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Abstract

The west-east terrain cross-section along ˜150km of the northern part of Israel is characterized by a coastal-plain—mountain—

valley structure; hereafter denodet iCMV. However, the boundary layer height (BLH) evolution mechanism across the iCMV

has not yet been fully unraveled. We use Weather Research and Forecasting (WRF) simulations and ceilometer measurements

to decipher the iCMV BLH evolution mechanism during a late summertime period, where the daily maximal BLH at the

mountainous city of Jerusalem (JrM; 800m above sea-level) varies by ˜1000m. We first verify the BLH simulated by 5 model

configurations (with 4 different BL schemes). The RMSE for the 3 best configurations are around 160 and 200m for the coastal

and JrM areas, respectively. An analysis of the modeled daily BL evolution reveals a general mechanism. At the early morning,

the up-slope flows and synoptic forcing conspire to induce a surface flow convergence (SurFCon) zone. For pronounced westerly

(easterly) general flow, the SurFCon is induced east (west) of JrM. Assisted by the inland propagating sea-breeze front, the

SurFCon is advected eastwards during the afternoon. The SurFCon zone is accompanied by a substantial vertical wind column

and a locally-elevated BLH. The more western the morning-time SurFCon is, the more likely the elevated BLH will pass during

midday through JrM, with a higher daily maximum BLH. At the late afternoon, the SurFCon zone arrives at the valley bottom

and collapses. The dependence of the mechanism upon the synoptic regime, and the corresponding temperature and humidity

dynamics, require further study.
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Key Points:

• We use WRF simulations to study the summertime mountainous BLH
evolution along the Israeli coast—mountain—valley terrain cross-section

• The BLH evolution is associated with a morning induced convergence zone
that is later advected eastward by the sea-breeze front

• Under weak/easterly general flow, the convergence is induced west of the
mountain-top and passes over it at noon with hyper-elevated BLH

Abstract

The west-east terrain cross-section along ~150km of the northern part of Israel is
characterized by a coastal-plain—mountain—valley structure; hereafter denodet
iCMV. However, the boundary layer height (BLH) evolution mechanism across
the iCMV has not yet been fully unraveled. We use Weather Research and
Forecasting (WRF) simulations and ceilometer measurements to decipher the
iCMV BLH evolution mechanism during a late summertime period, where the
daily maximal BLH at the mountainous city of Jerusalem (JrM; 800m above
sea-level) varies by ~1000m. We first verify the BLH simulated by 5 model
configurations (with 4 different BL schemes). The RMSE for the 3 best config-
urations are around 160 and 200m for the coastal and JrM areas, respectively.
An analysis of the modeled daily BL evolution reveals a general mechanism. At
the early morning, the up-slope flows and synoptic forcing conspire to induce a
surface flow convergence (SurFCon) zone. For pronounced westerly (easterly)
general flow, the SurFCon is induced east (west) of JrM. Assisted by the inland
propagating sea-breeze front, the SurFCon is advected eastwards during the
afternoon. The SurFCon zone is accompanied by a substantial vertical wind
column and a locally-elevated BLH. The more western the morning-time SurF-
Con is, the more likely the elevated BLH will pass during midday through JrM,
with a higher daily maximum BLH. At the late afternoon, the SurFCon zone
arrives at the valley bottom and collapses. The dependence of the mechanism
upon the synoptic regime, and the corresponding temperature and humidity
dynamics, require further study.

1 Introduction

The planetary boundary layer (PBL; BL in short) is the portion of the atmo-
sphere that is directly affected by the earth surface and characterized by convec-
tive or mechanical turbulence (produced by thermal instability and wind shear,
respectively) that disperses pollutants within a time scale of an hour (Seibert
et al., 2000; Stull, 1988). The turbulent processes that take place within the
PBL govern momentum, heat, and material transfer from the ground up to the
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atmosphere (Seidel et al., 2010). Therefore, it directly affects human life, e.g.,
by weather phenomena, climate, and air quality. In particular, the boundary
layer height (BLH), or the boundary layer thickness (BLT), is considered the
parameter that determines the effective atmospheric volume within which air
pollution can spread (Eresmaa et al., 2012; Geiß et al., 2017; Seibert et al., 2000;
Seidel et al., 2010; Yuval et al., 2020; Y. Zhang et al., 2014). Therefore, the BLH
(or BLT) is a subject of immense interest. The planetary BL dynamics is an
ongoing subject of research, in particular over complex terrain, where it depends
on a variety of driving forces: the particular terrain structure, diurnal radiative
processes that drive mountain and valley flows, the surrounding canopies and
the general flow (De Wekker & Kossmann, 2015; Emeis et al., 2018; Fernando,
2010; Rotach et al., 2008, 2015; Serafin et al., 2018). These factors may play a
role in a variety of spatial and temporal scales, depending on their own scales,
as well as their relative scales.

The BL and BLH studies are either experimental or computational. Experi-
ments in the BL include direct measurements of the meteorological properties
of the atmosphere (wind speed and direction, pressure, temperature, and hu-
midity), and also remote sensing techniques such as ceilometer, Lidar or Sodar
measurements (Eresmaa et al., 2012; Feng et al., 2015; Geiß et al., 2017; Kot-
thaus & Grimmond, 2018; Seibert et al., 2000; Seidel et al., 2010; Y. Zhang et al.,
2014). The BLH can be estimated directly from vertical gradients of measured
meteorological variables. Alternatively, it can be estimated based on threshold
values for the Richardson, or bulk Richardson (Rib), numbers, or from the turbu-
lent kinetic energy (TKE). The output of the remote sensing techniques requires
various algorithms for analysis and for estimating the BLH. Computational BL
studies employ numerical atmospheric models (Banks et al., 2015; De Tomasi et
al., 2011; De Wekker & Kossmann, 2015; Kunin et al., 2019; Lieman & Alpert,
1993; Lu & Turco, 1994; Mahrer & Pielke, 1977; Tyagi et al., 2018). The spatial
resolution of these models, typically few kilometers in the horizontal, prevents
an explicit representation of turbulent eddy dynamics. For that reason, these
models employ various PBL schemes that parametrize sub grid-cell turbulence.
In meso-scale atmospheric models, such as the weather research and forecasting
(WRF) model, the PBL schemes compute the BLH by employing a threshold
for either the Rib or the TKE. Currently, numerical atmospheric models allow
a simple realistic simulation of the BL, with spatiotemporal resolutions that are
beyond experimental equipment only.

