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Abstract. The Congo Basin in Central Africa remains one of the few regions globally where the Intergovernmental Panel
on Climate Change has neither assessed changes in hot extremes and extreme precipitation since the 1950s nor attributed
such changes to anthropogenic influences, primarily due to the sparsity of in situ observational data. Although extensive daily
weather records exist, spanning from the 1900s to the early 2000s and covering numerous stations across the basin, the majority
of these remain archived on paper, limiting their accessibility for climate analysis. Here we present and analyse over 1 million
temperature and precipitation observations from 37 weather stations in the Democratic Republic of the Congo, which have until
now been unavailable to the research community. To produce this dataset, we first digitized (imaged) 9,885 paper sheets stored

in local archives during two dedicated field campaigns. We subsequently apply an improved version of the MeteoSaver software
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(version 1.1) to transcribe the imaged sheets, yielding daily time series of maximum, minimum, and average temperatures,
precipitation, as well as dry bulb and wet bulb temperatures measured at three times per day (06:00, 15:00, and 18:00 local
time). After quality control, analysis of multi-decadal temperature data across the basin reveals a consistent and accelerating
warming signal since the 1960s, characterized by a warming shift in the distribution of daily maximum, minimum, and average
temperatures with each successive decade. Median trends across 21 of the 37 stations with sufficient data availability are
0.22°C, 0.10°C, and 0.15°C per decade for daily maximum, minimum, and average temperatures, respectively, corresponding
to approximately 0.7°C, 0.3°C, and 0.5°C of warming during the 1961-1990 period. We further find an increasing frequency of
hot extremes and a decreasing frequency of cold extremes with each successive decade, with the most recent decade exhibiting
nearly twice as many hot days per year and fewer cold days compared to the earliest decade. Analysis of precipitation at three
stations with sufficient data indicates an increased frequency of heavy precipitation events at two stations and no substantial
change at the third; however, limited spatial coverage due to data availability restricts broader conclusions for the DRC. Overall,
this analysis of rescued weather data from Central Africa highlights the urgent need to close the knowledge gap on climate

trends in the Congo Basin, one of the world’s most data-sparse yet climatically significant regions.

1 Introduction

Recent studies have unequivocally identified anthropogenic climate forcing as the main driver for the observed increase in
global mean air surface temperature over recent decades (Eyring et al., 2021; Bindoff et al., 2013). Similarly, the increase in
frequency and intensity of hot extremes, such as heatwaves, in most regions of the world since the 1950s has also been attributed
to human-induced climate change (Eyring et al., 2021; Seneviratne et al., 2021). However, unlike most regions, Central Africa
remains one of the few areas where the Intergovernmental Panel on Climate Change (IPCC) has neither assessed changes in
hot extremes and extreme precipitation since the 1950s nor attributed such changes to human influence, primarily due to the
sparsity of in situ observational data (IPCC, 2021b; Eyring et al., 2021; Seneviratne et al., 2021).

The persistent data sparsity across Central Africa has been a significant impediment to studies assessing the regional effects
of human-induced climate change on ecosystems, societies, and the water cycle (CSC, 2013), despite the region hosting the
Congo Basin, which contains the world’s second-largest river and tropical rainforest (Alsdorf et al., 2016). For example, while
observed changes in the hydrological cycle and water resources have been robustly attributed to anthropogenic climate change
in many regions (e.g., Gudmundsson et al., 2021; Grant et al., 2021; Marvel et al., 2019; Marvel and Bonfils, 2013; Zhang
et al., 2007), the Congo Basin, remains a major observational blind spot.

Moreover, the Congo Basin is home to some of the world’s most vulnerable populations and is experiencing rapid demo-
graphic growth in both urban and rural areas (Megevand, 2013; Sonwa et al., 2012; Yuh et al., 2024). These populations

are increasingly exposed to climate-related hazards, such as landslides and gully erosion, which are further exacerbated by
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human-induced land transformation associated with population growth (Depicker et al., 2021; Dille et al., 2022; Mawe et al.,
2025).

Furthermore, satellite data suggest that the Congo Basin has experienced a drying trend in recent decades, characterized
by reductions in precipitation, canopy water content, and forest photosynthetic capacity (Zhou et al., 2014; Hua et al., 2016;
Wongchuig et al., 2025). Although Land Surface Models (LSMs) and Global Hydrological Models (GHMs) can be used to
study hydroclimatic trends within the region, the quality of these models remains uncertain due to the limited availability of
ground-based observations for validation (Zhou et al., 2014).

Substantial records of observed weather within the Congo Basin, stored in both local and international archives, present an
opportunity to overcome these data limitations and thus facilitate the analysis of hydroclimatic trends in the basin (Alsdorf et al.,
2016; Kasongo Yakusu et al., 2023). However, as in many parts of the world, millions of in-situ weather records from various
stations remain preserved within archives as hard copies or in image form (e.g., Hawkins et al., 2022, 2023; Latapy et al., 2022;
de Smeth et al., 2024). To date, daily temperature and precipitation records originally collected by the Institut National pour
I’Etude Agronomique du Congo Belge (INEAC), with some stations dating back as early as 1908, though the majority begin in
the 1930s, have been preserved in the State Archives of Belgium. These records, which extend up to 1960, were digitized under
the Congo Basin Eco-climatological Data Recovery and Valorization (COBECORE) project, which involved photographing
all available climatological and ecological records for 575 climate stations spread throughout the Congo Basin (Jacobsen et al.,
2018; COBECORE, 2018). Additionally, post-1960 daily temperature and precipitation records for 37 weather stations in the
Democratic Republic of the Congo (DRC) are hosted in the archives of the Institut National pour I’Etude et la Recherche
Agronomiques (INERA), formerly INEAC, in Yangambi. These records span from 1960 to the 1990s for most stations, with a
few extending into the early 2000s.

This paper describes the data rescue efforts within the INERA archives in Yangambi, for post-1960 handwritten daily tem-
perature and precipitation records taken at 37 weather stations in the DRC. This process involves: (i) compiling a data inventory,
(ii) digitizing (that is, imaging) the handwritten weather records from paper to digital format, and (iii) transcribing the digitized
image into machine-readable format using MeteoSaver, an open-source software we developed based on machine learning
(ML) algorithms (Muheki et al., 2026c). MeteoSaver takes the digitized images of tabular observation sheets as input and
transcribes the data, in this case, handwritten daily weather data, into a standardized, machine-readable format known as the
Station Exchange Format (SEF), as prescribed by the Copernicus Data Rescue Service (Muheki et al., 2026¢). By automating
transcription, MeteoSaver saves numerous man-years of manual data entry and demonstrates its potential for wider application
in similar historical data rescue efforts.

In addition to this newly automatically transcribed temperature dataset, we incorporate three recently available, manually
transcribed datasets for the region. First, Kasongo Yakusu et al. (2023) presents daily temperature and precipitation data for one
station, Yangambi-Km.5, spanning 1960-2020. As one of the main findings, Kasongo Yakusu et al. (2023) reports a long-term
increase of approximately 1°C in the annual average mean daily temperature over seven decades, and an increase in frequency
of hot extremes, specifically warm days and nights, recorded at that station. Second, since 2000, INERA has also transcribed

daily temperature and precipitation data for 6 of the 37 weather stations. Most of these records cover the period from the
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1990s to the mid-2010s, with only two stations having data extending back to the 1960s, and one continuing up to the early
2020s. Third, we incorporate pre-1960 data from the COBECORE project for three stations that are also part of the 37-station
post-1960 INERA dataset. We therefore include the Kasongo Yakusu et al. (2023), INERA and COBECORE datasets in our
combined temperature and precipitation dataset, enabling the construction of long, continuous time series.

The resulting time series forms the largest in situ temperature and precipitation dataset available for the Congo Basin, and
represents a major step toward advancing hydroclimatic and climate change research in this data-sparse region.

Using this consolidated temperature and precipitation dataset, we analyze temperature trends across the Congo Basin from
the 1930s to the early 2000s. We examine long-term trends in daily maximum, minimum, and average temperatures; inves-
tigate shifts in their distributions across decades; and assess changes in the frequency of hot and cold extremes. We further
investigate precipitation extremes through changes in daily precipitation return periods. Lastly, we compare the observed tem-
perature trends with those derived from the state-of-the-art ERA5-Land reanalysis product developed by the European Centre
for Medium-Range Weather Forecasts (ECMWF).

2 Data and Methods
2.1 Data

The INERA-Section de Climatologie archives in Yangambi (hereafter referred to as INERA archives) host daily meteorological
observations from 37 weather stations throughout the DRC, including records of temperature, evaporation, and precipitation,
along with various other weather data variables, with most spanning from the 1960s to the mid 1990s, and only a few through
the early 2000s. Historically, these archives have served as the central repository for all weather data recorded at INERA
stations throughout the country (Fig. 1). These records consist of paper bundles containing handwritten observations on tabular
sheets, with each bundle representing weather data from a specific station for a given year, and each sheet representing one
month’s data from that station (Fig. 2).

Each sheet contains daily weather observations, their pentad totals and averages (5-day and/or 6-day), as well as monthly
totals and averages. Specifically, for temperature records, each sheet provides daily maximum, minimum, and average values,
along with the diurnal temperature range. There is also dry bulb and wet bulb temperatures measured at three times per day
(06:00h, 15:00h, and 18:00h local time). Additionally, each sheet provides metadata, including the station name, year, month,
observer’s names, authorization signature, and occasionally extra comments at the bottom of the sheet (Fig. 2). No information
on the location of the weather stations is given on these sheets, however, the data inventory we performed at the archives
provided us with information on the station code, latitude, longitude, and altitude of each of the weather stations (see Appendix
Fig. Al).

While the paper size, quality, colour, and maintenance condition vary across the bundles and stations, the format of the sheets
and tables is generally consistent across these post-1960 records. However, it is important to note that in a small fraction of

cases, the tables on the sheets were hand-drawn, possibly when the weather station ran out of standard paper, which presents
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an additional challenge for non-manual transcription (see Appendix Fig. A2) In this dataset, 225 sheets were hand-drawn and
were therefore excluded from automated transcription in this study.

The pre-1960 records digitized (imaged) during the COBECORE project follow a different table structure than the post-1960
sheets. Although they similarly provide daily maximum, minimum, and average temperatures for a given month and station,
they do not include pentad totals or averages. Instead, these earlier sheets report only end-of-month totals and averages. They
also lack the dry bulb and wet bulb temperatures recorded at three times per day as in the later records, and the table formats
vary from decade to decade, and in a few cases between stations. Examples of these variations can be seen in Appendix

Figs. B1, B2, and B3, corresponding to the 1930s, 1940s, and 1950s, respectively.

Figure 1. Two photographs showing the interior of the historical weather data archives at the INERA - Section de Climatologie site in
Yangambi, Democratic Republic of the Congo. These shelves contain thousands of paper-based meteorological records spanning several

decades, and form the foundation of our climate data rescue efforts. Photographs taken on 9 March 2023.

2.2 Data Rescue Missions

We undertook two data rescue missions: (i) a two-week campaign to construct a comprehensive data inventory (7-17 March
2023), and (ii) a two-month campaign for the digitization of the archived historical weather data sheets (August-September
2023). Throughout both the data inventory and digitization phases, we followed the guidelines for climate data rescue estab-
lished by the World Meteorological Organization (WMO, 2016). In the following subsections, we describe our inventory and
digitization campaigns in the INERA archives, DRC.

