smallness of the imbalances and

thus closed heat and fresh water budgets are not guaranteed any more. Then,

a procedure for the closure is necessary. This holds also for ERA-40, where

also (the same) bulk formulae are used.

For the closure of the heat and fresh water budgets of the mean annual cy-

cle based on ERA-40 the same procedure was applied as used for the dataset

based on ERA-15 (ROM). The closure is based on the inverse procedure after

Isemer et al. (1989) and da Silva et al. (1994) to fine-tune the fluxes which
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was applied on the daily data of the mean annual cycle. Tuning parameters

p were computed by using p = 1 + δp with the adjustment δp following

equation (54) in da Silva et al. (1994):

δp = (EAT (AEAT + R)−1d∗ (3)

with E is the covariance matrix for the errors of the tuning parameters p,

A the matrix of the sensitivities, i.e. of the changes of current transports

T (φ,p) (Appendix D), with the current set of parameters p∗, R the covari-

ance matrix for the errors of the global heat transport estimates T̃ (φ) derived

from measurements made during ship cruises along latitudinal cross-sections,

and d∗ is the difference between those oceanographic estimates T̃ (φ) and

the transports T (φ,p∗). As in ROM, global heat transport estimates after

Macdonald and Wunsch (1996) were chosen, and zero heat and fresh water

transports were prescribed at the Antarctic coast (T̃ (φAc) = 0) However,

in comparison of ERA-40 to ERA-15, the land sea mask has changed. In

ERA-40, the Ross shelf is treated as land. Therefore, the latitude of those

prescribed transports was shifted northward from φAc = 80◦S to φAc = 75◦S.

3.1 Definition of ”OMIP-Forcing”

To give the forcing datasets a name, the term ”OMIP-Forcing” was chosen.

The abbreviation ”OMIP” (section 1) is used because the first dataset based

on ERA-15 was developed to be used in such an intercomparison project of

ocean models. Before the results of the application of the inverse procedure

are presented, the term ”OMIP-Forcing” is specified in regard to the main

construction elements of the dataset presented thus far. This term includes

the mean annual cycle based on ERA, the runoff model, the bulk formula

after Kara et al. (2005) extended with a parameterization of sea ice concen-

tration, the results of the inverse procedure after Isemer et al. (1989) and

da Silva et al. (1994), the correction on the Southern Hemisphere, i.e. the

global scheme for katabatic winds and the reduction of short wave radiation

between 60◦S and 90◦S, and the correction of short and long wave radiation

in the subsidence zones (section 2). This whole procedure was applied on
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ERA-15, ERA-40, ERA-40/15, and on NRA-40, as well (Table 2). Regard-

ing NRA-40, the correction on the Southern Hemisphere was not applied.

However, another correction was applied on this dataset. Short wave radi-

ation was reduced globally by a factor of 0.89 as suggested by Haak et al.

(2003). There is no explanation, why this factor is the same as the one ap-

plied on short wave radiation from ERA-15 and ERA-40 on the Southern

Hemisphere between 60◦S and 90◦S.

Dataset No. based on period Dataset name
”first” ERA-15 1979-1993 OMIP/ERA15-Forcing

”second” ERA-40 1958-2001 OMIP/ERA40-Forcing
”third” ERA-40/15 1979-1993 OMIP/ERA40/15-Forcing

NRA-40 1958-2001 OMIP/NRA40-Forcing
Differences No. Datasets involved

”first” ”third” Dataset minus ”first” Dataset
”second” ”second” Dataset minus ”third” Dataset

Table 2: Overview of the datasets and the differences used.

Note that in this report the term ”OMIP-Forcing” includes also the cor-

rection of short and long wave radiation in the subsidence zones, in contrast

to the ”OMIP-Forcing” which is referred to as the ”final” one in Table 7 in

ROM.

3.2 Results of the application of the inverse procedure

For the dataset based on ERA-15 as well as for the dataset based on ERA-40

two kinds of applications were designed. They were motivated from studying

the effect of the correction on the Southern Hemisphere. Both applications

are based on Equation (3) and there with the covariance matrix R = diag(r2
j )

for the errors of the oceanographic heat transport estimates. For the rj the

error given by Macdonald and Wunsch (1996) (±0.3 PW in each case) and

a small error for the fresh water transport at 75◦S were chosen. Large rj

mean small influence exerted by the oceanographic heat transport estimates

on the inverse procedure (weak constraint), small rj mean large influence
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(strong constraint). The size of the rj of Macdonald and Wunsch (1996)

implies only a weak constraint.

