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Recent trends in the climate of Namaqualand, a
megadiverse arid region of South Africa

Namagualand is especially vulnerable to future climate change impacts. Using a high-resolution (0.5°x0.5°)
gridded data set (CRU TS 3.1) and individual weather station data, we demonstrated that temperatures as
well as frequency of hot extremes have increased across this region. Specifically, minimum temperatures
have increased by 1.4 °C and maximum temperatures by 1.1 °C over the last century. Of the five weather
stations analysed, two showed evidence of a significant increase in the duration of warm spells of up to 5
days per decade and a reduction in the number of cool days (TX10P) by up to 3 days per decade. In terms
of rainfall, we found no clear evidence for a significant change in annual totals or the frequency or intensity
of rainfall events. Seasonal trends in rainfall did, however, demonstrate some spatial variability across the
region. Spatial trends in evapotranspiration obtained from the 8-day MOD16 ET product were characterised
by a steepening inland-coastal gradient where areas along the coastline showed a significant increase
in evapotranspiration of up to 30 mm per decade, most notably in spring and summer. The increase in
temperature linked with the increases in evapotranspiration pose significant challenges for water availability
in the region, but further research into changes in coastal fog is required in order for a more reliable
assessment to be made. Overall, the results presented in this study provide evidence-based information for
the management of climate change impacts as well as the development of appropriate adaptation responses
at a local scale.

Introduction

There is strong scientific evidence that recent changes in climate are probably attributable to human activities
and have resulted in increased annual global temperatures, as well as associated increases in temperature
extremes."? There have been a number of studies across South Africa that have demonstrated similar trends in
temperature.”*° Where records are of sufficient length, there have been detectable increases in extreme rainfall
events™+® and evidence that droughts have become more intense and widespread.® The latest climate change
projections for South Africa indicate that temperatures are likely to increase into the 21st century and that rainfall
in the south western Cape is expected to decrease in the future as a result of a poleward retreat of rain-bearing
mid latitude cyclones.® These projected changes in climate are likely to have significant implications for the
region’s biodiversity."

The Succulent Karoo biome, including the Namagualand region, is globally recognised as a biodiversity hotpot that
is particularly vulnerable to climate change,'' not only because of the high levels of biodiversity but also because of
a high dependence of the region’s population on natural resources, livestock production, and dryland agriculture.'3
Modelling studies have indicated that the Succulent Karoo may suffer a reduction in spatial extent of up to 40%
as well as consequent reductions in the abundance and diversity of endemic species as a result of changes in
temperature and rainfall."'® In terms of individual species’ responses to climate change, a study by Broennimann
et al."® found that geophytes and succulents, which make up over half of plant species in Namaqualand, were
particularly vulnerable to climate change. They predicted a minimum decline in species richness of 41% for the
Succulent Karoo biome.

To date, only three studies have investigated the historical climate of the Namaqualand,'”" all of which focused
specifically on changes in rainfall. Various palaeoclimate studies in the winter rainfall zone of South Africa?®2 have
also contributed to the understanding of the long-term changes in climate in Namaqualand. Distinguishing local
climate trends is essential as climate may not change uniformly across large areas. Furthermore, there is a clear
demand for reliable climate information by both local authorities and land managers in order to ensure that climate
risk management and assessments of climate change are locally relevant.?2

We present an assessment of the trends in key climatic variables as well as climate extremes for Namaqualand that
provide an updated analysis, add value and complement previous studies. A better understanding of local changes
and inter-annual variability assist in the interpretation of future climate change projections and provide evidence-
based research to guide management actions in the region.

