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variability in intensity and location of the South Atlantic 
subtropical high through modulation of the low-level zonal 
pressure gradient.
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1 Introduction

The Benguela upwelling system, which sustains cold, 
nutrient-rich water along the coast of southwestern Africa 
and supports abundant fisheries, plays a major role in 
determining the spatial pattern of regional sea surface 
temperature (SST). The ocean circulation is characterized 
by the cool northward Benguela Current and warm south-
ward Angola Current, which converge near 15°S–17°S to 
form a strong SST gradient named the Angola-Benguela 
front (ABF) (Rouault et  al. 2007 and references therein). 
The Benguela current and upwelling are driven by strong 
southerly surface winds associated with an atmospheric 
low-level coastal jet (LLCJ), the Benguela LLCJ (BLLCJ). 
Although the BLLCJ plays an important role in supporting 
the Benguela upwelling system, relatively little has been 
documented about its characteristics and variability. An 
introduction of the BLLCJ described a single broad wind 
maximum located at 1000–925  hPa, 17°S–32°S, and ~6° 
longitude offshore based on coarse resolution reanalysis 
(Nicholson 2010). However as shown in this study, coarse 
resolution reanalysis is insufficient to accurately depict the 
jet structure, which is characterized by two distinct maxima 
according to high-resolution satellite wind products and 
finer resolution reanalyses.

There is strong motivation to understand the 
BLLCJ characteristics since representation of the jet in 

Abstract Generations of coupled atmosphere–ocean gen-
eral circulation models have been plagued by persistent 
warm sea surface temperature (SST) biases in the south-
eastern tropical Atlantic. The SST biases are most severe 
in the eastern boundary coastal upwelling region and are 
sensitive to surface wind stress and wind stress curl asso-
ciated with the Benguela low-level coastal jet (BLLCJ), a 
southerly jet parallel to the Angola-Namibia coast. How-
ever, little has been documented about this atmospheric 
source of oceanic bias. Here we investigate the character-
istics and dynamics of the BLLCJ using observations, rea-
nalyses, and atmospheric model simulations. Satellite wind 
products and high-resolution reanalyses and models repre-
sent the BLLCJ with two near-shore maxima, one near the 
Angola-Benguela front (ABF) at 17.5°S, and the other near 
25–27.5°S, whereas coarse resolution reanalyses and mod-
els represent the BLLCJ poorly with a single, broad, more 
offshore maximum. Model experiments indicate that con-
vex coastal geometry near the ABF supports the preferred 
location of the BLLCJ northern maximum by supporting 
conditions for a hydraulic expansion fan. Intraseasonal 
variability of the BLLCJ is associated with large-scale 
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atmospheric models is one known source of the persis-
tent warm SST bias in the southeastern tropical Atlantic 
(SETA) in coupled atmosphere–ocean general circulation 
model (AOGCM) and ocean model simulations (Grodsky 
et al. 2012; Small et al. 2015; Milinski et al. 2016; Kurian 
et al. 2016, in preparation). The SST bias is most severe 
near the ABF, reaching 6 °C in the multi-model average 
of AOGCMs from the Coupled Model Intercompari-
son Project Phase 5 (CMIP5) of the Intergovernmental 
Panel on Climate Change (IPCC), and extends over the 
SETA and eastern equatorial Atlantic (Xu et  al. 2014a, 
b). The biases in these regions may each arise from sepa-
rate processes (Grodsky et  al. 2012; Xu et  al. 2014a, b; 
Toniazzo and Woolnough 2014; Richter 2015; Zuidema 
et al. 2016). The eastern equatorial bias has been linked 
to a springtime westerly equatorial trade wind bias, a dry 
Amazon bias, and a wet Congo Basin precipitation bias 
(DeWitt 2005; Chang et al. 2007; Richter and Xie 2008; 
Wahl et  al. 2011; Richter et  al. 2012; Patricola et  al. 
2012). In the SETA, the warm SST bias in the open ocean 
has been attributed to errors in representation of incident 
solar radiation associated with simulated marine stratus 
clouds, whereas the coastal SST bias has been attrib-
uted to problems with the ocean model, including insuf-
ficient upwelling, errors in mixing, overshooting of the 
Angola Current, a too-diffuse coastal thermocline, and 
insufficient model resolution (Hazeleger and Harrsma 
2005; Large and Danabasoglu 2006; Huang et  al. 2007; 
Wahl et al. 2011; Xu et al. 2014a, b; Small et al. 2015). 
The coastal SST biases can also originate from different 
processes in different models, as suggested by decadal 
hindcasts with three AOGCMs that produced SST biases 
linked to errors in surface zonal wind, errors in incident 
short-wave fluxes, and strong regional wind-SST-precip-
itation coupling (Toniazzo and Woolnough 2014). Sev-
eral studies have also demonstrated that the atmosphere, 
through the BLLCJ, is a large potential source of coastal 
SST bias in the SETA. Ocean model simulations show 
that the ABF location is strongly controlled by changes 
in the meridional location of wind stress curl (Colberg 
and Reason 2006), which controls the southward flow 
offshore of the eastern-boundary current system (Small 
et  al. 2015). In addition, the oceanic current system is 
sensitive to the location of the wind stress curl in rela-
tion to the coast (Fennel et al. 2012). Similarly, the local 
wind stress curl and the detailed coastal wind structure 
play an important role in determining the ABF location 
and Benguela upwelling and in reducing coastal SST bias 
(Small et  al. 2015). Furthermore, Milinski et  al. (2016) 
found that misrepresentation of the surface wind at low 
atmospheric horizontal resolution is a major source of 
coastal SST bias in the southeastern tropical Atlantic, and 

that high atmospheric horizontal resolution substantially 
reduces the SST bias.

An understanding of well-observed LLCJs, such as those 
along the California and South American coasts, provides 
a foundation for understanding the relatively understudied 
BLLCJ. LLCJs are atmospheric jets that flow Equatorward 
and parallel to and along coastlines, and tend to occur in 
eastern boundary upwelling regions. Observations indicate 
that the California LLCJ is driven by thermal wind pro-
cesses associated with the thermal contrast between land 
and ocean (Zemba and Friehe 1987; Gerber et  al. 1989; 
Parish 2000), which tends to be strong in eastern boundary 
coastal upwelling regions due to the upwelling of cold deep 
ocean water. These conditions support the cool, stable, and 
well-mixed marine atmospheric boundary layer (MABL) 
necessary for LLCJ formation. During LLCJ events, the 
MABL is capped by a sloping temperature inversion that 
decreases in height toward the coast (e.g., Zemba and 
Friehe 1987; Beardsley et  al. 1987; Parish 2000) and is 
often associated with subsidence from the eastern por-
tion of the North Pacific High in the California LLCJ case 
(Neiburger et al. 1961; Parish 2000; Rahn and Parish 2007).