The error rj of the heat transport at 75◦S is not known. If it is overes-

timated, i.e. if it is chosen to be large implying a weak constraint, and if

the inverse procedure is performed without the correction on the Southern

Hemisphere, an unrealistic large transport at this latitude is the result. How-

ever, this heat transport almost vanishes, when the correction is added on

the fine-tuned data. This application is denoted as ”only F” in Table 3.

Applications: Correction Parameters pi Figure
sw lw se la pr ru No.

ERA-40

Strong only at 75◦S (only F) 0.8947 1.0976 1.1465 0.9618 0.7189 0.9726 2 (a)
Strong only at 75◦S (H & F) 0.9010 1.0980 1.1603 0.9722 0.7294 0.9736 3

ERA-40/15

Strong only at 75◦S (only F) 0.8855 1.0977 1.1326 0.9453 0.6923 0.9680 2 (a1)

NRA-40

Strong only at 75◦S (H & F) 0.8023 1.1804 1.1238 0.9303 0.5907 0.9757
Strong only at 75◦S (H & F) 0.8724 1.1562 1.1103 0.8834 0.5581 0.9737 2 (a2)

& Qsw: -11% globally

Allowed range: 0.9 - 1.1 0.8 - 1.2 0.5 - 1.5

Table 3: Corrections parameters as suggested by the inverse procedure. 4 digits
are necessary for an accuracy of 0.01 PW of the MHT especially on the
Southern Hemisphere. ”Strong” means: the heat (H) and fresh water
(F) transport estimates have strong influence in the inverse procedure.

The applications ”only F” yield non-vanishing MHTs at 75◦S. They
are reduced to approx. zero by using a correction for the (katabatic)
winds and reducing Qsw by 11% at 60◦S - 90◦S. The application ”H & F”
includes this correction for the ERA application but not for the NRA
applications.

sw: Short wave solar radiation
lw: Long wave radiation
se: Sensible heat flux
la: Latent heat flux
pr: Precipitation
ru: Continental Runoff

However, this kind of application produces errors in the fresh water trans-
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ports. Therefore, another kind of application was performed by choosing

the error rj of the heat transport at 75◦S to be small and by including the

correction on the Southern Hemisphere in the inverse procedure. This appli-

cation is denoted as ”H & F” in Table 3. Although the application on the

dataset based on NRA-40 is also denoted with ”H & F”, the corrections on

the Southern Hemisphere were not applied on this dataset. Regarding ERA,

errors in the fresh transports are removed by this kind of application and

buoyancy gains and losses can be estimated correctly.

Density fluxes D are derived from buoyancy B (Appendix E) with D = B ·

ρ/g and ρ is the density of water according to the equation of state (UNESCO,

1983) and g = 9.8m s−2 the gravitational constant. Assuming a surface layer

of a thickness of 10 m following Garnier et al. (2000), the OMIP/ERA40-

Forcing including the bulk formulae and the results of the inverse procedure

(Application ”H & F”) would induce a corresponding buoyancy loss of only

0.006 kg m−3 per year.

3.3 Comparison of the meridional transports

The implied meridional oceanic heat transports (Appendix D) of the OMIP/

ERA40-Forcing and the OMIP/ERA40/15-Forcing are rather similar (Fig.2

(a1 - e1)). However, they show some differences in comparison to the OMIP/

ERA15-Forcing. In the Northern higher latitudes, where the global ocean

consists only of the Atlantic and Arctic Oceans, the northward heat trans-

ports of the OMIP/ERA40-Forcing are higher than those of the OMIP/

ERA15-Forcing (Fig.2(a1, b1)). The southward global heat transports of the

OMIP/ERA40-Forcing in the Southern higher latitudes (at about 60◦S) are

stronger than those of the OMIP/ERA15-Forcing, too. The northward global

heat transports of the OMIP/ERA40-Forcing are weaker in the Northern sub-

tropics due to weaker heat transports in the North Pacific (Fig.2(a1, c1)).

The order of magnitude of all these differences is about 0.1 PW.

Regarding the Southern subtropics, the northward heat transports of the

OMIP/ERA40-Forcing in the South Atlantic are smaller than those of the

OMIP/ERA15-Forcing and agree better with heat transport observations
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(a1) (a2)

(b1) (b2)

Figure 2: Implied meridional northward heat transports for the (a) global ocean,
(b) Atlantic Ocean, (c) Pacific Ocean, and (d) Indian Ocean, and (e)
Pacific and Indian Ocean combined. The left column (a1 - e1) shows
the three OMIP-Forcings based on ERA-15, ERA-40, and ERA-40/15.
In the right column (a2 - e2) the OMIP/ERA40-Forcing is compared
to other climatologies. In both columns, this dataset is represented by
solid lines. J denotes observed heat transport after Johns et al. (1997)
(b1 and b2). M denotes observed heat transport after Macdonald (1993)
(e1 and e2). All other heat transport observations are from Macdonald
and Wunsch (1996). Note that the x-axis starts at the North Pole.