Israel has diverse terrain structures and canopies. A relatively large portion
in the north, which lies along the Eastern Mediterranean (EM) coast, is char-
acterized by a coastal-plain—mountain—valley (hereafter referred to as iCMV;
the ‘i’ stands for Israeli) across the west—east direction. This iCMV structure
stretches along ~150km in the south—north direction; see Figure 1 for the cor-
responding terrain elevation map. A relatively large number of studies has been
published concerning the PBL properties within the iCMV region. The majority
of these focus on the coastal plain region during summertime events, and fewer
on the mountainous and valley regions. The particular interest in the coastal
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plain PBL is related with air quality concerns since a number of power stations
are located along the Israeli EM coast. The interest in the summer season stems
from the fact that this season is characterized by the largest number of low BLH
events (Dayan & Rodnizki, 1999; Goldreich, 1998). In addition, the summer sea-
son is characterized by a highly persistent synoptic regime, which makes it an
ideal period for atmospheric studies. During the summer, a ridge dominates
the upper layers, causing air subsidence. In the lower levels, usually from the
surface and up to about 1500 m, the Persian trough dominates, and dictates a
north-westerly general flow. This regime creates an inversion layer between the
opposing pressure systems. Although considered persistent, the Persian trough
can either deepen at times, due to the influence of an upper layer trough, or be-
come shallow as it withdraws eastward. According to the current understanding,
when the Persian trough deepens, the boundary layer becomes thicker, and the
general flow becomes more westerly above the EM, injecting cooler and more
humid air inland. During a shallow Persian trough, the general flow becomes
more northerly, the subsidence strengthens, and the boundary layer becomes
thinner such that the coastal plain suffers relatively high temperatures and
relative-humidity while the mountains top stay dry. (Goldreich, 1998; Saaroni
et al., 2017).
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Figure 1. Terrain elevation map of the d02 model domain and the inner-most
domain (d03; marked by a white rectangle). The iCMV structure is marked
by the bold white letters ‘C’, ‘M’ , and ‘V’. The white and red dots mark the
locations of Jerusalem (JrM) and Beit-Dagan (BDg), respectively. The orange
dots mark additional stations used for the model verification.. The dashed red
line marks the specific iCMV path whose vertical cross-section is studied in this
work.

The boundary layer studies within the iCMV region are based mainly on data
from limited number of radiosondes, launched twice a day at most (Dayan et
al., 1988, 2002; Halevy & Steinberger, 1974). At the mountain top, the daytime
BLH was studied with Lidar, operated in Jerusalem (~800 m above sea-level)
between 10am and 8pm, every 3 or 4 hours, aiming at the time-variation of the
BLH (Hashmonay et al., 1991). More recently, ceilometers were tested in sev-
eral sites in Israel and used for meteorological models verification, and analysis
of the daily BLH for adjacent coastal stations (Uzan et al., 2016, 2020). The
BLH across an approximated, and low resolution (10km horizontally), represen-
tation of the iCMV was simulated for a single summertime-like event, using a
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numerical model (Lieman & Alpert, 1993). According to the four BLH cross-
section snapshots that are presented between 10am to 4pm in that work, the
BLH nearly follows the terrain in the morning. At midday, a sharply-increased
BLH above the mountain is seen, while at the coast the BLH drops by half.
At the afternoons the BLH drops throughtout the cross-section. Although that
study describes the general daytime shape of the BLH cross-section, it does not
suggest a detailed dynamical mechanism of the BLH evolution. More advanced
high-resolution WRF simulations were employed recently for studying the BL
dynamics in the vicinity of the Dead-Sea valley, for two test cases (Kunin et al.,
2019). The above-mentioned studies could not provide a detailed spatiotempo-
ral dynamical picture of the iCMV BL evolution. In this context, their main
conclusions are summarized as follows:

• Variations in the BLH during different synoptic regimes are statistically
significant only in the coastal plain during the summer season (Dayan et
al., 1988).

• In general, the factors influencing spatial variations in the BLH are mainly
the topography and the distance from the shoreline and, to a lesser extent,
synoptic weather systems (Dayan et al., 1988, 2002).

• BLH differences between stations across the coastal plain, during different
modes of the summertime Persian trough, were explained in terms of the
station’s distances from the surface cyclonic-center and from the upper-
layer anti-cyclonic center (Dayan et al., 1988, 2002).

• During the summer season, different modes of the Persian trough have
only a small influence on the BLH (Dayan et al., 1988, 2002; Uzan &
Alpert, 2012). In Jerusalem (800 m a.s.l.; see Figure 1), the daily BLH
profile does not show a “systematic” dependence on the summer synoptic
regime (Hashmonay et al., 1991).

• During the summer season, in the coastal plain, the BLH daily maximum
occurs during the morning, while in the mountain it occurs around noon-
time (Hashmonay et al., 1991; Lieman & Alpert, 1993; Uzan et al., 2016;
Uzan & Alpert, 2012).

• Based on simulations of two events, the location of the daily maximal
BLH, relative to the mountain top, was found to depend on the synoptic
flow direction (Lieman & Alpert, 1993).

In light of the above information, our objective is obtaining as detailed dynam-
ical understanding as possible regarding the BL evolution across the relatively
simple iCMV terrain line. In particular, we focus on the daytime BL evolution
around the mountain, including Jerusalem, and its slopes. We study the late
summertime period of September 5—14, 2017, during which the daily maxi-
mal BLH varies by up to 1000m. For this purpose, we use the WRF model
(Skamarock et al., 2019) to simulate the BL during this period and analyze its
dynamics, based on verification relative to ceilometer, radiosondesc and surface

5



observations. Most of the days during this period are characterized by a ridge
in the 500mb layer. At the surface, the Persian trough is found, but less per-
sistently than during the summertime (July-August). In fact, two of the events
show relatively distinct surface synoptic regimes that provides insight regarding
the influence of the synoptic conditions on the BL evolution across the iCMV.

The remainder of the manuscript is organized as follows: In Section 2 we describe
the WRF model set-up, and the method of the simulations verification and
dynamical analysis. The results of the simulations verification with respect to
surface, radiosonde and ceilomenter observations are presented in Section 3. In
this Section we also provide a detailed dynamical analysis of the boundary layer
cross-section for the two events of intereset, and discuss the general mechanism
of the iCMV BL evolution. We conclude in Section 4.

2 Data and Methodology

2.1 Model Set-Up

We run the WRF model (version 4.1.2) with the Advanced Research WRF solver
to simulate, separately, the 10 consecutive days of September 5—14, 2017. The
model is set in a two-way 3-nested domains configuration, as presented in Fig-
ure S1, focused on Jerusalem. The three domains, d01, d02 and d03, contain
220×178, 127×130, and 121×121 grid cells in the horizontal south-north and
east-west directions, respectively, with resolutions of 4.5, 1.5, and 0.5 km. The
time steps for the model integration are 27, 9, and 3 s, for the three nests, re-
spectively. For the d02 and d03 nests (shown in Figure 1), the model prints
the simulation output every 30 and 20 minutes, respectively. The initial and
lateral boundary conditions are derived from a combination of operational fore-
casting systems. For the atmospheric fields, we use the pressure levels data of
the ECMWF integrated forecasting system with 0.1° horizontal resolution. For
the surface and soil fields, we use the NCEP GFS 0.25° global analyses and 3-
hour forecasts. Originally, we ran the simulations based on the ECMWF fields
(atmospheric, surface and soil) only. However, it resulted in disturbed skin tem-
perature and PBL height pattern along the coast line (although the simulations
of both settings perform similarly well, inland). The model terrain is based on
the 90-m resolution SRTM data, downloaded from srtm.csi.cgiar.org. For each
day, we ran the model with 4 PBL schemes, and a total of 5 configurations;
we use either 54 or 50 vertical levels, as specified in Table 1. The rest of the
model schemes used are as follows: for the microphysics we use the WRFSM6
parameterization (Hong & Lim, 2006). For the long- and short-wave radiation
we use the RRTM (Mlawer et al., 1997) and Dudhia (Dudhia, 1989) schemes,
respectively. We employ either the Revised MM5 (Jiménez et al., 2012) or
Pleim-Xiu (Pleim, 2006) surface layer scheme, and either the Noah (Chen &
Dudhia, 2001) or Pleim-Xiu (Xiu & Pleim, 2001) land surface model (see Table
1). No cumulus parameterization is employed. The simulations are initialized
at 18 UTC, 20 local standard time (LST), and run for 30 hours. The first 6
hours of the simulations are not included in the surface wind and temperature
verification.
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Configuration
name

