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ABSTRACT
This study contributes to the understanding of the relationship between air temperature and convection by
analyzing the characteristics of rainfall at the storm and convective rain cell scales. High spatial–temporal
resolution (1 km, 5 min) estimates from a uniquely long weather radar record (24 years) were coupled with
near-surface air temperature over Mediterranean and semiarid regions in the eastern Mediterranean. In the
examined temperature range (58–258C), the peak intensity of individual convective rain cells was found to
increase with temperature, but at a lower rate than the 7%8C21 scaling expected from the Clausius–Clapeyron
relation, while the area of the individual convective rain cells slightly decreases or, at most, remains unchanged. At the storm scale, the areal convective rainfall was found to increase with warmer temperatures,
whereas the areal nonconvective rainfall and the stormwide area decrease. This suggests an enhanced
moisture convergence from the stormwide extent toward the convective rain cells. Results indicate a reduction in the total rainfall amounts and an increased heterogeneity of the spatial structure of the storm
rainfall for temperatures increasing up to 258C. Thermodynamic conditions, analyzed using convective
available potential energy, were determined to be similar between Mediterranean and semiarid regions.
Limitations in the atmospheric moisture availability when shifting from Mediterranean to semiarid climates
were detected and explain the suppression of the intensity of the convective rain cells when moving toward
drier regions. The relationships obtained in this study are relevant for nearby regions characterized by
Mediterranean and semiarid climates.

1. Introduction
Air temperature influences extreme rainfall intensity
because of the increased water vapor–holding capacity
of warmer air that follows the well-known Clausius–
Clapeyron (CC) relation (e.g., Trenberth et al. 2003;
O’Gorman and Schneider 2009; Fatichi et al. 2015).
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Convective rainfall is found to be particularly sensitive
to warmer temperatures (Berg et al. 2013), as it is
influenced by both thermodynamic and dynamic processes (Loriaux et al. 2013). The possible intensification
of extreme rainfall intensity in a warmer climate has
stimulated studies that quantify the relationship between temperature and rainfall rates [see review by
Westra et al. (2014)]. A special focus in these studies is
given to the scaling of extreme rainfall intensity with
temperature, defined as the relative change of rainfall
intensity in high quantiles per degree of increase in the
air temperature. Daily to hourly scales were analyzed
using observations and large-scale climate models for
present (e.g., Eltahir and Pal 1996; Berg et al. 2009;
Mishra et al. 2012; Fischer and Knutti 2016) and future
climates (e.g., Ban et al. 2015; Bao et al. 2017). Furthermore, high-resolution climate models were used to
study the response of rain intensity to near-surface
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temperature at fine spatiotemporal scales (e.g., Singleton
and Toumi 2013; Meredith et al. 2015; Moseley et al. 2016;
Haerter et al. 2017; Prein et al. 2017a). The scaling was
observed to depend on rainfall type (i.e., convective
versus stratiform; e.g., Moseley et al. 2013; Molnar et al.
2015), temporal resolution of the sample (e.g., Panthou
et al. 2014), and location/climate (Drobinski et al. 2018;
Pfahl et al. 2017).
So far, few contributions have targeted observationbased analyses of the impact of air temperature on the
spatiotemporal characteristics of extreme rainfall (e.g.,
Berg et al. 2013; Wasko et al. 2015, 2016a,b). These
studies focused on relatively large (continental) scales,
using data derived from rain gauge networks or coarseresolution remote sensing products. Moseley et al. (2013)
and Lochbihler et al. (2017) analyzed the relationship
between temperature or dewpoint temperature and the
spatiotemporal characteristics of extreme rainfall at small
scales using weather radar data. Yet, the effect of temperature on the small-scale structure of rainfall fields remains largely unexplored in many regions worldwide.
This study contributes to the understanding of the relationship between air temperature and convective rainfall by analyzing the characteristics of rainfall at the storm
scale and at the scale of scattered convective elements,
more specifically, individual convective rain cells. The
study is focused on Mediterranean and semiarid climates,
where convective rainfall largely contributes to the total
annual rainfall (Sharon and Kutiel 1986). Convective rain
cells often precipitate with a high rainfall intensity for a
short duration (e.g., Peleg and Morin 2012) and are associated with the triggering of high-magnitude flash
floods, especially in small- to medium-sized catchments in
semiarid and arid climates (e.g., Syed et al. 2003; Morin
et al. 2006; Yakir and Morin 2011). Their analysis requires
high-resolution rainfall data in space and time that can be
obtained using weather radars (e.g., Barnolas et al. 2010;
Belachsen et al. 2017). Here we present how highresolution rainfall data can be used for analyzing the
scaling of rainfall properties with temperature to answer
the following questions: How does temperature affect the
intensification/weakening of convective rain cells? Is
there an enhancement of moisture convergence and
therefore cell intensity with temperature? If so, how does
it affect the stormwide areal rainfall? How does the
scaling change when shifting toward drier climates and
along the sea–land transition?
A unique long-term record of high-resolution radarbased rainfall estimates was used to identify the convective rain cells over the eastern Mediterranean, a region characterized by different climatic conditions (from
Mediterranean to arid), moisture availability, and atmospheric processes (thermodynamic and dynamic
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FIG. 1. Map showing the weather radar (gray star), climatic zones
(Mediterranean, green; semiarid, red; arid, orange) and the four
60 km 3 60 km locations that were studied (square areas, labeled
A–D). The meteorological stations of Ein Hahoresh, Beer
Sheva, and Sedom are marked with green triangles (labeled 1–3,
respectively).

