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Abst rac t .  The effects of sea-breeze interactions with synoptic forcing on the PBL height over complex 
terrain are investigated through the use of a 3-D mesoscale numerical model. Two of the results are 
as follows. First, steep PBL height gradients - order of 1500 m over a grid interval of  10 kan - 
are associated with the sea-breeze front and are enhanced by the topography. Second, a significant 
horizontal shift in the maximum PBL height relative to the mountains, is induced by a corresponding 
displacement of the thermal ridge due to the mountains, in the presence of large scale flow. 

1. Introduction 

The realistic distributions of planetary boundary layer (PBL) heights over complex 
topography are of particular importance for a good prediction of the dispersion of air 
pollutants. Observational studies by radiosondes/minisondes (Dayan et  al., 1988) 
and recently also by lidar (laser-radar), e.g. Hasmonay et al. (1990) are of limited 
value over complex terrain because of the relatively large expected spatial variance 
of PBL height. In contrast, the analytical studies focus mostly on flat terrain, e.g. 
Stull (1988), and the main tool over complex terrain remains the three dimensional 
(3-D) numerical model, e.g. Anthes and Wamer (1978), Segal et aL (1982,1985), 
Alpert and Getenio (1988) and Alpert et al. (1988). The 3-D models, however, 
became quite expensive to operate particularly when high horizontal and vertical 
resolutions are required, e.g. Seaman et al. (1989), and therefore relatively few such 
experiments have been performed over the meso-fi~ scale (Sx ~ 5 - 10 k~) .  Also, 
these studies focused mostly on the flow fields, and less on PBL height variations 
(Alpert, 1988). 

Hence, the purpose of the present study is to focus on the temporal and spatial 
variations of the convective PBL height in association with the relevant dynamical 
processes over complex terrain. For this, a 3-D high resolution mesometeorological 
model was applied over Israel for two realistic cases with opposing geostrophic 
flow and different synoptic situations. One is a warm summer case with a generally 
onshore westerly current, while the other is a cold winter case with an easterly 
offshore current (not shown in detail in this work). 
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2. Model and Method 

2.1. MODEL AND MESH 

The recent MM4 version of the PSU/NCAR mesoscale model as described by 
Anthes and Warner (1978) and Anthes et al. (1987) was applied over a region of 
300x360 km in the southeast Mediterranean, Fig. 1, with horizontal resolution of 
Sz  = Sy = 10 kin.  The  vertical coordinate is a normalized pressure i and the 
model has 16 _Llevels whose altitudes above the ground are approximately given 
by: 0, 20, 40, 80, 160, 320, 640, 1280, 2000, 13000, 4000, 6000, 8000, 10000, 
12000 and 16000 m. The model equations and the numerical schemes are reviewed 
by Anthes et al. (1987). The present simulations were carried out without moisture 
and could be partly justified by the clear and relatively dry events that have been 
chosen. 

2.2. INITALIZATION 

The static initialization - e.g., Haltiner and Williams (1980) -was chosen since it 
was found that the model adjustment to strong local forcings, thermal as well as 
topographical, were quite fast. The Cressman (1959) interpolation over isobaric 
surfaces was performed adopting the Goodin et al. (1979) radius of influence R, 

R = 1 . 6 6 ~ / ~ N  (1) 

where A is the area of the large-domain, see Fig. 1, and N the number of available 
radiosondes. The variables were then vertically interpolated to the f-levels and the 
vertically averaged divergence of the horizontal wind was required to vanish. This 
was done in order to prevent initial gravity wave disturbances, e.g. Pielke (1984). 
Six neighbouring radiosondes were used for the initialization in successive appli- 
cations of the Cressman interpolation ( more details are found in Lieman, 1990). 

The model was quite sensitive to the lateral boundary conditions and following 
a few experiments, the sponge boundary condition was applied with a varying 
boundary weight for the synoptic large-scale flow increasing gradually from 1 at 
the boundary to 0 at the fifth inner domain point. 

2.3. SURFACE PROPERTIES 

Table I summarizes some of the surface parameters for our simulations. The sur- 
face temperature is calculated through a surface thermal energy balance following 
Deardorff (1978). 

