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a b s t r a c t

The formation of mode waters in the North Atlantic was examined in the suite of ocean models that
comprise the World Climate Research Programme (WCRP) Coupled Model Intercomparison Project
phase 3 (CMIP3). We constructed model climatologies for 1980–1999 from the 20th century simula-
tions, and compared their mode water properties (temperature, salinity, formation rate, volume, turn-
over time, heat content) with data. In these models, we found biases in both the properties of the mode
waters and their formation rates. For Subpolar Mode Water (SPMW), property biases principally
involved salinity errors; additionally, some models form SPMW in an anomalous region west of the
British Isles, shifting the source location of waters entering the overturning cell and altering the Nordic
Seas’ involvement in the Meridional Overturning Circulation. For Subtropical Mode Water (STMW),
property biases involved both salinity and temperature errors, while positioning of heat and water
fluxes relative to the Gulf Stream and northwest Sargasso Sea influenced STMW formation rate. Defi-
ciencies in STMW formation rate and volume produced a turnover time of 1–2 years, approximately
half of that observed; these variations in mode water bulk properties imply variation in ocean heat
storage and advection, and hence deficiencies in all the models’ abilities to adequately respond to
changes in climatic forcing.

Published by Elsevier Ltd.
1. Introduction

Climate models’ predictions of future planetary conditions
hinge on their ability to model physical processes in the atmo-
sphere, ocean, land, and cryosphere. The realistic reproduction of
fundamental physical processes under present climatic conditions
is a necessary first step before attempting to predict future condi-
tions as climate forcing changes. Evaluating the representation of
ocean processes responsible for the storage and transportation of
properties such as energy, heat, freshwater, and CO2 in coupled
models is essential when assessing their suitability for such appli-
cations. Mode waters serve as heat capacitors in the coupled atmo-
sphere–ocean system and therefore act as an integrator of climate
variability. In this study we choose to examine the formation of
North Atlantic mode waters in standard configuration coupled
climate models. Mode waters of the North Pacific and Southern
Ocean also merit examination; however the North Atlantic was
Ltd.

2C Holloway Rd., Annapolis,
+1 410 293 3279.
chosen as a key place to start due to its role in the meridional
overturning circulation (MOC), the shallow northward flow of
warm saline water and deep southward flow of colder saline water
which transports a substantial amount of heat poleward in the
Atlantic.

Mode waters are volumetrically important water masses that
form at the ocean’s surface and are characterised by nearly uniform
temperature and salinity in a layer typically several hundred me-
ters deep. Their properties are determined by ocean surface fluxes
and in situ surface ocean properties; considerable literature docu-
ments mode water properties and changes with time (Talley,
1996; Peng et al., 2006). Generally these water masses are subse-
quently subducted deeper into the upper ocean and are seasonally
isolated from the effects of ocean surface fluxes. Because of their
large volume and nearly uniform properties, mode waters repre-
sent a near-surface reservoir of heat that is seasonally available
for release back to the atmosphere and might influence the global
atmospheric circulation (Kwon and Riser, 2004). With their large
heat content and their ability to retain a year-to-year memory of
property variations due to changing forcing conditions (Alexander
and Deser, 1995; Timlin et al., 2002), mode waters represent an
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integrator of seasonal climate variations (Talley and Raymer, 1982;
Talley and McCartney, 1982; Hanawa and Talley, 2001).

Subpolar Mode Waters (SPMW) are generally more than 400 m
thick, but frequently range up to 600 m deep and can be as much
as 1500 m deep during convection events in the Labrador Sea
(McCartney and Talley, 1982). SPMWs are instrumental in the
transfer of warm salty North Atlantic water from the subtropical
gyre to the Nordic Seas and the Labrador Sea, with heat and
freshwater fluxes modifying their properties along the way. The
original description by McCartney and Talley (1982) hypothesized
cyclonic advection of a homogenised water mass, the product of
deep winter mixing events. This hypothesis has been partially
revised by subsequent studies (e.g. Talley, 1999; Read, 2001;
Brambilla and Talley, 2008). The final products of the gradual
transformation are presently thought to develop from successive
transformations of the water masses as they progress along vari-
ous current branches of the North Atlantic Current as it travels
past the Greenland–Iceland–UK Gap. The final products are the
Labrador Sea Water and the dense water masses of the Nordic
Seas; these waters are eventually transformed into North Atlantic
Deep Water (NADW) (McCartney and Talley, 1982, 1984; Schmitz
and McCartney, 1993; McCartney and Mauritzen, 2001; Brambilla
et al., 2008).

North Atlantic Subtropical Mode Water (STMW), often called
Eighteen Degree Water (EDW), has been studied for many years
(Thompson, 1877). This water mass is associated with large surface
heat and moisture loss from the ocean as a result of cold dry air
outbreaks over North America. STMW is found just south of the
Gulf Stream (Worthington, 1959) and is advected southward into
the western subtropical gyre (Hanawa and Talley, 2001). The water
mass is of uniform temperature close to 18 �C and is typically
250 m thick but can extend to 500 m in the late winter (McCartney,
1982). While STMW properties are relatively constant, the water
mass shows variability on episodic, seasonal, and multi-year time
scales, rendering meaningful distribution charts problematic
(Talley and Raymer, 1982; Talley, 1996). A hypothesis of dynamical
coupling between late winter convective formation and Gulf
Stream gyre intensity has gained some observational support
(Worthington, 1977). A relationship between STMW formation
and the North Atlantic Oscillation (NAO) has been proposed (Joyce
et al., 2000) that provides some insight into the variability of
STMW properties as part of a coupled oscillator. STMW contributes
water to a local vertical circulation cell within the Sargasso Sea,
reheating and reconverting to surface layers in the southern Sar-
gasso; some of the STMW also continues northward in the Gulf
Stream extension (Lumpkin and Speer, 2003).

In this paper we inquire how well the ocean components of
standard coupled climate models form North Atlantic SPMW and
STMW. Since mode waters are heat reservoirs and integrators of
climate, we wish to understand whether these models are forming
mode waters of the correct density, in the correct amounts, and
what the implications of any biases might be for the depiction of
ocean feedbacks to the atmosphere on interannual time scales.
We examine the global climate models in the World Climate
Research Programme’s (WCRP’s) Coupled Model Intercomparison
Project phase 3 (CMIP3) multi-model dataset that have been
archived at the Program for Climate Model Diagnosis and Compar-
ison (PCMDI) at Lawrence Livermore National Laboratory (LLNL)
(Meehl et al., 2007).

We choose to use the framework of the surface water mass
transformation calculations of Walin (1982) and Speer and Tzi-
perman (1992) to relate atmosphere–ocean surface fluxes to
water mass density changes. Doney et al. (1998) studied global
surface ocean fluxes and water-mass transformation rates in cou-
pled and uncoupled versions of the National Center for Atmo-
spheric Research (NCAR) Coupled Climate System Model
(CCSM). Using this framework Bryan et al. (2006) related changes
in surface forcing with increasing CO2 to changes in the MOC and
ocean ventilation in three increasingly higher resolution configu-
rations of CCSM version 3 (CCSM3). They looked at the time
dependence of the MOC changes, and found that differences in
the mean overturning strength and the response of overturning
to transient forcing were well predicted by differences in the
water-mass transformation rate. Marsh et al. (2005) studied
water-mass transformation in the North Atlantic using an eddy-
permitting Ocean Circulation and Climate Advanced Model
(OCCAM) simulation, examining the role of mixing in the net
formation of North Atlantic water masses and the variability of
these water masses. Haines and Old (2005) studied the property
and temporal variability of North Atlantic water masses in the
Third Hadley Centre Coupled Ocean–Atmosphere General Circula-
tion Model (HadCM3). Recently, Maze et al. (2009) used ocean/
atmosphere model/data syntheses and surface water mass trans-
formation maps to demonstrate the role of air–sea heat fluxes in
North Atlantic STMW formation and the resulting seasonal and
spatial formation/destruction cycle. Forget et al. (2011) quantified
the seasonal cycle of North Atlantic STMW volume budget in the
same model/data syntheses and compared calculated STMW
volume with previously published estimates.

