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ABSTRACT. The thermodynamic structure of boundary layer over Calcutta on the eastern sector of the mon-
soon trough has been examined by integrating a one-dimensional TKE closure planetary boundary layer model for
tropics which inlcudes interaction of cloudiness and radiation with turbulence and counter gradient transports of
heat, moisture and momentum. Data sets of pilot-experiment phase of MONTBLEX in 1988 have been used for this
purpose. Two specific situations, one when liquid water is present and the other when very strong winds are prevail-
ing in the boundary layer are considered. Diurnal variation of turbulent kinetic energy, the TKE budget and the ver-
tical profiles of TKE and eddy exchange coefTicient have revealed the importance of counter gradient transports not
only of heat and moisture but also of momentum. Combined role of presence of liquid water and counter gradients
in buoyant production and role of counter gradients of momentum in shear production have been
established.

Key words — Planetary boundary layer, Turbulent kinetic energy, Counter gradient, Sensible and latent heat

flux, Cloud liquid water.
1. Introduction

The southwest summer monsoon over Indian sub-
continent is characterised by a large scale synoptic fea-
ture, known as the monsoon trough which is an
elongated zone of low pressure extending from the
desert heat low on the west through the Gangetic
plains and dipping into the Bay of Bengal on the east.
The rainfall activity of the sub-continent is largely
associated with the southward to northward migration
of the monsoon trough, leading to active and break
conditions of the monsoon. Studies on the boundary
layer processes over land regions of tropics are very
limited and those along the monsoon trough have
been reported only in recent years.

Holt and Raman (1986) reported observed marine
boundary layer characteristics different from land
type, using the MONEX-79 ships’ data over the Bay of
Bengal. Holt and Raman (1987) have also analysed the
boundary layer structure over the Indian seas during
active and break phases of monsoon and have repor-
ted (Holt and Raman 1988) simulation studies on the
marine boundary layer over the Bay of Bengal.
However, similar such studies have not been reported

over land stations along the monsoon trough region
until the emergence of MONTBLEX programmes. The
pilot experiment phase of MONTBLEX in 1988, as a
preliminary step, has provided radiosonde/slow rising
balloon observations taken four times a day (0530,
1130, 1730 and 2330 IST) at standard pressure levels
and at other significant heights in the vertical from 20
July to 1 August at Calcutta, Bhubaneswar, Ranchi
and Patna in the vicinity of the eastern sector of the
monsoon trough.

In the present study, the thermodynamic structure
of the boundary layer over Calcutta has been
examined using a one-dimensional TKE-closure
Planetary Boundary Layer (PBL) model. An attemmpt s
made here to establish the role of counter gradient
transports of heat, moisture and momentum alongwith
the interaction of cloudiness and radiation with
turbulence in the PBL. The mathematical formulation
of the model is given in section 2. The numerical
solution procedure of the model is given in section 3.
Section 4 deals with the data used for the purpose.
Results are discussed in section 5 followed by
conclusions in section 6.

* Present affiliation : NCMRWF, INSAT Building, IMD Complex, Lodi Road, New Delhi.
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Figs.1(a &b). Vertical profiles of : (a) mean wind. and (b) potential temperature on 20 July 1988 at Calcutta
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Figs. 2 (a-c). Diurnual variation of turbulent kinetic energy (unit :
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m’s~7) : (a) in the absence of counter gradients, (b) in the

presence of counter gradients, and (c) in the presece of liquid water and counter gradients

2. Mathematical formulation

The basic equations, the assumptions under which
the equations are derived, the formulation of counter
gradient transports, the boundary conditions and the
physical processes involved in the one-dimensional
Turbulent Kinetic Energy (TKE) closure PBL model
are given in the following sub-sections :

2.1. Basic equations

The basic equations, of momentum, heat, moisture
and turbulent kinetic energy in the atmospheric boun-
dary layer are as given below (Mellor and Yamada
1974 and Lykossov 1990) :

du/ot = f(v—vg) + (K, 0u/dz)/0z
= a(KuT'u)/aZ (1)
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where, u, v are the horizontal wind components. 8 is
potential temperature, ¢ is specific humidity of air. ¢; is
specific humidity of liquid water, e is turbulent kinetic
energy, [ is mixing length, u, and vg are geostrophic
wind components, K,, is eddy exchange coefficient, v,
Yv» Yo, Y4 and v, are the counter gradient transports of
momentum, heat, moisture and liquid water. A is con-
vection parameter (=g/8), Qg and Q are source/sink
terms of radiation and moisture. C, and ag are con-
stants. In Eqn. (6), the first term on the right hand side
represents the buoyancy production/loss, the second
term is the shear production and the third, the energy
transport and the fourth, the rate of dissipation of tur-
bulent kinetic energy.

