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ABSTRACT
The rate at which water masses are transformed from one density class to another is assessed in the

shelf seas using the Walin (1982) framework. For a tidal-mixing front, the transformation is estimated
using air-sea density fluxes and the diapycnal mixing diagnosed from a series of one-dimensional
mixed layer models running across the shelf. These transformation rates diagnosed from the air-sea
fluxes and diapycnal mixing agree with volume changes diagnosed directly from the model. The
transformation from air-sea fluxes reaches a maximum amplitude typically twice that provided by
diffusive mixing. This framework is extended to estimate the rate at which nutrients are converted
in nutrient space including the effects of biological consumption. The transformation in density and
nutrient space are broadly related in the spring when there is a relatively tight relationship between
density and nutrient concentrations. For a shelf-break front in the Celtic Seas, the transformation is
estimated from a combination of observed air-sea fluxes, remotely-sensed sea surface temperature
and ship-based measurements of density and turbulent mixing. The transformation is controlled by
diapycnal mixing along dense surfaces and by air-sea fluxes for lighter surfaces, and each contribution
reaches comparable magnitudes over a six-month period.

1. Introduction

Walin (1982) provided an elegant theory of how water masses are transformed from
one density class to another through the action of air-sea fluxes and turbulent mixing. This
framework has been employed in the open ocean to exploit the patterns of air-sea fluxes
and predict the rates of mode water formation (Speer and Tziperman, 1992; Speer et al.,
1995) and link to the ventilation rates from the winter mixed layer (Marshall et al., 1999),
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as well as connect to the residual circulation in the Southern Ocean (Marshall, 1997; Badin
and Williams, 2010).

A potential difficulty though is the poor knowledge of diapycnal mixing. For a steady
state over a closed domain, the rates at which water masses form from air-sea fluxes has to
be balanced by the effect of diapycnal mixing. The skill of open ocean predictions, made
only through knowledge of the air-sea fluxes, relies on the separation of the sites of water-
mass formation from the regions of strong diapycnal mixing. In a model assessment for
the North Atlantic, mode waters were formed at mid and high latitudes through the action
of air-sea fluxes, while strong diapycnal mixing was instead concentrated within the upper
thermocline in the tropics (Nurser et al., 1999). Speer (1997) exploited this separation to
diagnose the integrated rates of diapycnal mixing based upon volume fluxes across a zonal
section and water-mass formation rates from air-sea fluxes.

In this study, we consider the shelf seas, a challenging region where both air-sea fluxes
and diapycnal mixing sustained by strong tidal flows are important. A tidal-mixing front
separates contrasting regions of well-mixed and stratified waters in summer, while a shelf-
break front separates the shelf waters from the open ocean. For example, in the northwest
European shelf, there are well mixed waters in the Irish Sea and stratified waters in the
Celtic Sea (Fig. 1a,b), where as one moves onshore, surface waters cool, the thermocline
thins and the bottom mixed layer thickens. Associated with this physical structure, there is
a subsurface chlorophyll maximum running along the thermocline and generally enhanced
chlorophyll concentration in the well mixed waters (Fig. 1c,d).

Our aim is to apply the Walin framework to the shelf seas, which has previously been
exploited for a freshwater budget study of an estuary in salinity space (MacCready and
Geyer, 2001; MacCready et al., 2002). In our study, firstly we consider the seasonal migra-
tion of the tidal-mixing front in terms of the transformation of water masses, examining
the relative importance of the air-sea forcing and tidal mixing. Secondly, we consider how
much water mass is transformed across the shelf-break front, connecting the open ocean
and shelf sea.

The paper is structured in the following manner: the Walin framwork is presented in
Section 2, setting out how the transformation and formation rates are obtained. The water-
mass transformation in density space across the tidal-mixing front in the shelf seas is then
diagnosed in Section 3 using a series of one-dimensional mixed-layer models. The Walin
framework is then applied in nutrient space in Section 4, diagnosing how water-masses
are converted from one nutrient class to another. The implications of the Walin framework
are then assessed for the shelf-break front in the Celtic Sea in Section 5, using a range of
data sources. Finally, the implications of this framework for the shelf seas is summarized
in Section 6.

2. Water-mass transformation and formation for a tidal-mixing front

Following Walin (1982) and Nurser et al. (1999), consider a volume of fluid, ΔV , bound
by the ρ and ρ + Δρ isopycnals, with an upper boundary given by the sea surface and an
open boundary where the volume is connected to the rest of the ocean interior (Fig. 2a).
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Figure 1. (a,d) Summer section of temperature (◦C) and chlorophyll (mg Chl m−3, colors) in the
European Shelf passing from well mixed waters ((d) right) in the Irish Sea to the shelf edge ((d) left),
from cruise JR98, RRS James Clark Ross, July 2003; (b) and (c), remotely-sensed measurements
of surface temperature ((b), ◦C) and chlorophyll ((c), mg Chl m−3); chlorophyll a concentration
(b,d) show biological activity along the pycnocline with enhanced activity at the tidal front and at
the shelf break front.

