
1 3

DOI 10.1007/s00382-016-2990-1
Clim Dyn (2016) 47:2653–2666

A statistical downscaling model for summer rainfall over Pakistan

Dildar Hussain Kazmi1,5 · Jianping Li2,3 · Chengqing Ruan4 ·  Sen Zhao1,5 · Yanjie Li1 

Received: 27 August 2015 / Accepted: 14 January 2016 / Published online: 1 February 2016 
© Springer-Verlag Berlin Heidelberg 2016

both the training as well as validation period with correla-
tion coefficient of 0.71 and tolerable root mean square errors. 
Cross-validation of the model has been processed by incor-
porating JRA-55 data for potential predictors in addition to 
NCEP and fragmentation of study period to five non-over-
lapping test samples. Subsequently, to verify the outcome 
of the model on physical grounds, observational analyses as 
well as the model simulations are incorporated. It is revealed 
that originating from the jet exit region through large vor-
ticity gradients, zonally dominating waves may transport 
energy and momentum to the downstream areas of west-cen-
tral Asia, that ultimately affect interannual variability of the 
specific rainfall. It has been detected that both the circum-
global teleconnection and Rossby wave propagation play 
vital roles in modulating the proposed mechanism.

Keywords  Interannual model · ENSO · Summer 
monsoon · CVSR · CGT

1  Introduction

Pakistan is located at the western edge of Summer Monsoon 
affected region in South Asia. During 2010, the country has 
faced an abnormal flooding condition due to heavy rainfalls in 
the northern parts (Webster et al. 2011). The summer monsoon 
over Pakistan is mainly concentrated during July to August 
(Ding and Ke 2013). Summer monsoon in Pakistan covers the 
period from July to September and contributes nearly 60 % of 
the annual total rainfalls. Pre-monsoon (generally May–June) 
is considered very hot and dry season with only localized con-
vective rains occur occasionally (Rasul et al. 2004).

The Asian summer monsoon (ASM) has been a most sig-
nificant aspect of the summer circulation in northern hemi-
sphere (Li and Zhang 2009). Its relevant teleconnection 

Abstract  A statistical approach is utilized to construct 
an interannual model for summer (July–August) rainfall 
over the western parts of South Asian Monsoon. Observed 
monthly rainfall data for selected stations of Pakistan for the 
last 55  years (1960–2014) is taken as predictand. Recom-
mended climate indices along with the oceanic and atmos-
pheric data on global scales, for the period April–June are 
employed as predictors. First 40 years data has been taken 
as training period and the rest as validation period. Cross-
validation stepwise regression approach adopted to select the 
robust predictors. Upper tropospheric zonal wind at 200 hPa 
over the northeastern Atlantic is finally selected as the best 
predictor for interannual model. Besides, the next possi-
ble candidate ‘geopotential height at upper troposphere’ is 
taken as the indirect predictor for being a source of energy 
transportation from core region (northeast Atlantic/western 
Europe) to the study area. The model performed well for 
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patterns have got pronounced importance in recent past 
(Zhang 1999). In most of the Asian countries the sum-
mer monsoon stands for major rainfall of the annual total. 
Large scale phenomena like El Nino Southern Oscillation 
(ENSO) have shown close interaction with ASM especially 
in modulating interannual variability. Moreover, as its year 
to year variation largely affects the annual gross product 
therefore impacts on the socioeconomic sector on global 
level as well (Wang et al. 2006).

Climate change and subsequently the threat of global 
warming is a bitter reality. Its aftermaths in the countries 
with agriculture based developing economy are more pro-
nounced, not only in the present time but in the coming era 
as well (Rasul and Kazmi 2011). The areas which lie in 
active monsoon zone in the country are often blessed with 
over 200  mm rainfall but such events turns into disaster 
where this heavy rain makes the total of the year. South-
ern half of Pakistan holds Balochistan and Sindh provinces 
where annual total rainfall remained just a few hundreds of 
millimeters that occur during summer in 15–20 days (Rasul 
and Kazmi 2013). The consequences of climate change 
have more evidently been observed in case of summer 
monsoon over south Asia in the recent years, poor rainfalls 
during 2009 and historic heavy rains in 2010 may be the 
best examples.

Based on observational analysis and model simulations 
it is concluded that circumglobal teleconnection (CGT) 
and summer North Atlantic Oscillation in the extra-tropics 
are mainly responsible for interannual variability in South 
Asian Monsoon (SAM), covers the area northwest India 
and north Pakistan (Syed et  al. 2011). Ding and Wang 
(2005) have observed a mid-latitude CGT pattern dur-
ing summer over the northern hemisphere with significant 
correlations with SAM and that is independent of ENSO. 
They found that the positive phase of the CGT have close 
interaction with summer monsoon over northwestern India 
and Pakistan. According to Syed et al. (2011), the positive 
(negative) phases of the proposed CGT have shown cor-
responding responses over increased (decreased) Summer 
Monsoon over Pakistan and north western India.

