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[bookmark: _Toc168006982]ABSTRACT
The reanalysis temperature products are commonly used for studying climate changes from short to long-term scales at regional and global levels, but yet not in most developing countries. This study was conducted in the Horn of Africa region, particularly in Ethiopia, from 1990-2020. To evaluate the performances of the two global reanalysis temperature products, the study compared temperature products with 37 stations of ground-based observed data. This study used five statistical error metrics, namely Mean Absolute Error (MAE), Root Mean Square Error (RMSE), Percent Bias (PBIAS), Correlation Coefficient (r), and Kling Gupta Efficiency (KGE). Moreover, scatter plots and line graphs were used to evaluate the model performances. For filling the missing values of daily temperature data, Multivariate Imputation by Chained Equations (MICE) technique was used, and a point-to-pixel evaluation approach was employed. The study indicated MERRA v2.0 has better performances for simulating maximum and minimum temperatures at monthly, seasonal, and annual temporal scales, and ERA5 shows better performances at daily time steps over most agro-ecological zones by the majority of evaluation scores. Moreover, MERRA v2.0 exhibited the lowest PBIAS values at monthly, seasonal (Kiremt), and annual time scales over most agro-ecological zones. In general, MERRA v2.0 performs better than ERA5 over most agro-ecological zones by most evaluation metrics. Therefore, this study recommends MERRA v2.0 reanalysis dataset for estimating temperature in areas where observed meteorological data are scarce for monthly, seasonal and annual scale of the country.  
Keywords: Agro-ecological zones, Temperature products, Statistical continuous metrics
II

[bookmark: _Toc154320727][bookmark: _Toc168006983]CHAPTER 1: INTRODUCTION
[bookmark: _Toc168006984]1.1 Background and Justification
[bookmark: _Toc165335402][bookmark: _Toc165339427][bookmark: _Toc165340361][bookmark: _Toc165343511]Temperature is one of the most important climatic elements and hence, the accurate climate information particularly temperature data is serve as the main input for hydro climate models (Gashaw et al., 2023). A ground based meteorological station is considered to be most reliable temperature data source. But, still climate data scarcity associated with sparsely and unevenly distributed meteorological networks is common problems in developing countries (Vega-Durán et al., 2021; Shen et al., 2022). Hence, the reanalysis temperature products are the  main alternative data sources especially in data scarce areas (Arshad et al., 2021; Gashaw et al., 2023). Therefore, appropriate knowledge on the performances of climate reanalysis datasets in various Agro ecological Zones (AEZs) is a determining factor in quantifying and significantly managing the water resources available for different purposes, predicting future climate conditions, and planning actions to control or minimize the adverse impacts of climate change (Tarek et al., 2020; Vega-Durán et al., 2021). 
The accuracy and reliability of any hydro climate study, related to climate change impact assessment, focused heavily on the accessibility of better quality atmospheric reanalysis estimates are important for analyzing extreme weather and climate events (Derin & Yilmaz, 2014; Hu & Franzke, 2020). Less dense observed gauge data are unable to represent climate variability in the tropical zone (Bhattacharya et al., 2020). In East Africa, the scarcity of good quality and continuous climate data is a challenge that hydro climate researchers have mostly faced (Dinku et al., 2011). Estimations from reanalysis datasets are low‐cost alternatives to overcome areas with absence of data, and which have advantages and limitations. The principal advantage is its extensive spatial coverage and temporal resolution. On the other hand, reanalysis data combine multiple sources to generate constant data assimilation schemes and models that produce consistent time series of numerous essential climate variables at once (Bojanowski et al., 2014).  But the previous literatures justified no clear consensus on the usability of the reanalysis datasets as their accuracy varies depending on specific products, location, and variables under analysis (Yang & Zhang, 2018,Tarek et al., 2020a; Birkel et al., 2022). The continuous observations of any essential climate variables such as meteorological and ground temperature measurements in various AEZs of Ethiopia have been lacking until recently. 
[bookmark: _Toc165335403][bookmark: _Toc165339428][bookmark: _Toc165340362][bookmark: _Toc165343512]In Ethiopia, gridded products from reanalysis estimations dominate studies dealing with indirect temperature and rainfall measurements. For instance, the European Centre for Medium-Range Weather Forecasts (i.e., ECMWF ERA5), Climate Hazards Group Infra-Red Precipitation with Stations (CHIRPS) and Climate Hazards Group Infra-Red Temperature with Station (CHIRTS) datasets has been employed to evaluate temperature and rainfall patterns in different Ethiopian watershed levels (Gebremicael et al., 2019; Reda et al., 2021; Mewded et al., 2022). But the reanalysis temperature products remain relatively unexplored in studies related to agro ecological zones of Ethiopia. 
A commonly used alternative to observed temperature data is mathematically generated weather data, such as MERRA v2.0 and  ERA5 were chosen for further research because it is freely available and readily accessible as well as it performed well in regional comparison studies (Vega-Durán et al., 2021; Birkel et al., 2022; Huang et al., 2022). So, to determine the impacts of global climate change on the tropical AEZ and to assess the potential socio-economic consequences, monitoring of essential climate and environmental variables at different AEZs is fundamental (May et al., 2008; Redfearn et al., 2005). Therefore, this paper evaluated the performance of MERRA v2.0 and ERA5 reanalysis temperature products in various AEZs of Ethiopia. The choice of datasets was based on other authors have significantly used this reanalysis products in performance evaluations of indirect climate variability (Chawla & Mujumdar, 2020; S. Sun et al., 2020; Vega-Durán et al., 2021). In addition to this, it is freely available and readily accessible as well as it has performed well in regional comparison studies (Birkel et al., 2022; Huang et al., 2022). This paper will be highlighted the importance of considering limitations and uncertainties associated with reanalysis based temperature estimation as well as identifying better accuracy reanalysis temperature products in different AEZs for climate modeling and related applications. 
[bookmark: _Toc168006985]1.2 Statement of the problem
Uneven distributions and lack of meteorological stations are fundamental problems in developing countries and which are very much serious in Eastern Africa. Countries with poor ground observations are highly vulnerable to climate threats (Gebrechorkos et al., 2018). Ethiopia is found in the horn of Africa, which have various agro ecological zones that help for the presence of rich in natural and man-made resources. Besides it serves as the water tower area in eastern Africa throughout the year. However, Ethiopia is one of the most vulnerable countries to the impacts of climate change, due to low level of using alternative source of datasets and low experiences in predicting increased severity of droughts, floods, and extreme weather events (Parsons et al., 2022).
[bookmark: _Hlk142222317]The presence of poor meteorological infrastructures in developing countries is considered as the major limiting factors for hydro-climate studies which justified as many regions lacking relevant local climate information (Gashaw et al., 2023; Parsons et al., 2022). In addition to this in estimating temperature in different AEZs is influenced by various factors, including spatial and temporal variability, data assimilation techniques, uncertainties, and validation (Demessie et al., 2023). To overcome this data challenge, many studies advised that a combination of accessible data sources based on station data, remotely sensed data and regional climate models should be used. The freely available and readily accessible of global reanalysis based climate datasets are important as alternative sources in data scarce areas (Van Wynsberge et al., 2020). Moreover, evaluations of multiple climate data sources are crucial for understanding impacts of climate change and managing environmental resources in East Africa (Gebrechorkos et al., 2018). Therefore, the purpose these study to simulate the long term temperature data by using the updated version of ERA5 and MERRA v2.0 reanalysis temperature products. Hence, the majority of previous studies in Ethiopia were focused on the performance evaluations of reanalysis rainfall products than temperature products. 
Previous studies on the evaluations of temperature products in Ethiopia were focused on small-scale areas coverage (watersheds, sub-basins, basins) of the country. Alaminie et al. (2021) carried out evaluations of ERA5 and MERRA v2.0 in the Upper Blue Nile using area-average. Gashaw et al. (2023) were also studied on the evaluations of satellite/reanalysis rainfall and temperature products in the Bale Eco Region (Southern Ethiopia). Moreover, Reda et al.(2021) were evaluated the gridded temperature datasets against observed data over the Upper Tekeze River Basin, of Ethiopia. However, performance of reanalysis climate products depend on topography, season and climate (Dinku et al., 2007; Dinku et al., 2018) and it can vary from one region to another in mountainous countries like Ethiopia. So, this study intended to evaluate the performances of ERA5 and MERRA v2.0 over five AEZs of Ethiopia for estimating temperature products from daily to annual temporal scales during 1990-2020 periods with 37 meteorological stations data. The reasons for this study were used ERA5 and MERRA v2.0 products with the time bounds from 1990-2020 periods are: Firstly. previous studies carried out in Ethiopia and outside were indicated MERRA v2.0 has superior performance compared to other products, but still it has simulation problems from observed temperature data (Bhattacharya et al., 2020; Alaminie et al., 2021; Malede et al., 2022; Gashaw et al.,2023). Secondly, ERA5 is a latest reanalysis product version and many authors were used this products than its earlier versions (ERA5-Land and ERA-Interim) and other reanalysis product for performance evaluations. Lastly, this study was used stations data collected from 1990 up to 2020 periods because between these periods no disputes in all considered station sites of the study area. Hence, reasonable performance evaluating of the reanalysis datasets using recent, reliable and high resolution climate data against ground gauge data are critically important for estimating climate variability as well as understanding and predicting the impacts of climate change in Ethiopia.  Moreover, this study will give insight to use appropriate sources of temperature products for further researchers in estimating temperature at different AEZs of data scarce areas. Previously, the reanalysis temperature products performance of evaluation studies conducted in Ethiopia are mainly limited to a specific AEZs, watershed and sub basins, making it difficult to have insights at the national level. Therefore, this study was carried out to fill this gap. 
[bookmark: _Toc168006986]1.3 Objective of the study
[bookmark: _Toc168006987]1.3.1 General objective
The general objective of the study was to evaluate the performances of gridded reanalysis prod-cuts in representing the temperature climatology of Ethiopia at different AEZs from daily to annual temporal scales. 
[bookmark: _Toc168006988]1.3.2 Specific objectives
· To evaluate the performance of reanalysis products for simulating maximum temperature over each AEZs of Ethiopia from daily to annual time scales. 
· To evaluate the performance of reanalysis products for simulating minimum temperature over each AEZs of Ethiopia from daily to annual time scales. 
[bookmark: _Toc168006989]1.4 Organizations of the study
[bookmark: _Toc165335411][bookmark: _Toc165339436][bookmark: _Toc165340370][bookmark: _Toc165343520]This thesis has been organized into five chapters. The first chapter presents the introduction part of the paper mainly, deals with background of the study, statement of the problem, and objectives of the thesis, the second chapter was covered a review works of related literature, the third chapter methodological issues including the description study area, and the fourth chapter includes results, and discussions, finally chapter five were drawn conclusion and recommendation.
[bookmark: _Toc168006990]1.5 Significance of the study
As Ethiopia, having poor and uneven distribution of meteorological station countries identifying the best performed alternative climate datasets are important for the present and future aspects.   Therefore, this study will provide useful information for all concerned bodies to fill the data gap problem when temperature data is needed for further studies and decision-making process. The finding will also help to identify errors, biases, and inconsistencies in reanalysis temperature data by comparing its outputs with observed data that may important for researchers to used better reanalysis temperature datasets for further studies. In addition, this study is valuable for the ERA5 and MERRA v2.0 products developers or institutions to determine if model improvement or corrections are needed to enhance the overall accuracy and reliability of datasets.
[bookmark: _Toc168006991]1.6 Scope of the study
Although many authors were carried out their studies on watersheds, basins and sub basins level to evaluate the performance reanalysis temperature product. The scope of this study was spatially covering all traditional AEZs, in case of Ethiopia using 37 reference gauge stations data. Temporary the study was focused the performance evaluations of the two studied products during 1990-2020 periods using five considered validation scores from daily to annual temporal scales. 
[bookmark: _Toc168006992]1.7 Limitation of the study
The researcher has used only 37 stations data. This is due to the presence of small number of stations and uneven distribution of gauges as well as all considered AEZs have not equal number of stations. For instance, bereha/desert and wurch/alpine AEZs were only represented by one station each. Therefore, there may be some inconsistences between the gauged stations and the reanalysis products over bereha/desert and wurch/alpine AEZs.
[bookmark: _Toc168006993]CHAPTER 2: REVIEW OF RELATED LITERATURE
[bookmark: _Toc168006994]2.1 An overview of gridded temperature products
[bookmark: _Toc165335417][bookmark: _Toc165339442][bookmark: _Toc165340376][bookmark: _Toc165343526]Gridded reanalysis temperature products are essential tools in climate research, providing detailed information on historical temperature patterns across large spatial areas. Most gridded temperature products with varying temporal and spatial resolutions have been generated and are freely available at global and regional scale (Zhang et al., 2021). Gridded temperature products are derived from various sources such as ground-based observations, satellite remote sensing data, or reanalysis models that assimilate various observational inputs to generate consistent climate fields. These products are often available at high spatial resolutions, allowing researchers to analyze temperature variations at fine scales. 
Some commonly used gridded reanalysis temperature products are ERA5 (fifth-generation European Centre for Medium-Range Weather Forecasts Reanalysis), MERRA-2v.0 (Modern-Era Retrospective Analysis for Research and Applications), and CRU TS (Climatic Research Unit Time Series). These datasets provide comprehensive information on past temperatures globally or regionally and widely utilized in climate studies due to their reliability and consistency.
[bookmark: _Toc168006995]2.2 Characteristics of gauge based and global reanalysis temperature products   
[bookmark: _Toc168006996]2.2.1 Gauge-based temperature estimates
[bookmark: _Toc165335424][bookmark: _Toc165339449][bookmark: _Toc165343532]Gauge-based temperature estimates refer to temperature data collected from weather stations equipped with various types of thermometers, including mercury, alcohol, digital, and bimetallic thermometers and all these thermometers have their own strengths and weaknesses. These stations are distributed globally and play a crucial role in providing valuable information about temperature variations (Alexander et al., 2006). The data are collected at specific locations and transmitted to central databases at regular intervals (such as hourly or daily). 
[bookmark: _Toc165335425][bookmark: _Toc165339450][bookmark: _Toc165343533]Gauge-based temperature is collected by national weather services. For climate research and other applications, it is necessary to organize all of the data from different countries in to one integrated global dataset. The World Meteorological organization (WMO), which is established in 1873, is an intergovernmental organization with 191 member states and territories (http://www.wmo.int). The WMO facilitates the development of observation networks for fields of climatology, hydrology, and physics as well as the exchange, processing, and standardization of related data. The WMO Global Telecommunication System (GTS) is a complex worldwide communication system for the exchange of meteorological data that forms the basis for many applications (Sun et al., 2021).
[bookmark: _Toc165335426][bookmark: _Toc165339451][bookmark: _Toc165340385][bookmark: _Toc165343534]Due to the irregular distribution of gauge stations, gridding of data is required for many climate and related applications. The Gridded climate datasets based fully on gauge information have been constructed and in wide used.  The climate research unit (CRU) dataset comprises a suit of climate variables. The main sources used for construction of the CRU monthly precipitation and temperature datasets were obtained through the help of the national meteorological agencies (NMAs), the WMO, the international Tropical Agriculture Center, the Food and Agriculture Organization (FAO), and others ( Sun et al., 2018).
[bookmark: _Toc165335427][bookmark: _Toc165339452][bookmark: _Toc165340386][bookmark: _Toc165343535]Global Historical Climatology Network-Daily (GHCN-D) is contains daily weather-station-based measurements of meteorological variables from over 90,000 stations worldwide The majority of station records contain precipitation data only, however other key variables including maximum temperature, minimum temperature, snowfall, cloudiness, wind speed and snow depth are available at many locations (Alexander et al., 2006)
[bookmark: _Toc168006997] 2.2.2 Reanalysis based temperature estimates
[bookmark: _Toc165335429][bookmark: _Toc165339454][bookmark: _Toc165340388][bookmark: _Toc165343537]A reanalysis temperature estimation system combines sporadic observations and various models to create a synthetic assessment of the system's state on a consistent grid, ensuring spatial uniformity, temporal continuity, and a multi-dimensional structure. Important climate variables derived from reanalysis systems are internally consistent and can be obtained promptly. This system comprises a background forecast model and a data assimilation process (Parsons et al., 2022). 
The reanalysis climate product has recently become an alternative source to data scarce areas and hence, it played as significant role for broader application (Aniley et al., 2023). In the reanalysis based temperature estimates has important significant in understanding the historical weather and climate conditions (Gashaw et al., 2023; Aniley et al., 2023). Therefore, many reanalysis climate data source have been developed to provide comprehensive temperature estimates.


