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To reduce the computation cost of configuration in-
teraction (CI) method, a novel technique is used to  
calculate the coefficients of doubly excited determi-
nants directly from orbital energies, orbital overlap 
matrix and electron population obtained from  
Hartree–Fock level run. This approach to approxi-
mate the coefficients of CI wave function is termed as 
transition probability approximated CI (TPA-CI). In 
principle, calculated dynamical electron correlation 
energies of TPA-CI and full CI (FCI) are equivalent. 
It is observed that computed TPA-CI correlation en-
ergies of hydrogen, water, ammonia and ozone are 
close to the FCI values, within 5% error. The poten-
tial energy curve of hydrogen molecule is also studied, 
and it is found that the energy is minimum at its equi-
librium bond length. 
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AMONG the post Hartree–Fock (HF) methods1,2, configu-
ration interaction (CI)3,4 and coupled cluster (CC)5–7  
methods are most popular and considered as a benchmark 
for all computational calculations. Dynamical electron 
correlation has been treated properly in CI formulation. 
Yet we require good alternatives as CI is computationally 
too expensive to calculate full CI (FCI) energy even for a 
tri- or tetra-atomic molecule with reasonable basis set. On 
the other hand, CC and Møller–Plasset (MP) perturbation 
theory are two good alternatives8,9. Though FCI and full 
CC are equivalent, truncated CC has advantages over 
truncated CI as the latter is not size-consistent, unlike the 
former. Also, due to the presence of exponential character 
of the CC wave function, truncated CC takes care of the 
contribution of higher excited determinants. Thus, trun-
cated CC is better than truncated CI at the same level of 
truncation. Presently, CC methods are frequently used for 
property calculation of small molecules10–14. However, 
due to requirement of large computing facilities, neither 
CI nor CC is used for computer-aided molecular model-
ling, drug designing or reaction mechanism studies, 
where currently only density functional theory (DFT)-
based methods are used. 

 Energy calculation using CI only depends on the coef-
ficients of doubly excited determinants. So far, there is no 
method to calculate coefficients of doubly excited deter-
minants of CI wave function as the equations used to 
solve them are coupled with other classes (singly excited, 
triply excited, etc.) of determinants. In general, we use it-
erative method to solve these equations, which requires 
huge computational facilities. Any technique to obtain 
values of coefficients of doubly excited determinants of 
CI wave function would help implement the CI method 
for larger systems, where currently only DFT-based  
methods are applicable. 
 In the present approach, called transition probability 
approximated CI (TPA-CI), the coefficients of doubly 
excited determinants are calculated using transition pro-
bability of electrons from the occupied orbitals to virtual 
orbitals. The transition probabilities are calculated from 
electron population, orbital energy and overlap integrals. 
 The CI wave function is as follows: 
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Now, from Brillouin’s theorem we get 0 | | 0.r
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The triple and higher excitations do not mix with |0, as 
they differ from it by more than two orbitals. Thus, the 
expression for CI correlation energy (Ecorr) is 
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where a and b are occupied orbitals, and r and s are vir-
tual orbitals. In eq. (2) different coefficients of doubly 
excited determinants like rs

abC  are unknown variables. In 
CI, these unknown variables are evaluated by an iterative 
method which requires diagonalization and renormaliza-
tion. Also, doubly excited determinants are coupled with 
other excited determinants. Thus, computation time and 
storage requirement increase exponentially with increase 
in the number of basis sets. In the present study, an alter-
native method is used to find the values of these coeffi-
cients. In this approach, the coefficients of doubly excited 
determinants like rs

abC  are calculated from the transition 
probability of electrons from a, b orbitals to r, s orbitals. 
This is because the excited determinants in CI wave func-
tion are constructed by replacing one or more occupied 
atomic orbitals (AO) depending upon the order of excita-
tions, with the same number of virtual orbitals. Thus, the 
coefficient of any specific order excited determinant 
would be the transition probability of that excitation. In 
the present approach (TPA-CI), it is considered that the 
transition probability of electrons from orbitals a and b 
(occupied orbitals) to orbitals r and s (unoccupied orbi-
tals) is proportional to the electron density at a and b,  
orbital overlap between a and r ( ),r

aS  and b and s ( ),s
bS  

as well as partition of electron distribution probability  
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between a and r, and b and s. Partition of electron distri-
bution probability is taken as an exponential function of 
the orbital energy difference, i.e. e(Ea–Er) and e(Eb–Es). For 
non-degenerate states, the transition probability is in-
versely proportional to their orbital energy difference. If 
we consider proportionality constant as unity we get an 
expression for the coefficients of doubly excited determi-
nants as follows 
 

 
e ar bsE Er s

rs a b a b
ab

ar bs

S S
C

E E
   


 