Syed et  al. (2010) found that an upper tropospheric 
warm anticyclone anomaly develops at the north west of 
Pakistan a few days before the start of the active phase of 
monsoon over western parts of SAM. Summer monsoon 
over Pakistan and north western India has been observed 
as closely associated with the upper level anomalous high 
over west-central Asia (Ding and Wang 2005).

Based on observational analysis it is expected that on 
interannual/interseasonal levels the strong variability in the 
upper-tropospheric circulation over the northeastern Atlan-
tic in the Jetstream exit region may be associated with the 
barotropic instability of the summer mean flow (Ding and 
Wang 2007). According to Simmons et  al. (1983), over 

the northeastern Atlantic the instabilities in the jet stream 
exit region may be excited by barotropic energy conver-
sions that are closely connected to the zonal gradients of 
the basic flow, based on the particular location. Teleconnec-
tion patterns (either zonally or meridionally oriented) are 
considered like stationary waves originating from a source 
region. The zonally oriented ones are developed along the 
westerly jet, such as the Eurasian and the CGT patterns 
(Hoskins and Ambrizzi 1993).

In Pakistan besides climatic constraints, inadequate 
water supply throughout the cropping season has become 
a challenging task. Localized and reliable information 
in terms of atmospheric and hydrological prospectus is 
required for near future for better planning. Accordingly, 
we have to get local climate projections besides GCM 
outputs through best available sources like downscaling 
(Kazmi et  al. 2014). Downscaling has been proved as a 
better option for obtaining regional climate conditions 
by employing atmospheric parameters (Christensen et al. 
2007; Li et al. 2013). Statistical downscaling is based on 
the assumption that the past time associations may hold 
in future as well (Wilby 1997). The choice of predictors 
and study area is very important for any statistical down-
scaling model and based on some recent studies it is criti-
cal for future studies as well (Frias et al. 2006; Schmidli 
et al. 2007). For future studies regarding climate as well 
agro-meteorology, reliable atmospheric data is direly 
needed for the study region (Kazmi et  al. 2015). The 
method is quite inexpensive and practicable for a develop-
ing country like Pakistan, which is facing the consequent 
impacts of climate change with lesser resources and poor 
infrastructure.

In the present study, we worked out an interannual 
model (IAM) for JA rainfall over Pakistan. The first sec-
tion of this study holds the relevant introduction regarding 
the specified rainfall, techniques and scope. In the second 
chapter, we have given the data description and methods 
adopted. It includes a comprehensive discussion about the 
data sets incorporated for comparison along with important 
equations, as well. The third chapter holds an elaboration 
about the analysis applied in the study and the main find-
ings. The fourth and last section covers a short discussion 
to summarize all the significant results. We have included 
the relevant figures and tables as per requirements.

1.1 � Main rainfall season and study area

Generally, summer monsoon in Pakistan occurs during 
June–September with main concentration in July–August 
period (Suleman et  al. 1995). Climatic data record also 
shows that two months (July and August) hold the promi-
nent rainfalls in the country (Fig.  1a), accordingly same 
period has been adopted in the present study.
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The summer rainfall in Pakistan is not homogenous but 
mainly confined in upper half and southeast parts (Ding 
and Ke 2013). Climatic data shows that summer monsoon 
mainly affects some specific parts of Pakistan, so the pre-
sent study focus only on the relevant areas (green part) of 
the country (Fig. 1b). Presently data of 35 stations of Paki-
stan have been employed which includes; stations located 
in two provinces as a whole (Punjab and Sindh), Khyber 
Pakhtunkhwa “KP” (excluding north western parts), Azad 
Jammu Kashmir “AJK” and four stations from Baluchistan 
province. These additional 4 stations are located near Pun-
jab and KP provinces and receive considerable rainfall dur-
ing summer.

2 � Data and methods

Observed monthly rainfall data for July–August of all sta-
tion of Pakistan (as provided by Pak Met Department) for 
the period 1960–2014 (55  years) has been incorporated. 
For comparison; the available JA rainfall data for the same 
period from GPCC and CRU (0.5° ×  0.5°) has also been 
utilized.

