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Linear trends in few surface weather variables such as air temperatures (maximum temperature, minimum temperature), snow and rainy days, snowfall and rainfall amounts, rainfall contribution to seasonal
total precipitation amount, seasonal snow cover depth and snow cover days (duration) are examined from
winter-time observations at 11 stations located over the Northwest Himalayas (NWH). This study indicates that snowfall tends to show a decline in this region, while the rainfall tends to increase during the
winter months. Seasonal snow cover depth and seasonal snow cover days also tend to show a decline over
the NWH. Decrease in seasonal snow cover depth and duration have reduced the winter period in terms
of availability of seasonal snow cover over the NWH during the last 2–3 decades. Other surface weather
variables also exhibited signiﬁcant temporal changes in recent decades. Observed trends in temperature
and precipitation over the NWH in recent decades are also supported by long data series of temperature
over the western Himalayas (WH), north mountain India (NMI) rainfall data and reanalysis products.

1. Introduction
Large climate variability is generally observed over
the mountainous regions of larger extent such
as the Himalayas, the Alps, the Andes and the
Rockies, etc. (Beniston et al. 1997). High mountainous regions are the integral part of the worlds’
major river systems and such areas are essential elements of the global hydrological cycle. In
the context of Indian subcontinent, the Himalayas
play a critical role in the hydro-meteorological
aspects of the major river basins in South Asia
(Fowler and Archer 2005; Singh and Arora 2007),
i.e., the Himalayas strongly inﬂuence the Asian
Summer Monsoon circulation and associated variability. Seasonal snow cover and glaciers in the
Himalayas are also important sources of fresh
water.

A comprehensive understanding of the observed
trends in various surface weather variables, viz.,
temperatures (maximum temperature, minimum
temperature), precipitation, seasonal snow cover
depth, etc., is quite necessary and of prime concern from the perspective of changing climate.
Only a few recent studies have addressed the
observed trends in temperatures, seasonal total
snowfall amount and seasonal total snow water
equivalent on a regional scale over the Northwest
Himalayas (NWH) (Bhutiyani et al. 2007, 2009;
Shekhar et al. 2010; Dimri and Das 2011) as well
as the retreat of Himalayan glaciers (Kulkarni
and Bahuguna 2002; Kulkarni and Alex 2003;
Kulkarni et al. 2005, 2007). Consistent with increasing surface air temperatures in the NWH
(Pant and Borgaonkar 1984; Li and Tang 1986;
Seko and Takahashi 1991; Shrestha et al. 1999;
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Thompson et al. 2000; Kang et al. 2010), the aforementioned studies indicated that maximum and
minimum temperatures, and the diurnal temperature ranges also indicate increasing trend
during recent decades (Bhutiyani et al. 2007, 2009)
which is also equally valid for other large mountainous ranges (Beniston et al. 1997; Diaz and Bradley
1997; Beniston 2003). However, seasonal totals of
snowfall amount and snow water equivalent apparently indicate a severe inconsistency with other
variables in the NWH region (Bhutiyani et al. 2009;
Dimri and Das 2011).
One can anticipate that the decreasing trend in
seasonal total snowfall amount may have resulted
from the decreasing snowfall amount of shorttime intervals, snow days, and increasing rainfall
amount and rain days due to increasing air temperatures over the NWH. Increasing air temperatures
and decreasing seasonal total snowfall amount may
have also inﬂuenced seasonal snow cover depth and
seasonal snow cover days (duration) during winter
season (November–April).
In this view point, a detailed analysis of observed
trends of the variables listed in table 1 is undertaken in this study. The contrast between precipitation and rainfall is deﬁned as follows. Seasonal
total rainfall amount (TR) is deﬁned as cumulative rainfall amount during the entire winter season (November–April). Seasonal total precipitation
amount (TP) is deﬁned as a sum of seasonal total
snow water equivalent (water equivalent of seasonal
total snowfall amount) and seasonal total rainfall
amount (TR). The extension 9–15 represents time
intervals of 9 or 15 hrs.
Earlier studies have examined linear trends in air
temperatures, seasonal total snowfall amount and
seasonal total snow water equivalent using in situ
observations over the NWH (Bhutiyani et al. 2007,
2009; Shekhar et al. 2010; Dimri and Das 2011). In
this study, linear trends in basic surface weather
variables such as maximum temperature, minimum
temperature and seasonal total snowfall amount,

