


Impact of Zonal configuration of the South Atlantic and South Indian Ocean Subtropical Highs on March-May Surface air temperature variability over Southern Africa
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Abstract
The zonal configuration of the South Atlantic (SASH) and South Indian (SISH) subtropical highs significantly influences southern Africa’s climate variability from daily to decadal scales. This study examines the impact of their zonal positioning on March-May (MAM) surface air temperature (SAT) from 1940-2024. The Empirical Orthogonal Function (EOF) method was used to analyze monthly sea level pressure (SLP) to identify different zonal displacement phases. Composite analysis was also used on net shortwave radiation (SSR), surface energy fluxes, and total cloud cover to diagnose physical mechanisms associated with SAT variability. Joint westward displacement of the highs triggers SAT cooling over the central plateaus and Mozambique Channel, while joint eastward displacement is associated with SAT cooling over East Africa and parts of the southern and central plateaus. Westward SASH and eastward SISH displacement results in slight SAT cooling over East Africa, the central plateaus, western Madagascar, and the western coast. Conversely, eastward SASH and westward SISH displacement cool the eastern region extending to the central interior, while warming the remaining parts. These configurations strengthen the subtropical ridge, increasing subsidence and reducing cloud cover, which increases net SSR and surface sensible heat flux (SSH) and reduces outgoing longwave radiation (OLR) and surface latent heat (SLH) flux, leading to surface warming. Away displacement triggers ascent and increased cloud cover, leading to less SSR and SSH and more OLR and SLH flux, contributing to observed SAT cooling. These findings demonstrate that the zonal configurations of subtropical high structures modify the net energy pattern in opposing ways depending on the phase configuration, highlighting their importance for improved seasonal SAT predictability.
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1. Introduction
Southern Africa is the continental landmass located south of the Equator (0-35 ⁰S, 0-60 ⁰E; Morioka et al. 2015; Driver & Reason, 2017). This region is critical for examining climatic variability and change due to their complex interactions between subtropical and extratropical systems (Mahlobo et al. 2024; Rouault et al. 2024). Characterizing the spatial and temporal variability of surface air temperature (SAT) is essential in this context, as temperature fluctuations directly influence ecological functioning, water availability, agricultural productivity, and human health, particularly across countries characterized by pronounced inequalities in adaptive capacity (Rowhani et al. 2011; Lobell & Field, 2007).
Recent comprehensive assessments indicate that temperature extremes have increased across the region, with a higher frequency of warm days and nights observed in both interior and coastal areas over recent decades (Demissie & Gebrechorkos, 2024; Limbu & Makula, 2023; Chang’a et al. 2017; Van Der Walt & Fitchett, 2021). This warming is spatially and temporally non-uniform with notably minimum night-time temperatures increasing at a faster rate than maximum daytime temperatures. This trend has significant implications for evapotranspiration, thermal stress, and ecosystem functioning (Mbokodo et al. 2020; Engelbrecht et al. 2015). Furthermore, evidence also has pointed out an increase in the frequency, intensity, and duration of heatwave events across the region (Mbokodo et al. 2020; New et al. 2006).
SAT variability in Southern Africa is governed by a complex interplay of large-scale atmospheric circulation, regional oceanic influences, topographic heterogeneity, and land–atmosphere feedbacks (Cherchi et al. 2018; Driver & Reason, 2017). Key drivers include the subtropical high-pressure systems, the seasonal migration of the Inter-Tropical Convergence Zone (ITCZ), mid-latitude cyclones and frontal systems, the El Niño-Southern Oscillation (ENSO), Heat lows, and the Botswana High, among others (Driver & Reason, 2017; Mphale et al. 2018; Rouault et al. 2024; Lennard, 2019). Understanding these controlling factors is fundamental for improving climate prediction and informing adaptation strategies in this vulnerable region.
