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Abstract

Observational evidence indicates that in the northern North Atlantic, especially in the Labrador Sea, almost the whole
column of the ocean water is fresher, and colder in late 20th century than in 1950–1960s. Here we analyze a four-member
ensemble of the 20th century simulations from a coupled climate model to examine the possible causes for these observed
changes. The model simulations resemble the observed changes in the northern North Atlantic. The simulated results show
that a decreased meridional freshwater divergence and an increased meridional heat divergence associated with a weaker
thermohaline circulation in the North Atlantic are the primary causes for the freshening and cooling in the northern North
Atlantic. The increased precipitation less evaporation tends to enforce the freshening, but the reduced sea ice flux into this
region tends to weaken it. On the other hand, the surface warming induced by a higher atmospheric CO2 concentration
tends to heat up the northern North Atlantic, but is overcome by the cooling from increased meridional heat divergence.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent observational studies (e.g., Antonov et al., 2002; Dickson et al., 2002; Curry et al., 2003; Levitus
et al., 2005a,b; Boyer et al., 2005; Antonov et al., 2005), the northern North Atlantic ocean is found to be
undergoing remarkable changes – namely a trend of freshening, and cooling of the whole water column espe-
cially in the Labrador Sea (see Fig. 2b and c in Curry et al., 2003) and also in the northern North Atlantic
between about 45� to 65�N in the late 20th century relative to the mid-20th century (see Fig. A6 in Levitus
et al., 2005a; and Fig. 1a in Boyer et al., 2005). Dickson et al. (2002) examined the water mass property
changes of the North Atlantic overflow system at several key pathways. Their evidence shows a freshening
trend of the Denmark Strait Overflow water (DSOW) and the Faroe Bank overflow water. These overflow
waters along with the dense water formed in the Labrador Sea (the Labrador Sea Water) feed into the lower
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branch of the global scale oceanic circulation – the thermohaline circulation (THC). Curry et al. (2003) studied
the observed temperature and salinity changes along a specific cross-section in the Atlantic from 60�N to 50�S.
They further demonstrate a freshening and cooling in the Labrador Sea from the surface to about 2500 m
deep, and also show a decrease in upper ocean density. Antonov et al. (2002) analyzed the heat and salt effects
on steric sea level changes during 1957–1994. They found a cooling and freshening of the upper 3000 m ocean
in the entire northern North Atlantic in 1978–1994 relative to the mean state of 1948–1996. Levitus et al.
(2005a) and Boyer et al. (2005) studied the trend of zonal mean temperature and salinity change between
1955–1959 and 1994–1998 in the Atlantic. The patterns of zonal mean temperature and salinity anomalies
are similar to those of Curry et al. (2003), and their conclusions are consistent with Antonov et al. (2002).

The thermohaline circulation is a global scale three-dimensional circulation which plays a key role in redis-
tributing heat and freshwater meridionally. Changes in THC may result in significant regional (such as Eur-
ope) and global climate change (e.g., Cubasch et al., 2001; Stouffer et al., 2006). From the observations, it is
very hard to link the observed water property changes in the northern North Atlantic to the THC, owing to
the inability to derive the time-evolving THC from available observed ocean data. However, the freshening is a
sign of increased freshwater supply to the subpolar ocean and may have resulted in a more stabilized upper
ocean. On the other hand, the surface cooling in the same region has a compensative effect on the changes
of the surface density, for example, surface cooling would induce a surface density increase and surface fresh-
ening would induce a surface density decrease. As shown in Fig. 3f of this paper, the surface density decreases
in some parts of the northern North Atlantic region, but increases in other parts. Due to the fact that the deep
convection occurs in very localized regions, it is difficult to conclude whether the THC or the North Atlantic
deep water (NADW) formation has decreased or not from the available observations in this region. However,
a recent study of the meridional transport at 25�N in the Atlantic indicates that the THC might have weak-
ened by up to 30% since the 1950s (Bryden et al., 2005).

Possible reasons for the observed freshening and cooling in the northern North Atlantic have been attrib-
uted to a combined effect of freshwater export from the Arctic in the form of ice and melt-water, increased net
precipitation, increased continental runoff and the severe winters in the early 1980 s and 1990s in the Labrador
Sea (Abdalati and Steffen, 1997; Dickson et al., 2000; Vinje, 2001; Peterson et al., 2002; Belkin et al., 1998;
Josey and Marsh, 2005), and may also be related to the upward trend of the North Atlantic Oscillation
(NAO) during the second half of the 20th century (Dickson et al., 1996). The lack of systematic long-term
observed data makes it difficult to attribute the relative importance of each of those potential contributors
to the observed changes in the northern North Atlantic.

Here, we utilize a global coupled model, the Parallel Climate Model (PCM), to study the relative impor-
tance of these contributors to the recent observed freshening and cooling in the subpolar North Atlantic
and the relationship between the observed changes and the THC. Our model results show an enhanced pre-
cipitation less evaporation (P–E, hereafter) in the polar–sub-polar North Atlantic, but a reduction of sea ice
export from the Arctic to the Greenland–Iceland–Norwegian (GIN) Seas and further into Labrador Sea. The
combined effect of these two fresh water sources is a small increase in net surface fresh water input into the
GIN Seas and a small decrease in the Labrador Sea and south of Denmark Strait region (SDSR, hereafter.
See Fig. 1 for a geographic map). The net surface heat fluxes in both the Labrador Sea and SDSR exhibit
a decrease in heat loss, which contradict the cooling in the water column. On the other hand, the divergence
of the meridional freshwater transport between 45� and 65�N is decreased, resulting in a net increase in fresh-
water supply in that water column. Additionally, the increased divergence of meridional heat transport in the
same region leads to a higher heat loss in that water column. The changes in meridional heat and freshwater
divergence are closely linked to a weaker THC in our model which highlights the importance of the relation-
ship between the subpolar freshening, cooling and changes in the THC.

2. Model and experiments

2.1. Model

The parallel climate model (PCM) is a fully coupled climate model with no flux adjustment as described in
detail by Washington et al. (2000). PCM consists of four component models: atmosphere, ocean, land, and sea
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ice. The atmospheric model is the National Center for Atmospheric Research (NCAR) Community Climate
Model version 3 (CCM3) at T42 horizontal resolution (approximately 2.8� · 2.8�) with 18 hybrid levels ver-
tically (Kiehl et al., 1998). The ocean model is a version of the Los Alamos National Laboratory Parallel
Ocean Program (POP; Smith et al., 1995) with an average grid size of 2/3� (going down to 1/2� in latitude over
the equatorial region) and 32 vertical levels. The land surface model is the NCAR Land Surface Model (LSM;
Bonan, 1998). The sea ice model is a version of the dynamic–thermodynamic sea ice model used by Zhang and
Hibler (1997) and optimized for the parallel computer environment required by the PCM. The surface climate
in the PCM control simulation is stable and comparable in many ways to observations (Washington et al.,
2000). In a 1000-year-long control integration, the trend of global mean surface temperature is only about
0.03 �K century-1 (Meehl et al., 2004). This coupled model has been used in a number of climate change stud-
ies (e.g., Meehl et al., 2001, 2003, 2004; Dai et al., 2001a,b; Arblaster et al., 2002; Santer et al., 2003a,b).

