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Over regions with sparse observation networks, including South Africa’s Northern Cape Province, gridded data 

sets represent valuable supplementary data sources enabling spatially detailed climate investigations. Their 

performance is, however, influenced by regional characteristics, thus a performance assessment should be a 

prerequisite for any regional application. Through a pairwise comparison with eight point-based temperature 

records, we evaluated the AgERA5 data sets representation of mean summer (November–March; Tms) and 

winter (May–September; Tmw) temperatures and respective seasonal heatwave and coldwave characteristics 

across the Northern Cape for 1980–2020. Correlations ranging from 0.48 to 0.92 for Tms and from 0.38 to 

0.94 for Tmw reflect relatively strong, but varying, temporal correspondence between the AgERA5 data and 

stations. Low biases, averaging −0.08 (0.17) °C and ranging from -0.79 to 2.10 (-0.40 to 1.47) °C for Tms 

(Tmw) were evident. Biases for the heatwave (coldwave) magnitudes were low, averaging -0.38 (0.19) °C2, 

and ranging from -1.55 to 1.47 (-2.05 to 2.91) °C2. Biases for the heatwave (coldwave) frequency were also 

low, but typically overestimated, averaging 1.19 (0.73) days, and ranging from -1.33 to 5.60 (-1.61 to 3.39) 

days. Biases for the heatwave (coldwave) number were low and typically overestimated, averaging 0.27 (0.08) 

events, and ranging from -0.28 to 1.40 (-0.39 to 0.39) events. Despite some stations depicting consistently 

poor performance, the study results support further application of the AgERA5 product for spatiotemporal 

analyses of mean and extreme temperatures across the Northern Cape, provided limitations are adequately 

acknowledged. Further application of the fine-resolution AgERA5 product will greatly inform impact-based 

studies exploring mean and extreme temperature influences over the Northern Cape Province.

Significance:

 • The AgERA5 product was assessed on its performance in representing average and extreme temperature 
characteristics over South Africa’s Northern Cape Province.

 • Good comparability between the AgERA5 product and point-based observations supports further 
application of the AgERA5 across the Northern Cape.

 • The AgERA5 product offers a spatially detailed picture of mean and extreme temperatures across the 
Northern Cape, which is valuable for regions where weather stations are not available.

 • The AgERA5 product is thus important for impact-based studies assessing, for instance, the impact of 
extreme temperatures on livestock and human health.

Introduction
Southern Africa is expected to experience above global-average warming, which will lead to drastic changes in 
regional extreme temperature event (ETE) characteristics.1-3 Historical trends and future projections indicate that, 
compared to other South African provinces, the Northern Cape Province (Figure 1) has and will likely continue to 
experience among the largest increases in surface air temperature and hot ETE characteristics (e.g. heatwaves).1,4 
Conversely, historical trends and future projections over southern Africa typically show decreasing trends in 
the cold ETE characteristics (e.g. coldwaves).5-7 During ETEs, prolonged exposure to thermal stress can have 
devastating impacts which can influence agricultural productivity, by reducing crop yields and potentially causing 
livestock mortalities, and human health, by exacerbating illnesses (e.g. headaches and asthma) and potentially 
leading to mortality.7-9 These impacts are of concern, because in developing regions, such as the Northern Cape, 
associated implications are exacerbated due to a high reliance on weather and climate-sensitive activities (e.g. 
agriculture), and high levels of poverty and unemployment.10,11

Across the Northern Cape Province, interactions between tropical, temperate and subtropical weather systems, 
the regional topography, and the cold Benguela Current (and the Benguela Upwelling System) are known to drive 
the occurrences of cold and hot ETEs.12 Through westerly troughs, cut-off lows and mid-latitude cyclone cold 
fronts, the mid-latitude westerlies and cold Benguela current (and the Benguela Upwelling System) contribute to 
the advection of cold air, from the southern Atlantic Ocean, over the Northern Cape and are known to be associated 
with cold snaps and coldwave events.12-14 Typically, heatwaves are associated with mid-to-lower tropospheric high-
pressure systems, limited cloud coverage, and enhanced incoming longwave radiation.15,16 Troughs extending from 
the tropics transport warm air from the farther northern tropical regions and are also known to induce hot ETEs 
across South Africa and the Northern Cape.17-19