The volume budget is defined by a balance between the temporal increase in the volume
element, ΔV , the volume flux out of the domain through the open boundary, ΔΨ, the
volume influx into the domain from surface freshwater input, ΔΨP−E , and the difference
in the diapycnal volume fluxes passing into the layer, G(ρ), and out of the layer G(ρ+Δρ),

(
∂ΔV

∂t
+ ΔΨ − ΔΨP−E

)
= G(ρ) − G(ρ + Δρ) = −Δρ

∂G

∂ρ
≡ MΔρ, (1)

where the volume fluxes, G and ΔΨ, have units of m3 s−1. The rate of accumulation of
water between two isopycnals ρ and ρ+Δρ is referred to as the water-mass formation rate,
MΔρ, defined by the left-hand side of (1).
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Figure 2. Schematic vertical sections showing (a) volume and (b) the density budgets for a volume
element bounded by the density surfaces ρ and ρ + Δρ that outcrop at the sea surface. The volume
balance depends on the diapycnal volume fluxes, G, the volume outflux Δψ, and the volume influx
over the surface outcrop from freshwater fluxes. The density content of the layer depends on the
advective change from the diapycnal volume flux, ρG, the mass exiting the domain, ρΔψ, as well
as the density gained from the atmosphere from the surface density flux over the surface outcrop,∫
outcrop DindA and the difference in the diffusive density fluxes across the layer, Ddiff. Modified

from Nurser et al. (1999).

The density budget of the control volume between the ρ and ρ+Δρ isopycnals is given by
a balance between advective and diffusive density fluxes through the bounding isopycnals,
ρ and ρ + Δρ, and the outcrop of the layer at the sea surface (Fig. 2b),(

∂ΔV

∂t
+ ΔΨ − ΔΨP−E

)
ρ + Δρ

∂

∂ρ
(ρG) = −Δρ

∂Ddiff

∂ρ
+

∫
outcrop

Din dA, (2)

where the surface density flux is given by Din = − αT

Cp
H + ρβSS(E − P) and has units

of mass per unit area and unit time, kg m−2 s−1; the surface heat flux, H(x, y), is positive
when directed into the ocean and E(x, y) and P(x, y) are, respectively, the evaporation
and precipitation rates, Cp(T ) is the heat capacity for sea water at constant pressure, α(T )

and β(T ) are, respectively, the temperature dependent thermal expansion and the haline
contraction coefficients of sea-water, S(x, y) is the salinity and ρ0 is a reference density.
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Figure 3. A schematic of a tidal-mixing front separating well mixed and stratified waters. The position
of the front is controlled by a competition of surface buoyancy forcing and mechanical mixing from
tides and winds. If there is a surface heat and buoyancy input, the front migrates onshore leading
to denser well-mixed waters being converted to lighter, surface waters; diapycnal volume flux
indicated by horizontal arrows, turbulence by circular arrows, diffusive mixing by double arrows,
isopycnals by full lines and new position of isopycnals after surface heating by dashed lines.

Combining the volume and density budgets, (1) and (2), and dividing by Δρ, gives a
diagnostic relationship for the diapycnal volume flux, G(ρ), which is also referred to as the
transformation rate,

G = −∂Ddiff

∂ρ
+ 1

Δρ

∫
outcrop

Din dA. (3)

A diapycnal volume flux directed from light to dense water, G(ρ) > 0, requires a density
supply either from the surface input of density,

∫
outcrop

Din dA > 0, or from a convergence
of diffusive density fluxes, −∂Ddiff/∂ρ > 0. Following the right-hand side of (1), this
diapycnal volume flux then creates a formation of water in a denser class (where there is
convergence) and a loss of water in a lighter class (where there is divergence).

In physically interpreting the diapycnal volume flux, there are two limits: the volume
flux across the density surface can either be created through (i) a physical movement of the
water across stationary density surfaces or (ii) through a migration of the density surfaces
without a movement of fluid particles.

In the following sections, two cases are considered: the transformation of water masses
associated with the migrating tidal-mixing front and the stationary shelf-break front, located
by the topographic slope (Fig. 1a,b). For the tidal-mixing front, the transformation is pri-
marily achieved by the migration of the isopycnals (Fig. 3, dashed lines), while the trans-
formation across the shelf-break front is associated with both an actual movement of water
and a migration of isopycnals.
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3. Model assessment for a tidal-mixing front

The Walin framework is now applied to the tidal-mixing front, where there is a competi-
tion between surface buoyancy input acting to stratify surface waters opposed by mechanical
forcing from the tides and winds acting to mix the water column (Simpson and James, 1986;
Simpson, 1988). The tidal-mixing front marks the transition between the open ocean and
coast during summer where the mechanical forcing becomes sufficiently strong to mix the
entire water column. This front migrates with the seasonal variation in the surface buoyancy
forcing, as well as oscillates with the spring-neap cycle as the tidal forcing waxes and wanes.

a. Model formulation

The physical structure of the shelf seas is primarily controlled by a dominance of vertical
processes over horizontal exchange (Simpson and Sharples, 1994). Consequently, a series of
one-dimensional, mixed-layer models are used to synthesize a section passing through a tidal
mixing front (Sharples et al., 2006; Sharples, 2008). At each horizontal position, the model
solves for the density structure based upon the surface density fluxes and mechanical forcing
from the tides and winds. Vertical turbulent mixing is described using the k-ε turbulence
scheme of Canuto et al. (2001). For simplicity, the contributions of the freshwater fluxes
to the density fluxes have not been included within the model, although the diagnostic
framework can automatically include them. The air-sea heat flux is solved through bulk
aerodynamic formulas, depending on the difference in air temperature and sea-surface
temperature (Gill, 1982). The suite of mixed-layer models is integrated over a repeating
year, so that the modeled section is close to a steady state.

The role of advection in controlling these frontal positions has been shown to be neg-
ligible, with theory that does not incorporate the usually weak mean flows successfully
predicting the positions of the fronts (Simpson, 1981). Our one-dimensional approach to
modeling tidal mixing fronts has previously been used to simulate both the position of the
fronts and their adjustment over the spring-neap tidal cycle in agreement with observations
and theoretical predictions (Simpson and Sharples, 1994; Sharples, 2008).