PBL scheme Surface Layer
scheme

Land Surface
scheme

Total number
of vertical
Levels
(within 1 km)

YSU YSU Rev. MM5 Noah (18)
Blc BouLac Rev. MM5 Noah (18)
ACM777 ACM2 Pleim-Xiu Pleim-Xiu (14)
ACM12 ACM2 Rev. MM5 Noah (14)
MYNN2 MYNN2.5 Rev. MM5 Noah (18)

Table 1. Model configurations used in this study.

Last, we note that within the WRF model, the surface layer and land surface
parameterizations that are recommended to be conjugated with the ACM2 PBL
scheme are the Pleim-Xiu, as specified for the ACM777 configuration.

2.2 Simulations Verification

We compare and verify the model simulations with respect to three sets of
observations:

• Surface observations: we verify the simulated 10m wind speed and direc-
tion (WS10 and WD10, respectively), and 2m temperature (T2), for all
the stations shown in Figure 1, with 10-minute surface observations from
the Israel Meteorological Service (IMS; ims.gov.il). The stations’ details
are given in Table S1.

• Radiosonde observations: we verify the simulated wind speed and di-
rection (WS and WD, respectively), and the temperature (T) profiles
at Bet-Dagan (BDg) station with the corresponding radiosonde observa-
tions, interpolated to the WRF model vertical levels. The radiosondes are
launched twice a day (local midnight and midday) from BDg by the IMS.
The simulations are each compared with 3 radiosondes launches (6, 18,
and 30 hours after initializations).

• Ceilometer observations: The simulated daytime (6am to 5pm, LST) BLH
is compared with the 10-minute Vaisala Ceilometer (CL31) measurements
from the coastal BDg and mountainous JrM stations (see Figure 1). The
ceilometers are operated by the IMS. At times, the ceilometer height out-
put falls abruptly to very low values. Since our aim is a quantitative
verification, and not any kind of signal analysis, we simply impose the
threshold of 250m AGL, below which we ignore the ceilometer data (in
one occasion at BDg, we ignored an apparent artifact, a jump above the
value of 1500m). Hereafter, we use ‘BLH’ when referring to height above
the sea level (ASL), and ‘BLT’ when referring to height above ground level
(AGL). The comparison between the simulated and the filtered ceilome-
ter data is performed after applying a 1-hour-window running-average for
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both data sets. For the ceilometer data we demanded at least 3 data
points within the averaging window. According to the CL31 local verifica-
tion and evaluation (Uzan et al., 2016, 2020), the measured BLH RMSE,
relative to BDg radiosonde, is 143m.

We follow standard accuracy measures for the verification of the model config-
urations: Bias, or Mean error (ME), Mean absolute error (MAE), Root mean
square error (RMSE), and Correlation coefficient (Corr). Their generic formu-
lations are as follows:

ME = 1
𝑁 ∑𝑖 𝑀𝑖 − 𝑂𝑖 (1)

MAE = 1
𝑁 ∑𝑖 |𝑀𝑖 − 𝑂𝑖| (2)

RMSE = √ 1
𝑁 ∑𝑖 (𝑀𝑖 − 𝑂𝑖)

2 (3)

Corr(𝑀, 𝑂) =
1
𝑁 ∑𝑖 (𝑀𝑖−𝑀)(𝑂𝑖−𝑂)

𝜎𝑀𝜎𝑂
(4)

In these equations, 𝑀𝑖 refers to a modeled value at a specific time (i), from
the grid-cell closest to the station location. The corresponding observation is
denoted 𝑂𝑖. The value of 𝑁 refers to the number of data points considered, and
𝜎𝑋 denotes standard deviation of either observed (O) or modeled (M) parame-
ters.

2.3 Simulations Dynamical Analysis

Based on the simulations verification, we present a detailed dynamical analysis
of the simulated iCMV BL evolution for two events (out of the 10 studied events).
The choice of these two events is guided by the relatively large differences in
their synoptic regimes (westerly vs. easterly) and in their daily maximum BLH
(about 1000m), as will become evident. In the dynamical analysis we track
the time evolution of the iCMV vertical meteorological cross-section along the
horizontal line that connects the stations BDg and JrM (dashed red line in
Figure 1). This analysis reveals in detail the combined effect of the topography,
solar (including sea-breeze), and synoptic forcings upon the BL evolution across
the iCMV. In addition, it reveals the role and impact that the synoptic regime
has upon the BL dynamics and BLH around JrM at the mountain top.

3 Results and Discussion

3.1 Model Verification

To set the basis for the dynamical analysis of the BL vertical cross-section, we
first verify the model simulations for the surface wind and temperature, the BDg
meteorological profile, and the BLH in BDg and JrM. The main results of the
surface and radiosonde verifications are described in the text below, while the
detailed results are presented in the supporting information as we shall specify.

3.1.1 Verification of Suface Wind and Temperature, and of BDg Profile
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Figures S2-S7 show the model ME and MAE for the WS10 and WD10, and
for the T2, relative to the IMS surface observations. The results are presented
separately for the 7 stations within the inner most domain (NCh, CRs, Tsu,
GvR, JrM, RTs, and MAd), and for the 2 coastal stations (BDg and TAf) from
the d02 domain. The errors are computed and presented separately for daytime
(6am to 5pm) and nighttime (5pm to 6am). For the WD, we use only data
(observed and simulated) for which the WS is larger than 1m/s.

