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Abstract: Barcelona has unusually long reconstructed and homogenised climate records, with
monthly temperature data extending back to 1780 and precipitation data to 1786. Annual
observations through 2025 were analysed using ordinary least-squares regression, with Newey—
West heteroscedasticity- and autocorrelation-consistent estimates used to quantify uncertainty.
Monthly temperature anomalies and seasonal trends were also examined to characterise how
warming was distributed across the calendar year. Recent multidecadal trends were also
compared with historical-reference distributions derived from detrended observations ending in
1949 by means of a moving-block bootstrap, and the temperature analysis was repeated across a
range of regression-window lengths to assess sensitivity to the chosen timescale. Mean annual
temperature rose by 0.09°C per decade over 17802025, compared with 0.67°C per decade over
2000-2025. For the latest 51-year period, 1975-2025, the estimated warming rate was 0.50°C per
decade and lay above the historical-reference limits for every block length examined. All four
seasons warmed significantly over 1975-2025, with estimated trends ranging from 0.35°C per
decade in winter to 0.65°C per decade in summer. A global test indicated seasonal heterogeneity
(p=0.038), although no individual pairwise difference remained significant after Holm correction.
The full-record precipitation trend was positive, although this result was strongly affected by
exceptionally dry conditions in the early nineteenth century. More recent precipitation trends
were negative, but their confidence intervals included zero. The results therefore provide clear
evidence of strong recent warming in Barcelona, whereas the direction of recent long-term
precipitation change remains uncertain.
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1 Introduction

Long instrumental records are particularly valuable because they allow recent climatic changes to
be viewed against a much wider background of interannual and multidecadal variability.
Barcelona has reconstructed and homogenised monthly records of mean temperature beginning in
1780 and precipitation beginning in 1786. These are composite urban series assembled from
observations collected at several sites, by different institutions and observers, rather than
uninterrupted measurements from a single meteorological station (Prohom Duran et al., 2012;
Prohom et al., 2016; Meteocat, 2026).
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The Barcelona record also needs to be considered within the broader warming observed across
Spain, Europe, and the world. According to the Spanish State Meteorological Agency (AEMET),
mean annual temperature in Spain increased by 1.75°C between 1961 and 2025 (AEMET, 2026).
Over roughly the past three decades, Europe has warmed at about 0.56°C per decade, more than
twice the corresponding global rate of approximately 0.27°C per decade (C3S/ECMWF and
WMO, 2026). Globally, the years 2015-2025 were the 11 warmest in the instrumental record, and
the mean surface temperature in 2025 was approximately 1.43°C above the 1850—-1900 average
(WMO, 2026). These figures cannot be compared directly because they refer to different periods,
geographical scales, baselines, and statistical measures. Taken together, however, they show that
warming in Spain and Europe is part of a persistent global trend, with a particularly strong signal
over European land.

Further warming is expected over the coming decades. For 2041-2060, the IPCC gives best
estimates of approximately 1.6-2.4°C above the 1850—-1900 mean across its five illustrative
emissions scenarios (IPCC, 2021). In the Mediterranean region, annual warming is projected to
exceed the global annual mean by about 20%, and summer warming by about 50%. Precipitation
is also expected to decrease across much of the region, although the magnitude and seasonal
pattern of that decline depend on future emissions (Ali et al., 2022).

Here, annual temperature and precipitation were analysed to quantify complete-record and recent
trends, evaluate the uncertainty of the resulting estimates, characterise the monthly and seasonal
distribution of temperature change, compare recent multidecadal trends with a historical reference
distribution, and examine the sensitivity of estimated temperature trends to regression-window
length.

2  Methods

2.1 Climate data and annual aggregation

Monthly temperature and precipitation observations through 2025 were taken from the
reconstructed and homogenised historical climate series for Barcelona published by Meteocat
(Meteocat, 2026). Annual mean temperature and total annual precipitation were calculated only
when all 12 monthly observations were available. Before publication, the source series had
undergone data rescue, quality control, reconstruction, and relative homogenisation to reduce
discontinuities associated with changes in site, instrumentation, units, exposure, and observation
practice (Prohom Duran et al., 2012; Prohom et al., 2016).

2.2 Monthly temperature-anomaly heat map

Monthly temperature anomalies were calculated relative to the 1961-1990 mean for the
corresponding calendar month. To emphasise multidecadal rather than year-to-year variability,
each calendar month was analysed separately using an 11-year trailing mean. The value assigned
to a given year therefore represents the mean anomaly for that month over the 11-year period
ending in that year. The resulting values were displayed as a heat map with calendar month on the
vertical axis and year on the horizontal axis.

