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Abstract The capability of a current state-of-the-art
regional climate model for simulating the diurnal and
annual cycles of rainfall over a complex subtropical region
is documented here. Hourly rainfall is simulated over
Southern Africa for 1998-2006 by the non-hydrostatic
model weather research and forecasting (WRF), and
compared to a network of 103 stations covering South
Africa. We used five simulations, four of which consist of
different parameterizations for atmospheric convection at a
0.5 x 0.5° resolution, performed to test the physic-depen-
dency of the results. The fifth experiment uses explicit
convection over tropical South Africa at a 1/30° resolution.
WREF simulates realistic mean rainfall fields, albeit wet
biases over tropical Africa. The model mean biases are
strongly modulated by the convective scheme used for the
simulations. The annual cycle of rainfall is well simulated
over South Africa, mostly influenced by tropical summer
rainfall except in the Western Cape region experiencing
winter rainfall. The diurnal cycle shows a timing bias, with
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atmospheric convection occurring too early in the after-
noon, and causing too abundant rainfall. This result, par-
ticularly true in summer over the northeastern part of the
country, is weakly physic-dependent. Cloud-resolving
simulations do not clearly reduce the diurnal cycle biases.
In the end, the rainfall overestimations appear to be mostly
imputable to the afternoon hours of the austral summer
rainy season, i.e., the periods during which convective
activity is intense over the region.

Keywords Regional climate modeling - Rainfall -
Diurnal cycle - Annual cycle - Atmospheric convection -
South Africa

1 Introduction

Due to its subtropical location, its marked topography and
the influence of two contrasted ocean currents, South
Africa experiences a complex climate, under the influence
of both tropical convection and mid-latitude dynamics.
These particularities imply that spatial and temporal dis-
tribution of rainfall develops small-scale features that are
generally not well represented by coarse-resolution general
circulation models (GCM). Yet, predicting rainfall (in time
and space) is of primary importance for the region, due to
the predominance of rain-fed agriculture. The semi-arid
conditions over most parts of the country make water
resource a limiting factor for agronomic yields: large
departures in the seasonal rainfall amounts (either drought
or floods) can have particularly detrimental effects on the
economies and societies of the region (Mason and Jury
1997; Reason and Jagadheesha 2005).

In recent years, many studies used this fine-resolution
regional climate models (RCM) to investigate climate
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variability or predictability over Southern Africa, allowing
for a more detailed regionalization (e.g., Joubert et al.
1999; Engelbrecht et al. 2002; Tadross et al. 2006; Kgatuke
et al. 2008; Williams et al. 2010; Crétat et al. 2011; Ratnam
et al. 2012; Vigaud et al. 2012). Even though all ranges of
climate variability are not realistically reproduced (Boulard
et al. 2013) and uncertainties due to the model physics and/
or internal variability are strong (Crétat et al. 2012; Crétat
and Pohl 2012; Ratna et al. 2013), these works contributed
to show that RCM are indeed more efficient than GCM to
take into account rainfall anisotropy and local to regional
climate properties.

Both the diurnal and annual cycles, i.e., the two “nat-
ural” cycles forced by insolation, show some spatial
complexity over the region. On the one hand, the clima-
tology of South African rainfall is well documented. The
southwestern tip of the country experiences dominant
austral winter rainfall, mostly due to mid-latitude influ-
ence; further east along the South Coast wet conditions
prevail throughout the year, in line with local effects of the
warm Agulhas Current system (e.g., Rouault et al. 2002,
2003) and of the orography. The northwestern part of South
Africa is more arid, at the periphery of the Kalahari/Namib
Desert, forming a strong zonal gradient with the eastern
and northeastern regions, where summer rainfall is pre-
valent due to an increasing influence of deep tropical
convective processes. On the other hand, the diurnal cycle
of rainfall was recently shown to be equally complex
(Rouault et al. 2013), with distinct behaviors (timing and
amplitude) between the hinterland and the coastal regions
submitted to oceanic influence. Due to their spatial heter-
ogeneity, and their strong association with surface condi-
tions, such features of the South African climate require
high-resolution climate simulations to be properly captured
by climate models. Yet, to date, no study attempted to
evaluate how they can be simulated at fine spatial and
temporal scales, a gap that the present work aims to fill.

Previous work showed that numerical climate models
(either global or regional) often produce satisfactory sea-
sonal cycles of rainfall, but are less efficient to reproduce
the intrinsic properties of the diurnal cycle, especially
where convective rainfall predominate. Over the western
Amazonia basin, Betts and Jakob (2002) found that pre-
cipitation start a few hours too early in the ECMWF model,
because their model does not simulate well the morning
growth of the non-precipitating convective boundary layer.
Over the United States, Dai et al. (1999) obtained too weak
diurnal cycles of rainfall using the RegCM regional model
parameterized with three different convective schemes,
partly due to too much cloudiness and too weak criteria
used to initiate convection, hereby causing the convection
to occur too early and explaining the overestimation
(underestimation) of precipitation frequency (intensity). At
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the global scale, Dai and Trenberth (2004) show that the
CCSM2 GCM simulates a too large contribution of con-
vective rainfall to total amounts. They stress that convec-
tive activity is also initiated too early in their model,
preventing convective available potential energy from
accumulating and resulting thus in too weak convection in
the afternoon. More recently, over eastern Australia, Evans
and Westra (2012) showed that the WRF model does a
rather good job for simulating the diurnal cycle of rainfall.
Its spatial variability was accurately simulated, but its
amplitude was overestimated during the warm season.
They obtained also rather realistic amounts and timing of
rainfall peaks (in spite of too many simulated rainy days of
too low intensity). This issue has also been addressed
recently in the framework of the CORDEX-Africa regional
modeling exercise. Although most models accurately suc-
ceed at simulating the annual cycle of rainfall at the con-
tinental scales (Hernandez-Diaz et al. 2013; Nikulin et al.
2012), current RCM were shown to have some difficulties
at simulating the diurnal cycle, which are mostly attribut-
able to convective parameterizations (Nikulin et al. 2012).
However, the RCM using KF convection seems to simulate
more realistic diurnal cycles (ibid.).