etc., and many other derived variables like snow
days, rain days, seasonal total rainfall amount and
snow cover depth, etc., are examined to provide
a broad overview of trends in surface weather variables over the NWH in recent decades. Surface
weather variables taken for this study are listed in
table 1. Trends in temperatures (MX, MN and MNT)
and precipitation over the western Himalayas (WH)
are also examined using regional (sub-divisional)
scale temperature data over the WH and north
mountainous India (NMI) rainfall data downloaded from the website of the Indian Institute of
Tropical Meteorology, Pune (IITM, Pune) (http://
www.tropmet.res.in)(Pant and Rupa Kumar 1997;
Kothawale and Rupa Kumar 2005; Sontakke et al.
2008) and reanalysis products provided by National Centres for Environmental Prediction (NCAR/
NCEP) (Kalnay et al. 1996).
Observed linear trends in temperatures and precipitation at three station locations, viz., D (2192
m), E (3050 m) and I (3800 m), over the NWH
are also compared with the regional scale trends
in temperatures and precipitable water content
(PWT) over the WH and the NMI rainfall. Agreement between regional scale trends in temperature,
PWT and NMI rainfall with the observed trends
in temperature and precipitation over the NWH
in recent decades indicate that regional scale data
may provide an insight on long term trends in temperature and precipitation over the NWH. Similarity of observed trends in each variable at 11 stations
located widespread over the NWH is examined as
the percentage (number) of stations showing same
type of trend. This can be taken as an indicator
of overall observed trend in each variable over the
NWH in recent decades.
2. Study area and data
The study area falls in the Shamshabari Range, the
Pir Panjal Range and the Great Himalayan Range

Table 1. List of surface weather variables and their abbreviations.
Sl. no.
1
2
2
3
4
5
6
7
8
9
10

Variable

Abbreviation

Maximum (minimum) temperature
Mean temperature
Seasonal total snow (rain) days
Seasonal total precipitation days
Snowfall (rainfall) amount for 9 or 15-hr interval
Snowfall amount for 24-hr interval
Seasonal total snowfall (rainfall) amount
Seasonal total precipitation amount
Rainfall contribution to seasonal total precipitation amount
Seasonal snow cover depth (snow cover days)
Seasonal total precipitable water content

MX(MN)
MNT
SFD(RFD)
TPD
SF9-15(RF9-15)
SF-24
TS(TR)
TP
RC
MSSCD(SCD)
PWT
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Figure 1. Study stations in diﬀerent mountain ranges over the Northwest Himalayas (NWH).

in the NWH in India (see ﬁgure 1), which covers
the high altitude mountainous regions of the
north Indian states of Himachal Pradesh (HP) and
Jammu and Kashmir (J&K). Winter-time data
(November–April) from 11 stations in diﬀerent
mountain ranges spread across the NWH are used
for analysis of linear trends in variables listed in
table 1. Data for this study is obtained from the
data archive of Snow and Avalanche Study Establishment (SASE), Manali, India (Bhutiyani et al.
2007, 2009; Shekhar et al. 2010). Due to prevailing
sub-zero temperatures and solid precipitation in
the form of snow at most of the stations during
November–April, this period is considered as a
winter season over the NWH.
Daily surface weather data over the NWH are
collected at 0300 and 1200 UTC, and the details
can be seen in Bhutiyani et al. (2009) and Dimri
and Das (2011). Data collected on snowfall (rainfall) amount at 0300 UTC represents 15-hr interval
[i.e., 1200 UTC (previous day)–0300 UTC (current
day)] cumulative snowfall (rainfall) amount. Data
collected on snowfall (rainfall) amount at 1200
UTC represents 9-hr interval (0300–1200 UTC of
same day) cumulative snowfall (rainfall) amount.
FS-24 considers snowfall amount over a period of
24 hours. New snow density of 100 kg m−3 is
assumed to compute snow water equivalent, if new
snow density is missing or could not be recorded,
and RC is computed as percentage of proportion
of seasonal total rainfall amount in seasonal total

precipitation amount. Snowfall and rainfall amounts
are reported as zero on days when snowfall and
rainfall do not occur.
A winter with missing data length for less than
5 days only is considered for the study. Only those
stations are considered where the data reliability
is high (Bhutiyani et al. 2007, 2009; Shekhar et al.
2010; Dimri and Das 2011) and spurious values in
any parameter are excluded from the analysis. It is
generally seen that more than 95% of the records
of various variables fall within the range of mean
±3 standard deviation. Winter data for stations
D and E are available continuously for successive
winters and the data length at stations D, E and I is
comparatively more than the other stations (table 2).
The climatology of MX, MN, TS, TP, SFD and
RFD (see also the explanations for the variables described in table 1) at 11 stations is given in table 2.
Large diﬀerence in TS (TP) at 11 stations indicates
that precipitation displays a large interannual variability and strong regional character over the NWH.
3. Methodology
The standardized anomalies of MX, MN, TS,TR,
TP, RC, FS 9-15, RF 9-15, FS-24 and MSSCD at a
station for a winter are computed as follows (Pant
and Rupa Kumar 1997; Bhutiyani et al. 2007):
Sj =

xj
stj

(1)