Weather station records have been the primary data source for investigations regarding ETEs across South 
Africa, yet large parts of South Africa, especially mountainous and remote regions, have sparse station network 
coverage.20 Thus, station data alone cannot provide detailed spatial pictures required for climate studies. Station 
data sometimes have data quality issues and are not typically temporally complete due to technical issues and, 
in some cases, closure of stations.20 There is thus an increasing need for an alternative, or supplementary data 
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source, and gridded data sets offer such an alternative.21,22 Various 
gridded temperature data sets exist which are generated using different 
methods, such as interpolating station data, analysing satellite imagery, 
and assimilating observations from stations and/or satellite imagery 
through simulations.23-27 There is, however, uncertainty as to whether 
gridded data accurately represent temperature and ETEs, especially 
in regions adjacent to oceans, with steep near-surface temperature 
gradients, elevation gradients and/or precipitation gradients.21,22 The 
Northern Cape represents a region with steep elevation gradients, where 
the high-lying interior plateau and low-lying coastal plain are separated 
by the mountainous region of the western Great Escarpment (Figure 1). 
The Northern Cape has a complex rainfall climatology, with a summer 
rainfall zone towards the east, a year-round rainfall zone from the 
central parts to the edge of the western Great Escarpment, and a winter 
rainfall zone across the coastal plain.28 Therefore, over a region like the 
Northern Cape, a fine resolution data set should provide a more detailed 
representation of the region’s climate, as studies demonstrate that finer 
resolution data sets often, but not always, provide improved climate 
representations compared to coarser products.20,29

Among the available gridded temperature products, the ERA5, and 
specifically products downscaled from it (i.e. AgERA5), offer the 
highest resolution temperature data sets.25,26 Although recent research 
has assessed the AgERA5 data set in representing mean and extreme 
temperatures across the Northern Cape, a gridded observation-based 
product was considered. Thus, there is still uncertainty as to whether 
the AgERA5 area-averaged grid cells accurately compare to point-
based temperature records.20 Therefore, using point-based weather 
station records from the South African Weather Service (SAWS), we 
aimed to apply comparative statistics to explore the performance of 
the AgERA5 data set in representing mean summer (Tms) and winter 
(Tmw) temperatures and respective seasonal heatwave and coldwave 
characteristics across the Northern Cape for 1980–2020. Considering 
the adverse implications associated with ETEs and the importance of 
reliable gridded data sets for spatial investigations of ETEs, the evaluation 
of such a data set is relevant as a prerequisite for further studies utilising 
the AgERA5 product over the Northern Cape.29

Data and methods

Data and pre-processing

The AgERA5 daily maximum and minimum temperature (Tx and 
Tn, respectively) outputs for 1980–2020 were utilised for this study; 
AgERA5 data are freely available for download from the Copernicus 
Climate Data Store.26 The AgERA5 data set is a statistically downscaled 
and bias-corrected product that is available at a 0.1° resolution.26 It is 
derived from the hourly ERA5 reanalysis which is available at a 0.25° 
resolution and combines numerical model, satellite and observation 
data using the European Centre for Medium-Range Weather Forecasts’ 
Integrated Forecast System (ECMWF).25,26 Before calculating the 
temperature indices using the AgERA5 data, several pre-processing 
steps were undertaken to prepare the data using the Climate Data 
Operators software.30 This preparation included the temporal merging 
of daily NetCDF files, spatial clipping to the study domain extent (i.e. 
25–33° S and 17–25°E), converting units from K to °C, and changing of 
variable names according to the Climpact user manual.31

To evaluate the performance of the AgERA5 data set across the Northern 
Cape, daily Tx and Tn spanning 1980–2020 were utilised from eight 
SAWS weather stations (Supplementary table 1), purposively selected 
following van der Walt and Fitchett32, to produce an evenly distributed 
network of stations across the province (Figure 1). For inclusion, 
stations were required to have >90% data availability for 1980–2020.33 
Before statistical analyses, data quality was examined and cleaning was 
performed.32,33 All dates were checked for duplication and gaps, and 
values were rounded to two decimal places for consistency.33 Repetition 
and duplication of temperature values and where Tx ≤ Tn were among 
the errors identified, while outliers were identified using box plots and 
then verified through comparison with nearby stations.28,32,33 All errors 
and outliers identified were deleted and recorded as missing values.28,34,35 
Missing values were filled with data from nearby stations if they were 
located within a 50 km radius and had a Spearman Correlation Coefficient 
(CC) of >0.70 between the existing records of both stations.32,35-37 If 
there were still missing values for less than five consecutive days, a five-
day running average was used to estimate these.28,32

