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Abstract

The basic characteristics of the North Atlantic Subtropical Mode Waters (STMW) are well documented in the literature
from one-time hydrographic sections or from long-term measurements at one location. From July 1997 to March 1998, 71
vertical profiling floats were deployed in the Western Subtropical North Atlantic region to provide a broader spatial and
temporal coverage of STMW. In this study, the STMW properties are estimated from a total of 5352 float temperature
profiles in an area covering 30°W-80°W and 20°N-45°N, from January 1998 to December 2000. These STMW properties
are compared to those derived from numerical simulation output using the Miami Isopycnic Coordinate Ocean Model
(MICOM). The model is configured to the North Atlantic Ocean with a 1-deg horizontal resolution and 20 vertical layers.
The model temperature profiles are collocated with the observed float profiles for a direct comparison.

The values of the mean STMW temperature derived from both the float data and model output are roughly equal
(18.1 °C for floats and 18.0 °C for the model). The model is found to capture well the observed annual cycle of the STMW
volume. Given good agreement between float and model profiles, we use a longer MICOM simulation to investigate dec-
adal variability of the STMW renewal rate in terms of the annual subduction rate and its relationship to the large-scale
atmospheric circulation pattern changes measured by the North Atlantic Oscillation index. Good correlation is found
between the model annual subduction rate anomaly at the Panulirus Station and the NAO winter index anomaly on
decadal time scales with NAO leading by 2-3 years.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The North Atlantic Subtropical Mode Waters (STMW hereafter) are the water masses found between the
seasonal and permanent thermoclines in the northwestern and central portions of the subtropical gyre in the
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western North Atlantic ocean. The basic characteristics of STMW are well documented in the literature. The
temperature of STMW is about 18 °C, i.e., the 18-deg water has been used to characterize this water mass. The
STMW layer has been observed to ventilate to depths as great as 900 m, with a mean penetration of about
287 m and a mean thickness of about 200 m (Worthington, 1959; Talley and Raymer, 1982; Joyce and Rob-
bins, 1996; Talley, 1996; Joyce et al., 2000). STMW is believed to be bounded by the Gulf Stream to the north-
west, 19°N to the south, and approximately 45°W to the east (Worthington, 1959; Istoshin, 1961). New water
is produced at the end of each winter through convection driven by intense wintertime buoyancy loss
(McCartney, 1982). The winter vertical convection takes place in the so-called ‘“‘subduction zone” (New
et al., 1995) where sloping isopycnals outcrop at the surface in the Sargasso Sea. Although Ekman pumping
has traditionally been viewed as a primary mechanism for transferring surface waters into the thermocline,
studies in the last two decades have established that the newly formed STMW is largely subducted or drawn
downward through the spatially and temporally varying base of the mixed layer into the ocean interior along
the sloping isopycnals. The amount of water mass that enters the permanent thermocline is determined by the
annual subduction rate, which therefore affects the properties of STMW and the renewal rate. It is not clear
whether, and not likely, that all the STMW is renewed each year. The fraction of STMW renewed, or the
STMW renewal rate, is estimated to be in a range of 20-25% per year (Worthington, 1959; Jenkins, 1982).

Continuous records of STMW are rare. STMW-related studies have largely relied on one-time hydro-
graphic sections or long-term measurements at one location. The longest point measurements to date are
the hydrographic time series at the Panulirus Station (64.5°W, 32.2°N, Bermuda), which is located in the west-
ward return flow of the subtropical gyre. This dataset provides one of the few records for examining temporal
variability and has been used by most of the previous observational studies related to STMW. Properties of
STMW at the Panulirus Station showed interannual variations and slight property shifts before and after 1972
(Talley and Raymer, 1982). The potential temperature and salinity were 18 °C and 36.5 (PSS-78) from 1954 to
1971 but 17.1 °C and 36.4 from 1972 to 1975; thus the STMW was cooler and fresher in the latter period, indi-
cating temporal variability that was later suggested to be driven by variability in the wintertime cooling of the
Gulf Stream region (Marsh and New, 1996). Using World Ocean Atlas 1994 data, which covers the period
from 1968 to 1988, Alfultis and Cornillon (2001) showed that spatial variations existed in distributions of
the STMW properties even on a 2.5° latitude x 5.0° longitude grid.