For the 7 stations within the inner most domain, the WS10 MAE (Figure S2)
is mostly <1.5 m/s and is mostly positively biased by up to ~1.5 m/s. The
WD10 MAE (Figure S3) is <40° for most cases, and during daytime is mostly
<30°. The ME is usually <±20°. The T2 MAE (Figure S4) is mostly in the
range 0.7-1.8°C, and usually negatively biased (up to ~-2°C). For the two coastal
stations, the WS10 MAE (Figure S5) usually does not exceed 1m/s and lacks
profound bias. The WD10 MAE (Figure S6) is <40°, and mostly <30° without
profound bias. During the daytime, the T2 MAE (Figure S7) is around 1.5°C,
and negatively biased by 1.5°C. Similar, and even lower results are obtained
during nighttime. Overall, the obtained accuracy for the surface meteorological
measures are comparable, and sometimes better, than that obtained in other
studies (Avolio et al., 2017; Giannaros et al., 2019; Giovannini et al., 2014;
Tymvios et al., 2018; H. Zhang et al., 2013)

The ME and MAE for the WS, WD, and temperature profiles, for the 3 BDg
radiosonde timings, are shown in Figures S8 and S9, respectively. The WS MAE
mostly slightly exceeds 2 m/s, whereas within the first kilometer it is closer to
1 m/s. The WS bias increases gradually with height, mainly above 1 km. At
midday, relative to midnight, a larger WS bias is indicated in the lower levels.
The midnight WD MAE hardly exceeds 40° for all heights, except for the levels
below ~250m. Closer to the ground, the nighttime MAE sometimes reaches
60-70°, whereas at midday it is only about 10°. At midnight, no considerable
bias is indicated for the WD above 500m, with increasing values (up to ±40°)
closer to the ground. During midday, no marked bias is indicated for the WD up
to 500m, and above this height it is mostly within °. For the temperature, the
MAE is mostly <1°C for the first midnight, and <1.5°C for the second, with MEs
mostly smaller than ±1°C at all heights. During midday, the temperature MAE
is smaller than 1°C up to ~500m (with ME < ±1°C) and above 2000m (with ME
reaching -1°C). Within 500-2000 m, the MAE is mostly <2°C, with a comparable
but negative ME. The above profile accuracy measures are comparable to those
reported in previously published works (Coniglio et al., 2013; Kleczek et al.,
2014; Shi et al., 2020; Tyagi et al., 2018).

3.1.1 Verification of BDg and JrM Boundary Layer Height

Figure 2 shows in black line the daytime measured BLT at the coastal station
BDg during September 5—14, 2017, and in colored lines the corresponding sim-
ulated BLT for the 5 model configurations. Shaded color indicates the 1-hourly
standard deviation. Usually, the observed BLT increases from early morning,
reaches a maximum at around 10 am, and later generally decreases moderately.
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Among the events, the maximal BLT vary in the range 500—1300m. In some
events, a second local maximum is observed in the afternoons. In general, the
BLT daily pattern agrees with previous measurements for this coastal station,
where the morning maximum was correlated with the arrival of the sea-breeze
front, and the later gradual decrease to the sea-breeze front passage (Uzan et
al., 2016). The model configurations reconstruct fairly well the daily measured
BLT time-series, with a notable exception for the ACM777. In Table 2 we show
the ME, MAE, RMSE and Corr for the daytime simulated BLT for BDg, rel-
ative to the ceilometer measurements. The ACM777 configuration shows the
highest errors. The other four configurations perform similarly well, with ac-
curacies that exceed these reported in (Uzan et al., 2020) for the station WZ
(nearby BDg), and are not inferior to those reported elsewhere (Avolio et al.,
2017; Coniglio et al., 2013; De Tomasi et al., 2011; Tyagi et al., 2018). The
correlation coefficients are mostly larger than 0.5, although the measured BLT
shows only a minor trend during a substantial period of time.

Figure 2. Daytime BLT for the BDg station during September 5—14, 2017.
Black line: ceilometer observations. Colored lines: 5 model configurations sim-
ulations.

Configuration
Measure

Blc YSU MYNN2 ACM12 ACM777

ME(m)
MAE(m)
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Configuration
Measure

Blc YSU MYNN2 ACM12 ACM777

RMSE(m)
Corr

Table 2. ME, MAE, RMSE and Corr for the 5 model configurations simulated
BLT, relative to BDg ceilometer observations.

The daytime measured BLT (black line) and the corresponding simulated BLT
for the 5 model configurations (colored lines) at JrM, during September 5—14,
are presented in Figure 3. Shaded color shows the 1-hourly standard deviation.
Generally, the measured BLT increases quite sharply from early morning and
reaches a maximum at around 1 or 2pm. During the afternoons it drops in a rate
similar to that of the morning increase. The daily maximal BLT vary in JrM
in the range ~750-2000m. A similar sharp increase of the BLH was previously
indicated at midday during a few selected events in a similar mountainous lo-
cation (Hashmonay et al., 1991; Lieman & Alpert, 1993). The non-ACM-based
model configurations reconstruct a bell-shape BLT time-series that fairly re-
sembles the observed. The ACM-based configurations tend to overpredict the
measured BLT to the largest extent, most of the time. Table 3 summarizes the
ME, MAE, RMSE and Corr for the daytime simulated BLT at JrM, relative
to the ceilometer measurements. Clearly, the ACM-based configurations suffer,
by far, the largest bias and errors. The three other configurations show similar
accuracy, that exceeds the ~250m RMSE reported in (Uzan et al., 2020) for
JrM, and are at least comparable with (Avolio et al., 2017; Coniglio et al., 2013;
De Tomasi et al., 2011; Tyagi et al., 2018). Finally, we note that although
the ACM777 configuration uses the recommended PBL, surface layer and land
surface parameterizations combination, its BLH errors are markedly larger than
these obtained for the ACM12 configuration. Deciphering the reasons for that
is beyond the scope of the current work.
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Figure 3. Daytime BLT for the JrM station during September 5—14, 2017.
Black line: ceilometer observations. Colored lines: 5 model configurations sim-
ulations.

Configuration
Measure

Blc YSU MYNN2 ACM12 ACM777

ME(m)
MAE(m)
RMSE(m)
Corr

Table 3. ME, MAE, RMSE and Corr for the 5 model configurations simulated
BLT, relative to JrM ceilometer observations.

3.2 Dynamical Analysis of the Boundary Layer Cross-section

With the model configurations already verified with respect to the surface, ra-
diosonde and ceilometer measurements, in this section we present a detailed
dynamical analysis of the BL vertical cross-section along the horizontal BDg—
JrM line (dashed red line in Figure 1). We focus on two events: September
the 6th and the 8th, denoted hereafter ‘06sep’ and ‘08sep’, respectively. The
main reason for choosing these two is their different synoptic regimes. The
06sep event is characterized by a dominant westerly synoptic flow, induced by
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the deep surface Persian trough and the northern upper layer trough (the syn-
optic maps are shown in Figure S10). On the other hand, the 08sep event is
characterized by an easterly flow within the region of interest, induced by shal-
low surface Persian and Red-sea troughs, accompanied by a shallow ridge from
850mb and above (see Figures S11). Moreover, inspection of the JrM BLH time-
series in Figure 3 shows that the two events present the lowest and highest daily
maximum BL heights, that differ by more than 1000 m. We expect that these
relatively extreme events will allow us to elucidate the effect of the synoptic
regime, topography, and radiation on the BLH evolution.

In the following figures, the MYNN2-simulated vertical meteorological cross-
sections, obtained in the d02 model domain, are presented across the iCMV
topographic contour line (black line). In these figures, the land-use categories
are color coded by thick lines below the topographic contour line (blue:water,
orange:urban, tan:cropland, dark gold:open shrublands). Within the analyzed
vertical cross-section, we follow the simulated BLH (dashed black line), poten-
tial temperature (colored contours with inline values), water vapor mixing-ratio
(blue-scaled shaded area), horizontal wind vectors (gray- and size-scaled arrows),
and the vertical component of the wind (blue-red contours for negative-positive
values). Simultaneously, we follow the ceilometer BLH observations in BDg and
JrM (red-filled circles), and the radiosonde wind and temperature vertical pro-
files in BDg (size-scaled green arrows and color-scaled filled circles, respectively;
both scaled the same as the simulated data, and shown close to BDg longitude
to assure clarity). Hereafter, all hours are given as local standard time.