RFD

322.2
227.1
424.9
247.2
356.1
252.5
410.8
398.1
156
312.6
206.7
1161.6
1027.2
1150.0
793.7
1185.3
825.3
1040.1
764.8
519.1
1097.5
446.4
300.6
224.8
352.6
161.6
389.0
256.9
304.9
243.3
142.9
324.9
174.1
1042.1
981.1
1014.8
278.5
1189.4
716.3
936.6
557.6
482.8
1019.5
404.0
0.6
0.7
0.6
0.7
0.9
0.6
1.0
0.9
0.8
2.0
2.6
−2.2
−3.4
−6.1
2.5
−1.2
−4.8
−4.9
−2.5
−11.8
−5.9
−12.9
1.1
1.3
0.9
1.4
1.1
1.1
1.0
1.2
1.3
0.9
2.6
6.3
4.4
1.9
15.7
7.9
5.4
3.8
4.6
2.0
6.5
2.0
6.9
5.4
2.7
8.2
4.2
4.6
5.4
4.9
–
8.4
3.7

σ

Temperature
MX (◦ C)
MN (◦ C)
μ
σ
μ
σ

TS (cm)
μ
σ

TP (mm)
μ
σ
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where Sj =standardized anomaly of variable listed
in table 1; xj=anomaly from mean; and stj= standard deviation of variables listed in table 1.
Mean and standard deviation of snowfall
amount, rainfall amount and seasonal snow cover
depth at a station for a winter are computed as
follows:
n
j=1 yj
μj =
, where yj > 0
(2)
nj
where μj = mean snowfall (rainfall) amount for
9-hr or 15-hr interval, mean snowfall amount for
24-hr interval, mean seasonal snow cover depth;
yj =snowfall (rainfall) amount for 9-hr or 15-hr
interval, snowfall amount for 24-hr interval, seasonal snow cover depth, nj =number of records with
yj > 0.
A day is deﬁned as a snow day (a rain day) when
snowfall (rainfall) was reported over a period of 24
hours and a day is deﬁned as snow cover day when
seasonal snow cover is reported at a station location. SFD, RFD and SCD for a winter at a station
are computed using the following expression:
N=

n


mj

(3)

18.3
8.6
4.9
33.5
9.4
16.3
6.5
10.3
–
16.2
4.1
11.9
6.5
10.9
6.4
10.5
8.5
9.0
8.6
9.6
11.3
10.2
G range

P range (J&K)

A
B
C
D
E
F
G
H
I
J
K
S range

P range (HP)

Stn
Mtn range

2650
2960
3192
2192
3050
2800
3080
3250
3800
2440
3250

1991–2009
1992–2009
1992–2009
1979–2009
1989–2009
1987–2009
1987–2009
1997–2009
1983–2009
1987–2009
1987–2009

15
16
14
31
21
17
18
12
24
16
19

(4)
(2)
(5)
(0)
(0)
(6)
(5)
(1)
(3)
(7)
(4)

44.7
48.9
54.0
16.1
41.0
39.3
49.0
28.3
43.9
50.5
41.8

μ
Winter data
period

No. of winters
(NR/M winter)

μ

SFD

Days
σ

j=1

Alt
(m)

Table 2. Climatology of MX, MN, SFD, RFD, TS and TP at 11 stations in diﬀerent mountain ranges over Northwest Himalaya (NWH) (Mtn range=mountain
range, S range=Shamshawari Range, P range=Pir Panjal Range, G range=Great Himalayan Range; Stns=stations; Alt=Altitude; SFD(RFD)=snowfall (rainfall) days;
MX(MN)=maximum(minimum) temperature, TS(TP)=seasonal total snowfall (precipitation) amount; μ =mean, σ =standard deviation; NR/M winters =data not
recorded/data missing winters).
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mj =

1, yj > 0
0, yj = 0


(4)

where yj is snowfall (rainfall) amount in 24-hr
interval and snow cover depth, N=total number of
snow (rain) days and snow cover days; mj =1(0)
for snow day (no snow day), rain day (no rain day)
and snow cover day (no snow cover day).
Trend in RC provides an insight on whether the
rainfall contribution to seasonal total precipitation
amount is increasing (decreasing) due to increasing
air temperatures (MX, MN) and decreasing seasonal total snowfall amount. Rainfall contribution
(RCj ) to seasonal total precipitation for a winter
at a station is deﬁned as follows:
RCj = 100 ×

