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Improving Extreme Precipitation Reanalysis Data by
Using the Observed Clausius-Clapeyron Relationships

Alexandros Papadopoulos-Zachos * and Christina Anagnostopoulou

Department of Meteorology and Climatology, School of Geology, Aristotle University of Thessaloniki, 54124
Thessaloniki, Greece
* Correspondence: alexandpk@geo.auth.gr

Abstract: Climate change is a crucial issue of the 21st century, leading to more frequent and
severe extreme precipitation events globally. These events result in significant social and economic
disruptions, including flooding, loss of life, and damage to infrastructure. Projections suggest that
extreme rainfall will intensify in the latter half of the century, underscoring the need for accurate
and timely forecasting. Despite advancements in meteorological and climate models that offer
high accuracy for various weather parameters, these models still struggle to detect extreme values,
particularly for precipitation. This research examines the sensitivity of extreme precipitation events
to temperature, based on the Clausius-Clapeyron relationship, focusing on Thessaloniki, Greece. It
also evaluates the effectiveness of reanalysis data in identifying extreme precipitation and explores
how rainfall-temperature relationships can enhance prediction accuracy. The findings are vital for
improving the estimation of extreme rainfall events and informing the design of flood-resilient
infrastructure.
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1. Introduction

One of the most significant impacts of climate change concerns disruptions in the hydrological
cycle. These disruptions are not expected to be uniform, unlike temperature increases. In some
regions, there is a trend towards increased average precipitation, while in others, a decrease is
expected. Specifically, reductions are observed in subtropical areas and increases in higher latitudes,
particularly in North America, Eurasia, and Argentina. Negative trends are particularly observed
in the Mediterranean, southern Asia, and Africa [1,2]. Changes in extremes do not necessarily align
with changes in average precipitation. Extreme precipitation events generally show increasing trends
worldwide, even in regions where a decrease in average precipitation is observed [2]. Particularly
in drier areas, the increase in extremes appears to be significantly greater, as evidenced by both
observations and model simulations [3].

Pall et al. [4] concluded that that alterations in mean precipitation are governed by the energy
balance, while changes in the upper percentiles of the precipitation distribution are expected to be
restricted by moisture availability, specifically by the Clausius-Clapeyron relationship. A prerequisite
for a rise in extreme precipitation at a rate specified by the Clausius-Clapeyron (CC) relationship is the
presence of moisture in the atmosphere. In regions where there is lack of moisture, such as continental
areas, the relationship between extreme precipitation and temperature will be smaller than the CC
relationship (sub-Clausius-Clapeyron or sub-CC) [5]. In tropical regions, the mechanisms driving
heavy precipitation are predominantly impacted by the latent heat released during the process of
rainfall. As a result, it is projected that there will be enhancements exceeding the expected rate defined
by the Clausius-Clapeyron equation, a phenomenon known as super Clausius-Clapeyron or super CC
[4]. This phenomenon also holds true for regions at high latitudes in the event of moisture influx from
nearby areas during extreme weather occurrences [5].

It is evident that the daily precipitation intensity exhibits different types of scaling with mean
temperature depending on the geographical region. Specifically, in tropical regions (20° S-20° N), a
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consistently negative scaling prevails, while a consistently positive scaling is identified in areas with a
high latitude in the Northern Hemisphere (>55° N). In mid-latitudes (20°-55° N and S), positive scaling
dominates up to a certain temperature threshold, beyond which it becomes negative. This behavior
has been observed in many areas and is associated with the limitation of moisture availability at higher
temperatures [6].The most common temperature parameter used to determine the relationship between
extreme precipitation and temperature is the mean daily temperature, rather than the temperature
during the event itself [7]. The reason hourly temperatures are not preferred is due to the significant
influence they receive from boundary layer processes and radiation. In contrast, the mean daily
temperature better represents the air mass above the region [8]. Additionally, the temperature during
the event is affected by the cooling caused by the precipitation itself [9]. Various studies have observed
that using the dew point instead of surface temperature better represents the precipitation-temperature
relationship. The use of dew point instead of surface temperature is a better and more realistic
indicator of the response of extreme precipitation to warming. This is because the relative humidity is
taken into account for the dew point calculation, which must remain constant for the CC relationship
to hold. However, this is not the case for all regions and especially for high temperatures, where
there is a limitation of relative humidity [10]. Additionally, the timescale under investigation plays
a significant role in the relationship, as a considerably greater increase in extreme precipitation with
temperature is observed, exceeding the rate defined by the Clausius-Clapeyron (super-CC), on hourly
scales. On even shorter timescales (such as 10 or 5-minute intensities), the increase can be up to twice
the Clausius-Clapeyron rate (2CC) [11,12].