Predictors data on monthly basis for the same period 
(1960–2014) is mainly taken from NCEP (2.5°  ×  2.5°) 
including the data for recommended climate indices; NAO, 
ONI, TNI, MEI, Nino 1 + 2, Nino 3, Nino 3.4, SST, SLP, 
HGT (850, 500, 400, 300 and 200 hPa), zonal and meridi-
onal winds (850 and 200 hPa), air temperatures at 850 hPa 
and relative humidity at 850 hPa. All these data sets are uti-
lized for 3 months mainly (April–June) based on monthly, 
two monthly and three monthly formats except HGT at 
200  hPa which is utilized for July and August addition-
ally and HGT, zonal and meridional winds at 850, 400 

and 300 hPa which are utilized for June only. Besides for 
model’s validation, monthly data for HGT and zonal wind 
(for June) at 200 hPa is taken from JRA-55 (1.25° × 1.25°) 
for the whole study period. Data for three climate indices 
SASMI, SASMI1 and SASMI2 are utilized for June only 
for the whole study period, which is available online at; 
http://ljp.gcess.cn/dct/page/65576.

Primarily, 55 years data is incorporated for Power Spec-
trum. The result of power spectrum shows that there exists 
two pecks (equivalent values) in the curve indicating the 
interannual and interdecadal variability for rainfall (Fig. 2). 
Whereas, dashed line indicates the 95 % confidence level 
for red or white noise. Consequently, rainfall data for the 
whole study period 1960–2014 (N = 55) is distributed into 
the calibration/training period 1960–1999 (n  =  40) and 
independent test period 2000–2014 (n = 15). And to cali-
brate the model, for the whole study period both the pre-
dictand and the predictors data is decomposed to get inter-
annual component through Fourier decomposition filtering.
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Fig. 1   Monthly area weighted rainfall (mm) for Pakistan (a), Location of meteorological stations in Pakistan (b) available for climate data, 
green color shows the monsoon zone
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Fig. 2   Power spectrum for JA rainfall, dashed line shows the 95 % 
confidence level for red/white noise
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For investigation of spatial and temporal variation of JA 
rainfall, EOF analysis has been adopted; the relevant out-
come will be discussed later. In the next step, the rainfall 
and the predictors data sets are decomposed into annual 
and decadal parts. To find out the potential predictors all 
the specified recommended climate indices are employed 
for the same period and dimension. Generally, it is consid-
ered that the summer monsoon in south Asia (Pakistan) is 
largely affected by ENSO, therefore initially all of them 
have been taken as candidate predictors ignoring their sig-
nificance levels in correlation with the rainfall during train-
ing period (1960–1999). In the next step, the rainfall has 
been tested for any correlation with the listed meteorologi-
cal parameters on global basis like SLP, SST and indices 
developed accordingly for all the grid points showing sig-
nificant correlations.

Following Guo et  al. (2012, 2014) from all the candi-
date predictors the robust ones are selected through corre-
lation based cross-validation stepwise regression (CVSR) 
method for calibration of annual model. This approach of 
downscaling has mainly two stages; (1) through correlation 
analysis the identification of potential predictors from the 
set of indices for global field data and the climate indices, 
(2) selection of robust predictors from the set of potential 
predictors through CVSR method. It is based on leave-one-
out cross validation approach to select the robust predictors 
from the potential predictors by reducing the false possi-
bility. To verify the reliability of the predictor, root-mean-
square error occurred between the observation and the 
cross-validated estimate has been set as criteria.

Dispersion equation for propagation of (barotropic) 
Rossby wave with horizontally non-uniform flow and hold-
ing the meridional component (e.g., Li and Li 2012; Li 
et al. 2015; Zhao et al. 2015) may be written as,

where 
(

u
M ,vM

)

= (u, v) cosϕ is the ambient velocity for 
Mercator projection, ∂q/∂x and ∂q/∂y are the zonal and 
meridional gradients (respectively) of absolute vorticity.

Group velocity vector Cg, from Eq.  (1) may be written 
as

Similarly,

Lighthill (1978) states that, wave ray is a kind of trajectory 
which is tangential to the group velocity on smaller scales. 
Accordingly, wavenumbers k and l, which are variables for 

(1)ω = ūMk + v̄Ml +
l∂ q̄

/

∂x − k∂ q̄
/

∂y

K2
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)

∂ q̄
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/

∂x
]/

K4

(2b)vg = v̄M +

[

2kl∂ q̄
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)

∂ q̄
/

∂x
]/

K4

ray trajectory, can be found by following kinetic wave the-
ory as stated by Whitham (1960), as

Similarly,

where, dg
/

dt = ∂
/

∂t + cg · ∇, represents the material 
derivative moving with the group velocity.

2.1 � Employment of modeled data of precipitation 
for comparison

Long time past data for precipitation over Pakistan is not 
available as per WMO standards, on spatial and temporal 
scales. Therefore, for comparison and reliability of results 
from the core study, the data from two state of the art 
sources is utilized; CRU and GPCC (Fig. 3).