2.2.1 Data Inventory

The inventory process within the INERA archives involved two main steps: (i) collecting metadata, including information on
all stations such as station names, codes, and location (latitude, longitude, and altitude), and (ii) cataloging the available data

sheets and variables present for each station by year, along with the paper formats and maintenance condition.
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Figure 2. An example One Month observed weather data sheet for Station Luki-Plateau (S 5°37°, E 13°06’) in DRC available within the
INERA-Section de Climatologie archives in Yangambi. The sheet contains the following information: (i) the station name (’Station’), year
(’Année’) and month ("Mois’) in the top right corner, (ii) the data owner (’Institut National pour I'Etude Agronomique du Congo’) in the
top left corner, (iii) a large table (center) showing the pentad number ('N° de la pentade’), date (’Date’), a measure for total solar radiation
(’Bellani’), extreme temperatures in degree Celsius (" Températures extrémes’) consisting of maximum, minimum and average temperatures,
as well as the diurnal temperature range (" Ampl.”), Evaporation in cubic centimeters ("Evaporation’), Rainfall ("Pluies’) in millimeters per
day, and Dry- and Wet-bulb Temperatures and Humidity ("Température et Humidité’) recorded at three times of the day, namely 06:00h,
15:00h, and 18:00h local time, and (iv) observer’s names (’Les Observateurs’) in the bottom left, authorization signature (’Visa du Chef
hiérarchique’) in the bottom right, and extra comments written in the bottom center of the sheet. Additionally, the table also shows 5-day
(and/or 6-day) totals ("Tot.”) and means ("Moy."), as well as monthly totals and mean values. Note that the values in these sheets are all
handwritten, and the handwriting styles and paper maintenance conditions vary throughout the dataset. In this case, the image represents a

well-preserved example relative to the range of paper conditions present in the archive.
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125 The first step is important as it ensures that the locations of the recorded weather data are correctly linked to the accurate
locations (latitude, longitude, and altitude) for each weather station (Fig. 3 and Appendix A1). This is crucial for any research,
analysis and conclusions that would be drawn from the final transcribed data. The next step involved determining the total
number of available weather data sheets in the archives for all 37 stations. A total of 9,885 data sheets (in a similar format to
Fig. 2) were identified in the archives and checked for the presence of daily temperature and precipitation records (see Fig. 4).

130 Additionally, the placement and order of the sheets within the bundles were verified to ensure they were correctly organized
by month and year, and properly assigned to the corresponding station. These two steps are essential to prevent errors during
the subsequent digitization and transcription processes, such as the loss of metadata or the incorrect assignment of data to the
wrong station or date. The results from the inventory process were collected in a spreadsheet CINERA_Stations_Data.xlsx”)

which is published alongside the database (see section Code and data availability).

Figure 3. Map showing the location of the 37 weather stations in the DRC whose data is hosted by INERA-Section de Climatologie archives
in Yangambi (Background map courtesy of ESRI National Geographic | Powered by Esri).
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Figure 4. Inventory of available daily precipitation (P) and temperature (T) data for weather stations across the DRC, based on records from
the INERA-Section de Climatologie archives in Yangambi and the State Archives of Belgium. Blue bars indicate months where both daily P
and T data are available in hard copy at the INERA-Section de Climatologie archives in Yangambi; hatched blue bars indicate such availability
at the State Archives of Belgium. Green markers denote periods where only one of the two variables (P or T) is available in hard copy. Orange
bars represent months for which data have previously been transcribed, either by INERA, COBECORE, or as compiled in Kasongo Yakusu
et al. (2023).

2.2.2 Digitization

To preserve and enable analysis of historical weather data stored at the INERA archives, we digitized all available data sheets
using a high-resolution digital camera (Canon EOS 2000D with an EF-S 18-55mm IS II lens) mounted on a tripod, combined
with a photo box (with a black background) equipped with uniform lighting (Fig. 5). This digitization step was essential not
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only for the subsequent transcription steps, but also to prevent further data loss due to pests or fires, such as the recent February
140 2023 fires reported in one of the wings of the INERA Yangambi archives (ACP, 2023; Mamba, 2023). Given the lack of
electricity at the archive site, the set-up was powered by two rechargeable batteries for the camera.

The resulting images were saved in JPG format, as it preserves high image quality while remaining an open and widely
supported format. The images were organized into station-specific folders, and each image file was named using a standard-
ized convention encoding key metadata: station code, year, month and page format. Thus, each file name follows the format

145 STN_YYYYMM PF, where STN is the station code, YYYY is the year, MM is the month, and PF is the page format (SF for
standard format and HD for hand-drawn format). This naming convention ensures easy identification and retrieval of the 9,885

digital data copies.

Figure 5. Digitization campaign setup at the INERA-Section de Climatologie archives in Yangambi, including a digital camera mounted on
a tripod and a photobox equipped with lighting fixtures to ensure high-quality digital copies of the historical weather records. Photograph
taken on 15 August 2023.
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2.3 Transcription

To automatically transcribe all the digitized images of historical weather data sheets, we developed and applied a new version
of MeteoSaver, version 1.1 (Muheki et al., 2026a). In the following subsections, we first briefly introduce the original software,

and subsequently describe three main improvements implemented in the new release (v1.1).
2.3.1 Original MeteoSaver Description

MeteoSaver is an open-source machine learning (ML)-based software specifically developed to transcribe handwritten tabular
data into machine-readable format ready for analysis (Muheki et al., 2026¢c). MeteoSaver takes images of tabular weather
data as input and processes each image through six modules: (i) configuration, (ii) image pre-processing, (iii) table and cell
detection, (iv) transcription, (v) quality assessment and quality control (QA/QC) and (vi) data formatting and upload (Muheki
et al., 2026c¢).

In the configuration module, the software requires user-specific settings, including, but not limited to, the choice of com-
putational environment (personal computer or High Performance Computing (HPC) infrastructure), directory paths for input
and output files, and a description of the general table structure (e.g., number of rows and columns). These user settings enable
the software to run smoothly across the subsequent modules. The image-preprocessing module enhances the quality of input
images using adaptive threshold binarization thereby improving the performance of the subsequent table and text recognition
steps. Following this, the table and cell detection module applies ML-based algorithms to detect only the tables from the im-
ages, correct for skew or tilted tables/images, and identify individual table cells. These detected cells are then subsequently
passed to the transcription module, which uses a pre-trained Tesseract optical character recognition (OCR) model to recog-
nise handwritten values. All transcribed values are then evaluated in the Quality Assessment and Quality Control (QA/QC)
module, where each value is individually checked. These checks include maximum and minimum threshold tests, logical con-
sistency checks, inter-variable relationship checks, checksum validation, and outlier identification. Finally, QA/QC ’confirmed’
transcribed data are formatted per station into both the Station Exchange Format (SEF), as prescribed by the Copernicus Data
Rescue Service, and the Comma-Separated Values (CSV) format, making the data ready for upload to open-access repositories.
For a detailed description of the software, refer to Muheki et al. (2026c).

In the following subsections, we describe three main improvements implemented in the new release (v1.1).
2.3.2 Improved Table Detection

As an improvement to the Table and Cell Detection module in MeteoSaver v1.0, version 1.1 introduces more precise cell
detection by using the pre-existing horizontal and vertical line detection based on structuring elements generated with the
OpenCV (Open Source Computer Vision) library (Bradski and Kaehler, 2008).

Within the MeteoSaver version 1.0 framework, once the table boundaries were identified using OpenCYV, individual table
cells were detected through further image processing. This involved dilating the inverted binary image of the table (with hor-

izontal or vertical lines removed), thereby turning the handwritten values into white blobs on a black background. Digits in
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close proximity, as expected for multi-digit values, were merged into a single text blob, which was then treated as an indi-
vidual cell (Muheki et al., 2026¢). While this approach generally performs well in identifying individual cells, it occasionally
misclassified text written near boarders, and close to text in adjacent cells, as a single blob.

To address this limitation, we introduce in version 1.1 an additional step in the module that re-erases the pre-identified
vertical and horizontal lines after text blob identification. This serves as a secondary check to avoid merging of text blobs
across different cells.

Additionally, we have optimized the overall table and cell detection process in our framework by using arrays to store the

detected text components and noise features (e.g., dots), which reduces this module’s processing time by more than half.
2.3.3 Improved Transcription

Building upon the transcription module in MeteoSaver v1.0, we further train the Tesseract optical character recognition (OCR)
model on a broader range of handwriting styles to increase its accuracy in text recognition. This is achieved by feeding the
tesstrain model with ground truth data in the form of images and their corresponding transcriptions as text files (Tesseract
OCR, 2025a).

With every MeteoSaver v1.1 run, we generate an extensive training database from the INERA handwritten monthly data
sheets, comprising more than 5 million clipped individual cell images in total and their corresponding confirmed transcriptions
(post QA/QC checks), where available. By iteratively adding newly confirmed transcribed cell images, and their respective
values, from preceding runs to this database, and retraining the model using tesstrain, the Tesseract OCR model continuously
learns new handwriting styles across the dataset. This improvement makes use of Tesseract’s character pattern recognition
capabilities (Tesseract 3) and its Long Short-Term Memory (LSTM) neural network for line-based recognition (Tesseract
4) (Tesseract OCR, 2025b). For example, after five consecutive runs of MeteoSaver over the entire INERA database, the
total number of QA/QC confirmed transcribed temperature and precipitation values increased from 321,456 to 1,019,153,

corresponding to a 215% increase in confirmed values, highlighting the iterative learning capability of the software.
2.3.4 QA/QC extension to additional weather variables

Muheki et al. (2026c) demonstrates the use of the QA/QC module in MeteoSaver v1.0 to perform quality checks on transcribed
daily maximum, minimum, and average temperatures (7x, Tn, and Tavg). In version 1.1, we extended the QA/QC module to
other recorded variables on the INERA sheets, namely: daily total precipitation (P, mm day '), and dry bulb temperature (7,
°C), wet bulb temperature (7°a, °C), actual vapour pressure (e, hPa), relative humidity (U, %) and vapour pressure deficit (Ae,
hPa) recorded at three times of the day (06:00h, 15:00h, and 18:00h local time) (Fig. 2). The following logic checks are now
included in the QA/QC module.

Similar to the checks performed on the transcribed values for Tx, Tn, and Tavg in v1.0 (Sect. 2.3.1), the latest version
applies user-defined (i.e., region-specific) maximum and minimum temperature thresholds to instantaneous 7" and 7”a as a first
check (Muheki et al., 2026¢). The multi-day (pentad) totals and averages are then calculated for transcribed 7' and T’a values

within these thresholds, as well as for P, and compared with their corresponding transcribed pentad totals and averages. If
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the transcribed pentad total and/or average is equal to (or, for T and 7’a, within the set uncertainty margin of 0.2°C of) the

calculated pentad total and/or average, all the respective transcribed daily values for 7, T’a, and P, leading up to that pentad

total and/or average, are marked as confirmed. An uncertainty margin of 0.2°C is applied to temperature checks to account for

potential human rounding errors in the original pentad averages or Tavg values. Such rounding may result in small discrepancies

(typically < 0.2 °C) between the transcribed and QA/QC-calculated values.

In addition, logic checks are carried out on the transcribed values for T, Tqa, e, U, and Ae for each day as follows:

®
(ii)

(iii)

T must be greater than or equal to 7a. Values that do not meet this condition are flagged as inconsistent.

