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ABSTRACT

Adopting a state-of-the-art numerical model system, we investigate how the diurnal variations in precipitation
and local breeze systems are characterized by lower-boundary conditions related to the Drakensberg highland
and warm SST associated with the Agulhas Current. A control simulation can simulate the hydrometeorological
climates in the region realistically, but the terrestrial rainfall is overestimated. During daytime, the precipitation
is confined to the Drakensberg highland, and there is an onshore local breeze, while during midnight to morning,
the rainfall is confined to the Agulhas Current, and the breeze is offshore. These variations are captured by the
numerical simulation, although the timing of maximum rainfall is early over the land and delayed over the ocean.
The sensitivity experiment in which the Drakensberg is absent shows a drastic modification in the diurnal
variations over land and ocean. The terrestrial precipitation is largely decreased around the Drakensberg and is
largest along the coast during daytime. The nocturnal marine precipitation along the Agulhas Current is also
reduced. Although the daily residual breeze is still pronounced even without the Drakensberg, wind speed is
weakened. We attribute this to the reduction of precipitation. In another sensitivity experiment with smooth-
ened warm SST due to the Agulhas Current, the amplitudes of diurnal variations are not modified remarkably,
but the coastal rainfall is diminished to some extent due to less evaporation along the Agulhas Current. This
study concludes that the Drakensberg plays a crucial role for the diurnal cycle, and the impact of the Agulhas
Current is limited on the diurnal cycle of the coastal precipitation in this region.

1. Introduction
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South African precipitation variability shapes the re-
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gional and local economies, as most of the southern
African nations rely largely on the rain-fed agriculture.
A clear contrast between dry winter (June-August) and
wet summer (November-March; NDJFM) conditions
over the southern African region represents a large
annual cycle characteristic of the southern African
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precipitation (e.g., Pohl et al. 2007; MacKella et al. 2014;
Lawal et al. 2015; Gergis and Henley 2017). The summer
season precipitation is of great importance. In addition
to the precipitation, the associated terrestrial hydro-
logical processes need to be taken into account for the
mitigation and prevention of natural disasters such as
drought and flooding (e.g., Li et al. 2015). As southern
Africa is in the subtropics, the amplitude of daily vari-
ation in incoming solar radiation is strong, and there is a
pronounced diurnal variation in cumulus convection.
Recently, a first look at the diurnal cycle over the en-
tirety of South Africa was performed by Rouault et al.
(2013), and a state-of-the-art regional climate modeling
was used by Pohl et al. (2014). The knowledge of the
precipitation diurnal cycle has practical importance in
understanding the energy budget and water balance and
in applications of water resource management, hydrol-
ogy, and air quality modeling.

In the tropics, cumulus convection and associated pre-
cipitation are characterized by a diurnal cycle, which has
been discussed in many previous studies. Yang and Smith
(2006) examined the diurnal cycle over the global tropics
and suggested that heavy precipitation areas exhibit
strong diurnal variations. There are also notable regional
studies on the diurnal cycle (e.g., in the western Pacific
warm pool; Chen and Houze 1997) in the Maritime
Continent (e.g., Teo et al. 2011; Koseki et al. 2013; Bhatt
et al. 2016). The diurnal cycle over land is driven by a
thermal contrast between terrestrial and marine surfaces,
caused, in a first order, by incoming solar radiation flux
and differences in the heat contents. Onshore sea breeze
in daytime to evening (offshore land breeze in midnight to
morning) initiates low-level convergence and cumulus
convection over land (sea) (Estoque 1962). Besides the
land/sea breezes, diurnal variation related to the mountain-
and valley-breeze systems are generated by the differences
in heating due to complex terrain structures (e.g.,
Nesbitt and Zipser 2003) over the landmass. This system
also shows a clear diurnal variation and enhances cu-
mulus convection over the land. These above circulation
systems are influenced by larger-scale background wind
as well (e.g., Koseki et al. 2013).

While the diurnal cycle in the tropics has received
much attention, there are relatively few studies on the
diurnal cycle in the subtropics. This may be because
cumulus convection is weaker, compared to that in the
tropics, and subsidence associated with the subtropical
high is dominant and tends to inhibit cumulus convec-
tion. Certain regions in the subtropics, such as South
Africa, also exhibit a diurnal cycle. Rouault et al.
(2013) found a clear diurnal variation of precipitation
over South Africa in the austral summer (November—
March) using hourly rain gauge records. Terrestrial
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precipitation is dominant in afternoon to evening, while
coastal regions over the sea exhibit midnight-to-morning
precipitation over the Agulhas Current. Because the
Agulhas Current transports the tropical warm water from
the tropics toward the subtropics and extratropics (e.g.,
Webb 1999; Boebel et al. 2003; Backeberg et al. 2009),
cumulus convection and cloud formation are enhanced by
the warm Agulhas Current along the eastern coast of
South Africa (e.g., Lutjeharms et al. 1986; Jury et al. 1993;
Nkwinkwa Njouodo et al. 2018).