The model also incorporates a simple biogeochemical component, simulating the
response of phytoplankton to changes in dissolved inorganic nitrogen and light within
the seasonally and tidally varying physical environment (Sharples, 2008). The tidal mixing
front under consideration is assumed to be well away from riverine advective sources of
nutrients and any nutrient supplies from the shelf edge, as is the case for most tidal mixing
fronts on the NW European shelf. The very weak mean flows across the fronts suggest a
negligible role for local nutrient advection, supporting the dominant role of local recycling
and vertical mixing at least on the seasonal-annual time scales under consideration here.
Even at fronts, the horizontal contrasts in vertical mixing turn out to dominate the nutrient
supply sustaining primary production at the front (Loder and Platt, 1985), although there
might be weaker contributions from the cross-frontal transfers by baroclinic eddies (Badin
et al., 2009).
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b. Physical structure

The model reproduces the expected seasonal cycle in stratification over the shelf seas:
well-mixed waters over much of the shelf in winter, then changing in summer to well mixed
waters close to the coast and stratified waters farther offshore. At the peak of warming during
summer, there are well-mixed waters confined close to the shore and lighter waters farther
offshore together with a tight, shallow thermocline, overlying a thick, bottom boundary
with weak stratification (Fig. 4a). There are cooler waters in the well-mixed region, which
then result in a surface heat input of more than 100 W m−2, greater than over the warmer,
stratified waters offshore (Fig. 4b). This contrast between the well mixed and stratified
waters, marked by the tidal-mixing front, changes location over the year, moving from
more than 40 km offshore in winter to 20 km in summer (Fig. 4c). This boundary also
migrates with the spring-neap cycle in tidal forcing, moving offshore when the mechanical
forcing is stronger.

c. Transformation and formation rates in density space

First, consider a rough scaling for the transformation fluxes and, second, diagnostics from
the suite of mixed-layer models; for numerical details, see the Appendix.

i. Scaling for transformation rates for a tidal-mixing front. The presence of a tidal-mixing
front is associated with changes in air-sea fluxes and mixing across the front. Here, the cross-
front and along-front scales are assumed to be typically 10 km and 100 km, respectively. The
temperature contrast across a front leads to a change in the air-sea heat flux of 100 W m−2,
corresponding to a density flux of Din = − α

Cp
Hin ∼ 10−4 kg m−2 s−1, which implies a

transformation rate of Gin ∼ 10−2 Sv.
For the diffusive flux of density from mixing, Ddiff = Kz

∂σ
∂z

, there is a comparable
contribution to that provided from air-sea fluxes, if the vertical diffusivity reaches Kz ∼
10−3 m2 s−1 and vertical density gradient, ∂σ/∂z ∼ 0.1 kg m−4. These values turn out to
be plausible for the shallow shelf seas with strong tides.

Now consider the water-mass transformation associated with the migration of the tidal-
mixing front, focussing on two periods, the warming and strengthening of stratification, as
well as the cooling and weakening of stratification (Fig. 5a,c).

ii. Transformation rates from the one-dimensional model. In the warming phase, there is
an overall transformation of −30 × 10−3 Sv at σ = 26.1, directed from dense to light
water (Fig. 5b). This transformation is primarily driven by the air-sea density fluxes, but is
augmented by a diffusive transfer at σ = 26.1, associated with the strong diffusive density
fluxes between the well mixed and stratified waters (Fig. 5a, shading).

In the cooling phase, there is an overall transformation of 18 × 10−3 Sv at σ = 25.3,
directed from light to dense waters (Fig. 5d). At this time, there are comparable contributions
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Figure 4. (a) Vertical section of σ versus distance from the coast during maximum stratification for
day 203, diagnosed from the series of one-dimensional models. There are surface and bottom fronts
separating the well mixed and stratified waters. (b) Surface heat flux into the ocean (W m−2, full line)
and surface temperature (◦C, dashed line) versus distance for day 203 revealing an increased heat
input toward the coast due to the onshore decease in surface temperature. (c) Surface σ (contours)
and surface heat fluxes (W m−2, shading) for time versus distance revealing the offshore emergence
of stratification and the enhanced surface heat input in well-mixed waters; the dashed line represents
the zero-line for the surface heat flux.
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Figure 5. (a), (c), left panels: Sections of density (thick lines) and diffusive density fluxes
(10−5 kg m−2 s−1, shaded); (b), (d), right panels: Diapycnal volume flux or transformation rates
(10−3 Sv) in density space (arrow indicates direction) when the stratification strengthens (days
140–147, top panels) and weakens (days 275–282, bottom panels). During in the warming period,
waters are transformed to lighter density classes (with a negative transformation, black arrow
directed to the left) and the tidal-mixing front moving onshore. Conversely, in the cooling period,
waters are transformed to denser classes (black arrow directed to the right) with the tidal-mixing
front moving offshore. For the transformation rates, dashed lines represent the contributions from
the air-sea fluxes, dotted lines represent the contributions from the diffusive fluxes, continuous lines
represent the contributions from the sum of the air-sea and diffusive fluxes; note a change of scale
in the axes.

from the air-sea and diffusive density contributions, both acting to increase the volume of
the intermediate density classes.

The convergence of the transformation in density space gives the formation rate (1).
During the warming phase, the negative transformation is expressed in terms of water-mass
formation with an increase in the volume of lighter waters and a compensating decrease
in the volume of denser waters (Fig. 6a). This pattern in formation rates reverse in the
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Figure 6. (a), (c), left panels: Formation rates (10−2 Sv) diagnosed using the Walin framework (full
lines) and diagnosed directly from the changes in volume in the model (dashed lines) for the
two periods when stratification strengthens or weakens; (b), (d), right panels: contributions to the
formation rates (10−2 Sv) in the Walin framework from the air-sea fluxes (dashed lines), diffusive
fluxes (dotted lines) and their sum (full lines); note the change of scale in the axes.

cooling phase (Fig. 6c). These estimates of formation from the sum of the contributions of
air-sea fluxes and diapycnal mixing compare favorably with estimates made directly from
the actual volumetric changes in the model (Fig. 6a,c); although the actual formation occurs
in a slightly narrower density interval, than that diagnosed using the Walin framework.

