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ABSTRACT

The influx of warmer and saltier Indian Ocean waters into the Atlantic—the Agulhas leakage—is now

recognized to play an important role in the global thermohaline circulation and climate. In this study the

results of a 1/128 simulation with the Hybrid Coordinate Ocean Model, which exhibit an augmentation in the

Agulhas leakage, is investigated. This increase in the leakage ought to have an impact on the meridional

oceanic volume and heat transports in the Atlantic Ocean. Significant linear trends found in the integrated

transport at 208, 158, and 58S correlate well with decadal fluctuations of the Agulhas leakage. The augmented

transport also seems to be related to an increase in the latent heat flux observed along the northeastern

coastline of Brazil since 2003. This study shows that the precipitation on the Brazilian coast has been in-

creasing since 2005, at the same location and with the same regime shift observed for the latent heat flux and

the volume transport. This suggests that the increase of the Agulhas transport affects the western boundary

system of the tropical Atlantic Ocean, which is directly related to an increase in the precipitation and latent

heat flux along the western coast.

1. Introduction

It is well known that changes due to greenhouse

warming have a significant impact in the oceanic large-

scale circulation and in the global meridional over-

turning circulation (MOC; e.g., Garzoli and Matano

2011). Therefore, to recognize the variability and the

processes that affect the MOC, it is crucial to improve

the climate models. The Agulhas system has an im-

portant role in the climate system and in the Atlantic

MOC through the leakage of warm and saline waters

from the Indian to the Atlantic Ocean (Beal et al.

2011). Here we take a more holistic approach and, in

particular, consider both the South Atlantic Ocean and

Agulhas leakage (AL) as potentially powerful modu-

lators of the MOC and climate variability (Bryden

et al. 2005). Furthermore, an increasing trend in the

Agulhas leakage (Rouault et al. 2009) may result in an

overall salinization of the South Atlantic (Biastoch
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and Böning 2013). The buoyancy forcing associated

with the warm and saline Agulhas leakage waters that

enter the South Atlantic may strengthen the MOC by

enhancing the Atlantic meridional pressure gradients

(Weijer et al. 2002).

The Agulhas leakage results from a complex system, a

highly nonlinear interplay between the strong western

boundary current along the South African coast, the

Agulhas Current retroflection, and a strong mesoscale

activity (de Ruijter et al. 1999). The Agulhas water

masses are constituted from intermediate and thermo-

cline waters that provide themain sources of heat and salt

of the warmer upper limb of the Atlantic MOC (Speich

et al. 2001; Speich and Dehairs 2008). Recent evidence

indicates that about half of the volume transport that

enters the South Atlantic through the Agulhas leakage

reaches the tropics within one decade, through the

Benguela Current, the South Equatorial Current, and the

North Brazil Current (Rühs et al. 2013). The retroflection
regime of the leakage induces undulatory processes into

the South Atlantic that dynamically modulate the MOC

(Biastoch et al. 2009). Therefore, the Agulhas leakage

variability affects the changes in heat and freshwater

fluxes between the Indian and Atlantic Ocean. As a

consequence, it influences the decadal variability of the

MOC (Biastoch et al. 2008; Haarsma et al. 2011). Ex-

amples of Agulhas leakage acting as a source of decadal

MOC variability have been reported in numerical ex-

periments (Knorr and Lohmann 2003; Haarsma et al.

2011) where a gradual warming of the Southern Ocean

during a deglaciation period could induce a resumption

of the interglacial mode of the thermohaline circulation.

In the other direction, a decrease in Agulhas leakage due

to the northward migration of the Subtropical Front

would cause a cooling beyond typical ice age tempera-

tures (Knorr and Lohmann 2003).

This study evaluates the impact of the Agulhas leak-

age in the South Atlantic and its effects in the western

boundary system of the tropical region. Section 2

provides a description of the data source and methods

used in the analysis. In section 3, the Agulhas leakage is

estimated. The interdecadal variability analysis is spec-

ified in section 4. The trends in volume transport, heat,

and precipitation are described in section 5 and the re-

gime shifts are explained in section 6. We close with a

concluding discussion in section 7.