The remainder of this paper has the following organisation:
Section 2 discusses the water mass transformation calculations,
with Section 2.1 providing general background, and Section 2.2
explaining the water mass formation calculations applied to each
model. Section 3 examines the results of these calculations: Section
3.1 compares the model water mass formation calculations (using
rh ranges from data) with published water mass formation rates;
Section 3.2 uses rh ranges appropriate to each model to determine
that model’s water mass formation rates and compares them with
published formation rates. Section 4 discusses factors governing
model mode water formation, with Section 4.1 covering SPMW,
Section 4.2 covering STMW, and Section 4.3 discussing STMW heat
content and turnover times. Section 5 gives conclusions. The
Appendix contains a review of the development of the water mass
formation methodology.
2. Methodology

2.1. Water mass transformation

Water mass characteristics in much of the global ocean are
determined by initial contact with the atmosphere and subse-
quent transport and mixing in the ocean interior; thus the air–
sea interaction processes which convert ocean surface waters
from one density class to another require examination in coupled
climate models. The Walin (1982) framework is used in this
paper to calculate water mass transformation and formation
rates. The former is the rate at which water is transformed from
one density class to another via air–sea heat and freshwater
fluxes. The divergence of the transformation rate yields the rate
at which a given density class is created or destroyed via these
fluxes (the formation rate).

A review of the development of the Walin methodology is found
in the Appendix. Nurser et al. (1999), Marshall et al. (1999) and
Large and Nurser (2001), among others, have expounded upon it
and our explanation is based on their derivations. From Eq. (9) of
the Appendix, the water mass that accumulates or is destroyed
due to heat and freshwater surface fluxes between two outcrop-
ping isopycnals that differ by dq (where q is potential density) is
M(q), and is known as the water mass formation rate per unit
density. It can be written in terms of the water mass transforma-
tion rate (WMTR), F(q), the integrated density input by heat and
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freshwater fluxes into the surface outcrop region (Eq. (7) of the
Appendix):

MðqÞ ¼ � @F
@q

and the formation rate, or the water mass that accumulates over the
year between any two isopycnals q and q + Dq, is

MðqÞDq ¼ �½Fðqþ DqÞ � FðqÞ�:

From the Appendix, diapycnal density fluxes, edge fluxes, and cab-
beling are considered to be small relative to F(q). The appropriate-
ness of these assumptions is discussed later in the paper. The
relationships for water-mass formation and transformation are
time-varying as explicitly described by Marshall et al. (1999), Maze
et al. (2009) and Forget et al. (2011). Forget et al. (2011) presented
the variation in volume budget over the seasonal cycle and Kwon
and Riser (2004) observed interannual variability. In the steady
state limit, the convergence of the diffusive fluxes across the bound-
ing isopycnals balance the density gain or loss due to surface fluxes
(see Appendix). This balance is expected to hold on long time scales
in the global ocean where the mean state is not evolving (Marshall
et al., 1999). In the unsteady case, water may change density locally
due to local air–sea fluxes (Speer and Tziperman, 1992), in addition
to having a diapycnal volume flux of water.

To calculate the WMTR, F(q), we examine the density supply
from the surface via the surface fluxes of heat and fresh water.
The density flux in through the sea surface can be written (Speer
and Tziperman, 1992)

f ¼ �aH
Cp
þ qð0; TÞb ðE� PÞS

1� S

where the thermal expansion and saline contraction coefficients are

a ¼ � @q
q@T

; b ¼ @q
q@S

:

In these expressions, q(S, T) is density, T and S are sea surface tem-
perature and sea surface salinity, H is heat flux into the ocean, E and
P are evaporation and precipitation, and Cp is the specific heat, all
functions of position and time. We can obtain the total density flux
(transformation rate) for some time period at one specific sea sur-
face density class by integrating the density fluxes

FðqÞ ¼
Z

time
dt
ZZ

area
f dðq� q0ÞdA

This air–sea forcing is written equally well in terms of a transforma-
tion from one density class q to another or one buoyancy class to
another. The density flux in through the sea surface can be written
as a buoyancy flux b ¼ �gq=q0 out through the surface

b ¼ � gaH
q0Cp

þ qð0; TÞb gðE� PÞS
q0ð1� SÞ

which integrates over the surface to the same transformation rate
with the appropriate change of sign (Speer, 1997).

2.2. Model water mass transformation calculations

North Atlantic WMTRs, F(q), were calculated from the ocean
components of the 20th century models (20C3M) in the CMIP3
archive for which monthly fields of all variables required for the
WMTR calculation were available. Some details about the
ocean components of these coupled simulations can be found in
Table 1. Of these models, only CCCMA CGCM3.1 (both resolutions)
and MIUB ECHO G, had flux adjustments over the whole domain;
MRI CGCM2.3.2A had flux adjustments in the tropics only, and
UKMO HADCM3/HADGEM1 compensated for freshwater imbal-
ance due to snow accumulating over ice sheets by an appropriate
water flux over ocean areas adjacent to iceberg regions. Monthly
and annual transformation rates for the 20-year period 1980–
1999 were obtained. This period was chosen as it was considered
to be the most representative of present day conditions and is
contemporaneous with climatologies based on observations from
the past several decades. For each model, the 20-year annual totals
were used to calculate mean and standard deviation of model
mode water formation rate M(q)Dq for both SPMW and STMW,
using potential density (rh) limits derived from the literature.
Where multiple ensemble members of a model were archived,
those results were included in the mean and standard deviation
of the mode water formation rates. A rh range of 27.3–27.7 kg/
m3 was used for SPMW (McCartney and Talley, 1982; Brambilla
and Talley, 2008), and a rh range of 26.4–26.6 kg/m3 was used
for STMW (McCartney, 1982; Talley and Raymer, 1982).

Simulated WMTR veracity was assessed by comparing model
quantities with those obtained from observations by Speer et al.
(1995). Their results were obtained using Levitus (1982) sea sur-
face temperature and salinity data, and surface heat and freshwa-
ter fluxes from revised Comprehensive Ocean–Atmosphere Data
Set (COADS) data (Woodruff et al., 1987; Wright, 1988; Oberhuber,
1988). The Speer et al. (1995) calculations were presented as plots
of F(q) which yielded formation rates M(q)Dq; uncertainties were
obtained by recalculating with 10 W/m2 added and subtracted at
each data point. To put these uncertainties in the same mean-
and-standard-deviation terms as the CMIP3 model calculations,
the resulting upper and lower values (a+ and a�) were assumed
to be limits of a rectangular distribution. The standard deviation
of the distribution is then r ¼ a=

ffiffiffi
3
p

, where a = (a+ � a�)/2 is the
half-width of the interval (Taylor and Kuyatt, 1994).
3. Results

3.1. WMTR comparisons: observed rh ranges

Model SPMW and STMW WMTRs, F(q), were calculated using
the rh ranges that are representative of these water mass types
in the real ocean. These values were subsequently compared with
equivalent observed WMTRs. Fig. 1(a) shows formation rates,
M(q)Dq, in Sverdrups (Sv; 1 Sverdrup = 106 m3 s�1) of SPMW for
data and the CMIP3 models based on observed rh values;
Fig. 1(b) shows the same calculations for STMW. Formation rates
of SPMW show large variation at these density classes; most nota-
bly, for the density classes of STMW, the models form very little
mode water and the standard deviation is large, reflecting large an-
nual variability.

The water mass transformation curves F(q) for each model gi-
ven in Fig. 2 reveal various reasons for the mismatch between
mode water formation rates for each model and the data, as the
grey shaded bars overlying the graphics represent observed STMW
and SPMW density classes. If the models are forming water masses
at these density classes, we should expect to see a negative WMTR
slope as formation rate per unit density, M(q) = –dF/dq, in the grey-
shaded region. For SPMW, all of the models form a dense water
type and in most cases that water type falls within the rh range
of 27.3–27.7 kg/m3, resulting in positive SPMW formation rates,
M(q)Dq (Fig. 1a). However, for notable cases (CNRM CM3, CSIRO
MK 3.5, GFDL CM2.0, GFDL CM2.1, MIROC 3.2 MEDRES, MIUB ECHO
G, MRI CGCM2.3.2A, and UKMO HADGEM1) the model’s dense
water type is more dense than SPMW in the ocean; for these mod-
els, at the density classes of observed SPMW, the model shows a
positive gradient in F(q), resulting in a small positive to strong neg-
ative calculated SPMW formation rate.



Table 1
Selected details of ocean models used in WMTR calculations.

