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Abstract 
The influence of ENSO-related changes in the Atlantic-to-Pacific freshwater budget on 

the North Atlantic meridional overturning is examined using the UVic Earth System 

Climate Model. The initial analysis of freshwater fluxes in the NCEP50 reanaly- 

sis product and GPCP data set reveals that the transport of water vapour out of 

the tropical Atlantic drainage basin is enhanced during El Nifio phases and reduced 

during La Nifia phases; a one standard deviation in the southern oscillation index 

alters the tropical Atlantic freshwater balance by about 0.09 Sv. A weaker link with 

ENS0 is found in the ERA40 reanalysis although its usefulness is severely limited 

by a strong, and spurious, trend in tropical precipitation. Model results suggest that 

tropical Atlantic salinity anomalies generated with the frequency and amplitude of 

ENS0 tend not to impact deep water formation as they are diluted en route to the 

North Atlantic. Lower frequency, decadal timescale anomalies, however, do have an 

impact, albeit weak, on the rate of North Atlantic Deep Water formation. In addition, 

and contrary to earlier results, it is found that even a shift of the tropical Atlantic 

freshwater balance towards permanent El Nifio conditions only slightly mitigates the 

transient reduction of North Atlantic Deep Water formation associated with the in- 

crease of anthropogenic greenhouse gases. Taken together, the results suggest that 

the poleward propagation of salinity anomalies from the tropical Atlantic, associated 

with changes in ENSO, should not be considered a significant mechanism for the vari- 

ability of the North Atlantic meridional overturning in the present and foreseeable 

future climate. 
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Chapter 1 

Introduction 

1 .  I Study Motivation 

The transport of heat from low to high latitudes by the North Atlantic meridional 

overturning circulation (NAMOC) is widely recognized as a key component of north- 

ern hemisphere climate. Ganachaud and Wunsch (2003) estimate the present-day 

northward heat transport by the NAMOC to be 1.3 PW at 24"N, or roughly 70% 

of the global ocean meridional heat transport at  that latitude. Open ocean deep 

convective mixing, triggered by extreme surface cooling events during the North 

Atlantic winter, is an important component of the NAMOC (Marshall and Schott 

1999). It establishes the large-scale pressure gradients which allows for the forma- 

tion of North Atlantic Deep Water (NADW) (Dickson and Brown 1994). Diapycnal 

mixing is the primary means of warming cold deep waters, allowing them to rise 

through the thermocline and flow to the North Atlantic via the wind driven surface 

circulation, completing the NAMOC (Gregg 1989, Polzin et al. 1995). Data based 

estimates of present-day NADW mass transports in the Atlantic typically range from 

15-22 Sv (1 Sv = 1.0 x lo6 m3ss1) (Ganachaud and Wunsch 2000, Talley et al. 2003). 

Paleoclimate evidence linking variations in the rate of NADW formation with rapid 

changes in North Atlantic and European climate (Bond et al. 1993, Broecker 1997), 

combined with model studies demonstrating its sensitivity to surface freshwater fluxes 

(Stommel 1961, Manabe and Stouffer 1988, Weaver and Hughes 1992), has raised the 

question of potential impacts of anthropogenic forcing on the NAMOC. 

The Intergovernmental Panel on Climate Change Third Assessment Report re- 

port (TAR) showed that most climate models project a decrease (roughly 2-10 Sv) 

in the strength of the NAMOC over this century in response to increased greenhouse 

gas concentrations (Houghton et al. 2001) (Fig. 1.1). Despite differences in complex- 

ity and a wide range of responses, these models show qualitatively similar behaviour; 

warmer sea surface temperatures and an increase in freshwater input at high latitudes 

from an enhanced hydrological cycle results in more stably stratified North Atlantic 

surface waters and reduced NADW formation. An exception discussed in the TAR is 



the ECHAM$/OPYC model, which projected a stable NAMOC under global warm- 

ing conditions. It was argued that in this model the local effects of warming and 

freshening on the surface density of the North Atlantic were mitigated by the advec- 

tion of positive salinity anomalies from the the tropical Atlantic (Latif et al. 2000). 

The salinity anomalies, in turn, were suggested to have been created by a shift in 

the tropics towards more frequent El Niiio conditions, which increased the amount of 

freshwater exported from the tropical Atlantic (Timmermann et al. 1999). Latif et al. 

(2000) argued that this feedback is a stronger feature in their model because it had a 

high meridional resolution of 0.5"N in the tropical oceans, which enabled it to better 

resolve tropical air-sea interactions. The results of Latif et al. (2000) highlighted the 

influence of ENS0 on the freshwater balance of the tropical Atlantic as a possible 

important mechanism for NAMOC variability. 
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Figure 1.1:  Changes in the strength of the NAMOC (Sv) in coupled 
climate models published in the TAR (Houghton et al. 2001). Shown is 
the annual mean relative to the mean of the years (1961 t o  1990). The 
future-forcing scenario is the IS92a emissions scenario. 

The goal of this dissertation is to examine the interannual variability in the tropi- 

cal Atlantic surface freshwater flux and its impact on the NAMOC. I begin with brief 

discussi~ns of ENS0 and its link to the tropical Atlantic in the following subsections. 

Then I examine the influence of ENS0 on tropical Atlantic freshwater fluxes in Chap- 



ter 2. Chapter 3 introduces the climate model and experimental design employed. In 

Chapter 4, I evaluate the impact of tropical Atlantic freshwater fluxes on an equili- 

brated climate. I determine if a reasonable increase in tropical Atlantic freshwater 

export, comparable to present-day El Nifio conditions, mitigates the high-latitude 

effects on NADW formation under anthropogenic warming conditions in Chapter 5 .  
Conclusions are presented in Chapter 6. 

Overview of E N S 0  

ENS0 is regarded as the strongest interannual variation in climate (Houghton et al. 

2001). It originates in the tropical Pacific through coupled interactions between the 

ocean and atmosphere, which generate anomalous sea surface temperature (SST) and 

sea level pressure (SLP) conditions (see Neelin et al. (1998) for a comprehensive re- 

view of ENSO). Canonical El Nifio events are characterized by positive SST anomalies 

in the eastern equatorial Pacific that weaken the normally strong zonal gradient. In 

turn, the zonal SLP gradient is reduced and the Pacific trade winds are weakened. 

The weakening of the trade winds leads to a reduction in the upwelling of cold water 

on the eastern coast of the Pacific and an eastward shift in the warm surface water 

from the western tropical Pacific, both of which act to enhance the initial increase in 

SST and shoal the thermocline. Correspondingly, the large-scale convective precipi- 

tation that is typically found in the western tropical Pacific follows the warm surface 

water eastward. The weakened trade winds also cause off-equatorial thermocline 

depth anomalies that propagate westward as weak upwelling Rossby waves. When 

Rossby waves reach Indonesia they are reflected and propagate eastward as upwelling 

Kelvin waves. When the Kelvin waves reach the central-eastern Pacific, where the 

thermocline is close to the surface, their upwelling influence can be strong enough 

to change the sign of the SST anomalies and lead to La Nifia conditions. Canonical 

La Nifia events can be characterized as an enhancement of the tropical Pacific mean 

state. Both the zonal SST and SLP gradients are strengthened. 