Like the California LLCJ, the South American LLCJ is 
supported by a near-surface pressure gradient perpendicu-
lar to the coast, where a cool stable MABL forms adjacent 
to warm land (Garreaud and Muñoz 2005; Muñoz and Gar-
reaud 2005). The very steep coastal terrain is important 
in the determining the dynamics of the South American 
LLCJ, because it prevents an easterly low-level wind that 
would geostrophically balance the cross-shore pressure gra-
dient, resulting in an acceleration of the meridional LLCJ 
flow (Muñoz and Garreaud 2005).

Although LLCJs are driven primarily by land–ocean 
thermal contrast and do not require topographic features 
to form (Parish 2000), topographic influences can play an 
important role in determining smaller-scale jet maxima in 
observations and according to hydraulic theory (Winant 
et  al. 1988; Samelson 1992; Rogers et  al. 1998; Dor-
man and Koračin 2008). The previously discussed con-
ditions favorable for LLCJs, i.e., a cool, stable coastal 
MABL capped by a sloping temperature inversion adja-
cent to warm coastal terrain, can establish the conditions 
for hydraulic dynamics, as the LLCJ flow is bounded by 
coastal topography, the inversion at the top of the MABL, 
and the ocean surface. When the flow is sufficiently fast, 
characterized as supercritical by a Froude number greater 
than 1, convex variations in coastline geometry induce 
a hydraulic expansion fan downwind, and a hydraulic 
compression jump upwind of the cape or point (Dorman 
1985; Winant et  al. 1988; Samelson 1992). A hydraulic 
expansion fan is characterized by a lateral spreading of 
flow and thinning of the MABL, which leads to enhanced 
wind speed and reduced marine stratus cloud cover 
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through adiabatic warming associated with descend-
ing motion; likewise, a hydraulic jump induced by flow 
upwind of convex coastal geometry that is blocked by the 
terrain, is characterized by a deepening of the MABL, 
reduced wind speed, and increased marine stratus cloud 
cover (Winant et  al. 1988; Samelson 1992). Frictional 
effects are important in determining the spatial pattern 
of the wind maxima in the hydraulic model (Samelson 
1992).

With motivation to ultimately reduce coupled model 
SST biases in the Benguela coastal upwelling region, 
one of the high-priority recommendations of the U.S. 
CLIVAR Working Group on Eastern Tropical Ocean 
Synthesis (Zuidema et  al. 2016), the purpose of this 
study is to (1) describe the structure and variability of 
the BLLCJ, (2) document biases in the BLLCJ in mod-
els and reanalyses, and (3) understand the dynamics of 
the BLLCJ, including the cause of its double maximum 
structure. We note that although the South American and 
Benguela LLCJs occur under similar MABL and coastal 
terrain conditions, albeit with higher terrain in the South 
American case, the two LLCJs are characterized by dif-
ferent jet structures, with a single broad maximum in the 
South American case and two maxima in the Benguela 
case (Fig.  1), raising the question, what determines the 
double maximum structure of the Benguela LLCJ? We 
hypothesize on the basis of hydraulic theory that the 
BLLCJ structure is closely related to coastal geome-
try, which is relatively smooth in the case of the South 
American LLCJ and more complicated in the BLLCJ 
case. In a follow-up paper we will demonstrate that the 
coastal SST bias in the SETA is highly dependent on the 
representation of the BLLCJ using regional ocean model 

simulations forced with atmospheric reanalysis and the 
regional atmosphere model output described in Sect.  2 
(Kurian et al. 2016, in preparation).

2  Datasets

2.1  Observational and reanalysis products

This section first describes the observational products 
used in this study, which are summarized in Table 1. The 
fine-resolution satellite-based Scatterometer Climatology 
of Ocean Winds (SCOW) (Risien and Chelton 2008) is 
considered to be the gridded product that is closest to the 
truth, although uncertainty is present in near-coast scatter-
ometer data caused by land contamination. Data from the 
microwave radiometers used to derive satellite-based ocean 
surface wind are typically unavailable within 100  km of 
the coastline (Yang et al. 2014). The SCOW is based on a 
harmonic analysis of the National Aeronautical and Space 
Administration (NASA) Quick Scatterometer (QuikSCAT) 
ocean surface winds and provides a gridded monthly clima-
tology (September 1999–October 2009) of 10-m wind and 
wind stress vectors, curl, and divergence at 0.25° × 0.25° 
resolution with near-global coverage.

A second ocean wind product, the Cross-Calibrated 
Multi-Platform (CCMP) Ocean Surface Wind Vector 
Analyses (Atlas et  al. 2011), combines multiple sources 
of microwave satellite data, in-situ measurements, and 
the European Centre for Medium-Range Weather Fore-
casts (ECMWF) ERA-40 Reanalysis and ECMWF Opera-
tional analysis using a Variational Analysis Method. The 
CCMP product includes gridded, 6-hourly, 0.25°  ×  0.25° 

Fig. 1  Meridional wind at 
10-m (m s−1; blue) from the 
Scatterometer Climatology 
of Ocean Winds (SCOW) 
climatology and terrain height 
(km; orange) from the NCEP 
CFSR over the a Benguela 
and b South American coastal 
upwelling regions
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resolution 10-m wind vectors over the ocean surface from 
July 1987 through December 2011. This study uses the 
fully-assimilated gap-free monthly averaged surface wind 
fields (L3.5).

A set of global, gridded air-sea momentum, heat, and 
fresh-water fluxes commonly used as atmospheric forcing 
for ocean models is provided by the Coordinated Ocean-
ice Reference Experiments version 2 (CORE-II; Large 
and Yeager 2008), which was coordinated by the Climate 
and Ocean: Variability, Predictability and Change (CLI-
VAR) Working Group on Ocean Model Development. The 
CORE-II covers 1948 through 2009 and includes 6-hourly 
fields on a ~1.875° × ~1.875° grid. Near surface winds are 
based on QuikSCAT and the National Centers for Envi-
ronmental Prediction/ National Center for Atmospheric 
Research (NCEP/NCAR) Reanalysis, which is described 
below.

We next present the global, gridded atmospheric rea-
nalysis data sets, in order from fine to coarse resolution, 
that are used in this study (Table  1). The most recent 

reanalysis of NCEP, and one of the finest resolution 
global reanalyses to date, is the Climate Forecast System 
Reanalysis (CFSR; Saha et  al. 2010), with a horizontal 
resolution of ~38  km and 64 levels in the vertical. The 
CFSR includes coupling with the Geophysical Fluid 
Dynamics Laboratory (GFDL) Modular Ocean Model 
(MOM) and a sea ice model, and includes both atmos-
pheric and oceanic reanalysis data from 1979 to 2010. 
NASA QuikSCAT and Naval Research Laboratory Wind-
Sat ocean surface winds are assimilated in the CFSR. 
This study uses monthly averaged data on a 0.5° × 0.5° 
upper-air grid and ~0.3125° × ~0.3125° surface grid.

