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Abstract: Motivated by poor forecasting of a deadly convective event within the Levant, the factor
separation technique was used to investigate the impact of non-local versus local moisture sources
on simulated precipitation and lightning rates in central and southern Israel on 25 and 26 April 2018.
Both days saw unusually heavy rains, and it was hypothesized that antecedent precipitation on
25 April contributed to the development of deadly flooding late morning on the 26th, as well as
strong lightning and heavy rains later the same day. Antecedent precipitation led to an increase in
the precipitable water content and an overall increase in instability as measured by the Convective
Available Potential Energy (CAPE). The deadly flood occurred in the area of the Tzafit river gorge
(hereafter, Tzafit river), about 25 km southeast of the city of Dimona, a semi-arid region in the north-
eastern Negev desert. The heavy rains and strong lightning occurred throughout the Levant with
local peaks in the vicinity of Jerusalem. Factor separation conducted in model simulations showed
that local ground moisture sources had a large impact on the CAPE and subsequent precipitation and
lightning rates in the area of Jerusalem, while non-local moisture sources enabled weak convection to
occur over broad areas, with particularly strong convection in the area of the Tzafit river. The coupled
impact of both moisture sources also led to localized enhanced areas of convective activity. The results
suggest that forecast models for the Levant should endeavor to incorporate an accurate depiction of
soil moisture to predict convective rain, especially during the typically drier spring-time season.

Keywords: lightning; flooding; heavy precipitation; CAPE; precipitable water; soil moisture

1. Introduction

A tragedy occurred on 26 April 2018 when 10 students hiking in the Tzafit river
were swept away by a flash flood (https://www.timesofisrael.com/nahal-tzafit-where-9-
students-died-in-a-flood-is-a-popular-canyon-trail/, accessed on 1 May 2021). In the late
afternoon of that day, Jerusalem streets filled with water (https://www.washingtonpost.
com/news/capital-weather-gang/wp/2018/04/27/the-weather-in-the-middle-east-has-
gone-haywire-due-to-freak-storm/, accessed on 1 May 2021), as heavy rains (~50 mm),
high total lightning rates, and hail were recorded in less than an hour. The previous day,
heavy rains affected much of the Levant, including Israel, which themselves were preceded
a few days earlier by lighter episodes of precipitation over northern areas and desert areas
to the south and east of Israel. Such antecedent precipitation impacted the calculated soil
moisture index both within Israel and in surrounding areas prior to the floods on 26 April
2018 (see Figure 1).
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Figure 1. Advanced Scatterometer (ASCAT) derived moisture index within the upper soil layer with thickness of 0.07 m,
at the beginning of (A) 25 April 2018 and (B) 26 April 2018.

It is hypothesized that antecedent precipitation provided local and non-local moisture
sources, which individually and synergistically led to the onset and intensification of
thunderstorm development on 26 April 2018 [1,2].

To put the event in a meteorological context, we note that on 25–27 April 2018, an ex-
treme precipitation event occurred in the Levant. Precipitation intensities with a return
period of 75 to 100 years resulted in flash floods of a high magnitude (with a return period
of 10 to 50 years), claiming 46 casualties in Israel and Jordan [3]. Such thunderstorms
occurred in response to the passage of a very cold upper low-pressure system transversing
Egypt, Israel, and Jordan, which provided support for Red-Sea surface trough develop-
ment, a synoptic-scale weather system known to produce a prolific amount of lightning [4].
Dayan et al. [5] analyzed the dynamic and thermodynamic conditions of this intense storm.
An upper-level cut-off low-pressure area with geopotential height minimum located over
north-central Egypt at 0000 UTC 25 April 2018 (Figure 2A) moved eastward, preserving its
intensity over the next 36 h as it moved through the Sinai Peninsula at 1200 UTC (Figure 2B),
across Israel and Jordan at 0000 UTC 26 April 2018 (Figure 2C), and then northeast towards
Syria at 0000 UTC 26 April 2018 (Figure 2D).

Cut-off lows such as the one described above are often associated with high-impact
weather [6], as a pool of cold air and cyclonic circulation induce large areas of deep con-
vective instability. In this event, the K index was above 30 ◦C, indicating thunderstorm
potential based on the vertical temperature lapse rate, as well as the amount and vertical
extent of low-level moisture in the atmosphere. The counterclockwise flow around the cen-
ter of the low drew substantial amounts of dust northward into the region, but also meant
that moisture sources besides the Mediterranean Sea could have potentially contributed to
the intensity of thunderstorm development, especially after the storm brought heavy rains
to a wide area on 25 April 2018.

For example, Dayan et al. [5] found that three moisture sources were responsible
for the severity and long duration of this rainstorm event. One was of a tropical nature,
originating in East Africa. This was most likely the result of strong southwesterly winds
as the storm moved into the Sinai and then into Israel (Figure 2B). Moisture originating
from tropical sources during such rainstorms enriches the mid-atmospheric levels, which
makes the rain formation less sensitive to the availability of low-level moisture. Hence
rain cells are expected not only over mountain upslopes but also over low terrains such as
the one that caused the deadly flood in the Tzafit river [5]. The second moisture source
originated from Iraq, via deep moist convection. This was most likely the result of the
storm moving across Israel into Jordan (Figure 2C), as it was shifting slightly northeastward
towards Syria, thus drawing moisture through southeasterly flows from the Tigris and
Euphrates river deltas in Iraq. The third was at the lower levels and was advected inland
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from the Mediterranean Sea by northwesterly winds (Figure 2D). As the storm shifted
northeastwards towards Iraq, moisture sources from the east and the Mediterranean Sea
could have led to a convergence zone over the Jerusalem central mountains.