We calculate U (using Eq. 4), and compare it with the transcribed U. If the transcribed U is equal to (or within the set

uncertainty margin of 0.2%) the calculated U, we mark the transcribed U, e and Ae values for that day and time as

confirmed.
U= ei £100 e))

where, e is the actual vapour pressure and e is the saturation vapour pressure. Given that e, values are not recorded in

the DRC sheets, we derive them using e and Ae as follows:
Ae=¢,—e 2)
Rearranging Eq. 2, e can be expressed in terms of Ae and e as:

es =ANe+e 3)

Thus, by substituting terms in Eq. 1, we calculate U in terms of Ae and e as:

e
T Ae+te

100 “)

Following this, if the U, e and Ae values at a particular time are confirmed, we subsequently calculate the 7 using a
modified Magnus-Tetens formula (Bolton, 1980) (Egs. 5 - 6). If the calculated T is equal to (or within the set uncertainty
margin of 0.2°C of) the transcribed value, we mark the transcribed value as confirmed; otherwise it is replaced with the

calculated value.

17.67T
. =6.112exp—"— 5
©s P 0435 ®)
By changing the subject to 7" and substituting e,
2435 In(544%) ©
- Aete
17.67 — In(5555)
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(iv) If both the transcribed values of T and 7"a at a particular time and day are already marked as confirmed from their pentad
totals and/or averages, we calculate the e using the psychometric equation from the Smithsonian meteorological tables

(List, 1966) (Eq. 8) and subsequently the U and Ae values for that day and time are calculated (using Egs. 1 - 5).

(v) However, if only one of the two transcribed values (T and T’a) at a particular time and day is marked as confirmed by
either the pentad total or average, the confirmed value is used to check the relationship between the transcribed e, U and
the other of the two (applying the Eqgs. 1 - 9). If the calculated value of either T or 7°a matches the transcribed value (or
within the uncertainty margin of 0.2°C), the respective transcribed value is marked as confirmed. This relationship check
indirectly checks the transcribed U and Ae values and corrects the incorrectly transcribed one if the other is marked as

confirmed.

17.67Ta
(T’a) = 6.112 exp | =t
es(I"a) =6 eXp(T’a ¥ 243.5) 7
e=es(T’a)—~v(T—Ta) 3)
where:
~ = 0.00066 (1 +0.00115T"a) po ®)

and py is the standard atmospheric pressure at mean sea level (1013.25 hPa)
2.3.5 Application of MeteoSaver to the DRC data

We apply MeteoSaver vl1.1 to 9,885 images of historical weather data sheets from 36 stations across the DRC (one of the 37
stations was previously transcribed by Kasongo Yakusu et al. (2023)), to automatically transcribe daily records of Tx, Tn, Tavg,
P, T, and T’a. As a prerequisite for executing MeteoSaver, we input the user-defined settings in its configuration module, for
example: (i) we set the computational environment to hpc, as we run the software on HPC infrastructure due to the large volume
of images. Processing all images requires approximately 4.5 days on the VSC (Flemish Supercomputer Center) infrastructure
using 18 parallel CPU cores. (ii) We specify all required input and output directories. (iii) We set region-specific maximum and
minimum temperature thresholds to 40°C and 5°C, respectively (Muheki et al., 2026¢; Alsdorf et al., 2016). (iv) We define the
uncertainty margins for the QA/QC checks as 0.2°C for temperature values and 0.2% for relative humidity values. We detail
the full list of our configuration settings in Appendix Tables C1 and C2, and in the configuration.ini file available in the Zenodo
repository (Muheki et al., 2026b).

Although most of the tables in our dataset share a similar structure, applying the software to such a large and diverse
dataset, characterized by multiple handwriting styles, different paper sizes, varying paper quality and maintenance conditions,

demonstrates its robustness and flexibility.
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The final output consists of QA/QC confirmed daily temperature and precipitation time series formatted in the Station
Exchange Format (SEF), ready for subsequent analysis. This resulting dataset has been uploaded to the Copernicus Global
Land and Marine Observations Database, where it will be made available to users via the Copernicus Climate Change Service
Data Store, as well as on Zenodo (Muheki et al., 2026b).

2.4 Statistical Analysis
2.4.1 Validation

Following the transcription and quality control of the daily temperature and precipitation data from 37 weather stations across
the DRC using MeteoSaver, we validate the automatically transcribed data against manually transcribed records by INERA
for the five stations where such data were available and overlapped with our automatically transcribed time series, namely:
Kiyaka-Plateau, Luki-Plateau, Gandajika, Mulungu-Mulohe, and Gimbi-Plateau.

We assess the accuracy of the automatic transcription by calculating the percentage of correctly transcribed daily temperature
values (Tx, Tn, and Tavg) relative to their respective manually transcribed values. This comparison assumes that the manual
transcriptions are accurate and therefore does not account for potential errors in the manually transcribed data itself. Similar to
Muheki et al. (2026¢), we apply an uncertainty margin of 0.2°C during this comparison. In cases where a value is incorrectly
transcribed, we also examine the manually transcribed values for the preceding and following days to identify potential one-
day shifts caused by row or cell misalignment during table and cell detection. We, therefore, present both the percentage of
correctly transcribed values (hereafter referred to as the match rate) and the percentage of values correctly transcribed but
shifted by £1 day (hereafter referred to as the one-day shift percentage).

Finally, we compute the Mean Absolute Error (MAE) of the automatically transcribed values, using the corresponding

manually transcribed values on the same day as the reference.
2.4.2 Trend Analysis

We undertake trend analysis of Tx, Tn, Tavg, and P values. The analysis primarily covers the period from 1960 to the 1990s,
with 11 stations with data pre-1960 and 6 stations extending into the 2000s.

It is important to note that some stations are excluded from this analysis due to substantial data gaps, incomplete years, or
insufficient quality in the transcribed temperature records. Specifically, stations with fewer than 25 years of data and/or with
significant missing periods (> 5 years) that would bias trend estimation are omitted. 21 of the 37 stations are considered for
trend analysis in the DRC (Table 3).

To assess long-term changes in temperature, we apply the widely used Theil-Sen estimator (Wilcox, 2001) to determine
multi-decadal trends in Tx, Tn, and Tavg for each station across its respective period of record. The Theil-Sen estimator was
applied directly to the available time series, with missing values ignored in the trend estimation. Here, we express trends
in degrees Celsius (°C) per decade. Additionally, we apply spatial interpolation of station-based trends using a Radial Basis

Function (RBF) approach, a commonly used method for spatial interpolation of in situ meteorology data (Jaczewski et al.,
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2025; Ryu et al., 2024), to visualize their spatial patterns across the DRC. The interpolation is performed using stations with a
minimum record length of 25 years within the most overlapping observation window and is constrained to the DRC boundary.

In parallel, we apply the kernel density estimation (KDE) method (Weglarczyk, 2018) to construct probability density func-
tions of Tx, Tn, and Tavg, grouped by decade per station. This approach enables us to (i) examine shifts in the overall temper-
ature distributions over time, assessed through the changes in the mode and the 95th percentile of each variable’s distribution
per decade, and (ii) evaluate changes in the temperature extremes per station, based on the frequency of days falling outside
the middle 90% of the distribution (i.e., below the 5th percentile and above the 95th percentile). Similar to Lorenz et al. (2019),
we define these extremes for each variable using KDE-derived percentiles calculated across the entire station record and then
count how many days per decade fall below (cold days/nights) or above (hot days/ warm nights) these thresholds. This approach
enables a robust assessment of both the central shift in temperature and the changing frequency of temperature extremes over
time at each station.

Furthermore, we investigate the changes in daily precipitation return periods at stations with records spanning over 30 years.
For each station, we split the daily precipitation time series into an earlier and a later half by dividing the record at the midpoint
of the valid daily observations, so that both halves contain a similar number of data points. For each half, we estimate empirical
return-period curves using the Weibull plotting position, focusing on the upper tail of the distribution, to highlight changes in
heavy precipitation events. We plot these curves on the same figure to visualise how the intensity of heavy precipitation events
has changed between the earlier and later periods.

Lastly, we compare the observed temperature trends at each station with those derived from the ERA5-Land dataset. ERAS-
Land provides hourly 2-meter air temperature data over land at a spatial resolution of 0.1° x 0.1° (approx. 9km), from 1950 to
present (Mufioz Sabater, 2019). We derive daily Tx, Tn, and Tavg from the ERA5-Land hourly dataset. For each station, we
extract ERAS-Land values from the grid cell whose center lies closest to the station coordinates, using the nearest-neighbor
method. To ensure direct comparability, we compute the trends in ERAS-Land only over time instances where both the station

observations and the corresponding ERAS-Land timeseries contain data.

3 Results
3.1 Database characteristics

In total, 1,011,297 daily and sub-daily temperature records, as well as daily precipitation observations, across the 37 weather
stations achieved the highest internal quality flag. These records are hereafter referred to as QA/QC confirmed values. Together
with manually transcribed daily temperature and precipitation records from previous efforts, namely Kasongo Yakusu et al.
(2023) (95,395 records) and the COBECORE project (246,815 records), they form the foundation of the first large-scale,
digital historical climate dataset for the Democratic Republic of the Congo. The dataset spans the period from 1908 to 2023.
The longest station record is from Eala (1908-1991, with eight missing years), while the shortest record is from Lubarika
(1961-1963). Most station records cover the 1960s through the 1990s (Tables 1 and 2, and Figs. 3 and 4). The percentage of

QA/QC confirmed values out of the total transcribed values for the daily temperature records ranges from 29.1-97.5% across
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the 37 stations, with a mean of 61%. This percentage is lower for daily precipitation records ranging from 10.3-89.4% with
a mean of 30% across the stations. This difference reflects the more extensive QA/QC procedures applied to the transcribed
daily temperature data. The QA/QC module includes only pentad total consistency checks for precipitation, whereas daily
temperature values are subjected to additional consistency checks, including the physical relationship between Tx, Tn, and
Tavg, their consistency with the diurnal temperature range (Ampl.), and maximum and minimum threshold checks (see Figure
2) (Muheki et al., 2026¢). These additional checks increase the likelihood of detecting and correcting transcription errors,

thereby leading to a higher percentage of confirmed temperature values.
3.2 Validation

We compare the automatically transcribed daily temperature values (7x, Tn, and Tavg) from five stations with their corre-
sponding manually transcribed values produced by INERA. The validation results indicated that across these stations, the
automatically transcribed daily temperature records had different accuracies across the stations ranging from 81.2% to 92.3%,
with a median match rate of 87.4% and a median one-day shift percentage of 14.7% across all the five stations (Fig. 6).

Finally, we compute the mean absolute error (MAE) of the automatically transcribed values relative to the manually tran-
scribed values on the same day. The MAE across the transcribed sheets of these five stations ranges from 0.18-0.51°C, with a
median of 0.35°C (Fig. 6).

3.3 Trend Analysis
3.3.1 Warming Trends and Shifting Temperature Distributions

Of the 21 stations considered in the trend analysis (see Sect. 2.4.2), 16 exhibit an increasing trend in daily maximum tempera-
ture (Tx) over their respective observation periods (Table 3, Fig. 7, and Appendix Figs. D1-DS5), with rates ranging from 0.14 to
0.51°C/decade (equivalent to 0.4—1.5°C over 30 years, with a median of 0.8°C warming over this period). Four stations show
no change in Tx, while one record shows a decreasing trend of —0.20°C/decade (—0.6°C over 30 years). Across all 21 stations,
the median Tx trend is 0.22°C/decade which corresponds to approximately 0.7°C of warming over a 30-year period.

