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Abstract: Air pollution is a global issue that affects humans’ health and economic growth. In the field of meteorology, numerical
models play an essential role in weather and air quality forecast. For more accurate prediction of pollutants concentrations in the
atmosphere, an efficient parameterization of the planetary boundary layer is required. In this paper, performances of three different
planetary boundary layer schemes were investigated through estimating PM10 pollutant mass concentration during a sand storm using
the regional climate model. Wind speed and planetary boundary layer height were also evaluated to examine the consistency of the
model. The simulated results were validated by comparing the estimated values to the observed and reanalysis data. The results showed
that the model provided good forecast for the dust event. However, one scheme had been recommended for predicting the PM10

concentration.

Keywords: Numerical weather models, Planetary Boundary schemes, Planetary Boundary layer height, PM10

1 Introduction

Mathematical models, algorithms and data structure play
a very important role in several fields. In meteorology,
some mathematical models were developed to forecast
different weather phenomena that directly affect human
life, health and activities [1]. Similar to weather forecast,
mathematical simulations can predict the levels of
airborne pollutants and air quality. One of these models is
the regional climate model RegCM developed by the
Earth Systems Physics group at the Abdus Salam
International Centre for Theoretical Physics ICTP
[2, 3, 4]. This model is based on fluid dynamics and some
physical concepts. In such models, the dynamical
equations of a compressible fluid are solved using the
finite difference for the hydrostatic balance in the
sigma-pressure  vertical coordinate. Moreover, the
observed weather elements serve as input data for these
models creating the initial and boundary conditions
needed for the running process.

Since air pollution is one of the most important
environmental issues, several studies were devoted for
investigating air pollution using RegCM [5, 6, 7]. The

most common pollutants in air are carbon monoxide and
dioxide, nitrogen dioxide, sulfur oxide and particulate
matter. The sources of air pollutants can be categorized
into natural sources and anthropogenic (man-made)
sources. Dust storms are a natural source for the
particulate matter whose diameters are less than 10um,
PMI10. These suspended particles can get deeply into
lungs causing harmful effects to the respiratory system
and serious health problems [8, 9].

Transport and dispersion of pollutants occur within
the lowest part of the atmosphere, which is known as the
planetary boundary layer PBL [10]. Through the turbulent
processes within the PBL, fluxes of momentum, heat,
moisture and pollutants are transferred from the earth’s
surface to the higher layers of the atmosphere. Therefore,
the different PBL parameterization schemes in the
RegCM provide different simulations for the vertical
fluxes and diffusion of pollutants in the whole column of
the air within the boundary layer [11, 12, 13]. Hence, an
efficient parameterization of planetary Boundary layer is
essential for more accurate predictions of pollution within
the atmosphere.
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In this study, the impact of using three different PBL
schemes on simulation of a dust storm over Cairo
megacity in Egypt is investigated using RegCM4.7. The
model performance of the three different PBL schemes
will be calibrated through boundary layer height, wind
speed, and PM10 concentration. The paper aims to find
the best PBL scheme for predicting the PMI10
concentration using RegCM4.7 model. Validation of the
model results is conducted by comparing the model
output and the actual data recorded by Cairo airport
station, PM10 stations of Egyptian Meteorological
Authority (EMA) and ERA-Interim reanalysis data.

2 Materials and method

2.1 Database

In this study, RegCM4.7 was employed to simulate the
dust storm occurred over Egypt in December 2010 with
three different PBL schemes and to evaluate the mass
concentration levels of PM10 resulted from the storm.
The investigated domain extended from latitude 20° E to
39° E and longitude from 15° N to 47° N. The validation
of the model output is examined over Cairo, Egypt (31°
E,30° N) . Cairo is a megacity and the second largest city
in Africa according to its area and population that exceeds
17M inhabitant. For the model output validation, the
following insitu measurements were considered:

—Meteorological data from Cairo airport weather
reports.

—PM10 measurements from EMA pollution station.

—PBLH from ERA-Interim reanalysis data.

2.2 Model set up and configuration

RegCM4 is a hydrostatic sigma-pressure vertical
coordinate regional climate model. It has been used in
several studies of climate and dust storms [14]. The
reanalysis data ERA-Interim (available source from
https://apps.ecmwf.int/datasets/data/interim-full-
daily/levtype=sfc/) were used as meteorological initial
and boundary conditions (ICBC) with resolution of 1.5
degree, its temporal availability was four times daily.
Model setup and schemes used in the Model for different
simulations of physical processes are shown in Table 1.

Any numerical model used in weather prediction is
based on the following dynamical equations:

e Ideal gas low

P =pRT (H
e Conservation of momentum

A% \Y

Table 1: Model setup and schemes used in the Model for
different simulation of physical processes.