[bookmark: _Toc165335430][bookmark: _Toc165339455][bookmark: _Toc165340389][bookmark: _Toc167966651]Table 2.1 Summary characteristics of reanalysis temperature products    
	Datasets
	Spatial
resolution
	Temporal resolution
	Coverage
	Data available
	Sources
	References

	NCEP1
	2.5o×2.5o
	6h/daily/monthly
	Global
	1948-present
	NCEP/NCAR
	Woldema  et al. (2017)

	NCEP2
	1.875o×1.875o
	6h/monthly
	Global
	1979-present
	NCEP/DOE
	Kanamitsu et al. (2002)

	ERA-Interim
	0.75o×0.75o
	6h/monthly
	Global
	1979-present
	ECMWF
	Zhu et al.(2017)

	MERRA
	0.5o×0.67o
	Daily
	Global
	1979-present
	NASA
	Mason et al. (2015)

	MERRA-v2
	0.5o×0.625o
	Hourly/Daily
	Global-
	1980-present
	NASA
	Huang et al. (2022)

	ERA5
	0.25o×0.25o
	Daily/hourly
	Global
	1950-present
	ECMWF
	Meng et al. (2018)

	
	
	
	
	
	
	


[bookmark: _Toc168006998]2.3 Performance evaluation using continuous statistical metrics  
[bookmark: _Toc165335433][bookmark: _Toc165339458][bookmark: _Toc165340391][bookmark: _Toc165343539][bookmark: _Toc165335434][bookmark: _Toc165339459][bookmark: _Toc165340392][bookmark: _Toc165343540]There are many continuous statistical measures to evaluate the performance and quality of the reanalysis atmospheric datasets (Arshad et al., 2021; Reda et al., 2021). Most continuous statistical measures commonly employed  by many authors are: Root mean square error (RMSE), Mean error (ME), Mean absolute error (MAE), Pearson correlation coefficient (r) and Coefficient of determination (R2),Kling-Gupta Efficiency (KGE), Nash-Sutcliffe Efficiency (NSE), Percent bias (PBIAS) and Mean square error (MSE). Such statistical measures used to evaluation the performances from daily to annually timescales for all the selected gauge stations. Mean absolute error (MAE), is a metric used to measure the average magnitude of the absolute errors between the reanalysis products and the measured values. It is suitable to describe uniformly distributed errors (Derin & Yilmaz, 2014). The MAE is often called the mean absolute deviation (MAD) (Kravtsov & Spannagle, 2008). Its has range from 0 to +∞. The smaller the value is, the higher the accuracy of the reanalysis dataset. The advantage of MAE is easy to calculate and understand as well as its units same as original data. Root mean square error (RMSE) is a continuous statistical measure typically used in geoscience to compare modeled data with measured data. In this study it measures the average magnitude of error between the reanalysis products and the measured values. It is more appropriate if the errors are normally distributed (Chai & Draxler, 2014). The RMSE measures estimation errors around the best fitting line and its values near zero would be a better fit to the data (Mewded et al., 2022).  The range of RMSE from 0 to +∞. The smaller the value is, closer the reanalysis dataset estimates are to the ground measurements (Gebremicael et al., 2019; Jierula et al., 2021). 
[bookmark: _Toc165335435][bookmark: _Toc165339460][bookmark: _Toc165340393][bookmark: _Toc165343541]Percent bias (PBIAS) can detects the performance of reamalysis atmospheric products (Mewded et al., 2022). In addition to this it is a measure of the average tendency of modeled values to be larger or smaller than measured values. Negative or positive Pbias indicate underestimation (overestimation) values respectively (Alemseged & Tom, 2015). Zero bias indicates absence of systematic error where as the lower the Pbias values indicates the reamalysis products are closer to the observed measurements.
[bookmark: _Toc165335436][bookmark: _Toc165339461][bookmark: _Toc165340394][bookmark: _Toc165343542]The r and R2 describe the degree of collinearity between reanalysis climate products and observed data. The correlation coefficient, which ranges from -1 to 1, is an index of the degree of linear relationship between observed and simulated (observed) data. If r= 0, no correlation between observed and simulated data. If r=1 or -1, a perfect positive or negative relationship exists between the observed and simulated data set. The R2 is the proportion of the variance in measured data explained by the model. The value of R2 ranges from 0 to 1, with a higher value indicating less error variance, and typically values greater than 0.5 are considered acceptable   (Kvålseth, 1985). The correlation coefficient (r) is widely used for the evaluation of the goodness of linear fit of regression models in (Kvålseth, 1985). r refer to the Pearson correlation coefficient and it is a commonly used correlation coefficients in statistics. r indicates the strength of the relationship between two variables; its value ranges between -1 and 1. If its values close to ± 1 indicate strong relationships.
The value of NSE is ranges from -∞ to 1. The NSE value of 0.0 to 1.0 are generally acceptable levels of performance, whereas NSE values less than or equal to 0.0 indicates that the mean observed value is a better predictor than the simulated value (Nash & Sutcliffe, 1970). Kling–Gupta efficiency (KGE) is a modified of the NSE metric which introduced by Gupta and modified by Kling. In this study the main objective function was used to evaluate simulation performance of temperature reanalysis datasets. The negative KGE values are viewed as bad model performance, and only positive values are seen as good model performance (Knoben et al., 2019). Certain studies state that KGE values < 0 indicates that the mean of observations provides better estimates than simulations and KGE values = 1 indicates perfect agreement between simulations and observations. These statistical measures are mainly used metrics for hydro-climatic dataset evaluation (Gebremicael et al., 2019).
 Therefore, this study used five selected continuous statistical measures namely; correlation coefficient (r), percent bias (PBIAS), root-mean-square-error (RMSE), mean absolute error (MAE), and Kling-Gupta efficiency (KGE) were used for the evaluation of extreme temperature products. Such categorical evaluation statistical measures were carefully selected according to common usage, and recommendation in previous studies (Dinku et al., 2007). 
[bookmark: _Toc168006999]2.4 Performance evaluation techniques of reanalysis temperature products
[bookmark: _Toc165335432][bookmark: _Toc165339457][bookmark: _Toc165340396][bookmark: _Toc165343544]To compare temperature products with ground-based datasets, researchers commonly use three evaluation approaches such as pixel-to-pixel, point-to-pixel and point-to-point. Most studies employ the spatial interpolation (pixel-to-pixel) method known as kriging to estimate spatial climate data from gauge station networks (Viggiano et al., 2019; Tadesse et al., 2022). When extracting the areal average of temperature estimates over the pixel where the observation gauge is located, researchers perform point-to-pixel comparisons. In this approach, a study compares the gauge’s observed value with the nearest grid value from temperature products (Ageet et al., 2022). The proximity of the grid value is determined by calculating the minimum square distance between the gauge and the grid point. 
Parsons et al. (2022) specifically used the point-to-point approach to evaluate temperature product performance in Nepal where the areas have well distributed gauge stations. For regions with complex topography and limited gauge stations, most studies recommend point-to-pixel comparisons instead of interpolating observed data for pixel-to-pixel comparison (Aniley et al., 2023; Gashaw et al., 2023). However, inconsistencies may arise due to differences in the locations of observed stations and grid data.  
[bookmark: _Toc165339462][bookmark: _Toc168007000]2.5 Previous findings on the performances of ERA5 and MERRA v2.0 products  
[bookmark: _Toc165335438][bookmark: _Toc165339463][bookmark: _Toc165340398][bookmark: _Toc165343546]As many literatures showed that different researchers used different number of stations, study time period, evaluation approach used as well as study area coverage and evaluation timescale. The studies by (Woldemariam Tesfaye et al., 2017; Zhu et al., 2017; Gashaw et al., 2023) the reanalysis temperature products have been evaluated and used as alternative source for different applications. For instance, in Ethiopia both ERA5 and MERRA v2.0 products extensively evaluated in different small-scale areas and as a national scale with observed data. Particularly, they were evaluated in Bale Eco-Region in Southern Ethiopia by (Gashaw et al., 2023). Literatures showed that MERRA v2.0 were the most outperformed product to estimate temperature over most considered temporal scales (Gashaw et al., 2023). Many authors used continuous statistical metrics such as r, RMSE, MAE, KGE and PBIAS for evaluation of temperature products from daily to annual timescales. The details of some previous findings on the performances of ERA5 and MERRA v2.0 temperature products are showed in table 2.2.
[bookmark: _Toc165335439][bookmark: _Toc165339464][bookmark: _Toc165340399][bookmark: _Toc167966652]Table 2.2 Summery of previous findings on the performances of ERA5 and MERRA v2.0  
	Study areas
	Periods
	Comparison datasets
	Performances
	References