 (3) 

 
where a and b are the electron densities of orbitals a 
and b; Ear and Ebs are the orbital energy difference be-
tween a and r and b and s respectively. Thus, the correla-
tion energy expression of TPA-CI is as follows 
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As values of coefficients of doubly excited determinants 
are evaluated using eq. (3), we can say, in principle, that 
calculated correlation energy using eq. (4) is an approxi-
mation to FCI correlation energy. 
 In this study GAMESS (Version 6 SEP 2001 (R5), 
Iowa State University)15 is used for HF calculation. Mul-
liken charge population is used as electron density of the 
respective atomic orbitals. Total energy is the sum of HF 
energy and TPA-CI correlation energy. Overlap matrix is 
taken from the GAMESS output file. Two-electron inte-
grals in molecular orbital basis are used in eq. (4). Calcu-
lation of coefficients of doubly excited determinants and 
correlation energy is done using in home code. 
 In TPA-CI computation, first, we have to run HF, simi-
lar to other post-HF methods. Thus, computation time 
and requirement up to this point are the same as CI, CC 
and perturbation methods. After the HF run, we have to 
compute two-electron integrals in molecular orbital basis 
from those in atomic basis and MO coefficients. This is 
the most time-consuming part in TPA-CI calculation. 
However, time and computation cost are the same as in 
other methods. Calculation of coefficients of doubly ex-
cited determinants and correlation energy is done in four 
nested ‘do’ loops among which the two outer loops run 
from 1 to m, where m is the number of occupied orbitals 
and the two inner loops run from m + 1 to N where N is 
the total number of basis sets. Thus, at this stage we do 
not need any storage for the calculation of correlation  
energy, though, we can store the coefficients of doubly 
excited determinants for further calculations. In TPA-CI, 
we get these coefficients directly. There is no need for  
diagonalization or reconstruction, as is required in CI cal-
culation. Time required for the calculation of correlation 
energy in TPA-CI is proportional to m2(N – m)2, which is 

much less than N4 for large values of N. On the other 
hand, in general, the time required for energy calculation 
in CI and CC is proportional to N5. 
 The TPA-CI correlation energy of hydrogen molecule 
in the four different basis sets is calculated and compared 
with FCI results to test the efficacy of the present  
method. The potential energy curve of hydrogen mole-
cules is studied to check whether the present theory is 
consistent with distorted geometry or not. The TPA-CI 
correlation energy of ozone, water and ammonia are also 
computed and compared with FCI correlation energy to 
test the applicability of the present method for poly-
atomic molecules. 
 Hydrogen molecule is very small and hence FCI calcu-
lation in different basis sets is possible. Thus, this mole-
cule is used for comparison of TPA-CI and FCI 
correlation energies. STO-3G, 631-G, cc-pVDZ and cc-
pVTZ basis sets are used for this purpose. An equilibrium 
bond length, i.e. 1.401 a.u. is used for all calculations16. 
Table 1 presents results of the calculation. TPA-CI corre-
lation energies agree well with FCI correlation energies, 
except for STO-3G basis set, which is 16.57% higher 
than the corresponding FCI correlation energy. It is ob-
served that TPA-CI correlation energies of STO-3G, 631-
G and cc-pVDZ basis sets are higher than the correspond-
ing FCI correlation energies, though the percentage of  
error decreases with increase in the number of basis sets. 
This may be due to higher electron density in the occu-
pied orbitals when the number of basis sets is less. How-
ever, the TPA-CI correlation energy of hydrogen 
molecules in cc-pVTZ basis set is less than the corre-
sponding FCI correlation energy; also the error is only 
2.74%. Thus, we may conclude that for larger basis sets 
TPA-CI and FCI yield equivalent results. 
 To test the accuracy of the present approach at differ-
ent distorted geometries, the potential energy curve of 
hydrogen molecules is studied taking 13 different H–H 
bond lengths, on both sides of its equilibrium bond 
length. cc-pVDZ basis set is used for this purpose. Calcu-
lated results are plotted and presented in Figure 1. It is  
observed that the potential energy curve of HF is above 
the TPA-CI and FCI curves, which is expected. However, 
the TPA-CI curve is above the FCI curve for distorted 
bond length and below the FCI curve around the equilib-
rium bond length. The nature of the TPA-CI curve is also 
different from HF and FCI curves. The latter are smooth 
all along the plot, while the former has a pocket-like 
structure around equilibrium bond length. The reason for 
this is still not known. It may be due to the contribution 
of singly, triply or higher-order excited determinants to 
the ground state energy at any distorted geometry. In the 
present work, TPA-CI ground state energy is calculated 
taking only the coefficient of doubly excited determinant. 
Thus, at equilibrium geometry both FCI and TPA-CI 
yield nearly the same energy. However, for distorted geo-
metries while FCI calculation includes contributions from
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Table 1. TPA-CI energy of hydrogen molecule in different basis sets 

 RHF energy TPA-CI correlation FCI correlation Error in 
Basis set (a.u.) energy (a.u.) energy (a.u.) correlation energy (%) 
 

STO-3g –1.1167 0.02396 0.02056 16.57 
6-31G –1.1267 0.02611 0.02494 4.72 
cc-pVDZ –1.1287 0.03593 0.03469 3.55 
cc-pVTZ –1.1330 0.03839 0.03947 2.74 

 
 