2.3 Trend estimation and uncertainty

Ordinary least-squares regressions with an intercept were fitted to the complete records and
separately to 2000-2025. The year variable was centred before fitting to improve numerical
conditioning, and the resulting slopes were multiplied by 10 so that all trends could be reported
per decade. Regression uncertainty was estimated using Newey—West heteroscedasticity- and
autocorrelation-consistent (HAC) covariance matrices (Newey and West, 1987; Newey and West,



1994). No prewhitening was applied. Bartlett weights were used, with the truncation lag defined
as L=|4 (n/100)*°|, subject to a minimum of 1 and a maximum of n—1, where 7 is the number of
annual observations. The covariance matrices were multiplied by the finite-sample correction
n/(n—2). The lag rule yielded L = 4 for the complete records, L = 2 for the 2000-2025 analyses,
and L = 3 for each 51-year regression. Asymptotic 95% confidence intervals and two-sided Wald
tests of a zero-trend null hypothesis were calculated using standard-normal critical values.

Changes over multidecadal timescales were examined with trailing 51-year regressions.
Each slope was assigned to the final year of the interval from which it was calculated. Thus, the
value plotted for 2025 represents the trend over 1975-2025. Pointwise 95% Newey—West HAC
confidence intervals were obtained for each trailing estimate using the same procedure as for the
fixed-period regressions.

Seasonal mean temperatures were calculated for winter (December—February; DJF), spring
(March—-May; MAM), summer (June—August; JJA), and autumn (September—November; SON)
as the arithmetic mean of the three constituent monthly means, with all three monthly values
required. Winter was assigned to the year containing January and February, so the first complete
winter was 1781. Seasonal trends were estimated for the full common period 1781-2025 and for
1975-2025 using the same ordinary least-squares and Newey—West HAC procedure. The lag rule
yielded L =4 for 1781-2025 and L = 3 for 1975-2025.

Differences among seasonal warming rates were assessed using a multivariate HAC Wald
test of the null hypothesis that all four seasonal slopes were equal. The joint covariance estimate
accounted for both contemporaneous covariance among seasons and serial covariance across
years. All six pairwise slope differences were then evaluated by applying the same HAC trend
model to annual differences between seasonal temperatures. P values for the six pairwise
comparisons within each analysis period were adjusted using the Holm procedure to control the
family-wise error rate.

2.4 Historical-reference bootstrap

Historical-reference distributions were constructed separately for temperature and precipitation
using annual observations through 1949. A linear trend was first removed from each reference
series, after which the residuals were centred on zero. The cutoff at 1949 was chosen to provide a
pre-1950 baseline while excluding most of the stronger warming that occurred later in the record.

A moving-block bootstrap was used to retain temporal dependence within the historical residuals
(Kiinsch, 1989). Overlapping blocks of consecutive observations were sampled uniformly with
replacement and joined together until a synthetic 51-year series had been formed; any excess
observations were then discarded. This procedure was repeated 10,000 times for each of three
block lengths: 5, 7, and 10 years. The range was chosen to test the sensitivity of the results to the
preservation of dependence over multiannual to approximately decadal timescales, while keeping
the blocks substantially shorter than the 51-year analysis window. The selected lengths were not
intended to correspond to, or test for, specific climatic cycles.

A linear slope was fitted to every synthetic series. For each block length, the 2.5th and 97.5th
percentiles of the resulting slope distribution defined the 95% historical-reference interval.
Because there was no clear basis for selecting one block length as preferable, the plotted
sensitivity envelope was defined by the lowest lower limit and the highest upper limit obtained
from the three bootstrap analyses.

To make the bootstrap output repeatable, the calculations used a fixed Mersenne Twister base
seed of 20260724. Separate deterministic seeds were assigned to each variable and block length.



For temperature, the seed was the base value plus the block length; for precipitation, it was the
base value plus 1000 and the block length.

2.5 Regression-window sensitivity analysis

A separate analysis assessed the influence of regression-window length on the estimated
temperature trend. Trailing regressions were calculated for every odd-numbered window from 21
to 61 years, including the 31- and 51-year windows. As in the 51-year analysis, each estimate was
assigned to the final year of its regression interval. The resulting slopes were displayed as a heat
map showing their direction and magnitude; the heat map does not indicate statistical
significance.

3 Results

3.1 Fixed-period temperature and precipitation trends

Mean annual temperature increased by 0.09°C per decade over the full 17802025 record (HAC
standard error, 0.01°C per decade; 95% confidence interval, +0.06 to +0.11°C per decade;
p<0.001) (Figure 1). The trend estimated for 2000-2025 was much steeper, at 0.67°C per decade
(HAC standard error, 0.17°C per decade; 95% confidence interval, +0.34 to +1.00°C per decade;
p<0.001). Most of the highest annual values occurred towards the end of the series. The recent
period therefore shows substantially faster warming than the complete-record average, although
no formal test was carried out to determine whether the two slopes differ significantly.