Detecting changes in climate at the local scale is considerably more difficult than doing so for regional climate
because of the lack of an accurate, long-term, well-maintained and dense spatial network of observational stations
to detect regional climate signals. This is particularly evident in Namaqualand where weather stations are sparsely
distributed. Gridded climate data sets developed by interpolating weather station records help overcome this
by approximating the true spatial and temporal variability of key climate variables.?5% The analysis presented
in this paper is based on temperature and rainfall data from the high-resolution gridded data set (1901-2009)
provided by the Climatic Research Unit of the University of East Anglia (CRU TS 3.1) as well as daily climate data
obtained from five weather stations in Namaqualand and evapotranspiration data obtained from the 8 day MOD16
product. Multiple data sets were used in order to explore the full range of climate signals and to provide a complete
characterisation of the confidence in the changes observed.
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Study Area

Namagqualand is located in the north-west corner of South Africa and
extends from the Orange River inthe north to Vanrhynsdorp and the Olifants
River in the south.®3" It covers a region of approximately 50 000 km?and
is located west and south of the escarpment, 200-300 km inland of the
west coast® (Figure 1).
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Figure 1: Map of Namaqualand showing altitude (Digital Elevation
Datatbase (DEM), SRTM version 4, 250 m) and five weather
stations used in the analysis of trends in daily climate
extremes. For this study, Namaqualand has been defined as
the area between the Orange River in the north and the Olifants

River in the South.®'%7

Namaqualand hosts approximately 3500 plant species with about 25%
of this flora being endemic to the region®' and is well known for its
flower displays in spring. Agriculture, mainly livestock production, is the
primary land use in Namaqualand and is practised on both commercial
and communal farmlands.® The communal areas account for more than
25% of the region and support 45% of its population.®*

The climate of the region is determined primarily by the southern
subtropical high pressure system and the circumpolar westerly airstream.
Geographic features, such as the mountains of the escarpment and the
cold Benguela current, influence local scale climate. Namaqualand is
classed as a semi-arid winter rainfall region with mean annual precipitation
ranging from 50 mm in the north-west to 400 mm per annum in the
Kamiesberg. Peak rainfall amounts occur over the Kamiesberg Mountains
as a result of the orographic effect.'” More than 60% of the rainfall occurs
during the winter months between May and September as a result of
the cold, westerly fronts from the southern oceans.® Coastal lows are
also common in winter. Rainfall is supplemented by heavy dewfalls
experienced during mid-winter (July—August) and advective coastal fog
experienced during the summer months. Fog is generated by the cold
Benguela current of the Atlantic Ocean and occurs primarily along the
coastal region for about 75 days of the year.* Namagqualand is prone to
droughts, which usually span a few successive years.'”1?

Annual average temperatures for the study area are relatively mild
throughout the year and range from 13 °C to 21 °C, owing to the
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cold Benguela Current off the west coast of Namaqualand.®' Mean
annual temperatures are highest inland of the west coast increasing
northwards, while the escarpment and high lying areas experience
cooler temperatures. Maximum temperatures only exceed 30 °C when
Berg winds® are blowing off the plateau to the west. There is a relatively
high evaporative demand in Namaqualand, particularly during these
hot berg-wind events.®® With the exception of the coastal belt, the
region experiences a large annual and diurnal range in temperatures."”
Occasional frosts occur in the high lying areas of the escarpment and
central plateau.®

Methodology

Observed changes in climate

A high-resolution (0.5°x0.5°) gridded monthly data set provided by the
CRU TS 3.1 was used to analyse the spatial trends in temperature
and rainfall for the period 1901-2009. Acknowledging the limitations of
weather station interpolation, a gridded climate data set was used in this
study as the weather stations are sparsely distributed in Namaqualand
and are thus not fully representative of the full range of temperature and
rainfall values experienced over the region. The CRU TS 3.1 data set
has been validated,”® and was used previously to study trends in African
climate.® It is important to note that gridded climate data is not suitable
to provide time series analysis at the scale of the individual pixel and thus
the results presented here provide an indication of the spatial patterns on
change in temperature and rainfall over the entire region. A time series of
temperature and rainfall data was extracted from the CRU TS 3.1 data set
and a linear regression was performed to detect changes at an annual
time step for the region. To describe inter-annual variability, temperature
and rainfall anomalies were computed by subtracting the 1960-1990
mean value®3°from each annual value in the time series.

