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__________________________________________________________________________________________________________________________ 

ABSTRACT: This research looks at the corporate sustainable revenues, operational expenses and capital 

expenses to understand how they are linked to the broader sustainability strategy of corporations. We 

look at publicly listed companies in the chemical sector, within the context of the EU Taxonomy regulation. 

The objective of our research is to gather and examine data on economic activities in accordance with the 

EU Taxonomy regulation. We specifically concentrate on the revenues, capital expenditures (CAPEX), and 

operating expenditures (OPEX) associated with eligible and aligned operations. We used Python module 

to create an automated procedure for obtaining EU Taxonomy data from PDF reports of major 

corporations. Our findings suggest that aligned activities make up just a tiny portion of the total turnover, 

CAPEX and OPEX in the chemical industry. We then analyze the challenges faced by the chemical industry 

in transforming their operations to foster sustainability. Our findings not only provide a detailed view on 

the economic activities of chemical companies but also enhances the comprehension of how reporting 

disclosure could provide more information for policy makers to support the implementation of 

sustainable policies.   
 

KEYWORDS: sustainability, chemical industry, EU Taxonomy, ESG, annual reporting 
 

TO CITE THIS ARTICLE: Nita (Danila), A.C. (2025). Sustainable practices in the chemical industry: Insights 
from EU Taxonomy reporting. Central European Journal of Geography and Sustainable Development, 7(1), 6–22. 
https://doi.org/10.51865/CEJGSD.2025.7.1.1                                                                                   
_________________________________________________________________________________________________________________________________ 

1. INTRODUCTION 

The chemical industry plays a crucial role in the global markets by producing raw materials that are 

requested by a wide range of companies operating in different industries and sectors. Despite this, the 

chemical industry is also a significant contributor to the greenhouse gas emissions generated in the 

atmosphere. With the increase concerns on climate change impacts and the need to have more stringent 

climate-oriented regulations such as COP27 and the EU taxonomy, the chemical industries need to 

undergo significant transformation to adjust their operations towards more sustainable practices. This 

needs to be seen on the wider perspectives as chemical companies will have to make some tradeoffs 

between protecting the environment and responding to changing market demands. Chemical companies 

need to lower their environmental footprint while simultaneously increasing profitability and preserving 

a competitive edge in the market by focusing on innovative and sustainable products and technologies. In 

this area, we mention notable developments in circular economy (Wiprächtiger & Hellweg, 2024), 

technical advancements, calculating the product carbon footprint for their chemical products (Solvay, 

2023) or blockchain tracking of raw materials (Bacchetta et al., 2021).  

 
* Corresponding author: andreea.danila@usm.ro; Tel.: +40 746 073 436    

https://orcid.org/0000-0001-6122-3134
https://orcid.org/0000-0001-6122-3134


Sustainable practices in the chemical industry: Insights from EU Taxonomy reporting 
 

7 
 

In light of the new EU Taxonomy regulation, companies face a new compliance regulation in order to 

asses if their economic activities are sustainable. The regulation, part of the EU efforts to fulfill the 

European Green Deal has as objective the creation of a shared common classification for sustainable 

activities. Moreover, it cans also be used as a tool for companies and investors to make sustainable 

decisions. Using key performance indicators like turnover, capital expenditures (CapEx), and operational 

expenditures (OpEx), chemical businesses are required to reveal their efforts to promote sustainability in 

accordance with the regulation. Companies are able to demonstrate their alignment with sustainability 

goals and promote transparency to stakeholders if they adhere to these reporting requirements and make 

them a part of their operations. At the core of the regulation, a sustainable economic activity needs to 

contribute to at least one of the six environmental objectives and do no significant harm to the other states 

objectives. Among the Taxonomy objectives we remind of climate change mitigation, climate change 

adaptation, protection of water and marine sources, circular economy, prevention and management of 

pollution and restauration of biodiversity.  

The aim of this article is to assess the level of green revenues and investments of companies operating 

in the chemical sector and how they fit in the long-term strategy linked to sustainability. We look at 

multinationals active in the chemical sector, within the context of the EU Taxonomy legislation. We 

specifically concentrate on revenues, CAPEX and OPEX associated with eligible and aligned operations. To 

this extent, we employ data science technologies like Python to create an automated procedure for 

obtaining EU Taxonomy data from PDF annual reports. With this research we intend to close the gap and 

provide more insightful information on the activities the chemical companies decide the invest and their 

level of sustainability. We delve into the literature on corporate investments and ESG reporting to 

understand the major trends in the chemical industry. We then proceed to the description if the tools used 

in the data collection and processing. Results explore the different KPIs on which the companies report, 

their eligibility and alignment to the EU Taxonomy criteria. We present detailed information related to the 

objectives tackled and the activity sector to which the activities are linked to. We then look at the drivers 

and causes that are linked to the development of sustainable practices in the chemical industry. 

2. LITERATURE REVIEW  

The literature review has the objective to provide insights into the efforts of chemical companies to 

integrate sustainability in their long-term strategy of development. Recent studies reveal that the 

chemical companies face a complex landscape in their attempt to remain competitive but also in 

producing more eco-friendly products and reduce in the same time the hazardous waste generated by the 

chemical products (Song & Han, 2014). The term of “green chemistry” is becoming more and more 

relevant as there is an increasing concern for the chemical companies to operate more sustainable and to 

create green products by eliminating their footprint on the environment (Kidwai, 2006). Furthermore, as 

chemical companies are part of a wider and complex supply chain, their environmental footprint has 

repercussions on the entire value chain (Rajeev et al., 2019). By the same token, circular economy has 

gained traction as it can be an important driver in manufacturing more sustainable products and reduce 

waste by revalorizing waste as raw material (Mohan & Katakojwala, 2020). However, to incorporate 

circular economy in the daily operations of a chemical company requires a set of clear guiding principles 

and changes in the operational process.   

Another important aspect to take into consideration is the increase in regulatory pressures and their 

impact on the economic activities of chemical companies. A study by Mady et al. (2024) showed that 

regulatory compliance on sustainability and the market pressures foster eco-innovation on the analyzed 

companies, becoming thus, more competitive. This is in line with other studies (Amara & Chen, 2022; Jun 

et al., 2019) that concluded environmental regulation as one of the main drivers for eco-innovation among 

manufacturing companies. As the European ESG compliance system becomes more transparent, European 

companies are faced with other regulatory burden along with the ones already existent. The Global 

Reporting Initiative (GRI) standards or the Sustainability Accounting Standards Board (SASB) were 

already exerting pressure on companies to disclose their data on sustainable practices. With the 

enforcement of the Corporate Sustainability Reporting Directive (CSRD) and the EU Taxonomy, the 

European companies are faced with additional disclosure requirements raising concerns on the cost of 

compliance and their effect on the overall development strategy of the companies. Materiality assessment 
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has become a requirement as part of the CSRD disclosure that European chemical companies need to 

undergo every year. A study conducted on chemical companies’ disclosure in 2021 and 2021 found that 

the industry is having impacts on energy consumption, pollution prevention, health and safety in the 

workplace and waste and water management (Papafloratos et al., 2023). Among other aspects that were 

found to be of interest for the chemical industry are human rights issues, reducing GHG emissions and 

community investment (Liew et al., 2014). Materiality assessment and disclosure it is not sufficient if it 

lacks clear and transparent methods stated in the annual reports of multinationals. A study done on more 

than 100 annual reports published by 30 companies listed on the German Stock Exchange found that 

companies do not reveal the steps taken into the materiality assessment (Beske et al., 2019).  

With the new EU Taxonomy regulation as part of the CSRD disclosure, companies need to canalize 

more resources to make sure they comply with the requirements. This means that they need to asses their 

economic activities according to the eligibility and alignment criteria stated in the regulation. A study 

conducted in 2023 by PWC found that 46 % of the companies surveyed needed to employ additional 

resources to comply with the regulation while more than 60% of the companies stated that they rely on 

external service providers for this task (PWC, 2022). The same study was carried out in 2023 and 2024 to 

assess the evolution of the EU Taxonomy reporting. The findings suggest that companies from all 

industries need to incur higher costs directly linked to the disclosure, do not have a standardized process 

in collecting the data needed while the most common tool used in excel. In 2023, more than 90% of the 

analyzed companies report their EU Taxonomy data. The majority use the template provided by the 

European Commission. With respect to the eligibility and alignment criteria the study found that the 

shares of economic activities increased in both groups suggesting the European companies are willing to 

invest in sustainable activities from where they can also generate green revenues (PWC, 2024). Although 

there are more than 500 companies included in the study conducted in 2024, there is no detailed 

information on the breakdown of activities by type, sector or industry. Moreover, there is no focus on 

industries or the specific activities from which the generate revenues or undertake green investments. 

3. RESEARCH METHODS 

Our research focuses on the data reported by nonfinancial companies in line with the EU Taxonomy 

regulation. As already specified previously, the regulation aims at providing a clear, transparent and 

comparable classification of sustainable economic activities. Under the EU Taxonomy, companies that are 

already subject to the NFRD (Non-Financial Reporting Directive) would need to report data on Turnover, 

CAPEX and OPEX that are eligible and aligned to the technical screening criteria set out in the regulation. 

In addition to the NFRD regulation, companies subject to the EU taxonomy are also those that fall under 

the CSRD (Corporate Sustainability Reporting Directive) regulation. These KPIs show to the investors but 

also to the wider public the level of commitment of the reporting company towards sustainability. 

Turnover refers to the revenues generated from the sales of products or services created by the company. 

CAPEX or Capital Expenditures refer to tangible and intangible assets that a company is willing to make 

investments in to further support its operating business. OPEX refer to operational expenditures and 

include expenses linked to the daily business operation of a company like research and development or 

maintenance. For the purpose of this research, we collected data on these three KPIs from companies that 

fulfilled at least two out of the three criteria set up in the CSRD regulation. In particular, targeted countries 

that need to have for the financial year 2023 1) more than 250 employees, 2) a balance sheet of more than 

25 mil EUR and 3) turnover more than 50 million EUR. The main focus of this research is to understand 

what is the level of sustainability of the chemical companies and in what economic activities they decide to 

investment as part of their long-term strategy. To be able to answer these questions we need to: 

• collect the data reported by chemical companies under the EU taxonomy; 

• process the collected data to structure it for further analysis; 

• assess what is the level of revenues and green investments for the analyzed chemical 
companies according to the EU Taxonomy guiding principles; 

• draw insights on how the chemical industry is adapting to the European ESG compliance 
framework and what is the impact on the value chain, stakeholders and society. 
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3.1. Data collection 

To be able to collect reported data we would need first to identify the companies targeted by the EU 

Taxonomy. We use Euronext to find public listed entities with more than 250 employees and that have at 

least 50 mil EUR in turnover or balance sheet of 25 million EUR for the year 2023. Euronext provides an 

exhaustive list of companies that are publicly listed belonging to different industries like technology, the 

financial sector, the healthcare industry, the energy sector, and many more. It offers information related to 

the company’s profile in terms of the economic activities that it operates, the country where the 

headquarters of the company are located, its financial performance, and other key metrics like revenues, 

employees, and market capitalizations. Then, we consult the website of targeted companies to extract the 

EU taxonomy data published in their annual report. Some companies prefer to publish these data in their 

annual report under the non-financial report while other companies prefer to publish EU taxonomy data 

in the sustainability report.  

We have identified 770 companies that are subject to the EU taxonomy. Out of these, only 26 

companies are operating in the chemical sector. For the purpose of the industry classification, we used 

Euronext level II. We take this as a base for our data collection process. Out of the 26 companies identified, 

only 19 reported their EU taxonomy data. For the 7 companies remaining either we could not identify the 

report where the data was published either the reporting was not made using the templates provided by 

the European Commission. We use Python programming language, to be able to automate the process of 

data collection from PDF files and save the information that was extracted in an organized Excel format. 

The methodology employs Python and Jupiter Notebooks as software to write the code necessary for data 

extraction and collection. Python is an adaptable, high-level, interpreted programming language that has 

risen to prominence in computer science and academia. Python is fairly easy to use it an excellent choice 

for both novice and experienced programmers.  Alongside Phyton we employ Jupyter Notebook, an open-

source platform that is built upon the Python project. It facilitates interactive and exploratory analysis, 

visualization, and documentation of data. It provides a single environment where code, text, and 

visualizations may be easily integrated.  

Within Phyton we use two types of libraries: pandas and tabula. Pandas is a Python library that is 

widely recognized for its significant impact in the field of data manipulation, analysis, and organization. It 

provides a comprehensive technical toolkit for efficiently managing both structured and unstructured 

data. It has the ability to read and write data from different file formats including PDF, CSV, Excel, SQL 

databases, and JSON. It employs algorithms that can recognize table borders, rows, and columns included 

inside PDF files. It has the ability to accurately distinguish table cells, text, and numerical values, making it 

easy as process of data extraction from a variety of tabular forms. On the other side, pandas library is 

crucial in the code as it helps with organizing, manipulating, and analyzing the extracted data from PDF 

files. This library ensures that the data is presented in a structured format that allows us to easily extract 

insights from the data. It is worth mentioning that the output file generated by the Phyton code contained 

some unstructured data that makes it difficult to make further analysis. Some manual manipulations of the 

data were required to be able to get some insights from the reported data. 

