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Progress of Research on Potential Vorticity and its Inversion 
J. Egger* and Q. Z. Chaudhry†

Abstract 
In this paper potential vorticity (PV) and potential vorticity inversion (PVI) and their application 
in the cyclogenesis and mesoscale meteorological phenomena are reviewed. PV has been served 
as a powerful and useful dynamic tracer for the understanding of the large-scale dynamics and 
synoptic variations in the atmosphere and oceans. Significant progress has been made on the 
application of PV in recent decades there has been a substantial amount of work done on PV in a 
general moist atmosphere. The GMPV is defined for a real atmosphere by introducing a 
generalized potential temperature instead of the potential temperature or equivalent potential 
temperature. Such a generalization can depict the moist effect on PV anomaly in the non-
uniformly saturated atmosphere.  

Apart from PV, its inversion theory is also widely accepted as a useful tool in atmospheric 
diagnostics and numerical forecasting. If the suitable balanced models are chosen, the equations 
of potential vorticity inversion can be sufficient to deduce, diagnostically, all the other dynamical 
fields, such as winds, temperatures, geopotential heights, static stabilities, and vertical velocities, 
under a suitable balance condition. Several common kinds of potential vorticity inversion 
operators, and the associated balanced models, are introduced in this paper. It is confirmed that 
the potential vorticity and its inversion theory not only play an important role in studying the 
evolution and development of weather system, but also would give new content in the present 
weather forecasting system. 

Key Words: potential vorticity, potential vorticity inversion, application of potential vorticity 

Introduction-the brief history of potential vorticity (PV) 
Large-scale fluid motions within the atmosphere and oceans are strongly influenced by 
both the planetary rotation and density stratification. Rotation and stratification combine 
to render fluid motions ‘layerwise two-dimensional’ with motions often substantially 
weaker than horizontal motions. These motions are mainly governed by a single nearly 
conservative scalar field, the potential vorticity(PV) because higher-frequency inertia-
gravity waves and acoustic waves play only a minor role. The simplest version of PV 
was given by Rossby (1940) in the barotropic flow. In his paper, PV is defined as 

   /aPV hζ=      (1) 

where  is the depth of a material fluid column in the barotropic model,   is 
the vertical component of the absolute vorticity. Later on, Ertel (1942) derived a general 
form of PV in the baroclinic flow 

h ζa = ζ + f
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1

aPV ρ θ−= ⋅∇ζ      (2) 

where ρ  and θ  are respectively the density and potential temperature of dry air, and 
ζ a is a three-dimensional absolute vorticity vector. Another historical landmark was the 
introduction of isentropic potential vorticity (IPV) concept (Reed and Sanders, 
1953；Reed, 1955).  IPV is defined as 

   
( )(IPV g f )

pθ
θς ∂

= − +
∂    (3) 

The IPV is a product of the absolute vorticity and the static stability. PV derives its 
name from the fact that there is a potential for creating relative vorticity by changing 
latitude and by adiabatically changing the separation between isentropic layers. The 
computer-generated IPV maps were first given by Obukhov (1964) and Danielsen 
(1967, 1968) for the 300K, 305K and 310K isentropic surfaces. The usefulness of “IPV 
thinking” was discussed in Hoskins et al. (1985), in which they showed that this concept 
stemmed first from the invertibility of the PV field. PV describes a mass-weighted 
circulation, and conservation of PV suggests that a parcel may exchange stratification 
for circulation but is not permited across isentropic surfaces. 

   In recent years, PV has been increasingly used in the diagnosis of observed 
atmospheric behaviour, and understanding of synoptic and large-scale dynamics, 
atmospheric numerical simulation results, and in studies of oceanic circulations.  
Nevertheless, PV is not conserved when latent heat release is taken into account in the 
saturated moist atmosphere. Bennetts and Hoskins (1979) first generalized PV into 
moist potential vorticity (MPV) defined as  

   
1

aPV eρ θ−= ⋅∇ζ     (4) 

by replacing θ  with the equivalent potential temperature  Schubert et al. (2001) 
proved an annihilation of the solenoidal term in the MPV equation, thus leading to a 
conservation of MPV in moist adiabatic and frictionless processes.  The MPV concept 
has extensively been used in studies of conditional symmetric instability (Emanuel 
1983, 1988; Bennetts and Sharp 1982; Shutts 1990), and the generation of MPV in 
extratropical cyclones (Cao and Cho 1995). 

θe.

In fact, the moist dynamic problems are often complex and hard to solve in the 
mesoscale convective system, air is neither dry nor saturated.  The real case is non-
uniformly saturated. For this situation, Gao et al. (2004) further the MPV concept into a 
generalized PV (GMPV) by replacing the potential temperature θ  with the generalized 

potential temperatureθ
∗
. GMPV is defined as  

   
1 *

aGMPV ρ ζ θ−= ⋅∇     (5) 

GMPV is important advance in the study of PV dynamics in the mesoscale field, and 
*θ is very useful thermodynamic variable which has been applied in Q vector and in the 
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Richardson formula to study strong convection and instability in non-uniformly 
saturated atmosphere (Yang et al. 2007; Yang and Gao 2006). With an introduction of 
generalized potential temperature into the thermodynamic framework, we saw another 
approach. The tendency equation of the generalized potential vorticity can be used not 
only in theoretical analysis but also in practical prediction of weather systems. 

Some properties of PV 
Since theta is a material surface, the gradient of theta represents a layer of mass trapped 
in the two material surfaces. It can be seen from its various formulations that PV 
captures rotation nature of a layered air, whether dry or moist. Because of the 
atmosphere's stable stratification, θ∇  is usually directed nearly vertically. Therefore, 
PV is a measure of the component of absolute spin about the vertical, including the 
vertical component of the Earth's rotation. More precisely, PV can be regarded as 
measuring the intrinsic "cyclonicity" of an air parcel, in a sense that is highly re1evant to 
the stratification-constrained, layered-two-dimensional motion. This is re1ated to the 
fact that, on each isentropic surface of the stable stratification, PV is proportional to the 
component of absolute vorticity precisely normal to that surface, together with the fact 

this component tends to increase or "spin up" when θ∇  is decreased by adiabatic 
vertical motion, and vice versa, tending to keep the PV value of an air parcel constant. 
Extratropical stratospheric air has a very high intrinsic cyclonicity, in this sense, in 
comparison with tropospheric air. This is a key factor: for instance, in extratropical 
explosive cyclogenesis, one of the commonest causes is extratropical 1ower-
stratospheric air descending along a sloping isentropic surface and interacting 
dynamically with warm, moist lower-tropospheric air (e.g. Hoskins et al. 1985; 
Uccellini et al. 1979; Hoskins and Berrisford 1988). This phenomenon is known as 
high-PV air intrusion.   

The second fundamental point about PV is the idea of “invertibility”. More precisely, 
there is an “invertibility principle” to the effect that if (a) a suitable balance condition is 
imposed to eliminate gravity and inertio-gravity waves from consideration, and if (b) a 
suitable reference state is specified, then a knowledge of the distribution of PV on each 
isentropic surface, and of θ  at the lower boundary, is sufficient to deduce, 
diagnostically, all the other dynamical fields such as winds, temperatures, pressures, and 
the altitudes of the isentropic surfaces (Hoskins et al. 1985).  

It should be emphasized here that a local knowledge of PV does not imply a local 
knowledge of ψ or u, because the inversion is a global process. In particular, it depends 

on specifying suitable boundary conditions to make the inverse Laplacian  
unambiguous.  Also, in this system the balance condition, on which invertibility 
depends, corresponds simply to the absence of sound or external gravity waves. They 
have been filtered out by the assumption of incompressible, nondivergent motion. 
Furthermore, there is a scale effect, whereby small-scale features in the PV field have a 
relatively weak effect on the 

2−∇

ψ  and u fields, while large-scale features have a relatively 
strong effect. In particular, ψ  and u are to varying degrees insensitive to fine-grain 
structure in the PV field.  

5 
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   Substantially, Ertel’s theorem is a particular case of the general result expressed as 
follows (Ertel 1942; Obukhov 1962) 

   
1( ) QD PV Dt Nρ−= − ∇⋅      (6) 

where the three-dimensional material derivative and the nonadvective flux or transport 

are defined respectively by D Dt = ∂ ∂t + u ⋅∇  and FQ aN ζ θ= −Η − ×∇ . 

This is the three-dimensional velocity field in which F is the viscous or other 
nonconservative body force per unit mass, and H the diabatic heating rate expressed as 

the material rate of change of θ , i.e., D DtθΗ = .  

The flux form of (1), from which (1) itself can be recovered using the mass-conservation 

equation { u} 0tρ ρ∂ ∂ +∇⋅ = , expresses exact conservation and is given by: 

   ( ) JPV t 0ρ∂ ∂ +∇⋅ = ,    (7) 

where J u PPV Nρ= +  denotes a total PV flux. The flux form (7) expresses 
conservation in the most general possible sense. For instance, it is different according to 
whether or not the system is also mass-conserving (Haynes and McIntyre 1990).  

A pursuit of the PV-chemical transport analogy to its logical conclusion leads to an 
expression for the flux J, showing that PV behaves as if the quasi-molecules particles of 
signed "PV-substance" (PVS) can be transported along isentropic surfaces, but not 
across them, and created or destroyed (apart from "pair production" and "mutual 
annihilation") only where isentropic surfaces meet boundaries (McIntyre and Norton 
1990; Haynes and McIntyre 1990; Haynes and McIntyre 1987).  

PV is conceptually very succinct and involves replacing the concepts of "force" and 
"torque" by the concept of "PV flux" or "PV transport"—or "generalized rearrangement" 
of PVS. The phrase "generalized rearrangement" is meant to suggest the horizontal 
migration of PVS particles confined to each ө-layer, allowing for dilution and 
concentration effects as mass enters and leaves the layer, and pair production and 
mutual annihilation in the tropics (Schubert et al. 1995).  

Potential Vorticity Inversion 
For a long time, people mainly paid attention to use potential vorticity as Lagrange 
tracer to study its distribution in atmosphere, they did not realize that the concept of 
potential vorticity could contain a lot of dynamic meanings. It is until 50s when 
Kleinschmidt (1957) first used the potential vorticity anomaly observed on the top of 
troposphere to explain the generation of cyclone, but his theory is ahead of time and 
people at that time focused on the baroclinic instability theory, so his research did not 
draw much attention and the potential vorticity inversion theory came late for about 20 
years (Hoskins et al. 1985). 

In 1985, Hoskins et al (1985) first described the potential vorticity inversion theory 
completely and clearly, and brought out three basic conditions under which the potential 
vorticity inversion theory could be carried out: 

6 
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(1) fixed some balance conditions; 

(2) adopted some reference state to describe the mass distribution of potential 
vorticity; 

(3) to solve inversion problem in the whole research area under some 
appropriate boundary condition. 

When the three conditions are satisfied, and if the mass distribution of potential vorticity 
is given, then the corresponding wind, pressure and temperature fields could be 
deduced. After Hoskins et al (1985) proposed the potential vorticity inversion theory, a 
climax of using potential vorticity and its inversion theory to study the possible dynamic 
mechanism of some synoptic phenomena was pushed out. 

If the suitable balanced models are chosen, the equations of potential vorticity inversion 
can be sufficient to deduce, diagnostically, all the other dynamical fields, such as winds, 
temperatures, geopotential heights, static stabilities, and vertical velocities, under a 
suitable balance condition. Several common kinds of potential vorticity inversion 
operators, and the associated balanced models, are introduced as follows: 

Inversion of isolated potential vorticity with a circular axisymmetric structure 
In theory researches, an important problem is to study the dynamic characteristic of 
isolated potential vorticity abnormal area (could be positive or negative) which 
located at stratified stable reference atmosphere. Assume that potential vorticity 
abnormal area has a circular axisymmetric structure, thus we can also assume that 
the flow field has a circular axisymmetric structure because the inversion operator is 
a smooth Laplacian operator. If we choose cylindrical coordinate, the direction of 
velocity could only be along tangent line, this problem satisfied the balance of 
gradient wind exactly. For choosing potential vorticity, we can choose different 
ones under different approximate conditions, such as the shallow water model, 
original equation model and so on. In the following we will introduce the conclusion 
which made by Kleischmidt et al (1957): 

(1) the area of high potential vorticity brings out positive circulation, while 
negative circulation was brought out by the low one; 

(2) the excited flow field extends towards the abnormal area up and down, the 
extended magnitude is decided by the Rossby height; 

(3) the hydrostatic stability and absolute vorticity are large in the area of high 
potential vorticity, but in the opposite way in the area of low potential 
vorticity; 

(4) the up and down hydrostatic stability decrease in the area of high potential 
vorticity, but in the opposite way in the area of low potential vorticity. 

Here another conclusion which is confirmed by many observations is: the high 
potential vorticity which moves forward is like a “vacuum cleaner” for the 
atmosphere below it, the absorbed front air moves upward, and compresses rear air 
to make downward movement. 

7 
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Quasi-geostrophic Potential Vorticity (qg) Inversion 
The quasi-geostrophic model plays an important roles in atmosphere science and 
numerical forecasting, thus obviously it is necessary to study quasi-geostrophic 
potential vorticity inversion. Trough introducing geostrophic streamfunction ψ, the 
relationship between ψ and qg can be deduced as: 

   ￡gψ = qgf     (8) 

Here, ￡g is linear and elliptical operator. The inversion equation is linear, so the 
inversion of quasi-geostrophic potential vorticity is mathematically simple (linear 
superposition principle) and it is convenient for theoretical investigation. But big 
error will appear when Rossby number becomes large, even at this time it can 
provide useful qualitative information (Kuo et al. 1991). 

Connections with principles derived from synoptic experience are indicated, such as 
the 'PVA rule' concerning positive vorticity advection on upper air charts, and the 
role of disturbances of upper air origin, in combination with low-level warm 
advection, in triggering latent heat release to produce explosive cyclonic 
development. In all cases it is found that time sequences of isentropic potential 
vorticity and surface potential temperature charts - which succinctly summarize the 
combined effects of vorticity advection, thermal advection, and vertical motion 
without requiring explicit knowledge of the vertical motion field- lead to a very 
clear and complete picture of the dynamics. This picture is remarkably simple in 
many cases of real meteorological interest. It involves, in principle, no sacrifices in 
quantatative accuracy beyond what is inherent in the concept of balance, as used for 
instance in the initialization of numerical weather forecasts. 

Piecewise Potential Vorticity Inversion 
The method of piecewise potential vorticity inversion is a diagnosis method with 
rich dynamic meanings. Here the field of potential vorticity was divided into the 
isolated potential vorticity abnormal area and ambient environmental field, then we 
can inverse the abnormal area of potential vorticity, analyze its contribution to the 
whole flow field and the interaction between them. In another word, if there were 
several potential vorticity anomalies when some weather phenomenon occurred, we 
could use the method of piecewise potential vorticity inversion to diagnose which 
area of potential vorticity anomaly is the main reason which caused this 
phenomenon, thus we can deduce the dynamic mechanism in this phenomenon. But 
there is a problem that the sum of flow fields of piecewise potential vorticity 
inversion is not all equal to the flow field of whole inversion. In the language of 
mathematics: if the inversion equation is linear differential equation (such as the 
quasi-geostrophic approximation), then the superposition principle satisfied, the 
sum of flow fields of piecewise potential vorticity inversion is equal to the flow 
field of whole inversion; if it is nonlinear equation, then the sum of flow fields of 
piecewise potential vorticity inversion could not be equal to the flow field of whole 
inversion. Sometimes in order to assure the equality, the situation that piecewise 
flow field could not possibly be inversed by the corresponding potential vorticity 
will occur. So except for the linear inversion problem, piecewise potential vorticity 
inversion could not be precise in common situations. 

8 
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For the nonlinear inversion equation of Ertel potential vorticity under the condition 
of Charney balance and hydrostatic equilibrium, Davis (1992) put forward four 
kinds of inversion methods: Full Linear (FL), Truncated Linear (TL), Subtraction 
Technique (ST) and Addition Method (AM). Among them, the first two methods are 
linear, and the others are nonlinear. The shortcoming of nonlinear piecewise 
inversion is that the sum of flow fields of piecewise potential vorticity inversion 
could not be equal to the flow field of whole inversion, but it retains the nonlinear 
terms with important meanings in the inversion equation. 

Piecewise potential vorticity inversion is widely accepted as a useful tool in 
atmospheric diagnostics. This method is thought to quantify the instantaneous 
interaction at a distance of anomalies of potential vorticity separated horizontally 
and/or vertically. Doubts with respect to the dynamical justification of PPVI are 
formulated. In particular, it is argued that the tendency of the inverted stream-
function must be determined in order to quantify far-field effects. Elementary tests 
of PPVI are conducted to clarify these points (Egger, J., 2008).  

It is concluded that PPVI with additional tendency calculations poses and solves a 
specific problem by retaining observed PV anomalies in one subdomain and 
removing them in others. The usefulness of the results with regard to the diagnosis 
of the observed state depends strongly on the flows considered and on the partitions 
chosen, which must comply with a simple rule (Egger, J., 2008). 

The application of Potential Vorticity Inversion 
The application of potential vorticity inversion theory can be divide into two stages: The 
first stage began from the early 80s, Hoskins et al. (1985) proposed that the adiabatic 
and frictionless atmosphere has tendency of doing two-dimensional motion along the 
isentropic surface as well as the rich dynamics connotation of potential vorticity 
(potential vorticity inversion theory), thus the isentropic maps of potential vorticity is a 
very useful tool to represent dynamical processes in the atmosphere. By use of the above 
theories, clear physical images and interpretations of these issues can be given: (a) the 
structure, origin and persistence of cutoff cyclones and blocking anticyclones, (b) the 
physical mechanisms of Rossby wave propagation, baroclinic instability, and barotropic 
instability, and (c) the spatially and temporally nonuniform way in which such waves 
and instabilities may become strongly nonlinear, as in an occluding cyclone or in the 
formation of an upper air shear line. The second stage began from the early 90s, Davis 
(1992) proposed the method of piecewise potential vorticity inversion. Making use of 
the conservation of potential vorticity, potential vorticity anomalies which are caused by 
non-conservative processes can be separated. By use of this method, the contribution to 
wind and pressure fields can be diagnosed, thus the reasons and essential characteristics 
of some phenomena can be inferred. The researches of this aspect mainly use the quasi-
geostrophic potential vorticity and Ertel potential vorticity and it mainly focus on the 
following two fields: Firstly, using the observation data and theoretical model, the 
dynamic mechanism of cyclogenesis and secondary circulation in front can be 
quantitatively diagnosed; secondly, using the potential vorticity error from observation 
data and model forecasting, dynamically consistent wind, pressure and temperature 
fields can be inversed, and the initial field can be modified by adding these fields into 
the original one, in order to improve the accuracy of short-term forecasting (Huo Z , D 
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Zhag , J Gyakum, 1993; Fehlmann R , H C Davies, 1997). Conclusively, applications of 
both these aspects are very successful, especially for the diagnostic research on dynamic 
mechanism of cyclone. 

Discussion and Conclusion 
PV is at the core of balanced atmospheric flow dynamics. It is conservative in the 
adiabatic and frictionless conditions; it is easy to express its behaviors by analysis of its 
advection behaviors. More importantly, in a balanced system, PV has invertibility, and 
so it can be used to derive the wind field. All these have brought great convenience to 
the study of large-scale dynamics problems. The GMPV is derived for a real atmosphere 
(neither totally dry nor saturated) by introducing a generalized potential temperature 
instead of the potential temperature or equivalent potential temperature. Such a 
generalization can depict the moist effect on PV anomaly in the non-uniformly saturated 
atmosphere. 

Apart from PV, its inversion theory also plays an important role in studying the 
evolution and development of weather system, but doubts with respect to the inversion 
of potential vorticity are formulated: How to define the average state of potential 
vorticity? Different anomaly areas will be separated with different average states, thus 
the reliability of dynamical diagnosis will be reduced because of the non-uniqueness; all 
the inversions of Ertel potential vorticity are carried out by the Charney balance, but it is 
not suitable for the mesoscale convective systems, such as front, squall line and so on; 
the role of friction cannot be neglected as to the anomaly of potential vorticity nearby 
the ground, how to think about this influence on the inversion is another problem.  

It is confirmed that the potential vorticity and its inversion theory not only play an 
important role in studying the evolution and development of weather system, but also 
would give new content in the present weather forecasting system (McIntyre M E., 
1994), which shown as two points below: 

(1) It would extend the diagnosis range for the cyclone, study the generation and 
development mechanism of various cyclones and secondary circulation in 
front, reveal the interaction with potential vorticity anomaly which caused 
by different reasons (such as the decrease of top troposphere, diabatic 
heating and cooling, the change of potential temperature near ground and so 
on). For the study of tropical cyclone, some people have already begun to 
bring new balance conditions (M¨oller J D, Smith R K.,1994; M¨oller J D , 
S C Jones., 1998).  

(2) With the improvement of data assimilation and observations, it will be 
possible to make the high resolution and dynamic consistent IPV image. 
With the help of dynamic IPV image and people’s highly developed vision 
system and the artificial intelligent technology, weather changes could be 
forecasted more precisely in the future. 

There are many domestic papers using potential vorticity to diagnose cyclone and storm, 
but the research about potential vorticity inversion is not carried out yet. China is a 
country with all kinds of cyclones occurring frequently, so it is essential to carry out the 
dynamic diagnosis of piecewise potential vorticity inversion. 

10 
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Abstract 
This paper provides a brief review and discussion of the recent main progress in the development 
of cloud-resolving model simulation. The dynamic and thermodynamic studies linked with 
convection development and precipitation processes have contributed effective solution to the 
numerical models for estimation of surface rainfall budget. Research on Cloud Resolving 
modeling has gone through several developmental phases since 1980s and has claimed 
remarkable success recently despite several challenges yet on the way to perfection. A significant 
improvement was seen after the introduction of new cloud ratio (IWP/LWP) to derive tendency 
equation. However, the introduction of three vorticity vectors brought revolutionary changes in 
analytic process of 2D and 3D cloud-resolving model simulation data. They have several added 
advantages over PV/H in terms of understanding the causes for development of cloud clusters 
and super cloud clusters, differentiation of secondary circulation from dominant horizontal one. 
Non-conservative nature of vorticity vectors has provided the convenient pathway to their wider 
use in understanding meso-scale convective precipitation mechanism. The progress in modeling 
the cloud resolving process has been discussed in topical manner rather than following the 
chronological order. 

Precipitation processes 
Environment, cloud, and surface rainfall are three major factors in precipitation 
processes. However, most of process studies associated with precipitation have 
conducted water vapor budget and cloud budget separately. The water vapor budget 
links atmospheric environmental conditions including major water vapor convergence 
and surface evaporation to condensation and deposition whereas the cloud budget 
present relationship between rain rate and cloud microphysical processes. The surface 
rain rate is excluded in the water vapor budget whereas it is included in the cloud 
budget. Gao et al. (2005a) combined the water vapor budget and cloud budget by 
eliminating cloud microphysical processes to derive a diagnostic equation for surface 
rain rate. In their surface rainfall budget, the surface rain rate is determined by local 
water vapor change, water vapor convergence, surface evaporation flux, local 
hydrometeor change, and hydrometeor exchanges from surroundings. This is the first 
time that environment, cloud, and surface rainfall are included in one budget, which lays 
down foundation for precipitation study. Scientists can use this infrastructure to 
quantitatively identify dominant processes for production of surface rainfall. The surface 
rainfall budget has been successfully applied to study precipitation efficiency (Sui et al. 
2007), role of surface evaporation in precipitation processes (Cui and Li 2006), and 
convective and stratiform rainfall (Gao et al. 2006d; Ping et al. 2007a) and their diurnal 
variations (Cui 2008). Sui et al. (2007) analyzed surface rainfall budget to identify water 
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vapor sources for precipitation, found that all terms in surface rainfall budget could 
serve as moisture sources for precipitation under certain circumstances, define new 
precipitation efficiency that includes all water vapor and cloud sources for rainfall, and 
assure precipitation efficiency in a physically meaningful range of 0-100 %. This 
complete analysis of precipitation efficiency only can be conducted in this framework. 
Cui and Li (2006) analyzed time-mean surface rainfall budgets in the tropical deep 
convective regime and showed that the water vapor is pumped from the ocean surface 
over rainfall-free regions through surface evaporation and is transported to convective 
regions to feed surface rainfall. Cui (2008) calculated surface rainfall budgets associated 
with convective and stratiform rainfall and found that more vapor convergence yields 
higher convective rain rate and that more vapor convergence and more local vapor loss 
cause higher stratiform rain rate in early morning than in afternoon. Thus, the surface 
rainfall budget proposed by Gao et al. (2005a) have been demonstrated to make major 
contributions in better understanding of precipitation processes quantitatively through 
building a research platform in which large-scale environment, cloud, and precipitation 
are analyzed in a unified point view.  