Motivated by these results, the aim of the present study
is twofold:

e explore how the seasonal and diurnal cycles of rainfall
are simulated by a current state-of-the-art non-hydro-
static RCM over South Africa;

e assess the sensitivity of the results to the horizontal
resolution and to the representation of atmospheric
convection, by considering successively three parame-
terizations and by resolving atmospheric processes
explicitly over a targeted area.

This work is also a good opportunity to reinvestigate the
model biases over the region in more detail than former
modeling studies, that did not document how the model
errors are distributed in time and space (i.e., in which
months or hours of the day largest biases are concentrated:
Crétat et al. 2012, Ratnam et al. 2012) and mostly con-
sidered the only austral summer rainy season (Vigaud et al.
2012; Boulard et al. 2013). Over South Africa, such eval-
uation is made possible by a relatively dense network of
rain-gauge stations available at the hourly timescale over a
10-year period.

This paper is organized as follows. Section 2 presents
the observational datasets used to evaluate model outputs,
as well as the model used for this work and the associated
experimental set-up. Section 3 presents the model mean
biases and its skill for simulating the annual and diurnal
cycles, as well as the physic-dependency and sensitivity to
the spatial resolutions. Main results are then summarized
and discussed in Sect. 4.
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Fig. 1 Simulation domain, map
of the rain gauge records
available over South Africa
(black circles) and regional
domains used to calculate the
rainfall indices (Northeast: blue 16°S
box; Northern Cape: green box;

Western Cape: red box; South

Coast: black box). The dashed

grey rectangles show the nested 24°S
domains used for the N3
experiment, with the domain
names labeled in the upper left-
hand corners
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2 Data and experimental set-up

Observed rainfall is derived from hourly records available
for 103 stations between 1998 and 2006, already used in
Rouault et al. (2013). Following the World Meteorological
Organization’s standards, raw data were converted into
UTC (coordinated universal time) series, the South African
Standard Time (SAST) being 2 h ahead of UTC. Four
regional indices (Fig. 1) are calculated and correspond to
the northeastern part of South Africa, the Northern Cape,
the Western Cape and the South Coast. For the large scale,
Southern Africa and surrounding ocean, we are using the
1° x 1° resolution daily GPCP-1dd product (Huffman
et al. 2001).

Five regional simulations are performed using the non-
hydrostatic weather research and forecasting/advanced
research WRF (ARW) model, version 3.3.1 (WRF here-
after, Skamarock et al. 2008). All simulations are carried
out over the domain 0°-68°W, 5°S—48°S (146 x 96 grid-
points, with a 2.5° buffer zone out of the domain to pre-
scribe lateral boundary conditions), shown in Fig. 1 and
referred to as domain #1. The spatial resolution is set at
0.5° (roughly 55 km), with 28 levels on the vertical.
Simulations are initialized on January 1st 1997 with one-
year long spin-up, with model outputs (rainfall) archived at
the daily (hourly) timescale over 1998-2006.

The physical package includes the WSM 6-class graupel
scheme for cloud microphysics (Hong and Lim 2006) and
the Yonsei University parameterization of the Planetary
Boundary Layer (PBL; Hong et al. 2006). Radiative
transfer is parameterized with the Rapid Radiative Transfer
Model scheme (Mlawer et al. 1997) for long waves and

24°E 36°E 48°E 60°E

Dudhia (1989) scheme for short waves. Over the continents
WREF is coupled with the 4-layer NOAH land surface
model (Chen and Dudhia 2001a, b). Surface data are taken
from United States Geological Survey (USGS) database,
which describes a 24 category land-use index based on
climatological averages, and a 17 category United Nations
Food and Agriculture Organization soil data, both available
at 10 arc minutes. The four simulations only differ by their
convective scheme [Betts—Miller—Janjic for exp. BMJ
(Betts 1986; Betts and Miller 1986; Janjic 1994), Grell-
Dévényi for exp. Grell (Grell 1993; Grell and Dévényi
2002), Kain—Fritsch for KF (Kain 2004), and Kain—Fritsch
using the modified trigger function based on moisture
advection and developed by Ma and Tan (2009) for exp.
KFtr]. N3 experiments uses two additional one-way nested
domains (referred to as domains #2 and #3), respectively
centered over South Africa and the northeastern part of the
country (Gauteng, Limpopo and Mpumalanga provinces),
with horizontal resolutions fixed at 1/6° (~18.3 km,
133 x 112 grid-points) and 1/30° (~3.6 km, 206 x 156
grid-points). Atmospheric convection is parameterized
using KFtr settings for the two largest domains (#1-2), and
is explicitly resolved in domain #3. The use of one-way
(consisting in a forcing of the nested domains by their
parent domain) instead of two-way nesting (consisting in a
feedback between the nested and the parent domains)
allows comparison between the solutions of the respective
domains over their common regions, and thus allows
addressing the sensitivity of the results to the model
resolution.