2.4. MODEL TOPOGRAPHY 

Envelope orography was used, where the standard deviation of the topographical 
height as calculated over 1 km horizontal resolution, was added to the average 
altitude at each point. Since the simulation grid interval was 10 kin, 100 points 
were involved in the calculation for each point. The resulting topography along 
with surface stations used for model verifications are shown in Fig. 2, which 
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Fig. 1. General view of the area. The large-domain for the initialization and the smaller domain 
illustrating the simulation area. The available radiosondes are indicated by O. 

TABLE I 
Surface properties in the model simulations 

Soil Soil heat Emissivit / 

t 
Albedo Moisture Roughness capacity at 9 # in 

(%) Length (cm) (cal cm 2 K -1 sec -~ (%) 
Land 0.25 2-5 10 0.02 85 
Sea 0.08 100 10 .4 0.06 98 

shows two major  north to south mountain ranges at distances of  about 40 and 
100 km from the Mediterranean coast respectively. Fig. 3 shows the west to east 
topographical cross-section along 32~ (ordinate 21 in Fig. 2) with and without 
the envelope orography along with the original topography based on the 1 km 
resolution. In order  to find the optimal horizontal grid interval which captures 
most  o f  the topographical  variance, the cross-section height function (Fig. 3 ) was 
decomposed  into its Fourier  components,  following the suggestion by Young and 
Pielke (1983). From the distribution o f  topographical variance as a function of  
wavelength,  one finds that a 10 km interval represents the major  part (over 95%) 
o f  the variance based on the 1 Mn resolution. A considerable reduction in the 
topographical variance occurs when the grid interval doubles to only 20 km. This 
result led to our  decision to use a 10 km grid interval. 
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Fig. 2. Model topography with contour interval of 200 m. The surface stations used for model 
verification are indicated. Points A, B and C are referred to later. 
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Fig. 3. Topographical cross-section along latitude 32~ (full) by 1 km resolution. The other lines 
are with 10 km resolution representing: (i) simple average by 10 points (dotted); (ii) as in (i) with 
smoothing (dashed-dotted); and (iii) as in (i) with the addition of  the standard deviation to obtain 
envelope orography (dashed). 
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2.5. PBL HEIGHT 

The turbulent fluxes in the PBL are calculated through the high resolution pa- 
rameterization of Zhang and Anthes (1982), who follow the Blackadar (1977) 
formulation. The study focuses on events with clear days and strong solar radiation 
so that the two convection criteria are met. These are: 

i) h / L  > 1.5 

ii) Rib < 0 

where h is the PBL height, L the Monin-Obukhov length and Rib is the bulk 
Richardson number. Fig. 4 illustrates the vertical structure of the 1-D PBL model, 
where Z1 is top of surface layer, Zz, Z3, Z4 etc., are the higher PBL levels at the 
aforementioned model altitudes, @v~, Ova, are the virtual potential temperatures 
of the ground surface and the lowest model level respectively. The PBL height h 
is then calculated through the thermodynamic approach by comparing the positive 
(P) to the negative (N) buoyancy regions, see Fig. 4. The height h defined in this 
manner is slightly higher than the zero buoyancy height or the level of most negative 
heat flux (other definitions that are commonly used for defining the mixed-layer 
height). The current approach does not neglect the turbulent entrainment at the top 
of the PBL, but assumes a constant entrainment coefficient (E=0.2) as discussed 
in Anthes et al. (1987). Stull (1988) pointed out that this turbulent entrainment 
accounts for about 10-20% of the observed variation of the mixed-layer depth. 