Tropical Clusters and Associated Microphysical Processes 
Observational studies using satellite measurements reveal that westward-moving cloud 
clusters are embedded within the eastward-moving super cloud cluster (e.g., Nakazawa 
1988; Lau et al. 1991; Sui and Lau 1992). Numerical models including CRMs have been 
employed to investigate the physical processes controlling the formation, development, 
and propagation of cloud clusters and super cloud clusters (e.g., Lau et al. 1989; 
Numaguti and Hayashi 1991; Chao and Lin 1994; Yano et al. 1995). The westward 
movement of cloud clusters in the satellite images is the reflection of the horizontal 
advection of anvil clouds driven by the mean flow and the creation of new cells to the 
west of the old clouds within a convectively active phase of the intraseasonal oscillation 
during TOGA COARE (Wu and LeMone 1999). The new cloud clusters are generated 
at the leading edge of a propagating cold pool. The condensational heating associated 
with the constituent cloud clusters initiates an overall tropospheric-deep gravity wave. 
The cumulative cluster-induced wave effects lead to the development of new cloud 
clusters (Peng et al. 2001). The development of the new cloud at the western edge of the 
existing cloud cluster before merging may account for the westward propagation of 
cloud cluster group, while the advection of the maximum total hydrometeor mixing ratio 
by the westerly winds after merging may cause the eastward propagation of individual 
cloud clusters. Two eastward-moving cloud clusters merge into westward-moving cloud 
clusters under the environment of vertical wind shear. Merged clouds display notable 
growth in the eastern edge, indicating that merging processes enhance convection (Ping 
et al. 2008) and surface rainfall (Tao and Simpson 1984, 1989b). The development of 
the new cloud at the western edge of the existing cloud cluster before merging may 
account for the westward propagation of cloud cluster group, while the advection of the 
maximum total hydrometeor mixing ratio by the westerly winds after merging may 
cause the eastward propagation of individual cloud clusters. 

The microphysical processes play an important role in the simulations of cloud systems. 
The ice phase is crucial for the development of light precipitation associated with 
stratiform clouds in the short-term (less than 1 day) CRM simulations show (e.g., 
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Yoshizaki 1986; Nicholls 1987; Fovell and Ogura 1988; Tao and Simpson 1989; 
McCumber et al. 1991; Tao et al. 1991; Wu and Moncrieff 1996), whereas the effects of 
cloud microphysics on the temperature and moisture profiles could be significant in the 
long-term (more than 1 week) CRM simulations (e.g., Grabowski et al. 1999). The 
effects of ice microphysics could extend to cloud radiative processes (Wu et al. 1999), 
stratiform clouds, propagation speeds, and life cycles (Grabowski and Moncrieff 2001; 
Grabowski 2003). Comparing with the experiment with ice hydrometeors, the 
experiment without ice hydrometeors produces a larger amount of cloud water and a 
smaller surface rain rate due to the exclusion of vapor deposition processes, and a colder 
and moister state due to the smaller heating rate and smaller consumption of vapor (Gao 
et al. 2006d). A new way to study ice and water microphysics is developed by Sui and 
Li (2005) by defining the cloud ratio as the ratio of the ice water path (IWP) to the 
liquid water path (LWP) and deriving tendency equation of the cloud ratio. The 
tendency of the cloud ratio is mainly controlled by the processes related to the vapor 
condensation and deposition during the genesis and decay stages of cloud systems, 
whereas the tendency is determined by the conversion between water and ice clouds 
through the melting of graupel and accretion of cloud water by precipitation ice during 
the mature stage. 

Vorticity Vectors 
Gao et al. (2004, 2005, 2007b) and Gao (2007) introduced vorticity vectors in analysis 
of 2D and 3D cloud-resolving model simulation data. Convective (CVV) and moist 
(MVV) vorticity vectors are defined as cross products of absolute vorticity vector and 
equivalent potential temperature gradient, and absolute vorticity vector and specific 
humidity gradient, respectively whereas dynamic vorticity vector (DVV) is defined as 
cross product of absolute vorticity vector and wind vector. Some components of 
vorticity vectors are found to be highly correlated with cloud hydrometeors that 
represent convection. Potential vorticity (PV)/helicity (H) and their application to 
dynamics and thermodynamics have successfully enhanced understanding of 
atmospheric dynamic and thermodynamic processes associated with large-scale weather 
systems for several decades (e.g., Emanuel 1979; Cao and Cho 1995; Gao et al. 2002; 
Lilly 1986; Droegemeier et al. 1993), vorticity vectors have shown potential for 
application to convection and precipitation studies at convective scales. Vorticity 
vectors differ from PV/H in the following ways. First, vorticity vectors can be used in 
both 2D and 3D framework whereas PV/H only can be applied in 3D framework. In 2D 
framework, the dot products of relative vorticity and equivalent potential temperature 
gradient, relative vorticity and specific humidity gradient, and relative vorticity and 
wind are zero so that relative vorticity is excluded. Second, the linear correlation 
coefficients between vertical components of CVV/MVV and cloud hydrometeors are 
much larger than those between horizontal components of CVV/MVV and cloud 
hydrometeors whereas those coefficients between horizontal components of DVV and 
cloud hydrometeors are much larger than that between vertical component of DVV and 
cloud hydrometeors. The vertical components of CVV/MVV are represented by 
variances between horizontal components of relative vorticity associated with secondary 
circulations and horizontal gradients of equivalent potential temperature/specific 
humidity. The horizontal components of DVV are denoted by variances between 
horizontal components of relative vorticity and winds associated with secondary 
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circulations. The secondary circulations are direct producers for clouds and 
precipitation. In contrast, PV is mainly contributed to by variance between vertical 
component of relative vorticity and vertical gradient of equivalent potential temperature 
whereas H is determined by covariances between horizontal components of relative 
vorticity and horizontal winds. Thus, the correlation between vorticity vectors and 
convection is higher than that between PV/H and convection mainly because vorticity 
vectors identify secondary circulations. Third, secondary circulations also included in 
PV/H, but their magnitudes are much smaller than those of horizontal circulations. 
Vorticity vectors can identify secondary circulations from dominant horizontal 
circulations. Fourth, vorticity vectors are not conserved whereas PV/H can be conserved 
under some conditions. Budget analysis shows that tendency of CVV/MVV are 
determined by interaction between vorticity and horizontal gradient of ice cloud 
heating/both ice and water cloud heating. Thus, CVV/MVV is associated with cloud 
microphysical processes. Therefore, vorticity vectors introduced by Gao et al. have 
straightforward physical meaning and directly capture convective signals, and have 
major contributions to better understanding of convective development and associated 
physical processes. 

Tropical Diurnal Rainfall Variation 
The diurnal rainfall variation is one of most important variabilities over the tropical 
ocean (e.g., Randall et al. 1991). The dominant diurnal signal is the nocturnal rainfall 
peak that occurs in the early morning. The enhancement of nocturnal rainfall could be a 
result of radiative forcing including the infrared cooling (Kraus 1963), the secondary 
circulation forced by the differences of radiative heating between cloudy and clear-sky 
regions (Gray and Jacobson 1977), the direct solar radiation–cloud interactions (Xu and 
Randall 1995), and direct interaction between radiation and convection (Liu and 
Moncrieff 1998). A recent observational analysis by Sui et al. (1997), however, found 
that the nocturnal rainfall peak is accounted for by the infrared cooling induced 
destabilization and decrease of saturation specific humidity associated with falling 
temperature during nighttime, which is consistent to Tao et al (1996), and is supported 
by numerical experiments which showed that the condensation rates associated with the 
diurnal variations are mainly contributed by the falling temperature during nighttime 
(Sui et al. 1998; Li 2004). The application of the surface rainfall equation and heat 
budget to the diurnal analysis reveals that the infrared radiative cooling after sunset and 
advective cooling associated with imposed large-scale ascending motion destabilizes the 
atmosphere and releases convective available potential energy to energize nocturnal 
convective development (Gao et al. 2008).   

Coupled Atmosphere-Ocean CRMs 
A 2D coupled atmosphere-ocean CRM has been developed to study the effect of fresh 
water flux and small-scale perturbations on the ocean mixed layer (Li et al. 2000). The 
coupled model consists of a CRM and an ocean circulation mixed-layer model 
developed by Adamec et al. (1981) with the mixing scheme of Niiler and Kraus (1977). 
Gao et al. (2006a) conducted a COARE simulation with coupled ocean-cloud resolving 
atmosphere model to analyze diurnal rainfall variations and found that a rainfall peak 
appears in the early morning when diurnal SST variation is weak whereas a rainfall 
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maximum occurs in the afternoon when diurnal SST variation is strong. Gao et al. 
(2006c) further showed surface evaporation flux decreases with increasing SST and 
plays a negligible role in water vapor budget over rainfall regions. Atmospheric impacts 
on the ocean are important where oceanic impacts on the atmosphere are not in the 
tropical air-sea system on short timescales. Thus, the relationship between surface rain 
rate and SST over tropical cloudy areas is not physically important. Further estimates 
indicate that the surface evaporation flux and residual between moisture convergence 
and condensation could have the same order of magnitudes in daily-mean moisture 
budget. Ping et al. (2007b) performed a pair of sensitivity coupling experiments to study 
salinity effects on ocean mixed layer and revealed that the salinity effects increase ocean 
mixed-layer temperature and atmospheric precipitable water whereas they decrease 
atmospheric temperature.  Gao and Zhou (2008) studied effects of diurnal variation of 
solar zenith angle on coupling system and found that the experiment with the time-
invariant solar zenith angle produces a colder and drier atmosphere and a colder and 
saltier ocean mixed layer than the experiment with the diurnally-varied solar zenith 
angle does because the experiment with the time-invariant solar zenith angle has smaller 
solar heating, consumes more atmospheric water vapor through more condensation, and 
generates smaller thermal forcing through deeper mixed layer and more saline 
entrainment. 

Tropical Climate Equilibrium States 
Tropical climate is essentially determined by the nonlinear interactions of multiscale 
physical processes including the large-scale and cloud dynamics, cloud microphysics, 
radiative and surface processes, turbulence, and ocean. The convective-radiative 
equilibrium studies with the CRMs help to improve the understanding of these 
controlling processes (Nakajima and Matsuno 1988; Tao 2007). The simulations reach a 
cold and dry equilibrium state (Lau et al. 1993; Sui et al. 1994; Tompkins and Craig 
1998) or a warm and humid state (Grabowski et al. 1996). The equilibrium states are 
insensitive to the initial conditions whereas they are sensitive to the minimum surface 
speed prescribed in the calculation of surface fluxes (Tao et al. 1999). The equilibrium 
thermodynamic states depend on the surface evaporation, where surface wind plays a 
central role. Small surface evaporation associated with weak surface winds produces a 
cold and dry equilibrium state whereas large evaporation associated with strong surface 
winds causes a warm and humid equilibrium state (Tao et al. 1999; Tompkins 2000). 
The vertical wind shear, minimum surface wind speed in the calculations of surface 
fluxes, and radiative heating determine thermodynamic quasi-equilibrium states (Shie et 
al. 2003). Gao et al. (2006b) analyzed cloud-resolving model simulation data during 
TOGA COARE and proposed a tropical heat/water cycling mechanism. Convection 
develops with the enhanced rainfall as a result of the consumption of water vapor, and 
the release of unstable energy which causes the local atmospheric drying and warming. 
The convection and rainfall are suppressed until the atmosphere becomes more stable 
with small unstable energy and low amount of water vapor. Unstable energy is 
generated and moisture is accumulated to rebuild a favorable environmental condition 
for the development of convection. The tropical heat/water cycling limits the deviation 
of thermodynamic state from its mean state and the life cycle of the clouds. Gao et al. 
(2007a) investigated effects of diurnal variations on tropical climate equilibrium states 
with integrations of cloud-resolving model to quasi-equilibrium states. The simulation 

19 



 Recent Progress in Cloud-Resolving Modeling Vol.5 

with a time-invariant solar zenith angle produces a colder and drier equilibrium state 
than does the simulation with a diurnally varied solar zenith angle because the former 
simulation solar heating, more condensation, and consumes more moisture than the 
latter simulation does. The simulation with a diurnally varied sea surface temperature 
(SST) generates a colder equilibrium state than does the simulation with a time-invariant 
sea surface temperature since the former simulation generates a colder temperature 
through less latent heating and more infrared cooling than the latter simulation does. 
Ping et al. (2007) examined radiative and microphysical effects of ice clouds on tropical 
climate equilibrium states by comparing an experiment without ice microphysics (ice 
microphysical and radiative effects) and an experiment without ice radiative effects with 
the control experiment with ice microphysics. The experiment without ice radiative 
effects produces a colder and drier equilibrium state than the two other experiments do 
through generating a larger IR cooling, a larger vapor condensation rate, and consuming 
a larger amount of water vapor. The ice radiative effects on thermodynamic equilibrium 
states are stronger than the ice microphysical effects do. Gao (2008) further investigated 
radiative effects of clouds (both water and ice clouds) on tropical climate equilibrium 
states and found that radiative effects of ice clouds on tropical climate equilibrium states 
are much stronger than those of water clouds. Thus, tropical climate equilibrium studies 
conducted by Gao et al. have important contributions in elucidated understanding of 
effects of diurnal variations and cloud radiation on tropical climate equilibrium states. 
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Abstract 
Pakistan experiences a variety of climates ranging from a small humid patch in the north to 
extremely arid southern plains. Evapotranspiration is not a directly measurable element among 
agrometeorological parameters influencing crop growth and development. Many empirical and 
semi-empirical methods for estimation of crop evapotranspiration exist and are being used by 
individual scientists and researchers in Pakistan as per their claimed validations in other parts 
of the world. In this paper a comparison is made in reference with pan evaporation to test the 
performance of four widely used methods in the world under various climatic conditions of 
Pakistan. Although lysimeteric data are believed to be the best judge to assess the performance 
of any method yet the date are not available in continuous series at all location. The second best 
of choice is made on evaporation well documented in PMD archives from four Regional Agro- 
Metrological Centers representing four major agro-climatic zones of Pakistan. FAO Penman-
Monteith equation worked well in all the major climatic zones of Pakistan and may be adapted to 
draw closer and more realistic estimates of evapotranspiration for crop water requirements, 
various operational agricultural practices and water balance studies. 

Introduction 
Evapotranspiration process is the combination of two separate processes commonly 
known as Evaporation and Transpiration. In this process water is lost on the one hand 
from the top soil or water surface by evaporation and on the other hand from the crop 
plant tissues through transpiration by stomatal dynamics. 

Evaporation and transpiration occur simultaneously therefore there is no easy way of 
distinguishing between the two processes. Instead of water quantity in the topsoil, the 
evaporation from a cropped soil is mainly determined by the fraction of the solar 
radiation reaching the soil surface. When the crop is small, water is predominately lost 
by evaporation from the soil surface, but once the crop is well developed and completely 
covers the soil, transpiration becomes the main process (Allen et. al., 1996). 

Estimates of evapotranspiration provide an outlook of soil water balance in association 
with the amount of precipitation. Such estimates are of immense importance for 
calculation of water demand of the field crops and irrigation scheduling (Rasul, 1992). It 
also determines the nature of agro-climate a region has, agro-climatic potential of that 
region and suitability of crops or varieties, which can be grown successfully with the 
best economic returns (Rasul et al., 1993). 

Evapotranspiration is not easy to measure. Specific devices and accurate measurements 
of various physical parameters or the soil water balance in lysimeters are required to 
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determine evapotranspiration. The methods are often expensive, complex, demanding in 
terms of accuracy of measurement and can only be fully exploited by well-trained 
research personnel. Many scientists developed mathematical equations to estimate 
evapotranspiration in different parts of the world but no one can be universally 
recommended and adopted. Sometimes error upto the unacceptable limits appear when 
applied in climates different than where they were originally developed.  

Pakistan is inherited by a variety of climates ranging from extremely arid to humid 
having similarities with desert to temperate climates. The local scientists generally apply 
the well-known methods believed to be giving good results in other parts of the world 
despite the fact that their accuracy is highly sensitive to climate. An effort has been 
made in this paper to compare the accuracy of various widely used methods under 
Pakistan’s climatic conditions and to identify the best suited method giving the more 
accurate approximation of this most important agro-climatic and agro-hydrological 
parameter.  

Materials and Methods 
The relationships developed in different parts of the world were often subject to rigorous 
local calibrations and proved to have limited validity. Testing the accuracy of the 
methods under a new set of conditions is laborious, time-consuming and costly. It has 
been stated earlier that Iysimeters data is the reliable tool to test the accuracy of a 
method but it should cover a period of years to incorporate possible climatic fluctuations 
on one hand and its installation, maintenance and accuracy of measurements are also 
another highly demanding aspect. All that was not economically and practically viable. 
Hence the evaporation from a standard pan (WMO class-A) exposed to the natural 
environment has been taken as reference to carry out this comparison. These pans are 
installed in the same enclosure where other meteorological parameters are recorded for 
estimation of evapotranspiration with the help of methods under comparison. 

Data 
The data on meteorological parameters like maximum and minimum temperatures (ºC), 
relative humidity (%), wind speed (m/s) and sunshine duration on daily basis for the 
period of last seventeen years (1989-2006) were obtained from the records maintained 
by Meteorological Services of Pakistan. The evapotranspiration was calculated by each 
method for all the selected stations on daily as well as monthly basis. Evaporation from 
Class-A pan recorded at all the four stations was also considered for comparison. 
Evaporation from Class-A was taken as reference because same instrument was used at 
all the four places and uniform method for measurement was adopted (WMO1983). 
Evapotranspiration calculated by four methods under review was then compared with 
daily and monthly class-A pan evaporation values. The normal values based on 30 years 
average (except Tandojam for which 15 years average is taken) of rainfall (mm), relative 
humidity (%) as well as maximum and minimum temperatures (ºC) for selected climatic 
zones are presented in the table. Except Rawalpindi, all the other three locations are 
deficient of rainfall. On the other hand, the temperatures are extremely high in summer 
which keeps the water balance mostly in negative. 
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Selected Climatic Zones 
Four major agro-climatic zones having significant contribution to agricultural 
production and representing large areas with more or less homogeneous characteristics 
were selected. The climatic features of these agro-climatic zones are briefly stated in the 
table. The selection criteria of representative stations for major agro-climatic zones are 
stated as under. 

Potohar Plateau of North Punjab 
Rawalpindi is selected as the representative station located at the northern edge of the 
Potohar plateau. It encompasses the vast rainfed plains down to Jhelum, Chakwal and 
Attock. Wheat, groundnut and fodder are the major cultivars. These plains lie under 
Sub-Humid agro-climate, which varies from Dry Sub-Humid in  the south to Wet Sub-
Humid in the north (Chaudhry, et al, 2004). The rainfall pattern is bi-modal and summer 
rains attain their peak in August while winter rains indicate the maxima during March. 
Temperatures occasionally drop below freezing in January and stay above 40°c during 
summer months before the onset of Monsoon during first week of July. Pre-monsoon 
(April-May) and post-monsoon (October-November) are rainfall deficient periods. 
Former coincides with extremely dry and hot period when evapotranspiration reaches it 
maximum. 

Irrigated Plains of Punjab 
Faisalabad represents irrigated plains of central and southern Punjab. This zone 
possesses the Dry Semi-Arid agro-climatic characteristics but well managed canal 
irrigation system has placed it among the highly crop productive zones. Mainly summer 
monsoon produces rainfall and winter has a little contribution. Cotton, Rice, wheat and 
sugarcane are the major field crops while mango and citrus are prominent among fruits. 
The highest day temperatures termed as maximum temperatures range in higher 40s 
degree Celsius from April to September except some occasional relief from monsoon 
rains. Extreme heat-wave conditions prevail during April-June when maxima start 
touching 50°C toward the end of this hot and dry period. Monsoon airmass brings the 
mercury down to some extent moderating the heat waves condition during July and 
August and increased atmospheric moisture decreases the evaporative demand of the 
atmosphere too. 

Arid Plains of Balochistan 
Arid and high elevation agricultural rainfed plains of Balochistan province are 
represented by Quetta. These plains do not come under the influence of summer 
monsoon rains, however, presence of monsoon airmass in other parts of the country 
increases the water vapours. Hence precipitation is mainly from snowfall/rainfall in 
winter when temperature generally remains below 0°C. Soil freezing is very frequent up 
to 7cm depth. Wheat is the major field crop which remains in dormancy for about three 
months because the ambient temperature falls below the biological zero i.e. 5°C for the 
wheat crop. Fruits like apple, apricot, pears, plum etc. are grown widely in this zone and 
they are known for their good quality perhaps due to dry atmosphere. Aridity and 
uncertainty of rainfall often poses a serious threat towards crop failure. The atmosphere 
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remains very dry from May to Sep except some moisture incursions for the Arabian Sea. 
Water balance reaches its depletion maximum due to strong surface heating and very 
dry crop environment. The relative humidity sometimes drops to even 5% during May 
and June. The loss of moisture through evapotranspiration reaches its maximum during 
this period whereas it is minimal in peak winter. 