Forcing data is provided every 6 h by ERA-Interim
reanalyses (Simmons et al. 2007; Dee et al. 2011) at a 1.5°
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Fig. 2 a Annual mean rainfall
amount (mm), 1998-2006,
according to GPCP-1dd and rain 8°8
gauge records. b WRF mean

biases. RMS errors against

GPCP-1dd and rain gauge 16°S
records are labeled on the figure
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horizontal resolution and 19 pressure levels. SST fields are
prescribed every 24 h after a linear interpolation of
monthly ERA-Interim SST.

3 Results

3.1 Model mean climate and biases

Figure 2a shows the 1998-2006 annual mean rainfall
amounts over the simulation domain, together with in situ
measurements over South Africa. Largest rainfall amounts

are clearly located at the very low latitudes in the northern
part of the domain, which correspond to deep tropical
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convection embedded in the Inter-Tropical Convergence
Zone (ITCZ). Wet conditions also prevail over Madagas-
car, due to orographic lifting sustaining atmospheric
instability, and to a lesser extent in the mid-latitudes, due to
mid-latitude baroclinic transient perturbations. Southern
Africa is much drier, especially its western parts close to
the Southern Atlantic, where atmospheric stability is
favored by the Saint-Helena high-pressure system that
leads to both dry condition and strong upwelling favorable
wind along the coast. The eastern part is wetter, especially
along a NW-SE oriented band linking the continent and the
SW Indian Ocean and referred to in the literature as the
South Indian Convergence Zone (SICZ, Cook 2000),
mostly active during the austral summer season.
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Figure 2b shows the bias between GPCP-1dd, observa-
tion (circle) and WRF for the 4 convective schemes pre-
sented in Sect. 2. WRF over-estimates rainfall amounts
over the tropical Indian Ocean and tropical Africa (except
for KFtr experiment using the Ma and Tan (2009) mois-
ture-advection based trigger function). In Southern Africa,
the BMJ and KF convective schemes produce too wet
conditions, while the situation is more contrasted with
Grell and KFtr. RMS (root-mean-square) errors are smaller
for South Africa against observation, than for the whole
domain against GPCP-1dd. The smallest (largest) large-
scale biases are obtained with BMJ (KF) convection at the
domain scale; for South Africa Grell (KF) is the most (less)
realistic. This confirms the results of Crétat et al. (2012),
however obtained for a single austral summer rainy season
representative of the climatology, and more recently Ratna
et al. (2013). Biases in the simulated moisture fluxes and
convergence over Southern Africa were previously found
to be mainly responsible for WRF errors over the region
(Crétat et al. 2012, Vigaud et al. 2012, Ratnam et al. 2012).
Ratna et al. (2013) also discussed the too stable (unstable)
atmospheric conditions associated with GD (KF) scheme
over South Africa. In this study, we point out the pre-
dominant influence of the trigger function, KFtr scheme
strongly reducing the rainfall overestimations produced by
KF (Fig. 2b). Additional analyses (not shown) reveal that
this improvement is mostly due to a decrease of the number
of simulated rainy days (>1 mm day "), hereby favoring
more realistic probability density functions of the simu-
lated daily rainfall.

The model also allows separating convective and strat-
iform rainfall (respectively produced by convective and
cloud microphysics schemes). At the domain and South
African scales the contribution of convective rainfall to
total amounts is shown in Table 1 for the austral summer
(November through March) and winter (May through July)
seasons. These seasons were also used in Rouault et al.
(2013) and Philippon et al. (2012), respectively, and cor-
respond to the core of the rainy seasons in summer for
subtropical South Africa, and in winter for the Western
Cape region. All schemes provide results that are consistent
with ERA-Interim rainfall. From one scheme to another,
sizeable differences can also be found. For instance, the
Grell scheme tends to produce the largest fractions of
convective rainfall in both seasons, especially over South
Africa in summer, while KFtr simulates sensibly less
convective rainfall than KF. This shows that the simulated
rainfall amounts and the contribution of convective rainfall
are not directly related: Grell (KFtr) produce rather dry
(realistic) conditions over South Africa, with rainfall
resulting mainly (weakly) from atmospheric convection.
This illustrates that the model biases are not solely
imputable to the rainfall amounts simulated by the

Table 1 Relative contribution (%) of convective rainfall to seasonal
rainfall amounts for the austral summer (November through March,
first line of each cell) and austral winter season (May through July,
second line) averaged spatially over the whole simulation domain and
the South African domain

NDJEM MIJJ Simulation domain South Africa
[0-67°W, 5-45°S] [15-35°W, 21-36°S]
ERA-Interim 60.6 67.4
45.1 71.0
BMJ 41.7 51.2
53.3 50.5
Grell 59.1 73.8
56.3 59.6
KF 474 63.3
54.6 62.7
KFtr 44.6 50.7
47.2 46.4

convective schemes, but also depend on interactions
between these schemes and cloud microphysics. Although
the results presented in this section mostly confirm previ-
ous studies, it may now be questioned how these biases
vary over the seasonal and diurnal cycles.

3.2 Annual cycle

In South Africa, even seasonality shows fine-scale char-
acteristics (see Fig. 3 and the Introduction) that RCM do
not systematically capture. This section aims at investi-
gating to what extent a current state-of-the-art RCM suc-
ceeds at simulating and regionalizing such spatially
contrasted seasonality in South African rainfall.