2.2. Experiments

A four-member ensemble of the 20th century historical simulations is analyzed here. These experiments have
been documented by Meehl et al. (2003, 2004). Each of the ensemble members start from a different state of the
control run about 20 years apart after the control run spins up to 1870 conditions (for details, see Washington
et al., 2000). Time-evolving greenhouse gases, sulfate aerosols (direct effect only; black carbon not included),
and stratospheric and tropospheric ozone are added as forcings throughout the course of the simulations from
1870 to 1999. The nature forcings (solar and volcano) have not been included in these simulations. The simulated
global mean temperature from these runs varies in a similar way as the observations, especially in the last three
decades of the 20th century when anthropogenic forcings were dominant compared to the natural forcings
(Meehl et al., 2004), but slightly underestimates the warming in parts of the first half of the 20th century when
natural forcings are more important. In the following analysis, our focus is only on climate changes in the latter
part of the 20th century, and the linear trend of the control run is removed from all data.

3. Results

3.1. Simulated zonal mean changes in the North Atlantic

The simulated zonal and ensemble averaged salinity, temperature, and density changes between 1985–1999
and 1955–1969 are shown in the left panels of Fig. 2 along with the observations (right panels). The observed
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Fig. 1. A map of the North Atlantic marginal seas. The four sub-domains of interest are defined as the Labrador Sea (45�N to 65�N, west
of 45�W), South of the Denmark Strait region (SDSR, 45�N to 65�N, east of 45�W), the GIN Seas (roughly 65�N to 80�N, east of 45�W to
west of 20�E), and the Baffin Bay (roughly 65�N to 80�N, west of 45�W to east 80�W). In this paper, the Labrador Sea and the SDSR
together are called the northern North Atlantic. The major deep ventilations for the thermohaline circulation occur in the GIN Seas, the
Labrador Sea and SDSR.
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data are based on the pentad anomaly of temperature (Levitus et al., 2005a), and the pentad anomaly of salin-
ity (Boyer et al., 2005). (Note that the observation only provides the anomalies for the upper 3000 m of the
ocean.) The panels of 2a and 2c are similar to the Fig. 1a and b in Hu and Meehl (2005), but with an expanded
domain. The zonal mean salinity changes in our model (Fig. 2a) show similar patterns as in the observed zonal
mean salinity anomalies (Fig. 2d), and are also in good agreement with Antonov et al. (2002) and Boyer et al.
(2005). The simulated salinity changes are similar to the results of Curry et al. (2003) whose study is along a
specific cross-section in the North Atlantic. All of these zonal mean anomalies illustrate a freshening on both
sides of the subpolar Atlantic, and a more saline upper ocean in the subtropics (Fig. 2a and d). The simulated

Fig. 2. Observed and simulated zonal mean changed between 1985–1999 and 1955–1969 in the Atlantic sector. Left panels are for the
PCM simulations (zonal and ensemble-averaged) and right panels for observations. panels (a) and (d) are salinity anomalies, (b) and (e)
are temperature anomalies, and (c) and (f) are density anomalies. The contour interval is 0.006 ppt for salinity (a, d), 0.06 �C for
temperature (b, e), and 0.005 kg m�3 for density (c, f). Positive (negative) values indicate an increase (a decrease) in salinity, temperature or
density.
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strongest freshening in our model is in the deep North Atlantic centered at a depth of 1500 m between 42� and
50�N, agreeing with values reported by Curry et al. (2003) and Antonov et al. (2002) for the observations, but
differing slightly from Fig. 2d and Boyer et al. (2005) who show a salinity change between two pentad means
(1994–1998 and 1955–1959). Both Fig. 2d and Boyer et al. indicate a stronger freshening in the upper 500 m of
the northern North Atlantic. On the other hand, the general agreement between simulated and observed zonal
mean changes of salinity may suggest that the observed salinity changes reported by Curry et al. (2003) are not
only confined to the Labrador Sea, but the entire overflow system in the northern North Atlantic may have
become fresher since 1950s as reported by Dickson et al. (2002) and Antonov et al. (2002), and confirmed by
Boyer et al. (2005) and Fig. 2d. In our model, a fresher sub-surface tropics and subtropics are also produced,
indicating that the freshening of the Antarctic intermediate water simulated by PCM may be stronger than
observed (Antonov et al., 2002; Curry et al., 2003), and also penetrate too far north than suggested by Boyer
et al. (2005) and Fig. 2d. The other features, such as the freshening between 65� and 75�N, and a more saline
north of 75�N, also agree with the observational study of Boyer et al. (2005) and Fig. 2d. However, the salinity
increase of the Antarctic bottom water (AABW) in the model solution is not shown in the observations of
Antonov et al. (2002), Curry et al. (2003), Boyer et al. (2005), or Fig. 2d.

In Fig. 2b, the zonal mean ocean temperature changes are also in good agreement with the observations
(Fig. 2e; Antonov et al., 2002; Curry et al., 2003; Levitus et al., 2005a), such as a warming of the upper ocean
in most parts of the Atlantic section and a cooling between 40� and 60�N in both PCM simulations and obser-
vations (Fig. 2e, also see Fig. 4b and top-right panel of Fig. 2 of Antonov et al., 2002; Fig. 2c of Curry et al.,
2003; and Fig. A7 of Levitus et al., 2005a). This general agreement implies that the upper ocean temperature
change is a feature for the entire zonal span of the Atlantic as shown in PCM simulation and observations of
Antonov et al. (2002) and Levitus et al. (2005a). On the other hand, the cooling between 40� and 60 �N in the
model is not as strong as shown in observations, and is mostly a sub-surface feature in our zonal mean data. When
we looked at the sea surface temperature changes (Fig. 3b), there is a surface cooling in the eastern Labrador Sea
region, which is very close to the location where the cross-section is drawn by Curry et al. (2003). But the obser-
vations (Fig. 3e) show a more uniformed cooling in most part of the Labrador Sea and SDSR. Therefore, the
discrepancy between model simulated and observed cooling in the sub-surface northern North Atlantic might
be possibly related to the failure of the model to reproduce the observed surface cooling associated to the upward
trend of NAO in the late 20th century. On the other hand, because of the lack of volcanic forcing, the surface
warming over the northern North Atlantic may have been overestimated in our model solutions in comparison
to the observation.