(Fig.2(b1)). Also, in the South Pacific, the southward heat transports of the

OMIP/ERA40-Forcing are smaller than those of the OMIP/ERA15-Forcing

(Fig.2(c1)). Because this difference is of similar order of magnitude as the
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(c1) (c2)

(d1) (d2)

Figure 2: continued.

difference in the South Atlantic, the global heat transports of these datasets

show almost no difference (Fig.2(a1)).

The differences between the implied meridional heat transports of the

OMIP/ERA40-Forcing and of the OMIP/ERA40/15-Forcing are smaller than

the differences between the transports of the OMIP/ERA40/15-Forcing and

of the OMIP/ERA15-Forcing. That means, the effects of the different periods

(section 4.2) are smaller than the effects of the changes in the assimilation

system of ERA (section 4.1).

In comparison of the implied MHTs of the OMIP/ERA40-Forcing to those

of the OMIP/NRA40-Forcing, a remarkable agreement of these datasets is
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(e1) (e2)

Figure 2: continued.

(a) (b)

Figure 3: Implied meridional northward fresh water transports for the global
ocean. For the OMIP-Forcing an additional inverse procedure (IP) was
performed: strong constraints at 75◦S for both heat and fresh water.

observed in the Northern higher latitudes globally and also in the midlati-

tudes in the North Atlantic Ocean (Fig.2(a2 and b2)). A good agreement of

those datasets is also observed in the tropical and subtropical Pacific Ocean

(Fig.2(c2)).

The OMIP/ERA40-Forcing dataset was also compared to the dataset of

da Silva et al. (1994) based on COADS (Woodruff et al., 1987). The heat
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budget of the da Silva dataset was closed by removing the global imbalance

from the net heat flux. The heat transports as suggested by the closed dataset

are smaller in the North Atlantic Ocean than estimated heat transports at

certain latitudes (Fig.2(b2)). However, Grist and Josey (2003) showed that

it is possible to derive MHTs from COADS release 1a (Woodruff et al., 1993)

which are in agreement with most of the observed heat transports in the

North Atlantic and even with the observed heat transport of Macdonald and

Wunsch (1996) at 30◦S globally (ROM).

For the OMIP/ERA15-Forcing, a disagreement between the implied heat

transports of this dataset and the heat transport observations in the South

Pacific and South Indian Oceans was observed which results from ignoring

the Indonesian throughflow in computing the implied transports (ROM).

The same disagreement was also observed for the OMIP/ERA40-Forcing.

When the transports were computed for the OMIP/ERA15-Forcing from

the Pacific and Indian Ocean combined, they agree very well with the heat

transport observed at 30◦S (Macdonald, 1993). (Fig.2(e2)). However, for

the OMIP/ERA40-Forcing this agreement is only relatively good because

the heat transport observation is less representative for the ERA-40 period.

For the OMIP/ERA15-Forcing, the systematic disagreement with the ob-

served transports in each basin alone was utilized to estimate the heat trans-

port through Indonesia by comparing the MHTs which were computed in

each basin alone at the latitude of the Banda Strait (10◦S; ROM). This was

done also for the OMIP/ERA40-Forcing (Table 4).

Climatology: ERA-40 NRA-40 OF40 OF40/15 da Silva
Heat transport: 0.4 0.5 0.6 0.6 0.2

Table 4: The heat transport in the Indonesian throughflow estimated by the dif-
ference of the implied meridional heat transports calculated in the Indian
and Pacific Ocean separately at 10◦S. Transports are in PW (1015W).
OF40: OMIP/ERA40-Forcing. OF40/15: OMIP/ERA40/15-Forcing.

Also the heat transport of this dataset in the Indonesian throughflow

is consistent with the range estimated by Lebedev and Yaremchuk (2000),

but it is somewhat smaller than the transport of the OMIP/ERA15-Forcing
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(0.7 PW; ROM) indicating possibly a trend in the transport. However,

the transports of the OMIP/ERA40/15-Forcing and of the OMIP/ERA40-

Forcing are the same. Therefore, that difference is only an effect of the

changes in the assimilation system of ERA.