3.2.1 Analysis of the 06Sep Event

The 06sep event is characterized by a westerly synoptic flow within the boundary
layer throughout the iCMV region; see the iCMV meteorological cross-section
at 01:30am in Figure S12. The agreement between the simulated wind and
temperature vertical profiles and the BDg radiosonde (longitude 34.816) is very
high at this time, and the BLH is very low across the iCMV, except for above
urban areas.

As the sun rises and the surface heat flux grows (not shown), the BLH grows
gradually across the iCMV. Figure 4 shows the meteorological cross-section at
08:30am. The general westerly synoptic flow persists almost across the entire
region. The BLH is uniform (~1000m ASL) between the Mediterranean Sea and
longitude ~35.2, in agreement with the ceilometer measurements at BDg and
JrM (red-filled circles). The low level easterly flow from the valley, along the
eastern slope of the mountain, is the morning solar-induced anabatic wind. At
about longitude 35.3, ~10 km east of JrM, a surface flow convergence (SurFCon)
zone is identified. This is the convergence of the westerly flow with the easterly
anabatic flow climbing from the valley. The SurFCon is accompanied by a
positive vertical wind column (red contours at about longitude 35.3) and locally-
elevated BLH.
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Figure 4. Early morning (08:30) iCMV meteorological cross-section for Septem-
ber 6th. The SurFCon zone is located east of JrM, around longitude 35.3.

As time progresses toward noon, the sea-breeze develops and its front propa-
gates inland. Figure 5 shows the iCMV meteorological cross-section at 13:30.
The westerly flow dominates most of the region. The BLH across almost the
entire iCMV is higher than during the morning. From the Mediterranean coast
to longitude ~35.1, the BLH seems to be terrain-following. The midday simu-
lated temperature and wind vertical profiles at BDg agree very well with the
corresponding radiosonde. The arrival of the westerly sea-breeze flow to the
east of the mountain top, restricts the anabatic flow to a short extent up to the
mountain eastern slope. Effectively, the SurFCon zone has been advected east-
ward, and is located at about longitude 35.35. The locally-elevated BL exceeds
1500m ASL.
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Figure 5. Midday (13:30) iCMV meteorological cross-section for September
6th. The BLH is elevated across the iCMV, and the SurFCon zone has been
advected eastward.

As the sun sets, the BL west of the mountain top descends slightly, but across
the eastern slope it descends more rapidly, since the eastern slope is more shaded
than the western, and is located farther from the relatively hot Mediterranean
Sea. By the late afternoon, (e.g., see the 16:30 cross-section in Figure S13), the
SurFCon zone has been advected all the way eastward to the bottom of the
valley. After sunset, as the night progresses, the BL lowers substantially across
the entire iCMV, although mainly above urban regions the BLH is relatively
higher (see Figure S14, for meteorological cross-section at 01:30am).

A comprehensive dynamical picture for the 06sep event is obtained by a spa-
tiotemporal plot of the vertical wind component (w), and the half-hourly time-
varations of the water vapor mixing-ratio (�q), potential temperature (�T), and
the horizontal WS (�WS). We calculate the averages of the above measures be-
low the boundary layer height for each grid-cell across the iCMV, and further
average the results for the 3 best model configurations, Blc, YSU, and MYNN2.
Figure 6 presents the time-variations �q, �T, and �WS (upper, middle, and lower
panels, respectively) between 06:00am and 20:00. Absolute differences smaller
than 0.25 (g/kg, K, or m/s) are set to zero. The �q is overlayed by contours
of w, and �T and �WS are overlayed by contours of �q (solid/dashed line for
positive/negative values). The lowest panel shows the terrain elevation across
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the iCMV.

According to Figure 6, a wide arc-shaped trend of negative �q with time is indi-
cated from near the coastline (longitude ~34.8) at ~08am, to the eastern slopes
(longitude ~35.3) around 12pm. Concurrently, the potential temperature in-
creases. Shortly after its maximal increase, the rate of the potential tempera-
ture increase falls. Although the WS does not indicate a very clear trend of an
increase along the negative �q arc, we associate the above mentioned trends with
the inland propagation of the sea-breeze front. We assume that the lack of a
clear WS trend results from the dominant westerly synoptic flow that masks the
mesoscale sea-breeze phenomenon, as reported by (Lensky & Dayan, 2012) for
a similar large scale flow event. We estimate the sea-breeze front propagation
rate to be ~2-5m/s, where the higher values correspond to the inland regions.
A similar propagation speed is reported in (Alpert & Rabinovich-Hadar, 2003).

The initial location of the SurFCon zone, and its eastward propagation, are
indicated in Figure 6 by the positive (red) vertical velocity contours (east of
longitude 35.3, from early morning until about 15:00) in the top panel. Shortly
after noontime, the sea-breeze front seems to meet the SurFCon zone at longi-
tude ~35.34, and the vertical wind intensifies. Concurrently with the SurFCon
zone afternoon propagation (indicated by the abovementioned red contours),
the WS and potential temperature increase, whereas q decreases. However,
shortly after the SurFCon zone (and the sea-breeze front) passage, the specific
humidity increases and the temperature decreases. The estimated propagation
rate of the SurFCon zone after 12pm is about 1m/s. Apparently, this value is
lower than that of the earlier stages of the sea-breeze front propagation due to
the “blocking” easterly flow up the slope.
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Figure 6. Half-hourly time-variation of the specific humidity, �q, potential
temperature, �T, and wind speed, �WS (first, second and third panel from above,
respectively), across the iCMV during 06am to 20:00 of September 6th. The �q
is overlayed by the vertical wind contours (w), and the �T and �WS are overlayed
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by the �q contours. Lowest panel: the iCMV terrain contour line.

To summarize, at the early morning, during the westerly synoptic flow event, the
BLH is relatively uniform ASL from the Mediterranean coast to the mountain
top. At this time, the topographic, solar, and synoptic forcings conspire to form
a SurFCon zone east of JrM. At the SurFCon location, a substantial vertical
wind column appears, and the BLH is locally-elevated. As the day progresses,
the sea-breeze propagates inland at a rate of ~2-5m/s, and the BL becomes
thicker across almost the entire iCMV, reaching its maximal thickness at about
13:30. The maximal height of the BL across the iCMV, ASL and AGL, is
found to the east of JrM, where the SurFCon is located. After noontime, the
sea-breeze front has passed longitude 35.3, and meets the SurFCon zone. As a
result, the SurFCon zone is being advected eastward, until it reaches the valley
bottom in the late afternoon. The SurFCon zone propagation rate is ~1m/s
during this period of time. The eastern slope BLH descends with the SurFCon
passage during the afternoon. The BLH west to the mountain descends during
the night.