Figure 1: Study site map depicting elevation, neighbouring countries and provinces, bordering oceans, and locations of weather stations used across the 
Northern Cape Province. Details of the weather stations are presented in Supplementary table 1.
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Heatwave and coldwave indices

To calculate ETE indices we utilised the R Climpact package, developed 
by the World Meteorological Organisation (WMO) Expert Team on Sector-
specific Climate Indices (ET-SCI).31 Among the available heatwave 
and coldwave definitions, the Excess Heat Factor (EHF) and excess 
cold factor (ECF) were applied herein for the heatwave and coldwave 
calculations for the extended summer (November–March) and winter 
(May–September) seasons for 1980–2020, respectively.38,39 The EHF/
ECF incorporates two components based on average daily temperatures, 
representing acclimatisation and significance, which are combined into 
one factor: the EHF/ECF.39 Heatwaves (coldwaves) are defined when 
the EHF (ECF) value is positive (negative) for at least three consecutive 
days.31,39 More information about the EHF, ECF and respective heatwave 
and coldwave calculations are detailed in Herold and McComb31 and 
Nairn and Fawcett.39

Duration, magnitude and frequency are heatwave and coldwave 
characteristics frequently used to describe such events.4,6,38,40 Thus, similar 
heatwave and coldwave indices were computed as seasonally averaged 
outputs for the AgERA5 and SAWS data sets. These include: (1) heatwave 
(coldwave) frequency (HWF [CWF]) which represents the total number 
of days contributing to annual summer (winter) heatwave (coldwave) 
events, (2) heatwave (coldwave) magnitude (HWM [CWM]) represents 
the average temperature of summer (winter) heatwaves (coldwaves) per 
year, measured as °C2 due to the EHF (ECF) definition and (3) heatwave 
(coldwave) number (HWN [CWN]) which represents the total number of 
summer (winter) heatwave (coldwave) events per year.38,39

Evaluation analysis

To evaluate the AgERA5 in representing Tms and Tmw, and respective 
seasonal ETE characteristics, we first explored the data sets’ 
performance in characterising daily average Tms and Tmw, using the 
summer and winter periods for the heatwave and coldwave calculations. 
Tms and Tmw are fundamental as they can dictate underlying factors 
influencing the performance of seasonal ETE characteristics.20 
Thereafter, performance was explored for the respective ETE indices. 

In all instances, four pairwise statistical metrics were calculated to 
compare the AgERA5 and SAWS data sets; single grid cell values 
corresponding to the station coordinates were extracted to compute 
the evaluation metrics (Supplementary table 1). CC was used to 
measure the level of temporal consistency between the AgERA5 and 
SAWS data sets, where output values range between zero and one, and 
one is optimal.28 Information on the standard metric errors, measuring 
deviation between the data sets, were calculated as Root Mean Square 
Error (RMSE) values, where outputs range between zero and one, with 
zero as the strongest score.22 The bias metric was used to determine 
the tendency of the AgERA5 data set to overestimate or underestimate 
values compared to the SAWS data set, where positive (negative) bias 
values indicate an overestimation (underestimation) by the AgERA5 
data set, while a value of zero is optimal.41 The Modified Index of 
Agreement (MD) was used to identify both additive and proportional 
disparities in the SAWS and AgERA5 mean and variance ranges.42,43 
This provides a valuable skill score for the data; the resulting value 
ranges between zero and one, with one being the desired value.42,43

results

AgERA5 representation of mean summer and winter 

temperatures

Box plots illustrating the distribution of Tms and Tmw across the weather 
stations and AgERA5 grid cells in the Northern Cape for 1980–2020 
indicate that there is strong agreement between the data sets, with mean 
values deviating by <1 °C for most locations (excluding POR; Figure 
2a–b). Excluding POR, the overlapping boxplot boxes for the stations 
and AgERA5 cells further indicate a high degree of agreement and strong 
correspondence between the two data sets (Figure 2a–b). For Tms, the 
box plots reveal that KIM and POR exhibit higher temperature values (i.e. 
warm bias) in the AgERA5 data set, whereas the remaining locations 
exhibit lower temperatures (i.e. cool bias; Figure 2a). This pattern is 
indicative of a predominant negative (cool) bias in the AgERA5 Tms 
proxies, which is apparent in the Supplementary figure 1 time series 
plots and the bias values (Table 1). Similarly, for Tmw, the box plots 