2. Data and methods

a. Ocean model

This study was based on the analysis of an experi-

ment with a high-resolution implementation of the

Hybrid Coordinate Ocean Model (HYCOM; Bleck

2002; Halliwell 2004). This model is characterized by

its ability to smoothly interchange the vertical layers

between isopycnal, terrain-following, or z-level co-

ordinates, optimizing its applicability to different oce-

anic processes and conditions (Bleck 2002; Halliwell

2004). The high-resolution HYCOM simulation,

hereafter referred as ATIb0.08, is one-way nested

within a semiglobal coarser-resolution (1/48) simula-

tion (ATIa0.25). This ‘‘nesting’’ approach is detailed

in Castellanos et al. (2016). The variables calculated

by the higher-resolution model are relaxed to the re-

sults of a coarser run, using a 28-wide buffer zone and a

24-day relaxation time scale during the period 1960–

2010. The experiment ATIb0.08 was forced with

monthly means of NCEP–NCAR reanalyses products

(Kalnay et al. 1996; http://www.esrl.noaa.gov/psd/),

from 1960 to 2010 with a 1/128 horizontal resolution and

22 hybrid vertical layers. Near the surface, theK-profile

parameterization (KPP; Large et al. 1994) is used to

represent the mixed layer evolution.

The bathymetry was extracted from the NOAA–

NGDC ETOPO5. For initial and lateral boundary

conditions, the experiment used outputs of a coarser-

resolution implementation to a geographical domain

that includes the Atlantic and Indian Ocean basins:

708S–608N, 988W–1148E. The domain of ATIb0.08 spans

FIG. 1. Snapshot of the surface current speed (cm s21) for Feb-

ruary 2008, based on a 6-day resolution time series from the

ATIb0.08 simulation. The sections used to compute the AL

transports are marked with black lines. The position of the retro-

flection is in white.
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FIG. 2. Vertical sections of (top) temperature and (bottom) salinity along the GHL, showing data from (left)

ATIb0.08 and (right) the Bonus GoodHope Cruise.
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the South Atlantic Ocean, from 508S to 208N and from

808W to 408E. ATIb0.08 has eddy-resolving horizontal

resolution on a Mercator projection. The salinity field

was allowed to evolve freely and no river runoff was

used. The temperature was relaxed to the forcing field,

with 120-day relaxation time scale. The density in this

model simulation is expressed as sT, where T indicates

temperature, in which the effects of pressure are not

considered.

b. Transport, heat flux, and precipitation trends

The integrated transport from the ocean surface to

the depth of isopycnal s 5 25.5 kgm23 was calculated

across four transects: 308, 208, 158, and 58S. The Agulhas

transport was calculated using as reference the position

of the GoodHope line (GHL; Beal et al. 2011), as in-

dicated in Fig. 1. The surface net heat flux and the latent

heat flux data were provided by objectively analyzed

air–sea fluxes (OAFlux), version 3, from the Woods

Hole Oceanographic Institution (Yu et al. 2008). The

surface net heat balance takes into account the contri-

bution from radiative heat fluxes (shortwave and long-

wave radiation) and turbulent fluxes (latent and sensible

heat). In this dataset, the radiative flux components were

provided by the International Satellite Cloud Clima-

tology Project (ISCCP) (Zhang et al. 2004). The tur-

bulent fluxes were estimated from surface

meteorological fields derived from satellite remote

sensing and reanalysis outputs. The turbulent heat

fluxes in the OAFlux project are computed using the

COARE bulk flux algorithm, version 3.0, detailed in

Fairall et al. (2003). It is based on bulk aerodynamics,

derived from the Monin–Obukhov similarity approach

established originally by Liu et al. (1979). Global maps

of net heat flux with 18 resolution are available at

monthly and daily resolution. The data span from 1985

FIG. 3. For the Agulhas Current averaged between 2000 and 2005, T–S diagrams at 34.68S, 28.48E for the ATIb0.08, WOCE, and

Argo data.

6648 JOURNAL OF CL IMATE VOLUME 30



to 2009 for the net heat flux and up to 2014 for the

turbulent heat fluxes. The monthly averaged pre-

cipitation data derived from the observing system

maintained by Fundação Cearense de Metereologia e

Recursos Hídricos (FUNCEME), Brazil, were used in

this study to calculate the total precipitation average

from the 33 stations over 2.58 and 48S along the coast,

during the period from 1985 to 2014.