In order to ensure that the CRU TS 3.1 data set depicts the correct
distribution and amounts of monthly temperature and rainfall for the
studied region, the gridded data set was compared to the weather station
data (Table 1) for the period 1982-2009 by calculating the correlation
coefficients (r-value). With the exception of minimum temperature
obtained from the Springbok and Port Nolloth stations, the weather
station data and the gridded CRU TS 3.1 were significantly and positivity
correlated (Supplementary Table 1). The correlation coefficients (>0.5)
confirm the similarity of the two data sets, thus lending confidence in
using the interpolated data set for the spatial analysis of trends.

Table 1: List of weather stations utilised in the analysis
Station Station Latitude Longitude Altitude Period
number name (°S) (°E) (m)
0134479A3 Calvinia | -31.4820 @ 19.7610 977 1986-2014
0247668A4 Pofadder = -29.1230 = 19.3890 984 1982-2014
02426446 Port Nolloth | -29.2500 = 16.8680 8 1983-2014
0214670A0 | Springbok | -29.6670 & 17.8830 1006 1987-2013
0106880A2 = Vredendal | -31.6730 = 18.4960 42 1982-2014

In order to provide a more detailed understanding of changes in water
availability for Namaqualand, trends in evapotranspiration were also
assessed. A direct measurement of evapotranspiration was not carried
out in this study, but was derived from the Moderate Resolution Imaging
Spectroradiometer (MODIS) on-board NASA's Terra and Aqua satellites.
The 8-day MOD16 Global Terrestrial Evapotranspiration data set (MOD
16 ET available from http://www.ntsg.umt.edu/project/mod16), has a
1 km? spatial resolution and covers the time period 2000-2010. The
MOD16 Evapotranspiration data sets are estimated using the improved
evapotranspiration algorithm outlined in Mu et al.* which is based on the
Penman-Monteith equation.*'
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Trend Analysis

Spatial trends in temperature derived from the CRU TS 3.1 data set
(1901-2009) and evapotranspiration derived from the MODIS MOD16
ET (2000-2010) data set were examined by applying the Theil-Sen
(TS) median slope estimator.243 This is a robust non-parametric trend
operator which is unaffected by the presence of outliers.* The Theil-Sen
operator is determined by calculating the slope between every pair-wise
combination and then assessing the median slope value. The result is a
spatially-explicit expression of the rate of change per year in each of the
climate variables, where pixels with negative (positive) slopes indicate
areas that have experienced a decline (increase). The trend analysis was
calculated for seasonal means. The four major seasons are December-
January-February (DJF), March-April-May (MAM), June-July-August
(JJA), and September-October-November (SON). For comparison,
trends in annual temperature and rainfall for each of the weather stations
were computed.

To assess changes in rainfall the rank-based, non-parametric Mann-
Kendall method* was applied. This is a non-linear trend indicator that
measures the degree to which a trend is consistently increasing or
decreasing. The Kendall’s correlation coefficient ranges from -1 to +1,
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where a value of +1 indicates a trend that consistently increases and
never decreases with the opposite being true for a value of -1. A value of
0 indicates no consistent trend.

Observed changes in climate extremes

Daily weather data provided by the South African Weather Service for
five stations in Namaqualand were used to analyse trends in temperature
and rainfall extremes (Table 1). The weather station data were subjected
to quality control to remove any erroneous values. The analysis was
conducted using the RClimdex package (Version 1.1). This software
package (available for download from http:/etccdi.pacificclimate.org/
software.shtml) has been used in a number of regional’ and national
studies*s*” to detect changes in climate extremes. The software is
capable of computing 27 core indices,*® but only those temperature
and rainfall indices relevant to Namaqualand were selected for this
study (Tables 2 and 3). The base period used in the analysis is normally
1971-2000"“¢ but because the weather station data for Namagqualand
only begans in the 1980s, the base period of 1980-2000 was used
in the analysis. Linear trends were calculated using the least-squares
method for each temperature and rainfall index. The trends were tested
for significance at the 95% confidence level.