Simulated changes of the zonal mean Atlantic density in the upper 1500 m (Fig. 2c) are almost uniform,
showing a lighter upper ocean. The patterns of the simulated density changes are very close to the observed
(Fig. 2f), but a bit stronger than the observed. Apparently in the tropics and subtropics, the surface warming
dominates over the salinity increase to produce decreased density, and in the sub-surface, the freshening and
warming both work towards a density decrease in PCM simulations. In the northern North Atlantic, the den-
sity decrease reaches more than 3000 m in model simulations, but about 2500 m in the observations. By com-
paring Fig. 2a and b, and Fig. 2d and f, we found the density decrease in the northern North Atlantic is mainly
related to the freshening there since only the freshening can induce a density decrease and the cooling would
have induced a density increase. Overall, the PCM simulations (Fig. 2c) show a lighter North Atlantic deep
water (NADW) and a denser Antarctic bottom water (AABW) in 1985–1999 compared to 1955–1969, the
observations mainly display a lighter NADW. The denser AABW in PCM is mainly associated with a salinity
increase in the Atlantic sector of the Southern Oceans. In comparison to the observations (Antonov et al.,
2005; Levitus et al., 2005b), our model results may have slightly overestimated the density decrease in the
northern North Atlantic. This overestimation is related to the underestimation of the cooling in this region.
Antonov et al. (2005) and Levitus et al. (2005b) show that the total steric sea level (a vertical integration of the
density anomalies) for the upper 3000 m of the ocean is increased slightly in this region, owing to the compen-
sation effect of the thermosteric changes (a cooling induced sea level decrease) and the halosteric changes (a
freshening induced sea level increase). Nevertheless, this observed increase in total steric sea level indicates a
decrease of the density in the whole water column (0–3000 meters) of the northern North Atlantic region.

In this paper, we focus on estimating the relative importance of the possible contributors to the subsurface
freshening and cooling in the subpolar North Atlantic between 45� and 65�N (also called the Labrador Sea
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and south of the Denmark Strait region, or the northern North Atlantic in this paper) through a freshwater
and heat budget analysis.

3.2. Variations of the surface properties in North Atlantic

Before analyzing the changes in surface forcings, such as P–E, sea ice flux, and surface heat flux, we first
look at the variations of the sea surface temperature (SST), salinity (SSS) and density which are directly influ-
enced by the surface fluxes. The dominant pattern of sea surface salinity change is a salinity increase in most
parts of the northern North Atlantic in the PCM (Fig. 3a), but a salinity decrease in the observations (Fig. 3d).
This discrepancy may be associated to the underestimation of the precipitation changes in PCM which will be
discussed in more detail in Section 3.3. At south of 45�N, the simulated and observed salinity changes are in
better agreement, both showing an increase in SSS related to increased evaporation there. The simulated SSS
changes are also in good agreement with observed east of the Greenland coast region, possibly related to the
increased ice melting there.

Fig. 3. Observed and simulated sea surface salinity (SSS, panels a and d), temperature (SST, panels b and e), and density (panels c and f)
difference between 1985–1999 and 1955–1969 in the North Atlantic. Left panels are for the PCM simulations and right panels for
observations. The contour interval is 0.2 �C for temperature, 0.1 ppt for salinity, and 0.04 kg m�3 for density. Positive (negative) values
represent an increase (a decrease) in surface temperature, salinity, or density.
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The dominant pattern of the simulated SST change is warming, especially in the eastern part of the northern
North Atlantic and in the GIN Seas with an amplitude up to 1 �C. The surface cooling is confined west of 30�W,
between 35� and 50�N (Fig. 3a). In the observations (Fig. 3e), the warming shows up south of the 45�N, and the
eastern and western coast regions of the GIN Seas. The cooling occupies most parts of the northern North Atlan-
tic and the central GIN Seas. Thus the PCM simulations failed to reproduce the observed SST changes in most
parts of the northern North Atlantic, except the eastern Labrador Sea region. This may be related to the failure of
PCM to reproduce the observed upward NAO-trend in the second half of the 20th century.

The simulated surface density changes show that most parts of the surface North Atlantic become lighter,
indicating that the warming dominates the surface density change (Fig. 3c). These changes are similar to the
observation (Fig. 3f). However, the observed surface density changes are more related to the surface freshen-
ing. In some parts of the Labrador Sea, the surface density is increased owing to the surface cooling and salin-
ity increase in both observations and the PCM simulations. The density increase to the north of Iceland and
south of Spitsbergen is due to the shrinking of the sea ice cover, leading to a decrease in local sea ice melting
and a higher salinity in both Fig. 3c and f.

3.3. Observed and simulated North Atlantic oscillation (NAO)

The North Atlantic Oscillation (NAO) is the dominant mode of atmospheric variability in the North Atlan-
tic region and represents a redistribution of atmospheric mass between centers of action located near the
Azores high and the Icelandic low. During the high NAO phase, both the Azores high and the Icelandic
low are strengthened, resulting in an increased sea level pressure (SLP) gradient between these two centers,
and leading to a stronger westerly flow. This has been associated to changes in surface air temperature
(SAT) and precipitation in the North Atlantic region (Hurrell, 1995; 1996; Dai et al., 1997; Marshall et al.,
2001). The Arctic Oscillation is the dominant mode of variability in the Northern Hemisphere and displays
an annular pattern related to a decreased SLP over the Arctic basin and an increased SLP at midlatitudes with
two centers of action in the North Atlantic and North Pacific. Studies show that the Arctic Oscillation (or the
northern annular mode) is closely correlated to the NAO, with a correlation coefficient of 0.95 for the
observed monthly time series (e.g., Deser, 2000). Since our major concern is the northern North Atlantic,
we use NAO to represent the atmospheric variability in this region.

The NAO index used here is based on the Empirical Orthogonal Function analysis (EOF) to optimal rep-
resentation of the spatial pattern associated with NAO. Following Hurrell (1995), we use the time series of the
leading EOF of the seasonal mean (December to March) SLP anomalies between 20� and 80�N, and 90�W to
40�E as the NAO index, as shown in Fig. 4. Three NAO time series are shown in this figure which are from the
European Centre for Medium-Range Weather Forecasting (ECMWF) 40-year reanalysis data (ERA-40)
(upper), Trenberth and Paolino (1980) Northern Hemisphere SLP data (middle), and PCM ensemble (lower).
The NAO index from ERA-40 data and Trenberth and Paolino data are almost the same for the overlapping
period with a correlation of 0.99. The simulated NAO index from PCM does not exhibit an upward trend
since 1970 as shown in the observed NAO index, and does not correlate with the observed NAO index either.
The cause of the observed upward NAO trend in the late 20th century is still an ongoing research topic. The
reason for the failure to reproduce the observed NAO trend in the PCM simulations is unclear and under
investigation, but is out of the scope of this paper.

The correlation patterns of the NAO index with the Northern Hemisphere SLP are shown in Fig. 5. The
observed patterns (the left and middle panels in Fig. 5) show the NAO index is positively correlated with the
Azores High and negatively to the Icelandic Low, and with very weak correlation with the Pacific SLP. The
correlation patterns in the PCM ensemble are similar to the observed patterns in the Atlantic sector which is
important to our study, but the difference is large in the Pacific side which shows that the changes in Pacific
SLP are strongly correlated with that in the Atlantic.

