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ABSTRACT

The Angola Low is a key feature of the southern African wet season atmo-
sphere which influences precipitation across the continent. This paper uses
ERA-Interim reanalysis to show that the synoptic expression of the Angola
Low is a combination of dry heat lows and moist tropical low-pressure sys-
tems. Angola Heat Low and Angola Tropical Low composites are contrasted
against similar lows observed in other continental tropical regions and found
to be broadly comparable. The implications that the distinction between dry
and moist events has for the inter-annual relationship between the Angola
Low, precipitation and ENSO are examined. The tropical lows exhibit unusual
semi-stationary behaviour by lingering in the Angola region rather than trav-
elling offshore. This behaviour is proposed to be caused by an integrated sea
breeze-anabatic wind which enhances (inhibits) cyclonic vorticity stretching
and convection inland (near the coast). The combined effect of the heat lows
and the anchored tropical lows creates the Angola Low in the climatological
average. By elucidating the mechanisms of the Angola Low, this research im-
proves the foundation of process-based evaluation of southern African present

and future climate in CMIP and AMIP models.
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1. Introduction

Precipitation underpins the lives of 150 million people in southern Africa'. Shifts in rainfall
can undercut agricultural production, undermine water, food and energy security, and ultimately
threaten the economic viability of the region (Conway et al., 2015). In this region, rainfall is
strongly variable on a wide range of time-scales, from intraseasonal through to decadal (Reason
et al., 2006). The local climate dynamics driving precipitation variability are complex, and a com-
prehensive understanding of the processes which force the local climate remains elusive. With
approximately 60% of the region over 800 m above sea level (NOAA, 1988), and spanning over
20° of latitude from the tropics to the midlatitudes, southern Africa exists in the nexus of compet-
ing climatic features. One such feature, the Angola Low, is known to have a central influence over
wet season precipitation across the subcontinent (e.g. Reason and Jagadheesha (2005), Cook et al.
(2004)).

The Angola Low is a semi-permanent low-pressure system associated with cyclonic circulation.
It is easily identifiable in the December-January-February climatology of near-surface geopotential
height (e.g. Munday and Washington (2017)) as shown in Figure 1. The system is centred over
eastern Angola at about 13°S and extends into surrounding countries. It is associated with the
convergence of moisture flux originating from the western Indian and south east Atlantic Oceans,
and thus modulates moisture transport into the subcontinent (Rouault et al., 2003).

The Angola Low was first named as a distinct feature by Zunckel et al. (1996) although the first
comprehensive analysis of its meteorology was developed by Mulenga (1998). Perhaps because
of the dearth of circulation data over remote western Zambia and war-torn eastern Angola, the in-

tegrity of the closed Angola Low circulation had remained elusive to pioneers of southern African

Loosely defined here as mainland Africa south of 10° S.
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climate who described the broad convergence zone in which the feature tends to develop as the

Congo Air Boundary (Taljaard (1953) and (Taljaard, 1972)), and also as the Zaire Air Boundary.

a. Angola Low Significance

The development of climate models and reanalysis products has shone light on the vital role of
the Angola Low in the dynamics of southern African climate. Cook et al. (2004) studied com-
posites of wet and dry spells based on South African rain gauge data. They found that wet spells
are associated with stronger Angola Low circulations in NCEP2 reanalysis data than dry spells.
In addition to this, Munday and Washington (2017) have shown that in some regions of Southern
Africa, 40-60% of the inter-model precipitation variability between historical CMIPS5 models can
be explained by the simulated depth of the Angola Low.

The dominant mode of inter-annual variability in southern African precipitation is the El Nifio
Southern Oscillation (ENSO) (e.g. Lindesay (1988)). Through the El Nifo phase, ENSO is a key
driver of some of the most severe recent droughts in the region. Based on an examination of the
circulation over southern Africa in a well spread sample of 3 El Nifo and 2 La Nifia summers,
Reason and Jagadheesha (2005) suggested that the Angola Low has a modulating influence of
ENSO on southern African precipitation.

There is also evidence that the Angola Low may be a precursor to tropical-temperate cloud band
(TTT) formation (Todd and Washington (1999) and Hart et al. (2010)), which provide a signifi-
cant proportion of rainfall across the whole of the southern African region (Harrison, 1984). The
Angola Low enables southward transport of atmospheric water vapour from the tropics, crucial to
the development of TTTs. In an idealised model experiment, Cook (2000) found that an idealised
thermal low similar to the Angola Low acts as a root zone for a land based convergence zone

analogous to the South Indian Convergence Zone (SICZ), the time mean manifestation of TTTs.
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Future changes in the Angola Low are likely to impact southern African precipitation. Vizy
and Cook (2016) observe a recent strengthening of the Angola Low in multiple reanalysis datasets
from 1982 through to 2013, by examining trends in mean sea level pressure and surface winds.
They find that this is associated with sea surface temperature warming off the Angola Coast in
concert with a decrease in coastal upwelling in the eastern South Atlantic. Similarly, Vizy et al.
(2015) studied a regional climate model representing projections of southern African climate into
the late 21st century. In their simulations, a shortening of the wet season over Malawi was linked to
a projected strengthening of the continental lows, including the Angola Low, in April, associated
with increased surface heating due to anthropogenic climate change.

Considering its importance to the regional climate, it is crucial that the mechanisms which drive
the Angola Low are well understood so as to increase confidence in future projections of southern
African precipitation. However at present, the dynamics of the Angola Low, particularly on a
synoptic time-scale, are not clear. Furthermore, a paucity of measurement data in tropical Africa
means that process-based evaluation of climate models is often more feasible than performance-
based evaluations (James et al., 2018). An understanding of the mechanisms of the Angola Low
will allow process-based evaluation of climate models to reduce the uncertainty around future

projections of regional precipitation changes.

b. Angola Low Dynamics

Traditionally, the Angola Low has been considered to be a dry thermal low, following the the-
oretical framework of (Racz and Smith, 1999). The idealised work of Spengler et al. (2005) and
Reason (1996) predict that at tropical and subtropical latitudes, continental heat lows will form
on the western sides of continents due to the interaction of the background easterly flow with the

surface heating and topography. Many aspects of the Angola Low are consistent with this frame-
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work. Mulenga (1998) found that the Angola Low could be formed in a quasi-geostrophic model
of southern Africa as a Matsuno-Gill response to surface heating, using a similar method to Leslie
(1980).