Table 2:  Description of the temperature indices utilised in this study"
Index Description Definition Units
TXX Hottest day Monthly highest TX °C
TXn Coolest day Monthly lowest TX °C
TX90P Hot day frequency Percentage of days when TX 90th percentile of the baseline average %
TX10P Cool day frequency Percentage of days when TX>10th percentile of the baseline average %
SU25 Hot days Annual count when TX>25 °C days
WSDI Warm spell Annual count days with at least 6 consecutive days when TX>90th percentile of the baseline average days
TNn Coolest day Monthly lowest TN °C
TNx Hottest night Monthly highest TN °C
TN10P Cool night frequency Percentage of days when TN>10th percentile of the baseline average %
TN9OP Hot night frequency Percentage of days when TN>90th percentile of the baseline average %
CSDI Cold spell Annual count days with at least 6 consecutive days when TN<10th percentile of the baseline average days
TR20 Warm nights Annual count when TN>20 °C days
DTR Diurnal temperature range Monthly mean difference between TX and TN °C
TX, daily maximum temperature; TN, daily minimum temperature
Table 3: Description of the rainfall indices utilised in this study’
Index Description Definition Units
R95p Very wet day Annual total rainfall when RR>95th percentile of the baseline average mm
CDD Consecutive dry days Maximum number of consecutive dry days days
CWD Consecutive wet days Maximum number of consecutive wet days days
R10mm Heavy rainfall days Annual count of days when RR>= 10 mm days
R20mm Very heavy rainfall days Annual count of days when RR>= 20 mm days
Rx5day Maximum 5 day rainfall Annual maximum consecutive 5 day rainfall mm
SDII Simple daily intensity index Average rainfall on wet days mm

RR, aaily rainfall rate
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Results
Observed changes in climate

Temperature

Linear trend analysis of the CRU TS 3.1 data set for Namaqualand
revealed that annual minimum and maximum temperature have increased
at a rate of 0.14 °C per decade (p<0.0001) and 0.11 °C per decade
(p<0.0001) respectively between 1901 and 2009. It is clear from this
data set that minimum temperatures are increasing at a faster rate than
maximum temperatures and that the rate of warming has increased over
the last two decades (Figure 2). Minimum temperatures for the period
1970-2009 were 0.36 °C warmer than the 1961-1990 mean whereas
maximum temperatures for the same period were only 0.16 °C warmer
than the 1961-1990 mean. The highest annual minimum temperature
of the series was in 2009, with a temperature of 1.27 °C above the
1961-1990 mean. The highest annual maximum temperature of the
series was for 1945, with a temperature of 0.96 °C above the 1961-1990
mean. The second highest annual maximum temperature was for 1999,
with a temperature of 0.9 °C above the 1961-1990 mean.

a. Minimum Temperature (CRU TS 3.1)
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b. Maximum Temperature (CRU TS 3.1)
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Figure 2:  Annual (a) minimum and (b) maximum temperature anomalies

(°C) for Namagqualand (1901-2009) based on the CRU TS 3.1
data set. Red represents positive anomaly and blue a negative
anomaly in temperature with respect to the long-term average
climatology (1961-1990 mean). The 5-year moving average
(black line) is also shown.

A spatial pattern in temperature trends is evident (Figure 3 and Figure 4),
with the greatest warming in minimum temperature being observed
in the north-eastern parts of Namaqualand and the greatest warming
in maximum temperature being observed in the south-eastern parts
of Namaqualand towards the interior of the country. Trends in annual
maximum temperature derived from the weather station data indicate a
significant increase at the Port Nolloth and Vredendal stations of 0.3 °C
and 0.1 °C per decade respectively (Supplementary Figure 1). Trends
in minimum temperature were less consistent, with a significantly
increasing trend observed for Pofadder, but a significantly decreasing
trend observed for Springbok (Supplementary figure 2).