3. Agulhas leakage

Temperature and salinity vertical profiles from the

Bonus GoodHope Cruise (February–March 2008;

Speich and Dehairs 2008) are compared with ATIb0.08

output during the same time period; see the transect in

Fig. 1, GHL (from the cruise), and AL (ATIb0.08 sim-

ulation). The signal of theAgulhasCurrent systemextends

deeper in the model simulation than seen in the cruise

data, indicating that the Agulhas Current may be some-

what ‘‘more’’ barotropic in ATIb0.08. In the upper 500m,

the temperature profiles (Fig. 2, top) are mostly similar

with the 128C isotherm extending to about 428S and to a

depth of 400m in both the model and cruise data. Simi-

larly, for the salinity field (Fig. 2, bottom), the 35.2 isoha-

line extends to about 388S and to 400m. In the salinity

profile, the ATIb0.08 underrepresents the salinity values

by ;0.2 psu.

Transports of Agulhas leakage are estimated on the

monthly averages of the model output. The section

labeled AL in Fig. 1 was used for the integration rather

than the GoodHope line due to a westward bias of the

retroflection position in the ATIb0.08 simulation. A

proxy for interocean exchange was computed for this

study to extract the variability and trends of all the

Indian Ocean water that moves into the South Atlantic

as Agulhas leakage. An Eulerian method, similar to that

of Van Sebille et al. (2010), was applied, using thresholds

in temperature and salinity based on those used by

Loveday et al. (2014) for northwestward transport

across the GoodHope line.

Figure 3 shows a 5-yr average of temperature and

salinity properties in the area of 34.68S, 28.48E in the

Agulhas Current. ATIb0.08 was able to reproduce the

temperature and salinity properties as compared with

WOCE climatology and Argo floats over the region.

The main Agulhas water masses from the model have

densities around 25.6 kgm23. The main water mass

contribution, at depth between densities of 27.5 and

26.5 kgm23, comes from the Antarctic Intermediate

Water (AAIW).

4. Anomalies in the southern and tropical Atlantic
Ocean

To examine the sensitivity of the ATIb0.08 simula-

tion to the interannual and decadal changes in the

temperature and salinity signals in the southern and

tropical Atlantic, we calculated their anomalies over

FIG. 4. (a) Snapshot of the depth (m) of isopycnals5 25.5 kgm23. (b) Hovmöller diagram of

the EKE (m2 s22) anomaly relative to the 40-yr mean from the ATIb0.08 simulation along the

transect indicated in (a). Positive values indicate an increase in the EKE. The y axis represents

the transect from right (north of Agulhas leakage) to left (Brazilian coast).
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the depth of the isopycnal s 5 25.5 kgm23 relative to

the last 40 years (1970–2010). This isopycnal is the best

representation of the intrusion of the Indian water in

the Atlantic from the ATIb0.08 simulation, which is

depicted in Fig. 3.

The westward propagation of the anomalies along the

transect is shown in the Hovmöller diagrams (see

Fig. 4a). These represent the space–time evolution of

the anomalies of eddy kinetic energy (EKE; Fig. 4b),

temperature (Fig. 5a), salinity (Fig. 6a), and the depth of

the isopycnal s 5 25.5 kgm23 (Fig. 7) for the 40 years

(1970–2010) of the ATIb0.08 simulation.

In the Hovmöller diagrams, the vertical axis repre-

sents the points along the transect from the Agulhas

retroflection region to the western equatorial Atlantic.

Analyzing from the lower right corner of the diagrams,

the anomalies that started at the eastern side of the basin

propagated across the South Atlantic and beyond.

Along the Brazilian coast and across the equator, the

propagation became much faster. The predominant

propagation to the northwest indicates an abrupt change

since 1985, followed by a rapid rise in oceanic temper-

ature and salinity (Figs. 5a and 6a, respectively) with

impacts on the tropical and the equatorial bands.

Figure 4b exhibits intense EKE anomalies from the

Agulhas region that are persistent during the entire

period. The EKE anomaly additionally shows a faster

propagation during the last two decades, with changes

over 1m2 s22 across the South Atlantic. The signal

was maintained all the way to the western boundary.