conditions). The scaling of peak rain intensity and area
of convective rain cells with temperature was quantified.
The relation between stormwide properties of convective rainfall fields and temperature was then estimated,
paying attention to the role of the rainfall spatial structure at the storm scale.

2. Study area
The study focuses on the eastern Mediterranean
(EM), a region characterized by a sharp change from
Mediterranean to semiarid and arid climates (Fig. 1).
Precipitation over the sea and the coastal region is
generally brought by cold fronts and postfrontal systems
associated with Mediterranean extratropical cyclones
(Goldreich 2012), while precipitation over the semiarid
and arid regions is brought by extratropical cyclones,
Syrian lows, active Red Sea trough systems, and subtropical jet disturbances (Kahana et al. 2002; Goldreich
2012). While the mean annual precipitation decreases
moving toward arid climates, the climatology of shortduration extreme rainfall, which is generally associated
with convective rainfall, shows an increase of extreme
intensities going toward drier areas (Morin et al. 2009;
Marra and Morin 2015; Marra et al. 2017).
Four 60 km 3 60 km locations (A–D in Fig. 1) were
selected to represent climatological diversity along the
EM (Mediterranean climate, A and B; semiarid climate,
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C and D) and geographical diversity (oversea, A; far
inland, D). The selection was further based on the
quality of the weather radar data, for example, ascertained by the distance from the weather radar, absence
of known ground clutter, and beam blockages. The areal
extent of the locations allows capturing the largest
convective rain cells observed in the region (Peleg and
Morin 2012; Belachsen et al. 2017) while preserving a
climatic homogeneity in each location.

3. Data and methods
a. Weather radar system
Weather radars measure the reflectivity of rain droplets
within atmospheric sampling volumes. Under hypotheses
on the characteristics of the rain drops and on their spatial
distribution, reflectivity can be converted to rain intensity.
Whenever the formulated hypotheses are not fulfilled,
estimation errors may occur, sometimes inducing systematic biases in the quantitative radar rainfall (Villarini and
Krajewski 2010). Correction algorithms can be applied to
the radar data to reduce the impact of these errors.
Rainfall data used in this study were obtained from a single
C-band (5.35-cm wavelength) non-Doppler instrument
located in the Ben Gurion International Airport, Israel
(Fig. 1). Records from this radar have been archived from
October 1990 to March 2014, with small data gaps due to
malfunction or regular maintenance, and were processed
to reduce the impact of the abovementioned errors. With
24 hydrological years of corrected and gauge-adjusted
estimates, this represents one of the longest homogeneous
archives of weather radar estimates worldwide.
The radar used in this study records at a spatial resolution of 1.48 in the angular direction and 1 km radially
and at a temporal resolution of 3–5 min per volume scan.
The quantitative precipitation estimation procedure used
in this study was developed explicitly for high-intensity
events, combining physically based correction algorithms
and quantitative adjustments based on comparisons with
rain gauge measurements (Marra and Morin 2015). It
includes 1) checking of antenna pointing; 2) filtering for
ground clutter; and correcting for the effects of 3) wet
radome attenuation, 4) attenuation due to the propagation of the radar beam, 5) beam blockage, and 6) vertical
variations of reflectivity, together with a hail filter. A twostep bias adjustment was then applied combining 7) a
yearly range-dependent and 8) an event-based mean field
bias adjustment based on comparison with qualitychecked data obtained from rain gauges. Maximal radar
rain rates were limited to 150 mm h21 in order to avoid
contamination due to hail. Data used in this study were
transformed to a Cartesian grid of 1 km 3 1 km with fixed

