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Abstract. Global warming or the increase of the sur-
face and atmospheric temperatures of the Earth, is increas-
ingly discernible in the polar, sub-polar and major land
glacial areas. The Himalayan and Tibetan Plateau Glaciers,
which are the largest glaciers outside of the Polar Re-
gions, are showing a large-scale decrease of snow cover
and an extensive glacial retreat. These glaciers such as
Siachen and Gangotri are a major water resource for Asia
as they feed major rivers such as the Indus, Ganga and
Brahmaputra. Due to scarcity of ground measuring sta-
tions, the long-term observations of atmospheric tempera-
tures acquired from the Microwave Sounding Unit (MSU)
since 1979-2008 is highly useful. The lower and middle
tropospheric temperature trend based on 30 years of MSU
data shows warming of the Northern Hemisphere’s mid-
latitude regions. The mean month-to-month warming (up
to 0.048+0.026°K/year or 1.44°K over 30 years) of the mid
troposphere (near surface over the high altitude Himalayas
and Tibetan Plateau) is prominent and statistically signifi-
cant at a 95% confidence interval. Though the mean annual
warming trend over the Himalayas (0.01640.005°K/year),
and Tibetan Plateau (0.008+0.006°K/year) is positive, the
month to month warming trend is higher (by 2-3 times,
positive and significant) only over a period of six months
(December to May). The factors responsible for the re-
versal of this trend from June to November are discussed
here. The inequality in the magnitude of the warming
trends of the troposphere between the western and eastern
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Himalayas and the IG (Indo-Gangetic) plains is attributed
to the differences in increased aerosol loading (due to dust
storms) over these regions. The monthly mean lower-
tropospheric MSU-derived temperature trend over the IG
plains (dust sink region; up to 0.03240.027°K/year) and
dust source regions (Sahara desert, Middle East, Arabian
region, Afghanistan-Iran-Pakistan and Thar Desert regions;
up to 0.068+0.033°K/year) also shows a similar pattern
of month-to-month oscillation and six months of enhanced
and a statistically significant warming trend. The enhanced
warming trend during the winter and pre-monsoon months
(December—May) may accelerate glacial melt. The unequal
distribution of the warming trend over the year is discussed in
this study and is partially attributed to a number of control-
ling factors such as sunlight duration, CO; trends over the
region (2003-2008), water vapor and aerosol distribution.

Keywords. Atmospheric composition and structure
(Aerosols and particles) — Meteorology and atmospheric
dynamics (Climatology) — Radio science (Remote sensing)

1 Introduction

The Himalayan glaciers, the largest body of ice outside of the
polar icecaps (Kulkarni et al., 2005), are a source of water for
major rivers of Asia such as the Indus, Ganga and Brahma-
putra. A large fraction of the world’s population (>1/6th
or over a billion people) inhabits the IG (Indo-Gangetic)
plains (Pakistan, India, parts of Nepal, Bangladesh, China)
and depend on the melt-water and rainfall from these re-
sources. In recent years, the Himalayan glaciers are found to
be among the fastest receding glaciers in the world thereby

Published by Copernicus Publications on behalf of the European Geosciences Union.


http://creativecommons.org/licenses/by/3.0/

4506 A. K. Prasad et al.: Melting of major Glaciers in the western Himalayas

affecting the discharge of the Indus, Ganga, Brahmaputra,
Mekong, Thanlwin, Yangtze, and the Yellow rivers. The
rate of retreat is believed to be approximately 10—15 m/year
(33-49 ft/year) (WWE, 2005). The annual rate of retreat is
known to vary widely but with an increasing trend. For in-
stance, satellite data show that the Parbati glacier located in
the western Himalayas retreated by 97 m from 2000-2001
compared to 22 m from 1998-2000. It is observed that a de-
crease of 578 m occurred in the last century (between 1990
and 2001) (Kulkarni et al., 2005). The large-scale retreat
or mass loss of the Himalayan glaciers has a potentially
huge impact on the available freshwater resources through-
out Asia (Krishna, 2005; Rees and Collins, 2006; Kehrwald
et al., 2008; Winiger et al., 2005), which may cause ma-
jor socio-economic problems. The analysis of the ice-cores
and snow from Tibet-Himalaya region show recent climate
changes and influence of dust storms and anthropogenic ac-
tivities (Qin et al., 2000; Kang et al., 2001; Xu et al., 2007;
Lee et al., 2008).