3.2.2 Analysis of the 08Sep Event

The 08sep event is not characterized by a westerly synoptic forcing. According
to the iCMV meteorological cross-section at 01:30am (Figure S15), the flow is
northerly up to about 1000m ASL. Above this altitude, the flow is south-south-
easterly. This layered weak flow is supported by the BDg midnight radiosonde
measurements (Figure S15). Close to the surface, a katabatic flow is found at
the western and eastern slopes of the mountain at this time. The BL is very
low across the iCMV, except, mainly, above urban regions. In Figure 7 we
show the meteorological cross-section for 09:30am. The BLH is quite uniform
(ASL) between the Mediterranean coast and the inner coastal plain, and terrain-
following from the mountain and eastward. West of the mountain top, the flow
is north-noth-easterly below 500-900 m, easterly around 1000 m, and southerly
above ~1500m.The surface wind is north-north-westerly. From the top of the
mountain and eastward, the flow is easterly to north-north-easterly within the
BL, and becomes southerly above ~1500m. Eastward to longitude ~35.15, the
surface wind is easterly. Unlike the 06sep event, in the current event the anabatic
easterly flow climbs from the valley and reaches the mountain top (longitude
~35.15). As a result, the morning SurFCon zone is located at longitude ~35.15,
almost 10km west to JrM.
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Figure 7. Morning (09:30) iCMV meteorological cross-section for September
8th. The SurFCon zone is located west of JrM, around longitude ~35.13.

As midday approaches (Figure S16), the sea-breeze develops and propagates in-
land. The SurFCon has been advected eastward (located at longitude ~35.18),
and the BLH seems hyper-elevated in its vicinity. Behind the sea-breeze front,
the BLH descends by ~200m, as apparent west of longitude 34.95. The iCMV
BLH reaches its maximal thickness at around 13:30, as seen in Figure 8. At this
time, the sea-breeze front has almost arrived at longitude 35.2, near JrM, and
the SurFCon zone, further advected eastward, is located ahead of it. The high
vertical-wind (>1.5 m/s) and the locally-elevated BL at this position are evi-
dent. Above the mountain top, including above JrM, the BL is hyper-elevated,
approaching ~2300m ASL, compared to ~1500m ASL at the same time during
the 06sep event (Figure 5).
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Figure 8. Midday (13:30) iCMV meteorological cross-section for September
8th. The SurFCon zone has been advected eastward, ahead of the sea-breeze
front, and is found, with hyper-elevated BLH, at longitude ~35.2, close to JrM.

In the afternoon, the westerly sea-breeze, and the SurFCon zone have already
passed the mountain top and JrM. At 17:00, the SurFCon zone is located at
longitude ~35.36, as seen in Figure 9. By this time, the BL around the mountain
top has decreased by more than 1000m, compared to 13:30 (Figure 8). The BL
descends to some extent also across the inner coastal plain and the western slope.
By 19:00 (Figure S17), the BL further falls around the mountain top and its
eastern and western slopes. At this time the SurFCon zone has approached the
valley. Across the coastal-plain, excluding urban regions, the BLH lowers as the
night progresses; see Figure S18 for the 01:30am cross-section.
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Figure 9. Afternoon (17:00) iCMV meteorological cross-section for September
8th. The SurFCon zone, with the locally-elevated BLH, is being advected to-
wards the valley bottom, ahead of the sea-breeze front. Behind it, the BLH has
lowered.

To provide a comprehensive dynamical picture, in Figure 10 we show spatiotem-
poral plots of w, and the half-hourly variations �q, �T, and �WS for the 08sep
event, between 06:00am to 20:00. The �q is overlayed by w contours, and �T and
�WS are overlayed by �q contours. The lowest panel shows the terrain elevation
across the iCMV.

Between the coastline at ~09am and longitude ~35.18 at about 13:00, an arc-
shaped trend of positive �q, concurrent with a lowering �T, and positive �WS,
are clearly evident. These trends are associated with the inland propagation of
the sea-breeze front. The front propagation rate is ~1.5-3.5 m/s, with the higher
rates occurring further inland.

The initial location of the SurFCon zone is indicated (by positive w) at about
09am close to longitude 35.16. The SurFCon zone eastward propagation path,
following the positive w, is accompanied by a second arc-shaped trend of positive
�q and �WS, and a negative �T, between its initial location and longitude 35.42
at ~18:00. The sea-breeze front meets the SurFCon zone at longitude ~35.18
around 13:00. The rate of SurFCon zone propagation during the afternoon,
ahead of the sea-breeze front, is ~1-2m/s, and accelerating further to the east.
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Figure 10. Half-hourly time-variation of the specific humidity, �q, potential
temperature, �T, and wind speed, �WS (first, second and third panel from above,
respectively), across the iCMV during 06am to 20:00 of September 8th. The �q
is overlayed by the vertical wind contours (w), and the �T and �WS are overlayed
by the �q contours. Lowest panel: the iCMV terrain contour line.
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To summarize, during the 08sep event, the daytime BL evolution is markedly
different than that of the 06sep event. At the early morning, the BLH is not uni-
form between the Mediterranean coast and the mountain. The initial position
of the SurFCon, during the morning, is located about 10km west to JrM (rather
than east to JrM in 06sep). The reason for that is the absence of a dominant
westerly general flow, which allows the easterly anabatic flow to reach the moun-
tain top, and even pass JrM. The eastward-advecting SurFCon zone approaches
JrM at about 14:00. In this event, the location of the maximal BL thickness
across the iCMV, which occurs around 13:30, is found in the vicinity of JrM
(rather than east of JrM as on 06sep). By the late afternoon the SurFCon ap-
proaches the valley, and the BL is substantially lower above the mountain top
and the eastern slope. The BL descends across the entire iCMV as the night
progresses, except above the urban areas. Lastly, the two events (06sep and
08sep) show different types of humidity and temperature temporal variations
with respect to the SurFCon zone passage. This difference is discussed below.

3.2.3 General Mechanism of the iCMV BL Evolution

The evolution patterns of the BL for the two events described above seem very
different. However, the two patterns are driven by the same forcings – topo-
graphic, solar (including sea-breeze) and synoptic – and share the same basic
mechanism. Accordingly, a convergence zone is induced during the early morn-
ing as a result of opposing surface flows. Since the convergence is induced due
to surface flows and occurs mainly in the lowest layers, we call it a surface flow
convergence (SurFCon). In turn, the flow convergence induces a column of pos-
itive vertical wind and a locally-elevated BLH. In fact, the vertical wind and
the elevated BLH are the “fingerprints” of the convergence zone. Based on the
two analyses above, the initial location of the SurFCon depends on the general
flow; the latter governs the extent to which the anabatic easterly flow climbs
the eastern slope from the valley. The more westerly the general flow is, the
more likely the initial location of the SurFCon will be above the eastern slope
of the mountain, east of JrM.