Based on more similarity with the observed rainfall 
(Fig. 3), GPCC data has been selected for further analy-
sis like EOF over the whole country. To proceed, GPCC 
data is extracted (1960–2010, as available) for the same 
locations as utilized for observed data over the study 
area, accordingly a comparison of both these is shown in 
Fig. 4.

2.2 � EOF for observed rainfall

EOF analysis has been applied for observed data (1971–
2010, as since 1971 the consistent data is available) of 
monsoon period JA for Pakistan. The leading mode of 
EOF is contributed about 40 % of the total variance and the 
first seven modes contribute more than 83 % (not shown), 
so rests may be neglected. All over the country there are 
positive loadings with two maxima in north eastern parts 
(Fig.  5a). These areas are connected with north western 
India and receive heavy rains during the monsoon period. 
The temporal values are also shown in Fig. 5b, for leading 
mode of EOF (observed rainfall), showing almost the same 
pattern as by the observed rainfall.

2.3 � EOF for GPCC rainfall

Figure  6a shows the spatial distribution of leading mode 
of EOF (GPCC data for 1971–2010) with about 49 % of 
the total variance. Same as in case of observed data, all 
over the country there are positive loadings, with maxima 
in north eastern parts depicting higher concentration from 
rest of the country (Fig. 6a). Its is also observed that first 
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dt
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5 PCs contribute about 83  % of the total variance (not 
shown) so rest may be neglected. The temporal values 
are also shown (Fig.  6b) for leading mode of EOF (for 
GPCC data), displaying almost the same pattern as by the 
observed rainfall.

2.4 � Cross‑validation of model’s output

Before physical verification of the robustness of the pre-
dictors we have applied two techniques, to reconfirm the 
model’s output. Primarily, following Gutiérrez et al. 2013, 
the whole data period of 55 years is fragmented into five 
non-overlapping K-folds (each fold contains 11 years) test 
samples. The first sample contains the years 1960, 1965, 
1970, 1975, 1980, 1985, 1990, 1995, 2000, 2005 and 2010. 
Similarly, the next sub group will start from 1961 with 
1966 and 1971 as the second and third years. The purpose 
behind is to run the final model for different segments of 
study period in the ratio of 80 % (training) to 20 % (test 
period). In this way each test sample (11 years) will be set 
as independent test period by taking the rest (44 years) as 
training period. Secondly, in the light of recommendations 
from some recent studies like Manzanas et al. (2014, 2015) 
(to avoid any contradiction in the results) JRA-55 data is 
incorporated for potential predictors besides NCEP.

Fig. 3   Average observed rainfall for JA (a) for the period 1960–2010, GPCC (b) and CRU (c)
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Fig. 5   Leading EOF mode for JA observed rainfall for the period 1971–2010; spatial (a) and temporal (b), for Pakistan
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3 � Results and discussion

All the specified climate indices with their relevant associa-
tion with JA rainfall are listed in Table 1. It is noticed that 
only three of them (ONI, Nino 3 and Nino 3.4) have shown 
significant correlation in both the training as well as inde-
pendent test periods. In comparison to validation period the 
correlations remained weaker during the training period. 
However, as the ENSO and NAO are considered very much 
associated with the summer rainfall over the south Asian 
region therefore, all of those three and NAO have been pre-
selected for final stage of CVSR. Syed et al. (2011) stated 
that CGT and summer NAO in the extra-tropics are two 
important factors for interannual variability of summer 
monsoon over northwestern India and Pakistan. To seek 
more potential predictors, interannual correlation of time 
series between all the specified fields and JA rainfall during 
the training period (1960–1999) is calculated.

Based on the higher and significant correlation and 
lower RMSE only four predictors have been selected from 
the global field data. Figure 7a–d show the interannual cor-
relation between the specified detrended predictors with the 
JA rainfall over the study area during the training period 
1960–1999. On the same format GPCC data is also taken 
to find correlation with the same four predictors and almost 
similar correlation with same area and coefficient are 
resulted (not shown). Accordingly, indices for these four 
grid points are selected for the final run of IAM in addition 
to the mentioned climate indices.

3.1 � Outcome of IAM

When we fed the predictors data into IAM, at first stage 
of CVSR, U2JNEA (Zonal Wind at 200  hPa over North-
east Atlantic during June) has been selected as the robust 
one through CVSR screening out procedure. Whereas, the 
relevant correlation coefficient is 0.71 with RMSE within 
the considerable limits. But the model couldn’t processed 
the second step (no second predictor has been selected) 
due to failure of F and T tests even with highest correla-
tion coefficient and lowest RMSC. The next possible can-
didate ‘H2JNEA’ (Geopotential Height at 200 hpa over 
Northeast Atlantic during June) couldn’t selected on statis-
tical grounds but later for physical explanation of IAM that 
appears as the most important indirect predictor. Accord-
ingly, the equation for IAM may be written as

where, YA (t) is the interannual component of rainfall for  
‘tth’ year (t  =  1, 2… 40) over the period 1960–1999, 
U2JNEA is the ‘tth’  value of zonal wind at 200  hPa over 
northeast Atlantic during June.