3.2. Data processing 

Data processing is the essential first step in transforming unprocessed data into usable insights. 

Following the data collection step, it is important to organize, clean, and analyze the data in order to 

guarantee that it fulfills the objective of collecting EU taxonomy data derived from annual reports of 

significant corporations. It is worth mentioning that the libraries used in conjunction with Phyton were 

able to read data from PDF tables and transpose them into excel files. However, since the taxonomy 

reporting is still new, some companies choose to report their data in a different table structure than the 

template provided by the EU Commissions. When putting all this data together in one single file, there is a 

risk that data is not perfectly aligned in rows and columns under the same data field or attributes that 

could be further used for descriptive statistics and analysis. Therefore, for the purpose of this report, data 

needed some manual manipulation to make sure that it could be used for further analysis. This meant, 

rows and columns rearrangement, transformation from units to millions or adding additional columns in 

order to be consistent across the dataset. Furthermore, in some instances, the values for the listed 

economic activities were missing.  
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To ensure that we capture the correct reporting of companies we also keep those activities even if 

there is no associated value. Given that the source is mostly composed of PDF files, there is the potential 

for mistakes to occur throughout the extraction process. To counteract any possible errors linked to the 

data extraction we have compared the data extracted with the source data in the pdf files. Some of the 

reported data needed rectification following this check. For the majority of data points collected, we kept 

the abbreviations employed provided in the EU Taxonomy reporting template: Eligible Activities (A), 

Aligned Activities (A1), Non-Aligned Activities (A2), Non-eligible Activities (B) and Total Activities (A+B). 

In addition, processing data on individual activities was more difficult as there is always an associated 

code and name of the reported activity. To keep things simple, we have only kept the codes and then we 

map them with the codes found in the Taxonomy regulation along with the targeted objective. Data was 

collected and processed during July and August 2024 and it refers to the latest available information on 

the companies selected up until this point in time.   

4. RESULTS 

The scope of this research includes 19 chemical companies1 that have reported KPIs in the context of 

the EU Taxonomy regulation. It is important to note that more than 70% of the targeted companies have 

reported their data. This is in line with a PWC (2024) findings that analyses the EU Taxonomy disclosures. 

Table 1 and Table 2 offers a detailed analysis into the breakdown of economic activities that are 

associated with taxonomy-aligned and non-aligned operations. These metrics include turnover, CAPEX, 

and OPEX for the 19 companies included in our dataset. We look at the mean of reported activities in 

terms of percentage from the total of activities and their standard deviations. Table 2 depicts the total 

activities reported by the companies in the data sample for each category of activity, its mean and 

standard deviation. It is important to mention that companies need to disclose the total of aligned, not 

aligned, eligible and not eligible activities as part of their reporting. Additionally, companies need to 

disclose the detailed breakdown of aligned vs not-aligned activities according to the EU Taxonomy 

compass by associating each activity to a sector and objective. From table 1 we see that the standard 

deviation is low for Non-Eligible B activities for all KPIs reported suggesting that there is low variability in 

the dataset. Most activities linked to turnover, CAPEX and OPEX reported by the chemical companies are 

not subject to the EU Taxonomy screening.  

Table 1. Breakdown of economic activities according to the EU Taxonomy classification by Turnover, 
CAPEX and OPEX (mean and standard deviations for activities expressed as percentage of total activities 

reported). 

Taxonomy Activities 
No. of 

obs 

Turnover CAPEX OPEX 

Average 
% 

Std. Dev 
Average 

% 
Std. Dev 

Average 
% 

Std. Dev 

Total Aligned A1 19 3.89% 9.87% 7.59% 16.59% 5.91% 13.52% 

Total Non-Aligned A2 19 9.15% 12.58% 17.16% 19.86% 14.78% 16.75% 

Total Eligible A1+A2 19 12.85% 15.48% 24.73% 23.35% 18.27% 17.29% 

Non-Eligible B 19 87.14% 15.48% 71.03% 27.38% 81.73% 17.29% 

TOTAL A+B 19 100.00% 0.00% 100.00% 0.00% 100.00% 0.00% 

Source: Author’s own calculation with R software based on data collected from annual reports of 
chemical companies. 

       In terms of eligibility, we observe that only a small percentage of activities are subject to the EU 

Taxonomy with CAPEX having the largest share, almost 25%, while turnover has the largest amount 

among the three KPIs reported with almost 26 billion EUR in total. Turnover also has the largest share of 

non-eligible activities with 87% of economic activities not suitable to be subject to the technical screening 

criteria.  
  

 
1 The chemical companies included in the data sample are: AIR LIQUIDE, AKZO NOBEL, AQUAFIL, AZELIS GROUP, 
BASF, BORREGAARD, BRENNTAG, COVESTRO, ELKEM, IMCD, K+S, LANXESS, OCI, ROBERTET, SAES GETTERS, SOL,, 
SOLVAY, TESSENDERLO, YARA INTERNATIONAL 
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Table 2. Breakdown of economic activities according to the EU Taxonomy classification by Turnover, 
CAPEX and OPEX (mean and standard deviations for activities expressed as mil EUR). 

Taxonomy 
Activities 

 
No. 
of 

obs 

Turnover CAPEX OPEX 

Total 
(mil 
EUR) 

Average 
% 

Std. 
Dev 

Total 
(mil 
EUR) 

Average 
% 

Std. 
Dev 

Total 
(mil 
EUR) 

Average 
% 

Std. 
Dev 

Total Aligned A1 19 5,668 298 676 1,379 72 137 1,038 54 144 
Total Non-
Aligned A2 19 20,252 1,063 2,025 3,190 180 245 1,945 133 215 
Total Eligible 
A1+A2 19 25,915 1,363 2,240 4,569 240 314 2,984 155 227 

Non-Eligible B 19 167,143 8,797 14,164 13,249 697 1,205 13,267 698 1,275 

TOTAL A+B 19 192,937 10,154 15,958 17,828 938 1,474 16,222 853 1,425 

Source: Author’s own calculation with R software based on data collected from annual reports  
of chemical companies. 

In terms of turnover, aligned activities (A1) account for 5,668 million EUR, which is equivalent to 

3.89% on average, from the turnover reported by the targeted chemical companies. Significantly more 

revenue is generated by non-aligned operations (A2), which amount to 20 billion EUR accounting for 9% 

of the overall turnover. In the realm of corporate finance, capital expenditure, often known as CAPEX, 

continues to be one of the most important indications of a company's investment strategy, future 

orientation, and dedication to certain business operations. The analysis of the supplied data on CAPEX 

related to eligible vs non-eligible and aligned versus non-aligned operations provides profound insights 

into the goals and foresight of the chemical sector. In terms of investment patterns related to capital 

expenditure (CAPEX), eligible activities account for almost 25% of the total CAPEX reported. This may be 

an indication that these businesses are increasing their investments in eligible operations, pointing to the 

possibility of a shift or expansion in this area in the near future. Within the eligible activities, the non-

aligned activities (A2) get a substantially larger investment (17%) than their aligned counterparts (A1), 

which only account for 7% of CAPEX. Given these numbers, we can state that there is still room for 

improvement for chemical companies to shift their investments towards more sustainable activities 

according to the EU taxonomy. It is worth mentioning that chemical businesses are one of the most 

difficult industries to transform because of its extensive processes, complex supply networks, and 

established operating models. As a result, the chemical industry is one of the least likely to see significant 

changes in their processes and operations towards more sustainable activities. During their existence on 

the market, chemical businesses have made significant investments in the infrastructure or perfecting the 

chemical processes necessary to be competitive. Plants, refineries, and factories are often planned long 

term and tend to be rigid in face of new challenges and regulations on the market. In certain situations, the 

switch to more environmentally friendly business practices, could require the modernization of their 

current facilities, change the operation model or simply undergo a digital transformation to be able to 

measure and follow up on their sustainability strategy.  The resources engaged in this process are complex 

and often requires a change in mindset and organizational culture of the company. 

Operational Expenses (OPEX) offers a glimpse into the continuing expenditures that are connected to 

the day-to-day operations of a business. It provides an overview of how companies manage their day-to-

day operations and the many directions in which resources are being directed. With an operational cost 

that only accounts for almost 6% of the overall OPEX, the operational expenses for aligned activities 

appear to have the same pattern as turnover and OPEX. Almost 6% are reported as aligned while non-

aligned activities account for almost 15%, more than double compared to the ones considered sustainable.  

The share of non-eligible activities accounts for a staggering 80% of the total OPEX. This suggests that 

these processes continue to serve as the fundamental basis for the day-to-day operations of the chemical 

industry. Even while non-eligible operations dominate the operational landscape of today, organizations 

are likely going to feel increased pressure from regulatory authorities, stakeholders, and market dynamics 

to optimize the OPEX of eligible activities even more. Businesses might make investments in technology 

and procedures that reduce the ongoing costs of operating in a sustainable manner, so making their 

operations not only more beneficial to the environment but also more economically competitive. One 

important aspect to mention is that the share of aligned, non-aligned and not eligible will not always sum 
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up to 100% as during the data extraction and processing the percentages associated to low levels 

activities will not reflect the accurate decimals in the percentages. This is also due to the unit in EUR used 

in the Taxonomy tables which varies from millions to thousands.    

We have looked at the share of eligible, aligned and not aligned activities for each KPI for the entire 

data sample od companies analyzed. The EU Taxonomy regulation mandates the companies to assess each 

activity individually and report on their alignment or eligibility. The regulation has clear guidelines on the 

technical screening criteria to evaluate if an activity is sustainable or not, it is always linked to an objective 

and to an activity sector.     

 Table 3. Breakdown of activities by objective and reported KPI in EUR absolute value. 

Activity Objective Turnover CAPEX OPEX 

Aligned A1 
Climate Mitigation 5,667,559,799 1,378,984,186 1,038,088,791 

Water  4,600  

Non-Aligned 
A2 

Biodiversity  16,641  

Circular Economy 15,700,000 4,324,499 5,900,000 

Climate Mitigation 20,197,702,485 3,183,239,006 1,897,934,321 

Pollution Prevention 38,500,000 831,645 41,160,305 

Water  258,574  

Source: Author’s own calculation based on annual reports of chemical companies. 

Table 3 details the breakdown of activities linked to the objective that is targeting. Most activities 

reported by the chemical companies are mitigating against climate change and a large share are not 

aligned according to the EU Taxonomy principles. In particular, the highest amount is accounted for 

Turnover with 20 billion EUR that is not aligned vs 5 billion EUR aligned activities. It seems that chemical 

companies are investing heavily in climate related projects to reduce their impact on the environment and 

reduce their carbon footprint. CAPEX and OPEX activities are lower in amount but still are not aligned. On 

the other end, Water and Biodiversity account for the smallest share in terms of tackled objectives. This 

might be due to the fact that these activities are not directly generating revenues and companies are not 

making them a priority in their sustainability strategy. Circular Economy and Pollution Prevention have 

relatively modest shares for the three KPIs reported, accounting for more than 54 million EUR for 

Turnover, 5 million EUR for CAPEX and 47 million EUR for OPEX for both aligned and not aligned 

activities. This shows that chemical companies are willing to explore the different solutions linked to 

circular economy and potentially to be aligned to the EU Taxonomy principles. 
       The European Commission provides an indicative mapping of the economic activities reported and 

how these could be linked to NACE activity codes.  We have used the indicative mapping of these activities 

to understand in what sectors the chemical companies chose to deploy their activities. Figure 1 depicts the 

aligned and not aligned activities that are linked to turnover.  Most of the activities are concentrated in the 

manufacturing sector, followed by energy, water and waste management systems and transportation. As 

already seen from the previous data insights, most activities are not aligned according to the EU 

Taxonomy criteria. Table 4 provides more detailed information related to the aligned activities that are 

linked to Turnover. Most chemical companies generate their sustainable revenues in 2023 from the 

manufacturing of soda ash, manufacture of low carbon technologies and manufacture of batteries. 

Although the share of these activities is not high compared to the total of activities reported, we can see 

that chemical companies have started exploring other markets from where they can generate green 

revenues and where the demand for more sustainable products is increasing. As chemical companies act 

as suppliers for other industries, we could see an increase in green revenues in the upcoming years as 

market trends shifts and consumers become more aware of the impact on environment. 
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Figure 1. Aligned and Not Aligned activities linked to Turnover reported by chemical companies 

(absolute value in mil EUR and percentage of Eligible activities). 
Source: Author’s own calculation based on annual reports of chemical companies. 

 
Table 4. Breakdown of Aligned activities by sector and reported Turnover (expressed in EUR 

absolute value and as a percentage of Eligible activities). 