Temperature and salinity time series (Figs. 5b and 6b)

show a clear change from 1985 to 2003. Both signals

appear to originate from the Agulhas region and

propagate toward the coast of Brazil, as indicated in

the Hovmöller diagrams in Figs. 5a and 6a.

Figure 7 represents the anomalies in the depth of

the isopycnal s 5 25.5kgm23 showing a shift to more

positive values from 1985 onward. Figure 7 depicts the

northwestward propagation of the anomalies. The results

suggest a subsidence in the isopycnal depths, spreading

out across the Atlantic. The tilted thin lines may be rings

that cross the Atlantic at that isopycnal depth.

The temperature–salinity (T–S) diagram in Fig. 8

shows the transition of the water masses toward the

north from 508S along 458W. The isopycnals 26.5 and

27kgm23 mark the transition between the South At-

lantic Central Water (SACW) and the AAIW; the

SACWshallows at 25.5kgm23.According toStramma and

FIG. 5. (a) Hovmöller diagram of the temperature (8C) anomaly averaged over the depth of

isopycnal s 5 25.5 kgm23 relative to the 40-yr mean from the ATIb0.08 simulation along the

transect indicated in Fig. 4a. The y axis represents the transect from right (north of Agulhas

leakage) to left (Brazilian coast). (b) Time series of latitudinal mean temperature between 308
and 238S (black line), 248 and 178S (red line), and 188 and 108S (yellow line).
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England (1999), part of the SACW is not subducted

at the subtropical convergence zone, where the

Agulhas Current redistributes the contribution of the

Indian Central Water (ICW). The water that remains

in the top layers can be traced from Namibia to the

coast of Brazil, joining the equatorial current system.

The propagation of anomalies across the Atlantic

confirms that waters from Agulhas leakage reach the

equatorial region.

5. Positive trends

Trends were estimated from the time series by re-

moving the long-term mean and a seasonal signal that

FIG. 6. (a) Hovmöller diagram of the salinity (psu) anomaly averaged over the depth of

isopycnal s 5 25.5 kgm23, for the 40 years from the ATIb0.08 simulation along the transect

indicated in Fig. 4a. The y axis indicates the transect from right (north of Agulhas leakage) to

left (Brazilian coast). (b) Time series of latitudinal mean salinity between 308 and 238S (black

line), 248 and 178S (red line), and 188 and 108S (yellow line).

FIG. 7. Hovmöller diagram of the isopycnal s 5 25.5 kgm23 depth (m) anomaly from the

ATIb0.08 simulation along the transect indicated in the Fig. 4a.
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was adjusted by a least squares fit. In Fig. 9, the gray lines

represent the model with a temporal resolution of

6 days, while the black line is a smoothed line to mini-

mize the high-frequency variability. The statistical

analysis was applied to the original time series.

To assess the statistical significance of the trends, the

validity of the null hypothesis was tested. That is, the

trends are found by chance by running experiments

based on Monte Carlo simulations. For these experi-

ments, time series were built by generating random

data with the same number of statistically independent

samples, mean, and standard deviation as the original

time series. For each randomly generated time series,

the trend was estimated using exactly the same meth-

odology applied for the original series. A total of 106

simulations were performed and the result is that these

trends are statistically significant to within a 95%

(volume transport and precipitation data) and 99.99%

(heat flux data) confidence level.

a. Volume transport

To support the hypothesis that the effects of the de-

cadal increasing trend in Agulhas leakage can have an

impact on the South Atlantic dynamics (Dong et al.

2011), the meridional volume transports at different

latitudes were calculated. Figure 9 shows the volume

transport in Agulhas leakage and the integrated trans-

port from surface to the depth of the isopycnal

s 5 25.5 kgm23. From the HYCOM monthly data, the

meridional volume transport V is calculated as

V5

ðuð

z

y(x, y, z) dx dy dz, (1)

where u is longitude, z is depth for the isopycnal

s5 25.5 kgm23, and y is the meridional component of

the velocity (in the coordinate x, y). The transport was

estimated for the entire cross sections at 58, 158, 208,
and 308S. The observed meridional transports showed

p values of 0.0367 (integrated volume transport at

58S), 0.0499 (integrated volume transport at 158S),
0.0499 (integrated volume transport at 208S), and

0.0371 (Agulhas leakage).