Irrigated Plains of Sindh & Balochistan 
Tandojam represents the irrigated agro-climates of Sindh and Balochistan (Nasirabad). 
Being representative of Arid agro-climate, the crops are grown under extensive canal 
irrigation. Clay content is high which categorized the regional soil as heavy soil. The 
Regional Agro-Meteorological Center started its operation in 1989 at Agricultural 
Research Institute, keeping academic liaison with Agriculture University, Tandojam. 
There was no meteorological observatory at that station, therefore 30 years records were 
not available. However, 15 years average meteorological data are used for this study for 
the period 1991-2005. Water table is generally high and become a serious problem in 
case of pre-monsoon tropical cyclones and during summer monsoon rainy season. Due 
to poor absorption, water from a single event stays stagnant in the fields for a couple of 
weeks which hinders the roots respiration in hot water. The winter rainfall amount is 
insignificant while southwest summer monsoon produces substantial precipitation from 
July to August. Cotton, wheat, rice and banana are the major field crops grown in this 
zone along with mango. 
Table 1: Normal Climatic Features of representative stations Rawalpindi, Faisalabad, Quetta and Tandojam 

Faisalabad Quetta 

Temperature
(°C) 

Temperature 
(°C) Month 

Rainfall 

(mm) Max Min 

Relative 
Humidity 

(%) 
Month 

Rainfall 

(mm) Max Min 

Relative 
Humidity 

(%) 

Jan 11.0 19.4 4.3 67 Jan 64.0 10.8 4.1 65 

Feb 19.1 21.8 6.9 62 Feb 49.5 12.8 6.2 63 

Mar 22.0 26.5 12.2 57 Mar 61.7 18.1 11.1 58 

Apr 21.5 33.7 18.0 45 Apr 22.2 25.3 17.0 47 

May 13.8 38.8 23.2 36 May 5.3 30.8 21.6 37 

Jun 35.0 40.4 26.5 42 Jun 1.5 35.4 26.1 32 

Jul 117.0 37.1 27.0 62 Jul 16.2 36.1 28.0 40 

Aug 84.7 36.1 26.5 66 Aug 13.2 35.0 26.6 39 

Sep 37.6 35.6 23.8 60 Sep 2.4 31.6 21.6 36 

Octr 4.4 32.9 17.0 56 Oct 6.5 25.5 15.1 36 

Novr 2.5 27.4 10.3 64 Nov 4.4 19.7 9.9 45 

Dec 5.9 21.6 5.4 68 Dec 37.5 14.0 5.9 58 
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Tandojam Rawalpindi 

Temperature(°C) Temperature 
(°C) 

Month 
Rainfall 

(mm) Max 

 
Min 

Relative 
Humidity 

(%) 
Month 

Rainfall 

(mm) Max Min 

Relative 
Humidity 

(%) 

Jan 1.8 24.1 9.1 67 Jan 59.2 17.6 3.1 66 

Feb 5.8 27.3 11.3 64 Feb 79.7 19.2 5.4 62 

Mar 2.2 33.1 16.1 57 Mar 97.1 23.7 10.1 57 

Apr 2.4 38.0 21.2 53 Apr 63.1 30.2 15.4 47 

May 4.3 40.3 25.0 58 May 34.1 35.6 20.1 36 

Jun 1.6 42.2 25.9 65 Jun 70.1 38.4 23.5 39 

Jul 55.2 36.2 27.0 72 Jul 305.3 34.8 24.2 65 

Aug 31.3 35.3 26.1 73 Aug 348.1 33.4 23.6 72 

Sep 8.0 35.3 24.4 71 Sep 113.2 33.5 20.7 64 

Octr 7.8 35.1 20.4 66 Octr 29.8 30.9 14.0 59 

Novr 2.3 30.8 14.8 62 Novr 15.6 25.9 7.9 62 

Dec 0.2 26.0 10.6 68 Dec 31.2 20.0 4.0 68 

 

Being located at around 25°N latitude, the intensity of solar radiation is very strong 
therefore the crop water requirement is much higher than rest of the agroclimatic zones. 
The rate of evaporation from soil surface and plant transpiration is high due to intense 
heating associated with low relative humidity and high windy conditions.  

Methods under Comparison 
Reference crop evapotranspiration (ETO) is direct measure of evaporative demand of 
the atmosphere and considered to be the most reliable tool for calculation of crop water 
requirement (Allen et al 1998). It can not be measured by instruments, however, 
estimated by various empirical formulae. Most of them make use of weather elements 
instead of crop or soil characteristics. 

Radiation Method 
This method is suggested for areas where available climatic data include measured 
air temperature and sunshine, cloudiness or radiation, but not measured wind and 
humidity. Knowledge of general levels of humidity and wind is required in 
qualitative terms. Radiation method as a whole, in equatorial regions, on small 
islands, or at high altitudes, may be reliable even if measured sunshine or cloudiness 
data are not available. In this case solar radiation maps prepared for most locations 
in the world would be used. The mathematical relationship is expressed as under: 
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( ) mm/day  .RsWcETo =  

Where  

ETo Reference crop evapotranspiration in mm/day for the periods 
considered. 

Rs   Solar radiation in equivalent evaporation in mm/day.  

W   Weighting factor, which depends on temperature and altitude.  

c   Adjustment factor which depends on mean humidity and daytime wind.  

 

Rs is further calculated with the help of following relationship: 

  Ra
N
nRs ×⎟
⎠
⎞

⎜
⎝
⎛ ×+= 50.025.0  

Where  

n  Actual measured bright sunshine hours.  

N  Maximum possible sunshine hours under clear sky conditions. 

Ra  Amount of radiation received at the top of the atmosphere. 
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Modified Penman Method  
The equation formed as a result of combination of radiation term and aerodynamic 
term which is given as: 

  ( ) ( )( )( )edeaufWRnWcETo −−+= ..1  

Where 

ETo Reference crop evapotranspiration in mm/day 

W  Temperature related weighing factor. 

Rn  Net radiation equivalent evaporation in mm/day.  

f(u)  Wind related function 

(ea-ed) Difference between saturated vapor pressure at mean air temperature 
and the actual vapor pressure of the air, in mille-bar. 

c  Adjustment factor to compensate for the effect of day and night  

Blaney and Criddle Formula 
Blaney-Criddle equation (1950) involves the calculation of the consumptive use 
factor (f) from mean daily temperature (T) and percentage (P) of total annual 
daylight hours occurring during the period being considered. The recommended 
relationship representing mean value over the given month, is expressed as: 

  ( )[ ]13.84.0 += TpcETo  

Where 

ETo reference crop evapotranspiration (mm/day) for the month considered. 

T  mean daily temperature (°C) over the month considered. 

p  mean daily percentage of total annual daytime hours. 

c  sunshine hours and daytime wind estimates. 

The equation includes N
n  ratio, Relative Humidity (RH) and windspeed (U) in 

meter/second parameters in addition to the mean daily temperature which are 
explained below: 

n  Actual daily sunshine duration (hours) 

N  Maximum possible daily sunshine hours 

R.H. Minimum relative humidity (%) during the day  

U Mean daytime wind-speed (meter per second) at 2 meters height above 
the ground 
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Fao Penman-Montheith Equation 
A consultation of experts and researchers was organized by FAO in May 1990, in 
collaboration with the International Commission for Irrigation and Drainage and 
with the World Meteorological Organization, to review the FAO methodologies on 
crop water requirements and to advise on the revision and update of the procedures. 
The FAO Penman-Monteith equation is a close, simple representation of the 
physical and physiological factors governing the evapotranspiration process. The 
mathematical expression for the sake of calculation is simplified as follow: 

  
)34.01(

)(
273

900)(408.0

2

2

u

eeu
T

GR
ETo

asa

++∆

−
+

+−∆
=

γ

γ
  

   

Where   

ETO reference evapotranspiration (mm per day), 

Ra   net radiation at the crop surface (MJ/m² per day) 

G  soil heat flux density (MH/m² per day), 

T  mean daily air temperature at 2m height (°c). 

U   wind speed at 2m height (m/s), 2

e   saturation vapor pressure (kPa), s

e   Actual vapor pressure (kPa), a

e -  e   saturation vapor pressure deficit (kPa), s a

∆  Slope of vapor pressure curve( kPa per °C), 

γ   Psychometric constant (kPa per °C) 

The equation uses standard meterological records of solar radiation (sunshine), air 
temperature, humidity and wind speed. To ensure the integrity of computations, the 
measurements of weather parameters should be made at 2m (or converted to that 
height) above an extensive surface of green grass, shading the ground and not short 
of water. It should be kept in mind that all the parameters are recorded at the same 
place, standard hours and under the same environment. 
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Results 
Evapotranspiration calculated by four widely used methods in the world by scientists 
and planners was compared to test the accuracy of results best suited to Pakistan’s 
diverse climate. Four major agricultural production zones under rainfall and irrigated 
conditions represented by Rawalpindi, Faisalabad. Tandojam and Quetta were 
considered for this purpose. The results obtained by each individual method in selected 
four agro climatic zones are discussed as under: 

Radiation Method 
It gave better performance for Rawalpindi during all the four seasons in conformity 
of FAO recommendations. It has already been motioned that Rawalpindi lies in sub-
humid zone representing vast potohar were mainly cultivation is exercised. The 
major deviation has been seen in dry summer (pre-monsoon) where it showed little 
overestimation. In rest of the three climatic zones which vary from Semi-Arid to 
Arid, the evapotranspiration estimates are highly erratic. During summer 
underestimation is very high as it reaches 20% to 25% less than pan evaporation, 
however winter shows comparatively good results.  
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Modified Penman Method 
Penman method was found overestimation evapotranspiration for low evaporative 
CONDITIONS LIKE RAWALPINDI WHERE SUMMERS ARE MODERATE 
AND WINTERS ARE relatively cooler. In Semi-Arid and Arid climates, this 
method practically failed to give representative results, (Hashemi et a11999). It 
highly underestimates evapotranspiration when compared with pan evaporation in 
the same climatic condition. The deviation in summer season was as high as 35% 
whereas during winter it was around 15%. The results from this method may 
mislead the user under Pakistan’s climatic conditions as abut tow-third of Pakistan 
lies under arid climate.  

Blaney-Criddle Method 
It shows comparatively closer estimates in variety of climatic conditions of 
Pakistan. It generally underestimates in summer and overestimate during winter, 
however the daily average variation ranged between + 1 and – 1mm. The deviations 
are relatively large in hot and dry summer as compared to winter. The winter 
estimates of evapotranspiration practically tally with pan evaporation, however it 
underestimates at the rate of 10% to 15% during summer. The peak deviation of 
20% was seen during hot and dry summer whereas it was lowered down to 10% in 
monsoon season.   

Fao Penman-Montith 
The results obtained from FAO Penman- =Monteith in this comparative study may 
be graded as the best as far as diversified climatic conditions of Pakistan are 
concerned. It gave more or less similar results as from Blaney- Criddle in case o 
sub-humid region represented by Rawalpindi. The computations in Semi-Arid and 
Arid climates show a little consistency in results. Arid region represented by Quetta 
where agricultural practices are carried out under rainfed conditions, indicate about 
10% underestimation in summer and 3% overestimation of evapotranspiration in 
winter. On the other hand similar climatic zone but land irrigated with canal water 
represented by Tandojam gave altogether different results. In summer, 
evapotranspiration estimates were 10% to 15% lower and 5% higher than pan 
evaporation during winter. Faisalabad representing Semi-Arid climate also behaves 
like Tandojam but amplitude of variations is much less during both the summer and 
winter seasons. 

Discussion 
Advances in research and the more accurate assessment of crop water use have revealed 
weaknesses in the methodologies. Numerous researchers analyzed the performance of 
various methods for different locations. Although the results of such analyses could 
have been influenced by site or measurement conditions or by bias in weather data 
collection, it became evident that the proposed methods do not behave the same way in 
different locations in diverse climatic regimes. Deviations from computed to observe 
values were often found to exceed acceptable ranges indicated by FAO. The modified 
penman was frequently found to overestimate ETo, even upto 2% for low evaporative 
conditions. 
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Ready (1993) stated that the suitability of individual methods, for the estimation of 
evapotranspiration, depends not only upon the accuracy of the estimates but also on the 
availability of necessary input data, which is very important in developing countries. 
Availability of input meteorological data is not, however, the problem in case of 
Pakistan as far as four methods under comparison  concerned. 

A major comparative study was undertaken under the auspices of the Committee on 
Irrigation Water Requirements of the American Society of Civil Engineers (ASCE). 
ASCE study analyzed the performance of 20 different methods, using detailed 
procedures to assess the validity of the methods compared to a set of carefully screened 
Iysimeters data from 11 locations with variable climatic condition. The study showed 
widely varying performance of the methods under different climatic conditions. In a 
parallel study commissioned by European Community, a consortium of European 
research institutes evaluated the performance of various evapotranspiration methods 
using data from different lysimeter studies in Europe.   

The studies confirm the overestimation of the Modified Penman introduced in FAO 
Irrigation and Drainage Paper No. 24, (Doorenbos et al 1975) and available performance 
of the different methods depending on their adaptation to local conditions. Those 
comparative studies may be summarized as follow.  

• The Penman methods may require local calibration of the wind function to 
achieve satisfactory results.  

• The radiation methods show good results in humid climates where the 
aerodynamic term is relatively small, but performance in arid conditions is 
erratic and tends to underestimate evapotranspiration. 

• Temperature methods remain empirical and require local calibration to get 
satisfactory results.  

• The relatively accurate and consistent performance of the Penman-Momeith 
approach in both arid and humid climates has been indicated in the ASCE and 
European studies. 

The most reliable comparison may be carried out with the help of lysimeters ideally 
installed and operated in the closest vicinity of meteorological observatories (Makink 
1957). It must be condacted in variety of climates under the supervision of trained 
professional. However, it would be very expensive to afford, a special study / project 
could be launched under the financial assistance of some donor. It is, no doubt, the most 
important parameter in agro hydrological and agricultural practices for sustainable 
research and development. For the time being this study proposed the FAO Penman–
Monteith as most suitable followed by Blaney-Criddle method under various climatic 
conditions of Pakistan which produce results in reasonable acceptable limits.  
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Conclusion 
The overall performance of FAO Penman-Monteith under variety of climates of 
Pakistan may be treated as the best. Showing the minor deviations from actual 
evapotranspiration data throughout the year. The Blaney- Criddle method is graded as 
second best option, which also shows the amplitude of deviation within acceptable 
limits. The modified Penman and Radiation methods cannot be recommended for 
adaptation under Pakistan’s climatic condition due to large seasonal and spatial 
deviations from observed pan evaporation data. 
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Long and Medium Range Forecast For Inflow at Tarbela  
Abdul Majeed*, Tajdar Hussain*, Malik Rizwan Asghar*

Abstract 
The paper underlines a new and unconventional approach in the estimation of long and medium 
range Tarbela inflow volume. Most outstanding feature of this approach is the indirect 
assessment of the melted snow pack using only Meteorological Parameters. More than 90% of 
the Tarbela inflow volume is caused by the melt water yield of the soft and hard snow pack 
deposited by the westerly waves affecting the catchment during the winter season from Oct to 
March. Such meteorological Parameters as are related to westerly waves have been Picked up 
and statistically tested to bear acceptable correlation with the predictants which are seasoned 
and monthly inflow volumes. Three predictors with variable names RA, Dir and WW 
representing the sum of Astore, Gupis, Skardu, Chilas and Gilgit winter rains, Winter rainfall of 
Dir and the Number of cloudy days(during winter) were finally selected for use in deriving the 
relationship for the total snowmelt volume as  

 ( ) 30042.171624.0013.0
10

02444.0 +×+−×+×= WWDIRRASN  

Similarly a number of relationships for computing the inflow volumes for the months of June, 
July, Aug and Sept have been obtained using the various predictors related to the respective 
monthly inflow volumes. Additionally a normal ratio method has also been worked out to 
compute the monthly volumes based upon the normal ratio of predicted total seasonal inflow 
volume. 

Key Words: Tarbela, Long range, Medium range, Forecast, snowmelt, Bifurcation, step wise 
selection, Regression, correlation 

Introduction 
The Indus has been truly called a life line of Pakistan. It is the river through which most 
of the water flows down to the plain of Punjab and Sindh. Most of the flows north of 
Tarbela are caused by the snowmelt over the elevated catchments of the northern areas. 
Further more melt water yield of upper Indus basin indicates large scale variation. For 
example the range of variation of the discharge at Bisham Qila for the month of June 
during the period 1965-1988 range from 1310 cusecs to about 12800 cusecs. The above 
two facts alone necessitate a system to predict the variability of flows of such a large 
extent. A methodology through which the seasonal and the monthly inflows at Tarbela 
could be forecast, shall constitute an important technical development since the judicial 
use of the available water for power and irrigation largely depend upon the advance 
knowledge of the incoming inflows. 

WAPDA attempted to tackle the problem through the technical assistance from Canada 
as a cooperative research program with “Wilfred Laurier University (WLU)” Waterlov 
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and International Development research centre (IDRC). A project called Snow and Ice 
hydrography project came into existence for this proposal. The project is in existence 
since early eighties. The approach adopted in computing the seasonal and ten daily 
inflow is essentially based upon the use of a snow melt model called the university of 
British Columbia (UBS) model. A number of snow pillows for the measurement of the 
snow have been established in the upper reaches of the catchment at tremendous cost. 
Data from these snow pillows constitutes the major input in the UBC model. 
Maintenance of these snow pillows at such high elevation involves formidable cost. 

Indus has large and elevated catchment spread over an area of 180,000 sqr miles. It’s 
river length above Tarbela is about 925 miles and there are five right bank and three left 
bank tributaries named Singhi river, Shyok river, Shiger River, Gilgit river, Astore river, 
and Tansher river, Dras river and Siran river respectively. Most of the catchment above 
Tarbela is mountainous having some of the highest peaks next to the Everest. Most of 
the snow melt contribution comes from the elevation range between 2500and 5500m 
and about 80 to 90% of the upper Indus catchment gets covered with snow every year 
during winter. 

The contribution from the Glaciers to the annual inflow volume is included in melt 
water yield due to the snow and melt able ice. Large number of Glaciers exists within 
the catchment of which 35 are the larger ones. Some are extremely big like Siachene 
and Biafo. Glaciers originate in the high snow fall area where there is considerable relief 
above 4800m ASL. Most of the melt water yield comes from the ice that has flowed to 
lower altitudes mainly in the range between 3-5000m. The method used herein does not 
involve the study of Glaciers or the consideration of the Glacier melt yield. It takes for 
granted that the total snow melt shall be an aggregate of the yield due to snow and 
Glacier melt yields. Thus the melt water yield from snow and the melt able Ice is 
assumed to generate the runoff component due to melt water yield. 

Superimposed upon this is the component of runoff due to the rainfall during the Kharif 
season. The total inflow shall be an aggregate of the two runoff components. The 
prediction of the temperature and Kharif period rainfall about six months in advance is 
presently not possible. Thus the Kharif season forecast methodology shall be based upon 
the assumption of normal rainfall and temperature conditions. Provision exists in the 
method to cater for variation from normal conditions in case this could be predicted with 
reasonable reliability.  

The method provides an alternate approach eliminating the need for the direct snow 
measurements. The method is both cost free as well as convenient involving the use of 
such data as shall be routinely available immediately at the end of winter season. 

Methodology 
Model Concept  
The study is based upon the unique and non-conventional approach as explained 
below. 

Most important element of the approach is the estimation of the catchments snow 
pack on the basis of the meteorological parameters only, without resorting to the 
direct snow measurements. Conventionally the snow melt Run-off is estimated by 
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first estimating the available snow pack of the basin using such conventional means 
as the establishment of net-work of the snow measuring instruments (snow pillows 
etc) and then supplementing these Measurements with the satellite based snow pack 
observations to estimate the extent of the snow covered area. Estimation of the 
snow-pack through these means is first step in the process after which the water 
equivalent of the pack is estimated. This is fallowed by the estimation of the melt 
water yield utilizing the parameters relating to the thermal conditions of the basin as 
called for by the snowmelt model. As against this the methodology adopted herein is 
based upon the indirect Assessments of the basin snow pack using the parameters 
relating to the weather systems which cause the deposition of the snow over the 
catchment. The initial snow condition is also taken care of through the flow 
conditions prevailing at the beginning of the Khareef season. Winter time 
Precipitation is caused by the weather systems called the westerly waves. The 
westerly waves move from west to east along the Polar front and their origin could 
be traced back to Mediterranean and at times as west as Atlantic. The waves 
approach Pakistan along Iran/Afghanistan during winter along the axis which 
undergoes North-South fluctuations. At times these westerlies are associated with 
the clear cut frontal System, but more often the frontal system gets diffused on 
account of the Physical barrier offered by the mountainous terrain to the west and 
north of the Pakistan. Number and intensity of these westerly systems shall be 
directly related to the catchment snow fall and in tern to the Kharif season snow 
melt volume. This is because most of the precipitation that occurs during winter 
(measured as rain after melting the snow) remains deposited as layer of snow. The 
subsequent snowfall event causes another deposition making the previous layer 
thicker and wider. The process continues throughout the winter as long as the 
temperature remains below freezing point. The total precipitation of the winter 
season thus provides a fairly close estimate of the total water equivalent available in 
the catchment. The losses in the form of evaporation etc. shall be quit negligible in 
the first place and secondly shall be relatively uniform and thus shall be eliminated 
in the statistical process.  

The precipitation data of the Northern area meteorological stations shall be used as 
independent variables in the process. The frequency and intensity of the westerly 
wave system during the winter months shall also be used for the runoff estimation. 
The method does not necessitate exact (actual) determination of the accumulated 
snow since the statistical relationship derived through the multiple regression 
process directly yields runoff as output using such meteorological variables as are 
related to winter snow fall. 

Bifurcation of the rain component from the Snow melt component 
Each year’s inflow hydrograph was examined to find out the rain component. Sharp 
rise and fall of the hydrograph provided the initial clue to the rainfall contributing 
period. This was then confirmed from the rainfall data of the stations lying within 
summer rain contributing region of the catchment above Tarbela. The rain stations 
considered for this purpose were Oghi, Phulra, Balakot, Saidusharif, Daggar and 
Kakul. A total of 22 Hydrographs from 1981 to 2002 were examined for this 
purpose. 
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A set of four hydrographs for the four consecutive years was plotted together for 
each month. As example Fig. 1 gives the hydrographs for the year 1980-03 for the 
month of June to compare the rain contributing volume for a month for each year. 
Some of the yearly hydrographs depict sharp changes in the hydrograph normally on 
account of the heavy rainfall spells. Some such cases are shown in the FIG 3. On the 
other hand the absence of summer monsoon rainfall is indicated by the absence of 
any sharp changes in the hydrographs. Some of such cases are shown in the Fig 4. 

 

 

 

 

 

 

 

 

 

 

 Figure 1 

Normal Rainfall Contribution 
In order to compute the volume due to the rainfall of each rain spell the volume of 
the peak was worked out. As illustrated in the Fig 2. The mean of the values at A 
and B was multiplied by the duration of the base (from A to B) to obtain the volume 
of the base flow which was then deducted from the total peak volume obtained by 
adding the actual data of the peak from point A to B.  

This way the volume of water contributed by all the monthly rain spells is added 
together to obtain the total monthly rain contributed volume. Total rain contributed 
volume for each year was thus worked out by adding the monthly rain contribution 
volumes of all six months. Then the total monthly rain over the catchment above 
Tarbela was obtained by taking the mean of the six stations monthly rainfall. This 
way for each year the rain contributed volume and the amount of rain which caused 
this volume was obtained. The average rain contributed volume for all the years 
comes to about 2.6 MAF while the average rainfall comes to 28.61’’. 
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Figure 2 
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Figure 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 
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This gives a rainfall to volume conversion factor of 0.091 MAF/inch. Consequently 
the volumes contributed by rainfall is obtained by using the rainfall data of the six 
stations of the rain contributing catchment above Tarbela for each year, which is 
multiplied by factor 0.091 to obtain the rain contributed volume for each year. Snow 
melt volume is then obtained by subtracting the rain contributed volume from the 
total actual inflow volume of each year. The process yields two data series. One for 
the snowmelt volumes and the second for the rainfall volumes. The two data series 
along with the forecast snow melt volume and the forecast total inflow volumes for 
all the years from 1981 to 2002 is given at Table A. 



 Lang and Medium Range Forecast for Inflow at Tarbela Vol.5 

 42

Selection of the predictors 
This was the major task in the entire process. In line with the concept of the study 
those predictors were selected which shall be positively related to the winter time 
precipitation and thus shall provide an indirect assessment of the meltable snow 
pack. Number of the westerly waves if any affecting the preceding (winter) season 
was an obvious choice for this purpose. Consequently the count of the winter time 
weather systems above a certain intensity (assessed in terms of the cloud cover) was 
worked out by counting the cloudy spells. It was assumed that a break in the 
precipitation/cloudiness indicated the end of the westerly low pressure system. This 
way number of westerly waves was worked out. Later studies indicated that rather 
then counting the number of westerly waves, the number of cloudy days provided an 
equally affective predictor. Since counting of the cloudy days (above four octas) 
was a lot easier. This was thus adopted (instead of westerly count) as one of the 
predictors. In order to include some element relating to the intensity of the westerly 
waves, actual precipitation of the meteorological stations situated along the westerly 
track was considered. Met. Stations like Gilgit, Skardu, Astore, Bunji and Chilas 
were considered for this purpose. Every time a predictor was selected and its data 
series worked out. The regression process executed and the results examined. After 
each run a new predictor was introduced and results examined. In case there was no 
improvement the new predictor was dropped and the next predictor introduced.  

The number and sequence of the predictors used included the following. 