Rj
,
Pj

where Pj > 0

(5)

where RCj = rainfall contribution in %, Rj = seasonal total rainfall amount (TR), Pj = seasonal
total precipitation amount (TP).
Linear regression analysis is used to construct
the trend in variables listed in table 1 (Pant and
Rupa Kumar 1997; Bhutiyani et al. 2007, 2009,
Dimri and Das 2011). Linear regression equation
of the following form is developed at each station
for surface weather variables listed in table 1 to
examine linear trend in them.
Sj = Aj + Bj Tj

(6)
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and the Great Himalayan Range indicate that a
majority of the stations (8 of the 11 stations) show
an increasing trend in these variables (table 3a).
Statistically signiﬁcant increasing trend in MX are
found for the stations D, E, G (3080 m) and F (2800
m) in the Pir Panjal Range, and for the stations
I and K (2440 m) in the Great Himalayan Range
(table 3a). However, the trend in MN seen to be
statistically signiﬁcant at station D in the Pir Panjal Range (table 3a). Anomaly trend in MX and
MN at a station D in the Pir Panjal Range of NWH
is shown in ﬁgure 2, and it is evident from ﬁgure 2
that MX is increasing at a faster rate relative to
MN at a station D. The MX and MN show high
positive anomalies in the last decade at a station
D (ﬁgure 2).
Further, one can see that the trend in MX and
MN exhibits regional character (table 3a). Rate

where Sj is the anomaly of any surface weather
variable, Aj and Bj are the regression constant
and regression coeﬃcient respectively, and Tj is the
winter season. Bj represents slope of regression line,
hence sign of Bj represents increasing (decreasing)
trend in Sj . Standard two tail T-test is employed to
determine statistical signiﬁcance of regression coefﬁcient Bj , i.e., statistical signiﬁcance of increasing
(decreasing) trend in any surface weather variable
listed in table 1.
4. Results and discussion
4.1 Trends in maximum, minimum
and mean air temperatures
The MX and MN trends for each station falling
in the Shamshawari Range, the Pir Panjal Range

Table 3. Trends in temperatures (MX, MN, MNT), TS, TR, TP, RC, FS9-15, RF9-15 at 11 stations over the NWH
and trends in temperatures (MX, MN, MNT), NMI rainfall and PWT over the western Himalayas (WH) (see table 1 for
details; Stn=station; D=decade; W=winter; (+) increasing trend; (–) decreasing trend; ** trend statistically signiﬁcant at
1% signiﬁcance level ; * trend statistically signiﬁcant at 5% signiﬁcance level).
(a) Observed linear trends in MX, MN, TS, TR, TP RC, FS9-15 and RF9-15 at 11 station locations in recent decades over
the NWH.
Mountain
range
S range

P range

G range

Stn

MX/D
(◦ C)

MN/D
(◦ C)

TS/W
(mm)

A
B
C
D
E
F
G
H
I
J
K

−0.1
+0.7
+0.2
+1.0 ∗ ∗
+1.2 ∗ ∗
+0.9∗
+0.8 ∗ ∗
+1.0
+1.1 ∗ ∗
−0.1
+2.0∗

−0.1
+0.4
+0.02
+0.4 ∗ ∗
+0.5
+0.2
−0.2
+0.5
+0.4
+0.04
+1.8

−13.2
+8.8
−1.8
−8.2 ∗ ∗
−34.2 ∗ ∗
−9.8
+4.6
+6.56
−7.9 ∗ ∗
−12.0
−10.1∗

Parameters
TR/W
TP/W
(mm)
(mm)
+6.0
+4.0
+1.6
−2.6
+2.6
+0.7
+3.2
−2.4
−
+1.7
+1.0

RC/D
(%)

−4.5
+14.8
+3.0
−6.4
−32.4 ∗ ∗
−6.3
+14.4
+34.63
−8.0 ∗ ∗
+6.3
−11.2

+0.05
+0.03
+0.02
+0.01
+0.08∗
+0.17
+0.32
−0.06
−
+0.45
+0.02

FS9-15/D
(cm)
−0.2
−0.9
−1.2
−0.5
−1.0
−0.6
−0.6
+6.4
−0.5
−1.9 ∗ ∗
−1.8 ∗ ∗

RF9-15/D
(mm)
−0.1
+2.6∗
+1.3
+0.1
+2.1
−0.5
0.03
+1.0
−
0.2
0.1

Table 3(b). Long term trends in temperatures, NMI rainfall and PWT over the WH.
Data type

Data period

Winter temperature data
over the western Himalayas
and north mountainous India
(NMI) rainfall data
NCAR/NCEP winter
temperature (700 mb) and
precipitable water content
Temperature data over western Himalayas

