
! " #$%&' ( " #)" * +( " #+, ' ' %)- . ' )" * +/ . - 012( %3 1%' 4+, ' 2( " ' )5+6%$&4$" )" *

! "#$#%&'() #*+, "$(- "$$#. / , , . 0(1#*+, 20(%330

! " #$%&'( $) *#+, - .'/ 001'' '0120333'' '4 5.'6 77+( 5'8&9'.- 5'4 5.'6 77+( 5':$, $'8#5'#5, +; .5#59'.#895< 8#=;

!" #$%&&'("$$$>89:5* '" 5&.#5'''?+.@A$* 'A$89'' 'BC5.5#'''D5E$&'' 'B3F'GHI '''J &+.59 K+&, 9$< B< 8+:L') 5+:+M%N@< 5.$77+( 5M, $EMN=

7. Summary
! The hydrological cycle is likely to intensify under global 
warming. This has already been reflected in increasing 
Arctic river discharges since the 1960s. The upward trend 
can only be simulated when anthropogenic factors are 
included.
! However, the recent observed freshening trend in the 
Labrador Sea and the subpolar North Atlantic may not be 
linked with climate change. Such trends in salinity can be 
generated by internal climate variability.
! Freshwater input from both the subpolar and the tropical 
North Atlantic can affect the THC.
! A freshening trend in the subpolar North Atlantic does 
not necessarily indicate a weakening THC.

4. Freshening trends in the subpolar Nor th Atlantic
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1. Introduction
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We use the Hadley Centre’s coupled climate model (HadCM3) simulations to investigate the links between global 
warming and the hydrological cycle, ocean water mass changes and the Atlantic THC. Ensemble simulations with all 
historical forcing factors (“all forcings”) are used to validate the model’s ability of simulating observed changes, while the 
long control simulation and other ensembles with separate forcings (“anthropogenic” and “natural”) are used to attribute 
the possible causes of the recent observed trends.  

Questions of interest: Does the hydrological cycle intensify under global warming? Where can we see this happening?  
Are the recent freshening trends observed in the subpolar North Atlantic part of this story? Would such a freshening 
trend necessarily indicate a weakening THC?

Figure 1 shows the anomalous zonal
mean freshwater flux into the ocean 
from a climate model prediction for 
the 21st century based on the SRES 
B2 scenario. In addition to the strong 
short term variability in the tropics, 
there is a clear long term increasing 
trend in the high latitudes of both 
hemispheres. The trend seems to be 
stronger in the northern high 
latitudes 

Observations from the six largest 
Eurasian rivers have shown an 
upward trend (Peterson et al. 
2002) in line with the above 
prediction. This trend has been 
confirmed in the HadCM3 “all 
forcings” ensemble simulation. 
The increasing trend is clear 
from 1960s onwards. The trend 
can only be reproduced when 
anthropogenic factors are 
included. It is therefore most 
likely to be associated with 
human activities (see Wu et al. 
2005 for details).
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2. Global warming and the hydrological cycle
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3. Freshening of the Labrador Sea

5. Tropical freshwater  influence on the Atlantic THC

6. Does the recent freshening trend in the North Atlantic indicate a   
weakening THC?The observed salinity decrease of the 

north east Atlantic deep water (NEADW) 
within the Labrador Sea shows a coherent 
freshening trend during the last 3-4 
decades of the 20th century (Fig.3a, from 
Dickson et al. 2002). This trend begins at 
a similar time as the  increasing trend of 
Arctic river runoffs. A similar freshening 
trend has also been captured in the 
HadCM3 “all forcings” simulation (Fig.3b 
and top panel of Fig.4 ). 

Such a persistent freshening trend could easily 
be linked to the expected intensification of 
hydrological cycle induced by anthropogenic 
climate change. However, we do not see such 
trend in the “anthropogenic forcings” only 
ensemble simulation (see mid panel of Fig.4). 
It is thus not attributable to anthropogenic 
climate change. This freshening trend is 
actually opposite to the model prediction of 
salinity change in the Labrador Sea for the 21st

century under the SRES B2 scenario. The 
model predicts that salinity in the Labrador Sea 
will increase due to the shutdown of deep 
convection as surface warming continues. This 
work will appear in Wu et al. (2006).

Similar freshening trend of the Labrador Sea can also 
be found in the HadCM3 control simulation with fixed 
pre-industrial greenhouse gas concentrations. An 
example is shown in Fig.5a. Area averaged salinities 
from various depth and locations of the subpolar North 
Atlantic along the path of the NEADW from the same 
period of the control are shown in Fig.6. Both Fig.5a 
and Fig.6 show similar freshening trends compared to 
observed trends reported by Dickson et al. (2002). 

Fig.5b shows the maximum winter mixed 
layer depth within the Labrador Sea for 
the corresponding period. The freshening 
trend seems to be associated with 
convection activity: deep convection with 
high salinity followed by a sustained 
period of weak convection and 
decreasing salinity trend. This suggests 
the freshening trend may be induced by a 
strong deep convection.  
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New experiments are designed to test the 
possibility of convection induced long 
term freshening of the Labrador Sea. 
Anomalous winter cooling is applied in 
the same model to artificially induce deep 
convection. Cooling is switched off after 
the convection. Figure 7 shows the 
control (top) and two perturbation 
experiments. With a 300Wm2 cooling 
(bottom), the model simulates a realistic 
freshening trend of 30 to 40 years.
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THC variability in the long 
HadCM3 control simulation is 
dominated by a centennial 
timescale oscillation as shown 
by the wavelet power 
spectrum (Fig.8). It is linked to 
an inter-hemispheric surface 
mode called the Atlantic multi-
decaldal oscillation (AMO). 

The mechanism of this 
oscillation is illustrated in Fig.9 
through a multi-decadal air-
sea interaction in the Atlantic 
sector. A strong THC carries 
an anomalous cross-
equatorial northward ocean 
heat transport and generates 
a warmer SST in the northern 
tropics. The ITCZ strengthens 
and shifts northward. Low 
SSS is generated as a result 
of this anomalous freshwater 
flux. When the low salinity 
water moves to the subpolar
region, THC is weakened and 
the cycle turns from the left to 
the right phase.   

It is widely believed that freshwater 
perturbation to the subpolar North 
Atlantic will affect the strength of the 
THC. Since there is insufficient direct 
measurement of the THC, can we 
infer a weakening THC from the 
recent observed freshening trend in 
the subpolar North Atlantic?

Fig.10a shows the salinity variation of 
the core NEADW in the Labrador Sea 
from the four members of the “all 
forcings” ensemble simulation and 
Fig.10b shows the corresponding 
THC strengths. One of the members 
runs into the 21st century under SRES 

(see Vellinga and Wu 2004 for details).

B2 scenario. Thick solid lines in both plots show the ensemble averages. 
All four members show a freshening trend in the late half of the 20th

century, but it is clear from Fig.10b that the THC does not show a 
corresponding weakening trend. The THC is actually on an upward trend 
towards the end of the 20th century before it starts the long term declining 
trend into the 21st century under projected global warming. The simulated 
recent upward trend of the THC is consistent with a strong invasion of 
warm/saline Atlantic inflow into the upper Nordic Seas in the model (see 
Wu et al. 2004 for details). The increased Atlantic inflow has also been 
reported from observations (Hatun et al. 2005). 


