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Abstract

The North African coastal low-level jet (NACLLJ) lies over the cold Canary current and is synoptically linked to the Azores
Anticyclone and to the continental thermal low over the Sahara Desert. Although being one of the most persistent and hori-
zontally extended coastal wind jets, this is the first high resolution modelling effort to investigate the NACLLJ climate. The
current study uses a ROM atmospheric hindcast simulation with ~25 km resolution, for the period 1980-2014. Additionally,
the underlying surface wind features are also scrutinized using the CORDEX-Africa runs. These runs allow the building of a
multi-model ensemble for the coastal surface flow. The ROM and the CORDEX-Africa simulations are extensively evaluated
showing a good ability to represent the surface winds. The NACLLJ shows a strong seasonal cycle, but, unlike most coastal
wind jets, e.g. the California one, it is significantly present all year round, with frequencies of occurrence above 20%. In spring
and autumn, the maxima frequencies are around 50%, and reach values above 60% in summer. The location of maximum
frequency of occurrence migrates meridionally from season to season, being in winter and spring upwind of Cap-Vert, and in
summer and autumn offshore the Western Sahara. Analogously, the lowest jet wind speeds occur in winter, when the median
is below 15 m/s. In summer, the jet wind speed median values are ~20 m/s and the maxima are above 30 m/s. The jet occurs
at heights ~360 m. A momentum balance is pursued disclosing that the regional flow is almost geostrophic, dominated by
the pressure gradient and Coriolis force. Over the jet areas the ageostrophy is responsible for the jet acceleration.

Keywords Regional climate modelling - Coastal low-level wind jet - Africa - CORDEX - ROM (REMO-OASIS-MPIOM) -
Upwelling

1 Introduction

The pioneer study of Winant et al. (1988) identified the areas
of the world where supercritical flow might be expected to
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the Somalian CLLJ (renamed Oman CLLJ by the authors)
was acknowledged as a separate feature of the Findlater jet
(Findlater 1969), both coinciding with the southwest Asian
monsoon. In fact, they found that the Somalian CLLJ is not
located offshore Somalia but along the coasts of Yemen and
Oman, and co-exists with the Findlater jet. Moreover, Ran-
jha et al. (2013) does not identify the south Caribbean Sea
jet as a CLLJ, since it has different generating mechanisms
and properties, preventing it to be included in the group of
the EBCS plus Oman CLLJs. Recently, Lima et al. (2018)
presented a detailed analysis of the global coastal wind jet
systems, based on four reanalyses: ERA-Interim, JRA-55
(Kobayashi et al. 2015), MERRA-2 (Bosilovich et al. (2015)
and CFSR (Saha et al. 2010). These authors built the first
multi-reanalysis ensemble for characterizing the present
climate jets properties in a robust manner, illustrating the
inherent CLLJ dissimilarities. In Lima et al. (2018) the
CLLIJs full seasonal cycle is explored, revealing that the
annual cycle of the frequency of occurrence of coastal jets
is stronger in the northern hemisphere than in the southern
hemisphere. In the southern hemisphere, the Peru-Humboldt
and Benguela coastal jets occurs during the entire year, with
lower frequencies of occurrence in the austral winter. In the
northern hemisphere, during the intermediate seasons the
CLLJ regions display lower frequencies of occurrence, with
the notable exception of the North African CLLJ.

The EBCS coastal jets occur in the eastern flanks of the
mid-latitude oceans and are synoptically associated to the
presence of a semi-permanent sub-tropical Anticyclone and
an inland thermal low-pressure system. The Oman CLLJ is
the exception, with a synoptic forcing associated with the
Southeast Asia monsoon. Coastal wind jets occur within
the maritime atmospheric boundary layer (MABL) and are
locally enhanced by the land—ocean thermal contrast and
the subsiding air above the MABL. Furthermore, coastal
features, like coastal topography and capes, have a signifi-
cant impact on the local/regional jet flow (Tjernstrom and
Grisogono 2000; Chao 1985). Most of the CLLJ systems
have been studied in depth, notably the California CLLJ the
object of a higher number of studies (e.g. Burk and Thomp-
son 1996; Parish 2000; Winant et al. 1988), and the North
African and West Australia CLLJs the less investigated.
Actually, both the North African and the Iberian wind jets
emerge synoptically from the Azores Anticyclone but are
linked to different continental thermal low-pressure systems,
one over the Iberian Peninsula and the other over Northwest
African Sahara Desert. Despite both jets being directly con-
nected to the Azores Anticyclone system, the Iberian coastal
jet has had much more attention, with several recent studies.
Soares et al. (2014), and further Rijo et al. (2017), using a
high resolution WRF regional climate simulations, exten-
sively characterized the Iberian CCLJ features. They found
that the Iberian coastal wind jet has a pronounced annual
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cycle with large frequencies of occurrence in summer, up
to 40%, and mean wind intensities around 15 m/s (at the jet
maxima). In regard to the projected evolution of the Iberian
CLLYJ, in the context of climate change, Cardoso et al. (2016)
and Soares et al. (2017a) showed, using regional climate
simulations (at 50 km and 9 km, respectively), a consistent
increase of its occurrence in summer and also in the interme-
diate seasons. Furthermore, in the case of the higher resolu-
tion simulation, the frequency of occurrence is projected
to increase more than 15% by the end of the twenty-first
century, in agreement with the RCP8.5 greenhouse gases
scenario, when compared to present climate.