3.4 Assessment of the subtraction of the forcing datasets

Regarding the two-dimensional distribution of the net surface fluxes, the re-

gions of annual net heat gain and loss (Fig.4(a)) and of annual net fresh

water gain and loss (Fig.4(b)) of the OMIP/ERA40-Forcing are in principle

the same as those of the OMIP/ERA15-Forcing (ROM). The correlation co-

efficients between the fluxes of these datasets are larger than 90%. Especially

the coefficient between the fluxes of only the two ERA-40 based datasets is

almost 100% (Table 5).

Heat fluxes OF15 OF40/15 ”first” diff. ”second” diff.
OF15 0.05 -0.04
OF40/15 0.93 0.42 -0.03
OF40 0.92 0.99 0.42 0.10
Fresh water fluxes
OF15 -0.04 -0.04
OF40/15 0.92 -0.04 0.05
OF40 0.92 1.00 -0.04 0.05

Table 5: Correlation coefficients between the fluxes of the forcing datasets and
their differences. ”First” diff.: OF40/15 minus OF15 (Table 2). ”Sec-
ond” diff.: OF40 minus OF40/15. OF15: OMIP/ERA15-Forcing.
OF40/15: OMIP/ERA40/15-Forcing. OF40: OMIP/ERA40-Forcing.

The correlation coefficients between the heat fluxes of the ”first” difference

(Table 2) and those of the ERA-40 based datasets are 42%. In all other cases,

the coefficients are ≤ 10%. Thus, by forming the ”second” difference, i.e. the

difference between the OMIP/ERA40-Forcing and the OMIP/ERA40/15-

Forcing from the annual mean net heat and fresh water fluxes, the regions of

annual net gain and loss of heat and fresh water are eliminated.
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(a)

(b)

Figure 4: Annual mean distribution of (a) the net heat flux (in W/m2) and (b) the
net fresh water flux (in mm/month) from the OMIP/ERA40-Forcing.
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4 Comparison of the ”OMIP-Forcing” datasets

4.1 Effects of the changes in the assimilation system

In this section, the ”first” difference (Table 2), i.e. the difference between

the OMIP/ERA40/15-Forcing and the OMIP/ERA15-Forcing, representing

the effects of the changes in the assimilation system of ERA, is examined in

more detail.

The implied meridional oceanic heat transports (MHTs; Appendix D) of

these two datasets are relatively similar except for the higher latitudes, where

the MHTs of the former dataset are stronger than those of the latter dataset

(Fig.2(a1) in section 3.3). Also, the zonally averaged net heat flux of these

datasets from which the MHTs were derived are relatively similar except

for the higher latitudes (Fig.5(e)). However, regarding short wave radiation

and the absolute values of the latent heat flux in the tropics and subtropics,

the OMIP/ERA40/15-Forcing is larger than the OMIP/ERA15-Forcing and

closer to the da Silva dataset (Fig.5(a)). (Fig.5(d)). Considering the sign of

these increases, they seem to balance each other.

Regarding the net heat fluxes in the Northern midlatitudes, there is a

remarkable agreement of these two forcing datasets with the da Silva dataset

(Fig.5(e)). In this region, long wave radiation of the OMIP/ERA40/15-

Forcing agrees well with observation of the da Silva dataset (Fig.5(b)).

In the higher latitudes, the absolute value of the net heat flux, i.e. the

net heat loss, of the OMIP/ERA40/15-Forcing is larger than that of the

OMIP/ERA15-Forcing (Fig.5(e)) which is an effect of less short wave radi-

ation (Fig.5(a)) and of larger sensible heat flux especially on the Southern

Hemisphere (Fig.5(c)).

The precipitation peak of the OMIP/ERA15-Forcing in the tropics repre-

senting the Intertropical Convergence Zone (ITCZ) agrees well with the peak

of the da Silva dataset (Fig.5(f)). However, the peak of the OMIP/ERA40/15-

Forcing is higher than these peaks indicating an overestimation of precipita-

tion in ERA-40 in this region (Hagemann et al., 2005).
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(a) (b)

(c) (d)

(e) (f)

Figure 5: Zonally averaged annual mean flux components, (a) short wave radia-
tion, (b) long wave radiation, (c) sensible heat flux, (d) latent heat flux,
and (e) net heat flux (in Wm−2) and (f) precipitation (in mm/month).
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(a)

(b)

Figure 6: Difference between the mean annual distributions of the OMIP/
ERA40/15-Forcing and of the OMIP/ERA15-Forcing in (a) the net heat
flux (in W/m2) and (b) the net fresh water flux (in mm/month).
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The smaller precipitation peak at about 5◦S representing the South Pacific

Convergence Zone (SPCZ) is in fairly good agreement with observations from

the da Silva dataset, at least in magnitude.