However, there is emerging evidence that moist convection may be as important to the Angola
Low as dry convection. Mulenga (1998) remarks that the Angola Low may act as an anchor
point for deep tropical convection. Further to this, Munday and Washington (2017) found that the
convection driving the Angola Low shifts from being shallow and dry to moist and deep at around
midsummer each year. Particularly notable instances of deep convection in the Angola region
have occurred when Indian Ocean tropical cyclones, including Eline in February 2000 (Reason
and Keibel, 2004) and Bonita in January 1996, (Mudenda and Mumba, 1996) have crossed onto
the African continent in Mozambique and traversed up the Zambezi River Basin to merge with

Angola Low.

c. Paper Aims and Structure

Despite its evident importance to southern African climate system on many time-scales, the
Angola Low is typically considered as a feature of the seasonal mean. Little attention has been
paid to its dynamics or synoptic expression. The focus of this paper is to perform a detailed
analysis of the Angola Low as modelled in the ERA-Interim reanalysis database.

We diagnose the Angola Low as a combination of early season heat low events and late season
transient tropical low events, which we denote the Angola Heat Low and the Angola Tropical
Low. We investigate the bearing this division has on the relationship between the Angola Low
and precipitation. Our findings indicate that the inter-annual variability of the tropical lows is cor-
related to inter-annual summer precipitation variability. In contrast, we find that the inter-annual

variability of the heat lows has no bearing on precipitation variability. While heat low events fit
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nicely into the idealised theory described by Racz and Smith (1999) and Spengler et al. (2005), the
tropical lows are dynamically similar to transient monsoon lows and depressions that have been
observed across India and northern Australia (Hunt et al., 2016). These southern African tropical
lows, which form within the tropical rain band, are semi-stationary and linger in the Angola Low
region, in contrast to those which form elsewhere. We find evidence suggesting this behaviour
may stem from the interactions of the west coast sea breeze with an anabatic wind associated with
the steep escarpment along the Angola-Namibia Coast. This integrated sea breeze-anabatic wind
will be referred to as an anabatic sea breeze for brevity.

The remainder of this paper proceeds as follows. Section 3 classifies the Angola Low as a series
of thermal lows (the Angola Heat Low) and tropical lows (the Angola Tropical Low). We then
examine the synoptic characteristics of each of the two phases. In section 4 we establish the influ-
ence of ENSO on the Angola Low, and then examine the different effects of the Angola Heat Low
and the Angola Tropical Low on precipitation. The paper then moves towards an understanding
of the local drivers of the Angola Low in section 5. The final section summarises the research

findings and discusses its implications.

2. Data and Methods

This study uses the ERA-Interim reanalysis dataset at native resolution (0.75 degrees), as de-
scribed by Dee et al. (2011). 37 Austral summers were analysed, starting in September 1979 and
ending in March 2016. Data is analysed on a daily time-scale unless otherwise indicated. The
primary region of interest is southern Angola and northern Namibia (11 - 19°S, 14 - 25°E). This
analysis was repeated using 3 hourly MERRA?2 data, spanning from September 1980 through to

March 2016. The results of this analysis were qualitatively similar to those obtained from ERA-
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Interim and led to the same conclusions. For brevity, only the ERA-Interim results are presented
in this paper.

To identify Angola Low events, we consider the daily mean vorticity within the region of interest
described above. For each day in the sample period, grid cells with vorticity at 800 hPa less than
—4 % 107> s~! were classified as Angola Low grid cells, and classified as a heat low or tropical
low. The choice of the vorticity threshold and the definition of classification system are described
in section 3a. The centre of an Angola low event at a point in that time is then calculated as the
centroid of a group of adjacent Angola Low grid cells of the same phase. This method allows
for multiple events to exist in the region of interest at a period of time, provided that none of
their constituent grid cells are adjacent. The average number of grid cells which were identified
in each cluster was 6.2, implying a radius of about 100 km. Each cluster represents the core of
a cyclonic system, and so the total radius of the cluster is often larger than this core. 90% of the
clusters contained less than 15 grid cells. However, the distribution of the cluster sizes was highly
skewed, and the largest cluster identified contained 57 grid cells. This cluster occurred on the 18th
of January 1996, when Mudenda and Mumba (1996) report that ex-Tropical Cyclone Bonita had
merged with the Angola Low. The sensitivity of all results to the relative vorticity threshold has
been tested using a threshold of —3.5 x 107> s~!. This increased the number of Angola Low grid
cells flagged, but all other results were qualitatively unchanged and the statistical significance of
the results still held in all cases.

We have used composite analysis to study the structure of various atmospheric fields during An-
gola Low events. In order to remove the effect of the seasonal cycle, a 14 day running mean cli-
matology is subtracted from both the composite sample and the population before testing. A two-
tailed Welch’s t-test is then applied to test the null hypothesis that the composite mean anomaly

is the same as that of the climatology. Autocorrelation within the composite samples has been
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controlled for by assuming that the data follow a first order autoregressive process and calculating
an effective sample size using the lag-1 autocorrelation coefficient. The false discovery rate is
controlled by calculating a threshold level py, based on an FDR control value of arpg = 0.05
(Wilks, 2011). A combined value of pyp is calculated for each multi-panel figure and is presented
in each figure caption. Despite the use of anomalies to calculate significance, we have elected to
show the full fields in the composite plots. We found this displayed greater clarity of the overall

results.

3. Synoptic Characteristics

In order to study the synoptic events which comprise the Angola Low, we generated a set of
time and space coordinates in the study area which featured strong cyclonic relative vorticity. We
then studied the phase space of various atmospheric variables at the identified coordinates. This
revealed two clear clusters of synoptic events. In this section, we describe the method used to
classify the two clusters, the synoptic characteristics of the two clusters of low-pressure systems,
and finally the behaviour of the systems. Despite the low latitude of the study area, we find
that geostrophic balance is still a useful approximation. Above the boundary layer, the overall
magnitude of the ageostrophic component is about 33% of the overall magnitude of the geostrophic

component.

a. Classification System

The distinction between the Angola Heat Low and the Angola Thermal Low on the daily time-
scale has been characterised by considering the dry static stability of events with strong cyclonic
vorticity. For each day in the study period, grid cells in the primary region of interest (11 - 19°S, 14

