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ON STEP MOUNTAIN ETA MODEL

P.Mukhopadhyay, S.S.Vaidya, J.Sanjay and S.S.Singh
Indian Institute of Tropical Meteorology, Pune-411008

1. Introduction

Since the begining of Numerical Weather Prediction technique, it has come a long way to
reach the present day high resolution mesoscale modelling. The weather disturbances with a
horizontal scale of 20 km to 200 km and temporal scale of a few minutes to 6 hour remained a
major problem of NWP. The insufficient data network and unavailability of high resolution
mesoscale model made it difficult to study meso-beta(20 to 200 km spatial dimension, few
hour to 6 hour temporal dimension) and meso-gamma (2km to 20 km, a few minute to a few
hour) systems. As a part of our on going effort in Forecasting Research Division to study the
mesoscale systems, a high resolution mesoscale model is desirable. A version of high
resolution ETA model, following Lazic et al (1990) is successfully implemented in ITM
computer system. The model is run on a transformed spherical co-ordinate system which is a
unique feature of the model. We prepared the schematic that helped us to visualize the
spherical transformation. The model is run with NCMRWF analyses as the input for a case of
monsoon depression from 25 July 1996 to 28 July 1996. The detail feature of the model co-
ordinate, dynamics, physics, numerical methods and its application for the above mentioned

“ case are being discussed here.

2. Eta Model

2.1 Problems of co-ordinate systems

The problems of co-ordinate surfaces in numerical modelling are related with the following
factors.
a) Lower boundary condition due to presence of topography

b) Hydrostatic equation Lo S48 4 (1
op p
c) horizontal pressure gradient term in momentum equation a— =iV ROt (2)
it
d) omega-alpha term in thermodynamic equation %=@ +..... (3)
P

In case the isobaric surfaces are cutting the lower boundary, problems will arise in solving the
horizontal advection and diffusion terms. Pressure gradient force involves horizontal
differencing of the geopotential at constant pressure surface. This discretization of the
pressure gradient force will be related to the discretization of the hydrostatic equation.



If the constant co-ordinate surfaces intersect the lower boundary of the model, it will give rise
to spurious solutions and this term due becomes a source of false energy generation
(Mesinger et al 1988). As a step to solve this problem of lower boundary Phillips (1957)
defined the sigma ( o) co-ordinate which unlike the pressure co-ordinate follow the bottom

P~ Pr
p.r 5 pT
surface and top of the model domain respectively. The constant pressure surfaces and sigma
surfaces above an idealistic elevated terrain are shown in fig 1. Problem in sigma co-ordinate

lies in the calculation of pressure gradient force and dealing hydrostatic equation near
mountainous region. Pressure gradient force term in sigma co-ordiante takes the following

form -V, ¢=-V_¢-RTV Inp, 4)

where ‘?P &V _  are the horizontal differential vector operators in a constant pressure and

topography. Sigma is defined as o= , where p_ ,p, represent the pressure at the

constant sigma surfaces respectively. Over steep terrain these two terms on the right hand side
of equation (4) tend to be large in absolute values and have opposite signs. If for example,
they are individually ten times greater than their sum, 1% error in temperature will result a
10% error in pressure gradient force (Sundqvist 1975). Thus this term becomes a spurious
source of generating erroneous pressure gradient force. '

The hydrostatic equation in sigma co-ordinate can be written as B_tb: BF (5
c a
The difference form of equation (5) will be A¢p, =—RT, Alng, (6)
where Al = siele s
k +-£ k?
1
T,==IT 4T .,
2 k— k+E
To maintain hydrostatic consistency the required condition is |5, ¢ . Ax Slﬁc(f)IAG (7)

this constraint will be violated near mountainous region as shown in fig 2.