Activity Sector and Activity Code and Name  EUR % 

Energy 380,479,000 1.47% 

4.13 Manufacture of biogas and biofuels for use in transport and of bio-liquids 377,500,000 1.46% 

4.5 Electricity generation from hydropower 2,979,000 0.01% 

Manufacturing 5,246,380,799 20.24% 

3.10 Manufacture of hydrogen 68,800,000 0.27% 

3.12 Manufacture of soda ash 2,113,000,000 8.15% 

3.13 Manufacture of chlorine 80,000,000 0.31% 

3.14 Manufacture of organic basic chemicals 200,000,000 0.77% 

3.16 Manufacture of nitric acid 21,620,000 0.08% 

3.17 Manufacture of plastics in primary form 162,503,926 0.63% 

3.2 Manufacture of equipment for the production and use of hydrogen 31,800,000 0.12% 

3.3 Manufacture of low carbon technologies for transport 52,300,000 0.20% 

3.4 Manufacture of batteries 861,956,873 3.33% 

3.5 Manufacture of energy efficiency equipment for buildings 32,000,000 0.12% 

3.6 Manufacture of other low carbon technologies 1,622,400,000 6.26% 

Water supply, sewerage, waste management and remediation 40,700,000 0.16% 

5.10 Landfill gas capture and utilization 13,200,000 0.05% 

5.7 Anaerobic digestion of bio-waste 27,500,000 0.11% 

Source: Author’s own calculation based on annual reports of chemical companies. 
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Figure 2. Aligned and Not Aligned activities linked to CAPEX reported by chemical companies 
(absolute value in mil EUR and percentage of Eligible activities). 

Source: Author’s own calculation based on annual reports of chemical companies. 

With respect to CAPEX, we see more sectors in which the companies are willing to concentrate their 

investments. The largest share is represented by the manufacturing sector accounting for more than 3.5 

bn EUR, followed by construction and real estate activities with 657 million EUR and transportation with 

157 mil EUR. As depicted in Figure 2, most of the activities reported are not aligned and they do not fulfill 

the criteria set out in the EU Taxonomy regulation. In terms of aligned activities, we notice that companies 

were willing to make green investments in low carbon technologies (395 million EUR), manufacture of 

hydrogen (327 million EUR) and manufacture of batteries (244 million EUR). This is consistent with the 

data reported on turnover. Chemical companies increased their investments in 2023 especially in the 

manufacturing of hydrogen to develop their operations and generate additional revenues in the following 

years. Apart from the manufacturing activities, Table 5 shows companies invested in the renovation of 

existing buildings and in the manufacturing of biogas and storage of hydrogen. These green investments in 

energy accounted for more than 16 mil EUR at the end of 2023 for the companies in the data sample. We 

also notice investments in low carbon road transport accounting for more than 9 million EUR and in the 

water and waste management systems for more than 2 million EUR. It seems that sustainable R&D 

activities were intensified as companies are willing to invest in IT technologies that would help them 

reduce their carbon footprint.   

Table 5. Breakdown of Aligned activities by sector and reported CAPEX (expressed in EUR absolute 
value and as a percentage of Eligible activities). 

Activity Sector and Activity Code and Name  EUR % 

Construction and real estate activities 23,722 0.00% 

7.2 Renovation of existing buildings 23,722 0.00% 

Energy 16,550,000 0.36% 

4.12 Storage of hydrogen 4,500,000 0.10% 

4.13 Manufacture of biogas and biofuels for use in transport and of bio-liquids 10,700,000 0.23% 

4.16 Installation and operation of electric heat pumps 50,000 0.00% 

4.25 Production of heat/cool using waste heat 1,300,000 0.03% 
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Manufacturing 1,349,205,078 29.53% 

3.10 Manufacture of hydrogen 327,600,000 7.17% 

3.12 Manufacture of soda ash 260,000,000 5.69% 

3.13 Manufacture of chlorine 23,000,000 0.50% 

3.14 Manufacture of organic basic chemicals 13,000,000 0.28% 

3.15 Manufacture of anhydrous ammonia 21,620,000 0.47% 

3.16 Manufacture of nitric acid 47,940,000 1.05% 

3.17 Manufacture of plastics in primary form 13,035,078 0.29% 

3.2 Manufacture of equipment for the production and use of hydrogen 2,600,000 0.06% 

3.4 Manufacture of batteries 244,210,000 5.35% 

3.5 Manufacture of energy efficiency equipment for buildings 1,000,000 0.02% 

3.6 Manufacture of other low carbon technologies 395,200,000 8.65% 

Professional, scientific and technical activities 707,386 0.02% 

9.2 Research, development, and innovation for direct air capture of CO2 700,000 0.02% 

9.3 Professional services related to energy performance of buildings 7,386 0.00% 

Transport 10,340,000 0.23% 

6.10 Sea and coastal freight water transport, vessels for port operations and 
auxiliary activities 

940,000 0.02% 

6.15 Infrastructure enabling low-carbon road transport and public transport 9,400,000 0.21% 

Water supply, sewerage, waste management and remediation 2,158,000 0.05% 

5.10 Landfill gas capture and utilization 300,000 0.01% 

5.4 Renewal of waste water collection and treatment 258,000 0.01% 

5.7 Anaerobic digestion of bio-waste 1,600,000 0.04% 

Source: Author’s own calculation based on annual reports of chemical companies. 

In terms of OPEX, companies reported most activities linked to the manufacturing sector as this is 

their main domain of activity. Transportation related activities, energy and water supply account for the 

majority of eligible activities according to the EU Taxonomy.  

 
Figure 3. Aligned and Not Aligned activities linked to OPEX reported by chemical companies 

(absolute value in mil EUR and percentage of Eligible activities). 
Source: Author’s own calculation based on annual reports of chemical companies. 
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Table 6. Breakdown of Aligned activities by sector and reported OPEX (expressed in EUR absolute 
value and as a percentage of Eligible activities). 

Activity Sector and Activity Code and Name  EUR % 

Energy 20,720,000 0.69% 

4.13 Manufacture of biogas and biofuels for use in transport and of bio-liquids 20,300,000 0.68% 

4.5 Electricity generation from hydropower 420,000 0.01% 

Manufacturing 1,006,228,791 33.72% 

3.10 Manufacture of hydrogen 9,300,000 0.31% 

3.12 Manufacture of soda ash 610,000,000 20.44% 

3.13 Manufacture of chlorine 19,000,000 0.64% 

3.14 Manufacture of organic basic chemicals 41,000,000 1.37% 

3.16 Manufacture of nitric acid 35,720,000 1.20% 

3.17 Manufacture of plastics in primary form 22,308,791 0.75% 

3.2 Manufacture of equipment for the production and use of hydrogen 38,500,000 1.29% 

3.3 Manufacture of low carbon technologies for transport 8,700,000 0.29% 

3.4 Manufacture of batteries 27,000,000 0.90% 

3.5 Manufacture of energy efficiency equipment for buildings 3,000,000 0.10% 

3.6 Manufacture of other low carbon technologies 191,700,000 6.42% 

Professional, scientific and technical activities 7,000,000 0.23% 

9.2 Research, development, and innovation for direct air capture of CO2 7,000,000 0.23% 

Transport 940,000 0.03% 

6.10 Sea and coastal freight water transport, vessels for port operations and 
auxiliary activities 

940,000 0.03% 

Water supply, sewerage, waste management and remediation 3,200,000 0.11% 

5.10 Landfill gas capture and utilization 700,000 0.02% 

5.7 Anaerobic digestion of bio-waste 2,500,000 0.08% 

Source: Author’s own calculation based on annual reports of chemical companies. 

Related to the specific activities depicted from the annual reporting, we gather that companies 

continue on their strategy to manufacture sustainable soda ash, a product used mostly in the production 

of glass, powdered detergents and soaps, cleaning and water treatment. Around 20% of reported soda ash 

manufacturing are aligned and account for more 600 million EUR for the entire data sampled analyzed. 

The same picture applies for OPEX breakdown. Operational expenses of chemical companies refer to the 

production of biogas and biofuels, manufacture of hydrogen and low carbon technologies.  

5. DISCUSSION 

        Through this research we attempted to have a first insight into the EU Taxonomy reporting of 

chemical companies. The objective was to understand where sustainability stands from a strategic 

perspective and how the industry is preparing to reduce their environmental impacts. The findings 

suggest that the industry has started a transformation process fostering sustainability but there is still a 

long way to achieve maximum results. Our findings can be coupled with the PWC reports (PWC, 2023; 

PWC, 2024) in terms of reporting as most of the chemical companies in the data sample report their data 

using the template provided by the European Commission. Our data analysis reflects that a low share of 

activities is eligible and even a lower one is aligned according to the principles of the EU Taxonomy. This is 

observed across the three indicators reported, turnover, CAPEX and OPEX. As it was expected, the 

majority of activities are linked to manufacturing but we also observed that some revenues are generated 

by the sustainable manufacturing of soda ash, low carbon technologies and biofuels. The percentage is still 

small compared to the amount of eligible activities that could be sustainable if sufficient efforts are made 
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towards improving their processes. We next expose and analyze the reasons why a higher degree of 

sustainability is difficult to achieve among the chemical companies. 

5.1. Operational complexities  

The difficulty in achieving a higher share of alignment raises from the fact that the chemical sector 

tends to be more complex and specific than other industries. Chemical processes have been established 

and perfected over the course of many years as a consequence of extensive study, specialized knowledge, 

and repeated experimentation (Wangthong & Rojniruttikul, 2023). Altering these processes so that they 

are less harmful to the environment is not as simple as exchanging one component for another or 

rearranging the order in which certain steps are carried out. It may need a complete rethinking of the 

procedure, which brings with it a wide range of technical obstacles as well as the possibility of a lower 

production or lower overall product quality. Here comes in play, the dependence of chemical companies 

on raw materials. Many different chemicals are produced from non-renewable raw materials such as 

petroleum, which creates a dependency on these resources. To successfully make the switch to bio-based 

or more environmentally friendly raw materials, it is not enough to just identify a suitable alternative. The 

company also needs to establish that this alternative can be acquired on the required scale and without 

lowering the quality of the final product. Despite the fact that most chemical companies are research 

oriented, this does not mean that they can easily modify their recipe to include biobased raw materials.   

Furthermore, even if a chemical firm is completely dedicated to the concept of sustainability, it 

frequently operates inside a complex network of processes and products that are dependent on one 

another. It is possible for a single primary product to generate many by-products, which can then be used 

as raw materials in other processes. Altering one process or input in the interest of sustainability can 

throw off the production of another essential good. Therefore, establishing sustainability is not a step-by-

step process but rather a complex process with many dimensions. Moreover, it is possible that the 

company's suppliers and distributors are not aligned on sustainable practices or do not have the 

resources necessary to maintain sustainable operations. For instance, a business that is interested in 

acquiring environmentally friendly raw materials may discover that there are just insufficient vendors 

that satisfy the requirements. Given the possible negative effects that its operations might have on both 

the environment and people's health, the chemical industry is one of the most strictly regulated industries. 

When new procedures or materials are utilized, it is possible that they may require re-certification, re-

approval, or rigorous testing in order to guarantee that they are in accordance with both local and 

international standards. This not only mean that the shift to more sustainable raw materials or 

commercial products might take longer, but it also adds another degree of complexity and an additional 

expense. By the same token we could also argue that companies are more incentivize to rethink their long-

term strategy in the light of the EU taxonomy and the future CSRD compliance. This is coupled with the 

financial sector legal incentives to connect their lending strategies with sustainable practices because to 

the EU Taxonomy and other efforts of a similar nature that are being implemented throughout the world. 

Although the majority of the analysed companies declare and state on their website that they are 

committed to decrease emissions, focus on circular economy and empower local communities with new 

skills, the findings of this research tell us otherwise. It seems that there is a significant gap between these 

declarations and the actual activities performed. More than half of the eligible activities are not aligned. 

This disparity highlights the difficulties that have been encountered by businesses in the process of 

putting their sustainable aspirations into action. The absence of alignment in key activities shows that 

either the execution of these strategies is trailing behind or that the requirements of the taxonomy are 

regarded as being too difficult or restrictive for firms to completely comply with.  One possible solution to 

close this gap is for them to start measuring their real impact on the environment and based on the results 

to set up realistic objectives that are in line with their capacity of implementation. For these reasons, data 

management systems and data governance can become extremely important for their long-term 

sustainability strategy. Multinationals, especially renowned chemical companies can have complex data 

architecture and find it difficult to have accurate data important for decision making process.  
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5.2. Regulatory pressures  

Other difficulties for chemical companies to transform their daily operations include regulations and 

the perception of the public. Regulations controlling the production of chemicals have gotten more 

stringent in response to the growing environmental awareness across the globe. Although these 

restrictions are necessary for moving the sector in the direction of sustainability, they may also provide 

difficulties, particularly for businesses that operate in a number of different jurisdictions, each of which 

has its own set of laws. Because of the fluid nature of the regulatory environment, staying ahead of the 

curve or even just being compliant may be an expensive endeavor, particularly for more novice 

competitors in the market. There is evidence that heavy polluting chemical companies may feel less prone 

to make green investments in face of enforced environmental regulations (Zou et al., 2022). While there is 

an increasing demand for environmentally friendly products, there is also a consistent market sector that 

places a higher priority on cost than sustainability. Chemical businesses need to find a middle ground 

between meeting the needs of the current customer base and developing products with an eye towards 

the future. Completely changing their business model might turn off a substantial number of the 

customers they already have. In addition, the general public frequently has an unfavorable impression of 

the chemical industry due to the sector's tendency to be stereotyped. The problem at hand is not just one 

of a technical or financial nature, but also one of reputation. The process of transforming operations to be 

more sustainable can help in redefining this impression, but the path is a lengthy one, and throughout this 

transformation, the industry is frequently subjected to more criticism than praise.  