1. Total inflow volume for the month of march 
2. Total winter rainfall of ASTOR ( Variable Name AST) 
3. Total winter rainfall of GUPIS ( Variable Name GUP) 
4. Total winter rainfall of Skardu ( variable name SKD) 
5. Total winter rainfall of Chilas ( variable name CHL) 
6. Total winter rainfall of Gilgit ( variable name GIL) 
7. Sum of the winter rain of Astore, Gupis, Skardu, Chilas and Gilgit  

(variable RA) 
8. Number of cloudy days during winter (variable WW) 
9. Drosh Rain( variable DROSH) 
10. Total Dir winter rainfall(variable DIR) 

The SPSS software picked up the under mentioned three variables as the one’s 
fulfilling the laid down selection criteria. 

1. RA i.e., (Sum of Astore, Gupis, Skardu, Chilas and Gilgit rain). 
2. DIR (winter rainfall/10) 
3. Cloudy days (WW) 

Statistical Procedure Used For the Selection of the Variates 

SPSS software was used which included following statistical procedure. 

1. Step wise selection  
2. Forward selection 
3. Back ward elimination 
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Out of these the step wise selection procedure was adopted for the study, 
because this includes the process of both the forward selection as well as back 
ward elimination procedures.  

Stepwise Selection Procedure 

In the Stepwise Selection procedure, the first variable considered for entry into 
the equation is the one having the largest correlation with the predictant 
variable. 

The variable entered into the equation is then subjected to the standard statistical 
tests to judge its qualification for retention into the equation. The basic criterion 
pertain to the threshold value of F statistic which is computed by using the 
formula 

Residual SquareMean 
Regression SquareMean 

=F  

Which is mathematically explained as  
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There are two threshold values of F specified in the method. These are F- to 
enter value (FIN) and F- to remove (FOUT) values of F.   FIN is the minimum 
value of F, which a variable must have to qualify for entry into the equation, 
while FOUT is that minimum value of F which a variable (that has been entered 
into the equation) must have to stay in the equation. 

First step in the process is that after the first (highly correlation) variable is 
brought into the equation that it is tested on the basis of Null hypothesis, which 
is the hypotheses in which the value of the coefficient of variable (ß) is taken as 
zero and thus the value of F calculated. In case F comes out to be less than the 
specified minimum value of 3.84 the hypotheses is accepted and with this the 
process terminates on account of lack of relationship of the predictant with the 
predictors. However in case the condition for the NUL hypotheses is not 
fulfilled (due to the value of F ≥ 3.84) then the variable stays in the equation. 
Next step is to compute the value of F by putting the value of  coefficient of    ß   
in it and then F statistic is worked out and checked against the threshold   FIN.  
In case it is greater than this value then the variable stays in the equation. Now 
the computations are carried out using this variable only and the results checked 
against the specified criteria of accuracy. In case it meets the criteria then there 
remains no need to bring in another variable. However, in case the required 
criteria of accuracy is not satisfied then the next highly correlated variable is 
brought into the equation and  after each such step the variables in the equation 
are tested for removed on the basis of the FOUT criteria. Variable having the 
strong mutual correlation fail to qualify for retention into he equation and thus 
one of such subsequent variable is removed. 

 43
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Computational procedure for seasonal snowmelt Inflow volume (SN) 

All the variates initially selected for the computational process are given at  
Para 5.  

Various combinations of the datasets were tried and the results were tested 
against the laid down criterion of accuracy. 

Initially the individual station’s PPTN data was used, but this did not produce 
the required results. Thus on the basis of the extensive model runs the variate 
RA, which represents the combination of stations was picked up, since it 
produced the strongest partial correlation with the predictant. 

As a first step the model builds a correlation matrix to indicate the mutual 
correlations of the variables used in the process. The strongest correlation of the 
predictant (SN) is with the predictor RA, having the correlation value of 0.85. 
Consequently the model picked up the predictor and formed equation No.1 and 
tested the results which did not confirm to required level of accuracy. Next it 
continued to pick up the next strongest correlated predictor provided that it did 
not have strong mutual correlation with the already used predictor (RA). This 
way through large number of combinations the three predictors RA, DIR and 
WW were selected to form final equation (equation 3). 

F & T are the standard tests for the statistical analysis through which the fitness 
of the independent variable for removal or inclusion into the equation is 
decided. Standard error is the parameter which determines the effectiveness of a 
variable in the equation. The computed values of snowmelt are obtained through 
the use of the equation to build the computed data series S^N which is then 
compared with the actual data series and the difference of the two series 
produces the error series. The standard deviation of this error series is called the 
standard error, which in the case of first equation comes to 3.58 and for the 
second and third equation is 2.92 & 2.27 respectively. Thus through the use of 
the variables DIR and WW the standard error has been reduced considerably. 
The third/final page relates to the inclusion of the variable WW, which brings 
the computational process to the final conclusion on account of the accuracy of 
the results falling within the desired criterion (Probability of input PIN = 0.05). 
This page also displays the observed, predicted and residual data series along 
with plotting of the residual in relation to the regression line. The points having 
higher deviation away from the regression line are called the outliers. The 
purpose of indicating these outliers is to check these cases for any possible data 
errors etc or to search for any special reason which might have caused this 
deviation and which may be given the due consideration for removing the 
computational error, even if it may need be done by adjusting the computed 
output by the certain compensating/adjustment factor. Inclusion of the three 
variables results in the final equation which meets the required criteria of 
accuracy. 
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The three equations successively derived through SPSS software are as given 
below. 

 

3.1716724.0
10

013.00244.0             3.

01241.002555.0             2.
6.3602187.0             1.

+×+×−×=

×−×=
+×=

WWDIRRASN

DIRRASN
RASN

 

The use of third equation only was done for computing the final results. 

Medium range (Monthly forecast computational procedures 
Monthly forecast are considered as the medium range forecast. Use of the SPSS 
software for computing the monthly Tarbela inflow volume forecast was made in a 
similar manner as in case of the seasonal forecast computations. 

Given below is the brief description of the month wise forecast relationships for 
computing the total Tarbela inflow volume for each month of kharif season. 

April 
Snow Melt Volume  

The relationship for computing the snowmelt component of the inflow volume 
is as given below. 

56923.092567.0 VolumeSnowmelt  April +×= MARV  

Using this equation snow melt volume for all the years from 1981 to 2005 was 
computed.  

Where MARV stands for the inflow volume for the month of March which shall 
be available by the end of March. 

 

 

 

 

 

 

 

 

 

  
Figure 5 
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Rain Contributed Volume  

Normal rain component of April i.e 0.3 MAF shall be considered in case a 
variation from normal is predicted then volume shall be changed accordingly. 

Volume dContributeRain   VolumeSnowmelt  April  VolumeForecast  April Total +=  

May 
Snow Melt Volume  

The relationship for computing the snowmelt component of the inflow volume 
is as given below. 

MAY Snowmelt volume = APRT*(0.29056)  - 5.82381 

Using this equation snow melt volume for all the years from 1981 to 2005 was 
computed.  

Where APRT is the mean maximum temperature for the month of April.  

Rain Contributed Volume  

Normal rain component of April i.e. 0.20 MAF shall be considered. In case a 
variable prediction of % variation from normal is predicted. The volume of the 
normal shall be changed accordingly to obtain rain-contributed volume. 

Total MAY Forecast volume = MAY snowmelt volume + Rain contributed 
Volume  

 

 

 

 

 

 

 

 

 

 

 Figure 6 

 

June 
Snow Melt Volume  

The relationship for computing the snowmelt component of the inflow volume 
is as given below. 
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JUNE Snowmelt volume = RA*(5.0559-3) – Dir/10*(5.21019-3)+ 6.92 

Using this equation snow melt volume for all the years from 1981 to 2005 was 
computed.  

Where RA is the mean winter rainfall for the stations GILGIT, SKARDU, 
ASTORE, CHILAS and GUPIS, while DIR stands for the winter rainfall of 
DIR.  

Rain Contributed Volume  

Normal rain component for JUNE i.e. 0.39 MAF shall be considered. In case a 
variable prediction of % variation from normal is predicted. The volume of the 
normal shall be changed accordingly to obtain rain-contributed volume. 

Total JUNE Forecast volume = JUNE snowmelt volume + Rain contributed 
Volume  

 

 

 

 

 

 

 

 

 

 
Figure 7  

July 
Snow Melt Volume  

The relationship for computing the snowmelt component of the inflow volume 
is as given below. 

JULY Snowmelt volume = SNMS*(0.37607)  + 1.67469 

Using this equation snow melt volume for all the years from 1981 to 2005 was 
computed.  

Where SNMS is the snowmelt volume of the (preceding) winter season minus 
the sum of the computed inflow volumes of April, May and June. 

SNMS = SN – (April + May + June) 
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Rain Contributed Volume  

Normal rain component for July i.e. 0.77 MAF shall be considered. In case a 
variable prediction of % variation from normal is predicted. The volume of the 
normal shall be changed accordingly to obtain rain-contributed volume. 

Total JULY Forecast volume = JULY snowmelt volume + Rain contributed 
Volume  
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Figure 8 

August 
Snow Melt Volume  

The relationship for computing the snowmelt component of the inflow volume 
is as given below. 

AUGUST Snowmelt volume = RA*(9.965-3) + 10.70432 

Using this equation snow melt volume for all the years from 1981 to 2005 was 
computed.  

 

 

 

 

 

 

 

 

 

 

 Figure 9 
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Where RA stands for the winter rainfall for the GILGIT, SKARDU, ASTORE, 
CHILAS and GUPIS. 

Rain Contributed Volume  

Normal rain component for AUGUST i.e. 0.80 MAF shall be considered. In 
case a variable prediction of % variation from normal is predicted. The volume 
of the normal shall be changed accordingly to obtain rain-contributed volume. 

Total AUGUST Forecast volume = AUGUST snowmelt volume + Rain 
contributed Volume  

September 
Snow Melt Volume  

The relationship for computing the snowmelt component of the inflow volume 
is as given below. 

SEPTEMBER Snowmelt volume = RA*(2.893240-3) + 4.68064 

Using this equation snow melt volume for all the years from 1981 to 2005 was 
computed.  

Where RA stands for the winter rainfall for the GILGIT, SKARDU, ASTORE, 
CHILAS and GUPIS. 

Rain Contributed Volume  

Normal rain component for SEPTEMBER i.e. 0.25 MAF shall be considered. In 
case a variable prediction of % variation from normal is predicted. The volume 
of the normal shall be changed accordingly to obtain rain-contributed volume. 

Total SEPTEMBER Forecast volume = SEPTEMBER snowmelt volume + Rain 
contributed Volume  

 

 

 

 

 

 

 

 

 

 

 
Figure 10 
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Results and discussion 
Relationship for the prediction of snowmelt inflow volume 
Final relationship developed to find out the snow melt volume was 

Tarbela inflow Snow melt volume= (RA*0.02444 + DIR/10*-0.013 + WW* 
0.16724 + 17.30042) 

Using this equation snow melt volume for all the years from 1981 to 2005 was 
computed.  

Next step was to include the effect of summer precipitation into the process.  

Evaluation of the rain component 
Summer (monsoon) rainfall contribution already worked out as per the procedure 
given at Para 4 was used to find out  

a. Maximum rainfall contribution 
b. Minimum rainfall contribution 
c. Average rainfall component 

Values of (a), (b) and (c) came out to be 20 %, 1 % and 5 % of the total inflow 
volume respectively. 

As already mentioned in Para 4 the average rain contributed volume comes to 2.6 
maf, while the average rainfall comes to 28.61”. This gives a rainfall to run off 
conversion factor of 0.91 (rainfall in mm while the volume is in maf). 

Since the actual rain forecast for the monsoon rainfall for the monsoon fed Tarbela 
catchment is not possible six months in advance. So the method perforce assumes 
the average rainfall conditions of the summer monsoon period. Consequently the 
average rainfall contributed volume of 2.6maf is added into the snow melt computed 
volume using the relationship given above.  

The total Tarbela inflow forecast volume = Snow melt inflow volume + 2.6 

Evaluation of the results of the study and discussion of the error sources 
The actual and computed Tarbela inflow volumes are placed together for 
comparison as shown in Fig 5. The maximum error of 26% occurs in case of the 
year 1984 followed by those for the years 2004 and 1990, which rained at 21% and 
13% respectively. Apart from these three cases all other cases are within 5% of the 
actual. Thus the overall accuracy is very good. The three error cases were critically 
examined. 

The 1984 case is the one in which the abnormally high rainfall occurred during 
monsoon period causing abnormally higher rainfall component. 

Similar was the situation in the year 1990. In case of the year 2004 however the 
reverse happened and the actual rainfall remained much below normal. 

In view of the above it follows that the method yields quite acceptable results which 
are expected to be well within 10% of actual. Only in case of large scale variation of 
rainfall from normal the error may reach 20% or may even exceed a little. 
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Provision for the abnormal summer rainfall. 
Obviously the long range prediction of abnormal rain and temperature is not 
possible at the moment. 

In case it becomes possible to forecast the summer monsoon rainfall of the lower 
Tarbela catchment with reasonable reliability. Then the normal rainfall contributed 
volume shall be changed by the percentage of the change from the normal in 
accordance with the forecast.  

Evaluation of the results of the monthly volume forecast 
Generally speaking the monthly forecast is not as good as the seasonal forecast. This 
is because the rainfall and temperature variation is much more during a monthly 
period as compared to the seasonal. Temperature and rainfall variations tend to 
balance out when the extended period of six months is considered. As an example if 
the snowmelt becomes greater during the early monsoon period it shall tend to slow 
down towards the end period and vice versa. 

The seasonal relationships for June, August and September was relatively easier to 
drive. While in case of April, May and July was faced considerable problem. 

Relationship for May was the most difficult one and came out to be the only 
relationship for which the use of temperature became necessary. No other variable 
could fit into the equation. Despite the best possible efforts the May forecast for all 
the years (Fig 7) indicates three cases of large anomaly. There are the years 1981, 
1990 and 1999. Out of these the forecast error for the year 1990 is much too large 
being about 50%. Apart from the few such cases the result is mostly well within 
acceptable limit. April is much better and except for the year 1981 all the other 
years are within the acceptable limits of accuracy. 

Forecast for the month of June (Fig. 8) indicates only two cases of bit greater 
anomaly. This is not bad since most of the cases lie within 10% accuracy limit. July 
is much better since in this case all errors remained below 20%, while in most cases 
error was limited to within 5-10% range. August and September monthly forecast 
was exceptionally good since the error remained below 10% for all the cases. 

Second (Normal Ratio) Method 
An attempt was made to estimate the monthly inflow volumes in relation to the total 
inflow volume of the Kharif season and percentage ratios of each month’s volume to the 
total Kharif season volume was found out. The monthly percentage ratios are as given 
below  

April    4% 
May    9.2% 
June   18.1% 
July    28.6%  
August    27.5%  
September   12.5% 

The total inflow volume as computed in accordance with the procedure given earlier 
was distributed into each moth in accordance with the ratios mentioned above. 
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This method provides a rough monthly distribution based essentially upon the normal 
summer (monsoon) conditions and thus provides a fairly good counter check the values 
computed by using Method I. One advantage of the normal ratio method is that it does 
not call for the data of March inflow volumes or that of April temperature and thus 
enables the estimation of the monthly inflow volumes of all months immediately at the 
beginning of the Kharif season. 

Conclusion 
Seasonal and monthly forecast computed on the basis of the seven regression equations 
(one for the seasonal forecast and six for the monthly forecast from April to September) 
fulfill the criterion of the limits of acceptable accuracy. The only exception is the month 
of May in which few cases of unacceptably large errors have been encountered. Thus 
generally speaking the methodology developed through the study project provides set of 
easily usable equations based upon the readily available meteorological data to yield the 
seasonal and monthly forecast. The method when used along with the similar method 
developed for Mangla shall provide an advanced knowledge of the total inflow volume 
expected into the country’s two major reservoirs of Mangla and Tarbela. The 
information shall provide sound scientific base for the planning of irrigation and power 
operations. 

References 
Snow & Ice hydrology report 1986 (WAPDA), Runoff forecasting for the Jhelum river 
basin, 142-146.   

Snow & Ice hydrology report 1986, Snow melts Hydrology of Hunza river basin. 

 



Pakistan Journal of Meteorology  Vol 5, Issue10 
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Abstract 
Climate Change is one of the major factors affecting snow cover distribution. Precipitation in the 
form of snow, glacier melting, and rainfall are the major contributors to the ground water. Snow 
monitoring, mapping, estimation, and analysis of snowmelt runoff is time consuming and an 
intricate process if performed through traditional means. However, the spatial analysis of snow 
cover area using satellite data is an attractive and effective method. Additionally, the synoptic 
coverage of satellite sensors offers temporal change detection benefit as well. This study is 
conducted to analyze the impact of climate variability on snow cover in Northern areas of 
Pakistan. Satellite data archived from Moderate Resolution Imaging Spectroradiometer 
(MODIS) is used in this study. In addition elevation data from Shuttle Radar Topographic 
Mission (SRTM) is used for the production of Digital Elevation Model (DEM). The temporal 
snow cover is derived from Normalized Difference Snow Index (NDSI). Temperature data of 
various years is being used to identify the impact of climate variability on snow cover. Temporal 
analysis of snow cover using spatial analysis tools revealed variations in snow cover of the study 
area during different months of 2000 and 2006 data. 

Key Words: MODIS, SRTM, DEM, NDSI 

Introduction 
Snow cover is a crucial hydrological parameter in the global water cycle. By influencing 
directly the dynamics of the global water cycle, snow cover has control on climate 
through its effect on energy budget at the surface and lower atmospheric levels (Cohen, 
1994). The duration of snow cover for a region, regardless of snow depth, is a sign of 
climate condition (Leathers and Luf, 1997, Butt and Kelly 2008). The impact of snow 
cover on climate is intricate due to its reaction with the air temperature (Brown, 2000, 
Butt 2007) and is a major factor in the study of global climate change (Foster and 
Chang, 1993, Butt  2006, Almas et al 2004). 

In 1960 remote sensing added a new dimension to the snow cover mapping. Early 
meteorological satellites used visible and near-infrared bands to identify the snow cover 
and since 1978 passive microwave technology has also provided maps of snow cover 
(Hall et al 2002). Visible and near-infrared region derived snow maps produced both 
good spatial and temporal resolution, but requires a clear sky since the radiation in this 
part of the spectrum cannot penetrate clouds. The passive microwave technique, on the 
other hand, can penetrate cloud cover and is able to estimate snow cover, snow depth, 
and snow water equivalent, but has a coarse spatial resolution (Hall et al., 2002). More 
then 30% of the earth is covered with seasonal snow whereas 10% of the earth is 
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permanently covered with glaciers. These glaciers play a vital role to runoff in rivers 
since more then 80% fresh water requirement is accomplished with the snowmelt runoff 
water (Dozier, 1989). 

Glaciers are treated as natural lakes. Fresh snow falls on these glaciers in winter season 
(September – February) and melts in summer season (March – August), thus meets the 
water requirements of the country. In Pakistan most of the dams depend on snow melt 
water. In past few years snow depletion is high due to climate variability. Thus in this 
research our main objective is to study the impact of climate on snow cover. Snowmelt 
from mountains is the primary source of reservoir capacity management, electric power 
generation, irrigation practices in Pakistan. It is therefore very important to study snow 
pack characteristics. 

Climate is the average weather usually taken over a 30 year time period for a particular 
area or region. Elements of climate are precipitation, temperature, pressure, variability 
of rainfall, efficiency of precipitation, humidity, sunshine, wind velocity etc. According 
to Intergovernmental Panel on Climate Change (IPCC) the exact boundaries of climate 
and weather are not defined and it entirely depends upon application. Climate is 
controlled with latitudes, incoming solar radiation, distribution of land, water masses, 
altitudes, topography and location of area in relation to ocean currents. It has been 
observed that the average global temperature increased by 0.5°C from 1900 to 1945 but 
decreased in the next 25 years. However, the rise in temperature has been observed 
since then with 1998 being the warmest year of the past one thousand years whilst 20th 
century being the warmest century during the last one thousand years. The climate of 
Pakistan is one of the major climates of the world due to the monsoon region and 
variable latitude, altitude and localized relief. The winds in summer are south-west to 
north-east and west to north-east in winter. 

Glacial area of Pakistan covers approximately 13700 km² which is the 13% of the 
mountains of the upper Indus Basin. The glaciers in the Himalayas are reducing faster 
than any other part of the world, if glaciers would reduce with current rate then it would 
be disappeared by the year 2035 (Rees et al. 2005). Changes in the depth of mountain 
glaciers and their melting patterns will have massive impact on water resources because 
the country’s 70% of fresh water depends upon these glaciers and snow melting in the 
high mountains of Himalaya and Hindu Kush. Some of the largest glaciers as given in 
table 1 of the world outside the Polar Regions also situated in the Northern areas of 
Pakistan. 

Pakistan is situated in the heart of the South Asia and it is located between 24° to 37° 
North latitude and 61° to 78 °East longitude. The area of Pakistan is 796096 km2. Land 
borders of Pakistan are 2640 Kilometers with Afghanistan to the northwest, 532 
Kilometers with China to the northeast, 2912 Kilometers with India to the east and 909 
kilometers with Iran to the southwest. Northern areas of Pakistan have larger spatial 
distribution, diversified topography comprised of districts of Chitral, Dir, Swat, 
Sakardu, Gilgit, Kohistan, Mansehra, Batagram, Bunair, Malakand, Abbottabad and 
Azad Kashmir as shown in figure 1. The study area in this research is located between 
33° to 38° Northern Latitude and 71° to 78° Eastern longitudes comprising of sub-
mountains to high mountainous areas. High mountains compromises of Himalayan, 
HinduKush and Karakoram, which includes some famous peaks of the world including 
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Gashbroom II(K-2) and Nanga-Parbat, which are over 7000 meters (23000 ft) high and 
covered with snow. There are also western mountains separated by the Kabul River 
from the northern mountains area. Western highlands are dry and lower hills than the 
northern mountains of Pakistan. 

Table 1: Major glaciers of Northern Pakistan 

 
Glacier Name Length in KM Surface area (Km²) 

Siachin 75 1167 

Biafo 68 620 

Baltoro 62 748 

Batura 59 287 

Hispar 53 615 

Kondus 47 307 

Rimo 45 504 

Panmah 44 474 

Braldu 35 200 

Bilafound 23 149 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Study Area of Northern Pakistan 
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Data 
Moderate Resolution Imaging Spectrorediometer (MODIS) instrument has been 
designed in 1995 by NASA and successfully launched onboard the Terra satellite on 18 
December 1999. Llater on Aqua Satellite was also launched on 4th May 2002. MODIS 
collected its first scientific data on 24 February 2000 (Hall et al, 2002, Butt 2001). 
MODIS is especially designed to cover earth globally both on high and low latitude. 
MODIS has higher spatial resolution and increase spectral bands which can give better 
results for snow cover mapping comparing to its counterpart for example, Advanced 
Very High Resolution Radiometer (AVHRR). The MODIS snow cover algorithm 
depends on the high reflectance of snow in the visible band (band 4 with wavelength 
0.545–0.565 µm) and low reflectance in the near infrared band (band 6 with wavelength 
1.628–1.652 µm). Both the band 4 and band 6 are used to calculate the Normalized 
Difference Snow Index (NDSI) (Hall et al., 1995, Butt 2002). MODIS data of different 
months for the year 2000 and 2006 is used in this study. Similarly, SRTM data is 
retrieved from NASA web page whilst temperature data is obtained from Pakistan 
Meteorological Department (PMD). The elevation data used in this study is the 90 m 
resolution (3-arc SRTM). SRTM1 files contain 3601 lines and 3601 samples however 
SRTM3 files contain 1201 lines and 1201 samples. One SRTM Data tile has an 
approximate coverage of 12205.5168 km² (approx. 111.04 km x 109.92 km). The 
Digital Elevation Model (DEM) base on SRTM data is shown in figure 2. Average 
temperature data along with station names for the year 2000 and 2006 is given in Table 
2. 