Flux
adjustments?

SPMW
rh

(kg/
m3)

STMW
rh

(kg/
m3)

Eddy parameterization Mixed-layer treatment

Canadian Centre for
Climate Modeling
and Analysis: T47

CCCMA
CGCM3.1
(MOM 1.1)

Both heat and
water flux
adjustment

27.3–
27.8

25.4–
26.5

Gent and McWilliams (1990) with
isopycnal diffusivity 1000 m2/s,
background horizontal diffusivity
100 m2/s; vertical diffusivity 3e�5 m2/s

Canadian Centre for
Climate Modeling
and Analysis: T63

CCCMA
CGCM3.1
T63

Both heat and
water flux
adjustment

27.3–
27.8

25.5–
26.6

Gent and McWilliams (1990) with
isopycnal diffusivity 1000 m2/s,
background horizontal diffusivity
100 m2/s; vertical diffusivity 3e�5 m2/s

Centre National de
Recherches
Météorologiques,
France

CNRM CM3 No flux
adjustment

27.7–
28.5

26.2–
26.9

Vertical: TKE; Horizontal: isopycnal
diffusion, eddy viscosity 40,000 m2/s for
momentum and 2000 m2/s eddy
diffusivity

1.5 Turbulent closure scheme (Blanke
and Delecluse, 1993)

Commonwealth
Scientific and
Industrial Research
Organisation,
Australia

CSIRO
MK3.0

No flux
adjustment

27.4–
28.3

26.4–
26.9

Vertical: modified Bryan and Lewis
(1979); Adiabatic eddy-induced
transport: Griffies (1998)
implementation of Gent and McWilliams
(1990)

Integer power vertical mixing scheme
(Wilson, 2000, 2002) based on
Pacanowski and Philander (1981)
scheme

Commonwealth
Scientific and
Industrial Research
Organisation,
Australia

CSIRO
MK3.5

No flux
adjustment

27.3–
28.5

26.2–
27.0

Vertical: modified Bryan and Lewis
(1979); Adiabatic eddy-induced
transport: Griffies (1998)
implementation of Gent and McWilliams
(1990) and Visbeck et al., 1997 scheme to
control strength of ocean eddy-induced
transport coefficient j

Integer power vertical mixing scheme
(Wilson 2000, 2002) based on
Pacanowski and Philander (1981)
scheme; Kraus–Turner (1967) mixing
due to wind-generated turbulent KE

Geophysical Fluid
Dynamics Laboratory
coupled model

GFDL CM2.0 No flux
adjustment

27.5–
28.1

26.3–
27.3

Isopycnal mixing of tracers and layer
thickness (Gent and McWilliams, 1990;
Griffies et al., 1998; Griffies, 1998)

KPP scheme Large et al. (1994)

Geophysical Fluid
Dynamics Laboratory
coupled model

GFDL CM2.1 No flux
adjustment

27.7–
28.3

26.2–
26.6

Isopycnal mixing of tracers and layer
thickness (Gent and McWilliams, 1990;
Griffies et al., 1998; Griffies 1998)

KPP scheme Large et al. (1994)

NASA Goddard Institute
for Space Studies

GISS MODEL
ER

No flux
adjustment

27.5–
28.2

26.3–
26.6

Gent and McWilliams (1990) using
Visbeck et al. (1997) coefficients as
implemented by Griffies (1998)

KPP scheme Large et al. (1994)

Japan Center for Climate
System Research:
Model for
Interdisciplinary
Research on Climate

MIROC3.2
HIRES

No flux
adjustment

27.2–
27.9

25.7–
26.7

Isopycnal layer thickness diffusion (Gent
et al., 1995) and isopycnal diffusion (Cox,
1987) with weak background horizontal
Laplacian diffusion

Turbulence closure scheme of Noh and
Kim (1999)

Japan Center for Climate
System Research:
Model for
Interdisciplinary
Research on Climate

MIROC3.2
MEDRES

No flux
adjustment

27.5–
28.1

26.3–
27.0

Isopycnal layer thickness diffusion (Gent
et al., 1995) and isopycnal diffusion (Cox,
1987) with weak background horizontal
Laplacian diffusion

Turbulence closure scheme of Noh and
Kim (1999)

Meteorological Institute
of the University of
Bonn
ECHAM4 + HOPE G

MIUB ECHO
G

Heat and water
flux adjustment
outside sea ice
region

27.9–
28.4

26.0–
26.5

Harmonic and shear-dependent eddy
diffusion of tracers

Max Planck Institute for
Meteorology

MPI
ECHAM5

No flux
adjustment

27.3–
28.1

26.1–
26.7

Gent et al. (1995) and Griffies (1998) Vertical eddy viscosity and diffusion:
Richardson-number independent
scheme of Pacanowski and Philander
(1981). Wind stirring at surface
proportional to (10 m wind speed)3 and
decays exponentially with depth

Meteorological
Research Institute,
Japan Meteorological
Agency, Japan
coupled global
climate model

MRI
CGCM2.3.2A

Monthly flux
adjustment for
heat, water,
momentum (only
12�S–12�N)

27.4–
28.3

26.1–
27.0

Laplacian-type horizontal diffusion + GM
parameterization (Gent and McWilliams,
1990)

Turbulent closure level 2 (Mellor and
Yamada, 1974; Mellor and Durbin, 1975)

UK Met Office Hadley
Centre for Climate
Prediction and
Research coupled
model

UKMO
HADCM3

Only for
freshwater
imbalance due to
snow
accumulating
over ice sheets

27.2–
28.4

26.2–
26.6

Gent and McWilliams (1990) with
variable thickness diffusion
parameterization (Wright, 1997; Visbeck
et al., 1997)

Kraus and Turner (1967), K-theory
scheme (Pacanowski and Philander,
1981) for momentum

UK Met Office Hadley
Centre for Climate
Prediction and
Research Global
Environmental
Model

UKMO
HADGEM1

Only for
freshwater
imbalance due to
snow
accumulating
over ice sheets

27.3–
28.2

25.8–
26.7

Isopycnal diffusivity with constant value
of 500 m2/s using Griffies et al. (1998)
scheme. Adiabatic mixing scheme in
skew flux form (Gent and McWilliams
1990; Griffies, 1998) spatially and
temporally varying coefficient (Visbeck
et al., 1997; Roberts et al., 2004)

Kraus and Turner (1967), K-theory
scheme (Pacanowski and Philander,
1981) for momentum
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Fig. 1. (a) SPMW formation rates (M(q)Dq) in Sverdrups for rh = 27.3–27.7 kg/m3. Values are means; error bars give ranges of one standard deviation. (b) STMW formation
rates (M(q)Dq) in Sverdrups for rh = 26.3–26.6 kg/m3. Values are means; error bars give ranges of one standard deviation.
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For STMW, the mode water formation rate, M(q)Dq, calculation
using a rh range of 26.4–26.6 kg/m3 produces mean values near
zero with wide error ranges (Fig. 1b). The water mass transforma-
tion, F(q), curves in Fig. 2 explain this result as well; for some mod-
els there is no clear separation in water types formed and no clear
region of negative gradient, resulting in extremely small formation
rates. For other models one may diagnose formation of a secondary
water mass, but it falls in a density class different from rh = 26.4 to
26.6 kg/m3; for several models (e.g. CCCMA CGCM3.1, MPI
ECHAM5) the density class rh = 26.4–26.6 kg/m3 falls in the trans-
formation rate minimum between formation of SPMW and the
lighter class of water. For one extreme case (GISS MODEL E R) there
is no secondary water mass formation at all.

Fig. 3 shows contours of winter buoyancy fluxes for data and each
model. The observational fluxes were calculated using NODC (Levitus)
World Ocean Atlas Data 1998 temperature and salinity data (Monterey
and Levitus, 1997), and surface fluxes from the National Oceanography
Centre, Southampton version 2.0 dataset (Berry and Kent, 2009)) and
for each model. Each plot also shows coloured regions defined by the
published density classes for SPMW and STMW as they occur in
the data and each model for the same winter, defined as January-
February-March (JFM), period. Regions with large positive buoyancy
fluxes overlaying the appropriate rh value may be interpreted as the
outcropping window for the particular water type.