Another finding is related to the use of significant capital expenditures (CAPEX) in the manufacture of 

hydrogen, soda ash, batteries and low carbon technologies. Hydrogen production is a leading renewable 

energy alternative because it can decarbonize heavy industries, transportation, and power generation. 

These might be the reasons why chemical corporations decided to undergo considerable investment in 

this alternative. Green or blue hydrogen produced from renewable energy or carbon capture has clean 

fuel properties. By investing in hydrogen manufacture, chemical firms can address the expanding need for 

hydrogen in fuel cells, industrial heating, and ammonia production. This is in line with the evidence that 

more companies want to position themselves on the hydrogen market (Eltweri et al., 2024). Moreover, 

our findings also suggest that green investment in the production of batteries and low carbon technologies 

are evidence that chemical industries are not only addressing an increasing market demand for these new 

technologies but also fostering the development of new capabilities like better efficiency, capacity of 

storage and sustainability. This evidence is supported by other studies like Chen (2024) where Chinese 

companies are actively working to be competitive in the batteries market with the support of policy 

incentives and continuous investment in the development of the technology. The investment of chemical 

corporations in the manufacture of batteries implies that these businesses are investigating the possibility 

of diversification. Even if many of the activities reported do not fit with the EU taxonomy criteria, high 

CAPEX linked to the investment in batteries can indicate a shift towards technologies that are more 

environmentally friendly. 

Apart for the increased demand of batteries the automotive industry also needs lighter materials to cut 

high emissions, improve the energy efficiency of their vehicles and keep up with the market demands of 

consumers. In this area chemical companies should make a priority the manufacture of sustainable plastic 

products that would lead to lower footprint and increased demand from the automotive industry. This is 

backed up by Kamińska-Witkowska and Kaźmierczak (2024) and Carvalho et al. (2024) research as the 

automotive industry is interested in using more sustainable raw materials in their production process. To 

keep encouraging diversification within the chemical sectors, public policies should strive for developing a 

clear regulatory framework for growing businesses that prioritizes sustainability and green sources of 

energy. From our findings we see that companies lack CAPEX and OPEX in regenerable sources and 

incentives from governments would foster development towards these activities. Another idea would be 

to increase financing for public-private research partnerships that are focused on sustainable chemical 

processes, waste minimization, and the concepts of circular economies. The establishment of innovation 

hubs (Sgroi & Marino, 2021; Egessa & Mwadzogo, 2024) or clusters is one way to further encourage 

cooperation between existing chemical industries, newly founded businesses, and academic institutions. 

Our results indicate that there is still room for improvement in incurring CAPEX in the field of research 

and development in carbon capture technologies that would foster the development of new green 
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products with a lower carbon footprint. The activities related to the manufacture of soda ash seems to 

account for high level of aligned CAPEX and could possibly be linked to its increased demand in the 

production of energy efficiency glass.  

Among the lowest share of aligned activities, we remind of the renovation of existing structures 

belonging to chemical companies. This is an indication that companies are willing to modernize their 

facilities but there is still room for improvement in order to have higher alignment according to the EU 

taxonomy principles. To this end, public policy initiators should focus on providing financial assistance in 

the form of grants or interest-free loans to businesses who invest in the renovation of their existing 

properties in order to increase the energy efficiency of their operations or to include renewable energy 

sources. These kinds of proposals would lower the environmental footprint that chemical factories leave 

behind, and it may lead to considerable reductions in greenhouse gas emissions, and align to the EU’s 

climate objectives and SDGs. Regulators should also consider the cost of disclosure as companies need to 

incur important costs in external consultancy to understand how the EU Taxonomy needs to be 

implemented. Coupled with future CSRD disclosure, these regulatory pressures might deter companies 

from focusing on their competitiveness and innovation as important resources might be focused on 

compliance rather on the core business of the company. By this token, the European Commission should 

assess whether the cumulative load of disclosure obligations has a negative influence on the performance 

of European firms. In fact, this may result in a reduction of their competitive advantage in comparison to 

overseas competitors that are not subject to equivalent regulatory demands. The complexity of these 

regulations could undermine the existence of European companies in industries that are essential to the 

growth and sustainability of the economy. In this particular setting, the Draghi report on European 

competitiveness suggests that the EU Taxonomy should be simplified, this given the fact that the technical 

screening criteria might evolve in the future. Simplification can be the key to produce more positive 

results. If the framework were simplified, it would minimize the administrative complexity and the 

expenses associated with compliance, which would allow businesses to better concentrate their resources 

toward innovation and market performance. A balance needs to be achieved between environmental 

transparency and maintaining the competitiveness of European companies. 

6. CONCLUSIONS 

The data collected on a limited sample chemical companies subject to EU taxonomy presents a non-

exhaustive overview of the financial operations, that are aligned or not aligned to the EU taxonomy 

criteria. Our findings provide a glimpse into the economic goals and strategic investments of the chemical 

sector. Our research shows that sustainable activities make up just a tiny portion of the total turnover and 

capital expenditure (CAPEX) in the chemical industry. This emphasizes the need for considerable progress 

in aligning investments with sustainable practices. This study not only enhances the comprehension of 

how business actions within the EU Taxonomy might impact sustainable development but also 

demonstrates the significance of technology in enhancing data collecting and analysis procedures for 

improved compliance and reporting. 

Despite the good trend, the move to sustainable practices faces major obstacles. These problems 

include budgetary restrictions, the complexity of legal requirements, and operational impediments. It is 

common for businesses to confront significant expenses associated with the adoption of new technology 

and processes, in addition to the fact that regulatory frameworks are always growing and requiring 

rigorous compliance efforts. In addition, the possibility of greenwashing, which is the act of 

misrepresenting efforts to promote sustainability, creates reputational concerns in a market that is 

becoming increasingly dubious. The complexity of the regulatory disclosures adds another layer of 

difficulty to the whole process. The EU Taxonomy includes stringent screening requirements that 

companies are required to fulfill in order to be allowed to identify their operations as sustainable. The 

navigation of this framework requires a large amount of administrative effort and skill, despite the fact 

that it gives clarity and uniformity in the definition of sustainable activities. Adapting to ever-changing 

rules is a must for businesses, since these requirements frequently necessitate the modification of internal 

procedures, systems, and reporting methods. These adjustments may be both expensive and time-

consuming. Additionally, operational constraints are a barrier to advancement. A significant number of 

chemical businesses are active in industries that have long-standing procedures and infrastructure that 
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are difficult to modify in order to conform to sustainability recommendations. Redesigning manufacturing 

lines, locating new resources, and reevaluating supply chains are frequently associated with the process of 

transitioning to activities that are more environmentally friendly. Existing workflows may be subject to 

disruption as a result of this, which may necessitate significant personnel retraining and organizational 

reorganization. 

In addition to these problems, there is a growing worry around greenwashing. This occurs when 

businesses may exaggerate or misrepresent their efforts to save the environment in order to satisfy the 

expectations of the market or of stakeholders. In a market that is becoming more suspicious, investors, 

consumers, and regulators are demanding genuine and demonstrable contributions to sustainability. This 

generates reputational concerns, particularly in a market that is becoming increasingly skeptical. By this 

token, transparency and accountability are becoming more important than they have ever been, and 

businesses that fail to support their assertions with trustworthy data may be subject to criticism. In order 

to effectively address these difficulties, it is necessary for politicians, corporations, and other stakeholders 

to collaboratively develop strategic solutions. Policymakers at both the EU and member state levels are 

tasked with the responsibility of formulating and refining policies that strike a balance between fostering 

economic growth and maintaining environmental guardianship. Companies can be encouraged to engage 

in environmentally friendly technology and practices by providing them with financial incentives such as 

grants, subsidies, and tax cuts. At the same time, laws that are both clear and consistent may offer 

businesses with the direction they require to make decisions that are well-informed without being 

overpowered by the uncertainty that comes with regulatory compliance.  

Partnerships between the public sector and the commercial sector can also speed up the transition to 

sustainability. The integration of renewable energy sources, carbon capture and storage and the 

generation of hydrogen are all examples of large-scale initiatives that might benefit from collaborations 

involving governments, research institutions, and industry partners. These collaborations serve to 

stimulate innovation, share risks and concentrate efforts and resources. Additionally, these types of 

alliances may facilitate the exchange of information and best practices, allowing businesses to gain insight 

from the achievements and difficulties of one another. In addition, the incorporation of sustainability 

measures into the culture of a company is very necessary for long-term success. When it comes to 

strengthening brand reputation, attracting investment, and appealing to consumers who are 

environmentally sensitive, businesses need to grasp the strategic importance of sustainability. This goes 

beyond simply complying with regulations. There is the potential to cultivate a culture of creativity and 

dedication to sustainable growth through the implementation of internal training programs, leadership 

that is focused on sustainability, and clear communication of goals. 

As a conclusion, despite the fact that the chemical sector has made tremendous progress in conforming 

to the standards of the EU Taxonomy, major hurdles still exist. Progress is hampered by a number of 

obstacles, including financial limits, the complexity of legal requirements, operational obstacles, and the 

possibility of greenwashing. On the other hand, these difficulties also create chances for creative 

partnerships and cooperative endeavors. Accelerating the transition toward sustainability in the chemical 

sector may be accomplished via the utilization of technology, the cultivation of partnerships, and the 

alignment of legislative frameworks with the aims of sustainable development. This will ensure both 

economic resilience and environmental responsibility in the years to come. As future research topics one 

might investigate if the the EU Taxonomy regulation has the intended purpose of increasing sustainable 

growth or it affects negatively the revenues generated by companies and the prosperity of the European 

countries long term. Studies of this nature might investigate the dual impact on the regulation, which 

includes its efficiency in directing money toward activities that are environmentally sustainable as well as 

the possible trade-offs that it may have in terms of performance, innovative power and competitiveness. 

Additionally, one can analyse the comparative advantage or disadvantage that European companies 

subject to the EU Taxonomy have in the international market, particularly when competing against other 

companies operating in countries that have less severe regulations for sustainability reporting. By the 

same token, one could investigate if the regulation encourages the development of new green technologies 

or it restricts the dynamic nature of the economy by imposing rigid policies. By addressing these aspects, 

future research might give significant insights into improving the balance between legislative aims and 
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economic realities, ensuring that sustainability goals are accomplished without sacrificing the long-term 

resilience and profitability of European economies. 
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ABSTRACT: This study investigates the variability and trends in rainfall and temperature, as well as 

drought patterns in the Loka Abaya district of Ethiopia, over a 42-year period (1981–2022). The 

Coefficient of Variation (CV), Mann-Kendall trend test, and Standardized Precipitation Evapotranspiration 

Index (SPEI) were employed to examine variability, trends, and drought occurrences, respectively. Results 

indicate that the annual rainfall exhibited low variability (CV: 17.54%), while seasonal rainfall showed 

higher variability: Belg (spring) at 28.3%, Kiremt (summer) at 26.6%, and Bega (dry season) at 37.8%. 

Although the annual rainfall trend declined over time, it was not statistically significant (p > 0.05). 

Seasonal trends revealed a significant decrease in Belg rainfall, whereas Kiremt rainfall increased slightly 

but without statistical significance. The annual minimum and maximum temperatures showed an 

increasing trend, with the minimum temperature increase being statistically significant. The minimum 

temperatures during the Kiremt and Belg seasons also showed significant increases, whereas the 

maximum temperatures did not significant trend. Drought occurrences were assessed using the SPEI at 3- 

month and 12-month time scales. Severe to extremely severe droughts were identified in the years 1984, 

1986, 1987, 1993, 2002, 2004, 2009, 2012, 2015, 2016, and 2022. These findings highlight the increasing 

frequency and intensity of droughts, as well as significant temperature increases and variability in rainfall 

patterns. The insights provide critical guidance for policymakers and stakeholders to develop effective 

adaptation and mitigation strategies, enhancing resilience to climate variability and its associated risks in 

the region. 

KEYWORDS: rainfall, temperature, Mann-Kendall test, coefficient of variation, anomalies. 
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1. INTRODUCTION 

Climate change is one of the most significant challenges facing the world today, impacting ecosystems, 

economies, and human societies on a global scale (Abidoye & Odusola, 2015; Intergovernmental Panel on 

Climate Change - IPCC, 2023). While climate change results from both natural processes and 

anthropogenic activities, the latter has driven more frequent and severe climate extremes, with far-

reaching consequences (Belay et al., 2021). In particular, human-driven climate change has led to 

disruptions in weather patterns, contributing to adverse impacts such as droughts, flooding, and rising 

temperatures (IPCC, 2023). 