Figure 2: Digital Elevation Model extracted from SRTM data 
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Table 2: Average temperature records of Northern Pakistan as obtained from PMD 
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Jan-00 14.1 12 12.9 11.3 13.4 14.9 14.4 16.6 1.8 10.9 10.6 3.6 12.7 

Feb-00 14.5 10.8 11.5 10.8 12.6 15.6 15.9 18.4 3.4 12.6 13.3 2.9 14.6 

Mar-00 20.4 16.8 16.8 17.1 19 21.5 22.6 24.1 11.9 19.1 19.3 9.5 20.5 

Apr-00 28.9 26.4 26.5 26.9 27.2 30.8 31.6 32.7 20.1 25.9 26.5 17.5 28 

May-00 35.4 34.2 32.9 35.5 33.9 37.1 37.6 38.9 27.5 33.7 34.9 24.9 37.3 

Jun-00 34 35 32.7 36.5 32.3 36.8 36.6 37.4 29.3 34.3 35.2 25.3 37.8 

Jul-00 30.5 35.7 31.2 36.4 29 34 32.5 33.5 30.3 34.9 34.6 26.4 38.1 

Aug-00 30.5 35.7 31.6 36.4 28.9 34.2 33 33.8 29.6 34.8 35.3 26.5 38.2 

Sep-00 30 32.4 28.8 33.3 27.8 32.3 31.4 32.6 26.9 31.8 32.9 23.9 35 

Oct-00 28.4 28.6 25.9 29.1 27.3 31.1 29.6 31.7 21 26.6 27.8 19.8 29.7 

Nov-00 22.1 17.6 19.1 17.7 20.9 22.9 22.7 24.7 13.3 19.4 19.9 12.1 21.5 

Dec-00 18.4 13.3 15.5 12.8 17 18.3 19.1 21.7 4.5 13.1 12.9 5.7 14.9 

Jan-06 13.2 8.8 9.8 7.6 12 13.9 13.4 13.2 2.1 9.3 8.5 1.7 10.5 

Feb-06 20.2 16 17.4 16.7 18.6 21.6 20.3 21.2 9.2 16.5 16.9 8.5 18.1 

Mar-06 20.7 18.3 17.7 18.4 18.4 21.7 20.9 22.7 13.9 19.9 20.3 10.7 21.5 

Apr-06 27.7 24.5 24.5 24.5 25.1 28.9 26.6 30.4 18.1 24.4 24.9 14.8 27.3 

May-06 34.8 34.8 33.4 36 32.7 37.3 36.8 38.4 27.2 32.6 34 24.5 36.3 

Jun-06 34.3 34.6 33.4 35.3 31.9 36.5 36.4 36.3 27.8 31.8 32.3 24.4 35.8 

Jul-06 33 37.3 32.4 38.5 30 35.6 35.8 35.6 33.1 37 36.8 29.3 40.9 

Aug-60 31 34.8 30.9 36.5 27.9 33.4 32.3 33.2 30.6 32.7 32.5 26.1 37 

Sep-06 31.1 31.4 30.3 33.2 28.5 33.1 32.9 33.8 26.8 30.9 30.1 23.3 35 

Oct-06 28.2 28.6 28 30.1 26.2 30.4 29.6 30.9 21.8 26.3 27.2 18.8 31.6 

Nov-06 20.3 18.1 18.2 18.9 18.5 21.2 20.4 22.2 13.8 18.9 19 11.2 22 

Dec-06 15.5 9.6 11.2 9.5 13.1 14.5 16.4 16.8 5.6 11.5 11.2 4.1 13.2 
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Methodology 
Snow can be identified using model known as Normalized Difference Snow Index 
(NDSI) and Normalized difference vegetation index (NDVI) (Klein et al., 1997, Butt 
and Kelly 1999). NDVI and NDSI are used together to distinguish between snow-free 
and snow-covered forests. NDSI take advantage of the fact that reflectance of snow is 
very high in visible part of spectrum and has very low approximately zero near short-
wave infrared portion of spectrum (Nolin & Liang, 2000, Butt and Kelly 1998). The use 
of reflectance improves the identification of snow cover due to the incoming solar 
radiation and the effect of sun angle. In case of MODIS data NDSI is defined as the 
difference of reflectance observed in visible band (band 4) and shortwave infrared band 
(band 6) divided by the sum of the reflections of both the bands as given in equation 1. 

( )
( )64

64
BandBand
BandBandNDSI

+
−

=
     (1) 

MODIS pixels with NDSI value greater than or equal to 0.40 are considered as snow. In 
general, snow is characterized by higher NDSI values than other surface types. 

Results and Discussions 
For presence of snow with NDSI as given in equation 1, the minimum threshold used is 
NDSI > 0.40. the maximum snow observed for the year 2000 using NDSI criteria is in 
the month of February (284373 pixels) and December (290633 pixels) whilst the 
minimum snow was found in the months of June (48498 pixels), July (32325 pixels), 
August (43394 pixels) and September (42997 pixels). Similarly, for the year 2006 the 
maximum snow found is in the month of January (298813 pixels) and December 
(282307 pixels) whilst the minimum snow was found for the months of August (25920 
pixels) and September (43509 pixels). In order to separate snow from water band 2 
reflectance values are used. Thus the pixels which have reflectance values greater than 
11 % in band 2 are considered as possible snow areas while pixels with less than or 
equal to 11 % are treated as water. Based on the second criteria the maximum 
reflectance for the year 2000 is in the months of March (254688 pixels) and April 
(256775 pixels) while the minimum reflectance is in the month of September (54316 
Pixels). Similarly, for the year 2006 the maximum reflectance is in the month of May 
(282294 Pixels) while minimum reflectance is in the month of November (62664 
Pixels). In addition to the above criterion another criteria is used in this study in order to 
map snow cover area. If the reflectance in band 4 is less than 11 % the pixel is not 
mapped as snow area. Using this criteria the maximum reflectance is observed in the 
month of March (260552 Pixels) and April (262551 Pixels) while the minimum 
reflectance is found in the month of September (59593 pixels) 2000 data. Similarly, for 
the year 2006 the maximum reflectance is found in the months of February (254880 
pixels), March (246681 pixels) and May (242286 pixels) whilst the minimum 
reflectance is observed in the month of November (69787 pixels). Table 3 shows results 
for all three criterion used in this study for the 2000 and 2006 MODIS data. The first 
column shows the months and year for which MODIS data is used, second column 
indicates the number of pixel having snow after applying the first criteria, third column 
gives the number of pixel with snow after applying second criteria, fourth column shows 
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the number of pixels snow present after applying third criteria, fifth column gives the 
number of pixels with snow after using the intersection of three criterion, sixth column 
indicates the snow area in square kilometer and last column shows the percentage of 
area representing snow in one MODIS scene. Similarly, the comparison of snow surface 
area and average physical temperature for different months of year 2000 and 2006 are 
shown in figures 3 and 4 respectively. It is evident from figure 3 and 4 that the snow 
area reduced with an increase in temperature. Similarly, figure 5 shows a comparison of 
elevation with snow covered area. It is evident from figure 5 that the area with high 
elevation has more snow as compared to low elevations. 

Table 3: Comparison of snow covered area for the year 2000 & 2006 

Months Pixel 
value~0.4 

Reflectance 
in Band2 > 

11% 

Reflectance 
in Band4 > 

10% 

No of snow 
Pixels 

Snow 
covered area 

Km² 

Area in 
percentag

e 
Feb-00 284373 214460 243628 212318 71875.36717 27. 73% 

Mar-00 242646 254688 260552 231490 80016.49341 30.91% 

Apr-00 249304 256775 262551 239483 78548.00733 30.32% 

May-00 183083 183957 196466 174774 58580.71078 22.63% 

Jun-00 48498 166182 179559 41809 13753.97243 5.30% 

Jul-00 32325 164424 175371 25003 8228.06057 3.17% 

Aug-00 43394 110959 84581 32053 10487.69394 4.05% 

Sep-00 42997 54316 59593 23033 7715.21422 2.99% 

Oct-00 103286 97995 118268 69952 23266.05675 8.96% 

Nov-00 58035 70680 94296 35193 11585.31466 4.46% 

Dec-00 290633 170089 215447 155413 51109.89034 19.70% 

Jan-06 298813 227042 237576 215701 70444.13892 27.19% 

Feb-06 273584 241316 254880 228977 75554.5492 29.11% 

Mar-06 262221 239056 246681 234418 78265.9964 30.22% 

Apr-06 215823 237571 224894 209927 70187.73671 27.11% 

May-06 151707 282294 242286 150377 49853.32184 19.22% 

Jun-06 85075 211370 125534 80755 26811.22539 10.33% 

Jul-06 61107 128018 115408 49416 1638 2.56143 6.32% 

Aug-06 25920 169621 110424 21276 7130.44202 2.76% 

Sep-06 43509 102076 75153 34589 11714.23965 4.52% 

Oct-06 97056 90310 91758 69996 22956.89795 5.07% 

Nov-06 118663 62664 69787 60110 19690.28282 7.6% 

Dec-06 282307 174247 184599 155698 51172.11677 19.73% 
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Figure 3: Snow surface area for the year 2000 and 2006 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Comparison of average temperature for the year 2000 & 2006 

 

 

 

 

 

 

 

 

 

 

 

 

 

 60



Issue 10 Mohsin Jamil and M. Farooq Iqbal  

 

Figure 5: Comparison of elevation with snow covered area 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Conclusions 
Twenty three temporal MODIS satellite images have been selected for both the years to 
identify the climate variability in snow covered areas. NDSI is used to estimate the snow 
covered area in the Northern Pakistan. All the three criteria have different results for 
snow pixels. It is evident from this work that in summer 2006 temperature has increased 
from that of summer 2000 whilst during winter of 2006 the temperature has reduced 
from that of winter 2000. This pattern concluded that the temperature has been 
increasing from summer 2000 to summer 2006 while decreasing from winter 2000 to 
2006. This trend is also evident from figure 3 and 4 which shows that the daily 
temperature is an important parameter in the snow cover area. However there are many 
other factors that effect snow pack distribution. If we compare the snow covered area for 
the year 2000 and 2006 then we observe that Results show no massive change in snow 
covered area in these six years. It is also evident from this study that from 2000 to 2006 
temperature is increasing rapidly in summer and reducing in winter, as an indication of 
extreme weather conditions both in summer and winter. Rising temperature causes snow 
to melt in the early spring and changes the runoff timings/volume. Changes in snow 
melt pattern also affect the freshwater, natural system, hydropower generation and 
agriculture. Increasing temperature in winter season causes more rain instead of snow. 
By comparing the contours of elevation data with snow covered area as shown in figure 
5, we observe that area with high elevation has more snow pack as compared to low 
elevations again the reason is associated with increase in temperature. 
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Development of a Weather-Type Classification Scheme for 
Karachi by using Multivariate Techniques 

Naeem Sadiq*

Abstract 
Weather typing or categorization continues to be popular and numerous methods have been 
developed over the past century for this investigation. This paper attempts to classify the types of 
weather for Karachi on the basis of diurnal data according to seasonal classification. The idea 
of using weather classification in climate change research is inspired by both uncertainties 
accompanying climate simulation on a regional scale, and the conflicting results of examining 
long-term instrumental series by traditional statistical methods. Multivariate techniques of 
Principal component analysis and Cluster analysis are used to obtained different types of 
weather for each season separately. Calculations show that we have 14, 5, 8, 7 and 8 different 
weather types for Monsoon, winter, summer, spring and autumn seasons respectively. Noticeable 
greater variations came into view for monsoon season and winter appears as least varied season. 
The aim of this research is to investigate the properties of the adopted clustering procedure, the 
consequences of the modifications introduced, and the physical interpretation of the weather 
types in terms of meteorological variables.  

Key Words: Weather Typing, Principal Component Analysis, Cluster Analysis

Introduction 
In general, there was an approach, in which after circulation pattern classification, local 
weather elements were related to them (Barry and Perry, 1973; Yarnal and White, 1987) 
while Christensen and Bryson (1966) used only surface meteorological parameters for 
the same classification and avoid the stage of circulation typing. Old methods of 
statistics (Houghton et al., 1990) produce inconsistent results of examining long term 
instrumental sequence and create uncertainty of climate simulations on a regional scale. 

Kalkstein et al. (1990) used very different approach in this regard. In his study of air 
masses he used principle component analysis for the reduction of variable parameters 
and then apply clustering procedure in order to create weather types i.e. with similar 
weather, for example Kalkstein and Corrigan (1986) and Stone (1989). The recent 
increased interest in the procedure is especially for the purpose of understanding 
possible implications of climate change, has stimulate greater in number and better 
weather typing schemes (Huth et al., 1993). 

Data 
To obtain weather types following variables are used in the study on diurnal basis: 
Precipitation amount (Ppt), Temperature {both maximum (Tx) and minimum (Tn)}, 
Relative humidity (Rh), cloud amount (Cl), and wind speed (Ws). Data used in the study 
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comprises of 16 years that is for the period of 1990 to 2005 inclusive, which is 
sufficiently long enough period of time to produce a reliable and representative weather 
types for Karachi. Thus we have 5840 data points of each of six parameters (i.e. data set 
consists of 6 variables and 5840 days). All the meteorological data used in this weather 
type study is provided by Pakistan Meteorological Department, Karachi. All parameters 
are in their standard units (i.e. precipitation amount in mm, temperatures in degrees 
Celsius, relative humidity in percent, amount of cloud in Oktas and wind speed in 
Knots). 

In this paper weather types are obtained and analyzed according to the seasonal 
classification of Karachi (Sadiq, 2007), which is summarizes in Table 1.  

Table 1:  Seasonal Classification 

# Period of Months Seasons 

1 Mid of December to February Winter 

2 March to Mid April Transitional (Spring) 

3 Mid of April to June Summer (first) 

4 July to Initial September Monsoon 

5 September to october Summer (second) 

6 November to Mid of December Transitional (Autumn) 

 

Principal Component Analysis 
Principal components analysis (PCA) is a procedure for finding hypothetical variables 
(components), which account for as much of the variance in multidimensional data as 
possible (Davis et al.1986, Harper 1999). These new variables are linear combinations 
of the original variables (Johnson and Wichern, 1998).  

The PCA routine finds the eigenvalues and eigenvectors of the variance-covariance 
matrix or the correlation matrix. Either choose var-covar if all variables are measured in 
the same units (e.g. centimeters) or choose correlation (normalized var-covar) if 
variables are measured in different units. This implies normalizing all variables using 
division by their standard deviations (Hair et. al., 1998). The eigenvalues, giving a 
measure of the variance accounted for by the corresponding eigenvectors (components) 
are given for all components. The percentages of variance accounted for by these 
components are also given.  

Analytical Approach

Assuming that there are p variables and we are interested in forming the following p 
linear combinations: 
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Where ξ1, ξ2,…ξp are the p principal components and wij is the weight of the jth 
variable for the ith principal component. The weights, wij, are estimated such that: 

 

i. The first principal component ξ1, accounts for the maximum variance in the 
data, the second principal component, ξ2, accounts for the maximum variance 
that has not been accounted for by the first principal component, and so on. 

ii.    i = 1,2,…, p  (2) 1... 22
2

2
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iii.    for all i  ≠ j  (3) 1... 22
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The condition of Eq. 1 requires that the squares of the weights sum to one and is 
somewhat arbitrary. The condition of Eq. 3 ensures that the new axes are orthogonal 
to each other.  

Cluster Analysis 
Cluster analysis identifies and classifies variables on the basis of the similarity of the 
characteristics they possess. It seeks to minimize within-group variance and maximize 
between-group variance. The result of cluster analysis is a number of heterogeneous 
groups with homogeneous contents (Aldenderfer and Blashfield, 1984). There are 
substantial differences between the groups, but the individuals within a single group are 
similar. 

Data may be thought of as points in a space where the axes correspond to the variables. 
Cluster analysis divides the space into regions characteristic of groups that it finds in the 
data. Euclidean distance (d) is appropriate for variables that are uncorrelated and have 
equal variances. This distance (between rows) is a robust and widely applicable 
measure. Values are divided by the square root of the number of variables. The formula 
for computing Euclidean distance for p variables is given by 
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where Dij is the distance between subjects i and j , xik is the value of the kth variable for 
the ith  subject, xjk is the value of the kth variable for the jth subject, and p is number of 
variable (Sharma, 1996). 

An algorithm for partitioning (or clustering) N data points into K disjoint subsets Sj 
containing Nj data points so as to minimize the sum-of-squares criterion  
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where xn is a vector representing the nth data point and µj is the geometric centroid of the 
data points in sj. In general, the algorithm does not achieve a global minimum of J over 
the assignments. In fact, since the algorithm uses discrete assignment rather than a set of 
continuous parameters, the "minimum" it reaches cannot even be properly called a local 
minimum. Despite these limitations, the algorithm is used fairly frequently as a result of 
its ease of implementation.  

The algorithm consists of a simple re-estimation procedure as follows. Initially, the data 
points are assigned at random to the k sets. For step 1, the centroid is computed for each 
set. In step 2, every point is assigned to the cluster whose centroid is closest to that 
point. These two steps are alternated until a stopping criterion is met, i.e., when there is 
no further change in the assignment of the data points. 

Correlations 
To check the suitability of the data, correlations performed. The correlation matrices 
indicate the interdependence of the variables (cf. Tables 2-6). It suggests that 
meteorological variables are sufficiently correlated to each other. Some prominent 
correlations regarding these computations are summarizing as follows: 

(a) Monsoon Season 

Correlations of cloud cover with relative humidity and minimum temperature with 
maximum temperature are same i.e. 0.51 for the both relations. 

Table 2: Correlations (Pearson) for Monsoon 

 
Relative 
humidity 

Max 
Temperature 

Wind 
Speed 

Cloud 
cover Rainfall 

Max temperature -0.19     

Wind Speed -0.13 -0.06    

Cloud cover 0.51 -0.17 0.02   

Rainfall 0.27 -0.03 -0.21 0.12  

Min temperature -0.22 0.51 0.10 -0.09 -0.22 

 

 68

http://mathworld.wolfram.com/GeometricCentroid.html
http://mathworld.wolfram.com/GlobalMinimum.html
http://mathworld.wolfram.com/LocalMinimum.html
http://mathworld.wolfram.com/LocalMinimum.html


Issue 10 Naeem Sadiq  

 69

 

(b) Winter Season 
Minimum temperature with maximum temperature has a correlation of 0.45 while 
cloud cover with relative humidity and minimum temperature are 0.33 and 0.36 
respectively. 

Table 3: Correlations (Pearson) for winter 

 
Relative 
humidity 

Maximum 
temperature 

Wind 
Speed 

Cloud 
cover Rainfall 

Max temperature 0.11     

Wind Speed 0.09 0.04    

Cloud cover 0.33 0.00 -0.03   

Rainfall 0.08 -0.17 0.08 0.07  

Min temperature 0.36 0.45 0.22 0.22 0.05 

 

 

(c) Summer Season 
Correlations of relative humidity with maximum temperature, wind speed, cloud 
cover and minimum temperature are comes out with        the values of -0.44, 0.34, 
0.43 and 0.53 respectively while minimum temperature with wind speed and cloud 
cover are 0.46 and 0.34 respectively. 

Table 4: Correlation (Pearson) for summer 

 
Relative 
humidity 

Maximum 
temperature 

Wind 
Speed 

Cloud 
cover Rainfall 

Max temperature -0.44     

Wind Speed 0.34 -0.15    

Cloud cover 0.43 -0.28 0.24   

Rainfall 0.07 -0.04 -0.04 0.11  

Min temperature 0.53 -0.00 0.46 0.34 -0.04 

 

(d) Spring Season 
Minimum temperature with relative humidity, maximum temperature and wind 
speed has correlations of 0.35, 0.40 and 0.37 respectively. 
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Table 5:  Correlation (Pearson) for spring 

 
Relative 
humidity 

Maximum 
temperature 

Wind 
Speed 

Cloud 
cover Rainfall 

Max temperature -0.21     

Wind Speed 0.26 0.03    

Cloud cover 0.26 -0.22 -0.00   

Rainfall 0.08 -0.10 -0.05 0.06  

Min temperature 0.35 0.40 0.37 -0.01 -0.01 

(e) Autumn Season 
Correlation of minimum temperature with maximum temperature is found 0.51. 