In the Mediterranean, extreme precipitation events (99th percentile) at daily or smaller scales
(three-hourly, hourly, and ten-minute intensities) from E-OBS data show an increase at a rate close to
the CC (7%/°C) up to a certain temperature threshold. Beyond this threshold, they follow sub-CC or
negative trends, thus exhibiting a characteristic "hook" shape.The temperature change point indicates
the temperature at which a sharp change occurs in the precipitation-temperature relationship [5].

Moreover, it is worth noting that the type of data used to determine the relationship between
extreme precipitation and temperature for a region should be carefully chosen. In cases where the
network of available meteorological stations does not cover the study area, many studies resort to
using data from other sources (reanalysis, E-OBS, model simulations). For such data, it should be
taken into consideration that they may have limitations in simulating the phenomena under study,
especially extreme precipitation events. E-OBS data compared to stations tend to systematically
underestimate extremes (dry bias) [5]. The same applies to ERA5 and ERA5-Land reanalysis, which
tend to overestimate small episodes while underestimating the most intense ones [13,14].

The aim of this study is to introduce the Clausius-Clapeyron (CC) relationship into a mid-latitude,
semiarid region (Thessaloniki, Greece) by employing various methodologies to correct reanalysis data.
The need for accurate prediction of extreme precipitation, which drives flash floods and causes various
impacts, motivates the use of the CC relationship to improve extreme precipitation databases. By
accurately incorporating the CC relationship, we aim to enhance the precision of reanalysis datasets,
thereby improving the understanding of extreme precipitation patterns in the region.

2. Data and Methodology

Thessaloniki, located in northern Greece, is the country’s second largest city with more than
one million residents in its metropolitan area. To investigate the extreme precipitation relationship
with temperature both station and reanalysis data were used. Specifically, temperature, dew point,
and precipitation data from the meteorological station of Aristotle University of Thessaloniki were
collected, spanning the period from 1951 to 2021. Additionally, reanalysis data from the ERA5-Land
dataset were utilized for the same parameters and for the period 1981-2021. For establishing the
relationship between extreme precipitation and temperature and comparing it with the rate defined by
the Clausius-Clapeyron, two methods were employed: linear Quantile Regression and the Binning
method. The quantile regression method was applied to the hourly and three-hourly precipitation
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data, using both mean daily temperature and mean daily dew point. This methodology, established by
de Vyver et al. [15], was utilized in the analysis of station data from Central Europe and Scandinavia.
This study pertains to assessing the efficacy of employing this methodology in a station exhibiting
distinct climatic attributes. The methodology fits two different linear models to the precipitation data.
A simple linear model applied to the upper quantile for the whole temperature range and a second
model using piecewise linear quantile regression, in which a tipping point is specified, representing
the temperature threshold above which the relationship changes and thus the slope of the line changes.
In the first model, which is called the ”CC model”, the scaling of the upper quantiles (τ) of the daily
rainfall is calculated using the logarithm of rainfall - log(P) with temperature or the dew point as the
predictor variable [16]:

Qcc
τ (T) = α + βT (1)

where:

• β,the slope of the line resulting in CC scaling.
• T,the mean daily temperature or the dew point.