Eta co-ordinate was introduced by Fedor Mesinger (1984) in order to reduce the error mainly
arising from the pressure gradient force term near steep terrain.
Eta co-ordinate is defined by the following equation.

n=( p—p; )[p,q (z,fc)-pr] &

Py —Pr | Pn©O)-pr

o T,

n=omn,



where reference atmosphere is defined as follows
Mean sea level pressure = p (0) =1013.25 hPa
Temperature = T=288.15 K
G =9.8 m/s’
R=287.04 J/K kg
Pressure at the top of the domain = p,

P (. @exe( -85 ©

z = Height of the elevated model lower boundary due to topography with
respect to mean sea level (msl). Schematic diagram in fig 3 is drawn to explain the quasi
horizontal nature of constant Eta surfaces. Two points P1 and P2 are considered. They are
lying nearly at the same height above mean sea level (msl) but at different sigma levels o,

and o,. The pressure at surface below points p, and p, are p ., & p,,, respectively and
pressure at points p, and p, are p, & p, .
As p, and p, are almost on the same height, So p, —p, =p, —p,

But pressure at the surface below point p, and p, are different.
Hence p.,—p; >Pser—Pr and G, <0,

This difference is reduced by multiplying the sigma expression by a normalising factor F.
Factor F is defined as

Prs (@ e P
At point P, valueof FisF, and valueof FatP, isF, . It can be seen from fig 3 that
F, <F, thatis L>—I— Therefore Ll
) A Py Py FP,
This explains the reason behind the eta surfaces becoming quasi horizontal unlike sigma
surfaces.

2.2 Horizontal Transformation

In order to achieve higher computational efficiency of the model code, a transformed latitude -
longitude co-ordinate system is used. This system is obtained by rotation of the natural
geodetic latitude - longitude in such a way that the intersection of the equator and zeroth
meridian of the transformed system provides a more uniform horizontal grid spacing by
reducing the meridional convergence significantly. The detail schematic of co-ordinate
transformation is shown in fig 4. This schematic clearly depicts the rotational transformation
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that is applied in the model. This transformation adds to the stability of the model as Ax will
have lesser reduction in this set up. This transformation helps in choosing larger time step for
the model time integration. Fig 4. represents the geodetic latitude and longitude (¢,A) of a

point and transformed latitude and longitude are represented by (®,A). At the centre of the
domain ¢,A,and ®, A are prescribed as follows

o=6, ; A=k, , D=0, A=0
With these notations, the relations between the transformed latitude - longitude and geodetic
latitude-longitude is written as follows :

¢=tan'l ___—z_
Jxi+y?

A:tan“[i]
X

x =cos ¢, cospcos(A—A, }sind, sind
y=-cos¢sin(A - A,
z =—sin ¢,cospcos(A — A, )+cosd, sin ¢

o=sin "' (sin ® cos ¢, +cos® sind,cosA)
A=), Ecos’ M-mmbtan%
cosdcosqd,

The schematic diagram of the size of the domain bet'drc and after the transformation is shown
in fig 5.

2.3 Basic equations in Eta co-ordinate.

The basic prognostic variables are surface pressure, temperature, specific humidity, wind
velocity (u,v). The basic equations in eta co-ordinate can be written as follows.

aa~-ap__Jaap qla[t- R,Ts _]
—| ==V pV,|=VV —V fkxV +V ¢+——V p+F| =0
at(&n }q[a_n aﬂ(aﬂn an iV -+ ﬂ‘p'i' 5 Tlp+

R
EI. kTo TI+£@_=0
dt P c, a_P

il
a_¢=-RdTVQP_
m p o



Where F = frictional and turbulent effects on the velocity
q' = turbulent effect on specific humidity
¢ = geopotential
T' = turbulent effects on temperature
R = net vertical radiative flux
S = source and sinks of water vapour

Other symbols are having conventional meaning.
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2.4 Horizontal and vertical structure

So far as the horizontal grid is concerned, model has used Arakawa E type staggering. The
horizontal grid size chosen for the study is 0.5 deg x 0.5 deg. The staggered grid with scalar
and vector points are shown in fig 6. The points denoted by h carry surface pressure,
temperature, specific humidity, cloud water, vertical velocity, turbulent kinetic energy. The V
points carry u, v components of the horizontal wind. In the simulation of geostrophic
adjustment process B/E grid shows grid separation problem at short wave length. A method
which largely eliminates this problem has been used in the model

( Mesinger, 1973; Janjic, 1979 ). E grid is preferred over C grid as the later displays
significant error for higher internal mode at all wave lengths in the geostrophic adjustment
process. Lastly the linear amplitude response to forcing by topography in the B and E grid is
more accurate than C grid schemes ( Dragasovac et al , 1987).