Table 6:  Correlation (Pearson) for Autum 

 
Relative 
humidity 

Maximum 
temperature 

Wind 
Speed 

Cloud 
cover Rainfall 

Max temperature 0.02     

Wind Speed 0.21 0.024    

Cloud cover 0.06 -0.18 -0.01   

Rainfall  0.1 -0.18 0.06 0.11  

Min temperature 0.27 0.51 0.25 0.02 0.03 

 

Identification of Weather Types 
The aim of principal component analysis (PCA) before clustering procedure is to 
convert the input variables into uncorrelated components. It is applied to enhance the 
disconnecting power of the method. In this connection unrotated factor loadings and 
communalities for each season (cf. Tables 7-11) are calculated. The resulting percentage 
variance, unrotated factor loadings and communalities for each season suggested four 
and five statistically significant components for the monsoon and other seasons 
respectively, for the further process.  
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Table 7: Unrotated Factor Loadings and Communalities, Monsoon 

Variable Factor1 Factor2 Factor3 Factor4 Factor5 Factor6 

Relative humidity -0.74 -0.30 0.33 0.08 0.43 -0.24 

Max Temperature 0.59 -0.65 0.10 -0.12 0.26 0.36 

Wind Speed 0.21 0.55 0.57 -0.56 0.12 0.02 

Cloud cover -0.6 -0.19 0.63 0.12 -0.33 0.27 

Precipitation -0.49 -0.44 -0.35 -0.64 -0.17 -0.07 

Min temperature 0.66 -0.43 0.41 0.02 -0.22 -0.40 

Variance 1.98 1.23 1.13 0.76 0.46 0.43 

% Variance 0.33 0.21 0.19 0.13 0.08 0.07 

 
Table 8: Unrotated Factor Loadings and Communalities, winter 

Variable Factor1 Factor2 Factor3 Factor4 Factor5 Factor6 

Relative humidity -0.68 -0.33 -0.18 -0.14 -0.60 0.14 

Max Temperature -0.55 0.65 -0.04 0.34 0.11 0.38 

Wind Speed -0.32 -0.01 0.80 -0.48 0.12 0.13 

Cloud cover -0.49 -0.47 -0.48 -0.23 0.50 0.10 

Precipitation -0.08 -0.68 0.40 0.60 0.07 0.1 

Min Temperature -0.83 0.17 0.12 0.16 0.07 -0.48 

Variance 1.81 1.23 1.07 0.81 0.64 0.43 

% Variance 0.30 0.21 0.18 0.13 0.11 0.07 

 
Table 9: Unrotated Factor Loadings and Communalities, summer 

Variable Factor1 Factor2 Factor3 Factor4 Factor5 Factor6 

Relative humidity 0.84 0.12 0.09 -0.04 -0.40 -0.34 

Max Temperature -0.49 -0.56 -0.58 -0.23 0.01 -0.24 

Wind Speed 0.64 -0.38 -0.07 0.54 0.37 -0.09 

Cloud cover 0.68 0.22 -0.09 -0.52 0.46 -0.01 

Precipitation 0.07 0.64 -0.72 0.23 -0.05 0.04 

Min Temperature 0.72 -0.45 -0.27 -0.11 -0.28 0.32 

Variance 2.34 1.14 0.95 0.69 0.59 0.29 

% Variance 0.39 0.19 0.16 0.11 0.10 0.05 
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Table 10: Unrotated Factor Loadings and Communalities, spring 

Variable Factor1 Factor2 Factor3 Factor4 Factor5 Factor6 

Relative humidity 0.65 0.54 -0.03 0.02 0.46 -0.28 

Max Temperature 0.27 -0.78 0.2 -0.40 -0.10 -0.32 

Wind Speed 0.69 -0.00 -0.17 0.49 -0.49 -0.09 

Cloud cover 0.14 0.66 -0.15 -0.62 -0.38 0.01 

Precipitation -0.01 0.32 0.93 0.11 -0.13 -0.01 

Min Temperature 0.84 -0.26 0.13 -0.18 0.14 0.39 

Variance 1.70 1.51 0.97 0.84 0.64 0.33 

% Variance 0.28 0.25 0.16 0.14 0.11 0.06 

 
Table 11: Unrotated Factor Loadings and Communalities, Autumn 

Variable Factor1 Factor2 Factor3 Factor4 Factor5 Factor6 

Relative humidity -0.47  0.51  0.11  0.19  0.68  0.11 

Max Temperature -0.70 -0.49 -0.26 -0.19 -0.06  0.39 

Wind Speed -0.47  0.38  0.52  0.32 -0.50  0.11 

Cloud cover  0.13  0.54 -0.73  0.33 -0.21  0.10 

Precipitation  0.05  0.64  0.03 -0.75 -0.10  0.09 

Min  Temperature -0.86  0.03 -0.24 -0.12 -0.09 -0.42 

Variance  1.70  1.34  0.94  0.86  0.77  0.38 

% Variance  0.28  0.22  0.16  0.14  0.13  0.06 

 

PCs altogether accounting for more than 86% of the total variance in the diurnal data for 
monsoon while winter, summer, spring and autumn seasons acquired 93%, 95% 94%, 
and 93% respectively for the same. As regards monsoon season (cf. Table 7) relative 
humidity (Rh), maximum temperature (Tx), speed (Ws), cloud (Cl), precipitation (Ppt), 
and minimum temperature (Tn) shows the dominant values of –0.74, -0.65, 0.57, 0.63 –
0.49, 0.66, for factor 1 (f1), factor 2 (f2), factor 3 (f3), factor 3 (f3), factor 1 (f1) and 
factor 1(f1). For winter season (cf. Table 8) the mentioned meteorological variables get 
the dominant values of –0.68, 0.65, 0.80, 0.50, -0.68, -0.83 for f1, f2, f3, f5, f2 and f1 
respectively. Aimed at summer, spring and autumn seasons (cf. Table 9-12) 
domineering values of 0.84, -0.58, 0.64, 0.68, -0.72, 0.72 for f1, f3, f1, f1, f3, f1; 0.65, -
0.78, 0.69, 0.66, 0.93, 0.84 for f1, f2, f1, f2, f3, f1 and 0.68, -0.70, 0.52, -0.73, -0.75, -
0.86 for f5, f1, f3, f3, f4, f1 found respectively. 
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Analysis of Weather Types 
After PCs operation k-mean clustering is applied to obtained different number of 
clusters for each season representing different types of weather (cf. Tables 12-16). 
Clustering analysis show that there are 14, 5, 8, 7 and 8 different weather types in 
monsoon, winter, summer, spring, and autumn seasons respectively. Some features of 
few important clusters/ weather types for each season are summarized in the following 
sub-sections: 

Weather types of Monsoon Season 
Monsoon season is characterized by 14 weather types (cf. Table 12) and these are 
the largest number of types obtain among all seasons, pointing that the monsoon 
comprises much more variations (14 clusters for 1104 days) in its nature than any 
other season for Karachi. First weather type is the rainiest consists of 17 days and 
total amount of rainfall is 845.9 mm in this interval. Such a great amount of rainfall 
within the small period is also signifying the variable nature of this season. It is 
characterized by greatest amount of clouds and maximum relative humidity of 7 
oktas and 80.59 % respectively accompanied by less temperature tendency 
(maximum temperature minus minimum temperature) of 7.88 °C. Oppositely there 
is least rainwater (total 1.8 mm rain in 79 days) in fourth type, which is slightly 
windy (above 6 knots), less cloudy (more than 3 oktas) and least humid (61.42 %) 
behavior. Fifth cluster is the relatively coldest (minimum temperature = 24.02 °C) 
and have second highest rainfall (total 138.4 mm within 40 days) in this season. 
Characteristic wise this cluster is humid (71.72 %) and slightly windy (above 6 
knots) with slightly high temperature tendency (9.15 °C). The fourteenth weather 
type consists of 143 days (biggest cluster), which receives 25.7 mm total rain. This 
weather type is cloudy (6 oktas) with high wind speed (11 knots) and relative humid 
(66.64 %). The temperature tendency in this type is again relatively less (6.60 °C). 
Sixth type is relatively warmest (maximum temperature = 37.70 °C) with slightly 
greater temperature tendency (10.78 °C) with cloudy weather (greater than 6 oktas) 
and sufficient amount of rain (total 105.4 mm rain within 24 days) 

Table 12: 12  K-mean result for monsoon categorization 

# Relative 
Humidity  

Max 
Temp 

Wind 
Speed 

Cloud 
Cover 

Rainfall Total 
Rainfall 

Min 
Temp 

No of 
Clusters 

No. of 
Days 

1 80.59 32.85 4.94 7.00 49.76 845.9 24.97 1 17 

2 70.18 30.76 6.39 7.13 0.63 66.6 25.48 2 106 

3 63.00 32.21 11.75 3.45 0.07 7.3 26.11 3 106 

4 61.42 34.66 6.57 3.18 0.02 1.8 28.1 4 79 

5 71.72 33.18 6.5 5.57 3.46 138.4 24.02 5 40 

6 67.38 37.70 8.33 6.54 4.39 105.4 26.92 6 24 

7 66.56 33.12 15.83 5.88 0.12 9.6 27.50 7 78 

8 67.14 30.75 6.81 4.44 1.66 94.8 27.05 8 57 

9 69.26 35.57 5.13 7.37 0.05 2.1 28.38 9 38 
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# Relative 
Humidity  

Max 
Temp 

Wind 
Speed 

Cloud 
Cover 

Rainfall Total 
Rainfall 

Min 
Temp 

No of 
Clusters 

No. of 
Days 

10 69.47 30.99 11.93 6.98 0.78 97.4 26.59 10 124 

11 62.34 32.99 7.82 0.76 0.15 9.5 26.41 11 62 

12 68.19 32.71 7.23 6.65 0.57 67.1 27.43 12 118 

13 65.29 34.15 10.52 5.56 0.15 17.1 28.54 13 112 

14 66.64 32.96 10.83 6.71 0.18 25.7 26.36 14 143 

  

Weather types of Winter Season  
Winter season is characterized by 5 weather types (cf. Table 13) only and hence 
these are the smallest (only 5 clusters) number of clusters obtain among all seasons. 
It indicates the least varied nature of winter season than any other season for 
Karachi.  

Table 13: K-mean result for winter categorization 

# Relative 
Humidity 

Max 
Temp 

Wind 
Speed 

Cloud 
Cover 

Rainfall Total 
Rainfall 

Min 
Temp 

No of   
Clusters 

No. of 
Days 

1 42.38 29.46 5.43 0.51 0.13 39.1 13.46 1 293 

2 24.92 28.37 4.52 4.79 0.64 117.3 13.21 2 183 

3 24.70 25.89 3.51 0.52 0.17 59.7 11.78 3 359 

4 57.04 26.70 5.69 4.96 0.66 129.0 14.35 4 194 

5 26.64 26.458 10.50 0.70 0.45 76.4 12.98 5 171 

 

Third weather type is the most important, as it is characterized by two significant 
properties i.e. biggest (359 days) and coldest (minimum temperature = 11.77 °C). 
Again this character shows that winter season is least varied in its nature. Other 
properties of this cluster are nominal clouds (less than 1 okta), less humidity (24.70 
%), greater temperature tendency (14.12 °C) and nominal rain rainfall  (59.7 mm in 
359 days). First weather type is relatively hottest (maximum temperature = 29.45 
°C) with high temperature tendency (16 °C) and nominal precipitation (total 39.1 
mm rain in 293 days). It is average humid (42.38 %) with nominal clouds (less than 
1 okta). Fourth weather type is relatively rainiest (total 129 mm rain in 194 days) in 
this season but cannot be considered rainy in general. Consequently this weather 
type is cloudy (almost 5 oktas), and highly humid (57.04 %). Temperature tendency 
is slightly high (12.34 °C) Fifth weather type is dissimilar to all others, owing highly 
wind speed (above 10 knots) although it is smallest in size (comprising 171 days) 
for this season. This cluster shows the days when season changes its state from one 
form to other.  
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Weather types of Summer Season  
We combine summer 1 and 2 for this categorization and get 8 weather types in total 
(cf. Table 14). Although number of weather types for this season seems greater than 
winter season, but this is not the case.  

Table 14: K-mean result for summer categorization 

# Relative 
Humidity 

Max 
Temp 

Wind 
Speed 

Cloud 
Cover 

Rainfall Total 
Rainfall 

Min 
Temp 

No of 
Clusters 

No. of 
Days 

1 56.77 34.77 12.55 1.07 0.06 18.4 26.36 1 318 

2 38.38 36.20 5.57 0.50 0.03 6.1 19.96 2 215 

3 60.96 33.49 6.26 5.59 0.08 18.9 25.82 3 244 

4 55.21 35.62 6.77 0.90 0.01 4.0 27.10 4 378 

5 43.51 39.71 6.87 1.74 0.01 3.0 25.87 5 202 

6 54.37 32.76 6.66 1.02 0.03 12.4 24.49 6 358 

7 64.09 33.98 12.75 5.49 0.06 17.2 27.56 7 293 

8 69.37 34.00 5.5 5.5 24.02 192.2 23.81 8 8 

 

Similar to winter, summer season also shows its less varied nature to Karachi, 
because it comprises much more days (8 clusters for 2016 days) than winter (5 
clusters for 1200 days). Fifth weather type is hottest (maximum temperature = 39.70 
°C) with slightly elevated temperature tendency (13.83 °C). Very less clouds (1.74 
oktas), least nominal rain (total 3 mm rain within 202 days) for summer season, 
slightly greater windy (6.87 knots) and relatively less relative humid (43.50 %) are 
the other important characteristics of this weather type. Fourth weather type consists 
of 378 days (biggest cluster) having nominal clouds (less than 1 okta). 8.53 °C is the 
temperature tendency. Other characteristics involves slightly windy (above 6 knots) 
and average humid (55.21 %) almost no rain (total 4 mm 378 days) are the other 
characteristics of this weather type. Second weather type is relatively coldest 
(minimum temperature = 19.96 °C) in summer acquiring greater temperature 
tendency 16.23 °C. It shows high value because inspite of least minimum 
temperature, maximum temperature is 36.19 °C which is due to seasonal nature of 
summer. Other properties are nominal clouds (less than 1 okta), nominal rain (total 
6.1 mm in 215 days), least humid (38.38 %) for summer season and slightly windy 
(more than 5 knots). Eighth weather type comprises 8 days only (smallest cluster) 
and rainiest (192.2 mm total rain in 8 days). Consequently it is humid (69.37 %) 
cloudy (greater than 5 oktas), slightly windy (above 5 knots) weather type. 
Temperature tendency is 10.19 °C. First and seventh weather type have distinct 
feature of highest wind speeds (greater than 12 knots) for summer season. 
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Weather types of Spring Season  
Spring season is characterized by 7 weather types (cf. Table 15). Although it also 
seems of less varied nature because number of weather types are comparable to 
winter and summer, but truly speaking it has greater variations than both because it 
comprises of relatively less number of days (784 days). 

Table 15: K-mean result for spring categorization 

# Relative 
Humidity 

Max 
Temp 

Wind 
Speed 

Cloud 
Cover 

Rainfall Total 
Rainfall 

Min 
Temp 

No of 
Clusters 

No. of 
Days 

1 50.80 31.43 9.03 0.95 0.01 1.1 20.40 1 167 

2 31.40 33.83 12.55 0.91 0.05 3.6 20.82 2 78 

3 22.68 30.41 5.46 0.76 0.27 35.1 17.93 3 129 

4 52.78 34.21 5.41 1.67 0 0 20.93 4 107 

5 23.37 36.91 7.03 0.44 0 0 20.20 5 139 

6 54.32 31.24 10.64 6.04 0.06 4.2 20.63 6 69 

7 29.07 33.05 5.70 5.31 0 0 18.73 7 95 

 

First weather type comprises 167 days (biggest cluster). It is windy (greater than 9 
knots). The important point to be noted is that inspite of nominal clouds (less than 1 
okta) and nominal rain (total rain 1.1 mm) it sufficiently humid (i.e. 50.80 %). It 
describes that although moisture content is sufficient in atmosphere but the factors 
for the formation and stimulating the convective clouds are absent and hence rain is 
also awfully nominal. Fifth weather type is hottest (maximum temperature = 36.91 
°C). This factor causes less relative humidity (23.37 %), nominal clouds (less than 1 
okta) and no rain, while wind is slightly high (about 7 knots). Third Weather type is 
coldest (minimum temperature = 17.93 °C) with slightly high temperature tendency 
is 12.48 °C. Note that maximum temperature is also reaches its least value (30.41 
°C) in this season. It is because of the nature of this spring season. Other 
individuality involves nominal clouds (less than 1 okta), slightly windy (greater than 
5 knots), least relative humidity (22.68 %) for this season and greatest amount 
(infect nominal) of rain (35.1 mm in 129 days) for this season. Second weather type 
has a separate feature of greater wind speed (greater than 12 knots) with almost no 
rain (3.6 mm total rain in 78 days) and nominal clouds (less than 1 okta). Sixth and 
seventh clusters are very cloudy weather (above 6 and 7 oktas) respectively.  

Weather types of Autumn Season 
Autumn season is characterized by 8 weather types (cf. Table 16) and as in case of 
spring, it is also relatively greater varied nature because relatively large number of 
clusters (8) obtained in less days (736 days).  
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Table 16: K-mean result for autumn categorization 

# Relative 
Humidity 

Max 
temp 

Wind 
Speed 

Cloud 
Cover 

Rainfall Total 
Rainfall 

Min 
Temp 

No of 
Clusters 

No. of 
Days 

1 58.19 31.19 4.60 1.02 0.01 1.2 16.83 1 87 

2 38.10 34.65 3.92 0.23 0 0 16.57 2 89 

3 22.18 34.33 4.78 0.62 0 0 17.24 3 121 

4 19.47 30.17 8.31 1.49 0.01 0.5 15.23 4 57 

5 32.70 31.01 3.68 5.48 0.09 8.3 15.69 5 93 

6 25.05 31.41 2.31 0.35 0.03 4.4 15.23 6 135 

7 47.40 31.72 7.23 1 0 0 17.59 7 87 

8 25.82 27.66 3.63 0.40 0.00 0.3 12.85 8 67 

 

Sixth weather type comprises of 135 days (biggest cluster) with marked temperature 
tendency (16.17 °C). Calm wind (2.3 knots), nominal rain (total 4.4 mm), nominal 
clouds (less than 1 okta) and less humid (25.05 %) are the other personality features 
of this weather type. fourth type is unlike because of least relative humidity (19.47 
%) for autumn. Almost no rain (total 0.5 mm in 57 days), nominal clouds (less than 
2 oktas) and slightly high windy (above 8 knots) are other features. The values of 
relative humidity and wind speed in this type shows the extreme dryness and 
windiness for this season. Eighth weather type is coldest (minimum temperature = 
12.85 °C) in autumn with greater temperature tendency (14.8 °C). Other factors are 
nominal clouds (less than 1okta), almost no rain (total just 0.3mm in 67 days) and 
less humid (25.82 %). Second weather type is warmest (maximum temperature = 
34.64 °C) with very greater temperature tendency (18.07 °C). As almost no clouds 
(less than 1 okta) are there, accordingly there is no rain, calm wind (3 knots) and 
average humidity (38.10 %). In this season Fifth weather type is the only type with 
cloudiness (more than 5 oktas) and hence appears rainiest (total rain 8.3 mm in 93 
days) for this season  (in fact rain is nominal), otherwise for whole autumn it is 
almost equal or less than 1 okta. 

Conclusions 
The geographical location of Karachi plays very important role in respect of weather 
types. The main scope of this weather types study was to categorize the weather feature 
in the area of Karachi formed by each prevailing weather type. The main characteristics 
of all categories are summarized in Tables 12-16.  

In this paper an attempt was made to apply a modification of Kalkstein’s procedure 
(originally designed for the North American Arctic), to the diurnal data for Karachi. The 
procedure applies principal component analysis to the data of 16 years, and clustering is 
achieved by the average linkage technique.  
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The crucial difference between Kalkstein’s procedure and the procedure in this study 
consists in the method of determining the threshold dissimilarity measure (or the 
aggregation level) at which the clustering procedure should be terminated. Kalkstein’s 
procedure made use of the R2 criterion, implying a fixed threshold aggregation level 
throughout the whole data set. This led to the snowballing effect i.e. one huge cluster 
was formed, accompanied by a large number of much smaller clusters and unclustered 
days. To avoid this undesirable effect, in this study variation in the threshold 
aggregation level is allowed. The clustering procedure is then terminated at different 
dissimilarity threshold aggregation level to vary. The clustering procedure is then 
terminated at different dissimilarity measures in various parts of the data set [Radan 
Huth, 1993].  

Six variables describing the weather were used as the input data. The principal 
component analysis reduced them to four and five uncorrelated components for 
monsoon and other seasons correspondingly. After the average linkage clustering 
procedure had been applied 14, 5, 8, 7 and 8 different clusters with sizes of eight or 
more days were found for the period 1990-2005 for monsoon, winter, summer, spring, 
autumn seasons respectively. Some features of few important clusters for each season 
were summarized in the paper. The results confirmed the expectation that the weather in 
the Karachi is much more varied than in the Arctic. 

The results concerning the distinguishability of the clusters from the parent data justify 
the application of the procedures used (both PCA and average linkage clustering 
technique) and prove the proposed method to be suitable for determining clusters. The 
results imply that an optimum number of synoptic types may be greater that suggested 
by Yarnal White (1987), who pointed out that some measures would have to be taken to 
reduce the numbers of weather types. They also claimed “one of the thorniest problems 
facing the computer assisted synoptic climatologist is to minimize the number of 
synoptic categories while maximizing the percentage of day classified”. We succeeded 
in maximizing the number of days classified with out being obliged to reduce the 
number of categories. In author’s opinion, the variety of weather conditions in Karachi 
is so sufficient that the weather cannot be squeezed greater, say, to only more than 1 
type. To do so would result in categories not likely to be distinguished sufficiently from 
the whole data set, and therefore they would not represent meaningful weather types. 

The clusters obtained by the average linkage technique for these available, 16 years, 
period may serve as a basis for a non-hierarchical method of clustering. Such methods, 
as compared with the average linkage, are simpler and may enable us to elaborate much 
longer time series. Then, the temporal changes in frequencies of individual categories as 
well also the changes in their physical character can be investigated, both indication the 
presence or absence of significant long term temperature trends. The future outlook 
work includes an expansion of the system spatially wherever data availability is 
sufficient. 
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Diagnosis and Numerical Simulation of a Heavy Rainfall Event 
in Winter over Upper Parts of Pakistan 

Qudsia Zafar* and Ghulam Rasul†

Abstract 
Using observed, NCEP reanalysis and HRM forecasted data, a diagnostic study has been carried 
out to find out the reasons for a heavy rainfall that occurred and continued for three consecutive 
days over north western parts while for two consecutive days over northern and upper Punjab 
region of Pakistan (Mar 30 to Apr 02, 2007). The development and intensification of the 
baroclinic wave to the west of Pakistan over the adjoining areas of Afghanistan and Iran; east of 
Caspian Sea resulted in heavy rain and snow.  The study was mostly confined to the domain (50° 
E – 100° E and 21° N – 50° N) keeping in view the baroclinic wave characteristics and 
limitations of computational facilitates available. The results of the study showed that the cause 
of this heavy rainfall was the orographic capture of western upper- level disturbance and 
moisture (>90% with vertical alignment e.g. from surface to 400hPa levels) in northwestern and 
northern regions (Hindukush – Himalayan Terrain). A jet stream present at 200hPa  caused the 
development and eastward movement of this baroclinic westerly wave due to strong convergence 
at lower level and positive divergence at upper level over these regions. Early spring heating of 
the ground surface provided the ignition to generate the local  instability conditions to the 
existing and advected airmasses. The presence of divergent wind field aloft along with 
orographic lifting aided in vertical rising of this unstable warm moist air resulting in severe 
weather conditions.  

Key Words: Western disturbances, baroclinic waves, orographic capture, upper level 
divergence. 

Introduction 
Pakistan is bound by three world famous mountainous ranges which play an important 
role not only for summer and winter precipitation in Pakistan but also in India and 
Nepal. In the northwest lies Hindukash Range, in north lies central Karakaram Range 
and in northeast lie Himalayan regions of Pakistan (e.g. Kashmir). The primary weather 
systems responsible for wintertime precipitation are the high level westerly synoptic 
scale waves known as ‘Western Disturbances’ in the region. In late spring, western 
disturbances are generally shifted toward north but occasionally extend down to 
Pakistan’s northern latitudes and in the presence of strong convection produce heavy 
precipitation. Convective instability combined with moisture incursion and cold air 
advection aloft results in heavy precipitation events in the northern parts of Pakistan 
[14]. 

WDs have been discussed by quite a number of authors. Dr. K.M Shamshad [15] has 
presented a detailed account on the structure, symptoms of approach, frequency, and 
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direction of movement of WDs. According to him the structure of a western disturbance 
is similar to an extra tropical depression, a cold air in advance and also in the rear with a 
warm sector in between, however as a result of long journey from the Mediterranean 
Sea to Pakistan many of them become occluded or in other words their warm sectors are 
eliminated from the surface on reaching Pakistan. T.J. Lang and A.P. Barrows [16] have 
conducted an extensive study over winter storms in central Himalayas. Their study 
concludes that WDs are trapped and intensified by the unique large scale topographic 
features, most notably the notch formed by the Hindukush and Himalayan mountains, 
hence orographic forcing is the dominant factor in precipitation in the central Himalayas 
and significant precipitation in this region only occurs when this large scale flow 
evolves to a favorable geometry with respect to the mountains. A. P Dimri [5] has 
described the structure of WDs as synoptic systems that are generated as a result of large 
scale interaction between mid-latitude and tropical airmasses that move from west to 
east. In his research he has carried out the assessment of winter circulations over 
western Himalayas during extreme years of seasonal precipitation (which he has named 
as ‘surplus years’). According to this study the surplus years had significantly lower 
mean slp, zonal wind showed the development of strong westerlies over the Middle East 
region, high southerly winds prevailed and high frequency of low pressure systems 
affected the region bringing more moisture. Keeping in mind the above literature, 
different case studies on extra tropical cyclones were also reviewed and this study was 
performed for the event.  

The present study seeks to accomplish two goals: 1) Diagnosis of the heavy 
precipitation event recorded at the upper NWFP, Northern Pakistan and Upper Punjab 
areas. 2) Numerical Simulation of the event for microanalysis of its genesis and 
occurrence.  The first goal was achieved through analysis of real time data, while the 
second was acquired with model forecasted data.  

Data & Methodology 
NCEP/NCAR Reanalysis Datasets 
The NCEP/NCAR reanalysis datasets have been used to analyze the synoptic 
patterns due to unavailability of upper air data for high terrain in these regions. The 
reanalysis data was available at four times daily basis with horizontal resolution of 
2.5o. The data in the pressure variable field was available at 17 vertical levels from 
(1000 – 100) hPa.  The latitude and longitude range of the domain selected to study 
the synoptic pattern of the developing baroclinic wave was (20° – 50° N, 20° – 100° 
E) and (21° – 50° N, 50° – 100° E). To analyze the position of jet stream the latitude 
/ longitude domain selected was (10° – 50° N , 50° – 100° E) 

Numerical Forecast Model Simulation 
The model used to simulate the event is a High resolution Regional Model (HRM) 
developed by the German Weather Service (Deutscher Wetherdienst - DWD) in 
1999. The model configuration was in a single domain with horizontal grid 0.2° x 
0.2° (22 km resolution) and 40 vertical levels. The approximate latitude and 
longitude range of the domain was 15° – 48° N and 56° – 80° E respectively. The 
domain was pre defined (the model domain had not been enlarged in the dates of 
this event). The model was provided with the initial and boundary conditions with 3 
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hourly data derived from the German Global Model (GME – Global Model Europe) 
to initialize the simulation. The simulation was initialized to get the forecast from 
00UTC, 29th Mar 2007 up to 00UTC, 3rd Apr 2007. The goal of generating this 
forecast was to analyze the same synoptic weather event on a higher resolution to 
fill the gaps left by NCEP reanalysis alongside HRM output verification.  