The second model, called the "CC+ model" calculates the inflection point of the scaling line, using
piecewise linear quantile regression [17]:

QCC+
τ (T) = {α1+β1T f orT<=TC

α2+β2T f orT>TC
(2)

where:

• TC,the temperature threshold above which the rainfall-temperature relationship changes
• β1, the slope of the line before the inflection point, corresponding to the rate of increase defined

by the Clausius-Clapeyron (CC rate, 7%/oC)
• β2,the slope of the line after the inflection point Tc, corresponding to a rate of increase greater

(> 7%/oC, super-CC), smaller (< 7%/oC, sub-CC), or negative (< 0%/oC) scaling.

To determine which of the two models better represents the data, the Bayesian Information
Criterion (BIC) is applied. Additionally, to assess the ability of each model to represent the data for a
specific quantile, the goodness-of-fit criterion is applied.

For the binning method, the methodology is developed according to the standards of Drobinski
et al. [5]. The methodology was applied to hourly, three-hourly and daily precipitation values using
the average daily temperature. Days with precipitation of at least 0.1 mm were characterized as rainy
days. The classification of the observations was performed in bins with a fixed range of 2°C. The
data were sorted in ascending order based on the mean daily temperature (respectively for the dew
point) and the maximum and minimum temperatures were calculated in order to determine the total
range. They were then divided into fixed range classes of 2°C and sorted into them according to the
average temperature on the day of the rainfall. Unlike [5], an equal number of cases in each class was
not used ensuring no cases were dropped. Instead, all cases were sorted for the reference period. To
ensure statistical significance, only classes with at least 50 cases were selected. In this way, the upper
and lower classes of the distribution were excluded. The average temperature of each class was then
calculated and finally, for each of them, the cases were ranked in descending order and the 90th, 95th,
99th and 99,9th percentiles were calculated.

The main difference between the Quantile Regression and Binning methods is that the first
calculates the relationships between extreme precipitation and temperature by taking into account
the upper percentiles of the entire distribution. In contrast, the second calculates the quantile of each
temperature class separately. In this way, the binning method includes cases that do not necessarily
belong to the extreme percentiles of the total precipitation distribution of the station. On the other hand,
the separation of the episodes into temperature classes and the calculation of the upper percentiles for
each of them, provides the advantage of a more comprehensive and thorough study of the relationship
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between extreme precipitation and temperature in particular temperature ranges. In addition, by
using the binning method, it is easier to detect the temperature threshold above which the relationship
becomes negative for the mid-latitudes, which include our study area.

In Figure 1, the flowchart of the applied methodology is presented. For the Quantile Regression
methodology, once the linear relationships for the station data have been determined, they are applied
to the reanalysis data. Using as temperature (T) the mean daily temperature or dew point from
the reanalysis data and given the coefficients α, β (CC model - Equation(1)) and α1,β2,α2,β2 (CC+
model-Equation (2)) for each t-quantile, the expected precipitation value of each quantile for that
temperature is obtained. The Binning methodology involves a more complex process. A function was
developed to utilize temperature values from reanalysis data and extract the precipitation percentiles,
which were obtained from observations, corresponding to this temperature. First, the function identifies
the temperature class and verifies if the temperature falls within the acceptable range. Then, it extracts
the percentiles for that class. Next, the percentiles for the two adjacent classes (upper and lower)
are determined, and weights for all three classes are calculated based on the distance of the given
temperature from the average temperatures of the neighboring classes. Finally, a linear regression
is performed using these weights to quantify the temperature. This function is applied to each
temperature value from the reanalysis data in order to obtain a new set of binning-corrected data.