The dynamical mechanism for the diurnal cycle in this
region is not well understood quantitatively and may be
influenced by the orography and ocean currents. We
revisit the diurnal cycle and provide insights into the
dynamical aspects, which have not been elucidated
yet. In addition to the role of SST, the complex topog-
raphy of the Drakensberg highland (topographic height
up to 3482 m), which sits along the eastern coast of South
Africa, may also have a role in modulating the diurnal
cycle. The mountain—valley circulation in the Drakensberg
could modify the deep atmospheric convection (e.g.,
Joseph et al. 2008). It is known that the high elevated
orography over southern Africa (including the Dra-
kensberg) influences the atmospheric circulation over
the South Atlantic (e.g., Richter and Mechoso 2004;
Potter et al. 2017). While the contributions of the
abovementioned terrain and SST to the diurnal cycle of
precipitation have been witnessed with in situ observa-
tions (e.g., Preston-Whyte 1970a,b; Tyson and Preston-
Whyte 1972), there are few studies with a state-of-the-art
numerical model, and a quantitative assessment has not
been given yet. This paper extends on previous studies by
Tyson and Preston-Whyte (1972), Rouault et al. (2013),
and Pohl et al. (2014). The aim of this paper is to provide a
more complete dynamical understanding of the diurnal
cycle of precipitation in this region. We hypothesize that
the characteristic lower-boundary conditions, such the
complex Drakensberg highland and sharp gradient of
warm SST due to the Agulhas Current, modulate the
diurnal variations in precipitation and in local circu-
lation systems over eastern South Africa.

Thus, the present study investigates the diurnal cycle
of precipitation in the austral summer season (November—
March) over eastern South Africa and associated
atmospheric dynamics by conducting sensitivity experi-
ments using a high-resolution state-of-the-art regional
climate model. This paper is structured as follows.
Section 2 provides the data and model utilized and
methodology for the analysis. We revisit the diurnal
cycle over the region and evaluate the model perfor-
mance in section 3. The results of sensitivity experi-
ments are given in section 4. Discussion and summary
are provided in section 5.
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2. Data and model
a. Observation and reanalysis

The 3-hourly and 0.25° X 0.25° grid resolution Tropical
Rainfall Measuring Mission (TRMM-3B42; Huffman
et al. 2007) is used for evaluation of the modeled pre-
cipitation. The 3-hourly temporal resolution provides
eight data points over 1 day, which is sufficient to enable
diagnosis of diurnal variability, and the 25-km reso-
lution resolves meso-alpha-scale diurnal features. The
6-hourly and 0.75° X 0.75° grid resolution ERA-Interim
(Dee et al. 2011) datasets are employed both for
characterizing the climatological state and as lateral
boundary conditions for the numerical experiments.
In addition, the data from the Famine Early Warning
Systems Network (FEWS NET) Land Data Assimi-
lation System (FLDAS; at 0.1° X 0.1° grid resolution)
are also used. This system is based on the Noah land
surface model (Chen and Dudhia 2001a,b), which is
forced by observed and reanalyzed meteorological
boundary conditions. More details can be seen in
McNally et al. (2017). Here, we use data from the five
summer seasons (November-March) from 2001 to
2005. There is considerable consistency between the
characteristics of the summer season diurnal cycle
from year to year (not shown), and this suggests that 5
years of summer season data are sufficient to charac-
terize the climatology.

b. Weather Research and Forecasting Model

1) CONFIGURATION OF WRF

The Advanced Research version of the Weather
Research and Forecasting (WRF) Model (WRF-ARW,
hereafter WRF; Skamarock et al. 2008), version 3.7.1, is
employed to investigate the diurnal cycle of precipita-
tion and associated dynamics over eastern South Africa.
The model domain (Fig. 1) covers the region of 43°-17°S
and 8°-52°E. The spatial resolution is 25km (172 X
117 grid cells) with 56 vertical eta-coordinate levels (one
terrain-following vertical coordinate; see http://glossary.
ametsoc.org/wiki/Eta_vertical_coordinate) with 22 levels
below n = 0.85 to represent the lower atmosphere in
more detail. The WRF Model is forced laterally by
6-hourly ERA-Interim and at the surface by the daily
Optimum Interpolation Sea Surface Temperature (OISST;
at 0.25° X 0.25° grid resolution; Reynolds et al. 2007). A
relaxation zone is implemented in the first four lateral
grid points to avoid discontinuity between forcing
data and the model. The simulation extends from
1 December 2000 to 1 January 2006. The first month is
considered as spinup, and only the remaining 5 years
are analyzed.
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The following physical schemes used in WRF are
the WRF single-moment 6-class microphysics scheme
(WSM6; Hong and Lim 2006) and the Yonsei University
parameterization for the planetary boundary layer
(PBL; Hong et al. 2006). The longwave and shortwave
radiative forcings are parameterized by the Rapid Ra-
diative Transfer Model (Mlawer et al. 1997) schemes.
We selected these schemes as they were used by Pohl
et al. (2014) to successfully simulate the diurnal cycle of
South African rainfall. Over land, the Noah land surface
model consisted of four layers of soil (Chen and Dudhia
2001a,b). For cumulus convective parameterization, we
use the Kain—Fritsch (KF; Kain 2004) scheme since we
found it to better represent the horizontal pattern of
precipitation associated with the Agulhas Current than
the other available convection schemes (not shown).

2) SENSITIVITY EXPERIMENTS

One control and two sensitivity experiments are petr-
formed in this study. The control experiment (referred
to as WRF-CTL) has the settings in section 2b(1). A first
sensitivity experiment is performed in which topography
of the Drakensberg is set to zero altitude, and land use is
identical to WRF-CTL (referred to as WRF-NODB). A
second sensitivity experiment is with smoothened SST
boundary conditions (referred to as WRF-SMTH). The
configuration of both sensitivity experiments is other-
wise identical to WRF-CTL. The SST is smoothened
by a spatial filter based on a nine-neighbor grid method
that is applied 100 times only around the Agulhas Cur-
rent. This method weakens the sharp SST gradients as-
sociated with the warm SST with the Agulhas Current,
but does not reduce the SST associated with the Agulhas
Current completely. The modified boundary conditions
for these sensitivity experiments are shown in Fig. 1.
Additional sensitivity experiments were performed to
investigate the sensitivity of the results to choices of
model and its physical parameterization (see the details
of experiments in section 4d).