The North African CLLJ was never the focus of a detailed
regional atmospheric modelling analysis, despite the fact
that the aforementioned global studies, based on reanalyses,
indicated that it is one of the coastal wind jets with higher
yearly persistence (Ranjha et al. 2013; Lima et al. 2018),
smaller annual cycle and larger spatial extension (Lima et al.
2018). Additionally, Semedo et al. (2016) suggested a sig-
nificant increase of the persistency of this jet for winter in
response to global warming. Even though the Iberian and the
North African CLLIJs are located in the same Eastern Atlan-
tic basin, and share some forcing mechanisms and proper-
ties, they seem to have a lot that is diverse and still unclear.

It is important to stress that although some other stud-
ies mention the existence of the North African CLLJ, they
identify it indirectly through surface wind analysis (Benaz-
zouz et al. 2014a, b) and in relation to other regional atmos-
phere—ocean phenomena, like e.g. upwelling (Gémez-
Gesteira et al. 2008). However, none of these investigations
performed a detailed and systematic study of the North
African CLLJ (NACLLJ). This paper aims at contributing
to fill this gap.

In the current study, the first regional climate study
focused on the North African coastal jet system is produced,
based on a regional climate hindcast simulation, performed
using the regional model ROM (Sein et al. 2015), at 25 km
horizontal resolution. In this simulation the atmospheric
component of ROM is run in stand-alone mode. The lateral
boundary conditions and SST are taken from ERA-Interim.
The 3-D and 3-hourly meteorological output of this climate
run allows for a comprehensive investigation of the NACLLJ
features aloft and near the surface. Additionally, we use the
CORDEX-Africa (Coordinated Regional Climate Downscal-
ing experiment; Giorgi et al. 2009) 0.44° resolution surface
wind to characterize the surface flow and to offer a regional
climate context to the ROM results. Firstly, an extensive
evaluation of the ROM and of the CORDEX-Africa sim-
ulations is done, where the surface wind results are com-
pared against the Cross-Calibrated Multi-Platform (CCMP;
Atlas et al. 2011) dataset. Subsequently, the NACLLJ main
properties for present climate are dissected, from the mean
regional characteristics, to the annual and diurnal cycles and
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as well the inter-annual variability. The NACLLIJ properties
are analyzed in depth regarding the role of the main physical
mechanisms, supported by the regional dynamical balance,
i.e. the momentum budget of the coastal jet.

From here onwards the paper is organized as follows: in
Sect. 2 the model, simulations and methods are introduced,;
Sect. 3 presents the results, including the model evaluation,
the NACLLJ main properties and the associated dynamical
balance; and, in Sect. 4 a discussion and foremost conclu-
sions are offered.

2 Model, data and methods
2.1 ROM model

The ROM model (Sein et al. 2015) emerged from the cou-
pling, via OASIS coupler, of the following modelling com-
ponents: the Regional atmosphere Model (REMO), the Max
Planck Institute Ocean Model (MPIOM), the Hamburg
Ocean Carbon Cycle model, and the Hydrological Discharge
model. All these models are usually run in a global configu-
ration, with the exception of REMO. The ROM acronym fol-
lows from REMO-OASIS-MPIOM. An atmospheric stand-
alone hindcast simulation, covering the period 1980-2014,
was performed with ROM using ERA-Interim as lateral
boundaries and to prescribe SSTs. In this simulation REMO
encloses a wide domain, including the full African continent
and a large portion of the Atlantic Ocean (Fig. 1a). In this
way, the NACLLJ is located away from the region that is
influenced by the boundary conditions.
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Fig.1 a ROM simulation domain (full map area), b CORDEX-Africa
common domain (full map area). The dashed red and black lines
delimit the areas of analysis regarding the North African coastal low

2.2 CORDEX-Africa simulations

The CORDEX-Africa simulations (Hewitson et al. 2012;
Nikulin et al. 2012) were developed under the Coordinated
Regional Climate Downscaling (CORDEX) effort, which
promoted a considerable number of regional climate model
(RCM) simulations at continental scales (Giorgi et al.
2009). Within the CORDEX-Africa a common domain
covering the African continent was selected (Fig. 1b). Six
RCMs, described in Table 1, were used to simulate the
present African climate, between 1990 and 2008, with a
horizontal resolution of 0.44°. All simulations were forced
with ERA-Interim as boundary conditions (hence they
are hindcast simulations) and are stand-alone atmosphere
runs. Within the MABL only the daily surface wind speed
at 10 m height is accessible and is here used to character-
ize, in a more robust way, the surface atmospheric flow
over the NACLLJ region. It is important to emphasize
that surface wind data at daily sampling is not suitable to
characterize the CLLJ, but only the associated mean sur-
face flow in the jet area. Furthermore, due to the scarcity
of observational data in the region the inclusion of this
RCMs surface wind data provides further insight on the
relative quality of the ROM performance. The CORDEX-
Africa data is available in the Portal ESGF (Earth System
Grid Federation; http://esg-dnl.nsc.liu.se/esgf-web-fe/live,
last accessed on 21/07/2017). In order to differentiate the
simulations, an institution acronym was assigned to each
model dataset (Table 1).
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level jet and model evaluations, respectively. The blue line marks two
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Table 1 CORDEX-Africa regional climate models forced by ERA-Interim Reanalysis considered in the present study, along with the responsible

institution, the acronym for each model (RCM)