For daily minimum temperature (7n), 13 stations show an increasing trend of 0.03-0.33°C/decade (0.1-1°C over 30 years,
with a median of 0.6°C), six show no change, and two record decreases of —0.21 and —0.44°C/decade (-0.6 and —1.3°C over 30
years, respectively). The median 7n trend across all the stations is 0.10°C/decade, equivalent to 0.3°C increase over 30 years
(Table 3, Fig. 7, and Appendix Figs. D1-D5).

Average daily temperature (Tavg) increases at 18 stations, with trends of 0.05-0.41°C/decade (0.2—-1.2°C over 30 years, with
a median of 0.5°C). Two stations show no change in Tavg, and one shows a decline of —0.14°C/decade (—0.4°C over 30 years).
Across these stations, the median Tavg trend is 0.15°C/decade, corresponding to approximately 0.5°C of warming across a
30-year period.

Overall, at 20 of the 21 assessed stations, at least one of Tx, Tn, or Tavg exhibits a positive trend, i.e., at each of these stations,

at least one of the three variables shows an increase (Table 3, Fig. 7, and Appendix Figs. D1-D5). Spatial interpolation of
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Figure 6. Time series plots of the daily maximum (red), average (orange), and minimum (blue) temperatures for stations: a) Kiyaka-Plateau
(S 5°16°, E 18°57’), b) Luki-Plateau (S 5°37°, E 13°06’), ¢) Gandajika (S 6°45’, E 23°57’), d) Mulungu-Mulohe (S 2°18’, E 28°47’), and
e) Gimbi-Plateau (S 5°31°, E 13°22’). Automatically transcribed values are shown as solid markers, while manually transcribed values by
INERA are illustrated as lighter time series bands, with a 0.2°C uncertainty margin applied during QA/QC checks (as done in Muheki et al.
(2026¢)). The match rate of the automatic transcription relative to the manual transcription, the one-day shift percentage (£1 day), and the

mean absolute error (MAE) are indicated in the lower right corner of each panel.
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Figure 7. Daily temperature trends at stations: a) Luki-Plateau (S 5°37°, E 13°06’), b) Mulungu-Mulohe (S 2°18’, E 28°47), ¢) Yangambi-
Km.5 (N 0°46°, E 24°29’), and d) Eala (N 0°03’, E 18°18’) in the DRC. Colored dots represent daily values of maximum (7x, red), average
(Tavg, orange), and minimum (77, blue) temperatures. Solid lines indicate Theil-Sen trend estimates for each variable, with the corresponding
slope (°C/decade) shown at the end of each line. This data includes both automatically transcribed records using MeteoSaver and manually

transcribed records previously available at INERA. Note that these stations have different start and end years.

these temperature trends at the stations during the most overlapping observation window (1961-1990) illustrates a widespread
warming signal throughout the network (Fig. 8).

We then examine the decadal temperature distributions both at individual stations and for the aggregated dataset across
stations. For the latter, the analysis focuses on the most overlapping observation window (1961-1990) across all the stations.

In recent decades, the distributions of Tx, Tn and Tavg have shifted toward higher values, reflecting warmer modal tempera-
tures and higher 95th percentile values. This pattern is observed at both individual stations (Fig. 9a-d and Appendix Figs. E1-
ES) and in the aggregated dataset for the DRC (Fig. 10). For example, at Station Mulungu-Mulohe, the mode of Tx and Tn
during the last two decades (1981-1990 and 1991-2000) is approximately 1°C higher than in the first decade (1961-1970)
(Fig. 9b). Similarly, the 95th percentile values of Tx and Tn at this station are about 1°C higher in the last decade (1991-2000)
compared to the first decade (1961-1970) (Fig. 9b).
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Table 3. Daily temperature trends at 21 stations selected for the climate analysis in the DRC. These trends are estimated using the Theil-Sen
estimator (Wilcox, 2001). The data used to estimate these trends includes both automatically transcribed records using MeteoSaver and
manually transcribed records previously available at INERA, and through the COBECORE project. Start and end years indicate the period

of available observations for each station. Missing years represent the number of years without data within this period.

No. Station name Start year End year Missing Trend (°C/decade)

years

Tx Tn Tavg

1 Yangambi-Km.5 1950 2020 4 0.19 010 0.14
2 Yaekama 1970 2011 1 032 013 022
3 Gimbi-Plateau 1960 2012 2 022 011 0.17
4 Luki-Plateau 1960 2011 2 021 003 0.12
5 M’Vuazi-Poste (Plateau) 1960 1995 4 0.25 0.00 0.15
6 Binga 1959 1992 8 -020 022 0.00
7 Eala 1908 1991 8 0.00 0.19 0.09
8 Bambesa 1960 1992 3 0.14 -044 -0.14
9 Boketa 1960 1991 2 031 000 0.17
10 Kutubongo 1960 1984 1 0.00 0.00 0.00
11 Kiyaka-Plateau 1967 2012 2 0.00 0.19 0.12
12 Gandajika 1960 1990 1 020 0.00 0.05
13 Kisanga-Plateau 1960 1990 2 028 029 0.39
14  Kaniama 1960 1991 3 051 000 0.19
15 Kipopo 1960 1993 3 038 -021 0.06
16 Mulungu-Mulohe 1960 2001 1 023 030 0.27
17 Mulungu-Nyamunyunye 1960 1986 2 0.00 0.28 0.16
18 Mulungu-Tshibinda 1960 1991 1 048 033 041
19 Mulungu-Bukulumisa 1960 1984 2 0.34  0.00 0.11
20  Nioka-Drusi 1960 1990 5 043 0.06 0.22
21 Rumangabo 1960 1986 3 0.19 026 0.26

Where: Tx = daily maximum temperature, Tn = daily minimum temperature, and Tavg = daily average temperature
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Figure 8. Spatial interpolation of temperature trends in daily maximum (Tx), minimum (Tn), and average (Tavg) temperatures across the
DRC, based on observations from 19 climate stations during the period 1961-1990. Trends are expressed in °C per decade and were derived
using Theil-Sen slope estimates for each station. The interpolated fields were generated using the Radial Basis Function (RBF) method with
a linear kernel for scattered data interpolation, and visualized using a continuous color scale. Station locations are indicated by black dots
outlined with white circles. Lakes are visualised in dark blue. Note that this map serves as a visualization based on the limited number of

available stations (n = 19) and may not fully represent the spatial variability across the region.

In the aggregated dataset, the distributions of Tx, Tn, and Tavg values over the overlapping window (1961-1990) shift
progressively to warmer values with each successive decade (Fig. 10). The bimodal distribution of temperatures observed
across all stations in the first decade (1961-1970) becomes less pronounced, evolving toward a more unimodal distribution in
Tx and Tavg. This corresponds to an increase in the density of higher temperatures during the second decade (1971-1980) and
an even greater increase in the last decade (1981-1990). An increase in the 95th percentile values for Tx and Tavg of just under

1 °C is also observed in the last decade compared to the first (Fig. 10).
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Figure 9. Decadal shifts in temperature distributions at stations: a) Luki-Plateau (S 5°37’, E 13°06’), b) Mulungu-Mulohe (S 2°18’, E
28°47"), ¢) Yangambi-Km.5 (N 0°46’, E 24°29°), and d) Eala (N 0°03’, E 18°18’) in the DRC. Kernel density estimates of daily maximum
(Tx), minimum (Tn), and average (Tavg) temperatures are shown for each decade: 1911-1920 (blue), 1921-1930 (light green), 1931-1940
(dark olive green), 1941-1950 (olive green), 1951-1960 (gold), 1961-1970 (yellow), 1971-1980 (red), 1981-1990 (maroon), 1991-2000
(indigo), 2001-2010 (light purple) and 2011-2020 (dark violet). Vertical dashed lines indicate the 95th percentile values for each decade,

with panels (a), (b) and (c) illustrating the progressive rightward shift towards higher temperatures and more extreme values over time.
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Figure 10. Decadal shifts in temperature distributions based on an aggregated dataset of 37 stations in the DRC for the period 1961 to 1990.
Kernel density estimates of daily maximum (Tx), minimum (Tn), and average (Tavg) temperatures are shown for each decade: 1961-1970
(yellow), 1971-1980 (red), and 1981-1990 (maroon). Vertical dashed lines indicate the 95th percentile values for each decade, illustrating

the progressive rightward shift in temperature extremes over time.
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3.3.2 More Hot Days and Warm Nights, Fewer Cold Events

The average number of hot days per year, defined here as days with Tx exceeding the 95th percentile threshold, has more
than tripled over the period 1961-2000 at several stations, including Luki-Plateau, Mulungu-Mulohe, and Yangambi-Km.5
(Fig. 11). Across all stations, during the most overlapping observation window (1961-1990), the number of hot days has on
average increased from about 3 days per year with Tx above 33.3 °C (the 95th percentile threshold) in the first decade to about
5 days per year in the last decade (Fig. 12). Similarly, the average number of days with Tavg exceeding 26.9 °C (the 95th
percentile threshold) increased from approximately 3 to 6 days per year, corresponding to a doubling over this period.

Regarding the 97.5th percentile, the most recent decade exhibits on average one additional hot day and warm night per year
compared to the earliest decade. A similar increase of approximately one hot day is also observed at the 99th percentile for
both Tx and Tavg (Fig. 12).

In contrast, the average number of cold days per year across all stations, defined as days with Tx below the 5th percentile,
decreased from around 7 to 5 days per year between the first and last decades considered (Fig. 12). At more extreme thresholds
(2.5th and 1st percentiles), cold days declined by approximately one day per year over the same period. Likewise, the average
number of cold nights (7n < 5th percentile) declined from about 5 to 4 days per year over the same period (Fig. 12).

These differences in decadal average number of hot days, warm nights and cold days are much more difficult to interpret
on a station by station basis (as shown in Fig. 11 and Appendix Figs. F1-F5), as the extreme percentiles tend to be noisier,
partially due to variations in time series completeness, internal climate variability, station data inhomogeneities (e.g., due to
station location, instrument changes or observation practices), and possible local-scale effects (e.g., land-use and land-cover
changes). However, the station-based analysis still shows a general tendency towards rising frequency of hot days/nights and
declining cold events across decades, illustrating the shift in temperature distribution towards higher values. Moreover, when
aggregated across all the stations in the DRC dataset (as shown in Fig. 12), we observe a clear trend of more hot days and fewer

cold days across the DRC from 1960 to 1990.

25



https://doi.org/10.5194/egusphere-2026-2107
Preprint. Discussion started: 4 May 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Figure 11. Frequency of hot and cold temperature extremes at stations: a) Luki-Plateau (S 5°37’, E 13°06’), b) Mulungu-Mulohe (S 2°18’,
E 28°47"), ¢) Yangambi-Km.5 (N 0°46’, E 24°29’), and d) Eala (N 0°03’, E 18°18’) in the DRC. The plots show the average number of
days per decade falling below the Sth percentile (cold events) and above the 95th percentile (hot events) for daily maximum (Tx), minimum
(Tn), and average (Tavg) temperatures, similar to Lorenz et al. (2019). Values are based on kernel density estimates calculated across the
entire period. The number of days per year within each decade are shown: 1911-1920 (blue), 1921-1930 (light green), 1931-1940 (dark
olive green), 1941-1950 (olive green), 1951-1960 (gold), 1961-1970 (yellow), 1971-1980 (red), 1981-1990 (maroon), 1991-2000 (indigo),
2001-2010 (light purple) and 2011-2020 (dark violet). The middle 90% of the distribution (5th-95th percentile range) is omitted for clarity.

