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Summary

The results of incorporating a nonlocal boundary-layer
diffusion scheme in a forecast model over Indian region are
discussed. The simple formulation of atmospheric boundary
layer height in the nonlocal diffusion scheme is examined
in detail to understand how far the model simulated
boundary layer height is realistic. Analyses of the temporal
and spatial variability of the boundary height for three cases
representing premonsoon, active monsoon and post mon-
soon conditions over Indian region show that it is
comparable with the observational evidence. Further, for a
case of active monsoon condition over Indian region, com-
parison of precipitation forecasts with the nonlocal scheme
and the control local boundary-layer scheme clearly
indicated that the model run with the nonlocal scheme is
significantly more accurate in forecasting the intense pre-
cipitation locations.

1. Introduction

Turbulent motions within the atmospheric bound-
ary layer (BL) are primarily responsible for the
mixing of heat, moisture and momentum. Large
scale numerical models conventionally describe
this turbulent mixing with a vertical diffusion
scheme using an eddy diffusivity determined
independently at each point in the vertical based
on local vertical gradients of wind and virtual
potential temperature. This approach assumes
that turbulent fluxes always flow down the mean

gradient. The fact that such turbulence closures
fail in the case of well-mixed convective bound-
ary layers was recognized long time ago. Based
on experimental evidence, Deardorff (1972) gave
theoretical explanation to the failure of this
down gradient approximation for convective tur-
bulence. The presence of large coherent struc-
tures such as convective thermals can produce
turbulent transports that cause fluxes to go count-
er to the local gradient. A simple formulation
including the countergradient effects for vertical
diffusion was developed by Troen and Mahrt
(1986). This scheme has been widely tested in
numerical models with suitable modifications
(Holtslag and Boville, 1993; Hong and Pan, 1996,
and others). This nonlocal vertical diffusion
scheme determines an eddy-diffusivity profile
based on a diagnosed boundary-layer height and
a turbulent velocity scale. It also incorporates
nonlocal (vertical) transport effects for heat
and moisture. Testing in climate models (e.g.,
Holtslag and Boville, 1993) showed that the tem-
perature and moisture profiles were better simu-
lated by this scheme than the local diffusion
scheme. It increased the vertical moisture trans-
port causing more rapid detrainment from the
boundary-layer top and, as a consequence, shift-
ing of the maximum cloudiness to upper regions
above the boundary layer. Also it was seen that
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this scheme induced an overall increase in total
precipitation amounts. Hong and Pan (1996)
showed that introduction of a nonlocal bound-
ary vertical diffusion scheme and update of
the convection scheme in the National Centers
for Environmental Prediction (NCEP) Medium
Range Forecast (MRF) model improved precipi-
tation forecast skill over continental USA.

In this paper, we present the results of testing
the nonlocal scheme following Hong and Pan
(1996) in a version of the Global Spectral Model
(GSM) run operationally at National Center for
Medium Range Weather Forecasts (NCMRWF),
India. We focus on the simulation of the charac-
teristics of BL development with the nonlocal
scheme over the Indian region for three cases
during pre-monsoon, active summer monsoon
and post monsoon and attempt to validate with
observational evidence. In addition, for the case
of active monsoon condition over Indian region,
the three day forecasts with the nonlocal scheme
are compared to the control local boundary layer
scheme run to see the impact on the forecasted
low level wind circulation and rainfall.

Section 2 gives a brief description of the model
and the boundary layer schemes used. Data uti-
lized and the experiments carried out are described
in Sect. 3. Section 4 contains a detailed examina-
tion of the temporal and spatial variability of the
simulated BL height. This section also discusses
on the results of a synoptic forecast obtained with
the local and nonlocal schemes and makes a quan-
titative assessment of the precipitation forecasts.
Conclusions are presented in Sect. 5.

2. Description of the model

In this section, we present the salient features of
the GSM used and a brief description of the mod-
ifications made to the boundary-layer scheme
following Hong and Pan (1996).

