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Abstract: This study surveyed the levels of atmospheric stability across the atmospheric boundary layer in Jos, north-
central Nigeria. Five years (2011-2015) meteorological data for temperature and wind speed at 1000mbar pressure level was
retrieved and processed from ECMWF Era-Interim Re-analysis platform. The data were for 6-hourly synoptic hours: 0000H,
0600H, 1200H and 1800H at 0.125° grid resolution. The gradient Richardson (R;;) number technique was used to assess
stability conditions across distinct layers: 10-50m (surface layer); 50-100m (mid layer) and 100-1300m (upper layer). Results
indicated that the surface layer is always in unstable state as over 90% and 100% of R;, values were below Richardson Critical
(Ri) value of 0.25 and Richardson Termination level (Rt) of 1, respectively. Stable conditions exist at the mid layer across the
hours and all R;, values were greater than Ry level of 1. R, values for the upper layer were largely negative and ranged
between -52 to -360. This indicates very strong unstable conditions. Atmospheric stability generated through mixed convection
prevailed at the surface layer and upper layer but with more of forced and free convection. This shows that mechanical
turbulence is dominant at the surface while thermal buoyancy prevails at the upper level. Linking results to emission dispersion
proposes that air pollutants will be dispersed across far and near expanses at the upper layer and surface layers. This is due to
the laminar pattern of the mid layer that will restrict altitudinal and horizontal emission dispersion. Authorities should certify
that prospective emission sources are above 50m to safeguard the health of sensitive receptors as regards emissions
concentrations. Also, wind energy could be utilised as surface Ri, values concur with obtainable wind shear values.
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. temperature with height termed, ‘lapse rate’. The Pasquill-
1. Introduction Gifford (P-G) stability scheme designed in 1961 classified
these major stability categories into six different classes (A-
F) with ‘A-C’ and ‘D-F’ emphasizing the unstable and
neutral-stable conditions, respectively. In relation to
evaluating stability pattern across layers in the atmospheric
boundary layer (ABL), two universally accepted stability
parameters are recommended [6] i.e. the Obukhov Length
and the Richardson number. The Obukhov Length involves
the determination of surface heat fluxes to assess the degree
of stability conditions, while the Richardson number
demands the evaluation of meteorological variables such as
wind velocity and air temperature at two vertical levels in
order to determine altitudinal stability variations. What
makes Richardson number more suitable than Monin-

Atmospheric stability entails the vertical alteration of air
masses which strongly depend on the altitudinal changes of
air temperature — a phenomenon so vital for the survival of
boundary layer dwellers when related to pollutants dispersion
within the planetary layer. Atmospheric stability specifies the
deviation of diverse atmospheric variables at various
altitudinal heights and consequently the presence of diverse
horizontal layers and the degree of mixing exhibited by these
layers [1]. Several researches have revealed the pattern and
degree of atmospheric stability situations across spatial
locations [2-5]. Stability categories exist in three major
forms, namely: unstable, neutral and stable conditions. The
prevalence of these conditions is based on the alteration of
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Obukhov length (L), is that ‘L’ is more effective to the
surface boundary layer (i.e. 0-50m) due to the strong effect of
surface heat fluxes. These heat fluxes dissipate as one move
away from the surface. The main advantage of the
Richardson number is that, either the mechanical or thermal
aspect of the dimensionless scheme within or above the
surface layer could influence stability pattern across sub-
layers. The core difference between the P-G stability scheme
and the Richardson number method is that the former
evaluates the stability of the atmospheric boundary layer as
one column under a unified total cloud cover while the latter
examines the existence of stability variation within sub-
layers in the atmospheric boundary layer. It is known [7] that
the atmospheric boundary layer exists in two states: laminar
and turbulent boundary layers. The laminar pattern is
associated with the stable-neutral stability phase which
inhibits emission dispersion; while the turbulent pattern is
associated with the unstable stability phase which enhances
emission dispersion. It has been specified by [8] and [9] that
the turbulent state of the ABL determines the degree of
mixing that either increases or reduces the ABL height. The
laminar state of the atmosphere restricts mixing and creates
levels of stable conditions. The ABL could stretch beyond
1km during the day and shrinks to below 100m at night [10].
This paper provides the atmospheric stability regime of Jos
metropolis from Gradient Richardson number estimations
across sub-layers within the atmospheric boundary layer i.e.
0-50m; 50-100m and 100-1300m for the surface, mid and

upper layers concurrently.