Index Station CC MD rMSE Bias

Tms

DEA 0.92 0.79 0.34 -0.21

FRA 0.86 0.46 0.87 -0.79

KIM 0.85 0.72 0.51 0.08

POF 0.90 0.70 0.38 -0.26

POR 0.48 0.21 2.19 2.10

TRE 0.68 0.57 0.76 -0.50

UPI 0.84 0.58 0.52 -0.36

VWV 0.85 0.45 0.79 -0.70

Tmw

DEA 0.84 0.64 0.52 -0.40

FRA 0.84 0.71 0.41 -0.11

KIM 0.70 0.56 0.70 0.49

POF 0.94 0.72 0.57 -0.29

POR 0.38 0.23 1.57 1.47

TRE 0.68 0.51 0.74 0.52

UPI 0.78 0.68 0.37 -0.16

VWV 0.84 0.64 0.40 -0.27

table 1: Tabulated results, per location mapped in Figure 1, of the comparison between the AgERA5 and SAWS data sets for average daily summer 
temperatures (Tms) and daily winter temperatures (Tmw). CC represents the Spearman Correlation Coefficient; RMSE represents the Root Mean 
Square Error; MD represents the Modified Index of Agreement. CC values denoted in bold represent statistically significant correlations at the 5% 
alpha level.
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reveal that the AgERA5 cells exhibit higher temperatures (i.e. warm 
bias) at KIM, POR and TRE, while lower temperatures (i.e. cool bias) 
are observed at the remaining locations (Figure 2b). This indicates a 
predominant negative (i.e. cool) bias in the AgERA5 Tmw data, which is 
also evident in the time series plots and tabulated bias values (Table 1;  
Supplementary figure 1). Compared to SAWS data, most locations 
depict lower AgERA5 box plot tail ends, which may translate to an 
underestimation of AgERA5 extremetemperatures (Figure 2). Among 
the stations, POR consistently depicts weaker correspondence as mean 
values deviate by >1 °C and the spread of the data does not overlap 
consistently for both Tms and Tmw (Figure 2).

Strong temporal consistency between the AgERA5 and station data sets 
is supported by the statistically significant CC values, demonstrating 
consistent interannual variability patterns, and the time series plots, 
which demonstrate consistent temporal tracking between the two data 
sets (Supplementary figures 1 and 2; Table 1). The CC values are 
moderate to strong in magnitude, further indicating strong consistency 
between the data sets (Table 1). CC values range between 0.48 (POR) 
and 0.92 (DEA) for Tms and from 0.38 (POR) to 0.94 (POF) for 
Tmw, with stronger temporal correspondence for Tms as reflected by 
higher correlation values for most stations (Table 1). Located along 
the western coast and farthest north, POR and TRE exhibit the lowest 
degree of temporal agreement for Tms (Tmw), with CC values of 0.48 
(0.68) and 0.38 (0.68), respectively (Table 1). The MD values further 
indicate strong agreement between the data sets, with Tms values 
ranging between 0.21 (POR) and 0.79 (DEA) and Tmw values from 
0.23 (POR) to 0.72 (POF; Table 1). The low, but varying, deviation 
in seasonal temperatures between SAWS and AgERA5 for Tms is 
characterised by RMSE values ranging from 0.34 °C (DEA) to 2.19 °C  
(POR), while for Tmw RMSE values range from 0.37 °C (UPI) to  
1.57 °C (POR; Table 1). The AgERA5 Tms values are overestimated by 
0.08 °C and 2.10 °C at KIM and POR, respectively, and Tmw values 
are overestimated by 0.49 °C, 1.47 °C and 0.51 °C at KIM, POR and 
TRE, respectively (Table 1). In general, for most stations, the AgERA5 
data set underestimates Tms and Tmw, as evidenced by the mostly 
negative bias values and the time series plots per station (Table 1;  

Supplementary figures 1 and 2). Specifically, bias values range from 
-2.10 (POR) to 0.79 °C (FRA) for Tms and from -1.47 (POR) to 0.40 
°C (DEA) for Tmw (Table 1). Despite these biases, their magnitudes are 
relatively small, which is consistent with the low RMSE values evident 
across the stations (excluding POR; Table 1).

AgERA5 representation of mean summer season 

heatwave characteristics

Box plots depicting the distribution of heatwave characteristics and 
time series plots illustrating temporal patterns across the stations and 
corresponding AgERA5 grid cells in the Northern Cape for 1980–2020 
depict strong consistency between the data sets, as is evident from the 
overlapping boxes of the box plots, similar temporal variability patterns 
and consistent tracking for each time series (Figures 3–5; Supplementary  
figure 3). Specifically, the box plots indicate that most locations deviate, 
based on mean values, by <3 days for HWF, <1 °C2 for HWM and <1 
event for HWN (Supplementary figure 3). However, the box plots of 
heatwave characteristics at different locations show different degrees 
of overlap, less so for POR, suggesting that the data distributions for 
these variables differ across various locations and characteristics  
(Supplementary figure 3).