The area-averaged total transport of Agulhas leakage

changed by 1.3 Sv (1 Sv [ 106m3 s21) over the 35-yr

FIG. 8. Along 458W across the southern and tropical Atlantic

from the ATIb0.08 simulation, T–S diagram showing the distribu-

tion and characteristics of the water masses present at different

latitudes.

FIG. 9. Zonally integrated volume transport averaged over the depth of isopycnal s 5 25.5 kgm23 from the

ATIb0.08 simulation during the 1970–2010 period and its long-term trend at (a) 58, (b) 158, and (c) 208S, and
(d) in theAgulhas leakage. The gray lines represent themonthly resolution data and the black lines the 6-month

filtered data. The linear fit over the entire time range, indicated with green lines, represents the long-term trend.
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period in the retroflection region within 368–48S, 108–
208E. Therefore an increasing trend in the volume

transport is clearly evident in the leakage (Fig. 9d). Also,

in the period of 1970–2010, a positive trend (1.1 Sv) is

found in the integrated transport at 208S (Fig. 9c); at

158S, there is a total change of 1.6 Sv (Fig. 9b); and as far

as the tropical region at 58S, 1.6 Sv (Fig. 9a).

b. Latent heat flux and precipitation

The trends in transport can be related to changes in

the water column properties in the southern and tropical

Atlantic (Biastoch et al. 2008; Haarsma et al. 2008; Dong

et al. 2011). Concerning the ocean–atmosphere fluxes,

time series of the surface net heat flux in the tropical

Atlantic region were calculated. The latent heat flux is

expressed as a positive number in the upward direction,

when it goes from the ocean to the atmosphere (i.e., the

ocean loses heat).

To recognize a possible difference between the west-

ern and eastern side of the Atlantic, time series of the

daily resolution OAFlux latent heat fluxes (between

1985 and 2014) were analyzed. The trends in the latent

heat flux were produced by averaging these values at

three boxes between 28N and 5.58S: the eastern box

between 08 longitude and the eastern coast boundary,

the central box between 32.58Wand 08, and the western

box between 32.58W and the western boundary of the

ocean. Time series plots in Fig. 10 highlight the vari-

ability and trends in the boxes defined above. The time

series in eastern and central boxes (Figs. 10a,b)

exhibit a decrease of 27.2 and 27.1Wm22, respec-

tively, during the last 30 years. This suggests that, in

those boxes, the ocean lost less heat to the atmosphere

by latent heat flux. Furthermore, the spatial distribu-

tion of the latent heat flux trends (Fig. 10c) suggests

that the trends are different for each region of the ba-

sin. On the western side, there is an increase in the loss

of latent heat (i.e., the ocean is losing more latent heat

in the analyzed period), whereas in the central and

eastern regions the trends are in the opposite direction,

suggesting that there are different mechanisms that act

on each side.

Additionally, Fig. 11a shows the monthly mean

(gray line) of the latent heat flux in the western re-

gion, and its 6-month running mean (blue line) to

minimize the high-frequency variability. The results

indicate that in these locations the ocean has a posi-

tive surface net heat flux where, on average, it gains

62Wm22 (not shown). To accomplish this balance,

the latent heat flux contributes 122Wm22 of heat loss

to the atmosphere on average (Fig. 11a). For the study

region, we observed a positive trend in the latent heat

flux corresponding to a total loss of 21.1Wm22 in the

30-yr period (i.e., the ocean is losing more heat to the

atmosphere).

To examine the impacts on the western region near

Brazil, precipitation data at two points near the coast

(2.58 and 48S) were analyzed for the period 1985–2014.