Figure 2. ERA5 reanalysis of a 500 hPa cut-off low-pressure system within the Levant region at 00:00 and 12:00 UTC on
25 and 26 April 2018. (A) at 0000 UTC 25 April, (B) at 1200 UTC April 25, (C) at 0000 UTC 26 April, and (D) at 1200 UTC
26 April 2018.

Yet, while forecasters realized that the synoptic situation might produce floods and
issued general flood warnings, high-resolution forecasts provided by the Israel Meteoro-
logical Service did not predict the intensity of rain and lightning in the Jerusalem area
or the actual deadly floods that occurred in the vicinity of the Tzafit gorge basin [3]. For
this reason, it was hypothesized that discrepancies in forecast model initial conditions—
particularly atmospheric humidity—might have contributed to model forecast errors.

For instance, Reichle et al. [7] noted discrepancies between satellite-derived soil mois-
ture, soil moisture modelled from observations, and measured soil moisture. The presence
of higher actual volumetric soil moisture compared with values in the Global Forecast
Systems model (GFS) initial gridded atmospheric moisture could have been a factor in
forecasting lower precipitation (or storm intensity) than was actually observed. More
recently, Quiring et al. [8] and Ford et al. [9] describe the development of a high-resolution,
real-time gridded soil moisture product that leverages data from in-situ networks, satellite
platforms, and land surface models. Such a comprehensive dataset does not exist in the
eastern Mediterranean region, and so localized forecasts must instead rely on GFS (or
European Center for Medium-Range Weather Forecast; ECMWF) soil moisture gridded
data. Errors in the initial distribution of soil moisture are bound to have a large impact on
the prediction of streamflow, as uncertainties in precipitation forcing and prestorm soil
moisture states represent important sources of error [10].

The present manuscript investigates the relative importance of local versus non-local
moisture sources on convection during the heavy rain event of 25 and 26 April 2018 in
Israel. Local volumetric soil moisture impacts are enabled through the assimilation of
rainfall data derived from radar observations located at Bet-Degan, Israel. Non-local
moisture content refers to atmospheric moisture that was advected into the local region
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of interest (or gridded domain). The moistening of the atmospheric column through
continuous lightning assimilation is the surrogate for non-local moisture sources arising
from both surface evaporation within the Levant and moisture sources non-local to the
region. Section 2 reviews the observations. Section 3 discusses the methods employed.
Section 4 presents results, while Section 5 summarizes and discusses the results.

2. Observations
2.1. Lightning Data

Lightning data were obtained from the Israel Total Lightning Network, which is part
of Earth Networks’ Total Lightning Network (ENTLN; [11]). In the area of the model
domain with 1.3 km grid spacing (see Figure 3; Domain 3), Earth Networks calculates that
the network detects more than 95% of the cloud-to-ground lightning and 60–70% of the
intra-cloud lightning, with a spatial accuracy within 300–400 m. Otherwise, the detection
efficiency outside the 1.3 km domain and within the area of the 4 km domain is calculated
to be >90% for the cloud-to-ground and 50% for the intra-cloud lightning.

Figure 3. Topographical maps of the grid domains used in the simulation experiments (left). The outside grid, labeled
D01, had 12 km grid spacing, while domain D02 (thick black border) had 4 km grid spacing. The innermost domain D03
(thin black border) had 1.3 km grid spacing. The Mediterranean and Red Seas are both colored dark green. Close-up of the
highest resolution domain that shows the cities of Tel Aviv, Haifa, Bet Shean, Jerusalem, and Dimona (grey lettering). The
Tzafit river gorge is located about 25 km southeast of Dimona.

A six-day depiction of total lightning suggests that precipitation from convective
storms led to an increase in antecedent precipitation prior to the storms on 26 April 2018.
Figure 4 shows that localized convection occurred over northern Israel on 21 April 2018,
one day after the start of the simulation experiment. More widespread convection occurred
over central and northern Israel on 22 April, while there were convective storms over the
northern Sinai on 24 April. There was widespread convection on 25 April over much of
Egypt, also covering all of Israel and most of Jordan, as well as southern Syria. On 26 April,
lightning was observed over northern Sinai, much of Israel and Jordan, and southern Syria.
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Figure 4. Daily observed total lightning for the 24 h time periods shown (e.g., (a) 21–22: 0000 UTC 21
April until (e) 0000 UTC 22 April 2018). The total number of recorded events within are also shown.
The letter or letter combinations refer to the location of cities references within the text. T A refer to
the city of Tel Aviv, B S to Bet She’an, H to Haifa, J to Jerusalem, and D to Dimona. Dimona is about
25 km to the Northwest of the Tzafit river basin where the students died in a flood.

The lightning data were used to provide qualitative comparisons to the model simula-
tion results. It was also used to provide the basis for continuous moisture assimilation on
the outer 4 km and 12 km domains (Figure 4; assimilated from 10-min total lightning rate).
A small modification was made to the moisture assimilation scheme of Fierro et al. [12]
to include a 0.25 ◦C degree of heating centered at the lifting condensation level. To sym-
bolically represent the release of latent heat at cloud base, the magnitude of the heating
varied vertically as the cosine of the vertical distance within half the height of the Lifting
Condensation Level. As in the original scheme, the magnitude of the heating—like the
moistening—depended on the hyperbolic tangent of the amount of graupel mass. As the
forecast graupel amount increased, the applied heating and moistening were reduced.