Moderate to strong statistically significant CC values (>0.5) for all 
heatwave characteristics supports that there is strong agreement between 
the AgERA5 and SAWS data sets (Table 2). For HWF, CC values range 
from 0.60 (TRE) to 0.87 (KIM), while for HWM, CC values range from 0.53 
(POR) to 0.93 (VWV), and HWN CC ranges are from 0.53 (POR) to 0.85 
(KIM; Table 2). CC values for POR, UPI and TRE are generally weaker for 
all heatwave characteristics (Table 1). This observation is consistent with 
relatively little overlap observed between the corresponding boxplot boxes 
and weaker MD values for POR, UPI and TRE (Supplementary figure 3).  
The degree of agreement between the SAWS and AgERA5 data sets, as 
measured by MD values, is moderate to strong and is generally higher 
in magnitude compared to Tms (Tables 1–2). MD values for HWF range 
between 0.47 (POR) and 0.80 (KIM), while for HWM the range is from 
0.51 (KIM) to 0.77 (FRA), and for HWN the range is between 0.44 (POR) 

Figure 2: Box plots depicting the distribution of (a) average daily summer (Tms) and (b) winter (Tmw) temperatures for the AgERA5 (red) reanalysis and 
SAWS (blue) weather station data sets from 1980 to 2020 for locations mapped in Figure 1.
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and 0.80 (KIM; Table 2). KIM shows the highest MD values for HWF 
(0.80) and HWN (0.80), but the lowest value for HWM (0.51; Table 2).  
The consistency observed in the moderate to strong MD values 
reflects a high degree of temporal consistency between the data sets  
(Table 2). Relatively low deviation across the data sets is also evident 
from the RMSE values, which are relatively low for all heatwave aspects 
(Table 2); despite this, these RMSE values are higher than that for Tms 
(Tables 1–2). The RMSE values provide support for the consistency 
and general deviation observed in the box plots (Supplementary  
figure 3; Table 2). Specifically, the HWF values range from 2.80 (POF) 
to 10.92 (POR) days, while HWM ranges from 1.34 (TRE) to 6.45 
(POR) °C2, and HWN ranges from 0.71 (POF) to 2.40 (POR) events  
(Supplementary figure 3; Table 2). A larger degree of deviation exists 
between the stations and corresponding AgERA5 for HWF, and a smaller 
degree of deviation is evident for HWN (Table 2). Overall, the AgERA5 data 
set typically overestimates HWF and HWN, and consistent with the Tms 
biases, it typically underestimates HWM (Tables 1–2). For HWF, biases 
range between -1.33 (POR) and 5.60 days (FRA), while for HWM biases 
range from -1.55 (POR) to 1.47 °C2 (KIM), and for HWN the range is 
between -0.28 (POR) and 1.40 events (FRA; Table 2). This pattern in the 
biases is also evident in the time series plots and box plots (Figures 3–5; 
Supplementary figure 3).

AgERA5 representation of mean winter coldwave 

characteristics

Box plots and time series plots for coldwave characteristics of the 
weather stations and AgERA5 grid cells in the Northern Cape from 1980 

to 2020, demonstrate a high degree of agreement between the data sets, 
albeit to a lesser extent than for Tmw (Supplementary figure 4; Figures 
2a, 3–5). Strong agreement for the coldwave aspects is evidenced by 
typically overlapping boxes in the box plots and comparable temporal 
variability in the time series (Supplementary figure 4; Figures 6–8). 
However, for some locations (e.g. POR), the box plots show less overlap 
and less temporal agreement in the time series plots (Supplementary  
figure 4; Figures 6–8). Specifically, the box plots indicate that most 
locations deviate, on average, by <2 days for CWF, <2 °C2 for CWM and 
<0.5 events for CWN (Supplementary figure 4).