Towards midday, as the surface heat flux increases, the BLT grows across the en-
tire iCMV. During this time, the sea-breeze front propagates inland (eastward).
It meets the SurFCon zone around noontime. Concurently, the vertical wind
associated with the SurFCon zone intensifies, the locally-elevated BLH further
inceases, and the SurFCon is advected eastward. In both of the analyzed cases,
the thickest iCMV BL is found around 13:30. At this time, the highest BL
(ASL and AGL) is located at the SurFCon zone. The comparison of the two
cases shows that the more westerly the initial SurFCon location is, the more
likely it will pass through JrM during midday, which, in turn, will experience
the highest BLH across the iCMV. Eventually, by late afternoon, the sea-breeze
front approaches the valley and the SurFCon zone collapses there. At this time,
the BL across the eastern slope has descended, substantially more than the BL
across the western slope and the coastal plain. In the two latter regions, a sub-
stantial lowering takes place during the night. Still, the BL remains relatively
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high above urban regions even during the night.

In fact, all of the studied events share a similar mechanism for their iCMV
BLH evolution. The upper panel of Figure 11 presents the simulated BL thick-
ness, across the iCMV on a space-time coordinate system. It thus shows the
spatiotemporal dynamical pattern of the BLH evolution throughout the cross-
section. The presented simulated BLT cross-section is the averaged cross-section
for the 3 best model configurations: MYNN2, Blc, and the YSU. In the lower
panel we show the topographic cross-section. There, the locations of BDg and
JrM are marked by red- and white-filled circles. Urban regions are marked by
orange horizontal lines. The corresponding BLH (ASL) is shown in Figure S19.
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Figure 11. Upper panel: spatiotemporal plot of the 3-configuration averaged
boundary layer thickness (in meters) across the iCMV during Septermber 5—14,
2017. Lower panel: the iCMV terrain contour line.

Figure 11 shows a diversity of daily BLT evolution patterns. Nevertheless, they
all follow the general dynamical mechanism described above. In fact, the spa-
tiotemporal BLT suggests that the iCMV cross-section may be divided into two
main geographic regions, based on their distinct evolution characteristics. One
region, located west to longitude ~35.15, includes the coastal plain, western
slopes, and the western portion of the mountain; hereafter denoted as the west-
ern region. The other, is located to the east of this line; hereafter denoted the
eastern region. Relative to the western region, the eastern is characterized by a
much complex dynamical evolution.

According to Figure 11, during most of the days, the BLT across the western
region shows relatively little spatiotemporal change during daytime. The most
pronounced change is associated with the sea-breeze inland propagation, as ev-
ident from the eastward propagation of the maximal BLT with time. At any
chosen location, the arrival of the sea-breeze front increases the BLT (typically
by ~300—400m). The BLT decreases with the front passage. Similar patterns
were indicated in previous local measurements (Dayan et al., 1988; McElroy
& Smith, 1991; Rahn & Mitchell, 2016; Uzan et al., 2016; Uzan & Alpert,
2012) and in the simulated BLH snapshots by (Lieman & Alpert, 1993). As
a result of the urban heat island, during the evening and nighttime the BL is
thicker above urban regions, compared to non-urban inland locations across the
western region. In addition, the western region is characterized by a similar
daily BLT for most of the days (around 1000m). A similar conclusion has been
drawn by (Dayan et al., 1988, 2002), based on summertime radiosonde mea-
surements in the coastal plain. A somewhat thicker layer across this region is
found during the 06sep and 07sep events. For the 06sep, which is characterized
by a cyclonic synoptic pressure fields, this outcome conforms with the conclu-
sions drawn based on measurements for cyclonic summertime synoptic regime
(Dayan et al., 2002). During the 07sep event, the southern edge of an upper
layer trough influences the eastern Mediterranean area, and much less cyclonic
regime (relative to 06sep) dominates close to the ground. However, the detailed
dependence on the synoptic conditions is beyond the scope of the current work.

Generally, during the early morning hours (8—9am) the BLH ASL (Figure S19)
is highly uniform between the Mediterranean coast and the inner coastal plane;
a ‘level’ type in terms of (De Wekker & Kossmann, 2015). In some of the events,
however, e.g., September 6th, 7th and the 14th, its uniformity stretches all the
way to the mountain region. The indications are that in the latter cases the
BL is characterized by relatively significant westerly flow. According to Figure
11 (BLT) and Figure S19 (BLH), later during the daytime, the BL across the
western region is neither fully uniform AGL (i.e., it is not terrain-following) nor
fully uniform ASL. However, to a large degree, the BL across vast region of the
inner coastal plain is more terrain-following than uniform ASL.
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The eastern region is characterized by quite a complex and diverse evolution pat-
tern of the BLT and the convergence zone. Figure S20 shows the vertical wind
(blue-red scaled contours) superimposed on the BLT (gray-scaled contours), and
confirms the association between the elevated BLH and the vertical winds that
are induced by the surface convergence. The BLT patterns across the eastern
region (Figure 11) share some basic elements but differ in some of their charac-
teristics. Specifically, in the early morning, a SurFCon zone is induced in all
the events, but its initial location varies. As a result, the length of the path
it travels eastward varies as well. Furthermore, the initial location determines
whether the hyper-elevated BLH will pass through JrM during midday. In all
the events, as the SurFCon zone is advected eastward (see also the positive
vertical wind path in Figure S20), the BLT decreases gradually behind (west of)
it.

The BLT reaches its maximal value across the eastern region between midday
and the afternoon; its local maximum shifts eastward with time. The SurFCon
(and locally-elevated BLH) eastward advection is driven by the eastward propa-
gating sea-breeze front. This is evident by the specific humidity spatiotemporal
plot in Figure S21, with the overlying gray-scaled contours of the BLT. Although
the various daily water vapor mixing-ratio patterns differ, the maximal BLT is
followed by an increase of the vapor mixing-ratio in most cases. Thus, according
to Figure S21, the elevated BLH precedes the sea-breeze front. The sea-breeze
propagation across Israel was a subject of interest in a number of studies, and
in particular in the vicinity of the Jordan valley (Alpert & Rabinovich-Hadar,
2003; Kunin et al., 2019; Lensky & Dayan, 2012; Naor et al., 2017). Based
on averaging over the summer months, the humidity increase in the stations
along the valley coincides with the Mediterranean sea-breeze arrival to the val-
ley (Naor et al., 2017). However, based on a detailed study of specific events
(Kunin et al., 2019), it was indicated that the arrival of the Mediterranean
sea-breeze to the Jordan valley may be accompanied either by an increase or
a decrease of the specific humidity. According to that study, the different be-
haviors are related to different synoptic conditions that, in turn, influence the
local foehn development and characteristics. One may hypothesize that the dif-
ferent time-dependent water vapor mixing-ratio and temperature trends (in the
eastern region), shown in Figure 6 and Figure 10, are associated with effects
similar to those discussed in (Kunin et al., 2019). However, the validation of
this hypothesis requires additional study.