Ethiopia, like many regions in sub-Saharan Africa, is particularly vulnerable to the effects of climate 

change, especially in climate-sensitive sectors such as agriculture, forestry, fisheries, energy, and tourism 
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(IPCC, 2023; Ware, 2022). Recent studies indicate noticeable shifts in Ethiopia's climate over the past few 

decades, with some showing declining rainfall trends and others suggesting an increase in certain regions 

(Belay et al., 2021; Benti & Abara, 2019). For example, Cheung et al. (2018) found a significant reduction 

in Kiremt (June–September) rainfall, particularly in the southwestern and central Rift Valley areas. 

Additionally, research by Gashaw et al. (2023) in Southern Ethiopia revealed a decline in annual rainfall 

and a rise in temperatures, along with severe drought events in 2009 and 2015. The Standardized 

Precipitation Evapotranspiration Index (SPEI) has become a valuable tool for assessing drought 

conditions and temperature-induced precipitation deficits (Kourouma et al., 2022). 

Despite these findings, there remain gaps in understanding the specific climate dynamics in certain 

regions of Ethiopia, particularly in the Loka Abaya area. This region is known for its vulnerability to 

droughts, but there is limited information on seasonal and long-term variations in rainfall and 

temperature trends. Previous studies have not fully addressed how these factors interact and influence 

drought severity in the region. A comprehensive analysis of these trends is essential for improving climate 

prediction models and developing effective mitigation strategies. 

This study focuses on the Loka Abaya area in Southern Ethiopia, aiming to examine trends in rainfall 

and temperature variability, as well as the occurrence and severity of droughts over the past four decades 

(1981–2022). The study addresses the following research questions: have rainfall and temperature trends 

changed in the Loka Abaya region between 1981 and 2022? what is the distribution of rainfall anomalies 

in the area? And how do seasonal and annual rainfall patterns vary, and what are the characteristics of 

drought in this region? By filling these gaps, this research seeks to contribute to a better understanding of 

the region's climate dynamics, providing valuable insights for adaptation and mitigation strategies. 

2. LITERATURE REVIEW  

Climate change and variability encompass both natural and anthropogenic influences on climate 

patterns over extended periods. Natural variability arises from dynamic interactions within the climate 

system, including ocean-atmosphere processes such as El Niño and La Niña events, which significantly 

impact global and regional weather patterns. Additional natural factors, such as volcanic activity and 

variations in solar radiation, also contribute to fluctuations in the Earth's climate. These processes are 

fundamental drivers of climatic conditions and play a pivotal role in shaping weather patterns and climate 

systems over time. In contrast, anthropogenic activities have considerably intensified climate change and 

variability, creating unprecedented challenges for global systems. The burning of fossil fuels, large-scale 

deforestation, and industrial processes has dramatically increased greenhouse gas (GHG) concentrations 

in the atmosphere (IPCC, 2023). These processes are fundamental drivers of climatic conditions, shaping 

weather patterns and climate systems over time; however, the rise in GHG levels has accelerated the 

greenhouse effect, leading to global warming and its associated consequences, such as rising 

temperatures, melting ice caps, and shifting weather patterns. 

Climate trends refer to the consistent and directional changes in climate variables, such as 

temperature and rainfall, observed over extended periods. These trends provide critical insights into how 

climate systems evolve over time and their implications for various sectors. Understanding both long-

term climate variability and trends is essential for assessing the impacts of climate change. The effects of 

these changes are widespread, influencing ecosystems, agriculture, water resources, and human 

livelihoods (IPCC, 2023). The Intergovernmental Panel on Climate Change, (2014) reported a clear and 

measurable upward trend in global temperatures. Over the period of 2006–2015, global temperatures 

rose approximately 0.87°C compared to the late 19th century. This warming has been accompanied by 

notable changes in rainfall distribution and patterns, as well as shifts in the timing and frequency of 

extreme weather events, including heatwaves, floods, and droughts. These changes underscore the need 

to study climate variability and trends on both global and regional scales to fully understand their 

potential consequences. 

Regional climate trends exhibit distinct patterns that are influenced by various factors such as 

geographic location, altitude, and proximity to large bodies of water (Serreze & Barry, 2011; Yamanouchi 

& Takata, 2020). The tropical regions are experiencing a rise in the frequency and intensity of extreme 
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weather events, including hurricanes, floods, and droughts. These changes are largely driven by increasing 

sea surface temperatures, which influence atmospheric circulation and intensify storm patterns (Bolan et 

al., 2024). The contrasting trends between the tropical and Arctic regions highlight the complex ways in 

which climate change manifests at a regional scale, underscoring the need for targeted climate mitigation 

and adaptation strategies (Bolan et al., 2024). 

Droughts are prolonged periods of abnormally low precipitation, leading to water shortages and 

significant socioeconomic impacts, particularly in agriculture-dependent regions. Drought occurrence has 

been a subject of extensive research, as changes in climate are expected to alter both the frequency and 

intensity of droughts (Bharambe et al., 2023). Recent studies have shown that long-term climate 

variability and trends have significantly affected the occurrence of droughts worldwide (Kendon et al., 

2019; Mera, 2018). Some regions, particularly the tropics and subtropics, are experiencing more frequent 

droughts due to reduced rainfall, others may experience increased drought intensity as temperatures rise, 

accelerating evaporation (Bolan et al., 2024; IPCC, 2023). 

Statistical approaches to analyzing droughts. To assess long-term climate variability and drought 

occurrences, researchers employ a range of statistical methods, including trend analysis and drought 

indices. One of the widely used methods for identifying trends in temperature and precipitation is the 

Mann-Kendall test, which is employed to determine whether there is a significant upward or downward 

trend in climate variables over a specific period (Mann, 2013). Additionally, Standardized precipitation 

evapotranspiration index (SPEI), Standardized Precipitation Index (SPI) and the Palmer Drought Severity 

Index (PDSI) are frequently used to quantify and monitor drought severity over time (Burka et al., 2023; 

Mckee et al., 1993; Vicente, 2010). These indices, when used alongside temperature and rainfall data, help 

in evaluating the long-term behavior of droughts and the role of climate change in their frequency and 

intensity. 

3. RESEARCH METHODS 

3.1. Description of study area 

The study was conducted in Loka Abaya, located on the western border of the Sidama Regional State 

in Ethiopia, at coordinates 6°17′25″ N latitude and 37°49′44″ E longitude (Figure 1). The area is situated 

325 km southwest of the capital, Addis Ababa, and 50 km southwest of the regional city of Hawassa. The 

study area is located in a major agroecological zone characterized by hot to warm submoist lakes and 

great rift valleys with a total area of 119,000 ha. It experiences a bimodal rainfall pattern, with a short 

rainy season from March to May and the main rainy season from June to September. Mean annual rainfall 

in the region ranges from 636.5 mm to 1,320 mm, with an average of 967.1 mm. The mean annual 

temperature ranges from 27.4°C to 31.2°C. The mean seasonal maximum temperatures were recorded as 

30.5°C for Belg (February–May), 27.5°C for Kiremt (June–September), and 30.12°C for Bega (October– 

January), respectively. The mean seasonal minimum temperatures were recorded as 12.62°C for Belg, 

12.53°C for Kiremt, and 12.06°C for Bega, respectively. The area is also characterized by erratic rainfall, 

moisture stress, and high temperatures during the different seasons. Specifically, rainfall during the Belg 

season exhibited a statistically significant decreasing trend (P < 0.05), leading to increased moisture stress 

(Table 2). This season is particularly critical for farmers, as it dictates the timing of land preparation and 

planting activities, which are essential for agricultural productivity. The altitude varies from 1,178 m to 

1,851 m above sea level. Agriculture is the primary livelihood source for most of the population, and the 

predominant soil type is grey sandy loam, which is prone to erosion. Based on the 2007 Census conducted 

by the CSA, this woreda has a total population of 99,233, of whom 50,603 are men and 48,630 women; 

1,059 or 1.07% of its population are urban dwellers. The district is endowed with forest vegetation that is 

dominated by species such as Acacia species, Erythrina brucei, Commiphora africana, Albizia gummifera, 

Balanite eagyptiaca, Ficus species, Cordia africana, Calpurnia aurea, Croton macrostachyus, and others. 

Exotic plant species such as Grevillea robusta, Pinus patula, and Eucalyptus and Cupressus lusitanica 

occupy the plantation forest of the district. 
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Figure 1. Map of the study area. 

                                                                         Source: Author analysis. 

3.2. Data type and sources 

The climate data used in this study were obtained from the Ethiopian Meteorological Institute (EMI). 

The dataset included daily temperature and rainfall data, which were gridded by merging station data 

with satellite data. The data had a grid cell size of 0.0375 degrees (approximately 4 km × 4 km) and 

covered the period from 1981 to 2022. The Ethiopian Meteorological Institute used the latest type of 

instruments installed at stations for ground observations, including Raingauges for rainfall and 

Thermometers for temperature. 

3.3. Data analysis 

Different techniques were employed to analyze rainfall and temperature, typically falling under the 

categories of variability and trend analysis. The data were analyzed using the Coefficient of Variation (CV), 

Mann-Kendall (MK) test, percentage departure from the mean (anomalies), and the Standardized 

Precipitation Evapotranspiration Index (SPEI). Data analysis was conducted using XLSTAT software. The 

Coefficient of Variation (CV) was used to assess the variability of rainfall. A higher CV value indicates 

greater variability, while a lower CV suggests less variability. The CV is calculated as follows: 

    
 

 
      ,                                                                              (1) 

where 𝜎 is the standard deviation and μ is the mean precipitation. CV is used to classify the degree of 

rainfall variability as follows: low variability (CV < 20), moderate variability (20 < CV < 30), and high 

variability (CV > 30). Additionally, the standardized anomaly of rainfall was calculated to examine the 

nature of the trends, identify dry and wet years, and assess the frequency and severity of droughts (Asfaw 

et al., 2018; Dad et al., 2021; Mihiretu et al., 2021) as: 

   
      ̿̿ ̿ 

 
 ,                                            (2) 

where Z is the standardized rainfall anomaly, Xi is the annual rainfall for a particular year,  is long term 

mean annual rainfall over a period of observation, and s is the standard deviation of annual rainfall over 

the same period. The drought severity classes are extreme drought (Z < _1.65), severe drought (_1.28 > Z 
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> _1.65), moderate drought (_0.84 > Z > _1.28 and no drought (Z > _0.84) (Burka et al., 2023; Mckee et al., 

1993; Vicente, 2010). 

Mann-Kendall (MK) trend test is a non-parametric method commonly used to detect monotonic trends 

in environmental, climate, or hydrological data. In this study, the MK test was applied to identify the 

presence of monotonic (increasing or decreasing) trends in the climate data for the study area and to 

assess whether these trends were statistically significant. Since the dataset may contain outliers, the non- 

parametric nature of the MK test makes it particularly useful. This is because the MK test statistic trusts on 

the signs (+ or -) of the data points, rather than their actual values. As a result, the trends identified by the 

MK test are less sensitive to outliers (Asfaw et al., 2018; Birsan et al., 2005). The MK test is widely used to 

detect trends in meteorological variables (Adnew & Woldeamlak, 2013; Kiros et al., 2016; Willems, 2015). 

Trend analysis was conducted on an annual basis, as well as for the Belg and Kiremt seasons. Given that 

the Kiremt rainfall occurs from June to September in the study area, monthly trends for these four months 

were also analyzed separately. 

The MK test statistic ‘S’ is calculated based on Mann, (2013) and Yue & Wang, (2002) using the formula 

(3):  

   ∑ ∑           
 
     

   
                                                                        (3) 

The application of trend test is done to a time series xi that is ranked from i 1, 2…n-1 and xj, which is 

ranked from j ¼ i þ 1, 2…. n. Each of the data point xi is taken as a reference point which is compared with 

the rest of the data point's xj so that: 

   (     )   {

      (     )   

      (     )   

      (     )   

   ,                                                              (4) 

where Xi and Xj are the annual values in years i and j (j > i) respectively. 

It has been documented that when the number of observations is more than 10 (n ≥ 10), the statistic ‘S’ 

is approximately normally distributed with the mean and E(S) becomes 0. In this case, the variance 

statistic is given as: 

        
             ∑                 

   

  
  ,                                                        (5) 

where n is the number of observation and ti are the ties of the sample time series. The test statistics Zc is 

as follows: 

       {

   

 
          

              
   

 
          

   ,                                                                                            (6) 

where Z follows a normal distribution, a positive Zc indicates an upward trend, while a negative Zc indicates 

a downward trend over the given period. Sen's Slope Estimation method computes both the slope (i.e., the 

linear rate of change) and the intercept. The magnitude of the trend is predicted using Theil’s and Sen’s 

(1968) (Sen et al., 2016) slope estimation methods. A positive value of β indicates an upward trend 

(increasing values over time), while a negative value of β indicates a downward trend. In this method, the 

slope β for all data pairs is computed. Generally, the slope β between any two values in a time series x can be 

estimated using the following formula (7): 

   
       

     
                                                                                                     (7) 

Let xj and xi represent data values at times j and k (j > i) correspondingly. A positive value of β 

indicates an increasing trend, while a negative value of β indicates a decreasing trend. The sign of β reflects 

the direction of the trend, while its magnitude indicates the steepness of the trend. One key advantage of 

this method is that it reduces the influence of missing values or outliers on the slope compared to 
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traditional linear regression. Additionally, the coefficient of variation (CV) is used to evaluate the variability 

of rainfall data in relation to its standard deviation, and it is typically expressed as a percentage. 