The ENS0 cycle has demonstrated considerable spatial, temporal and amplitudi- 

nal variability over the modern record (Houghton et al. 2001). This variability is often 

attributed to stochastic forcing due to atmospheric weather noise (Burgers 1999) and 

deterministic chaos arising from the nonlinear interaction of ENS0 with the seasonal 

cycle (Jin et al. 1994, Tziperman et al. 1994). However, the work of Trenberth and 

Hoar (1996) has received considerable attention for postulating a link between an 

apparent shift in observed ENS0 activity with anthropogenic climate change. They 



argued that the tendency for more frequent, persistent and intense El Nifio events 

since the late 1970's is highly unusual and unlikely to be accounted for solely by 

natural variability. The statistical significance of their results has been challenged 

(Harrison and Larkin 1997, Wunsch 1999). Some modelling results (Knutson and 

Manabe 1998, Timmermann et al. 1999) have corroborated the findings of Trenberth 

and Hoar (1996), but are suspect in view of their inability to fully simulate ENS0 

and the strong natural variability observed (Houghton et al. 2001). 

1.3 The Atmospheric Bridge: Linking E N S 0  to 

the Tropical Atlantic 

The link between ENS0 and the tropical Atlantic is part of the 'atmospheric bridge' 

identified by Lau and Nath (1994). Changes in the precipitation patterns of the 

tropical Pacific and the associated release of latent heat during ENS0 events force 

large-scale atmospheric waves. These waves can alter the temperature, humidity, 

wind and distribution of clouds far from the equatorial Pacific and result in changes 

in surface heat, freshwater and momentum fluxes (Alexander et al. 2002). Through 

this 'atmospheric bridge' it is possible for the influence of ENS0 events to 'teleconnect' 

around the globe. 

ENSO's link to the tropical Atlantic was first documented by Covey and Hasten- 

rath (1978). Using composites of SST, SLP and winds in the tropical Atlantic, they 

identified an increase (decrease) in SST in a broad region just north of the equator 

roughly 3-6 months after El Nifio (La Nifia) events. Subsequent observational anal- 

yses (Curtis and Hastenrath 1995, Enfield and Mayer 1997) confirmed the results of 

Covey and Hastenrath (1978)' and have further identified a reduction in sea level 

pressure, a weakening of the northeast trade winds, and a northward shift in the 

Intertropical Convergence Zone (ITCZ) following El NiCo events. The inverse of this 

pattern of response generally holds for La Nifia events. 

It is well established that more water is exported from the tropical Atlantic than 

imported (Baumgartner and Reichel 1975). Of particular importance to this study 

is identifying how ENS0 related variability impacts the negative surface freshwater 

balance of the Atlantic. Schmittner et al. (2000) examined the influence of ENS0 

on tropical Atlantic freshwater export in a 39 year (1958 to 1996) National Centers 

for Environmental Prediction (NCEP) reanalysis (NCEP40) (Kalnay et al. 1996), 

and a 15 year (1979 to 1993) European Centre for Medium-Range Weather Forecasts 



(ECMWF) reanalysis (ERA15) (Gibson et al. 1997). They found that freshwater 

export out of the tropical Atlantic is enhanced during El Nifio events and is reduced 

during La Nifia events by approximately 0.05-0.2 Sv (depending on the strength of 

the event). Using a simple, zonally averaged climate model Schmittner et al. (2000) 

also found that permanent shifts in tropical Atlantic freshwater export in this range 

affected the NAMOC. 



Chapter  2 

The Influence of E N S 0  on Tropi- 

cal Atlantic Fb-eshwater Fluxes 

2.1 Est imates  of Surface Freshwater Fluxes Used 

i n  this Study 

Since Schmittner et al. (2000), NCEP has expanded its reanalysis to 57 years spanning 

1948 to 2005 (NCEP50) (Kistler et al. 2001), and ECMWF released a new 45 year 

reanalysis (ERA40) spanning 1957 to 2002 (Kiillberg et al. 2004). In this chapter I 

follow Schmittner et al. (2000) and re-examine the influence of ENS0 on the surface 

freshwater balance of the tropical Atlantic drainage basin in NCEP50 and ERA40. 

It is important to recognize that precipitation (P) and evapouration (E) in these 

products are completely determined by the reanalysis model; no direct observations 

are used. The models estimate P and E at consistent spatial and temporal scales 

by combining observations of the state of the atmosphere with short term model 

forecasts. Since results determined from reanalysis products should be compared 

with independent observational estimates, I also examine the Global Precipitation 

Climatology Project data set (GPCP) (Huffman et al. 1997). 

I calculate surface freshwater anomalies in NCEP50 and ERA40 from monthly 

mean P-E fluxes at 1 .go x 1 .go and 2.5" x 2.5" horizontal resolution, respectively. In 

both models, convective and large-scale condensation and the surface latent flux are 

generated by short term model forecasts and output every six hours. E is calculated 

by dividing the surface latent heat flux by the latent heat of vapourization of water. 

P is calculated by summing the total amount of convective and large-scale precipi- 

tation that reaches the surface. Surface P-E fluxes in NCEP50 and ERA40 are not 

strictly conserved over the globe. Conservation can be achieved by subtracting the 

global surface P-E imbalance for each month so that the area weighted sum becomes 

zero. I found that the differences between globally conserved and unconserved fluxes 

were inconsequential and the analysis presented in this dissertation is based on the 

unconserved fluxes. 



The GPCP data set was created by merging rain gauge measurements and satellite 

estimates of P. The merging procedure is designed to incorporate data based on an 

estimate of its quality, with an emphasis given to rain gauge measurements. I calculate 

freshwater anomalies in GPCP from monthly mean P fluxes a t  2.5Ox2.5" resolution. 

Since precipitation is not directly assimilated into the reanalysis models, a comparison 

to GPCP provides an independent measure of their performance. 

2.2 The Southern Oscillation Index of E N S 0  

The Southern Oscillation Index (SOI) is a measure of the large-scale fluctuations in 

air pressure between the western and eastern tropical Pacific that are characteristic 

of ENS0 events. It is traditionally calculated from differences in SLP anomalies 

between Papeete, Tahiti and Darwin, Australia. The advantage of using the SO1 

as an index of ENS0 rather than indices based on fluctuations in SST across the 

tropical Pacific is that it can be calculated directly from the NCEP50 and ERA40 

reanalysis products; the reanalysis models do not output SST. Calculating the SO1 

directly from the reanalysis products allows a comparison to observations to get a 

first order approximation of how well the reanalysis models capture the atmospheric 

component of ENSO. When smoothed, the SO1 generally corresponds very well with 

SST based indices of ENS0 (Wallace et al. 1998). 