3.4. Changes in surface heat and freshwater fluxes

The surface freshwater flux includes the P–E and sea ice flux. Fig. 6 is a comparison of the climatological
precipitation pattern in the model simulation (PCM), the ERA-40 reanalysis data, and observations (land
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only, Xie and Arkin, 1996; Dai et al., 1997; Mitchell et al., 2004). The observed precipitation patterns on both
sides of the Atlantic are similar between the high resolution CRUTS data (Fig. 6b) and the low resolution
blended Dai et al. and Xie and Arkin data (Fig. 6a), with greater precipitation amounts in land areas that
border the North Atlantic. The reanalysis data (Fig. 6c) and PCM simulations (Fig. 6d) show qualitative
agreement with the observed data over land areas. They both capture the major precipitation patterns on land,
such as a higher precipitation at the southern tip of Greenland, and the coastal regions of Scandinavia. On the
other hand, the reanalysis data underestimates the precipitation in the eastern United States, and the simu-
lated precipitation in PCM agrees better with the observations than the ERA-40 data in this region. If it is
assumed that the reanalysis precipitation over the North Atlantic ocean is correct, the PCM overestimates
the precipitation over the eastern part of the ocean.

The observed precipitation anomalies over land show patterns related to the positive phase of NAO, with
increased precipitation from northeast America to Iceland and northern Europe, and decreased precipitation

Fig. 4. Observed and modeled North Atlantic Oscillation (NAO) index time series based on the first EOF of the winter season (December
to March) Atlantic sea level pressure (SLP) anomalies (20–80�N, 80�W–40�E). The upper panel is for the ERA-40 data, middle panel for
Trenberth and Paolino SLP data, and the bottom panel for PCM ensemble.

Fig. 5. Correlation patterns of the observed and modeled North Atlantic Oscillation (NAO) index with the Northern Hemisphere sea level
pressure (SLP). Left panel is for the ERA-40 data, middle panel for Trenberth and Paolino SLP data, and the right panel for PCM
ensemble. Contour interval is 0.1.
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along the Canada and the southern Greenland coasts, and mid-south Europe in the period 1985–1999 com-
pared to 1955–1969 (Fig. 7a and b). By assuming that the precipitation anomaly pattern over the northern
North Atlantic ocean is related to that over North America and Europe, we see that the ERA-40 data possibly
overestimates the increase of precipitation in the northern North Atlantic ocean region since the ERA-40 data
shows an increase in precipitation almost everywhere in the North Atlantic (Fig. 7c). On the other hand, sim-
ulated precipitation changes by PCM are different in some ways to the observations, with the model producing
increases in precipitation over the North Atlantic near Iceland as suggested by the observations, but decreases
over the northeast U.S. stretching across the Atlantic near 50�N. Previous studies show that the precipitation
changes in the North Atlantic region are largely related to variations of NAO (e.g., Hurrell, 1995; Dai et al.,
1997; Marshall et al., 2001). There is a significant upward trend in the observed NAO during the second half of
the 20th century. This NAO trend is absent from our model simulation, which may be the reason for the dis-
crepancy between PCM simulations and observations. The overall precipitation over the northern North
Atlantic slightly decreases in our model, instead of a large increase as in ERA-40 data.

The precipitation only represents a one-way water exchange from air to sea. Water also evaporates from sea
to air. To consider the net surface freshwater input into the ocean, both precipitation and evaporation need to
be taken into account. The net change of surface freshwater flux due to P–E is shown in Fig. 8 (positive values
indicate an increase in P–E). In the reanalysis data (Fig. 8a), P–E increases almost everywhere in the northern
North Atlantic. The largest increase is located in the northeastern North Atlantic between Iceland and Eng-
land, related to increased precipitation and decreased evaporation. In PCM simulations (Fig. 8b), the P–E
changes show a mixed pattern with increases west of 35�W and regions south of Iceland, and a decrease in
most parts of the mid-eastern North Atlantic. Given that the precipitation changes in ERA-40 are likely to
be overestimated, the estimation of the regional mean P–E changes in PCM may not be too different from
reality.

The geographic distribution of the simulated changes in net surface heat and freshwater fluxes is shown in
Fig. 9 (positive values indicate an increased oceanic heat loss or freshwater gain). The net surface freshwater

a b

c d

Fig. 6. Observed and simulated climatological precipitation in the North Atlantic: 1. Observations: Xie and Arkin (a), CRUTS2.02 (b); 2.
Reanalyzed: ERA-40 (c); and 3. Simulated by PCM (d). Contour interval is 0.1 myr�1.
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fluxes include the P–E, sea ice flux, and local ice melting. Here the sea ice flux is defined as the ice transported
from other regions (mostly from the Arctic via the GIN Seas) into the northern North Atlantic, and the local
sea ice melting is defined as the net melting of the ice existing locally. In other words, the result of this local ice
melting is a net loss of the local ice volume. In Fig. 9a, the pattern of the net surface freshwater flux change
differs from the P–E changes in Fig. 8b. In Fig. 9a, positive differences indicate an increase of surface fresh-
water input. The most significant changes in Fig. 9a are south of the Denmark Strait, off the coast of Green-
land. These changes are related to the decrease of sea ice cover, thus producing a decrease in local sea ice
melting. In the Labrador Sea, the decreased surface fresh water flux is also caused by decreased local sea
ice melting associated with a reduction in sea ice flux exported from the Arctic to this region (see next subsec-
tion for more details). In most of the SDSR (see Fig. 1 for its definition), the net surface freshwater input
changes agree with the P–E changes in Fig. 8b, owing to less sea ice related effect.

b

c d

Fig. 7. Observed and simulated changes of precipitation between 1985–1999 and 1955–1969. Contour interval is 0.03 myr�1. Positive
(negative) values indicate a precipitation increase (decrease) in period 1985–1999 relative to period 1955–1969.

Fig. 8. Changes of the precipitation less evaporation between 1985–1999 and 1955–1969 from ERA-40 (a) and PCM (b). Positive values
indicate an increase in P–E. Contour interval is 0.03 myr�1. Positive (negative) values represent an increase (a decrease) in the precipitation
less evaporation in the later period relative to the earlier period.
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In general, there is a net heat loss from the ocean to the atmosphere north of 40�N. Fig. 9a shows decreased

heat loss in the Labrador Sea and the eastern and western parts of the SDSR (positive regions). In comparison
with Fig. 3a, most of the areas with decreased heat loss are related to warmer SSTs, except the western part of
the SDSR which is associated with a cooler sea surface temperature. In the warmer sea surface temperature
regions, the CO2 induced warming heats up the air above the ocean, reducing the air–sea temperature contrast,
leading to a reduced oceanic heat loss. The increase of the net heat loss (negative differences) in the middle of
the SDSR and the decrease in the western part of the SDSR are associated with an eastward movement of the
North Atlantic current pathway in the PCM simulations. This eastward movement of the North Atlantic cur-
rent pathway is related to a weaker THC in the PCM simulation (Dai et al., 2005). Since the North Atlantic
current is an extension of the Gulf Stream, this current carries a significant amount of heat to the northern
North Atlantic and GIN Seas. Thus the shift in this current’s pathway affects the intensity of the local air–
sea interaction, and the sea surface temperature as shown in Figs. 9a and 3.