Observed positive buoyancy fluxes (representing density in-
crease) over the outcrop associated with SPMW are found across
the extent of the subpolar gyre and the Norwegian Sea (Fig. 3);
buoyancy flux values vary from 5 to 9 mg/m2/s with the highest
values occurring south of Iceland in the vicinity of the North
Atlantic Current (NAC). The various models each show a sizeable
sub-polar region with buoyancy fluxes in the range of 5–12 mg/
m2/s resulting in the formation of that model’s densest water mass.



Fig. 2 (continued)Fig. 2. Water mass transformation F(q) curves, in Sverdrups for different rh. Thin
line is transformation due to heat fluxes; dashed line is transformation due to water
fluxes, thick line is total transformation rate. Grey shaded areas highlight the
density classes of STMW and SPMW in the ocean: rh = 26.4–26.6 kg/m3 and
rh = 27.3–27.7 kg/m3.
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For those models which form a water type more dense than the
observed SPMW, using the standard SPMW density classes as an
outcropping mask surrounds but misses the formation regions.
For example, Fig. 3’s plot of CNRM CM3 buoyancy fluxes shows a
large gap in the subpolar North Atlantic and Labrador Sea regions
surrounded by the rh = 27.3–27.7 kg/m3 outcropping. CNRM CM3
forms water denser than observed SPMW within that subpolar
North Atlantic and Labrador Sea region (Fig. 2).

Examination of the STMW rh ranges (Fig. 3) for the data show
large positive buoyancy fluxes intersecting rh = 26.4–26.6 to the
south of the Gulf Stream extension. Buoyancy flux values vary
from 10 to 16 mg/m2/s in this small region. In the models, the
buoyancy fluxes at these density classes vary widely, as do the
locations of the intersecting rh region. Some models (CCCMA
CGCM3.1, CCCMA CGCM3.1 t63) show only small regions to the
south of the Gulf Stream where these rh classes overlay the high
buoyancy flux associated with Gulf Stream heat transfers. Other
models (GFDL CM2.0, GFDL CM2.1) show considerable buoyancy
flux in the Gulf Stream region, while UKMO HADGEM1 shows
little buoyancy flux in the Gulf Stream region but more in the
North Atlantic drift region.

For this intermediate water type, each model appears to man-
age the combination of surface densities and buoyancy fluxes
sufficiently differently as to produce the widely varying STMW
formation rates, M(q)Dq, seen in Fig. 1b.

3.2. WMTR comparisons: model-specific rh ranges

From the water mass transformation, F(q), plots in Fig. 2 it was
apparent that many (not all) models form two separate water
masses, although density classes formed do not necessarily match
those observed in nature. To examine the hypothesis that a model
might be forming mode waters, simply at a different density class,
we needed to identify density classes being formed for each model.
We examined monthly (January, February, and March) and winter
season (JFM) water-mass transformation F(q) and formation per
unit density, M(q) = –dF/dq, curves and identified density ranges
with negative WMTR gradient (positive formation), for both SPMW
and STMW, for each model. All the models formed a densest water
mass; hence they all form a water mass analogous to SPMW. Their
treatment of the phenomena producing the intermediate water



Fig. 3. JFM buoyancy flux (total heat and fresh water, mg/m2/s) through the surface, contoured each 1 mg/m2/s from 5 mg/m2/s upward. Regions with JFM surface rh = 27.3–
27.7 (SPMW) and rh = 26.4–26.6 (STMW) are shown in colour.
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mass were more variable: these models can be sorted into
two groups based on their treatment of STMW formation. One
set of cases showed realistic behaviour with clear STMW density
classes formed; the other set of cases showed unrealistic STMW
formation.

Fig. 4 compares a realistic and unrealistic example of winter
season water-mass transformation, F(q), and formation per unit
density, M(q) = �dF/dq, curves, representative of the two groups.
Those models that have a distinct (if small) secondary region of
negative slope in WMTR (Fig. 2), resulting in positive STMW forma-
tion, show a corresponding distinct peak in winter formation rates.
Fig. 4 shows the overall winter, and winter monthly transforma-
tion, F(q), (Fig. 4a) and formation per unit density, M(q) = �dF/
dq, (Fig. 4b) rates for MIROC3.2 HIRES, producing a STMW density
range of 25.7–26.7. As the season progresses from January to
February to March, the monthly maximum of formation per unit
density, M(q) = –dF/dq, moves to denser rh classes as each subse-
quent month’s cooling and mixing acts to increase the density of
the water classes formed the previous month until springtime
heating caps the vertical mixing. Cerovecki et al. (2011) first noted
this progressive density increase in time when examining Southern
Ocean WMTRs. For those models with this type of STMW forma-
tion (CCCMA CGCM3.1, CCCMA CGCM3.1 t63, CNRM CM3, CSIRO
MK3.0, MIROC3.2 HIRES, MIROC3.2 MEDRES, MIUB ECHO G, MPI
ECHAM5, MRI CGCM2.3.2A, UKMO HADGEM1) the rh choice was
consistent whether using seasonal or annual WMTR curves; in
other words, the winter seasonal signal dominated the annual
signal.

Those models having a broad, diffuse or indiscernible secondary
peak in WMTR (Fig. 2) displayed a different seasonal/monthly
STMW transformation, F(q), and formation per unit density,
M(q) = –dF/dq, behaviour. Fig. 4 shows the overall winter, and
winter monthly, transformation (Fig. 4c) and formation (Fig. 4d)
rates for CSIRO MK3.5. Note that rather than one distinct range



Fig. 3 (continued)
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of densities for STMW, the formation rate per unit density, M(q) = –
dF/dq, shows several small, narrow peaks in successive density
ranges progressing toward identifiable SPMW. Identifying any
one peak with STMW and excluding the others appeared to
exclude important geographic formation regions off the North
American coast; additionally, in those models with multiple
ensemble members, there was little run-to-run consistency in
formation per unit density sub-classes. For these models with
ill-behaved STMW formation (CSIRO MK3.5, GFDL CM2.0, GFDL
CM2.1, GISS MODEL E R, UKMO HADCM3) rh choices were
determined by plotting buoyancy fluxes through the rh ranges
with positive formation rates and selecting the rh range in the Gulf
Stream zone. We recognise that the results may not be optimal;
however these model biases preclude a substantially better
approach.

Using these methods, density classes were determined at
which each model was forming water types; density classes
formed for each model are given in Table 1. In many cases this
technique resulted in a broader range of density classes for STMW
than documented, even for well-behaved models. Fig. 5 shows
formation rate, M(q)Dq, in Sverdrups, for each model compared
with the mode water formation data of Speer et al. (1995); mod-
els with broad, diffuse, or indiscernible secondary peak in WMTR
F(q) are highlighted with triangular data points. Particularly for
STMW, these formation rate, M(q)Dq, results with the broader
rh ranges more meaningfully matched natural quantities: while
considerable variation remains in amounts formed, the means
are no longer near zero and are of the same order of magnitude
as the data.

While no firm correlation exists, those models forming smaller
amounts of STMW have a weak tendency to form larger amounts of
SPMW (CNRM CM3, CSIRO MK3.0, CSIRO MK3.5, GFDL CM2.1, and
GISS MODEL E R, UKMO HADCM3) and vice versa (CCCM CGCM3.1,
CCCMA CGCM3.1t63, MIROC3.2 HIRES, MIROC3.2 MEDRES, MIUB
ECHO G, MPI ECHAM5, MRI CGCM2.3.2A, UKMO HADGEM1). The
latter group (more STMW formation, less SPMW formation) shows
better agreement with the data of Speer et al. (1995), particularly
for SPMW.



Fig. 4. Transformation (F(q)) rates (Sv) and formation per unit density (M = – dF/dq) rates vs. rh for two models. (a) MIROC3.2 HIRES transformation rate; (b) MIROC3.2 HIRES
formation per unit density rate; (c) CSIRO MK3.5 transformation rate, (d) CSIRO MK3.5 formation per unit density rate. Short-dashed lines are January, medium-dashed lines
are February, long-dashed lines are March, and bold lines are JFM total.
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The geographic locations of surface fluxes relative to both the
density classes being formed and the mixed layer depths provided
some insight into the variation in model water mass formation
rates, M(q)Dq. Fig. 6 shows the winter buoyancy fluxes intersecting
JFM rh regions defined by each model’s WMTR calculation (per
Fig. 2 and Table 1), with the same data comparison as in Fig. 3. Nota-
bly the regions of SPMW formation now include the expected for-
mation zones with areas of ample buoyancy flux out of the ocean
(no excluded zones where yet-denser water is being formed). Again,
in these graphics the regions with large positive buoyancy fluxes
intersecting the appropriate rh range may be interpreted as the out-
cropping window of the particular water type.