For the formation rates, the effect of the air-sea fluxes and diffusive mixing become
comparable in magnitude to each other (Fig. 6b,d). While for these two particular periods,
both the air-sea and diffusive contributions tend to reinforce each other, this reinforcement
does not generally hold in the same density class.

The diffusive contribution to the transformation generally reaches half the maximum
amplitude of the air-sea contribution (Fig. 7a). The ratio of these contributions varies sea-
sonally (Fig. 7b), but is not affected by the spring-neap cycle, as found by repeating the
model integrations with only the M2 tidal cycle.
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Figure 7. (a) Seasonal evolution of the maximum amplitude of the transformation rates (Sv). Contri-
butions are from the air-sea fluxes (dashed lines) and diffusive fluxes (dot-dashed lines) together
with their sum (full lines). (b) Seasonal evolution in the ratio between the maximum amplitude of
the diffusive and air-sea fluxes components of the transformation rates. The ratio has been averaged
over a 14-day period, corresponding to a spring-to-spring tidal period.

4. Implications for the transfer of nutrients across the tidal-mixing front

Walin (1982) originally set out this diagnostic framework in temperature space, combin-
ing volume and heat budgets for an isothermal layer. This framework can equivalently be
applied to any tracer, as long as any additional tracer sources and sinks are included. In this
section, the framework is applied in nutrient space, where a volume and nutrient budget are
applied for a layer between two nutrient surfaces, rather than between two density surfaces
(Fig. 2). The rate of formation of water mass, M(N), between the nutrient surfaces, N and
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N +ΔN , is defined as the convergence of the diapycnal volume fluxes directed across these
nutrient surfaces, G(N), given by

M(N)ΔN = −ΔN
∂G

∂N
. (4)

By applying a nutrient budget similar to (2), the diapycnal volume flux or transformation,
G(N), in nutrient space is defined as

G(N) = −∂Ddiff(N)

∂N
− 1

ΔN

∫
UnetdV + 1

ΔN

∫
outcrop

DN dA + 1

ΔN

∫
grounding

BN dA,

(5)

where Ddiff(N) is the diffusive flux of nutrients, Unet = U +R is the net nutrient uptake rate,
where U and R are the rates of biological uptake and remineralization respectively, DN is
the flux of nutrients at the outcrop of the nutrient layer, representing the air-sea flux and BN

is the flux of nutrients at the grounding of the nutrient layer, representing the benthic flux.
Due to its small contribution, air-sea fluxes of nutrients at the sea surface are subsequently
neglected.

a. Nutrient and chlorophyll distributions

The seasonality in the physics leads to characteristic cycles in the nutrients and chloro-
phyll. There is a strong spring bloom in the shelf seas leading to a rapid consumption of
nutrients in the surface waters in the stratified part of the shelf. Nutrients persist in hav-
ing high concentrations below the thermocline in the stratified waters, as well as over the
well-mixed waters due to the resupply of nutrients from the benthic boundary (Fig. 8a,b).
This nutrient distribution then sustains a subsurface chlorophyll maximum during sum-
mer (Fig. 1). The migration of the tidal-mixing front is associated with a migration in
the associated gradient in surface nutrient and depth-integrated chlorophyll concentrations
(Fig. 8c,d).

b. Transformation and formation rates in nutrient space

Now again consider the water-mass transformation for the tidal-mixing front, but now
evaluated in nutrient space, for the two periods of strengthening and weakening in stratifi-
cation.

i. Transformation and formation rates in nutrient space in the one-dimensional numerical
model. In the warming phase, the suite of mixed-layer models reveals a transformation of
−8×10−3 Sv at N = 6.9 mmol m−3, directed from nutrient-rich to nutrient-depleted waters
(Fig. 9a). This transformation is driven by the biological consumption associated with the
spring bloom. In the cooling phase, there is the reverse transformation, 3.2 × 10−2 Sv
at N = 4 mmol m−3, directed from nutrient-depleted to nutrient-rich waters (Fig. 9b).
This transformation is controlled primarily by the diffusive contribution, rather than by the
biological recycling.
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Figure 8. Top panels, (a) and (b): vertical sections of σ (contours) and nitrate concentration
(mmol m−3, shaded) when stratification strengthens or weakens. Bottom panels, (c) and (d): density
(contours) with surface nitrate concentration (mmol m−3, shaded) or depth-integrated chlorophyll
concentration (mg Chl m−3, shaded) for time versus distance revealing nitrate-rich well mixed
waters, but greater depth-integrated chlorophyll concentrations along the tidal-mixing front and
thermocline.

The convergence of the transformation in nutrient space leads to the formation rate in
nutrient space (4). During the warming phase, biological consumption drives the increase in
the volume of nutrient-depleted waters (Fig. 10a,b). During the cooling phase, the reverse
occurs where mixing drives the formation of nutrient-rich waters (Fig. 10c,d).

Our estimates of water-mass formation in nutrient space within this model environment
again compare favorably with direct diagnostics of the volume changes (Fig. 10a,c).

ii. Relationship between transformation and formation rates in density and nutrient spaces.
The transformation rates in density and nutrient space differ according to the different
processes affecting transformation in each co-ordinate system, as well as depending on
the relative size of the temperature and density bins. For the period where stratification
is increasing, the ratio of the maximum transformations in density and nutrient space,
ΔGσ/ΔGN , reaches ∼ 4, while in the period when stratification weakens, ΔGσ/ΔGN ,
instead reaches 0.5 (Figs. 5 and 9).