- 25°E) with daily mean relative vorticity at 800 hPa less than —4 x 10~>s~! have been identified.
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A heat map of the static stability at 700 hPa against the 800 hPa relative vorticity is given in
Figure 2. From this it can be seen that there are two distinct clusters of events, those with high
static stability (above 0.0033 K/m and coloured blue) and those with low static stability (below
0.0033 K/m and coloured red). The lower panel of Figure 2 shows a parameter space heat map
of specific humidity against static stability. This demonstrates that the clustering is also present
in specific humidity, with the more (less) statically stable events being wetter (drier). Here, the
static stability is taken as the vertical derivative of potential temperature. Other parameters (not
shown) including temperature and potential vorticity, also show this clear distinction between
the two types of events. The vorticity threshold was chosen as the weakest threshold at which
a bimodal distribution emerged in Figure 2 with minimal overlap between the clusters. As noted
earlier, lowering the vorticity threshold to —3.5 x 10™>s~! does not change the results significantly,
however we choose to use the stronger threshold to keep the clusters more distinct. Based on the
results of Figure 2, each vertical profile in the region of interest and study period with 800 hPa
relative vorticity less than —4 x 107s~! is classified as a heat low (tropical low) grid cell if its
static stability at 700 hPa is less than (greater than) 0.0033 K/m.

The key differences between the dynamics and thermodynamics of the two phases of the An-
gola Low are illustrated in Figure 3. This figure has been constructed by compositing vertical
profiles of various atmospheric variables at the closest grid cell to the centroid of each heat low
and tropical low event. It is evident that the heat lows are associated with cyclonic circulation
capped at 700 hPa, hot surface temperatures, low surface humidity, and neutrally stratified static
stability. This indicates that the heat lows in the Angola region feature shallow dry convection, as
per the idealised heat lows studied by Racz and Smith (1999). Conversely, the tropical lows are

associated with cyclonic circulation up to 300-400 hPa and high surface humidity. While the dry

10
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static stability profile is stable, the moist stability, indicated by the 6, profile, is unstable. Thus the
tropical lows feature deep moist convection, maintained by latent heat release.

Consistent with the finding of Munday and Washington (2017), a seasonal distinction between
occurrences of the Angola Heat Low and the Angola Tropical Low is apparent. Figure 4 shows a
2D histogram map of where intense cyclonic circulation associated with dry and moist convection
occur from October through to March. The method used to identify heat low and tropical low grid
cells is as described above, however, the results are shown for southern Africa. Dry convection
is strongly evident in Angola from October to November, and moist convection is present from
December through to March. Also apparent is the moist convecting Mozambique Channel trough
and the dry convecting Kalahari heat low, which are not the focus of this research. It is clear that
the Angola Low presents as the Angola Heat Low from October through to November, and then
transitions to the Angola Tropical Low during December when the wet season begins, and remains
as the Angola Tropical Low until March. This leads us to investigate the synoptic structure of these

two phases separately below.

b. Angola Heat Low Dynamics

Key diurnal characteristics of the Angola Heat Low for comparison to the literature surrounding
idealised heat lows are presented in Figure 5. The figure shows diurnal vertical west-east cross-
sections of winds and potential temperature during heat lows identified using the methodology
described in section 3a, centred on the centroid of the heat low grid cells. These cross-sections
are consistent with Figures 6 to 9 of Racz and Smith (1999) and Figure 3 of Spengler and Smith
(2008), which demonstrate vertical cross-sections of potential temperature and winds in idealised
heat low experiments. The authors found that the radial wind inflow is strongest overnight and

rotates into a geostrophic tangential wind in the early morning, and that the potential temperature

11
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at the centre of the heat lows is unstable in the middle of the day. A mid-level anticyclone sits
above the heat low and is strongest in the morning.

The main difference between the idealised models and our ERA-Interim based analysis is that
the instability is weaker in the reanalysis. The weak instability may result from the averaging of
many heat lows in our composite. The westerly zonal inflow resembles a sea breeze, which will
be further discussed in section 5. We also find that the upper-level jet which caps the upper-level
anticyclone is significantly stronger during the heat low than in the climatology, despite the fact
that the climatological seasonal cycle was removed when statistical significance was calculated.
Overall there is satisfactory evidence that the Angola Heat Low is indeed a thermal low in the

traditional sense.

c. Angola Tropical Low Dynamics

As cold-cored synoptic-scale lows that track over a tropical landmass, the tropical lows in the
Angola region bear resemblance to tropical low-pressure systems, including monsoon depressions.
Monsoon depressions have been most intensively studied over the Indian Subcontinent (e.g. Hunt
et al. (2016), Godbole (1977)), but have also been studied over northern Australia (Berry et al.,
2012). Hurley and Boos (2015) conducted a comprehensive study of these features across low
latitude land masses and noted their similarities and differences across different regions of the
globe, including southern Africa.

The Angola Tropical Low consists of a deep column of potential vorticity, extending from the
surface to about 300 hPa (Figure 6). The panels in Figure 6 show daily vertical west-east cross-
sections of various atmospheric variables during tropical lows identified using the methodology
described in section 3a, centred on the centroid of the tropical low grid cells. The temperature

anomaly field features a dipole which is cool near the surface and warm in the upper-troposphere.
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In contrast with the Angola Heat Low, the upper-level zonal winds during the Angola Tropical
Low are easterly, suggesting that the tropical lows are embedded in the tropical easterly jet. The
cyclonic circulation anomalies reach out from the centre of the system approximately 500 km,
giving the total system an average diameter of 1000 km. These observations are consistent with
the structures of the Indian and northern Australian monsoon lows and depressions observed by
Hunt et al. (2016), Berry et al. (2011) and Hurley and Boos (2015). This implies that the growth
and propagation mechanisms of these circulations may resemble those of the tropical lows in
Angola.