For each station or grid-point, the relative contribution
(in %) of each month to the total annual amount is first
calculated, the wettest (driest) month being referred to as
Miax Mpin). The amplitude of the annual cycle is com-
puted for each station or grid-point as the difference
between these extreme values and is thus expressed in
percentage points (pp).

Observations (Fig. 3) show the well-known maximum
rainfall winter/summer timing opposition between the
southwestern tip of Africa and the northeastern parts of the
country. In addition, Fig. 3 also shows that the annual cycle
has a weaker amplitude along the South Coast with roughly
similar rainfall amounts all year round in agreement with
Rouault and Richard (2003). Further north the inland parts
of the Western Cape form a transition region between
winter and summer rainfall. WRF captures rather well
these features, in spite of some timing errors (Fig. 4). WRF
generates most of its rain over Southern Africa in
November and December whereas GPCP-1dd shows its
annual rain peak mostly between January and March. The
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Fig. 3 a Amplitude (pp) of the annual cycle according to rain-gauge records, 1998-2006. See text for details. b As a for GPCP-1dd. ¢ Month
associated with largest rainfall amounts (M,,x) according to rain-gauge records. d As ¢ for GPCP-1dd

situation is spatially contrasted at the scale of South Africa,
with the rainfall peak occurring in January—March over the
central parts of the country but slightly earlier in most of
the stations located in the northeast (Rouault and Richard
2003). Rainfall derived from ERA-Interim presents a pat-
tern almost identical to GPCP-1dd (not shown): this sug-
gests that the minor timing errors identified in Figs. 3, 4
mostly result from errors internal to WRF (and not from its
forcing boundary conditions).

Over South Africa, the amplitude of the annual cycle is
under- (over-) estimated in BMJ (Grell) simulation, and
appears as more realistic in KF and particularly KFtr.
Errors are of larger magnitude at the domain scale, with a
clear under- (over-) estimation of seasonality over the
South Atlantic (the central Indian Ocean and the mid-lat-
itudes). Over Africa results depend on the convective
scheme used and are spatially noisy and contrasted, except
for Grell that over-estimates seasonality over tropical
Southern Africa, and KFtr that has similar errors but of
smaller amplitude over equatorial Africa. All simulations
succeed however in capturing adequately the seasonal
locking of rainfall maximum as inferred by the wettest
month of the year M., (as well as the driest month of the
year M, not shown), even if some local differences exist
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between WRF simulations (Fig.4) and GPCP-1dd
(Fig. 3d). Over Africa they mostly consist in a tendency to
simulate the annual rainfall peak too late over tropical
Africa (January/February instead of December), and the
other way around at subtropical latitudes. Given the rela-
tive shortness of the period analyzed (10 years) and the
lack of ensemble simulations, it is however not possible to
assess whether these discrepancies can be attributed to
model deficiencies, sample size or to the internal variability
of the system.

The annual cycle of precipitation in the four subdomains
in South Africa (shown in Fig. 1) are presented in Fig. 5.
We plot here values in mm h™' in order to document both
the timing and amplitude of the simulated annual cycle of
simulated rainfall against observations. As a whole, the
distribution of South African rainfall over the annual cycle
is remarkably well reproduced by the model, whatever the
regional index considered, albeit some important biases in
the simulated amounts.

In the northeastern and northwestern parts of the country
rainfall show a clear unimodal repartition with a peak in
austral summer (November through March). Rainfall
amounts are about three times larger in the Northeast than
in the Northern Cape. Over these regions, WRF accurately
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Fig. 4 Left-hand column WREF-simulated biases in the amplitude of the annual cycle against rain-gauge records. RMS errors are labeled on the
figure. Middle column the same against GPCP-1dd. Right-hand column M, according to WRF simulations

simulates the austral summer rainfall peak, but with a clear
overestimation reaching its maximum during the core of
the rainy season. Rainfall overestimation is less important
against GPCP-1dd, sensibly wetter than rain-gauge records
between late December and April-May. KFtr and Grell
experiments produce less biased results. Better results are
also obtained during the dry (austral winter) season for
those summer rainfall regions for all convective schemes.
Figure 5 shows thus that the annual mean biases over these
regions, as shown in Fig. 2, occur mostly in summer (i.e.,
the wet) season.

In the Western Cape region, the main rainfall peak
occurs between April and August. WRF successfully
simulates seasonality over the southwestern tip of Africa.
Simulated rainfall amounts there are also realistic, in spite
of a slight underestimation of seasonal amounts during the
wet (i.e., winter) season against rain-gauge records.
GPCP-1dd provides however rainfall amounts that are
almost identical to those simulated. Results are not sen-
sitive to the convective scheme used. This good perfor-
mance of the model could be due to the lower
contribution of convective rainfall there at this time of the
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Fig. 5 Average annual cycle of

rainfall (mm h™!) in the four
regions defined in Fig. 1.
Results were 30-day lowpass
filtered for readability
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year (not shown), and the orography that characterizes the
region.

As previously depicted in the literature (Rouault and
Richard 2003), the regions of South Africa close to the
South Coast show less marked seasonality, all months with
similar rainfall amounts (Fig. 5). The driest months are
June and early July. Once again, WRF produces convincing
results, both in terms of annual distributions, timing, and
simulated amounts. The model tends to produce too wet
conditions between February and May, accurately repro-
duces the relative seasonal dryness in June, and produces
fairly realistic results from August to December. Results
are weakly physic-dependent, which could also be
explained by the weak contribution of convective rainfall
in this region during all seasons of the year (not shown):
according to WREF the coastline forms a sharp limit sepa-
rating the coastal regions (mostly dominated by stratiform
rainfall) and the Agulhas current system, clearly enhancing
convective activity locally.