FIG. 10. Time series of the latent heat flux averaged over (a) the central box (between 30.58Wand the 08meridian

line) and (b) the eastern box (east of the 08 limited between 38S and 2.58N). The gray lines are the monthly data and

the black lines the 6-month filtered data. The blue line represents the linear trend. (c) The latent heat flux trend

(Wm22 yr 21) over the region.
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Figure 11b displays the variability and trend of the total

precipitation at 33 meteorological stations along

the coast. The rainfall season is clear in the time series,

with periods of high and low rainfall. Additionally, in-

terannual variability with increasing trend is observed

during the last 30 years. Hounsou-gbo et al. (2015)

identified a rainfall regime in which the sea surface

temperature in the southern tropical Atlantic is posi-

tively correlated with strong positive rainfall anomalies.

The results of the present work are consistent with

Hounsou-gbo et al. (2015), suggesting that rainfall re-

gime is sensitive to changes in the variability of the latent

heat flux. The latent heat flux and precipitation trends

are statistically significant at 99% and 95% confidence

intervals, with p values of 0.0499 (latent heat) and 0.0500

(precipitation), respectively.

6. Regime shift

Regime shifts are large, abrupt, and persistent

changes in the structure and functions of the system. To

recognize the possible connections between trends in

Agulhas leakage and the integrated transport, as well as

with the latent heat flux and precipitation, regime shifts

were calculated using the cumulative deviation test

method for each time series. The test is based on a cu-

mulative sum method (CUSUM; Rodionov 2004). The

CUSUM for a given time is given by

C
i
5Sx

i
, (2)

where Ci is a monotonically increasing function for

nonnegative xi values. CUSUM is essentially a measure

of the area under the curve; thus, it is as if there was a

deviation (change) in the data sequence from the

background noise level. In the case of a regime shift, the

slope of such a monotonically increasing curve would

change (with a steeper or shallower slope).

The relation between the transport along the

southern and tropical Atlantic transects and the

Agulhas leakage can be explained by the time lags in

the regime shifts of the integrated volume transport,

which can be seen in Fig. S1 in the supplemental

material together with the respective correlation

FIG. 11. Time series of the mean (a) latent heat flux (averaged between 1.58 and 3.58S at

38.58W) and (b) precipitation (averaged between 2.58 and 48S along the coastline) at monthly

(gray) and 6-month filtered (blue) resolutions from 1985 and 2014. The linear fit represents the

long-term trend. Positive latent heat flux means upward flux (from ocean to atmosphere).
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coefficients presented in Table S1. We examined the cu-

mulative time of the integrated volume transport along

each of the latitudinal transects mentioned above and the

latent heat flux and precipitation at the western bound-

ary. For this analysis, all original variables’ time series

since 1980 were used without filtering tomatch the length

of the latent heat and precipitation time series. The re-

spective time lags and correlation coefficients between

the integrated volume transport, latent heat flux, and

precipitation at 58S can be seen in Fig. S2 and Table S2.

Additionally, density probability calculated from the

original time series is presented in Fig. S3.

Two regime shifts have been identified by this

method. Regime 1 is represented by negative residuals,

which indicate a decrease. Regime 2 is represented by

positive residuals, which indicate an increase (see

Figs. 12 and 13). Figure S3 shows the statistical differ-

ences between the named regime shifts.

a. Regime shift 1

Regime 1 and its negative residuals indicate that

Agulhas leakage has a low inflow in the South Atlantic

(Fig. 12d, blue shading). The integrated transports

across 308, 208, and 158S show negative residuals regime

since 1987 (Figs. 12d, 12c, and 12b, respectively), and the

integrated transport in the tropical region, at 58S,
shows a negative shift since 1988 (Fig. 12a). There is a

negative shift in the latent heat flux (Fig. 13b) beginning

in 1992, while the precipitation time series exhibits a

negative shift from 1988 (Fig. 13c).

These results suggest that regimes 1 and 2 do not seem

to be related to each other. They suggest separate mech-

anisms in the regime shift for leakage and integrated

transport, as well as for latent heat flux and rainfall regime.

Heat content from the surface to the depth of the

isopycnal s 5 25.5 kgm23 was calculated for regime

shift 1. The 40-yr anomaly for this regime is presented in

Fig. 14a, which shows negative anomalies ranging

from 20.3 3 108 to 0.3 3 108 Jm22. The EKE average

was calculated for the regime 1 period (Fig. 15a) where

the maximum activity was found concentrated in the

Agulhas retroflection region.