The mostly moderate to strong CC values (>0.5) for coldwave 
characteristics provide additional support for the conclusions drawn from 
the box plots and time series plots (Supplementary figure 4; Figures 6–8; 
Table 2). Lower CC values for CWM show that CWM was characterised 
by the weakest performance and CWM is the only index that has CC 
values that are statistically insignificant (Table 2). Specifically, for CWF, 
CC values range from 0.45 (POR) to 0.92 (DEA), for CWM, CC values 
range from 0.17 (POR) to 0.80 (UPI), and for CWN, the range is between 
0.47 (POR) and 0.89 (DEA; Table 2). CC values generally suggest that 
the AgERA5 and SAWS data sets agree the most for CWF compared to 
CWM and CWN (Table 2). Additionally, the MD values demonstrate a 
similar pattern where the CWM aspect depicts the weakest performance 
(Table 2). For both the CC and MD values, weaker agreement for CWF 
and CWN is evident at KIM, POR, and TRE, whereas, for CWM, KIM has 
higher MD and CC values, and FRA has lower MD values compared to 
KIM for CWF and CWN (Table 2). More specifically, the MD values for 
CWF range from 0.40 (POR) to 0.80 (DEA), for CWM, values range from 

Figure 3: Time series plots depicting the total number of days contributing to annual summer heatwave events (HWF) for the AgERA5 (red) and SAWS 
(blue) data sets from 1980 to 2020 for locations mapped in Figure 1.
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0.35 (POR) to 0.68 (POR), and for CWN, values range from 0.48 (POR) 
to 0.84 (DEA; Table 2). Deviation between coldwave characteristics, as 
inferred from the AgERA5 and SAWS data sets’ RMSE values, generally 
tends to be highest for CWF and lowest for CWN (Table 2). Regarding 
CWF, the RMSE values range from 3.25 (DEA) to 8.09 (POR) days, 
whereas for CWM, the range is from 2.32 (VWV) to 5.26 (KIM) °C2, and 
for CWN, values range from 0.73 (DEA) to 1.52 (POR) events (Table 2). 
Box plots in Supplementary figure 4, patterns observed in the time series 
plots (Figures 6–8), and the positive bias values in Table 2 suggest that 
the AgERA5 data set overestimates coldwave characteristics to a greater 
extent than Tmw (Tables 1–2); positive biases for CWM are consistent 
with that for Tmw (Tables 1–2). Specifically, the biases for CWF range 
from -1.61 (FRA) to 3.39 days (POR), for CWM the range is from -2.05 
(FRA) to 2.91 (KIM) °C2, and for CWN the range is between -0.39 (FRA) 
and 0.71 (POR) events (Table 2). Bias values for POR and TRE are 
highest and lowest, respectively, for CWN and CWF, while the highest 
and lowest values for CWM are shown by POR and FRA, respectively 
(Table 2). This pattern is also apparent in the values calculated for CC 
and MD (Table 2).

Discussion and conclusions
Through a comparative analysis between weather stations and 
corresponding AgERA5 grid cells, we evaluated the accuracy of the 
AgERA5 representation of seasonal average and extreme temperature 
characteristics over the Northern Cape for 1980–2020. This study 
builds on research by Roffe and van der Walt20 by evaluating the 

AgERA5 data set’s ability to represent Tms and Tmw, and the 
respective seasonal heatwave and coldwave characteristics, against 
point-based SAWS station data, as opposed to such evaluations using 
a gridded observation data set. This approach is advantageous as 
fewer biases are introduced into the evaluation as the point-based 
weather station data used herein has not been interpolated.20,44 We do, 
however, acknowledge that the station-based temperature data are not 
completely without biases due to, for instance, missing data and the 
methods used for estimation thereof, changes in station location and 
monitoring instrumentation, and land use/cover.44 Despite the weather 
station data limitations, their use for evaluation provides a robust 
understanding of the AgERA5 performance over the Northern Cape. 
Thus, the insights gained from this comparative analysis highlight 
limitations and advantages of using the AgERA5 product over the 
Northern Cape; these are important to consider for future research 
applying this data set to the Northern Cape.

The results presented herein reveal that the AgERA5 data set performs 
quite well over the Northern Cape, and is thus an invaluable data set 
to apply for future temperature-related research over the region. Over 
this data sparse region, the AgERA5 data set can be used, for instance, 
to analyse ETE impacts for areas with no existing weather station 
infrastructure.45 This would be particularly valuable to understand the 
temperature patterns over Kakamas (a town without a weather station) 
for instance, where, in January 2023, anomalously hot temperatures 
caused seven fatalities.46 This is not the only example in which ETEs have 
caused fatalities in South African regions where there are no weather 

Figure 4: Time series plots depicting the average temperature of annual summer heatwave events (HWM) for the AgERA5 (red) and SAWS (blue) data sets 
from 1980 to 2020 for locations mapped in Figure 1.
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Figure 5: Time series plots depicting the total number of summer heatwave events (HWN) for the AgERA5 (red) and SAWS (blue) data sets from 1980 to 
2020 for locations mapped in Figure 1.