In principle, a simple relationship between the density and nutrient concentration
allows one to convert the transformation rates in density to that in nutrient. However, the
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Figure 9. Transformation rates (10−2 Sv) in nutrient space (arrow indicates direction) when stratifi-
cation either (a) strengthens or (b) weakens. During the warming period, there is a transformation
of nutrient-rich to nutrient-poor waters (black arrow directed to the left), sustaining subsequent
biological consumption. During the cooling period, there is an opposing conversion of waters with
intermediate nutrient concentrations to more nutrient-rich waters (black arrow directed to the right).
Contributions are from the diffusive fluxes (thick dashed lines), the biological consumption and
remineralisation (thin dotted lines), benthic fluxes (thin full line) and their sum (thick full line);
note the change of scale of the axes.

transformation in density and nutrient space are most closely related in the spring, when
there is a relatively tight relationship between density and nutrient concentration (Fig. 8a).
During the summer and autumn, the relationship between the distributions of density and
nutrient concentration alter through nutrient concentrations being increased in light waters
by physical transformation, as well as reduced in surface waters by biological consumption
(Fig. 8b,c).
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Figure 10. (a), (c), left panels: Formation rates in nutrient space (10−2 Sv) diagnosed from the Walin
framework (full lines) and directly from the change in volume between these nutrient surfaces
(dashed lines). During the warming phase, there is a loss of nutrient-rich waters, linked to the
transformation to nutrient-poor waters. Conversely, during the cooling phase, there is a loss of
waters with intermediate nutrient concentrations and a gain in volume of more nutrient-rich waters;
(b), (d), right panels: Contributions to the formation rates (10−2 Sv) for both periods from the
diffusive fluxes (dashed lines), the biological consumption and remineralization (dotted lines) and
the benthic fluxes (thin continuous lines); note the change of scale of the axes.

5. Data estimates of the water-mass transformation at the shelf break front

Given that the transformation across a modeled tidal-mixing front can be estimated
through knowledge of the air-sea fluxes and tidal mixing, now consider the more chal-
lenging problem of the transformation across the shelf-break front using available air-sea
flux data, surface density data and estimates of in situ mixing.

a. Temperature and salinity fields

Sea surface temperature (SST) are obtained from 15 days satellite (AVHRR) composites,
covering the period 15 December 2002 to 31 December 2003, over the Celtic Seas at
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approximately 1.1 km resolution, covering the meridional section in Figure 1. Composites
for SST reveal coldest waters at the end of winter, from 13 to 26 March 2003 (Fig. 11a) and
warmest waters at the end of summer, 11 to 24 September 2003 (Fig. 11b). The shelf-break
front is revealed by the band of cold waters aligned with isobaths (Fig. 11b, white lines)
associated with the mixing from the baroclinic tide breaking at the shelf edge (Pingree and
Mardell, 1981; Sharples et al., 2007).

Salinity and the interior temperature distributions across the shelf break are taken from 9
CTD casts on 21 July 2005 (Fig. 11a,b, asterisks). The remotely-sensed SST were averaged
over the center of the CTD casts using bins of the size of 1◦ × 1◦. Surface density is then
diagnosed from the remotely-sensed SST combined with salinity from the CTD casts for
July; the density is interpolated to daily values, relying upon salinity not varying significantly
seasonally and inter-annually.

The seasonality in surface temperature leads to a pronounced seasonal migration in sur-
face density, ranging from σ = 27.2 in the region of the shelf break in March and lightening
to σ = 25.5 by September (Fig. 11c). Over the center of the shelf break, there are slightly
denser waters associated with the enhanced mixing at 48.25◦N in Figure 11c.

b. Air-sea fluxes

The meteorological data are obtained from ECMWF re-analysis consisting of 6 hourly
data centered at 50◦N, 7◦W. The air-sea fluxes are then calculated using bulk formulae
(Gill, 1982) over the entire domain, including spatial variations in SST, but otherwise
the atmospheric properties are assumed spatially uniform. The re-analysis meteorological
forcing data are interpolated daily in order to combine with the daily SST fields.

c. Mixing regimes

To estimate the mixing contribution to the transformation rates, three different regimes
are assumed:
1) an open ocean regime, in which Kz ∼ 10−5 m2 s−1 is assumed over the vertical profile
(Lewis et al., 1986; Planas et al., 1999), which is combined with a vertical density profile
from a CTD cast on the open ocean side of the shelf break (Fig. 11a,b, lower-left asterisk);
2) a shelf break frontal regime, in which Kz is measured at the shelf edge (48◦34.3 N, 9◦30.6
W, Fig. 11a,b, left panels, cross) in July 2005, which is combined with the coincident vertical
density profile from the CTD cast;
3) a shelf sea regime, in which Kz and the vertical density profile are taken from the stratified
shelf region of the numerical model considered in Section 3.
In each case, the Kz and density profiles from the observations and the numerical model
were averaged for a spring-neap period. The profiles of Kz were finally mapped in density
space after a vertical interpolation every 10 m.