The regions of STMW formation are more variable with these
wider STMW rh definitions but still include much broader areas
with sizeable buoyancy flux, particularly in the Gulf Stream sep-
aration and recirculation zone (whether or not an individual
model showed recirculation). In particular, the broad fan of high
buoyancy flux off the North American coast (values up to
20 mg/m2/s) resulted in substantial STMW formation rates,
M(q)Dq, (Fig. 5b) and the pronounced transformation rate F(q)
peak (Fig. 2) (CCCMA CGCM3.1, CCCMA CGCM3.1 t63, MIROC3.2
HIRES, MRI CGCM2.3.2A). Alternatively, models with a smaller
area of buoyancy flux through the rh classes produced smaller
amounts of STMW (CNRM CM3, CSIRO MK3.0, MIUB ECHO G).
MIROC3.2 MEDRES, MPI ECHAM5, and UKMO HADGEM1 repre-
sent an intermediate group of models with relatively small areas
of buoyancy flux through the rh classes but moderate amounts of
STMW formation M(q)Dq; from Fig. 6 we can see that these
formation amounts might be biased high by an extended zone
of positive buoyancy flux following the storm track north through
the eastern Atlantic.

The breadth of STMW rh classes identified by this technique
may be unrealistic even for well-behaved models, but given
the strong model rh gradients in the Gulf Stream/northwest Sar-
gasso region, this broad range of rh classes permitted a sufficient
overlap area with the strong buoyancy fluxes to accumulate the
more realistic STMW formation rates, M(q)Dq. Narrower breadth
of rh ranges would again have resulted in low STMW formation
rates.

Temperature–salinity (T–S) diagrams were used to examine
specific properties of the model mode waters corresponding to
the selected rh classes. Fig. 7 shows surface T–S in the density
classes produced by each model for JFM. Values are restricted
to within 25�–45�N, 45�–80�W and model STMW rh ranges,
and 55�–80�N, 20�E–60�W and model SPMW rh ranges. These re-
gions were selected as they encompass the locations of large
water mass formation. T–S points from the NODC (Levitus)
World Ocean Atlas Data 1998 in the observed STMW and SPMW
rh ranges for JFM were included to provide a fidelity check
(Monterey and Levitus, 1997). The data show a clear water-mass
separation between the warmer, saltier STMW and the cooler,
fresher North Atlantic Slope Waters and Shelf waters (presum-
ably in the vicinity of the Grand Banks) in the density classes
rh = 26.4–26.6 kg/m3. SPMW waters are identified in the
rh = 27.3–27.8 kg/m3 range.

Note that the rh choices appropriate to each model result in
significant temperature and salinity differences from data for
these water masses. The T–S diagrams show model SPMW tem-
peratures to be often too cold, clustering near freezing point.
Some of the models have salinities that are too high relative to
observations. Models with SPMW values that are too saline
(Fig. 7) form corresponding excessively dense SPMW as seen in
Fig. 2. For STMW, the T–S diagrams demonstrate the broader
rh ranges chosen by the WMTR method and show some of the
models having too-light water and/or no clear separation be-
tween water types as seen in the data for these density classes.
GFDL CM2.1 is the most realistic in these density classes. Look-
ing at the model-specific density classes in the 17–18 �C range,
model density errors in producing STMW arise from both tem-
perature and salinity errors. These errors reflect the multiple
modelling problems that could result in erroneous STMW forma-
tion, to be discussed below. While model diagnostics and scaling
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Fig. 5. (a) SPMW formation rates (M(q)Dq) in Sverdrups for rh taking various values chosen for each model to capture the dense water formation for that model. Values are
means; error bars give ranges of one standard deviation. Square data symbols indicate those models with a distinct (if small) secondary WMTR peak corresponding to STMW
formation. Triangular data symbols indicate those models with broad, diffuse, or indiscernible STMW formation F(q) peak. (b) STMW formation rates (M(q)Dq) in Sverdrups
for rh taking various values chosen for each model to capture the dense water formation for that model. Values are means; error bars give ranges of one standard deviation.
Square data symbols indicate those models with a distinct (if small) secondary WMTR peak corresponding to STMW formation. Triangular data symbols indicate those models
with broad, diffuse, or indiscernible STMW formation F(q) peak.
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analyses have suggested that surface fluxes dominate entrain-
ment and lateral mixing in changing water mass density (Large
and Nurser, 2001), the entrainment and lateral mixing are not
insignificant (Nurser et al., 1999). Differences in various models’
treatment of these processes from model to model, and from
model to data, could cause the wide range of temperature and
salinity properties for STMW seen for many models in Fig. 7 as
well as the differences in transformation rates, F(q), and forma-
tion rates, M(q)Dq, seen for each model.
4. Factors governing model mode water formation

4.1. SPMW formation

All the models formed a most-dense water mass identified as
SPMW; aside from quantity formed, the greatest issue seemed to
be positioning of the formation region. Fig. 6 shows buoyancy flux
through outcropping areas defined by the density classes of SPMW
for each model (outcropping areas with blue rh contours); one



Fig. 6. JFM buoyancy flux (total heat and fresh water, mg/m2/s) through the surface, contoured each 1 mg/m2/s upward from 5 mg/m2/s. Regions with JFM surface rh chosen
per Table 1 are shown in colour.
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notable difference is between models with significant SPMW for-
mation in the Labrador Sea (CCCMA CGCM3.1, CNRM CM3, GFDL
CM2.1, GISS MODEL E R, MIROC3.2 HIRES, MIROC3.2 MEDRES,
MIUB ECHO G, MPI ECHAM 5, MRI CGCM2.3.2A, UKMO HADCM3,
UKMO HADGEM1) and models with SPMW formation in the region
south of Iceland and west of Great Britain (CSIRO MK3.0, CSIRO
MK3.5, GFDL CM2.0). These latter models may have issues posi-
tioning the warm, light advection of the North Atlantic Drift, per-
mitting the preconditioned density classes associated with
SPMW to extend southward in the eastern North Atlantic.

An example of contrasting SPMW formation is seen in the MIR-
OC3.2 HIRES and CSIRO MK3.0 models. Both models exhibit SPMW
formation in the Labrador Sea (Figs. 8 and 9), however only a small
region of dense water is formed there in CSIRO MK3.0; the largest
amount formed west of Great Britain (Fig. 9). MIROC3.2 HIRES
shows the SPMW outcropping rh classes co-located with the deep-
est mixed layers in the Labrador, Irminger, and Norwegian Seas
(Fig. 8). While the outcropping region was not one of maximum
buoyancy flux, the flux was sufficient for ample SPMW formation.
The surface currents in Fig. 8 for MIROC3.2 HIRES show the North
Atlantic Drift (NAD) extending northeastward and then northward
to the west of Great Britain, consistent with the large buoyancy
flux between Iceland and Great Britain. The SPMW outcropping re-
gions, however, more closely match mixed layer deepening than
heat flux. In contrast, CSIRO MK3.0 (Fig. 9) shows southeast and
eastward currents in this region except to the south of Iceland
where weak northeast flow is found. These anomalous currents ad-
vect cold subpolar waters into the eastern Atlantic producing den-
ser surface waters than those resulting from the warm southern
waters. This causes a bias in convection sites as evidenced by the
excessively deep mixed layers off Great Britain. The outcropping
rh classes for SPMW coincide with the deepest mixed layers (great-
er than 1300 m west of Britain) and strong buoyancy flux in the
subpolar region.

It is reasonable to attribute this bias in SPMW formation in the
eastern Atlantic to the incorrect setup of the subpolar ocean circu-
lation by the atmospheric winds. The mis-positioning of the North
Atlantic Drift and the unrealistic subpolar surface flows wrongly
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precondition the water in the eastern Atlantic, thus shifting con-
vection sites that produce unrealistically deep mixed layers. An
examination of the de Boyer-Montégut mixed layer climatology
(De Boyer Montégut et al., 2004) shows winter mixed layer depths
in the eastern North Atlantic to be around 100–300 m deep, rather
than CSIRO MK3.0’s mixed layer depth of over 600 m deep. The
vertical mixing parameterization may further exacerbate this
deepening. CSIRO MK3.0 uses an integer power vertical mixing
scheme (Wilson, 2000, 2002) based on that of Pacanowski and Phi-
lander (1981). The latter scheme is tuned for the tropics where it
produces a too-diffuse equatorial thermocline.