Table 2. TPA-CI correlation energy of ozone, water and ammonia 

  TPA-CI correlation FCI correlation Error in 
Molecule Basis set energy (a.u.) energy (a.u.) correlation energy (%) 
 

O3 DZ (dunning) 0.22416 0.23807 5.84 
NH3 631-G 0.12353 0.12846 3.84 
H2O cc-pVDZ 0.06955 0.07168 2.97 

 
 

 
 

Figure 1. Potential energy curve of hydrogen molecule. 
 
 
other excited determinants, TPA-CI calculation takes only 
the contribution of doubly excited determinants. Thus, we 
observe discrepancies between FCI and TPA-CI energies 
for distorted geometries. Equilibrium bond length calcu-
lated from the potential energy curve of TPA-CI (1.4 au) 
matches well with the experimental value (1.401 au)16 
compared to HF (1.425 au) and FCI (1.45 au). 
 TPA-CI is also implemented for polyatomic molecules. 
Ozone, water and ammonia are used for this purpose. For 
all three molecules, first, geometry optimization is done 
at the HF level with the same basis and then TPA-CI and 
FCI calculation is performed separately. Table 2 provides 
results of the calculation. For all three molecules, error in 
TPA-CI correlation energy with respect to FCI is very 
small. We can get 94–97% correlation energy using TPA-
CI technique. Here we observe that TPA-CI correlation 
energy is less than the FCI correlation energy, though a 
small basis set is used. This may be due to the use of  
optimized geometry which may be different from the  
exact geometry. We have also observed that at non-

equilibrium geometry TPA-CI correlation energy is less 
than the FCI correlation energy, irrespective of size of the 
basis set. 
 Thus, we can conclude that the TPA-CI approach is 
applicable for electronic structure calculation of mole-
cules. Its accuracy in dynamical electron correlation en-
ergy calculation is equivalent to FCI at moderate size of 
basis sets. As the computational requirements for TPA-CI 
technique are much less than FCI, we can use it for larger 
molecules. Also, its application limit is the same as DFT. 
Thus, this approach would promote the use of CI method 
for real problems. However, we need further development 
in computation (coding) for property calculation using 
this approach. 
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Snow cover is one of the most important land surface 
parameters in global water and energy cycle. Large 
area of North West Himalaya (NWH) receives precipi-

tation mostly in the form of snow. The major share of 
discharge in rivers of NWH comes from snow and gla-
cier melt. The hydrological models, used to quantify 
this runoff contribution, use snow-covered area (SCA) 
along with hydro-meteorological data as essential in-
puts. In this context, information about SCA is essen-
tial for water resource management in NWH region. 
Regular mapping and monitoring of snow cover by 
traditional means is difficult due to scarce snow 
gauges and inaccessible terrain. Remote sensing has 
proven its capability of mapping and monitoring snow 
cover and glacier extents in these area, with high spa-
tial and temporal resolution. In this study, 8-day snow 
cover products from MODIS, and 15-daily snow cover 
fraction product from AWiFS were used to generate 
long-term SCA maps (2000–2017) for entire NWH re-
gion. Further, the long term variability of 8-daily SCA 
and its current status has been analysed. The SCA 
mapped has been validated using AWiFS derived 
SCA. The analysis of current status (2016–17) of SCA 
has indicated that the maximum extent of snow cover 
in NWH region in last 17 years. In 2nd week of Feb-
ruary 2017, around 67% of NWH region was snow 
covered. The comparison of SCA during the 1st week 
of March and April in 2016–17 against 2015–16 indi-
cates 7.3% and 6.5%, increased SCA in current year. 
The difference in SCA during 1st week of March 2017 
and 1st week of April 2017 was observed to be 14%, 
which indicates that the 14% SCA has contributed to 
the snow melt during this period. The change in snow 
water equivalent retrieved using SCATSAT-1 data 
also validates this change in snow volume. 
 
Keywords: AWiFS, MOD10A2, North Western Hima-
laya, snow cover area, SCATSAT-1. 
 
SPATIO-temporal snow cover of North West Himalayas 
(NWH) river basins has large variations due to difference 
in topography and hydro-meteorological characteristics of 
each basin. It is to be noted that heavy snowfall was  
recorded in many parts of NWH region including the 
Kashmir Valley during the winter season of 2016–17. 
According to reports in various national and local agen-
cies and media, unusual variations in temperature and oc-
currence of high snowfall in early spring season in many 
parts of NWH broke the last 30-year record1. The heavy 
snowfall and persistent positive temperature in early 
spring season may cause rapid melting of snow and asso-
ciated hydro-meteorological hazards in lower parts of the 
river valleys. The recent flood-like situation in the Kash-
mir valley and occurrence of avalanches in the upper 
reaches in Kashmir have proven the hazards associated 
with heavy snowfall. Therefore, the present study was 
made to map and monitor, current and historical snow 
cover area (SCA) in NWH region. 
 Regular mapping and monitoring of seasonal snow 
cover by traditional ground-based methods is difficult 
due to scanty snow gauges, inaccessible terrain during 


