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Abstract
Namibia is one of the water stressed regions in sub-Saharan Africa, with an erratic rainfall pattern. This
study investigates synoptic situations that can be favorable for wet events in Namibia. Obliquely rotated
principal component analysis applied to the T-mode matrix (variable is time series and observation is grid
points) of sea level pressure data set from NCEP-NCAR was used to characterize the modes of large-scale
atmospheric circulation variability in Africa south of the equator, in the form of circulation types (CTs). 18
CTs were classi�ed and the linkage of the CTs to wet events in Namibia showed that during austral
summer and early austral autumn when sea surface temperature (SST) is warm at the southwest Indian
ocean and continental heating is active on the southern African landmasses, stronger (weaker)
anticyclonic circulation at the South Indian Ocean high-pressure (South Atlantic Ocean high-pressure) can
be associated with enhanced low-level moisture advection by southeast (southwest) winds to Namibia,
resulting in wet events in most regions in Namibia. Also, enhanced moisture uptake in the Mozambique
Channel might compensate for a relatively weaker moisture advection rate by the South Indian Ocean
high-pressure, so that enhanced rainfall can still be expected in Namibia under this scenario. During the
early February 2008 �ood episode in parts of Namibia, enhanced moisture uptake in the Mozambique
Channel coupled with strong southeast winds advecting abundant moisture to Namibia was found to
have contributed to the �ood.

1 Introduction
Namibia, located in the western subtropical regions of southern Africa, has the least rainfall in sub-
Saharan Africa (Dunaiski and Denning, 2019). Namibia lies between the Namib Desert to the west and
the Kalahari Desert to the east. The climate in Namibia ranges from arid, semi-arid, and subtropical. With
an estimated population of about 2.5 million inhabitants as of 2015 (WHO, 2018) and an annual average
rainfall total of about 250mm, the region is water stressed to the extent that the country relies heavily on
groundwater systems for agricultural and socio-economic sustenance (Shikangalah, 2020). Lu et al.
(2016) found an increase in rainfall variability for the driest regions in Namibia for the 1998–2015 period.
Anthropogenic climate change is expected to alter the regional rainfall patterns of Namibia and increase
the variability of rainfall in the arid regions (IPCC, 2001). The vulnerability of Namibia to water stress is
likely to increase also due to land-use changes (Thomas et al., 2005; Paeth et al., 2009) coupled with
increasing population. According to (WFP, 2008), from January to April 2008, heavy and long-lasting
rainfall lead to serious �ooding in (northern) Namibia, signi�cantly impacting food security in the region.
These vulnerabilities make it necessary for improved rainfall forecasting skills for the local weather
agencies in Namibia – as addressed in this paper from the standpoint of synoptic climatology.

The Benguela current and the South Atlantic Ocean high-pressure play signi�cant roles in the aridity of
Namibia through their in�uence on sea surface temperature (SST) anomalies at the east coast of the
subtropical South Atlantic Ocean (Viguad et al., 2009). On the other hand, warm SST at the southwest
and the tropical western Indian Ocean can be related to enhanced rainfall in southern Africa (Cook, 2000;
Lazenby et al., 2016). According to Richter et al. (2010), the strength and the location of the SouthLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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Atlantic anticyclone can be associated with coastal SST variability in the southeastern Atlantic Ocean,
due to the modi�cations of local alongshore winds. When atmospheric conditions are favorable, during
warm events at the Benguela region, known as Benguela Niño, above-average rainfall can be expected in
Namibia (Rouault et al., 2003; Reason and Smart, 2005). During El Niño years, modi�cations in
atmospheric circulations in southern Africa, especially through the northeastward shift of the South
Indian Ocean Convergence Zone can be associated with rainfall decrease in southern Africa (Cook, 2000).
Previous studies have examined the variability of Namibia rainfall (e.g. Eckardt et al., 2013); this study
uses a statistical approach of circulation typing in line with dynamical considerations to examine speci�c
synoptic situations in Africa south of the equator that can be associated with wet events in Namibia. Also
the synoptic condition during the February 2008 �ood episode in Namibia, characterized as one of the
worst �oods in 50 years (Namibia Red Cross, 2008), is examined in the light of the circulation types
designated by this study to be associated with wet events in the region.