To summarize, the model successfully simulates the
annual cycle of rainfall over South Africa. Annual over-
estimations of rainfall are due to errors in simulated
amounts that are clearly restricted to the core of the rainy
seasons (winter in the southwestern part of the country,
summer in most other parts).

3.3 Diurnal cycle
With a great variety of diurnal cycles (Rouault et al. 2013),

its subtropical location that places the country under the
influence of both tropical convection and mid-latitude
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dynamics, and thanks to a dense network of hourly rain-
gauge records, South Africa appears as an excellent place
to investigate the diurnal cycle of rainfall at relatively fine
scales, and how it can be simulated by an RCM.

Analyses are carried out over the austral summer
(November through March) season, although the case of
the austral winter season will be briefly mentioned below.
The average diurnal cycle ¢ is first calculated over the
whole period for each time series x (rain gauge record or
WREF grid). The average contribution (in %) of each hour
of the day to the total amounts is also computed. As for the
annual cycle (Sect. 3.2), the amplitude of the diurnal cycle
(in percentage points, pp) is defined as the difference
between the largest and the lowest hourly contribution
(resp. denoted H,,.x and H,,;,). The variance explained V
by the diurnal cycle (in %) is calculated as the ratio
between the variance of the residuals to the average diurnal
cycle and the raw time series:

V= <l_var(x—c)> x 100.

var(x)

Figure 6 shows the amplitude of the observed and simu-
lated diurnal cycles. In the observation, and in agreement
with Rouault et al. (2013) using the same rainfall dataset,
largest amplitudes are in the eastern and northeastern parts
of the country, i.e., the region most submitted to convection
(either due to tropical influence in the north, or to oro-
graphic lifting over the Drakensberg mountains in the east:
Tyson and Preston-White 2000; Blamey and Reason 2013).
This is also where rainfall amounts are largest on average
(Fig. 2), especially during the austral summer season
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Fig. 6 Amplitude of the diurnal
cycle a for each rain gauge
station; b each WRF grid point,
and c biases (pp) for each WRF
grid containing at least one
station (lower panels). RMS
errors are labeled on the figure
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Fig. 7 As Fig. 6 but for the
variance explained (%) by the
diurnal cycle. See text for
details
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(Figs. 3, 4, 5). In contrast, amplitudes are quite weak in the
Western Cape, experiencing its dry season at this time of
the year (Fig. 5).

WRF shows a tendency to slightly under-estimate
diurnal amplitudes (Fig. 6). They are largest near the
Drakensberg mountains in the Eastern Cape and KwaZulu-
Natal provinces, especially in the Grell experiment, and
also, more surprisingly, over the Northern Cape region in
the northwestern part of the country. There, stations are too
few to assess properly the quality of the simulated diurnal
cycle and its regionalization. Further north diurnal ampli-
tudes tend also to decrease, which cannot be confirmed in
the absence of observation. Largest negative biases are in
the northeastern parts of South Africa. The South Coast and
the Western Cape also tend to show weak but yet signifi-
cant underestimations of diurnal amplitudes. The centre of
the country shows weak positive biases.

The variance explained by the diurnal cycle (Fig. 7) is
rather large (typically, 20-40 %) and homogeneous spa-
tially over South Africa in the observation. It is generally
larger (weaker) near the coasts (in the hinterland). WRF
produces less convincing spatial patterns and clearly
overestimates the variance associated with the diurnal
cycle. Results also appear to be strongly physic-dependent
(Fig. 7b). BMJ and Grell are in good agreement, KF pro-
ducing the largest values while the same scheme used with
an alternative trigger function simulates a diurnal cycle
responsible for the smallest fraction of the overall variance.
Given that WRF generally overestimates the variance
explained by the diurnal cycle, the best (worst) results are
thus obtained with KFtr (KF) scheme. These results illus-
trate the importance of the trigger function for the diurnal
cycle, even if simulated amplitudes are almost identical
(Fig. 6).
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Fig. 10 Average diurnal cycle (a)
of rainfall (mm h™") in the four 0.4 Summer - Northeast 0.03 Summer - Western Cape
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Figure 8 shows the timing of the diurnal cycle, as
inferred by the hour of the day H,., associated with the
largest observed and simulated rainfall amounts. Con-
firming once again Rouault et al. (2013), the rainfall peak
occurs in the early evening or nocturnal hours over most
regions (including the South and West coasts). The stations
experiencing rainfall in the early hours of the afternoon
(such as found in most tropical regions where convective
rainfall is predominant) are quite rare.

The simulated rainfall peak occurs roughly 2-3 h too
early over the continent (Fig. 8b). Previous works already
noted a tendency for most convective schemes to produce
rainfall peaks in the early afternoon (e.g., Nikulin et al.
2012). Further north over Zimbabwe, there is a nocturnal
peak in rainfall, but due to lack of observed data there does
not allow us to assess its validity. Over nearby oceans,
largest rainfall amounts are simulated during the early
hours of the morning (or between 21 h and midnight over
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parts of the Agulhas current). BMJ, Grell and KF produce
quite convergent results, but the trigger function used in
KFtr once again contributes to a later rainfall peak pro-
ducing more realistic results. Reasons for this improvement
are investigated below.