The assimilation scheme is usually used for short-term initialization of convection,
which then proceeds in the forecast according to the synoptic forcing. However, such
an approach did not work for this case study on either the 4 km or 1.3 km grids, as
the simulated convection dissipated soon after being initialized. Hence, the assimilation
scheme was applied continuously on the 4 km grid and the 12 km grid (but not on the
domain of the 1.3 km grid), so long as the conditions for its activation were met. The
convective or stratiform clouds that developed on the 4 km grid can be considered for
the purposes of this study as possible non-local sources of moisture for the 1.3 km grid
domain. These sources likely arise from the advection of moisture through the outer
boundaries of the 4 km grid or from surface moisture within it arising from the antecedent
precipitation. Hence, the assimilation scheme and the convection it generates can be
considered a correction to the WRF simulation that results from GFS analysis-based initial
and boundary conditions.

2.2. Observed Precipitation

The Quantitative Precipitation Estimation (QPE) analysis is based on a constant
altitude plan precipitation indicator (CAPPI at height of 1 km) from a C-Band Doppler
radar located at Israel Meteorological Service (IMS) headquarters in Bet Dagan (32.01 N,
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34.85 E). The Marshall–Palmer Z–R relationship, Z = 200R1.6 [13], is used to convert the
reflectivity into rainfall intensity. The Integrated Nowcasting through Comprehensive
Analysis (INCA) system then combines surface rain gauges with radar data in such a way
that the observations at the rain gauges’ locations are reproduced [14]. There is some
ambiguity regarding the conversion of radar data to precipitation amounts. Relevant to
this study, the Israel meteorological service suggests that the presented values may be an
underestimation of rainfall by a factor of 2, especially away from the immediate location of
the weather radar near Tel Aviv.

Figure 5 provides 12 h summaries of rainfall from 1800 UTC 24 April to 1800 UTC
26 April 2018. From 1800 24 April to 0600 UTC April 25, light rain occurred over northern
Israel and the northern Sinai, while heavier rain approached the Israel western coastline
(Figure 5a). Heavier and more widespread precipitation occurred during the daytime
(Figure 5c,d; 0600–1800 UTC) on 25 and 26 April. This suggests that daytime heating of the
surface and boundary layer might have led to an enhancement of convective precipitation
on both days. Nevertheless, there was still heavy precipitation during the intervening
nighttime over a limited area from northeastern Sinai into Israel’s southern coastal cities
(Figure 5c), and from northern Israel into southern Syria. Average daytime observed land
rainfall values were higher on 25 April compared to 26 April (3.12 compared to 1.85 mm),
but rainfall was locally heavier in areas where flooding was more likely (e.g., river basins
running from the Jerusalem, Judean hills, and Shomron mountains into the Jordan and
Dead Sea Valleys, and Hazera ridge, one of the Israeli Negev desert ridges overlooking
the Tzafit river gorge). For instance, on 25 April 2018, the heaviest rain was located to the
southwest of Tel Aviv (10 to 20 mm, with localized areas greater than 20 mm), along with
southern coastal areas (local maximum greater than 40 mm). In contrast, on 26 April, 20 to
30 mm fell to the east in the area south of Dimona, in the Tzafit river gorge. There were
localized areas with even higher amounts (30–40 mm) stretching inland from near the city
of Bet She’an in the northern Jordan valley and also southward to locations just south of
Jerusalem, where greater than 40 mm was measured.

2.3. Estimation of Precipitable Water Vapor (PWV)

PWV values were derived from GPS tropospheric path delays using NASA’s JPL
GipsyX software [15], which basically executes complex inversion algorithms [16,17] for
retrieving the Zenith Total Delay (ZTD). The ZTD can be divided into two components,
the Zenith Hydrostatic Delay (ZHD), which is mainly a function of the atmospheric pres-
sure [18], and the Zenith Wet Delay (ZWD), which is estimated by subtracting the ZHD
from the ZTD. The ZHD is modeled using global empirical mapping functions [19–22]. For
instance, a single ground-based GPS receiver takes into account all the available GPS satel-
lites that are in the line of sight (with the ground receiver) inside a cone area (32 × 5 km),
whose data are gathered and then mapped from slant to vertical direction. Furthermore, as
the ZWD is proportional to the total amount of water vapor along a vertical atmospheric col-
umn, it can be translated into PWV using a water-vapor-weighted mean temperature [18].
Here, the PWV data were extracted from 21 GPS ground stations belonging to the Survey
of Israel Active Permanent Network (SOI-APN). For a more detailed description of the
methodology, see Ziskin Ziv et al. [23,24]. Six daily values are presented below.

Consistent with the wide coverage by convective storms, comparatively high values
of atmospheric precipitable water occurred on the 25th, with average values close to 22 mm
(Figure 6)—an average increase of about 30% from the previous day. The following day,
when the disaster occurred, 26 April 2018, precipitable water values rose to an average of
23.1 mm, with daily average values at the 21 stations ranging from 18 to 30 mm.
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Figure 5. Derived rainfall rates from observed radar reflectivity for the 12 h periods ending at the
(a) 0600 UTC 25 April, (b) 1800 UTC 25 April, (c) 0600 UTC 26 April, and (d) 1800 UTC 26 April 2018.
The domain averages are also shown in the panel labels.

2.4. Soil Moisture

The ECMWF soil moisture analysis, SM-DAS-2 product, is based on ASCAT surface
soil moisture data assimilation in the ECMWF Land Data Assimilation System. Techno-
logical advances in remote sensing of soil moisture have led to improved accuracy of
the measurements [25]. Correlations of the SM-DAS-2 product with in situ data are very
satisfactory over most sites located in contrasting biomes and climate conditions with
averaged correlation values of 0.70 [1]. The soil moisture index shown in Figure 1 can be
inferred as representative of upper “root zone” or upper soil layer values [26].
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Figure 6. Same as Figure 4, but for daily averaged derived precipitable water from observations of satellite GPS data from
(a) UTC 21 April to (f) 27 April 2018.