1979–2009
31 winters

North mountainous India (NMI)
rainfall data
NCAR/NCEP winter temperature
and precipitable water content data

MX/D
(◦ C)

MN/D
(◦ C)

MNT/D
(◦ C)

NMI rainfall
(PWT)/W

+1.15 ∗ ∗

+0.41 ∗ ∗

+0.78 ∗ ∗

−2.9

+0.35∗

−0.82

1979–2009
31 winters
1902–2007
106 winters
1845–2006
162 winters
1950–2009
60 winters

+0.15 ∗ ∗

+0.10 ∗ ∗

+0.13 ∗ ∗
+0.30
+0.10

−1.5 ∗ ∗
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Figure 2. Anomaly trends of temperatures (MX, MN) at a station D in the Pir Panjal Range of the NWH (MX = maximum
temperature, MN = minimum temperature).
Table 4. Trends in snowfall amount of 24-hr interval, seasonal snow cover depth, snow days, rain
days, total precipitation days and snow cover days (FS-24=snowfall amount of 24-hr interval;
MSSCD=seasonal snow cover depth; SFD=snow days; RFD=rain days; TPD=total precipitation
days; SCD=snow cover days; D=decade; W=winter; (+) increasing trend; (–) decreasing trend;
**trend statistically signiﬁcant at 1% signiﬁcance level; *statistically signiﬁcant at 5% signiﬁcance
level).
Mountain
range
S range

P range

G range

Stn

FS-24/D
(cm)

MSSCD/D
(cm)

Parameters
SFD/W
RFD/W
(days)
(days)

TPD/W
(days)

SCD/W
(days)

A
B
C
D
E
F
G
H
I
J
K

+0.04
−0.6
−1.5
−0.9
−1.6
−0.5
−0.3
+10.1
−0.8
−2.4∗
−1.9 ∗ ∗

−9.2
+14.9
−0.4
−2.3
−41.2∗
−13.2
−15.9
−39.1
−1.4
−18.4
−20.3∗

−0.5
+0.6∗
+0.3
−0.4 ∗ ∗
−1.1 ∗ ∗
−0.3
+0.4
−1.3∗
−0.3
+0.02
−0.1

+0.4
+1.0∗
+0.5
−0.6∗
−0.9∗
+0.2
+0.7 ∗ ∗
−1.1
−0.3
+0.6
+0.1

−1.6
+0.7
+0.5
−0.9∗
−1.3
−0.3
−0.01
+0.5
−0.7
−0.4
−1.3∗

of increase in MX is found to be higher at high
altitude stations compared to low altitude stations consistent with earlier study (Bhutiyani et al.
2007). However, the rate of increase in MX and
MN over diﬀerent mountain ranges are found to
be marginally less compared to the reported average rise in temperatures over the WH (Bhutiyani
et al. 2007; Shekhar et al. 2010). This is likely due
to diﬀerence in winter data length, frequency of
winters and due to temperature averaging of diﬀerent stations for computing the temperature trend
for a mountain range or WH as a whole (Bhutiyani
et al. 2007; Shekhar et al. 2010).
4.2 Trends in snow days, rain days, precipitation
days and snow cover days
Linear trends in SFD, RFD, TPD and SCD are
examined to know whether there is any change in
them in recent decades over the NWH. SFD show
decreasing trend and RFD show increasing trend
at most of the stations over the NWH (table 4).
Stations with short data length over the NWH
tend to show increase in TPD (table 4). However,

+0.8∗
+0.2
+0.04
−0.2
+0.2
+0.2∗
+0.2
+0.1
−
+0.6 ∗ ∗
+0.03

stations with longer data length (2–3 decades) such
as station D, E and I, show statistically signiﬁcant
decrease in TPD during winter season. These ﬁndings suggest that SFD have decreased and RFD
have increased over the NWH in the last 2–3
decades. TPD have also decreased. Rate of increase
in RFD are found higher than the rate of decrease
in SFD at a station in the Shamshawari Range of
the NWH (ﬁgure 3).
Increasing air temperatures (MX, MN, MNT)
and decreasing TS may result an early melt of seasonal snow cover, i.e., seasonal snow cover for short
period for a winter season. These factors are likely
to reduce winter period in terms of availability of
seasonal snow cover. Trends in SCD are examined to
know whether seasonal snow cover days (duration)
show any change over the NWH in recent decades.
Most of the stations (8 out of the 11 stations)
show decline in SCD over the NWH (table 4).
This suggests that winter period has reduced in
terms of availability of seasonal snow cover. Most
of the winters in the last decade are seen to show
negative anomaly in SCD at a station E in the
NWH (ﬁgure 4).
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Figure 3. Anomaly trends of snow days, rain days and precipitation days at a station A in the Shamshawari Range of the
NWH (SFD = snow days; RFD = rain days; TPD = total precipitation days).