Figure 1. Flowchart of the applied methodology

3. Results

Comparing the observational data with ERA5 Land values at the closest grid point to the station,
it is apparent that while ERA5 Land data can accurately depict daily temperatures during extreme
events (Figure 2 left), they exhibit a tendency to significantly underestimate precipitation. Illustrated
in Figure 2 right, the majority of 3-hourly intensities exceeding the 90th percentile of the distribution
lies below the x=y line, indicating this underestimation by ERA5 Land. In light of this observation, and
drawing from existing literature, it becomes evident that there exists a crucial necessity to acknowledge
and enhance this underestimation. In order to address this concern, our objective is to utilize the
observed scaling relations between extreme precipitation and temperature on the data derived by
ERA5 Land.
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Figure 2. Comparison between ERA5 Land and observations of daily temperatures at the day of
extreme events (left) and 3-hourly precipitation events exceeding the 90th percentile (right).

3.1. Identifying the Observed scaling relations

The analysis compares two methodologies, Quantile Regression and the Binning method,
applied to extreme precipitation data from 1951 to 2021, examining cold (October-March) and warm
(April-September) seasons separately. The statistical analysis (goodness of fit criterion) of the fit of these
methods to the data shows that using temperature against dew point provides a slightly better fit for the
station data across all timescales and periods examined. Quantile Regression demonstrates that extreme
precipitation generally increases with temperature, with the highest rates being observed during the
warm period. This rate of increase surpasses the Clausius-Clapeyron (CC) relation, notably for very
extreme events. Similarly, the binning method indicates an overall increase in extreme precipitation
with temperature exceeding the rate defined by the Clausius-Clapeyron equation, predominantly
during the warm season. The binning method also identifies the temperature threshold for this
increased rate to be around 21°C to 24°C across all timescales analyzed. The analysis of Figure 2
involves comparing the Quantile Regression (dashed lines) and Binning (solid lines) methodologies
for the upper percentiles of hourly precipitation with daily mean temperature, across different periods
and temperature models. For Quantile Regression, the rates of increase of extreme precipitation
percentiles with temperature are given in Table 1, for the whole season and for warm and cold half of
the year along with the temperature threshold for CC and the CC+ methods. Specifically, the Quantile
Regression method identified increasing rates in agreement with the rate defined by CC, for the 90th
and 95th percentile of hourly precipitation, while rates exceeding the CC rate have been identified for
the 99th and 99.9th as shown in Table 1. For the 99th percentile during the total reference period, the
rate of increase as derived from the CC+ model is significantly higher reaching super-CC (+9.9 %/°C)
for temperatures above 14.1 °C. The precipitation during the cold period shows a similar behavior
with the increase after the temperature change point (Tc = 16.1 °C) being more than double the CC rate
(>2CC) with +15.8 %/°C. In the warm period, an increase of 9.9 %/°C up to 17.7 °C is observed. For
the 99.9th percentile, for temperatures exceeding 9.5°C and 9.7°C (Figure 2), very extreme precipitation
increases at a rate of +10.5%/°C (total period) and +10.7% (cold season). During the warm half, scaling
close to 2CC is observed with a rate of +13.3 %/°C for average daily temperatures below 18.5°C and
following the CC rate (+7.3 %/°C) for higher temperatures. For the 3-hourly intensities (Table 2 and
Figure 3), the Quantile Regression method identified an increasing rate below the one defined by the
Clausius-Clapeyron equation. The rate increases with the intensity and for the 99.9th percentile an
increase of about 6%/°C is found. Unlike the hourly intensities, the increase in the warm season is
not the highest. The most pronounced increase with temperature is found when the warm and cold
periods are considered together.
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Table 1. Scaling rates of hourly precipitation extremes to temperature, for each period and percentile
and for both models (CC, CC+), as determined by the slope β of the quantile lines. For the CC+ model,
the temperature threshold (Tc) is shown. Shaded with gray is the best model according to BIC method.
Super-CC rates are denoted in bold

P90 P95 P99 P99.9

CC CC+ CC CC+ CC CC+ CC CC+
β β1 β2 Tc (◦C) β β1 β2 Tc (◦C) β β1 β2 Tc (◦C) β β1 β2 Tc (◦C)