Prominent among these drivers are the South Atlantic Subtropical High (SASH; also known as the Saint Helena High) and the South Indian Subtropical High (SISH; the Mascarene High). These semi-permanent anticyclones modulate the zonal and meridional distribution of incoming solar radiation by influencing convection patterns, atmospheric stability, and the distribution of precipitation and cloud cover (Quagraine et al. 2025; Mahlobo et al. 2024; Ogwang et al. 2015; Frank & Parth Sarthi, 2024). The SASH, for instance, exhibits a distinct annual cycle with two peaks in both intensity and spatial extent, reaching its maximum during the solstitial months (Sun et al., 2017). Shifts in the position and intensity of both SASH and SISH have been shown to affect the regional climate of Southern Africa and to establish teleconnections with more distant regions (Reboita et al. 2019; Feng et al. 2003; Xue et al. 2004; Usmani et al. 2019).
To date, however, most research investigating the impacts of SASH and SISH on precipitation (e.g., Gilliland & Keim, 2018; Hameed et al. 2011; Quagraine et al. 2025; Kebacho et al. 2025), with comparatively limited attention given to their influence on SAT variability. While a few studies (e.g., Dyer et al. 2022) have explored the combined influence of these two high-pressure systems on precipitation, their joint effects on temperature remain critically under-examined. Given the increasing prevalence of extreme temperature events, understanding the zonal configurations of SASH and SISH and their potential influence on SAT over Southern Africa is essential for improving heatwave prediction and supporting risk management efforts.

Addressing this gap, the present study aims to investigate and enhance understanding of the combined zonal configuration of the South Atlantic and South Indian Subtropical Highs and their influence on surface air temperature variability across Southern Africa during March, April and May (MAM) season.
2. Data and Methods
2.1 Data
This study used monthly mean-sea level pressure (SLP), net downward shortwave solar radiation (SSR), upward surface sensible heat flux (SSH), downward outgoing longwave radiation (OLR), upward surface latent heat flux (SLH), Total cloud cover, and 2m air temperature (surface air temperature; SAT) fields. All of these data were obtained from the European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis version 5 (ERA5). The ERA5 dataset provides high spatial resolution (on 0.25⁰ grids) and extensive temporal coverage from 1940 to the present, offering a quality-assured record suitable for regional climate studies (Hersbach et al. 2020). This study covers a period spanning from 1940 to 2024.
The monthly fields for all variables selected and monthly anomalies are detrended and computed as deviations from the 1981-2010 climatology, in an attempt to minimize the impacts of long-term trends, seasonality and noise in the data (Wilks, 2011).
2.2 Methodology
The study employs Empirical Orthogonal Function (EOF) analysis to characterize the zonal variability of SASH and SISH and its corresponding temporal variability, commonly used in meteorological studies (Lorenz,1956; Hannachi et al. 2007). The EOF is a robust and widely used technique for identifying and quantifying dominant modes of variability performed  on the monthly datasets within the MAM-mean SLP anomaly field over the South Atlantic (45⁰ W-20⁰E,15⁰-45⁰ S; Lübbecke et al. 2014; Sun et al. 2017) and the South Indian Ocean (35⁰-120⁰ E, 15⁰-45⁰ S; Zhao et al. 2022; Ravichandran et al. 2020; Jury, 2025) respectively for the 1981-2024 period. The method decomposes the spatially weighted anomaly covariance matrix of the mean-SLP field into eigenvalues and eigenvectors, thereby isolating the leading modes of variability (EOFS) and their temporal evolution (Principal Components; PCs). The significance of EOF modes were then tested using North test (North et al. 1982).  This used only the second EOF mode that represent zonal configuration for further analysis. 
Cross-basin scatter plots of PCs were constructed for diagnosis of the joint behavior associated with the SASH and SISH zonal configuration. The scatter plot produces four quadrants (indices) that classify years into distinct combined relationship phases of SASH and SISH configuration, offering a basis for composite analysis.
Composite analysis was also applied on all datasets, including SLP, SAT, SSR, SSH, SLH, OLR and total cloud cover, to identify patterns related to SAT variability during MAM season. This focused on the SASH and SISH zonal (East and West) configurations correspond to quadrant years obtained from the scatterplots. The technique has been widely used to quantify the dominant modes of climate variability over southern Africa (Kebacho & Chen, 2022; Sun et al. 2017; Lim Kam Sian et al. 2023). Additionally, the statistical significance of the composite anomalies is tested using a two-tailed Student’s t-test determined at the 95% confidence level (Wilks, 2011).