The observational SO1 provided by the National Oceanic and Atmospheric Asso- 

ciation (NOAA) is used to evaluate the reanalysis models (NOAA 2005a). The SO1 

is calculated from NCEP50 and ERA40 in the manner outlined by NOAA (NOAA 

2005b). First, standardized time series of Tahiti and Darwin SLP anomalies are 

calculated as follows: 

S L P  Tahiti  - rnean(SLP Tahiti) 
Standardized Tahiti  = 

x E l ( S L P  Tahiti(i)-mean(SLP T ~ h i t i ) ) ~  ' (2.1) 

N 

S L P  Darwin - rnean(SLP Darwin) 
Standardized Darwin = . (2.2) 

x E l ( S L P  Darwin(i)-mean(SLP ~ a r w i n ) ) ~  
N 

Mean SLP values are determined from the 1951-1980 base period for NCEP50, as 

recommended by NOAA. The ERA40 mean is determined from the 1958-1980 base 

period. N is the number of months of data. The SO1 is calculated from the standard- 



ized anomalies as 

Standardized Tahiti  - Standardized Darwin 
S O I  = 

~z, (Standardired Tahiti(i)-Standardized D a r ~ i n ( i ) ) ~  
N 

Figure 2.1 shows the NOAA SO1 and the SO1 calculated from reanalysis models 

(in units of standard deviations (SD)). A sliding 12 month low pass filter (refer to 

Appendix A for details) was applied to smooth the time series. There is very little 

difference between the three time series, which is indicative of the reanalysis models 

being strongly influenced by observations of atmospheric pressure. Sustained negative 

(positive) values of the SO1 typify the characteristic weakening (strengthening) of 

zonal tropical Pacific surface winds during El Nifio (La Nifia) events. Power spectra 

of the SO1 show a preferred four year period over the last 50 years, although in the 

historical record the period has varied between two and seven years (Neelin et al. 

1998). The similarity of the time series in Fig. 2.1 permits the use of the NOAA SO1 
as a common index of ENS0 in the analysis of tropical Atlantic freshwater fluxes 

from NCEP50, ERA40 and GPCP in sections 2.3 and 2.4. 
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Figure 2.1: Time series of the SO1 from NOAA, NCEP50 and ERA40. 

Integrated Anomalous Freshwater Flux Time 

Series and the SOI 

Figure 2.2 shows the times series of freshwater anomalies (when they are integrated 

over the Atlantic drainage basin between 20"s and 20•‹N) for the three data sets, 

along with the NOAA SOI. A clear correlation between the SO1 and anomalies from 



GPCP and NCEP50 can be seen. Decreases (increases) in the SOI, tending towards 

El Nifio (La Nifia) conditions, are correlated with decreases (increases) in freshwater 

anomalies. The figure also reveals the erroneous trend in ERA40 anomalies, which is 

caused by a strong trend in tropical P in the later years of the reanalysis. ECMWF 

have identified the problem as stemming from errors in the analysis of humidity from 

satellite observations (Troccoli and Kallberg 2004). Inadequate bias corrections were 

applied and the effect of aerosols released by the eruption of Mount Pinatubo in 1991 

were not properly accounted for. The similarity between the NCEP50 and GPCP 

regressions indicates that the variability is largely driven by anomalous P. 

Figure 2.2: Time series of the SO1 (right axis) with NCEP50 and ERA40 
surface P-E anomalies, and surface P anomalies from GPCP. The monthly 
anomalies were smoothed with a sliding 12 month low pass filter (Ap- 
pendix A) and integrated over the tropical Atlantic drainage basin from 
20"s to 20•‹N. The zonal bounds of the drainage basin are shown in Fig. 2.3. 

Table 2.1 shows the results of a linear regression of the SO1 with the freshwater 

time series from Fig. 2.2. Details of the linear regression algorithm are provided in 

Appendix B. The correlations and slopes of the regression lines from ERA40 show a 

weak and highly uncertain correlation with ENSO. In an attempt to reduce the effect 

of the strong P trend in ERA40 I detrended the time series. The detrended ERA40 

time series correlation improved marginally, but is still poor in comparison to the 

other data sets. Results from NCEP50 show a weaker link to ENS0 than found with 

GPCP. Kistler et al. (2001) note the introduction of satellite data in 1979 dramati- 

cally improved the quality of the reanalysis. I follow their strong recommendation and 

evaluate NCEP50 anomalies separately for the satellite era, denoted NCEP50SAT. 



Table 2.1: Results of linearly regressing the SO1 with integrated tropical 
Atlantic freshwater anomalies 

Freshwater SO1 SO1 Regression 
Data Source Correlation Slope (Sv/SD) 

ERA40 P-E 

1957/09-2002108 
0.08 f 0.08 0.033 f 0.034 

ERA40 P-E 

1957/09-2002108 
0.34 f 0.08 0.081 f0.02 

detrended 

NCEP50 P-E 

1948/01-2004/12 
0.59 f 0.05 0.065 f 0.006 

NCEP503AT P-E 

l979/Ol-2004/ 12 
0.79 f 0.04 0.087 f 0.007 

GPCP P 

1979/01-2004/09 
0.75 f 0.05 0.10 f 0.01 

Correlation coefficients, regression slopes and confidence intervals were determined 
by linearly regressing surface freshwater anomalies integrated over the Atlantic 
drainage basin between 20"s and 20•‹N with the SOI. The confidence intervals were 
calculated without accounting for autocorrelation. The timeseries are shown in 
Figure 2.2, except for the NCEP50-SAT and the detrended ERA40. 

The NCEP50-SAT integrated time series nearly overlies the full-length one and is 

plotted independently in Fig. 3.1. Differences between the two NCEP50 series result 

from the different time periods used to calculate the longterm monthly means. Re- 

gression results with NCEP50SAT anomalies compare well with GPCP and show a 

slightly stronger link between ENS0 and tropical Atlantic freshwater fluxes than was 

found by Schmittner et al. (2000). They found SO1 correlations of 0.65 and 0.68, 

and slopes of 0.06 and 0.08 for NCEP40 and ERA15, respectively. The average total 

freshwater export in the Atlantic drainage basin between 20"s and 20•‹N determined 

from NCEP50SAT is 0.23 Sv. A one SD decrease in the SO1 increases this export 

by roughly 35% to 45% according to the regression analysis. 