Index Station CC MD rMSE Bias

HWF

DEA 0.80 0.76 4.04 1.28

FRA 0.72 0.75 3.84 -1.33

KIM 0.87 0.80 4.40 1.53

POF 0.78 0.69 2.80 0.50

POR 0.66 0.47 10.92 5.60

TRE 0.60 0.64 6.96 0.10

UPI 0.65 0.60 6.76 2.18

VWV 0.78 0.69 4.26 -0.33

table 2: Tabulated results, per location mapped in Figure 1, of the comparison between the AgERA5 and SAWS data sets for the total number of days 
contributing to annual summer (winter) heatwave (coldwave) events (HWF [CWF]), the average temperature of annual summer (winter) heatwave 
(coldwave) events (HWM [CWM]), and the total number of summer (winter) heatwave (coldwave) events (HWN [CWN]). CC represents the 
Spearman Correlation Coefficient; RMSE represents the Root Mean Square Error; MD represents the Modified Index of Agreement. CC values 
denoted in bold represent statistically significant correlations at the 5% alpha level.

...table 2 continues on next page
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Index Station CC MD rMSE Bias

HWM

DEA 0.74 0.63 1.85 -0.74

FRA 0.79 0.77 2.17 0.37

KIM 0.68 0.51 2.90 -1.55

POF 0.73 0.76 2.61 -0.51

POR 0.53 0.54 6.54 1.47

TRE 0.69 0.72 1.34 -0.41

UPI 0.66 0.64 3.69 -0.51

VWV 0.93 0.70 5.13 -1.19

HWN

DEA 0.74 0.78 0.99 0.23

FRA 0.68 0.74 1.01 -0.28

KIM 0.85 0.80 0.87 0.20

POF 0.74 0.70 0.71 0.15

POR 0.53 0.44 2.40 1.40

TRE 0.56 0.59 1.64 -0.10

UPI 0.60 0.58 1.48 0.50

VWV 0.68 0.69 1.00 -0.05

CWF

DEA 0.92 0.80 3.25 0.83

FRA 0.73 0.69 4.43 -1.61

KIM 0.71 0.59 5.64 0.88

POF 0.78 0.74 3.78 1.10

POR 0.45 0.40 8.09 3.39

TRE 0.59 0.62 6.59 -0.34

UPI 0.90 0.77 3.45 1.41

VWV 0.82 0.74 3.46 0.15

CWM

DEA 0.52 0.58 3.28 0.02

FRA 0.25 0.36 3.67 -2.05

KIM 0.57 0.56 5.26 2.91

POF 0.76 0.68 2.05 0.23

POR 0.17 0.35 3.08 0.74

TRE 0.52 0.57 3.85 -0.59

UPI 0.80 0.65 2.73 0.71

VWV 0.75 0.64 2.32 -0.45

CWN

DEA 0.89 0.84 0.73 -0.10

FRA 0.70 0.71 1.08 -0.39

KIM 0.62 0.57 1.31 0.10

POF 0.78 0.76 0.91 0.20

POR 0.47 0.48 1.52 0.71

TRE 0.53 0.63 1.47 -0.17

UPI 0.85 0.76 0.81 0.17

VWV 0.66 0.64 1.05 0.12

table 2 continued...
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stations47; this highlights the value of a reliable gridded data set like the 
AgERA5. Moreover, by analysing ETEs with the AgERA5 data set, one 
can derive valuable information that can aid in developing efficient and 
prompt adaptive measures and strategies, which can aid in mitigating 
the negative impacts of ETEs, such as preventing heat stress, optimising 
crop management techniques, and enhancing infrastructure.7-9,48