Since July 1997, 71 PALACE profiling floats were launched in the western North Atlantic as part of the
World Ocean Circulation Experiment (WOCE)/Atlantic Circulation and Climate Experiments (ACCE),
designed to examine the climatology of North Atlantic STMW. Unlike research cruise measurements that only
yield continuous measurements for short periods of time, floats collect vertical profiles continuously over their
lifetime. In contrast to point measurements such as the one at the Panulirus Station, floats also provide a
broad spatial coverage in addition to high temporal sampling. Such coverage provides an opportunity to val-
idate the performance of ocean numerical models in simulating STMW. In this paper, we first evaluate the
ability of the Miami Isopycnic Coordinate Ocean Model (MICOM) to simulate the STMW properties using
the float data in an area covering 30°W—-80°W and 20°N-45°N, from January 1998 to December 2000. The
model consists of 19 interior isopycnic layers and a spatially and temporally varying mixed layer. This choice
of vertical coordinate and model configuration has a better representation of seasonally varying water prop-
erty front and clearer separation of isopycnal and diapycnal mixing. Therefore, it provides a natural frame-
work for handling the formation and ventilation processes of STMW, mainly due to but not limited to the
following reasons: the STMW mass forms within a selected density range; the newly formed surface STMW
is primarily subducted through the spatially and temporally varying base of the mixed layer into the ocean
interior along the sloping isopycnals; a majority of transport occurs along isopycnal surfaces; and isopycnal
mixing is predominant (Jenkins, 1982; Bleck and Chassignet, 1994; New et al., 1995; Paiva and Chassignet,
2002). Previous work has shown that MICOM is capable of capturing the decadal variability of the STMW
potential vorticity (PV) anomaly (Paiva and Chassignet, 2002), which is intimately tied with the STMW layer
thickness. The results presented in this paper show that the model captures well the annual cycle of observed
STMW volume. The good agreement that exists between the model and observations then enables us to exam-
ine the long-term variability of the STMW renewal rate in terms of the annual subduction rate and its response
to atmospheric forcing variability, such as that associated with the North Atlantic Oscillation (NAO), using
model output from simulations spanning the period of 1946-2000 (55 years).



G. Peng et al. | Ocean Modelling 13 (2006) 65-85 67

The paper is organized as follows. The observational data and the model configuration used in this study
are outlined in Section 2. Comparison of float data and model output is shown in Section 3. The estimates of
STMW properties will be shown in Section 4 along with their variability in both float-derived and model-
derived STMW properties. The variability of the model annual subduction rate and its correlation with the
winter NAO index will be examined in Section 5. A summary of the results is given in Section 6.

2. Data and model configuration
2.1. Profiling float data

The observational data for this study are the vertical temperature profiles collected by profiling floats
deployed in the western subtropical North Atlantic region. Between July 1997 and March 1998, 71 PALACE
profiling floats were deployed in that region to collect temperature profiles in the upper 1000 m at about 10-
day intervals. The floats were programmed to drift at a nominal depth of 1000 m (parking depth) for about 10
days, and the measurements were made as the floats ascended to the sea surface from the parking depth at the
end of each cycle (Roemmich et al., 2004; Kwon and Riser, 2005). Temperature measurements were taken at
approximately 100 depths between 1000 m and the sea surface during the ascents. The vertical interval for the
float profiles, therefore, ranges from 5 m to 20 m. The accuracy of temperature measured by the floats was
estimated to be 0.01 °C over several years during the deployment phase (Roemmich et al., 2004). A total of
5352 temperature profiles collected from January 1998 to December 2000 are used in this study. The profiles
are grouped monthly. The number of profiles ranges from 81 to 180 per month, averaging 150 per month
(Fig. 1a). The float deployment locations for all 71 floats and their trajectories after deployment are shown
in Fig. 1b. Fig. 2a and b displays the geographic locations of the profiles for the months of January 1998
and March 1999, representing the worst and best cases in terms of the number of profiles within the region,
respectively. (The dashed lines represent the profiling sampling coverage area.) Both cases show that a fairly
good spatial coverage of the Sargasso Sea is obtained despite the uneven sampling. Float data coverage, how-
ever, is sparse cast of the mid-Atlantic Ridge region as well as in the Canary Basin.

The float data coverage varies monthly (see Fig. 2c for the outlines of the monthly float data sampling
area). To eliminate the possible impact of an unsteady sampling area, STMW properties are computed in a
“common domain”, the area outlined by the thick dashed line in Fig. 2c, which remains by definition
unchanged throughout the study period.

2.2. Model configuration

The ocean numerical model is MICOM (Bleck et al., 1992; Bleck and Chassignet, 1994), which has been
configured for the North and Equatorial Atlantic Ocean Basin from 28°S to 70°N with realistic topography
derived from the 1/12° ETOPOS dataset (Fig. 3). The horizontal grid is defined on a Mercator projection, with
a 1° grid interval in longitude and 1° x cos¢ in latitude. The northern and southern lateral boundaries are
closed with buffer zones. The southern buffer zone is about 3° wide as in the previous study of Paiva and Chas-
signet (2002), but the northern boundary has been moved to 70°N from 65°N and boundary treatment is sim-
ilar to that in DYNAMO (1997) (see Fig. 3 for details). The salinity and layer interface depths in the buffer
zones are restored toward monthly Levitus climatology (Levitus, 1982). The Mediterrancan Sea is not
included in the model domain. The outflow of salty Mediterranean water into the Atlantic is represented
by relaxing salinity to Levitus climatology in a buffer zone placed at the Gulf of Cadiz. There are 20 layers
in the vertical with a thermodynamically active Kraus-Turner surface mixed layer. The o, values for the 19
interior layers are 24.70, 25.28, 25.77, 26.18, 26.52, 26.80, 27.03, 27.22, 27.38, 27.52, 27.64, 27.74, 27.82,
27.88, 27.92, 28.00, 28.06, 28.09, and 28.12. For other model details, the reader is referred to Paiva and Chas-
signet (2002).