Separating the convective and stratiform components of
simulated rainfall provides new insights that were con-
cealed when analyzing total rainfall as a whole (Fig. 9).

e All schemes simulate a peak of convective rainfall in
the late afternoon. Peaks of stratiform rainfall occur at
night. The apparent better results produced by KFtr in
terms of phasing are thus mostly due to a larger
contribution of stratiform rainfall over South Africa
(Table 1) rather than a delayed initiation of simulated
convection.

e The timing and amplitude of stratiform rainfall differ
sensibly from one experiment to another. This illus-
trates once more how the convective parameterizations
deeply interact with cloud microphysics responsible for

Fig. 11 Intersection between
the average diurnal and annual
cycles of rainfall (mm h™1) in
the northeastern index shown in
Fig. 1 for observation, and
biases of the four WRF
simulations against observations

Obs.

5 10
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the rain-bearing systems explicitly simulated by the
model. They indirectly impact stratiform rainfall by
modifying atmospheric instability, and the amounts of
precipitable water left in the air column.

e BMIJ convective rainfall fraction shows a clear land-sea
contrast, with large diurnal amplitudes over the conti-
nent explaining a moderate fraction of the overall
rainfall variance. BMJ actually produces virtually no
convective rainfall over the continent at night (between
21 and 7 h, not shown). This is not so clear for other
schemes.

Results concerning the diurnal cycle are extended to the
austral winter season in Fig. 10 for the four regional indi-
ces shown in Fig. 1. During the summer season previously
discussed, all convective schemes produce too early and
too abundant rainfall peaks in the afternoon in the northern
parts of the country influenced by tropical convection.
Grell simulates the most realistic amounts, confirming
Crétat et al. (2012). KFtr simulates a peak later in the
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afternoon, mostly due to lower convective rainfall
amounts. The Western Cape experiences dry conditions
during summer. Along the South Coast, observations also
show a rainfall peak occurring during the early hours of the
night, which all WRF simulations (except KFtr) fail at
reproducing.

During the winter season, the Western Cape tends to
show a rainfall peak in the early hours of the day. All
simulations underestimate rainfall amounts and show a
completely flat diurnal cycle. The South Coast presents a
complex cycle, with increased (decreased) rainfall in the
morning and in the night (in the afternoon) that the model
reproduces quite well. Northern regions are drier during
this season and show no clear diurnal cycles. As for the
rainfall in the Western Cape, the amplitude of the observed
diurnal cycle and variance of the diurnal cycle is weak.

Taken together, Figs. 5 and 10 allow further investiga-
tions of the model average biases shown in Fig. 2b and
already reported in previous studies (Crétat et al. 2011,
2012; Ratnam et al. 2012; Vigaud et al. 2012; Ratna et al.
2013). In addition, and as an example using the Northeast
domain only, Fig. 11 shows the season and the hour of the
day at which largest errors are concentrated.

The Western Cape and the South Coast show fairly
realistic simulated amounts on average (Figs. 5, 10). There
is a weak underestimation of the main winter rainfall and

Fig. 12 As Fig. 11 but for the dom#1 - Obs.

biases of the three nested J

domains of the N3 experiment F
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an even weaker overestimation of austral fall rainfall along
the South Coast from February to June. These biases in the
Western Cape and the South Coast are almost equally
stratified over the diurnal cycle (Fig. 10).

In the northern parts of South Africa, as well as the east
coast of the Eastern Cape and KwaZulu-Natal, convection
has a greater importance. There, annual rainfall is strongly
overestimated (Fig. 2) but these errors are by far largest
during the wet (summer) season (Fig. 5). Close examina-
tion of the diurnal cycle simulated in austral summer shows
that it is the convective peak of early afternoon that
accounts for a major part of such errors, its magnitude
being approximately two times too large in both region (in
addition to its perfectible timing, Fig. 10). Rainfall
amounts during other hours of the day (especially during
the night) are in contrast rather close to observed ones.
Figure 11 shows the physic-dependency of these results
over the northeastern regional index. The realistic rainfall
amounts obtained with Grell convection in summer corre-
spond actually to weak wet afternoon biases counter-bal-
anced by dry biases during some hours of the night and the
morning. During the dry season (April through September)
dry biases are generalized. Summertime wet biases are
largest for other convection schemes, a few hours before
the observed rainfall peak occurring during the first half of
the night. They are more diffuse temporally in KFtr
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Fig. 13 Average seasonal (upper panel) and diurnal (lower panel, for
the November through March season) cycles of rainfall (mm h™Y in
the northeastern regional index, for the three nested domains of N3
experiment

experiment compared to KF and BMJ, confirming its more
realistic phasing with observations. During the dry season
biases are close to zero.

3.4 Sensitivity to the model resolution and cloud-
resolving simulations

Largest biases being due to a deficient simulation of con-
vective rainfall (Sect. 3.3), this section uses an additional
experiment performed at a considerably finer resolution
over the same period, described in detail in Sect. 2. We
analyze here mainly domains #2 and #3 (resp. set at
roughly 18.3 and 3.6 km), with domain #3 resolving
atmospheric convection explicitly over the northeastern
regional index (Fig. 1). We choose this region because it is
the wettest region of South Africa (Fig. 2) and also because
it is under the largest influence of deep tropical convection,
especially during the austral summer rainy season (Tyson
and Preston-White 2000).