In contrast to the zonal averages, the distribution of the difference between

these datasets (the ”first” difference), however, reveals regional biases (Fig.6).

The difference in the net heat flux of these datasets (Fig.6(a)) is positive

in the tropical Atlantic Ocean, the subtropical North Atlantic, the tropical

central Pacific Ocean, the tropical West Indian Ocean, the subsidence zones,

and the regions of the western boundary currents and the Brasil Current

at about 10 to 20 (partly 30) Wm−2. In the western Pacific warm pool,

the SPCZ, and the Eastern tropical Pacific Ocean, the difference is negative

at similar magnitude. The distribution of the difference in the fresh water

flux (Fig.6(b)) reveals negative values of about 10 to 20 mm/month in the

subtropics and positive values of similar magnitude in the region of the North

Atlantic Current and in the midlatitudinal South Pacific and positive values

up to 80 mm/month in the tropics.
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4.2 Effects of the different periods

In this section, the ”second” difference (Table 2), i.e. the difference between

the OMIP/ERA40-Forcing and the OMIP/ERA40/15-Forcing representing

the effects of the different periods, is examined.

The ”second” difference is shown with the same scale (Fig.7) as the ”first”

difference (Fig.6) confirming the conclusion in section 3.3 that the effects

of the different periods are smaller than the effects of the changes in the

assimilation system of ERA.

4.2.1 Fresh water flux

The ”second” difference of the fresh water flux reveals negative values (10 to

20 mm/month) mainly in the tropical Pacific Ocean and the Gulf of Mexico

(Fig.7(a)). Positive values of similar magnitude are observed in parts of the

subtropics, up to 40 mm/month in the tropical Pacific Ocean along the ITCZ

and in the tropical Atlantic Ocean and up to 60 mm/month in the western

Pacific warm pool.

In the tropical Pacific Ocean, a latitudinal band of negative values is

observed along the equator and a band of positive values north of it. This

might have to do with a change of the ITCZ in strength and location. To

analyse this effect, a rectangular box was formed (Fig.7(a)). In this box, the

net fresh water fluxes were averaged zonally. The maximum of these zonal

averages was determined in strength and location for each year of ERA-40

(Fig.8). The strengths averaged over the periods of ERA-15 and ERA-40

do not differ much from each other. However, the location averaged over

the ERA-15 period is about 0.4◦ farther south than the location averaged

over the ERA-40 period. The northernmost location occured in 1961, the

southernmost locations in 1993 and 1997.

4.2.2 Heat flux

The ”second” difference in the net heat flux is in the range ± 5 Wm−2 almost

everywhere except for some small spots distributed over the globe (Fig.7(b)).
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(a)

(b)

Figure 7: Annual mean distribution of the difference between the OMIP/ERA40-
Forcing and the OMIP/ERA40/15-Forcing (the ”second” difference) for
(a) the net fresh water flux (in mm/month) and (b) the net heat flux (in
W/m2). The box in (a): 16◦N, 14◦S, 155◦E, 85◦W. Note the different
scale in the North Atlantic Ocean in comparison to Fig.9(a).

26



Figure 8: Location and strength of the maximum of the zonally averaged fresh
water flux in the box of (Fig.7(a)) for the ”second” difference (Table 2).
Mean of 44 years: 367 mm/month, 7.72◦N.
Mean of 15 years: 368 mm/month, 7.36◦N.

For a better interpretation of this difference it is shown again using a

refined scale (Fig.9(a)). A tripole pattern is observed in the North Atlantic

which can be interpreted as a low phase of the North Atlantic Oscillation

(NAO) (section 1). This pattern is more distinct when the fluxes are averaged

only over the winter months December, January, and February (Fig.9(a),

right panel).

The difference of the net heat flux across the North American Basin is

about 15 to 20 Wm−2 for the annual mean and more than 20 Wm−2 in winter.