The model used is a version of the operational
forecast model at NCMRWEF. This is an adapted
version of the earlier NCEP GSM (documented
in NMC Staff, 1988). It is based on the primitive
equations. The model variables are vorticity, di-
vergence, virtual potential temperature, natural
logarithm of surface pressure and specific humid-
ity. The prediction equations consist of the diver-
gence and vorticity equations, the hydrostatic
equation, the thermodynamic equation, the mass

f

continuity equation and conservation equation
for water vapor. The model uses spherical har-
monic functions for the horizontal representation
of variables. The vertical co-ordinate system
is the sigma co-ordinate, with a finite differ-
ence scheme of Arakawa. The scheme conserves
mass, momentum, potential temperature, water
vapor, angular momentum and total energy. The
time integration scheme is semi implicit to allow
longer time steps. The model horizontal resolu-
tion is T80, corresponding to a grid size of about
1.5 degrees or 160 km. The model has 18 vertical
levels, the lowest being about 10 hPa above the
surface and with five levels below 850 hPa.

The physical processes used in the model
include long- and short-wave radiation, cloud-
radiation interaction, planetary boundary-layer
processes, deep and shallow convection, large
scale condensation, gravity wave drag, enhanced
topography, simple hydrology, and vertical and
horizontal diffusions. The deep convection
scheme follows a modification of the Kuo
scheme. The surface layer physics is based on
the Monin-Obukhov similarity theory (NMC
Staff, 1988). Soil wetness is predicted based on
the bucket method. Snow depth is predicted and
interacts with radiation through surface albedo.
Surface evaporation is based on Penman-Mon-
teith theory. Over land, surface temperature and
soil temperature (two layers) are predicted using
energy balance.

A local stability-dependent vertical diffusion
scheme was originally used in the model for the
boundary layer as well as the free atmosphere. In
this scheme the vertical turbulent transport of
momentum, heat, and moisture is represented by
an eddy diffusion term of the form:

F.=-K.0C/0z, (1)

where, F, is the vertical flux for the quantity C
(e.g., wind components u and v, potential tem-
perature 0, and water vapor mixing ratio q), z is
the vertical co-ordinate, and K. is the vertical
eddy diffusion coefficient, or eddy diffusivity.
The eddy diffusivity used in this formulation de-
pends on the local vertical wind shear, the par-
cel mixing length, and the local Richardson
number. Betts et al. (1996) gives a detailed de-
scription of this local diffusion scheme.

In this study a nonlocal boundary layer scheme
following Hong and Pan (1996) is incorporated
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and tested in the model. The representation of the
vertical eddy flux within the boundary layer in
this scheme is given by

F, = —K.(0C/8z - ~.), (2)

where 7, iS a “countergradient” transport term
describing nonlocal transport for 6 and q. The
eddy diffusivity for momentum by the nonlocal
formulation is given as

Km:kwmz(l —}—21)2, (3)

where wp, is a mixed-layer velocity scale that
depends on the surface friction velocity, the sur-
face layer height (0.1 h), and the Monin-Obukhov
length, and h is the boundary-layer height.

The eddy diffusivities for temperature and
moisture (K¢) are computed using the Prandtl
number relation. More details on the formula-
tions of the various terms present in these equa-
tions and other aspects of the scheme can be
found in Hong and Pan (1996). The nonlocal
diffusion approach is used in the model up to
the boundary layer top. Above this layer, the
local diffusion approach is applied with modified
stability functions (see Hong and Pan, 1996).

3. Data and experiments

Initial conditions to the model obtained from the
operational global data assimilation and analysis
system at NCMRWEF is used for experiments in
this study. The verifying raingauge station data
used is the accumulated precipitation amounts
for each 24-hour period ending at 0300 UTC
provided by India Meteorological Department
(IMD). Three cases representing pre-monsoon,
active summer monsoon and post monsoon con-
ditions over Indian region are chosen. Three day
forecast experiments with the local scheme (LD)
and the nonlocal scheme (NLD) using 0000 UTC
of 04 April 1996 (pre-monsoon), 25 July 1996
(summer monsoon) and 6 November 1995 (post-
monsoon) initial conditions were carried out.

4. Discussion of results

4.1 Boundary-layer height

The key quantity in the nonlocal BL scheme
is the BL height (h), which is computed

explicitly as
_ Ribe 0| Vi|? @
(0w — 65)]

where Rib,, is a critical bulk Richardson num-
ber, Vy, and 0y, are the horizontal wind speed and
the virtual potential temperature at the top of the
boundary layer, g is the gravity, 0y, is the virtual
potential temperature at the lowest model level

“and O is the temperature of the air near the sur-

face which is modified to include the influence of
thermals for the unstable case.