Temperature trends across seasons are inconsistent with slightly larger
warming in spring (SON) and autumn (MAM) compared with the other
seasons (Figures 3 and 4). Overall, areas further inland have experienced
a higher rate of change than those areas along the coastline. As with the
annual trends, the rate of increase in seasonal minimum temperatures is
greater than that of maximum temperatures.
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Figure 3:  Observed seasonal minimum temperature trends (°C per year)
according to the Theil-Sen trend analysis for summer (DJF),
autumn (MAM), winter (JJA) and spring (SON) based on the
CRU TS 3.1 data set (1901-2009). Statistically significant

trends (95th confidence level) are stippled.
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Figure 4:  Observed seasonal maximum temperature trends (°C per year)
according to the Theil-Sen trend analysis for summer (DJF),
autumn (MAM), winter (JJA) and spring (SON) based on the
CRU TS 3.1 data set (1901-2009). Statistically significant
trends (95th confidence level) are stippled.

Rainfall

Based on the linear trend of mean annual rainfall derived CRU TS 3.1
data set from 1901 to 2009, there is no clear evidence for a significant
change in rainfall over Namaqualand. Furthermore, the annual rainfall
time series for each the weather stations demonstrates no significant
change in rainfall over the last 30 years (Supplementary figure 3). The
rainfall time series (Figure 5) is characterised by strong inter-annual
variability with periods of above and below average rainfall, for example
1973-1976 and 2002-2004 respectively. There was no significant
trend in the coefficient of variation (Supplementary figure 4), suggesting
that the inter-annual rainfall variability has remained relatively constant
throughout the period of analysis.
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Mean Annual Rainfall (CRU TS 3.1)

Anomaly (%)

Figure 5:  Annual rainfall anomalies (%) for Namaqualand (1901-2009)
based on CRU TS 3.1 data set. Blue represents positive
anomaly and red a negative anomaly with respect to the long-
term average climatology (1961-1990 mean). The 5 year

moving average (black ling) is also given.

Seasonal trends in rainfall (Figure 6) do demonstrate some spatial
patterns of change over Namaqualand. Rainfall during the main rainfall
season (JJA) decreased over the eastern parts of Namaqualand and
during spring (SON), rainfall decreased over the central and southern
parts. These patterns may however be considered negligible because
of the insignificance of the trends. The only statistically significant
trends were observed in summer (DJF) over Port Nolloth, which
has experienced a decrease, and over the Pofadder region which
experienced an increase in rainfall. Additional analysis of the CRU TS
3.1 rainfall data set indicated that there was no significant trend in the
rainfall totals over the main vegetation growing season (June-0ct)*,
(Supplementary Figure 5) and there was no evidence for shift in the
seasonality or month of peak rainfall.

17 18 19 20

Figure 6:  Observed trends in seasonal rainfall amounts according to
the Mann-Kendall test for summer (DJF), autumn (MAM),
winter (JJA) and spring (SON) based on the CRU TS 3.1 data
set (1901-2009). The value represents the direction and the
relative strength of the trend. Red colours indicate a negative
trend and blue colours indicate positive trend. Statistically

significant trends (95th confidence level) are stippled.

Evapotranspiration

Evidence from the analysis of MOD16 ET from 2000 to 2010 indicates
that changes in evapotranspiration have not been uniform across
Namagqualand. During spring (SON) and summer (DJF), the trend in
evapotranspiration was characterised by a steepening inland-coastal
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gradient while areas along the coastline experienced an increase
in evapotranspiration of up to 30 mm per decade over the period
(Figure 7). This trend is most pronounced and statistically significant
during spring along the coastline. During autumn (MAM), areas to
the north of Namaqualand around Pofadder experienced a significant
increase in evapotranspiration. During winter (JJA) there was a reduction
in evapotranspiration over the entire region with significant trends
observed over the escarpment and higher altitude regions of Springbok
and Calvinia.

MAM

16.5 175 18.5 19.5

Figure 7:  Observed trends in seasonal evapotranspiration (mm per
season) according to the Theil-Sen trend analysis for summer
(DJF), autumn (MAM), winter (JJA) and spring (SON) based on
the CRU TS 3.1 data set (1901-2009). Blue colours indicate
a decreasing trend, red colours indicate an increasing trend,
and white indicates pixels with no data. Statistically significant
trends (95th confidence level) are stippled.