The Japanese 55-year Reanalysis (JRA-55; Kobayashi 
et al. 2015) of the Japan Meteorological Agency provides 
atmospheric reanalysis at a fine resolution of ~55  km. 
Like the CFSR, the JRA-55 assimilates scatterometer 
ocean surface winds including QuikSCAT. The JRA-
55 includes improvements from the previous reanalysis, 
JRA-25, and covers 1958 through present.

Table 1  Summary of observational and reanalysis products

Data product Variables Surface field resolution Time period

SCOW Scatterometer Climatology of Ocean 
Winds

10-m ocean wind and wind stress vectors 
and derivatives

0.25° × 0.25° Sep 1999–Oct 2009

CCMP Cross-Calibrated Multi-Platform 
Ocean Surface Wind Vector Analyses

10-m wind 0.25° × 0.25° Jul 1987–Dec 2011

CORE-II Coordinated Ocean-ice Reference 
Experiments version 2

Air-sea momentum, heat, and fresh-water 
fluxes

~1.875° × ~1.875° 1948–2009

NCEP CFSR Climate Forecast System 
Reanalysis

3-D atmospheric and ocean reanalysis ~0.3125° × ~0.3125° 1979–2010

JRA-55 Reanalysis Japanese 55-year Rea-
nalysis

3-D atmospheric reanalysis ~55 km 1958–present

MERRA Modern Era Retrospective-analysis 
for Research and Applications

3-D atmospheric reanalysis 2/3° longitude × 1/2° latitude 1979–present

ECMWF-Interim Reanalysis 3-D atmospheric reanalysis ~80 km 1979–present
NCEP/NCAR Reanalysis 3-D atmospheric reanalysis ~1.875° × ~1.875° 1949–present
NCEP-II Reanalysis 3-D atmospheric reanalysis ~1.875° × ~1.875° 1979–present

Table 2  Summary of regional 
climate model simulations

ZM denotes Zhang McFarlane cumulus scheme

Simulation name Horizontal 
resolution 
(km)

Time step (s) Domain Coastline Time period Cumulus

3 km 3 12 Region Actual 1 Mar–1 Nov 2011 None
9 km 9 30 Region Actual 1 Jan 2005–1 Jan 2006 ZM
9 km 9 30 Region Actual 1 Jan 2005–1 Jan 2010 None
27 km 27 45 Region Actual 1 Jan 2005–1 Jan 2015 ZM
Modified coast 27 45 Region Modified 1 Jan 2005–1 Jan 2015 ZM
81 km 81 60 Region Actual 1 Jan 2005–1 Jan 2010 ZM
243 km 243 300 Basin Actual 1 Jan 2005–1 Jan 2010 ZM
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The Modern Era Retrospective-analysis for Research 
and Applications (MERRA; Rienecker et  al. 2011) of 
NASA is an atmospheric reanalysis that covers the satellite 
era, 1979 through present, with surface data on a 2/3° lon-
gitude  ×  1/2° latitude grid. The MERRA assimilates sur-
face wind data from QuikSCAT and the European Remote 
Sensing Satellite (ERS) generations 1 and 2.

The ECMWF-Interim Reanalysis (Dee et  al. 2011) is 
an atmospheric reanalysis product at ~80  km resolution 
that covers 1979 though present. Like MERRA, ECMWF-
Interim assimilates QuikSCAT, ERS-1, and ERS-2 data for 
ocean surface wind.

One of the earliest atmospheric reanalysis products is 
the NCEP/NCAR Reanalysis (Kalnay et  al. 1996), which 
provides 6-hourly and monthly averaged upper-atmospheric 
data on a 2.5° × 2.5° grid and surface fields on an approxi-
mately 1.875°  ×  1.875° grid for 1949 through present. 
The NCEP/NCAR Reanalysis is produced by assimilating 
quality-controlled land surface, ship, rawinsonde, pibal, air-
craft, and satellite data within a Climate Data Assimilation 
System that uses the T62/28-level NCEP global spectral 

model. Near surface winds are classified as category B, 
meaning that the variable is strongly based on observa-
tional data, but is also strongly influenced by the model.

The NCEP/NCAR reanalysis was followed by the 
NCEP-Department of Energy (DOE) Atmospheric Model 
Intercomparison Project (AMIP)-II Reanalysis (NCEP-II; 
Kanamitsu et  al. 2002), which includes upgrades to the 
forecast model and error fixes. The NCEP-II Reanalysis 
covers 1979 through present, and 6-hourly and monthly-
averaged data are available on the same horizontal grids as 
the NCEP Reanalysis.

2.2  Regional and global climate model simulations

Numerical experiments are conducted with the Weather 
Research and Forecasting (WRF; Skamarock et  al. 2008) 
model version 3.5.1, which is developed and maintained 
by NCAR. WRF is a nonhydrostatic terrain-following 
regional climate model. A suite of simulations is performed 
with several horizontal resolutions, including 3, 9, 27, 81, 
and 243  km, and a resolution-dependent model time step 

Fig. 2  Meridional wind at 
10-m (m s−1) from the SCOW 
climatology averaged a Dec-
Jan-Feb, b Mar-Apr-May, c Jun-
Jul-Aug, and d Sep-Oct-Nov. 
White indicates no data
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Fig. 3  Meridional wind at 10-m (m  s−1) averaged from the a 
SCOW climatology (September 1999–October 2009) and from the 
1999–2009 average of the b CCMP data set, c NCEP CFSR, d JRA-

55, e MERRA, f ERA-Interim Reanalysis, g NCEP-II Reanalysis, h 
NCEP Reanalysis, and i CORE-II data set. White indicates no data
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(Table 2); all simulations are configured with 32 levels in 
the vertical determined by WRF’s default configuration. 
Simulations use the following physical parameterizations: 
Community Atmosphere Model (CAM) Microphysics, 

Rapid Radiative Transfer Model for General Circulation 
Models (RRTMG) radiation, Yonsei University (YSU) 
planetary boundary layer, Monin–Obukhov surface 
scheme, and the Noah land-surface model. Simulations 

Fig. 4  Vertical cross sections of meridional wind (m  s−1) at the grid point closest to 17.5°S averaged Mar-Apr-May 1988–2009 from the a 
NCEP CFS, b JRA-55, c MERRA, d ERA-Interim, e NCEP-II and f NCEP Reanalyses. Land is shaded brown



2772 C. M. Patricola, P. Chang 

1 3

configured at 27 km resolution and coarser use the Zhang 
McFarlane cumulus scheme, and no cumulus parameteriza-
tion is used in the 3 km resolution simulation. Simulations 
are run at 9  km resolution both with the Zhang McFar-
lane cumulus scheme and without. All simulations are run 
on a southeastern Atlantic “regional” domain covering 
52°S–32°N and 22°W–25°E, except for the 243 km resolu-
tion simulation, which is run on an Atlantic sector “basin” 
domain covering 52°S–32°N and 85°W–25°E. Model out-
put is saved every 3 h.