	Bale Eco- Re-gion Southern Ethiopia
	1995-2014
	ERA5 and MERRA v2.0 with observed data
	MERRA v2.0 is superior over ERA5 in most AEZs
	Gashaw et al. (2023)


	In Kerala, India
	1980–2019
	MERRA v2.0 with observed data
	MERRA v2.0 showed maximum trend values in stations located in the northern part of the state.
	Valappil et al. (2022)

	Beas river basin of North-Western Himalaya
	1990 - 2009
	MERRA-2 ERA-Interim, JRA-55 and   CFS with observed data
	ERA-Interim product better represents in the basin.
	Bhattacharya et al. (2020)

	Central Asia
	2001–2018
	CHIRPS, CRU, ERA5-Land, IMERG-GPM, and MERRA2 against observed data
	ERA5-Land and MERRA-2 has higher values than others datasets.
	Zandler et al. (2020)

	Tibetan Plateau
	1980–2014
	JRA-55, ERA-Interim, MERRA-2, CFSR, ERA5 and GLDAS2
	JRA-55 is the best among the eight downscaled datasets followed by ERA-Interim, MERRA-2, CFSR and others.

	Zhang et al. (2021)

	Pakistan
	1981–2019
	ERA-5, JRA-55, MERRA-2, and CFS-2
	ERA-5 performed well   compared to JRA-55, MERRA-2, and CFS-2 with the values of r and RMSE.
	Arshad et al. (2021)

	Chinese Qilian Mountains
	1979 - 2017
	ERA5-Land with observed data
	ERA5-Land generally reproduces the temperature trend very well for observations in summer season.
	Zhao & He, (2022)


[bookmark: _Toc168007001]2.6 Traditional agro-climatic zones of Ethiopia
[bookmark: _Toc165335419][bookmark: _Toc165339444][bookmark: _Toc165340378][bookmark: _Toc165343528]The traditional agro-climatic zones of Ethiopia hundred years before were kolla, woina dega and dega although there is no clear distinction of their boundary limits (MOA 1998). As population pressure increased and accordingly agricultural activities expanded, two additional zones at the higher and the lower temperature extremities were also recognized, namely, bereha and wurch respectively. Recent discipline oriented studies distinguished and defined these traditional zones by linking the related factors of altitude, rainfall, and temperature. 
This classification system enables farmers to recognize broad vegetation types adapted to the environmental conditions and select crops and livestock best suited to the climate regimes and still highly implemented at the community level. These classification systems were scientifically supported by considering the relationship between elevation and temperature (ABABA 1998). In this regard, the contribution of NMA can be considered as supporting the traditional season classification system with scientific evidences.
[bookmark: _Toc167966653][bookmark: _Toc165335420][bookmark: _Toc165339445][bookmark: _Toc165340379]Table 2.3 Classifications of traditional agro-ecological zones of Ethiopia.
	Traditional Zones
	Global Climate
	Altitude (m)
	Mean annual To (°C)
	Mean annual RF (mm)

	Wurch
	Cold and moist
	Above 3200
	Below 10°C
	Above 2200

	Dega
	Cool and humid
	2300-3200
	10°C - 15°C
	1200-2200

	Woina dega
	Cool sub-humid
	1500-2300
	15°C -20°C
	800-1200

	Kola
	Warm semiarid
	500-1500
	20°C -30°C
	200-800

	Bereha
	Hot arid
	Below 500
	Above 30°C
	Below 200


[bookmark: _Toc165335421][bookmark: _Toc165339446][bookmark: _Toc165340380][bookmark: _Toc165343529]Source: MOA 1998
  

[bookmark: _Toc168007002]CHAPTER 3: MATERIALS AND METHODS
[bookmark: _Toc168007003]3.1 Description of the study area
[bookmark: _Toc168007004]3.1.1 Location
Ethiopia is situated in the Horn of Africa, which is found within tropical zone. The absolute location of Ethiopia lies between 3° to 15°N of latitudes and 33° to 48°E of longitudes (Fig 3.1). Ethiopia has neighboring with six countries namely Sudan on the west, South Sudan on the southwest, Kenya on the south, Eritrea and Djibouti on the northeast, Somalia on the east and southeast.
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[bookmark: _Toc167966732]Figure 3.1 Location of the study area
[bookmark: _Toc168007005]3.1.2 Topography
Ethiopia’s topography is distinct with altitudes varying from 152 m.b.s.l at the Danakil depression in northeast part to 4620 m.a.s.l at the Ras Dejen in north part of the region (Tesfaye et al 2017; Wubaye et al., 2023). Ethiopia has undulating landforms such as craggy, high mountains, deep gorges, plains, rivers, and plateaus. About 40% of the country is covered by mountains and plateaus with elevation greater than 1500 m.a.s.l and is classified as highland. The remaining part of the area of less than 1500 m.a.s.l is classified as lowland (Degefu et al., 2022).
[bookmark: _Toc168007006]3.1.3 Traditional Agro ecology Zone
Based on the traditional classification of climate zones, Ethiopia is divided into five agro-ecological zones (Appendix.1) namely Wurch/Alpine (>3200 m a.s.l.), Dega/Temperate (2300-3200 m a.s.l.), Woina dega/Sub-tropical (1500-2300 m a.s.l.), Kolla/Tropical (500-1500 m a.s.l) and Bereha/Desert (<500 m.a.s.l) (MoA 1998). Therefore, understanding the agro-ecological zones is important in determining what types of crops and agricultural activities can be grown at different agro-ecological zones.
[bookmark: _Toc168007007]3.1.4 Climate
Due to topographic variations, Ethiopia experiences many local climatic conditions that range from hot deserts in the northeast and southern lowland to very cold mountain .ranges in the Semein and Arsi-Bale mountains systems (Degefu et al., 2022). The mean annual temperature varies from a low of 9oC to a high of 37oC (Gebremicael et al., 2017). Ethiopia has three main climate seasons per year such as Kiremt (main rainy season) Bega (dry season) and Belg (little rainy season) (Abebe & Kebede, 2017). Sub-Tropical Jet (STJ), Inter Tropical Convergence Zone (ITCZ), Red Sea Convergence Zone (RSCZ) and Tropical Easterly Jet (TEJ) are determines the spatiotemporal distributions of Ethiopia’s rainfall (Gebremichael et al., 2014). The long-term the mean annual rainfall of Ethiopia extends from 217 mm over the desert AEZ to 1251 mm over the sub-tropical AEZ, which are computed by taking the average values of stations found in the same AEZ (Aniley et al., 2023).