The time evolution of the P–E and net surface heat flux in the Labrador Sea and the SDSR is shown in
Fig. 10. Since the 1950s, P–E shows an increasing trend of 0.00048 Sv/decade in the Labrador Sea, and a
decreasing trend of 0.00002 Sv/decade in the SDSR (Fig. 10d and f). The total change of P–E in these two
regions is a 0.0014 Sv increase from 1955–1969 to 1985–1999 as shown in Hu and Meehl (2005), thus contrib-
uting to the zonal mean salinity decrease in this region. In Fig. 10c and e, the heat loss in both regions is
reduced since the 1950s, with a trend of �2.35 Wm�2/decade for the Labrador Sea and �1.77 Wm�2/decade
for the SDSR. This reduction in net surface oceanic heat loss is consistent with the surface warming, and is a
result of warmer local air temperature preventing a high heat loss from the ocean, but negatively related to the
sub-surface cooling between 40� and 60�N as shown in Fig. 2b.

3.5. Changes in sea ice flux

In general, there is net freshwater input into the Arctic Ocean due to precipitation and river runoff. In
order to balance this freshwater gain, the Arctic exports sea ice and fresher ocean water into the GIN Seas
and further south into the North Atlantic and the other parts of the global ocean. Variations in this fresh-

Fig. 9. Changes of the net surface heat and freshwater fluxes between 1985–1999 and 1955–1969. Note: the net surface freshwater
flux includes both P–E and sea ice. The sign convention is that positive values indicate an increased oceanic heat loss or freshwater
gain.
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water export will affect the oceanic stratification in the GIN Seas and the northern North Atlantic and the
freshwater budget in the Arctic. As shown in Fig. 11, the exported sea ice fluxes from the Arctic to the
GIN Seas through both the Fram Strait and Barents Sea reduces by 10.7% and 23.5% from 1950s to
1990s, respectively. The sea ice fluxes from the GIN Seas via the Denmark Strait and from Baffin Bay
via the Davis Strait into the northern North Atlantic (between 45� and 65�N) reduce by 17.4% and 1%,
respectively. As a result, the total sea ice flux convergence in the northern North Atlantic reduces by
15.6% from 1955–1969 to 1985–1999. On the other hand, the annual mean sea ice volume in the northern
North Atlantic is decreased by 31.1 km3, roughly 7% (Fig. 12b). This decrease of local sea ice volume
means an increase in freshwater supply to this region due to ice melting, or a decrease of the local fresh-
water reserve, thus it partly compensates for the reduced sea ice flux into this region. The overall reduction
of the freshwater flux due to sea ice in this region is about 10%, from 0.1055 Sv in 1955–1969 to 0.0940 Sv
in 1985–1999, with a negative trend of 0.0038 Sv/decade since 1950. Thus, the total surface freshwater
input, P–E plus sea ice flux, shows a decrease, with a net reduction of about 0.0101 Sv, or 5% as reported
in Hu and Meehl (2005).

On the other hand, the reduction in sea ice flux from the Arctic into the Labrador Sea and SDSR implies
that less heat is used to melt that ice locally, contributing positively to the surface warming in those regions.
And the reduction in sea ice volume and also in sea ice extent (not shown) in the Labrador Sea induces a lower
surface albedo. This leads to an enhanced absorption of solar radiation by the ocean. Thus the net effect of
these sea ice changes on ocean surface temperature is to warm up the ocean.

Fig. 10. Time evolution of the net surface heat flux and P–E in GIN Seas (panels a and b), Labrador Sea (panels c and d), south of the
Denmark Strait region (e and f). The shading in this figure and others indicate the ensemble range.
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3.6. Changes in meridional heat and freshwater transports

In the Atlantic, the meridional heat transport is mainly carried by the THC. Since the deep ventilation only
happens in the subpolar North Atlantic and around the periphery of the Antarctic, there is a net northward
meridional heat transport in the Atlantic resulting from an import of warmer upper water and an export of the
colder North Atlantic Deep Water (NADW) to other parts of the world oceans. The northward meridional
heat transport decreases at 45�N with a linear trend of 0.0135 PW/decade (1 PW a ” 1015 W), and increases
at 65�N with a trend of 0.0031 PW/decade since the 1950s in the ensemble averaged model simulation
(Fig. 13a and c). The increased meridional heat transport at 65�N contributes positively to the simulated
warming in the GIN Seas which induces an increased heat loss from the ocean to the atmosphere as shown
in Fig. 10a. On the other hand, the resulting meridional heat divergence between 45� and 65�N increases

Fig. 11. Time evolution of the sea ice fluxes at the Fram Strait (a), the Denmark Strait (b), the Davis Strait (d), and from the Barents Sea
to GIN Seas (c).

Fig. 12. Variations of the sea ice volume in the GIN Seas (a) and in the Labrador Sea (b) from 1890 to 1999.
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by 0.0777 PW from 1955–1969 to 1985–1999. This increase in meridional heat divergence leads to a net heat
loss in this region, thus causing a sub-surface cooling effect.

The THC not only transports heat meridionally, but it also transports freshwater. In contrast to a net
northward meridional heat transport, the meridional freshwater transport in the Atlantic is southward
(e.g., Wijffels et al., 1992; Dababasoglu and McWillianms, 1995; Rahmstorf, 1996; Lohmann, 2003). The
southward meridional freshwater transport at 45�N changes from 0.4737 Sv in 1955–1969 period to 0.4935
Sv in 1985–1999 period, with a linear trend of +0.0037 Sv/decade (Fig. 13b). At 65�N, this southward fresh-
water transport increases from 0.2920 Sv in the earlier period to 0.3223 Sv in the later period with a trend of
+0.0088 Sv/decade (Fig. 13d). Because the increase of freshwater transport at 65�N is higher than at 45�N, the
meridional freshwater divergence between these two latitudes decreases, resulting in a freshwater gain of about
0.0105 Sv in this region (Hu and Meehl, 2005). This decrease of freshwater divergence is related to a weaken-
ing of the THC which will be discussed later. Subtracting the freshwater deficit at the surface, there is a 0.0004
Sv net freshwater gain in this region. In other words, the fresher North Atlantic between 45� and 65�N is
mainly due to the decreased meridional freshwater divergence (or increased freshwater convergence) in our
model which is related to a weaker THC as discussed later.

The increased southward meridional freshwater transport at 65�N is related to the global warming induced
P–E and sea ice changes in the Arctic and GIN Seas. The P–E changes in these regions are small in our sim-
ulations, with an increase of about 1% from 1955–1969 to 1985–1999. On the other hand, the warming induces
much more significant changes in the Arctic sea ice cover. Both of the sea ice extent and thickness in the Arctic
decrease with a linear trend of 0.214 million km2/decade and 2.9 cm/decade, respectively, since 1950 (Fig. 14).
The total Arctic sea ice extent shrinks from 15.46 million km2 in 1955–1969 to 14.86 million km2 in 1985–1999,
and the mean sea ice thickness reduces from 1.959 m to 1.853 m. These changes qualitatively agree with obser-
vations which show a loss of Arctic sea ice extent and thickness (e.g., Walsh and Johnson, 1979; Maslanik
et al., 1996; Parkinson et al., 1999; Rothrock et al., 1999; Vinnikov et al., 1999).