2. The Study Area

Jos is a city situated in north-central Nigeria, the capital of
Plateau State. It is located at an elevation of 1285m above sea
level [11] and lies between Latitude 9° 33'N to 9° 55N and
Longitude 8° 44'E to 9° 10'E of the equator. The area is sited
in the Montane vegetation region of Nigeria influenced by a
relatively high altitude climate. Jos has the tropical continental
climate classified as Koppen’s Aw and lies on the divide of the
bimodal rainfall regime which peaks in July and September.
Average annual rainfall for the area ranges between 1200-
1500mm with wet and dry spells covering May to October and
November to April, respectively [12]. The period of dry spell
is ravaged by dust haze with deposits of aerosols flown from
the Sahara desert. Average annual maximum and minimum
temperatures ranges between 24-31°C and 12-18°C
respectively with March/April being the warmest months and
July/August being the coolest months. Relative humidity
varies between 22-73% with lower and higher values recorded
during the periods of dry and rainy seasons [13]. The mean
wind speed range for the city according to [14] is about 5.2m/s.
Wind speed is generally high during the day and low during
night time. Also, higher wind speeds dominate slightly during
the dry season than in the rainy period (Figures 2-5). Wind
direction for the area is predominantly westerly in the rainy
season and easterly in the dry season.
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Figure 1. Map Showing Study Area.
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Figures 2. Wind velocity/direction Pattern at 0000Hr in Jos from December-February.

\WEST|

WIND SPEED
(m's)

0 =111
88-11.1
57-88
36- 57
21- 36
05- 21
Calms: 0.00%

ECHEN

Figures 3. Wind velocity/direction Pattern at 1200Hr in Jos from December-February.
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Figures 5. Wind velocity/direction Pattern at 1200Hr in Jos from June-August.
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3. Data and Methodology
3.1. Data

The data utilised for this research were retrieved from the
European Centre for Medium Ranged Weather Forecast
(ECMWF) Era-Interim Re-analysis data for the period 2011
to 2015. The ECMWEF’s database is the modernised and most
prevalent atmospheric reanalysis data that has proven to be
useful in the investigation of the West African climatic
system. The utilisation of the upgraded reanalysis data has
surpassed predictions and articulates progressive assessments
about the accomplishments in the examination of weather
data comprehended within the last decade. The data were
obtained at 0.125 latitudinal and longitudinal degree
resolution at 6-hourly synoptic interval, i.e., 0000, 0600,
1200 and 1800. Meteorological variables such as wind speed,
air temperature and relative humidity were acquired at
pressure level of 1000mbar.

3.2. Methodology

There are various techniques of assessing stability
conditions: these include the Richardson number (R;),
Monin-Obukhov Length (L), temperature gradient, wind
speed gradient, lapse rate method, etc., however, the
Richardson number and P-G technique are widely used and
are acceptable due to their simplicity and applicability [15].
According to [16], when meteorologist use the conversional
term of Richardson number (R;); what is being referred to, is
the Gradient Richardson number (R;;). The difference
between the bulk (Rj) and gradient (Ri) Richardson
numbers is that the former uses one level surface temperature
for analysis while the latter utilises gradient temperature at
two levels for stability analysis [1]. The tendency for
available meteorological data usage gives the P-G scheme as
well as the Richardson number method an edge over other
techniques of assessing atmospheric stability. This research
uses the gradient Richardson number to evaluate the degree
of stability conditions across three layers (10-50m, 50-100m
and 100-1300m). The relationship between the Richardson
number and the Monin-Obukhov length (L) was used to
estimate the approximate altitudinal height where free
convection displaces forced ascents of air mass. MATLAB
software was utilised in analysing the mathematical
equations.