[bookmark: _Toc154261084][bookmark: _Toc167966733]Figure 3.2 Long-term observed annual average rainfall and temperature (1990-2020) values over five AEZs of Ethiopia.
Source: (National Meteorological Agency of Ethiopia)
[bookmark: _Toc168007008]3.2 Data types, sources and processing
[bookmark: _Toc168007009]3.2.1 Ground -Based (Observed) Temperature data
This study used 37 ground based meteorological station daily data as referenced data for evaluating the performance of reanalysis temperature products in Ethiopia (Appendix.1). Therefore, all observed stations clustered into five agro ecological zones of Ethiopia (wurch/alpine, dega/temperate, woina dega/sub-tropical, kolla/tropical and bereha/desert) based on their altitude and temperature. The stations are located at altitudes varying from 3206 m.a.s.l up to 318 m a.s.l which coincides with alpine and desert AEZs respectively. The temperature data and altitude information for this study were taken from the National Metrological Agency (NMA) of Ethiopia covering the period of 31 years from 1990 to 2020. 
The stations selection was made mainly to their data availability, location uniformity, and completeness of the series records (Nawaz et al., 2020). The daily temperature data for 1990 to 2020 from all ground observational stations of the study area were sorted into monthly, seasonal and annual time scales. From the total stations the highest (20) and the lowest (1) numbers of meteorological stations were found in sub-tropical, and both alpine and desert AEZs of Ethiopia respectively.
Metrological stations with missing values of data and lack of good quality of data will have bad implication on the process of analyses which leads to biased and unreasonable results of the analysis. The considerable preseasons for this, the stations of meteorological data are affected by various factors namely the location of stations, land-use changes, adjustments in instruments and data recorder problems (Acquaotta et al., 2016). There are different techniques such as  Multivariate Imputation by Chained Equations (MICE), Inverse Distance Weighting (IDW) and Multiple Linear Regressions (MLR) for filling the missing values of daily temperature data series through estimating the unknown amount for a point from the known data from adjacent stations ( Paulhus & Kohler, 1952). This study used Multivariate Imputation by Chained Equations (MICE) algorithm accessed in R software packages for filling missing values of daily temperature data because it computes by completes missing values at each station using the complete observed values of all examined stations as predictors (Ali Mohammed et al., 2022). It also produces several estimations for each weather stations data missing value by considering outliers in the calculations, as well as it provides standard errors (Jolani et al., 2015). Due to this, the MICE algorithm technique is better for completing missing data than other methods (Wubaye et al., 2023).  
The stations daily data missing values are vary from 0.5% to 23.2% and hence, the values are less than 25% is reasonable to use in the data scarce regions such as Ethiopia (Gashaw et al., 2023). As a result the stations of all daily missing values during the study period were removed and replaced by values of adjacent stations (Shen et al., 2022; Zhao & He, 2022). Therefore, this missing value completing method (MICE) makes the data were significantly improved and used to evaluate performances of the reanalysis products as well as to analyze the daily, monthly, seasonal and annual average extreme temperatures.
3.2.2 Reanalysis Temperature Products
Reanalysis temperature products are important datasets for temperature estimates over areas with scarce meteorological stations (Zhao & He, 2022). International high resolution atmospheric reanalysis data from different datasets from 1990 - 2020 were collected and compared with observation data in this study (Table 3.2). The variables analyzed in this study are mean maximum and minimum temperatures. The two reanalysis datasets that evaluated the performances of temperature products were ERA5 and MERRA v2.0 against over gauged temperature data at different agro ecological zones of Ethiopia (Luo et al., 2022; Michler et al., 2021). Each product was pre-determined to have adequate spatial and temporal resolution. Such reanalysis datasets are described in detailed below:  
ERA5 is the 5th generation climate based reanalysis dataset from the European Centre for Medium-Range Weather Forecasts (ECMWF) with 0.25° (~30) km spatial resolution and hourly/daily temporal resolution. This dataset covers the records from 1979 to present time. ERA5 provides hourly estimates of many atmospheric, land, and oceanic climate variables (Xu et al., 2022). The most notable improvement of the ERA5 dataset from its predecessor is the increased spatial and temporal resolution, which now provides data from sub-daily to monthly timescales (Sianturi et al., 2020; Tadesse et al., 2022). 
This reanalysis incorporates new input variables, such as sea surface temperature, sea ice and aerosols mainly to make it appropriate for climate simulation. In addition to this ERA5 has relatively smaller errors than the previous version ERA-Interim when compared to measurement data and it has been widely used in hydro meteorological studies (Shen et al., 2022). It downloaded from https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5. 
Modern-Era Retrospective analysis for Research and Applications, Version2 (MERRA v2.0) is the recent high-resolution global climate reanalysis data provided by NASA and which has varying temporal and spatial resolution depending on the variables. It has a horizontal spatial resolution 0.5o× 0.625o (longitude × latitude) and a temporal resolution of daily for surface data which downloaded from https://goldsmr4.gesdisc.eosdi.nasa.gov/data/MERRAv2.0 (Huang et al., 2022). The improvement of MERRA v2.0 compared to its predecessor version include the assimilation of aerosol observations a great accurate representation of stratosphere, hydrological cycle and the occurrence of falsely detected trends (Vega-Durán et al., 2021). 
[bookmark: _Toc167966654]Table 3.1 Summary of ERA5 and MERRA v2.0 reanalysis datasets
	  Datasets
	Coverage
	Resolution
	
Data available
	Data range  
	Methods
	 References

	 
	 
	Spatial
	Temporal  
	 
	 
	 
	 

	
ERA5
	Global
	0.25°(~30km)
	Hourly/Daily
	1979-Present
	1990-2020
	Reanalysis 
	Sianturi et al. (2020) 

	
MERRA v2’0
	Global
	0.5o×0.625o 
	Hourly/Daily
	1980-present
	1990-2020
	Reanalysis
	Huang et al. (2022) 


[bookmark: _Toc168007010]3.3 Evaluation Approaches
Climate data evaluation approaches are differ primarily based on the spatial scales of data availability. There are three common evaluation approaches namely pixel-to-pixel, point-to-pixel and point-to-point. This study was used point-to-pixel approach to evaluate the performance of the two global reanalysis temperature products from daily to annual time scales against 37 ground gauge stations over five AEZs of Ethiopia during 1990 - 2020. The main reason for this study used this evaluation approach is due to the presence of differences between the spatial representativeness of ground-based observations (points) and reanalysis-based datasets (grids) in the study area. Many previous studies suggested that point-to-pixel evaluation approach is advisable where areas with limited metrological gauge networks (Viggiano et al., 2019; Parsons et al., 2022; Tadesse et al., 2022). 
Other reason to use this approach is it can be induce uncertainty in the performance of global temperature products by making the comparison of datasets regardless of the topographical position of gauges in the pixel (Ma et al., 2021; Tadesse et al., 2022). Hence, for areas with complex topography and small number of gauging stations, most studies suggested a point-to-pixel comparison (Ageet et al., 2022). Therefore, this study used point-to-grid evaluation approach for compared observed data to the nearest reanalysis product pixel values. 
The present study has not employed the spatial comparisons (pixel-to-pixel) approach through interpolation because the considered stations used for this study are highly determined by topography this would be makes the misleading products as temperature in Ethiopia vary within altitudinal variations (Mašek et al., 2023). As we know the distributions temperature in Ethiopia is mainly controlled by altitude and latitude. This study also did not used point-to-point evaluation approach because this approach focus in estimating fine scale climate data from coarse resolution model outputs at a local or regional levels ( Poschlod et al., 2018; Ishizaki et al., 2023). As it is mentioned before, this study has carried out evaluating the performances of reanalysis temperature products at Ethiopia (national) level.
The observed and reanalysis temperature products were summarized into their respective AEZs of Ethiopia based on stations altitude and temperature. Then both the observed as well as reanalysis data, in CSV (Common Separated Values) format has processed in Excel MS office 2016 platform using pivot table for summarize daily data to monthly, seasonal and annually distribution of data. Finally, this study taking the average values of each station based on their similarities of AEZs as referenced previous study (Gashaw et al., 2023). 
In this study analyses were performed by comparing daily, monthly, seasonal and annually basis of the gridded climate variables to the referenced or gauged data variables. The temperature extreme products of the daily temporal frequencies were aggregated to monthly, seasonal and annually time scales with respect to various agro ecological zones of Ethiopia (Reda et al., 2021). The methodological flow work used in this study is shown in fig 3.3.
[image: ]
[bookmark: _Toc167966734]Figure 3.3 Schematic diagrams showing the methodological flows of this study.


[bookmark: _Toc167966655]Table 3.2 Summery of soft wares used in this study
	Types of Software
	Models /Versions
	Purposes

	Arc GIS
	10.8
	Mapping the study area and displaying each AEZ of station points.

	R Software
	4.2
	For quality controlling, filling missing data, computing performances and generating graphs.

	MS- Office
	2016
	Summarizing and averaging data.

	Zotero
	6.0
	Citing references.


[bookmark: _Toc168007011]3.4 Evaluation Methods
There are many continuous statistical measures to evaluate the performance and quality of the reanalysis atmospheric datasets (Arshad et al., 2021; Reda et al., 2021). This study used five selected continuous statistical measures to evaluate the performance of reanalysis temperature products with gauged data over different AEZs of Ethiopia. This statistical metrics computed for the comparison of ERA5 and MERRA v2.0 temperature products with observed temperature data over 37 meteorological stations on the basis of daily, monthly, seasonal and annual temporal scales. 
The detailed descriptions of considered continuous statistical measures used in this study are: Mean absolute error (MAE), is a metric used to measure the average magnitude of the absolute errors between the reanalysis products and the measured values. It is suitable to describe uniformly distributed errors (Derin & Yilmaz, 2014). Root mean square error (RMSE) also measures the average magnitude of error between the reanalysis products and the measured values. It is more appropriate if the errors are normally distributed (Chai & Draxler, 2014). The value for MAE and RMSE ranges from 0 to +∞. The smaller the value is closer the reanalysis dataset estimates to the ground measurements (Gebremicael et al., 2019; Jierula et al., 2021). Percent bias (PBIAS) measures of the average tendency of modeled values to be larger or smaller than measured values. The Negative and positive Pbias indicate overestimation and underestimation values respectively (Alemseged & Tom, 2015). PBIAS value ranges  from -∞ to ∞. Zero bias indicates absence of systematic error where as the lower values also indicates the reamalysis products are closer to the observed measurements. The correlation coefficient (r) is widely used for the evaluation of the goodness of linear fit of regression models in (Kvålseth, 1985). r indicates the strength of the relationship between two variables and its value ranges between -1 and 1. If its values close to ± 1 indicate strong relationships.
The Kling–Gupta efficiency (KGE) is a statistical measure used to evaluate the performance metrics by combining correlation, bias and variability.  Its value ranges between -∞ to 1. 1 indicates good model performance (Knoben et al., 2019). KGE was developed by Kling as an improvement over the Nash-Sutcliffe efficiency (NSE) coefficient. The detailed descriptions of all these considered continuous statistical measures are presented in table 3.3.
                            (1)
 
                                         (2)
 
PBIAS =×100                                                       (3)
 
r =                              (4)
 
KGE = 1 −            (5)
Therefore, each of these considered continuous statistical measures focuses different agro ecological zones of the study area and provides distinct information on the performance levels of the datasets. Moreover, this study was used line graph and scatter plot to evaluate the performance of ERA5 and MERRA v2.0 datasets with the comparison of observed temperature data (Gashaw et al., 2023). 
[bookmark: _Toc167966656]

Table 3.3 Summery of the considered performance statistical measures used in this study  
	Metrics and its formula
	Unit
	Range
	Best value
	References

	                      
	
None
	
-1 to 1
	
-1 or 1
	
Dinku et al. (2007)

	
	
 OC
	
0 to +∞
	
  0
	
Huang et al. (2022)

	                                     
	
 OC
	
0 to +∞
	
  0
	
Mewded et al. (2022)

	PBIAS =×100                                                   
	
 %
	
-∞ to ∞
	
  0
	  Mewded et al. (2022)

	KGE = 1 -             
	
None
	
-∞ to 1
	
  1
	
Gashaw et al. (2023)



Where: xi is the temperature from gauge observations, yi is the corresponding value from the temperature products,  is summation of temperature gauge observations,  is summation of temperature products, r is the linear correlation between observations and simulations, and n is the number of observations. 








