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ABSTRACT

OCTOBER 1987

Quasi-homogeneous layers in vertical profiles of temperature and salinity in the eastern North Atlantic near
Madeira indicate the existence of a subtropical Mode Water in the Eastern Basin. Temperature sections show
a maximum horizontal extent of at least 500 km. The frequency distribution analysis of homogeneous layers
in a historical XBT dataset shows a Mode Water formation region near and to the north of Madeira. This
Mode Water is found at increasing depths and displaced to the west and southwest during the course of the
year after its formation by wintertime convection. It disappears almost completely, due to mixing, before the
next winter. Volume estimates suggest that this Madeira Mode Water in the eastern Atlantic accounts for
15-20% of the total Central Water formation in the corresponding density range as obtained from tracer studies

in the North Atlantic gyre.

1. Introduction

It has been known since the early work of Wiist
(1935) and Iselin (1936, 1939) that the vertical tem-
perature and salinity structure of the Atlantic resembles
the horizontal structure in the isopycnal outcrop re-
gions. Montgomery (1938) provided the basic concept
of the dominating physical processes involved, with
water mass formation by incorporation into the sea-
sonal thermocline and advection and isopycnal mixing
in the permanent thermocline. Some components of
the Central Water in the interior are found to be nearly
homogeneous and apparently formed by surface layer
winter convection. Worthington (1959, 1976) studied
one major example of this type of water, the “18° Wa-
ter,” in the Sargasso Sea. This water mass is found
during the whole year in a region far exceeding the
winter generation area in the western North Atlantic.
Similar water types were found in other parts of the
world ocean, and Masuzawa (1969) introduced the
name “Subtropical Mode Water,” indicating the sig-
nificant volumetric mode in temperature-salinity dia-
grams. McCartney (1977) subsequently used the term
Mode Water for a type of water that is formed at the
surface and can be traced after isolation beneath the
seasonal thermocline and which contributes substantial
volumetric modes to the Central Water masses. The
classical parameters for tracing the Central Water from
its formation region have been temperature and salin-
ity. More recently, anthropogenic tracers have also been
used for this purpose, particularly tritium, *H, and
freons (Sarmiento et al., 1982; Sarmiento, 1983; Jen-
kins, 1980, 1987; Thiele et al., 1986). In the absence
of diapycnal mixing and for flow with small Rossby

number in the interior regime, potential vorticity is
also an appropriate tracer for following Central Water
masses across latitude circles. McCartney (1982) re-
viewed the available data on subtropical Mode Waters,
particularly using potential vorticity for identification.

In the North Atlantic Ocean, only one formation
region and one type of subtropical mode water was
known, the 18° Water in the western North Atlantic.
McCartney (1982) states, “In the eastern North Atlan-
tic, there is no convective source for low potential vor-
ticity of Eighteen Degree Water densities, and only iso-
lated mesoscale cells of Eighteen Degree Water are
found.” We will demonstrate that, contrary to his con-
clusion, another formation area for subtropical mode
water exists in the eastern North Atlantic Ocean. This
water can be traced after isolation from the surface on
its path from the formation region. In contrast to other
types of mode water, however, the resulting homoge-
neous water mass contributes to the volumetric mode
of the North Atlantic Central Water for only part of
the annual cycle.

2. The data

In recent years studies such as the S-triangle surveys
(Armi and Stommel, 1983) and the observations of the
Kiel Warmwassersphiire Program (Stramma, 1984;
Siedler et al., 1985) have added new information on
the water mass distribution and the recirculation of the
North Atlantic gyre in the Eastern Basin. Several cruises
were conducted near Madeira where, on a number of
occasions, quasi-homogeneous layers were noticed with
temperatures near 18°C and below (Kése et al.; 1985,
1986). Some examples are given of vertical profiles and
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FIG. 1. Map of Madeira area with selected CTD stations (see Fig.
2), mooring KIEL 276 (see Fig. 3) and XBT sections (see Figs. 4, 5).
Shaded area indicates approximate extent of Sargasso Sea 18° Water
after Worthington (1976).

sections that were obtained in the Kiel Warmwasser-
sphire program. A map of the area is shown in Fig. 1.