The schematic diagram of the eta levels and vertical staggering of the variables are shown in
fig 7. There are thirty-two vertical eta levels. The pressure at the top of the model domain is
10 hPa. The prognostic variables are vertically staggered. The temperature (T), specific
humidity (q) and horizontal wind components (u,v) are located in the middle of vertical layers
( half level), while the vertical velocity ( # ) and geopotential ( ¢ ) are placed at the interfaces

( full levels) of the layers.

2.5 Silhouette Mountains

The US navy 10' x 10' topography is used to construct silhouette topography. The silhouette
averaging of the US navy data consists of following steps.

a) Group of four adjacent height points are considered

b) Each of the square grid boxes is divided into four subboxes.

¢) Actual surface elevations at a resolution of 10’ x 10" in each subbox are read from US navy
data set. Mean is found within each subbox. These means are denoted by z in fig 6. Maximum
elevation along each row and column are determined by S and is shown in fig 6. The maxima
are calculated as follows

S1 = max(zl,z2,23,z4)
S2 = max(z5,z6,27,z8)

S8 = max(z4,28,212,216)
8
Silhouette height = %251

After the construction of silhouette mountain, the steps are calculated. This step mountain is
finally used in the model. The construction of step mountain from silhouette is being done as
follows
a) Firstly the heights of the eta levels with respect to reference atmosphere are calculated.
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b) The silhouette height is rounded to the nearest possible eta level height. The steps chosen
for constructing the model mountain are 0.14, 0.30, 0.48, 0.68, 0.89, 1.13, 1.39, 1.67, 1.97,
2.29,2.64,3.01,3.4,3.83,4.28,4.76,5.27, 5.82 Km

This gives rise to the step like mountain which is shown in fig 8 for Indian region.

2.6 Top and bottom boundary condition

From equation (8) it can be shown that

n=0 at p=p;
N=l atz=z, =0

‘[‘l: ns at z =z|ﬁ:

Top and bottom boundary conditions for vertical velocity are as follows.

N=0atn =0
N=0 at n = n,=1

2.7 Horizontal boundary condition

The tendencies of the forecast quantities are obtained by assuming linear change during each
twelve hour period and are applied to the outer rows after every adjustment time step (60 secs)
during the integration. After each update of the outer row, the wind components normal to the
boundary are checked except the eight (boxed) velocity points nearest the four corners. If the
normal component is outward, the tangential component is replaced by a linear extrapolation
of the first two similar components inside the integration domain.

The second row within the outer boundary is a blend of outer row and third row inside which
is included in integration. The quantities PD (pressure difference between the surface and top
of domain), T and q are updated each At (60 secs) at the scalar points of the second row by
four point averaging,

T(1,2) = 1/4[T(1,1) + T(2,1) + T(1,3) + T(2,3)]

Wind components are updated by same four point averaging at all points except four circled
velocity points ( fig 9 ) where a six point weighted average is chosen.



u(2,2)=4/15[u(1,1) + u(2,1) + u((2,3)] + 1/15[u(1,2) + u(1,4) + u(2,4)]

u(IM-1,2)=4/15[u(IM-1,1) + u(IM-2,1) + u(IM-2,3)] + 1/15[u(IM,2) + u(IM,4) + u(IM-1,4)]

In the inside boundary along the vertical wall of the step mountain no slip boundary condition
1s chosen. The submerged velocity points below the model mountain are put to be zero.