1951-2021 5.4 3.4 5.9 8.1 5.9 4 7 9.3 7.7 6.8 9.9 14.1 8.3 1.2 10.5 9.5

1951-2021
Cold period 4.8 3.5 5.5 8 5.2 4.1 6 8 7.2 6.8 15.8 16.1 6.6 1.3 10.7 9.7

1951-2021
Warm period 5.7 4.3 6.2 15.1 6.7 5 7.5 15.1 8.7 9.9 5.6 17.7 12.3 13.3 7.3 18.5

Figure 3. Comparison of Quantile Regression (dashed lines) and Binning (solid lines) methodologies for
the four upper percentiles of hourly precipitation with daily mean temperature. On the left, comparison
of the CC model with the Binning method; on the right, comparison of the CC+ model with the Binning
method. For a) the whole period 1951-2021, b) warm period (April-September) and c) cold period
(October-March). Shown for reference: the CC rate (7%/°C) (red dotted lines) and 2CC (14%/°C) (green
dotted lines).
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Figure 4. Comparison of Quantile Regression (dashed lines) and Binning (solid lines) methodologies
for the four upper percentiles of 3-hourly precipitation with daily mean temperature. On the left,
comparison of the CC model with the Binning method; on the right, comparison of the CC+ model
with the Binning method. For a) the whole period 1951-2021, b) warm period (April-September) and c)
cold period (October-March). Shown for reference: the CC rate (7%/°C) (red dotted lines) and 2CC
(14%/°C) (green dotted lines).

Table 2. Scaling rates of 3-hourly precipitation extremes to temperature, for each period and percentile
and for both models (CC, CC+), as determined by the slope β of the quantile lines. For the CC+ model
the temperature threshold (Tc) is shown. Shaded with gray is the best model according to BIC method.
Super-CC rates are denoted in bold.

P90 P95 P99 P99.9

CC CC+ CC CC+ CC CC+ CC CC+
β β1 β2 Tc (◦C) β β1 β2 Tc (◦C) β β1 β2 Tc (◦C) β β1 β2 Tc (◦C)

1951-2021 3.8 4.1 2.5 19 4.4 2.5 5.1 8.9 5.7 5.1 6.5 13.6 5.9 6.2 4.4 18.7

1951-2021
Cold period 3.3 3.4 1.9 15.1 3.8 2.6 5.1 9.3 5.5 6.6 4.6 6.8 5.3 6.5 4.2 11.5

1951-2021
Warm period 3.1 4 2 17.3 4.4 5.9 3 17.3 6.2 6.7 4.4 19 5 7.6 4.3 18.2

With the Binning method the extreme hourly intensities show an increase with average daily
temperature at a rate similar to and greater than the rate defined by the CC relation. Super-CC scaling
is observed at temperatures -3 to +1 °C (Figure 2, total period; cold period). and between 15 and 21.5
°C where it reaches 2CC. For temperatures above 21.5°C, the precipitation-temperature relationship
becomes negative for the 90th and 95th percentiles, as well as the 99th and 99.9th percentiles. During
the cold period of the year (October-March), hourly precipitation values increase with the temperature
at a rate close to the 7%/°C defined by Clausius-Clapeyron. The 99th and 99.9th percentiles exceed
this rate for temperatures of 15-18 °C, but show a negative relationship at higher temperatures. In the
warm season (April-September) the binning method shows an increase close to CC rate up to 15 °C.
Between 15°C and 22°C, the increase exceeds 7%/°C for the 90th and 95th percentiles and exceeds
twice the CC rate (2CC) for the 99th and 99.9th percentiles. However, for temperatures above 26°C, the
relationship becomes negative. The 3-hourly precipitation intensities, for the whole period, follow the
Clausius-Clapeyron rate closely (Figure 3). Specifically, the 95th, 99th and 99.9th percentiles follow the
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CC rate for temperatures from 2 °C to 22 °C, while the 90th percentile shows sub-CC growth. Between
18°C and 22°C, the 90th and 95th percentiles increase at a rate approaching 2CC, but become negative
above 22-24°C. During the cold period, the rate of increase for extreme precipitation exceeds the CC
rate between 2-6 °C and 10-14 °C becoming negative above 18-20 °C. In the warm season, the increase
exceeds the CC rate (super-CC) and reaches or exceeds 2CC for temperatures between 15 and 21 °C.,
but becomes negative at higher temperatures. The evolution of the daily extremes with temperature
occurs at a rate lower than that defined by CC rate. There is a significant increase in daily extremes up
to 6 °C. For temperatures higher than 22oC, the relationship becomes negative, except for the 99th and
99.9th percentiles, which show a significant increase at 26-28 °C. When separating the data into cold
and warm seasons, a similar pattern is observed.