The sea ice volume (a combination of the sea ice extent and thickness) in the Arctic reduces by 3300 km3 or
about 11% from 29.3 · 103 km3 in the period 1955–1969 to 26.0 · 103 km3 in the period 1985–1999, with a
trend of 0.94 · 103 km3/decade in the PCM simulations. The total freshwater input in the Arctic increases
by about 50% due to this loss of sea ice volume. The Arctic sea surface salinity is lowered by this increased
freshwater input, with a mean decrease about 0.16 psu (Fig. 3b).

Fig. 13. Time evolution of the oceanic meridional heat transport at 45�N (a) and 65�N (c), and the oceanic meridional freshwater
transport at 45�N (b) and 65�N (d). The positive (negative) values indicate a northward (southward) transport of heat (freshwater).
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In the GIN Seas, the sea ice flux convergence decreases from 0.033 Sv to 0.030 Sv from 1955–1965 to 1985–
1999. The sea ice volume changes from 1704 to 1312 km3 between the same two periods, about 398 km3 or a
23% reduction (Fig. 12a). Taking into account the increased P–E as shown in Fig. 10b, the total supply of the
freshwater flux increases by about 0.0098 Sv from 1955–1965 to 1985-1999 in this region. Therefore, when the
freshwater anomaly in the Arctic and GIN Seas exits at Denmark Strait and Feroa Bank, the southward fresh-
water transport increases there.

3.7. Changes in the thermohaline circulation

Both meridional heat and freshwater transports are related to the strength of the THC. The meridional
overturning streamfunction averaged over 1955–1969 is shown in Fig. 15a. The maximum strength is about
31.6 Sv, which is stronger than values suggested by observational studies – about 14–20 Sv (e.g., Hall and Bry-
den, 1982; Roemmich and Wunsch, 1985; McCartney and Talley, 1984). The mean meridional overturning in
1985–1999 weakens compared to 1955–1969 (Fig. 15b). The weakening is up to 2.5 Sv centered at 35�N and
about 2500 m deep. In comparison to the meridional streamfunction in Fig. 15a, the maximum changes of the
meridional overturning do not overlap with the meridional streamfunction maximum, but lie about 1000 m
below it. This indicates a retreat in the maximum penetration depth of the deep convection in the North Atlan-
tic. As a result, the whole meridional overturning cell associated with the North Atlantic deep water moves
upward, or becomes shallower.

Fig. 15b also shows that in the upper North Atlantic, the meridional overturning actually strengthens north
of 40�N, indicating an enhanced northward transport of the upper warmer water in the 1985–1999 period than
in the 1955–1965 period (Note that changes occur in upper 1 km). On the other hand, the northward transport
of the warmer, salty subtropical water is reduced since the meridional overturning in the upper ocean is weak-
ened south of 40�N. These changes in meridional overturning induce a decreased northward meridional heat
transport from the tropical and subtropical Atlantic to the Labrador Sea and the SDSR, and an increased
meridional heat transport from the Labrador Sea and the SDSR to the GIN Seas. As a result, the meridional
heat divergence increases in the Labrador Sea and the SDSR, leading to a mid-depth cooling.

To better relate the changes in THC with the changes of meridional heat and freshwater transports, the
THC index is calculated using the maximum strength of the meridional streamfunction in the Atlantic (see
Fig. 1e in Hu and Meehl, 2005). The THC weakens by about 1.2 Sv in the second period relative to the first,
with a decreasing trend of 0.33 Sv/decade since 1950. Associated with the THC, the northward heat transport
in the North Atlantic is quasi-linearly correlated with the strength of THC (e.g., Bryan and Holland, 1989;
Smith et al., 2000; Hu, 2001). A weaker THC, in general, transports less heat into the North Atlantic, as
shown in Fig. 13a. The correlation between THC and meridional heat transport at 45�N is 0.85 for the second
half of the 20th century. On the other hand, the CO2 induced warming effect induces a non-uniform change of
the deep convection in the Labrador Sea, the SDSR, and the GIN Seas as reported by Hu et al. (2004a). As a
result, the northward meridional heat transport north of roughly 55�N increases as THC weakens (Fig. 13c).
Therefore, the meridional heat transport at 65�N is negatively correlated to the THC in the PCM simulations.

Fig. 14. The Arctic sea ice extent (a) and thickness (b).
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The meridional freshwater transport is positively correlated to the THC at 45�N, negatively at 65�N. In
other words, a weaker THC transports less freshwater southward at 45�N, and more at 65�N, leading to a
decreased meridional freshwater divergence and a fresher ocean between 45� and 65�N, further weakening
the THC, and vice versa for a stronger THC. The lag correlation shows that the THC leads the meridional
freshwater divergence in the northern North Atlantic by one year, with a lag �1 correlation coefficient of
0.66 for the last 50 years of the 20th century. Thus, associated with the greenhouse gas induced global warm-
ing effect, as the THC becomes weaker, the ability of the THC to transport the freshwater anomaly from the
northern North Atlantic is reduced.

The scatter plots in Fig. 16 illustrate the relation of the THC strength and the meridional freshwater diver-
gence (Fig. 16a), and the relationship of the THC and the meridional heat convergence (Fig. 16b) between 45�
and 65�N since 1950 in the PCM simulations. It is very clear from Fig. 16 that a stronger THC is related to a
stronger meridional freshwater divergence, and to a stronger meridional heat convergence in the northern
North Atlantic. As THC becomes weaker in our simulation, both the meridional freshwater divergence and
the meridional heat convergence are decreased, inducing a freshening and cooling effect in this region.

3.8. Causes of the slower THC

The strength of THC can be affected by many factors, such as surface freshwater and heat flux anomalies in
the North Atlantic marginal seas, changes of winds, inter-basin salinity or temperature contrast, or remote

Fig. 15. The mean meridional streamfunction (MSF) in the Atlantic (a) and changes of MSF between 1985–1999 and 1955–1969. The
contour interval is 2 Sv for panel (a) and 0.4 Sv for panel (b).

a b

Fig. 16. Scatter plot: (a) the THC index with the meridional freshwater divergence between 45� and 65�N; (b) the THC index with the
meridional heat convergence between the same latitude band as in panel (a).
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effects in tropical regions or southern ocean (e.g., Gent, 2001; Hu et al., 2004b; Seidov and Haupt, 2003, 2005;
Toggweiler and Samuels, 1998; Ruhlemann et al., 1999). Here we first examine the inter-basin sea surface
salinity and temperature contrasts between North Atlantic and North Pacific, then examine the local direct
effects of the heat and freshwater flux changes in the North Atlantic and the Arctic.

As shown by Stott et al. (2000), Meehl et al. (2003, 2004) and Broccoli et al. (2003), the warming in the late
20th century is mainly induced by the increase of atmospheric CO2 concentrations. This global warming is the
ultimate reason for a weaker THC in PCM simulations in the late 20th century. The global warming intensifies
the hydrological cycle, such as increased precipitation in the polar and sub-polar region, and an increased
evaporation in the subtropics (e.g., Dai et al., 2001a; Hu et al., 2004a). On the other hand, this warming also
causes changes in the cryosphere, such as a retreat of glaciers (not included in PCM) and reduced sea ice cover.
These processes will change the sea surface density and ocean vertical stratification, and thus affect the
strength of the THC.

