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S1 Homogeneity Tests and Homogenisation

Homogeneity testing is a critical pre-processing step that ensures detected tempera-
ture trends reflect genuine climatic signals rather than non-climatic artefacts such as
station relocations, instrument changes, or shifts in observation practice (Wijngaard
et al. 2003). The AgERA5 dataset (Copernicus Climate Change Service 2019) is a
curated version of the ERA5 reanalysis tailored for agricultural applications, provid-
ing daily temperature data at 0.1◦ × 0.1◦ resolution with corrections based on station
observations; it served as the homogenisation reference series in this study. The four
tests applied and their mathematical definitions are described below.

S1.1 Observational Data Quality Control

Several internal consistency verifications were performed to ensure the integrity of the
data. First, we verified that the minimum temperature (Tmin) did not exceed the
Tmax for any given day. In instances where this occurred, the values were frequently
found to be swapped; such entries were corrected accordingly. In other cases, obvious
typographical errors, such as 32.1 written as 23.1, were corrected by cross-referencing
adjacent data points. If the discrepancy could not be resolved by these methods, the
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values were flagged as missing. Threshold verifications were also applied to identify
unrealistic extremes. Maximum temperature values exceeding 50°C were investigated,
often revealing digit reversals such as 63 instead of 36. Similarly, minimum temper-
atures below 10°C were examined, revealing decimal placement errors such as 2.4
instead of 24. These were corrected on the basis of the context of neighbouring values.

To address temporal consistency, we monitored large fluctuations between consec-
utive days and the occurrence of persistent identical values. Inter-diurnal changes in
Tmax or Tmin exceeding 10°C were scrutinised for typos or parameter swaps. Fur-
thermore, if a constant value was recorded for more than five consecutive days, those
observations were deemed suspicious and marked as missing to avoid biasing the trend
analysis.

S1.2 The Standard Normal Homogeneity Test (SNHT)

The Standard Normal Homogeneity Test, as developed by Alexandersson (1986), uti-
lizes a likelihood ratio statistic to compare the mean of the first m years with the mean
of the remaining n−m years in a given series Y . The test statistic T (m) is defined as
follows:

T (m) = mz̄21 + (n−m)z̄22 , m = 1, . . . , n (1)

In this equation, the standardized mean values for the two sub-periods are
calculated as:

z̄1 =
1

m

m∑︂
i=1

(Yi − Ȳ )/σ and z̄2 =
1

n−m

n∑︂
i=m+1

(Yi − Ȳ )/σ (2)

where n is the number of observations in the series, and Ȳ and σ represent the mean
and sample standard deviation of the entire series, respectively. When a break occurs
at year M , the function T (m) reaches its maximum value near m = M . The global
test statistic T is determined by finding the maximum value across the sequence:

T = max
1≤m<n

T (m) (3)

The SNHT is a parametric test that assumes the underlying data follows a normal
distribution. A primary property of this test is its high sensitivity to shifts occurring
at the beginning or the end of a time series. While it is highly effective at detecting
abrupt changes in mean, its parametric nature makes it less robust to outliers or
non-normal data distributions compared to rank-based methods.

S1.3 Pettitt Test (PT)

The Pettitt test (Pettitt 1979) is a non-parametric approach for change point detection
based on the ranks of the observations. This method is particularly useful when the
distribution of the data is unknown or non-normal. For a series Y1, . . . , Yn, let r1, . . . , rn
be the corresponding ranks. The test statistics are computed as follows:
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Fig. S1 A plot of the homogeneity test results for SNHT across all the stations. The change point
(CP) identifies the year of maximum likelihood for a shift in the mean, with statistical significance
denoted by the p at 95% confidence level. Orange and green dashed horizontal lines indicate the mean
temperature regimes before and after the detected break, respectively.

Um = 2

m∑︂
i=1

ri −m(n+ 1), m = 1, . . . , n (4)
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If a change point occurs at year M , the statistic Um reaches either its maximum or
minimum value near m = M . The final test statistic is the maximum absolute value
of Um:

UM = max
1≤m≤n

|Um| (5)

The Pettitt test is recognized for its robustness against outliers because it utilizes
ranks rather than the absolute values of the data. Unlike the SNHT, this test is more
sensitive to shifts occurring in the middle of a time series and is generally less powerful
at identifying changes located near the boundaries of the data record.