3.2. Reanalysis Data

The application of the Binning method to the three-hourly and daily rainfall data from ERA5
Land (Figure 5) demonstrates the clear underestimation of the extremes. The upper percentiles follow
a negative relationship with temperature up to 6 °C and then a positive relationship up to 10-12 °C
for all three time scales. For higher temperatures, the 90th and 95th percentiles show a continuous
negative trend, the 99th shows a zero trend up to 21 °C and then a decline, and the 99.9th follows an
increase at a rate slightly less than CC up to 21 °C before the relationship becomes negative. Although
significant increases are found for some temperature classes, these are not sustained. It appears
that the ”hook shape” observed for the Mediterranean regions is more pronounced in the reanalysis
data than in the observations. Despite the underestimation of extremes by ERA5, the temperatures
where the relationship becomes strongly negative are between 21 and 24 °C and are in agreement
with observations. However, a negative relationship is found for the 90th and 95th percentiles for
temperatures >9-10 °C which is in agreement with previous studies placing the threshold at 7 °C for
the Greek region (Drobinski et al. 2018).

Figure 5. Precipitation-mean daily temperature relationships between observations (black) and ERA5
Land (red) after applying the binning method to the 3-hourly data for the four upper percentiles
(90th, 95th, 99th and 99.9th) Shown for comparison: the CC rate (7%/°C) (red dashed lines) and 2CC
(14%/°C) (green dashed lines).
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In order to reduce this underestimation of extremes the observed relations are applied to the
temperature data of ERA5 Land reanalysis dataset on the days that extreme precipitation was recorded
on the station. Figure 6 shows the values of the upper percentiles of the hourly precipitation from
the observations compared to the primary data from ERA5 Land (black) and to the corrected values
through the two methodologies in the same diagram. For the quantile regression method in red for
the QQ model and in yellow for the QQ+ model and for the binning method in green. To better
compare the methods, the violin plots of the differences of the station observations from ERA5 and
the results of the two methods were created (Figure 7). Figure 6 clearly shows that extreme rainfall
in the Thessaloniki area is consistently underestimated (black dots). However, the results from the
three methods indicate a promising trend, with significant correction observed, particularly for the
most extreme cases at the 95th and 99th percentiles. Figure 7 allows us to quantify the improvement in
estimating extreme precipitation. It is evident that the majority of the difference values are positive
for ERA5 Land. By correcting the values through the equations obtained from the three methods, it
is evident that the differences are significantly reduced. More specifically, for the 90th percentile the
average value of the difference between station and ERA5 Land is 7.7 mm and is reduced to 5.3 mm
with the two quantile regression methods and to 4.6 mm with the binning method. For the 95th the
reduction is from 9.1 mm to 4.5 mm with the CC model, 4.3 mm with the CC+ model and 3.8 mm
with the Binning method. For the 99th percentile the difference is reduced respectively from 16.6
mm to 2.3 mm (CC), 1.1 mm (CC+) and 1.9 mm (Binning). Overall, the Binning method provides a
clearer and more precise depiction of the relationship between temperature and extreme precipitation.
Unlike Quantile Regression, which offers a broader analysis, the Binning method identifies specific
temperature thresholds and rates of change, making it more effective for understanding and predicting
extreme precipitation patterns. This detailed approach underscores its advantage in capturing the
nuances of temperature-related precipitation dynamics.