Annual precipitation exhibited pronounced interannual variability (Figure 1). Across 17872025,
the estimated trend was +3.7 mm per decade (HAC standard error, 1.6 mm per decade; 95%
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Figure 1. Annual mean temperature and annual precipitation in the reconstructed and homogenised historical climate series of
Barcelona. Annual mean temperature is shown for 1780-2025 and annual precipitation for 1787-2025. Linear regressions were
fitted to the complete records and to 2000-2025. Shaded regions surrounding the fitted lines indicate pointwise asymptotic 95%
confidence intervals calculated using Newey—West heteroscedasticity- and autocorrelation-consistent covariance estimates.
Trends are expressed per decade. The HAC confidence intervals for the 2000-2025 regressions are asymptotic estimates based on
a relatively short interval and should therefore be interpreted cautiously.



confidence interval, +0.6 to +6.8 mm per decade; p=0.021). This positive slope does not represent
a steady increase throughout the record. It is strongly influenced by exceptionally dry conditions
in the first half of the nineteenth century, including the prolonged drought of approximately
1808—1835 (Prohom et al., 2016). For 2000-2025, the estimated trend was —26.9 mm per decade,
but the uncertainty was substantial (HAC standard error, 49.3 mm per decade; 95% confidence
interval, —123.5 to +69.8 mm per decade; p=0.586). The estimate was therefore not statistically
distinguishable from zero. This is consistent with the original precipitation study, which attributed
the significant full-period increase to the low values recorded in the early nineteenth century and
found no significant trends from the mid-nineteenth century onward (Prohom et al., 2016).

3.2 Seasonal evolution of temperature anomalies

The monthly anomaly heat map shows pronounced multidecadal changes in the seasonal
distribution of temperature anomalies (Figure 2). Because anomalies are expressed relative to the
1961-1990 reference period, 11-year mean anomalies are predominantly negative during much of
the nineteenth and early twentieth centuries, interspersed with shorter periods of relative warmth.
From approximately the late twentieth century onward, positive anomalies increasingly dominate
and become more persistent across the calendar year, with particularly strong positive anomalies
in several late-spring and summer months during recent decades.

Seasonal regressions confirmed significant warming in all four seasons over both analysis periods
(Table 1). Over 17812025, estimated trends ranged from +0.07°C per decade in winter to
+0.11°C per decade in summer. Over 1975-2025, the corresponding trends were substantially
steeper, ranging from +0.35°C per decade in winter to +0.65°C per decade in summer; spring and
autumn warmed by +0.51°C and +0.47°C per decade, respectively.

The seasonal slopes differed significantly among seasons over the full common record (Wald
v*(3) = 16.09; p=0.001). After Holm correction, summer warmed significantly faster than winter
and spring (adjusted p=0.002 for both comparisons), whereas the summer—autumn contrast
narrowly missed the 0.05 threshold (adjusted p=0.051). Seasonal heterogeneity was also detected
over 1975-2025 (Wald ¢*(3) = 8.41; p=0.038), but none of the six pairwise contrasts remained
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Reference period: 1961-1990

T T | I T T T
3

|
Llﬂll
| I | B
]
o

B i

I] Ii © xpertscientific.@ -3
| | 1 | 1 L | |

1790 1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000 2020
Year

N

Calendar month

'
N

'
N

o
(D,) Alewoue ainjesadway uesw Buljies) Jeak-||

Figure 2. Monthly temperature anomalies in the reconstructed and homogenised Barcelona temperature series. Anomalies are
relative to the 1961—1990 mean for the corresponding calendar month. Each cell shows the 11-year trailing mean anomaly for
that month over the period ending in the year shown, the first displayed year is therefore 1790. Blue indicates cooler and red
warmer conditions relative to the reference climatology. The heat map is descriptive and does not indicate statistical significance.



Table 1. Seasonal temperature trends in the reconstructed and homogenised Barcelona temperature series. Values are ordinary
least-squares trends in °C per decade with asymptotic 95% Newey—West HAC confidence intervals. Winter (DJF) is assigned to
the year containing January and February, the full common seasonal record therefore begins in 1781. All individual seasonal
trends shown are statistically significant (p<0.002).