Initial and lateral boundary conditions are prescribed 
from 6-hourly 2.5° × 2.5° NCEP-II Reanalysis (Kanamitsu 
et al. 2002). SST is based on daily 0.25° × 0.25° NOAA-
OI V2 SST (Reynolds et al. 2002) for simulations config-
ured with a horizontal resolution of 27 km and coarser, and 
daily 0.011° resolution Group for High Resolution Sea Sur-
face Temperature (GHRSST) Level 4 Multiscale Ultrahigh 
Resolution (MUR) SST (Chin et al. 2013) for simulations 
at 3 and 9 km resolution. All simulations are initialized on 
00z 1 January 2005 and integrated through 1 January 2010, 
except the 27  km resolution simulation, which extends 
though 1 January 2015, the 9 km resolution simulation that 
employs a cumulus parameterization, which is run through 
1 January 2006, and the 3 km resolution simulation, which 
is initialized on 00z 1 March 2011 and integrated through 1 
November 2011 due to high computational cost (Table 2).

An additional simulation is performed to investigate the 
cause of the double maximum structure of the Benguela 
jet. In this experiment, the African coastline is altered such 

that the convex coastal geometry near 17.5°S is removed 
and terrain height is set to zero over regions where land is 
changed to ocean, as explained in Sect. 5b. In addition, sur-
face properties including albedo and surface roughness are 
modified accordingly where land is changed to ocean. This 
simulation is performed at 27 km horizontal resolution.

In addition to the regional climate model simulations, 42 
global climate model simulations from the Coupled Model 
Intercomparison Project Phase 5 (CMIP5) of the Intergov-
ernmental Panel on Climate Change (IPCC) are presented 
(Taylor et al. 2012). We consider a multi-model ensemble 
the historical AMIP integrations with prescribed observed 
greenhouse gas concentrations and SST. Details about the 
models are summarized in Table 1 of Xu et al. (2014b).

3  Benguela LLCJ structure

An early study of the Benguela LLCJ describes a jet that 
is oriented parallel to the Namib coast, covers 17°S–32°S, 
and is strongest in October with maximum wind speeds 
approximately 6° longitude offshore and at 1000  hPa, 
according to the NCEP Reanalysis (Nicholson 2010). How-
ever, representation of the BLLCJ is highly dependent on 
reanalysis product, as shown in this section. Here we pre-
sent characteristics of the BLLCJ from several reanalyses 
to improve our understanding of the jet and identify biases 
in reanalyses, relative to satellite-based observations, that 

Fig. 5  Meridional wind at 
10-m (m s−1) at the grid point 
closest to 17.5°S from the 
Mar-Apr-May 2000–2009 
climatology from the SCOW 
data set (black), CCMP data set 
(grey), JRA-55 (red), MERRA 
(orange), NCEP CFSR (green), 
ECMWF-Interim Reanalysis 
(light blue), NCEP-II Rea-
nalysis (dark blue), NCEP Rea-
nalysis (purple), and CORE-II 
(magenta). Data are shown over 
ocean only



2773Structure and dynamics of the Benguela low-level coastal jet  

1 3

Fig. 6  Wind stress curl at 10-m (10−7 N m−3) from the a SCOW 
climatology (September 1999–October 2009) and from the 1999–
2009 average of the b CCMP data set, c NCEP CFSR, d JRA-55, e 

MERRA, f ERA-Interim Reanalysis, g NCEP-II Reanalysis, h NCEP 
Reanalysis, and i CORE-II data set. Grey indicates land or missing 
data
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would be a source of error when used as atmospheric forc-
ings for ocean model simulations.

Unlike the NCEP Reanalysis (Nicholson 2010), the 
SCOW satellite product shows a BLLCJ that has two 
seasonally-dependent maxima (Fig.  2), a quasi-perma-
nent northern maximum at 17.5°S that coincides with the 
Cunene upwelling cell (Lutjeharms and Meeuwis 1987) 
and ABF, and a southern maximum at 25°S–30°S that 
coincides with the Lüderitz upwelling cell (Lutjeharms and 
Meeuwis 1987). The northern maximum is located near the 
coast and is strongest in austral autumn and spring (Fig. 2b, 
d), whereas the southern maximum is a few degrees of 
longitude offshore and is strongest in austral summer and 
spring (Fig. 2a, d). The BLLCJ is weakest in austral winter 
when there is no southern maximum is the seasonal mean 

(Fig. 2c). These two distinct jet maxima are present in the 
annual average of the SCOW product (Fig. 3a).

The representation of the BLLCJ in the 1999–2009 
annual average (the period of overlap among the data 
sets) is quite different among reanalyses and depends 
highly on horizontal resolution. In general, reanalyses 
with horizontal resolution finer than ~2° (Fig. 3a–f) rep-
resent the two BLLCJ maxima seen in the SCOW prod-
uct, with the northern maximum anchored at 17.5°S and 
some differences in wind speed magnitude and offshore 
distance of the southern jet maximum, whereas all prod-
ucts at about 2° resolution represent the BLLCJ as a 
single broad maximum (Fig.  3g–i). The CCMP analysis 
(Fig.  3b) is characterized by two 10-m meridional wind 
speed maxima in similar locations compared with the 

Fig. 7  Meridional wind at 10-m (m  s−1) from the a SCOW clima-
tology (September 1999–October 2009), the January 2005–December 
2009 average of WRF simulations at horizontal resolution of b 9 km, 

c 27 km, d 81 km, and e 243 km, and the f January 1984–December 
2004 average from the CMIP5 multi-model ensemble
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SCOW (Fig.  3a), although the magnitudes are weaker. 
(The southern maximum is not visible in Fig. 3b due to 
the shading interval.) The CFSR (Fig.  3c) produces jet 
maxima that are stronger than those in SCOW, and also 
places the southern maximum nearer to the coast. The 
JRA-55 (Fig.  3d) represents the BLLCJ most closely to 
the SCOW (Fig.  3a), with similar magnitudes of wind 
speed but a slight difference in proximity of the southern 
maximum to the coast. Both MERRA and ERA-Interim 
(Fig. 3e, f) show a BLLCJ that is weaker than that in the 
SCOW (Fig. 3a) with again slight differences in proxim-
ity of the southern maximum to the coast, where there is 
uncertainty in scatterometer winds caused by land con-
tamination. All three coarse resolution products, NCEP, 
NCEP-II, and CORE-II (Fig. 3g–i) represent the BLLCJ 
with one maximum between approximately 27.5°S and 
20°S and lack the maximum that is located near 17.5°S in 
the finer resolution products. Although many of the rea-
nalyses represent the BLLCJ with one broad wind maxi-
mum, the products that are closest to the truth, i.e., the 
satellite-based observations, indicate that the BLLCJ is 
indeed characterized by two distinct wind maxima.

For a complete view of the Benguela LLCJ structure, we 
consider vertical cross sections of the meridional wind over 
the northern jet region at 17.5°S from all products with 
upper-level data available. Discrepancies between the finer 
(Fig. 4a–d) vs. coarse resolution (Fig. 4e, f) reanalyses are 
clear, with fine resolution products placing the jet maxi-
mum at 975  hPa and near the steep topography, whereas 

NCEP and NCEP-II show a more offshore jet maximum at 
1000 hPa.