Downscaled results obtained from IAM for training 
(1960–1999) and independent test periods (2000–2014) are 
shown in the Table  2. Corr is correlation between obser-
vation and prediction; Var (Coefficient of Variance) is the 
ratio of RMSE (mm) to the climatology July–August rain-
fall during 1960–2014. The projected time series for JA 
rainfall is plotted against the observed in Fig. 8. 
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Fig. 6   Leading EOF mode for JA GPCC-rainfall for the period 1971–2010; spatial (a) and temporal (b), for Pakistan

Table 1   Correlation between 
climate indices and JA rainfall, 
over the study area

** Correlation is significant at the .01 level, * Correlation is significant at the .05 level

Period ONI Nino1+2 Nino3 Nino 3.4 NAO SASMI SASMI1 SASMI2

Training (1960–1999) .49** .30 −.46** −.47** .43* .31 .27 .26

Validation (2000–2014) .68** .52** −.74** −.76** −.49 −.09 .01 −.71**



2659A statistical downscaling model for summer rainfall over Pakistan

1 3

3.1.1 � Output of IAM for simultaneous circulations

In the later section we are to provide physical significance 
of the robust predictor ‘U2JNEA’ for modifying the tar-
geted rainfall by enhancing the positive circulation over 

the west-central Asia at 200  hPa during JA (H2JAWCA). 
Therefore, it is better to provide some relevant information 
regarding the association of ‘H2JAWCA’ for the rainfall. For 
that we run the model by including ‘H2JAWCA’ as well as 
a candidate predictor. Accordingly it has been selected as 
a robust predictor with more improved results, which are 
shown in Table 3. Figure 9 depicts the relevant correlation 
region ‘west-central Asia’ for more elaboration.

3.2 � Reconfirmation of the statistical results

For cross checking the outcome of the statistical model, 
K-folds approach is adopted (as briefed in Sect. 2). We 
have rerun IAM for each of the independent test samples 
and entered the corresponding statistics in Table  4. This 
table shows that IAM has successfully predicted the rainfall 
for all the sub periods. Although RMSE is quite higher for 
test period in case of K3 and K4 but the relevant variance is 
still considerable.

Fig. 7   Interannual correlation between detrended time series of JA 
rainfall for study area with HGT-200 hPa for June (a), Zonal Wind- 
200  hPa for June (b), HGT 500  hPa for May (c) and Air Tempera-
ture-850  hPa for May–June (d), for the training period of 40  years 

(1960–1999). Rectangles show the areas with comparatively higher 
correlation and lower RMSE, during both the training and independ-
ent test period

Table 2   Important statistics 
regarding IAM output

Corr is correlation between observation and prediction, Var (Coefficient of Variance) is the ratio of RMSE 
(mm) to the climatology July–August rainfall during 1960–2014

Model Training period Test period

Corr RMSE Var (%) Corr RMSE Var (%)

IAM 0.71 36.25 14.1 0.71 36.91 14.4
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Besides to avoid any contradiction in the results 
obtained, for comparison in addition to NCEP’s data for 
predictors, we have utilized JRA-55 data set as well in 
the model. Figure 10 depicts that in case of zonal wind at 
200 hPa (for June) both the data sets hold the similar asso-
ciation with the targeted rainfall. Most importantly, the 
positive circulation over the northeastern Atlantic region is 
very similar to that produced by NCEP data. Accordingly, 
IAM is rerun based on data from JRA-55 and the results are 
listed in Table  5. These results reassure the robustness of 
the model’s predictor to downscale JA-rainfall in the study 
region. For assessment purpose, the observed as well as the 
generated time series of rainfalls are plotted in Fig. 11. It 
is well evident that in our case NCEP data set has shown 

Table 3   Statistics for IAM 
output based on simultaneous 
circulations, during core rainy 
season JA

Corr is correlation between observation and prediction, Var (Coefficient of Variance) is the ratio of RMSE 
(mm) to the climatology July–August rainfall during 1960–2014

Model Training period Test period

Corr RMSE Var (%) Corr RMSE Var (%)

IAM 0.81 30.45 11.9 0.72 34.20 13.3

Fig. 9   Interannual correlation between detrended time series of JA-
rainfall for study area with HGT-200 hPa, for Jul–Aug, for training 
period 1960–1999. Rectangle shows the area with best correlation 
and lowest RMSE values