The 95th percentile temperature for each variable is noted in the top-right corner of each plot.
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Figure 12. Frequency of hot and cold temperature extremes aggregated across all the 37 stations in the DRC from 1961 to 1990. The plots
show the average number of days per decade falling below the 5th percentile (cold events) and above the 95th percentile (hot events) for
daily maximum (Tx), minimum (Tn), and average (Tavg) temperatures, similar to Lorenz et al. (2019). Values are based on kernel density
estimates calculated across the entire period. The average number of days per year within each decade are shown: 1961-1970 (yellow),
1971-1980 (red), and 1981-1990 (maroon). The middle 90% of the distribution (5th-95th percentile range) is omitted for clarity. The 95th
percentile temperature for each variable is noted in the top-right corner of each plot. The rising frequency of hot days/nights and declining

cold events across decades illustrates the intensifying shift in temperature extremes.
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Figure 13. Changes in daily precipitation (P) return periods recorded at three stations: a) Yangambi-Km.5 (N 0°46’, E 24°29’), b) Mulungu-
Mulohe (S 2°18’, E 28°47’) and c¢) Gimbi-Plateau (S 5°31°, E 13°22°). The blue lines represent the return periods of daily precipitation (in
mm/day) during the first half of the available time series at each station, while the red lines represent those during the second half of the
period. Note that while two of the stations have the same starting year (1960), one starts from 1977. All three stations differ in their end

years.

3.3.3 Changes in Precipitation Return Periods

For precipitation we analyse three stations with more than 30 years of daily precipitation records, namely: Yangambi-Km.5,
Mulungu-Mulohe, and Gimbi-Plateau. The former two stations show a clear increase in the frequency of heavy precipitation in
the later periods compared to the earlier periods. For instance, at Mulungu-Mulohe, a daily precipitation amount of 63 mm/day
has a return period of about 2 years in the earlier period (1960-1985), but about 1 year during in the later period (1986-2011)
(Fig. 13b), indicating that such an event has become twice as frequent. Similarly, at Yangambi-Km.5, a daily precipitation
amount of 83 mm/day is twice as frequent in the later period (1990-2020) than in the earlier period (1960-1989) (Fig. 13a).
These increases are much more pronounced at Yangambi-Km.5 and Mulungu-Mulohe in comparison to Gimbi-Plateau where
there are no substantial changes in the return periods between the two time periods (Fig. 13c). In general, precipitation events
greater than S0mm/day are observed to occur more frequently in the later periods than in the earlier periods at Yangambi-Km.5

and Mulungu-Mulohe.
3.3.4 Comparison To Reanalysis

Comparison of the trends in transcribed observations of Tx, Tn, and Tavg with those in the ERA5-Land dataset reveals no
systematic differences across the DRC (see Figs. 14-16). Although ERAS5-Land generally captures the seasonal patterns well
compared to the observations (as shown, for example in Fig. 14a), the trends in Tx, Tn, and Tavg are sometimes either un-
derestimated or overestimated relative to the observed values, depending on the station and variable (see Fig. 14-16). These

differences are typically of the same order of magnitude as the trends themselves, generally 10~ °C/decade, with some dis-
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crepancies on the order of 1072 °C/decade. While most stations show the same sign of difference in trend as their nearby
stations, a few exhibit opposite signs compared to their closest station, for example Kipopo and Kisanga-Plateau (see Fig. 15),
further underscoring the non-systematic nature of differences between the observations and ERAS-Land, which may partly
reflect non-climatic inhomogeneities in the station records.

We also observe that during the early 1950s, the ERAS5-Land data displays a pronounced "jump" of approximately 4.5-5°C
in temperature timeseries for Tx, Tn, and Tavg that is not captured by stations with observations during that period, such as
Yangambi and Eala (see Figs. 14 c-d and Appendix Figs. H1 a-b). This suggests that the ERAS reanalysis may be weakly
constrained in this region during the early reanalysis period, highlighting the need for more historical observational data for

this region to improve this product.
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Figure 14. Comparison of trends in daily maximum, minimum and average temperatures at four example stations: a) Luki-Plateau (S 5°37°,
E 13°06’), b) Mulungu-Mulohe (S 2°18’, E 28°47’), ¢) Yangambi-Km.5 (N 0°46’, E 24°29°), and Eala (N 0°03’, E 18°18’) in the DRC.
Blue dots represent daily values of observed maximum, minimum and average temperatures, while solid yellow lines show the ERAS5-Land
timeseries. The dotted dark blue and orange lines indicate Theil-Sen trend estimates for each variable for observations (Obs) and ERAS-Land,
respectively, with the corresponding slope (°C/decade) shown in the top left legend. The observations include both automatically transcribed
records using MeteoSaver and manually transcribed records previously available at INERA. The trends are estimated using values where

both the ERA5-Land data and transcribed observations are available. Note that these stations have different start and end years.
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Figure 15. Map showing the differences between ERAS5-Land and observed (Obs) trends in (a) daily maximum (Tx), (b) daily minimum (Tn),
and (c)average (Tavg) temperatures across the DRC, based on observations from 21 climate stations and their corresponding ERAS5-Land
time series obtained using the nearest neighbor D. The green shading represents the Natural Earth shaded background used for geographic
context (http://www.naturalearthdata.com/). Lakes are visualised in dark blue and occur primarily along the eastern border of DRC, while

the Atlantic Ocean is shown in light blue to the west of the domain. Note that the stations have different start and end years.

Figure 16. Graphs comparing the observed trends in (a) daily maximum (Tx), (b) daily minimum (Tn), and (c) daily average (Tavg) tem-
peratures from 21 weather stations across the DRC with their corresponding ERAS5-Land time series. Note that these stations have different

start and end years.
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4 Discussion
4.1 Transcription with MeteoSaver and its Limitations

In this study, we apply MeteoSaver v1.1 to transcribe 9,885 handwritten tabular historical weather data sheets from 36 INERA
stations across the DRC. We obtain over one million QA/QC confirmed values for daily and sub-daily temperature and pre-
cipitation. Validation against previously manually transcribed data from five stations yields match rates ranging from 81.2% to
92.3%, with a median match rate of 87.4%, a median one-day shift percentage of 14.7%, and a median MAE of 0.35°C.

These results indicate that MeteoSaver performs robustly across diverse handwriting styles, variations in ink intensity of
recorded values and table borders, paper maintenance conditions, and paper sizes, across this large dataset. An MAE of 0.35°C
is of the same order of magnitude as typical observational uncertainties reported for historical thermometer measurements of
0.2°C (10) for stations within the latitude range of 20°S-20°N (Morice et al., 2012; Brohan et al., 2006; Folland et al., 2001).
Moreover, the mismatches associated with one-day shifts (row shifts), rather than incorrect digit recognition, suggest row
identification errors as one of sources of disagreement between the manually and automated transcription. Additionally, the
validation checks we undertake against the manually transcribed data assume that those human transcriptions were performed
accurately and therefore do not account for potential human keying errors, which have been shown to occur in manual tran-
scription projects (Noone et al., 2024). Therefore, part of these differences observed in the validation here might be a result of
the manually transcribed reference dataset. Overall, we consider the transcribed dataset sufficiently reliable for decadal-scale
temperature trend analysis.

Nevertheless, we acknowledge that the following improvements need to be made to MeteoSaver to enhance its robustness
and maximise the volume of transcribed data: (i) The transcription module can be improved through continued expansion of the
OCR training dataset. This is because the iterative ML training strategy used in this study resulted in a 215% increase in QA/QC
confirmed values after five consecutive runs over the INERA dataset. This substantial improvement illustrates the importance of
feeding a large dataset of diverse handwriting images to the TesseractOCR tesstrain model. This approach would also improve
the model for scalability, especially in the context of additional data rescue projects in data-sparse regions, through the use of
multi-station datasets; (ii) Improvements to the row identification algorithm within the Table and Cell detection module would
reduce the 1 day shift of correctly transcribed values and further improve alignment between detected values and calendar
dates.

These software improvements would also increase its potential for further data rescue. For instance, while the output dataset
presented here contains over one million QA/QC confirmed values for daily and sub-daily temperature and precipitation, ap-
proximately 300,000 additional temperature records and 200,000 precipitation records were transcribed but did not pass the
current QA/QC checks. Engaging volunteers to review and verify such records could enhance data recovery while simultane-
ously generating additional training data to further refine the transcription module.

Similarly, the 225 hand-drawn sheets (as in Appendix Fig. A2), which we excluded from automatic transcription due to their
structural complexity, could benefit from the improved software, as well as citizen science efforts, to expand both the training

dataset and the observations dataset.
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In addition, the extensive pre-1960 climate records from 575 stations digitised (imaged) during the COBECORE project,
as reported in Jacobsen et al. (2018), represent a major opportunity for further data rescue. Automatic transcription of these
records could substantially expand the observational dataset, including additional meteorological variables (e.g., wind speed
and direction, evaporation, and humidity). Although not all of these stations contain continuous long-term historical weather
records, their transcription could potentially add millions of additional historical in-situ records for the Congo Basin.

Finally, this pipeline could also be extended to other national and international archives hosting historical climate data for
the Congo Basin, such as the African Centre of Meteorological Applications for Development (ACMAD) database (Noone

et al., 2024) and national meteorological and hydrological services in the region.
4.2 Warming Trends and Shifting Temperature Distributions

Twenty of the 21 stations considered in this study show an increasing trend in at least one of the Tx, Tn, or Tavg values. The
median warming trends are 0.22°C, 0.10°C, and 0.15°C per decade for Tx, Tn, and Tavg, respectively, which correspond to
approximately 0.7°C, 0.3°C, and 0.5°C of warming over 30 years. When scaled to multi-decadal periods, these station-based
trends are of similar magnitude to the reported warming of 0.75-1.05°C since 1960 for Central Africa (Doherty et al., 2022),
indicating consistency between in-situ observations and prior regional-scale assessments that did not have access to these data.

These warming trends are also reflected in the aggregated dataset across all stations. Each successive decade within the
period 1961-1990 displays a shift toward higher temperature values in distributions of Tx, Tn, and Tavg, showing higher modal
temperatures, and higher extremes, here represented by the 95th percentile values (Fig. 10). This pattern is also consistent at
individual stations with longer time series extending beyond the common overlapping period i.e., stations with data before
1960 and/or continuing into the 2000s (see Fig. 9 a-d).

Together, these results show a clear and consistent warming signal across the DRC during 1961-1990, with evidence of
continued warming at the few stations with records extending into the early 2000s. Given that the DRC constitutes a substantial
portion of the Congo Basin (approx. 62% of the basin; (Group, 2021)), these findings are likely broadly representative of
regional conditions, although they may not fully represent spatial variability across the entire Congo Basin.

However, it is important to note that, while QA/QC checks were applied to the transcribed data, homogenisation was not
performed to detect and adjust for potential non-climatic inhomogeneities in the station records. Such inhomogeneities may
arise from changes in station location, instruments, observation time or surrounding environment (e.g., land-use or land-cover
change), and could introduce artificial (non-climatic) shifts in the temperature time series (Peterson et al., 1998). For instance,
Mangaza et al. (2026) report a loss of approximately 9.7% of tropical forest in the Tshopo province, where three stations
in our dataset are located (Yangambi-Km.5, Yaekama, and Gazi; the former two analysed), over the period 1900-2023 due
to deforestation for agriculture and settlement. Such changes can lead to localised warming effects (Zeppetello et al., 2020).
Therefore, part of the distribution changes may reflect these non-climatic influences from one or more stations.