The nature of the mechanisms that regulate the

dynamic is complex; nevertheless, the results suggest

that when Agulhas presents a low inflow (regime 1),

the southern and tropical Atlantic dynamics seem to

be dominated by the recirculation of the subtropical

gyre. The South Atlantic is then dominated by the

recirculation process from the South Equatorial Cur-

rent, the western boundary Brazil Current, and the

Subtropical Front (Stramma and England 1999).

Thereby, regime 1 is associated with less Agulhas

leakage and the gyre is closer to the Sverdrup balance

(Wunsch 2011).

b. Regime shift 2

Regime 2 shows a positive residual in Agulhas leakage

transport starting from 1997 (Fig. 12d, blue residual) at

the same time as in the transect at 308S (Fig. 12d, red

residual). Regime shift 2 can be observed along the South

Atlantic in the transect at 208S (Fig. 12c), at 158S
(Fig. 12b), and in the tropical region at 58S in 2003

(Fig. 12a). The propagation of the anomalies across the

South Atlantic, which are exhibited as positive anoma-

lies—warming (Fig. 5a), salinization tendencies (Fig. 6a),

and an increase in the EKE (Fig. 4b)—reveal that the

changes in the volume transport in the Agulhas system

affect the water properties of the South Atlantic all the

way to the equatorial region.

Along with the intensification of volume transport at

58S (Fig. 13a) combined with increased latent heat flux

FIG. 12. Regime shift of the Agulhas leakage in the Atlantic

meridional volume transport. Shown is the cumulative time of the

integrated volume transport from 1980 to 2010 at four selected

locations across the southern and tropical Atlantic Ocean at (a) 58,
(b) 158, (c) 208, and (d) 308S. Each panel shows the residuals of the

volume transport, thus representing the lag time in the transport at

the depth of isopycnal s 5 25.5 kgm23. The blue residual in

(d) shows the Agulhas leakage, corresponding to the intrusion of

the Indian Ocean waters into the Atlantic.
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loss (Fig. 13b), an increase in precipitation (Fig. 13c) is

observed over the western boundary region of the trop-

ical Atlantic Ocean. The effect of the Agulhas dynamics

on the tropical ocean circulation can be observed in the

latent heat flux increase and precipitation trends (Fig. 11).

Both the heat loss from the ocean in the form of latent

heat flux and the precipitation trends near the western

boundary of the basin showed a regime shift during 2005

(Fig. 13). Anomalous heat content patterns during the

high rainfall regime are displayed in Fig. 14. The heat

content shows a positive anomaly in the western region

during the second regime with a maximum value of ap-

proximately 0.7 3 108 Jm22. Also, the EKE mean for

regime 2 (Fig. 15b) shows an increase in the mesoscale

activity, mainly in the Agulhas retroflection region and

the ring’s corridor.

Regime 2 (positive residuals) presents a high inflow of

Agulhas leakage transport since 1997 (Fig. 12d). This

regime shift can be observed at different latitudes

from the Agulhas to the tropical region where the

latent heat flux and rainfall have shown signs of

changes since 2005. Is this regime shift due to a shift in

Agulhas leakage in 1997? Considering that there is

also a propagation of anomalies of temperature, sa-

linity, and EKE at the depth of the isopycnal

s 5 25.5 kgm23, the changes in the western boundary

are correlated to the shift of the Agulhas system.

These changes are reflected not only in the integrated

transport but also in the latent heat flux and pre-

cipitation. Figure 14 shows heat content anomalies

during the period of regime 2, which exhibit the dif-

ference between regimes, this being the most impor-

tant difference between regimes 1 and 2. The results

suggest that when Agulhas leakage increases there is a

mechanism where faster propagating anomalies make

eddies that dominate the dynamics of the South

FIG. 13. Regime shift in the (a) volume transport at 58S, (b) mean latent heat flux at 1.58 and
3.58S at 38.58W, and (c) mean precipitation over 2.58 and 48S. The time integration of the

zonally integrated volume transport was calculated for the period between 1980 and 2010. The

cumulative time for the latent heat and precipitation residual were calculated between 1985 and

2014. Therefore, in the figure the period represented spans from 1985 to 2010.
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Atlantic. Therefore, during regime 2 the EKE is dis-

sipated by the increase of Agulhas leakage,

and thereby in regime 2 the nonlinear effects are

augmented because of the increased mesoscale activ-

ity associated with more Agulhas rings. Figure 15c

shows the differences in the anomalies between re-

gimes, which exhibit positive anomalies in the

Agulhas region and the corridor of rings over the

South Atlantic.