Compared to float data point distributions, the model grid points are on a regular grid and the horizontal
coverage is greater on average than that given by the float data. Locally, the float data can provide higher
spatial resolution (Fig. 2d). The float profiles, on average, also have higher vertical resolution than the corre-
sponding profiles derived from the model.
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Fig. 1. (a) Number of profiles observed for each month and (b) float deployment locations and trajectories for all 71 floats. Dots denote
the launching position.

The model is initialized from the January state of Levitus (1982) and spun up for 20 years with the Euro-
pean Centre for Medium-Range Weather Forecasts (ECMWF) monthly climatological atmospheric forcing.
The model is then integrated for additional 22 years with monthly atmospheric forcing derived from 6-hourly
ECMWEF fields from 1979 to 2000.

In the work of Paiva and Chassignet (2002), the model was forced with atmospheric data from 1946 to 1989
derived from the comprehensive ocean-atmosphere dataset (COADS) (Da Silva et al., 1994) and was able to
capture the decadal variability of STMW PV anomaly at the Panulirus Station. In this paper, we will first
focus on the period from January 1998 to December 2000, comparing the model profiles to the float profiles
to determine if the model is capable of capturing STMW and to examine the variability of STMW over the
common domain with both float data and model output. The model output from the entire integration period
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Fig. 2. Float data point distribution for (a) the worst case, January 1998, and (b) the best case, March 1999, for the period from January
1998 to December 2000. The dashed lines denote the float profiling area for the given month. (c) Outlines of the monthly float sampling
domains based on all the float sampling areas from January 1998 to December 2000. Thick dashed line outlines the common domain, (d)
MICOM grid points for the considered domain (dots) superimposed with float profile locations () for the best case. The dashed line
represents the common domain. Solid lines along the coastlines in (a), (b), and (d) are the 200-m and 2000-m isobaths.

from year 1979 to 2000 will be used, along with the 1946-1989 simulation, when exploring the variability of
the model-based annual subduction rate at longer temporal scales in Section 6.

3. Comparison of float data and model output

Since observed float profiles are not evenly distributed in space, monthly composite profiles are created by
binning the individual profiles in 1° boxes. An objective analysis (OA) scheme (Bretherton et al., 1976) is then
applied to interpolate the binned float profiles onto a 1° regular grid in the area covering 30°W-80°W and
20°N-45°N, before the float-based STMW properties are computed.

Model output is subsampled by interpolating model profiles onto the float locations. The above procedure
used for the float observations is then applied to the interpolated model profiles when computing the model-
based STMW properties. Tests of the OA scheme with native grid model output show that the OA procedure
reproduces well the horizontal distribution of model variables within the spatial coverage of the float sampling
area. The largest errors in the OA procedure are found mainly outside the data coverage region (north of the
Gulf Stream and the southeast corner of the STMW region). Since only profiles within the common domain
are used in calculating the STMW properties using float or model profiles, the impact of the OA procedure on
the estimated STMW properties is minimal.

Two examples of float and model temperature profiles selected randomly at locations near the Panulirus
Station are shown in Fig. 4. The float profiles are represented by thin solid lines. The step-like solid lines
are for the original isopycnic model profiles, and the dashed lines are for the vertically interpolated model pro-
files. If STMW is defined as water masses between 17 and 19 °C, we can see that, for these two examples, the
model profile in October 1998 compares well with the float profile, while the model profile in August 1998
would induce a STMW layer that is located at greater depth than the corresponding float profile. Overall,
these two model profiles appear to capture reasonably well the basic features of STMW such as temperature
and layer thickness, when compared to those from floats.
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Fig. 3. Topography in the model domain. Green solid lines are the coastlines. Red lines are the 200-m isobath used in the model. Thick
solid yellow lines denote the buffer zones. The box outlined by the cyan lines defines the STMW domain.

Based on historical observations, the mean observed STMW salinity value for the Panulirus Station ranges
from 36.40 to 36.60 (Worthington, 1959; Talley and Raymer, 1982; Joyce and Robbins, 1996; Talley, 1996). In
the model, the mean STMW salinity for the period from year 1998 to 2000 is 36.45 which is on the low end of
the observed salinity but within the general STMW salinity range. The mean salinity profile, however, com-
pares well in the upper 500 m to that of Joyce and Robbins (1996) (Fig. 5).