Season 1781-2025 trend, °C/decade (95% CI)  1975-2025 trend, °C/decade (95% CI)
Winter (DJF) +0.07 (+0.05 to +0.10) +0.35 (+0.13 to +0.57)
Spring (MAM) +0.08 (+0.05 to +0.10) +0.51 (+0.40 to +0.61)
Summer (JJA) +0.11 (+0.08 to +0.15) +0.65 (+0.47 to +0.82)
Autumn (SON) +0.09 (+0.06 to +0.11) +0.47 (+0.29 to +0.64)

significant after adjustment. The strongest recent contrast was summer versus winter, with a
difference of +0.30°C per decade (Holm-adjusted p=0.059).

3.3 Trailing 51-year trends and historical-reference comparison

The trailing 51-year temperature trends show alternating periods of warming and cooling over
much of the record (Figure 3). For the latest interval, 1975-2025, the estimated trend was
+0.50°C per decade (HAC standard error, 0.06°C per decade; 95% confidence interval, +0.38 to
+0.61°C per decade; p<0.001). This value lay above the upper 95% bootstrap limit for all three
block lengths. The conclusion that the latest 51-year warming trend is unusually large relative to
the detrended pre-1950 reference series was therefore unchanged across the tested block-length
choices.

For precipitation, the corresponding 1975-2025 trend was —24.1 mm per decade (HAC standard
error, 13.6 mm per decade; 95% confidence interval, —50.8 to +2.6 mm per decade; p=0.077).
The estimate remained inside the bootstrap envelope for each block length. In view of the broad
confidence interval, the pronounced year-to-year variability, and the absence of a statistically

Trailing 51 -year temperature trend with HAC uncertainty and historical-reference envelope

0.8
I I I
95% bootstrap sensmvny envelope through 1949 (5-10-year blocks)
Pointwise 95% Newey-West HAC CI
0.6 = | —Trend over preceding 51 years 7

I
~

AT (°C per decade)
o
o N

IS)
)
T
|

C? xpertscwemiﬂc.c\om

o
~

1840 1860 1880 1900 1920 1940 1960 1980 2000 2020

Trailing 51-year premplta’uon trend with HAC uncertamty and hlstoncal reference envelope
I

-
o
o

95% bootstrap sensmvnty envelope through 1949 (5 10-year blocks)
Pointwise 95% Newey-West HAC ClI —
—— Trend over preceding 51 years

©
<3
I

(o2}
o

IS
)

o

)
S

A precipitation (mm per decade)
N
o

A
S

© xpertscientific.com
.60 . | | | | 1 | | | |

1840 1860 1880 1900 1920 1940 1960 1980 2000 2020
Final year of 51-year regression window

Figure 3. Trailing 51-year temperature and precipitation trends in Barcelona. Each value represents the linear trend over the
preceding 51 years and is assigned to the final year of the regression interval. Coloured shading surrounding each trend line
indicates its pointwise 95% Newey—West HAC confidence interval. Grey bands show conservative historical-reference
envelopes derived from 10,000 moving-block bootstrap series for each of three block lengths: 5, 7, and 10 years. The
displayed envelope spans the most extreme lower and upper limits obtained across the three analyses.



significant trend, there is no strong evidence that recent multidecadal precipitation change falls
outside the range represented by the historical reference series.

3.4 Sensitivity to regression-window length

The estimated temperature trend also depends on the length of the regression window (Figure 4).
Short windows produce larger and more rapidly changing positive and negative slopes, while
longer windows smooth much of this variation and yield more low-frequency change. As a result,
the timing and magnitude of individual peaks, pauses, and reversals vary with the selected
timescale. Even so, relatively strong positive trends appear near the end of the record across a

wide range of window lengths.

Sensitivity of the estimated Barcelona temperature trend to regression-window width
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Figure 4. Sensitivity of estimated temperature trends to regression-window length. Colours represent trailing temperature trends
calculated over windows ranging from 21 to 61 years. Each cell shows the trend over the preceding interval indicated on the y-
axis, ending in the year shown on the x-axis. Dashed contours mark zero trend, and horizontal reference lines indicate the 31-
and 51-year windows. The heat map displays trend magnitude rather than statistical significance.

4 Discussion

4.1 Temperature trends in context

The reconstructed Barcelona temperature series shows clear evidence of pronounced recent
warming. Over the complete record, the estimated trend of +0.09°C per decade is close to the
+0.07°C per decade reported by Prohom Duran et al. (2012) for 1780-2011. Extending the series
through 2025 adds several exceptionally warm recent years and produces a slightly higher full-
period estimate. The result is also comparable in magnitude to the mean trend of +0.10°C per
decade reported for mainland Spain over 1850—2005, although the two estimates refer to different
periods, geographical scales, and observational datasets (Brunet et al., 2007). The strongest
evidence comes from the latest 51-year interval: the 1975-2025 trend was positive, statistically
significant, and above the historical-reference envelope for every bootstrap block length tested.