While the SST analysis and mixing profiles are for different years, turbulence measure-
ments were made in 2003 for a neap tide, but these measurements are then an underestimate
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Figure 11. Satellite (AVHRR) composite of SST for the periods (a) from 13 to 26 March 2003, (b)
from 11 to 24 September 2003. The shelf break is marked by thin white lines, CTD casts by black
asterisks and where the vertical diffusivity was measured by black crosses. (c) Density along the
cross-front section for 15 March 2003 (full line) and 15 September 2003 (dashed line).
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Figure 12. (a) Vertical profile of density at the shelf break front; (b) Profile of Kz (m2 s−1) as a
function of density at the shelf break front; (c) Transformation rates (arrow indicates direction) and
(d) formation rates (Sv) for the shelf-break region evaluated from from 15 March to 15 September.
Dashed lines indicate the air-sea component, dot-dashed lines indicate the mixing component and
full lines indicate their sum. Shading represents uncertainties in the diagnostics, see main text for
choices made.

for the mixing at the shelf edge. Instead, a cross-shelf edge transect in 2005 is used, based
upon 90 profiles of turbulent diffusivity: 40 profiles over a 25-hour period for a neap tide
and 50 profiles over a 25-hour period for a spring tide (Sharples et al., 2007). At the same
time, the 2005 transect revealed the same frontal structure across the shelf edge as in 2003,
and the cool band of water in summer SST images is consistent between all years.

At the shelf break, there are very high values of diffusivity, with the mean profile repre-
senting an average based on dissipation rate measurements over spring and neap tidal cycles
(Sharples et al., 2007). Diffusivities reach 5 × 10−2 m2 s−1 in the bottom water, and greater
than 10−1 m2 s−1 toward the surface. Diffusivities are a minimum in the thermocline, at
about 7 × 10−3 m2 s−1 (Fig. 12a,b).



2010] Badin et al.: Water-mass transformation in the shelf seas 207

d. Estimates of transformation and formation rates

In order to estimate the transformation rates, the section across the shelf break is taken to
be representative of the front with an along-front length of 100 km. These estimates can be
scaled by a factor of 5 for the Celtic Sea, as the shelf break front extends for at least 500 km
in Figure 11b; however, a smaller scale is taken for convenience and is consistent with the
density distribution being assumed coherent along the front.

Uncertainties have been calculated for the transformation and formation rates adding a
±5 W m−2 uncertainty to the surface fluxes; making Kz vary for the open ocean transect
between 0.5 × 10−5 m2 s−1 and 2 × 10−5 m2 s−1 (Lewis et al., 1986; Planas et al., 1999);
and making Kz vary at the shelf break between the values measured for the separate neap
and spring tides (Sharples et al., 2007).

By combining the air-sea and mixing contributions, the transformation reaches −0.18 Sv
at σ = 27.1, directed toward lighter waters, and 0.14 Sv at σ = 26.7, directed to denser
waters (Fig. 12c, full line). This transformation reaching a magnitude of 0.2 Sv is equivalent
to a cross-front velocity of 1 cm s−1 assuming a transformation across a front extending over
100 km and a vertical scale of 200 m.

These transformation rates then correspond to a formation rate of 0.16 Sv at σ =
26.75, representing more water formed in this density class, as well as −0.14 Sv at
σ = 26.55 and of −0.2 Sv at σ = 27.15, representing a loss of water (Fig. 12d,
full line).

Seasonal heating leads to the transformation of dense water to light water at σ = 27.1
(Fig. 12c, dashed line). Conversely, mixing leads to the transformation of lighter to denser
waters at σ = 26.7, which then leads to the water-mass formation at σ = 26.75 and
consumption at σ = 26.55 (Fig. 12c,d, dot-dashed line). At σ = 27.15, water masses are
eroded due to both the surface fluxes and mixing.

e. Implications of the transformation for the nutrient budget

During the summer, nutrients are generally depleted over the light, surface waters, but
increase in concentration over the denser waters, as revealed in the section taken across
the shelf break in July 2005 (Fig. 13a) (Sharples et al., 2007). In the same manner as the
previous calculations, the transformation rates driven by the air-sea forcing and mixing are
again evaluated, but now just for the period 1 to 18 July: air-sea fluxes drive a transformation
reaching −0.05 Sv at σ = 26.1 directed to lighter σ, while diapycnal mixing drives a
transformation reaching 0.14 Sv at σ = 26.7 and −0.04 Sv at σ = 27.1, directed to denser
and lighter surfaces respectively (Fig. 13b). Accordingly, there is the peak in formation rate
of 0.16 Sv at σ = 26.75 (Fig. 13c).

Given this transformation in density space, what then are the implications for the nutrient
transfer? Applying a nutrient budget like (2) within two density surface (Fig. 2b), assuming
the N surfaces are aligned with ρ (as in Fig. 13a), gives
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Figure 13. (a) Section of density at the shelf break front and nitrate concentration (shaded, mmol m−3)
for July 2005; (b) Transformation rates (arrow indicates direction) and (c) formation rates (Sv) for
the shelf-break region evaluated from 1 to 18 July. Dashed lines indicate the air-sea component, dot-
dashed lines indicate the mixing component and full lines indicate their sum. Shading represents
uncertainties in the diagnostics, see main text for choices made.

(
∂ΔV

∂t
+ ΔΨ − ΔΨP−E

)
N = −Δρ

∂

∂ρ
(GN) − Δρ

∂DN
diff

∂ρ
−

∫
V(ρ)

UnetdV

+
∫

A(ρ)

(DN + BN)dA, (6)

where the nutrient terms are as in (5), but now defined within density surfaces and V (ρ) and
A(ρ) represents the volume and bounding area of the density layer. Then for a steady state
and no outflux of nutrients from the domain or exchange through the surface and bottom
boundaries, the convergence of this diapycnal nutrient flux, GN , from the product of the
transformation in density space and nutrient concentration, together with the diffusion of
nutrient, DN

diff, can support net biological uptake of nutrients,
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−Δρ
∂

∂ρ
(GN) � Δρ

∂DN
diff

∂ρ
+

∫
V(ρ)

UnetdV . (7)

The first term on the left-hand side represents the convergence of the product of the trans-
formation and nutrient concentration, which is partly driven by the diffusive flux of density
from the mixing at the shelf (Fig. 13b, dot-dashed line). The first term on the right-hand
side represents the change in the diffusive flux of nutrients across density surfaces, while
the second term on the right-hand side represents the net biological uptake, Unet , positive
for a loss of nutrients, over the volume V enclosed between the bounding density surfaces,
ρ to ρ + Δρ.