2.8 Time difference technique
The eta model employs forward-backward scheme modified to prevent gravity wave

separation(Mesinger, 1973 ; Janjic, 1979)

un+1 :un _Atij:H

vn+l =" _At'de;H
LM s n
PD™! =PD" - [Z?n.a—pv An]
s "on

P, Py = Components of pressure gradient force

LM = Lowest predictive level above the surface

PD = Difference of surface pressure and pressure at top of domain

Mass field is determined using a forward time differencing while velocity components are
obtained using a backward time difference. New values of PD are determined first then wind

components are updated using the pressure gradients of the new mass field.
The Coriolis and curvature terms are added in the following way



rvn-l-l +vn
u™ =u" + At s - At, P
[l n ]
n+l n n u +u n+l
S . B

For vertical advection of the temperature, specific humidity, turbulent kinetic energy and
horizontal momentum, the Euler backward scheme (Matsuno) is used. With this scheme, a first
step is made using the Euler scheme to produce a preliminary forward guess.

oA Y
An+l=An_At b
%)

The approximation A**' is then used to make the backward step.

Scheme is explicit and of first order accuracy.

For horizontal momentum advection, a forward then centred time differencing scheme is used

which is unconditionally stable. Using Euler scheme, first a forward guess is produced at half
of the integration time step.

Such calculated forward guess is then used to obtain the final value

vt =y - At(vf’v]”lE

For horizontal advection of the other model variables, the same scheme is used with the
forward step[2/2 times the advection time step for momentum equation

By

v tavt=

—2—At (v.f’v)'



this value is used to calculate the final value.

2

e

vl =yt —At(v.vv)' 2

A time splitting technique is applied in order to achieve higher computational efficiency of the

model. The advection time step is chosen as twice as longer than adjustment time step
Contrbution for the remaining physical forcing terms ( turbulence, convection, radiation ) is
calculated using time step n times longer than the time step for adjustment.

3.Physics of the Eta model

The eta models physical package describes turbulent exchange, large scale and convective
precipitation, lateral diffusion, surface processes and radiation.

3.1 Turbulent Exchange

The process of turbulent transfer is described in the eta model by applying Mellor-Yamada
closure theory (Mellor et al, 1974, 1982) which yields exchange coefficients used to calculate
the heat, moisture and momentum exchange through model layer interfaces. The level 2.5
closure theory in Mellor-Yamada hierarchy is used for PBL and free atmosphere. This scheme
is chosen for computational efficiency. Level 2 turbulent closure in the Mellor-Yamada
hierarchy is chosen for surface layer.

3.2 Moist processes

Large scale precipitation : Large scale precipitation is calculated with the assumption that
condensation occurs if the relative humidity is greater than the threshold (RH = 95%)

Convective processes : Shallow and deep convection scheme of Betts (1986) and Betts et al
(1986) over land and ocean are used in the model.

3.3 Surface processes

The Oregon State University (OSU) scheme for parameterization of surface processes is used
in the eta model. Approximate thermal balance is assumed to be existing in the surface ground
layer and is expressed by a prognostic temperature equation. Single bucket model is used for
surface hydrology. '



3.4 Radiation

GFDL radiation parameterization scheme is used for short wave and long wave solar radiation
in the eta model

4. Data used

A case of active monsoon situation with a monsoon depression formed over Head Bay of
Bengal and moved in a northwesterly direction is chosen for this study.

The daily global analyses at 1.5° provided by the GDAS, NCMRWF are bilinearly
interpolated to the eta model rotated grid and used as input. The surface fields of sea surface
temperature (SST), albedo and ground wetness are used from monthly climatology.