Simulated coastal SST and upwelling are sensitive to 
the near coast surface wind structure (Small et  al. 2015), 
therefore we examine the profile of 10-m meridional wind 
within a few degrees of longitude from the African coast 
within the BLLCJ northern maximum (Fig.  5) during the 
peak SST bias in March–May (Richter and Xie 2008; Patri-
cola et  al. 2012). Whereas most reanalyses and observa-
tional products are in relative agreement offshore, the prod-
ucts produce vastly different wind profiles within about 2° 
of longitude from the coastline. Even those products based 
heavily on QuikSCAT ocean surface winds, the SCOW and 
CCMP, differ in placement of the wind maximum, with 
SCOW showing a maximum at the grid point adjacent 
to the coast and CCMP placing the maximum three grid 
points away from the coast (Fig. 5). Most higher resolution 
reanalyses, including NCEP CFSR, MERRA, and ERA-
Interim, are qualitatively similar in pattern to the CCMP, 
but with different wind magnitudes, whereas the JRA-55 is 
more similar to the SCOW in placing the maximum wind 
speed adjacent to the coast. The coarse resolution products, 
NCEP-II, NCEP, and CORE-II, show wind profiles that are 
dramatically different from the other products, with max-
ima located several degrees of longitude (albeit two grid 
points) away from the coastline.

The location of the wind maximum relative to the 
coastline dictates wind stress curl, another quantity that 
strongly influences coastal SST and upwelling (Colberg 

Fig. 8  Similar to Fig. 5, 
except from the Mar-Apr-May 
climatology from the SCOW 
data set (black) and CCMP data 
set (grey), and WRF simula-
tions at horizontal resolution of 
3 km (red), 9 km (green), 27 km 
(purple), 81 km (orange), and 
243 km (blue). The SCOW cov-
ers 2000–2009, the WRF 3 km 
simulation covers 2011, and all 
other WRF simulations cover 
2005–2009
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and Reason 2006; Small et  al. 2015). Seasonal vari-
ability in wind stress curl has also been linked to vari-
ability in meridional transport in the Benguela upwelling 
system (Junker et  al. 2015). Representation of wind 
stress curl (Fig.  6), like Benguela LLCJ (Fig.  3), varies 
greatly among observational and reanalysis products and 
depends highly on product resolution. Even the two 0.25° 
satellite wind based products display notable differences, 
especially at the ABF near 17.5°S where SCOW places 
a local maximum (Fig.  6a) that is absent in the CCMP 
(Fig. 6b). In addition, there are differences in near-coast 
wind stress curl between SCOW and CCMP over the 
entire Benguela upwelling region, with CCMP show-
ing sporadic positive values between 22.5°S and 30°S 
that are likely artifacts related to data availability issues 

near the coast and uncertainty from land contamination 
of satellite data. Of the four relatively high-resolution 
reanalyses, three (Fig.  6d–f) most closely reproduce the 
qualitative wind stress curl field of the SCOW, with the 
notable exception of the weak maximum at 17.5°S, and 
all overestimate the magnitude of wind stress curl relative 
to the satellite products. The NCEP CFSR produces erro-
neous positive regions of wind stress curl offshore from 
the overestimated minima that hug the coastline (Fig. 6c), 
errors with the potential for substantial impacts on simu-
lated SST. The wind stress curl in coarse resolution prod-
ucts, including the CORE-II data set that is commonly 
used as atmospheric forcing for ocean models, is poorly 
represented as a minimum that is weaker and spatially 
broader than observed (Fig. 6g–i).

Fig. 9  Wind stress curl at 10-m (10−7 N m−3) from a the SCOW 
climatology, WRF simulations at horizontal resolution of b 9 km, c 
27 km, d 81 km, and e 243 km, and the f CMIP5 multi-model ensem-

ble. WRF simulations are averaged January 2005–December 2009, 
and CMIP5 simulations are averaged January 1984–December 2004
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4  Sensitivity of BLLCJ representation to model 
resolution

We next compare the simulated structure of the BLLCJ in 
regional climate model simulations of varying horizontal 
resolution and global models of the CMIP5 to the obser-
vational products presented in the previous section. The 
representation of the BLLCJ is highly dependent on model 
horizontal resolution. The double maximum structure seen 
in the SCOW (Fig.  7a) is generally reproduced in WRF 
simulations at 9, 27, and 81  km (Fig.  7b–d), whereas the 
WRF simulation at 243  km resolution (Fig.  7e) and the 
CMIP5 multi-model ensemble (Fig.  7f) fail to represent 
this structure and instead show a single broad maximum, 
similar to the coarse resolution reanalyses and CORE-II 
product (Fig. 3g–i). The latitude of the northern maximum 
is nearly the same between the SCOW and WRF 9, 21, and 
81 km simulations, and tends to be stronger in the model 

than observations. On the other hand, there is slightly more 
variability in the location of the southern maximum, with 
the 9  km WRF simulation (Fig.  7b) placing the maxi-
mum a few degrees of longitude offshore as in the SCOW 
(Fig. 7a), but the 27 and 81 km WRF simulations (Fig. 7c, 
d) placing the maximum closer to the coastline, as in sev-
eral high resolution reanalyses (Fig. 3c–f). The lack or use 
of a convective parameterization results in a largely similar 
BLLCJ representation in 9 km resolution simulations (not 
shown). The vertical jet structure is also qualitatively simi-
lar between the higher resolution (9, 27, and 81 km) WRF 
simulations (not shown) and the higher resolution reanaly-
ses (i.e., CFSR, JRA-55, MERRA, CFSR, ERA-Interim), 
and between the coarse resolution (243 km) WRF simula-
tion (not shown) and the NCEP and NCEP-II reanalyses.

The near coast 10-m meridional wind profile through the 
northern BLLCJ maximum at 17.5°S near the ABF is also 
highly sensitive to model resolution. In all cases from 9 km 

Fig. 10  Meridional momentum 
budget a pressure gradient, b 
Coriolis, c horizontal advection, 
and d mixing terms (shaded; 
m s−1 h−1) and meridional wind 
exceeding 8 m s−1 (contour; 
m s−1) at 975 hPa averaged 
2005–2009 from the 27 km 
WRF simulation. Land is 
shaded grey



2778 C. M. Patricola, P. Chang 

1 3

through 243  km resolution, the regional climate model 
places the maximum wind speed two grid points offshore 
from the coast (Fig. 8). We note that the 3 km simulation is 
not directly comparable with the others, as it was run for a 
short time period due to high computational cost. However, 
the 3 and 9 km resolution simulations do seem to converge 
on a solution in terms of the location of the maximum 
wind speed relative to the coast. Whether this wind pro-
file matches that in nature remains an open question, due 
to sparse availability of in-situ wind observations in that 
region.