Figure 12 first shows that the biases found for KFtr exp.
are not dramatically reduced when the spatial resolution is
increased (domain #2) or when atmospheric convection is
resolved (domain #3). This result differs from Marsham
et al. (2013) who radically improved the representation of
the simulated diurnal cycle of atmospheric convection over
West Africa using an explicit representation of convective

@ Springer

cells. Figure 13 even shows that the diurnal cycle of
rainfall is more poorly reproduced in domains #2 and #3
compared to domain #1. Noteworthy here is an increase in
the amplitude of the diurnal cycle and a tendency to pro-
duce the diurnal maximum (minimum) of rainfall slightly
earlier (later), leading thus to a sharper increase in the
simulated amounts between the late hours of the morning
and the afternoon. As already suggested in Fig. 12, overall
amounts tend also to be larger and therefore result in
increased wet biases. This is due to a much more pro-
nounced rainfall peak in the afternoon that is not counter-
balanced by the slightly drier conditions simulated during
the night and the morning.

Seasonally, these differences between the three nested
domains are largest between January and March, the sec-
ond half of the summer rainy season, while they are close
to zero during the other months, even in the first half of the
rainy period (including October, November and Decem-
ber). Such differences between the early and late parts of
the summer rainy season are reminiscent of D’ Abreton and
Lindesay (1993) and D’Abreton and Tyson (1995), who
depict a predominant importance of zonal fluxes and
transient variability in October (early summer), but more
important meridional fluxes embedded in the seasonal
mean circulation in January (late summer). Additional
analyses are required to understand whether these differ-
ences in the observed mean climate can impact simulated
rainfall amounts (especially in terms of seasonal and
diurnal cycles), but are beyond the scope of the present
study.

At the local (grid-point) scale, Fig. 14 shows how the
basic features of the diurnal cycle (i.e., amplitude, variance
explained and timing) vary from one domain to another,
i.e., how they can be downscaled and to what extent they
are sensitive to the model resolution. Of course, local
information is gradually gained from domain #1 to #3,
even if there is a general agreement between the nested and
the parent domains. For instance, according to domain #1,
the amplitude of the diurnal cycle is largest along a NW-—
SE band linking Swaziland to Botswana and crossing South
Africa between Pretoria and Pietersburg. Domains #2-3
confirm and detail this pattern (Fig. 14). For domain #3,
more realistic surface conditions also help to identify more
localized features of the diurnal cycle. For instance (1)
orographic effects are clearly better simulated, especially
east of Pietersburg where terrain elevation rapidly decrea-
ses. This results in a weaker amplitude of the annual cycle
there, which explains however a larger fraction of the
variance compared to the nearby Drakensberg massif fur-
ther west; (2) land-use categories also lead to more con-
trasted features of the diurnal cycle locally. One can note
indeed particularly strong amplitudes over a moderate-
sized water body, Vaal Dam Reservoir, roughly 75 km
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Fig. 14 Amplitude, explained variance and H,,,x over the northeast-
ern regional index for the three nested domains of N3 experiment.
The dashed lines show political boundaries and the points the main

south of Johannesburg. More generally, increasing the
model resolution, and ultimately using cloud-resolving
simulations, leads to (1) generally increased amplitudes
(reducing thus the biases noted in Fig. 6 compared to rain-
gauge data points); (2) reduced explained variance
(improving once again the results discussed in Fig. 7); (3)
more contrasted results concerning the timing of H,,,, but
with a tendency to simulate heavy rainfall earlier in the
afternoon. These differences in the phasing of the diurnal
cycle, already shown in Figs. 12, 13 at the scale of the
northeastern regional index, do not clearly contribute to
improve the timing, such as revealed by data points
(Fig. 8). As for the parent domains and other WRF simu-
lations, observed and simulated diurnal cycles are roughly
shifted by ~ 2 h (Figs. 10a, 13), rainfall (and more

cities of the area: Johannesburg (J), Pretoria (Pr) and Pietersburg (Pb)
in South Africa, Gaborone (G) in Botswana, and Mbabane (M) in
Swaziland

particularly convective rainfall) occurring too early in the
model (Fig. 9) as in most previous studies (see the Sect. 1).

Figures 12, 13 and 14 give thus contrasting pictures of
the improvements and modifications of the simulated
diurnal cycle produced by the increased resolution and the
explicit convection. On the one hand, the basic properties
of the diurnal cycle are clearly improved in WRF nested
domains (except for its phasing). However, over West
Africa, Marsham et al. (2013) obtained a more realistic
phasing of their diurnal cycle in their cloud-resolving
simulation, although their parameterized simulation was
more biased than our first series of four simulations dis-
cussed in Sect. 3.3. On the other hand, simulated rainfall
amounts are larger than in domain #1, hence increased wet
biases, especially during the austral summer rainy season
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and in the afternoon (Fig. 12). In the end, the main defi-
ciencies of the model consist in these large, persisting wet
biases over the northern (tropical) part of South Africa,
while the diurnal and seasonal distributions of simulated
amounts can be considered as reasonably well reproduced,
in spite of perfectible phasing of the late afternoon rainfall
peak.

The rather large size (roughly 752 x 570 km) of cloud-
resolving domain #3 ensures that spatial high frequencies
discussed above are properly resolved by the model,
without too strong interferences with lateral forcings that
would prevent the model to develop small-scale features
(Leduc and Laprise 2009). Yet, even for domain#3, the
physic-dependency of our results (especially the lack of
reduction of the model biases) and the sensitivity to lateral
boundary conditions provided by the parent domains (using
parameterized convection) need to be tested in future work.