Looking at the components of the net heat flux, the ”second” difference

in the sensible heat flux does not show a tripole pattern (Fig.9(c)). The

”second” difference in the long wave radiation seems to show the tripole only

in winter. In this season it has a gradient of about 5 Wm−2 (Fig.9(b)). The

main contributor to the gradient in the net heat flux, however, is the latent

heat flux (Fig.9(d)). The corresponding gradient across the North American

Basin is about 15 to 20 Wm−2 for the annual mean and about 20 Wm−2 in

winter.
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(a)

(b)

Figure 9: Annual mean (left) and winter mean flux distribution (right) of the dif-
ference between the OMIP/ERA40-Forcing and the OMIP/ERA40/15-
Forcing (the ”second” difference) for (a) the net heat flux, (b) the long
wave radiative flux, (c) the sensible heat flux, and (d) the latent heat flux
(in W/m2). Note the different scale for the net heat flux in comparison
to Fig.7(b). 28



(c)

(d)

Figure 9: continued.
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5 Conclusion

A global heat and fresh water dataset based on the data of the second

ECMWF Re-Analysis project (ERA-40; Simmons and Gibson, 2000) is pre-

sented which is constructed in the same way as the dataset based on the data

of the first project (ERA-15; Gibson et al., 1997; ROM). The datasets can be

used as surface boundary conditions for global ocean/sea-ice models. These

conditions are based on bulk formulae. The formulae of Kara et al. (2005)

extended by a parameterization of sea ice concentration (ROM) were used.

A mean annual cycle on a daily basis was constructed from ERA-40 for all

relevant parameters including wind stress. Continental runoff is considered

by using the runoff model of ROM.

To estimate implied meridional oceanic heat transports (Appendix D)

and to avoid temporal drifts of globally averaged deep ocean temperature

and salinity in ocean/sea-ice models, the heat and fresh water budgets have

been closed by applying an inverse procedure after Isemer et al. (1989) and

da Silva et al. (1994) to fine-tune the fluxes towards observed transports.

The winds and the short wave radiation at Southern higher latitudes were

corrected. For the wind correction, the global scheme from ROM was applied.

Beyond this correction, short and long wave radiation were corrected in the

subsidence zones by using another global scheme from ROM.

Applied to any ocean/sea-ice model and assuming a surface layer thickness

of 10 m, the forcing dataset would induce a globally averaged net sea-surface

buoyancy loss of only 0.006 kg m−3 per year.

The differences between the mean annual cycles of the ERA-40 and ERA-

15 based forcing datasets are influenced by changes in the assimilation system

of ERA and by effects of the different periods, as well. To separate these

effects, another forcing dataset was introduced based on those data of ERA-

40 covering only the ERA-15 period. The differences due to changes in the

assimilation system of ERA are larger than the differences due to the different

periods. The latter differences show a southward shift of the Intertropical

Convergence Zone (ITCZ) in time and a pattern in the net heat flux in

the North Atlantic Ocean that resembles the pattern of a low phase of the
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North Atlantic Oscillation (NAO). This pattern is essentially determined by

a similar pattern in the latent heat flux. The gradient in this flux across the

North American Basin is about 15 to 20 Wm−2 for the annual mean and

about 20 Wm−2 in winter. Therefore, the assumptions are confirmed that

the dataset based on ERA-15 is biased towards a high phase of the NAO and

that the dataset based on ERA-40 covers a whole NAO period.

Acknowledgements

The author would like to thank the Max-Planck-Institute for Meteorology

(MPI) and the German Climate Computing Center for the possibility to

carry out this work. Many thanks are owed to J. Marotzke (MPI) for finan-

cial support. The author is very grateful to A. J. Wallcraft and especially to

A. Birol Kara (both U.S. Naval Research Laboratory) who kindly provided

their code. The author would like to thank F. Toussaint (MPI) who provided

the ECMWF Re-Analysis (ERA-40) data. NCEP Re-Analysis data were

provided by the NOAA-CIRES Climate Diagnostics Center, Boulder, Col-

orado, USA, and obtained from their Web site at http://www.cdc.noaa.gov/.

Bootstrap Sea Ice Concentrations from Nimbus-7 SMMR and DMSP SSM/I,

were obtained from the EOSDIS NSIDC Distributed Active Archive Center

(NSIDC DAAC), University of Colorado at Boulder. The author is grateful to

A. M. da Silva who provided the data of the Atlas of Surface Marine Data on

the Web site at http://ingrid.ldgo.columbia.edu:81/SOURCES/.DASILVA/

.SMD94/ from where the data were obtained. The author would also like

to thank K. Lohmann, J. Jungclaus, and E. Maier-Reimer for specific com-

ments that improved the readability of the manuscript. The author thanks

J. Bader for discussions. Soli Deo Gloria.

31



Appendix A

Net downward heat flux Qnet and net fresh water flux F were computed as

follows:

Qnet = psw · Qsw + plw · Qlw + pse · Qse + pla · Qla

F = ppr · P + pla · E + pru · R
(4)

with

Qsw : Short wave solar radiation
Qlw : Long wave radiation
Qse : Sensible heat flux
Qla : Latent heat flux
P : Precipitation
E : Evaporation
R : Continental Runoff

and psw, plw, pse, pla, ppr, and pru are the tuning parameters of the inverse

procedure (Table 3 in section 3.2). If Qnet and F are calculated indepen-

dently of the inverse procedure, then pi = 1.