According to Figure 11 and Figure S19, it is uncommon to find a daytime BL
that is either completely uniform AGL (i.e., terrain-following) or ASL, across
the eastern region. A uniform BL AGL is found in September 8th during the
early morning, in a large portion of the eastern region. This case is character-
ized by a weak/easterly general flow. Although the results above indicate, to
some extent, dependencies on the synoptic condition, subtleties still exist. For
example, although the 08sep and 09sep events are characterized by very similar
surface, 850mb and 500mb pressure synoptic maps (not shown for the 09sep
event), they show markedly different BLT evolution across the eastern region,
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in two main aspects. First, the initial location of the SurFCon zone differs for
the two events. Second, their maximal BLT differ by ~500m, and their spatial
extents differ as well. Lastly, we note that the topographic and solar forcings
determine the major daytime variability of the BLH under varied summertime
synoptic conditions. The relative location of the phenomenon across the iCMV
seems to vary with the synoptic regime. Nevertheless, the results above suggest
that a thorough study of the BL evolution-dependence on the synoptic regime
is required.

Finally, (Hashmonay et al., 1991) characterized the daytime BLT in JrM using
~3-hourly Lidar observations during four different summertime synoptic events.
In three of the events, they documented quite a sharp increase (~500m) of
the BLT, from 10am to 13. Their central conclusion was that, while in the
coastal plain the maximal BLH occurs during the morning, in Jerusalem it
occurs around midday. They speculated that the reason has to do with strong
radiation and ground heating. As a result, they noted that the widely used
assumption that the BLH follows the topography, is valid only in the morning
hours. In another work, (Lieman & Alpert, 1993) showed 2-hourly consecutive
snapshots of daytime (10am to 16) BLH cross-sections, for a single event, where
a sharp increase of the BLH above the mountain is evident around midday.
They also exemplified a shifted midday-maximal BLH snapshot for an event
with an opposite general flow. The authors associated the shift with a variation
of positions of the midday thermal ridges. The two abovementioned studies
indicated few features of the mountainous BLH. By employing the WRF model
for a series of 10 consecutive days and analyzing the iCMV BLH dynamics
with a high spatiotemporal resolution, we could explain a detailed evolution
mechanism of the BLH.

4 Conclusions

The west—east terrain cross-section along a large part of northern Israel is
characterized by a coastal-plain—mountain—valley (iCMV) structure. So far,
based on previous studies, only limited dynamical insights regarding the iCMV
daytime BLH evolution could be drawn. Our interest is focused in the late
summertime period of September 5—14, 2017, during which the maximal BL
thickness (BLT) above Jerusalem (JrM), at the mountain top, varies by up to
1000m. Our goal is elucidating the detailed mechanism of the BLH evolution
across the iCMV.

To achieve this goal, the WRF model with high spatial resolution was employed
for the above period of interest. First, 5 configurations of the model, based on 4
different planetary BL schemes were verified, with respect to surface meteorolog-
ical stations (along the iCMV line), a radiosonde (at the coastal plain), and two
ceilomenters (at the coastal plain and at the mountain top). Generally, the 5
configurations perform similarly well relative to the surface and the radiosonde
observations. Relative to the surface observations, the mean absolute errors
(MAEs) of the temperature, wind direction and wind speed are mostly smaller
than 2°C, 35°, and 1.8 m/s, respectively. Relative to the radiosonde, the tem-
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perature, wind direction and wind speed MAEs are smaller than 1.5°C, 40°, and
2.25 m/s, respectively. Relative to the ceilometer measurements at the coastal
plain, the BLH MAEs are in the range ~130-220m, for the 5 configurations.
Relative to the mountainous ceilometer measurements at JrM, the BLH MAEs
are in the range 170—210m, for the BouLac, YSU and MYNN2.5 planetary BL
schemes, and twice as large for the two ACM2-based configurations.

Following the satisfactory model validation, the evolution of the iCMV verti-
cal meteorological cross-section was analyzed along the line that connects the
ceilometer stations from the coastal-plain to JrM at the top of the mountain. A
particular focus has been given to two events that differ substantially in their
synoptic flows (westerly and easterly flows) and in their maximal BLT in JrM
(by up to 1000m). The analysis revealed a general mechanism that drives the
iCMV BLH daytime evolution. The mechanism is composed of the following
main stages: during the early morning, a surface flow convergence (SurFCon)
zone, accompanied with a positive vertical wind column and a locally-elevated
BLH, is induced. As the day progresses, the convergence zone is advected east-
ward by the sea-breeze front, until it finally collapses in the valley bottom at
the late afternoon. The analysis also indicated that the prevailing flow plays
a role in the BLH evolution; in particular, it has a significant influence on the
maximal BLH over the mountainous station of JrM.

The early morning (8—9am) SurFCon is induced by opposing flows – an east-
erly anabatic flow that climbs from the valley, and a flow from west of the
mountain. The general flow restricts the extent to which the easterly anabatic
flow may propagate to the west. In turn, this extent determines the location
of the morning-time convergence. Under a dominant westerly general flow, the
anabatic flow climbs a relatively short distance along the eastern slope, and the
morning-time SurFCon zone is located east of JrM, at the eastern slope of the
mountain. For an easterly synoptic flow, the anabatic flow climbs from the val-
ley all the way up to the mountain top such that the SurFCon zone is located
west of JrM.

As the day progresses and the surface heat flux increases, the BLH increases
gradually across the entire iCMV. In addition, the sea-breeze penetrates inland.
Across the coastal plain, the sea-breeze front induces a slight increase of the
BLH ahead of it, and a slight decrease as the front passes. By midday, the sea-
breeze front approaches the mountain region, where it meets the SurFCon zone.
During the afternoons the front keeps penetrating eastward, down the mountain
slope. Concurently, the SurFCon zone is advected eastward, ahead of the sea-
breeze front. At all times, the convergence zone is accompanied by substantial
vertical winds and locally-elevated BLH. The maximal BL thickness across the
iCMV is found at about 13:30. At this time, the maximal BLT (and BLH)
is found at the location of the SurFCon zone, where the BL is hyper-elevated
relative to its surroundings.

The daily maximal BLT at JrM depends on the morning location of the SurFCon
zone. In case its initial location is found west of JrM (e.g., during a weak/easterly
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general flow), it is highly probable that around 13:30 the eastward-propagating
SurFCon zone (and the maximal, hyper-elevated, BLT) will be located in the
vicinity of JrM. When the SurFCon zone initial location is found east of the
mountain top (during a westerly general flow), the daily maximal BLT will be
found, around midday, at the mountain eastern slope. In such a case, JrM will
experience a relatively lower daily maximal BLT and BLH. Within our study
period, the difference in the maximal BLT at JrM for two such cases is about
1000m.

Generally, a highly uniform BLH, ASL, is found between the Mediterranean
coast and the inner coastal plain during the early morning hours. The BLH
uniformity stretches all the way to the mountain region for stronger westerly
general flow events. During later periods of the day, the BLH is neither totally
uniform AGL nor ASL between the coast and the inner plain, although it tends
to be more terrain-following (uniform AGL). Similarly, between the mountain
region and the valley, the daytime BLH is neither fully uniform AGL nor ASL.
The general flow seems to influence the particular pattern of the BLH.

Finally, although events with similar synoptic conditions share some common
BLH characteristics, it is not guaranteed that their maximal BLH pattern will be
similar in the mountainous region, and in particular over JrM. In addition, the
temperature and humidity dynamics, associated with the eastward-advecting
SurFCon, vary among the different events. Thus, the exact dependence of the
BL evolution upon the synoptic regime requires an additional thorough study.
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