S1.4 Buishand’s Tests

The assessment of homogeneity in the climate series is based on the calculation of
adjusted partial sums and specific test statistics designed to identify shifts in the mean.
The adjusted partial sums, denoted as S∗

m, represent the cumulative deviations of the
observations from the series mean (Buishand 1984). These are defined as:

S∗
0 = 0, S∗

m =

m∑︂
i=1

(Yi − Ȳ ), m = 1, . . . , n (6)

In this expression, Yi represents the observation at time i and Ȳ denotes the sample
mean. In a homogeneous series, these sums fluctuate around zero, while a sudden shift
in the mean causes the sums to trend upward or downward, typically reaching a peak
or trough at the point of change. The internal variability of the dataset is accounted
for by the sample standard deviation, σ.

S1.4.1 Buishand likelihood ratio test (BLRT)

To detect an abrupt change at an unknown time, the likelihood ratio statistic V is
employed (Buishand 1984). This statistic is defined as:

V = max
1≤m≤n−1

{︃
|S∗

m|
σ{m(n−m)}1/2

}︃
(7)

The V statistic is particularly effective for identifying shifts that occur near the
beginning or the end of a time series (Buishand 1984).

S1.4.2 Buishand’s U test (BUT)

The Bayesian statistic U is used to evaluate shifts when the position of the change
point is assumed to have a uniform prior distribution (Buishand 1984). The statistic
is defined as:

U =
1

n(n+ 1)

n−1∑︂
m=1

(︃
S∗
m

σ

)︃2

(8)

Unlike the likelihood ratio test, the U statistic gives less weight to the series end-
points and is therefore more sensitive to mean shifts occurring in the middle of the
sequence (Buishand 1984).
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Fig. S2 A plot of the homogeneity test results for PT across all the stations. The change point
(CP) identifies the year of maximum likelihood for a shift in the mean, with statistical significance
denoted by the p at 95% confidence level. Orange and green dashed horizontal lines indicate the mean
temperature regimes before and after the detected break, respectively.

S1.5 Homogenisation Methodology

Tmax and Tmin series were homogenised using the Climatol package (Guijarro 2025)
in R, with daily AgERA5 fields at the nearest pixel serving as the reference series.
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Fig. S3 A plot of the homogeneity test results for BLRT across all the stations. The change point
(CP) identifies the year of maximum likelihood for a shift in the mean, with statistical significance
denoted by the p at 95% confidence level. Orange and green dashed horizontal lines indicate the mean
temperature regimes before and after the detected break, respectively.

Although reanalysis data may contain systematic biases, they are generally consid-
ered more spatially and temporally homogeneous than raw station records, making
them suitable as homogenisation references (World Meteorological Organization 2021;
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Fig. S4 A plot of the homogeneity test results for BUT across all the stations. The change point
(CP) identifies the year of maximum likelihood for a shift in the mean, with statistical significance
denoted by the p at 95% confidence level. Orange and green dashed horizontal lines indicate the mean
temperature regimes before and after the detected break, respectively.

Guijarro 2025); in a data-sparse tropical region where no dense neighbouring station
network is available, a reanalysis reference is the standard methodological choice.
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S2 Autocorrelation Adjustment and Trend
Estimation

Temperature trends were estimated using the Modified Mann-Kendall (MMK) test
(Hamed and Ramachandra Rao 1998) and Sen’s slope estimator (Sen 1968), imple-
mented via the mmkh function in the modifiedmk R package. The MMK test extends
the standard Mann-Kendall test by adjusting the variance of the test statistic to
account for serial autocorrelation, thereby avoiding false detection of significant trends.
The original Mann-Kendall (MK) test statistic S is defined as:

S =

n−1∑︂
i=1

n∑︂
j=i+1

sgn(xj − xi) (9)

where n is the number of data points, xi and xj are the sequential data values,
and the sign function sgn(xj − xi) is given by:

sgn(xj − xi) =

⎧⎪⎨⎪⎩
1 if (xj − xi) > 0

0 if (xj − xi) = 0

−1 if (xj − xi) < 0

(10)

For datasets where n > 10, the variance of S is calculated to determine the
standardised test statistic Z:

Var(S) =
n(n− 1)(2n+ 5)−

∑︁m
k=1 tk(tk − 1)(2tk + 5)

18
(11)

where m is the number of linked groups and tk is the number of data points in the
kth group. The standardised statistic Z follows a normal distribution:

Z =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

S − 1√︁
Var(S)

if S > 0

0 if S = 0

S + 1√︁
Var(S)

if S < 0

(12)