[bookmark: _Toc168007012]CHAPTER 4: RESULTS AND DISCUSSIONS
[bookmark: _Toc168007013]4.1 Performances of reanalysis temperature products 
[bookmark: _Toc168007014]4.1.1 Performance of reanalysis maximum temperature products at daily time step 
The performance of ERA5 and MERRA v2.0 daily average maximum temperature estimates at different AEZs of Ethiopia from 1990-2020 are presented in Table 4.1.
Table 4.1 revealed ERA5 has well performance than MERRA v2.0 in both MAE and RMSE values of statistical metrics in all AEZs except wurch/alpine AEZ. Ethiopia poses distinct climatic zones that can be primarily ascribed to its complex topography, characterized by significant elevation differences and a network of rugged mountain ranges from highlands to lowlands. (Asefa et al. 2020).  As a result, significant spatio-temporal variability of climate conditions has been observed across the country. In terms of r value the highest value were observed in the temperate AEZ for both datasets and the lowest values were attained in the wurch/alpine AEZ for MERRA v2.0. Accordingly, ERA5 has superior performance than MERRA v2.0 in terms of r values over majority of AEZs (Table 4.1). MERRA v2.0 has best performance over ERA5  in terms of having lower PBIAS values in bereha/desert, kolla/tropical and wurch/alpine AEZs, which indicating it has better accuracy in estimating maximum temperature at daily temporal scale. The KGE values were indicated that both datasets performed well in estimating daily maximum temperature across all AEZs of the study area (Table 4.1). In general, this study concluded that dega/temperate and wurch/alpine AEZs demonstrated the highest and lowest performance in estimating daily maximum temperature respectively terms of the majority/entire of evaluation scores for both products.
With regard to the directions of biases, both studied temperature products has a positive PBIAS values in woina dega/sub-tropical and dega/temperate AEZs, whereas negative PBIAS values in bereha/desert and kolla/tropical AEZs. The positive and negative PBIAS values indicating underestimation and overestimation in estimating temperature respectively (Table 4.1). The highest underestimation of PBIAS values were recoded over woina dega/sub-tropical (11.20 %) and dega/temperate (17.30 %) for ERA5 and MERRA v2.0 respectively whereas the maximum overestimation value of observed over wurch/alpine AEZ (-7.01%) for ERA5 and over kolla/tropical AEZ (-4.3%) for MERRA v2.0 (Table 4.1). This result indicated that MERRA v2.0 has highest biases compared to ERA5 in most AEZs.
In terms of daily time scale, ERA5 demonstrates superior performance compared to MERRA v2.0 for simulating maximum temperatures across most AEZs except over wurch/alpine and bereha/desert AEZs by the entire/majority of evaluation scores. In the study conducted by Dembélé et al. (2020), found that certain datasets are better performance than other global datasets in terms of performance. This is may be due to the presence of complex topography over eastern Africa (Dinku et al., 2007). This finding is consistent with Zhang et al. (2021) study that reported ERA5 had high accuracy for estimating maximum temperature in the Tibetan Plateau. This study result also aligned Wang et al. (2020) finding which stated ERA5 performs well for simulating daily temperature in China. This study showed the performance of studied temperature products is lower at the daily time step compared to other temporal scales. This is may be due to the influences of intense solar radiation (Wang et al., 2020). In addition, the satellite/reanalysis climate products generally not favorable on the daily timescale over complex topography (Dinku et al., 2007). Therefore, the accurate estimates of daily temperatures are essential for a range of applications, including agriculture, water resources management, and climate change studies (Yang & Zhang, 2018). 
[bookmark: _Toc167966657]Table 4.1 Performances of ERA5 and MERRA v2.0 daily maximum temperature over five AEZs of Ethiopia from 1990-2020
	AEZs
	Temperature Products
	Continuous Statistical Metrics

	
	
	r
	MAE
	RMSE
	PBIAS (%)
	KGE

	Desert
	ERA5
	0.86
	2.22
	2.76
	-5.1
	0.85

	
	MERRA v2.0
	0.75
	2.09
	2.82
	-3.1
	0.71

	Tropical
	ERA5
	0.85
	0.64
	0.81
	-0.5
	0.73

	
	MERRA v2.0
	0.82
	0.96
	1.17
	-4.3
	0.82

	Sub-tropical
	ERA5
	0.86
	1.34
	1.55
	11.2
	0.76

	
	MERRA v2.0
	0.87
	1.91
	2.12
	16.2
	0.74

	Temperate
	ERA5
	0.89
	0.63
	0.79
	4.01
	0.86

	
	MERRA v2.0
	0.89
	1.75
	1.96
	17.3
	0.6

	Alpine
	ERA5
	0.81
	1.53
	1.87
	-7.01
	0.73

	
	MERRA v2.0
	0.68
	1.29
	1.66
	2.1
	0.71


[bookmark: _Toc168007015]4.1.2 Performance of reanalysis minimum temperature products at daily time step
Table 4.2 shows the Performance ERA5 and MERRA v2.0 against the observed data at daily time step over five AEZs of Ethiopia during 1990-2020. Accordingly, MERRA v2.0 has better performance than ERA5 in terms of all considered statistical metric values over bereha/desert AEZ. In addition, MERRA v2.0 better performs than ERA5 in terms of scoring higher r and KGE in all AEZs, except its lower values achieved in dega/temperate AEZ (Table 4.2). Conversely, ERA5 outperforms over MERRA v2.0 with having low values of MAE and RMSE evaluation scores in kolla/tropical, dega/temperate and wurch/alpine AEZs (Table 4.2). ERA5 is also superior in achieving lower PBIAS value in all AEZs except bereha/desert AEZ. Moreover, ERA5 and MERRA v2.0 tends to perform better in estimating minimum temperature over dega/temperate and bereha/desert AEZs respectively by all considered validation scores. In general, ERA5 has superior performance than MERRA v2.0 for simulating minimum temperature in most AEZs in the majority/entire of the considered statistical measures. This may be the higher accuracy and spatial consistency of daily data makes to ERA5’s superiority over MERRA v2.0 at these most AEZs of the study area (Ullah et al., 2021).
In terms of the estimation biases of daily minimum temperature both ERA5 and MERRA v2.0 datasets exhibited a negative PBIAS values over kolla/tropical and woina dega/sub-tropical AEZs, and they attained positive values in bereha/desert, dega/temperate and wurch/alpine AEZs. This implies that negative and positive PBIAS values are overestimation and underestimation of daily temperature compared to the observed data respectively. In terms of PBIAS value for MERRA v2.0 revealed that ranging from -9.40 % to 1.30% while for ERA5 PBIAS values also found between -4.30 % and 2.00%. Hence the highest PBIAS values were observed in kolla/tropical AEZ for both datasets, whereas the lowest values were observed in bereha/desert AEZ for MERRA v2.0 and in dega/temperate AEZ for ERA5 (Table 4.2).
This finding indicated that ERA5 has better performed over MERRA v2.0 in estimating minimum temperature in most AEZs in majority/entire of the considered validation scores. This may be because some datasets consider daily gauge data in estimating climate products (Aniley et al., 2023; Zhao & He, 2022). This result aligned with Gao & Liu, (2013) study who reported ERA5 had better performance in terms of capturing the spatial and temporal variability of temperature. This finding also contrast with Gashaw et al. (2023) finding stated that MERRA v2 outperformed over ERA5 in dega/temperate and kolla/tropical AEZs for estimating minimum temperatures at daily time scale in the Bale Eco-Region. The slightly discrepancies between this finding and Gashaw et al. (2023) study because the evaluations of ERA5 and MERRA v2.0 were compared over five AEZs at Ethiopia level in this finding, but Gashaw et al. (2023) conducted over only few AEZs and confined at regional level (in the Bale Eco-Region of Southern Ethiopia). This study indicates variations in performance between studied temperature products over considered AEZs this is may be due to data sparse regions, elevation variations and land cover types (Dinku et al., 2007; Gashaw et al., 2023).  
[bookmark: _Toc167966658]Table 4.2 Performances of ERA5 and MERRA v2.0 daily minimum temperature over five AEZs of Ethiopia from 1990-2020
	AEZs
	Temperature Products
	Continuous Statistical Metrics

	
	