time intervals of 5 min. A fixed reflectivity to rain rate
conversion Z–R relationship of Z 5 316R1:5 (Z in mm6 m23,
R in mm h21), following the study by Morin and Gabella
(2007), was used. It should be noted that the exponent of
the chosen relationship is typical of convective-type
rainfall, whereas the importance of the multiplier
is minor, since multiplicative adjustments are subsequently applied. Further information about the adjustment procedures and the quantitative assessment of
the radar archive can be found in Marra et al. (2014) and
Marra and Morin (2015, 2018).
Three main sources of error could particularly affect
the analyses presented in this study: 1) attenuation of the
radar beam in heavy rain, 2) observation geometry, and
3) an increase of radar sampling volume with distance
from the radar. All of these aspects are taken into account in the correction procedures applied to the data.
Attenuation is corrected using a forward algorithm with
an upper limit to the correction factor (10 dBZ) to avoid
well-known numerical instabilities (Marra and Morin
2015); its effectiveness can be potentially reduced in the
presence of extremely high intensities, but assessment of
the data after the application of the correction (here and
in other studies) suggested that this represents a problem only in a limited number of cases (see Marra et al.
2014, 2017; Marra and Morin 2015, 2018). The radar
typically scans ;13 elevation angles above the horizontal plane, providing three-dimensional information
on the atmospheric reflectivity. All the available vertical
information is exploited to identify the vertical profile of
reflectivity on 6-h-wide running windows. Assuming
stationarity in the 6 h, the identified profile is used to
correct the three-dimensional estimates by means of the
height of the sampled volume (Marra and Morin 2015).
Elevations up to 58 are then used to estimate the ground
rainfall, meaning that the atmosphere is sampled at
heights up to 3000 m in location D (90–140 km from the
radar) and at lower heights in locations A–C. Similarly,
location D experiences an increased size of the radar
sampling volumes and is thus more affected by this issue.
A range-dependent bias adjustment is applied to decrease these residual effects (Morin and Gabella 2007).
An indirect, but critical, assessment of the quality of this
radar archive for high-intensity events is provided in
Marra et al. (2017), where extreme value analyses based
on annual maxima from this archive and from a satellitebased precipitation product (thus completely free from
attenuation and range effects) are compared, with surprisingly good spatial correlations.

b. Convective rain cells identification
Convective rain cells were identified from the radar rain
fields using the image processing algorithm presented by
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Peleg and Morin (2012) [see Fig. 2 in Peleg and Morin
(2012) for an illustrative example]. First, radar grid cells
were set to a null value if the grid cells have a rain intensity
lower than 10 mm h21 or if five or more grid cells in the
3 3 3 gridcell neighborhood were null. The rain intensity
threshold of 10 mm h21, corresponding to ;40 dBZ, was
set in order to capture only the convective part of the rain
from the image, as was previously suggested by others for
the same purpose (Rigo and Llasat 2004; Kyznarová and
Novák 2009; Barnolas et al. 2010; Peleg and Morin 2012).
Then, convective rain cells were identified from the rain
fields as spatially connected areas greater than or equal to
9 km2. Cells with a lower area were removed in order to
avoid small cells that are potentially noise (Peleg and
Morin 2012). Moreover, convective rain cells not completely included in the inspected locations (i.e., extending
to the boundaries) were excluded. Convective rain cells
were treated independently in time (i.e., no tracking algorithm was applied), meaning that an individual rain cell
is sampled multiple times as it passes through the domain.
The number of identified convective rain cells varies between 6019 for location D and 86 280 for location B. Note
that the identification of convective rain cells is sensitive to
the applied rain intensity threshold, particularly for the
dry regions; for example, the number of identified convective rain cells dropped to 5124 at location D when
increasing the rain intensity threshold by 1 mm h21 to a
value of 11 mm h21. Nevertheless, results for thresholds
within 9–14 mm h21 remain within the uncertainty range
that is calculated using the adopted rain intensity threshold of 10 mm h21.