The MMK test addresses serial autocorrelation by adjusting the variance to a
corrected value Var∗(S):

Var∗(S) = Var(S)· n
n∗ = Var(S)

[︄
1 +

2

n(n− 1)(n− 2)

n−1∑︂
i=1

(n− i)(n− i− 1)(n− i− 2)ρi

]︄
(13)

where ρi denotes the autocorrelation function of the ranks of the data. The mag-
nitude and direction of trends were estimated using Sen’s slope estimator, which is
non-parametric, robust against outliers, and does not require normality (Sen 1968).
All trend analyses were conducted at a 95% confidence level (p < 0.05).
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S3 Satellite and Reanalysis Estimates

ERA5 Reanalysis

ERA5 (Hersbach et al. 2020; Bell et al. 2021) is ECMWF’s fifth-generation global
reanalysis, produced by ingesting observations from satellites, radiosondes, and surface
stations into a 4D-Var data assimilation framework. We used the 2-metre temperature
(T2m) product at its native resolution of approximately 31 km. ERA5 has demon-
strated skill in capturing broad temperature patterns and seasonal cycles over West
Africa (Parsons et al. 2022).

CHIRTS-daily

CHIRTS-daily (Verdin et al. 2020) delivers daily Tmax and Tmin estimates at 0.05◦×
0.05◦ resolution. Monthly CHIRTSmax fields, derived by combining satellite thermal
infrared retrievals with surface station data, are scaled to daily resolution using ERA5
as a temporal disaggregation reference; daily Tmin is then obtained by subtracting the
ERA5 diurnal temperature range (DTR) from the resulting Tmax estimates (Verdin
et al. 2020).

S4 Supplementary Figures
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Fig. S5 Ombrothermic diagrams of the stations considered in the study. The bars show the mean
monthly total rainfall values while the line plots show the mean Tmax (red) and mean Tmin (orange).
The rainfall scale = temperature scale × 10.
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Fig. S6 A map showing the homogeneity test results for the annual DTR series across all stations.
Green points represent Class A stations, orange Class B stations, while red points with an X on them
represent Class C stations. The size of the points depicts, in the reverse order, the number of tests
that rejected H0.
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Fig. S7 A map showing the homogeneity test results for the monthly DTR series across all stations.
Green points represent Class A stations, orange Class B stations, while red points with an X on them
represent Class C stations. The size of the points depicts, in the reverse order, the number of tests
that rejected H0.
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Fig. S8 Monthly spatial distribution of Tmax trends for all studied stations in Ghana. Each panel
represents a calendar month. Point colour indicates the decadal warming rate (°C decade−1), while
point size reflects the absolute magnitude of change. Stations where the trend is not statistically
significant (p ≥ 0.05) are overlaid with a black cross (×).
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Fig. S9 Monthly spatial distribution of Tmin trends for all studied stations in Ghana, plotted similar
to Fig. 8.
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Fig. S10 Monthly distribution of Tmin and Tmax trends at Axim (coastal station). The y-axes
represent mean Tmax (circles) and Tmin (triangles) while the x-axes represent the individual years.
Grey symbols denote trends are not significant at p < 0.05. Black bar is the rate of change in
°C decade−1.

Fig. S11 Monthly distribution of Tmin and Tmax trends at Sunyani, plotted similar to Fig. 10.
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Fig. S12 Monthly distribution of Tmin and Tmax trends at Wa, plotted similar to Fig. 10.

Fig. S13 Monthly Tmax trend differences (SRE minus observed, °C decade−1) by climatic zone
(a: Savannah, b: Forest, c: Coastal). Each line is a station; the dashed horizontal line marks zero
difference. Rows: CHIRTS (top) and ERA5 (bottom).
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Fig. S14 Monthly Tmin trend differences (SRE minus observed, °C decade−1) by climatic zone,
plotted as in Fig. 13.

Fig. S15 Scatter plot of monthly Tmax trend deviations (observed vs. SRE) by climatic zone and
SRE. The blue dotted lines represent the linear regression lines, and the black dashed lines indicate
the 1:1 line. Each point represents a pair of monthly trend deviations (observed and SRE) for a given
station.