The monthly and seasonal analyses show that the recent warming is not confined to a single part
of the year. Positive anomalies have become increasingly persistent across the calendar year,
while summer had the largest seasonal trend estimate over both the full record and 1975-2025.
Over the full record, summer warmed significantly faster than winter and spring after adjustment
for multiple comparisons. For 1975-2025, the global test indicated overall seasonal



heterogeneity, but the pairwise contrasts were less conclusive: none remained significant after
Holm correction, although the summer—winter difference was close to the adjusted 0.05
threshold. The seasonal ranking should therefore be interpreted as evidence of a stronger summer
tendency rather than as proof that all recent seasonal warming rates are distinct.

The analysis across multiple regression windows helps distinguish the broad warming signal from
shorter-term fluctuations. Short windows respond strongly when individual observations enter or
leave the regression interval and therefore show more pronounced peaks, pauses, and reversals.
Longer windows are less volatile, but they also smooth the record more heavily. Features
appearing in a single trailing-trend curve should consequently not be treated as unique climatic
change points. What remains consistent across the different window lengths is the strength and
persistence of the warming near the end of the series.

4.2 Interpretation of precipitation trends

The precipitation results are less conclusive. The positive slope over the complete record is
strongly shaped by the exceptional drought of the early nineteenth century, and the original
source study found no significant annual trend over later subperiods (Prohom et al., 2016).
Although the estimates for both 2000-2025 and 1975-2025 were negative, their confidence
intervals included zero. The latest 51-year trend also remained within every bootstrap envelope
examined. The precipitation series therefore points to substantial temporal variability, but it does
not provide clear evidence of a resolved recent long-term trend.

4.3 Limitations

Several limitations affect the interpretation of these results. The source data are a reconstructed
and homogenised urban composite assembled from observations made at different locations and
under changing instrumental and observational conditions. Homogenisation can reduce such
discontinuities, but it cannot remove all associated uncertainty. This is especially relevant before
approximately 1840, when suitable neighbouring reference series are sparse (Prohom Duran et
al., 2012).

From 1913 onward, the temperature series is based on observations from Fabra Observatory. Its
stable setting and elevated location, approximately 412 m above sea level and outside the densely
built city centre, make it less likely that the recent warming signal is primarily an artefact of local
urbanisation. Residual local environmental influences cannot, however, be ruled out entirely.

The statistical analysis also has limitations. Linear regression provides an average rate of change
over a selected interval and does not describe every feature of the underlying trajectory. Adjacent
trailing windows overlap extensively and are therefore not statistically independent. Their
confidence intervals are pointwise and do not account for multiple comparisons across years or
window lengths. The 11-year monthly anomaly heat map likewise uses strongly overlapping
trailing means, so adjacent cells should be interpreted as a smoothed visual summary rather than
independent observations. Seasonal trend comparisons depend on the selected analysis periods
and the linear-trend assumption, although the pairwise tests were adjusted for multiplicity using
the Holm procedure. The bootstrap envelope also depends on the chosen reference period,
detrending model, and block lengths, as well as on the assumption that the dependence structure
of the historical residuals remains relevant later in the record. The results should therefore be
regarded as a descriptive analysis of the Barcelona series rather than as a formal exercise in
climatic detection, attribution, or regionalisation.



Data availability

Monthly mean temperature and monthly accumulated precipitation data were obtained from the
Meteocat historical climate series for Barcelona (Meteocat, 2026) and accessed in July 2026. The
source data are publicly available under the Creative Commons Attribution 4.0 International
licence. The present analysis used observations through December 2025.

Analysis software and code availability

Annual and seasonal aggregation, monthly anomaly calculations, linear trend estimation, Newey—
West uncertainty calculations, multivariate and pairwise seasonal slope tests, Holm adjustment,
moving-block bootstrap analyses, and graphical output were produced in MATLAB R2025a. The
analytical code and associated workflow are proprietary to XpertScientific and are not publicly
distributed. The methods and parameter settings are described in sufficient detail to permit
independent implementation and evaluation of the analysis.

Suggested citation: Ross ON. “Long-term temperature and precipitation trends in the
reconstructed Barcelona climate series (1780—2025)”. XpertScientific Scientific Data Analysis
Case Study. Barcelona: XpertScientific; 2026. DOI: 10.5281/zen0do.22099932. Available from:
https://xpertscientific.com/barcelona-climate-data-analysis-case-study/
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