Fig. 6 shows meridional cross-sections of temperature along the 53°W and 64°W sections. Tracing the areas
bounded by the 17 °C and 19 °C isolines (thick solid lines represent model profiles and thick dashed lines float
profiles), it is seen that the depth of the model-derived STMW layer is generally between 200 m and 400 m,
fairly consistent with the observations. In winter, there is a well-mixed layer between 17 °C and 19 °C that
extends from the ocean surface to over 400 m and allows the 18-deg water to be subducted into the interior
ocean layers. This is not the case during the summer months, and the seasonal changes are minimal south of
30°N in both sections. Most of the observed STMW is located south of 37°N, while in the model it extends far-
ther north, reflecting the fact that the modeled Gulf Stream overshoots Cape Hatteras (Chassignet et al., 2003).

4. Estimated STMW temperature and volume

The STMW temperature and volume are computed in the common domain using the criteria of a temper-
ature range of 17-19 °C and a vertical temperature gradient of less than 0.01 °C/m. (The sensitivity of STMW
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Fig. 4. Float and model temperature profiles at locations near the Panulirus Station for (a) August 1998 and (b) October 1998. Solid lines:
floats; solid step-like lines: original isopycnic model profiles; dashed lines: vertically interpolated model profiles. The vertical dotted lines
are 17 °C and 19 °C, respectively.

temperature and volume to the choice of vertical temperature gradients using the float data is given in Appen-
dix A.)

The values of the mean STMW temperature derived from the float and model profiles are roughly equal
(18.1 +-0.24 °C for floats and 18.0 + 0.17 °C for the model). The model-derived STMW layer thickness is
~245 m, which is larger than in the observations (~190 m). This large value in the model-derived STMW layer
thickness is mostly due to the fact that the path of the modeled Gulf Stream is farther north than observed and
the STMW layer base extends quite deep in this region (see Fig. 6 for detail and discussion in Section 3). The
corresponding value of model-derived STMW volume is also larger (~7 x 10° km®), when compared to that of
float-derived (~6 x 10° km?). The remainder of this section describes, in both observations and the model, spa-
tial distributions of annual mean STMW temperature, layer thickness, and depth of the STMW layer, as well
as the temporal evolution of spatially averaged STMW temperature and volume.

4.1. Spatial distributions of time mean

There is a well defined warm core in both float- and model-based time mean STMW temperature distribu-
tions (Fig. 7a and b). The core of the float-derived STMW temperature is elongated southwest-northeast with
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Fig. 5. The mean salinity profiles at the Panulirus Station for the period from 1998 to 2000 (solid, model) and the period from 1954 to
1987 (dashed, observations after Joyce and Robbins, 1996).

a strong gradient, while the model-derived core is elongated almost north-south with a much weaker gradient
(Fig. 7a and b). The float- and model-based STMW layer thickness fields show that most of the STMW is
captured by the common domain area with the model STMW shifted farther north (Fig. 7c and d). The
float-based STMW layer lies deeper near the northwestern portion of the subtropical gyre, with upper depth
of the STMW layer beginning near the surface in the northeast half of the domain and dropping from 150 m at
52°W to just over 250 m toward the west at 62°W (Fig. 7¢). The upper depth of the model-based STMW layer
begins near the surface in the northeast half of the domain as well, but drops steeply from about 100 m at
55°W to 325m at 65°W, slightly west and with stronger drop-off rate than seen in the observations
(Fig. 7f). In summary, the major difference between the distributions of the model- and float-based STMW
properties is found in the northern edge of the common domain between 50°W and 65°W, mainly as a result
of the Gulf Stream system being located farther north in the model than in observations. Additionally, since
eddies act to diffuse STMW properties in the region, the fact that the model is not eddy-resolving and the effect
of eddy diffusion in the model is parameterized with a constant thickness diffusion velocity of 0.5 cm s~', may
also contribute to the differences between the distributions of the model- and float-based STMW properties as
the effect of eddies is highly inhomogeneous in the real world.