Alternatively, as the ocean and atmosphere models are coupled,
one can view the cause–effect sequence of wind biases and mixed
layer deepening in the opposite direction. The East Atlantic deep
mixed layer, being slightly cooler at the surface, would release less
heat to the atmosphere. The resulting cool lower troposphere
would deflect winds cyclonically to the south around the cooler re-
gion, leading to the wind deflection seen in Fig. 9. Indeed, CSIRO
MK3.0 winter surface temperatures (not shown) have a pro-
nounced warm pool in the western central North Atlantic south
of Greenland, with slightly cooler temperatures west of Great Brit-
ain. We note that these two mechanisms could act on each other
with positive feedback, which could lead to the coupled models
evolving to these two extremes of mode water formation: in the
eastern North Atlantic vs. toward the Labrador Sea.

We may expect these location differences in SPMW formation
to have a significant effect on the simulated Atlantic MOC. Not
all models archived the AMOC, and some models blanked the Nor-
dic Seas region from the fields they archived; however, those ar-
chived meridional overturning streamfunction fields shown in
Figs. 10 and 11 confirm features noted in Figs. 8 and 9. To continue
the comparison of MIROC3.2 HIRES and CSIRO MK3.0, the AMOC
from these two models are shown in Fig. 10. MIROC3.2 HIRES
(Fig. 10a) shows a pronounced overturning cell in the upper
3000 m of the water column that has a maximum strength of more
than 12 Sv centred in about 1000 m depth at about 42�N. About
4 Sv of this upper branch flows poleward into the upper Nordic
Seas and then returns to the North Atlantic contributing to the
downwelling arm that occurs to the north of 50�N. Its lower south-
ward branch represents NADW. These flows are comparable to the



Fig. 7 (continued)Fig. 7. T–S diagrams for the model mode waters. Red points represent JFM data
within 25–45�N, 45–80�W and model STMW rh; blue points represent JFM data
within 55–80�N, 20�E-60�W and model SPMW rh. Comparison data in black are JFM
Levitus data with rh = 26.4–26.6 kg/m3, rh = 27.3–27.8 kg/m3.

26 J.C. Carman, J.L. McClean / Ocean Modelling 40 (2011) 14–34
inverse analysis results of Lumpkin and Speer (2007; their Table 2);
the 40�N flow of 12 Sv is close to the low end of their values
(16.3 ± 2.7 Sv) for 48�N and the Nordic Sea flow of 4 Sv is within
their values (4.0 ± 0.7 Sv) for the Greenland–Iceland–Scotland
ridges. Thus the MIROC3.2 HIRES MOC is on the low end of the data
range while the Nordic Sea branch of the circulation is on the high
end of the data range, consistent with the strong NAC over the Ice-
land-Faeroes Gap seen in Fig. 8.

In the upper ocean the CSIRO MK3.0 AMOC (Fig. 10b) shows a
shallow wind-driven cell whose strength is about 6 Sv with equa-
torward surface flows between 30�N and 50�N. The pronounced
cell below it has a maximum strength of more than 16 Sv at about
30�N in about 1000 m depth. All of this poleward flowing upper
arm downwells north of 50� to form NADW; none of this upper
limb enters the Nordic Seas. The 16 Sv MOC circulation is well
within the range 16.3 ± 2.7 Sv of Lumpkin and Speer (2007) for
48�N, however the lack of a Nordic Sea branch disagrees with
observations. The near-surface streamfunction is understood by
looking at the flow in Fig. 9; the pronounced surface circulation
from 30� to 50�N is due to the broad area of southeast currents
in that latitude range. Additionally, the low streamfunction gradi-
ent near the surface of Fig. 10b from 55�N to 65�N is due to lack of
strong flow northward over the ridge to supply the Nordic Sea
branch of the MOC. Finally just to the north of the descending
MOC limb, an additional 3 Sv from the sill latitudes are sinking
from the near surface and merging with the MOC cell. This contri-
bution is likely due to the East Greenland Current transporting very
cold water into the subpolar North Atlantic over the Greenland–
Iceland Gap (Fig. 9b).

Completeness being worth some redundancy, Fig. 11 shows
MOC comparisons for these two models as well as other models
grouped according to SPMW formation zone. The various models
in Fig. 11a, representing those which formed SPMW in the Labra-
dor Sea, have widely varying values of northward flow in the upper
limb of the MOC, as well as differences in the flow north into the
Nordic Seas. Their salient feature, however, is that they involve



Fig. 8. MIROC3.2 HIRES. (a) JFM total buoyancy flux, contoured each 1 mg/m2/s upward from 5 mg/m2/s. Regions with surface rh = 27.2–27.9 for SPMW are shown in colour.
(b) JFM mixed layer depth (m) and February surface currents (m/s), with contours of surface rh = 27.2–27.9. (c) JFM buoyancy flux due to heat (mg/m2/s) out of the ocean,
with contours of surface rh = 27.2–27.9. (d) JFM buoyancy flux due to water/salt (mg/m2/s) out of the ocean, with contours of surface rh = 27.2–27.9. White contour is 0 of the
flux.

Fig. 9. CSIRO MK3.0. (a) JFM total buoyancy flux, contoured each 1 mg/m2/s upward from 5 mg/m2/s. Regions with surface rh = 27.3–28.5 for SPMW are shown in colour. (b)
JFM mixed layer depth (m, note nonlinear scale) and February surface currents (m/s), with contours of surface rh = 27.3–28.5. (c) JFM buoyancy flux due to heat (mg/m2/s) out
of the ocean, with contours of surface rh = 27.3–28.5. (d) JFM buoyancy flux due to water/salt (mg/m2/s) out of the ocean, with contours of surface rh = 27.3–28.5. White
contour is 0 of the flux.

Fig. 10. Meridional overturning streamfunction for the North Atlantic (Sv). (a) MIROC3.2 HIRES. (b) CSIRO MK3.0. Contours are each 2 Sv.
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Fig. 11. (a) Meridional overturning streamfunction for the North Atlantic (Sv); models forming SPMW in the Labrador Sea. Contours are each 2 Sv. (b) Meridional overturning
streamfunction for the North Atlantic (Sv); models forming SPMW west of Great Britain. Contours are each 2 Sv.
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the Nordic Seas in the overturning circulation. In contrast, the
smaller subset of models in Fig. 11b, representing those which
formed SPMW in the eastern North Atlantic, show most or all of
the northward flow of the upper limb of the MOC descending near
60�N with very little Nordic Sea involvement in the circulation.
Other model-to-model differences in the MOC streamfunction
fields would require a detailed parameter study to understand.
However, with the caveat that the dataset for model-to-model
comparison is small, other models appear to support the sugges-
tion that SPMW formation in the region west of Great Britain
blocks Nordic Sea involvement in the MOC.

4.2. STMW formation

The models displayed great variability in their ability to repro-
duce natural STMW formation. As mentioned above, Fig. 2 showed
that some models formed water masses at two well-defined den-
sity ranges; some models formed water masses at two density
ranges but the lighter one was poorly defined (shallow slope of
M(q) = –dF/dq) or small in quantity; some models formed no
clearly identifiable lighter water mass. Again, a weak pattern ap-
peared (Fig. 5) that those models with the smallest amount of
STMW formation (CNRM CM3, CSIRO MK3.0, CSIRO MK3.5, GFDL
CM2.1, and GISS MODEL E R, UKMO HADCM3) had higher SPMW
formation and vice versa (CCCM CGCM3.1, CCCMA CGCM3.1t63,
MIROC3.2 HIRES, MIROC3.2 MEDRES, MIUB ECHO G, MPI ECHAM5,
MRI CGCM2.3.2A, UKMO HADGEM1).