3. Model Description
3.1. Domain

As described in Lynn et al. [27], the Weather and Forecasting Research (WRF) model
version 4.03 [28] was used to simulate this event, in a domain that covered the eastern
Mediterranean and the Levant, the adjacent coastal plain, and mountainous and desert
areas to the north, south, and east. The model was initialized with GFS boundary initial and
lateral boundary conditions from 0000 UTC 20 to 0000 UTC 27 April 2018. This relatively
long period of the simulation was chosen to allow for atmospheric dust to form and be
advected, as well as antecedent precipitation to occur in the model simulation prior to the
two-day period of heaviest precipitation on 25 and 26 April 2018. Three WRF domains
were used in all case study experiments (Figure 3). The outer, “coarse” domain (“D01”)
had 12 km grid-spacing with 200 × 200 elements in the west-to-east and north-to-south
directions, respectively. A convection-allowing 4 km domain (“D02”) was placed within
D01, which had 199 × 301 grid elements. This convection-allowing domain was large
enough to assimilate most of the observed electrical activity, while the grid spacing was
small enough to allow for the triggering and simulation of moist convection. Domain “D03”
simulated microphysical processes on a cloud-allowing grid with grid-spacing of 1.3 km,
using 301 × 475 elements. There were 51 vertical levels, with greater vertical resolution in
the lower boundary layer than in the free-atmosphere above. The coarse domain used a
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cumulus parameterization [29], but the 4 km and 1.3 km forecast domains did not require
this because they are convection-allowing and cloud-allowing grids, respectively. Instead,
we used the Thompson and Eidhammer [30] bulk parameterization scheme, which was
also used on the 12 km grid. The dynamic time step was nominally set at 72 s, with the time
step of each inner grid reduced by a factor 3 from its parent grid, adjusted for numerical
stability. Numerical model information moved from the coarse nest to the inner nests,
and then returned to the coarse nest, in a process known as two-way nesting. Interior
analysis nudging was used on the outer domain, while the inner nests were nudged with
lateral boundary nudging [31]. The model output frequency was every 60 min, and each
simulation duration was, as noted, for 7 days.

3.2. Aerosol Concentrations

Desert dust particle concentrations were calculated by the prognostic GoCART model
in WRF and served as an input of dust particles from the surface at each integration time
step. This follows the approach used in the “Thompson” scheme [30] for ice nucleation
in the operational High-Resolution Rapid Refresh modeling system WRF. The GoCART
model predicts the concentration of aerosol particles with effective radii from 0.73 µm
to 8.0 µm in 5 size bins with fixed densities per bin. Within the Thompson scheme,
the desert dust does not impact the nucleation of cloud droplets. Yet, as described by
Levin et al. [32], desert particles traversing the Mediterranean can nucleate large cloud
particles. Lynn et al. [27] showed that such large particles and urban aerosols enhance
the convective intensity and affect cloud microphysics and charging processes, leading
to lightning. The possible impacts of dust on cloud-drop (as well as ice nucleation) on
simulated convective intensity will need to be investigated in a separate study using, for
example, Spectral (bin) Microphysics (e.g., [27,33]).

3.3. Soil Moisture Initialization

The quantitively derived precipitation values were used to initialize the volumetric
soil moisture in the model. The hypothesis was that a more realistic depiction of soil
moisture would lead to a more accurate simulation of surface humidity fluxes [34]. Very
few in-situ observations of soil moisture (both surface and by soil layers) and/or soil
heat flux exists, so instead, it was supposed that assimilated rainfall, derived from radar
observations, could be used to test the potential impact of soil moisture on the simulation
of the convective events of 25 and 26 April 2018. For these purposes, the WRF model Noah
LSM [35] was modified to accept only radar-derived precipitation amounts, irrespective
of any simulated precipitation. The derived rainfall amounts were used as is, multiplied
by 1.5, and then multiplied by 2, in order to test the sensitivity of convective and rainfall
intensity to soil moisture to a range of 10-min volumetric soil moisture profiles at all land
grid points within the 1.3 km domain. The WRF gridded soil conditions were created by
running the forecast simulation with the observed rain amounts (or their multiple) and
then using the resulting volumetric soil moisture profiles in the WRF sensitivity tests. The
simulations are henceforth referred to, respectively, as S-1.0, S-1.5, and S-2.0. Note, in these
simulations, no changes were allowed in model soil moisture because of model predicted
rainfall and/or its surface evaporation.

These sensitivity tests showed that antecedent rainfall prior to 0600 UTC 26 April
strongly modified the initial volumetric soil moisture. For instance, Figure 7a shows the
WRF top layer volumetric soil moisture based solely on the GFS initial conditions, as well
as subsequent WRF simulated precipitation at 0600 UTC 26 April 2018. Values of first layer
soil moisture (1–10 cm) over Israel were predominantly between 0.40 and 0.50 m3 m−3.
All sensitivity tests suggest that moister soils were actually located over northern Israel
into eastern Syria, a geographical area from which strong convection originated during the
morning and afternoon of 26 April. More widespread soil moisture values of >0.50 m3 m−3

were also found over the northern Negev, where mostly values of less than 0.50 m3 m−3

were observed in most southern areas in Figure 7a. In S-1.0 (Figure 7b) there were a few
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localized areas with soil moisture values >0.6 m3 m−3. Figure 7c,d show that additional
moisture increased the areas of soil moisture with values >0.6 m3 m−3 and even >0.7
in S-2.0. Simulation S-2.0 has volumetric soil moisture whose patterned values appear
qualitatively closest to the satellite-derived values of 26 April 2018 (Figure 1), and its
simulation results are used in the factor separation analysis below.