The implication that some low-pressure systems over southern Africa are dynamically similar
to monsoon depressions in Australia and India is not immediately reconcilable with the work of
Hurley and Boos (2015). The southern African composites of Hurley and Boos (2015) do not show
the characteristic temperature or PV structure of a typical monsoon low. However, their composite
sample contains data from December to February and is performed over an area which extends
down to 25° S. Hence the sample will contain Kalahari and Angola heat lows as well as tropical
lows, which would be expected to obscure the signal of the tropical depressions. Therefore we
conclude that the tropical lows in the Angola region are dynamically related to the monsoon lows
that have been observed over Australia and India. Hurley and Boos (2015) identified on average
12.5 low-pressure systems from November to February in southern Africa, in contrast to 25 over
the same period in Australia and 18 from May to August in India. Even before accounting for
the fact that some of these systems may be heat lows, tropical lows are less common in Southern

Africa than in these other regions.
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d. Movement of Synoptic Events

Figure 7 shows the longitudes and timing of grid cells in seven selected years which meet the
threshold critera of heat low and tropical low events. The years displayed in Figure 7 have been
chosen to represent a range of ENSO phases. In this instance, the domain has been extended to (11
- 19°S, 0 - 55°E) and the classification has been run over six hourly data. Heat lows, shown in red,
develop in two longitudinal bands centred on 18 and 22° E, which sometimes merge and rarely
move more than 5 degrees. The heat lows appear to be geographically locked and form only over
the Angola region. By contrast tropical lows, shown in blue, travel east and west across the African
continent. However, these circulation features linger in the region of interest, appearing to become
anchored at around 20°E. This is at odds with tropical low-pressure systems observed in Australia
and India, which are predominantly transient systems (Hunt et al. (2016), Berry et al. (2011) and
Hurley and Boos (2015)). Although a small number of tropical lows form in the Atlantic ocean,
they only rarely cross either east or west across the West African coast. This behaviour is reflected
across the all the years in the study period from 1979 to 2015 (not shown).

In the dry El Nifio summer of 2015-2016, the Angola Heat Low lasted well into February (Figure
7). Meanwhile, the moist circulation features rarely reached the Angola region at all. By contrast,
the wet El Nifio summer of 1997-1998 featured numerous semi-stationary tropical lows in the
Angola Low region. The extremely wet La Nifia summer of 1999-2000 featured a large number of
tropical low events tracking across the African continent from December onwards, many of which
lingered in the Angola region. Of particular note is ex-Tropical Cyclone Eline, which penetrated
mainland Africa in late February after crossing the Indian Ocean and reached 20°S (Reason and
Keibel, 2004). However, in the drier La Nifia summer of 2010-2011, although tropical low events

were identified over southern Africa, none persisted in Angola for over a week. Inspired by these
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qualitative observations, the next section aims to clarify the inter-annual relationship between the

phases of the Angola Low, ENSO and precipitation.

4. Bearing on Precipitation

On an inter-annual time-scale, the Angola Low is believed to have an important connection to
regional precipitation across southern Africa (Mulenga, 1998). This may have a modulating impact
on the relationship between southern African precipitation and the El Nifio Southern Oscillation
(ENSO). The El Nifo phase of ENSO is typically associated with drought in southern Africa, a
result of the shift in the Walker Circulation. The 1982-1983 and 2015-2016 El Nifios both occurred
in years where the Angola Low was weak, and resulted in severe drought. The 1997-1998 El Nifio,
however, coincided with a strong Angola Low and a drought was not observed. > The differences
between these El Nifio summers have been well studied. Reason and Jagadheesha (2005) found
that the inter-annual variability of the Angola Low modulates the rainfall impacts of ENSO. Lyon
and Mason (2007) confirmed the role of the Angola Low and also found that high sea surface
temperatures near Southern Africa and anomalous shifts in Walker circulation all contributed to
the increase in precipitation in 1997-1998 as compared to 1982-1983.

The separation of the Angola Low into the Angola Heat Low and the Angola Tropical Low adds
clarity to its relationship with ENSO and precipitation. An Angola Heat Low Index (AHLI) and
an Angola Tropical Low Index (ATLI) have been created by counting the number of days per year
when each class of Angola Low has been identified from November to March, and normalising
such that the maximum value of the index is 1. The normalised sum of the AHLI and the ATLI is

referred to as the Angola Low Index (ALI). It may be expected that the indices are anti-correlated,

>These three summers featured the strongest El Nifio events of the study period, with average Nifio 3.4 SST indices from November to March
respectively 2.15, 2.28 and 2.14. The November - March southern African GPCP precipitation anomaly for the two drought summers was over 1.5

standard deviations below the 1979-2015 mean, while the 1997-1998 precipitation anomaly was within 0.25 standard deviations of the mean.
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since both indices will be dependent on the date of the transition from the Angola Heat Low to the
Angola Tropical Low. If the transition is earlier (later) than normal, then there will be more (fewer)
tropical low days and less (more) heat low days. However, we found that this anti-correlation was
in fact very weak, with R=-0.12.

Table 1 shows the results of linear regressions of the ATLI, the AHLI and the ALI onto to the
November-March average Nifio 3.4 SST index. The AHLI is not dependent on Nifio 3.4 SST
(R?=0.01,p=0.27). The ATLI has an R? coefficient 0.04 (p=0.029). However, the regression pa-
rameter of the Nifno 3.4 SST index switches sign. As a consequence, the ALI does not exhibit a
significant dependence on the Nifio 3.4 SST index (R?=0.04, p=0.30). This suggests that consider-
ing the Angola Heat Low and the Angola Tropical Low as a single feature obscures the relationship
between the Angola Low and ENSO.

Average GPCP November to March precipitation over southern Africa (south of 15° S) was
regressed first against the Nifio 3.4 SST index alone, and partial regressions were performed on the
residual precipitation against the residual Angola Low indices, with regression statistics displayed
in Table 2. Regression statistics of precipitation on the ATLI index alone are also shown. Nifio 3.4
SST alone was found to explain 52% of the variance (p<0.001), and the partial regression onto the
ATLI explained a further 27% of the variance (p=0.001). However, the partial regression onto the
AHLI did not increase variance explained and was not significant at the 0.05 level. This suggests
that it is the Angola Tropical Low, and not the Angola Heat Low, which modulates the impact of
ENSO on southern African precipitation, and that combining the effects of the Angola Tropical
Low and the Angola Heat Low adds noise to this signal (R?>=0.17, p=0.010).

Figure 8 shows scatter plots of the variables used in the first two regressions described in Table 2,
with colours representing the calculated and predicted GPCP precipitation per summer over south-

ern Africa. The coloured dots show the GPCP precipitation per summer while the coloured lines
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show the predictions based on the respective regressions. The black line indicates the regression
of the ATLI on the Nifio 3.4 SST index.

Adding the ATLI as a variable in the regression (Figure 8, lower panel) explains the variation
among the three strongest El Nifio events, in contrast to the ENSO only regression (Figure 8,
upper panel). Furthermore, the difference between the strong La Nifia summers starting in 1988,
2007 and 1999 is also explained by the inclusion of the ATLI in the regression. Neither regression
predicts the precipitation of 1994 and 2005, which both had strong rainfall anomalies but occurred
during the neutral ENSO phase and featured moderate tropical low indices.