3. Evaluation of WRF simulations
a. NDJFM-mean state

In this subsection, we evaluate the performance of the
WRF-CTL simulation in representing monthly mean of
precipitation and wind fields by comparing it to obser-
vations and reanalysis data. During the summer season,
most of the terrestrial precipitation is concentrated on
the eastern side of South Africa, and the western part of
South Africais arid (Fig. 2a). The marine precipitation is
largest over the Agulhas Current (e.g., Jury et al. 1993;
Nkwinkwa Njouodo et al. 2018) and extends to the south
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FIG. 1. (a) Simulation domain with topography, as used in WRF-CTL simulations. (b) As in (a), but for WRF-NODB (with no
Drakensberg). (c) Difference between (b) and (a). (d) Mean SST horizontal distribution in WRF-CTL simulations. (¢) As in (d), but
for WRF-SMTH (with smoothed Agulhas Current). (f) Difference between (e) and (d). Refer to text for more explanations on the

WREF sensitivity experiments.

Indian convergence zone (SICZ; e.g., Cook 2000). The
terrestrial precipitation is overestimated in particular
around the Drakensberg, but its distribution is in good
qualitative agreement with the observations (Fig. 2d).
The marine precipitation is quantitatively well repro-
duced by the model. The easterly surface wind to the
east of South Africa is linked to the Mascarene sub-
tropical high pressure system over the southern Indian
Ocean (Fig. 2a).

The wind pattern is also realistically modeled, but the
easterly component is overly strong (Fig. 2d). The obser-
vations show that the land surface hydrological variables
are closely associated with the terrestrial precipitation
(Figs. 2b,c): the soil moisture at the first layer and evap-
oration from the land surface are at maximum around the
Drakensberg. While the WRF-CTL simulates the pattern
of the terrestrial hydrological quantities qualitatively well,
the land surface is too wet (Fig. 2¢), and the evaporation is

too strong (Fig. 2f), compared to the reanalysis. Cosgrove
et al. (2003) and Chen et al. (2007) suggested that a long-
term spinup of 3—10 months is desirable for the land sur-
face processes in the land data assimilation system. Two
different climatologies of soil moisture at the first layer
(one is the same as Fig. 2e, and the other is climatology
excluding January-March 2001, meaning 1-yr spinup) are
estimated, and they are found to be nearly identical (not
shown). This indicates that the short spinup does not affect
the soil moisture climatology in our case. Moreover, these
evaluations are performed using the statistical methods
(summarized statistically in Table 1). As one of them, we
use the root-mean-square error (RMSE). Although the
terrestrial precipitation is very biased (2.712mmday "),
the geographical pattern is better represented (pattern
correlation is 0.78) than the marine precipitation
(0.68 pattern correlation). The 10-m horizontal wind is
well represented in terms of its distribution (pattern
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FIG. 2. Austral summer season (NDJFM, 2001-05) mean climatology (top) from the TRMM-3B42 and FLDAS (a) precipitation and
10-m wind, (b) soil moisture at the first layer, and (c) evaporation, and (bottom) from the WRF-CTL (d) precipitation and 10-m wind,

(e) soil moisture at the first layer, and (f) evaporation.

correlations are 0.94 and 0.95 for zonal and meridional
winds, respectively). The domain for these statistical
calculations is 40°-20°S and 20°-40°E and excludes the
one grid for forcing and four grids for relaxation with the
lateral boundary conditions. However, note that the inner
domain of the model is still influenced by the lateral
boundary condition (Crétat et al. 2011), and the statis-
tics—in particular, 10-m wind—might include the effects
of the lateral boundary condition. On the other hand,
the precipitation can be less dependent on the lateral
boundary condition since its behavior is determined
strongly by the cumulus scheme.

TABLE 1. Statistical values of RMSE and pattern correla-
tion for WRF-CTL evaluation. The domain covers 40°-20°S and
20°-40°E.

Pattern
RMSE correlation

Terrestrial precipitation 2.712 (mmday ) 0.7790
Marine precipitation 0.5394 (mm day ") 0.6834
Soil moisture 0.086 (m*> m®) 0.8397
Evaporation 1.357 X 107> (kgm ™ 2s™')  0.8646
10-m zonal wind 0.7374 (ms™1) 0.9432
10-m meridional wind 0.5521 (ms™') 0.9475

b. Observed and modeled diurnal cycle

The diurnal variation of precipitation in this region has
been overviewed by Rouault et al. (2013) and Pohl et al.
(2014). Here, we revisit the diurnal cycle in precipitation,
paying more attention to the local circulation.

Figure 3 gives 3-hourly observed precipitation from
TRMM-3B42 and 6-hourly daily residual component
of 10-m winds of ERA-Interim at local standard time
(LST). The LST (UTC + 2h) is used in our analysis
hereafter. The daily residual component is calculated by

M

where the overbar and prime denote daily mean and
daily residual components of 10-m winds, and ¢ is the
time step of the data. To keep the raw information of
ERA-Interim, no interpolation is employed for 6-hourly
winds to have 3-hourly winds.