Figure 1 shows the diurnal variation of BL
height at selected stations (nearest grid points)
over Indian region in three-day forecasts for the
three cases chosen. Figure 1a—d is for four con-
tinental grids near New Delhi, Anand, Kharagpur
and Bangalore representing differing geographi-
cal locations across the country. Also shown are
two oceanic grids (Fig. le,f) over the adjoining
central Arabian Sea and Bay of Bengal to visual-
ize h variation over ocean. The BL response to
diurnal heating over land is evident, especially
during the pre-monsoon dry convective case
shown by solid lines in the figure. The diurnal
range is found to be a minimum during the active
monsoon case shown by dashed lines. During the
post monsoon case shown by dotted lines, the
diurnal range are found to be higher than that
for the monsoon case over the continental grids.
In all the cases, the BL height generally remains
near its minimum throughout the night, increases
during daytime and reaches to a maximum at the
time of maximum insolation, and then rapidly
decreases at sunset. The simulated diurnal varia-
tion is found largest for the grid point near Delhi
(Fig. 1a) during the pre-monsoon case. The max-
imum height attained is over 5km, which is
slightly higher than the estimated value of over

. 4km for Delhi station and its surroundings by

Gamo et al. (1994). Raman et al. (1990) observed
that the BL height over Delhi could reach 4.7 km
during dry conditions. The other land stations
show maximum BL height in the range of 3 to
4 km only which indicates that the strongest dry
convection occurs over North India. Over the
selected oceanic grids (Fig. le, f) the BL heights
are found to be less than 0.5 km during the pre-
monsoon case with no significant diurnal varia-
tion, which can be attributed to the use of fixed
sea surface temperatures in these experiments.
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Fig. 1. Diurnal variation of boundary layer height(km) at various model grid points for different model inputs: 0000 UTC of
05 April 1996 (solid line); 25 July 1996 (dashed line); 25 November 1995 (dash-short dash line)

During the active monsoon case the BL height
maxima is found to be relatively low over all con-
tinental grids with values ranging from 1 to 2 km.
These are in the general range shown by various
observational studies during Monsoon Trough
Boundary-Layer Experiment (MONTBLEX) in
1990 (Narasimha et al., 1990). The height of mon-
soon BL at Bangalore was observed to be about

0.9km during daytime convective conditions by
Raman et al. (1990). The oceanic grids show BL
heights of about 1.5km during the active mon-
soon case, which are much higher than that
obtained for the pre-monsoon case. Holt and
Raman (1987) observed that the mean virtual
potential temperature profiles in the BL over
central Arabian Sea and north central Bay of
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Bengal during onset and active monsoon periods
were more unstable than those during break or
pre-monsoon conditions indicating a higher
mixed layer during active monsoon. They attrib-
uted this to a marked increase in surface heat
fluxes during the active monsoon period. Our
results also show enhanced surface heat fluxes

25 July 1996 Mean

o

25 November 1995 Mean

05°April 1996

>

25 November 1995

(figure not shown) for the oceanic grids during
the active monsoon case supporting the higher
BL heights obtained for this case.

To understand the simulated spatial variation,
the three-day mean and diurnal ranges of the BL
height for the three cases are shown in Fig. 2.
The diurnal range was determined from the

Diurnal Range

Diurnal Range

Fig. 2. Three day mean and diumnal range of simulated boundary layer height(km). Contour interval 0.5 km., shading above