Observed changes in climate extremes

The analysis of the weather station data indicate that the occurrence
of warm extremes (Table 4) has increased and that the occurrence
of cold extremes (Table 5) has decreased over Namaqualand. This is
clearly demonstrated by the observed increase in the number of hot days
(TX90P) and the corresponding decrease in the number of cool days
(TX10P) for each weather station. Furthermore, all five of the weather
stations demonstrated an increase in warm spell duration (WSDI), with
those for Pofadder and Springbok being statistically significant. The
duration of warm spells increased by 2 and 5 days per decade (p<0.05)
at the Pofadder and Springbok stations respectively.

For the Vredendal weather station, the monthly highest maximum
temperature, the frequency of hot days as well as the number of
days above 25 °C all increased significantly. The number of hot days
increased by 2.5 days (p<0.05) and the number of hot days above
25 °C by 12 days per decade (p<0.05) at this station.

For Pofadder, the frequency of hot nights (TN90P) increased by 1.1 days
per decade (p<0.05) and the frequency of warm nights (TR20) by 0.7
days (p<0.05), corresponding with a decrease in the frequency of cool
nights (TN10P) of 1.7 days (p<0.05). This resulted in a reduction in the
diurnal temperature range (DTR) at this station. For the other weather
stations, the occurrence of hot nights (TN90P) decreased, resulting in
an increase in the DTR most notably for the Springbok and Vredendal
weather stations.
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Table 4:  Trends in hot extreme indices derived from RClimDex expressed as the change per year. Trends that are significant at the 95% confidence level are
indicted by an asterisk (*)
. . Hot day frequency = Hot night frequency Warm nights
Weather station = Hottest day (TXx) | Hottest night (TNx) (TX90P) (TN9OP) Hot days (SU25) A Warm Spell (WSDI) (TR20)
Calvinia -0.001 0.025 0.15 -0.006 0.416 0.15 0.039
Pofadder 0.004 0.009 0.115 0.106* 0.167 0.202* 0.716*
Port Nolloth 0.036 -0.032 0.176 -0.181 0.098 0.26 -0.024
Springbok -0.005 -0.015 0.132 -0.221* 0.376 0.542* -0.17
Vredendal 0.111* 0.028 0.25* -0.044 1.222* 0.109 0.089
Table 5:  Trends in cold extreme indices derived from RClimDex expressed as the change per year. Trends that are significant at the 95% confidence level
are indicted by an asterisk (*)
. Cool night Cool day frequency Diurnal temperature
Weather station | Coolest day (TNn) = Coolest day (TXn) frequency (TN10P) (TX10P) Cold Spell (CSDI) range (DTR)
Calvinia 0.008 0.043 0.003 -0.101 0.08 0.024
Pofadder -0.01 0.015 -0.167* -0.114* 0.027 -0.006
Port Nolloth 0.022 -0.004 0.001 -0.132 0.244 0.054
Springbok -0.002 0.03 0.054 -0.094 0.051 0.056*
Vredendal 0.007 0.018 0.045 -0.269* 0.045 0.069*

Interms of rainfall extremes (Table 6), the only significant trend observed
was for Port Nolloth, that experienced a decline in the maximum
consecutive 5 day rainfall (Rx5day), (p<0.05). The trends for the
other weather stations were weaker and differed considerably in both
magnitude and direction thus providing little evidence for a change in
rainfall extremes.

Discussion

Using a high-resolution (0.5°x0.5°) gridded data set (CRU TS 3.1),
weather station data and MOD16 evapotranspiration data, an updated
analysis of changes in climate for the Namaqualand region of
South Africa was provided. There is strong evidence from the CRU
TS 3.1 high-resolution gridded data set to suggest that temperatures
in Namagqualand have been increasing over the last century, and that
the rate of warming has been increasing — most notably in the last two
decades. The trends presented are consistent with detected increases
in global regional temperatures.2*5°% Projections of future temperature
change for South Africa® indicate that temperatures are expected to
continue to increase.