Moreover, most station records stop in the mid 1990s because of interruptions in observations during the First Congo War
(1996-1997) and subsequent Second Congo War (1998-2003) that led to nationwide institutional breakdown (Weiss, 2000).

This lack of sufficient data post 1990 is limiting given that recent studies report an increased global warming rate since the
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1990s (Samset et al., 2023), suggesting that the full magnitude of recent warming in the region may not be captured within this

available station data.
4.3 More Hot Days and Fewer Cold Events

Analysis of the aggregated dataset across all stations during the common overlapping period (1961-1990) reveals a clear
increase in the frequency of hot days, represented here as the average number of days with 7x and/or Tavg values above the
95th percentile thresholds, with each successive decade (Fig. 12a,c). On average, the number of hot days per year nearly
doubled between the earliest and most recent decades. These changes in hot extremes in the region have not been assessed in
the IPCC Sixth Assessment Report (AR6), largely due to the sparsity of in situ observational data in Central Africa (IPCC,
2021a). Our results, therefore, contribute new observational evidence for changes in hot extremes in the region and underscore
the importance of data rescue efforts in the region to enable robust detection and attribution studies.

In contrast, the frequency of cold days, here defined as days with Tx values below the 5th percentile, declined over the
same period (Fig. 12 a). Taken together, the increase in frequency of hot days and the decrease in frequency of cold days
provide evidence of a warming signal across the DRC during 1961-1990, consistent with the distributional changes discussed
in Sect. 4.2. A similar pattern is also observed in more recent decades (2000s and 2010s) at stations with data extending beyond
1990 (Figs. 11 a-c).

Consistent with our findings, Aguilar et al. (2009) report increases in the frequency of warm extremes accompanied by
decreases in cold extremes over the period 1955-2006 across Central Africa, based on observations from stations in Cameroon,
the Central African Republic, Sdo Tomé and Principe, the Republic of the Congo, Gabon, and eight additional stations in the
DRC that are distinct from those analysed in this study. This indicates that these changes are not limited to the DRC but reflect

broader regional trends across Central Africa.
4.4 Changes in Precipitation Return Periods

Unlike the transcribed daily temperature values, which were subjected to multiple QA/QC checks to confirm and correct
transcription errors, the transcribed daily precipitation values were subjected to only one QA/QC check, namely the pentad total
consistency check (Sect. 2.3.4). Consequently, the number of QA/QC-confirmed daily precipitation values were substantially
lower than for temperature. For this reason, we analyse changes in precipitation return periods for only three stations with more
than 80% QA/QC-confirmed values (Yangambi-Km.5, Mulungu-Mulohe, and Gimbi-Plateau), with the former two indicating
an increase in the frequency of heavy precipitation events.

However, given that only three out of 37 stations in our dataset have more than 30 years of daily precipitation data, it is
difficult to draw conclusions about the broader changes in frequency of heavy precipitation across the DRC. For this reason,

our discussion mainly focuses on the changes in temperature across the region, for which we have a larger spatial dataset.
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4.5 Comparison To Reanalysis

In this study, we compare temperature trends derived from station observations with those from ERAS5-Land to assess the
consistency between in-situ data and the reanalysis. As this comparison involves station (point-based) observations and grid-
ded ERAS5-Land data (matched using the nearest-neighbor method), differences in absolute temperature values are expected.
Therefore, we focus on comparing temporal trends over time periods where both datasets contain data.

Our results show that ERAS-Land generally captures the seasonal variability well relative to the station records and exhibits
no systematic differences in trends across the DRC. However, ERAS5-Land trends sometimes underestimate or overestimate
the trends, depending on the station and variable. In some cases, even nearby stations show opposite signs in their differences
in trend (Figs. 14 - 16). This may be partly due to non-climatic inhomogeneities in the station data (see Sect. 4.2), which were
not explicitly accounted for in this analysis.

A notable discrepancy is observed in the early period of the record, where ERA5-Land exhibits a pronounced "jump"
of approximately 4.5-5°C in temperature variations for Tx, Tn, and Tavg during the 1950s that is not evident in the station
observations (Fig. 14 c¢ and d). This likely results from the limited number of assimilated observations available to ERAS5-Land
during that period compared to more recent decades (Bell et al., 2021).

Overall, these results indicate that ERAS5-Land captures large-scale variability and long-term warming trends in the region,
particularly from the 1960s onward. However, caution should be taken when interpreting trends in the early-period (1950s),
where the reanalysis may be weakly constrained. These findings underscore the importance of continued data-rescue efforts
to recover and digitize archived historical observational records, which are essential for evaluating and constraining reanalysis

products in data-sparse regions, especially in the early periods.
4.6 Potential of Our Data Rescue Approach and Opportunities

Throughout our study, we demonstrate our climate data rescue workflow, starting with data inventory of archived weather
sheets, followed by the digitization (imaging) of these sheets, transcription using the open-source machine-learning software
MeteoSaver, automated QA/QC and data formatting, and finally the upload of the rescued datasets to open-access repositories.
By documenting each step, we aim to provide a replicable workflow that can be applied to similar data rescue projects across
Africa and other data-sparse regions where historical weather observations are still stored in local or international archives.
These techniques can also be used by the broader hydro-climate research community to recover additional historical records
such as river discharge, lake level, and coastal water level measurements (e.g., Latapy et al. (2022); de Smeth et al. (2024)).
The rescued dataset, in addition to daily maximum, minimum, and average temperatures and daily precipitation, also includes
dry- and wet-bulb temperatures recorded three times per day (06:00, 15:00, and 18:00 local time). These sub-daily temperature
measurements enable the derivation of additional variables, including actual vapour pressure, relative humidity, and vapour
pressure deficit (Bolton, 1980; List, 1966) (see Fig. 2 and Sect. 2.3.4). This dataset therefore enables additional analyses
beyond those presented here, including but not limited to extreme event attribution analyses, climate model evaluation, and

constraining of regional climate models for the Congo Basin.

35



560

565

570

575

580

585

https://doi.org/10.5194/egusphere-2026-2107
Preprint. Discussion started: 4 May 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

5 Conclusions

In this study, we describe our climate data rescue mission in the Democratic Republic of Congo where we: (i) digitised (imaged)
9,885 historical weather sheets presently stored in the INERA archives in Yangambi, (ii) automated transcription of the data
using an open-source machine-learning based software MeteoSaver version 1.1, resulting in over one million daily and sub-
daily temperature and precipitation records from 37 stations across the DRC, (iii) uploaded the data to open-access repositories,
and finally (iv) analysed the temperature trends at 21 stations and changes in precipitation return periods at three stations, as
well as comparing the temperature trends in the station observations with ERAS reanalysis.

This newly transcribed dataset represents one of the first large-scale digital historical climate datasets for the DRC and is
made available to the wider research community. Our results show clear and consistent warming trends in daily maximum,
minimum, and average temperatures across the DRC, with median increases of approximately 0.7°C, 0.3°C, and 0.5°C over a
30-year period, respectively. The warming shift in distributions of daily maximum, minimum and average temperatures with
each successive decade during the period 1961-1990 further highlights the warming pattern in the region, with higher modal
temperatures and more extreme values. This decadal shift in distributions is also evident in stations with data extending into
the early 2000s and 2010s.

Consistent with these trends, we observe an increasing frequency of hot extremes across the region with each successive
decade. During the period 1961-1990, the average number of hot days per year nearly doubled between the earliest and most
recent decades. Simultaneously, fewer cold days were observed across all the aggregated station database over the same period.
This pattern persists in more recent decades at stations with data extending beyond 1990. This further strengthens the evidence
of an unequivocal warming trend in the region.

Comparison between station observations and ERAS5-Land reanalysis shows that, while ERA5-Land captures large-scale
variability and long-term warming trends, some discrepancies with the station observations remain, particularly during the
early reanalysis period (1950s), when observational constraints were limited.

In conclusion, our results demonstrate consistent warming trends across the Congo Basin during the period 1961-1990 at
all the considered stations, with continued warming during the 2000s at those with extended data, accompanied by increasing
frequency of hot extremes. These findings provide new observational evidence of climate change in this data-sparse region and
underline the critical need for more climate data rescue efforts to improve assessments of observed changes in climate, as well

as to better constrain reanalysis products.

Code and data availability. MeteoSaver v1.1 is available on the GitHub repository of the Department of Water and Climate at the Vrije
Universiteit Brussel (https://github.com/VUB-HYDR/MeteoSaver/tree/version-1.1_including_precip_and_dry_and_wet_bulb_temp). Addi-
tionally, all scripts used for the analysis of the transcribed data are available on the same repository (https://github.com/VUB-HYDR/2026_
Muheki_et_al). The transcribed dataset is available on Zenodo (https://doi.org/10.5281/zenodo.18770063).
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590 Appendix A: Data Inventory and Digitization Campaign at INERA-Section de Climatologie archives in Yangambi,
DRC

Al INERA Station Metadata
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Figure Al. Station metadata document photographed at INERA-Section de Climatologie archives in Yangambi, DRC, during the data
inventory and digitization campaign. The sheet contains the following information about all the INERA weather stations: (i) station name,
(ii) classification order (ORDRE), (iii) station code (CODE), (iv) region (SECTEUR), (v) Latitude, (vi) Longitude (East) (LONGITUDE
EST), (vii) altitude (ALTIT. &), and (viii) other station specific information, classification and remarks (t, Aa, An and PARTICULARITES).
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A2 Example of a Hand-Drawn Post-1960 Observation Sheet

Figure A2. Example of a hand-drawn monthly weather observation sheet for Station Yaekema (N 0°46’, E 24°14’) in the Democratic

Republic of the Congo (DRC), as found in the archives of INERA, Yangambi.
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Appendix B: Pre-1960 weather data sheets at the State Archives of Belgium digitized by the COBECORE project

595 B1 Example of a Pre-1960 Sheet Format: 1930s

Figure B1. Representative example of a hand-drawn monthly weather observation sheet from the 1930s, showing the typical format used
during that period. This sheet corresponds to Station Eala (N 0°03’, E 18°18’) in the Democratic Republic of the Congo (DRC), and is
preserved in the State Archives of Belgium. Digitized by the COBECORE project (COBECORE, 2018; Jacobsen et al., 2018).
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B2 Example of a Pre-1960 Sheet Format: 1940s

Figure B2. Representative example of a hand-drawn monthly weather observation sheet from the 1940s, showing the typical format used
during that period. This sheet corresponds to Station Eala (N 0°03’, E 18°18’) in the Democratic Republic of the Congo (DRC), and is
preserved in the State Archives of Belgium. Digitized by the COBECORE project (COBECORE, 2018; Jacobsen et al., 2018).
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B3 Example of a Pre-1960 Sheet Format: 1950s

Figure B3. Representative example of a hand-drawn monthly weather observation sheet from the 1950s, showing the typical format used
during that period. This sheet corresponds to Station M’ Vuazi (S 5°27°, E 14°54’) in the Democratic Republic of the Congo (DRC), and is
preserved in the State Archives of Belgium. Digitized by the COBECORE project (COBECORE, 2018; Jacobsen et al., 2018).
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Appendix C: Configuration User Settings in MeteoSaver v1.1

Table C1. MeteoSaver configuration settings, descriptions and default values used in this project

Setting/Value Description Default Value
General
run_mode Defines the environment where the software will be run. Options: 1ocal for personal comput- | hpc
ers or hpc for High Performance Computing.
num_processors Specifies the number of CPUs to use when running on an HPC infrastructure (in hpc mode). 18

Directories

full_datadir

Directory containing folders of historical weather data sheet images, organized by station num-

ber.

data/00_post1960...

pre_QA_QC_transcribed_hydroclimate_data_dir

Directory for storing pre-QA/QC transcribed hydroclimate data.

results/01_pre...

post_QA_QC_transcribed_hydroclimate_data_dir

Directory for storing post-QA/QC transcribed hydroclimate data.

results/02_post. ..

validation_dir

Directory for validation results.

results/03_valid...

final_refined_daily_hydroclimate_data_dir

Directory for final refined hydroclimate data after all quality checks.

results/04_final...

transient_transcription_output_dir

Directory to store transient transcription outputs during processing.

results/05_trans...

manually_transcribed_data_dir

Directory for manually transcribed data, used for validation purposes.

results/06_manual...

result_maps_dir

Directory for results overlain on maps and combined plots.

results/07_maps...

metadata_file_path

Directory for all the stations metadata.

data/01_meta...

formatted_already_digitized_data_dir

Directory for previously transcribed data to add to our new transcribed database.

data/02_form...

region_shapefile_path

Shapefile of study region

data/03_shap...

eraS_dir

Directory for ERAS-Land data.

data/04_era5...