Figure 4. Anomaly trend of snow cover days at a station E in the Pir Panjal Range of the NWH (SCD = snow cover days).

4.3 Trends in seasonal total snowfall amount,
seasonal total rainfall amount, seasonal total
precipitation amount and rainfall contribution
to seasonal total precipitation amount
From a global perspective, a few earlier studies
reported enhancement and suppression of the precipitation pattern (Fallot et al. 1997; Zhai et al.
1999; Beniston 2003), and in particular for the
Himalayas as well (Shrestha et al. 2000; Archer and
Fowler 2004; Bhutiyani et al. 2009). These studies
did not emphasize the observed trends in TR, RC
and TP, and analysis of these variables may provide more insight into the observed trends in various components of winter precipitation (snow, rain
and rainfall contribution) and any shift in precipitation type due to increasing air temperatures over
the NWH. One can see that most of the stations in
the NWH display decreasing trend in TS and TP,
while an increasing trend is seen in TR (table 3).
Stations D and E (the Pir Panjal Range) and stations I and K (the great Himalayan Range) with
longer data length indicate a statistically signiﬁcant decreasing trend in TS (table 3). TR shows
increasing trend at most of the stations. However,
TP shows statistically signiﬁcant decreasing trend

at the stations E and I (table 2). Number of stations showing decreasing trend in TP are less compared to the stations showing decreasing trend in
TS. This can be attributed to increasing rainfall
amount and increasing rainfall contribution to seasonal total precipitation amount during winter
season (table 2). Most of the winters show positive
anomaly in rainfall and negative anomalies in TS
and TP at a station E in the NWH in the last
decade (ﬁgure 5). This gives an indication that TS
and TP have decreased and TR has increased at a
station E in the last decade. Stations D, E, I and
K with longer data length show statistically significant and similar type of trend in TS and TP and,
hence, may be reasonably taken as an indicator of
observed trends in them over the NWH in recent
decades.
4.4 Trends in snowfall and rainfall amounts
of short-time period
Trends in TS, TR and TP do not provide information on whether snowfall and rainfall amounts
of short time intervals are increasing (decreasing).
Trends in FS9-15, RF9-15 and FS-24 are examined
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Figure 5. Anomaly trends of seasonal total snowfall amount, seasonal total rainfall amount and seasonal total precipitation
amount at a station E in the Pir Panjal Range of the NWH (TS = seasonal total snowfall amount; TR = seasonal total
rainfall amount; TP = seasonal total precipitation amount).

Figure 6. Anomaly trends of snowfall and rainfall amount of short time intervals at a station E in the Pir Panjal Range of
the NWH (FS9-15= snowfall in 9-hr or 15-hr interval; FS-24= snowfall in 24-hr interval; RF9-15 = rainfall in 9-hr or 15-hr
interval).

to know whether snowfall and rainfall amounts of
short time interval are increasing (decreasing) over
the NWH. Most of the stations over the NWH show
decreasing trend in FS9-15 and FS-24, and increasing trend in RF9-15 (tables 3 and 4). Stations J and
K (3250 m) in the Great Himalayan Range show
statistically signiﬁcant decreasing trend in FS9-15
and FS-24 (tables 3 and 4). Rate of decrease in
FS9-15 and FS-24 is found to be higher at high
altitude stations compared to low altitude stations
(tables 3 and 4). This can be attributed to the
geographic position of stations, local topography
and proximity to the moisture sources, etc. Rate
of increase in RF9-15 is found to be higher at low
altitude stations compared to high altitude stations
(table 3). This is likely due to high air temperatures

at low altitude stations compared to high altitude
stations and increasing air temperatures over the
NWH. Trends in FS9-15, FS-24 and RF9-15 suggest that decreasing trend in TS and increasing
trend in TR are associated with changes in snowfall and rainfall amounts of short-time intervals.
Anomaly trends in FS9-15, RF9-15 and FS-24 at
a station E in the NWH show that snowfall of
short-time intervals tend to show decline whereas
as rainfall tends to show an increase (ﬁgure 6).

4.5 Trend in seasonal snow cover depth
Increasing MX, MN, MNT, TR and decreasing TS
are likely to inﬂuence seasonal snow cover depth.
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This is because decreasing TS and increasing TR
may lead to shallow (thin) snow cover build up
and increasing air temperatures are likely to cause
faster melting of seasonal snow cover. Trend in
MSSCD is examined to know whether MSSCD
shows any change in recent decades over the NWH.
Ten stations out of the 11 stations display
decreasing trend in MSSCD (table 4). Statistically
signiﬁcant decreasing trend in MSSCD is found for
a station E in the Pir Panjal Range and for a station K in the Great Himalayan Range (table 4).
Negative anomaly in MSSCD is found for most of
the winters at a station E in the last decade and
anomaly in MSSCD is found consistent with the
anomaly in TS (ﬁgures 5 and 7).