AFR-CORDEX regional Acronym Institution References
climate model
CCLM4-8-17 CLM Climate Limited-area Modelling Community Rockel et al. (2008)
HIRHAMS DMI Danish Meteorological Institute Christensen et al. (2007)
RACMO22E KNMI Koninklijk Nederlands Meteorologisch Instituut Van Meijgaard et al. (2008)
REMO2009 MPI Helmholtz-Zentrum Geesthacht, Climate Service Center, Jacob et al. (2001)

Max Planck Institute for Meteorology
RCA4 SMHI Swedish Meteorological and Hydrological Institute Samuelsson et al. (2011)
CRCMS5 UQAM University of Quebec in Montreal Martynov et al. (2013)

All models at 0.44° resolution

2.3 Observations

The Cross-Calibrated Multi-Platform (CCMP) surface wind
fields were used to evaluate the RCM hindcast simulations per-
formance. The CCMP data set (Atlas et al. 2011) was devel-
oped by NASA (National Aeronautics and Space Administra-
tion). This wind product combines cross-calibrated satellite
winds, from microwave satellite instruments, and variational
analysis method. In situ measurements and ECMWF reanaly-
sis were used in the variational analysis method. The CCMP
has 0.258° of horizontal resolution and 6-h temporal resolu-
tion. The output spans the period from July 1987 to June 2011
without gaps.

2.4 Model evaluation

In order to perform an analysis of the North African CLLJ,
an evaluation of the RCMs results is crucial (Soares et al.
2012, 2017c; Nogueira et al. 2018). Since the ROM and the
CORDEX-Africa simulations and the observational data sets
have different resolutions, the higher resolution daily wind
speed from the ROM model was interpolated using nearest
grid point, to the 0.25° observational grid (CCMP). In order to
evaluate the CORDEX-Africa wind speeds, the model results
and the CCMP data were both interpolated to a common
regular grid at 0.44° resolution, using nearest point. The com-
mon time period between RCM simulations and observations
defines the time period for near surface wind speed evaluation
1990-2008.

For all the available points and time scales (daily, monthly,
seasonal and yearly) the following standard statistics for wind
speed are computed (the number of the related equation, pre-
sented below, are indicated in brackets): bias (1), percent bias
[bias%; (2)], mean absolute error [MAE; (3)], mean absolute
percentage error [MAPE; (4)], normalized standard deviation
(0, (5)), Willmott-D Score (D; (6)), and spatial correlation
(r; (7).
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The number of observed/modelled events is represented
by N, o, and p, are the observed/modelled values, and 6
and p are the mean of the observed/modelled values. The
Willmott D score (Willmott et al. 2012) assesses not only
differences in the mean, but also in the standard deviation.
A perfect skill is obtained when D = 1 whilst D = —1is
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achieved when there is no skill. Additionally, the daily wind
speed probability distribution functions (PDFs) are analysed
resorting to the PDF matching scores (S, Perkins et al. 2007;
Boberg et al. 2009) and the Yule—Kendall skewness measure
(YK Ferro et al. 2005), such as:

S= / min(Ey, E,) 8)
YK = [(P95_P50)_(P50_P5)]
(P95 - PS) model
(P95_P50)_(P50_P5)]
- 9
[ (Pos — Py) o ®

where P represents the percentiles, E,, and E,, are the empir-
ical distribution function of the model and observed pooled
sample, respectively. The first score provides an integral
measure of the overlap between the observed and modelled
values. A perfect overlap is obtained when S = 1 or 100%.
The Yule—Kendall skewness measure indicates the differ-
ence between the modelled and observed PDF skewness,
thus its values should be close to zero for a good match
between the PDFs shape.

Finally, in agreement with the common assumption that
multi-model ensembles may represent in an improved way
the regional climate (Soares et al. 2015, 2017b; Cardoso
et al. 2018) a multi-model ensemble was constructed from
all CORDEX-Africa models, defining as EnsFull, in which
the weights are equal for all models (1/[num. of models)),
i.e. for the ensemble, the mean measures are averaged. The
PDFs are obtained by

N
PDF(x) = )" PDF(x)wg; (N = no of models) (10)

i=1

where wg; is the model weight.

2.5 CLLJ analysis and dynamical balance

The detailed analysis of the NACLLJ is performed only
with the ROM simulation, since the CORDEX-Africa
RCMs model levels results are not available. The considered
period corresponds to the full ROM simulation time span,
1980-2014. Following Ranjha et al. (2013) and Lima et al.
(2018), the vertical wind speed and temperature profiles are
examined using a CLLJ detection algorithm. This method
identifies a CLLJ occurrence, when the following criteria
are met:

e The height of the jet maximum is within the lowest 1 km
in the vertical;

e The wind speed at the jet maximum is at least ~20%
higher than the wind speed at the surface;

e The wind speed above the jet maximum decreases to
below ~80% of the wind speed at the surface (i.e. a ~20%
falloff) before reaching 5 km above its maximum;

e The jet maximum is within or at the top of the MABL
temperature inversion;

e The maximum temperature does not occur at the base
(rejection of surface-based inversion).