Seidov and Haupt (2003, 2005) demonstrated that the inter-basin sea surface salinity contrast between the
North Atlantic and North Pacific (10–60�N) controls the strength of the THC in equilibrium state. How this
inter-basin salinity contrast will affect the THC under transient forcing is not very clear. By using the NCAR
community climate system model version 2 (CCSM2), Hu et al. (2004b) show that this sea surface salinity con-
trast is a good indicator of the THC changes under century time-scale transient forcings if the freshwater
anomaly is the primary cause for the THC variability. If the thermal effect is the dominate cause of the
THC changes, the inter-basin salinity contrast usually acts against the thermal induced THC changes. In
our simulations, the inter-basin salinity contrast increases by about 0.057 psu from 1955–1969 to 1985–
1999. This increase is related to a more intensified evaporation in subtropical North Atlantic and an increased
precipitation in North Pacific. Thus, the inter-basin sea surface salinity contrast between North Atlantic and
North Pacific intends to strengthen the THC. On the other hand, as shown later, the density changes associ-
ated with the CO2 induced warming in the northern North Atlantic dominate this increased inter-basin salinity
contrast, producing a weaker THC in our simulations.

On the other hand, Hu et al. (2004b) proposed that the sea surface temperature contrast between the North
Atlantic and the North Pacific may also be used as an indicator of THC changes, with a higher contrast asso-
ciated to a weaker THC. The inter-basin temperature contrast increases by 0.025 �C from 1955–1959 to 1985–
1999, related to a higher warming (0.240 �C) in the North Pacific and a lower warming (0.215 �C) in the North
Atlantic. This result from PCM is consistent with Hu et al. (2004b). As explained by Hu et al. (2004b), a
weaker THC, in general, draws less heat from the other parts of the world ocean into the North Atlantic. Thus
the North Atlantic tends to become colder, and the North Pacific tends to become a bit warmer, vice versa for
a stronger THC. Under CO2 induced warming effect, the surface warming in the North Pacific tends to be
stronger than in North Atlantic. There are two primary reasons: (1) a warmer North Pacific suppresses the
upwelling process, thus keep more heat at surface ocean; (2) a warmer North Atlantic tends to suppress
the deep convection there, thus weakens the THC. At the same time, part of the surface heat is still deposited
into the deeper ocean through deep ventilation, and a weaker THC transports less heat meridionally to the
North Atlantic. They both tend to weaken the CO2 induced warming in the North Atlantic, thus increase
the sea surface temperature contrast between the North Atlantic and the North Pacific.

Locally, the surface density decrease in most parts of the SDSR is a result dominated by the surface warm-
ing induced mainly by increased atmospheric CO2 concentration (Fig. 3c). This decrease in surface density
enhances the upper ocean vertical stratification in the SDSR, leading to weaker deep convective activity. In
the eastern Labrador Sea and western SDSR, the surface density increase is associated with the cooling
induced by the eastward shift of the North Atlantic current pathway and the salinity increase is related to
a reduced sea ice flux from the Arctic to the Labrador Sea. This increase in the surface density may have
enhanced the deep convection in those regions. The total deep ventilation in the Labrador Sea and the SDSR
at a depth of 1400 m where the maximum of the meridional streamfunction is located (Fig. 13a), reduces by
0.7 Sv from 1955–1969 to 1985–1999. In the GIN Seas, the deep convection strengthens at north of the Ice-
land, mid-GIN Seas and south of Spitsbergen, and weakens along the Greenland coastal region and in the
Norwegian Sea. The strengthening of the deep convection in the GIN Seas is associated with the reduced
sea ice cover, and the weakening is related to the increased melt-ice water exported from the Arctic in the
Greenland costal region, and to the warming in the Norwegian Sea. Overall, the deep convection in the
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GIN Seas at 1400-m depth strengthens by about 0.15 Sv. Therefore, the total deep convection in the Labrador
Sea, the SDSR, and the GIN Seas is decreased, thus producing a weaker THC in the late 20th century.

4. Conclusion and discussion

In this paper, we discuss the possible reasons for the observed freshening and cooling of the subpolar North
Atlantic using a global coupled model, the Parallel Climate Model (PCM). The simulated patterns of the
freshening and cooling in the subpolar North Atlantic between 45� and 65�N in late 20th century is similar
to those suggested by observational studies (e.g., Antonov et al., 2002; Curry et al., 2003; Levitus et al.,
2005a; Boyer et al., 2005). The changes of P–E between 1955–1965 and 1985–1999 indicate an increase in
freshwater input in this region, but the reduced sea ice fluxes from the Arctic and Baffin Bay into this region
change the P–E induced freshwater surplus to a deficit. Thus, the total surface freshwater flux, P–E and sea ice
flux (including both imported sea ice and reduction of local sea ice), is in favor of a saltier surface ocean as
shown in Fig. 3b. On the other hand, the meridional freshwater divergence in this region is reduced in the late
20th century, inducing a freshwater gain. This freshwater gain not only compensates the deficit of the surface
freshwater input, but also leads to a net freshwater gain in this region, which is responsible for the simulated
freshening. The changes of the net surface heat flux in the northern North Atlantic are in favor of a warmer
upper ocean since the net heat loss is decreased in the late 20th century. As shown in Fig. 3a, the sea surface
temperature increases in most parts of the northern North Atlantic, as opposed to the sub-surface cooling in
Fig. 2b. But the meridional heat divergence is increased, with a decreased northward meridional heat transport
at 45�N and an increased northward heat transport at 65�N, leading to a net heat loss in this region and con-
tributing to the sub-surface cooling.

The changes of the meridional freshwater and heat divergence are caused by a weaker THC in our simu-
lations. And the weakening of the THC is primarily related to the CO2 induced global warming in the late 20th
century. This global warming intensifies the global hydrological cycle, such as increased precipitation in the
polar and sub-polar regions, and increased evaporation in the subtropics. The global warming also changes
the cryosphere, such as a decrease in Arctic sea ice cover. In the Labrador Sea and south Denmark Strait
region (see Fig. 1 for their definition), the weakening of the deep convection is mainly associated with a war-
mer sea surface temperature, which reduces the surface density and stabilizes the upper ocean stratification. In
the GIN Seas, the deep convection is slightly intensified owing to the reduced sea ice cover there, which causes
an increased sea surface salinity north of Iceland, south of Spitsbergen, and mid-GIN Seas (Fig. 3c), thus
weakening the upper ocean stratification in those regions, and inducing stronger deep convection. The total
deep convection in the Labrador Sea, south of the Denmark Strait region, and the GIN Seas is weakened
in the late 20th century, producing a weaker THC.