1.1 Objectives of the present study

Long-term studies of temperature variation are crucial to
our understanding of climate change. The longest available
record of tropospheric (lower and middle) temperature data
from satellite sensors (MSU-AMSU) from 1979-2008 have
been used to analyze the trends of lower and middle tro-
pospheric temperatures over the Himalayan region, Tibetan
Plateau, adjacent IG plains and major dust source regions
in the northern mid-latitudes that are known to affect the
western Himalayas and IG plains (Prasad and Singh, 2007a,
b; Kayetha et al., 2007). The annual and month-to-month
MSU-derived warming trend of the troposphere and their
connection with other major factors that control atmospheric
temperature (such as CO,, aerosols, water vapor, sunlight) is
largely unknown over the region. The role played by the vari-
ation of sunlight, aerosols and other greenhouse gases such as
CO» and water vapor in the temperature modulation over the
dust source, sink, and snow cover regions need to be investi-
gated. Free tropospheric CO; (ppm) data and length of sun-
light variation (in minutes), in conjunction with the warming
trend, have been analyzed to study CO, and sunlight varia-
tion. The differences in the warming trends of the western
and eastern Himalayan regions and the IG plains is very im-
portant in view of the known contrast in aerosol loading over
the region and the influence of the western dust source re-
gions. The impact of monsoon rainfall and the correspond-
ing increase in moisture in the atmosphere on the tempera-
ture trend is discussed. The month-to-month warming trend
over major dust source regions in Asia and the effect of other
controlling factors have been investigated qualitatively. An
overview of the impact of these controlling factors over the
observed warming trend is presented in this study.

Ann. Geophys., 27, 45054519, 2009

1.2 Major Himalayan glaciers: melting and long term
changes

1.2.1 Siachen and Gangotri Glacier

The Siachen Glacier, the second largest glacier known out-
side of the polar and sub-polar regions (Kulkarni et al., 2005;
Upadhyay, 2009), is located in the western Himalayas. The
Gangotri glacier, a cluster of glaciers, is the second largest
glacier in the Himalayas. The glacial melt contributes ~29%
of the annual flow at Devprayag (elevation 690 m, near the
Foothills of the Himalayas) (Jain, 2008). They feed major
rivers of the region and supplies hundreds of millions of peo-
ple with fresh water (Table 1). The rate of retreat of these
glaciers have been found to be higher during recent decades
(Raina and Sangewar, 2007; Jain, 2008)

1.2.2 Tibetan Plateau and Indian summer monsoon

The Tibetan Plateau, also known as the roof of the world
due to its base height residing in the free troposphere, re-
ceives large amounts of solar heat flux. The strong heat-
ing of the mountainous regions of Tibet creates a strong heat
contrast in the mid-tropospheric altitudes. The development
of a strong North-South heat gradient during pre-monsoon
months across the Tibetan plateau, IG plains and the Bay of
Bengal, is known to influence the Asian and Indian mon-
soon circulation patterns (Shekhar and Dash, 2005; Lau et
al., 2006; Lau and Kim, 2006). General Circulation Model
(GCM) experiments show that Tibetan snow cover and snow-
fall during pre-monsoon months (April) affects the monsoon
rainfall over India. An inverse snow-monsoon relationship
is observed between monsoon rainfall over India and pre-
monsoon snowfall over the Tibet Plateau. A positive snow
mass anomaly (snow fall) over Tibet during pre-monsoon
months tends to lessen the temperature gradient and affects
the circulation pattern of wind and moisture leading to a
weak monsoon (Ose, 1996). Most of the Tibetan Glaciers are
showing signs of accelerated retreat in recent decades (Yao
et al., 2007). The knowledge of a long-term month-to-month
temperature (warming or cooling) trend over Tibetan Plateau
is essential as it not only explains the snow cover loss or gain
but also strong or weak Indian Summer monsoons.