The only other significant correlation I found between ENS0 and Atlantic fresh- 

water fluxes was between 20•‹N and 40•‹N. When freshwater anomalies are integrated 

over this region, the NCEP50SAT correlation with the SO1 is -0.37 f 0.06 and the 

regression slope is -0.018 f 0.04. For GPCP, the correlation is -0.55 f 0.08 and the 

slope is -0.021 f 0.04. This is consistent with an extratropical link between ENS0 

and the Pacific-North American pattern (Giannini et al. 2001). Following El Nifio 

events, this teleconnection results in increased P in the extratropics, especially over 

the southeastern United States, and is essentially a weaker and anticorrelated version 

of ENSO's impact on the tropical Atlantic freshwater flux. 

2.4 Spatial Pattern of the InfEzlence of ENS0 on 

Tropical Atlantic Freshwater Fluxes 

I identify the spatial pattern of the influence of ENS0 on surface freshwater fluxes 

in the tropical Atlantic drainage basin by linearly regressing NCEP50, NCEP50SAT 

and GPCP P anomalies with the SO1 at  each grid point (Fig. 2.3). The spatial pattern 

and magnitudes in all three regressions are similar with the dominance of positive 

signals indicating increased freshwater export under El Nifio conditions. In general, 

they show a strong positive signal along the northeast coast of South America, and 

weaker positive signals across the equatorial Atlantic and in the southeastern Sahel 

region of Africa. Negative signals are found in the northern Caribbean, the Parana- 

Plata basin (central Brazil) and around Lake Victoria, Africa. These results are 

consistent with the observed ENSO-related rainfall patterns of Giannini et al. (2000) 

and Rao et al. (1993) in Central and South America, of Ropelewski and Halpert 

(1987) and Janicot et al. (2001) in Africa, and with studies of the tropical Atlantic 

freshwater budget by Saravanan and Chang (2000) and Yoo and Carton (1990). 

The spatial pattern from the full-length NCEP50 regression compares very well 

with the picture presented by Schmittner et al. (2000) from their regression of NCEP40 

with the SOI. Both show a more prominent signal in the south-central Sahel region 

and the Parana-Plata basin, as well as a less prominent signal in the Amazon basin and 

across tropical Atlantic Ocean, than is present in the satellite era NCEP50 and GPCP 

regressions. The negative signal around Lake Victoria, Africa in the NCEP50SAT 

regression is of note because it is stronger and shifted westward in comparison to  the 

others, giving it a greater impact on the tropical Atlantic drainage basin. 
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Figure 2.3: Shown is the change in surface freshwater flux anomalies 
due to an increase in the SO1 by one SD. Frame (a) uses NCEP50 P-E 
anomalies, (b) uses NCEP5OSAT P-E anomalies and (c) uses GPCP P 
anomalies. The freshwater anomalies are linearly regressed with the SO1 
at each grid point (Appendix B). The slope of the regression line is plotted 
if its correlation coefficient exceeds the 95% confidence interval. Monthly 
anomalies are smoothed prior to regression (Appendix A). Confidence in- 
tervals were calculated without accounting for autocorrelation. The zonal 
boundary of the tropical Atlantic drainage basin, indicated by the black 
dashed line, was provided by A. Schmittner and was used in Schmittner 
et al. (2000). 
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F&UTY? 4.1 : Annual mean meridional overturning stream function (Sv) 
far the North Atlantic in year 4500 of CNTRL. Shaded regions are nega- 
tive. 

4.2 Response to Constant Forcing 

As discussed in section 2, strong ENS0 events correspond to changes in tropical 

Atlantic freshwater export in the range of 0.1-0.2 Sv. Using a zonally-averaged model, 

Schmittner et al. (2000) found that adding freshwater to the tropical Atlantic at a 

rate of 0.2 Sv, corresponding to a strong La Nifia event, for 70 years led to a collapse 

of the NAMOC. Under El NEo conditions of the same magnitude their NAMOC 

re-equilibrated about 20% stronger after 70 years. Here I evaluate the generality of 

their results by examining the response of the NAMOC in the more sophisticated 

UVic ESCM to permanent shifts in the tropical Atlantic freshwater balance. 

The freshwater forcings are applied in the spatial pattern of the NCEP50SAT 

regression (Fig. 2.3b) to simulate shifts towards El Nifio and La Niiia conditions. 

Because of this, the magnitude of the forcings are in units of SD of the SOI. A 1 

SD decrease is equivalent to increasing the freshwater export of the tropical Atlantic 

by 0.073 Sv when integrated over the forcing pattern. This is less than indicated in 



capture the gross pattern of ENSO's influence on the tropical Atlantic freshwater flux, 

they fail to capture irregularities in the tropical Atlantic response. 



Chapter 3 

Model Description and Experimen- 

tal 

3. I 

Design 

The University of Victoria Earth System Cli- 

mate Model 

This study uses version 2.7 of the intermediate complexity University of Victoria 

Earth System Climate Model (UVic ESCM). The UVic ESCM couples a 3-D ocean 

general circulation model, a 2-D atmospheric model, a thermodynamic/dynamic sea 

ice model, and a land surface model. It is described in detail in Weaver et al. (2001). 

All components have a zonal resolution of 3.6" and a meridional resolution of 1.8". 

The UVic ESCM is forced from start-up to equilibrium by variations in insolation 

and surface winds. Heat and freshwater are conserved to machine precision without 

the use of flux adjustments. 

The ocean component is version 2.2 of the Geophysical Fluid Dynamics Laboratory 

Modular Ocean Model (Pacanowski 1995). It has 19 vertical levels that increase 

parabolically in thickness from 50m at the surface to 518m at depth. The isopycnal 

and horizontal viscosity coefficients are set at 4 . 0 ~  lo2 m2s-I and 2 . 0 ~  lo5 m2sW1, 

respectively. The vertical diffusivity ranges from 3 . 0 ~  m2s-I at  the surface to 

1 . 3 ~  loW4 m2s-I at  depth according to the scheme of Bryan and Lewis (1979). Mixing 

associated with mesoscale eddies is parameterized according to Gent and McWilliams 

(1990). The ocean model uses a constant salt-to-freshwater mass ratio of 3.49 x 

to convert surface freshwater fluxes to fluxes of salt. 

The UVic ESCM employs a vertically integrated energy-moisture balance atmo- 

spheric model for computational efficiency. The underlying philosophy being that on 

time scales greater than a decade the ocean is a key prognostic component of the 

climate system (Weaver 2004). Momentum conservation equations are replaced by 

specified wind fields and the thermodynamic energy balance equations are vertically 

integrated. This leaves a single atmospheric layer that captures the climatic mean 

state in the absence of atmospheric variability. Radiative forcing associated with 



changes in atmospheric C 0 2  is included as a change in the outgoing longwave radia- 

tion. P in the form of rain or snow occurs when the relative humidity exceeds 85%. 

Surface winds are prescribed from the longterm monthly mean climatology of the 

NCEP50 reanalysis (Kistler et al. 2001). The UVic ESCM does not simulate ENS0 

because their is no interannual variability in the winds due to the lack of explicit 

atmospheric dynamics. 