2 Data And Methodology
Sea level pressure (SLP); speci�c humidity and wind vector at 850 hPa data sets are obtained from NCEP-
NCAR reanalysis (Kalnay et al., 1996). The horizontal resolution of the data sets is 2.5° longitude and
latitude and the temporal resolution is daily from 1982–2019. Precipitation data sets are obtained from
the Climate Prediction Centre (CPC) (Xie et al., 2007; Chen et al., 2008) and the Global Precipitation
Climatology Centre (GPCC) (Ziese et al., 2020) at the horizontal resolutions of 0.5° longitude and latitude
and 1.0° longitude and latitude, respectively. The temporal resolution of the precipitation data sets is daily
from 1982–2019. Daily rainfall estimates from the GPCC precipitation data set is used to validate the
CPC precipitation data set in Namibia for the 1982–2019 period. Thus both data sets are interpolated to
a common 0.25° longitude and latitude using First Order Conservative remapping.

To characterize the different modes of atmospheric circulation variability in Africa south of the equator,
the concept of circulation typing is used. The spatial extent for the circulation typing is 0°-50.25°S and
4°E-55.25°E. It includes the adjacent oceans surrounding southern African landmasses which act as
moisture sources.

Obliquely rotated principal component analysis (PCA) (Richman, 1981) is used in classifying the
circulation types (CTs) in the target region. It is applied to the T-mode matrix of daily z-score standardized
SLP data set for the 1982–2019 period. The variables are related using the correlation matrix, and
singular value decomposition is used in factorizing the matrix to obtain the PC scores and the
eigenvectors. The eigenvectors are multiplied by the square root of their corresponding eigenvalues which
make them longer than a unit length, henceforth referred to as loadings (Richman and Lamb, 1985). The
loadings localize in time the input (spatial) patterns captured by the PC scores (Compagnucci and
Richman, 2008). The number of retained components is based on the recommendation of North et al.
(1982) on the need for the separation of the eigenvalues; this is followed by a sensitivity analysis. The
sensitivity analysis implies that after components with typically low and close eigenvalues are truncated,
the addition of a further component uncovers a new input pattern that has not been previously delineatedLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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(Richman, 1981). The oblique rotation made at a power of 2 with Promax eliminates orthogonality
constraint and maximizes the number of near-zero loadings so that each retained component clusters
unique days with a similar input pattern (Richman, 1986). To enhance the coherency between the weather
patterns clustered under each class, a subjective threshold of ±0.2 (Richman and Gong, 1999) is used to
further cluster the loading in each retained component to negative high loadings and positive high
loadings, above 0.2, so that each retained component forms two classes. The mean SLP for the days
clustered under each class is the CT.

The probability of each CT to bring wet days (daily rainfall amount averaged over Namibia > 1mm) in
Namibia is calculated using Eq. 1.

Pwi
=

wi
Ni

× 100i = 1…n

(1)

Pwi is the percentage of wet days in a given CT, Ni is the total number of days clustered under a given CT,
Wi is the total number of wet days for the CT in question and n is the number of CTs classi�ed. Also, the
probability of the CTs to be associated with heavy wet days (daily rainfall amount averaged over
Namibia > 10mm) is equally examined.

Since CTs are neither discrete nor con�ned to occur in speci�c season(s), the complete daily SLP data set
is used for the classi�cation. Focusing the classi�cation on the wet seasons might eliminate useful
information on the overall seasonal distribution of the CTs. However, the seasonality of CTs that are
selected to be associated with wet events in Namibia is further analyzed to uncover if the CTs tend to be
dominant at a speci�c season(s). The dominant period of a given CT is equally when its rain-bearing
signal is most likely to be well expressed due to its persistence for a longer time.