3. Model Results -Summer Case 

3.1. SYNOPTIC BACKGROUND 

During summer, the eastem Mediterranean is dominated by a Subtropical ridge 
extending from the north-African shores to the east, and by the Persian trough 
extending from the monsoonal low through the Persian Gulf to the northeast 
Mediterranean and Turkey, e.g. Alpert et al. (1991). Fig. 5a, b show the 1000 
and 500 HPa ECMWF analyzed charts for such a typical summer case on the 17 
June 1987, 12 UTC. The Persian trough induced a northerly-northwesterly synoptic 
near-surface wind flow (Fig. 5a,5b) slightly weaker than the summer average along 
with a 500 HPa (not shown) upper-level weak trough to the east. Fig. 6 shows 
the vertical cross-section along latitude 32 ~ N based on the ECMWF initialized 
dataset showing significant downward motion due to upper-level subsidence. The 
downward motion which persists through the summer is believed to be responsible 
for the quite steady inversion or stable layer found at an average altitude of 764 
m (Dayan et al., 1988). Although the Bet-Dagan radiosonde for 17 June 1987 12 
UTC (14 LST), Fig. 7, does not show the common summer inversion, a relatively 
stable layer (1000-2000 m) can be noticed which is associated typically with drier 
air aloft the mixed layer. It was a clear sunny day with near-surface maximum 
temperatures of 29-30~ 
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Fig. 4. The vertical structure of the 1-D PBL model where ZI is top of the surface layer, Z2, Z3, Z4 
etc. are the higher PBL model levels. The virtual potential temperatures of the ground and the lowest 
model level are Ova, (gv, respectively. The shaded regions P and N represent positive and negative 
buoyancy layers respectively, that are associated with a parcel of air originating at z rising to h, the 
top of the PBL. Prognostic variables denoted by A are calculated at half-levels (surface, 1.5, 2.5...) 
while fluxes (F) are computed at the levels 1,2 etc. For further details see Anthes et al. (1987). 

3.2. MODEL SIMULATION 

The simulation started on 06 UTC, and the large thermal forcing at this time 
led to a relatively short adjustment period (Segal et al., 1985) of only about a 
couple of hours. Fig. 8a shows the surface winds after 6h, at 12 UTC, indicating 
that the eastern Mediterranean (EM in brief) region is dominated by a westerly- 
northwesterly 5-7 m/s flow as observed, (the observed wind vectors are also shown), 
see Segal et al. (1985), Alpert (1988). Above the mountain ridges winds accelerate 
to about 10 m]s and are associated with the major growth of the PBL height up 
to about 3000 m as indicated by the h isolirles. The upper level PBL flow at 925 
HPa -about 750 m above MSL or 100-200 m above the westem mountain ridge 
-shows stronger winds above the mountain ridge; these winds are enhanced by 
the sea-breeze (SB) front. The SB front is typified by a relatively sharp horizontal 
temperature gradient (Fig. 8b), and even more interesting is the very sharp drop of 
the PBL height from 3000 m to less than half (1500 m) through a distance of only 
one grid point -10 km. To the south, the horizontal PBL height gradient is smaller, 
and is probably associated with the weaker SB due to the gentler topographic slopes 
in the south as well as the increased distance of the mountains from the coastline. 
Some boundary effects cannot be ruled out as well. Another factor enhancing the 
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In (b), dashed lines are isotherms at 3~  intervals. In (a) model domain is drawn. 
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Fig. 7. The Bet-Dagan temperature (full) and dew-point profiles on 17 June 1987 12 UTC. Dashed 
line is the model 6 h forecast. 

SB front is the anabatic flow from the Jordan Valley and Dead Sea which opposes 
the westerly cooler SB flow as illustrated by Alpert et al. (1982). 

Special emphasis will be given here to the two warm thermal ridges strongly 
associated with the mountains oriented south to north. Reaching temperatures as 
high as 29~ they lead to a 925 HPa isobaric temperature gradient of  about 5-6 ~ C 
over a short distance of  about 40-50 km and enhance the SB front (see fig. 8b). Of 
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particular interest and important in the contex of the PBL height, to be discussed 
later, notice the slight easterly downwind deviation of the thermal ridges from their 
probable source - the mountains. This easterly shift is more pronounced above the 
westem ridge, where the SB strengthens the synoptic induced winds. 