3. Results and discussion
3.1 Spatial variability characteristics of SLP over the South Atlantic and the South Indian Ocean
Fig. 1 show spatial variability characteristics of SASH and SISH during MAM. The SASH (Fig. 1a) and the SISH (Fig. 1c) explain about 36.6% of the total variance. The SASH EOF2 (Fig. 1a) and SISH EOF2 (Fig. 1c) display a zonal dipole of positive and negative SLP anomaly centers oriented East-West, indicating zonal displacement of highs. The zonal displacements results are consistent with past studies (e.g., Usmani et al., 2019; K. A. Quagraine et al., 2024; Manatsa et al., 2014), despite the difference in methodology.  The climatological SLP values >1018hPa showing centers position similar to findings of previous studies (Lee et al. 2013; Sun et al. 2017; Reboita et al. 2019; Quagraine et al. 2024; Quagraine et al. 2025). The second EOF modes are found to be significantly separated from other modes according to North’s et al. 1982 test (not shown). The principal components (PCs; Fig. 1b, d) of SASH and SISH during MAM exhibit significant interannual variations. Notably, this study focuses on the zonal position displacement of these two highs. Fig. 2 shows the cross-basin relationship (scatter plots) of the PCs related to the zonal (PC2) configurations. The scatterplots represent the co-occurrence of joint phases of SASH and SISH and are instrumental for identifying preferred coupled states linked to seasonal SAT anomalies across Southern Africa. Specifically, the four identified distinct quadrants found to correspond to different phases of zonal displacement (see Table 1), which are then complemented by the SLP composite (Fig. 3). 
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[bookmark: _Hlk211981733]Fig 1: Second EOF modes of de-trended March-May (MAM) mean anomalies of sea level pressure (SLP; shading, unit: hPa) for the (a) SASH and (c) SISH, overlaid with climatological MAM mean-SLP (contours, unit: hPa) and their corresponding principal components (PCs) (b) SASH and (d) SISH during 1940-2024. 
Table 1. Categories of years with zonal displacement configurations of SASH and SISH during the austral Autumn (MAM) for the period of 1940-2024
	
	PC2

	Q1
	Years with westward-shifted SASH and westward-shifted SISH (wSASH/wSISH): 1943, 1946, 1949, 1952, 1953, 1954, 1957, 1967, 1974, 1976, 1980, 1982, 1989, 1991, 1996, 1998, 2002, 2004, 2016, 2017, 2020

	Q2
	Years with westward-shifted SASH and eastward-shifted SISH (wSASH/eSISH):1948, 1951, 1958, 1959, 1962, 1966, 1972, 1975, 1981, 1986, 1987, 1992, 1993, 1999, 2001, 2010, 2014, 2015, 2018, 2019, 2021, 2023

	Q3
	Years with eastward-shifted SASH and eastward-shifted SISH (eSASH/eSISH): 1941, 1947, 1960, 1961, 1963, 1964, 1968, 1969, 1970, 1971, 1977, 1978, 1979, 1985, 1988, 1990, 2006, 2007, 2008, 2009, 2011, 2024

	Q4
	Years with eastward-shifted SASH and westward-shifted SISH (eSASH/wSISH): 1940, 1942, 1944, 1945, 1950, 1955, 1956, 1965, 1973, 1983, 1984, 1994, 1995, 1997, 2000, 2003, 2005, 2012, 2013, 2022
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Fig 2: Cross-basin scatter plots of the SASH versus the SISH for PC2 
[bookmark: _Hlk209004725]The pronounced seasonal distinct configuration in position displacement of the SASH and SISH is illustrated in Fig. 3, where the composites of SLP anomalies showing the zonal shift groups (PC2) are presented. These SASH and SISH distinct East-West displacement configurations have also been revealed by previous studies (Rizvi & Iqbal, 2014; Quagraine et al. 2024; Manatsa et al. 2014; Sun et al. 2017). The zonal-shift displacement groups feature significant negative and positive anomalies of SLP dipoles (p<0.05) across the two highs in east-west orientation, portraying the substantial zonal configuration displacement where SASH and SISH (Fig. 3a) show joint westward displacement; Fig. 3b show SASH (westward) and SISH (eastward); Fig. 3c show both eastward displaced and Fig. 3d indicating SASH (eastward) and SISH (westward) displacement. These zonal displacement configurations of SASH and SISH are influenced by other climate modes such as Southern Annular Mode (SAM), El-Niño Southern Oscillation (ENSO), extratropical cyclones and Hadley cell variation (e.g., Reboita et al. 2019; Mahlobo et al. 2024).