The analysis of the NACLLJ annual and diurnal cycles,
its inter-annual variability and, frequency of occurrence, as
well as its jet wind speed are presented. The vertical and
horizontal features of the coastal jet are also investigated.

The momentum budget equations are scrutinized to better
understand the main physical mechanisms that determine
the NACLLJ seasonal properties. The zonal and meridional
momentum equations are:

o \“ax oy "0 po 0x o2 o2 o
P T T
B (uu)+0(uv)+0(uw)
ox ady 0z

ov 0V _0v  _ov _ 1P 0%y 9% 0%
—=—(a=+v—+w=)-fi-——+0o| —+—=+—
ox?  0y* 072

ot ox dy 0z Py 0y
oY AT AT
B (vu)+0(vv)+0(vw)
ox dy 0z

12)

where &, v and w are the mean wind speed components
(zonal, meridional, and vertical, respectively), and v, v and
w' are the turbulent wind speed components. The seasonal
horizontal momentum budget was computed at the height
correspondent to the jet height frequency of occurrence
mode. In both equations, from left to right, the terms cor-
respond to local time change, advection (zonal, meridional
and vertical), Coriolis, pressure gradient, diffusion and tur-
bulence (to simplify these last two terms are aggregated as
mixing).

3 Results
3.1 Models surface wind evaluation

The evaluation of the surface wind speeds from the ROM
hindcast, the individual CORDEX-Africa RCM hindcasts
and full CORDEX-Africa multi-model ensemble, is shown
in Fig. 2, where the biases (%) and MAPEs at different time
scales (monthly, seasonally and yearly) are shown. In Table 2
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Fig.2 Error measures of the ROM and CORDEX-Africa simula-
tions surface wind speeds (10 m) against the CCMP dataset for the
area delimited in dashed black in Fig. 1. EnsFull corresponds to the
CORDEX-Africa multi-model ensemble. The error measures are

the normalized bias (bias%) and the mean absolute percentage error
(MAPE). The errors are computed for different time periods of near
surface wind speed (monthly in red, seasonally in green and yearly
in blue)

Table 2 Statistical errors and skill scores comparing the surface winds of the ROM and CORDEX-Africa RCM simulations against the CCMP

wind dataset

Normalized Wilmott- Yule-
RCMs Bias (%) MAPE% Standard Correlation S
. D Kendall
Deviation
3.77 24.41 1.02 0.66 0.69
ROM 3.77 8.06 0.93 0.74 0.86 4.23 -0.006
0.44°
5.55 20.76 1.11 0.68 0.77
e s55| 1084|  111| 070|  og7| °t® | 006
13.1 23.72 1.06 0.63 0.70
o 131| 1438|100 061  og7| P77 | 0012
2.79 18.74 1.06 0.71 0.78
am\ 279| ea0|  119| 074|  o0go| 474 | 0010
8.91 21.27 1.02 0.67 0.74
om go1| 1134|  o91| 069| ~ og7| °M® | 0006
3.92 19.92 1.05 0.69 0.78
omee 392|  88s|  109| 075|  o0go| % | 000
1.16 19.07 0.99 0.70 0.77
UGAM 1.16 8.98 1.04 0.75 0.88 94.32 0.023
5.61 16.29 0.96 0.75 0.86
EnsFull 5.61 8.00 1.06 0.76 0.91| °*66 0.035

These errors allow the ranking of the CORDEX-Africa RCMs and the ROM simulation. From the CORDEX-Africa runs a multi-model ensem-
ble is built and its errors are also displayed in the last row. The errors are: daily (left) and seasonal (right) bias, MAPE, normalized standard
deviation and Wilmott-D score, spatial correlation and daily S pdf matching skill score and Yule—Kendall score

the daily and seasonal errors are listed for all error metrics
aforementioned. All these errors are computed against the
CCMP dataset. The ROM and CORDEX-Africa simulations
percent biases range from 1 to 13%, yet most of the models
show errors less than 10%. UQAM, KNMI and ROM models
display the smallest %bias: 1, 3 and 4%, respectively. More
importantly, the MAPE, which is not affected by error com-
pensation, indicates that ROM is the best performing model
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for the three temporal scales. Additionally, it is relevant to
stress that ROM is compared at a higher resolution than
CORDEX-Africa simulations. Although it is fair to say that
the CORDEX-Africa RCMs display roughly similar errors,
and consequently it is not a surprise to realize the good per-
formance of the full multi-model ensemble, particularly at
the monthly MAPE. DMI reveals the worst MAPE, from the
monthly to the yearly timescale.
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A broader view of the RCMs performance, including
other error measures, for the daily and seasonal scales,
reveals an overall good representation of the offshore surface
wind speed in the area of interest, even at ~50 km resolution.
All models present an overestimation of surface winds, with
positive biases. The CORDEX-Africa models, in particular
KNMI, SMHI4 and UQAM, display good skills, from bias
to the S score. For example, at the daily and seasonal scales,
KNMI shows a bias of 2.79%, corresponding to a MAPE of
~19% and ~9%, respectively, and slightly overpredicts the
variability (1.06 and 1.19 normalized standard deviation for
each timescale). This is summarized in the high Willmott D
score, 0.71 (daily) and 0.74 (seasonally). The good spatial
agreement between CCMP and KNMI is given by the daily
and seasonal spatial correlations with values of 0.78 and
0.90, respectively. KNMI’s wind speed PDF is also consist-
ent in shape and intensity, with low Yule—Kendall (—0.01)
and high S score, 95%. As expected, the full multi-model
ensemble outperforms the individual RCMs in almost all
error measures. For example, it is striking that the multi-
model ensemble daily MAPE and spatial correlation are
~16% and 0.86, respectively. More importantly, the ROM
hindcast simulation reveals similar errors to the CORDEX-
Africa RCMs. In some cases, the ROM model ranks as one
of the best performing models, like for the seasonal MAPE,
normalized standard deviation and S, and in other meas-
ures reveals somewhat a poor performance, as for example
in the case of daily MAPE and correlation. This is prob-
ably linked to the fact of comparing directly the ROM wind
results against the CCMP at higher resolution (0.25°) and
not, as for the CORDEX-Africa results, at the aggregated
resolution (0.44°).