P on land is treated by a simple bucket model, detailed by Matthews et al. (2003). 

Inputs to the bucket are rain and snowmelt; outputs are E and river runoff. Runoff 

occurs when a grid cell's 15 cm deep bucket overflows, and it is returned to the ocean 

via weighted river discharge points. The parameterization of E on land includes a 

surface resistance. Surface resistance decreases as a bucket fills and is dependent on 

vegetation type. One of seven vegetation types are statically assigned to each grid 

cell. The vegetation type also determines the land surface albedo in the absence of 

snow. 

The sea ice model incorporates energy conserving ice-snow thermodynamics with 

a 2-category thickness distribution (Bitz et al. 2001), and an elastic-viscous-plastic 

rheology (Hunke and Dukowicz 1997). The model predicts ice thickness, areal fraction 

and surface temperature. 

The UVic ESCM has been used to investigate many scientific questions in both 

contemporary and paleoclimates. The model was thoroughly validated against present- 

day climatology in Weaver et al. (2001) and various proxy paleo-reconstructions in 

Schmittner et al. (2002), Meissner et al. (2003) and Cottet-Puinel et al. (2004). Its 

computational efficiency and ability to maintain a stable climate without explicit flux 

adjustments permits a wide range of parameter sensitivity studies over long timescales 

(e.g. Wiebe and Weaver (l999), Lewis et al. (2003), Hickey and Weaver (2004)). 

Experimental Design 

I investigate the influence of tropical Atlantic freshwater fluxes on the NAMOC by 

conducting a series of freshwater sensitivity studies initialized from an equilibrium 

pre-industrial climate. Surface freshwater fluxes are always applied to the tropical 

Atlantic drainage basin between 20"s and 20•‹N in model year 4500. Over land, the 

fluxes are applied directly to river runoffs and in the ocean they are treated as fluxes 

of salt. The tropical Atlantic drainage basin in the UVic ESCM does not exactly 

correspond to the drainage basin shown in Fig. 2.3 because the model has a coarser 

resolution. Salt is conserved in the experiments by spreading an equivalent opposing 



surface flux over the tropical Pacific. I decided to focus the model results presented in 

this dissertation on NCEP50 anomalies rather than GPCP because NCEP50 covers 

a longer time span and freshwater fluxes are best analyzed by including the effects 

of both P and E. Because I am interested in variability at interannual time scales 

and longer, a sliding 12 month low pass filter is applied to the reanalysis anomalies 

(Appendix A). 

I begin with a series of freshwater sensitivity studies wherein the atmospheric 

COz concentration is held fixed at a pre-industrial level of 280 ppm. First I evaluate 

the pre-industrial equilibrium NAMOC in Section 4.1; then I gauge its sensitivity 

to shifts in the tropical Atlantic freshwater balance towards permanent El Niiio and 

La Niiia conditions in Section 4.2. In Section 4.3 sinusoidal freshwater signals of 

various periods are applied to  determine the frequency of variability at which NADW 

formation is influenced. I examine the impact of NCEP50 P-E anomalies by applying 

them at each grid point in the forcing region in Section 4.4. 

Chapter 5 evaluates the extent to  which a shift in tropical Atlantic freshwater 

export towards El Niiio conditions mitigates the weakening of the NAMOC under 

anthropogenic warming conditions. Section 5.1 begins by examining the NAMOC 

response to an exponential increase in the concentration of atmospheric C 0 2  to  750 

ppm over 250 years. I then evaluate the impact of increasing the frequency of El 

Nifio related tropical Atlantic freshwater fluxes. In order to simulate an increase in 

the frequency of El Nifio events I identify ENS0 events which had a strong impact 

on the tropical Atlantic from the integrated NCEP50SAT P-E anomaly time series 

(Fig. 3.1). Four time series are generated, each being 250 years long, by concatenat- 

ing ENS0 event anomalies from the gridded NCEP50SAT data. Zeros are used as 

padding between the last month of one event and the first month of the next. The 

first series is created with 50% El Nifio events and 50% La Niiia events. In choosing 

a particular event, I chronologically cycle through the four El Niiio events and three 

La Niiia events identified in Fig. 3.1. For the second, third and fourth time series I 

increase the number of El Niiio events relative to La Niiia events to 66%, 88% and 

100%, respectively. I then run model experiments with the same exponential increase 

in C02  and with each time series dictating the tropical Atlantic freshwater forcing. 

In a similar fashion, I evaluate the effect of increasing anomaly amplitudes during El 

Niiio events in Section 5.2. Three more time series are generated, only this time the 

number of El Niiio events relative to La Niiia events is held fixed at  50%, and the 

amplitude of El Niiio event anomalies are increased by 25%, 50% and 100%. 
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Figure 3.1 : Time series of the SO1 (right axis) and NCEP50 P-E anoma- 
lies determined solely from the satellite era (1979/01 to 2004/12) in the 
same manner as the series in Fig. 2.2. The marked El Niiio events of 1983, 
1992, 1998 and 2001 along with the La Niiia events of 1989, 1995 and 
1999 are used to generate freshwater forcing timeseries with an increased 
frequency and amplitude of El Niiio events. 



Chapter 4 

NA MOC Response to Tropical At- 

lantic Freshwater Forcing with C02  

Fixed 

4 .1  The Pre-industrial NA MOC 

The equilibrated model run, denoted CNTRL, is achieved by integrating the UVic 

ESCM for 4500 years with an atmospheric COz concentration of 280 ppm (equivalent 

to the concentration in the year 1850). Figure 4.1 shows the equilibrated transport of 

water by the NAMOC in CNTRL. The NAMOC transport in the model is depicted 

by the stream function of the zonally-integrated volume transport: 

The meridional velocity, v, is integrated over depth and from the western (Aw) to the 

eastern boundary (AE) of the North Atlantic ocean domain; a denotes the radius of 

the Earth. Figure 4.1 shows that roughly 20 Sv of NADW formation occurs although 

it has a tendency to form too far south (Weaver et al. 2001), while 2.5 Sv of Antarctic 

bottom water extends to about 20•‹N and fills the North Atlantic up to a depth of 

about 3000 m. 

The principal means I use to detect changes in NADW formation is to examine 

changes in the maximum value of the NAMOC transport between the latitudinal 

bounds of 26"N and 70•‹N, and depths of 170 m and 4000 m (NAMOC strength 

hereafter). CNTRL produces a reasonable equilibrium NAMOC strength of 20.5 Sv 

with some internal weak variability which has a dominant period of roughly 25 years. 

The source of the internal variability is linked to freshwater and heat fluxes resulting 

from sea ice edge variability. 



Figure 4. I : Annual mean meridional overturning stream function (Sv) 
for the North Atlantic in year 4500 of CNTRL. Shaded regions are nega- 
tive. 