Table 4   Output of IAM for 
K-folds, to predict a particular 
‘K’ test sample, the rest are 
taken as training period

Like to set ‘K1’ as test period, all the rest (K2, K3, K4 and K5) will be taken as training period and so on. 
Corr is correlation between observation and prediction, Var (Coefficient of Variance) is the ratio of RMSE 
(mm) to the climatology July–August rainfall during 1960–2014

Prediction set for Training period (44 years) Test period (11 years)

Corr RMSE Var (%) Corr RMSE Var (%)

K1 0.73 38.96 15.2 0.76 31.80 12.4

K2 0.74 38.25 14.9 0.68 35.86 14.0

K3 0.73 35.17 13.7 0.65 45.84 17.9

K4 0.69 35.09 13.7 0.82 48.18 18.8

K5 0.72 38.14 14.9 0.84 36.56 14.3

Fig. 10   Interannual correlation between detrended time series of 
JA-rainfall (observed) for study area with zonal wind at 200 hPa (for 
June) for training period 1960–1999; by utilizing NCEP data set (a) 

and by JRA-55 (b). Rectangles show the areas with best correlation 
and lowest RMSE values
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better association with the observed rainfall against JRA-55 
throughout the study period.

3.3 � Physical verification of the model

In order to give physical reasoning behind some possi-
ble association and robustness of the selected predictor 
U2JNEA, primarily all the relevant data sets are distrib-
uted into three categories based on ±standard deviation of 
summer monsoon (weak, strong and a difference between 
strong and weak period) over the study area. Ding and 
Wang (2005) proposed that near the exit region of west-
erly jet, strong barotropic instability is developed over the 
North Atlantic, that consequently help create an anomalous 
high over the northeast Atlantic region by upstream distur-
bances. Moreover, they proposed a CGT pattern favored 
by the basic state, through which the wave energy is trans-
ported from the core region to west-central Asia, which is a 
major factor behind interannual variability of the summer 
monsoon over the study area.

We suggest a similar mechanism for the reliability of our 
model’s results. Primarily, we start with the observational 
analysis for zonal wind and geopotential height at 200 hPa 
for June. It is observed that both of these circulations have 
positive trends over the north Atlantic region during this 
month. This is especially true during the years yield strong 
monsoons in the study regions (Fig. 12b, e) and difference 
between strong to weak (Fig. 12c, f).

Table  6 shows the association of both U2JNEA and 
H2JNEA with each other and with the rainfall for differ-
ent segments of the study period. It is evident that both 

of these are highly correlated with each other and may be 
originated from a single source. Accordingly, at the exit 
jet region, zonal flow may trigger anomalous high during 
June. And if that high may help enhance a positive circula-
tion over the west-central Asia then it may considered as 
an important factor for summer rainfall over the study area. 
Consequently, in the core monsoon season JA ‘H2JAWCA’ 
is highly associated with the rainfall in the study area, 
for all the test samples from the study area except for K1 
(Table 6).

The progressive movement of the HGT at 200 hPa dur-
ing June, JJ and JA (Fig. 13a–c) may be more helpful to see 
the chain of associated circulation during strong monsoon 
period over the study area. It can be observed that during 
the particular period, an anomalous high develops over the 
northeast Atlantic region in June ‘H2JNEA’ and with the pas-
sage of time that help enhance another high over the west-
central Asian region ‘H2JAWCA’. However, the situation 
remains merely different in case of weak monsoon over 
the study area (Figures not shown). For elaboration of the 
mutual association between H2JNEA and H2JAWCA, a map 
of point correlation is constructed (Fig.  13d) which pro-
jects that besides few other regions (as listed in proposed 
CGT by Ding and Wang 2005), pressure variations over the 
northeast Atlantic during summer is nearly in phase with 
H2JAWCA. These findings strongly agree the outcome of 
some recent findings, which stated that positive circulation 
over the northeast Atlantic during June is mainly respon-
sible for creating/enhancing H2JAWCA. Whereas, the asso-
ciation of ‘H2JAWCA’ with JA rainfall is evident from the 
statistics listed in Tables 3 and 6.