The seasonal surface mean wind speeds (at 10 m height)
results from the ROM and the CORDEX-Africa multi-
model ensemble simulations, for present climate, are dis-
played in Fig. 3. Overall, the seasonal wind speed patterns
are comparable, with some local small differences. The
seasonal surface wind speeds offshore North Africa appear
unequivocally connected to the coastal processes that set
the North African coastal jet, namely the high pressure sys-
tem of Azores and a thermal low over land. These force an
alongshore equatorward surface wind all year-round, more
persistent and intense in summer. In winter, the surface wind
speeds are, on average, around 6 m/s, north of Guinea and
~3 m/s in the southern offshore regions. The surface wind
speed is enhanced, especially in connection with the main
coastal irregularities, like Cap Blanc in the intermediate sea-
sons and Cape Bojador and Ghir in summer. Attaining sea-
sonal mean values in summer above 10 m/s, in the offshore
areas of Cap Ghir. The differences between the datasets are
presented in supplemental material (Fig. S1). As revealed
by Table 2 and Figs. 2 and 3, ROM and the full multi-model
ensemble overpredict the surface flow, especially in coastal

areas, where the flow is constrained by coastal irregularities
and where the wind is stronger, linked to the presence of
the coastal low-level jet. Li et al. (2013) comparing CCMP
winds with ship wind speed measurements refers that CCMP
show large positive biases under weak wind regimes, good
agreement under moderate wind regimes, and large negative
biases under high wind regimes. The jet regions are areas
with high wind regimes and this may partially explain the
large models overestimation when compared with CCMP.
Furthermore, CCMP has known problems in coastal regions,
due to backscatter from land, which contaminates the wind
speed measurements and results in wind speed underrepre-
sentation (Tang et al. 2004; Soares et al. 2014). Finally, it is
worth to mention that the comparison of the surface wind
direction given by the ROM run and the CCMP dataset (not
shown) also reveals a good agreement.

3.2 NACLLJ properties

The large-scale atmospheric flow over the Atlantic Ocean/
North Africa region is directly linked to the semi-permanent
Azorean High pressure system and the inland thermal low.
These large-scale features are especially intense in summer,
and in winter the inland thermal low is absent (Fig. S2).
Hence, the offshore atmospheric flow is predominantly equa-
torward and along-shore. The ocean-land thermal contrast
originates a thermally direct circulation which prompts the
occurrence of the coastal low-level jet through thermal wind
adjustment. For the subsequent analysis only ROM data is
used as for CORDEX-Africa RCMs simply surface winds
are available.

Figures 4a and 5 depict the NACLLJ frequency of occur-
rence annual cycle (Fig. 4a at monthly scale for the area of
interest, and Fig. 5 regional maps at the seasonal scale).
The NACLLJ shows a strong annual cycle, but unlike
most CLLJs, e.g. California and Iberia (Ranjha et al. 2013;
Soares et al. 2014; Semedo et al. 2016; Lima et al. 2018) it
is significantly present all year round, with frequencies of
occurrence above 20% in some winter offshore areas. At the
monthly scale the absolute maximum values reach 99% (i.e.
there is a CCLJ in a particular point almost every day in a
month of June) and the regional median values attain 23% in
August. The minimum values take place in December with
absolute minimum and regional mean values of 0% and 5%,
respectively.

As previously stated, the Iberian CLLJ and the NACLLJ
are intrinsically linked, since both depend on the Azores
High synoptic forcing. However, these CLLIJs are considered
two different CLLJ systems as they depend on two different
inland low pressure systems and their continuity is disrupted
by the Gibraltar easterly flow (Ranjha et al. 2013; Semedo
et al. 2016; Lima et al. 2018). Following this assumption,
it can be seen that the spatial coverage of the CCLLJ is still

@ Springer



P.M. M. Soares et al.