c. Near-surface air and dew point temperatures
Near-surface air temperature (simply temperature
from here on) was derived from subdaily (3, 6, or 12 h)
ground stations operated by the Israel Meteorology
Service (IMS). Temperature for the study locations was
derived as the areal average computed every 3 h using an
inverse distance weighting interpolation (as Kurtzman
and Kadmon 1999) and accounting for the effect of elevation and macrogeographical variability on the lapse
rate. Near-surface dewpoint temperature was derived
from three IMS ground stations, located in different
climate regions (Fig. 1), at 3-h intervals. The period of
available temperature data overlaps with the period of
the radar archive.
The analyses presented in this study are limited to the
58–258C temperature range in order to avoid considerable
contamination of the radar estimates caused by solid
precipitation (at lower temperatures) and evaporation of
the rain drops during their fall from the rain cloud to the
ground (at higher temperatures), the latter being particularly relevant in semiarid and arid climates. Moreover,
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at higher temperatures, the scaling dependence between
peak rain intensity and temperature is expected to break
because of the limitations in the atmospheric moisture
availability, as has been shown by Drobinski et al. (2016)
for the Mediterranean region and has been reported for
other locations (e.g., Berg et al. 2009; Hardwick Jones
et al. 2010; Panthou et al. 2014; Molnar et al. 2015). In this
regard, the relationship between relative humidity and
temperature for locations B and D shows humidity limitations for temperatures above 258C (Fig. S1 in the online
supplemental material), implying that the breaking point
in the scaling is likely to occur also in this study area.

d. Convective available potential energy
Convective available potential energy (CAPE) was
calculated using a computer script written by George
Bryan (Bryan and Fritsch 2004). Air temperature and
relative humidity data at 25 geopotential heights (intervals of 25 hPa for the range between 700 and 1000 hPa
and intervals of 50 hPa for the range between 100 and
700 hPa) were extracted for the same period of the
radar archive from the MERRA reanalysis dataset
(Rienecker et al. 2011). Dewpoint temperature was
calculated for each layer. The MERRA grid size is approximately 50 km 3 66 km in space and 3 h in time. For
each location, a time series of the spatially averaged
CAPE was calculated. The relationship between the
peak rainfall intensity of convective rain cells (for the
99th percentile, denoted as P99) and CAPE was also
explored. A linear regression between the natural logarithmic of the peak rainfall intensity and CAPE, in the
form of ln(P99) 5 a ln(CAPE) 1 b (as in Lepore et al.
2015, 2016), was calculated using the quantile regression
method that is discussed in the next section.

e. Relationship between rainfall and temperature
The area and peak rainfall intensity of convective rain
cells were scaled with temperature. The peak rainfall
intensity of convective rain cells was defined as the 9 km2
spatially connected area of each cell characterized by
the largest average intensity. This threshold, matching
the minimum area used for the identification of convective rain cells, allows one to compare the peak
intensity of rain cells on equally wide areas, limiting
the possible impact of measurement errors related to
weather radar estimates.
The wet area ratio, areal rainfall, convective areal
rainfall, and nonconvective areal rainfall were all calculated for convective rainfall fields, that is, for radar
rainfall fields in which at least one convective rain cell is
observed. Wet area ratio is defined as the fraction of
radar grid cells within a 60 km 3 60 km domain in
which rain intensity exceeds 0.1 mm h21. Areal rainfall is
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defined as the average rainfall intensity of all grid cells
with precipitation above 0.1 mm h21, while convective
and nonconvective areal rainfall are the average rainfall
intensity of all convective rain cells and of the nonconvective cells in a convective field, respectively. This
allows one to quantify the impact of temperature on the
generation of total rainfall and on the relative contribution of convective and nonconvective elements.
Each convective rain cell was associated with the last
temperature observation available before the rain cell
detection time. The scaling of area and peak rainfall intensity of the convective rain cells (for the median and the
99th percentile) and of the wet area ratio and areal rainfall
(median) with temperature was then visually analyzed
using 38C-wide bins calculated using 18C running intervals
(e.g., Berg et al. 2013; Drobinski et al. 2018) and objectively quantified using the quantile regression technique
(Koenker and Bassett 1978). The latter allows us to directly estimate the scaling of a variable with temperature
avoiding biases due to the definition of the bins and the
number of elements sampled in each bin (Wasko and
Sharma 2014; Boessenkool et al. 2017). A bootstrapping
procedure was used to calculate the uncertainty related to
the estimated scaling coefficients and was quantified as
the 5th–95th quantile interval of 100 bootstraps with replacement from the original pool of observed data.
The two-dimensional spatial autocorrelation structure
of the convective rainfall fields was calculated through
the power spectral densities using the fast Fourier
transform (e.g., Nerini et al. 2017). A three-parameter
exponential function, C1 exp[2(d/C2 )C3 ], where d represents the distance, C1 is the zero-distance correlation,
C2 is the correlation distance, and C3 is the shape factor
(e.g., Villarini et al. 2008; Peleg et al. 2013; Marra and
Morin 2018; Peleg et al. 2018), was fitted to the onedimensional correlogram. For each binned temperature
interval, the correlation distance, that is, the distance at
which the spatial correlation decreases by an e-folding
length, was then calculated and averaged. An illustrative
example of this procedure is reported in Fig. S2.