22, Assumptions

The system of PBL Eqns. (1-6) is obtained under
the following general assumptions :

(i) The mean state of atmosphere is in hydros-
tatic equilibrium.

(i) The horizontal variations of turbulent
fluxes are relatively smaller as compared to
vertical variations.

(i) The molecular contributions are negligible
as compared to the small scale exchange
terms (except in the lowest millimetre of
the atmosphere).

(iv) The flow is horizontally homogeneous.

The turbulent length scale (J) is given by the follow-
ing equation (Blackadar 1962) :

1 = kz/(1 + kz/l) (7
where, ol
v (8)
lo = 27X 10-+ 2
“ TrT

The constants aj and C, are assumed to be 0.73 and
0.07 respectively. ’
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2.3. Counter gradients

The role of counter gradient transport of heat in
nearly neutral or weakly stable situations has well
becn studied in literature (Budyko and Yudin 1946,
Deardorff 1966. 1972: Lykossov 1991). From a study on
the jet during winter in the fair weather trade wind
boundary layer to the northeast of Puerto Rico, nega-
tive wind shear within the boundary layer was seen
(Pennel and Lemone 1974) and at the same time. the
direction of momentum transport was towards the sur-
face, ie. counter gradient (Lykossov 1991). In a
laboratory simulation of wall jet (Narasimha 1984) it
was also found counter gradient transport of momen-
tum below maximum wind velocity. Thus mathemati-
cal expressions for the momentum (Wilson and Shaw
1977. Liet al. 1985 and Lykossov er ar. 1991) and mois-
ture counter gradients (Lykossov 1991) are developed.
based on generalized Boussinesq approximation.

In general, the counter gradients are expressed as
follows (Lykossov 1991) :

Ny08/0z-—(y—IyyoloD/3z + p w2 ypy
Yp = 9)
A 30/9z + p @?

where, D is a variable, o is turbulence frequency, ypy
are characteristic values of yp. and

Yy=Lp=pyforD =29
Y=2p=2ylorD =g (10)
Y=mpu=puforD=uorv

The values of pg, p; and py are 0.05. 0.11 and
1.56 respectively.

24. Boundary conditions

At the lower boundary which is treated as the top of
the constant flux layer (50 m), the turbulent fluxes of u,
v, B and ¢, based on similarity theory are equated in
terms of Bulk-acrodynamic relations. The turbulent
flux of gy is set to zero so that low-level fog like cloud
formation is eliminated. The turbulent kinetic energy
is derived from the closure assumption on K i
Accordingly,

K, (0u/dz—y,) = Cp Vu (11)
Ky (v/9z—y,) = Cp W ' (12)
apK, (98/dz—yp) = Co V (8—6y) (13)
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Figs. 3 (a & b). (a) Buoyancy, and (b) shear terms of tur- Figs.4(a & b). As in Fig. 3 but in the pre- Figs. 5 (a& b). As in Fig. 3(a) but

bulent kinetic ene.gy budget at 0900 IST
in the absence of liquid water. (unit:

10-4m2s-3)
agKy, (aq{laz—Y:ﬂ) =0 (15)
e = (K/IP (16)

where, Cp. Cp are exchange coefficients of momentum
and heat respectively. The eddy exchange coefficient,
the heAt and drag coefficients are determined from
Monin-Obukhov similarity theory using Businger-
Dyer relations and 1/3—law of asymptotics for ther-
mal stratification.

Atthe top of the boundary layer (H = 2000 m)in the
model, the winds, temperature, humidity are assumed
to attain their values in the free atmosphere. The
energy flux is assumed to be zero.

Accordingly,
u = ug (17
v =vg (18)
0 = by (19)
=1y (20)

sence of liquid water at 2300 IST
49 = 9H (1)
de/dz = 0 (22)

2.5. Physical process

In the above PBL model the following physical
processes are involved :

* Dry and noist convective adjustment

* Large scale condensational heating

* Sensible and latent heat fluxes

* Long wave and short wave radiative fluxes

* Cloud liquid water.

3. Numerical solution

In the above PBL model, the vertical domain,
extending from 50 to 2000 m, is divided in to 40 equi-
distant levels with the lowest level representing the top
of constant flux layer (50 m) and the highest level rep-
resenting the top of the boundary layer (2000 m).