5. Results

Mean sea level pressure

Twenty four, forty eight and seventy two hour forecast of mean sea level (msl) pressure from
eta model with horizontal resolution of 0.5 ° along with the corresponding analysis are shown
in fig 10. The intensity of the depression predicted by the model is found to be stronger than
that seen in the corresponding analysis. The innermost isobar in the 24 hour forecast and 48
hour forecast are 990 hPa and 992 hPa respectively as against 992 hPa and 996 hPa of 26 July
27 July analysis. The depression shows weakening in the third day forecast but the number of
closed isobars and innermost isobar show stronger intensity than what is seen in 28 July
analysis. The location of the centre of the depression is found to be south of the verification
analysis. The pressure gradient in the west coast is found to be intense in forecasted msl
pressure diagram. So as far as msl pressure is concerned it is found that eta model is able to
reproduce the typical active monsoon pattern but the system is forecasted south of that seen in
corresponding analysis and the intensity is found to be stronger in predicted msl pressure field.

Streamlines and isotachs

The forecast and corresponding analysis of 850 hPa streamlines and isotachs for 26 July, 27
July and 28 July are shown in fig 11. The low level jet typical to the active monsoon regime
is found to be 20 m/s in the analysis. The corresponding forecast also shows the maxima of
wind to be 20 m/s but covering a wider region in the Arabian Sea with respect to that of the
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analysis. The streamlines also suggest that the centre of the system is shifted southwards in the
predicted diagrams and movement is found to be slower.

Specific humidity

The distribution of specific humidity at 850 hPa as predicted by the model and seen in the
analysis are shown in fig 12. The distribution of specific humidity in 24, 48 and 72 hour
forecast shows a gradient along the monsoon trough region . The maximum is found to be
near the south east end of monsoon trough and minima is lying near the north west end of
monsoon trough. The contour of specific humidity is showing a shift along with the
movement of the depression.

Temperature

The forecast and analysed isotherm at 500 hPa are shown in fig 13. The forecast is found to be
noisier. The model has prcdictcd a stronger heat low with the innermost isotherm showing 276
K as compared to 274 K seen in the analysis. The temperature gradient from north to south
along the latitude is correctly reproduced.

Rainfall

The eta model predicted rainfall for Day 1, Day 2, Day 3, are shown in fig 14. The figure
clearly shows that the model is able to reproduce the rainfall zones in association with the
monsoon depression and in association with the off shore trough along west coast. The rainfall
zone shifted northwest ward with movement of the depression. The heavy rainfall in the
windward side of the western ghat hills are also properly reproduced.

6. Summary

i) With this attempt eta model is first time implemented over tropical region like India.

ii) The model has some unique features. It does not require any map projection and can be run
in equal latitude longitude grid with transformed grid. The schematic of the rotational
transformation first time prepared and presented here clearly depicts this feature.

iii) As a first attempt to study the performance of eta model over Indian region, it is seen that
the model is able to reproduce satisfactorily the synoptic features and rainfall patterns of the
monsoon depression considered here. The model has correctly predicted the south west sector
of the depression to be the region of maximum rainfall activity. '

iv) Eta model also predicts correctly the heavy rainfall zones in the wind ward side of the
Western Ghat hills and rain shadow zones in the lee side of the mountain.

v) In future the model will be run at a higher resolutions to study its capability to simulate the
heavy localised rainfall over Indian region.
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£ig 6 Vector and scalar points in staggered E-grid

fig 7 The eta vertical coordinate system and distribution of the mo
variables in the vertical ( Mesinger et al, 1988)
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0.3 0.48 0.68 0.89 1.13 1.97 2.64 3.4 4.28 5.27

fig 8: Terrain heights used in Ela Model(0.50 Deg). Steps at .3 .48 .68 .89 1.13 1.97

2.64 3.40 4.28 5.27 km are shown with contours.
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Fig 10: ETA model(0.5 deg.) Forecast and Analysis of Mean sea level pressurs (hPa)
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Fig 11: ETA model(0.5 deg.) Forecast and Analysis of Streamlines & isolachs(m/s) at 850 hPo
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Fig 12: ETA model(0.5 dag.) Forecast and Analysis of Specific humidity(gm/Kg) at 850 hPa
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Fig 13: ETA model(0.5 deg.) Forecast and Analysis of Temperature(K) at 500 hPa
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