Figure 6. Scatter plots of the upper percentiles (90th, 95th and 99th) of the 3-hourly rainfall values
summed over the 24-hour period between ERA5 Land and station observations (black) and between
ERA5 Land regressed with the CC (red) and CC+ (yellow) models of the Quantile regression method
and with the Binning method (green). The line corresponds to x=y.
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Figure 7. Violin plots of the differences of station observations from the original ERA5 Land (black) and
ERA5 Land recalculated with the CC model (red), CC+ model (yellow) and the Binning method (green)
for the 90th, 95th and 99th percentiles of the 3-hourly rainfall values summed over the 24-hour period.

4. Discussion and Conclusions

The statistical analysis of the methods’ application to the data shows that the use of temperature
compared to the dew point seems to have a slightly better fit for the station data. On the contrary,
in regions with wetter climatic characteristics, such as Western Europe and Scandinavia, it has been
shown that the dew point presents a better fit with extreme precipitation [15]. The hourly values show
an increase with temperature, which is in agreement with the Clausius-Clapeyron (CC) relationship,
while for very extreme precipitation, a rate that significantly exceeds this relationship (super-CC) is
recorded, reaching up to 2CC. Many researchers have reported similar findings for the Netherlands,
Switzerland, and Austria, with scaling detection exceeding 2CC [11,12,18]. For the 3hourly values,
this rate is smaller but still in agreement with CC without exceeding it, while for the daily values,
the change is even smaller and is below the CC rate (sub-CC). These results are in agreement with
studies worldwide [7,19] and show that the smaller the timescale, the stronger the rate of increase of
the extremes with temperature. The Binning method identified the temperature threshold above which
a negative relationship prevails, averaging between 21-22°C for all time scales and most percentiles.
This threshold is in agreement with [20] where for Thessaloniki station it was identified at 20°C and is
significantly higher than the threshold of 7°C found for Greece in previous studies [5].

The evaluation of the ERA5 Land reanalysis data showed that despite the good agreement with
the observations for daily mean temperatures, extreme precipitations are significantly underestimated.
Numerous studies [13,14,21] have reported this underestimation of very intense precipitation episodes,
often accompanied by an overestimation of small rainfall amounts. Furthermore, both the rate
of increase with temperature and the temperature threshold from which the relationship becomes
negative were found to be smaller compared to the observed values when the binning method was
performed on ERA5 Land data. By applying the derived equations from the two methodologies to the
temperature data from ERA5 Land during the days when extreme rainfall occurred at the station, a
significant improvement is observed. In particular, a decrease in the underestimation was observed
ranging from 10% to more than 50% with the greatest improvement being found during the most
extreme rainfall events. The improvement is similar with all three models (CC, CC+ and Binning)
without any of them being superior .

Overall, the application of the methods for determining the extreme precipitation - temperature
relationship shows that the extremes are indeed in agreement with the Clausius-Clapeyron relationship.
At the same time, the rate exceeding the CC, which has been identified in sub daily data of different
regions, is also found in Thessaloniki. In addition, an important conclusion is that the application of
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the observed relationship is able to lead to an improvement of the underestimations from the reanalysis
data. The latter makes the method a particularly important tool for prevention against extreme
events that may lead to flooding events in the near and distant future. The Clausius-Clapeyron (CC)
relationship has the limitation of being highly specific to each region, necessitating separate definitions
for different areas. Furthermore, accurately defining this relationship requires station-observed data,
which are often difficult to obtain. Despite these challenges, these limitations inspire future work
and the potential application of the method in other regions, paving the way for broader and more
comprehensive studies.
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