3.3. PBL HEIGHT VARIATIONS 

The spatial cross-sectional variations of the PBL height (along y-axis point 21 in 
Fig. 8), are shown in Fig. 9 for four times: 08, 10, 12 (corresponding to Fig. 8) and 
14 UTC. At 08 UTC, heating has just started, and the PBL height nearly follows 
the topography, except ha the Jordan Valley between the mountain ridges where 
the PBL is thinner (400 m). As the SB penetrates land at 10 UTC (dashed line) 
and the inland convection increases, a drastic change in PBL height occurs. At 
the coast (point A), the PBL height dropped by 50% to 600 m, while over the 
mountain (point B) and the Valley (point C), the opposite happens, i.e., the PBL 
height increases sharply to 3000 andl500 m respectively at B and C as compared 
to those 2 h earlier. At 12 UTC this process continues but much more slowly as 
the SB front moves inland (from point X=19 to X=20), and the PBL height grows 
farther to the east. When the surface starts cooling, the PBL height drops through 
the full cross-sectional line at 14 UTC. The Mediterranean SB penetration into the 
valley at that time causes the PBL height drop to be particularly significant over the 
valley - from 3200 to 1500 m within a couple of hours. The abrupt wind increase (5 
to 15 m/s) associated with this phenomenon, was discussed by Alpert et al. (1982). 

The temporal variation at the three points A, B and C is summarized in Fig. 10. 
The main conclusions follow: 
(i) In the coastal region (point A), the PBL height drops early in the morning 

as the SB penetrates while in the other regions it continues to grow with the 
enhanced convection. 

(ii) At 1200 UTC the SB reaches the mountain top (point B), causing the PBL 
height to drop from 2000 to 1400 m in within one hour. 

(iii) Over the Jordan Valley (point C), the PBL drop starts only after 1300 and is 
the sharpest as it occurs in coincidence with the reduction in daily heating. 

4. Discussion and Conclusions 

The depth of the mixed layer over complex topography is strongly influenced 
by the mesoscale circulations and their interaction with the synoptic forcing as 
well as the quite well-known factors over flat infinite homogeneous terrain i.e. the 
surface/upper-level heat fluxes, and the lapse rate. In the present paper, special 
emphasis is given to the interaction between the mesoscale SB circulations over 
topography and the large-scale forcings in two synoptic situations with reversed 
large-scale flow. That is the reason that we also did a 'winter case' simulation 
with easterly synoptic flow (not shown here). The following general conclusions 
from both simulations can be drawn. First, in the coastal region, the PBL is not 
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as deep as it is inland and it tends to b e c o m e  even  shal lower  at about 1 1 LST. In 
the inner regions the m a x i m u m  PBL occurs  about 3 h later. Second,  the thermal 
ridges over  the mountains  b e c o m e  convergent  lines for the horizontal  flow. At 
the same time, being e levated mixed  layers, they contribute to the sharp increase 
o f  the P B L  height. The locat ions  o f  the upper level  thermal ridges are strongly 
affected by the interaction o f  the large-scale f low with the SB, and this b e c o m e s  
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F ig .  l l .  the vertical cross-sections of the model simulated temperature (thin Ni l  line, I~ interval) 
and wind arrows on 17 June 1987 12 UTC. Heavy full line shows the PBL height variation. 

the dominant factor in determining the shift of the lines of maximum PBL height 
relative to the mountains. To illustrate the latter, Figs. 11 and 12 present the 
wind and the temperature vertical cross-sections (along the same line as in Fig. 6) 
during the summer and winter cases along with the PBL height at 12 UTC. These 
cross-sections show both the horizontal shifts of the thermal ridges relative to the 
mountain peaks and the associated dislocations of the PBL height. 

These latter findings are strongly related to the much larger-scale effects of the 
elevated mixed layers due to the Rockies and the Mexican plateau on thunderstorm 
initiation (Benjamin and Carlson, 1986), Of course, here the horizontal scale of 
the effects is at least an order of magnitude smaller (10 km compared to 100 kin). 
Another point to mention is the major effect that changes of PBL height may have 
on the dispersion of air-pollution. In this context we should mention recent results 
obtained during the recent SCCCAMP (South-Central Coast Cooperation Aero- 
metric Monitoring Program) of lidar observations of mixing-layer over complex 
terrain by McElroy and Smith (1991). Their study area over southern Califomia 
is very similar to that of our present work, both in the terrain and in the synoptic 
forcing, and their findings are also very reminiscent of ours. In particular, Fig. 13 
which is Fig. 8 from McElroy and Smith (1991), shows how the mixing layer aloft 
generated by the mountain, strongly influences the PBL height and consequently 
the dispersion of air pollutants, which may be presented in such a coastal area. 
Fig. 13 should be compared with our simulation result in Fig. 12. 
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