ROM EnsFull

30N

20N

10N

30N

20N

10N

30N

20N

10N

0o 1 2 3 4 5 6 7 8 9 10

Fig.3 Seasonal surface mean wind speeds for present climate (1990-2008), from the CCMP observational dataset, the ROM simulation and the
CORDEX-Africa full multi-model ensemble

@ Springer



The North African coastal low level wind jet: a high resolution view

10—

B [e2] [}
o o o
L L L

L

Frequency (%)

N
o
L

T T T

J JAS
Month

JFMAM OND

Fig.4 Annual Cycle of the Canaries low-level jet: (left) the mean jet
frequency of occurrence and (right) the mean jet wind speed, results
from the ROM simulation at 25 km resolution. Individual boxes span
from the 25th to the 75th percentile, with the median represented by

remarkable, extending from the north offshore regions of
Morocco (in all seasons with the exception of winter), to
the southern offshore areas of the Guineas (Fig. 5). The
offshore extension of the CLLJ is also striking, influencing
areas more than 1000 km off the coast.

In winter, a large area, which extends from the southern
Western Sahara coastal regions to Guinea-Bissau, is under
the influence of the coastal jet about 15% of the time, and
in spring its persistency and horizontal extension greatly
increases. During this season, the maximum frequency
of occurrence is ~50%, located upwind of Cap-Vert, but
almost all coastal areas are affected by the jet to some
extent. During summer, the highest frequency of occur-
rence areas migrate northerly, increasing to more than
60% offshore areas Western Sahara, and 50% downwind
of Cape Ghir. In spring and summer, the NACLLJ oft-
shore extension is rather remarkable, reaching more than
1200 km, with a clear impact on the Cape Verde Islands.
Finally, there is a decrease in the frequency of the coastal
jet in autumn, reaching values below 45% in the southern
coastal region of the Western Sahara.

The jet wind speeds show a sharp seasonal cycle (Fig. 4;
at monthly scale), where winter jet wind speeds are mostly
below 15 m/s, and increase steadily throughout spring to
summer. In July, the 25th percentile of the jet wind is
above 15 m/s, and the percentile 90th is around 25 m/s.
In autumn, the jet wind speeds decrease until November,
when jet wind speeds are similar to winter months.

The seasonal jet wind speed and jet height histograms
are shown in Fig. 6. The lowest jet wind speeds occur in
winter, when the median jet wind speed is below 15 m/s
and the maximum jet wind speeds do not reach 28 m/s.
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o o o
! ! !

L L

Jet wind speed (ms™)

N
o
|

a straight line and the mean represented by a red line. The whisker
spans from 10th to 90th. The 99th and 1st percentiles are denoted by
crosses, with the maximum and minimum indicated by a dash

In the intermediate seasons a shift for higher jet wind
speeds occurs, where both medians are above 15 m/s and
a larger persistency of values above 20% can be found.
The increased jet wind speeds appear even greater in sum-
mer, when median values amount to around 20 m/s. Both
in autumn and summer, the jet wind speed maxima are
above 30 m/s, but not in spring. For all seasons, the most
prevalent jet wind speeds occur with similar frequencies,
of around 25%.

The heights of jet occurrence are quite similar from sea-
son to season (Fig. 6). In fact, the jet is always more preva-
lent on heights around 360 m, with frequencies of occur-
rence around 65% in winter and spring, and 70% in summer
and autumn. In all seasons the second preferable heights of
jet occurrence are around 200 m (~20%).

The seasonal wind roses show that the jet winds are pre-
dominantly parallel to the coast (Fig. 7). In summer, 80%
of the jets have a Northeasterly direction (30% from NNE
and 50% NE), with a prevalent wind speed between 12 and
16 m/s. The surface wind speed is obviously lower, between
8 and 12 m/s and chiefly from NNE. In the intermediate
seasons the NE is still predominant, but the NNE and ENE
together have an equivalent frequency of occurrence. As in
summer, the surface wind speed is rotated to more northerly
direction. In winter the easterly component from the trade
winds has a stronger influence and the NE and ENE have
similar frequencies (~30%). The dominant wind speed is
still 12—16 m/s. Near the surface the wind is most frequently
form NE.

As expected, the diurnal cycle of the NACLLJ reveals
a strong seasonality (Fig. 8). Firstly, both winter and sum-
mer show a marked diurnal cycle of both the jet frequency
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Fig.8 Diurnal Cycle of the jet frequency of occurrence (left) and of the jet wind speed (right)

of occurrence and its wind speed. Contrariwise, spring and
autumn have an associated smaller diurnal cycle of the jet
frequency and of jet wind speed. In summer, the diurnal
amplitude of the frequency of occurrence is around 10%,
being minimum between 9 and 12 UTC (~ 15%) and max-
imum between 21 and 0 UTC (~25%). A similar diurnal
cycle can be found for the jet wind speed, but evolving from
around 17 m/s at 12 UTC to 20 m/s at 21 UTC. This sharp
diurnal cycle is linked to the diurnal cycle of the inland
radiative heating that enhances the Sahara thermal Low and
the thermal contrast between the ocean and land, forcing
the maximum of the jet flow to occur late evening and early
night. In the intermediate seasons a slight shift of the maxi-
mum and minimum of jet occurrence can be seen at 00 UTC
and 15-18 UTC, respectively. However, the frequency
amplitude can be seen as small (~3%). In these seasons the
jet wind speed minima are at ~ 15 UTC and the maxima at
~00 UTC, and the jet wind speed diurnal amplitude is also
small (around 1 m/s). In winter the jet maximum frequency
of occurrence happens at 9 UTC (~ 12%) with the maximum
jet wind speeds (15 m/s).