4.2. Temporal evolution of spatial mean

Considering both the float- and model-based estimates, the spatially averaged STMW temperature is
observed to vary (over the 1998-2000 period) between 17.9 and 18.3 °C (Fig. 8a), a range of STMW temper-
ature that is consistent with previous studies (Worthington, 1959; Joyce et al., 2000). The temporal variability
in float-based estimates of spatially averaged STMW temperature may be explained by a variety of factors
such as: interannual-to-decadal variability in the large-scale atmospheric forcing; sampling of high-frequency
(synoptic) variability in the forcing; sampling of mesoscale variability due to eddies; and the residual “mem-
ory” of past variability, such that the STMW temperature corresponds to a mixture of newly formed STMW
and the STMW formed in previous years. No pronounced annual cycle of STMW temperature has been
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profiles. Thick solid lines are model 17 and 19 °C isolines. Thick dashed lines are float 17 and 19 °C isolines.

observed as the temperature of newly formed surface mode water tends to be in the same range as that of pre-
viously formed subsurface mode water. STMW temperature is actually more dominated by interannual-dec-
adal variability as shown by localized observations (Talley and Raymer, 1982; Klein and Hogg, 1996).
However, the STMW temperature can be modified by high-frequency forcing and eddies and the stochastic
nature of the latter makes it difficult to properly hindcast the short-term STMW temperature variability. This
is even more difficult when using a non-eddy-resolving model forced without synoptic variability. Previous
work has shown that MICOM is capable of capturing the decadal variability of the mode waters (Paiva
and Chassignet, 2002), but the time series for the comparison between float and model data, being only three
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years long, is too short to discuss the interannual-decadal variability. As one would expect, the agreement
is poor in the month-to-month variability of STMW temperature between the float and the model and no

significant correlation is observed between them (Fig. 8b and c¢).

The power spectral density function, on one hand, shows intra-annual, and seasonal peaks for the float
data. The model time series, on the other hand, exhibits no annual peak, but has a more pronounced seasonal
signal than the float data (Fig. 8d). These STMW temperature variations are associated with the renewal of
STMW as a result of subduction and the evolution of the seasonal thermocline. The annual peak in the power
spectral density function estimates of time series of the float temperature may not be significant due to the
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In contrast to the temperature series, both spatially averaged STMW volume time series show distinct
annual and semiannual cycles with a maximum correlation of 0.74, with the model leading floats by approx-
imately one month (Fig. 9). The annual cycle peaks in the spring (March to May) and are associated with the
production of new STMW. The one-month time lag in the model in relation to the float data can be clearly
seen in the years 1999 and 2000, but not in 1998. This indicates that this lag is not representative of a system-
atic bias in the model. The model may, however, respond more slowly than the observations to changes in
atmospheric forcing associated with the transition from a negative to positive NAO index in the 1998-2000
years (Fig. 12). Overall, with new mode water forming each winter and being depleted each fall, the STMW
volume goes through a distinct annual cycle. Although the values of the observed and modeled STMW volume
differ, the model is able to capture the annual cycle and the modeled time series is highly correlated with the
observations.

5. The annual subduction rate and its correlation with NAO

The formation of new STMW is associated with the subduction of the 18-deg water, vertically homogenized
through deep convection driven by wintertime buoyancy loss (McCartney, 1982). As the detrainment process
takes the surface and mixed layer water mass into the ocean interior through the base of the mixed layer, only
a fraction of the detrained water finds its way to the permanent pycnocline and becomes new STMW water
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Fig. 9. Same as Fig. 8 except for STMW volume.

(Qiu and Huang, 1995). The annual subduction rate defines the water mass that enters the permanent pycno-
cline through the base of the mixed layer via the seasonal pycnocline in the subtropics (Marshall et al., 1993;
Qiu and Huang, 1995). Therefore, variability of the STMW renewal rate can be quantified by the variability of
the annual subduction rate. To investigate this variability, the annual subduction rate is computed and exam-
ined using model results in this section. The spatial distribution of the annual subduction rate for the years
1998-2000 is first described in Section 5.1, to examine spatial variability and differences between years. Then,
in Section 5.2, the decadal variability of the annual subduction rate and its correlation with the winter NAO
index will be explored using model output from 1946 to 2000.

5.1. Spatial and temporal distributions of the annual subduction rate

Following the definition and method of computing the annual subduction rate described in Marshall et al.
(1993) and Marsh and New (1996), the annual subduction rate, Sy, is expressed as follows:

0
Sann:*W—EK‘i’E/ BdZ*EVH (1)
S Jn
where wgy is the Ekman pumping velocity, v is the meridional velocity component of the horizontal velocity,
u. f'is the Coriolis parameter and f is its meridional gradient. H is the maximum depth of the winter mixed
layer. An overbar denotes an annual average and the subscript H indicates that the quantity is evaluated at the
depth H.
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In this expression, the first two terms on the right hand side represent the volume flux due to downward
vertical pumping which is related to the Ekman pumping and the meridional transport within the mixed layer.
The third term is the lateral induction term, which computes the amount of water that is carried away hori-
zontally through the sloping mixed layer base.