Two CTD stations from the Canary Basin are pre-
sented in Fig. 2. The left-hand diagram shows the ho-
mogeneous surface layer in early April formed by con-
vection in winter. The right-hand diagram shows an
example from November, with the seasonal thermo-
cline and mixed layer above and a layer of low tem-
perature gradient with temperatures near 18°C in the
depth range 100-200 m below. The properties of this
quasi-homogeneous layer approximately correspond to
those of the wintertime surface layer. A change in tem-
perature from 18° to 16°C corresponds to a g, change
of approximately 26.55 to 26.75 kg m™3.
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An example of the temporal temperature change in
the upper thermocline is given in Fig. 3 by a subset of
11 temperature time series from between 197 and 247
m depth, observed at the mooring KIEL 276 (33°12'N,
21°54'W) west of Madeira. In March, the temperatures
at the upper sensors increase to approximately 18°C
several times. A complicated history of downward-
mixing of the surface layer in winter is apparent. Ad-
vection, however, will also be important. Internal waves
were eliminated from these records by applying a low-
pass filter with a 30 h cutoff period. In this case, the
maximum depth of the convective layer is approxi-
mately 200 m.

The spatial distribution of the spring surface mixed
layer formed by wintertime convection is illustrated in
Fig. 4. In the area between the Azores and the West
African coast, the well-mixed layer with a temperature
of approximately 18°C is bounded by the Azores Front
(Kise and Siedler, 1982) in the northwest and by coastal
upwelling areas in the east. Two summer sections from
the Azores (A) to the Canary Islands (B) and from there
towards the Iberian Basin (D) are presented in Fig. 5.
The relics of the wintertime surface mixed layer can
be seen in the temperature range 16°-18°C where
larger isotherm spacing (a, b) indicates low vertical
gradients. The corresponding inverse of the gradient is
presented in the lower sections, and maxima are found
between 16° and 18°C (¢, d). The horizontal extents
are about 500 and 300 km. It is probable that the layers
of maximum Az/AT occurring just north and just
northwest of position B were part of the same fea-
ture and extend from one section to the other (see
inserted map).

If the inverse temperature gradient maxima identify
mode water that was originally formed at the surface
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FIG. 2. Typical April (a) and November (b) vertical profiles of temperature 7, salinity S and density o, in the Madeira area.
(Station 289, 2 April 1982, 34°00'N, 19°36'W; station 251, 3 November 1984, 28°00'N, 24°31'W.)



OCTOBER 1987

GEROLD SIEDLER, ANNI KUHL AND WALTER ZENK

1563

19

7L KIEL 276

T

18 -

17

197m

247m

14 L

Dec 1982 Jan 1983

Feb 1983 March 1983

FIG. 3. Temperatures in the upper thermocline from mooring KIEL 276 west of Madeira (for position see Fig. 1),
with the Mode Water formation process appearing in spring. The vertical separation of the sensors was 10 m.

in winter, the outcrop of the corresponding densities
(o, = 26.5 t0 26.8 kg m~>) will indicate the wintertime
formation region. Figure 6a shows the outcrops of se-
lected isopycnals obtained by several authors using av-
eraged data. Major differences exist near the West Af-
rican coast and near the Mid-Atlantic Ridge north of
the Azores. Individual cases from quasi-synoptic sur-
veys in the Kiel Warmwassersphire Program for o,

= 26.5 kg m~3 are presented in Fig. 6b and show con-
siderable deviations from the averaged data. A shift is
found towards the north in the area south of the Azores,
and a more meridional orientation of the isopycnal
outcrop near mooring KIEL 276. Judging by these case
studies, a formation region for mode water with o,
near 26.5 can be expected in the vicinity of this moor-
ing, i.e., close to Madeira.
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FIG. 4. Temperature section between the Azores (A), the Canary Islands (B) and the west coast of Africa (C) in March 1982. For position
see Fig. 5. The Azores Front is seen on the left, an upwelling region on the right side. The surface mixed layer formed by winter convection

can be seen between these two regions.
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HG. 5. Temperature sections A-B (a) and B-D (b) in July 1981 and corresponding sections (¢, d) of Az/AT,
with maxima between 16°-18°C indicating the extent of the Mode Water.

After having obtained evidence for the existence of
extensive volumes of water with mode water properties
in the eastern North Atlantic, other temperature data
from this region were reviewed. It was hoped to obtain

_ the areal distribution of water mass formation, the path
of mode water after being isolated from the surface,
and the formation rate. A data source was provided by
the international expendable bathythermograph (XBT)
dataset. For the region 0° to 60°N, 0° to 50°W, a total
of 27 519 XBT profiles were received from the U.S.