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Fig 3: Composite detrended MAM SLP anomalies (shading, unit: hPa) for the (a-d) zonal configuration (from Q1 to Q4) of SASH and SISH during 1940-2024 overlaid with the climatological MAM mean-SLP contours for comparison. The stippling denotes SLP anomalies significant at the 95% confidence level according to Student’s t test
3.2 Impacts of zonal displacement configuration on MAM surface air temperature 
The detrended SAT anomaly composite linked to the zonal configuration of SASH and SISH during MAM is presented in Fig. 4. For the Q1 group (Fig. 4a), show cooling over the central plateau with mild warming over the remaining part. The Q2 group (Fig. 4b) displays mild cooling over central Tanzania extending diagonally towards central plateau, western coast and Madagascar, while the remaining area experiences mild warming. For the Q3 group (Fig. 4c), cooling appears in the northeast (East Africa) extending to the southern part including the central plateau and Madagascar, while the rest of the part features slight warming. The Q4 group (Fig. 4d) shows cooling conditions over the southeastern part, including Madagascar extending to parts of the central plateaus, with the rest diagonally north to western featuring mild warming conditions. There is an observed slight warming over the parts of inland South Africa in all Fig. 8(a-d), which is consistent with the findings of (Van Der Walt & Fitchett. 2021; Kruger & Nxumalo. 2017; MacKellar et al. 2014), who reported increasing trends of maximum and minimum temperature in austral autumn, which explicitly demonstrate increasing warm days and nights. Moreover, parts of Eastern and Central Africa close to the Equator (Figure.8a-d) show a slight increase signal similar to earlier observations (e.g., Omondi et al. 2014; Engelbrecht et al. 2015) that found an increased trend of warm days and warm nights, which is likely attributed by increased SAT signals.
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Fig. 4: Composite detrended MAM precipitation anomalies (shading, unit: mm month-1) over southern Africa during 1940-2024 for the zonal configuration of SASH and SISH: (a) Q1, (b) Q2, (c) Q3, and (d) Q4. The hatching denotes the precipitation anomalies significant at the 95% confidence level according to Student’s t test
[bookmark: _Hlk216791532][bookmark: _Hlk215742570]The net shortwave radiation (SSR) is the key thermodynamic mechanisms link between SAT variability and SASH and SISH. SSR composites closely align with SAT composites (Fig. 5), confirming that east-west displacement of subtropical highs controls temperature variability over southern Africa. In the Q1 group (Fig. 5a), the negative anomaly is concentrated over Madagascar, East Africa, north and central plateau, while positive anomalies occur over the western and southern. The Q2 group (Fig. 5b) exhibits a negative anomaly extending from the northern to central and southwestern areas (0-20⁰ S), while the southern parts (20-35⁰ S), including Madagascar feature positive anomaly. For the Q3 group (Fig. 5c), shows negative anomalies over east Africa, extending to the central plateau and extreme southeastern coast, while positive anomaly is present elsewhere including Madagascar. The Q4 group (Fig. 5d) highlights a dominant significant positive anomaly with slight pockets of negative anomaly along the southeastern coast and northern Madagascar. Negative SSR anomalies suggest decreased surfacer energy absorption, likely increasing night cooling and decrease SAT. Meanwhile, positive SSR anomaly demonstrate increased surface energy absorption, potentially leading to increased SAT (Trenberth et al. 2009; Rodrigues et al. 2019).