Contrasting STMW formation can be examined by comparing
MIROC3.2 HIRES (Fig. 12) and CNRM CM3 (Fig. 13). Over its revised
outcrop window MIROC3.2 HIRES produced about 16 Sv of STMW,
just exceeding the upper limit of the observational range
(10 ± 5 Sv). This model shows a pool of dense water associated
with STMW offshore of the North American coast that is well
aligned with the highest buoyancy fluxes out of the ocean. The pool



Fig. 12. MIROC3.2 HIRES. (a) JFM total buoyancy flux, contoured each 1 mg/m2/s upward from 5 mg/m2/s. Regions with surface rh = 25.7–26.7 for STMW are shown in colour.
(b) JFM mixed layer depth (m) and February surface currents (m/s), with contours of surface rh = 25.7–26.7. (c) JFM buoyancy flux due to heat (mg/m2/s) out of the ocean,
with contours of surface rh = 25.7–26.7. (d) JFM buoyancy flux due to water/salt (mg/m2/s) out of the ocean, with contours of surface rh = 25.7–26.7. White contour is 0 of the
flux.

Fig. 13. CNRM CM3. (a) JFM total buoyancy flux, contoured each 1 mg/m2/s upward from 5 mg/m2/s. Regions with surface rh = 26.2–26.9 for STMW are shown in colour. (b)
JFM mixed layer depth (m) and February surface currents (m/s), with contours of rh = 26.2–26.9. (c) JFM buoyancy flux due to heat (mg/m2/s) out of the ocean, with contours
of rh = 26.2–26.9. (d) JFM buoyancy flux due to water/salt (mg/m2/s) out of the ocean, with contours of rh = 26.2–26.9. White contour is 0 of the flux.
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is also well aligned with the region of deepest mixed layer depth in
the northwest Sargasso Sea as well as the highest heat fluxes out of
the ocean. Additionally the water flux shows evaporation out of the
ocean in the western portion of the formation region. Notably, the
extratropical precipitation band (as deduced from water flux) lies
to the north of the STMW formation region. The range of densities
found in the dense water pool off the North American coast fall be-
tween rh = 26.0 and 26.5 kg/m3, all of which density classes are in
the region of WMTR negative slope. The high-density pool encom-
passes the location of that from observations; however, in the
model it is more spatially extensive (Fig. 6).

CNRM CM3 (Fig. 13) only formed 6 Sv of STMW over its revised
outcrop window. It did not form a pool of dense water offshore of
the North American coast but rather displayed rh nearly monoton-
ically increasing with latitude. The appropriately-located region of
heat flux and water flux produced a net formation of water in den-
sity classes rh = 26.2–26.9 kg/m3, but the quantity was not large.
Fig. 13 shows the region of deepened mixed layer lay slightly to
the east of the maximum fluxes. The region where outcropping
rh aligned with positive buoyancy flux lies inshore of that obtained
from observations (Fig. 6).
4.3. STMW heat content and turnover times

In an effort to quantify the overall effect of these model biases
in STMW formation (whatever their cause), various bulk quantities
were calculated using volume-weighted integrations. For each
model, within the geographic region of STMW, grid boxes contain-
ing mode water were identified using the following two criteria:
(1) the temperature and salinity ranges appropriate to the rh class
for that model (Fig. 7); (2) vertical temperature gradient less than
0.006 �C/m. This second criterion was added to restrict the selected
volumes to a thermostad and to permit comparisons with data in
Kwon and Riser (2004). The portion of a profile within this region
that met these conditions was identified as STMW; the thickness,
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Fig. 14. (a) STMW turnover time for various models compared with Kwon and Riser (2004); time is calculated by annual maximum volume divided by annual production.
Values are means; error bars give ranges of one standard deviation. Square data symbols indicate those models with a distinct (if small) secondary WMTR peak corresponding
to STMW formation. Triangular data symbols indicate those models with broad, diffuse, or indiscernible STMW formation peak. (b) STMW maximum heat for various models
compared with data from the same calculation as (a). Values are means; error bars give ranges of one standard deviation. Square data symbols indicate those models with a
distinct (if small) secondary WMTR peak corresponding to STMW formation. Triangular data symbols indicate those models with broad, diffuse, or indiscernible STMW
formation peak.
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volume-weighted mean temperature, and heat content of that pro-
file portion were calculated.

These individual profile calculations were summed to provide
the monthly total volume, mean temperature, and total heat con-
tent could be calculated for each model, yielding means and stan-
dard deviation from the 20-year model results in consideration.
Annual STMW production was calculated using the late winter
maximum volume and subtracting the previous autumn minimum
volume; STMW turnover time was calculated by dividing the late
winter STMW maximum volume in each year by the STMW vol-
ume production each year.

Tturnover ¼
Vmax

Vproduced
¼ Vmax

Vmax � Vmin
Twenty years of such calculations and models with multiple ensem-
ble members provided means and standard deviations. Note for
these turnover time calculations, if the autumn minimum volume
Vmin approaches 0 m3, turnover time Tturnover approaches 1 year; if
the autumn minimum volume Vmin approaches Vmax, turnover time
Tturnover gets large. The observed turnover time of 3.57 years (Kwon
and Riser, 2004) implies an autumn minimum volume Vmin = .72V-
max, approximately 3=4 the following winter maximum volume.

Fig. 14a shows STMW turnover time calculated for these mod-
els, compared with data. All the models have a shorter turnover
time than calculated in Kwon and Riser (2004); most notably, mod-
el turnover times varied widely. Many models with shorter turn-
over times also displayed small formation rates for the lighter
water type in Fig. 2 (e.g. CCCMA CGCM3.1, GISS MODEL ER, MIUB
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ECHO G). In contrast, MRI CGCM2.3.2A had a pronounced water
mass formation rate, but horizontal temperature transects (not
shown) revealed that the model had difficulties maintaining a ther-
mostad for STMW so the water mass did not meet this algorithm’s
gradient criterion.

Maximum (winter) heat contents for each model in Fig. 14b
show generally higher heat content than the data. The models’ heat
contents were primarily driven by volume of STMW so these high
quantities may reflect model discretization. The combination of
high maximum heat content with short turnover times are due
to the models’ annual cycle of volume formation rates and high
volume destruction rates (near complete destruction of the previ-
ous winter’s STMW, hence little interannual retention of water
properties). A water mass change each year is consistent with turn-
over times being on the close order of a year. These results suggest
that climate models with extremely short turnover times would
have little year-to-year memory of anomalous conditions, but
would simply form STMW with properties dominated by the most
recent year’s conditions; their STMW heat content would have no
memory of earlier years’ NAO states. These models would hence
miss the lagged correlation between NAO state and STMW proper-
ties found in Kwon and Riser (2004); air–sea feedbacks would be
based only on most recent heat storage events.
a

b

Fig. 15. Schematics of water mass transformation, redrawn based on the depictions
of Large and Nurser (2001, their Fig. 5.1.1). (a) Volume budget. Layer volume
depends on divergence of diapycnal volume flux G across density surfaces, volume
flux DW exiting the domain, and the surface fresh water influx Gsurf integrated over
the outcrop. (b) Mass budget. Layer mass depends on advection from the diapycnal
volume flux qG and the mass exiting the domain qDW, the divergence of the
diffusive mass fluxes D, the surface density influx Dsurf integrated over the outcrop,
the density flux through the edges of the control volume into the layer FDq, and the
interior density source.
5. Conclusions

This study of the mode water formation rates and processes for
the suite of global coupled climate models in the CMIP3 multi-
model dataset has shown considerable variability in the models’
abilities to form mode waters at the appropriate densities or in
the appropriate amounts. Using the WMTR calculations of Speer
and Tziperman (1992) and Walin (1982), quantities of water cre-
ated at various density classes were calculated for each model.
The models formed SPMW and STMW at density classes that dif-
fered from those observed, and formed quantities of these water
masses that varied widely. To understand the causes of these dif-
ferences, we compared T–S properties of the water masses, air–
sea fluxes and circulation patterns. The implications of the biases
were explored in terms of the MOC in the case of SPMW, and heat
content and overturn time in that of STMW. We acknowledge that
there may be errors in the assessed mode water formation rates
due to edge or diffusive fluxes; model-to-model differences in var-
ious models’ treatments of the entrainment and lateral mixing pro-
cesses and from model to data, could cause the wide range of water
properties and formation rates for both STMW and SPMW. How-
ever, without archived diffusivities or model-specific logical grids
on which to compute the importance of these flux terms, we were
unable to study their relative contributions to the density budget.