	r
	MAE
	RMSE
	PBIAS (%)
	KGE

	Desert
	ERA5
	0.82
	2.04
	2.62
	4.80
	0.78

	
	MERRA v2.0
	0.83
	1.83
	2.39
	1.30
	0.81

	Tropical
	ERA5
	0.85
	1.44
	1.74
	-4.30
	0.74

	
	MERRA v2.0
	0.94
	2.48
	2.56
	-9.40
	0.84

	Sub-tropical
	ERA5
	0.90
	1.23
	1.48
	-3.10
	0.50

	
	MERRA v2.0
	0.94
	0.98
	1.14
	-4.10
	0.92

	Temperate
	ERA5
	0.90
	0.99
	1.22
	2.00
	0.72

	
	MERRA v2.0
	0.88
	1.75
	1.96
	17.30
	0.61

	Alpine
	ERA5
	0.70
	2.55
	3.39
	35.10
	0.28

	
	MERRA v2.0
	0.71
	2.64
	3.29
	36.10
	0.48



[bookmark: _Toc168007016]4.1.3 Performance of reanalysis maximum temperature products at monthly time step
The scatter plots of ERA5 and MERRA v2.0 temperature products in simulating monthly maximum temperature over the considered AEZs of Ethiopia are presented in Fig.4.1. The results displayed the points are scattered closer with the 1:1 line (deep red color), indicating better agreement with observed data but points scattered far from the 1:1 line showed less agreement between temperature products and observed data. Accordingly, this finding showed both temperature products closer with the observed data over kolla/tropical, dega/temperate and wurch/alpine AEZs. Conversely, their values were scatter in bereha/desert and woina dega/sub-tropical AEZs, showing the values more away from the reference line (dark red color). This indicates higher performances of the temperature products are found over bereha/desert and woina dega/sub-tropical AEZs than in the remaining AEZs.
Both temperature products having generally low MAE and RMSE values in most AEZs but MERRA v2.0 well performs than ERA5 over all AEZs except in kolla/tropical AEZ (Fig. 4.1). In contrast, ERA5 has better performance than MERRA v2.0 in terms of r and KGE validation scores across all AEZs except over wurch/alpine AEZ, indicating ERA5 has strong correlations and agreements with observed data than MERRA v2.0 in the majority of AEZs (Fig. 4.1). 
The PBIAS metric shows that both ERA5 and MERRA2 exhibit a positive values ranging from 1.00% to 22.5% in most AEZs, except negative values (-2.00%). of MERRA v2.0 in dega/temperate and wurch/alpine AEZs (Fig. 4.1). This demonstrates that ERA5 and MERRA v2.0 underestimated over most AEZs, but MERRA v2.0 overestimated monthly temperature over dega/temperate and wurch/alpine AEZs. Thus, this result concluded that MERRA v2.0 is better than ERA5 in estimating monthly temperature in terms of the major considered continuous statistical measures in most AEZs of Ethiopia.
On monthly basis, this study indicated that both MERRA v2.0 and ERA5 has relatively better performance in estimating monthly temperature than other temporal scales in terms of most statistical metrics over all AEZs except in kolla/tropical AEZ. This is due to in tropical zone there is high humidity and precipitation, which leads to cloud cover and affect the performance of satellite/reanalysis based temperature estimates (Zhang et al., 2021). This study finding in lined with other study that found ERA-Interim temperature data is better in terms RMSE compared to other temperature products (Bhattacharya et al., 2020). 
In the majority/entire AEZs, the bias values were positive for both studied temperature products but in dega/temperate and wurch/alpine AEZs its value was negative for MERRA v2.0. The main causes for bias of estimate direction between the station and reanalysis grid point is elevation differences (Xu et al., 2022). This result aligned with other authors who found that the reanalysis products show underestimated and overestimated in estimating climate variables (Aniley et al., 2023; Gashaw et al., 2023;  Wang et al., 2021). The PBIAS has better value for MERRA v2.0 than ERA5 in all AEZs but attained lower value in tropical AEZ. 
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Figure 4.1 Scatter plot of monthly maximum temperature of observed data against ERA5 and MERRA v2.0 over AEZs of Ethiopia from 1990-2020 periods.
Fig 4.2 shows the line graph representation of average monthly maximum temperature of ERA5 and MERRA v2.0 (1990-2020). The results displayed that the graphs of studied temperature products of the hot months (February to May) temperature are significantly closer to the observed line graph over most AEZs. But comparatively, MERRA v2.0 better performs than ERA5 for both hot and cold months in woina dega/sub-tropical AEZ and for hot months in temperate AEZ whereas the performance of ERA5 superior than MERRA v2.0 for both hot and cold months in bereha/desert, kolla/tropical AEZs and for hot months in wurch/alpine AEZ having best closer to the observed line graph (Fig. 4.2). The line graph representation of both studied datasets were underestimated over kolla/tropical AEZ during all months and MERRA v2.0 was overestimated at dega/temperate AEZ during all months except in October.
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 Figure 4.2 Line graph representation of average monthly observed maximum temperature with ERA5 and MERRA v2.0 temperature over AEZs of Ethiopia during 1990-2020.
[bookmark: _Toc168007017]4.1.4 Performance of reanalysis minimum temperature products at monthly time step
The performance values of both temperature products at monthly time step over five AEZs of Ethiopia are showed in Fig 4.3. As Fig 4.3 showed  both temperature products scattered points are closer with the 1:1 line over kolla/tropical and dega/temperate AEZs indicating better agreement with observed data. On other hand, the points are more far away from the reference line over the remaining AEZs. Therefore, ERA5 is preferable than MERRA v2.0 in most AEZs in terms of scatter plot distributions in this study area.
This study result displayed the major considered evaluation scores (MAE, RMSE and PBIAS) has better values for MERRA v2.0 than ERA5 at monthly time scale across all AEZs except kolla/tropical AEZ (Fig. 4.3). Similarly, MERRA v2.0 has also greater performance in terms of r and KGE values in bereha/desert, woina dega/sub-tropical and wurch/alpine AEZs. Conversely, the performances of ERA5 outperformed than MERRA v2.0 by attained higher correlation coefficient (r) at kolla/tropical, dega/temperate and wurch/alpine AEZs. Hence, this study results indicated MERRA v2.0 performs better compared to ERA5 over all AEZs for simulating temperature products in most/entire validation scores (Fig. 4.3). This study results concluded that MERRA v2.0 well performs than ERA5 over most AEZs in terms of major considered evaluation scores.  
With regard to PBIAS estimation the values found ranges from -35.00% over wurch/alpine AEZ to 26.5% over kolla/tropical AEZ. The PBIAS values of both datasets were negative over all AEZs except achieving positive PBIAS value in kolla/tropical AEZ, indicating overestimation of the temperature products in most of AEZs and underestimation in only kolla/tropical AEZ (Fig. 4.3).
[bookmark: _Toc167966737]This finding indicated ERA5 has lower performance than MERRA v2.0 for simulating minimum temperature at monthly time scale across most AEZs in entire/most considered performance metrics. This study result is aligned with Velikou et al. (2022) study, who stated that the performance of ERA5 was affected by the complex topography in certain areas of Europe. This study result also supported by other findings that reported MERRA-v2.0 has better performance than ERA5 at monthly temporal scale in Central Asia (Zandler et al., 2020) and in the Bale Eco-Region of southern Ethiopia  (Gashaw et al. 2023). 
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Figure 4.3 Scatter plot of monthly minimum temperature of observed data against ERA5 and MERRA v2.0 over AEZs of Ethiopia from 1990-2020 periods.
As Fig 4.4 revealed that the graph of both ERA5 and MERRA v2.0 displayed the hot months (February to May) temperature are closer to the observed line graph over bereha/desert and kolla/tropical AEZs than the remaining AEZs. Therefore, relatively, the performance of MERRA v2.0 is better than ERA5 for both hot and cold months in bereha/desert, dega/temperate AEZs and for cold months in wurch/alpine AEZ having best closer to the observed line graph. On the other hand, ERA5 achieved better performance than MERRA v2.0 for both hot and cold months in kolla/tropical, woina dega/sub-tropical AEZs (Fig. 4.4). Both datasets also showed as far away from observed line graph for monthly average minimum temperature over the woina dega/sub-tropical, dega/temperate and wurch/alpine AEZs, during the hot months (March and May). 
[bookmark: _Toc154261097][bookmark: _Toc167966738]Both ERA5 and MERRA v2.0 products were overestimated the monthly average minimum temperature for all months over woina dega/sub-tropical AEZ and the line graphs also showed underestimated over wurch/alpine AEZ for ERA5 and over kolla/tropical AEZ for MERRA v2.0 during all months (Fig. 4.4). In general, MERRA v2.0 has display more closeness with observed data than ERA5 over most AEZs during the majority months.
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 Figure 4.4 Line graph representation of average monthly observed minimum temperature with ERA5 and MERRA v2.0 tempereture over AEZs of Ethiopia during 1990-2020.
[bookmark: _Toc168007018] 4.1.5 Performance of reanalysis maximum temperature products at seasonal time step
The performance values of both datasets in simulating temperature products at seasonal scales over AEZs of Ethiopia are showed in table 4.3. 
This study finding indicated that MERRA v2.0 has better performance than ERA5 in all seasons (Bega, Belg and Kiremt) over all AEZs except over dega/temperate AEZ in terms of MAE, RMSE and PBIAS validation scores. Similarly, MERRA v2.0 has superior than ERA5 in kolla/tropical AEZ both in Belg and Kiremt seasons in all considered metrics but having low values of MAE, RMSE and PBIAS at Bega season in this AEZ (Table 4.3). On the other hand, ERA5 is better attained than MERRA v2.0 in terms of r and KGE values in all seasons over wurch/alpine AEZ and in Bega and Belg seasons over bereha/desert and dega/temperate AEZs. Generally, MERRA v2.0 has well performance in estimating temperature products compared to ERA5 in all seasons over all AEZs in most\majority considered metrics (Table 4.3).  
The PBIAS values of MERRA v2.0 ranges from -12.40% (over dega/temperate) AEZ in Kiremt to 0.1% (over wurch/alpine) AEZ in Belg seasons while ERA5 PBIAS extends from -20.80% (over bereha/desert) AEZ to 3.70% (over dega/temperate) AEZ in Belg season. Therefore, the highest estimation basis for ERA5 temperature product observed in bereha/desert AEZ and the lowest basis for MERRA v2.0 also recorded in wurch/alpine AEZ (Table 4.3).
This study revealed MERRA v2.0 has better performance than ERA5 during all considered seasons over most AEZs by major validation scores aligned with Gashaw et al. (2023) study  reported that MERRA v2 outperformed over ERA5 in the wet and dry seasons in terms of MAE, RMSE and PBIAS over kolla/tropical AEZ in southern Ethiopia. As Dembélé, Schaefli, Van De Giesen, et al. (2020) also reported the model performances compared to gauge data decrease from the drier to the wetter climatic zones in West Africa. However, both temperature products have bias problems over most AEZs at the seasonal temporal scale compared to other temporal scales.  The overall results of this study showed that MERRA v2.0 is highest performing in terms of MAE, RMSE and PBIAS over all AEZs in estimating seasonal maximum temperature. This indicated that MERRA v2.0 has a better fit to the gauged data across all AEZs by these validation scores.


[bookmark: _Toc167966659]Table 4.3 Continuous metrics result of seasonal maximum temperature of ERA5 and MERRA v2.0 with observed over AEZs of Ethiopia from 1990-2020
	Metrics
	Desert
	Tropical
	Sub-tropical
	Temperate
	Alpine