Qsw, Qlw and P are directly provided by ERA-40. R is calculated from

P and E over the continents as directly provided by ERA-40 by using the

runoff model from ROM. Qla and Qse are computed as follows: Ts is the

surface temperature and Tf the freezing temperature with

Tf = 0.0528 − 0.0564 · S (5)

Tf is in ◦C. S is salinity (Levitus et al. 1994). This equation is used if

salinity data are available. If not, then Tf = −1.89◦C.

In the case Ts > Tf , then Qse and Qla are given by:

Qse = ρacp,airV cse(Ta − Ts)
Qla = ρaLw(Ts)V cla(qa − qs)

(6)

In the other case Ts ≤ Tf , then the formulae read:

Qse = ρacp,airV (cse(Ta − Ts)cice + cse,w(Ta − Tf)(1 − cice))
Qla = ρaV (Licecla(qa − qice)cice + Lw(Tf)cla,w(qa − qf )(1 − cice))

(7)
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ρa is the air density with

ρa =
p

RgasTa(1 + 0.61qa)
(8)

where Rgas = 287.1 J kg−1 K−1 is the gas constant for dry air and p is the

air pressure. cp,air = 1004.67 J kg−1 K−1 is the specific heat of dry air, V is

the scalar wind, Ta is the air temperature, cice is the sea ice concentration,

Lw = (2.501 − 0.00237 · T ) · 106 (9)

is the latent heat of vaporization in J kg−1. T may be Ts as in Eq.(6) or Tf

as in Eq.(7). Lice = 2.834 · 106 J kg−1 is the latent heat of sublimation.

qa = q(ew(Td))
qs = 0.9815 · q(ew(Ts))

qice = q(eice(Ts))
qf = q(eice(Tf ))

(10)

are the specific humidities with Td is the dew point temperature and

q =
0.62197e

p − 0.378e
, (11)

where e is the water vapor pressure which is computed by using formulae

after Buck (1981):

{

ew

eice

}

= a · e

[

(b−T/d)T
T+c

]

(12)

with the coefficients a,b,c, and d as in Table 6. In (10) only ew(Td) is not

saturated, all other combinations of ew and eice are saturated ones.

cse, cse,w, cla, cla,w are the transfer coefficients after Kara et al. (2005)

with

cse = 0.9554 cla

cse,w = 0.9554 cla,w
(13)

cla is a function of Ta − Ts and V and cla,w is a function of Ta − Tf and V .

The FORTRAN90 code for calculating the turbulent heat fluxes is available
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condition a b c d
water (ew) 6.1121 18.729 257.87 227.3
ice (eice) 6.1115 23.036 279.82 333.7

Table 6: Coefficients to calculate the water vapor pressure (hPa) of pure water
as a function of temperature (◦C).

at http://www.omip.zmaw.de/omip/forcing365/bulk formulae/turbhf.f90

including the code for computing the transfer coefficients after Kara et al.

(2005) who call them Naval Research Laboratory Air-Sea Exchange Coeffi-

cients (NASEC; http://www7320.nrlssc.navy.mil/nasec/nasec.html).

Over the oceans, evaporation E is computed from the latent heat flux Qla

with

E = Qla/Lw/103 if Ts > Tf

E = Qla/Lice/103 if Ts ≤ Tf .
(14)

Appendix B

A global scheme is presented which can be applied to correct, i.e. to increase

the winds off the Antarctic coast. Because the turbulent heat fluxes are a

function of the scalar wind, the scheme is based only on the scalar winds

and not on the vectorial winds from ERA. From the ERA land-sea mask

two coastlines were derived, one using grid points where land is defined and

another coastline using grid points where water is defined. For a given grid

point of the land coastline the neighboring grid point of the sea coastline was

searched for. The scalar winds on these pairs of grid points are compared with

each other. Normally, one would expect that winds over the oceans are larger

than over the continents, because the roughness over the oceans is much

smaller. Therefore, it is hypothesized that if the wind on the sea coastline usea

is smaller than the wind on the land coastline uland, something went wrong

in the ECMWF model and usea should be corrected, i.e. increased. Such a

correction should be proportional to the difference of the winds. However,
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the winds on the land coastline are underpredicted by an atmosphere model

of the same resolution as ERA have (van den Broeke and van de Wal, 1997).