Model Set up and simulation
schemes

Domain 20° E - 39° E longitude
and 15° N - 47° N(120
X 120 grid points)

Resolution 20 km

Projection Lambert Conformal

Vertical levels
Atmospheric radiation

18 segma vertical levels
NCAR CCM3 Kiehl
[15]

BATS (Biosphere-
Atmosphere  Transfer
Scheme of Dickinson
(1993) [16]

Transferred flux
from land surface to
other higher layers
of atmosphere, solar
radiation gain , values

for wind, moisture,
and temperature in the
atmosphere
Convection over land Grell scheme (1993)
[17]
Convection over ocean Emanual scheme
(1991) [18]
Sub-grid explicit Pal. scheme (2000) [19]
moisture
Different soil texture Laurent scheme (2008 )
distribution from sub- [20]
grid emissions
Dust emission Alfaro  (2001), and
size distributions Zakey scheme (2004)
calculations schemes [21, 22]
PBL schemes Holtslag, UW, and GFS
schemes [23, 24, 25, 26,
27,28, 29]
e Conservation of mass
0
_p+V.Vp:—p.V (3)
ot
e Conservation of energy
oT 10P
Cy)(=—+V-VTI)=——+0+F 4
o ot ) p ot o+ @)
e Conservation of water content
dq S
— +V-Vg=-L+F 5
a ¢ q p q ( )

where V is the the air velocity, ¢ is the arbitrary time,
P is the air pressure, p is the air density, g is the
gravitational force, F' is the friction force, C, is the
specific heat at constant volume, 7 is the air temperature,
Q is the heating rate , Fr is the effect of horizontal
diffusion, g is the water vapour mixing ratio, and S, as
well as F, are tendencies related to the parameterized
processes.
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Since the primary objective of this study is to evaluate
the performance of boundary-layer schemes, a brief
description of the three PBL schemes is represented next.

2.2.1 Holtslag scheme

Holtslag scheme is used only inside the PBL. It considers
surface heating because incoming solar radiation is the
origin of turbulent motion in the PBL [23, 24]. The eddy
diffusivity of heat inside the PBL, Ky, is defined by

Kn = kWiz(1 = 1)° ©6)

where k = 0.4 is the Von Karmon constant, W; is the
turbulent velocity scale, z is the height inside PBL, and A
is the PBL height where the condition that the gradient
Richardson number R; equals its critical value of
R;c = 0.25. Above the PBL, Ky is considered a function
of R;, wind shear and the asymptotic turbulent length
scale /. where [, =40m.

Au AV

Kn = Kp, +(Ri(0) — Ric(0)) - [2 - (37 (4;

)? (D)

where o is the model sigma vertical coordinate , K,
is the background minimum vertical mixing coefficient.
The asymptotic length scale l. in Equation (7) has no
unique formulation or value of for vertical mixing above
the PBL [25]. The quantity Az?/At is set to be 0.8 above
the PBL, where Az is the layer depth and Ar is the model
time step. At the same time, the minimum eddy
diffusivity and viscosity are set to a relatively high value
of Im%s™ 1 inside and above the PBL.

2.2.2 University of Washington (UW) Scheme

The UW scheme is a 1.5-order local TKE (Turbulent
Kinetic Energy) closure scheme [26]. It considers the
region of the increased turbulent activity associated with
the buoyancy perturbations because of the cloud-top
entrainment instability and longwave cooling present at
the stratocumulus (low level type of clouds) -topped
PBLs [10].
The eddy heat diffusivity Ky is related to the TKE
[27]:
Ky =IV2TKE - Sy (8
where Sy is the stability function and [/ is the master
turbulent length scale with two options found in RegCM.

In convective boundary layers, one of the two following
formulations for / can be chosen in initial model setup:

min(kz,0.1Az2)

h=— 0" )]
(kz0.1A7)
] min ZA
I, = min(kz,0.14z) (10)

where A is the asymptotic master turbulent length scale,
A =0.085Az, Az is the depth of the convective sub-layer.
For the same z and Az, [, is larger than /; and the use of
increases eddy heat diffusivity Ky Equation (8). In stably
stratified conditions,

TKE

W s kZ) ( 11 )
It means that no difference exists in the formulation of

the master length, N is buoyancy frequency and Rgrpy, is a

scaling factor. Only at the top of the cloud-topped PBL the

following closure for the eddy heat diffusivity is assumed

11 = lz = mil’l(RSTBL

Kn = weAiz 12)

where w, is the entrainment rate, and A;z is the change in
depth of the entrainment layer.

As a part of the UW scheme, an additional prognostic
equation for TKE is implemented where the local change
of TKE is governed by buoyancy production and
destruction, shear production, turbulent vertical transport
and turbulent dissipation [26]. TKE horizontal, vertical
advection and horizontal diffusion are given by the
following equation:

OTKE
ot

+77TKE+wagKE =
Z

0 OTKE
— KyN* + KyS;+ = (Krge——)—  (13)
dz dz
TKE3/?
] +D

where Ky and Krgg are the momentum and TKE
turbulent diffusivities respectively, szf is the wind shear
squared, Bj is a constant in the turbulent dissipation term
and D is horizontal diffusion term.