0.5km
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maximum and minimum values of BL height
based on each model time step (15 minutes) data
for the entire forecast period. Similar to the dis-
tribution of BL height over the individual grid
points, the mean BL height and diurnal range
are found to be a maxima for the premonsoon
case. While the mean heights are found to be
in the range of 1 to 2km (shaded regions in the
figure are greater than 0.5 km), the diurnal ranges
exceeds 3 km over most of the Indian land mass.
Over North India the diurnal range shows a max-
imum exceeding 5km, which seems realistic as
the solar heating is maximum during this time of
the year. Over oceanic region, the mean values as
well as the diurnal ranges are very low. A com-
plete contrast is seen during the summer mon-
soon period with the maximum mean values
shifting southward over the oceanic region and
the diurnal ranges reducing drastically to less
than 2km over most of the continental region.
This reduction in BL heights over India was also
noted by Kusuma et al. (1991), which they noted
may be due to the presence of high water vapor
content and cloudy conditions prevalent during
active monsoon period. During the post monsoon
period the mean values are about 1km, while the
diurnal range picks up to more than 2km over
most of the land points with range exceeding
4km located over the northwestern dry region.
Thus, in general, it can be inferred that the simu-
lated diurnal variation of BL height by the non-
local BL scheme is fairly in agreement with the
observed values over Indian region.

4.2 Synoptic forecasts

During 25 to 28 July 1996 active monsoon con-
dition existed over Indian region with the north-
westward movement of a monsoon depression
after its formation over northwest Bay of Bengal.
Associated with this synoptic system heavy pre-
cipitation of about 5 to 10cm day~' were
reported by some IMD raingauge stations over
central India. To compare the model perfor-
mance with the local and nonlocal boundary
layer schemes in forecasting this heavy precip-
itation event, three sets of 72 hour predictions
with both boundary layer schemes are made be-
ginning at three consecutive 12 hour apart ini-
tial conditions namely 0000 and 1200 UTC of 25
and 0000 UTC of 26 July 1996. The low-level

cyclonic circulation features, the movement of
the system and the predicted precipitation pat-
terns in the first set of forecast are examined in
detail.

Figure 3 depicts the predicted Day 1, Day 2
and Day 3 low level (850hPa) wind circulation
(vectors) and the 24 hour accumulated total pre-
cipitation amounts (contours) over Indian region
for the local scheme (LD) and nonlocal scheme

. (NLD) model runs with the initial conditions
~of 0000 UTC 25 July 1996. Both model runs

show comparable features of wind circulation
with westerlies up to 20° N and weaker easterlies
northward. The location of the cyclonic circula-
tion and its northwestward movement are found
similar in both the forecasts and also are found
closer to the verification analyses (figure not
shown). The differences between the predicted
wind circulations are rather small, probably
because both the boundary-layer schemes use a
down gradient formula for wind diffusion with-
out any nonlocal terms.

Precipitation forecasts (Fig. 3) show differ-
ences between LD and NLD model runs. The
difference increases from day 1 to day 3, with
NLD run producing enhanced precipitation to
the west of the depression center than LD mod-
el run by day 3. Note that on day 2 the LD run
did not capture the heavy precipitation asso-
ciated with the cyclonic system. On day 3, a re-
gion of spurious heavy precipitation seen to the
east of the cyclonic center in the LD run is
found to be completely removed in the NLD
run suggesting that the nonlocal approach sub-
stantially improves the precipitation forecast by
enhancing the convective overturning at the
right location and by suppressing spurious pre-
cipitation as is also noted by Hong and Pan
(1996). =

4.3 Precipitation scores

In order to make a quantitative comparison be-
tween the LD and NLD precipitation forecasts,
using all the three sets of forecasts together the
equitable threat score (ETS) and model bias (B)
is computed for precipitation following Mesinger
(1996) as follows:

H—=E

ETS =
. F+O—-H-E

and 3:5
0]




Impact of nonlocal boundary-layer diffusion scheme on forecasts 213

Sﬂgia' }

0000 UTC 25 July 1996 Day 1
Vo

10K 4

. _-._a_allyﬂ/?i'l/'/'/'
B5E ~ 9O0E

1 -] L] 4 [

oJe) 0000 UTC 25 Jly 1998 Day 2 NLD

Fa 27334 v & & 4

a7 > > L& & & L

Y AV E e F AT At 4y ke e
T r Loy

25N 1 26N 4

20N 4 20N 4

15N

10N 1

o) 0000 UTC 25 &y 1996

2
=
S
(=]
=]
(=]
(=]
n
n
‘q
19
=]
o
5
a

b Y T A 79N v ¥ b3 571y 24y

ba—a3 T A 5 v & & & g

L
L “‘"—"’-—r-——.,—-..;—.._,-‘.’-.,ﬂ
N e

5N = £ o FAFAAN A
85E TOR T5E BOE B5E 90B 958

SN+
L

1 2 a3 4 [ [ 7 1 2 k) 4 ] a4 7 [} 10

Fig. 3. Day 1, Day 2 and Day 3 forecasts of 850 hPa wind {fn s ") [vectors] and 24 hour accumulated precipitation (cm
day_1 ) [contours] for the local scheme (LD) [left panel] and the nonlocal scheme (NLD) [right panel] with the initial
conditions of 0000 UTC 25 July 1996. Regions of precipitation more than 2cm day ~' are shaded