17



Fig. S16 Scatter plot of monthly Tmin trend deviations (observed vs. SRE) by climatic zone and
SRE, plotted similar to Fig. 15.
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Fig. S17 Lollipop plots showing the differences in decadal DTR trends (SRE minus observed) across
various stations in Ghana.
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Fig. S18 Mean observed monthly DTR (homogenised) trends in Ghana. The colour gradient from
blue (decreasing trends) through white (no trend) to red (increasing trends) indicates the trend value.
Black X on a point indicates the trend at the location is not statistically significant (p ≥ 0.05). Circle
size is proportional to the absolute magnitude of the trend.
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Fig. S19 Trend Variability Skill Score (SSvar) for DTR. Underestimation (SSvar < 1, blue), overesti-
mation (SSvar > 1, red), white: similar variability with observed seasonal trends. Stations marked with
a black cross (×) have STVIobs below the first quartile of the DTR distribution (<0.009°C decade−1)
and their SSvar values should be interpreted with caution.

Fig. S20 Seasonal Phase Alignment (SPA) for DTR: Pearson correlation between observed and
gridded monthly DTR trend deviations, plotted as in Fig. 6 of the main text. Stations marked with
a black cross (×) have |SPA| < 0.576 (p < 0.05, two-tailed, N = 12) and have sufficient intra-annual
variability but are not statistically significant. Stations marked with a black triangle have STVIobs
below the first quartile of the DTR distribution and have limited intra-annual variability, so SPA is
not evaluated regardless of its value (Table S1).
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Fig. S21 Scatter plot of monthly DTR trend deviations (observed vs. SRE) by climatic zone and
SRE.

Fig. S22 Monthly DTR trend differences (SRE minus observed, °C decade−1) by climatic zone
(1983–2021), plotted as in Fig. 13. Positive biases of 0.1–0.4°C decade−1 prevailed in the Coastal zone
and 0.3–0.9°C decade−1 in the Forest zone during dry season months. Navrongo (Savannah) showed
contrasting large negative biases from December to May.
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Fig. S23 Lollipop plots showing the differences in decadal Tmin trends (gridded minus observed)
across the 22 stations in Ghana, plotted in a similar fashion as Fig. 3 of the main text.
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S5 Supplementary Tables

Table S1 Classification of SPA values by intra-annual variability. Stations with STVIobs

below the first quartile (Q1) of its observed distribution have too little genuine intra-annual
trend signal for SPA to be conclusive and are classified as having limited variability
regardless of their SPA value; among the remaining (”sufficient-variability”) stations, SPA is
classified as significant or not significant against the p < 0.05 critical value (|SPA| ≥ 0.576,
N = 12, two-tailed).

Variable Product
Sufficient
variability

Genuine
sig.

Genuine
non-sig.

Insufficient
variability

% genuine

sig.a

Tmax ERA5 16/22 9 7 6 56%
Tmax CHIRTS 16/22 13 3 6 81%
Tmin ERA5 16/22 8 8 6 50%
Tmin CHIRTS 16/22 6 10 6 38%
DTR ERA5 16/22 8 8 6 50%
DTR CHIRTS 16/22 9 7 6 56%

a Percentage of the 16 stations with sufficient intra-annual variability for which the SRE’s SPA
value was statistically significant. Full station-level classification is given in Table S2.
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Table S2 Station-level classification of SPA outcomes for each variable and product. S = genuine,
significant (STVIobs above the first quartile (Q1) and |SPA| ≥ 0.576); N = genuine, not significant
(STVIobs above Q1 and |SPA| < 0.576); I = insufficient variability (STVIobs below Q1 of its
distribution, regardless of SPA). See Table S1 for summary counts and Sect. 2.6 of the main text for
metric definitions.

Tmax Tmin DTR

Station Zone ERA5 CHIRTS ERA5 CHIRTS ERA5 CHIRTS

Ada Coastal N N S S N N
Axim Coastal I I I I I I
KIAMO-Accra Coastal I I I I N N
Saltpond Coastal I I I I I I
Takoradi Coastal I I S N I I
Tema Coastal I I S S N N
Abetifi Forest S S I I S S
Akatsi Forest S S S S I I
Akim Oda Forest S S S N S S
Akuse Forest S S I I S S
Ho Forest N S I I S S
Koforidua Forest S S S S S S
Kumasi Forest N N S S N N
Sefwi Bekwai Forest I I S N N N
Sunyani Forest S S N N N N
Wenchi Forest S N N N I I
Bole Savannah N S N N N S
Kete-Krachi Savannah S S N S S S
Navrongo Savannah S S N N S S
Tamale Savannah N S N N N N
Wa Savannah N S N N I I
Yendi Savannah N S N N S S
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