Moisture �ux is calculated as the product of speci�c humidity and wind speed. Composites of moisture
�ux at 850 hPa and SLP are further used to analyze the patterns of moisture transport associated with
the selected wet CTs.

3 Results
Figure 1 shows the seasonal rainfall climatology and Fig. 2 shows the time series for annual rainfall (top
panel), and monthly cycle (bottom panel) of rainfall averaged over Namibia. It can be seen that both data
sets agree that during austral summer (DJF), rainfall amount of up to 450 mm/season can be expected
in the north-eastern regions of Namibia. Austral winter (JJA) is the driest season. For the transition
seasons, austral spring (SON) is relatively drier than austral autumn. The (western) regions at the east
coast of the South Atlantic Ocean are relatively the driest throughout the year. The annual variations and
magnitude of mean rainfall (Fig. 2, top panel) for the 1982–2019 period, from both data sets are quite
close. February is the wettest month in Namibia followed by January (Fig. 2, bottom panel).Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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9 components were retained for the circulation typing and each component yields two CTs – clusters of
positive high loadings and negative high loadings - resulting in a total of 18 optimal CTs. Figure 3A
shows the SLP composite (CTs) for each of the classes and Fig. 3B shows the rainfall composite for
each of the CTs. Each CT is representative of a mode of variability in atmospheric circulation in the target
region. Using the CPC precipitation data set and Eq. 1, the probability of a CT to be associated with wet
days and heavy wet days in Namibia is obtained and the result is shown in Fig. 4. It can be seen that
CT12 and CT18 (marked by the blue frames in Figs. 3A and 3B) have the highest probability to be
associated with wet events in Namibia. On the other hand, CT6 and CT14 are dry CTs. They are mostly
austral winter dominant CTs (not shown). The general attribute of the dry CTs is an anti-cyclonic
circulation at the southwest Indian Ocean and strengthening of the South Atlantic Ocean anticyclone.

Figure 5 shows the annual cycle of the two CTs that relatively have a higher probability to be associated
with wet events in Namibia. CT12 dominates mostly from November to February. CT18 dominates from
February to April. Generally, these periods are characterized by a relatively more southward positioning of
the Inter-Tropical Convergence Zone, warm SST at the south Indian Ocean, and southward shift of the
semi-permanent high-pressure systems. For the two CTs, a cyclonic circulation is evident from the tropical
Indian Ocean, towards the southwest Indian Ocean where an anti-cyclonic circulation dominates. Also, a
low-pressure system is prevalent on most of the landmasses – an indication of continental heating.

Figure 6 shows the SLP, and moisture �ux composites at 850 hPa, for the CTs selected to be associated
with events in Namibia. First, for CT12, two rain-bearing synoptic situations are remarkable which makes
it bring wet conditions to Namibia. First is a strong anticyclonic circulation at the South Indian Ocean
high-pressure and second is the off-shore movement of thermal low into the South Atlantic east coast. As
shown in Fig. 6, a stronger anticyclonic circulation at the South Indian Ocean high-pressure and the
associating enhanced southeast winds drive moisture from the southwest Indian Ocean, far west to
Namibia. The weakening of the South Atlantic Ocean high-pressure under this synoptic state might be
related to the off-shore movement of the thermal low into the South Atlantic east coast and a direct
implication is local alongshore wind modulation and warm SST. This equally implies that the in�uence of
the South Atlantic Ocean anticyclone and the cold Benguela current on causing aridity in Namibia will be
weakened. As a result, Fig. 3B shows that enhanced rainfall can be expected in large parts of Namibia,
under the synoptic state of CT12.