National Oceanographic Data Center, with character-
istic points given with a nominal accuracy of £0.2°C
and +2 m. All profiles with data only in the upper 100
m were eliminated, thus excluding shallow-water and
incomplete profiles, leaving a total of 27 441 profiles.
The data were grouped into seasonal classes, centered
on the later part of the seasons, winter (January-—
March), spring (April-June), summer (July-Septem-
ber) and fall (October-December), and were then
grouped in 5° X 5° squares. It was assumed that the
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F1G. 6. Locations of density outcrop regions, determined by several authors from averaged data (a), and for particular cases of
quasi-synoptic datasets obtained in the present study (b). M and P refer to Meteor and Poseidon cruise humbers, respectively.

spatial distribution of profiles within each square was
sufficiently uniform in the area of main interest so as
to preclude significant bias errors. The resulting dis-
tributions of the number of profiles per square and
season are given in Fig. 7. A good data coverage can
be seen in the area near Madeira which is of main
interest here. In the later discussion of homogeneous
layers, all squares with 20 or fewer profiles will be dis-
regarded.

Madeir Madeir

W 40° 20° 0° 40° 20°

The data of temperature (7') vs depth (z) were fitted
with cubic splines, smoothed using a running mean,
and differentiated by determining A7/Az with Az
= 10 m. To identify homogeneous water masses in the
surface layer and the upper and the main thermocline,
profiles of AT/Az were grouped into three depth classes:
0-70 m, 70-160 m and 160-450 m. These three layers
were selected in order to facilitate presenting the mi-
gration of surface-formed water towards greater depths,
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FIG. 7. Classes of XBT profile numbers per 5° X 5° square and season (winter-spring-summer-fall from left to right).
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with the following rationales for determining the layer
boundaries: the layer 0-70 m covers the range of the
seasonal mixed layer in summer, the layer 70-160 m
includes most of the isolated homogeneous water, and
the lower limit of the third layer between 160 and 450
m is given by the maximum depth of the XBT profiles.

A criterion for homogeneity in temperature that took
into account possible measurement errors and data
smoothing effects had to be established. It was decided
to use a threshold gradient of 0.007°C m™!, and a min-
imum layer thickness of 50 m. This corresponds to a
value of 0.35°C/50 m, a temperature difference well
above the expected errors. Inspection of CTD data from
the area suggested selecting two temperature ranges for
the following analysis, 16°-~17°C and 17°-18°C.
Thermostads were identified in both of these two tem-
perature ranges.

3. Spatial and seasonal variations of Mode Water oc-
currence

Homogeneous water as defined by the above con-
ditions occurs only in a fraction of the profiles belong-
ing to a certain 5° X 5° square and season. The fre-
quency of occurrence py in square j and layer k for
each season can be computed for each j, k and season.
In order to exclude homogeneous layers that are ex-
posed to the atmosphere, capped layers are identified
by comparing the temperature at 10 m depth with the
temperature 10 m below the upper limit of the ho-
mogeneous layer. If the 10 m depth value exceeds the
other value by 0.5°C or more, the layer is considered
a capped layer. By multiplying the frequency of capped
layers with the mean thickness /; and surface area F;
a measure for the mean volume vy = Fihppy = F;Dy
is obtained. Examples illustrating the computational
steps are presented in Fig. 8. The coasts of the Iberian
Peninsula and Northwest Africa are approximated by
the solid line, the Mid-Atlantic Ridge is indicated by
the dotted line. In order to smooth the transition be-
tween the columns for the individual 5° X 5° squares

in the three-dimensional presentation, a 3 X 3 plotting

grid was used for each 5° X 5° square.

Two peaks are seen in the plots of Fig. 8, one near
Madeira and a well-separated peak west of the Mid-
Atlantic Ridge. The western peak compares well with
the known distributions of the 18° Water formed in
the Sargasso Sea (see Fig. 1). The eastern peak is related
to another formation region. The winter convection
area of this water mass can be seen in Fig. 9 where the
layer thicknesses D in the upper 70 m are given for
each 5° X 5° square and for the four seasons. The
formation and spreading area is approximately cen-
tered near Madeira. The subtropical mode water of
the eastern North Atlantic is therefore named “Madeira
Mode Water.” The annual cycle of the production of
homogeneous water in the surface layer in winter and
its disappearance due to capping by the formation of
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a surface mixed layer in spring and summer is clearly
seen. The increasing values in fall (October—-December)
indicate the onset of convection due to cooling late in
the year.