In the RegCM implementation of Equation (13),
vertical gradient and vertical velocity are transformed to
the sigma vertical coordinate system. The inclusion of the
TKE prognostic equation increases the RegCM
computational requirements only moderately (e.g.
simulations with the UW scheme take approximately 30%
more computer time compared to those with the Holtslag
scheme) [30].

B

2.2.3 The Global Forecast System (GFS) scheme

The GFS is a weather forecast model produced by the
National Centers for Environmental Prediction (NCEP)
[28]. GFS is a coupled model, composed of an
atmosphere model, an ocean model, a land/soil model,
and a sea ice model which work together to provide an
accurate picture of weather conditions. The scheme is a
first-order non local vertical diffusion scheme. One of its
features is to diagnostically determine PBL height
(PBLH) using the bulk-Richardson approach to iteratively
estimate PBLH starting from the ground upward. Once
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the PBLH is defined, the profile of the coefficient of
diffusivity is specified as a cubic function of the PBLH.
The actual values of the coefficients are determined by
matching with the surface-layer fluxes. There is also a
counter-gradient flux parameterization (for temperature
only) representing the non local mixing done by the
largest PBL eddies that is based on the fluxes at the
surface and the convective velocity scale [29]. As the
PBL stability conditions differ during daytime from night,
the vertical heat flux is given by:

e during the daytime:

rf c 85 rf
Wwo = (K" +K; )a—Z+K,§“fy,, (14)
e during the night:
6
wo = —(Kh(R,')—i—K,Slc)a— (15)
z
where Kgurf and K;¢ are the surface and cloud-top eddy

diffusivities, 6 is the average Kinematic heat flux, 7, is
the nonlocal countergradient mixing term due to non- local
convective eddies , and Kj,(R;) is the mixing coefficient
based on the local Richardson number. The presence of
the termK;* in Equation (15) displays a larger vertical heat
flux in the stratocumulus regions. The vertical diffusivity
for momentum, surface driven diffusion, is given by

K = Ky z(1— %)2 (16)

where w; is the velocity scale. The diffusivity coefficients
for momentum and heat are written in terms of the mixing
length , stability functions f,, 4(R;), and the vertical wind

shear component magnitude | %—g |, as

U
K (Ri) = I fn(R)| 5= (17)
The mixing length [ is expressed by
1 1 1
—=—4— 18
l kz + l() ( )
where [y is the length scale and
30m for stable conditions
lo = . (19)
150m for unstable conditions

The stability functions f;, »,(R;) are functions of the local
gradient Richardson number.

3 Results

Since the dust events are considered as a major natural
source for PM10, the case study under consideration was

chosen to be the sand storm that hit Egypt on 11%, 127
and 13" of December 2010. The first and second days
represented the peak of the storm. However, one day
before and after the dust storm was considered in the
study. Verification and validation of the model output
were examined by calculating the mean bias error (MBE),
root mean squared error (RMSE), and mean absolute
percentage error (MAPE).

3.1 Wind speed

Wind speed is one of the factors that cause motion within
the PBL to be a turbulent motion, so it affects the PBL
thickness. High wind speed is responsible for transporting
pollutants from one place to another, and reducing the
concentration of the pollutant in the atmosphere.

During the peak of the storm, wind speed exceeded
12m/s. Compared with the actual wind speed recorded by
EMA, the output of the model’s PBL schemes of wind
speed shown in Figure 1 came to be accurate with a
prediction percentage error shown in Table 2.

The results of Holtslag PBL scheme came to be more
accurate than those of the other two schemes.

369121518210 369121518210 3 6 9121518210 3 6 9121518210 3 6 912151821
Tireforsy

Fig. 1: The actual wind speed (m/s) vs. three schemes output
wind speed.

3.2 PM10 concentration

Figure 2 illustrates the levels of PM10 on the five days
considered by the study. It is noticeable that PM10 levels
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Table 2: Statistical measures: MBE, RMSE and MAPE measures
for the validation of the wind speed output compared to the real
data.

Wind speed (m/s) Holslag Uw GFS
MBE -0.64 -1.02 0.85
RMSE 1.7 2.4 1.9

MAPE (%) 6.5% 11.2% 7.4%

are much higher at the days of the storm than the other
days. The allowed average daily concentration dosage is
50ug/m? per day according to the WHO air quality
guidelines [9].