The differences among the near shore 10-m meridional 
wind from the WRF and CMIP5 simulations translate 
into considerable differences in the surface wind stress 

curl that also depend highly on the model resolution 
(Fig.  9), as with the observational products. Among all 
of the simulations, the one at 9  km resolution (Fig.  9b) 
most closely reproduces the observed (Fig.  9a) spatial 
pattern of wind stress curl, including the local maximum 
at 17.5°S immediately adjacent to the coast. However, the 
high-resolution (9–81 km) model simulations (Fig. 9b–d), 
like the high-resolution reanalyses (Fig.  6b–f), overes-
timate the magnitude of the wind stress curl along the 
coast. The regional model at 243 km resolution (Fig. 9e) 
and the multi-model ensemble of CMIP5 global models 
(Fig.  9f), like the coarse resolution observational prod-
ucts (Fig. 6g–i), represent the wind stress curl poorly as a 
broad weak minimum.

Fig. 11  Zonal momentum 
budget a pressure gradient, b 
Coriolis, c horizontal advection, 
and d mixing terms (shaded; 
m s−1 h−1) and meridional wind 
exceeding 8 m s−1 (contour; 
m s−1) at 975 hPa averaged 
2005–2009 from the 27 km 
WRF simulation. Land is 
shaded grey
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5  Dynamics of the Benguela LLCJ

5.1  Momentum balance

A momentum balance at the level of the jet maximum, 
975 hPa, is presented to understand the factors that support 
the Benguela LLCJ. The momentum balance terms were 
calculated directly within the WRF dynamical solver, and 
residuals are relatively small (not shown). The meridional 
momentum budget is expressed as

where, from left to right, terms represent local time rate of 
change, zonal advection, meridional advection, pressure 
gradient, Coriolis, and vertical and horizontal mixing (Vm

(1)
�V
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�V
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− V

�V

�y
−

1

�

�P

�y
− fU + Vm

). U is zonal wind vector, V is meridional wind vector, � 
is density of air, P is pressure, and f  is Coriolis parameter.

The meridional momentum budget from the 27 km reso-
lution WRF simulation averaged January 2005–December 
2009 shows that the primary positive contribution in the Ben-
guela jet region is from the pressure gradient term, with two 
maxima collocated with the BLLCJ maxima (Fig. 10a). The 
pressure gradient term is balanced by similar contributions 
from the Coriolis (Fig. 10b) and mixing (Fig. 10d) terms over 
the broad BLLCJ region and by localized contributions from 
the horizontal advection term over the jet maximum regions 
only, with negative and positive values south and north, 
respectively, of each jet maximum (Fig. 10c).

The zonal momentum budget is similarly expressed as

(2)
�U

�t
= −U

�U

�x
− V

�U

�y
−

1

�

�P

�x
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Fig. 12  Similar to Fig. 11, 
except from the 243 km WRF 
simulation
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Figure  11 shows the terms of the zonal momentum 
budget from the 27  km resolution WRF simulations. The 
pressure gradient term provides the main positive contri-
bution to the zonal budget in the region of the Benguela 
LLCJ, and shows two maxima that coincide with the jet 
maxima (Fig. 11a). The balance in the jet region is primar-
ily between the zonal pressure gradient and Coriolis terms 
(Fig. 11a, b), with a highly localized contribution from the 
non-linear horizontal advection term over the northern jet 
region (Fig. 11c), which is not resolved at 243 km resolu-
tion (Fig.  12c). In general the zonal mixing term is near-
zero, except directly adjacent to the coast (Fig.  11d). The 
characteristics of the zonal momentum balance are quali-
tatively similar between the Benguela (Fig. 11) and South 
America LLCJs (Fig.  6 of Muñoz and Garreaud 2005), 
with the exception of the secondary horizontal advection 

contribution in the northern maximum of the BLLCJ. As 
such, the zonal momentum budgets over both jet regions are 
approximately described by geostrophy, indicating that the 
meridional wind is approximately proportional to the zonal 
pressure gradient. By considering LLCJs as a geostrophi-
cally adjusted response to land-sea thermal contrast (Par-
ish 2000), the location of LLCJs relative to the coast can 
be estimated by the Rossby radius of deformation, which 
is a function of MABL depth, Brunt-Väisälä frequency 
across the MABL inversion, and Coriolis parameter (Par-
ish 2000; Ranjha et  al. 2013). The June–August climatol-
ogy of the BLLCJ from the ERA-Interim Reanalysis shows 
a northern BLLCJ maximum that extends 300 km offshore 
and is characterized by a Rossby radius of 240 km; owing 
to low terrain height from the coast to 100 km inland, the 
jet extends inland 100 km until it reaches steep terrain and 

Fig. 13  Terrain height (m; shaded) from 27  km WRF simulations 
with prescribed a actual and b modified coastline. Blue denotes 
ocean and white hatching denotes the region where land is changed 
to ocean. c The difference in terrain height (m) between the modi-

fied—actual coast simulations. Meridional wind at 10-m (m s−1) from 
the simulations with d actual coastline, e modified coastline and f the 
modified—actual coastline difference. Grey shading denotes land in 
(f)
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Fig. 14  Sea-level pressure (hPa) from 27 km WRF simulations with 
(a) actual coastline, (b) modified coastline and (c) the modified—
actual coastline difference. d, f Similar to (a–c), except for the zonal 
pressure gradient force momentum budget term (m s−1 h−1). g–i Simi-

lar to (a–c), except for marine boundary layer height (m). All panels 
are averaged January 2005 through December 2009. Grey shading 
indicates land in (c–i)



2782 C. M. Patricola, P. Chang 

1 3

is characterized by a wind maximum at the coast (Ranjha 
et al. 2013). In comparison, the December-February clima-
tology shows a more offshore southern BLLCJ maximum. 
These differences in location of the BLLCJ maxima rela-
tive to the coast (Ranjha et al. 2013) are consistent with the 
BLLCJ structure seen in the SCOW satellite wind product 
and the 27 km resolution regional climate model simulation 
(Fig. 7a, c).

The representation of the zonal pressure gradient, like 
the Benguela LLCJ, is highly sensitive to model resolution. 
At 9  km (not shown), 27  km (Fig.  11a), and 81  km (not 
shown) resolutions, the WRF model produces two maxima 
in the zonal pressure gradient term, consistent with loca-
tions of the two BLLCJ maxima. It is clear that the mis-
representation of the BLLCJ as a single broad maximum 
in the coarse 243  km resolution simulation is related to 
the poor representation of the zonal pressure gradient 

term (Fig. 12a). It seems that between the 100 and 200 km 
range, resolution becomes too coarse to resolve the gradi-
ents needed to support the detailed structure of the Ben-
guela LLCJ.