Between 0200-0500 and 1100-1400 LST (midnight to
early afternoon), a main cluster of precipitation is domi-
nant over the ocean along the Agulhas Current, and the
daily residual wind is offshore and downhill. The daily
residual wind is divergent around the Drakensberg. This
daily residual surface wind pattern is indicative of a

(@) =u)-u and V(t)=v(r)-7,
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FI1G. 3. (a)—(h) Austral summer season (NDJFM, 2001-05) mean climatology of 3-hourly precipitation from TRMM 3B42 (color) and
the 6-hourly diurnal residual components of 10-m wind from daily means of ERA-Interim (vectors). (i) and (j) Local time for maximum
and minimum rainfall during the summer season at each grid. (k) Rainfall amplitude between maximum and minimum.

land-/mountain-breeze circulation that generates con-
vergence (not shown) and associated precipitation over
the ocean. On the other hand, at 1400-1700 LST, ter-
restrial precipitation becomes enhanced around the
Drakensberg and nearby coastal regions, and there is
onshore daily residual surface wind (suggesting the
sea-/valley-breeze circulation). Consequently, there is
strong daily residual surface wind convergence over

the terrain. Between 1700-2000 and 2000-2300 LST,
precipitation is still vigorous over the land, and marine
precipitation strengthens close to the eastern coast. In
particular, at 20002300 LST, there is a certain change in
the local daily residual circulation: while the onshore land
breeze still exists (although it is weakened, compared to
that at 1400-1700 LST), the uphill winds almost disappear.
At2300-0200 LST, the cluster of precipitation moves more
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offshore. The period from 2000-2300 to 2300-0200 LST
is a regime transition from the terrestrial to marine
precipitation. These sea-/land-breeze circulations are con-
sistent with the well-established nature of the local winds
observed by Tyson and Preston-Whyte (1972).

Figures 3i-k present the local standard time of maxi-
mum and minimum precipitation at each grid point
and the amplitude of precipitation (defined as the dif-
ference between precipitation at maximum and mini-
mum) for the observation. Over most of the land, the
observed maximum time is 1700-2000 LST. Over the
coastal sea, the observed maximum time is approxi-
mately between 2300-0200 and 0200-0500 LST (Fig. 3i),
and the observed minimum time is early to late morning
(0500-0800 to 0800-1100 LST; Fig. 3j) over the land. As
shown in Fig. 3k, the diurnal amplitude of precipitation
is quite large around the Drakensberg and is moderate over
the Agulhas Current in the observations. Both maximum
and minimum times over the open Indian Ocean look
patchy. This can be because the open ocean is far from the
landmass of the African continent, and the marine pre-
cipitation is not generated mainly by the diurnal cycle over
the open ocean where the diurnal amplitude is small.

Basically, the WRF-CTL is able to simulate the
diurnal variation in the precipitation and local daily
residual flow, as shown in Figs. 4a—h. However,
the WRF-CTL overestimates terrestrial precipitation
(Fig. 2). The divergence is created by local residual
flows; nevertheless, some rainfall is still simulated
over the land even during night and morning times
(0200-0500 to 0800-1100 LST). Terrestrial precipi-
tation at 1100-1400 LST is vigorous in WRF-CTL, but
there is little observed terrestrial precipitation at
this time of day (see Fig. 3d), and the simulated peak
time of terrestrial precipitation is at 1400-1700 LST,
which is earlier than the observations. The poor com-
bination of physical schemes might cause such errors
(e.g., Pohl et al. 2014). In this study, the Kain—Fritsch
scheme is selected because it better represents the narrow
precipitation band associated with the Agulhas Current,
as compared to the Betts—Miller—Janji¢ (Janji¢ 1994) and
Grell-Freitas (Grell and Freitas 2014) schemes available
in WRF (not shown). Additionally, this is a common issue
of early triggering in the WRF simulation and other re-
gional climate modeling (e.g., Nikulin et al. 2012; Pohl
et al. 2014; Bhatt et al. 2016). However, the transition of
regime from sea breeze to land breeze is well reproduced
(Figs. 4g,h). More details of the local sea-/land-breeze
system will be given in section 4b. As Figs. 4i-k show,
while the simulated maximum and minimum times are
mostly 3h earlier than the observation, and the diurnal
amplitude of precipitation is too strong around the
Drakensberg, their horizontal distributions are better
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captured, particularly over the land. Contrastingly, the
amplitude over the Agulhas Current is well simulated in
WRF-CTL.

As the Drakensberg is a complex terrain with steep
gradient, the daily residual circulation can be influenced
by the topography gradient as mountain—valley breeze
circulation (in the WRF grid, the maximum gradient is
about 0.025mm ™' around the top of the Drakensberg).
Here, we assess the topography—circulation interaction.
To associate the daily residual winds with the topogra-
phy gradient, a dot production P between the topogra-
phy gradient vector G and the daily residual wind vector
U is estimated as

P()=G-U=(Z.Z,) [W(®).V(1)] = |G|[Ucosa. (2)

Here, Z is the topography height, and its subscripts de-
note horizontal differentiation. Parameter « is an angle
between vectors G and U. During the morning (0200—
0500 to 0500-0800 LST), the dot production is highly
negative around the Drakensberg in WRF-CTL (Fig. 5).
This negative value indicates that the daily residual
winds blow in the opposite direction (7/2 < a = ) of the
topography gradient. That is, the circulation is associ-
ated with downhill mountain breeze. At 0800-1100 LST,
there is a mixture of negative and positive values, in-
dicating the transition phase from onshore to offshore
winds. On the other hand, during the afternoon to
evening (1100-1400 to 1400-1700 LST), the dot pro-
duction turns positive, suggesting that the local daily
residual winds flow in the same direction (0 <« < 7/2)
as the topography gradient. These winds are uphill and
represent a valley-breeze circulation that enhances cu-
mulus convection over the topographic region. At 1700—
2000 LST, two phases of onshore and offshore winds
appear again. From 2000-2300 to 2300-0200 LST, there
is a reversal of the sign from the positive to the negative
dot product, indicating the transition of valley- to
mountain-breeze circulation. Tyson (1968a,b) indicated
that the Drakensberg drives the daytime uphill and
nocturnal downhill local winds, and our simulation
shows consistent results.