The history of homogeneous layers formed at the
surface in winter with capping in spring is summarized
in the set of diagrams in Fig. 10 for the temperature
range 17°-18°C. Since only capped layers are presented
here, low values are found in the 0-70 m layer
throughout the year, with the exception of the Sargasso
Sea water portion in spring. The relics from the win-
tertime surface layer cause increased values in the 70-
160 m depth range in spring and summer, and in-
creased values in the 160-450 m depth range in sum-
mer. The path of spreading of the water formed in
winter can be obtained from the displacement of the
maxima in the region east of the Mid-Atlantic Ridge.
See for example the sequence of peaks in the following
diagrams:

1) Winter: 0-70 m (Fig. 9)

2) Spring: 0-70 m (Fig. 10)

3) Summer: 70-160 m (Fig. 10)
4) Fall: 160-450 m (Fig. 10).

From these we conclude that the Madeira Mode Water
in the 17°-18°C range is formed close to Madeira and
is transported towards the west and somewhat to the
south during the course of the year. While the western
North Atlantic Subtropical Mode Water is found
during all four seasons, its eastern counterpart disap-
pears almost completely due to mixing processes within
the interval of a few months. .

Similar distributions are found for the 16°-17°C
range (not presented here). There is a distinctive dif-
ference, however, in the shape of the eastern Mode
Water distribution. While the 17°-18°C Mode Water
1s centered rather tightly around Madeira or further to
the west later in the year, the 16°~17°C Mode Water
is found about 5° further to the north, with a zonally
banded structure.

4. The annual rate of Mode Water formation

The eastern Mode Water is sufficiently well defined
in space to attempt the determination of its total vol-
ume for each season. There remains some arbitrariness,
however, in separating the western and the eastern
Mode Water. The distributions suggest a separation
line near the Mid-Atlantic Ridge at 35°W, and this
line is used for the volume analysis. In addition, zonal
boundaries between 20° and 35°N were used for the
17°~18°C range (see Fig. 8b), and 20° and 40°N for
the 16°-17° range. The resulting volumes of Madeira
Mode Water are presented in Table 1 and Fig. 11.

The errors given in Table 1 were determined in the
following way (all volumes refer to the areas between
the above boundaries), with the symbols:
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FIG. 8. Examples illustrating the steps of determining the location,
frequency and volume of homogeneous layers, for the case 17°-
18°C, 0-70 m, spring: Frequency of profiles with homogeneous layers
per 5° X 5° square (a), frequency of profiles with capped layers (b),
layer thickness D given by frequency of profiles with capped layers
multiplied by mean layer thickness / (c), and volume v given by
frequency of capped layers multiplied by mean layer thickness and
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k  number of layer from above (1, 2, 3)

m  total number of 5° X 5° squares

j number of square

N; total number of profiles, square j

n; number of profiles with capped layers, square j,
layer k .

hy mean thickness of capped layers, square j, layer
k

Dijk

n;/N; = frequency of capped layers, square j, layer
k

F; surface area, square j.

The total volume of capped mode water layers in square
Jj and layer k is then given by

Vi = EjhixDjk
The total volume in layer k for all squares is given by

m
V= z Vjk.
Jj=1

The total Madeira Mode Water volume results from

3
V= V.
k=1

The rms error Avj of v is obtained from

vy 2 0V 2 Ay 2 12
Avg=|(ZE) AFP+ (5] Al + (5 ) Api®| -
o [( j) ! (‘”’jk "\ o P

The computational error AF; is negligible. The mean
thickness error Ay is assumed to be 10 m; the relative
error of pj is assumed to be 10%, or 0.1p;;. One obtains

Avy = [(F;pj X 10)? + (Fihu X 0.1p;)11' 2.

The rms errors of v, and v are given by

m 3
Ave=[Z (Avp/(m—D]'?  Av=(Z Av?/2)'"2

j=t k=1

These absolute errors are presented in Table 1, and the
relative errors in percent are also given for the total
volumes per temperature range and season. The ob-
served changes of mode water volumes are well above
the error limits, and this would still be true with more
pessimistic assumptions for Ak, and Apy.

The fact that the Madeira Mode Water does not per-
sist during the whole year makes it possible to estimate
the mean annual rate of formation, or rather the lower
limit of this rate given by the maximum total volume
of capped homogeneous layers in one season. As ex-
pected, we find the maximum in spring, both for 17°-
18°C and 16°~17°C. The rate of Madeira Mode Water
formation is then obtained from Table 1, namely

surface area (d). The shaded area in (b) indicates the integration area
selected for determining the volume of 17°-18°C Madeira Mode
Water.
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FIG. 9. Layer thickness D given by frequency of profiles with ho-
mogeneous layers multiplied by mean layer thickness 4, for the case:
17°-18°C, 0-70 m, four seasons.
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17°-18°C:

17.2X102 m? yr' =0.55X 10° m*®s'=0.55 Sv
16°-17°C:

22.7%102 m3yr ' =0.72X 10 m3 s7'=0.72 Sv.