here, Mesinger (1996) discusses that ETS can be

H number of correctly forecast points (hits), said to represent the fractional number of cor-

F and O number of forecast and observed model
grid boxes respectively,

E = £0 the expected number of hits in a random
forecast, and,

N total number of points being verified.

rectly forecasted points of a precipitation event
above random, normalized by the total number of
observed and/or forecast points, also above the
number of hits in a random forecast. ETS has a
range between 0 and 1. The observed raingauge
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station reports are simple box averaged within
the model gaussian (T80) grid boxes. Only grid
boxes with at least one station report is used for
computation of scores. Figure 4 shows the loca-
tion of the raingauge stations (circle) and the
selected model grid boxes (shaded) over India,
which comprises of 124 verification boxes. The
forecast total precipitation amounts for each 24-
hour period ending 0300 UTC from the series of
72-hour predictions are used for computing pre-
cipitation scores. With three forecasts, we have a
total of 6 verifications over the two 24 hour ver-
ification periods ending 0300 UTC of 27 and 28
July 1996. In the upper panel of Fig. 5 we show
the total ETS for the NLD (solid line) and LD
(dashed line) model runs for the entire period.
The threshold amounts of precipitation for which
the scores are plotted are 0.25, and 1.0 to 9.0 cm
in 24 hour. Each threshold actually represents the

computation over Indian region

given amount and all amounts greater. It is clear
that for heavier precipitation (Scm day~! and
above) categories, NLD produces higher ETS
than the LD model run, suggesting that the fore-
casts using nonlocal scheme were significantly
more accurate in predicting quantities and loca-
tions of precipitation than the local scheme fore-
casts. It may also be noted that for the LD run
there is no skill beyond a threshold of 7cm
day ~'. The model bias score (B) shown in the
lower panel of Figure 5 indicates that for both
runs the model has a moist bias (B>1) up to
4cm day ~! thresholds and a drier bias (B<1)
for heavier precipitation thresholds. But it is seen
that at all levels of intensity, except less than
lcm day ™ ', the NLD run show lesser bias sug-
gesting that the nonlocal scheme did not produce
higher ETS simply by covering larger areas of
precipitation than the local scheme forecasts.
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5. Concluding remarks

This study examined the performance of a non-
local boundary-layer diffusion scheme for three
cases representing premonsoon, active monsoon
and post-monsoon conditions over Indian region.
It was shown that the diagnostic formulation for
boundary-layer height used in the nonlocal
scheme 1is able to bring out realistic features of
temporal and spatial variability of atmospheric
boundary layer over Indian region.

For a case of active monsoon condition over
Indian region the impact on forecast accuracy of
the nonlocal boundary-layer diffusion scheme in

8.0 9.0

local scheme (solid lines) and the local scheme
(dashed lines), upper panel. Bias scores for the
same set of forecasts, lower panel

the global forecast model versus the common-
ly used local diffusion approach was examined.
This was done by a synoptic examination of the
differences in a set of forecasts, and by compar-
ison of precipitation skill scores in three sets of
consecutive forecasts performed using the local
and the new nonlocal boundary-layer schemes.
Both efforts indicated that greater accuracy in
precipitation forecasts is achieved with the non-
local scheme.

It would have been desirable to consider more
cases of heavy precipitation events for this com-
parison. In this case study the precipitation is
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associated with a monsoon depression which
involves a wide variety of dynamic and thermo-
dynamic forcing. It is likely that the results
would be the same if extended to more similar
case studies. We hope to report on this issue in
the near future by testing the nonlocal boundary-
layer diffusion scheme in a high resolution FSU
Global Spectral Model (Krishnamurti et al.,
1998) used for real time numerical weather
predictions.
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