Under CT18, the anticyclonic circulation at the South Indian Ocean high pressure is relatively weaker as
compared to CT12, and this might be related to the strong cyclonic circulation (warm SST) in the
Mozambique Channel, blocked by the South Indian Ocean anticyclone. The cyclonic system in the
Mozambique Channel adjusts easterly winds to be westerly so that less moisture penetrates Namibia
compared to CT12. Also, the relatively stronger South Atlantic Ocean anticyclone in this synoptic state
can be seen in Fig. 5 to be equally associated with moisture driven away from the mainland. Even though
moisture transport to Namibia is relatively weaker under CT18, precipitable water was found to be
relatively highest in the Mozambique Channel under this synoptic state (Ibebuchi, 2021), and this might
to a reasonable extent compensate for the relatively weaker rate of easterly winds in transportingLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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moisture to Namibia so that enhanced rainfall can still be expected in Namibia under this synoptic
condition (Fig. 3B).

Finally, during the February 2008 �ood episode in Namibia, Figs. 6 and 7 characterize the synoptic
situations in Africa south of the equator, to foster analysis of the possible roles the synoptic conditions of
CT12 and CT18 played during the �ood event. According to the classi�cation scheme, CT12 occurred 15
times from January to February 2008 and similarly, CT18 occurred 12 times. However, it is the persistence
of the CTs that will determine to how extent their rain-bearing features will be expressed, given the
continuum nature of atmospheric circulation. Table 1 and Table 2 show the periods that CT12 and CT18
persisted, respectively, for the January to February 2008 months. From the Tables, 9 to 11 February is
remarkable - CT12 persisted for these days, and CT18 co-occurred with CT12 on 10 and 11 February.
Figure 7 shows the composite of moisture �ux at 850 hPa and SLP for the aforementioned days, and it
can be deduced that the synoptic features of both wet CTs are evident. First, for CT12 (i) a strong
anticyclonic circulation at the western branch of the South Indian Ocean high-pressure, (ii) weaker state
of the South Atlantic Ocean high-pressure, (ii) and enhanced moisture transport by easterlies into
Namibia can be seen. For CT18, from the Mozambique Channel to the western tropical Indian Ocean,
easterlies are translated to westerlies by the strong cyclonic system in the region – which is also an
indication of enhanced convective activity in the Channel. Thus more moisture is equally available to be
advected by the southeast winds into Namibia. For these days (i.e. 9 to 11 February 2008), based on the
CPC data set, the average rainfall in Namibia is about 8 mm/day. From Fig. 8, both the January and
February composites of moisture �ux indicate enhanced moisture advection into Namibia, by southeast
winds. However, in the February composite, an enhanced cyclonic system (enhanced moisture uptake) is
evident in the Mozambique Channel, so that despite a weaker advection rate – since easterlies are partly
translated to westerlies - more moisture is available to be transported into Namibia during this month.

Table 1
Persistent periods of CT12 from January to

February 2008
Dates Number of days

2008-01-11 to 2008-01-12 2 days

2008-01-14 to 2009-01-15 2 days

2008-02-9 to 2008-02-11 3 days

2008-02-21 to 2008-02-22 2 days

Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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Table 2
Persistent periods of CT18 from January to