In terms of the AgERA5 performance over the Northern Cape, general 
findings suggest strong, but varying, correspondence spatially, which 
is a result that is in agreement with the findings of similar studies.20-21 
Mean seasonal temperatures correspond and perform better than 
heatwave and coldwave characteristics from AgERA5 (Tables 1–2). 
This is likely due to differences at the temperature distribution extremes 
between the station and AgERA5 data sets (Figure 2). Furthermore, a 
common limitation in statistical comparisons, known as the double 
penalty problem, of fine-resolution data based on point-to-point 
analysis also contributes to the weaker performance detected for 
the ETE characteristics.49 For instance, a temperature proxy may be 
penalised for a spurious observation due to imprecise station location, 
while an ETE proxy will be doubly penalised for issuing a false alarm for 
an ETE.49 Based on daily to annual temperature averages, it is evident 
that Tms performs slightly better than Tmw (Table 1). Across the 
stations, Tms is characterised by higher CC and MD values, indicating 
better correlation and agreement between predicted and observed 
values (Table 1). The present analysis demonstrates a predominant 
underestimation of Tms and Tmw by the AgERA5 temperature proxies 
(Table 1), which is a finding that corresponds to results presented by 

Roffe and van der Walt20 and Velikou et al.21 Observed negative bias 
values between station and AgERA5 Tms and Tmw proxies can be 
considered a plausible explanation for the underestimation of HWM and 
CWM in the AgERA5 data set (Tables 1–2).20 Among the heatwave and 
coldwave indices, HWM and CWM represent the ETE characteristics 
with the poorest performance (Table 2), and this is a finding that aligns 
with previous research.20,21,29 While the AgERA5 data set performed 
well in representing heatwave and coldwave characteristics, these 
results highlight the need for caution when utilising the AgERA5 data 
set to examine HWM and CWM over the Northern Cape. The suboptimal 
performance of HWM and CWM therefore suggests that there is much 
room for improvement in the AgERA5 data set representation of 
temperatures at the tail ends of the temperature distribution. In contrast 
to HWM and CWM, HWF, HWN, CWF, and CWN exhibit positive biases 
relative to station data and demonstrate CC and MD values of greater 
magnitude (Table 2). While performance variations exist among 
different locations, and the difference in the performance of summer 
and winter ETE indices is relatively small, mean CC and MD values 
indicate superior performance for summer ETE indices compared to 
winter ETE indices (Tables 1–2). Stronger performance in summer ETE 
indices has also been observed in other studies.20

Although the overall performance was strong, some locations (i.e. POR, 
located along the western coast, and TRE, located in the Kalahari Desert) 
were consistently characterised by poorer performance (Tables 1–2), 
likely because these regions contain fewer stations compared to other 
parts of the Northern Cape.20 Moreover, mean and extreme temperatures 

Figure 6: Time series plots depicting the total number of days contributing to annual winter coldwave events (CWF) for the AgERA5 (red) and SAWS (blue) 
data sets from 1980 to 2020 for locations mapped in Figure 1.
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at locations bordering the Atlantic Ocean are strongly influenced by the 
cold Benguela Current (and Upwelling System) which proves to be a 
phenomenon that is not accurately simulated by the ECMWF modelling 
system.20,50 For TRE, in the Kalahari Desert region, the desert surface 
influences mean and extreme temperatures through cloud development 
mechanisms, which could also lead to parameterisation difficulties in 
the ERA5 reanalysis methods.16,50 Grid cells bordering the cold Benguela 
current or falling within the Kalahari Desert regions should be treated 
with caution, and limitations and uncertainties should be appropriately 
acknowledged. A better understanding of these weaknesses is critical for 
improving future parameterisation methods for the underlying ECMWF 
model used for the ERA5 reanalysis; this will undoubtedly lead to better 
accuracy for calculated indices and long-term trends. Despite the 
weaknesses identified herein, this ERA5 reanalysis product has shown 
strong improvement based on its predecessor (ERA-Interim) and will 
likely improve still in the foreseeable future.50 Furthermore, according 
to previous research comparing the AgERA5 data set to others, like 
AgCFSR and CPC, the AgERA5 outperforms these in terms of accuracy 
and reliability.51,52

The strengths and limitations of the AgERA5 presented herein support 
further application of the AgERA5 data set for characterising average and 
extreme temperatures over the Northern Cape. Findings suggest, based 
on moderate to strong CC values, that AgERA5 can effectively capture 
interannual variability patterns in the Northern Cape, and in turn will likely 
provide reliable trend results despite conflicting thoughts regarding the 

application of reanalysis for trend calculations.20 This underscores the 
potential of AgERA5 as a valuable tool for studying long-term changes in 
the Northern Cape climate. Progressing forward, it would be important 
to utilise the ERA5 reanalysis to investigate synoptic-scale circulation 
patterns associated with the occurrence of coldwaves and heatwaves 
across the Northern Cape. Comprehending this using numerical weather 
prediction models can play an important role in the predictability of 
these events, ultimately informing better early warnings of ETEs over 
the Northern Cape.53
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