5.2  Benguela LLCJ structure and coastal geometry

One robust feature of the BLLCJ in all high-resolution 
observational products, reanalyses, and model simulations 
is the anchoring of the northern jet maximum at approxi-
mately 17.5°S (Figs. 3a–f, 7b–d). In this section we inves-
tigate what determines the existence of the double maxi-
mum structure of the Benguela LLCJ and the location of 
the northern maximum. We test the hypothesis that the 
northern BLLCJ maximum is supported by the convex 
geometry of the coastline near 17.5°S by comparing WRF 
simulations at 27  km resolution with prescribed actual 

Fig. 15  Vertical cross sections of cloud water mixing ratio (10−5 kg 
kg−1; shaded) and meridional wind (m  s−1; contour) averaged  over 
the first five ocean gridpoints away from the coastline (representing 
the approximately 1.2 longitude band adjacent to the coast) averaged 

January 2005–December 2009 from 27 km resolution WRF simula-
tions with prescribed a actual coastline, b modified coastline, and c 
the modified minus actual coastline difference. a, b Contour levels are 
6, 8, and 10 m/s to emphasize the BLLCJ. c Contour levels are 1 m/s
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and modified coastal boundaries (Fig. 13a–c). The “modi-
fied coast” experiment alters the coastline near 17.5°S 
(Fig.  13b) such that terrain height is set to zero over the 
region where land is changed to ocean, and SST over the 
new ocean area is extrapolated from surrounding ocean 
points. We note that the coastal topography in the modified 
coast experiment remains steep, one of the known condi-
tions to support LLCJs. The northern jet maximum that is 
present in the “actual coastline” simulation (Fig.  13d) is 
absent in response to altering the convex region at 17.5°S 
(Fig.  13e). The wind speed reduction near 17.5°S due to 
modifying the coast (Fig. 13f) is indicative of the absence 
of the hydraulic expansion fan characteristic of the case 
with the convex coastline. Furthermore, when the coastal 
geometry is altered, wind speed is enhanced upwind of 
the region where the convex coastline was removed, near 
25°S–20°S, indicating the absence of the hydraulic jump 
characteristic of the case with the convex coastline. These 
responses in 10-m wind over the ocean back the hypoth-
esis that the northern BLLCJ maximum is supported by 

the convex coastal geometry through hydraulic theory 
arguments.

As demonstrated in the previous section, there is a strong 
relationship between the low-level zonal pressure gradient 
and the BLLCJ, therefore the sea-level pressure response 
to the altered coastline is presented. The large-scale South 
Atlantic subtropical high simulated in the actual coast-
line case (Fig. 14a) is unchanged due to altering the coast 
(Fig. 14b, c). However, there is a strong local response in 
sea-level pressure over and north of the northern jet maxi-
mum region such that altering the coast relaxes the low 
pressure over the ABF region seen in the actual coastline 
case (Fig.  14a–c). Along with the local response in sea-
level pressure is a reduction in the 975 hPa zonal pressure 
gradient over the northern jet maximum region and an 
enhancement in the gradient south of the northern jet maxi-
mum region (Fig. 14f). In fact, the 975 hPa zonal pressure 
gradient maximum over the ABF in the actual coastline 
simulation (Fig. 14d) is entirely eliminated due to altering 
the coastline (Fig. 14e). These changes in low-level zonal 

Fig. 16  Meridional wind at 10-m (m s−1) from the WRF simulation 
at 27 km horizontal resolution from the March 2005–2014 a clima-
tology and March composites of b weak southern maximum events, 

c strong southern maximum events, and d strong northern maximum 
events. e–h Similar to (a–d), except for sea-level pressure (hPa). 
White shading indicates land in (a–d)
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Fig. 17  The anomaly in meridional wind at 10-m (m s−1), expressed 
as the difference from the climatology, from a WRF simulation at 
27  km resolution from the March 2005–2014 composite of a weak 
southern maximum events, b strong southern maximum events, and 

c strong northern maximum events. (d, f) Similar to (a–c), except for 
sea-level pressure (hPa). (g–i) Similar to (a–c), except for the zonal 
momentum budget pressure gradient term (m s−1 h−1). Grey shading 
indicates land in (a–c and g–i)
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pressure gradient correspond to the response in the BLLCJ 
in both spatial pattern and magnitude (Figs. 13d–f, 14d–f). 
The dynamical changes in the altered coastline experiment 
further support the idea that the northern BLLCJ maximum 
is supported by the convex coastal geometry near the ABF. 
By removing the convex portion of the coastline, the north-
ern wind and zonal pressure gradient maxima associated 
with a hydraulic expansion fan are eliminated.

A thinning of the marine atmospheric boundary layer is 
characteristic of hydraulic expansion fans, and is linked to a 
reduction in low-level cloud cover through adiabatic warm-
ing associated with descending motion. Together with the 
absence of the northern BLLCJ maximum in response to 
altering the coastal geometry, MABL height is increased 
in the vicinity of and north of the northern maximum 
(Fig.  14g–i), adding support to the idea that the north-
ern BLLCJ maximum is supported by the convex coastal 
geometry. The response in low-level clouds is also consist-
ent with this hypothesis. Vertical cross sections along an 
approximately 1.2° longitude band off the African coastline 
show a relative minimum in low-level clouds concurrent 
with the Benguela LLCJ northern maximum in the “actual 
coastline” simulation (Fig. 15a). This is expected with the 
thinning of the MABL and cloud cover reduction associ-
ated with an expansion fan occurring upstream of convex 
coastal geometry. In the “altered coast” case, the northern 
jet maximum is absent and there is no corresponding mini-
mum in low-level cloud cover (Fig. 15b). This pronounced 
effect is apparent in the difference fields (Fig.  15c), and 
offers further evidence that the convex coastal geometry 
supports the existence of the northern jet maximum at 
17.5°S.

6  Large-scale controls on Benguela LLCJ 
variability

The Benguela LLCJ is marked by substantial intraseasonal 
variability, with a peak in QuikSCAT-derived surface wind 
stress over 10°S–23.5°S at the 6–16  day period (Risien 
et al. 2004). In order to understand how large-scale atmos-
pheric conditions support Benguela LLCJ events, we define 
BLLCJ indices based on the 10-m meridional wind for the 
northern and southern jet maxima. The northern jet index is 
area-averaged over 19°S–16.1°S and 8°E–11.7°E, and the 
southern jet index over 27.9°S–22°S and 10°E–15.5°E. The 
time series of jet indices are computed using the daily area-
averaged 10-m meridional wind from the 27 km resolution 
regional climate model simulation over the 2005–2014 
period. The Benguela jet is classified as “weak” or “strong” 
when the daily jet index value is below, or exceeds, one 
standard deviation of the mean index value over the entire 
2005–2014 period. All days in which the jet is “weak” or 

“strong” are collected and averaged to form composites of 
exceptionally strong jet events or non-events.