4. Results
a. Scaling of convective rain cell properties with
temperature
In general, peak rain intensity consistently increases
with temperature both in its extreme (99th percentile)
and median values, whereas the area of convective rain
cells shows a slight decrease or remains unchanged with
increasing temperatures (Figs. 2a,b, Table 1).
Small differences are observed among the locations.
In locations A–C (from Mediterranean to semiarid

climates and from offshore to near coastline), the intensification is more pronounced for the median values,
with a slight decrease of the area (from 20.5%
to 20.9%8C21) and an increase of the peak rainfall intensity (2.7%–3.5%8C21), whereas the extreme values show
a slightly larger decrease of the area (up to 21.4%8C21)
and a smaller increase of the peak rainfall intensity
(1.3%–2.4%8C21). The results for location D (semiarid
climate, far inland) are subject to the largest uncertainties (.0.8%8C21) because of the lower number
of observations, especially for higher temperatures
(.208C), and the large distance from the weather radar.
Nevertheless, peak rain intensity was found to consistently increase with temperature (3.3% and 4.3%8C21
for median and extreme rainfall, respectively). The results for the scaling of the area are not conclusive.
This positive scaling of the median and extreme peak
rainfall intensity with temperature contrasts the negative
scaling reported by Drobinski et al. (2018) for similar climatic regions in Israel and Greece. However, Drobinski
et al. (2018) computed the scaling for 3-hourly to daily
resolutions, while here a much finer temporal scale (5 min),
consistent with the short life duration of the convective
scales (a mean of 14 min for cells that originated from
Mediterranean cyclones; Peleg and Morin 2012), is examined. The presented results indicate that the peak rainfall intensity scales at a much lower rate (1.3%–4.3%8C21)
than the ;7%8C21 scaling expected from the Clausius–
Clapeyron relation (Trenberth et al. 2003).

b. Thermodynamic and dynamic conditions
The probability distribution function of the occurrence of convective rain cells is shown in Fig. 3a. All
locations share similar distributions with a peak in occurrence at 118–138C. Convective rain cells are less frequent at temperatures warmer than 208C as summers in
the region are dry. The observed similarity in the occurrence of convective rain cells between locations
(Fig. 3a) suggests homogeneity of the thermodynamic
conditions over the four locations. Averaged CAPE
values were calculated for each of the locations, and
their value is used as a thermodynamic indicator for the
generation and sustainment of convective rain cells. The
averaging was conducted only for rain fields with convective activity for which CAPE is larger than zero
(;65% of the rain fields with convective activity). The
average CAPE was similar between locations (Fig. 3b),
with considerable overlapping of the 25th–75th percentile range (100–400 J kg21), supporting the finding
that thermodynamic conditions are relatively homogenous over the EM according to the MERRA reanalysis.
The relationship between the peak rainfall intensity of
convective rain cells and CAPE shows similarity in the

Unauthenticated | Downloaded 01/09/23 01:44 AM UTC

720

JOURNAL OF HYDROMETEOROLOGY

VOLUME 19

FIG. 2. (a) Convective cells area and (b) peak intensity as a function of near-surface air temperature. The scaling
is presented for the median (q50) and for the upper 99th percentile (q99) using quantile regression (lines) and binned
data for fixed temperature intervals (dots). The median values of (c) wet area ratio, (d) areal rainfall,
(e) nonconvective areal rainfall, and (f) convective areal rainfall for rain fields with convective activity as a function of
temperature. Empty markers are plotted for bins with a sample size of less than 500 convective cells. Different colors
and symbols are for locations A–D. The shaded area in (f) presents the mean ratio of the area of convective rainfall to
the stormwide area as a function of temperature averaged for the four locations.