These regression results imply that the component of the variation in the Angola Low that is
independent of ENSO is correlated to the summer mean precipitation across southern Africa. We
do not attempt to further examine this correlation here, or make any statements regarding causation
or modes of variability. However, we note that future attempts to characterise the modulation of
precipitation variability by the Angola Low should take the separation of the Angola Heat Low

and the Angola Tropical Low into account.

5. Anchoring Processes

Section 3 demonstrated that the climatological Angola Low is the combined effect of a series of
heat lows and tropical lows. The heat lows tend to form and remain exclusively over the Angola
Low region. In contrast, tropical lows track across tropical southern Africa, but linger over east
Angola. Therefore, tropical lows are more likely to persist in east Angola than elsewhere. If
the tropical lows instead tracked away from Angola as quickly as they track towards it, then the
climatological depth of the Angola Low would be diminished. Thus, the placement of the Angola
Low in the late summer climatology originates from the behaviour of these transient synoptic-

scale systems. Throughout the tropics, moist convecting lows are generally transient features and

17



364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

do not usually exhibit the stationary behaviour of the tropical lows in the Angola Region. This
section therefore aims to discover why southern African tropical lows behave in this manner.

An analysis of the vorticity budgets of the Angola Low phases was carried out in order to explain
the motion and structure of the lows. Equation 1 shows the vorticity budget in the form that has
been studied. Here, { is relative vorticity, v and vy, are the 3D and 2D velocities respectively, @ is
vertical velocity in pressure coordinates and F is the friction term of the momentum equation. This
balance indicates that the possible sources and sinks of vorticity are advection, stretching, twisting
and friction. The friction term cannot be directly computed from resolved model variables, and so

is represented by a subgrid-scale residual term.

d ~ [ dv .
SOV VEHNFEHNYev—k (S xVe )~ B (VxE) =0 (1)
t N - v ~ -~ J p
advection stretching ~~ ” subgrid-scale/friction
tendency twisting

Vertical profiles of the terms of the vorticity budget at the centroids of both heat lows (red)
and tropical lows (blue) are shown in Figure 9. For both phases of the Angola Low, the largest
source term in the budget is the stretching term, and the largest sink term is friction. This implies
vorticity is created by the amplification of cyclonic absolute vorticity in a convergent airmass.
Convergence may amplify either relative or planetary vorticity, and may be decomposed into two
terms, V- vy and 'V}, - vy, to reflect this. The majority of this cyclonic acceleration is balanced by
an opposing frictional force, but some fraction of it contributes to increasing the cyclonic vorticity
of the system.

The dominant role of the stretching term is consistent with the general theory of cyclonic vortices
on a rotating plane. A low-pressure anomaly is associated with uplift and convergent inflow, which

is rotated by the Coriolis force to create cyclonic vorticity. However, a closer analysis of the
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stretching term indicates that a convergent anabatic sea breeze provides a second order source of
stretching which may play a role in anchoring tropical lows to the Angola region.

Figure 10 shows the vertical cross-section of the anabatic sea breeze as it crosses the coastline at
11-19°S. From this it is apparent that the anabatic sea breeze initiates at midday and then advects
inland. As it crosses the coastline, the anabatic sea breeze rises up the escarpment and continues its
trajectory upwards such that its presence is apparent up to 600 hPa. As it approaches the coast and
proceeds upwards, the zonal wind strengthens and hence diverges, causing a plume of divergence
(coloured red) rising from the ocean. The direction of the wind ensures that this plume is directed
upwards and eastwards, and rises up over the plateau. The anabatic sea breeze slows down due
to friction directly above the land surface, causing horizontal convergence (coloured blue). This
alternating pattern of divergence and convergence, also reflected in vertical and onshore winds,
resembles a topographically generated gravity wave. A second trough of convergence is faintly
visible at 19:00, centred at around 500 hPa. Throughout the course of the night, the gravity wave
is advected inland by its own surface winds, and steadily decays. By 01:00 it is apparent 5° east
of the coastline. The anabatic sea breeze is present in the diurnal climatology every month of
the year (not shown), although it is strongest in November when the surface heating is greatest.
The surface convergence has the capacity to generate vortex stretching, which can invigorate low-
pressure systems located in the same region. Meanwhile, the divergence above the boundary layer
would generate negative vortex stretching and inhibit the convection.

Figure 11 shows the six hourly climatological surface irrotational winds averaged from Novem-
ber to February. The main feature that is apparent is the westerly anabatic sea breeze blowing
across the south west African coastline. The blue colours along the west coast in the left col-
umn represent the location of the surface convergence maximum associated with the anabatic sea

breeze. The red colours in the right column represent the associated divergence maximum higher
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in the atmosphere. Both the convergence and divergence zones form bands stretching along the
western and southern coastlines, which move inland overnight. By 01:00, two regions of strong
convergence remain: one at 16 E, 16 S and the other at 18.5E, 24S. Based on Figure 4, the former
is a preferred location of both Angola heat lows and tropical lows. The latter is coincident with the
Kalahari Heat Low. The divergence zone in Figure 11 at 19:00 - directly east of the Angola coast
- is completely devoid of heat lows and tropical lows in Figure 4. This suggests that the surface
convergence and mid-tropospheric divergence of the anabatic sea breeze does indeed influence the
placement of the Angola Low in the climatological average.

Because the centroids of the Angola lows are variable and the location of the coast is fixed, it
is difficult to compare the stretching due to convergent inflow and the anabatic sea breeze in the
same reference frame. We solve this problem by compositing lows centred at a fixed distance from
the coast. Figures 12 and 13 show cross-sections of longitude against pressure for both stretching
terms of the vorticity budget of heat lows and tropical lows respectively at different times of the
day. The full vorticity budgets of these composites are shown in the supplementary figures. The
first two columns are composited over lows centred 5° of longitude east from the coast, while
the lows composited in the second two columns were centred 8° degrees east from the coast.
Because the divergence from the anabatic sea breeze travels approximately 6° inland (Figure 11),
the anabatic sea breeze may be expected to influence the western set of lows, but not the eastern
set. When performing significance testing on these composites, we tested the null hypothesis that
each vorticity budget term was equal zero. This means that the alternative hypothesis would imply
that a vorticity budget term was a significant source or sink of cyclonic vorticity. This was tested
using the Student’s t-test, with autocorrelation and false discovery rates controlled for as per the

other regressions described in Section 2.
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In order to unpack the influence of the anabatic sea breeze on the Angola Low, it is useful to
consider the influence on the Angola Heat Low and Angola Tropical Low separately. As alluded
to in section 3b, the anabatic sea breeze is a fundamental component of the Angola Heat Low.
The idealised heat low of Réacz and Smith (1999) featured convergent low-level sea breezes in
the afternoon, which were rotated by the Coriolis force into a cyclonic vortex overnight. The sea
breezes of Racz and Smith (1999) originated from all directions. However on a larger continent
and in the presence of easterly trade winds, westerly sea breezes dominated (Spengler and Smith,
2008). The sea breeze is a consequence of the meso-scale temperature gradient between the hot
land surface and the cold ocean to the west. It is therefore a mechanism through which direct
thermal heating may be converted into vorticity. The heating of the easterly trade winds as they
rise over the plateaus of southern Africa is also expected to play a key role in the formation of the
heat lows. However, the sea breeze provides a large component of the convergent inflow which
creates cyclonic vorticity through stretching.