For SPMW, density errors are primarily due to salinity errors as
the phase change (freezing) prevents the models from cooling
water past a minimum temperature. More importantly, models
varied in location of SPMW formation: some models formed SPMW
west of Great Britain rather than in the Labrador Sea. These posi-
tional differences of the model outcropping regions resulted from
anomalous model currents and inappropriate preconditioning of
the water west of Great Britain. These positional differences of
water mass formation suggested general circulation problems,
notably varying the degree of Nordic Sea involvement in the MOC.

The models displayed a wider range of variation in STMW for-
mation as that process relies on the precise coupling between
ocean and atmosphere heat and water fluxes. If atmospheric fluxes
are mis-aligned with the ocean’s western boundary current separa-
tion, the processes that form the STMW pool will be spatially out of
phase and less effective at producing that water mass. Various
biases can occur, any one of which negatively affects STMW pro-
duction. Mispositioning of the Gulf Stream separation from the
North American coast or mis-alignment of heat fluxes out of the
ocean due to cold air outbreaks can decrease the model’s ability
to form STMW. Extensive diagnostic and/or model sensitivity stud-
ies would be required for each model to determine the causes of
heat or water flux biases, or Gulf Stream separation problems;
however, such studies are not possible as we are limited to the out-
put fields in the CMIP archive.

Rather than pursuing an in depth assessment of the causes of
STMW formation problems, we examined their implications by
looking at STMW heat content and turnover time. The mode waters
with their vertical extent represent large repositories of heat which
can then be available either for advection due to the Gulf Stream
and remote re-emergence (De Coetlogon and Frankignoul, 2003)
or transfer to the atmosphere. The short, in many cases extremely
short, STMW turnover times cast doubt on the models’ abilities to
correctly reproduce interannual modes of variability, in particular
the correct NAO feedbacks, and to correctly model the observed
re-emergence of a previous year’s temperature anomaly following
the summer surface heating.

Many of the problems with currents and vertical mixing noted
in these models are characteristic of ocean models having horizon-
tal grid spacing on the order of one degree. Higher-resolution mod-
els capable of largely resolving mesoscale ocean eddies, together
with more advanced mixing parameterizations, are required to
better duplicate these ocean physical processes that are so impor-
tant to the global ocean circulation as well as heat transfers to the
atmosphere. An assessment of the abilities of such models to
reproduce SPMW and STMW formation processes would provide
considerable insight into their ability to correctly predict changes
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in these heat storage/advection processes as heat and water fluxes
as well as wind stresses, change with time, and hence to correctly
predict changes in global ocean circulation as the climate state
changes.
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Appendix

The Walin (1982) framework is used in this paper to calculate
water mass transformation and formation rates. The former is
the rate at which water is transformed from one density class to
another via air–sea heat and freshwater fluxes. The divergence of
the transformation rate yields the rate at which a given density
class is created or destroyed via these fluxes (the formation rate).
We largely follow the derivations and notation of Nurser et al.
(1999) and Large and Nurser (2001); only the salient details of
their derivations are provided here.

Consider two potential density surfaces, q and q + Dq, that out-
crop at the sea surface in a region with a deeper open boundary
(see Fig. 15(a) that we have redrawn, based on depictions in
Fig. 5.1.1 of Large and Nurser (2001)). First we make the Bous-
sinesq approximation and assume compressibility and then we
formulate a volume budget for the control volume bounded by iso-
pycnals q and q + Dq, the ocean surface, and the open boundary. It
is:

@DV
@t
þ DW

� �
¼ GðqÞ � Gðqþ DqÞ þ

Z
outcrop

Gsurf dA ð1Þ

where DV is the volume of fluid between q and q + Dq, DW is the
volume flux of fluid leaving the volume, G(q) and G(q + Dq) are
the diapycnal volume fluxes across the q and q + Dq isopycnals,
and

R
outcrop Gsurf dA is the net surface influx of volume at the surface

over the outcrop with q0 mean density and Fin the net freshwater
input (Gsurf = q�1

0 Fin). The water mass formation, M, can be obtained
by adding the volume inflation and outflow terms (first and second
terms on the right hand side of Eq. (2)):

MDq ¼ @V
@t
þ DW: ð2Þ

We combine Eqs. (1) and (2) to obtain the water mass formation
rate per unit density, M(q), that consists of the convergence of the
diapycnal volume flux and the surface volume flux per unit density:
MðqÞ ¼ � @G
@q
þ lim

Dq!0

1
Dq

Z
outcrop

Gsurf dA: ð3Þ

The first term on the right hand side generally dominates the sec-
ond so the second is usually neglected, leaving

MðqÞ ¼ �@G=@q: ð4Þ

Next we examine the density budget for this same control volume
(Fig. 1b) where advective and diffusive fluxes balance:

@DV
@t
þ DW

� �
q|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}

density content gain of layer

¼ qGðqÞ � ðqþ DqÞGðqþ DqÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
outward advective density fluxes

þ Ddiff ðqÞ � Ddiff ðqþ DqÞ þ
Z
~Dedge � n̂dAþ

Z
outcrop

Dsurf dA
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

diffusive influx of density

þ Dq � q lim
Dq!0

1
Dq

Z
outcrop

Gsurf dA
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

surface advective influx of density

þinterior sources of density

ð5Þ

where Ddiff(q) and Ddiff(q + Dq) are the area-integrated diapycnal
diffusive density fluxes across the two potential density surfaces,
and

R
outcrop Dsurf dA is the total surface density influx between the

bounding isopycnals. We also include the diffusive influxes at the
edge of the control volume, advective density fluxes at the surface,
and interior density sources (cabbeling).

This equation can be rewritten as

Mqþ @

@q
ðqGÞ ¼ � @Ddiff

@q
þ FðqÞ þ Fedge þ C ð6Þ

where

FðqÞ ¼ lim
Dq!0

1
Dq

Z
outcrop

Dsurf dA

represents the surface density influx per unit of density and is the
water mass transformation rate driven by air–sea fluxes. Fedge(q)
represents the diffusive influx per unit of q through the control-vol-
ume edge into the layer and C(q) is the cabbeling source term.

Using Eq. (4) we obtain:

GðqÞ ¼ � @Ddiff

@q
þ FðqÞ þ Fedge þ C: ð7Þ

The importance of each of the terms on the right hand side of Eq. (7)
varies according to the dominant physical processes in a particular
setting. Typically the cabbeling source term is small and is usually
neglected (Nurser et al., 1999). The importance of the Fedge(q) term
depends on the slope of the isopycnals forming the control volume
in the thermocline: the steeper their slopes, the weaker the hori-
zontal diffusive flux (Large and Nurser, 2001) resulting in relatively
small edge fluxes. This leaves us with:

GðqÞ ¼ � @Ddiff

@q
þ FðqÞ: ð8Þ

In the steady state limit, G(q) = 0 and we have a balance between F
and the convergence of the diffusive fluxes across the bounding iso-
pycnals of the control volume (Marshall et al., 1999).

Various studies have been undertaken to understand the rela-
tive importance of the mixing term. Garrett et al. (1995) performed
a scale analysis and showed that it is small if the slope of the mixed
layer base is small compared to the slope of the isopycnals in the
mixed layer. Speer (1997) used climatology data to suggest that
mixing is indistinguishable from zero in the range of thermocline
densities. Garret and Tandon (1997) performed analyses of buoy-
ancy profiles suggesting that subduction from the base of the
mixed layer is not large. Importantly for our study, Nurser et al.

http://www.cdc.noaa.gov/
http://www.cdc.noaa.gov/
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(1999) calculated surface fluxes for the North Atlantic and found
that they were considerably larger (order of magnitude) than esti-
mates of lateral mixing and seasonal entrainment. They further
used a coupled mixed layer and isopycnic model of the North
Atlantic to diagnose thermocline diapycnal density flux, entrain-
ment density flux, and lateral density flux; for the Sargasso Sea,
water mass formation rate due to mixing processes made relatively
minor contributions compared to the formation rate due to surface
forcing. Similarly, over the Labrador and Irminger Seas, they found
that mixing again played a relatively minor role. So finally when
diapycnal density fluxes, edge fluxes, and cabbeling are small rela-
tive to F, then the formation rate per unit density, M(q), can be
written in terms of the surface fluxes as
MðqÞ ¼ � @F
@q

: ð9Þ
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