4. Results of sensitivity experiments

In the previous section, we revisited the summer diurnal
cycle of precipitation over eastern South Africa and
showed that the WRF-CTL simulates the diurnal varia-
tion in the precipitation and local daily residual circula-
tion. In this section, we compare the results of sensitivity
experiments of WRF-NODB and WRF-SMTH (see
section 2) with the WRF-CTL to explore how the diurnal
cycle of precipitation and local daily residual circulation is
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FIG. 4. As in Fig. 3, but for WRF-CTL simulation with the 3-hourly residuals from daily mean10-m wind.

modulated by the Drakensberg and SST gradients asso-
ciated with the Agulhas Current, respectively.

a. NDJFM-mean state in the sensitivity experiments

Before analyzing the diurnal cycle, we investigate the
impact of changed boundary condition on NDJFM-mean
precipitation (Fig. 6). Eliminating the Drakensberg from
the terrain boundary condition (WRF-NODB) drastically
suppresses the terrestrial precipitation around the moun-
tains (Figs. 6a,b). This indicates that the terrestrial

precipitation over highland South Africa is triggered
significantly by the Drakensberg (approximately 75%
due to cumulus convection and 25% due to large-scale
condensation; not shown). Interestingly, WRF-NODM
simulates a large decrease in marine precipitation over the
ocean from the Agulhas Current to the SICZ (36°-32°S,
32°-38°E). An anomalous anticlockwise circulation is
generated around South Africa in WRF-NODB, and
there are anomalous high sea level pressure and high
geopotential heights over the SICZ (not shown). These
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high pressure anomalies will act to suppress the con-
vection over the SICZ. On the other hand, the terrestrial
precipitation west of the Drakensberg (southwestern
South Africa) is enhanced in the WRF-NODB. This
interesting feature is demonstrated in our other research
(Koseki and Demissie 2018). Previous studies have
shown that the southern African topographies, including
the Drakensberg, have an important impact on the
large-scale atmospheric circulation and marine strato-
cumulus formation over the southern Atlantic (e.g.,
Richter and Mechoso 2004; Potter et al. 2017).
Smoothing the SST associated with the Agulhas Current
(WRF-SMTH) reduces marine precipitation along the
Agulhas Current (Figs. 6¢,d), compared to WRF-CTL, al-
though its significance is limited along the coast. According
to Nkwinkwa Njouodo et al. (2018), the warm SST due to
the Agulhas Current enhances the low-level convergence
and, consequently, the precipitation. While they focus on
the annual mean, the marine precipitation in summer is also
reduced by as much as 40% along the Agulhas Current in
the WRF-SMTH. The terrestrial precipitation is also
weakened over the coastal region, but significance is weak.
Table 2 summarizes the statistics of precipitation differ-
ence between WRF-CTL and the sensitivity experiments.
The horizontal distribution of the precipitation is highly

modulated over the land and ocean in WRF-NODB,
compared to WRF-CTL.: the terrestrial precipitation loses
most of the realistic horizontal distribution in the absence of
the Drakensberg, and the pattern correlation between the
runs is only 0.23. The distribution of marine precipitation is
also modestly affected, with the pattern correlation of 0.63
between the runs. On the other hand, in WRF-SMTH, both
terrestrial and marine precipitations maintain similar hori-
zontal distributions to those in WRF-CTL (with pattern
correlations of more than 0.90).

b. Diurnal cycle in the WRF-NODB

The NDJFM-mean precipitation (Fig. 6a) is divided
into 3-hourly precipitation with the local daily residual
10-m winds (Fig. 7). A diurnal variation in precipitation is
still generated in the WRF-NODB, but it differs re-
markably from that in the WRF-CTL: during midnight to
morning (from 0200-0500 to 0800-1100 LST), the coastal
maritime precipitation is obviously reduced with respect
to that in the WRF-CTL, in particular from 32° to 28°S,
where the NDJFM-mean precipitation is reduced largely
(see Figs. 4a—c and 7a—c). The precipitation around the
Drakensberg almost disappears during this time period.
At 1100-1400 LST, its terrestrial precipitation begins to
develop in the WRF-NODB as in the WRF-CTL, but it
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is concentrated only on the coastal region (Fig. 7d). At
1400-1700 LST, when the terrestrial precipitation reaches
the maximum in the WRF-CTL, the precipitation pro-
duced by the WRF-NODB is also maximized over the
land, but its distribution is still anchored over the coastal
region. At 1700-2000 LST, the coastal precipitation is
diminished. From 2000-2300 to 2300-0200 LST, the ma-
rine precipitation is generated again along the Agulhas
Current (only around 34°S).

A corresponding local daily residual circulation is still
detected in the WRF-NODB. In particular, the offshore
land breeze is well formed at 0500-0800 LST when

marine precipitation is intense. This offshore residual
wind changes to onshore sea-breeze regime at 1100—
1400 LST, associated with terrestrial precipitation.
While at 1400-1700 LST, the onshore breeze front shifts
more inward, the strong uphill valley breeze (which is
seen in the WRF-CTL in Fig. 4) almost vanishes inland
because of the absence of the Drakensberg highland. As
a consequence, the terrestrial precipitation concentrates
only along the coastal region. During midnight to early
morning, the offshore land-breeze daily residual circu-
lations are weak (Fig. 7h), in agreement with the unclear
propagation of the precipitation cluster (Figs. 7g,h).
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TABLE 2. Statistical value of pattern correlation between WRF-
CTL and sensitivity experiments. The domain covers 40°-20°S and
20°-40°E.