Table and Cell Detection

clip_up, clip_down, clip_left, clip_right

Clipping values (in pixels) to remove headers and row labels from detected tables.

430, 280, 200, 120

max_cell_height_per_box

with height for newly added (missing) bounding boxes/cells.

max_table_width, max_table_height Maximum expected table width and height (in pixels) to ensure correct table detection. 3900, 3600
min_cell_width_threshold, max_cell_width_threshold, Minimum and maximum width and height (in pixels) allowed for detected table cells. 60, 140, 30, 50
min_cell_height_threshold, max_cell_height_threshold

no_of_rows, no_of_columns, Expected number of rows and columns in detected tables. 43,24, 46
no_of_rows_including_headers

space_height_threshold, space_width_threshold, Minimum height and width space (in pixels) between bounding boxes to detect missing cells, | 50, 120, 40

Transcription

ocr_model

Defines which OCR/HTR model to use (e.g., Tesseract-OCR, EasyOCR, PaddleOCR).

Tesseract-OCR

tesseract_path

Path to the Tesseract-OCR executable file, needed for Tesseract-OCR model.

.../tesseract.exe

system_tessdata_dir

Directory path to trained OCR/HTR language models for transcription (e.g., Tesseract tessdata).

.../tessdata

Note: Paths with *...” indicate truncated directory names that are relative to the repository root; see the Zenodo repository for full names.

43




https://doi.org/10.5194/egusphere-2026-2107
Preprint. Discussion started: 4 May 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Table C2. (Continued from Table C1) MeteoSaver configuration settings, descriptions and default values used in this project

Setting/Value ‘ Description Default Value
QA/QC

daily_temperature_columns; Columns to focus on for quality checks, here columns with Daily Maximum Temperature, Min- | D,E,F ; D,E,F,G

daily_temperature_columns_and_diurnal_temperature_ imum Temperature,Average Temperature and the Diurnal Temperature Range.

range

daily_precipitation_column Column with daily precipitation. K

dry_and_wet_bulb_temperature_columns Columns with dry bulb and wet bulb temperature readings recorded at specific times of the day. | L,M,Q,R, VW

max_temperature_threshold, min_temperature_threshold | Temperature thresholds (in °C) to flag invalid transcribed temperature readings. 40,5

decimal_places Number of decimal places in the data sheets. 1

uncertainty_margin Defines the uncertainty margin to be used in temperature calculations and quality checks. 0.2

header_rows Number of header rows in the sheet . 3

multi_day_totals, multi_day_averages Flags to specify whether multi-day totals or averages (e.g., 5-day totals) are present in the sheets. | True, True

max_days_for_multi_day_total Maximum number of days contained in multi-day totals (e.g., 5 or 6 days). 6

multi_day_totals_rows; final_totals_rows Rows where multi-day totals or final totals are located (if applicable). 9,16,23,30,37,45 ; 45

excluded_rows; excluded_columns Rows and columns to exclude during QA/QC checks involving multi-day totals (e.g., headers, | 1,2,3,9,16,23,30,37,45
date). 3 1,2,3,15,20,25,26,27

additional_excluded_rows Extra rows to exclude during QA/QC checks involving multi-day averages (if applicable). 10,17,24,31,38,46
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Appendix D: Daily Temperature Trends at Individual Stations

Figure D1. Daily temperature trends at stations: a) Yaekama (N 0°46’ E 24°14’), b) Gimbi-Plateau (S 5°31” E 13°22’), ¢) M’ Vuazi-Poste
(Plateau) (S 5°27’ E 14°54’), and d) Binga (N 2°18’ E 20°30’) in the DRC. Colored dots represent daily values of maximum (Tx, red),
average (Tavg, orange), and minimum (Tn, blue) temperatures. Solid lines indicate Theil-Sen trend estimates for each variable, with the
corresponding slope (°C/decade) shown at the end of each line. This data includes both automatically transcribed records using MeteoSaver

and manually transcribed records previously available at INERA. Note that these stations have different start and end years.
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Figure D2. Daily temperature trends at stations: a) Bambesa (N 3°27° E 25°43’), b) Boketa (N 3°11° E 19°46’), c) Kutubongo (N 4°01” E
19°09’), and d) Kiyaka-Plateau (S 5°16” E 18°57’) in the DRC. Colored dots represent daily values of maximum (TX, red), average (Tavg,
orange), and minimum (Tn, blue) temperatures. Solid lines indicate Theil-Sen trend estimates for each variable, with the corresponding
slope (°C/decade) shown at the end of each line. This data includes both automatically transcribed records using MeteoSaver and manually

transcribed records previously available at INERA. Note that these stations have different start and end years.
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Figure D3. Daily temperature trends at stations: a) Gandajika (S 6°45° E 23°57’), b) Kisanga-Plateau (S 11°44’ E 27°25’), ¢) Kaniama (S
7°25° E 24°09’), and d) Kipopo (S 11°34° E 27°24’) in the DRC. Colored dots represent daily values of maximum (TX, red), average (Tavg,
orange), and minimum (Tn, blue) temperatures. Solid lines indicate Theil-Sen trend estimates for each variable, with the corresponding
slope (°C/decade) shown at the end of each line. This data includes both automatically transcribed records using MeteoSaver and manually

transcribed records previously available at INERA. Note that these stations have different start and end years.
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Figure D4. Daily temperature trends at stations: a) Mulungu-Nyamunyunye (S 2°18’ E 28°48’), b) Mulungu-Tshibinda (S 2°19’ E 28°45),
¢) Mulungu-Bukulumisa (S 2°20” E 28°43’), and d) Nioka-Drusi (N 2°09” E 30°39’) in the DRC. Colored dots represent daily values of
maximum (Tx, red), average (Tavg, orange), and minimum (Tn, blue) temperatures. Solid lines indicate Theil-Sen trend estimates for each
variable, with the corresponding slope (°C/decade) shown at the end of each line. This data includes both automatically transcribed records
using MeteoSaver and manually transcribed records previously available at INERA. Note that these stations have different start and end

years.
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Figure DS. Daily temperature trends at station Rumangabo (S 1°21” E 29°22”) in the DRC. Colored dots represent daily values of maximum
(Tx, red), average (Tavg, orange), and minimum (Tn, blue) temperatures. Solid lines indicate Theil-Sen trend estimates for each variable,
with the corresponding slope (°C/decade) shown at the end of each line. This data includes both automatically transcribed records using

MeteoSaver and manually transcribed records previously available at INERA. Note that these stations have different start and end years.
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600 Appendix E: Decadal shifts in temperature distribution at Individual Stations

Figure E1. Decadal shifts in temperature distributions at stations: a) Yaekama (N 0°46° E 24°14’), b) Gimbi-Plateau (S 5°31° E 13°22’), ¢)
M’ Vuazi-Poste (Plateau) (S 5°27° E 14°54°), and d) Binga (N 2°18’ E 20°30’) in the DRC. Kernel density estimates of daily maximum (Tx),
minimum (Tn), and average (Tavg) temperatures are shown for each decade: 1911-1920 (blue), 1921-1930 (light green), 1931-1940 (dark
olive green), 1941-1950 (olive green), 1951-1960 (gold), 1961-1970 (yellow), 1971-1980 (red), 1981-1990 (maroon), 1991-2000 (indigo),
2001-2010 (light purple) and 2011-2020 (dark violet). Vertical dashed lines indicate the 95th percentile values for each decade, with panels

(a), (b) and (c) illustrating the progressive rightward shift towards higher temperatures and more extreme values over time.
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Figure E2. Decadal shifts in temperature distributions at stations: a) Bambesa (N 3°27° E 25°43”), b) Boketa (N 3°11° E 19°46°), ¢)
Kutubongo (N 4°01° E 19°09’°), and d) Kiyaka-Plateau (S 5°16” E 18°57’) in the DRC. Kernel density estimates of daily maximum (Tx),
minimum (Tn), and average (Tavg) temperatures are shown for each decade: 1911-1920 (blue), 1921-1930 (light green), 1931-1940 (dark
olive green), 1941-1950 (olive green), 1951-1960 (gold), 1961-1970 (yellow), 1971-1980 (red), 1981-1990 (maroon), 1991-2000 (indigo),
2001-2010 (light purple) and 2011-2020 (dark violet). Vertical dashed lines indicate the 95th percentile values for each decade, with panels

(a), (b) and (c) illustrating the progressive rightward shift towards higher temperatures and more extreme values over time.
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Figure E3. Decadal shifts in temperature distributions at stations: a) Gandajika (S 6°45° E 23°57°), b) Kisanga-Plateau (S 11°44° E 27°25°),
¢) Kaniama (S 7°25° E 24°09’), and d) Kipopo (S 11°34° E 27°24") in the DRC. Kernel density estimates of daily maximum (Tx), minimum
(Tn), and average (Tavg) temperatures are shown for each decade: 1911-1920 (blue), 1921-1930 (light green), 1931-1940 (dark olive green),
1941-1950 (olive green), 1951-1960 (gold), 1961-1970 (yellow), 1971-1980 (red), 1981-1990 (maroon), 1991-2000 (indigo), 2001-2010
(light purple) and 2011-2020 (dark violet). Vertical dashed lines indicate the 95th percentile values for each decade, with panels (a), (b) and