slope of the regression (a values around 0.05) between
the locations (Fig. 4, Table 2). The low a values indicate that there is little dependence between the peak
rainfall intensity and CAPE. We note that the a values
might be exposed to artifacts, as some of the convective rain cells are generated outside of the domain and
advect toward it; in other words, CAPE values cannot
be attributed to the place and time of emergence of
the convective cells. This might lead to an underestimation in the a values. The values of the slope
(’0.05) are particularly low, as a is expected to be in

the range of 0.2–0.4 [e.g., Lepore et al. (2015), central
and eastern areas of the United States] and up to
0.5 (the theoretical value); yet, this low value is not
an exception, since similar low values were recently reported for the western region of the United
States (Lepore et al. 2016). This finding implies that
other, nonthermodynamic conditions are influencing extreme rainfall intensities. The lower intercept
(b values) in the semiarid climate compared to the
Mediterranean climate (of 62 versus 72 mm h21, respectively; Table 2) suggests that dry climates are

TABLE 1. Scaling values (%8C21) of the median (q50) and the 99th percentile (q99) of area and peak rainfall intensity of the convective rain
cells (Figs. 2a,b). The 5th–95th quantile uncertainty range is indicated in parentheses.
q50

q99

Location

Area

Peak intensity

Area

Peak intensity

A
B
C
D

20.5 (20.8 to 0)
20.9 (21.1 to 20.6)
20.9 (21.1 to 20.6)
0.7 (0 to 1.3)

2.7 (2.5 to 2.8)
3.1 (3 to 3.3)
3.5 (3.3 to 3.7)
3.3 (2.9 to 3.7)

21.4 (21.8 to 20.6)
21.3 (21.8 to 20.9)
20.3 (21.5 to 1)
0.1 (21.1 to 4.4)

1.3 (1 to 1.6)
1.9 (1.6 to 2.3)
2.4 (2 to 3.1)
4.3 (2.7 to 5.1)
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FIG. 3. (a) The probability distribution function of convective rain cell occurrence as a function of near-surface air
temperature. Different colors and symbols are for locations A–D. (b) Box-and-whisker plot showing the median
(labeled), 25th–75th percentile range (shaded area), 5th–95th percentile range (bounded with lines), and outliers of
CAPE values of convective rain cells for locations A–D. The analysis presented is only for convective rain cells with
CAPE larger than zero; the lower number corresponds to the total number of events with a CAPE value.

more sensitive to nonthermodynamic conditions, as
discussed below.
The dynamic conditions are expected to suppress the
intensification of convective rain cells with increasing
temperatures due to the limitations in the availability of
atmospheric moisture. An inflection point in the relationship between dewpoint temperature and air temperature would support the moisture-limited hypothesis

(Hardwick Jones et al. 2010; Lenderink et al. 2011;
Lepore et al. 2015) and will highlight the differences
in dynamic conditions between the climatic regions.
Quantile plots of dewpoint temperature against air
temperature for the 25th, 50th, 75th, and 99th percentiles were plotted for three ground stations representing
Mediterranean, semiarid, and arid climates in the study
region (see Fig. 1 for the locations and Fig. 5 for the
plots). Dynamic and humidity conditions change when
moving from Mediterranean to arid climates. For the
Mediterranean climate, the 99th percentile of the dewpoint temperature closely follows the 1:1 slope with air
temperature, and the inflection point (detected by visual
inspection) is found at about 248C. The inflection point is
lower for the semiarid climate (22.58C) and is practically
undetectable for the arid climate. Moreover, the spread
of the quantiles increases when moving from the Mediterranean toward the arid region. As expected, moisture availability decreases with distance from the
Mediterranean Sea, consistent with the findings of
Hardwick Jones et al. (2010) and Lepore et al. (2015)
TABLE 2. Slope coefficients of the 99th percentile of peak rainfall
intensity of the convective rain cells vs CAPE on a natural logarithm basis (Fig. 4). The 5th–95th quantile uncertainty range is
indicated in parentheses.

FIG. 4. Regression of the 99th percentile of the peak rainfall
intensity of convective rain cells with CAPE for locations A–D
using quantile regression. Axes are transformed using natural
logarithm.