Observed Rainfall Data 
In this paper a heavy precipitation event has been studied which started on 30th 
March 2007 and was recorded on the meteorological observatories of NWFP, Azad 
Kashmir, and upper Punjab. The highest amounts were recorded in Chitral, Drosh, 
Dir, Mirkhanni and Parachinar observatories of NWFP. At NWFP stations the 
precipitation gained intensity through 30th March to 1st April. Most of the 
observatories of northern areas and upper Punjab were recording precipitation 
through 1st and 2nd April.  
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Figure 1: Totals rainfall (shaded) in ‘mm’ from 29th March 2007 up to 
3rd April 2007 

 

 

The precipitation ended on 2nd April causing avalanches, flash floods and heavy 
loss of life and infrastructure in these regions.  The totals of daily amounts of 
precipitation along with the names of the observatories have been plotted in Fig 1.  

Discussion 
Synoptic Patterns Using NCEP Reanalysis Datasets 
The waves formed by the disturbances in air stream due to the changes in air density 
are known as baroclinic waves. At 00UTC – 29th March (fig not shown) a cutoff 
low was already in its intensification phase at 500hPa level with its center over 
Black Sea and northeast Turkey. On 30th March 12UTC (fig 2a) the central low of 
the 500hPa trough can be seen in a defined shape. The vorticity maxima present 
over Turkey and Persian Gulf correspond to the short wave troughs with particularly 
high vorticity values for trough over Persian Gulf. The winds have become more 
southerly advecting warm moist air from Arabian sea up to the northern most areas 
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of Pakistan. After twelve hours the central low of the 500hPa trough has taken the 
shape of the very well defined low to the east of the Caspian Sea. The whole 
country is still under the influence of winds coming from the Arabian sea at 500 
hPa. On 1st April 00UTC the trough intensification was its peak with a central low 
dropping height values from 555dkm to 549dkm with high cyclonic southerly 
winds. In Fig. 2h in the slp field the intensification of the trough is marked by the 
vertical alignment of slp and the thickness contours. Most of the country is under 
the influence of cold south westerly winds. This figure also shows similarity with a 
typical baroclinic wave pattern in which cold front is totally dominant over warm 
front in its occluded stage. On 1st April after 12 hours the ridge that was present 
over west china started to shift eastwards and the gradient in the trough east of 
Caspian sea decreased resulting in the northward shift of positive vorticity region. 
The direction of wind has changed from south west to west. Due to this shift there 
was a subsequent increase in the slp (over upper NWFP, northern and upper Punjab 
areas). The occluded frontal structure that formed 12 hours ago is in the dissipating 
state now that one baroclinic wave has intensified and now its dissipating. Lower 
thickness values (i.e.<567dkm) indicate the presence of cold air, whereas the high 
thickness values(i.e.>570 dkm) indicate the presence of warm air. The trough over 
Persian Gulf in the thickness field indicates that the advection of cold air was 
occurring in the southwest of the low at slp and warm air was being advected 
southwards to the east of the low. 

Vertical Velocity 
The vertical velocity plays a very important role in the development and 
intensification of baroclinic waves. The charts for the vertical velocity for the days 
of maximum precipitation are given in Figs 3a,b,c &d . In the panel when the 
system is developing most intensely the northward moving air in the region of warm 
advection in advance of the developing surface low is rising where as the air that is 
coming from the west to the rear of the trough is sinking. The areas of greatest 
ascent over Pakistan were present over the extreme western border from north west 
to south west on 12UTC, Mar 30, 2007 which shifted to the north west as a result of 
eastward movement of 500hPa trough on 00UTC, Mar 31, 2007. 
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Figure 2: The left hand panel shows 500hPa geopotential height contours(labels in deca m); 
superimposed on 500hPa relative vorticity (shaded; 10-5  in units of s-1 ) , where as the right hand 
panel shows 1000 - to500 - hPa thickness (contours, labels in deca m) superimposed on slp 
(shaded).(a &b) At 12UTC – Mar 30, 2007, (c &d) At 00UTC – Mar 31, 2007, (e &f) At 12UTC – 
Mar 31, 2007, (g &h) At 00UTC – Apr 1, 2007 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 85



 Diagnosis and Numerical Simulatin of a Heavy Rainfall….. Vol.5 

At this time a heavy precipitation spell was already in progress at Chitral and 
Parachinar. At 12 UTC – Mar 31, 2007 the areas of greatest ascent over Pakistan 
included the upper parts of Balouchistan, NWFP and northern most areas of 
Pakistan including east most areas of Kashmir. In Fig 3 d the region of ascent can be 
seen as wrapped around the developing surface low in the northern and eastern areas 
of Pakistan and over central India.  

 

Figure 3: The 500hPa geopotential height contours (labels in deca m) superimposed on Vertical 
Velocity fields   (in Pa s-1 ; shaded) at 700hPa level. (a) At 12UTC – Mar 30, 2007 (b) At 00UTC – 
Mar 31, 2007 (c) At 12UTC – Mar 31, 2007 (d) At 00UTC – Apr 1, 2007.T 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the same manner the region of subsidence wrap around the surface low in the 
southern most areas of Pakistan. The areas of ascent have shifted to the regions of 
upper NWFP and northern areas including upper Punjab as a result of intensification 
of trough at 500hPa. The ridge can be identified and characterized by the presence 
of warm air in 500hPa field indicating ascent whereas the max. vorticity trough 
indicates the presence of cold air (intended to subside) in the vertical velocity field. 
This subsidence and ascent of the air currents is influential in the shaping of clouds 
and precipitation patterns [10]. 

Surface Winds and Sea Level Pressure 
On 31st March at the time of developing maximum baroclinic wave activity, two 
lows were present over the surface. First to the east of Caspian sea and the other 
over lower Punjab. The first low located to the east of the 500 hPa trough was not a 
deep low. The wind shift pattern (for the second low present over lower Punjab) is 
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defined by the direction of wind barbs. To the south of the surface low the winds 
exhibit a southerly component while to the west of the surface low the winds exhibit 
a strong westerly component. To the east of the low easterly component is dominant 
due to the present of high pressures prevailing over Tibetan plateau. After 12 hours 
on 1st April (in fig 4 b) the intensification of the trough at 500 hPa was at its 
maximum.  

 

Figure 4: Sea Level Pressure and Surface Winds (a) at 12UTC – Mar 31(b) 00UTC  
– Apr 1, 2007 

 

 

 

 

 

 

 

 

 

The low pressure was located a little south east of its previous location as a result of 
the trough location to the little south east on 500hPa. Through the two chart 
sequence the westerly winds advance further eastwards showing some tendency to 
wrap around the surface low as it moves south eastwards. Hence it appears that the 
winds are extending and changing the direction as a result of low development.  

Temperature 
The surface air temperatures show that the temperatures were cold to the west of the 
developed low surface pressure. The winds that were blowing from the west having 
strong westerly component were showing the temperatures below 5° C in the region 
of cold temperature advection marking an abrupt shift in the isotherms northwards. 
The cold temperatures to the west of Pakistan are indicating the cold surface air 
advection in the presence of upper level convergence and divergence (at 200hPa) 
along with the maximum vorticity trough at 500hPa. 
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Figure 5: Isotherms showing surface air temperatures (units in 0 C) (a) at 12UTC – Mar 31, 2007  (b) 
00UTC – Apr 1, 2007 

 

 

The winds with strong southerly component were having temperatures above 30° C 
in the region of warm temperature advection. These high temperatures are indicative 
of the warm air mass. The tight spacing between the isotherms is indicative of the 
large horizontal temperature gradients. The 0° C isotherm was passing through the 
upper NWFP and northern areas of Pakistan on 31st march. On 1st April these low 
temperature isotherms shifted further southwards over Pakistan.   

 

 

 

 

 

 

 

 

Figure 6: Relative humidity (percentage, shaded), air temperature (o C, contours) and wind (barbs 
indicate direction and speed of wind in knots) at 850 hPa height level (a) at 12UTC – Mar 30, 2007 (b) 
00UTC – Mar 31, 2007(c) at 12UTC – Mar 31, 2007 (d) 00UTC – A pr 1, 2007 
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Moisture Flux 
In figs 6 a, b, c & d, the relative humidity profile shows that a considerable level of 
humidity was present at 850hPa level in the range from 90% and above being 
advected by the westerlies. This 90% relative humidity was present over NWFP 
areas with 80 % to 90 % over lower NWFP, northern areas and upper Punjab. A 
high percentage of relative humidity infers that the air was nearly saturated. The 
moisture availability shows that only the upper NWFP areas were receiving the 
relative humidity of 90% and above, which decreased considerably coming south 
wards over lower NWFP areas and upper Punjab.  

 

Figure 7:  Vertical cross-sections of relative humidity (percentage, shaded) from 1000hPa level to 300hPa 
level (a) at 12UTC – Mar 31, 2007 at lon 70° E (b) at 00UTC – Apr 1, 2007 at lon 70° E (c) at 12UTC –
Mar 31, 2007 at lon 72.5° E (d) at 00UTC – Apr 1, 2007 at lon 70° E (c) at 12UTC – Mar 31, 2007 at lon 
72.5° E (d) at 00UTC – Apr 1, 2007 at lon 72.5° E. The areas enclosed by rectangles indicate the highest
values of relative humidity in the upper latitudinal belts of Pakistan (33° N - 39° N). The illustrations show 
a relative humidity of 90% and above between the latitudes 33° N – 43° N.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The comparatively high speed winds (e.g. 10m/s) indicate that the trend of moisture 
advection was westerly and moisture appears to be blown towards the areas of 
convergence (wind speeds also decrease in convergence). The direction of wind 
barbs across the isotherm also indicate that low level cold air is being advected from 
the west and warm air is being advected from the southwest. 
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The vertical cross sections of moisture are also provided below in Fig 7 a, b, c & d 
for 31st march 12UTC and 1st April 00UTC 

Location of Jet Stream 
In this study we also see the presence of a sub tropical jet on upper tropospheric 
levels with a magnitude of 70 m/s and 60m/s in the vicinity of jet streak. On 31st of 
March the southern and the northwestern areas of Pakistan were under the influence 
of the jet stream winds with magnitude of 40m/s. The jet shifted its position on 1st 
April with increasing magnitudes over north western regions and south eastern 
regions with magnitude of average 40m/s winds. In Figs 8 a, b, c & d,  it can be seen 
that the jet is drawing air from above the developed weather system but the central 
low of the system has not intensified on the surface very much (which can be seen 
in the slp charts). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8: Jet Stream wind vectors (speed in m/s) at 200 hPa (a) 12UTC – Mar 30, 2007 
(b) 00UTC – Mar 31, 2007(c) 12UTC – Mar 31, 2007 (d) 00UTC – Apr 1, 2007  

 

In Figs 8 a, b, c & d,  it can be seen that the jet is drawing air from above the 
developed weather system but the central low of the system has not intensified on 
the surface very much (which can be seen in the slp charts). This is due to the reason 
that enough moisture is present to feed the surface storm centre hence it stops to 
decrease the pressure further in spite of a  jet present above. The position of the jet 
has taken a northern loop (northeast direction) on 31st march and is more aligned in 
this direction on 1st April. Since the diverging jet air is present aloft hence this front 
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has started to fill up as more surface air is drawing in the system. Therefore it is 
inferred that the presence of the jet at 200hPa level plays some role in the 
intensification and easterly movement of the system from the Mediterranean to out 
region and might server a cause of severe weather. Synoptic Patterns (HRM 
Forecast & NCEP reanalysis) - A Validation / Comparison: 

500 hPa Heights & Vorticity 
 

Figure 9: 500hPa geopotential height (contours) and relative vorticity (shaded;10-5 in 
units of s-1) at 12UTC – Mar 31, 2007 (a) HRM forecast, (b) NCEP reanalysis. 

 

 

 

 

 

 

 

 

 

 

 

 

By observing the illustrations below we can see that the position of the central low 
is over the same areas. Both the HRM forecast and the NCEP reanalysis are 
showing the extension of the trough of this central low reaching and entering into 
Balouchistan. The vorticity field is the extension of high positive vorticity cells 
(cyclonic winds) extending from Chitral to lower NWFP (due to various short wave 
troughs present over the region). Also the same pattern of geostrophic wind (i.e. 
south west) has been obtained using both of these data sets.   

Vertical Velocity 
The forecast shows that maximum ascent is occurring in the NWFP region of 
Pakistan on 12UTC, 31 Mar where the 500hPa trough is curving sharply along the 
jet stream. This is also the region of the presence of short wave (see fig 10 a), The 
NCEP reanalysis shows the region of ascent and subsidence on a course resolution 
over same locations.  

Moisture Flux 
The relative humidity predicted by the HRM forecast shows 90% and above values 
in the northern areas of Pakistan on 12UTC-31Mar2007 and 00UTC-01Apr2007 
clearly showing colder air being advected from the west and north west where as 
warmer air being advected from the south and south west. These humidity patterns 
at 850 hPa match well with the NCEP reanalysis charts (the analysis of these charts 
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has been provided in section 3.5) meaning that the forecast is also showing large 
quantities of moisture being accumulated in the north and northwest of Pakistan. 

 

 

 

Figure 10: The 500hPa height (contours) and vertical velocity (in Pa s-1 , shaded) fields at 
700hPa level at 12 UTC – Mar 31, 2007 .The dark shading (negative omega) indicates ascent and 
light shading (positive omega) indicates subsidence. (a) HRM Forecast (b) NC EP reanalysis. 
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Figure 11: Relative humidity (percentage; shaded), Isotherm (0 C, contours) and wind 850hPa
level at 12 UTC, Mar 31, 2007 (a) HRM forecast (b) NCEP reanalysis. 
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Location of Jet Stream 
The jet stream pattern in our domain of selected time interval show almost the same 
patterns and magnitude depicted by the NCEP reanalysis (the detailed account of 
which is provided in section 8). In figs 12 a & b, The winds entering Pakistan are 
southerly at 200hPa level with maximum wind speeds between 40m/s – 45m/s 
approaching northern and upper NWFP regions.  

 

Figure 12: Jet stream winds at 200hPa (contours indicate the magnitude) in units of
m/s at 12UTC, Mar 31, 2007(a) HRM forecast (b) NCEP reanalysis. 

 

 

 

 

 

 

 

 

 

 

 

 

Conclusions 
The analyzed feature/ results are as follows: 

The geopotential height trough at 500hPa indicates that at subsequent intervals of twelve 
hours the depression showed an eastward slow moving trend. At 00UTC – 30Mar2007 a 
secondary started developing east of Caspian Sea which intensified in to a central low 
on 00UTC – 01Apr2007 with a pressure drop from 5550gpm (555 dkm) to 5490 (549 
dkm)gpm (see figs 2 a upto h). Fig 2g shows the maximum intensification phase of the 
westerly low and the associated trough, after which the system started to dissipate. In 
figs 2c, e & g, the lower 500hPa heights (compared to the other locations at the same 
latitude) along with the positive vorticity (counterclockwise rotation of winds) are 
indicative of a developed cold core low.  

Analysis of 1000-500hPa- thickness contours and sea level pressure showed that a very 
well defined (intensified) low did not develop over the surface. But the synoptic features 
did show the properties of a baroclinic wave (when it was intensifying) e.g. in all 
illustrations of thickness and sea level pressure, the surface low can be seen developed 
to the east of 500hPa trough.  

From March 30th to 31st, 2007 (0300UTC – 0300UTC) considerable rain had already 
down poured in Chitral and Parachinar regions. From figs 6 a, b, c &d it can be clearly 
seen that 90% and above relative humidity was present in northwest of Pakistan and 
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80% to 90% over northern and upper Punjab areas up to the vertical column of 400hPa 
(fig 7) which aided the high instability of lower atmosphere. From fig 3 the areas of 
larges ascent can be seen over northern, northwest and upper Punjab. So high relative 
humidity combined with large vertical velocities resulted in heavy rain.   

It can be seen from fig 6 that wind barbs show a 10knot wind in the zone of westerlies 
(which are advecting the moisture to the northwest of Pakistan from Black sea and 
Caspian Sea) where as the southerly wind barbs (advecting moisture from Arabian sea) 
indicate a wind of 5knots. Hence westerlies exhibited more moisture advection tendency 
than the southerly winds from the Arabian Sea. The interaction of both moisture inputs 
different in their thermal characteristics triggered this heavy rainfall event.  

Temperature advection can also be inferred from fig 6. The wind barbs are crossing the 
isotherms from lower temperatures to higher temperatures indicating cold temperature 
advection to the west (which made the cold air mass to the west and southwest of 
Pakistan). Similarly to the south of Pakistan the wind barbs are crossing from the warm 
temperatures to low temperatures indicating warm air advection making warm air mass 
to the south and southeast of Pakistan.  It can also be noticed that although warm air was 
present to the east and southeast of Pakistan, no rains occurred over south eastern 
Pakistan due to the absence of large vertical velocities and unavailability of moisture. 

From figs 8 a, b, c & d we can observe that Pakistan was not under the region of ‘jet 
streak’).  The magnitude of winds blowing at 200hPa level to the north of Pakistan was 
between 35 m/s to 45m/s.Therefore we can assume that jet stream played a little role in 
creating zones of diverging air which created vertical velocities at 700hPa level. Hence 
the jet stream was not strong enough to create a perfect baroclinic storm. Therefore the 
major triggering factor in this heavy rainfall and snow event has been the presence of 
huge quantity of moisture that remained entrapped in the northwest and northern 
mountain ranges of Pakistan (figs 6 & fig 7) and resulted in heavy snow and rainfall. 

In the validation/ comparative analysis of the NCEP reanalysis with HRM forecast for 
the selected domain with selected time interval, the comparison showed that HRM 
forecast illustrations had a high degree of similarity with the NCEP reanalysis observed 
illustrations. According to the HRM forecast a short wave trough was present in the 
ridge at 500hPa (fig 9 a) with positive vorticity over northwest Pakistan. This short 
wave trough remained in the northwestern and northern mountain ranges from 00UTC – 
Mar 31, 2007 up to 12 UTC – Apr 01, 2007. Strong vertical velocities were observed 
along this short wave trough (fig 10 a). From fig 12 a, the HRM forecast showed strong 
divergent winds over northwest and northern regions. For the same locations the vertical 
velocities can be viewed in fig 10 a. Moisture convergence and advection and direction 
of winds were forecasted similar to the NCEP reanalysis (figs 11 a, b). Therefore by 
taking the forecast of HRM into account the jet stream seems to play an important role 
for the east ward movement and intensification of this system over northern and 
northwestern Pakistan. 
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The Effect of Eurasian Snow Cover on the Monsoon Rainfall of 
Pakistan 

Muhammad Hasan Ali Baig*

Abstract 
The Eurasian winter and spring snow cover anomalies along with spring snowmelt have been 
considered as the important factors affecting the Indian summer monsoon rainfall in particular 
and the Asian summer monsoon rainfall in general. No previous study has been found in which 
the effects of Eurasian snow cover on the monsoon of Pakistan would have been analyzed. In this 
study authors tried to examine the snow cover effects on summer monsoon rainfall of Pakistan 
(PSMR). Surprisingly, our findings appear as contrary to the findings of previous studies for 
Asian summer monsoon rainfall (ASMR) and Indian summer monsoon rainfall (ISMR) and no 
significant negative correlation is found between these above mentioned parameters and PSMR. 
Only monsoon rainfall of Punjab (may be due to its homogeneity with Indian monsoon 
dominated regions and smooth arrival of monsoon system from Bay of Bengal) appears to be 
negative for both winter snow cover and spring snowmelt and not for spring snow cover. Rainfall 
of NWFP in summer holds better negative correlation as compared to rest of the provinces only 
for spring snowmelt. Negative correlation is also found between spring snow cover and spring 
snowmelt. Summer snow cover shows good positive correlation with PSMR in general and with 
rainfall of Punjab in particular. As far as El Nino is concerned, area of winter snow cover is 
found above normal and below normal monsoon rainfall is observed while for La Nina, the areas 
of winter snow cover and spring snow cover are found below normal resulting into above normal 
rainfall in monsoon. Two snow cover data sets are obtained from two different sources for 
verifying the correlation. Spring snowmelt area has been calculated as a difference between 
snow cover of February and that of May. 

Key Words: Eurasian snow cover; Spring snow cover; Spring snowmelt; Summer monsoon 
rainfall of Pakistan; Correlation; El Nino; La Nina 

Introduction 
Monsoon of South Asia is a jugular vein for the lives of flora and fauna of this unique 
region of the world. It is a major phenomenon affecting the lives of one-fifth of the 
world population who live in this sub-continent. This phenomenon has been a hot issue 
for more than 100 years due to its inter-annual variability. This variability affects the 
socio-economic condition of the people by affecting agriculture, drinking water, hydro-
power and the other needs of the inhabitants of this region. Therefore, near-to-correct 
prediction of rainfall amount attracted the meteorologists from all over the world to 
address the complications lie in this phenomenon.  This summer monsoon is a coupled 
atmosphere-land-ocean phenomenon in which both the largest water mass on earth, the 
Indian and Pacific Oceans, and the largest land mass on earth, the Eurasian continent, 
play significant roles (Bamzai and Shukla, 1999). Due to this land-ocean interaction, the 
monsoon rainfall is majorly correlated with sea surface temperature (SST) and Eurasian 
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snow cover (ESC). According to them, among all other varying surface conditions, 
snow cover experiences the largest spatiotemporal fluctuations. They observed that 
delayed or weakened monsoon circulation is due to the delay or reduction in the normal 
warming of the landmass as it is steered by the combination of land-sea temperature 
contrast and latent heat release. The snow cover extent over Eurasia forms over 60% of 
the Northern Hemisphere snow cover (Bhanukumar, 1988). Infact, snow cover is one of 
the important climatic elements which interact with the global atmosphere by changing 
the energy regime as a result of the large albedo and net radiation deficit (Matson & 
Wiesnet, 1981). Generally, the snow cover of the previous season may be related to the 
present synoptic flow pattern. This feedback mechanism can be used as a forecasting 
tool. 