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Fig 5: Composite detrended anomalies of net surface solar radiation (Shortwave radiation; unit: Wm-2) (a) Q1, (b) Q2, (c) Q3 and (d) Q4 for the zonal displacement configuration of SASH and SISH over southern Africa during MAM 1940-2024: The hatching denotes the anomalies significant at the 95% confidence level according to Student’s t test.
[bookmark: _Hlk215756218][bookmark: _Hlk216796536]In addition, Fig. 6 illustrates composite anomalies of outgoing longwave radiation (OLR) for the zonal configuration of SASH and SISH. The Q1 group (Fig. 6a) exhibits a negative anomaly over the central areas extending to the southern plateau, with the positive anomaly over the northeastern, southeastern, and western coast, with significant patterns over Madagascar. The Q2 (Fig. 6b) displays positive anomaly over East Africa extending through central and the entire southern area, with a few pockets of negative anomaly limited over Madagascar and the southwestern coast. Q3 (Fig. 6c) reveals a positive SSR anomaly over East Africa and southeastern flank, while the western, southern, northwestern and Mozambique channel feature negative anomaly. Q4 (Fig. 6d) is characterized by widespread negative anomaly over the entire domain, including Madagascar with few patches of positive anomaly over southeastern flank. The negative OLR anomaly flux is associated with hot, clear sky conditions, while positive OLR anomaly suggest deep convection and rainfall, leading to surface cooling (warming) and a likely decrease (increase) in SAT (e.g., Fauchereau et al. 2009; Jury 2025; Ramanathan et al. 2014; Dewitte and Clerbaux, 2018a).
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Fig 6: Composite detrended anomalies of Outgoing Long wave Radiation (OLR; unit: Wm-2) (a) Q1, (b) Q2, (c) Q3 and (d) Q4 for the zonal displacement configuration of SASH and SISH over southern Africa during MAM 1940-2024: The hatching denotes the anomalies significant at the 95% confidence level according to Student’s t test.
[bookmark: _Hlk216811126]Fig. 7 shows the composite anomalies of surface sensible heat flux (SSH) for the zonal configuration. The Q1 group (Fig. 7a) demonstrates a widespread positive anomaly over the eastern part extending to the central, and negative anomaly localized over the western region. The Q2 group (Fig. 7b) shows positive anomaly over East Africa, extending to central and southern plateaus and Madagascar, with the negative anomaly along the western and southern coasts. Q3 (Fig. 7c) display a significant positive anomaly over East Africa, extending to the central and western parts, while pockets of negative anomaly are observed over southern region, Mozambique channel and northwestern near the equator. The Q4 group (Fig. 7d) reveals a widespread negative anomaly over the northern to central and parts of southern Madagascar, while the positive anomaly is observed over the southern and western parts, including Mozambique. Positive SSH anomalies indicate increased surface energy (surface warmer than normal) and heat released to the near-surface air which likely amplifies SAT. Conversely, negative SSH anomalies signify less energy at the surface presumably leading to surface cooling, hence decrease in SAT (Miralles et al. 2011; Seneviratne et al. 2010). 
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Fig 7: Composite detrended anomalies of surface sensible heat flux (SSH; unit: Wm-2) (a) Q1, (b) Q2, (c) Q3 and (d) Q4 for the zonal displacement configuration of SASH and SISH over southern Africa during MAM 1940-2024: The hatching denotes the anomalies significant at the 95% confidence level according to Student’s t test.
Fig. 8 further demonstrates the composite anomalies of surface latent heat flux (SLH) for the zonal configuration. In the Q1 group (Fig. 8a), a pocket of the negative anomaly occurs over the eastern part, extending to the southern plateaus and Madagascar, while a positive anomaly observed over southwestern flank and central to the northern areas, including East Africa. The Q2 group (Fig. 8b) shows a negative anomaly over east Africa, spreading to the central plateau and parts of Mozambique channel, with a positive anomaly over the southern and western sector to the north. For the Q3 group (Fig. 8c), the negative anomalies are observed over East Africa and southwestern plateau, with positive anomaly covering the remaining northern, southern and southeastern coast. The Q4 group (Fig. 8d) displays positive anomaly across entire domain with few pockets of the negative anomalies over the southern and western plateaus. During MAM, parts of southern Africa observed enhanced precipitation (not shown) which leads to increased soil moisture, resulting in positive SLH anomalies. These anomalies act as negative feedback on SAT by diverting energy into evaporation, cooling the surface rather than heating (likely cooling SAT) and vice versa (Seneviratne et al. 2010; Miralles et al. 2011).