3.2.1. Analysis of Gradient Richardson
Number (R;,)

The gradient Richardson number (R;;) relates the
dimensionless ratio of the rate of work done by buoyancy
forces divided by the mechanical production of turbulence.
As analysed in [7], it is given by:

R; :% (1)

Where,

g is the gravitational acceleration (m/s”)

0 is the potential temperature

u and v, is the east-west and north south components of the
winds respectively (m/s?).

z is the vertical height (m).

The u and v wind components is resolved into the mean
wind speed (di/dz)* and given as

(di/dzy? =—2 @)

" ZmIn(22/27)

Where z,, is the mean vertical height considered. The

relationship  between  Monin-Obukhov ~ Length  and
Richardson number is given by:

Zm

o 3)

The equation 3 was used to estimate the approximate
altitudinal height where free ascent destabilises forced ascent.

3.2.2. Estimation of Atmospheric Pressure
and Potential Temperature
The calculated atmospheric pressure at vertical heights:
50m, 100m and 1300m were evaluated with the following
equation:

h
P= P, ) 4)

Where,

P represents the atmospheric pressure (bars),

h, is the vertical height (km),

Py, is the average mean sea level pressure

hy is a constant given as ‘7’ (rough scale height for the
atmosphere).

The potential temperatures (0) of the air parcel at heights
(50m, 100m and 1300m) were estimated with the following
equation [23, 17].

6,=T, (%)% (5)

Where, ‘T, is the reference height temperature (K) ‘R’ is
the gas constant of air and ‘C,’ is the specific heat capacity of
air at constant pressure. The fraction (R/C,) is equal to
‘0.286°. At any height, z, there is a temperature value (T,)
and a resulting potential temperature (6,).

3.2.3. The Gradient Richardson Number as
Stability Indicator

The gradient Richardson number (R;,) is an important
indicator of the level of stability conditions. The resolution of
the scheme highlights the boundary limits of turbulence
generated either by shear of buoyant forces and related to the
stability regime of the sub-layers in the ABL. The R;, has
mostly been utilised as a measure for evaluating the stability
of stratified shear flow [18]. Wind shear values [19] based on
Richardson number has been related with atmospheric
stability categories for Inland sites in Northeast region of
Brazil (Table 1).
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Table 1. Atmospheric Stability on Wind Parameters in Northeast Brazil.

Atmospheric Stability Group R; Values from Wind Shear

Very Unstable 0.14
Unstable 0.22
Near Neutral 0.36
Stable 0.38
Very Stable 0.34

Source: [19].

As noted by [20], Rig values between 0 and Richardson
critical (R;;) value (0.25), turbulent flow is generated mostly
by forced convection. Negative R;; values (both small and
large) estimated in this study is classified as unstable
conditions due to free convection [21]. Although it has been
revealed that turbulence still exists in a weaker state for Ry,
values greater than R;. but lesser than the Richardson
Termination (Ry) value of 1, the R;. benchmark largely apply
to the surface layer beneath 50m [16, 22]. This study
considers the R, values within and above the R;; limit as
unstable and stable/neutral conditions as emphasised by [19]
for in-land sites. An approximate vertical height where free

convection interfered or completely displayed forced
convection was as well computed in the study.

4. Results and Discussion

4.1. Variation of Gradient Richardson
Numbers Across Specified Boundary
Layers

The estimated average monthly gradient Richardson (Rj,)
numbers for the specified layers within the ABL at the
indicated synoptic hours are shown in Tables 2-4. In the first
layer (10-50m) at the hours: 0000, 1200 and 1800, the
dominant atmospheric conditions were stable from July-
October; and neutral between June and September. Unstable
conditions prevailed for the rest part of the periods (Table 2).
Since all R;, values across the specified hours were less than
the Richardson Termination mark of 1, there is the likelihood
that minimal levels of turbulence persisted during the periods
when Rj, values were greater than R;; of 0.25.