Composites of the BLLCJ are considered during March, 
when the coastal SST bias in coupled models tends to 
develop rapidly (Richter and Xie 2008; Patricola et  al. 
2012). The composites are formed for one month, rather 
than on the annual timescale, so that the influence of the 
seasonal cycle is removed. During the March climatology, 
which includes all days without regard to jet event classi-
fication, the Benguela LLCJ is characterized by maxima 
over both the northern and southern regions (Fig. 16a) and 
the South Atlantic subtropical high is centered near 35°S 
and 0° longitude (Fig. 16e). During times characterized by 
weak jet events over the southern region (Figs.  16b, 17a; 
representing 12% of the days in March 2005–2014), the 
center of the subtropical high is shifted westward (Fig. 16f), 
placing negative sea-level pressure anomalies off the coast 
of western South Africa (Fig.  17d) with a correspond-
ing reduction in the zonal pressure gradient at 975  hPa 
(Fig.  17g) that coincides with the 10-m meridional wind 
anomalies (Fig. 17a). Likewise, in the composite of strong 
jet events over the southern region (Figs. 16c, 17b; repre-
senting 10% of the days in March), the subtropical high is 
shifted eastward and intensified (Fig.  16g), with positive 
sea-level pressure anomalies over the near-coastal ocean 
confined primarily south of 27°S (Fig.  17e) leading to 
anomalies in the zonal pressure gradient momentum budget 
term that are greatest over the southern region (Fig. 17h).

During the times in March when the northern BLLCJ 
maximum is strong (Figs.  16d, 17c), the subtropical high 
is also strengthened and shifted northeastward (Fig.  16h) 
with subtle differences in the sea-level pressure anoma-
lies (Fig.  17f) that support a maximum strengthening of 
the zonal pressure gradient over the northern jet region 
(Fig. 17i). During times when the northern or southern jet 
maximum is strong, there tends to be concurrent strength-
ening of wind speed in the other jet maximum region 
(Fig. 17b, c). In general, a strengthening and eastward shift 
of the South Atlantic subtropical high, sometimes with con-
current negative sea level pressure anomalies over South 
Africa, are associated with strong BLLCJ events through-
out the year. This link between the large and smaller scale 
is also apparent in the observed connection between varia-
tions in low-level winds off the Oregon coast and variabil-
ity in the North Pacific High (Bane et al. 2005).

7  Conclusions

The detailed structure of surface wind stress and wind 
stress curl associated with the Benguela low-level coastal 
jet plays a critical role in driving the Benguela coastal 
upwelling system and shaping the regional SST pattern 
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(Colberg and Reason 2006; Small et  al. 2015). Errors in 
representation of the Benguela LLCJ are a major source of 
the persistent warm coastal SST bias (Grodsky et al. 2012; 
Small et al. 2015; Kurian et al. 2016, in preparation) seen 
in generations of global coupled atmosphere–ocean climate 
models (Richter and Xie 2008; Xu et al. 2014b). Here we 
examined the structure of the Benguela LLCJ in a suite of 
observational products, reanalyses, and climate models. 
The Benguela LLCJ representation among these datasets 
falls into two classifications. In finer resolution products 
and models, including the “closest to the truth” satellite-
based SCOW and CCMP, several atmospheric reanalyses, 
and regional climate model simulations at 9, 27, and 81 km 
resolution, the BLLCJ is characterized by two near-shore 
maxima, one near the ABF at 17.5°S, and the other near 
25–27.5°S. On the other hand, coarse resolution reanalyses 
and models (greater than about 2°), including the CORE-
II dataset, a multi-model ensemble from the CMIP5 global 
models, and a regional climate model at 243 km resolution, 
represent the Benguela LLCJ poorly, with a single, broad, 
more offshore jet maximum. These errors in jet representa-
tion in coarse resolution products translate into substantial 
biases in coastal SST representation, on the order of 4 °C; 
however, coastal SST biases were greatly improved by forc-
ing a regional ocean model with atmospheric data from 
the 9 and 27 km WRF simulations presented in this paper 
(Kurian et al. 2016, in preparation). The ability of regional 
climate models to realistically represent scales finer than 
those of typical reanalyses and to skillfully reproduce 
observed interannual variability (e.g., Patricola et al. 2014) 
suggests there is a good potential for regional climate mod-
els to generate ocean model forcings that can advance our 
understanding of regional coupled air-sea processes. Still, 
we emphasize that in-situ observations of surface wind in 
the southeastern tropical Atlantic are needed, as land con-
tamination in satellite observations generates uncertainty in 
near-coast surface wind and wind stress curl.

The dynamics of the Benguela LLCJ were investigated 
with the ultimate motivation of reducing southeastern 
tropical Atlantic SST biases, which can hinder our ability 
to represent, for example, the West African monsoon (Hsu 
et  al. 2016). We found similarities between the relatively 
understudied Benguela LLCJ and the well-observed South 
American and California LLCJs. Both LLCJs occur over 
eastern boundary coastal upwelling regions and are sup-
ported by a near-surface pressure gradient that forms per-
pendicular to the coast, where a cool stable marine bound-
ary layer exists over cold upwelling SST and is adjacent to 
warm land with steep coastal terrain. Momentum budget 
analysis of the Benguela LLCJ revealed approximate geos-
trophy in the zonal direction, with the climatological mean 
meridional wind nearly proportional to the zonal pres-
sure gradient, similar to the South American LLCJ. The 

regional climate model at the coarse resolution of 243 km 
was unable to resolve the two maxima in the Benguela jet 
and low-level zonal pressure gradient.

One marked difference between the South American and 
Benguela LLCJs is the structure, with the jets characterized 
by a single maximum and double maxima, respectively. 
The smaller-scale structure of the LLCs is supported by the 
coastal geometry, which is smooth in the South American 
case and more detailed in the African case. Regional cli-
mate model experiments with a modified coastline indicate 
that the northern maximum of the Benguela LLCJ, and 
associated local minimum in low-level cloud cover, occurs 
in association with a hydraulic expansion fan that arises 
downwind of the convex coastal geometry. This suggests 
that realistic model representation of the Benguela LLCJ 
relies on a properly resolved coastline.

The Benguela LLCJ displays significant variability on 
the intraseasonal timescale that is driven by variability in 
the South Atlantic subtropical high. Strong jet events tend 
to occur when the subtropical high is relatively intense 
and shifted towards the African continent. Whether the 
jet strengthens most in the northern or southern region 
depends on more subtle shifts in the subtropical high.

The understanding gained by this investigation of the 
Benguela low-level coastal jet is anticipated to contribute 
significantly towards reducing the severe warm coastal SST 
biases that have persisted in generations of coupled mod-
els, and advancing our seasonal and future climate projec-
tion capability. Additional research to investigate connec-
tions between Benguela LLCJ events and coastal SST and 
the ABF location would provide useful information on 
interactions between atmosphere and ocean in this coastal 
upwelling region. The connections between the Benguela 
LLCJ and the large-scale circulation suggest that projected 
future changes in land-sea contrast and the south Atlan-
tic subtropical high may provide some insight towards 
expected changes in upwelling in the Benguela system 
due to climate change, even in climate models that do not 
resolve the Benguela LLCJ well.
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