This diapycnal nutrient flux, GN , at σ = 26.7 is 0.14 Sv × 4.6 mmol N m−3 and at σ =
27.1 is −0.04 Sv×10.1 mmol N m−3, which implies a nitrate supply of 1.05×103 mol N s−1

over the σ range 26.7 to 27.1 from mixing generated by the internal tide using (6). Assuming
a horizontal area of 150 km by 100 km for the shelf break, then allows this nutrient supply
over the entire shelf break to be converted into a nutrient supply per unit horizontal area of
6 mmol N m−2 d−1; this estimate is consistent with direct estimate from the mixing, which
peaks at a spring tide of 9 mmol N m−2 d−1 and reduces at a neap tide to 1 mmol N m−2 d−1

(Sharples et al., 2007).
In principle, this approach can then be extended for different periods of the year, combin-

ing with the transformation contributions from the air-sea forcing, in order to estimate the
nutrient supply made available to different density classes, which then sustains subsequent
biological consumption.

6. Conclusions

The Walin (1982) formulation provides an integrated framework to understand how water
masses are converted from one density class to another in the shelf seas through a combina-
tion of surface density fluxes and mechanical mixing. Unlike the open ocean, the water-mass
formation regions in the shelf seas experience both strong air-sea forcing and mixing from
the mechanical forcing of tidal flows interacting with the sea floor.

The shelf seas are separated into different regions by fronts, the tidally-mixed front
separating well-mixed waters and stratified waters over the shelf in summer, and the shelf-
break front separating the shelf and the open ocean. In our model assessments, the Walin
framework can be utilized to estimate the water-mass transformation and formations rates
for the tidally-mixed front subject to knowledge of the air-sea fluxes and mixing. This
framework can be further generalized to evaluate the biological consumption subject to
knowledge of the nutrient transformation and diffusive flux of nutrients. For the shelf-
break front, the data analyses provide plausible estimates for the water-mass conversion
and nutrient supply for biological consumption subject to knowledge of the air-sea fluxes,
diapycnal mixing and nutrient concentrations within density layers.

This water-mass conversion in the shelf seas is important for several reasons: in high
latitudes, the formation of cold, dense waters leads to cascading, forming dense overflow
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waters spreading into the open ocean (Ivanov et al., 2004); the influx of open ocean waters
provides an influx of nutrients into the shelf seas, which helps sustain the enhanced produc-
tivity in coastal waters; and, in turn, the productivity of the shelf seas provides a potentially
important drawdown of atmospheric carbon dioxide (Thomas et al., 2004; Baschek et al.,
2006).

Many of the controlling processes in the shelf seas occur on fine horizontal scales, involv-
ing frontal contrasts in mixing and time-dependent circulations. While these detailed pro-
cesses are difficult to monitor in a systematic way, this Walin framework provides a poten-
tially attractive way to provide an integrated view of how the water masses are transformed,
as well as their possible influence on the cycling of nutrients and carbon.

APPENDIX

Numerical Evaluation of Transformation and Formation Rates

a. Transformation and formation rates in density space

The transformation and formation rates in density space is evaluated following Marshall
et al. (1999). The results for the transformation and formation rates depend on the choice of
the density bin. In this study a density bin of Δρ = 0.05 kg m−3 has been used; this choice
led to the optimal agreement between the volume rates and the formation rates diagnosed
from the Walin (1982) framework and directly from the model.

i. Volume balance. For a certain potential density class ρ0 and for a certain time t , the
volume of fluid ΔV (ρ0; t), bound by the ρ0 and ρ0 + Δρ isopycnals, is calculated as the
sum of the infinitesimal volumes included between ρ0 and ρ0 + Δρ:

ΔV (ρ0; t) =
⎛
⎝∑

i,k

dx dz × ΠV [ρ0; ρ(i, k; t)]
⎞
⎠Ly, (8)

where i and k represent the horizontal and vertical co-ordinate indexes respectively and the
boxcar function ΠV [ρ0; ρ(i, k; t)] is defined as

ΠV [ρ0; ρ(i, k; t)] =
{

1 if ρ0 ≤ ρ < ρ0 + Δρ

0 otherwise,
(9)

so that ΔV (ρ0; t) is defined at ρ0 + Δρ
2 . The volume rate for a time interval τ = t1 − t0,

which appears on the l.h.s. of (1), can be thus calculated setting ΔΨ = 0 and ΔΨP−E = 0,
due to the closed domain and to the lack of volume input and output due to freshwater
fluxes, and (ΔV (ρ0; t1) − ΔV (ρ0; t0))/τ.

ii. Air-sea component. The air-sea density flux, Din = − αT

Cp
H + ρβSS(E − P) in units of

kg m−2 s−1, drives a water-mass transformation, Gair−sea(ρ0; t) = 1
Δρ

∫
outcrop DindA, given

by the second term at the r.h.s. of (3),
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Gair−sea(ρ0; τ) = 1

τ

∑
t

[
1

Δρ

(∑
i

Din(i; t)dx × Πair−sea[ρ0; ρ(i; t)]
)

Ly

]
Δt, (10)

which is evaluated for a particular potential density class ρ0 and time interval τ = t1 − t0,
as represented by a boxcar function Πair−sea[ρ0; ρ(i; t)] defined as

Πair−sea[ρ0; ρ(i; t)] =
{

1 if ρ0 − Δρ/2 < ρ < ρ0 + Δρ/2
0 otherwise.