Standardized precipitation evapotranspiration index (SPEI) is a multiscalar/meteorological drought 

index, and it responds to weather conditions that have been abnormally dry or abnormally wet. The 

severity of drought is influenced not only by precipitation deficit but also by the increased atmospheric 

evaporative demand. Evaporative demand plays a particularly significant role during periods of low 

precipitation. We describe here a simple multiscalar drought index (the SPEI) that combines precipitation 

and temperature data. The SPEI is very easy to calculate, and it is based on the original SPI calculation 

procedure. The SPEI uses the monthly (or weekly) difference between precipitation and PET (Vicente, 

2010). Calculating the Standardized Precipitation-Evapotranspiration Index (SPEI) requires long-term, 

high-quality datasets of precipitation and atmospheric evaporative demand (Mckee et al., 1993). In order 

to estimate the value of SPEI, the difference of the water balance is normalized as log- logistic probability 

distribution. The following equation (8) expresses the probability density function: 

      
 

 
 
     

 
 [   

   

 
 ]   ,                                                                     (8) 

where parameters α, β, and γ represent scale, shape and origin, respectively. Therefore, the probability 

distribution function can be expressed as: 

       [   
 

   
  ]

  

                                                                                       (9) 

Vicente–Serrano (Vicente et al 2009) calculated the SPEI as follow: 

        
            

 

                 
 ,                                                    (10) 

when P is the probability of exceeding a determined D value P ≤ 0.5 W = _−2 in (P), and when P ≥ 0.5, W = 

−2 ln (1 − P), The constants are C0 = 2.5155, C1 = 0.8028, C2 = 0.0203, d1 = 1.4327, d2 = 0.1892, d3 = 0.0013. 

The average value of SPEI is 0, and the standard deviation is 1. The SPEI is a standardized variable, and 

it can therefore be compared with other SPEI values over time and space. An SPEI of 0 indicates a value 

corresponding to 50% of the cumulative probability of D, according to a log-logistic distribution. The 

categorization of drought classified by the SPEI is show in Table 1. 

Table1. Climatic moisture categories for the SPEI classes as per Vicente-Serrano et al. (2010). 
Categorization SPEI Values 

Extremely wet SPEI≥ 2.0 

Severely wet                                                 1.5 < SPEI<2 

Moderately wet 1< SPEI< 1.5 

Mildly wet 0.5<SPEI<1 

Normal -0.5<SPEI<0.5 

Mild drought -1<SPEI<-0.5 

Moderate drought – 1.0 <SPEI< − 1.5 

Severe drought -2<SPEI<-1.5 

Extreme drought SPEI<-2 

Source: Liu et al., 2021. 

4. RESULTS 

4.1. Rainfall and temperature 

4.1.1. Rainfall patterns and trends  

Rainfall data spanning 42 years was analyzed for the Loka Abaya district, revealing that the mean 

annual rainfall ranged from 636.5 mm to 1320 mm, with an overall mean of 967.1 mm. The Belg season 

(February–May) contributed more to the total annual rainfall than the Kiremt season (June–September), 

with the mean seasonal rainfall for Belg and Kiremt at 387mm and 379 mm, respectively. Seasonal rainfall 



Long term climate variability, trend and drought occurrence: the case of Loka Abaya, Ethiopia 

 

29 

 

showed notable variability: Belg ranged from 138 mm to 614 mm, and Kiremt ranged from 218 mm to 616 

mm (Figure 2 a, b). 

 

(a) 

 
(b) 

Figure 2. Monthly rainfall distribution climatology (a); Seasonal rainfall distribution 

climatology (b). 

Source: Author analysis. 

Table 2. Basic statistics and MK trend analysis of rainfall in Loke Abaya. 
Variables 

Rainfall 
Mean(mm) SD (mm) CV (%) 

Sen.’s 
(ᵦ) 

MK Test  
(P-Value) 

RF Trends 
Contribution (%) 

Belg 387.123 109.65 28.3 -2.525 0.046* 40.03 

Kiremt 379.808 100.96 26.6 0.589 0.618 39.27 

Bega 200.212 75.72 37.8 0.811 0.488 20.7 

Annual 967.127 169.6 17.54 -2.178 0.448 100 

MK is the Mann–Kendall trend test, β = Sen’s slope, SD = Standard Deviation; CV = coefficient of variation. 
*= indicate significant at p < 0.05. 

Source: Author analysis. 

Annual rainfall variability was low, with a coefficient of variation (CV) of 17.54%. However, seasonal 

rainfall exhibited higher variability, with Belg showing 28.3% CV, Kiremt at 26.6%, and Bega at 37.8%. 

Statistical analysis indicated a significant decreasing trend in the Belg season’s rainfall (P < 0.05) (Table 

2), while the overall annual rainfall showed a non-significant decreasing trend, with a slope (β) of -1.713 
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(Figure 3). This decreasing trend in rainfall was also evident in decadal analyses, where rainfall from 2000 

to 2020 showed an average deficit of about 82.3 mm annually (Figure 5). 

 

 
Figure 3. Long-term annual and seasonal rainfall variability of Loka Abaya (1981–2022). 

Source: Author analysis. 

To assess deviations in rainfall from the established average for the period 1981–2022, the anomaly of 

the rainfall variables was calculated, with results shown in Figure 4. Any deviation from the baseline 

annual mean rainfall indicates variability. The baseline is represented by the zero, corresponding to the 

total mean rainfall value of 967.13 mm. Annual rainfall fell below the average in the following years: - 

1984, 1985, 1986, 1991, 1999, 2003, 2004, 2005, 2008, 2009, 2013, 2015, 2016, 2017, 2021, and 2022 

(Figure 4). 

 

Figure 4. Long-term annual rainfall anomaly of Loke Abaya (1981–2022). 
Source: Author analysis. 
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The decadal mean annual rainfall for the periods 1981–1990, 1991–2000, 2001–2010, and 2011–

2020 were recorded as 959.54 mm, 1031.51 mm, 968.68 mm, and 949.21 mm, respectively (Figure 5). 

This shows that, over the last two decades, the rainfall pattern has exhibited a decreasing trend, with an 

average rainfall deficiency of about 82.3 mm per year from 2000 to 2020. These results are consistent 

with findings from recent studies conducted in Ethiopia and the broader East Africa region (Belay, et al., 

2021; Fink & Knippertz, 2019). 

 
   Figure 5. Average decadal annual rainfall trend analysis of Loke Abaya (1981–2022). 

  Source: Author analysis. 

4.1.2. Temperature variability and trends  

Analysis of temperature data for the past 42 years revealed an increase in both minimum and 

maximum temperatures. The mean annual minimum temperature was 12.41°C, and the maximum was 

29.36°C. A statistically significant increase in the minimum temperature was observed over time, with a 

slope (β) of 0.07 (P = 0.001) for annual data. Seasonal minimum temperatures showed significant 

increases across all seasons, with the largest rate of increase in the Belg season at 2.7°C. However, the 

maximum temperatures did not show significant trends (Table 3). These trends are consistent with prior 

studies in Ethiopia, indicating a warming trend over the past decades (Figure 6). 

    (a)                                                                      (b) 

                                            (c)                                                                                            (d) 

Figure 6. Annual and seasonal Maximum (a and b) and Minimum (c and d) average temperature of 

Loke Abaya (1981-2022). 

Source: Author analysis. 
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Table 3. Basic statistics and MK trend analysis of temperature in Loke Abaya (1981–2022). 
Variable Mean SD CV Slope     (β) MK test (p-value) 

Tmin (Annual) 12.41 1.64 13.18 0.07 0.001* 

Tmax (Annual) 29.36 0.775 2.61 0.013 0.308 

Tmin (Belg) 12.65 1.76 14.26 0.062 0.002* 

Tmin (Kiremit) 12.53 1.78 14.02 0.077 0.0001* 

Tmin (Bega) 12.05 1.74 13.89 0.055 0.009* 

Tmax (Belg) 30.5 0.95 3.11 0.027 0.119 

Tmax (Kiremit) 27.5 0.904 3.25 0.007 0.603 

Tmax (Bega) 30.1 1.03 2.98 0.006 0.665 

MK is the Mann–Kendall trend test, β = Sen’s slope, SD = Standard Deviation; CV = coefficient of 

variation. *= indicate significant at p < 0.05. 

Source: Author analysis. 

4.2. Drought patterns  

The 3-month Standardized Precipitation Evapotranspiration Index (SPEI-3) was used to assess short-

term drought patterns from 1981 to 2022. Severe to extreme droughts were recorded in the years 1984, 

1985, 1986, 1987, 1993, 2002, 2004, 2009, 2012, 2015, 2016, and 2022 (Figure 7a).  

        (a) 

 
(b) 

    Figure 7. Three-month (a) and annual (b) time steps SPEI of Loka Abaya (1981-2022). 

  Source: Author’s analysis. 
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These droughts were particularly pronounced during the Belg and Kiremt seasons. Over the past 

decade, the frequency of drought years has increased, leading to challenges for crop production. The 12-

month SPEI also showed prolonged droughts, especially in the years 1984, 1985, 1986, 1987, 2009, 2012, 

2015, 2016, and 2022 (Figure 7b). These long-term droughts indicate a shift toward more persistent 

water scarcity in the region, with implications for agriculture and water supply systems. 

In addition, the 12-month SPEI from 1981 to 2022 shows us long-term hydrological reflects, 

groundwater level, and reservoir capacities as it prolonged periods of below-average precipitation. 

According to 1984, 1985, 1986, 1987, 2009, 2012, 2015, 2016, and 2022, 12-month SPEI showed that a 

severe to extremely severe drought was observed (Figure 7b). This region is facing longer-term water 

shortages, which could impact water supply systems, reservoirs, and long-term agricultural productivity. 

5. DISCUSSION 

The analysis of rainfall and temperature trends in the Loka Abaya district aligns with broader research 

on climate variability in Ethiopia and East Africa. The findings indicate notable variability and declining 

trends in rainfall, alongside significant increases in temperature over the past four decades. The study's 

results reveal an overall declining trend in annual rainfall, with significant variability during the Belg 

season, important period for agricultural activities in Loka Abaya. The decrease in Belg rainfall (-2.525 

mm/year) aligns with findings by Belay et al. (2021) and Advances et al. (2019), Who documented 

reductions in rainfall during critical growing seasons across Ethiopia. Additionally, the high variability of 

seasonal rainfall, particularly during the Belg season (CV = 28.3%), reflects the increasing unpredictability 

of precipitation patterns. This aligns with research by Belay, et al., (2021) which highlights the growing 

frequency of extreme rainfall events, including droughts and heavy rains, as a hallmark of climate change 

in East Africa. The declining trend in decadal rainfall from 2000 to 2020 (average deficiency of 82.3 mm 

per year) further underscores the need for adaptive strategies to mitigate the impacts on agriculture and 

water resources. 

The study's findings on increasing temperatures in Loka Abaya, particularly the significant rise in 

minimum temperatures during the Belg (0.062°C/year), Kiremt (0.077°C/year), and Bega (0.055°C/year) 

seasons, are consistent with previous research. Asfaw et al. (2018) and Suryabhagavan (2017) also 

observed similar trends in Ethiopia, where annual minimum and maximum temperatures have risen 

gradually over the past century. These temperature increases are linked to global warming and its 

localized effects, such as higher evapotranspiration rates and reduced soil moisture, which exacerbate 

drought conditions. 

The study's use of the Standardized Precipitation-Evapotranspiration Index (SPEI) reveals an alarming 

increase in the frequency and severity of droughts, with extreme episodes recorded in 1984, 1999, 2015, 

and 2022. These findings align with those of Kourouma et al. (2022), who highlighted the intensification of 

droughts in Ethiopia, attributing this to warming temperatures and reduced rainfall. The observed long- 

term hydrological droughts, as reflected in the 3-month and 12-month SPEI data, further indicate water 

shortages, threatening agricultural productivity and water availability. Increasing temperatures and 

erratic rainfall patterns contribute to the vulnerability of rain-fed agricultural systems, upon which the 

majority of the population relies. The findings underline the urgency of implementing sustainable land 

and water management practices, such as soil and water conservation, improved irrigation systems, and 

climate-resilient crop varieties. Policymakers and stakeholders must prioritize the integration of climate 

adaptation strategies into regional planning to address the dual challenges of declining rainfall and rising 

temperatures. 