In our study, the importance of the sea breeze to the heat lows is apparent in Figure 12. At 19:00,
the cyclonic vorticity of the heat low is very small and the primary source of vorticity for lows near
the coast in the eastern composite is planetary vorticity stretching associated with the sea breeze.
By 01:00, this vorticity source has intensified the cyclonic vortex, and relative vorticity stretching
has become an important term. By 07:00, the cyclonic vortex is still strong but the stretching terms
are both greatly reduced, suggesting that the horizontal convergence has dropped (consistent with
Figure 10). At 13:00, the vortex and both stretching terms are both weakened once again. Heat
lows located further from the coast in the western composite experience a similar diurnal cycle,
however the initial planetary vorticity stretching originates from a different source. Significantly,

63% of all heat lows occurred within 5 degrees of the coast.
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The influence that the anabatic sea breeze has on the Angola Tropical Low is more complicated
and requires further investigation. In the eastern composite of Figure 13, the main source of
stretching comes from the relative vorticity convergence at 01:00 and 07:00. The signature of the
anabatic sea breeze can be seen in the planetary vorticity stretching term, however this influence
is limited to within 6 degrees of the coast and does not impact on the cores of the tropical lows.
In the western composite of Figure 13, both stretching terms contribute more cyclonic vorticity
at the core of the tropical lows. Planetary vorticity stretching carries a strong signature of the
anabatic sea breeze and contributes to a vorticity source at the cores of the tropical lows about
half as strong as that contributed by relative vorticity stretching. Relative vorticity stretching is
stronger in western composite than the eastern composite, which could be due to the anabatic sea
breeze influence. Together, these results imply that vorticity stretching due to the convergence of
the anabatic sea breeze can be a second order vorticity source for tropical lows centred within 6
degrees of the coast.

The vorticity sink associated with the divergent tail of the anabatic sea breeze is of similar order
of magnitude as the vorticity source terms in every case. This divergence zone may act as a
barrier to eastward propagating tropical lows and prevent them from crossing the coast into the
Atlantic Ocean. The full vorticity budget of the western composite (see supplementary figures)
also indicates that low-level cyclonic vorticity is advected inland from the western coast at 19:00
by the anabatic sea breeze. Therefore, the anabatic sea breeze may cause the tropical lows to
linger in the Angola region, as can be observed in Figure 7 in section 3. This means that the
climatology average contains a larger number of days featuring tropical lows. Therefore, the
action of the anabatic sea breeze deepens the Angola Low and intensifies its cyclonic vorticity in

the climatological average.
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6. Discussion and Conclusions

This paper has shown that the Angola Low can be separated on a synoptic-scale into two distinct
phases - the Angola Heat Low and the Angola Tropical Low. It was found that this distinction clar-
ifies the link between the Angola Low, the precipitation and ENSO on an inter-annual time-scale.
The Angola Tropical Low is stronger during La Nifia seasons. However, the relationship between
ENSO and the Angola Low Indices was relatively weak and we found that the Angola Low under-
goes considerable variability independent of ENSO. A partial linear regression of southern African
precipitation on the Nifio 3.4 SST index and an Angola Tropical Low Index was found to explain
the large variance in precipitation during the three strongest El Nifio summers in the study period,
two of which were associated with severe droughts while a third experienced average rainfall. This
regression also did well at explaining the variance between precipitation during the three strongest
La Nina summers in the study period.

These regression results suggest that the Angola Tropical Low is important for southern African
rainfall. The tropical low events were found to be dynamically similar to monsoon low-pressure
systems which form throughout the tropical landmasses. However, the key difference between
the southern African tropical lows and those observed elsewhere was their propensity to linger in
the Angola region. This semi-stationary behaviour is fundamental to the impact that the Angola
Tropical Low has on the climatological Angola Low. While each transient tropical low spends
a 2-3 days directly impacting the weather of any given area, a semi-stationary tropical low may
impact the weather for several weeks, building up a stronger influence on the seasonal climate.

Vorticity budget analysis has demonstrated that an anabatic sea breeze circulation plays an im-
portant role in anchoring the tropical lows to the Angola region. The impact of the sea breeze on

the tropical lows is secondary to the processes which create the tropical lows and only acts as an
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anchoring mechanism, rather than a formation mechanism. The anabatic sea breeze was shown
to be divergent in the mid-troposphere near the coast and convergent near the surface and fur-
ther inland, which enhances the stretching vorticity budget term. This vorticity source strengthens
the Angola Low inland and weakens it near the coast, inhibiting eastward tracking tropical lows
from crossing the coast. An equivalent point of view is that the uplift of the eastern branch of
the anabatic sea breeze enhances the convection of the tropical lows, while the subsidence asso-
ciated with the westward branch of the anabatic sea breeze overturning inhibits convection. This
overturning circulation can be clearly seen in Figure 10.

By considering the synoptic expression of the Angola Low, this paper has revealed the mech-
anisms which drive it, namely heat lows, tropical lows and the anabatic sea breeze. This work
opens up several avenues of future research. The processes that link the Angola Low to southern
African precipitation, such as TTCBs and wet spells, should be studied taking into account the
two phases of the Angola Low. A process-based analysis of the Angola Low in CMIP and AMIP
models should examine how well the models represent the three mechanisms listed above. These
findings will therefore support efforts to reduce uncertainty around future projections of southern

African precipitation.
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612 TABLE 1. Regression statistics from the regressions of the annual Angola Tropical Low Index (ATLI), Angola

¢1a  Heat Low index (AHLI) and combined Angola Low Index (ALI) on the Nifio3.4 SST Index.