Location

a

b (mm h21)

A
B
C
D

0.05 (0.03–0.06)
0.05 (0.03–0.07)
0.04 (0.01–0.07)
0.06 (0–0.09)

72.3 (67–77.4)
72 (64.7–80.1)
63.3 (55.3–70.8)
61.8 (55.2–86.4)
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FIG. 5. Dewpoint temperature–air temperature quantile plots for the three meteorological stations presented in Fig. 1. The vertical line
represents the inflection point from the 1:1 line for the 99th quantile, detected by visual inspection.

that observed decreasing moisture availability with distance from the ocean.

c. Scaling of storm properties with temperature
The relationship between temperature and the stormwide rainfall, conditioned on the presence of convective
features, is shown in Figs. 2c–f and Table S1. The wet area
ratio (Fig. 2c) generally decreases with increasing temperatures while the areal rainfall (Fig. 2d) remains the
same or decreases moderately. An exception is found at
location D, where a clear trend cannot be identified
(uncertainties cover both positive and negative trends)
as a smaller number of convective events is available. The
combination of a large decrease in wet area ratio with a
moderate decrease in intensity of areal rainfall indicates
that the total rainfall amount at the storm scale decreases
considerably with increased temperature.
The nonconvective areal rainfall is found to decrease with
increasing temperatures (Fig. 2e). Conversely, the convective areal rainfall increases with temperature for all locations,
at least for temperatures below 208C, and seems to stabilize
at warmer temperatures (Fig. 2f). The convective areal
rainfall is higher for locations A and B in comparison to
locations C and D (Fig. 2f). This is expected, as the climate is
changing from Mediterranean to semiarid and from near the
coastline to far inland areas, where the (negative) dynamic
contribution to the scaling is expected to be more pronounced. The relative areal extent of the convective rainfall
on the total areal rainfall increases with temperature (Fig. 2f
and Fig. S3 for all locations); since areal rainfall is rather
stable, this implies that convective rainfall contributes proportionally more to the total rainfall at higher temperatures.

d. Storm spatial structure response to increasing
temperatures
The changes in storm properties with increasing
temperature are expected to impact the spatial structure

of the rainfall fields, as the rainfall is expected to be less
uniform in space. As shown using model simulations by
Moseley et al. (2016) and Haerter et al. (2017), scattered
cells are expected to intensify, and the remaining area of
the storm is expected to reduce its extent and intensity.
The observed correlation distances as a function of
temperature confirm this reasoning (Fig. 6). For all the
observed locations, the correlation distance decreases
with temperature up to 208C. Less clear trends can be
detected for warmer temperatures, due to the limited
sample size. Similar correlation distances are observed
for all locations, with the exception of location A, in
which, for temperatures lower than 158C, the correlation
distances are considerably shorter. This is likely related
to the fact that convective cells are more intense above
the sea (Fig. 2e; Karklinsky and Morin 2006; Peleg and
Morin 2012).

5. Discussion
a. Enhanced moisture convergence at warmer
temperatures
The reduced stormwide wet area ratio and the intensification of convective rain cells at the expense
of lower-intensity rainfall at warmer temperatures
implies a redistribution of part of the moisture that is
potentially available in the atmospheric column from
the low-intensity rainfall zones toward the convective
rain cells. The enhanced convective mechanism contributes to the reduction of the total rainfall amount that
is observed at warmer temperatures. Observations of
moisture redistribution from the storm boundaries to
the center were also reported by Wasko et al. (2016b) at
the storm scale and by Trenberth et al. (2003) at larger,
regional scales. Here, we bring observation-based evidence of a redistribution of the moisture at much smaller
scales (i.e., the scales of scattered convective rain cells:
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FIG. 6. Average correlation distance of the regional rainfall as
a function of near-surface air temperature for locations A–D.
Empty markers indicate bins with a sample size of less than 500
convective cells. The correlation presented is only for rain fields
with convective activity.

101–103 km2), which is consistent with the model-based
results reported by Loriaux et al. (2013), where simulations using a plume model show an enhancement of
convective convergence at warmer temperatures.
Further investigation is needed to elucidate the relative contribution of the thermodynamic and dynamic
processes and to analyze the effect of other aspects of
the storm environment on the convective moisture
convergence. However, this type of analysis will require
the use of convection-permitting climate models (Prein
et al. 2015, 2017b,a) as gridded climate variables are in
general not available at the fine scales typical of the
convective structures.