	
	ERA5
	MERRA v2.0
	ERA5
	MERRA v2.0
	ERA5
	MERRA v2.0
	ERA5
	MERRA v2.0
	ERA5
	MERRA v2.0

	  Bega (ONDJ)

	r
	0.60
	0.38
	0.88
	0.41
	0.82
	0.36
	0.81
	0.37
	0.87
	0.03

	MAE
	2.00
	0.74
	2.77
	1.33
	2.62
	1.26
	0.97
	0.61
	1.33
	0.74

	RMSE
	2.16
	0.94
	2.78
	1.46
	2.62
	1.39
	1.00
	0.81
	1.36
	1.01

	PBIAS    
	5.70
	0.40
	9.10
	4.40
	10.02
	4.30
	4.40
	0.30
	6.90
	2.10

	KGE
	0.29
	0.19
	0.83
	0.28
	0.79
	-0.63
	0.80
	-0.31
	0.71
	-0.06

	  Belg (FMAM)

	r
	0.72
	0.40
	-0.06
	0.71
	0.90
	0.74
	0.91
	0.29
	0.62
	0.45

	MAE
	5.52
	0.75
	2.74
	1.06
	2.29
	0.45
	0.90
	1.26
	1.50
	0.74

	RMSE
	5.53
	0.95
	2.96
	1.23
	2.30
	0.57
	0.94
	1.43
	1.58
	0.90

	PBIAS    
	-20.8
	0.90
	8.50
	3.30
	-8.20
	0.10
	3.70
	4.70
	-7.00
	-1.80

	KGE
	0.59
	0.35
	-0.09
	0.68
	0.86
	0.38
	0.82
	0.07
	0.58
	0.05

	  Kiremt (JJAS)

	r
	0.67
	0.75
	0.21
	0.57
	0.78
	0.54
	0.80
	0.13
	0.72
	0.65

	MAE
	5.58
	2.88
	2.53
	1.57
	2.54
	1.28
	0.89
	2.58
	1.37
	0.64

	RMSE
	5.60
	2.97
	2.62
	1.68
	2.56
	1.41
	0.93
	2.69
	1.40
	0.80

	PBIAS    
	-20.3
	7.00
	8.60
	5.30
	10.00
	5.10
	4.30
	-12.40
	7.00
	-2.80

	KGE
	0.56
	0.68
	0.20
	0.47
	0.76
	0.18
	0.74
	-0.08
	0.70
	0.04


[bookmark: _Toc168007019]4.1.6 Performance of reanalysis minimum temperature products at seasonal time step
Table 4.4 indicated that ERA5 is better attained than MERRA v2.0 in both seasons (Belg and Kiremt) over kolla/tropical, woina dega/sub-tropical and dega/temperate AEZs in terms of all metrics. Moreover, ERA5 is superior compared to MERRA v2.0 in in most\majority considered metrics in Bega over tropical and in Belg over wurch/alpine AEZs. On the other hand, MERRA v2.0 has better performance than ERA5 in both seasons (Bega and Belg) over bereha/desert AEZ and in Bega season over wurch/alpine AEZ in terms of all considered validation scores (Table 4.4). Generally, ERA5 has well performance than MERRA v2.0 in estimating temperature products in most seasons across AEZs in most\majority considered metrics. 
In terms of biases estimation the results revealed that ERA5 has negative PBIAS values across all AEZs in Bega season and with the same PBIAS values over some AEZs in Belg and Kiremt seasons (Table 4.4). Whereas, ERA5 exhibited positive PBIAS values in woina dega/sub-tropical, dega/temperate and wurch/alpine AEZs in Belg and Kiremt seasons indicated underestimation of the seasonal temperature. The MERRA v2.0 values also were negative over all except in kolla/tropical AEZ in all seasons this indicated that overestimation of the seasonal temperature (Table 4.4). 
ERA5 is superior over MERRA v2.0 in estimating temperature products in most seasons across AEZs in most\majority considered metrics. This result contradict with Gashaw et al. (2023) finding that reported ERA5 shown lower performance in dega/temperate AEZ in BER (Bale Eco- Region). In terms of biases estimation the results revealed that ERA5 has overestimates than MERRA v2.0 across all AEZs in most seasons. The present result coincided with other authors who stated that ERA5 has higher bias of seasonal temperature in diverse sites of Africa (Wang & Zeng, 2012, Ma et al, 2021). Gleixner et al. (2020) also stated that ERA5 has biases in temperature and precipitation over most of Africa. Moreover, as Mahto and Mishra, (2019) reported that ERA5 overestimated minimum temperature across India at Kiremt season. Therefore, making bias correction activity is important before using these datasets for any analysis and further research.
[bookmark: _Toc167966660]Table 4.4 Continuous metrics result of seasonal minimum temperature of ERA5 and MERRA v2.0 with observed over AEZs of Ethiopia from 1990-2020.
	Metrics
	Desert
	Tropical
	Sub-tropical
	Temperate
	Alpine

	
	ERA5
	MERRA v2.0
	ERA5
	MERRA v2.0
	ERA5
	MERRA v2.0
	ERA5
	MERRA v2.0
	ERA5
	MERRA v2.0

	  Bega (ONDJ)

	r
	0.31
	0.61
	0.57
	0.60
	0.75
	0.54
	0.87
	0.66
	-0.05
	0.53

	MAE
	1.54
	0.80
	0.38
	0.62
	1.62
	1.62
	0.55
	1.12
	3.49
	2.62

	RMSE
	2.25
	0.98
	0.46
	0.73
	1.65
	1.69
	0.58
	1.19
	3.66
	2.77

	PBIAS    
	-5.10
	-2.30
	-1.30
	3.80
	-16.1
	-16.00
	-6.60
	-13.50
	-99.1
	-75.10

	KGE
	0.10
	0.40
	0.39
	0.53
	0.64
	0.47
	0.85
	0.47
	-0.57
	0.05

	  Belg (FMAM)

	r
	0.37
	0.62
	0.75
	0.75
	0.32
	0.25
	0.89
	0.87
	0.60
	0.69

	MAE
	2.53
	0.65
	0.30
	0.53
	3.79
	4.60
	0.45
	1.91
	1.81
	1.92

	RMSE
	2.69
	0.81
	0.39
	0.61
	3.84
	4.64
	0.49
	1.93
	1.96
	2.03

	PBIAS    
	11.10
	-1.20
	0.50
	2.60
	-37.6
	-45.60
	-4.10
	-18.00
	-25.0
	-26.40

	KGE
	0.24
	0.49
	0.70
	0.61
	0.22
	0.11
	0.81
	0.71
	0.26
	0.47

	  Kiremt (JJAS)

	r
	0.29
	0.24
	0.74
	0.66
	0.31
	0.16
	0.75
	0.71
	-0.02
	-0.09

	MAE
	5.46
	0.87
	0.38
	1.16
	3.04
	3.97
	0.22
	2.04
	1.26
	2.26

	RMSE
	5.50
	1.12
	0.46
	1.20
	3.08
	4.01
	0.26
	2.05
	1.37
	2.33

	PBIAS    
	20.90
	-2.70
	2.10
	6.30
	-29.1
	-38.00
	-1.80
	-19.50
	-15.7
	-28.20

	KGE
	0.26
	0.16
	0.70
	0.65
	0.08
	-0.04
	0.75
	0.65
	-0.13
	-0.20



[bookmark: _Toc168007020]4.1.7 Performance reanalysis of maximum temperature products at annual time step
The performances of both datasets in estimating maximum temperature over the studied AEZs are presented in table 4.5 and fig. 4.5.    
The results revealed the MAE, RMSE and PBIAS values of MERRA v2.0 has well performances than ERA5 over all AEZs except its lower value over kolla/tropical AEZ, indicating ERA5 has significant errors and variability than MERRA v2.0 in estimating annual maximum temperature. Conversely, ERA5 outperforms the MERRA v2.0 in terms of achieving higher r and KGE values across all AEZs but with attaining lower value in wurch/alpine AEZ. In terms of biases estimation both studied reanalysis temperature products have negative PBIAS over all AEZs except MERRA v2.0 attained positive PBIAS in dega/temperate and wurch/alpine AEZs. The highest overestimation bias was observed over wurch/alpine AEZ (-7.00%) for ERA5 and over kolla/tropical AEZ (-4.20%) for MERRA v2.0. But, the maximum underestimation bias displayed over dega/temperate and wurch/alpine AEZs with PBIAS of 2.00% for MERRA v2.0 (Table 4.5). Therefore, the better accuracy of MERRA v2.0 for estimating annual maximum temperature over most AEZs of the majority /entire validation scores is aligned Gashaw et al. (2023) who concluded MERRA v2 outperformed than ERA5 at annual temporal scale in dega/temperate AEZs in the Bale Eco region (Southern Ethiopia). 
The superior performance of MERRA v2.0 compared to ERA5 is also reported in Andean Altiplano and Adjacent Cordilleras (Birkel et al., 2022). But contradicted by Bhattacharya et al. (2020) finding that studied in Beas river basin of North-Western Himalaya. In general, this study concluded that MERRA v2.0 has better accuracy than ERA5 for estimating annual maximum temperature over most AEZs of the majority /entire considered validation scores.
[bookmark: _Toc167966661]Table 4.5 Performance of ERA5 and MERRA v2.0 annual maximum temperature over five AEZs of Ethiopia from 1990-2020.
	AEZs
	Temperature Products
	Continuous Statistical Metrics

	
	
	r
	MAE
	RMSE
	PBIAS (%)
	KGE

	Desert
	ERA5
	0.07
	1.92
	1.96
	-5.11
	-1.51

	
	MERRA v2.0
	0.13
	1.19
	1.34
	-3.10
	-3.27

	Tropical
	ERA5
	0.89
	1.20
	1.22
	-3.90
	0.71

	
	MERRA v2.0
	0.48
	1.30
	1.41
	-4.20
	0.48

	Sub-tropical
	ERA5
	0.83
	2.34
	2.35
	-8.90
	0.81

	
	MERRA v2.0
	0.49
	0.93
	1.02
	-3.10
	-0.11

	Temperate
	ERA5
	0.84
	0.92
	0.94
	-4.10
	0.84

	
	MERRA v2.0
	0.43
	0.55
	0.76
	2.00
	-0.06

	Alpine
	ERA5
	0.78
	1.40
	1.42
	-7.00
	0.76

	
	MERRA v2.0
	0.54
	0.55
	0.71
	2.00
	0.01



[bookmark: _Toc154261098]Line graph presentations for both temperature products are showed in (Fig. 4.5). As the finding shows that MERRA v2.0 has closer values compared to observed values over bereha/desert, woina dega/sub-tropical and wurch/alpine AEZs whereas ERA5 was more or less close to the observed values over kolla/tropical and dega/temperate AEZs. Generally, MERRA v2.0 has closer values to observed values than ERA5 in most AEZs indicating, MERRA v2.0 has better performance over ERA5 in terms of line graph presentation in most AEZs of the study area. This result aligned with (Gashaw et al., 2023) study, who reported that MERRA v2.0 products has better closer values over the annual time scale than monthly time scale. 
The line graph representations of ERA5 and MERRA v2.0 products were underestimated the annual average maximum temperature for all years over bereha/desert and kolla/tropical and woina dega/sub-tropical AEZs and the line graphs also showed overestimated during all years except 1996 and 2013 years over dega/temperate AEZ for ERA5 and over wurch/alpine AEZ for MERRA v2.0 from 1999 up to 2009 years (Fig. 4.5). In general, the line graph of MERRA v2.0 dataset has represented more closeness with observed data than ERA5 over most AEZs during most years for annual average maximum temperature.
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Figure 4.5 Line graph representation of annual maximum observed temperature with ERA5 and MERRA v2.0 over AEZs of Ethiopia from 1990-2020  
[bookmark: _Toc168007021]4.1.8 Performance reanalysis of minimum temperature products at annual time step
The performances of ERA5 and MERRA v2.0 for simulating annual minimum temperature over five AEZs are shown in Table 4.6 and Fig .4.6. This study result shows ERA5 has better performance than those of MERRA v2.0 over all AEZs except in bereha/desert AEZ in terms of most considered metrics. But the MAE, RMSE and PBIAS values of MERRA v2.0 were lower than ERA5 over bereha/desert AEZ indicating MERRA v2.0 has better accuracy (Table 4.6). Conversely, the performance of MERRA v2.0 is superior terms of having higher r and KGE values in the wurch/alpine AEZ.  In terms of the directions of biases both studied products were showed Positive PBIAS over bereha/desert, woina dega/sub-tropical and dega/temperate AEZs, meaning that they underestimated the annual minimum temperature (Table 4.6). On the other hand, both the studied datasets have revealed negative PBIAS over tropical AEZ. The highest underestimated PBIAS values was observed for MERRA v2.0 (36.10%) and ERA5 (11.20%) over wurch/alpine and woina dega/sub-tropical AEZs respectively. Conversely, the maximum overestimation of annual minimum temperature also was registered over wurch/alpine and kolla/tropical AEZs with PBIAS of -25.90% and -4.30% for ERA5 and MERRA v2.0 respectively (Table 4.6). 
The good performance of ERA5 compared to MERRA v2.0 in annual timescale is corresponds with Bhattacharya et al. (2020) finding that studied in Beas river basin of North-Western Himalaya. On the other hand, this study result disagreement with Gashaw et al. (2023) finding which studied in the Bale Eco region (Southern Ethiopia). This study indicated the performance variations of the studied temperature products from one AEZ to another AEZ. This may be due to Ethiopia's complex topography and climate (Dinku et al., 2007). This study results also aligned with the previous study carried out in Beles sub-basin by Belay et al., (2019) reported the performance differences of satellite climate estimates over the highland and lowland areas. This finding clearly indicated that ERA5 superior for simulating minimum temperature over all AEZs by entire/most performance validation scores.  
[bookmark: _Toc167966662]Table 4.6 Performances of ERA5 and MERRA v2.0 annual minimum temperature over five AEZs of Ethiopia from 1990-2020.
	AEZs
	Temperature Products
	Continuous Statistical Metrics