The model annual subduction rates for years 1998-2000 are shown in Fig. 10a—c. The 3-year mean is shown
in Fig. 10d. In agreement with horizontal distributions shown in Marshall et al. (1993) and Marsh and New
(1996), the distributions of the annual subduction rate for all three years and for the 3-year mean show a band
of high subduction rate extending across the subtropical gyre with multiple centers. In this subduction zone,
the newly formed surface STMW water was mainly drawn downward into the ocean interior along sloping
isopycnals through the base of the wintertime mixed layer, by lateral induction. The annual subduction rate
can be enhanced by Ekman pumping and reduced by the meridional transport within the mixed layer. It is the
fluid that enters the permanent thermocline through the lateral induction process that actually ventilates the
thermocline (Marshall et al., 1993). Despite the fact that the modeled Gulf Stream is located farther north than
observed, the model annual subduction rates are in excellent agreement with the climatological estimate of
Marshall et al. (1993). Both analyses put the zero line of S,,, at approximately the zero Ekman pumping line
separating the two gyres. Since the main term contributing to S,,, is the lateral induction rate, —uy - VH, one
could have expected a northward displacement of the zero line in response to a northward displacement of the
mixed layer shoaling at the Gulf Stream’s southern edge associated with the Gulf Stream’s northward displace-
ment. However, the modeled Gulf Stream is also much broader than observed and the location of the mixed
layer shoaling at its southern edge remains close to the climatological data used by Marshall et al. (1993).
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Fig. 10. The model annual subduction rate for the North Atlantic STMW region for (a) year 1998, (b) year 1999, (c) year 2000, and (d) the
3-year mean. Red lines denote the negative values and green lines denote the positive values. Thick black lines denote the zero value.
Contour interval is 100 m/year. The Panulirus Station is marked by the blue dot. The dashed lines denote the STMW formation region.
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Thus, the impact of the position of the modeled Gulf Stream on the downward annual subduction rate is
minimal.

The STMW renewal rate can be calculated by dividing the annual STMW formation (or production) rate
by the average volume with the production rate being the area-integrated annual subduction rate within the
STMW formation region. The STMW formation region can be loosely defined by the region where the March
mixed layer temperature ranges between 17 °C and 19 °C. The mean model STMW renewal rate is about 24%
per year, which is consistent with the STMW renewal rate estimated by Worthington (1959) and Jenkins
(1982).

The spatial distribution of the annual subduction rate does not vary greatly from one year to another,
although slight displacements do occur. The Panulirus Station, which is a reference site for STMW studies
with the longest running observational record so far, is often located at the boundary between the negative
(obduction) and positive (subduction) annual subduction rate regime (filled circle in Fig. 10 denotes the
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Fig. 11. (a) Time evolution of model temperature profiles at the Panulirus Station for the period from January 1998 to December 2000. (b)
Temperature profiles at or near the Panulirus Station for March 1998. The float profile (solid) is located at 64.2°W, 32.2°N and the model
profile (dashed) is co-located with the Panulirus Station, which is located at 64.5°W, 32.2°N. The vertical dotted lines denote 17 and 19 °C,
respectively.
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location of the Panulirus Station). It is located within the subduction region for the year 1998 and 1999 but
only falls within the STMW formation region for the year 1998. Monthly time evolution of the model tem-
perature profiles indicates that the 19 °C isotherm only outcrops at the surface in the winter of 1998 but
not in the winters of 1999 and 2000 (Fig. 11a). Thus, the 18-deg water is rarely formed at this location, largely
because the surface temperature is too high to be considered as the 18-deg water. It can, however, form at this
location if the surface temperature has been cooled down enough, for example, in the winter of 1998. Both
float and model temperature profiles near or at the Panulirus Station have displayed a distinct vertically
homogeneous layer extending all the way to the surface with a mean layer temperature of about 18.9 and
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Fig. 12. (a) The time evolution of model-based annual subduction rate anomaly (integrated from an initial level formed at the end of the
model spin-up run and normalized by its standard deviation) at the Panulirus Station using both ECMWF and COADS runs. The bars
represent the normalized winter NAO index anomaly. (b) The cross-correlation function between the two time series in (a). Correlations
are significant at 95% level when they lie outside the dotted lines. (c) Same as (a) except that the time series is low-pass filtered with weights
(1, 3,5, 6, 5, 3, 1). The time series for low-pass filtered NAO winter index anomaly is also plotted as the dashed line. (d) The cross-
correlation function between the two low-pass filtered time series in (c).
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18.8 °C, respectively (Fig. 11b). The values of the mean STMW temperature for the entire STMW layer (both
new and old STMW) are 18.4 °C for the float profile and 18.6 °C for the model. As the sea surface temperature
is influenced by the large-scale atmospheric circulation changes and air-sea heat flux (Cayan, 1992a,b),
STMW formation and STMW properties at this location are particularly sensitive to atmospheric forcing
changes. The STMW properties such as temperature and potential vorticity at this location has been shown
to exhibit decadal variability (Joyce and Robbins, 1996), which has been found to be correlated with NAO
index (Talley and Raymer, 1982; Joyce et al., 2000; Paiva and Chassignet, 2002; Kwon and Riser, 2004).
Whether or not the 18-deg water is formed locally or formed elsewhere and subsequently transferred to this
location in the mixed layer, it is through the subduction process that the 18-deg water is transported irrevers-
ibly into the permanent pycnocline. The long-term accumulation of above (below) normal subduction rate will
transfer more (less) than normal STMW mass into the permanent pycnocline, and therefore, increase (reduce)
STMW layer thickness and decrease (increase) STMW PV. Of course, the subduction process is not the only
process that may alter the STMW properties. Horizontal advection and lateral mixing of STMW properties
can also contribute to a certain degree in altering the STMW properties. However, in this study, we will focus
on whether there is long-term variability in the annual subduction rate, which measures the amount of the
mode water being transported irreversibly to the permanent pycnocline, and whether the subduction rate is
correlated to NAO, which is associated with the large-scale atmospheric forcing changes, using the time series
of the model annual subduction rate that extends from 1946 to 2000.