b. Geographic and climatic differences
The relationship between convective rainfall and temperature was explored at the minute scale (i.e., up to
5 min) for different climates and regions. The scaling for
extreme convective rainfall (often defined as the slope of
the 99th percentile of rainfall intensity) was mostly reported to be in the range between the CC relation (7%8C21)
and 2 3 CC (14%8C21), for example, in Austria (Schroeer
and Kirchengast 2018), Germany (Berg et al. 2013;
Moseley et al. 2013), Spain (Drobinski et al. 2018),
Switzerland (Molnar et al. 2015), and the Netherlands
(Lochbihler et al. 2017). The presented results indicate
that the rates can be much lower, but still positive,
when considering Mediterranean (1.3%–1.9%8C21) and

semiarid (2.4%–4.3%8C21) climates. Spatial differences in the scaling are expected because of differences
in the dynamic contribution; see, for example, the
global maps of scaling by Wasko et al. (2016a) for a
temporal resolution of 3 h and the role of the dynamic
contribution in suppressing positive scaling in Mediterranean regions (Pfahl et al. 2017). As the climate
and thermodynamic/dynamic conditions are similar
between the EM regions and wide areas in North
Africa (e.g., Egypt and Libya), south of Italy, in
Greece, and west of Turkey, it is likely that the scaling
trends reported for the Mediterranean and semiarid
climate here will be valid there as well.
The enhanced convective moisture convergence observed at warmer temperatures for the Mediterranean
and semiarid regions was also observed for temperate
and (to a lesser extent) arid climates in Australia
(Wasko et al. 2016b) and over Germany (Berg et al.
2013). However, Lochbihler et al. (2017) did not find any
evidence of a redistribution of moisture toward convective rain cells in the Netherlands. The negative contribution of the dynamic component in the analyzed
region and certain parts of Australia can potentially
reconcile conflicting results between these studies. Further investigation is needed to understand if other
aspects of the storm environment (e.g., vertical pressure
velocity) could affect the size of the storm/convective
cells with increasing temperatures.

c. Implications on future climate
Results presented in this study are based on current
climate observations. In a warmer future climate, less
rainfall is expected on average for the eastern Mediterranean region at the storm scale (e.g., Peleg et al.
2015; Samuels et al. 2018) because of a poleward propagation of the storm tracks (e.g., Tamarin-Brodsky and
Kaspi 2017), while the changes to the characteristics of
convective rain cells are substantially unknown and are
yet to be explored. Will individual convective rain cells
become more dominant and intense in a future climate?
Interpretation of the results from this study may imply
so, but, as the dynamic of the atmosphere will be likely
different, there is no guarantee that a scaling with
present-day temperatures will continue to hold true in
the future. Pfahl et al. (2017), for example, used climate
models to show that thermodynamic conditions will lead
to a regional spatially homogeneous increase in extreme
precipitation (;9%8C21, for daily extreme rainfall)
over the EM, while the dynamic contribution in this area
will act in an opposite direction (;26%8C21) and thus
will weaken the scaling of extreme rainfall. Moreover,
changes in convective rainfall intensity and occurrence
due to changes in climate dynamics are already observed
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in some parts of the world (e.g., Feng et al. 2016; Ye
et al. 2017). High-resolution, convection-resolving climate models can be used to supply accurate information
on the projections of changes in convective rainfall, as
these types of models explicitly simulate the future dynamics of the atmosphere (both thermodynamic and
dynamic conditions), allowing us to evaluate the possible uncertainties and biases related to the extrapolation
of the present-day scaling features to future climates
(e.g., Ban et al. 2015; Prein et al. 2017a,b).

6. Conclusions
Examination of a long-term weather radar archive in
the eastern Mediterranean showed evidence of an intensification of convective rain cells with warmer nearsurface air temperature at the minute scale. Extreme and
median peak rainfall intensities of the convective rain cells
increase with temperature, while the area slightly decreases or, at most, remains unchanged. The convective
areal rainfall was found to increase with warmer temperatures while the areal nonconvective rainfall and the
stormwide area decrease. These observations likely point
to a redistribution of the available atmospheric moisture
from the entire storm toward the convective rain cells due
to an enhanced convective activity, resulting in a reduction
of total rainfall amount in the entire area at warmer temperatures and a reduced spatial correlation distance of the
rainfall fields. Thermodynamic conditions generating
convective rain cells were found to be relatively homogenous within the region, whereas dynamic conditions were
observed to suppress convection when moving from the
main source of moisture, the Mediterranean Sea, toward
inland drier areas, that is, reduced convective intensity
occurs with reduced moisture availability.
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