Pattern
RMSE correlation

Terrestrial precipitation 2.9767 (mm day ') 0.2314
(NODB)

Marine precipitation 0.8788 (mm day ') 0.6255
(NODB)

Terrestrial precipitation 0.6869 (mm day ') 0.9778
(SMTH)

Marine precipitation 0.5254 (mm day ') 0.9167
(SMTH)

The difference in the properties of local residual
winds along the coastal region is more quantitatively
systemized in Fig. 8a. The area-averaged 10-m re-
sidual wind speed at each local time U(¢) is calcu-

lated as
U(1) =\ (0 +v(e),

®)
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where () = %Zu’(t), and v(f)= éZv’(t); 4)

S is a total number of grid cells as shown in Fig. 8c. Since
the grid spacing of WREF is 25 km everywhere, the con-
tribution of area at each grid cell is equal. The quantities
with a prime are the daily residual component defined
by Eq. (1) at each grid point. Similarly, the area-
averaged deflection angle of the 10-m daily residual
winds ®(¢) is estimated by

V(1)
(1)

P(r) = arctan[ ] and 0<®P()<2m. (5)

In the WRF-CTL (filled circle), the strong daily re-
sidual offshore surface flow (up to 1.5-2.0ms™ ')
dominates from 2300-0200 to 0500-0800 LST with an
angle of 57/3 rad. The marine precipitation over the
Agulhas Current is enhanced at these time periods, as
shown in Fig. 4. During morning (0500-0800 LST) to
early afternoon (0800-1100 LST), the daily residual
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FIG. 7. As in Figs. 4a-h, but for WRF-NODB simulation.
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wind turns to an onshore breeze, changing its direction
drastically to an angle of 57/6 rad. The onshore breeze
is maximized at 1100-1400 to 1400-1700 LST when the
terrestrial precipitation also reaches the peak (see
Fig. 4). At 1700-2000 LST, the onshore flow is weak-
ened and shifts to the offshore flow at 2000-2300 LST,
again resulting in the propagation of the precipitation
cluster from the land to the ocean. Because the grid
points selected for this analysis contain a part of the
Drakensberg, the onshore (offshore) flow can be a

mixture of sea- and valley- (land and mountain) breeze
circulations.

On the other hand, in the WRF-NODB (filled
squares), the midnight-to-morning residual local flow is
relatively weak (up to 1.2ms ') at 2300-0200 to 0200—
0500 LST. This weaker offshore breeze appears to be
linked to less marine precipitation along the Agulhas
Current in the WRF-NODB, compared to WRF-CTL
(Figs. 7a,b). At 0500-0800 LST, the land breeze in the
WRF-NODB becomes almost identical to that in the
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WRF-CTL in terms of its intensity, but the meridional
component is stronger in the WRF-NODB. At 0800-
1100 LST, the daily residual offshore land breeze is
still predominant (1.0ms ™ '), while the residual surface
wind switches completely to the onshore flow in the
WRF-CTL. The shift in the direction of residual wind
occurs at 1100-1400 LST in the WRF-NODB, while the
zonal component is almost zero. But, interestingly, the
offshore breeze in the WRF-NODB is amplified to
more than 2.0ms ' at 1400-1700 LST and is almost
equal to that in the WRF-CTL. During evening to night-
time (1700-2000 to 2000-2300 LST), the daily residual
onshore breeze is gradually weakened in the WRF-NODB,
but there is no clear regime transition from the onshore
to offshore breezes during midnight to early morning, as
found in the WRF-CTL.

Over the Agulhas Current, in WRF-CTL, the diurnal
variations in the local winds are almost identical to those
over the coastal region, as shown in Fig. 8b. There is a clear
change in the regime between onshore and offshore bree-
zes while its intensity is relatively weak (up to 1.7ms ™' at
1400-1700 LST). On the other hand, in WRF-NODB, al-
though the shift from onshore to offshore breeze can be
still seen, the meridional component is largely dominant,
compared to that in WRF-CTL. Another modification is
that there is a delay of the diurnal variation in local
winds in WRF-NODB. For instance, while the strongest
onshore wind is at 1400-1700 LST in WRF-CTL, it
occurs at 1700-2000 LST in WRF-NODB. A similar
delay is detected in the regime of offshore breeze as well
(at 0200-0800 LST in WRF-CTL and at 0500-1100 LST
in WRF-SMTH in Figs. 8a,b).

c¢. Diurnal cycle in the WRF-SMTH

Figure 9 gives the difference in 3-hourly precipitation
between the WRF-SMTH and WRF-CTL. From 0200-
0500 to 0800-1100 LST, the significant reduction in
precipitation is detected over the coastal sea along
the Agulhas Current. On the other hand, the terrestrial
precipitation over the coastal region is more effectively
reduced from 1100-1400 to 1700-2000 LST (afternoon
to evening), but its significance is quite weak. Again, the
marine rainfall is more diminished from 2000-2300 to
2300-0200 LST with some significance. This cycle seems
to be consistent with the cycle of sea- and land-breeze
circulation. As shown in Fig. 10a, the WRF-SMTH
simulates quite an identical diurnal variation in residual
surface winds to that in the WRF-CTL. This suggests
that the warm SST associated with the Agulhas Current
is not a main driver of the daily varying local circulation.

The difference in the latent heat flux is presented in
Fig. 10b. Since in the WRF-SMTH, the smoothing cools
the warm SST associated with the Agulhas Current, the

KOSEKI ET AL.