7. Concluding discussion

According to a numerical experiment with an eddy-

resolving ocean circulation model, forced with

FIG. 14. Heat content (108 J m22) anomaly from surface to the depth of isopycnal

s5 25.5 kgm23 from theATIb0.08 simulation, during (a) low rainfall regimes (1970–2002) and

(b) high rainfall regimes (2003–10).

FIG. 15. Average EKE (m2 s22) from the ATIb0.08 simulation from surface to the depth of isopycnal

s 5 25.5 kgm23, during (a) low rainfall regimes (1970–2002) and (b) high rainfall regimes (2003–10). (c) The

differences in the anomalies between regime 2 and regime 1.
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NCEP–NCAR reanalyses, Agulhas leakage has in-

tensified in the last two decades. The numerical sim-

ulation also shows that the changes in Agulhas

leakage affect the Atlantic Ocean all the way to the

western boundary in the tropical and equatorial re-

gions. The model’s estimates of meridional volume

transport show an increasing trend in the Agulhas

system in the 1970–2010 period. This increase is re-

flected in the time series of volume transport across

different latitudes in the southern and tropical

Atlantic.

Two regime shifts in the South Atlantic were

identified. One, represented by negative residuals

indicating a decrease of properties (regime 1), started

by the end of the 1980s. The other (regime 2) is rep-

resented by positive residuals starting by the end of

the 1990s. The heat loss from the ocean in the form

of latent heat flux and the precipitation exhibited an

increasing trend near the western boundary. Both

times series revealed a positive regime shift starting

in 1997 in Agulhas leakage (Fig. 12) and positive re-

gime shift from 2003 onward in the tropical region

(Fig. 13).

Heat content anomalies for the two regime shifts in

the western region of the tropical Atlantic show a

positive anomaly during regime 2, indicating an in-

crease in heat content, while the negative anomaly

remains in regime 1. Also, the mesoscale activity in-

creased in the Agulhas region and reached the ring’s

corridor over the South Atlantic. These results suggest

the possibility of a positive regime in Agulhas leakage,

affecting the regime shifts over the southern and

tropical Atlantic. It was shown that rainfall on the

northeastern coast of Brazil is tied to the variability of

Agulhas leakage.

Assuming that the general fate of Agulhas leakage

is mainly unaffected by these changes and follows the

pathways and time scales presented here, our results

suggest that the positive trend in leakage could

invoke a corresponding increase of leakage waters in

the western boundary current regime of the tropical

Atlantic. Changes in the thermohaline properties

along the leakage pathway are of particular relevance

(Rühs et al. 2013). The results here support the hy-

pothesis that the modified water mass characteristics

in the South Atlantic, due to variations in the Agulhas

leakage, are preserved when crossing the Atlantic

basin meridionally (Figs. 5 and 6) (Garzoli and

Matano 2011; Haarsma et al. 2011; Rühs et al. 2013).
This is key to understanding how variations in Agulhas

leakage impact the tropical Atlantic deep water, which

in turn drives the variations in the South Atlantic MOC

(Van Sebille et al. 2010).

This is the first time that an increasing trend in

Agulhas leakage has been suggested to be linked to

the latent heat flux and rainfall in the western system

of the tropical Atlantic. The anomalous propagation

pattern associated with the increasing trend of the

Agulhas leakage, discussed throughout this paper, has

great implications in the South Atlantic. The results of

this study, therefore, strongly suggest the need for a

detailed analysis of a coupled ocean–atmosphere

model in which the dynamics in the vertical structure

of the southern and tropical Atlantic together with the

Brazil rainfall information are properly simulated.

Results presented here highlight the need for contin-

uous improvements in the knowledge of the complex

interaction between the South Atlantic and climate

variability. Finally, this study demonstrates the need

to understand the impact of this regime in the hy-

drological cycle along the Brazilian coast and the

projections of climate change over the tropical

Atlantic Ocean.
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