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Fig 8: Composite detrended anomalies of surface latent heat flux (SLH; unit: Wm-2) (a) Q1, (b) Q2, (c) Q3 and (d) Q4 for the zonal displacement configuration of SASH and SISH over southern Africa during MAM 1940-2024: The hatching denotes the anomalies significant at the 95% confidence level according to Student’s t test.
The composite anomalies of Total Cloud Cover fraction (TCC) for the zonal configuration are shown in Fig 9. Result in Fig 9(a) for the Q1 group shows a positive anomaly over eastern part, including the Madagascar and parts of central plateau, while a negative anomaly appears in the western part. Q2 (Fig. 9b) exhibits a widespread positive TCC anomaly across most areas, with notable negative anomaly in the north, western and Madagascar.  Q3 (Fig. 9c) shows a positive anomaly over East Africa extending to the central and entire southeastern coast, including Madagascar, with negative pockets in the western and central near equatorial belt. The Q4 group (Fig. 9d) displays a significant negative anomaly over northern regions (East Africa, Central Africa, northwestern areas) and Madagascar, with a notable positive anomaly over the southeastern flank. Clouds regulate Earth’s SAT by influencing surface net shortwave radiation and heat fluxes (e.g., Mahlobo et al. 2019; Rodrigues et al. 2019; Dai, et al. 1999). By affecting sunlight and infrared radiation, clouds influence the distribution of surface and atmospheric heating, of which more (fewer) clouds generally increase surface cooling (warming), consistent with observed decrease (increase) in SSR  (Stephens et al. 2012; Ramanathan et al. 2014). 
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Fig 9: Composite detrended anomalies of MAM Total cloud fraction (unit: % points) (a) Q1, (b) Q2, (c) Q3, and (d) Q4 for the zonal configuration of SASH and SISH over southern Africa during 1940-2024. The hatching denotes the anomalies significant at the 95% confidence level according to Student’s t test
4. Summary and conclusions
This study examined how the zonal configurations of SASH and SISH influence SAT variability in southern Africa, which lies between humid tropical and dry subtropics, making the region more sensitive to temperature variability across seasonal and annual timescales. The analysis of the zonal configurations of SASH and SISH were carried out using the EOF method and the ERA5 monthly SLP dataset. Additionally, monthly datasets such as net shortwave radiation, surface sensible heat flux, surface latent heat flux, outgoing longwave radiation and total cloud cover from ERA5 were further utilized to investigate thermodynamic physical mechanisms associated with SAT. The main conclusions are as follows.
Results show that westward displacement of both SASH and SISH leads to SAT cooling over the central plateaus and Mozambique channel with slight warming over the remaining areas. Eastward displacement is associated with SAT cooling over East Africa, southern and parts of central plateaus, but warming over Mozambique channel. When SASH is displaced westward and SISH eastward shows slight cooling of SAT over East African flank, central plateaus, western Madagascar and western coast belt, while warming occurs in the remaining areas. Meanwhile eastward displacement of SASH and westward displacement of SISH result in cooling across eastern parts extending to the central interior, with the warming over East Africa and the rest of the northwest areas. 
[bookmark: _Hlk215919810]The thermodynamic physical mechanism was found to influence SAT patterns by modulating net shortwave radiation and surface heat fluxes. SAT cooling is linked to increased OLR, SLH, and clouds cover, as well as decreased SSSR and SH, with a vice versa for SAT warming. These findings suggest that the zonal changes in subtropical high structure can alter the energy pattern in a likely opposite way under the opposite displacement of SASH and SISH. Therefore, understanding the influence of these position displacement configurations and thermodynamic physical mechanisms will improve seasonal SAT predictability, strengthening heatwave risk assessment, thereby contributing to climate resilience across sensitive dimensions.
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