Denoting the levels by an index K, the central difference forms are given by:

éD D (K + 1) — D (K-1)

—_— (23)
0z 2A:z
d oD 1[K,(K)+ K, (K + 1)\D (K + 1) —D(K) K,(K)+ K, (K—1) DK)-D(K—1) ]
- (Ku_) = = L (24)
dz 0z Az 2 Az 2 Az
P 1 [K, (K) + K K+ 1) vp B+yp K+ Ky () + Ky (K=1) vp (K)+vp (K=1)]
— Ky Yp)= — e (25)
0z Az 2 2 2 2

where, D denotes a dependent variable, and yp, the counter gradient associated with the variable D.
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The time integration is carried out using the
scheme :

n+1 Ui
DK‘ - DK’

26
A (26)

A general finite difference form of the equation is
as follows :

AK) pl+l) (K—-1)-B(K) Dn+1) (K)
+CK)DUD (K 4+ 1) = — ' (K)

where.

a
AK) = —
2(Az2)

a

[Ku (K)+Ku (K—l)]

CK = KulK)+ Ky (K +1)] (28)
2(Az?)

1
B(K) = 4(K) +C (K) +

At
F" (K) is the rest of the diagnostic variables.

Here, a = 1 foru and v coupled equation. a = aq for
B, ¢ and ¢, equations and a = a, for turbulent kinetic
energy equation.

The boundary conditions in finite difference form
are expressed in a similar manner. The system ol Eqns.
(1-6) with the boundary conditions (11-22) is solved
numerically using a tri-diagonal matrix method
(Richtmyer and Morton 1967).

4. Data

During the pre-MONTBLEX programme in 1988,
special upper air observations were taken four times a
day, viz, 0530, 1130, 1730 and 2330 IST from 20 July to
| August at Calcutta, Bhubaneswar, Patna and
Ranchi constituting land stations on the castern sector
of the monsoon trough. This sector is considered asa
deep-moist convective region (85-90°E) (Goel and
Srivastava 1990). In the present study, the upper air
data of 20 July at Calcutta have been chosen for its
meteorological significance. The coastal station
situated at the head Bay of Bengal is significant for the
reversal of summer monsoon wind from southwest to
northwest and also for its direct influence under tropi-
cal cyclonic systems developed in the Bay of Bengal.
Incidentally, The period from 15-22 July 1988 was syn-
optically active with two low pressure  systems
developed across the Bay,

In the present 24-hour simulation study, the initial
fields comprise of vertical profiles of horizontal wind
components. the potential temperature. moisture and
pressure at 0600 IST on 20 July. Time series of (20-21
July) temperature, pressure and relative humidity at
the first level of observations and time series of wind
components, temperature and moisture at a height of
2000 m have been used for boundary conditions.

The vertical profiles of mean wind (V) and poten-
tial temperature (8) at 0600, 1100, 1800 and 2300 IST on
20 July have been shown in Figs. 1(a) and 1(b) respec-
tively. The features that can be identified are :

(i) Stronger winds prevailing at 2300 IST, extend-
ing to greater heights within 2000 m with maxi-
mum of 15 ms™' at 300 m.

(i) Well mixed layer extending to 400 m developed
at 1100 IST on this day.

5. Results and discussion

The diurnal variation of turbulent kinetic energy
(TKE). the TKE budget and the vertical profiles of
TKE and eddy exchange coefficient in the boundary
layer over Calcutta obtained on a 24-hour integration
of a one-dimensional TKE closure PBL model with
initial profiles at 0600 IST as input have been dis-
cussed in sub-sections 5.1 to 54. In sub-section 5.5. the
model simulated profiles of potential temperature are
compared with the observed profiles.

Hourly analysis of the 24-hour model integration
revealed the presence of liquid water between 0900 &
1100 IST. with maximum at 1100 IST. The present
analysis of TKE-related quantities are limited to two
timings, viz.. 0900 IST (the time at which liquid water
was initially present) and 2300 IST [the time at which
the winds were strong in the lower part of the boundary
layer, ¢f Fig. 1 (a)].

5.1. Diurnal variation of TKE in the absence of counter
gradients

The diurnal variation of TKE for the day 20-21 July
in the absence of counter gradients as well as liquid
water is depicted in Fig. 2(a). In the vertical, the TKE is
distributed to a height of about 700 m at 1100 IST. The
vertical distribution is limited to a height of about 300
m during 2300 IST Observed profiles of potential tem-
perature [Fig. 1(b)] suggest a well-mixed layer extend-
ing to about 450 m at 1100 IST. Profiles of wind |Fig.
1(a)] show maximum of winds at 300 m at 2300 IST.
Liquid water was present in the lower part of boundary
layer between 400 & 600 m during 0900-1100 IST on
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Figs. 6 (a & b). Vertical distribution of : (a)
turbulent kinetic energy,
and (b) eddy viscosity coefTi-
cient at 0900 IST in the
absence of liquid water
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20 July as revealed by the model. There is, however, no
indication of liquid water present during the restof the
day. The diurnal variation of TKE both in the presence
and in the absence of liquid water remained the same
and is as shown in the figure. This shows that in the
absence of counter gradients, processes associated
with liquid water within the boundary layer may not
have appreciable influence on the furbulent kinetic
energy distribution.