Table 2. Gradient Richardson number Values in Jos for the Specified Layer/Hours.

0000HR 0600HR
Month - Turbulence Layer Stability Turbulence
Layer (m) R; Stability Pattern State i) Ri, Pattern State
JAN 0.07 0.07
FEB 0.08 0.12
MAR 0.07 0.16
APR 0.19 Unstable Turbulent 0.08
MAY 0.09 0.17
JUN 0.09 0.12
JUL 10-50 0.29 10-50 0.17 Unstable Turbulent
AUG 0.37 . 0.09
SEP 033 Stable Laminar 0.19
OCT 0.48 0.19
NOV 0.12 0.12
DEC 0.06 Unstable Turbulent 0.06
1200H 1800H
JAN 0.05 0.06
FEB 0.06 0.08
MAR 0.10 Unstable Turbulent 0.08
APR 0.09 0.23
MAY 0.18 0.12 Unstable Turbulent
JUN 0.29 Stable Laminar 0.18
JUL 10-50 0.12 10-50 0.24
AUG 0.14 0.24
SEP 0.08 0.33 Stable Laminar
OCT 0.08 Unstable Turbulent 024
NOV 0.09 0.08 Unstable Turbulent
DEC 0.04 0.10

The estimated R, numbers across the next sub-layer as shown in Table 3 i.e. (50-100m) have revealed an exclusively
stable/neutral conditions as all values were above the R;. limit of 0.25. Insignificant periods that had R;, values lesser than the
RT value of 1 across the hours indicated the times of insignificant turbulence within the layer (Table 3). The higher the positive
R;, values from the Ry mark of 1, the stronger the stable conditions.

Table 3. Gradient Richardson number Values in Jos for the Specified Layer/Hours.

0000HR 0600HR

Month - Turbulence Layer Stability Turbulence
Layer (m) R; Stability Pattern State i) R;, Pattern State

JAN 1.34 . 1.29 .

FEB 50-100 133 Stable Laminar 50-100 301 Stable Laminar
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0000HR 0600HR
Month Layer (m) R; Stability Pattern ;‘tl;:ulence :;:3, er Ri, ls)zl:;lrl:ly ;‘tl;:ulence
MAR 1.27 1.28
APR 1.27 1.93
MAY 1.28 1.29
JUN 3.02 0.90
JUL 2.02 1.30
AUG 3.60 2.04
SEP 3.59 2.03
OCT 3.56 3.59
NOV 1.91 2.01
DEC 0.89 0.91
1200H 1800H

JAN 1.33 1.32
FEB 1.31 1.31
MAR 0.87 1.25
APR 2.95 1.26
MAY 5.27 2.97
'JIEIE 50-100 ;g? Stable Laminar 50-100 ;22 Stable Laminar
AUG 1.29 2.02
SEP 2.00 3.57
OCT 3.53 3.53
NOV 0.65 1.26
DEC 0.98 0.65

Findings from the upper layer (100-1300m) as shown in Table 4 with greater altitudinal expanse than the other lower layers
have revealed a strongly unstable conditions across the specified hours. All estimated R;, numbers were generally negative and
large. This indicates strongly unstable situations over the layer. Minimal or large negative R;, numbers indicates unstable
atmospheric conditions resulting from buoyant ascents [21, 23]. It has been disclosed [24] that for negative Rig values,
turbulence results from both free and forced generated convection, but with more of free ascents.

Table 4. Gradient Richardson number Values in Jos for the Specified Layer/Hours.