Table 5   Output of IAM, 
through two independent 
data sets taken for the robust 
predictor ‘U2JNEA’

Corr is correlation between observation and prediction, Var (Coefficient of Variance) is the ratio of RMSE 
(mm) to the climatology July–August rainfall during 1960–2014

Data source for  
U2JNEA

Training period (1960–1999) Test period (2000–2014)

Corr RMSE Var (%) Corr RMSE Var (%)

NCEP 0.71 36.25 14.1 0.71 36.91 14.4

JRA-55 0.69 37.17 14.5 0.71 37.66 14.7

Fig. 11   Comparison between 
the observed and modeled 
rainfall for the whole study 
period, by taking two different 
data sets, bar line separates the 
training and independent test 
periods
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We applied EOF on geopotential height at 200 hPa during 
the period of interest JJA, leading mode (with 28 % variance) 
is shown in Fig. 14. The analysis domain covers the relevant 
regions only in order to be focused on the origin of important 
circulations and the rainfall area. It can be noticed that as per 
previous discussion, there are positive loadings over the north-
east Atlantic to western Europe and west-central Asia. Leading 
mode is depicting a wave train originated from the core region 
and approaching the west-central Asia via western Siberian 

plains. This shows that atmospheric circulations over both the 
regions are in phase. The 2nd, 3rd and 4th modes have con-
tributed 19, 11 and 10 % of the total variance, respectively.

3.4 � Proposed CGT and the associated atmospheric 
circulations

The CGT may be responsible for climate variability 
like rainfall anomaly in the mid-latitude regions like 

Fig. 12   Detrended zonal wind at 200 hPa for June during weak (a), strong (b) and Strong–Weak (c) monsoon over the study area, for 1960–
2014. Similarly, detrended geopotential height at 200 hPa for June, during weak (d), strong (e) and Strong–Weak (f) monsoon

Table 6   Interannual correlation 
between detrended U2JNEA, 
H2JNEA and H2JAwcA with 
targeted rainfall and between 
the first two predictors as well

Correlation covers different segments from the study area including training and test period and the speci-
fied K-folds

** Correlation is significant at the .01 level, * Correlation is significant at the .05 level

Period U2JNEA and Pre H2JNEA and Pre H2JAwcA and Pre H2JNEA and U2JNEA

Training (1960–1999) 0.71** 0.65** 0.81** 0.83**

Validation (2000–2014) 0.71** 0.76** 0.72** 0.80**

K1 0.76** 0.55 0.50 0.59

K2 0.68* 0.72* 0.77* 0.79*

K3 0.65* 0.58 0.71* 0.87**

K4 0.82** 0.67* 0.90** 0.81**

K5 0.83** 0.66* 0.74* 0.81**



2663A statistical downscaling model for summer rainfall over Pakistan

1 3

western Europe, European Russia, India, east Asia, and 
North America (Ding and Wang 2005). To see the associa-
tion of proposed CGT with the summer rainfall over the 
study area, HGT at 200 hpa for JJA have been employed. 
In Fig. 15a, b the atmospheric field is averaged and plotted 
for Weak/Strong monsoon years. It is evident that during 
the Strong monsoon years the field is very much following 
the same pattern as by proposed CGT (Fig. 15c) while the 
case is merely different for Weak monsoons. It depicts that 
the circulation is in phase with the proposed CGT. In the 
same way, 200 hpa zonal wind has been plotted along with 
HGT200 for JJA, for the whole study period (Fig.  15d). 
This figure favors the mutual correlation between the 
jet stream and HGT at 200 hpa, especially over the area 
between Atlantic and Pacific.

3.5 � Rossby wave’s based possible mechanism

To find some alternate reason for our predictors reli-
ablility on physical grounds, for the same period JJA 
behavior of Stationary Rossby waves is investigated. 
Müller and Ambrizzi 2007; Naoe et  al. 1997 stated 
that, at middle and high latitudes the zonally oritented 
winds have larger magniture than the meridional ones, 
here the westerly jets dominates the waves propoga-
tion. But the inclussion of meridionally oriented winds 
in the wave propogation along the jets may be helpful 
in demonstrating teleconnections (Li et al. 2015; Zhao 
et  al. 2015). Figure  16 shows that apparently there 
are two distinct paths of waves originated through the 
northeast Atlantic/western Europe; the one that is flow-
ing equator wards after origination may be considered 
responsible for transporting energy up to the positive 
circulation over west-central Asia. This wave track is 
practically supported by the wave guide effect of the 
subtropical jet stream (Hoskins and Ambrizzi 1993), in 
which a zonally confined wave with a limited meridi-
onal dimension (that may be trapped in the jet core) can 
be transported a long way in the downstream. The other 
wave branch is moving poleward (approaching ~70°N) 
and then refracting a little distance towards the equa-
tor. These wave ray tracings are quite consistent with 
the observational statistical results (Fig.  12f), indicat-
ing that the predictor in the northeast Atlantic/western 
Europe is physical based.