Figure 7. Volumetric soil moisture in the first soil layer (1–10 cm) from four different simulations at 0000 UTC 26 April
2018. In (a), GFS initial conditions were used in a WRF simulation, which produced precipitation that wet the ground (the
Control). In (b), 10-min derived rainfall rate from radar observations was used instead of simulated rainfall to moisten the
soil (S-1.0). In (c), observed rainfall rate was increased by 50% (S-1.5), while in (d) the observed rainfall was twice multiplied
(S-2.0). The derived soil moisture (b–d) was then used in WRF simulations with soil-atmospheric feedbacks only allowed to
affect the surface temperature, but not soil moisture.

3.4. Forecast Lightning

To predict the number of lightning events (cloud-to-ground and intra-cloud), we used
the Dynamic Lightning Scheme (DLS; [36]). The DLS is based on the Lightning Potential
Index (LPI; [37,38]), which is first multiplied by the mass of ice and then divided by a
unit coulomb of electrical charge C, to represent the electrical potential of the lightning-
producing cloud fields in volts (referred to here as LPI*). Second, to calculate the build-up
of electric potential energy (Joules) within the cloud, LPI* is multiplied by the density of air
times the current (ρ I LPI*), which is referred to as the “Power Index”—a time-dependent
variable. Third, as the Power Index reaches or passes a preset threshold, the energy within
each lightning stroke is then discharged during the time interval (t) of a lightning event
propagating from the height of discharge to the ground as a vertical leader. The time scale
over which this occurs depends on the layer from which the energy begins to be discharged:
It is largest for +CG (cloud-to-ground) and smallest for IC (intra-cloud). The DLS has been
shown to accurately predict both cloud-to-ground and intra-cloud lightning [39].

3.5. Factor Separation

The factor separation approach [3,40,41] was used to compare the relative impacts of lo-
cal versus non-local moisture sources. Factor separation was recently used by Lynn et al. [42]
to decipher the relative importance of desert dust and urban aerosols in the 4 January 2020
flood disaster in Tel Aviv. The “Control” simulation was the WRF simulation initialized
with GFS boundary condition; soil moisture conditions were coupled with WRF land sur-
face evaporation and precipitation processes. Within the factor separation nomenclature,
it is referred to as f0 (Equation (1)). The local contribution f1 (Equation (2)) was obtained
from the simulation with the assimilated soil moisture. The simulation results with assim-
ilated lightning on the outer 12 km and intermediate 4 km grid, referred to as non-local
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moisture sources, were used to derive factor f2 (Equation (3)). The coupled interactive term
is named f12, representing the combined impact of non-local and local moisture sources on
model forecast results (Equation (4)).

If X represents the initial model conditions, then f(X) means the model results from a
simulation with those settings. For instance:

fo = f(Control) (1)

f1 = f(local) − fo (2)

f2 = f(non-local) − fo (3)

f12 = f(local and non-local) − (f(local) + f(non-local)) + fo (4)

For reference, factor separation is applied later on in Section 4.2 to results from the
control, the simulation S-2.0 (referred to as “local” in the equations), and S-2.0 with non-
local moisture sources. While Equations (1)–(3) provide intuitive results, Equation (4) (f12)
requires additional explanation. When applied to gridded data, this equation provides
a spatial map of locations where non-local moisture (dry air) advection could combine
with local soil moisture increases (decreases) to produce larger (smaller) CAPE. The results
would be to create more unstable (stable) conditions to synergistically act to enhance (or
diminish), for instance, lightning intensity.

4. Results
4.1. Impact of Soil Moisture

Higher volumetric soil moisture led to corresponding increases in surface latent heat
flux (Figure 8). In the control (Figure 8a), daytime average latent heat flux over land on
25 April 2018 was about 25 W m−2. When the derived rainfall from radar observations
was imposed, average values increased by about 30%, to 33 W m−2. When derived rainfall
was increased by 50 and 100%, respectively, latent heat fluxes increased by about 45 to 50%
(Figure 8c,d). The larger values of volumetric soil moisture on 25 April led to large increases
in latent heat flux on 26 April 2018. The control average was 41 W m−2 and the simulations
with derived soil moisture had average values 70 to 80% higher (Figure 8b–d). The most
relevant aspect is the fact that the largest latent heat fluxes were found to be located to the
northeast of Bet Shean and the areas immediately west of and including Jerusalem, as well
as areas southward over the northern Negev desert and in the area southeast of Dimona
(within the Tzafit river gorge). Correspondingly, on 26 April, convection originated to the
northeast of Bet Shean, intensified over Jerusalem, and occurred most strongly in the area
southeast of Dimona (not shown).

There was also a (significant) negative correlation between increased soil moisture
(higher latent heat flux) and the lifting condensation level (LCL; not shown), implying
that volumetric soil moisture is important to lower level atmospheric moistening. The
additional surface moisture flux likely influenced the CAPE in opposite ways (as seen
in Figure 9): More moisture generally led to lower cloud bases (lower LCL), leading to
an increase in CAPE. On the other hand, an increase in the environment humidity likely
decreased CAPE in some locations, as the environment virtual temperature increases.
Moreover, depending on the location of surface rainfall moistening in Control (and ambient
atmospheric conditions), some locations had more or less CAPE in the Control than in the
simulations with radar-derived soil moisture.
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Figure 8. Simulated latent heat from forecasts with GFS initial volumetric soil moisture and those
with derived soil moisture values based on radar observations. S-1 used the derived precipitation in
10 min intervals. S-1.5 and S-2.0 used 50 and 100% higher rainfall amounts (twice multiplied). Values
were averaged from 0600 to 1800 UTC 25 April 2018 (a–d), and 26 April 2018 (e–h). The area average
of latent heat flux over land is given in the map label within parentheses.