4351

atmospheric gain of the water vapor is reduced in the
WRF-SMTH. At largest, 30% of the latent heat flux is
reduced in the WRF-SMTH along the Agulhas Current.
Nkwinkwa Njouodo et al. (2018) showed that the low-
level convergence and associated coastal marine pre-
cipitation are enhanced by the warm SST due to
the Agulhas Current with the same results of WRF
simulations. During the night and morning (0200-0500 to
0800-1100 LST), the low-level convergence is weakened
along the Agulhas Current (not shown). This conver-
gence is associated with the collision of offshore land
breeze and onshore background wind. This alleviation of
the convergence is attributed to less marine precipitation
during the night and morning (Fig. 9). On the other hand,
during the daytime, the weakened low-level convergence
along the Agulhas Current may not affect the onshore
sea-breeze front over the land and terrain.

d. Sensitivity to choices of model version and physical
scheme

The previous subsection showed that the Drakensberg
is a major player for forming precipitation and its di-
urnal variation, while the sharp SST gradient of the
Agulhas Current has a secondary importance for the
region. As previous studies demonstrated (Pohl et al.
2014; Mooney et al. 2017), the simulation of precipita-
tion (over South Africa and the United States) is de-
pendent on the cumulus convection scheme. Thus,
altering the latter could modify our conclusions based
on a unique physical package. Therefore, in this section,
we perform sensitivity experiments to address the scheme
dependency of our results. In addition, as the WREF sys-
tem is an open source, frequently updated model, we
explore the version dependency as well.

Additional experiments are performed with version
3.9.1 of WREF and three different cumulus convection
schemes: Kain-Fritsch (KF; Kain 2004), Betts—Miller—
Janji¢ (BMJ; Janji¢ 1994), and Grell-Freitas (GF; Grell
and Freitas 2014). All other settings in the model and
experimental setup are identical to those in WRF-CTL
[see section 2b(1)]. Two experiments, one with and one
without the Drakensberg, are performed with each
convective scheme. Each experiment is integrated from
1 December 2000 to 1 April 2002, and we analyze the
results of November—March in 2001/02 (after a 1-yr-long
spinup period). Because the sharp SST gradient associ-
ated with the Agulhas Current plays a relatively minor
role for the precipitation (see sections 4b and 4c), we do
not further address its role in this section.

Results are summarized in Table 3. We use the data
of NDJFM in 2001/02 for WRF version 3.7.1 with KF
from WRF-CTL (hereafter, KF-3.7.1). Between the
two versions of WRF with KF, the simulated rainfall
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and its response to the Drakensberg is approximately
equal around the Drakensberg and over the Agulhas
Current, implying that the effects of topography are not
sensitive to the model version as long as the cumulus
scheme is identical (there are some improvements of
other physical schemes; for details, see https://www.
mmm.ucar.edu/wrf-release-information). In contrast,
the response of rainfall to the flattened land surface shows
some scheme dependency. The terrestrial rainfall around
the Drakensberg is reduced significantly in BMJ and GF,
although its reduction rate is slightly less than that in KF
(—69.35/—67.74, —64.85, and —63.98% for KF-3.7.1/KF,
BMJ, and GF, respectively). This result suggests our as-
sessment of the Drakensberg impact on the land pre-
cipitation is robust. Interestingly, marine rainfall over the
Agulhas Current is less sensitive to the presence of the
Drakensberg in BMJ and GF (—42.28/—46.23, —36.30,
and —29.55% for KF-3.7.1/KF, BMJ, and GF, respectively).
It can be argued that the choice of cumulus convection
needs to be paid more attention for the simulation of ma-
rine precipitation. On the other hand, the horizontal pattern
of precipitation response to no topography in each experi-
ment is approximately similar to that of Fig. 6b (not shown),

thereby suggesting that the first-order influence of the
Drakensberg is independent of the cumulus scheme.

Since Pohl et al. (2014) have already done a detailed
investigation on physics dependency of the rainfall and its
diurnal cycle, this study does not investigate the sensi-
tivity of diurnal cycle with different cumulus schemes. On
the other hand, correspondingly to the results of Table 3,
the daytime (evening-nighttime) precipitation around the
Drakensberg (over the Agulhas Current) is reduced
similarly in each sensitivity experiment (not shown). This
assessment can make the results of the comparison be-
tween WRF-CTL and WRF-NODB more robust.

5. Summary and discussion

In this study, the summertime diurnal variations in
precipitation and local circulation over eastern South
Africa are investigated using observed datasets and
WRF Model simulations. In particular, we explore the
possible roles of the two components of the lower-
boundary conditions for the diurnal cycle: a complex
topography of the Drakensberg and a sharp warm SST
front due to the Agulhas Current. Figure 11 summarizes
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the results of a series of numerical simulations throughout
this study.

a. Capability of the WRF to reproduce the climate

The WRF’s benchmark simulation (WRF-CTL) is
able to represent the observed hydrometeorological
climates in the region reasonably well, although terres-
trial precipitation is overestimated, particularly around
the Drakensberg (Figs. 11b,c). While the diurnal varia-
tions in precipitation and daily residual breeze systems
are also reasonably reproduced, the timing of maximum
terrestrial precipitation is simulated slightly earlier
(1400-1700 LST) than in the observations (1700-2000
LST; Figs. 11b,c). This is a common problem for pre-
cipitation in regional climate modeling (e.g., Nikulin
et al. 2012; Pohl et al. 2014). On the other hand, the
marine precipitation over the Agulhas Current (Fig. 11d)

is better reproduced in terms of amount in spite of slightly
delayed timing of precipitation maximum (2300-0200
LST in WRF-CTL and 2000-2300 LST in observation).
These variations in precipitations are associated with the
daily residual local circulations: when the terrestrial
(marine) precipitation is dominant, the onshore and uphill
(offshore and downhill) breeze systems are formed around
the Drakensberg and coastal South Africa. Although the
amplitude of diurnal variation is quite small over the open
ocean (Fig. 5), the SICZ precipitation is slightly large
during midnight to morning. WRF-CTL represents the
SICZ quite well (Fig. 11e).

b. Roles of lower-boundary conditions for diurnal
variations

The sensitivity experiments with WRF have eluci-
dated that the Drakensberg is important, but the SST is

TABLE 3. NDJFM-mean rainfall in 2001/02 averaged around the Drakensberg and over the Agulhas Current for each sensitivity ex-
periment of model and physics choice. Averaging area of the Drakensberg and Agulhas Current is given in Fig. 11a.