Therefore, the correction should be extended by a proportionality factor cu:

δu = (uland − usea) · cu · d (15)

In this scheme no Coriolis effect is included which deflects the offshore winds

to the west off the Antarctic coast whereby strong easterlies around this

continent are formed (Davis and McNider 1997). Their katabatic wind model

suggested a decrease of the wind speed with increasing distance from the

coast. Therefore, δu is only applied up to a maximum distance from the

coast of four grid points with a factor d which decreases linearly from 1 to

0.5. cu was adjusted such that the peak of the corrected zonally averaged

winds was slightly smaller than the peak of the strong westerlies at 50◦S

(cu = 15) (Fig.10) following the figure of zonally averaged wind stress in

Gill (1982) (Davis and McNider 1997). Equation (15) was applied only if

Ta(
◦C) < 0 with Ta the 2 meter air temperature. Only annual mean scalar

winds and temperatures were used.

Figure 10: Zonally averaged scalar wind of ERA and suggested by the wind correc-
tion model.

The main effects of this scheme are off Antarctica (Fig.10). There are

also effects off Northern Greenland but they are comparably small. Because
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the two-dimensional distribution of the correction is not realistic in detail,

only a qualitative description is given here. The scheme shows effects over

the coastal seas at almost whole East Antarctica: Princess Ragnhild Coast,

West Ice Shelf, Shackleton Ice Shelf, and Adelie Coast. Furthermore, there

are also effects near West Antarctica, the Getz Ice Shelf, and in the Weddell

sea, the Filchner Ice Shelf.

Appendix C

A global scheme is presented to correct, i.e. to reduce the short and long wave

radiations from ERA in the regions of subsidence of the Walker cell. The

idea for this scheme was inspired by a statistical analysis of the ERA data

by Oberhuber (1999). He observed a dependence of short wave radiation on

cloudiness to the power of four:

κ =
1

1 + 2.8(1 + e2)n4
(16)

with n is the cloudiness and e is the water vapor pressure with

e = 6.11 · 10
7.5Td−273.16

Td−35.86 (17)

with Td is the dew point temperature. By using κ, a correction ∆Qsw to be

subtracted from the short wave radiation Qsw can be calculated as follows:

∆Qsw = Qsw(1 − Min(
µ

µ̄
, 1)) (18)

with

µ =
1

1 + 0.5κ
(19)

and µ̄ is the global average of µ.

A similar correction for the long wave radiation can be obtained by re-

placing equations (16) and (17) with

κ = 1 − (0.51 + 0.4
|φ|

90◦
)n2 (20)
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with n again is cloudiness and φ is the latitude, following the formula of

Clark (1974) (Josey et al. 1997). A correction ∆Qlw to be subtracted from

the long wave radiation Qlw can be computed as follows:

∆Qlw = (Qlw − 4εσT 3
s (Ts − Ta))(1 − Min(

µ

µ̄
, 1)) (21)

with ε = 0.97 is the emissivity of water, σ = 5.67 · 10−8 Wm−2K−4 is the

Stefan-Boltzmann constant, and µ as in equation (19) and µ̄ as above. The

correction should be applied only on that part of Qlw affected by clouds.

Therefore, assuming Qlw can be approximated roughly by the formula after

Clark (1974), the term without cloudiness is subtracted before. For this

scheme the daily data of the mean annual cycle were used.

Appendix D

The implied meridional oceanic heat and fresh water transports are defined

as follows: Let f(λ, φ,p) be the net heat flux Qnet or fresh water flux F

(Appendix A). Then the meridional heat or fresh water transport T (φ,p) is

calculated as:

T (φ,p) =

φ
∫

northpole

dφ′

λeast
∫

λwest

f(λ, φ′,p)dλ (22)

Here, λwest and λeast are determined by the basin chosen: Atlantic, Pacific,

and Indian Ocean, as well as the global ocean.

Appendix E

Buoyancy B is computed with B following Oberhuber (1988):

B = g

(

α

cp,waterρ
Qnet − βSF

)

(23)

with Qnet and F as in Appendix A and g = 9.8m s−2 is the gravitational

constant, cp,water = 4180 J kg−1 K−1 is the specific heat of water, ρ is the
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density of water by using the UNESCO formula (1983) for the equation of

state of sea water, and S is salinity (Levitus, 1994). The thermal expansion

coefficient α and the haline contraction coefficient β are defined by:

α = 1
ρ

∂ρ
∂T

∣

∣

∣

P,S

β = 1
ρ

∂ρ
∂S

∣

∣

∣

P,T
.

(24)

Note that α is negative and β is positive. These derivatives were calculated

numerically by using ∆T = 0.01K and ∆S = 0.01.
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