Figure 9. Volumetric soil moisture versus CAPE on 26 April 2018 (over land, only) between the hours of 0600 and 1700 UTC.
The output frequency was 1 h. The CAPE values shown in the scatter plot are the differences between the Control and S-1.0
(blue), S-1.5 (green), and S-2.0 (red) simulations. (A) CAPE versus surface soil moisture, and (B) CAPE versus first layer
(0.1–10 cm) soil moisture. The null hypothesis was rejected at the 5% level (“Prob” or probability = 1).

A linear fit to the data showed that CAPE values in these simulations increased with
an increase in soil moisture. Figure 9 shows CAPE values plotted versus surface (Figure 9A)
and first-layer (Figure 9B) soil moisture values. The data represent the CAPE and soil
moisture for all gridded land points (within D03) between the hours of 0600 and 1700 UTC
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on 26 April 2018. The plotted points represent the difference between the Control and
either S-1.0 (blue points), S-1.5 (green), or S-2.0 (red). By showing the differences in CAPE,
it is supposed that the scatter plots show more clearly the impact of changing soil moisture
on CAPE than the values of CAPE themselves. The CAPE and soil moisture are positively
correlated (at the 95% significance level) for both surface layer and first-layer soil moisture.
Looking at the loci of points, S-1.0 produced more points that had negative changes in
CAPE (and even a decrease in some locations of soil moisture) than S-1.5 and S-2.0. In fact,
the median change in CAPE for S-1.0 was −24 J, −1 J for S-1.5, and 2 J for S-2.0. Hence,
overall, only S-2.0 produced more points with more CAPE than the Control.

Specifically, while most points are seen to be bounded between −500 and + 750 J,
there are a number of points with CAPE values >1000 J, and these points are more likely
to serve as loci for convection. In the area of the scatter plot where both soil moisture
and CAPE were positive, there appear generally more green (S-1.5) and red (S-2.0) points
above the highly concentrated mass of points than blue points. Based on Figure 9B, it
is suggested that turbulent mixing over vegetation seems to correlate with higher (red)
values of first-layer moisture and CAPE. Thus, local soil moisture changes led to a greater
likelihood of more intense thunderstorms on 26 April.

Figure 10 compares the precipitable water values from the control and S-2.0. The data
points shown are the model grid points closest to the location of each GPS observing station.
Both simulations quite underestimated precipitable water on the second day (21 April;
compare Figure 10b–h). However, this was not a day with heavy rain or lightning. More
importantly, S-2.0 produced, on average, precipitable water values (Figure 10l) closer to
observations (Figure 6f) than the Control (Figure 10f)—when the deadly flooding and
severe floods occurred on 26 April.

Figure 10. Average daily precipitable water derived from WRF Control simulation (a–f) and S-2.0 (g–l) output from hourly
output for the days shown. Average values are shown in the parentheses.

Through their effect on CAPE and precipitable water, soil moisture magnitude differ-
ences impacted the distribution and to some extent the precipitation amounts on both 25
and 26 April 2018. Figure 11 shows 12-h precipitation values (0600–1800 UTC) on 25 and
26 April 2018. On 25 April, the additional soil moisture increased average precipitation
amounts by 5 to 7%, with S-2.0 producing the highest average value (5.02 mm). On 26 April,
mean amounts decreased by about 10%, with S-2.0 producing the least amount on average
(2.0 mm; Figure 11d). However, a qualitative comparison with Figure 5b suggests that S-2.0
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(Figure 11d) more realistically depicted the amount and location of precipitation on 25 April
in the area of Tel Aviv and southward of it compared with the other forecasts, as well as
a band of precipitation occurring on 26 April just north of Jerusalem and southward of
it (Figure 11h). In contrast, the control simulation produced very heavy precipitation on
25 April in a band from the southwest of Dimona to the north of Tel Aviv (Figure 11a),
and heavier convection on 26 April (Figure 11e) comparatively too far west of Jerusalem.

Figure 11. Simulated 12 h rainfall rates from simulations with soil moisture initialized from the
Control (a,e), S-1.0 (b,f), S-1.5 (c,g), and S-2.0 (d,h) Area averages are given in the parentheses.

None of these simulation forecasts produced precipitation in the area of Dimona
and south of it, in the Tzafit river gorge. In the next section, we turn to the use of factor
separation to explicitly calculate the impact of local versus non-local moisture sources
on CAPE, lightning, and precipitation. It will be shown that non-local moisture sources
contributed to the flooding rains in the Tzafit Basin.

4.2. Local Versus Non-Local Moisture Impacts
4.2.1. CAPE

Expressed through factor separation, both local and non-local moisture sources af-
fected maximum CAPE values (Figure 12), both individually and synergistically. For
example, both local (f1; from S-2.0) and non-local moisture (f2) sources led to a general
increase in maximum CAPE values on 25 April 2018, although the location of the increases
depended on the moisture source. For example, f1 led to increased CAPE in southwestern
and north-central Israel, while f2 led to an increase in CAPE over west Central Israel, and
the areas just to the southwest of Dimona. The coupled interactions (f12) produced a very
large increase in CAPE in the vicinity of Jerusalem. Results from the control simulation
suggest that precipitation (see below) on 25 April led to a general increase in CAPE from
25 April to 26 April (fo; compare Figure 12a,e), with values of CAPE doubling to produce
many locations greater than 1000 J. The factor f1 shows (Figure 12f) that antecedent soil
moisture had a large impact on CAPE values on 26 April, but non-local moisture advection
did not. The largest increase occurred in the area of Bet Shean and Dimona (as well as the
Tzafit river gorge). CAPE increases compared to Control were more than 1000 J due to
the local increase in lower-level moisture. In contrast, non-local moisture sources (f2) had
only a small impact on CAPE values on 26 April. CAPE changes associated with couple
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interactions (f12) were limited to local areas, including the southwestern coast, areas to the
south of Dimona, and areas north of Jerusalem. Hence, the increase in convective potential
on 26 April was mostly due to an increase in volumetric soil moisture.