Kain-Fritsch (v3.7.1)

Kain-Fritsch (v3.9.1) Betts-Miller—Janji¢ Grell-Freitas

(a) Rainfall (mm day ') around the 7.515 7.368 5.592 6.974
Drakensberg

(b) Rainfall (mm day ') around the 2.303 2.377 1.966 2.512
Drakensberg (no topography)

(c) 100 X [(b)—(a)]/(a)(%) -69.35 —67.74 —64.85 ~63.98

(d) Rainfall (mm day ') over the Agulhas 3.817 3.807 2.788 4.322

(e) Rainfall (mm day ') over the Agulhas 2.203 2.047 1.776 3.045
(no topography)

(f) 100 X [(e)=(d)]/(d)(%) —42.28 —46.23 -36.30 —29.55
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not for the diurnal variations in this region. Most out-
standingly, the terrestrial precipitation is reduced in
WRF-NODB, and its amplitude of diurnal variation is
largely weakened (Figs. 11f,g). In the absence of the
Drakensberg, the daily residual onshore and uphill local
breeze is also weakened, and, consequently, the terrestrial
precipitation is diminished. In particular, because the
daily residual breeze is well associated with the topo-
graphic gradient of the Drakensberg (Fig. 5), the uphill
valley breeze is not driven without the Drakensberg,
although the sea-breeze circulation is still alive with
some modulations in direction and intensity (Figs. 7 and 8).
Furthermore, since there is no orographic uplifting ef-
fect around the Drakensberg in WRF-NODB, the day-
time precipitation over the land is largely diminished.
Interestingly, the marine precipitation and its diurnal
variation are also damped in WRF-NODB (Fig. 11h).
The nocturnal precipitation is reduced to about 50% of
that in WRF-CTL, while the daytime precipitation is
reduced modestly. This result can be linked to the

weakened offshore and downhill breeze systems during
midnight to morning (Figs. 7 and 8). Because the daily
mean background wind is generally easterly associated
with the Mascarene high pressure (Fig. 2d), the offshore
breeze collides with the easterly, and, consequently, the
convergence is enhanced along the coast. Without the
Drakensberg, the background wind is more easterly due
to the cyclonic anomaly (see Fig. S1 in the online sup-
plemental material). However, the daily residual wind
during midnight to early morning is quite weak, and its
direction is easterly (2300-0200 and 0200-0500 LST)
and almost southward (0500-0800 LST) when the
westerly offshore land breezes are predominant in
WREF-CTL (Figs. 4, 7, 8a,b). Under such conditions, the
convergence may not be formed effectively. Therefore,
the coastal precipitation is suppressed, especially during
these periods (Fig. 11h). In addition, the absence of the
Drakensberg forces the larger-scale high SLP and lower-
tropospheric geopotential height anomaly over eastern
South Africa to the south Indian Ocean (see Fig. S2 in the
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supplemental material). This anomaly can also inhibit
cumulus convection and associated precipitation over the
ocean. In particular, the precipitation in the SICZ is re-
duced, as shown in Fig. 11i.

On the other hand, the warm SST due to the Agulhas
Current does not affect the inland precipitation and its di-
urnal variation around the Drakensberg (Fig. 11f). This is
because the onshore and uphill breezes are not influenced
by the warm SST along the eastern coast of South Africa
(Figs. 9 and 10a). Conversely, the coastal precipitation over
the land and ocean is reduced, and its amount of reduction is
roughly identical throughout a day (Figs. 11g,h). While the
narrow band of warm SST due to the Agulhas Current is not
of importance for regulating the local diurnal cycle, the
warm SST supplies the water vapor effectively (e.g.,
Nkwinkwa Njouodo et al. 2018; Fig. 10b) and helps the
precipitation to be enhanced along the coastal region (e.g.,
Jury et al. 1993; Rouault et al. 2013; Nkwinkwa Njouodo
et al. 2018). These lower-boundary conditions influence
not only surface precipitation, but also the troposphere
(not shown). Corresponding to larger changes in the pre-
cipitation, WRF-NODB shows the larger anomaly in the
tropospheric geopotential height than in WRF-SMTH. Es-
pecially, the Drakensberg plays a role for large-scale at-
mospheric circulation (e.g., Potter et al. 2017). The impacts
of the Drakensberg on the continental-scale climate are
investigated in our other study (Koseki and Demissie 2018).

This study has revealed that the Drakensberg plays a
crucial role for local weather systems, and, additionally,
synoptic-scale atmospheric circulation is modified by the
Drakensberg over the south Indian Ocean. For further
investigations, there is a need to understand more
deeply how the Drakensberg influences the subtropical
climate over the south Indian Ocean in terms of for-
mation of low-level stratocumulus and the intertropical
convergence zone, as Richter and Mechoso (2004) and
Potter et al. (2017) have done research over the southern
Atlantic Ocean. On the other hand, while the response
of the terrestrial rainfall to the topography is rather
robust with respect to the three different convection
schemes tested here, the response of the marine rainfall
over the Agulhas Current is more scheme dependent.
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