ATLI AHLI ALI
R? 0.13 0.04 0.03
N 37 37 37
Constant Coefficient 0.48 0.45 0.54
Constant Standard Error 0.04 0.03 0.03
Constant Coefficient P Value | <0.001  <0.001  <0.001
Nifio 3.4 SST Coefficient -0.08 0.03 -0.03
Nifio 3.4 SST Standard Error 0.04 0.03 0.03
Nifo 3.4 SST P Value 0.029 0.265 0.299

31



614 TABLE 2. Regression statistics for five regressions of southern African November - February southern African

e1s  GPCP precipitation. (1): precipitation regressed onto ENSO, (2-4): partial regressions of the residual of precip-

ets itation onto the residuals of the ATLI, the AHLI and the ALI and (5): precipitation regressed onto the ATLI.

Nifio 3.4 Only ~ ATLI+Nifio 3.4  AHLI+Nifio 3.4  ALI+Nifio 3.4  ATLI Only

R? 0.52 0.27 0.00 0.17 0.36
N 37 37 37 37 37
Variable ENSO ATLI AHLI ALI ATLI
Partial Regression? No Yes Yes Yes No
Constant Coefficient 17.30 N/A N/A N/A 14.29
Constant Standard Error 0.29 N/A N/A N/A 0.75
Constant Coefficient P Value <0.001 N/A N/A N/A <0.001
Variable Coefficient -1.72 4.05 0.01 432 6.21
Variable Standard Error 0.28 1.10 1.55 1.59 1.41
Variable P Value <0.001 <0.001 0.997 0.010 <0.001
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

Mean geopotential height (filled contours) and winds (vectors) at 800 hPa over southern
Africa over the months of December, January and February from 1979 to 2015. The Angola
Low is visible as a low-pressure system featuring cyclonic circulation centred at 13°S and
20°E. The red box indicates the primary region of interest for this study.

Log-scaled phase space heatmaps of relative vorticity, stability and humidity in the Angola
Low region on days featuring cyclonic relative vorticity exceeding 4 x 107>s~!. Top: 800
hPa Relative Vorticity against 700 hPa stability, and bottom: 800 hPa specific humidity
against 700 hPa stability. Blue areas show tropical low grid cells, while red areas show heat
low grid cells.

Vertical profiles of relative vorticity (left, first row), divergence (right, first row), potential
temperature (left, second row), potential vorticity (right, second row), equivalent potential
temperature (left, third row), potential temperature lapse rate (right, third row), vertical ve-
locity (left, fourth row), and specific humidity (right, fourth row) during Angola Low events.
Heat low profiles are shown in red and tropical low profiles are blue. Solid lines indicate the
median value of the distributions, while the coloured bands represent one standard deviation
either side of the median.

Monthly heat map histograms of the locations where cyclonic circulations (§ < —4 x
1072)s~! with neutral and unstable dry static stability have been identified in each month.
The panels show monthly occurences of neutrally stratified cyclones with %—2 <0.0033Km™!

at 700 hPa (left column) and stably stratified cyclones with ‘3—? > 0.0033Km™~! at 700 hPa
(right column). The colour-scale represents the average number of events occuring at each
grid point in a given year.

Composite west-east cross-sections with height of zonal wind (left column), meridional
wind (centre) and potential temperature (right column) for heat low events (see text for def-
initions) at 01:00 (top row), 07:00 (second row), 13:00 (third row) and 19:00 (fourth row).
Stippling shows the statistically significant points using a threshold of py.,r = 0.037.

Composite vertical west-east cross-sections with height of zonal wind (top left), meridional
wind (top right), relative vorticity (centre left), divergence (centre right), potential vorticity
(bottom left), and temperature anomaly (bottom right) for tropical low events (see text for
definitions). Stippling shows the statistically significant points using a threshold prpp =
0.040.

Top row: Longitude - time plots of the locations where cyclonic circulations (§ < —4 x
10~2s~1) have been identified in selected years between 11 and 18°S. Red dots: Neu-
trally stratified with %—2 < 0.0033Km~! at 700 hPa, Blue dots: stably stratified with

%—g > 0.0033Km™" at 700 hPa. Colour intensity represents cyclonic vorticity. Years shown
are, from left to right, 1992-1993, 1997-1998, 1999-2000, 2002-2003, 2008-2009, 2010-
2011 and 2015-2016. The bottom row shows a map of southern Africa with the domain of
the above panel coloured in grey and is provided for context.

Scatter plots of November - March Nifo 3.4 SST index and ATLI. Point colours represent
GPCC precipitation over African mainland south of 15°. Line colours represent (top) pre-
cipitation predicted by the Nifio 3.4 SST index only regression (column 1 of Table 2) and
(bottom) precipitation predicted by the Nifio 3.4 SST and ATLI regression (column 2 of Ta-
ble 2). The black line shows the predicted ATLI for each value of the Nifio 3.4 SST index
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Fig. 9.

Fig. 10.

Fig. 11.

Fig. 12.

Fig. 13.

(column 1 of Table 1). Labels indicate the year in which each season starts, e.g. 99 for
1999-2000.

Vertical profiles of vorticity budget terms during Angola Low events. Red: heat lows, Blue:
tropical lows. The solid line indicates the composite mean, and the coloured regions repre-
sent one standard deviation either side of the mean. The vorticity budget terms are labelled
as per Equation 1, and the subgrid-scale term represents friction.

November-February climatology diurnal winds and horizontal divergence across the Angola
Coast at 11-19°S. Vectors show zonal and vertical winds, red colours divergence and blue
colours convergence. The times of the day for each panel are: 01:00 (top left), 07:00 (top
right), 13:00 (bottom left) and 19:00 (bottom rlght) The x-axis is degrees of longltude East
of the coastline. . . . . .

Irrotational component of diurnal surface winds in the November to February climatology
with column maximum convergence (left) and divergence (right) across southern Africa.

The times of the day for each panel are: 13:00 (first row), 19:00 (second row), 01:00 (third

row) and 07:00 (fourth row).

Vertical cross-sections of vorticity budget stretching terms at time 01:00 (first row), 07:00
(second row), 13:00 (third row), and 17:00 (fourth row). The first and third columns show
stretching of relative vorticity, and the second and fourth columns show stretching of plane-
tary vorticity. The first two columns show composites of heat low events located 5 degrees
from the coast, while the second two show heat low events located 8 degrees from the coast.
The cross-section is taken across the latitude of the vortex centres. The x-axis is °E of the
coast. Black contours indicate the cyclonic vorticity (2 x 107> s~! contour interval). Stip-
pling shows the statistically significant grid points, determined based on a threshold pypp =
0.027.