According to the analysis of CRU TS 3.1 data set, minimum tempera-
tures are increasing at a faster rate than maximum temperatures. As

Table 6:
indicted by an asterisk (*)

demonstrated in other studies,®*? this has resulted in a decrease in the
DTR for many parts of the globe. The results from the analysis of the
weather station data on the other hand, demonstrated inconsistent trends
in minimum temperature with DTR decreasing at Pofadder but increasing
at the other 4 stations. The difference between the two data sets could
be attributed to weak correlations, especially for the measurement
of minimum temperature, at the Springbok and Port Nolloth stations.
However, two recent studies in South Africa®4¢ found no clear consistent
pattern with regards to changes in DTR and suggested that this topic
requires further exploration and research.

Data from the five weather stations studied suggest that the occurrence
of hot extremes has increased over Namaqualand, most notably for the
Pofadder weather station, which is located more towards the interior of
the country. There has been a clear increase in the frequency of hot days
and a corresponding decrease in the frequency of cool days at each
weather station which could indicate a shift in the statistical distribution of
maximum temperatures in the region. The lack of statistically significant
trends for the weather stations could be a result of the relatively short
time series analysed (1982-2014). Noting this limitation, the direction of
the trends presented here are in line with regional studies. 894

Trends in rainfall indices derived from RClimDex expressed as the change per year. Trends that are significant at the 95% confidence level are

Weather station Very wet day = Consecutive dry = Consecutive wet = Heavy rainfall Very heavy rainfall = Maximum 5 day | Simple daily intensity
(R95p) days (CDD) days (CWD) days (R10mm) days (R20mm) rainfall (Rx5day) index (SDII)

Calvinia -0.524 -1.084* 0.011 0.029 -0.005 -0.02 -0.03

Pofadder 0.518 0.434 0.01 0.02 0.025 0.193 0.008

Port Nolloth -0.316 0.772 -0.022 0.009 -0.01 -0.388* -0.044

Springbok 1.073 -0.265 -0.043 0.025 0.049 0.375 0.011

Vredendal 0.245 1.136 -0.005 -0.014 0.027 0.36 0.012
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Changes in rainfall are typically harder to detect because rainfall varies
depending on location and from year to year.® From the results presented
here, no clear evidence exists for a significant change in mean annual
rainfall, and the rainfall time series remains dominated by oscillating wet
and dry conditions. This is consistent with previous studies'* which
found no evidence for a significant change in mean annual rainfall over
the Succulent Karoo. More recent studies for South Africa have detected
decreases in rainfall and the number of rainfall days over parts of the
country®but overall, the trends are weak and non-significant.?

We did however demonstrate that rainfall has increased in summer
(DJF) over the north-eastern region of Namaqualand. This could be
attributed to either more favourable synoptic scale dynamics or local-
scale land surface processes during these months.'® The reduction in
winter rainfall (JJA), the main rainfall season in Namagqualand, was also
noted by MacKellar et al."® but the trend presented here is insignificant,
thus the change could be considered negligible. An increase in summer
rainfall could promote the development of more favourable conditions for
(C4 grasses which could threaten the persistence of endemic species.™

The strong inter-annual variability in rainfall in Namaqualand has been
noted in previous studies'®% but no trend in the frequency of drought and
wet periods has been observed.!” Recent evidence suggests that El Nino
Southern Oscillation (ENSO) modulates rainfall in the region with EI Nino
(La Nina) years being associated with higher (lower) than normal rainfall
amounts in May, June and July.*® During ENSO events, the rain-bearing
systems are larger in extent and are located further north, while during
La Nina Southern Oscillation (LNSQ), events are smaller and located
further south.%

The latest projections from downscaled climate models indicate that
rainfall is expected to decrease over Namaqualand in the future.®
Although these downscaled models are becoming increasingly
sophisticated, there is still some uncertainty in rainfall projections
at local scale.>® This mismatch between observed and predicted
changes for Namaqualand has important implications for how changes
in rainfall are perceived by on-the-ground managers as well as the
kinds of management actions and adaptation response measures that
are prioritised.