5.2. Decadal variability of the annual subduction rate and its correlation to NAO

5.2.1. At the Panulirus station

The time series of the annual subduction rate anomaly at the Panulirus station is constructed from the
model run that is forced by the 1979-2000 ECMWF atmospheric forcing as described in Section 2. Since
the 1979-2000 period is biased toward high NAO years, the time series was extended to 1946 by combining
the subduction rate from a second model run forced by COADS (Da Silva et al., 1994) from 1946 to 1989.
This gives a total of 55 years from 1946 to 2000 with 11 years overlapping (1979-1989). During the overlap,
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G. Peng et al. | Ocean Modelling 13 (2006) 65-85 81

the two time series of the annual subduction rate were found to be fairly consistent with one another and a
simple averaging was used to merge the series.

To show the integral effect of the annual subduction rate anomaly, the annual subduction rate anomaly is
integrated in time for the duration of the model output. The time evolution of this integrated annual subduc-
tion rate anomaly at the Panulirus Station is shown in Fig. 12a. Decadal variability of the integrated annual
subduction rate from the combined time series is very distinct. A broad range of significant correlation coef-
ficients are found between the integrated annual subduction rate anomaly and the winter NAO index anomaly
(Fig. 12b). The cross-correlation between the two low-pass filtered time series shows a peak that is correspond-
ing to the NAO index leading the annual subduction rate by 2-3 years (Fig. 12d). This is consistent with the
work of Paiva and Chassignet (2002) who indicated that, at near-decadal time scales, the variability in STMW
formation in terms of PV anomaly can be largely attributed to the variability of the integrated surface heat
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Fig. 14. Same as Fig. 12 except for the STMW formation region, which is defined by the area that the March mixed temperature ranges
between 17 °C and 19 °C (enclosed region by the dashed lines in Fig. 10).
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flux that may be generated through changes in the large-scale atmospheric circulation with the STMW PV
anomaly lagging NAO by 2-3 years. The variations of the STMW formation may not be tied closely to those
of the surface heat flux on an individual year basis (Talley and Raymer, 1982; Paiva and Chassignet, 2002), but
the low-frequency variability of the surface heat flux at the Panulirus Station is found to be correlated with
that of the NAO with zero-lag (Fig. 13).

5.2.2. Over the STMW formation region

Although the Panulirus Station is a well studied site due to its long-lasting hydrographic record, it is also
necessary to know if the decadal variability displayed at the Panulirus Station is representative for the entire
STMW formation region. We define the STMW formation region by the region where the March mixed
layer temperature ranges between 17 °C and 19 °C (shown by the dashed lines in Fig. 10). The integrated
annual subduction rate anomaly time series is constructed as in Section 5.2.1 using the subduction rate over
the STMW formation region (Fig. 14a). Same as for the Panulirus Station, there is a broad range of signif-
icant correlation coefficients between the integrated annual subduction rate anomaly and the winter NAO
index anomaly (Fig. 14b). The shape of the correlation coefficient function distribution is more symmetric
compared to that of the Panulirus Station. The distribution mimics a Gaussian or “Normal” distribution
with zero-crossings at lags of —13.5 and 14 years. The cross-correlation between the two low-pass filtered
time series shows that the NAO index leads the subduction rate by about 0-1 year (Fig. 14d). This differs
somewhat from that of the Panulirus Station, where the NAO index leads the subduction rate by about
2-3 years.

6. Summary

The STMW properties were computed using profiling float observations and numerical model simulation
output in the area covering 30°W-80°W and 20°N-45°N, from January 1998 to December 2000. The values of
the mean float- and model-based STMW temperature are 18.1 °C and 18.0 °C, respectively. The mean STMW
layer thickness is ~190 m for floats and ~245 m for the model, which is larger than for the floats and leads to a
larger mean STMW volume. Overall, the model did a reasonable job of capturing STMW, simulating the
mean STMW temperature, and reproducing the annual and semiannual cycles of the STMW volume.