3.3 NACLLJ dynamical balance

Figure 9 depicts two cross-sections with the mean seasonal
isotachs, isobars and isentropes, when the jet occurs (see
Fig. 1 for cross section lines). Common to all seasons is the
upward slope of the isentropes, from east to west, above the
well-mixed MABL. The elongated jet wind speed structure
clearly follows this thermal field, revealing the main physi-
cal mechanism of wind jet acceleration associated to the
baroclinic structure within the MABL. The thermal contrast
between land and ocean induces a thermally direct circula-
tion which enhances the isothermal slope near the coast and
generates a frontal structure in the MABL. The horizon-
tal temperature gradient and the associated thermal wind
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adjustment gives rise to the maxima of jet wind speed in the
inversion layer (Fig. 8 in Parish 2000). Above the MABL
inversion the horizontal temperature gradient decreases rap-
idly hence the fast wind speed decrease.

The NACLLJ seasonal cycle and its migration through
Northwest Africa is also visible and interesting to follow
in Fig. 9. The northern cross-section (at 23.76°N; Fig. 1a)
displays the archetypal coastal jet seasonal cycle, from its
smaller intensity/frequency and offshore extension in winter
to its maximum values and offshore influence in summer.
The mean coastal jet speeds (wind speed at the jet maxima)
increase from ~ 10 m/s in winter to around 15 m/s in sum-
mer. As aforementioned, these jet maxima are straightly
linked to the strikingly compressed adiabatic lines near the
coast, in response to the well-mixed MABL, the aloft subsid-
ence due to the Azores Anticyclone, the thermal low over
land and the induced direct thermal circulation. Contrast-
ingly, the southern cross-section depicts a different seasonal
cycle, where the maximum mean CLLJ wind speeds occur
in spring. This is closely linked to the enhanced horizontal
temperature gradient (Fig. 9b) and to the inland thermal low
at these latitudes (Fig. S2).

As previously seen, the most prevalent height of jet
occurrence is around 360 m (Fig. 6). Therefore, the seasonal
momentum balance terms (meridional and zonal) when jet
occurs, in agreement with Egs. 11 and 12, are computed at
this level (Figs. 10, 11, respectively). Additionally, the cor-
responding wind speeds and ageostrophic components are
shown in Fig. 12.

The northwest African coast is rather irregular, in con-
junction a large portion of it has a roughly 45° angle with
latitudes and therefore a predominant alongshore north-
easterly flow (Fig. 7). Hence, the two momentum balance
components are expected to present more similarities,
when compared, for example, with the Chilean coast which
is crudely north—south. In the latter, Mufioz and Garreaud
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(2005) indicate a semi-gestrophic balance for the meridional
component and geostrophy in the case of the zonal jet wind
component.

In summer, the pressure gradient (PG) and the Coriolis
effect (CO), from the zonal momentum balance (Fig. 10), are
the major terms in most of the region, revealing some degree
of geostrophic balance in the CLLJ areas. The PG accelera-
tion and the CO term show relative maxima, between the

two of the most striking coastal irregularities (Cape Rhir and
Cape Blanc), and in the regions overlapping areas of maxima
frequency of occurrence (Fig. 5) and of jet wind speed at
360 m (Fig. 12a). In general the horizontal advection and the
mixing terms are negligible. Therefore, Eq. 11 can be sim-
plified to: 0/t = —f(V, — V), where V, = 1/pf(p/0x).

In the regions of maximum frequency of occurrence
(e.g. coastal offshore region of Western Sahara), the CO
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term is somewhat larger than the PG term, indicating local
negative ageostrophy (Fig. 12¢c, V <V,), and subsequently
the zonal acceleration that enhances the coastal jet. This
is also visible downwind of the referred capes, yet here
the horizontal advection contributes negatively to the bal-
ance, which results in to a maxima of the ageostrophic
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meridional components (Fig. 12c) and zonal deaccel-
erating. This zonal component decrease is linked to an
expansion fan process that enhances the meridional wind
component, and the wind jet, due to coastal bending. In
autumn, the horizontal momentum balance when the jet
occurs follows a similar reasoning. However, in spring and
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winter, the jet appears displaced further south, where a
quasi-geostrophic zonal balance takes place offshore and
the ageostrophy is close to zero (Fig. 12c).

The meridional momentum balance is also dominated
by the PG and the CO terms. These present a rather
latitudinal pattern but with large pressure perturbations

associated to coastal main irregularities. The CO term,
in a less extent, shows some regional maxima located
as well in the main jet areas. The meridional horizontal
advection and mixing terms are mostly negligible, except
offshore of Cape Rhir. Similarly, Eq. 12 may be simpli-
fied to 0v/dr = f(U, — U), where U, = —1/pf(9p/dy). In
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summer, most notably in the jet areas and where the hori-
zontal advection is small, the meridional PG is in absolute
value larger than the CO, which results in a positive ageo-
strophy (Fig. 12b) and in the meridional flow acceleration
and the wind jet. In the remaining seasons the positive
ageostrophy occurs further south.