6. CONCLUSIONS 

The analysis of rainfall and temperature trends in the Loka Abaya district from 1981 to 2022 

highlights significant climatic shifts, underscoring the need for immediate attention to agricultural and 

water resource management practices. The decreasing trend in Belg season rainfall, combined with rising 

minimum temperatures, points to heightened vulnerability to droughts and water shortages, particularly 
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during critical agricultural periods. The study underscores the urgency of adaptive strategies, such as 

improved water resource management and climate-resilient agricultural practices, to address the 

increasing frequency of droughts and shifting climate patterns. 

     Despite the absence of statistically significant trends in some seasonal rainfall patterns and 

maximum temperatures, the overall findings suggest a concerning long-term decline in rainfall, 

exacerbated by temperature increases. The frequency of severe drought events, particularly in recent 

years, further reinforces the need for a proactive approach to mitigate the negative impacts of climate 

change on local livelihoods. 

     While this study provides essential insights, there are avenues for further research to explore. For 

example, more detailed studies on the interaction between temperature and evapotranspiration, as well 

as the potential for climate adaptation strategies tailored to local agricultural practices, would enhance 

the understanding of climate resilience in the region. Additionally, expanding the scope to include socio-

economic impacts on local communities would provide a more comprehensive view of the challenges 

posed by climate change. 

     The limitations of this study, such as the reliance on historical data and potential variability in local 

microclimates, should be acknowledged, but they do not diminish the significance of the findings. The 

implications of this research are clear: without prompt action to address the adverse impacts of climate 

variability, Loka Abaya's agricultural productivity and water security will continue to face significant 

challenges. 

     Finally, this study emphasizes the importance of timely and targeted interventions to mitigate 

climate risks, foster sustainable agricultural practices, and ensure long-term water availability for the 

region. The findings serve as a call to action for policymakers, researchers, and local communities to 

collaborate in developing effective strategies for climate adaptation and resilience. 
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__________________________________________________________________________________________________________________________ 

ABSTRACT: Non-precipitating cloud cover plays a significant role in modulating surface temperature by 

altering solar radiation and longwave heat retention. However, its thermal impacts remain underexplored 

in Mediterranean mountainous regions. This study investigates the influence of non-precipitating cloud 

cover on daily and seasonal temperature variability in Chefchaouen, Western Rif, Morocco, over a six-year 

period (2015–2020). The research classifies non-precipitating cloudy weather into three categories: (1) 

stable atmospheric conditions, (2) unstable atmospheric conditions, and (3) conditions at the periphery of 

frontal systems. High-resolution meteorological data, MODIS and NOAA satellite imagery, and synoptic 

weather maps were employed to analyze cloud-atmosphere interactions. Results reveal that stable cloud 

cover reduces the diurnal temperature range (DTR) by mitigating daytime heating and enhancing 

nocturnal warming. In contrast, unstable clouds increase thermal variability due to dynamic atmospheric 

processes. Seasonal effects were most pronounced in summer and winter, with notable moderation of 

temperature extremes. The findings highlight the role of synoptic-scale atmospheric structures, including 

sea-level pressure systems and 500 hPa geopotential height configurations, in shaping temperature 

variability under non-precipitating cloudy conditions. This study provides critical insights into 

Mediterranean climate dynamics and emphasizes the importance of integrating cloud-related processes 

into regional climate models to enhance temperature forecasting accuracy. 
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1. INTRODUCTION 

Chefchaouen, located in the Western Rif Mountains of Morocco, is a distinctive climatic region shaped 

by its dual   influence from the Atlantic Ocean and the Mediterranean Sea. Its unique geographical 

position, combined with the region’s rugged mountainous topography, creates a highly sensitive 

environment to atmospheric circulation patterns, such as the North Atlantic Oscillation (NAO) and the 

Azores High (Lionello, 2006; Mashoudi et al., 2024; Trigo & Viterbo, 2003). While the Mediterranean 

climate is generally characterized by hot, dry summers and mild, wet winters, the Western Rif 

demonstrates complex climatic behavior driven by interactions between large-scale synoptic systems and 

localized microclimatic factors (Lennard & Hegerl, 2015; Newton et al., 2014). However, the specific role 

of non-rainy cloudy weather in shaping temperature patterns remains largely underexplored, particularly 

in mountainous regions. 

                                                           
* Corresponding author: ayoub.almashoudi@etu.uae.ac.ma; Tel.: +212-87430803        



Ayoub Al Mashoudi 
 

 38 

Cloud cover is widely recognized as a critical regulator of the Earth’s energy balance, with dual impacts 

on surface temperatures. It reduces incoming solar radiation during the day and enhances longwave 

radiation retention at night, thus influencing the diurnal temperature range (DTR) (Zhu et al., 2024). 

Studies have shown that cloud cover can reduce DTR by 25% to 50% compared to clear-sky days, 

primarily due to its ability to limit surface solar radiation during the day, while having minimal influence 

on nighttime temperatures. However, in high latitudes during winter, clouds can increase nighttime 

temperatures due to their greenhouse effects (Dai et al., 1999; Jiang et al., 2022). This dual role of clouds 

underscores their significant contribution to surface temperature regulation and their broader 

implications for climate dynamics. Furthermore, as the atmosphere warms, a shift from ice to liquid-phase 

clouds introduces reflective and long-lived feedbacks, which reduce the absorbed solar flux and provide 

negative radiative feedback. Nevertheless, climate models often underestimate these effects due to biases 

in cloud precipitation-ralated processes (Mülmenstädt et al., 2021). These dynamics emphasize the need 

for more precise observational studies to improve the accuracy of climate projections. 

In mountainous regions like Chefchaouen, the effects of cloud cover on temperature variability are 

amplified by the interactions between atmospheric dynamics and topographical features (He et al., 2020). 

Stable cloudy conditions are often associated with reduced DTR due to atmospheric stabilization, whereas 

unstable cloudy conditions may induce greater thermal variability as a result of dynamic atmospheric 

processes (Dai et al., 1999; Doan et al., 2022). Despite these well-documented phenomena, limited 

research has systematically addressed the thermal impacts of non-rainy cloudy weather in Mediterranean 

mountainous contexts, leaving a significant knowledge gap regarding localized climate dynamics. 

This study aims to address this gap by investigating the influence of non-rainy cloudy weather on daily 

and seasonal temperature variability in Chefchaouen over a six-year period (2015–2020). This timeframe 

was carefully selected based on the availability of high-resolution meteorological data, ensuring the 

reliability and robustness of the analysis. The comprehensive datasets collected during this period allow 

for an in-depth exploration of cloud-atmosphere interactions in Chefchaouen, a region that exemplifies the 

complex interplay between Mediterranean climatic influences and mountainous topographical dynamics. 

Chefchaouen was specifically chosen as the study site due to its climatic complexity and the intricate 

interactions between synoptic-scale weather systems, localized microclimatic conditions, and 

mountainous topography. Previous studies have highlighted the region’s significant spatial variability in 

land surface temperature (LST), driven by its heterogeneous topography and land cover, as well as its 

vulnerability to natural hazards like landslides, which are influenced by geological and climatic factors (El 

Kharim et al., 2021; Raissouni et al., 2013). These characteristics make Chefchaouen an ideal location for 

investigating the thermal impacts of non-rainy cloudy weather in a Mediterranean mountainous context. 

To analyze the thermal impacts of cloudy weather, this study adopts a well-established classification of 

non-rainy cloudy weather, originally developed by Vigneau (1985),  El Baye (1990) and Arraji (1995). 

This classification categorizes non-rainy cloudy weather into three distinct types: (1) stable atmospheric 

conditions, (2) unstable atmospheric conditions, and (3) conditions occurring at the periphery of frontal 

systems. Building on this framework, the present study examines how cloud cover interacts with 

atmospheric circulations to regulate surface temperatures in this climatically and geographically sensitive 

region.Variations in cloud cover significantly influence surface air temperature (SAT) by modulating 

radiation processes: during the day, clouds block incoming solar radiation, causing cooling, while at night, 

they trap outgoing longwave radiation, resulting in warming. This diurnal asymmetry in cloud effects has 

been identified as a key amplifier of surface warming in the context of increasing greenhouse gas 

concentrations (Luo et al., 2024). Moreover, as the atmosphere warms, the shift from ice to liquid-phase 

clouds introduces reflective and long-lived feedbacks, although uncertainties remain in climate models 

due to biases in cloud precipitation-related processes (Mülmenstädt et al., 2021). By focusing exclusively 

on non-rainy periods, this study seeks to isolate these subtle yet critical dynamics within the unique 

climatic context of Chefchaouen. 

The study adopts an integrated methodology, combining high-resolution meteorological data with 

synoptic weather maps to identify the atmospheric configurations associated with each cloudy weather 

type. It tests the hypothesis that non-rainy cloudy weather significantly moderates temperature extremes, 

particularly in summer and winter, when thermal variability is most pronounced. Preliminary findings 
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suggest that cloudy weather plays a pivotal role in dampening temperature extremes and stabilizing 

thermal conditions, highlighting its relevance in regional climate modulation. 

This research not only contributes to the scientific understanding of Mediterranean climate variability 

but also has practical applications for improving weather forecasting and guiding climate adaptation 

strategies. By shedding light on cloud-atmosphere interactions, the findings can inform critical sectors 

such as agriculture, water management, and urban planning, emphasizing the need for incorporating 

these dynamics into regional climate models for sensitive and understudied regions like Chefchaouen. 

2. LITERATURE REVIEW  

The relationship between cloud cover and surface temperature has been widely explored across 

different climatic zones, particularly in the context of global and regional climate change. Early 

foundational work by Lamb (1972) and later by Jones et al. (1993) developed weather type classifications 

that continue to underpin synoptic climatology today. These frameworks have been essential for 

identifying patterns of atmospheric circulation and their influence on weather dynamics, including 

temperature variability. 

In the Moroccan and broader Mediterranean context, Vigneau (1985) offered significant 

methodological tools for interpreting synoptic conditions, which were later adapted by El Baye (1990, 

1992) and Arraji (1995) to fit local climatic specificities. These classifications remain central to 

climatological studies in North Africa. However, their application has often been limited to identifying 

macro-scale weather types, with less emphasis on the thermal implications of non-precipitating cloudy 

conditions—especially in mountainous regions. 

Several international studies have documented the thermal modulation effect of cloudiness, 

emphasizing its dual role in limiting solar radiation during the day and enhancing longwave radiation at 

night (Dai et al., 1999; Groisman et al., 2000). These findings are consistent across regions characterized 

by complex topography and transitional climates (Jiang et al., 2022). In Mediterranean settings, Pyrgou et 

al. (2019) and Katavoutas et al. (2023) highlighted the role of cloud cover in mitigating summer 

temperature extremes. Xu et al. (2021), focusing on the Himalayas, demonstrated that increased 

cloudiness is associated with more stable thermal regimes, a dynamic that may also apply to high-altitude 

areas in North Africa. 

Despite these contributions, limited empirical work has been dedicated to understanding how distinct 

categories of non-rainy cloudy weather impact temperature variability on a seasonal and daily basis. The 

present study revisits and applies established classifications (Lamb, 1972; Vigneau, 1985; El Baye, 1990) 

in a focused regional context—Chefchaouen, northern Morocco—to examine how selected cloud types 

(fairly stable, quite unstable, and marginal frontal) correlate with temperature variation. Rather than 

proposing a novel framework, this analysis seeks to deepen the understanding of existing schemes by 

integrating long-term meteorological data with synoptic interpretation. 

This approach aligns with the broader literature calling for more nuanced, location-specific climate 

diagnostics, particularly in regions marked by orographic and maritime influences. By contributing to this 

analytical strand, the study supports the growing effort to localize climate impact assessments, providing 

a reference for regional planning, environmental monitoring, and policy adaptation under evolving 

climatic conditions. 

3. RESEARCH METHODS 

3.1. Study area 

Chefchaouen, located in the western Rif region of Morocco at 35.1715° N and 5.2697° W (Figure 1), 

enjoys a distinctive climatic profile shaped by its position between the Atlantic Ocean and the 

Mediterranean Sea. This unique location, combined with the complex topography of the Rif Mountains—

featuring peaks like Jbel Lakr}a (2,159 meters) and Jbel Tissouka (2,122 meters)—creates diverse 

microclimates. The interaction of steep slopes and deep valleys with atmospheric circulation patterns 

significantly impacts temperature and precipitation (Hssaisoune et al. 2022; Todaro et al. 2022). 

The region's orographic features enhance precipitation at higher elevations through the orographic 

lifting of moist air masses, while the rain shadow effect causes drier conditions on the leeward side of the 
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mountains (El Alaoui El Fels et al., 2022). These topographical and meteorological interactions generate 

sharp contrasts in thermal and precipitation regimes over short distances (Camici et al., 2018). 

Furthermore, the moderating influence of the Atlantic Ocean and the Mediterranean Sea helps stabilize 

the climate, with the Canary Current along the Atlantic coast dampening daytime heat intensity and 

maintaining higher humidity levels during summer (Mills, 2024; Semedo, 2018). 