5. Similarity of observed trends in diﬀerent
surface weather variables over the NWH
Trends in surface weather variables listed in table 1
seem to show regional character over the NWH
(tables 3 and 4). It is diﬃcult to state clearly that
the observed trends in variables listed in table 1
tend to show regional character or it is due to
varying data length at diﬀerent station locations
or it is due to combined eﬀect of both of them.
This needs to be investigated in future with long
homogeneous data series at diﬀerent station locations. However, broad overview of observed trend

Figure 7. Anomaly trend of seasonal snow cover depth at a
station E in the Pir Panjal Range of the NWH.
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in each variable over the NWH is presented as
similarity of type of observed trend at diﬀerent
station locations. Increasing trends in temperatures
(MX, MN), RF9-15 and TR is found about 82.0%
(9 out of 11 stations), 80.0% (8 out of 10 stations) and 80.0% stations respectively located in
diﬀerent mountain ranges over the NWH (ﬁgure 8).
Decreasing trends in SF9-15, SF-24, TS, TP and
MSSCD is found for 90.9%, 81.8%, 72.7%, 63.6%
and 90.9% stations respectively (ﬁgure 8). 90.0%
stations show increasing trend in RFD and 63.6%
stations show decreasing trend in TPD (ﬁgure 9).
63.6% and 72.7% stations show decreasing trend
in SFD and SCD (ﬁgure 9). Stations with longer
data series (2–3 decades) show same type of trend
and statistically signiﬁcant increasing (decreasing)
trend in various surface weather variables over the
NWH (tables 2 and 3) which suggests that surface
weather variables over the NWH display signiﬁcant
temporal changes in the last 2–3 decades.
6. Trends in air temperatures and
precipitation amount over the WH
Trends in temperatures and PWT over the WH
and rainfall amount over the NMI region are examined using long data series on temperature, PWT
and NMI rainfall data (table 3b). Trends in temperatures over the WH are examined using data
of 106 winters (1902–2007) and 60 winters (1950–
2009) (table 3b). Trends in PWT over the WH are
examined using PWT data of 60 winters (1950–
2009) and trend in NMI rainfall are examined using
NMI rainfall data of 162 winters (1845–2006). This
is done to get an idea on long term trends in
temperature and precipitation over the WH and
the NMI region, and to know whether regional
scale data supports (not supports) observed trends
in temperatures and precipitation over NWH in
recent decades.
Temperatures (MX, MN, MNT) show statistically signiﬁcant increase over the WH in the last
106 winters (table 3b). Long temperature data

Figure 8. Similarity of observed trend in each variable in diﬀerent mountain ranges over the NWH (MX(MN) =maximum
(minimum) temperature; SF9-15 = snowfall amount of 9 or 15-hr interval; RF9-15 = rainfall amount for 9 or 15-hr interval;
FS-24 = snowfall amount of 24-hr interval; MSSCD = snow cover depth; TS = seasonal total snowfall amount; TR=seasonal
total rainfall amount; TP = seasonal total precipitation amount).
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Figure 9. Similarity of observed trend in snow days, rain days, precipitation days and snow cover days in diﬀerent mountain
ranges over the NWH (SFD = snow days; RFD = rain days; TPD = total precipitation days; SCD = snow cover days).
Table 5. Correlation coeﬃcients among anomalies of temperatures (MX, MN, MNT), anomalies of seasonal total precipitation amount, anomalies of NMI rainfall and anomalies of precipitable water content of NCAR/NCEP reanalysis data (MX(MN)=maximum (minimum) temperature, MNT=mean temperature; TP=seasonal total precipitation
amount; WH=western Himalayas; NMI rainfall=north mountainous India rainfall; PWT=precipitable water content
of NCAR/NCEP reanalysis data; **correlation coeﬃcient statistically signiﬁcant at 1% signiﬁcance level; *correlation
coeﬃcient statistically signiﬁcant at 5% signiﬁcance level).