(c) illustrating the progressive rightward shift towards higher temperatures and more extreme values over time.
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Figure E4. Decadal shifts in temperature distributions at stations: a) Mulungu-Nyamunyunye (S 2°18° E 28°48’), b) Mulungu-Tshibinda (S
2°19’ E 28°45), ¢) Mulungu-Bukulumisa (S 2°20” E 28°43’), and d) Nioka-Drusi (N 2°09’ E 30°39’) in the DRC. Kernel density estimates of
daily maximum (Tx), minimum (Tn), and average (Tavg) temperatures are shown for each decade: 1911-1920 (blue), 1921-1930 (light green),
1931-1940 (dark olive green), 1941-1950 (olive green), 1951-1960 (gold), 1961-1970 (yellow), 1971-1980 (red), 1981-1990 (maroon),
1991-2000 (indigo), 2001-2010 (light purple) and 2011-2020 (dark violet). Vertical dashed lines indicate the 95th percentile values for each
decade, with panels (a), (b) and (c) illustrating the progressive rightward shift towards higher temperatures and more extreme values over

time.
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Figure ES. Decadal shifts in temperature distributions at station Rumangabo (S 1°21° E 29°22) in the DRC. Kernel density estimates of daily
maximum (Tx), minimum (Tn), and average (Tavg) temperatures are shown for each decade: 1911-1920 (blue), 1921-1930 (light green),
1931-1940 (dark olive green), 1941-1950 (olive green), 1951-1960 (gold), 1961-1970 (yellow), 1971-1980 (red), 1981-1990 (maroon),
1991-2000 (indigo), 2001-2010 (light purple) and 2011-2020 (dark violet). Vertical dashed lines indicate the 95th percentile values for each
decade, with panels (a), (b) and (c) illustrating the progressive rightward shift towards higher temperatures and more extreme values over

time.
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Appendix F: Frequency of hot and cold temperature extremes at individual stations
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Figure F1. Frequency of hot and cold temperature extremes at stations: a) Yackama (N 0°46” E 24°14’), b) Gimbi-Plateau (S 5°31° E 13°22°),
¢) M’Vuazi-Poste (Plateau) (S 5°27” E 14°54’), and d) Binga (N 2°18’ E 20°30’) in the DRC. The plots show the average number of days
per decade falling below the 5th percentile (cold events) and above the 95th percentile (hot events) for daily maximum (Tx), minimum (Tn),
and average (Tavg) temperatures, similar to Lorenz et al. (2019). Values are based on kernel density estimates calculated across the entire
period. The number of days per year within each decade are shown: 1911-1920 (blue), 1921-1930 (light green), 1931-1940 (dark olive green),
1941-1950 (olive green), 1951-1960 (gold), 1961-1970 (yellow), 1971-1980 (red), 1981-1990 (maroon), 1991-2000 (indigo), 2001-2010
(light purple) and 2011-2020 (dark violet). The middle 90% of the distribution (5th-95th percentile range) is omitted for clarity. The 95th

percentile temperature for each variable is noted in the top-right corner of each plot.
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Figure F2. Frequency of hot and cold temperature extremes at stations: a) Bambesa (N 3°27" E 25°43”), b) Boketa (N 3°11° E 19°46°),
¢) Kutubongo (N 4°01” E 19°09’), and d) Kiyaka-Plateau (S 5°16’ E 18°57’) in the DRC. The plots show the average number of days per
decade falling below the 5th percentile (cold events) and above the 95th percentile (hot events) for daily maximum (Tx), minimum (Tn),
and average (Tavg) temperatures, similar to Lorenz et al. (2019). Values are based on kernel density estimates calculated across the entire
period. The number of days per year within each decade are shown: 1911-1920 (blue), 1921-1930 (light green), 1931-1940 (dark olive green),
1941-1950 (olive green), 1951-1960 (gold), 1961-1970 (yellow), 1971-1980 (red), 1981-1990 (maroon), 1991-2000 (indigo), 2001-2010
(light purple) and 2011-2020 (dark violet). The middle 90% of the distribution (5th-95th percentile range) is omitted for clarity. The 95th

percentile temperature for each variable is noted in the top-right corner of each plot.
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Figure F3. Frequency of hot and cold temperature extremes at stations: a) Gandajika (S 6°45” E 23°57’), b) Kisanga-Plateau (S 11°44° E
27°25’), ¢) Kaniama (S 7°25’ E 24°09’), and d) Kipopo (S 11°34’ E 27°24’) in the DRC. The plots show the average number of days per
decade falling below the 5th percentile (cold events) and above the 95th percentile (hot events) for daily maximum (Tx), minimum (Tn),
and average (Tavg) temperatures, similar to Lorenz et al. (2019). Values are based on kernel density estimates calculated across the entire
period. The number of days per year within each decade are shown: 1911-1920 (blue), 1921-1930 (light green), 1931-1940 (dark olive green),
1941-1950 (olive green), 1951-1960 (gold), 1961-1970 (yellow), 1971-1980 (red), 1981-1990 (maroon), 1991-2000 (indigo), 2001-2010
(light purple) and 2011-2020 (dark violet). The middle 90% of the distribution (5th-95th percentile range) is omitted for clarity. The 95th

percentile temperature for each variable is noted in the top-right corner of each plot.
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Figure F4. Frequency of hot and cold temperature extremes at stations: a) Mulungu-Nyamunyunye (S 2°18° E 28°48’), b) Mulungu-
Tshibinda (S 2°19° E 28°45), ¢c) Mulungu-Bukulumisa (S 2°20’ E 28°43’), and d) Nioka-Drusi (N 2°09° E 30°39’) in the DRC. The plots
show the average number of days per decade falling below the 5th percentile (cold events) and above the 95th percentile (hot events) for
daily maximum (Tx), minimum (Tn), and average (Tavg) temperatures, similar to Lorenz et al. (2019). Values are based on kernel density
estimates calculated across the entire period. The number of days per year within each decade are shown: 1911-1920 (blue), 1921-1930 (light
green), 1931-1940 (dark olive green), 1941-1950 (olive green), 1951-1960 (gold), 1961-1970 (yellow), 1971-1980 (red), 1981-1990 (ma-
roon), 1991-2000 (indigo), 2001-2010 (light purple) and 2011-2020 (dark violet). The middle 90% of the distribution (5th-95th percentile

range) is omitted for clarity. The 95th percentile temperature for each variable is noted in the top-right corner of each plot.
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Figure F5. Frequency of hot and cold temperature extremes at station Rumangabo (S 1°21” E 29°22”) in the DRC. The plots show the average
number of days per decade falling below the 5th percentile (cold events) and above the 95th percentile (hot events) for daily maximum (Tx),
minimum (Tn), and average (Tavg) temperatures, similar to Lorenz et al. (2019). Values are based on kernel density estimates calculated
across the entire period. The number of days per year within each decade are shown: 1911-1920 (blue), 1921-1930 (light green), 1931-1940
(dark olive green), 1941-1950 (olive green), 1951-1960 (gold), 1961-1970 (yellow), 1971-1980 (red), 1981-1990 (maroon), 1991-2000
(indigo), 2001-2010 (light purple) and 2011-2020 (dark violet). The middle 90% of the distribution (5th-95th percentile range) is omitted

for clarity. The 95th percentile temperature for each variable is noted in the top-right corner of each plot.
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Appendix G: Comparison of trends in daily maximum, minimum and average temperature at Individual Stations
with ERA5-Land
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Figure G1. Comparison of trends in daily maximum, minimum and average temperatures at stations: a) Yaekama (N 0°46° E 24°14’), b)
Gimbi-Plateau (S 5°31° E 13°22’), ¢) M’ Vuazi-Poste (Plateau) (S 5°27° E 14°54’), and d) Binga (N 2°18’ E 20°30°) in the DRC. Blue
dots represent daily values of observed maximum, minimum and average temperatures, while solid yellow lines show the ERAS5-Land
timeseries. The dotted dark blue and orange lines indicate Theil-Sen trend estimates for each variable for observations (Obs) and ERAS-
Land, respectively, with the corresponding slope (°C/decade) shown in the top left legend. The observations include both automatically
transcribed records using MeteoSaver and manually transcribed records previously available at INERA. The trends are estimated using

values where both the ERA5-Land data and transcribed observations are available. Note that these stations have different start and end years.
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Figure G2. Comparison of trends in daily maximum, minimum and average temperatures at stations: a) Bambesa (N 3°27° E 25°43"), b)
Boketa (N 3°11° E 19°46’), c) Kutubongo (N 4°01” E 19°09’), and d) Kiyaka-Plateau (S 5°16” E 18°57’) in the DRC. Blue dots represent
daily values of observed maximum, minimum and average temperatures, while solid yellow lines show the ERA5-Land timeseries. The
dotted dark blue and orange lines indicate Theil-Sen trend estimates for each variable for observations (Obs) and ERAS5-Land, respectively,
with the corresponding slope (°C/decade) shown in the top left legend. The observations include both automatically transcribed records
using MeteoSaver and manually transcribed records previously available at INERA. The trends are estimated using values where both the

ERAS5-Land data and transcribed observations are available. Note that these stations have different start and end years.
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Figure G3. Comparison of trends in daily maximum, minimum and average temperatures at stations: a) Gandajika (S 6°45” E 23°57’), b)
Kisanga-Plateau (S 11°44° E 27°25’), ¢) Kaniama (S 7°25” E 24°09’), and d) Kipopo (S 11°34’ E 27°24’) in the DRC. Blue dots represent
daily values of observed maximum, minimum and average temperatures, while solid yellow lines show the ERA5-Land timeseries. The
dotted dark blue and orange lines indicate Theil-Sen trend estimates for each variable for observations (Obs) and ERAS5-Land, respectively,
with the corresponding slope (°C/decade) shown in the top left legend. The observations include both automatically transcribed records
using MeteoSaver and manually transcribed records previously available at INERA. The trends are estimated using values where both the

ERAS-Land data and transcribed observations are available. Note that these stations have different start and end years.
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Figure G4. Comparison of trends in daily maximum, minimum and average temperatures at stations: a) Mulungu-Nyamunyunye (S 2°18’
E 28°48’), b) Mulungu-Tshibinda (S 2°19” E 28°45), c¢) Mulungu-Bukulumisa (S 2°20” E 28°43’), and d) Nioka-Drusi (N 2°09’ E 30°39’)
in the DRC. Blue dots represent daily values of observed maximum, minimum and average temperatures, while solid yellow lines show the
ERAS5-Land timeseries. The dotted dark blue and orange lines indicate Theil-Sen trend estimates for each variable for observations (Obs) and
ERAS5-Land, respectively, with the corresponding slope (°C/decade) shown in the top left legend. The observations include both automatically
transcribed records using MeteoSaver and manually transcribed records previously available at INERA. The trends are estimated using values

where both the ERA5-Land data and transcribed observations are available. Note that these stations have different start and end years.
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Figure G5. Comparison of trends in daily maximum, minimum and average temperatures at station Rumangabo (S 1°21° E 29°22’) in
the DRC. Blue dots represent daily values of observed maximum, minimum and average temperatures, while solid yellow lines show the
ERAS-Land timeseries. The dotted dark blue and orange lines indicate Theil-Sen trend estimates for each variable for observations (Obs) and
ERAS-Land, respectively, with the corresponding slope (°C/decade) shown in the top left legend. The observations include both automatically
transcribed records using MeteoSaver and manually transcribed records previously available at INERA. The trends are estimated using values

where both the ERA5-Land data and transcribed observations are available. Note that these stations have different start and end years.
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Appendix H: ERA5-Land timeseries for daily maximum, minimum and average temperatures at stations: a)

605 M’Vuazi-Poste (Plateau) (S 5°27° E 14°54°), and d) Binga (N 2°18’ E 20°30’) in the DRC.

Figure H1. ERA5-Land timeseries for daily maximum, minimum and average temperatures at stations: a) Yangambi-Km.5 (N 0°46°, E
24°29’), and b) Eala (N 0°03’, E 18°18’) in the DRC. The solid yellow lines show the ERAS-Land timeseries highlighting a pronounced
jump in the 1950s for both stations that is not captured by stations with observations during that period (see Fig. 14 c-d). Note that these

stations have different end years dependent on the transcribed in situ observations in the INERA dataset (as in Fig. 14 c-d)
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