4.2 Response to Constant Forcing 

As discussed in section 2, strong ENS0 events correspond to changes in tropical 

Atlantic freshwater export in the range of 0.1-0.2 Sv. Using a zonally-averaged model, 

Schmittner et al. (2000) found that adding freshwater to the tropical Atlantic at  a 

rate of 0.2 Sv, corresponding to a strong La Nina event, for 70 years led to a collapse 

of the NAMOC. Under El Nifio conditions of the same magnitude their NAMOC 

re-equilibrated about 20% stronger after 70 years. Here I evaluate the generality of 

their results by examining the response of the NAMOC in the more sophisticated 

UVic ESCM to permanent shifts in the tropical Atlantic freshwater balance. 

The freshwater forcings are applied in the spatial pattern of the NCEP50SAT 

regression (Fig. 2.3b) to simulate shifts towards El Nifio and La Nifia conditions. 

Because of this, the magnitude of the forcings are in units of SD of the SOI. A 1 

SD decrease is equivalent to increasing the freshwater export of the tropical Atlantic 

by 0.073 Sv when integrated over the forcing pattern. This is less than indicated in 
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Figure 4.2: Response of the NAMOC to a range of constant tropical 
Atlantic freshwater forcings distributed in the spatial pattern of Fig. 2.3b. 
Negative forcings correspond to El Nifio conditions and strengthen the 
NAMOC. Positive forcings correspond to La Nifia conditions and weaken 
the NAMOC. 

Table 2.1 because it excludes regression values outside the 95% confidence intervals. 

Figure 4.2 shows the response of the NAMOC in the UVic ESCM to a range of 

constant forcings. Changes in the NAMOC begin once the tropical salinity anomalies 

are advected to the North Atlantic via the Gulf Stream. A 12 year advection time 

scale was confirmed by passive tracers released at the mouth of the Amazon. The 

strength of the NAMOC increases (decreases) under El Nifio (La Nifia) conditions, as 

expected. The NAMOC response is observed to coincide with changes in the depth 

of convection in NADW formation regions. 

Similar to Schmittner et al. (2000), I find the NAMOC to be more sensitive to 

salinity decreases than increases. For a permanent disturbance equivalent to a strong 

present-day El Nifio event (-2 SD) the NAMOC strengthens by only 5%. Under La 

Nifia conditions of the same magnitude the NAMOC is weakened by 25% after 500 

years. This is due to the sensitive nature of open ocean convection; while increases in 

surface salinity in convection regions encourages deep water formation, decreases in 

salinity can actually prevent it (Weaver and Hughes 1992). The modelled convection 

depth in the North Atlantic stabilizes much more quickly under El Nifio forcing 

conditions than La Nifia. After 500 years of -4 SD forcing, equivalent to La Nina 

conditions twice as strong as observed, the NAMOC approaches a complete collapse. 



Overall, I find the NAMOC to be more robust in the model than in Schmittner 

et al. (2000), which is to be expected in light of the fact that convection and water mass 

sinking are coupled together (there is no horizontal structure) in zonally-averaged 

ocean models. Extreme shifts in the tropical Atlantic freshwater balance are required 

to substantially perturb the NAMOC in the UVic ESCM. 

4.3 Response to  Sinusoidal Forcing 

The goal in applying sinusoidal forcings is to determine if changes in the tropical 

Atlantic freshwater balance at  the frequency and amplitude of ENSO-related vari- 

ability impacts NADW formation, and if not, then to determine the frequency at  

which they do. The freshwater forcings are again applied in the spatial pattern of the 

NCEP503AT regression (Fig. 2.3b). 

Figure 4.3 shows the NAMOC response to sinusoidal forcings with an amplitude 

of 2 SD of the SOI, and periods of 7, 14 and 21 years. Considering the 7 year period 

forcing, I find that while the NAMOC response is oddly offset from the other forcing 

signals, and the internal variability of the NAMOC is disturbed, the overall impact on 

the NAMOC is weak (less than 0.1 Sv). Figure 4.4a presents a Hovmoeller diagram of 

the poleward propagation of salinity anomalies for this forcing. It shows the salinity 

anomalies to be quickly diluted on their way to the North Atlantic with little impact 

outside of the forcing region. A distinct sinusoidal NAMOC response is observed for 

the 21 year period forcing, with the NAMOC responding at  a similar frequency to the 

forcing. Figure 4.4b shows salinity anomalies at  this frequency to be entrained in the 

subtropical gyre, and persisting en route to the North Atlantic. The model response 

to the 14 year period forcing is comparable to the 7 year signal in this experiment, 

except for the offset from the 7 year period NAMOC response. 
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Figure 4.3: The NAMOC response to sinusoidal tropical Atlantic fresh- 
water forcings with a range of periods and distributed in the spatial pattern 
of Fig. 2.3b. 



Figure 4.4 : Hovmoeller diagrams showing the temporal evolution of 
near surface salinity anomalies as a function of latitude for the 7 year 
period (top frame (a)) and 21 year period (bottom frame (b)) forcings, 
respectively. Salinity anomalies are calculated from annually-averaged val- 
ues as the difference from year 4500 of CNTRL, and then averaged both 
zonally and over the upper 356 m of the Atlantic Ocean. Reshwater forc- 
ings are distributed over the tropical Atlantic drainage basin in the spatial 
pattern of Fig. 2.3b. The annually-averaged salinity was recorded every 
year of the 200 year model runs. 



I investigated the cause of this offset in another experiment wherein sinusoidal 

freshwater forcings were distributed evenly across the tropical Atlantic drainage basin. 

The amplitude of the new forcing signals was 1.5 Sv, which is equivalent to the 2 SD 

amplitude forcing discussed above. In this experiment the NAMOC response to the 

7 year period forcing is no longer offset from the others and it disturbs the internal 

variability of the NAMOC to a lesser degree (Fig. 4.5). For the 14 year period forcing 

a weak quasi-sinusoidal NAMOC response is observed, with a frequency comparable 

to the forcing. I attribute the different NAMOC response in the previous experiment 

to the spatial variability in the satellite era NCEP5O regression (refer to Fig. 2.3b). 

In particular, the significant negative signal located around Lake Victoria, Africa, 

which discharges from the Congo river basin, adds an additional mode of variability 

to the sinusoidal forcings that complicates the NAMOC response. The signature of 

this negative signal is evident around the Equator in the Hovmoeller diagrams of 

Fig. 4.4, where the competing influences of discharges from the Congo and Amazon 

river basins mix. 
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Figure 4.5: Response of the NAMOC to sinusoidal tropical Atlantic 
freshwater forcings evenly distributed across the tropical Atlantic drainage 
basin between 20•‹N and 20"s. The amplitude of the forcing is 1.5 Sv. 

These results demonstrate the NAMOC to be sensitive to tropical Atlantic sinu- 

soidal freshwater forcings with periods close to the advection timescale and longer. 