§2. Diurnal variation of TKE in the presence of coun-
ter gradients

The diurnal variation of TKE for the day 20-21 July
in the presence of counter gradients and in the absence
of liquid water is depicted in Fig. 2(b). In the vertical,
the TKE is distributed to a height of 750 m at 1100 IST
which is slightly at a higher level than in the absence of
counter gradients. The TKE distribution is continuous
during evening and night with vertical extension up to
1300 m at 2300 IST. The maximum of TKE is at 300 m
at 2300 IST, which corresponds to the maximum of
winds at this hour [Fig. 1(a)]. The TKE distribution in
the presence of counter gradients thus differs
significantly during evening and night as compared to
the distribution in the absence of counter gradients. In
the presence of the maximum of liquid water at 400 m
at 1100 IST, the TKE has reached its maximum at
400 m at the same time [Fig. 2(c)], thus differing in its
vertical distribution from the case of no-liquid water.

5.3, The TKE budget

The buoyancy production or loss term and the
shear production term of the TKE budget Eqn. (6)
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sence of liquid water

are discussed in this section. The compensating terms
like the energy-dissipation etc are not dealt with here.
The buoyancy production/loss and shear production
terms at 0900 and 2300 IST are depicted in Figs. 3-5.
From Fig. 3(a), it can be noticed that in the absence of
liquid water, there is buoyancy loss above 500 m when
counter gradients are absent while it is buoyancy pro-
duction in this region when counter gradients are pre-
sent. There is, however, not much change in buoyancy
production/loss when counter gradients are absent but
liquid water is present [Fig. 4(a)]. In the presence of
both counter gradients and liquid water (which is pre-
sent between 400 & 600 m), the buoyancy production
has increased from a level at 300 m and decreased
beyond a level at 600 m [Fig. 4(a)]. The increasing
rend may be attributed to processes like phase to
phase changes and condensational heating that might
have affected the counter gradient transports of tem-
perature and humidity.

The shear production at 0900 IST in the absence or
in the presence of liquid water has not differred much
[Figs. 3(b) and 4(b)] but affected by the counter
gradients.

At 2300 IST, the role of the counter gradient
transport of momentum in shear production is clearly
seen below 500 m in the lower part of the boundary
layer [Fig. 5(b)]. A comparison of the almost-zero
buoyancy throughout boundary layer in the absence of
counter gradients with the negative buoyant produc-
tion in the presence of counter gradients [Fig. 5(a)]
shows the role of counter gradients of heat and
moisture.




Simulated

LEVELS
=
1

@
T

1 1

SIMULATION OF THE THERMODYNAMIC STRUCTURE OF ABL

-

1 1 1 1
304 306 308 0 nz k11
POTENTIAL TEMPERATURE
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54. Vertical distribution
exchange coefficient

of TKE and- eddy

The vertical profiles of TKE (¢) and eddy exchange
coefficient (K) at 0900 and 2300 IST are shown in
Figs. 6-8. At these hours, the atmospheric boundary
layer was relatively more turbulent on the day 20-21
July. The processes for TKE production on these two
timings seem to be different. The TKE production at
09001ST is mainly due to buoyancy production and that
at 2300 IST is mainly due to shear production. At 0900
IST, due to processes like condensational heating and
phase to phase changes, the vertical profiles of back-
ground potential temperature and specific humidityare
relatively more affected than the velocity profiles,
which in turn, have affected their corresponding coun-
ter gradients. At 2300 IST, due to the strong wind shéar
that prevailed, the counter gradients associated with
velocity components are more affected. the eddy ex-
change coefficient (K) determined by Kolmogorov's
relation (K=1e%) follows the TKE pattern at these
hours.

5.5. Simuiated profiles of potential temperature

The simulated vertical profiles of potential tempe-
rature at 1100 and 2300 IST are compard with

2—9IMD/9%4.
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the observed profiles in Figs. 9 (a) and 9 (b) respec-
tively. The simulations at these hours as compared to
the observed profiles show departures of the order of
2° K in the lower levels. Such departures can be due
to the limitation of the one-dimensional PBL model
deprived of any possible interaction of advection
processes in time.

6. Conclusions

From a 24-hour integration of a one-dimensional
TKE closure PBL model using the data sets of 20 July
1988 at the coastal station Calcutta on the eastern
sector of the monsoon trough, the following broad
conclusions aré drawn :

The buoyaney production associated with tur-
bulent kinetic energy within the PBL increases
in the presence of liquid water under the
influence of counter gradients of heat and mois-
ture than in their absence. Enhanced by the
counter gradient transport of momentum under
strong wind shear conditions, the turbulent
kinetic energy is transported to greater heights
within- the PBL.
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