	
	
	r
	MAE
	RMSE
	PBIAS (%)    
	KGE

	Desert
	ERA5
	0.47
	1.09
	1.20
	4.80
	0.39

	
	MERRA v2.0
	0.37
	0.56
	0.66
	1.30
	0.33

	Tropical
	ERA5
	0.73
	0.26
	0.31
	-0.70
	0.61

	
	MERRA v2.0
	0.67
	0.76
	0.82
	-4.30
	0.54

	Sub-tropical
	ERA5
	0.69
	1.31
	1.33
	11.20
	0.65

	
	MERRA v2.0
	0.36
	1.95
	1.99
	16.70
	0.34

	Temperate
	ERA5
	0.92
	0.39
	0.41
	4.00
	0.90

	
	MERRA v2.0
	0.72
	1.69
	1.70
	17.20
	0.66

	Alpine
	ERA5
	0.35
	2.19
	2.27
	-25.90
	-0.5

	
	MERRA v2.0
	0.40
	2.26
	2.33
	36.10
	0.16



Line graph representations of the annual temperature products showed that MERRA v2.0 is far away from observed over kolla/tropical and woina dega/sub-tropical AEZs and ERA5 also more or less far from the observed values over the remaining AEZs (Fig.4.6). The highest and least year-to-year performance variations for ERA5 was observed over dega/temperate and kolla/tropical AEZs respectively and for MERRA v2.0 also displayed over woina dega/sub-tropical and wurch/alpine AEZs respectively (Aniley et al., 2023). 
[bookmark: _Toc167966740]The representations of both ERA5 and MERRA v2.0 products line graphs were overestimated during all years at woina dega/sub-tropical and dega/temperate AEZs and the line graphs also showed underestimated during all years in kolla/tropical except the year of 2006 for annual average minimum temperature (Fig. 4.6). Generally, the line graph of MERRA v2.0 dataset has represented more closely than ERA5 with observed data over kolla/tropical, dega/temperate and wurch/alpine AEZs during most years for annual average minimum temperature.
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[bookmark: _Toc154320774]Figure 4.6 Line graph representation of annual minimum observed temperature with ERA5 and MERRA v2.0 over AEZs of Ethiopia from 1990-2020.  


[bookmark: _Toc168007022]CHAPTER 5: CONCLUSION AND RECOMMENDATIONS
[bookmark: _Toc168007023]5.1 Conclusion
The performance of ERA5 and MERRA v2.0 temperature products was evaluated compared to observed data in Ethiopia from 1990- 2020 periods. The performance was evaluated over different AEZs using five evaluation scores and graphs. The study revealed that performance of ERA5 and MERRA v2.0 temperature products varies across different AEZs of Ethiopia for simulating temperatures during the studied periods. MERRA v2.0 has shown superior performance compared to ERA5 for simulating monthly, Bega (October-January), Belg (February-May), and Kiremt (June-September) seasons and annual temperature over most AEZs of Ethiopia. In this study, as most statistical metrics values showed, ERA5 has better performances than MERRA v2.0 in woina dega/sub- tropical, kolla//tropical, and dega/temperate AEZs at daily time scale. Therefore, this study recommend MERRA v2.0 for monthly, seasonal and annual maximum and minimum temperature required hydro climate studies whereas for studies requiring daily data this study suggests ERA 5 for both maximum and minimum temperature. 
The performance variations of both temperature products across AEZs may be attributed to local climate characteristics, model biases, terrain complexes, and the availability of accurate input data. Therefore, using ERA5 for monthly, seasonal, and annual temporal scales temperature estimations may result in higher errors than MERRA v2.0 over most AEZs of Ethiopia. The study provides the importance and performances of reanalysis temperature datasets for users in estimating spatially varying weather information and data scarce AEZs for accurately estimating the temperature values which is vital for further hydro meteorological studies.
 




[bookmark: _Toc168007024]5.2 Recommendations
Based on this findings and discussions, the following possible solutions might be appropriate to be addressed in future improvements: 
· This research was used 37 stations data over five AEZs without equal representations corresponding to each AEZ. Therefore, future researchers should relatively be considered equal representative stations data over each AEZs of the study area.
· This study concluded that MERRA v2.0 is better than ERA5 for estimating temperature over most AEZs of Ethiopia. So, this study recommended future studies should be used MERRA v2.0 for simulating temperatures at monthly, seasonal, and annual temporal scales, 
· This study evaluated the performances of temperature products using point-to-pixel approach over both AEZs that have small and large number of stations but this approach advisable over areas with small number of stations distribution. Therefore, other studies should be applied grid-to-grid approach in simulating temperature products over AEZs where relatively many numbers of stations are there.  
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Appendix 1: Description of studied meteorological stations over traditional AEZs of Ethiopia
	No
	Stations 
	Geographic Coordinate
	Elevation
	Traditional AEZs
	Period of record

	
	
	
	
	
	

	
	
	Long
	Lati
	
	Amharic name
	English  name
	

	
	
	
	
	
	
	
	

	1
	Adama
	39.28
	8.56
	1648
	Woyina Dega
	Sub-tropical
	1990-2020

	2
	Addis Ababa
	38.75
	9.02
	2386
	Dega
	Temperate
	1990-2020

	3
	Ambo
	37.84
	8.99
	2068
	Woyina Dega
	Sub-tropical
	1990-2020

	4
	Asela
	39.14
	7.96
	2420
	Dega
	Temperate
	1990-2020

	5
	Asebe Teferi
	40.87
	9.07
	1796
	Woyina Dega
	Sub-tropical
	1990-2020

	6
	Bahir Dar
	37.42
	11.6
	1770
	Woyina Dega
	Sub-tropical
	1990-2020

	7
	Boditi
	37.86
	6.96
	2043
	Woyina Dega
	Sub-tropical
	1990-2020

	8
	Bonga
	36.24
	7.28
	1599
	Woyina Dega
	Sub-tropical
	1990-2020

	9
	Dangila
	36.85
	11.43
	2116
	Woyina Dega
	Sub-tropical
	1990-2020

	10
	Debre Birhan
	39.51
	9.67
	3206
	Wurchi
	Alpine 
	1990-2020

	11
	Debre Markos
	37.74
	10.33
	2446
	Dega
	Temperate
	1990-2020

	12
	Debre Tabor
	38
	11.87
	2612
	Dega
	Temperate
	1990-2020

	13
	Dire Dawa
	41.9
	9.61
	1045
	Kolla
	Tropical
	1990-2020

	14
	Dubity
	41.09
	11.73
	381
	Bereha
	Desert
	1990-2020

	15
	Fiche
	38.74
	9.77
	2798
	Dega
	Temperate
	1990-2020

	16
	Gewane
	40.66
	10.16
	744
	Kolla
	Tropical
	1990-2020

	17
	Gonder
	37.43
	12.52
	1973
	Woyina Dega
	Sub-tropical
	1990-2020

	18
	Gore
	35.55
	8.16
	2024
	Woyina Dega
	Sub-tropical
	1990-2020

	19
	Haramaya
	42.04
	9.42
	2025
	Woyina Dega
	Sub-tropical
	1990-2020

	20
	Hawassa
	38.48
	7.07
	1694
	Woyina Dega
	Sub-tropical
	1990-2020

	21
	Hosanna
	37.86
	7.57
	2306
	Dega
	Temperate
	1990-2020

	22
	Jijiga
	42.72
	9.37
	1557
	Woyina Dega
	Sub-tropical
	1990-2020

	23
	Kombolcha
	39.72
	11.08
	1857
	Woyina Dega
	Sub-tropical
	1990-2020

	24
	Konso
	37.44
	5.34
	1431
	Kolla
	Tropical
	1990-2020

	25
	Lalibela
	39.04
	12.04
	2487
	Dega
	Temperate
	1990-2020

	26
	Mekele
	39.53
	13.47
	2221
	Woyina Dega
	Sub-tropical
	1990-2020

	27
	Mojo
	39.11
	8.61
	1763
	Woyina Dega
	Sub-tropical
	1990-2020

	28
	Moyale
	39.05
	5.05
	1166
	Kolla
	Tropical
	1990-2020

	29
	Negele
	39.27
	5.33
	1439
	Kolla
	Tropical
	1990-2020

	30
	Nekemte
	36.55
	9.08
	2119
	Woyina Dega
	Sub-tropical
	1990-2020

	31
	Pawe
	36.41
	11.31
	1119
	Kolla
	Tropical
	1990-2020

	32
	Robe
	40.05
	7.13
	2480
	Dega
	Temperate
	1990-2020

	33
	Teppi
	35.44
	7.2
	1208
	Kolla
	Tropical
	1990-2020

	34
	Tulu bolo
	38.22
	8.67
	2100
	Woyina Dega
	Sub-tropical
	1990-2020

	35
	Wolaita Sodo
	37.75
	6.82
	1854
	Woyina Dega
	Sub-tropical
	1990-2020

	36
	Yirgachefe
	38.21
	6.15
	1856
	Woyina Dega
	Sub-tropical
	1990-2020

	37
	Yirgalem
	38.43
	6.8
	1786
	Woyina Dega
	Sub-tropical
	1990-2020
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