Figure 12. Factor separation maps for maximum daytime CAPE between 0600 and 1700 UTC on 25 and 26 April 2018.
The factors were calculated for the 1.3 km (D03) simulation domain. The factor fo (a,e) is from the control simulation, while
f1 (b,f) represents the effect of local volumetric soil moisture (from S-2.0) on maximum CAPE values. The factor f2 (c,g),
represents the effect of non-local moisture sources on maximum CAPE values, while f12 (d,h) shows the effect of coupled
interactions of nonlocal and local moisture sources on maximum CAPE. The numbers within the parentheses show the
average values of CAPE over land.

4.2.2. Lightning

On 25 April 2018, local and non-local moisture sources led to a redistribution of
thunderstorms and ensuing lightning (Figure 13) within the simulation domain. Factor
separation (f1, f2) showed (Figure 13b,c) that the local soil (from S-2.0) and non-local
moisture sources led to a redistribution of forecast lightning. Lightning that was generally
located south of Dimona (f0; Figure 13a) in the control simulation, was “relocated” to
an area stretching from just north of Dimona, through Jerusalem, and then northward
to near Tel Aviv. Within the redistributed areas, there were locations with 5 to 10 events
per 12 h. There was also additional forecast lightning in the vicinity of the city of Bet
Shean (Figure 13b). The net result was a small increase in overall lightning activity. The
coupled interactions of both factors (f12) increased lighting intensity over far southern
Israel (Figure 13d), and produced a stronger cell with lightning rates of 10 to 25 per 12 h
immediately to the south of Dimona, in the Tzafit river gorge. Generally, lower but positive
lightning rates were also produced over the immediate Jerusalem area, as well as north-
central Israel and Jordan. Overall, there was a slight net decrease in lightning activity in
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Figure 13d, possibly an indication that relatively stronger convection in some locations
suppressed overall lightning activity in other locations.

Figure 13. Factor separation maps for 12 h lightning rates from the 1.3 km (D03) domain. The factor fo (a,e)is from the
control simulation, while f1 (b,f) represents the effect of local soil moisture on 12 h lightning rates. The factor f2 (c,g)
represents the effect of non-local moisture sources on lightning rates, while f12 (d,h) shows the effect of coupled interactions
of non-local and local moisture sources on 12 h lightning rates.

Factor separation revealed important changes in the distribution of lightning on
26 April 2018 (Figure 13e–h), including into or near the areas of flooding rains. On 26 April,
the control simulation produced a north-to-south line of convective cells from north-
central to south-central Israel (Figure 13e), west of Jerusalem and its observed location
(Figure 4e). Localized moisture impacts (f1) on lightning intensity were seen in Figure 13f,
where imposed soil moisture led to (i) a decrease in lightning activity west of Jerusalem,
and (ii) scattered convective cells within the area of the Jerusalem north-to-south mountain
ridge (qualitatively, more consistent with observations than in Control). No lighting was
produced in the vicinity of Tzafit, where it did occur in the observations. The advection
of non-local moisture (f2) led to widespread lightning coverage over southern and far
northern areas of Israel, as well as Jordan, consistent with observations. There were as
many as 10–25 lightning events in the area just south of Dimona (13g). The coupled
interaction term, f12, also led to widespread lightning just south of Jerusalem, and over
southern Israel. Lightning increases were also present over most of Jordan. Lightning
intensity increases associated with f12 were between 5–10 events in the Jerusalem area.
There was also lightning in what would be the northernmost part of the Tzafit river gorge
(Figure 13h). Hence, both local and non-local and moisture sources acted by themselves or
synergistically to affect lightning distribution and intensity.
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4.2.3. Precipitation

Consistent with the changes in lightning distribution, factor separation also revealed
that both non-local and local moisture sources had important impacts on the distribution
of precipitation on 25 April 2018. The assimilation of soil moisture prior to and during
25 April 2018 led to about a 7% increase in average rainfall over land (Figure 14b) within
the 1.3 km domain, compared to the control experiment (Figure 14a); likewise, non-local
moisture sources led to a similar increase (Figure 14c). Overall, the local (f1) and non-local
moisture sources (f2) led to the intensification of precipitation in areas to the west (and
what would be upwind) of Dimona and the Tzafit river gorge. Precipitation values had
maximum values of 20 to 30 mm. There was also substantial precipitation (>30 mm per
12 h) to the northeast of Bet Shean, associated with non-local sources (f2). The coupled
interactions (f12) produced an area of precipitation of 10 to 20 mm within the Tzafit river
gorge basin (Figure 14d). Note, however, that there were broad areas where precipitation
lightly decreased, most likely due to the intensification and focusing of convection in the
aforementioned locations.

Figure 14. Same as Figure 13, but for 12 h rainfall rates.