4 Conclusion and discussion

While most RCM-based studies on Southern Africa used
the seasonal scale so far, the aim of this work is to illustrate
how a current state-of-the-art RCM reproduces the diurnal
and annual cycles of rainfall over the region, both known to
present some spatially contrasted specificities (e.g., Tyson
and Preston-White 2000; Rouault et al. 2013). Regional
experiments are performed using the non-hydrostatic WRF
model, simulating hourly rainfall over the 1998-2006
period using four alternative parameterizations for deep
atmospheric convection. A fifth simulation resolves con-
vection explicitly over northeastern South Africa. Model
outputs are compared to a network of 103 rain-gauge sta-
tions, available over the same period and at the same
hourly timescale, and covering the whole South African
country. Results can be summarized as follows.

e In agreement with previous studies (Crétat et al. 2012;
Ratna et al. 2013), the model mean biases are strongly
dependent on the convective scheme used in the
simulation. The Kain—Fritsch scheme clearly produces
the largest rainfall overestimation, while the Grell-
Dévényi scheme tends to produce slightly too dry
conditions. This corroborates Ratna et al. (2013), who
explained KF scheme wet biases by too unstable
atmospheric conditions and too large moisture conver-
gence over the region, mostly advected from the
tropics; Grell biases were in contrast imputed to
opposite sign biases in moisture and instability, as
inferred for instance by CAPE or vertical velocity in the
free troposphere. The Betts—Miller—Janjic scheme pro-
vides rather realistic rainfall amounts. An interesting
outcome of this work concerns the influence of the
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convective scheme trigger function, investigated
through the KFtr experiment using the moisture-
advection based trigger developed by Ma and Tan
(2009) in the Kain-Fritsch scheme. The use of this
alternative trigger greatly reduces the wet biases
discussed above. Additional analyses (not shown) also
confirmed that the number of rainy days
(>1 mm day™") is decreased, improving the perfor-
mance of this scheme for simulating daily rainfall.

e Rainfall seasonality is well simulated over all parts of
South Africa—including the Western Cape where
winter rainfall dominate, the South Coast wet all
months of the year, and the northern parts of the
country where summer rainfall is prevalent. Average
rainfall biases are not stationary with time and are, as
expected, sensibly larger in magnitude over the north-
ern part of the country and during the austral summer
rainy season, when convection is intense over the
continent. Rainfall biases are more constant over the
Western Cape region, experiencing dominant, mostly
stratiform, winter rainfall.

e The timing of the diurnal cycle is shifted by ~2-3 h
against observations, the rainfall peak occurring during
the first half of the night over most regions inland being
simulated during the late afternoon in WRF simula-
tions. KFtr experiment provides slightly better results,
mainly due to a larger contribution of stratiform rainfall
to the total rainfall amounts while convection still peaks
in the afternoon. All convective schemes strongly
overestimate rainfall during the afternoon hours of the
rainy season, while moderate biases prevail during the
morning hours, as well as during the other months of
the year. The average model biases found at the annual/
climatological scales are thus mostly imputable to the
periods during which atmospheric convective activity is
most active.

e The cloud-resolving experiment simulates increased
wet biases over the South African hinterlands, espe-
cially during the second half of the summer rainy
season; the timing of the diurnal cycle is not dramat-
ically improved but its amplitude and the fraction of
variance explained are closer to observations.

These results are useful to better understand the causes
of the model biases over the region. The sensible
improvement due to the use of the moisture-advection
based trigger function in the KF convective scheme con-
firm that the onset criterion for atmospheric convection in
the model is a key parameter strongly impacting both its
steady state and its simulated diurnal cycle (Dai et al. 1999;
Dai and Trenberth 2004).

Another interesting issue comes from the comparison
between parameterized and explicit convection. The better
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results obtained with the cloud-resolving simulation could
either be due to a “resolution effect”, reducing the statis-
tical bias due to the point-to-grid comparison between rain-
gauge records and model outputs, or to more realistic
simulation of rain-bearing systems, including their con-
vective component, and made possible by the lack of
parameterizations. Yet, even in a cloud-resolving model
over a region dominated by convective rainfall, simulated
amounts present large rainfall overestimations. This sug-
gests that such biases could be produced by the parame-
terizations of cloud microphysics or radiative transfers.
Over Equatorial Africa, Pohl et al. (2011) found indeed that
shortwave radiation schemes induce uncertainties in the
simulated climate that are at least of the same magnitude as
those associated with convective schemes. Of course, the
biases noted here could also result of complex and non-
linear interactions between these families of parameter-
izations, or interactions between simulated stratiform and
convective clouds. The results presented here nonetheless
illustrate that working on the improvement of convective
schemes alone will probably not bring all answers nor
solve all problems, even in the tropics where convection is
of primary importance.

As for Evans and Westra (2012) over eastern Australia,
process-based studies are now needed to document the
triggering mechanisms for convective activity (and more
generally the diurnal cycle) over South Africa. Over east-
ern Australia in summer, atmospheric instability (CAPE),
thermal convection and large-scale moisture convergence
appear as the main rain-producing mechanisms. In South
Africa, one could intuitively expect various influences from
the triggering mechanisms as an explanatory key of the
spatially contrasted features of both seasonal and diurnal
cycles. A predominant role of atmospheric instability could
be expected in the northeast, with a possible influence of
thermal convection in the northwest. Over the Drakensberg
and its eastern slopes topographic lifting could prevail,
while frontal systems are probably the major triggering
mechanism for rainfall occurring further south in the mid-
latitudes and along the coast. The role of land and sea
breezes convergence along with the influence of the warm
Agulhas Current along the South Coast need to be exam-
ined in further detail. Given its rather good skill for sim-
ulating the diurnal and seasonal distribution of convection,
WREF could be used to explore the respective influence of
such mechanisms at relatively fine scales over the region in
future studies.
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