(11)

Given the air-sea component of the transformation rate for two different outcropping
isopycnals, ρ0 and ρ0 + Δρ, the air-sea component of the formation rate Mair−seaΔρ, given
by the r.h.s. of (1), is calculated as

Mair−sea(ρ0 + Δρ/2; τ) = 1

τ

∑
t

[Gair−sea(ρ0 + Δρ; τ) − Gair−sea(ρ0; τ)]Δt, (12)

so that Mair−sea(ρ0 +Δρ/2; τ) is defined at ρ0 + Δρ
2 , in agreement with the calculations for

the volume rate.

iii. Diffusive component. The diffusive flux from mixing, Ddiff = Kz
∂ρ
∂z

in units of
kg m−2 s−1, leads to a transformation, Gdiff(ρ0; t), given by the first term at the r.h.s. of
(3),

Gdiff(ρ0; τ) = 1

τ

∑
t

⎡
⎣ 1

Δρ

⎛
⎝∑

i,k

Ddiff

(
i, k + 1

2
; t

)
dx dz

× Πdiff

[
ρ0; ρ

(
i, k + 1

2
; t

)])
Ly

]
Δt, (13)

which applies for a particular potential density class ρ0 and time interval τ = t1 − t0, with
the boxcar function Πdiff

[
ρ0; ρ

(
i, k + 1

2 ; t
)]

defined in the same way as in (11).
In analogy with the air-sea component, the diffusive component of the formation rate

MdiffΔρ is calculated as

Mdiff(ρ0 + Δρ/2; τ) = 1

τ

∑
t

[Gdiff(ρ0 + Δρ; τ) − Gdiff(ρ0; τ)]Δt, (14)

so that Mdiff(ρ0 +Δρ/2; τ) is defined at ρ0 + Δρ
2 , in agreement with the calculations for the

volume rate.
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b. Transformation and formation rates in nutrient space

The calculation of the volume rate and of the diffusive components of the transformation
and formation rates in nutrient space are calculated in an analogous way than in the density
space, replacing the density class ρ0 with a nutrient concentration class N0. In all the
calculations, the value ΔN = 0.1 mmol m−3 has been used.

i. Biological uptake component. The net biological uptake component of the water mass
transformation, given by the second term at the r.h.s. of (5), is calculated as

GUnet(N0; τ) = 1

τ

∑
t

⎡
⎣ 1

ΔN

⎛
⎝∑

i,k

Unet(i, k; t)dx dz × ΠUnet [N0; N(i, k; t)]
⎞
⎠Ly

⎤
⎦ Δt,

(15)

which is for a particular nutrient concentration class N0 and time interval τ = t1 − t0, as
represented by the boxcar function ΠUnet [N0; N(i, k; t)] as in (11).

The net uptake component of the formation rate MUnetΔN , given by the r.h.s. of (4), is
then calculated as

MUnet(N0 + ΔN/2; τ) = 1

τ

∑
t

[GUnet(N0 + ΔN; τ) − GUnet(N0; τ)]Δt, (16)

so that MUnet(N0 + ΔN/2; τ) is defined at N0 + ΔN
2 .

ii. Benthic component. The benthic nutrient flux BN is calculated as a relaxation of the
nutrient concentration at the bottom of the grid

BN = D

(
1 − N

N0

)
, (17)

where D is the maximum possible flux of nutrients out of the sediments, set here as
10 mmol m−2 days−1 and N0 is the constant value of DIN that the model relaxes to, here
set as 7 mmol m−3 (Sharples, 2008).

The benthic component of the water mass transformation Gbenthic(N0; t) =
1

ΔN

∫
grounding

BNdA, given by the last term at the r.h.s. of (5), is calculated as

Gbenthic(N0; τ) = 1

τ

∑
t

[
1

ΔN

(∑
i

BN(i; t)dx × Πbenthic[N0; N(i; t)]
)

Ly

]
Δt,

(18)

which is defined for a particular nutrient concentration class N0 and time interval τ = t1−t0,
as represented by the boxcar function Πbenthic[N0; N(i; t)] as in (11).
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Given the benthic component of the transformation rate for two different grounding
nutrient surfaces, N0 and N0+ΔN , the benthic component of the formation rate MbenthicΔN

is calculated as

Mbenthic(N0 + ΔN/2; τ) = 1

τ

∑
t

[Gbenthic(N0 + ΔN; τ) − Gbenthic(N0; τ)]Δt, (19)

so that Mbenthic(N0 + ΔN/2; τ) is defined at N0 + ΔN
2 , in agreement with the calculations

for the volume rate.

c. Model grid

The transformation and formation rates are evaluated for a tidally-mixed front with along
front and depth scales of Ly = 104 m and h = 80 m, respectively using levels every 1 m in
the vertical.

The one-dimensional numerical model does not use a cross-front co-ordinate in distance,
but instead uses the parameter log10(h/U 3), where h is depth and U is the speed of the tidal
currents, which varies in the range U = 0.1 m s−1 and U = 1 m s−1, defining whether the
water column is tidally mixed or stratified (Simpson and Hunter, 1974). The resolution of the
one-dimensional numerical model across the front is typically 0.04 units of log10(h/U 3),
comparable with observed gradients from 0.02 and 0.06 in the same units in the shelf seas
(Pingree and Griffiths, 1978), which is equivalent to a choice of dx = 103 m and 43 grid
points in the horizontal.
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