0000HR 0600HR
Month Layer (m) R Stability Pattern ';‘tl;rtle)ulence E:gfer Ri, Stability Pattern ';‘tl;rtle)ulence
JAN -74.13 -90.44
FEB -98.88 -123.53
MAR -88.41 -98.88
APR -98.23 -110.40
MAY -110.13 -89.87
;EIE 100-1300 jg;:;i Unstable Turbulent 100-1300 :gg:ég Unstable Turbulent
AUG -250.73 -125.60
SEP -359.93 -184.63
OCT -247.89 -249.53
NOV -122.87 -139.75
DEC -67.99 -74.95
1200H 1800H
JAN -58.09 -67.34
FEB -66.18 -87.24
MAR -72.12 -87.08
APR -122.06 -136.61
MAY -208.45 -158.28
;gﬁ 100-1300 :S;:g Unstable Turbulent 100-1300 j ;giz Unstable Turbulent
AUG -99.31 -249.45
SEP -110.13 -357.64
OCT -109.22 -245.82
NOV -52.06 -108.43
DEC -45.25 -61.56

As revealed by [8], the boundary layer close to the earth
surface layer is continuously dominated by significant scale
of turbulence generated by buoyancy or forced ascents as

well as both referred to as mixed convection while the next
layer is majorly in a stable state. This stable layer creates a
barrier between the surface and the upper atmosphere. Due to
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its location on the Plateau and the rough terrain, Jos is Results from the monthly variation of stability conditions
exposed to moderate to strong winds ranging from 2m/s to  as shown in Figures 6-9 reveals that across the hours unstable
above 4m/s. This wind pattern regulates the intensity of  conditions persist strongly from November to March at the
thermal buoyancy especially during the day thereby  surface layer (10-50m) as R;, values were below the Rj. of

enhancing forced convection at the surface layer. 0.25.
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Figure 6. Monthly R, Trend at 10-50m Layer for the Specified Hours.

This period at the study area falls within the peak dry season when greater solar radiation is received; hence, mixed
convection due to buoyancy and forced ascents would have acted together to energise instability. Findings during the rainy
periods at the surface layer indicated levels of increased stability most especially at 0000H and 1800H. During these hours,
thermal interference is insignificant to stimulate mixed convection.
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Figure 7. Monthly R, Trend at 50-100m Layer for the Specified Hours.

Regarding the more stable layer (50-100m) which acts as buffer zone, October indicated the more stable period while the
hours: 1200 and 1800 in May and July showed greater stability than the rest periods. Overall, January, March and December
were the least stable months; implying periods where intrusions of thermal buoyancy would have penetrated the layer.
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Figure 8. Monthly R;, Trend at 100-1300m Layer for the Specified Hours.

At the upper layer (100-1300m) with elongated stretch,
November to April exhibited average R, values below -150
across the hours while the other months had periods of larger Rj,
values above -200. It has been indicated that larger negative Rj,
values exhibit forced convection as a stronger influence for
unstable conditions while smaller negative R;, values has free
convection as the stronger influence [21]. This suggests that for
the months of November to April in the study area, unstable

conditions were largely due to thermal buoyancy.

Findings from the analysed connection between
Richardson number and Monin-Obukhov Length as revealed
in Figure 9 shows that the average vertical distance where
free convection dominates forced convection was below
240m, and that the average distance is lower during the peak
rainy periods (July-September) than the peak dry periods
(November-March).
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Figure 9. Monthly Variations of Vertical Heights where Free Ascent Subverts Forced Ascent.

4.2. Implications of Evaluated Stability
Pattern on Emissions Dispersion

The R;, assessment of the area shows the pattern of
atmospheric stability boundary across the boundary layers.
The ABL is crucial to determining air quality and

determining the stages of stability amid layers goes to show
the boundary limit and how pollutants are dispersed across
layers [25]. Findings reveal that pollutant dispersions will be
better at the surface layer and the upper layer due to their
continuous state of instability whereas it will be stagnated at
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the laminar layer (50-100m). Nevertheless, the degree of
instability at the upper layer of 100-1300m may create
openings for the outflow of confined emissions from the
stable layer. It was specified [26] that air mass transfer within
the stable boundary layer is by conduction and altitudinal
interactions of heat and moisture are very minimal.