While PJAMOC variability associated with freshwater forcings with the frequency and 



amplitude of ENS0 is not significant, decadal scale modulations of this freshwater 

forcing can have a weak impact on the NAMOC in the UVic ESCM (less than 0.5 

Sv) . 

4.4 Response to NCEPSO Forcing 

Here I examine the full influence of interannual tropical Atlantic surface freshwater 

variability on the NAMOC by applying NCEP50 P-E anomalies at each grid point 

within the tropical Atlantic basin of the UVic ESCM. To extend the forcing signal 

I simply cycle through the NCEP50 anomalies for a timespan of 200 years. This 

forcing signal is not limited to the influence of ENSO, but rather includes all modes 

of tropical Atlantic surface freshwater variability. 

Figure 4.6 shows the response of the NAMOC when forced with the NCEP50 time 

series. There is a weak quasi-sinusoidal NAMOC response to the full-length NCEP50 

forcing with a period, similar to the forcing period, that is amplified when the strength 

of the anomalies are doubled. The examination of the NCEP50 timeseries (Fig. 2.2) 

reveals the source of the decadal variability. Over the first 25 years of the NCEP50 

times series, ending just prior to the start of the major La Nina event of 1973, the flux 

anomalies are largely negative, with a total of 7.4 x lo6 km3 of freshwater exported 

from the basin. After 1973, a total of 9.3 x106 km3 of freshwater is added to the 

basin. When the model is forced by anomalies cycled over these two time periods (also 

shown in Fig. 4.6) the persistent influence of these freshwater biases is observed. The 

NAMOC continues to strengthen when forced with anomalies cycled over the 1948/01 

to 1972/12 period, and it continues to weaken when forced with anomalies cycled over 

the 1973/01 to 2004/12 period. These results indicate trends in the reanalysis to be 

the source of the modelled decadal NAMOC variability. 

I now pose the question as to whether or not the decadal trends in the reanalysis 

are representative of real variability in tropical Atlantic freshwater fluxes. Kistler 

et al. (2001) point out that the correction of coding errors after 1972, along with the 

introduction of satellite data in 1979, added artificial 'jumps' to the reanalysis while 

improving its quality. This is why they strongly recommend calculating anomalies 

separately for the satellite era. When the ESCM is forced with NCEP50SAT tropical 

Atlantic freshwater fluxes the steady state NAMOC variability is barely disturbed 

(Fig. 4.7). It is possible that the decadal NAMOC variability modelled under the 

full-length NCEP50 forcing is caused by changes in the quality of the reanalysis, 

rather than real variability in the tropical Atlantic freshwater balance. 
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Figure 4.6: Shown is the pre-industrial equilibrium CNTRL run 
NAMOC and its response to NCEP50 P-E anomalies applied at each grid 
point of the tropical Atlantic drainage basin and cycled for 200 years. Re- 
sults are shown for the full-length NCEP50 anomalies (1948/01 to 200), 
the full-length anomalies multiplied by a factor of two, the first 25 years 
of the full-length anomalies, and the last 32 years. 
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Figure 4 .7:  Shown is the pre-industrial equilibrium CNTRL run 
NAMOC and its response to forcing from NCEP50SAT anomalies 
(1979/01 to 2004/12). The forcing is applied at each grid point of the 
tropical Atlantic drainage basin and cycled for a period of 200 years. 



Chapter 5 

NAMOC Response to Tropical At- 

lantic Freshwater Forcing with In- 

creasing C02 

5.1 Response to  Increasing COz and the Frequency 

of El Niiio Events 

I now examine the NAMOC response in the UVic ESCM to anthropogenic warming 

conditions with an increased frequency of El Nifio related tropical Atlantic freshwater 

flux variability. The objective is to corroborate the results of Latif et al. (2000)) which 

were produced by forcing the ECHAM4/0PYC model with an exponential increase 

of atmospheric C 0 2  over 250 years according to the IS92A emission scenario. Latif 

et al. (2000) attributed an increased frequency of El Nifio events in their model with 

the production of anomalously high tropical Atlantic salinity. They further argued 

that when the anomalous salinity was advected to the North Atlantic, it overwhelmed 

the anomalous freshwater input at  high latitudes, resulting in a salinity increase in 

the range 0.5-0.7 psu when averaged over the upper 375m between 50•‹N and 55"N, 

and a stable NAMOC. 

Figure 5.1 shows the NAMOC response in a UVic ESCM run, denoted WARM, 

wherein I follow the IS92A scenario and exponentially increase the atmospheric C 0 2  

from 280 ppm to 750 ppm over 250 years. The NAMOC in WARM weakens by 3.5 

Sv, which places the UVic ESCM in the midrange of model responses published in 

the TAR (Houghton et al. 2001). A Hovmoeller diagram of salinity anomalies shows 

a decrease of 0.15 psu between 50•‹N and 55"N for the WARM model run (Fig. 5.2a). 

Also included in Fig. 5.1 are the NAMOC responses to WARM forcing conditions 

applied simultaneously with the time series of tropical Atlantic freshwater forcings 

that simulate an increased frequency of El Nifio events. Under WARM conditions 

with an equal split between El Nifio and La Nifia events, the NAMOC response 

is equivalent to that observed in WARM. Increasing the number of El Niiio events 



relative to La Nifia events to 66%, 88% and 100% is found to mitigate the weakening 

of the NAMOC in WARM by only 14%, 23% and 36%, respectively. The Hovmoeller 

diagram of salinity anomalies from the 100% El Nifio events run shows the advection 

of salinity from the tropics reduces the salinity decrease observed in WARM by 0.12 

psu between 50•‹N and 55"N by the end of the run (Fig. 5.2b). Their remains a net 

decrease of 0.03 psu in the NADW formation region even when the tropical Atlantic 

is shifted to permanent El Nifio conditions. 

These results differ from those discussed in Latif et al. (2000). Significant in- 

creases in the frequency of El Niiio related tropical Atlantic freshwater forcing does 

not substantially mitigate the reduction of the NAMOC in the UVic ESCM under 

anthropogenic warming conditions. 
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Figure 5.1: Response of the NAMOC in the WARM model run, along 
with the NAMOC responses when the model is forced with the same C 0 2  
forcing as WARM and tropical Atlantic freshwater forcings that simulate 
different frequencies of El Niiio events. 