The reasonable agreement between the model and float data encourages us to construct time series of the
annual subduction rate, using model output from simulations spanning the period 1946-2000 (55 years), to
examine the decadal variability of the STMW renewal rate in terms of the annual subduction rate and its cor-
relation to the large-scale atmospheric circulation changes measured by the winter NAO index. Good corre-
lation is found between the model integrated annual subduction rate anomaly at the Panulirus Station and the
winter NAO index anomaly on decadal time scales, with the annual subduction rate lagging the NAO by
about 2-3 years. This implies the modeled oceanic response to the atmospheric forcing anomalies lagging
the NAO by about 2-3 years, consistent with the work of Paiva and Chassignet (2002) and Kwon and Riser
(2004) based on model results and observations, respectively. A more symmetric correlation function is found
between the time series of the subduction rate anomaly for the STMW formation region and the NAO index
anomaly. Their cross-correlation function distribution mimics a Gaussian distribution with the zero-crossings
at lags of —13.5 years and 14 years, with the NAO index leading the subduction rate by about 0-1 year.

The results shown here is encouraging for the model, especially considering that the model configuration is
non-eddy-resolving and is forced without synoptic forcing. However, some differences between model- and
float-derived properties, particularly in spatial distribution, do exist. Improvements in model simulations
may reduce those discrepancies between model results and observations. For example, a better representation
of the Gulf Stream and eddies can be achieved with higher horizontal model resolution (Chassignet and
Garraffo, 2001), which should in turn improve the modeled STMW properties. An interannual run at higher
resolution (~1/12°) should soon become available.

Since year 2000, 50 ARGO floats (Roemmich et al., 2004) have also been launched in our study region.
Over a 5-year period, the ARGO project will provide approximately twice as many as float profiles as we have
used here. The approach used in this study can also be applied to the ARGO data. The combination of the
float data from both the ACCE project and ARGO project with high resolution numerical simulation will
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allow the study of interannual-decadal variability of STMW and the impact of NAO on STMW properties, in
addition to providing a better three-dimensional picture of STMW in the north Atlantic. Even with a non-
eddy-resolving model, our study has shown the merits of extending the comparison past year 2000 and pre-
senting a possibility of monitoring STMW structure and variability in near-operational mode by combing
the float data and model simulations forced by operational reanalysis data.
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Appendix A. Sensitivity of vertical temperature gradient in defining STMW

The definition of STMW is somewhat arbitrary and not unique. It is especially demanding to define STMW
over a broad spatial region and time space. Seasonal variations of temperature profiles, particularly the sea-
sonal thermocline, add to the difficulty of defining STMW. The estimates of STMW properties are sensitive to
the choices made in the criteria used to define STMW, especially the STMW layer thickness and hence STMW
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case); and solid: no gradient is imposed (no-dT case).
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volume. The sensitivity of estimated STMW temperature and volume to the vertical temperature gradient cri-
teria used to define STMW is examined in this appendix using the observed float data.

The observed temperature gradient for old North Atlantic STMW ranges from 0.005 to 0.009 °C/m,
although the newly formed STMW can be nearly homogeneous or have a small temperature gradient ranging
from 0.0003 to 0.0008 °C/m (Worthington, 1977; McCartney et al., 1980; Klein and Hogg, 1996). The sensi-
tivity in estimates of STMW was evaluated for four vertical temperature gradient choices in the 17-19 °C
range. These gradients are (1) less than 0.006 °C/m (0.006 dT case), (2) less than 0.010 °C/m (0.010 dT case),
(3) less than 0.025 °C/m (0.025 dT case), and no limit (no-dT case) and correspond to the following criteria:
strict, general, relaxed, and no gradient (i.e., all of the 17-19 °C range), respectively.

Fig. 15 shows time series of STMW temperature and volume derived from the float data with the different
vertical temperature gradients. The time series of STMW temperature for the 0.010 dT case retains the most of
seasonal and interannual variations compared to the 0.006 dT case but with much less fluctuation. For the
STMW volume, variations for all four cases are similar except the amount of STMW mass differs. The differ-
ences are not noticeable between the 0.025 dT and the no-dT cases.

On one hand, with a strict vertical temperature gradient, some of the old mode water may end up being
eliminated due to the higher vertical gradient and there is therefore the possibility that variations in spatial
and temporal evolution of STMW properties may not be entirely due to changes in physical forcing changes
and may be in part associated with the elimination of old STMW mass. On the other hand, with a relaxed or
no vertical gradient, water masses that are not well mixed are likely to be included as mode water. Therefore, a
good compromise seems to be the vertical temperature gradient of less than 0.01 °C/m.
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