Both local (f1) and non-local (f2) moisture sources contributed to heavy precipitation
in the Jerusalem area on 26 April 2018, while non-local moisture sources contributed
to heavier precipitation in the area of Bet Shean, Jerusalem, and the Tzafit river gorge.
The local moisture source (f1) led to the formation of different convective cells with 5
to 10, 10 to 20, and 20 to 30 mm per 12 h along the Jerusalem north-to-south mountain
ridge. Note, however, that neither f0 (Figure 14e) (from the control simulation) nor f1
(Figure 14f) forecast precipitation in the area of the Tzafit river gorge. Figure 14g shows
that (f2) produced rainfall amounts of 10–20 mm in the area of the Tzafit gorge; the coupled
interactions of both factors (f12) contributed 5–10 mm in the northernmost part of the gorge
itself. The coupled interactions also produced the heaviest precipitation, >30 mm, in the
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area of Jerusalem and environs to its immediate southwest. Hence, both local and non-
local moisture sources coupled to contribute to the flooding rains in both areas. However,
non-local moisture sources contributed the most to the precipitation in the area of the flood
in the Tzafit basin.

5. Conclusions

Numerical simulations were conducted to evaluate the importance of local (soil
moisture) versus non-local moisture sources on the strong convective event in the Levant
on 25 and 26 April 2018. Late morning flooding in the river gorge of Tzafit killed 10 student
hikers, while late afternoon heavy rains flooded streets in Jerusalem. A deterministic
WRF forecast based on GFS initial data did not forecast the general characteristics of the
flooding events that occurred on 26 April 2018. WRF sensitivity simulation tests produced
with added local and non-local moisture sources showed the importance of both sources
of moisture. The added moisture led to areas with increased atmospheric instability
(i.e., larger CAPE), resulting in an enhanced lightning intensity and precipitation on the
26th, suggesting that antecedent precipitation “primed” the atmosphere for convection on
the 26th.

Precipitation on 25 April led to a latent heat flux increase of about 65% from 25 to
26 April in the control simulation (based on GFS boundary conditions), but more than 100%
in simulations with volumetric soil moisture based on assimilated rainfall. Local moisture
sources led to a near doubling of maximum CAPE values on 26 April, the day of the
floods. The effect of local moisture sources was to qualitatively improve the 12-h forecast
of lightning and precipitation along the central mountain ridge of Jerusalem. Non-local
moisture sources contributed importantly to enhanced lightning and precipitation intensity
in the Tzafit river gorge. Non-local moisture sources also led to an increase in lightning
activity over a wide area in the south of Israel. The combination or synergistic interactions
of moisture sources led to increases in the intensity of lighting along the Jerusalem north-
to-south mountain ridge, as well as large parts of southern Israel, and near the Tzafit river
gorge. Concurrently, there was also additional precipitation in the gorge itself.

Barton et al. [43] documented the impact of soil moisture gradients on strong con-
vection in the mountainous Tibetan Plateau. They found that mesoscale gradients in soil
moisture led to stronger convection, especially in the presence of light winds. In the
current study, WRF simulations using derived antecedent precipitation showed strong
gradients in precipitation, where elevated soil moisture areas likely favored convection
on 26 April 2018, when the flooding rains occurred. On the other hand, Alfieri et al. [44]
found that antecedent soil moisture was not correlated with next-day daily convective
precipitation events, suggesting that other factors besides soil moisture are also relevant
to convective growth. This might be explained by the possible effect of an increase of
soil moisture leading to a general decrease in CAPE due to associated surface cooling. In
other words, antecedent precipitation might lead to an increase in convective activity when
a strong upper-level low (as occurred on these days) follows a rainy day. Furthermore,
Grimm et al. [45] found that soil moisture gradients can lead to the persistent formation
of convective cells in large-scale systems in semi-arid regions, conditions similar to the
Israeli landscape in springtime. It should also be noted that mid-level moisture in Red-Sea
Trough synoptic settings is known to have played a significant role in many flooding
events in the area, such as those described by de-Vries et al. [46], Shentsis et al. [47], and
Belachsan et al. [48].

Various approaches exist to improve short-term convective forecasts. These include
the assimilation of radar and lightning data, as well as winds, etc. After the flood event,
the first author tried various approaches to assimilate lightning data immediately prior
to the development of the severe storms on 26 April. While convection was initiated (not
shown), it soon dissipated after the lightning assimilation was turned off. This suggests
that the GFS initial conditions used in the WRF model were not able to sustain convection,
leading to the conclusion that the land surface soil and desert areas within Israel and in
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neighboring states were not sufficiently moistened by antecedent precipitation prior to
the 26th.

Hence, this study’s conclusions emphasize the importance of obtaining high-quality
land surface soil moisture data when forecasting convection over dry land areas, especially
when the wind trajectory is over land, supporting the need, for example, for NASA’s
“Soil Moisture Active Passive” mission (https://smap.jpl.nasa.gov/, accessed on 1 May
2021). One possible path to creating gridded datasets is the assimilation of remote and
gauge precipitation, as well as remotely sensed moisture data [39]. Because of the potential
sensitivity of model forecast results to volumetric soil moisture, it is worth continuing to
explore the potential of using “blended” soil moisture datasets in both deterministic and
ensemble forecasting, even in sparsely vegetated areas [49].

This paper investigated the potential importance of local and remote moisture sources
on total 12-h precipitation amounts. Desert flooding, however, can occur from short-
lived convective cells (less than 1 h, for example). Simulations are planned with Spectral
(bin) Microphysics that will utilize the initial conditions found in this study to be most
favorable to the development of heavy rains in the observed locations. These simulations
will also include the impact of desert dust on cloud and ice nucleation, and use lightning
assimilation just prior to the flooding events in the local domain to trigger convection at
the right time and place. It is hoped that the combination of improved soil initialization,
coupled with lightning assimilation on the local domain, will enable us to investigate the
impact of dust on precipitation intensity on the development of convection on 25 and
26 April 2018. Together, improved sensing of soil moisture and atmospheric dust could
lead to improvements in the ability to forecast potentially deadly flooding events.
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