Vertical cross-sections of vorticity budget stretching terms at time 01:00 (first row), 07:00
(second row), 13:00 (third row), and 17:00 (fourth row). The first and third columns show
stretching of relative vorticity, and the second and fourth columns show stretching of plan-
etary vorticity. The first two columns show composites of tropical low events located 5
degrees from the coast, while the second two show tropical low events located 8 degrees
from the coast. The cross-section is taken across the latitude of the vortex centres. The
x-axis is °E of the coast. Black contours indicate the cyclonic vorticity (2 x 107> s~! con-
tour interval). Stippling shows the statistically significant grid points, determined based on
a threshold pj.r = 0.020.
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Climatology Geopotential Height at 800 hPa (m)
December, January and February
1

—

5ms—

10°E 20°E 30°E 40°E 50°E 60°FE

B ]

2010 2020 2030 2040 2050

694 FI1G. 1. Mean geopotential height (filled contours) and winds (vectors) at 800 hPa over southern Africa over
s the months of December, January and February from 1979 to 2015. The Angola Low is visible as a low-pressure
s system featuring cyclonic circulation centred at 13°S and 20°E. The red box indicates the primary region of

v interest for this study.
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70 hPa stability, and bottom: 800 hPa specific humidity against 700 hPa stability. Blue areas show tropical low grid
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FIG. 3. Vertical profiles of relative vorticity (left, first row), divergence (right, first row), potential temperature
(left, second row), potential vorticity (right, second row), equivalent potential temperature (left, third row),
potential temperature lapse rate (right, third row), vertical velocity (left, fourth row), and specific humidity
(right, fourth row) during Angola Low events. Heat low profiles are shown in red and tropical low profiles are
blue. Solid lines indicate the median value of the distributions, while the coloured bands represent one standard

deviation either side of the median.
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FIG. 4. Monthly heat map histograms of the locations where cyclonic circulations ({ < —4 x 1073)s~! with
neutral and unstable dry static stability have been identified in each month. The panels show monthly occurences
of neutrally stratified cyclones with %—g < 0.0033Km™"! at 700 hPa (left column) and stably stratified cyclones
with ?Tg > 0.0033Km™~! at 700 hPa (right column). The colour-scale represents the average number of events

occuring at each grid point in a given year.
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FIG. 7. Top row: Longitude - time plots of the locations where cyclonic circulations ({ < —4 x 107>s~!) have
been identified in selected years between 11 and 18°S. Red dots: Neutrally stratified with %—g < 0.0033Km™" at
700 hPa, Blue dots: stably stratified with %—g > 0.0033Km ™! at 700 hPa. Colour intensity represents cyclonic
vorticity. Years shown are, from left to right, 1992-1993, 1997-1998, 1999-2000, 2002-2003, 2008-2009, 2010-
2011 and 2015-2016. The bottom row shows a map of southern Africa with the domain of the above panel

coloured in grey and is provided for context.
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73 FIG. 9. Vertical profiles of vorticity budget terms during Angola Low events. Red: heat lows, Blue: tropical
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72 column maximum convergence (left) and divergence (right) across southern Africa. The times of the day for
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FIG. 12. Vertical cross-sections of vorticity budget stretching terms at time 01:00 (first row), 07:00 (second
row), 13:00 (third row), and 17:00 (fourth row). The first and third columns show stretching of relative vorticity,
and the second and fourth columns show stretching of planetary vorticity. The first two columns show compos-
ites of heat low events located 5 degrees from the coast, while the second two show heat low events located 8
degrees from the coast. The cross-section is taken across the latitude of the vortex centres. The x-axis is °E of
the coast. Black contours indicate the cyclonic vorticity (2 x 107> s~! contour interval). Stippling shows the

statistically significant grid points, determined based on a threshold pyp = 0.027.

46



751

752

753

754

755

756

757

200 200 200 | 200 T
= 300 300 | 300 300 [
& 400 400 | 400 400
o= 500 500 500 500
Z & 600 600 | (. 600 600 |
=@ 700 700 o\ 700 700 | ool
S 800 |- 800 800 800
& 900 P, 900 900 900 [
1000 1000 1000 L 1000 b
024681012 024681012 024681012
200 I eleelo sl e boded 200 I oo ele olo ok o b el 200 I de =1 ke } 200 I ded=edaede ol < b
5 300F — = —H 300 — = o4 300 F < o 300f o 0 S
& 400 - 400 | 400 [ 400
o= 500 500 500 [ 500 .. (.
& & 600 600 600 [ 600 f- " .
=@ 700 700 700 | 700 | o Lo
S 800 800 800 |/ 800 |- 7Y,
A 900 900 900 900 f~-
1000 1000 1000 L& 1000 L4
024681012 0246 81012
200 200 200 =TT 200 T
= 300 300 300 f- H 300F T o
& 400 400 400 400
o= 500 500 500 500
ZE 600 600 600 600
S @ 700 700 700 700
S 800 [ 800 800 800
A 900 [ 900 900 900 P
1000 k= 1000 1000 1000 k&
0246 81012 0246 81012 0246 81012
200 M~ 200 200 T 200 [T
5 300 — '3 300F 300 | w4 300k 0 o A
& 400 - 400 | 400 400
o= 500 500 500 500
& 600 600 600 600
S@ 700 700 700 700
S 800 -, 800 |- 800 800
& 900 [ 900 [~ 900 900 P,
1000 k= 1000 k 1000 1000 b
024681012 024681012 024681012 024681012
°E from Coast °E from Coast °E from Coast °E from Coast

—-1.8 —-1.2 —-0.6 0.0 0.6 1.2 1.8
x10~9

FIG. 13. Vertical cross-sections of vorticity budget stretching terms at time 01:00 (first row), 07:00 (second
row), 13:00 (third row), and 17:00 (fourth row). The first and third columns show stretching of relative vorticity,
and the second and fourth columns show stretching of planetary vorticity. The first two columns show com-
posites of tropical low events located 5 degrees from the coast, while the second two show tropical low events
located 8 degrees from the coast. The cross-section is taken across the latitude of the vortex centres. The x-axis
is °E of the coast. Black contours indicate the cyclonic vorticity (2 x 107> s~! contour interval). Stippling shows

the statistically significant grid points, determined based on a threshold pJ ;5 = 0.020.
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