Fig. 13   Detrended geopotential height at 200  hPa for June (a), JJ 
(b) and JA (c), during strong monsoon years over the study area, for 
1960–2014. Point correlation map (d) for hgt 200 hPa during JA for 

a specified region west central Asia (indicated with small rectangle) 
and global hgt at 200 hPa during JJA, area of interest is highlighted 
with large rectangle

Fig. 14   Leading EOF mode for HGT at 200  hPa for JJA (Variance 
contributed 28 %)
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Rossby waves originated from the Western Europe are 
supported by the basic state and are responsible for trans-
porting wave energy from high latitude to west-central Asia 
(Ding and Wang 2005). Although, this proposed mecha-
nism seems a little bit different from the proposed CGT 
(Fig. 15c) for the area between northeast Atlantic and the 
west-central Asia but the associated circulations over both 
the regions are well in phase. Moreover, our proposed 
mechanism may be more appealing based on a practical 
favor by the Rossby wave’s trajectory (as the Model’s pre-
dictors) in the specified season.

4 � Summary

We started our work from searching reliable predictors for 
summer monsoon over Pakistan, primarily from the ENSO 
or NAO based climate indices. Secondly, more predictors 
have also been incorporated from the field data for dif-
ferent atmospheric and oceanic elements. Besides, CRU 
and GPCC data for JA rainfall is also taken to verify the 
quality as well as reliability of observed data. In the final 
stages only four grid points from the atmospheric circula-
tions of May to June period came out with better results 
from all the candidate predictors. Out of which only 
U2JNEA is selected as the robust predictor with consider-
able results for IAM, whereas the next possible candidate 
H2JNEA is taken as the indirect predictor for being a source 
of energy transportation from point of origin (northeast 
Atlantic/western Europe) to the study area. Besides train-
ing period, the model performed well for the independent 
test period as well with correlation coefficient of 0.71, 
with considerable value of RMSE. Prior to physical verifi-
cation, cross-checking of the results is applied in terms of 
data reliability and the robustness of the predictor. Besides 
NCEP, predictor’s data from another recommended source 
JRA-55 is utilized to rerun the model. To test the robust-
ness of the predictor non-overlapping K-folds approach 
has been adopted, as practiced by Gutiérrez et al. (2013). 
Accordingly, the model ‘IAM’ has been successfully 
cross-validated and put forward for physical significance. 

Fig. 15   HGT200 hpa (JJA) for study period during dry conditions 
of Summer Monsoon (a), wet period (b), (c) proposed CGT (Ding 
and Wang 2005) and (d) 200 hpa jet stream (zonal wind, shaded) and 

H200 (contours) for JJA during wet conditions, large squares show 
the areas of interest from proposed CGT

Fig. 16   The stationary Rossby wave rays (green curves) with ini-
tialed zonal wavenumber k  =  3 in the JJA 200-hPa climatologi-
cal flows (gray vectors), for the study period 1960–2014. Red forks 
denote wave source. The color shadings denote the meridional gradi-
ent of absolute vorticity in the basic state



2665A statistical downscaling model for summer rainfall over Pakistan

1 3

Main features of our findings are given in the following 
lines.

Recent research in the study area (e.g., Ding and Wang 
2005; Syed et al. 2011) concludes that the Eurasian wave 
train triggers through the anomalous high (200 hpa) over 
the northeastern Atlantic, which moves down (equator 
wards) in a curved path through the west Siberian plains 
to enhance the west-central Asian high. Consequently, 
this high help creates a strong convection/cloudiness over 
Pakistan and northeastern India. All that may primarily 
be ignited by the instability over the upper tropospheric 
northeastern Atlantic region, where (at the jet stream 
exit) the zonal flow has dominating role. Observed analy-
sis also confirms this possible mechanism that modulates 
the summer rainfall in the study region. Moreover, EOF 
analysis depicts that the upper-tropospheric circulations 
are in phase over the jet exit region and the west-central 
Asia during summer season, starting from the time of pre-
diction (June) up to the core rainfall season (JA) over the 
study area. Observational analysis also shows that how 
jet stream drives the upper-tropospheric circulation dur-
ing JJA (Fig. 15d). Both have established very significant 
association between each other (mainly during June) and 
with the JA rainfall over Pakistan.

On the other hand, through stationary Rossby waves 
analysis it has been revealed that jet flow during JJA is 
mainly responsible for establishing the possible mechanism 
behind variability of specified rainfall. It is explored that 
after originating from the jet stream exit region through 
large vorticity gradients, zonally dominating waves may 
be responsible for transporting energy to the downstream 
areas. Li et al. (2015) have stated that, Rossby wave’s prop-
agation is very important for transportation of energy and 
momentum that may cause variations in the atmospheric 
circulations. Accordingly, U2JNEA and H2JNEA may help 
enhance H2JAWCA and ultimately affects the rainfall under 
study. Moreover, based on significance of ENSO over the 
rainfall in the study area, by applying few modifications 
and the inclusion of relevant circulations/indices may help 
improve the performance of IAM in future.
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