5.2 Response to  Increasing C02 and the Ampli- 

tude of El Niiio Events 

In this final sensitivity study I examine the impact on the NAMOC of increases in 

the amplitude of tropical Atlantic freshwater anomalies during El Nifio events under 

anthropogenic warming conditions. There is an equal number of El Nifio and La Niiia 



Figure 5.2: Hovmoeller diagrams of the temporal evolution of near 
surface salinity anomalies as a function of latitude for the WARM model 
run (a), and the 100% El Niiio events run (b). Salinity anomalies were 
calculated in the same manner as Fig. 4.4, except that annually-averaged 
salinity was recorded once every 25 years in these model runs. 

events in the freshwater forcing time series. Increasing the tropical Atlantic freshwa- 

ter anomalies by 25% during El Ni6o events leads to a mitigation of only 7% of the 

weakening observed in the WARM run (Fig. 5.3). With a 50% and 100% increase in 

El Nifio event anomalies the mitigation increases to 14% and 20%, respectively. The 

Hovmoeller diagram of ensemble average salinity anomalies from the 100% amplifi- 

cation run shows a reduction of the salinity decrease observed in WARM of 0.09 psu 

between 50•‹N and 55"N (Fig. 5.4). 
Consistent with results presented in section 5.1, I find that significant increases in 



the amplitude of El Nifio related tropical Atlantic freshwater forcing does not substan- 

tially mitigate the reduction of the NAMOC in the UVic ESCM under anthropogenic 

warming conditions. In terms of the total freshwater forcing a 100% increase in am- 

plitude is equivalent to increasing the frequency of El Niiios to approximately 80%. 
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Figure 5.3: Response of the NAMOC in the WARM model run, along 
with the NAMOC responses when the model is forced with the same C02 
forcing as WARM and tropical Atlantic freshwater forcings that simulate 
increasing amplitudes of El Nifio events. 



Figure 5.4: Hovmoeller diagram of the temporal evolution of near sur- 
face salinity anomalies as a function of latitude for the 100% amplified El 
Niiio events run. Salinity anomalies were calculated in the same manner 
as Fig. 4.4, except that annually-averaged salinity was recorded once every 
25 years in this model run. 



Chapter 6 

Conclusions 
This study investigated interannual variability in tropical Atlantic surface freshwater 

flux and its impact on the NAMOC. I began by evaluating surface freshwater fluxes 

from ERA40 and NCEP50 reanalysis products, and the GPCP data set. The exami- 

nation of ERA40 revealed unreasonable trends in tropical P that precluded its use in 

this study. Results from NCEP50 and GPCP support the strong correlation found 

by Schmittner et al. (2000) between ENS0 and freshwater fluxes in the tropical At- 

lantic drainage basin. In a linear regression analysis I found that ENSO, represented 

by the SOI, accounted for roughly 55% of the interannual freshwater flux variability, 

with a one SD decrease in the SO1 increasing the tropical Atlantic freshwater export 

by 0.09 Sv in NCEP50 and 0.1 Sv in GPCP. 

I then used the UVic climate model to determine the impact of the northward 

propagation of tropical Atlantic salinity anomalies on the NAMOC equilibrated un- 

der pre-industrial levels of atmospheric COz. I found that tropical Atlantic salinity 

anomalies generated at  the frequency and amplitude of ENSO-related variability do 

not impact deep water formation because they are diluted en route to the North 

Atlantic. However, decadal variability at the amplitude of ENS0 does have a weak 

impact, with the rate of NADW formation increasing under El Nifio conditions and 

decreasing under La Niiia conditions by less than 5%. 

Finally, I addressed the impact of an increased frequency of El Nifio events under 

anthropogenic warming conditions on the NAMOC. Contrary to the results of Latif 

et al. (2000), I found that shifting the tropical Atlantic freshwater balance towards 

permanent El Nifio conditions mitigates only 36% of the impact on deep water for- 

mation of warming and freshening at  high latitudes. Similarly, I found that doubling 

the amplitude of El Nifio events mitigates only 20% of the high latitude effects. Latif 

et al. (2000) explain their model results by noting that freshwater export in the trop- 

ical Atlantic increases by 0.3 Sv by the end of the integration. A comparison of this 

flux to NCEP50SAT anomalies reveals that this is equivalent to shifting the tropi- 

cal Atlantic freshwater balance to an El Nifio state that is 2.5 times the magnitude 

of the 1998 event, which is one of the strongest on record. This magnitude of the 

ENS0 response to warming is best put in context of an intercomparison of ENSO-like 



variability in coupled climate models (Merryfield submitted). Under COz doubling, 

three of the 15 models examined in the study exhibit statistically significant increases 

in ENS0 amplitude, five exhibit significant decreases, and the ensemble average of 

the models presents a 5% fractional decrease in the period of ENSO. 

Taken together, these results suggest that the poleward propagation of salinity 

anomalies from the tropical Atlantic should not be considered a significant mechanism 

for the variability of the NAMOC in the present and foreseeable future climate. 
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Appendix A 

The Sliding 12 Month Low Pass Fil- 

t e r  
This appendix describes the routine used to filter fluctuations of period less than a 

year from one dimensional time series of monthly data. The filter applies a sliding 

window composed of the 13 data points, of which six precede and six follow the centre 

value. The centre value in the window is replaced with the average value of all the 

points. When the sliding window exceeds the lower or upper boundaries of the input 

series, the average is computed among the available points. The following is a sample 

of the functioning of the filter routine: 



Appendix B 

L i n e a r  Least Squares Regression 
This appendix illustrates the linear regression algorithm used in this dissertation. 

Emery and Thomson (1998) provides a more complete discussion. A linear regression 

determines the linear relationship between a dependent times series, yi, (e.g. fresh- 

water fluxes) and an independent regressor time series, xi, (e.g. the SOI). The least 

squares fit of yi on xi is done by solving the linear model 

where 

ci = bo + blxi 

is the estimator for the deterministic portion of the data and E is the error (or residual). 

To find the best regression coefficients, bo and bl, the error is minimized in a least 

squares sense. This is done by calculating the variance in the data, or the sum of the 

squares total (SST), as 
N 

SST = C ( y i  - gi)2 

and the the variance explained by the regression model, or sum the of the squares 

regression (SSR) , as 
N 

SSR  = C(ci - gi)2. 

The total variance that is not accounted for by the regression model (SSE) is then 

calculated as 
N 

SSE = SST - SSR  = C [ y i  - (bo + b1xi)I2. P . 5 )  

The unexplained variance in the regression is then minimized by setting 



and 

These equations can then be solved simultaneously to find an estimate of bl (the slope 

of the regression line), which is then used to obtain an estimate of bo (the intercept 

of the regression line). In particular, 

The ratio of SSR/SST (variance explained/total variance) is a measure of the quality 

of the regression fitting (or correlation of determination) and is commonly denoted 

as r2.  For a perfect regression fit SSE = 0 and r2  = 1. The correlation coefficient, 

r, is a measure of how well two variables vary in time. The magnitude of r is easily 

solved by taking and the actual value of r can be solved for as 

(B. 10) 

where SD (standard deviation) is solved as 

It is important to  note that a high correlation between x and y does not imply 

causation or that x will be a good predictor of y in the future. The determination 

of confidence intervals for r and bl are done by calculating the standard error of the 

estimate, s,, as 

(B. 12) 

and assuming that s, is from a Gaussian distribution with a mean of 0. In this case 

95% of the observations will fall within f 2se of the regression line. 