This result differs from a recent model study by Wu et al. (2004) using HadCM3 who successfully simulated
the observed freshening of the northeast Atlantic deep water (NEADW) since the 1950s as shown in Fig. 1a of
Dickson et al. (2002) with a stronger THC. They concluded that the observed freshening may not be an indi-
cator of the THC weakening in the late 20th century. From their Fig. 3a, it is clear that the THC strengthening
is related to a salinity increase in the upper ocean of the northern North Atlantic and the GIN Seas. This salin-
ity increase induces a higher upper ocean density in those regions in the 1980s in comparison to the 1950s
(their Fig. 3b), enhancing the deep convective activity there, producing a stronger THC in their model. In this
model, one of the major biases is the sea ice cover which affects the deep convection in the northern North
Atlantic. The simulated sea ice coverage is greater than observed, especially in the GIN Seas. Although the
observed estimates suggest that only about 20% of the sea ice exported to the GIN Seas from Arctic exits
the Denmark Strait into the Labrador Sea (e.g., Aagard and Carmack, 1989), in our model simulations,
roughly 70% of that sea ice flux is exported into the Labrador Sea and south of the Denmark Strait region.
Therefore, the variability of the sea ice flux in the northern North Atlantic between 45� and 65�N is possibly
overestimated in our simulations in comparison to reality.

On the other hand, the simulated changes of P–E in the northern North Atlantic are likely underestimated
(at least relative to the ERA-40 reanalysis data). This underestimation is possibly related to the failure of this
coupled model in simulating the upward trend of the NAO shown in the observations in the last 50 years of the
20th century. Studies have related the changes of the P–E in the northern North Atlantic to the variations of

A. Hu et al. / Progress in Oceanography 73 (2007) 384–405 401



Aut
ho

r's
   

pe
rs

on
al

   
co

py

the NAO (e.g., Hurrell, 1995; Dai et al., 1997; Marshall et al., 2001). Overall, our model simulations may have
underestimated the changes of P–E, but overestimated the changes of sea ice fluxes in the northern North
Atlantic region. In reality, the total surface freshwater input in this region, including both P–E and sea ice flux,
may have increased, such as in the ERA-40 reanalysis data. This increased surface freshwater supply, com-
bined with the greenhouse gas induced warming, would have contributed to a much more stable vertical strat-
ification, thus producing weaker deep convection in the northern North Atlantic, and a weaker THC.

Satellite and in situ observations show a decrease in both the sea ice covered area and thickness in the Arc-
tic, possibly due to global warming (e.g., Parkinson, 2000; Rothrock et al., 1999). Our model simulation agrees
with those observations. The melt-ice water is exported from the Arctic to GIN Seas and the northern North
Atlantic through wind-driven and thermohaline-driven circulations, thus inducing a positive freshwater anom-
aly along melt-ice water pathway. This freshwater anomaly, plus the greenhouse gas induced surface warming,
stabilizes the upper ocean by decreasing the upper ocean density, suppresses deep convection, and contributes
to a weaker THC.

Thus, the relative importance of the surface warming and each of the freshwater sources for the possible
slower THC in the late 20th century in northern North Atlantic may be different in reality and in our model,
but the ocean’s decreased ability to transport the freshwater anomaly out of the northern North Atlantic and
the increased poleward meridional heat transport north of 55�N caused by a CO2 induced weaker THC are
likely to be major contributors to the freshening and cooling in this region both in observations and in our
model.

In this study, we emphasized that the changes of the THC is the major contributor of the simulated fresh-
ening and cooling in the northern North Atlantic. Previous studies (e.g., Delworth and Dixon, 2000; Hu, 2001;
Eden and Jung, 2001) show that variations of THC are related to the NAO variability. By artificially adding
an upward trend of the NAO since 1970s in a coupled model, Delworth and Dixon (2000) found that this
upward trend of NAO in the late 20th century may have strengthened the THC. Using an ocean model driven
by the surface flux patterns of heat, freshwater, and momentum associated with the NAO, Eden and Jung
found that the THC lags the inter-decadal NAO variability about 10 to 20 years with a relation of a stronger
THC corresponding to a higher NAO. In a coupled ice-ocean model forced by idealized NAO variability
derived from NCAR/NCEP reanalysis data, Hu (2001) found that in a quasi-equilibrium state, the THC is
stronger in high NAO phase than in low NAO phase. If this ice-ocean model is forced by an idealized
NAO variation with combined lower (70 years) and higher (10 years) frequencies, the THC tends to become
weaker during the first half of the integration when the NAO index is lower, and to be stronger during the
second half when the NAO index is higher, but with a much smaller amplitude in comparison with the
quasi-equilibrium experiments. Hu concluded that a persistent high (low) NAO phase is needed to significantly
affect the strength of THC, and an inter-annually varying NAO might not be able to produce a significant
trend in THC. Hu (2001) also indicates that the stronger THC during high NAO phase is mainly related to
the strengthened deep convection in the Labrador Sea due to increased sea surface salinity. Nevertheless,
all of these studies indicate a possible strengthening of the THC during a persistent high NAO phase.

Since the upward trend of the NAO is missing in the PCM simulation, does this mean that PCM simula-
tions are biased towards a weaker THC, or the fact of the PCM simulations being able to resemble the
observed changes in the northern North Atlantic is due to model biases? The answer is very likely to be
no. A recent observational study of the meridional transport at 25�N in the Atlantic shows a stable Gulf
Stream transport at the Florida Strait with an increased wind-driven return flow in the subtropical interior
ocean and a decreased southward flow of deep water since 1950s (Bryden et al., 2005). Bryden et al. (2005)
concluded that the THC may have weakened by up to 30% along a decreased meridional heat transport. Con-
sidering the overall decrease in sea surface density in the northern North Atlantic dominated by freshening
effect which might imply a more stable oceanic stratification in this region, thus possibly a weakened deep con-
vection (see Figs. 2 and 3), Bryden et al.’s study is in concert with these observations in sub-polar North Atlan-
tic. Although there are some uncertainties in the study of Bryden et al. (2005) and uncertainties in the subpolar
observations, such as reported by Dickson et al. (2002), Curry et al. (2003), Antonov et al. (2002, 2005), Lev-
itus et al. (2005a), Boyer et al. (2005), the evidence of oceanic property changes in the subpolar North Atlantic
seems to imply a weaker deep convection, thus a weaker THC in the late 20th century. As shown by Hu
(2001), a stronger THC in high NAO phase is resulting from a more saline Labrador Sea which is in contra-
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diction with the observations. On the other hand, the NAO might not be the only factor which can influence
the THC or the deep convection in the subpolar North Atlantic marginal seas. Other factors may also affect
the changes of THC, e.g. the meridional gradient of the zonally averaged steric height (Hughes and Weaver,
1994; Thorpe et al., 2001), inter-basin salinity contrast (Stocker et al., 1992; Seidov and Haupt, 2003, 2005),
the southern ocean freshening (Saenko et al., 2003), and the warming of tropical Atlantic upper ocean (Ruh-
lemann et al., 1999), inter-basin SST contrast (Hu et al., 2004b). Therefore the simulated weakening of THC in
the late 20th century in PCM is very likely to be true in reality.
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