 
Figure 1. Localization of the study area. 

Source: Created by the author (2025). 

Over the 1995–2020 period, Chefchaouen's climate exhibited strong seasonal variability. Average 

monthly temperatures ranged from 4.2°C (January) to 34.3°C (August), reflecting cold, wet winters and 

hot, dry summers. Rainfall was highly concentrated between November and March, with a monthly peak 

of 199.9 mm in December, while the summer months, especially July and August, remained virtually dry 

(less thn 3 mm/month). Annual precipitation averaged around 930 mm, but showed sharp interannual 

fluctuations, from a minimum of 372.3 mm (2015) to a maximum of 2,422.8 mm (1996). This climatic 

regime reinforces the region’s sensitivity to hydro-climatic extremes and highlights the importance of 

understanding seasonal and interannual variability in any environmental or hydrological assessment of 

the area. 

This interplay between maritime and topographical influences establishes Chefchaouen as a region of 

significant climatic heterogeneity. Detailed investigations into these dynamics are essential for 

understanding the area's environmental characteristics, including localized wind systems, temperature 

inversions, and variable precipitation patterns (Dezfuli et al., 2015). Such studies provide valuable 

insights into the region's hydrological processes and ecosystem dynamics (Bonino et al., 2019; Fang et al., 

2010). 

3.2. Data  

This study utilized a dataset provided by the National Meteorological Office of Morocco (DMN), which 

included daily temperature records and weather conditions from the Chefchaouen meteorological station 

(coordinates: 35°10'21" N, 5°18'47" W, elevation: 287 meters). Covering the period from 2015 to 2020, 
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the dataset comprised daily average, maximum, and minimum temperatures, as well as total daily 

precipitation and cloud cover observations. All data were subjected to rigorous quality control and 

validation procedures, including cross-referencing with nearby stations and detecting statistical anomaly 

detection. 

To enhance the analysis of cloud cover and atmospheric conditions, satellite imagery from MODIS 

(Moderate Resolution Imaging Spectroradiometer) and NOAA (National Oceanic and Atmospheric 

Administration) was incorporated. These platforms offer moderate spatial resolution but high temporal 

frequency, enabling detailed monitoring of cloud formations, dynamics, and atmospheric structures. By 

integrating satellite data with ground-based measurements, the study provided a comprehensive 

framework for cloud classification, as supported by  Zhang et al. (2011) 

Aerological datasets were also utilized, covering both surface conditions (mean sea level pressure, 

MSLP) and upper-atmosphere dynamics (500 hPa geopotential height). This multi-level approach allowed 

for a nuanced understanding of atmospheric behavior. Weather maps from global models, including the 

Global Forecast System (GFS) and the European Centre for Medium-Range Weather Forecasts (ECMWF), 

were analyzed to investigate atmospheric patterns. Synoptic charts obtained from the Wetterzentrale 

platform, which hosts data from Deutscher Wetterdienst (DWD) and NOAA-GFS, provided additional 

insights into regional and global weather patterns dating back to 1979. 

To reconcile the observation periods across these diverse datasets, ground-based, satellite, and 

aerological, the study adopted a synchronous, case-based selection protocol focused exclusively on the 

2015–2020 period. Cloudy weather cases without recorded precipitation were first identified using 

MODIS and NOAA imagery, and then cross-referenced with local rainfall data from the Chefchaouen 

station. Only days fulfilling both criteria, visual cloud presence and zero precipitation, were retained. For 

those same dates, 500 hPa and MSLP fields were extracted from GFS and ECMWF archives to characterize 

the prevailing synoptic conditions. This strategy ensured full temporal alignment across all datasets and 

enabled the derivation of consistent weather pattern typologies. 

Nevertheless, the use of daily temperature data has inherent limitations. While useful for long-term 

trend analysis, such data often fail to capture short-term fluctuations and extreme weather events. For 

instance, daily temperature measurements, typically recorded as maximum and minimum values, cannot 

adequately reflect rapid changes caused by localized phenomena like thunderstorms or sudden wind 

shifts (Zhang et al., 2011). Similarly, extreme events such as heatwaves, which are often most intense in 

the afternoon, are averaged out, thereby underestimating their severity (Perkins et al., 2012). In 

mountainous regions like the Rif, variations in altitude create significant microclimatic differences within 

short distances, complicating the use of daily averages for precise climate assessments (Fowler et al., 

2007). 

3.3. Classification method 

3.3.1. Basis and approach 

Various classification systems have been developed to study atmospheric patterns and their influence 

on regional weather. For example, the Grosswetterlagen system (James, 2007) focuses on long-term sea-

level pressure patterns, while the Lamb Weather Types (Jones et al., 1993; Lamb, 1972) classify weather 

based on wind direction and pressure systems. These systems illustrate the diversity of approaches 

available for categorizing atmospheric dynamics, highlighting the adaptability required for different 

climatic and geographic contexts. In this study, we adopted a modified version of the classification 

methodology developed by Vigneau (1985), El Baye (1990) and El Baye (1992), and Arraji (1995), tailored 

to the subtropical characteristics of Chefchaouen. 

To classify cloudy weather patterns, this study utilized Mean Sea Level Pressure (MSLP) data in 

conjunction with high-resolution satellite imagery from MODIS and NOAA. "Cloudy weather with fairly 

stable atmospheric conditions," classified with 1-4 octas of cloud cover, reflects weak disturbances or 

localized convective processes, often with minimal dynamic changes (Appendix I). "Cloudy weather with 

quite unstable atmospheric conditions" (4-8 octas) typically corresponds to upper-level disturbances or 

approaching frontal systems, resulting in significant cloud cover (Appendix II). Lastly, "Cloudy weather 

occurring at the margins of frontal systems" refers to complex synoptic conditions where nearby frontal 

boundaries influence local weather without dominating it (Hoskins & Karoly, 1981)(Appendix III). 
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To enhance accuracy, satellite data were integrated with synoptic weather charts to analyze transient 

phenomena and upper-level disturbances influencing cloud patterns. By combining MSLP data with 

satellite imagery, this approach captured surface-level dynamics and their connections with upper-

atmospheric circulations (Kalisch & Macke, 2008; Philipp, 2009). This combination strengthened the 

robustness of the classification process 

3.3.2. Encoding and categorization 

To facilitate detailed daily analysis, atmospheric circulation patterns were classified based on MSLP 

and upper-level circulation at 500 hPa. These levels are particularly relevant for identifying daily 

variability due to their role in shaping weather dynamics (Dilling et al., 2017; Hufty, 2005; Liu et al., 2014). 

Each weather scenario was encoded using a two-letter code system: the first letter indicates the general 

characteristics of the air masses, while the second letter describes the sky's regional state (Appendix IV). 

Additional codes represented other non-precipitating weather types (see Table 1 for details). 

Table 1. Frequency percentage of non-precipitating weather and its corresponding code. 

Cloudy Non-Rainy Weather Types Frequency (%) code 

Cloudy weather with fairly stable atmospheric conditions 17.5 (1) 

Cloudy weather with quite unstable atmospheric conditions 16.0 (2) 

Cloudy weather occurring at the margins of the frontal systems 6.5 (3) 

 Source: Classification adapted from Vigneau (1985) and El Baye (1990); frequency analysis by the author. 

Frequencies of weather types were calculated by analyzing occurrences within the six-year dataset, 

allowing for detailed categorization. For example, code 3 represents weather influenced by nearby frontal 

systems but not dominated by them, often resulting in variable cloud cover without significant 

precipitation (Table 1). 

3.3.3. Analysis and visualization 

The study analyzed the relationship between MSLP and 500 hPa circulations to identify patterns 

driving non-rainy cloudy weather. Sea-level pressure systems (e.g., cyclones, anticyclones) influence wind 

patterns and precipitation, while 500 hPa patterns (e.g., Rossby waves) shape regional variability 

(Hoskins & Karoly, 1981; Peña et al., 2011). By associating recurring atmospheric structures with weather 

types, average temperatures were calculated for each type over the six-year period. This allowed the 

study to link atmospheric dynamics to temperature variability. 

Figures included in Appendix IV illustrate the methodological framework adopted in this study, 

detailing the classification of atmospheric circulation patterns and their influence on temperature 

variability in the Western Rif region. These figures provide a comprehensive representation of high and 

low-pressure system configurations, with colored lines indicating the relative positions of isobaric 

structures. Additionally, the two figures presented above will be incorporated into the appendices to 

further clarify the synoptic conditions affecting the study area. A legend is provided within each figure to 

facilitate interpretation, ensuring a precise understanding of the atmospheric mechanisms shaping 

weather patterns in this complex mountainous region. 

The study excluded weather types not directly relevant to its objectives (e.g., low stratiform clouds 

independent of disturbed systems) to maintain focus. Seasonal temperature trends for each weather type 

were represented visually, with months color-coded (red for summer, blue for winter, etc.), providing an 

intuitive understanding of the data. 

4. RESULTS 

4.1. Cloudy weather with fairly stable atmospheric conditions (1) 

The "Cloudy weather with fairly stable atmospheric conditions (1)" classification occurred 387 times 

over the study period, representing 17.5% of all recorded cases (Table 1). This weather pattern 

demonstrates notable seasonal variations, with the highest frequency observed during the summer 

months (38.5%), followed by winter (22.4%), autumn (19.8%), and spring (19.3%) (Figure 2). 
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Figure 2. Seasonal Distribution of Cloudy weather with fairly stable atmospheric conditions (1) 

Occurrences (%). 

Source: Created by the author based on seasonally categorized meteorological data. 

Building on these seasonal variations, further analysis of sea-level pressure (SLP) configurations 

provides deeper insights into the mechanisms driving stable, cloudy weather conditions. These 

configurations highlight the specific atmospheric patterns responsible for the observed variations across 

seasons. 
The seasonal data on sea-level pressure (SLP) configurations reveal significant variation in cloudy 

weather occurrences under stable atmospheric conditions (1) across different seasons (Figure 3). 

 

Figure 3. Seasonal distribution of sea-level pressure (SLP) configurations for Cloudy weather with fairly 

stable atmospheric conditions (1) conditions. 
Source: Visualization created by the author based on categorized meteorological data (Chefchaouen 

Station). 

Summer exhibits the highest frequency of these configurations, with Tz being the most prominent, 

reflecting the influence of stable, high-pressure systems during this period. Despite the general 

atmospheric stability during (1) conditions, the presence of sufficient relative humidity in the mid-

troposphere contributes to the formation of light, intermittent clouds (Groisman et al., 2000; Kolendowicz 

et al., 2021), particularly during transitional phases such as the Tz configuration in summer. In contrast, 

winter is marked by the presence of Aa, representing the high pressure centered over the Atlantic Ocean, 
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contributing to stable weather conditions but at a lower frequency compared to summer (Figure 3). Other 

configurations, such as Tw and Ae, are more evenly distributed during the transitional seasons of spring 

and autumn, where shifting atmospheric patterns play a critical role in shaping relatively stable cloudy 

weather. These seasonal variations underscore the importance of different atmospheric configurations in 

influencing weather stability across the year. 

The seasonal data on 500 hPa pressure configurations reveal significant variation in cloudy weather 

occurrences under stable atmospheric conditions (1) across different seasons (Figure 4). Summer shows 

the highest frequency, with Sg occurring 18 times and Cd appearing 13 times, reflecting the influence of 

stable upper-level systems during this period. In contrast, winter is marked by the presence of Ng, which 

occurs 14 times, associated with northerly currents contributing to stable weather, though less frequently 

than in summer. Other configurations, such as Vc in autumn with 10 occurrences and Cc in spring with 7 

occurrences, are more evenly distributed during the transitional seasons, where shifting atmospheric 

patterns shape relatively stable cloudy weather. These seasonal variations underscore the importance of 

upper-atmospheric configurations in influencing weather stability throughout the year. 

 
Figure 4. Seasonal distribution of sea-level pressure (500 hPa) configurations for Cloudy weather with 

fairly stable atmospheric conditions (1) conditions. 
Source: Visualization created by the author based on categorized meteorological data (Chefchaouen 

Station). 

The distinction between the roles of surface-level pressure (SLP) and the 500 hPa level in shaping 

weather patterns is fundamental in meteorology. Surface-level pressure systems, such as high-pressure 

formations (e.g., Aa and Ae), primarily modulate local temperature variations and wind patterns by 

regulating the advection and movement of air masses.  

At the 500 hPa level, the dynamics of the atmosphere function on a broader scale, governing large-

scale circulation patterns. Ridges and troughs at this altitude play a pivotal role in either maintaining 

atmospheric stability or inducing changes. While these upper-level systems do not directly influence 

surface temperatures, they set the stage for surface-level pressure systems to exert their influence by 

creating more stable or unstable atmospheric conditions. Understanding the processes at 500 hPa is 

essential for interpreting the synoptic-scale mechanisms behind cloud formation, air mass movements, 

and the broader weather patterns that manifest at the surface (Jabbar & Hassan, 2023; Li et al., 2018; 

Loikith et al., 2019). 