While emissions from ground level sources will be
dispersed within the layer, emissions from the upper level
sources will be dispersed aloft. Ground level sources are
those according to U.S. EPA, defined for stacks between 0 —
10m, while elevated sources are those defined for stacks
between 10-200m and above. From the results, analysis of
emissions dispersion at the surface layer will be better
enhanced during the dry season (November-March) at the
study area due to stronger instability pattern than the peak
rainy periods (Figure 6). However, the stable condition of the
mid-layer (50-100m) will limit emissions dispersion. Due to
the strongly unstable nature of the upper layer (100-1300m),
emissions will be dispersed aloft. At night when temperature
inversion is more likely, emissions released from surface
sources below 100m will increase ground Ilevel
concentrations. The dispersion of air pollutants during the
inversion period will however now depend on the magnitude
of wind force. Significant amount of turbulence still exists
during the 0000H in Jos due to mechanical turbulence and
this could be vital in moderating pollutant concentrations
during inversion periods at night. As the night progresses,
inversion could become stronger at the surface and therefore
limit pollutant dispersion. The turbulent pattern at the upper
layer (100-1300m) will be substantial in moving released air
pollutants from emission sources above 100m across borders
as dispersions take place above the stable layer (50-100m).
This could impact on distant receptors by gravitational
settling at the breaking of the inversion layer during the day
or by high pressure subsidence that characterises the study
area as a result of the undulating terrain.

5. Conclusions

Atmospheric stability within the planetary boundary layers
affects both weather processes and human activities and Jos;
an urban centre located in north-central Nigeria reacts to such
realities. The degree of atmospheric stability conditions
across three different vertical layers (10-50m; 50-100m and
100-1300m) at the study area was conducted using the
gradient Richardson number (R;,) technique for the synoptic
hours: 0000H, 0600H, 1200H and 1800H. The gradient
Richardson number is a widely used technique in accessing
the degree of turbulence that enhances stability conditions
within the boundary layer. Its level of applicability and
accuracy pivots on the extent of acceptability across
boundary layer studies. Findings show that at the surface
layer (10-50m), significant level of instability exists largely
due to forced convection. Although over 90% of R;; values at
this layer were below the critical Richardson number (R;.) of
0.25, all values were lesser than the Rr level of 1 and
boundary layer researchers maintains that levels of instability

still occurs for all R;, values less than 1 [16, 22], even though
the effect is more significant below the critical level. Also,
R, findings show that the mid layer (50-100m) portrays
stable condition as all R;; values were greater that the Ry
level of 1. However, the condition at the upper level (100-
1300m) indicated strongly unstable conditions throughout the
hours and periods considered as R;, values were mainly
negative with range -52 to -360. It is highlighted that both
thermal and mechanical turbulence contributes to negative
R, values. Large negative R;, values are due to more of
mechanically generated turbulence, while small values are
due to more of thermal turbulence.

Atmospheric stability due to mixed convection was
prevalent in the study area. Whereas instability generated by
mechanical turbulence was more prominent at the surface,
that generated by thermal turbulence more in the upper layer.
The mechanical or forced ascent induced stability pattern
could result from the undulating terrain that creates wind
shear thereby forcing air mass upwards. Thermal or free
ascent can also induce stability pattern at the upper layer,
which could result from latent heat releases from rising air
mass that creates instability. It could also result from the
interactions of high and low pressure areas generated by the
topographic pattern of the study area. The atmospheric
stability pattern at the area proposes that emissions will be
transported to distant receptors at the upper layer due to the
stable nature of the mid layer. Also, emissions will be
dispersed within the surface layer if the emission sources are
below 50m. Nevertheless, if the emission sources are above
50m, emission dispersion will take place aloft. Findings also
suggest that wind turbines development for power generation
will be suitable within the surface layer when R;, values are
compared to values generated in northeast Brazil.
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