In Namaqualand, dewfalls and coastal fog are significant sources of
moisture for the region and have been shown at times to exceed the
amount rainfall during the wet season.®® Assessments of changes
in these two key variables are required in order to have an improved
understanding of future changes in water availability for the region. Very
little is known about the variability and long term changes in coastal fog
off the west coast of southern Africa but efforts are currently underway
through a long term research programme, FogLife®, to address this gap.

As data on dewfalls and coastal fog are limited, we extended our analysis
to include an assessment of trends in evapotranspiration. There were
some clear spatial patterns in the trends in evapotranspiration over
Namagqualand which appear to be influenced primarily by topography.
Areas along the coastline and areas in the north-east of Namaqualand
experienced the greatest increase in evapotranspiration, most notably
during spring (SON) and autumn (MAM) respectively. The strongest
warming was noted during spring and autumn and consequently, this
observed increase in evapotranspiration is likely to be a direct result of an
increase in temperature. The marked increase over the coastline in spring
could however be indicative of a change in fog along the coast, but this
finding requires more detailed analysis and monitoring of data on coastal
fog. The higher altitude regions, on the other hand, have experienced a
reduction in evapotranspiration, most notably in winter (JJA). A decrease
over these areas could be explained by decreased wind speed and/or
decreased solar radiation receipt as a result of increased cloud cover
and atmospheric aerosol content.®° There are no previous studies on the
trends in evapotranspiration for the Succulent Karoo or the Namaqualand
region. In one of the only related studies, Hoffman et al.®" found that pan
evaporation declined significantly at an average rate of 9.1 mm per annum
at 16 weather stations located in the Cape Floristic Region of South Africa
to the south of Namaqualand as a result of a decline in wind run.
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The exceptional diversity of the Namaqualand has been attributed to
firstly, the low but relatively predictable annual rainfall amounts and
secondly, the moderate temperature regime throughout the year.%2%
The increase in temperature combined with the observed increases in
evapotranspiration is of significant concern for Namaqualand especially
as scenarios of future climate change project even stronger changes in
the next decade. The succulent flora of Namaqualand evolved during
a period when it was cooler and probably also wetter'6? and thus
higher temperatures are not likely to have been previously experienced
in the region and could create conditions unsuitable for many species.
Even if annual rainfall totals and coastal fog remain unchanged, future
temperature increase will exert water stress on the plants in the
region.®®% Furthermore, the continued increase in temperature for the
region has considerable implications for livestock heat stress as well
as for other agricultural sectors, including the viability of certain pests
and pathogens.53

Studies, mostly inthe northern hemisphere, have shown that temperature
changes have had a large impact on the timing of phenological events.5
The onset of flowering in Namaqualand generally occurs in spring and
is triggered by a change in temperature,®® while the amount of rainfall
during winter is usually responsible for numbers of flowers and duration
of flowering.% Persistent high temperatures, particularly towards the end
of the growing season have shown to have a negative effect on plants
in Namaqualand.® The combined effects of increased water stress and
high temperatures may pose significant challenges for Namaqualand.

Continued long-term monitoring of both changes in climate and vege-
tation in Namaqualand is essential in order to fully understand the extent
of the impacts of increased temperature and changing patterns of water
availability. The results presented in this paper provide a foundation
for more detailed climate change assessments for the region as well
as motivation for the development of adaptation responses and the
continued investment in existing regional programmes. The gaps in
weather information identified here, such as the lack coastal fog and
dewfall data, need to be urgently addressed through a better network of
weather stations as well as improved coordination across monitoring
systems. Other key priorities for future research include detailed studies
of the changes in diurnal temperature ranges on a broader regional
scale and the continued monitoring of both climate observations and
species-level changes in Namaqualand in order to test and refine climate
change projections.
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