3.4 Interannual variability
The recent evolution of the NACLLJ is illustrated through

the seasonal time-series of the anomalies of the mean
frequency of occurrence and of the mean jet wind speed
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(Fig. 13). As previously shown, summer is the season
when the jet is consistently more prevalent followed by
spring, autumn and then winter. The inter-annual vari-
ability is however higher in spring than in summer. This
is illustrated by the inter-annual standard deviations of
the frequency of occurrence which are 2.47, 1.94, 1.57
and 1.44% for spring, summer, autumn and winter, respec-
tively. Moreover, summer and spring show larger peak
anomalies that do not occur in the remaining seasons, e.g.
in spring anomalies can reach 6% with respect to the mean
frequency of occurrence of 15.71%. The mean jet wind
speed reveals a less degree of inter-annual variability. For
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Fig. 13 Seasonal time series of the a jet frequency of occurrence and b jet wind speed

all seasons the standard deviations are smaller than 0.81%.
In fact, the seasons with less frequency of jet occurrence
are the ones presenting higher jet wind speed inter-annual
variability.

Interestingly, the NACCLL occurrence seems to be
increasing for all seasons, particularly in spring. Although

this trend is statistically significant, it should be seen pru-
dently, since in some way depends on the last years of jet
frequency records. The jet wind speed tendencies, for the
full period, also points out to an increment of the seasonal
jet winds speeds, with the exception of autumn.
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4 Conclusions

In the Northeastern Atlantic basin, the Azores High pres-
sure system sets synoptically alongshore flow offshore
of western Iberia and western North Africa. This flow is
regionally enhanced, especially in summer, by thermal
lows over Iberia and over the North Africa. These give rise
to the Iberian CLLJ and the NACLLJ, which are separated
by the atmospheric flow off Gibraltar (Ranjha et al. 2013).

The main objective of the current study was to investi-
gate the spatial and temporal features of the NACLLJ, which
included the jet seasonal and diurnal cycles, the horizontal
and vertical structures of the frequency of occurrence and
jet wind speeds, the dynamical balance and the inter-annual
variability. A high-resolution ROM hindcast simulation, at
~25 km resolution, for the 1980-2014 period, was used.
Additionally, the underlying surface wind features were
scrutinized, also recurring to the CORDEX-Africa runs.
These runs allowed the building of a multi-model ensemble
for the surface flow and exposed the models good perfor-
mance to describe the flow spatial properties, from daily to
yearly scales.

The NACLLJ showed a strong annual cycle, but unlike
most CLLJs, e.g. the California and Iberia ones (Soares et al.
2014; Lima et al. 2018), it is expressively present all year
round, with frequencies of occurrence above 20%. In spring
and autumn the maxima frequencies are around 50%, and in
summer reach values above 60%. These values are consider-
ably higher than the ones suggested by Lima et al. (2018),
a fact that is linked to the benefits of using high resolu-
tion downscaling for an improved representation of CLLIJs
(Ranjha et al. 2016). The maximum frequency of occurrence
migrates from season to season, occurring in winter and
spring upwind of Cap-Vert and in summer and autumn off-
shore Western Sahara. Similarly, the lower jet wind speeds
occur in winter, when the median jet wind speed is below
15 m/s and the maximum jet wind speeds are below 28 m/s,
and appear higher in summer, when median values rise to
around 20 m/s and the jet wind speed maxima are above
30 m/s. The spatial extension of the NACLLJ is remarkable,
spreading from the north offshore regions of Morocco (in all
seasons with the exception of winter) to the southern off-
shore areas of Guineas. Furthermore, the offshore horizontal
extension of the NACLLJ is for all year above 600 km, and
is maximum in summer when it reaches areas more than
1200 km offshore the Western Saharan coast.

The jet vertical cross-sections showed the well-mixed
MABL and the subsidence aloft that compresses the
isentropes constraining the heights where the jet maxima
occurs. The thermally direct circulation associated to the
temperature contrast between land and ocean enhances the
isothermal slope near the coast. The horizontal temperature
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gradient and the associated thermal wind adjustment gives
rise to the maxima of jet wind speed in the inversion layer.
The heights of jet occurrence are quite similar from season
to season, being more prevalent on heights around 360 m.

The momentum balance analysis disclosed that the flow
is almost geostrophic, dominated by the pressure gradient
and Coriolis force, with an overall negligible mixing and
advection terms. The ageostrophy is higher over the jet areas
and is responsible for the jet acceleration. Downwind of the
most relevant capes, advection plays a role, decelerating the
zonal wind component and enhancing the meridional wind
component, and the wind jet, due to coastal bending in the
expansion fan process.

The inter-annual variability of the NACLLJ is larger in
spring than in the other seasons. In the last 35 years, with
the exception of autumn, both the persistency and inten-
sity of the jet have positive inter-annual variability trends.
Particularly relevant are the increasing tendencies in spring
and summer. Interestingly, Soares et al. (2017a) suggested
large increases in the occurrence of the Iberian CLLJ in
response to climate change, using a high resolution WRF
simulation. Semedo et al. (2016) had also studied the global
future changes of CLLIJs persistency, and had also pointed
to a projected increase for the NACLLJ. These evidences
suggest the need for a deep analysis of the evolution of the
NACLLJ connected with global warming and its impact on
the regional climate.
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