The Madeira Mode Water is part of the total volume
of ventilated thermocline water in the subtropical gyre.
The formation rate will therefore be smaller than the
rate obtained from total Central Water renewal esti-
mates. Sarmiento (1983) determined exchange rates
from a tritium box model of the North Atlantic ther-
mocline and from Ekman pumping. He obtained
numbers between 3.4 and 4.1 Sv and between 0.66 and
0.73 Sv, respectively, for layers with Aoy = 0.1 kg m™3
in the range corresponding to the 16°~18°C water. The
mode water formation rates found here are lower than
the tritium box model results by a factor of 5 to 7.
Considering the horizontal and vertical extent of the
Madeira Mode Water compared with the total venti-
lated North Atlantic thermocline water, the formation
rate appears reasonable. It should be kept in mind,
however, that our numbers for the Madeira Mode Wa-
ter represent lower limits of mean rates. The actual
formation rates can be larger and will probably vary
from year to year.

5. Discussion

Evidence has been presented for the existence of
subtropical mode water in the eastern North Atlantic,
with maximum horizontal extents of at least 500 km,
1.e., larger than that of isolated mesoscale cells. The
statistical approach to the analysis of XBT data leads
to the following main results. The formation region is
centered near Madeira for Mode Water in the 17°-
18°C range, bounded by the Azores Front to the
northwest. The formation region for the 16°-17°C
range lies further to the north. After capping of the
winter surface layer during the formation of the sea-
sonal thermocline, the mode water is found at increas-
ingly greater depths during the course of the year, with
the maxima in volume distributions shifting to the west .
and southwest from spring to summer. From distri-
butions of the baroclinic flow field in this area
(Stramma, 1984) a stronger southward component of
the mode water advection might be expected. The early
stages of this advection near the surface will, however,
be strongly controlled by the Ekman transport which
is to the west in the region under consideration
(Stramma and Isemer, 1986). A movement of the dis-
tribution peaks by one or two 5° X 5° squares is not
inconsistent with velocities expected. A source region
for Central Water near Madeira could have been
guessed from Sarmiento’s (1983) maps of the tritium
distribution at o = 26.5 and 26.8.

Why was the subtropical mode water of the eastern
North Atlantic not found in the earlier studies? There
are several reasons. The Madeira Mode Water is re-
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stricted in horizontal extent and disappears almost
completely due to mixing after about six months and,

F1G. 10. Volume v of capped layers for the case 17°-18°C, three depth ranges, four seasons.

furthermore, the relevant section in the Eastern Basin  present study.

TABLE 1. Volume of Madeira Mode Water.

analyzed by McCartney (1982) was located at 36°N,
just north of the formation region determined in the

Volume (10'? m?) for the seasons

Depth
range (m) Jan-Mar Apr-Jun Jul-Sep Oct-Dec
17°-18°C
0-70 0.47 £0.09 3.24+0.15 0.31 £0.06 0.12+0.03
70-160 2.40+0.21 12.72 £ 0.55 11.06 £ 0.43 2.16 £0.10
160-450 0.51+0.11 1.19+0.24 1.70 = 0.23 0.19+0.03
0-450 34 £02 172 04 13.1 +0.3 2.5 0.1
(£5.3%) (+2.6%) (+2.6%) (£3.0%)
16°~17°C
0-70 0.33+0.04 3.75+0.11 0.20+0.01 0.69 +0.03
70-160 4.61+0.18 15.15+0.31 8.07 £0.27 444 +0.14
160-450 2.07+0.08 3.78+£0.10 8.53+0.28 4.50+0.13
0-450 7.0 +0.1 22.7 0.2 16.8 +£0.3 9.6 +0.1
(£2.1%) (£1.1%) (£1.6%) (£1.4%)
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Fi1G. 11. Seasonal change of capped layer volume v east of 35°W
in three depth ranges for each season for the temperature ranges 17°-
18°C and 16°-17°C.

The Madeira Mode Water provides a useful tracer
for Central Water ventilation studies due to its temporal
and spatial distributton limits. It provides 15% to 20%
of the volume of ventilated thermocline water in the
respective density range in the North Atlantic. Small
subvolumes may be preserved within isolated core wa-
ter over extended periods in mesoscale eddies while
being advected over large distances in the subtropical
gyre. McDowell (1986) recently demonstrated that
anomalous salinity—oxygen features on the potential
density surface 6, = 26.507 kg m~ found in the Sar-
gasso Sea can be related to a source region near 33°N,
30°W, i.e., in the western part of the Madeira Mode
Water region.
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