On the first day before the storm PM10 concentration
was around its normal levels as for crowded polluted
megacity like Cairo, it was tolerable to exceed the
allowed mean daily concentration by some certain
percentage by about 20-40% of the mean daily dosage.
During the peak period, the PM10 concentration levels
raised above the permitted levels as shown in Figure 2.
That was very harmful to the people suffering from
respiratory diseases. Upon this prediction EMA made a
report to warn the citizens of the bad weather that
impedes driving on desert roads and outdoor activates.
The comparison between the three PBL schemes results
revealed that Holtslag scheme was much better than the
other two schemes compared to the real data as shown in
Table 3.

2000

1800
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BReal
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NHok.
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PM10 mass concentration (ug/m3)

ZZ

400

200

\
N v

nn /13 214 /15
Day

/9 /10

Fig. 2: Comparison between the PM10 concentration output of
the three PBL schemes and the real data.

Table 3: Statistics of PM10 concentration between RegCM4.7
PBL schemes and observations (real data) with the Performance
indicators root mean squared error (RMSE), and mean absolute
percentage error (MAPE).

PM10 (ug/m3) Holslag uw GFS
RMSE 14.05 75.26 55.23
MAPE (%) 26.3% 68.4% 40.2%

3.3 Boundary layer height (PBLH)

The turbulent process within the PBL is responsible for
the transport of fluxes from the earth’s surface to the
higher layers above vertical mixing. The relation between
the PBLH and vertical mixing affects the dilution of
pollutants emitted near the ground and the near-surface
air quality [31, 32, 33]. The more the turbulence, the
higher the PBL and the less the pollutants concentration.
The real data used in this section to calibrate the PBLH
output is the reanalysis data taken from ERA- Intrem
data. According to the model output, the PBLH recorded
a significant increase in its height during the sand storm
as shown in Figure 3. Accuracy of the Holtslag scheme
results was higher than that of the other two schemes as
shown in Table 4.

4000
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3000

2500

Siz 2000

1500

1000
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Fig. 3: Comparison between PBLH for the three schemes output
and the reanalysis data.
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Table 4: Statistical measures: MBE, RMSE and MAPE measures
for the validation of the PBLH model out put compared to the
ERA-intrem data.

PBLH (m) Holslag Uw GFS
MBE 286.50 311.62 300.12
RMSE 16.92 21.48 18.32
MAPE (%) 18.92% 24.85% 21.35%

3.4 The consistency of the model

Consistency of the model performance was examined
through highlighting the relation among PBLH, wind
speed, and the dispersion of PM10 as a pollutant. As the
wind becomes stronger, the PBLH increases and more
turbulence occurs. Thus, the concentration of pollutants
minimizes. Figures 4 and 5 show that there is a negative
correlation between PM 10 concentration and wind speed,
which is consistent with the general concept of the
turbulent motion and air pollution.

3.5 Ventilation index

Ventilation index is a common term used in air pollution.
It represents the relation among wind speed, PBLH and
air pollution quality control. It is a numerical value
related to the dispersing potential for airborne pollutants
in a certain local of the atmosphere. Ventilation index
(VI) was calculated according to the following formula

_ Vwindspeed x mixinglayerheight
- 10

VI (20)

It is based on both the height (thickness) of the mixed
PBL layer and the existing wind in this layer. Stronger
wind speed and thicker mixed layer will produce good
dispersion which reduces the concentration of pollutants
and provides healthier conditions that means higher
ventilation index. Table 5 shows that the maximum
ventilation index is recorded during the maximum wind
speed and the maximum PBLH.

Table 5: Relation between ventilation index (VI), wind speed
(WS) and PBLH.

1m0 1
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Fig. 4: Scattered plot of PM10 mass concentration (ug/m3) and
wind speed (m/s).

u

wind speed (m/s)

0 bl 40 600 0 1000 1200
PML0 massconcentration (g/m3)

Max. VI Max. WS Max. PBLH
Schemes (m/s) (m) Fig. 5: Diurnal variation of PM10 mass concentration (pg/m>)
and wind speed (m/s).
Holslag 10.65 10.65 3013.20
uw 10.79 10.86 2860.45
GFS 14.02 12.03 3421.13
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4 Conclusion

In this paper, an experiment was accomplished to
investigate using the numerical model RegCM4.7 to
predict the PM10 mass concentration levels originated by
a sand storm over Egypt. As the pollutant dispersion
occurred within the planetary boundary layer PBL, it was
focused on three PBL schemes for running the model
(Holtslag, UW and GFS). The results showed that the
model gave a good representation for the case study.
Concerning the PM10 concentration, the results of
Holslag scheme were more accurate than those of UW
and GFS schemes. Consistency of the model was also
examined and the results of the relation between the wind
speed, PBLH and PMI10 concentration were proved
during the sand storm. Hence we conclude that strong
wind speed and thick PBL layer produced a good
dispersion of pollutants which consequently reduced the
concentration of the PM10, gave healthier conditions and
produced higher ventilation index.
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