February 2008
Dates Number of days

2008-01-30 to 2008-01-31 2 days

2008-02-10 to 2008-02-11 2 days

2008-02-26 to 2008-02-27 2 days

4 Discussions
This study examines synoptic situations in Africa south of the equator that can be associated with wet
events in Namibia. Circulation typing was used to characterize the different modes of atmospheric
circulation variability in the target region. Using obliquely rotated PCA on the T-mode matrix of SLP �eld
for the 1982–2019 period, 18 CTs were classi�ed. Each CT is physically meaningful and can be
associated with the probability of a speci�c weather event in Namibia, in line with its underlying
dynamics. Two synoptic situations were found to be associated with a high probability of wet events in
Namibia. The synoptic situation that has the highest probability to be associated with wet events in
Namibia is characterized by (i) cyclonic circulation from the tropical Indian Ocean towards the
Mozambique Channel - an indication of moist convection over the oceans (Harr and Elsberry, 1995), (ii)
stronger anticyclonic circulation at the South Indian Ocean high-pressure resulting to enhanced low-level
moisture transport by southeast winds to Namibia, (iii) weaker South Atlantic Ocean anticyclone, and the
off-shore movement of thermal low into the South Atlantic east coast – an implication of warm SST in
the Benguela region. These synoptic situations are in agreement with existing works of literature (that
were based on dynamical simulations) on the states of atmospheric circulation that can favor
widespread rainfall in southern Africa. For example, Cook (2000), Lazenby et al. (2016), Washington and
Preston (2006) reported that anomalous anticyclonic circulation at the South Indian Ocean high-pressure
during austral summer correlates with above-average rainfall in southern Africa; here it is shown that
when conditions are favorable, �uxes of moisture driven by the South Indian Ocean high-pressure might
penetrate further west into Namibia. Reason and Smart (2015) reported that when SST is warm in the
Benguela region, enhanced convergence of easterly and westerly winds can be associated with positive
rainfall anomaly in Namibia. According to Richter et al. (2010) and Viguad et al. (2009), the weak state of
the South Atlantic Ocean high-pressure can also be related to warm SST in the Benguela region.

The second synoptic state features enhanced cyclonic activity in the Mozambique Channel, coupled with
relatively weaker southeast winds. The weaker anticyclonic circulation in the South Indian Ocean high-
pressure in this synoptic state might be related to warm SST in the Mozambique Channel (Morioka,
2015). This synoptic state suggests that when SST is anomalously warm in the Mozambique Channel,
the rate of moisture transport into Namibia might be relatively weakened but this might be compensated
by enhanced moisture uptake.

Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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5 Conclusions
At the synoptic scale, during austral summer and early austral autumn, when SST is warm in the
southwest Indian Ocean, the offshore movement of thermal low into the South Atlantic Ocean coupled
with stronger (weaker) anticyclonic circulation at the South Indian Ocean high-pressure (South Atlantic
Ocean high-pressure) correlates with widespread rainfall in Namibia. Also, when moisture uptake is
enhanced in the Mozambique Channel, low-level moisture transport by southeast winds, along 10°S-20°S
into Namibia also correlates with wet events in the region. Generally, during wet seasons, enhanced
convective activity in the southwest Indian Ocean and the Benguela region; strength and position of the
semi-permanent high-pressure systems play vital roles in the circulation pattern controls of rainfall
variability in Namibia.

Finally, during the February 2008 �ood episode in Namibia, it was found that the synoptic conditions
described in this paper to be associated with wet events in Namibia contributed to the heavy rainfall,
based on their occurrence, and persistence for a longer period in early February.
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Figure 1

Seasonal mean of precipitation in Namibia from the CPC and GPCC data sets for the 1982-2019 period.
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Figure 2

Time series of precipitation averaged over Namibia (top panel) and the monthly cycle of precipitation
averaged over Namibia (bottom panel) for 1982-2019, from the CPC and GPCC data sets.
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Figure 3

circulation types in Africa, south of the equator (A), and the associating rainfall composites in Namibia
associated with the circulation types (B). The CTs are the mean SLP �elds of the days clustered under a
given class. The wet CTs are highlighted by the blue frames.
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Figure 4

Probability of wet days (top panel) and heavy wet days (bottom panel) associated with the CTs in Figure
3.
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Figure 5

Annual cycle of the wet CTs.
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Figure 6

Composites of moisture �ux (vectors) and SLP (contour lines) for the wet CTs. The Contour interval is 3
hPa and the scale of the vector is written on the map.
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Figure 7

Composites of moisture �ux at 850 hPa and SLP, for 9 February to 11 February 2008, when CT12
persisted. Color is SLP and vector is moisture �ux. The scale of the vector is written on the map.
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Figure 8

2008 January and February composites of SLP and moisture �ux at 850 hPa in Africa south of the
equator. Color is SLP and vector is moisture �ux. The scale of the vector is written on the map.
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