Station/area

Type

D

MX
MN
MNT
TP
MX
MN
MNT
TP
MX
MN
MNT
TP
MX
MN
MNT
TP

E

I

WH

NCAR/NCEP reanalysis data
Temperature
Precipitable water
(MNT)
content (PWT)
0.82**
0.85**
0.87**

Western Himalayas
NMI
Temperature
rainfall
0.49*
0.23
0.44*
−0.05

0.21
0.88**
0.69**
0.84**

0.41
0.15
0.40
−0.13

0.39
0.42**
0.64**
0.55**

0.48*
0.41
0.51*
0.37

0.07

0.11
0.23
0.22

series over the WH supports that the rate of
increase in MX is higher than MN as observed in
recent decades over the NWH (table 3a and b).
Rate of increase in temperatures over the WH in
the last three decades is found to be higher than
the rate of increase in temperatures in the last 106
winters (table 3b). NCAR/NCEP reanalysis temperature also show increase in temperatures over
the WH in the last six decades (table 3b). The
NMI rainfall data show statistically insigniﬁcant
increasing trend in rainfall in the last 162 winters
(table 3b). However, PWT shows statistically signiﬁcant decrease in the last six decades over the
WH (table 3b).
Correlation coeﬃcients among anomalies of
temperatures, TP, NMI rainfall and PWT are
computed (table 5). Temperatures (MX, MN and
MNT) at station locations D, E and I show

−.09

statistically signiﬁcant positive correlation with the
reanalysis temperature of a grid common to station
location and temperature over the WH (table 5).
TP at station locations D, E and I show positive
correlation with the PWT of a grid common to station location and insigniﬁcant negative correlation
with the NMI rainfall (table 5). These results give
an indication that regional scale temperature and
PWT over the WH may be reasonably taken as an
indicator of long-term trend in temperatures and
TP over the NWH.
Trends in temperatures and PWT over the WH
and trends in NMI rainfall are also examined in
the last three decades. Temperatures over the WH
show statistically signiﬁcant increase in the last
three decades and results are consistent with the
observed trend in temperatures over the NWH
(table 3a and b). Decline in NMI rainfall and PWT
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Figure 10. Anomaly of mean air temperature over the western Himalayas (MNT(WH)= mean air temperature over the
(western Himalayas); MNT(D, E, I) = mean air temperature at a station (D, E, I); MNT(NCEP)= mean air temperature
over the western Himalayas based on NCAR/NCEP reanalysis data).

Figure 11. Anomaly of NMI rainfall, seasonal total precipitation amount at stations D, E and I and seasonal total precipitable water content of reanalysis data over the western Himalayas (NMI rainfall = north mountainous India rainfall;
PWT = precipitable water content of NCAR/NCEP reanalysis data; PT(D, E, I) = seasonal total precipitation amount at
stations D, E, and I.
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over the WH in the last three decades are also
found consistent with the observed trend in TS
and TP over the NWH (table 3a and b). These
results suggest that observed trends in TS, TP, MX
and MN over the NWH in the last three decades
are well supported by regional scale temperature,
PWT and NMI rainfall. Anomaly of MNT over
the WH region and at station locations D, E and
I in the NWH are shown in ﬁgure 10 which suggests that air temperatures show increasing trend
in recent decades over the WH, and MNT is found
to show continuous consecutive positive anomaly
in the last decade at these stations (ﬁgure 10).
Anomalies of NMI rainfall, PWT and TP at station
locations D, E and I are shown in ﬁgure 11 which
suggest that TP shows decreasing trend over the
NWH in the last three decades and decline in TP
is also reasonably well supported by NMI rainfall
and PWT over the WH.
7. Conclusion and limitations
This study is conducted to examine linear trends in
various surface weather variables over the Northwest Himalayas. Temperatures (maximum, minimum
and mean temperatures), seasonal total rainfall
amount, rain days show an increase while seasonal
total snowfall amount, seasonal total precipitation
amount, snow days and precipitation days show
decline over the Northwest Himalayas in recent
decades. Seasonal snow cover depth and snow cover
days also show a decline. Decrease in snow cover
depth and duration have reduced winter period in
terms of availability of seasonal snow cover over
the Northwest Himalayas in the last three decades.
Long data series of temperature over the Western Himalayas also show an increase in air temperatures and results are consistent with the
observed trend in temperatures over the Northwest
Himalayas in recent decades. Decline in total precipitation amount over the Northwest Himalayas is
reasonably well supported by the NMI rainfall data
and precipitable water content of reanalysis data.
Same type of trends in various surface weather variables at most of the stations over the Northwest
Himalayas suggest that surface weather variables
have undergone signiﬁcant temporal changes in the
recent decades.
This study is based on short data length at 11
stations in diﬀerent mountain ranges over the
Northwest Himalayas. Study based on long homogeneous data series over the Northwest Himalayas
in future may provide some interesting results.
Trends in temperatures, rainfall and precipitable
water content over the Western Himalayas and NMI
region are examined using coarse resolution data.
However, ﬁne resolution data on temperatures and

rainfall over the Western Himalayas may provide
better insight on temperature and precipitation
variability over the Western Himalayas.
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