Several research papers (Hahn & Shukla, 1976; Dey & Bhanukumar 1982; Ropelewski 
et al. 1984) have been published in pursuation of the snow-monsoon relationship. The 
relationship between Eurasian-Himalayan snow cover and the large scale Chinese 
rainfall has also been a topic for a few research papers like Yang & Xu (1994). Yasunari 
(1990, 1991) and Yanai & Li (1994) suggested the possible influence of the Eurasian 
snow on the general circulation of the atmosphere. In the study of  Vernekar et al. 
(1994), it was found that the excessive snow cover is associated with a weak monsoon 
characterized by higher sea level pressure over India, a weaker Somali jet, weaker lower 
tropospheric westerlies, and weaker upper tropospheric easterlies. They elaborated that 
energy used in melting excessive snow reduces the surface temperature over a broad 
region centered around the Tibetan Plateau. Furthermore, reduced surface sensible heat 
flux reduces the midtropospheric temperature over the Tibetan Plateau resulting into the 
reduction of the midtropospheric meridional temperature gradient over the Indian 
peninsula, which weakens the monsoon circulation. Bamzai & Shukla (1999) found that 
Western Eurasia was the only geographical region for which a significant inverse 
correlation exists between winter snow cover and subsequent summer monsoon rainfall. 
The inverse snow-monsoon relationship, according to them, held especially in those 
years when snow was anomalously high or low for both the winter as well as the 
consecutive spring season. Contrary to previous findings, no significant relation was 
found between the Himalayan seasonal snow cover and subsequent monsoon rainfall. 
Region for western Eurasia was defined by 40°-60° N, 10° W-30° E; southern Eurasia is 
the region of Eurasia south of 50° N. In their findings, the largest correlation for the 
period 1973-94 for DJFM snow cover with Indian Monsoon rainfall (JJAS) was found 
with the western Eurasian Snow cover (-0.63), followed by Eurasia (-0.34). The 
correlation between Eurasian snow cover anomalies and the Indian monsoon rainfall 
anomalies for spring season (AM) was -0.28. The study of Liu & Yanai (2002) was 
unique with other previous studies as it used long time series (1922-98) of the Eurasian 
spring snow cover and it considered other parts of Asian continent for summer rainfall. 
While previous studies (except Sankar-Rao et al., 1996) were mostly concerned with the 
relation of the winter/spring snow anomaly to the Indian or Chinese monsoon rainfall. 
They found that the statistical relation between All India Monsoon Rainfall (AIMR) and 
Eurasian Spring Snow Cover (ESSC) changes over a multi-decadal time scale. The 
negative correlation between them has increased markedly since the 1970s. The region 
where the summer rainfall has the strongest and most stable negative correlation with 
the preceding ESSC is located in northern Mongolia, south of Lake Baikal. 
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All these studies focused on India, China and other parts of Asia (except Liu & Yanai, 
2002 who considered entire Asia including Pakistan) but none of them directly 
addressed the impact of Eurasian snow cover on the summer monsoon rainfall of 
Pakistan (PSMR). In this paper an attempt has been made to diagnose the possible 
impact of Eurasian snow cover on the rainfall of Pakistan. Topography of Pakistan is 
somewhat different with India due to its different orographic features. Northern Pakistan 
is a unique junction of Hindukush, Karakorum and Himalaya (HKH) ranges. Monsoon 
rain has no access to the extreme northern and north-western parts of Pakistan. 
Similarly, vast area of Balochistan beyond the Koh-e-Suleman ranges is exempted from 
the monsoon rain. But due to close association of Arabian Sea, Sindh and Punjab 
receive rain from both monsoon systems: that is systems originated from Arabian Sea 
and Bay of Bengal. These interesting orographic features of Pakistan initiated us to 
redress the impact of Eurasian snow cover on PSMR. As previous studies showed a 
consistent inverse correlation between the amount of Eurasian snow cover especially in 
winter/spring and the coming summer monsoon rainfall, that is, the snow cover of the 
previous season may be related to the current synoptic flow patterns through time-lag 
mechanisms for seasonal prediction, so as a continuation of previous studies, this study 
addresses the usage of Eurasian snow cover extent in different seasons with PSMR. In 
this study condition of Eurasian summer snow cover during the monsoon season with 
the PSMR has also been included for discussion, state of which has never been 
addressed especially for Pakistan. 

Data and Methodology 
Two different types of Eurasian snow cover data are used here. Rutgers university data 
from 1972-2007 is obtained from their website http://climate.rutgers.edu/snowcover. 
Robinson, D.A. & A. Frei (2000) defined Eurasian region as areas including the entire 
European and Asian continents from the North Pole to 20° north latitude. The grid cells 
are based on a polar stereographic projection so although they vary in size, the average 
resolution is approximately 190 km. The second Eurasian snow cover data from 1974-
2007 is achieved from their website http://www.cpc.noaa.gov/data/snow/ or ftp server 
(ftp://ftp.cpc.ncep.noaa.gov/wd52dg/snow/snw_cvr_area/EU_AREA). This operational 
snow cover product is output as an 89X89 grid that has been overlaid on a polar 
stereographic projection. These experimental weekly snow cover products produced 
after May 31, 1999. Data of Area weighted rainfall (AWR) for the months of July, 
August and September prepared at Climatological Data Processing Centre (CDPC), 
Karachi, Pakistan is used in this study for the period 1972-2007. In the whole study, 
anomalies of snow cover area have been correlated with the anomalies of area weighted 
rainfall (AWR) of monsoon season (JAS). In this paper two different time series (of the 
same period 1974-2007) based upon the two different Eurasian snow cover data sources 
are used for comparative study of the impact of Eurasian snow cover on the PSMR. 
Secondly, time series based upon the Rutgers University data is extended for two years 
(1972-2007) and again its correlation is generated with PSMR. Trend line behaviors 
(moving average for 5 years) are also analyzed to observe the trends of snow cover and 
AWR (Figure 4 & 5). As contrary to India, normally onset of monsoon rainfall starts 
from 1st July, therefore, monsoon months are considered from July-September. 
Different parameters of Eurasian snow cover are correlated with PSMR to study their 
validity as predictors for PSMR. Areas covered by winter snow cover (DJF), spring 

http://climate.rutgers.edu/snowcover
http://www.cpc.noaa.gov/data/snow/
ftp://ftp.cpc.ncep.noaa.gov/wd52dg/snow/snw_cvr_area/EU_AREA
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snow cover (MAM) and spring snowmelt (difference between February and following 
May) are tested as predictors for the seasonal prediction of PSMR. Summer snow cover 
area has also been analyzed for the three months of monsoon (JAS). Due to the versatile 
topography of Pakistan different regions receive different amount of rainfall, so, 
province vise analysis is also done along with combined AWR of the whole Pakistan. 

Results and Discussion 
In the study of Bhanukumar (1988), the detected correlation was stronger (0.6) between 
spring snowmelt and the previous winter snow cover than between the winter snow 
cover and the monsoon rainfall (-0.4). There was an obvious negative correlation 
between Eurasian spring snowmelt and monsoon rainfall (-0.44) along with five out of 
13 cases which showed a positive relationship. It is not strange as Walker (1910) also 
found 13 out of 34 cases without any relationship. Our findings also testify the findings 
of Bhanukumar (1988) according to which winter snow cover is very strongly correlated 
with spring snowmelt over Eurasia. In our findings correlation found is 0.58 (Table 4). 
For the whole Pakistan correlations of winter snow cover and spring snowmelt with 
rainfall are 0.027 and -0.005 respectively (Table 1). 

Table 1: Correlation between Eurasian Snow Cover and AWR from 1974-2007 by using  
Rutgers University data 

Region 
Winter 
Snow 
Cover 

Spring Snow 
Cover 

Spring 
snowmelt 

Summer Snow 
Cover 

Pakistan 0.027 0.067 -0.005 0.177 

Punjab -0.12 0.091 -0.093 0.316 

NWFP 0.011 0.061 -0.111 0.109 

Sindh 0.163 0.014 0.072 0.006 

Balochistan 0.077 -0.008 0.109 0.104 

 

While for the Punjab, which is strongly affected from the monsoon system, correlations 
of winter snow cover and spring snowmelt with AWR are -0.12 and -0.1 respectively. 
Time series in Figure 1 & 2 are also showing this trend. These values for PSMR clearly 
appear as contrary to previous findings for Indian rainfall where strong significant 
negative correlations have been found. Correlation coefficient between the winter 
Eurasian snow cover and the monsoon rainfall was (-0.54) in the study of Hahn & 
Shukla (1976) who used 1967-76 data. Dickson (1983, 1984) used 1967-80  data (-
0.59), Bhanukumar (1987) used 1966-1985 data (-0.38), Sankar-Rao et al. (1996) used 
1973-90 data (-0.41) and Bamzai & Shukla (1999) considered 1973-1996 data and cc 
was (-0.34). According to the study of latter, the low cc values compared to Hahn and 
Shukla, and to Dickson were mainly because of not including the 1967-72 data. They 
mentioned that the values of correlation between Eurasian snow cover anomalies and 
JJAS Indian rainfall showed that studies that have included the 1967-71 data report 
higher correlation. Furthermore, correlations between Eurasian summer snow cover and 
the AWR of Pakistan & Punjab are found 0.2 & 0.34 respectively (Table 2). 
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Table 2:  Correlation between Eurasian Snow Cover and AWR from 1974-2007 by using NCEP data 

Region 
Winter 
Snow 
Cover 

Spring Snow 
Cover 

Spring 
Snowmelt 

Summer 
Snow 
Cover 

Pakistan 0.034 0.057 0.002 0.2 

Punjab -0.117 0.098 -0.105 0.338 

NWFP 0.035 0.057 -0.131 0.165 

Sindh 0.164 -0.012 0.116 0.019 

Balochistan 0.079 -0.02 0.093 0.122 

 
Table 3: Correlation between Eurasian Snow Cover and AWR from 1972-2007 by using  

Rutgers University data 

Region 
Winter 
Snow 
Cover 

Spring Snow 
Cover 

Spring 
snowmelt 

Summer 
Snow 
Cover 

Pakistan -0.005 0.08 -0.092 0.137 

Punjab -0.09 0.122 -0.154 0.25 

NWFP -0.014 0.077 -0.1792 0.077 

Sindh 0.114 0.007 0.003       -0.029 

Balochistan 0.030 -0.007 0.018      0.062 
 

Table 4: Correlation values between different snow covers  from 1974-2007 by using  
Rutgers University data 

 Winter 
Snow 
Cover 

Spring 
Snow 
Cover 

Spring 
Snowmelt 

Summer 
snow 
Cover 

Winter Snow Cover 1    

Spring Snow Cover 0.109 1   

Spring Snowmelt 0.583 -0.269 1  

Summer snow 
Cover 

-0.043 0.415 -0.375 1 
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It indicates that PSMR is more correlated positively with summer Eurasian snow cover 
as compared to other Eurasian snow covers. It is interesting to note that when duration 
of years is extended from tail end (1972-2007) positive correlation values between 
spring & summer snow cover and AWR decrease slightly while non-significant negative 
correlation values between winter snow cover and AWR increases as pointed out by 
Bamzai & Shukla (1999). According to them low cc was due to the exclusion of 1967-
72 period. It is found that spring snowmelt appears to be negatively correlated (-0.4) 
with summer snow cover (Table 5). It means that more snowmelt is followed by the 
decrease in summer snow cover (Figure 3). Spring snow cover is found with strong 
positive correlation with summer snow cover (0.41). Negative correlation is also found 
between spring snow cover and spring snowmelt. This result reveals that more spring 
snow cover causes reduction in melting of snow cover. This is due to high albedo and 
cooling of the surrounding air. This cooling affects the tropospheric heating and thus 
causes slow melting of snow. This slow melting of spring snow cover directs the 
increase in summer snow extent (Table 3) which may be testified by considering the 
negative correlation between spring snowmelt and summer snow cover (-0.38). For 
spring snow cover, the maximum positive correlation is found with Punjab as compared 
to rest of the provinces (Table 1, 2 & 3). It shows that when range of years is extended 
this correlation becomes more positive. Trend line behaviors although ascertain inverse 
correlation between winter, spring and spring snowmelt snow cover areas with AWR of 
Pakistan and positive correlation between summer snow cover and AWR at some extent 
although correlation coefficients are not supporting this relation. Similarly, unlike whole 
Pakistan, Punjab and NWFP, winter snow cover appears to be more positively 
correlated with Sindh (Table 2). 

Table 5: Correlation values between different snow covers from 1974-2007 by using NCEP data 

 Winter 
Snow 
Cover 

Spring 
Snow 
Cover 

Spring 
Snowmelt 

Summer 
snow Cover 

Winter Snow Cover 1    

Spring Snow Cover 0.116 1   

Spring Snowmelt 0.541 -0.243 1  

Summer snow Cover -0.016 0.399 -0.402 1 

It is interesting to note that the winter snow cover area was on increasing trend (Figure 
4) in the years of persistent drought (1999-2003). These years are  observed in some 
studies (Waple & Lawrimore, 2003; Levinson and Waple, 2004) that a severe drought 
hit much of southwest Asia between 1999 and 2003, including Afghanistan, Kyrgyzstan, 
Iran, Iraq, Pakistan, Tajikistan, Turkmenistan, Uzbekistan and parts of Kazakhstan. 
Years of 1978 and 2003 are the two years where contrasting results are observed (Figure 
1 & 2). In these years rain was above mean not only for Pakistan but also in the province 
wise analysis and astonishingly winter snow cover, spring  snow cover and spring 
snowmelt are also representing very high above mean values (Figure 1,2,3 & 4), while 
summer snow cover is representing negative correlation instead of positive correlation.  
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Spring Snowmelt of Eurasian Snow Cover & Area Weighted Rainfall of Pakistan (Rutgers: 1974-2007)
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Rain of 1972, 1982, 1987, 1991 and 2002 was so much below normal as these years are 
declared unanimously strong El Nino years. Conspicuously, in all above mentioned 
persistent drought years (except 2002), winter snow cover was above the normal. 
During the period of strong La Nina years (http://ggweather.com/enso/years.htm) like 
1976, 1988 and 1989 the values of AWR were above normal while values of winter and 
spring snow cover were below the yearly normal. 1973 was also characterized as strong 
La Nina year but value of winter snow cover was above normal.1972, 1987 and 2002 
were three El Nino years and the values of winter, spring, spring snowmelt and summer 
snow cover was above the mean incase of 1972 & 1987, while incase of 2002, all were 
below normal. 
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Spring Snowmelt & Summer Snow Cover (Rutgers: 1974-2007)
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Figure 4: Trend Line behaviours averaged for 5 years for Winter Eurasian snow cover 
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After the discussion of above mentioned results, it is found that winter, spring, spring 
snowmelt and summer Eurasian snow covers are not negatively correlated with the 
PSMR unlike Indian summer monsoon rainfall (ISMR). These almost zero or very low 
negative correlated values for PSMR clearly appear as contrary to previous findings for 
Indian rainfall where strong significant negative correlations have been found. Previous 
studies hold good results of negative correlation for monsoon of India may be due to its 
vast plain area. But as far as monsoon rainfall of Pakistan is concerned, snow cover 
appears to be non-significant. Punjab is the only province for which correlation values 
of both winter snow cover and spring snowmelt with rainfall are found to be negative 
while for NWFP, values of only spring snowmelt is found to be more negative than 
Punjab (Table 1 & 2). But when period of 1972-2007 is considered, increase in negative 
correlation is found between spring snowmelt and rainfall along with very low negative 
correlation between winter snow cover and rainfall. Negative correlation is also found 
between spring snow cover and spring snowmelt. The maximum positive correlation of 
spring snow cover with Punjab as compared to rest of the provinces also opposes the 
findings of previous studies for India where negative correlation was found. Similarly, 
unlike whole Pakistan, Punjab and NWFP, winter snow cover appears to be more 
positively correlated with Sindh also invites extensive research. Winter snow cover is 
found to be very strongly correlated with spring snowmelt over Eurasia (-0.58) like 
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previous studies. As summer snow cover is representing the permanent snow of Eurasia, 
so, although its statistical correlation comes out to be good for the Punjab especially and 
for the whole Pakistan generally, but its detailed study is necessary for analyzing its 
meteorological effects upon the PSMR. During El Nino years, trend of winter snow 
cover was found above normal and during La Nina years, winter and spring snow cover 
areas are found below normal. This study also realizes the selection of small domain 
instead of vast area of Eurasia like snow cover of Tibetan Plateau and increase in period 
of study. Extensive snow cover of 1978 and 2003 followed by extensive rainfall which 
is found in time series is also addressable. 
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Principal Component Analysis of Summer Rainfall and Outgoing 
Long-Wave Radiation over Pakistan 

Muhammad Athar Haroon*

Absract 
The relationship between the inter-annual variability of precipitation and satellite derived 
Outgoing Long-wave Radiations (OLR) is studied over Pakistan during summer months for the 
period 1980-2007. Principal component analysis technique was applied in order to identify the 
major modes of oscillations present in the data series. The first four principal components 
explain 95% of the total variance for the OLR data while first eight principal components for 
precipitation data explain 80% of the total variance. The relationship between major principal 
mode for precipitation and OLR has remained around -0.78 for the summer season. The possible 
reason for this inverse relationship could be the overcast skies with clouds and frequent 
precipitation during the pre-monsoon, monsoon and post-monsoon season which might have 
contributed to lower OLR values. 

Key Words: Principal Component Analysis, Outgoing Long Wave Radiation (OLR), 
Precipitation,  

Introduction 
Summer precipitation in South Asia is associated with monsoon circulation and 
convective activity which experiences a significant variability over the spatial and 
temporal scale. In order to investigate the inter-annual variability of summer rainfall and 
Outgoing Long-wave Radiation (OLR), the data was analyzed by using Principal 
Component Analysis (PCA) / Empirical Orthogonal Function Analysis (EOF). This 
method was developed by Pearson (1901) & Hotelling (1933). PCA is a way of 
identifying the anomalous patterns in the data. The other main advantage of PCA is that 
once these patterns are found in the data sets, they can be compressed by reducing the 
number of dimensions without much loss of information. The Eigen Vector with the 
highest Eigen value is the first Principal Component of the data set. Since the new 
variables are derived from the original variables, they are called components. Principal 
components are a sequence of uncorrelated linear combinations of the original data sets, 
each with a variance smaller than the previous one, that collectively preserve the total 
variation of the original data. PCA decides which, amongst all the possible projections, 
are the best for representing the structure of data. The projections are chosen so that the 
maximum amount of information, measured in terms of its variability is retained in the 
smallest number of dimensions. 

A variety of statistical and analytical techniques have been made on rainfall data by 
several investigators under different objectives. Iyengar (1991) applied PCA to 
understand variability of rainfall over India. Liu & Yin (2000) used PCA in order to find 
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teleconnections between the North Atlantic Oscillation (NAO) and summer precipitation 
over Eastern Tibetan Plateau. Singh (2004 & 2006) compared the dominant rainfall and 
OLR patterns in order to identify spatial and temporal variability. Based on PCA, 
Bansod (2004) incorporated composite cycle of the OLR to predict summer monsoon 
rainfall over Indian subcontinent. Diagnoses of OLR and precipitation data sets in 
relation to spatial and temporal variability were investigated by Haque & Lal, 1991 and 
Murakami, 1980. 

Data and Analysis 
Monthly Precipitation data for summer season (June to September) for the period 1980 
to 2007 over Pakistan for fifty stations have been used in this study. This data have been 
taken from Pakistan Meteorological Department (PMD). Monthly values are averaged 
over the summer season in order to use in this study. Also outgoing long wave radiation 
(OLR) data set for the period (1980-2007) on monthly basis have been taken at a 2.5o 
longitude x 2.5o latitude from NCEP reanalysis archives. The OLR values have been 
extracted over the same fifty stations by using GRADS software. These monthly values 
are then averaged over the summer season (June-Sep) which mainly pertain Pakistan’s 
summer monsoon. 

For analysis of the data over the whole country, let P be a (r x s) anomaly matrix of 
OLR data over a series of r = 28 years and s = 50 stations. The elements of the matrix P 
represent departure of OLR values from their mean values. Principal component 
analysis is performed using P as the data matrix. It was also desirable to examine the 
coupling between OLR and Precipitation. Therefore another anomaly matrix of the 
precipitation data was taken into consideration. 

Let P & Q represents the time and space variability of OLR & precipitation, then it can 
be defined as  

P=UV                             ------- (i) 

  & 

Q=MN                            ------- (ii) 

Where the matrix U& M represent the time variation and V&N represent the space 
variation of both the data sets. 

If  is the actual OLR data at stations i (i =1, 2…M) in the year t (t=1, 2…N), the 
mean value is 

itP
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The centered data are 

{i id P m }i= −                         -------- (iv) 

The covariance matrix is 
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The eigen values { jλ } and the eigen vectors { ijφ } of this symmetric matrix are 
extracted. The principal components are 

1
( ) ; ( 1, 2... )

M

jt it ij
t

PC d j Mφ
=

= =∑
------ (vi) 

This transforms the original time series jtd  into the new time series ( ) jtPC .First 

few ( ) jtPC ’s are generally sufficient to explain the variation in the original data. 

The eigen vectors { ijφ } represent spatial patterns while ( ) jtPC  can be used to 
understand temporal variability in the data. 

Results and Discussion 
The first principal component for OLR explains 66% of the total variance having 
positive loadings throughout the country. It is noted from Fig.1 that the area of large 
positive values is concentrated over Balochistan, Sindh and Punjab while western parts 
of NWFP, northern areas including Kashmir are showing low OLR values Balochistan 
is covered with intense seasonal heat-low due to which OLR values are higher. This 
intense heat-low with little or no clouds would contribute to higher values. Highest 
value is on Eastern Sindh where Thar Desert is located. Maxima over the eastern parts 
of the Sindh province share with arid plains of the southern Punjab which comprised 
sandy desert of Cholistan.  
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Figure 2: First four principal components explain 
95% of the total variance 

Figure 1: First Principal Component for OLR 
Pattern  (Variance explained 66%) 
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The agricultural plains of upper Sindh, bound by Cholistan desert on the north and Thar 
Desert on the south although behaved slightly in a mild way but have shown similar 
characteristics. Northern parts of the country are mountainous, the precipitation 
frequently occurs as monsoon air mass prevails and presence of clouds contributes to 
lower values of OLR. Plain areas of Punjab also experience intense heating in summer 
therefore reflect higher values. First four principal components of OLR data explain 
95% of the total variance as shown in the Fig 2.First PC reflects the largest variance and 
the fourth ends with the smallest value. Since remaining principal components explain 
only 5% of the total variance so we can neglect them.  

Fig.3 shows first principal component for precipitation pattern explaining 32% of the 
total variance, again having positive loadings throughout the country. This PC is 
considered as the dominant pattern of summer precipitation. It has been observed that 
for precipitation, the maxima exist over the northeastern and extreme southeastern parts 
of Pakistan. These large values are mainly due to south westerly monsoon currents from 
Arabian Sea and northeasterly and easterly currents along Himalayas originating from 
Bay of Bengal. 
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Figure 4: First eight principal components explain 
80% of the total variance 

Figure 3: First Principal Component for 
Precipitation Pattern (Variance explained 32%) 

 

 

 

 

 

 

 

 

 

 

 

 

Northern Punjab, north eastern NWFP and Kashmir having higher values due to the 
persistence of monsoon precipitation in these areas, where maximum amount of total 
rain occurs during summer. First eight components of the precipitation data contribute 
80% of the total variance as shown in the Fig.4.Since remaining PC’s are contributing 
only 20 % of the total variance therefore can be neglected. In this respect we have 
reduced the original data up to the eight principal components without losing much 
information. It is interesting to observe that not more than eight components are 
required to represent the rainfall over the whole country. 
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Figure 5: Temporal Variation in the first principal component for OLR (Solid Line) and precipitation 
(dashed line) from 1980-2007 
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A strong negative correlation having value -0.78 between first principal component of 
OLR and Precipitation has been observed. This result indicates a strong inverse 
relationship mainly due to the fact that OLR values remain low when there is a cloud 
cover. Temporal variability in the first principal component of both the data sets also 
revealed this result as shown in the Fig.5.Inverse relationship for 1994 is the best 
example of the wettest year when country’s summer precipitation exceeded about 40% 
above normal. Another extreme is the prolonged drought in Pakistan which was 
triggered by the history’s strongest El Nino (1997-98).It persisted for four consecutive 
years setting the new record as the worst drought ever occurred in last 100 years in 
Pakistan. Figure.5 reflects the dominant inverse correlation between OLR and 
precipitation. 

Conclusions 
Using principal component analysis, we identified the major modes of oscillation 
present in OLR data during the summer season and also interannual variability of 
summer precipitation over Pakistan. This suggests that OLR has higher spatial 
coherence than precipitation. When the temporal variation of the leading precipitation 
anomaly pattern is correlated with major OLR pattern, a strong negative correlation is 
found. This inverse relationship is an indication that presence of clouds and precipitation 
are responsible for lower OLR values. 
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