1.3 Impact of global warming on glaciers

Global temperatures have increased by 0.6+£0.2°C since
1990 (Lozan et al., 2001). The MSU channel Tempera-
ture Lower Troposphere (TLT) and MSU/AMSU channel
Temperature Middle Troposphere (TMT) show global tem-
perature increase of 0.156°K/decade and 0.091°K/decade,
respectively. Global warming is believed to be the cause
of large-scale glacial retreat around the world (Oerlemans,
2005). The Tibetan Plateau shows an annual warming rate of
0.16°C/decade and a winter warming trend of 0.32°C/decade
(Liu and Chen, 2000). The Tibetan Plateau also shows

www.ann-geophys.net/27/4505/2009/
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Table 1. Characteristics of the major glaciers and glacier-snow covered regions in the Himalayas and Tibetan Plateau.

Glacier or re- Location Major rivers Rate of retreat Reference
gion
Siachen Eastern Karakoram region Nubra, Shyok, and Indus Higher during 20th century  Raina and Sangewar (2007)
(northern Ladakh) (1929-1958) as compared
to 1862-1909
Gangotri Western Himalayas Ganga and its numerous In recent decades, 22— Jain (2008)
tributaries, Brahmaputra 27 m/year
Himachal Western Himalayas Increased rate of glacial Berthier et al. (2007)

Glacier region

Chenab, Par-  Western Himalayas
bati and Baspa (analysis of 466 glaciers)
basins

Glaciers in China

Qinghai-Tibetan Plateau

North slope of Mount Everest

Qomolangma

ice loss during 1999-2003
compared to 1977-1999
(Mass-balance studies:
ground and satellite based
data)

Overall reduction in glacial
area from 2077sq. km (in
1962) to 1628sq. km (at
present) and an overall
deglaciation of 21%

Total glacial area has re-
ceded by about 5.5% since
1945

Models predict a 26.7%
shrinkage in glacial area by
2050

Degradation of the per-
mafrost could reach up to
33% to 50% by 2100
5.5-9.5ma! since 1960

Kulkarni et al. (2007)

Li et al. (2008)

Jiawen et al. (2006)

a decrease in the length of the snow cover season by 23
days at elevations between 4000-6000m a.s.l. with early
snowmelt occurring at elevations up to 5500 m a.s.l. (Riki-
ishi and Nakasato, 2006). Temperature data collected from
125 stations across India show an increasing temperature
trend of 0.36°C (western India) and 1.06°C (southern In-
dia) but a declining trend of —0.38°C over the IG plains per
100 years. The annual mean (mean maxima) temperatures
have increased at the rate of 0.42°C (0.92°C) per 100 years
(Arora et al., 2005). During the winter, the seasonal mean
temperature has increased by 1.1°C per 100 years (Arora et
al., 2005). Shrestha et al. (1999) observed warming trend of
0.068 to 0.128°C per year in most of the Middle Mountain
and Himalayan regions (from 1977-1994).

The impact of climate change, in the form of warming
of the region, is noticeable in the change of snow cover
and mass balance (of snow and glacier) studies over the
Himalayan and Tibetan Glaciers (Kulkarni and Bahuguna,
2002; Kulkarni and Alex, 2003; Kulkarni et al., 2002, 2005;
Berthier 2007; Berthier et al., 2007; Kehrwald et al., 2008).
Between 1962-2001, Kulkarni et al. (2007) observed an
overall 21% decline in the glacial area of 466 glaciers in the
Himalayan basins (Baspa, Parbati and Chenab) (Table 1).

www.ann-geophys.net/27/4505/2009/

Visible data (images) from the earliest available records
from satellites (Landsat series, since 1972) show substantial
changes in snow cover over the region (Fig. 1). The long-
term data acquired from ground stations that measure surface
temperature, snowfall, and precipitation are not widely avail-
able in for the high altitude Himalayan and Tibet regions.
Surface air temperature data from the National Centers for
Environmental Prediction/National Center for Atmospheric
Research (NCEP/NCAR) models show regional warming in
those areas. The NCEP/NCAR reanalysis data over the Hi-
malayas/Tibetan Plateau can capture the synoptic-scale vari-
ability in temperature and pressure, but the values are sys-
tematically lower than the observations (Xie et al., 2007).

1.4 Influence of dust storms and anthropogenic pollu-
tion over Himalayan and Tibet Glaciers

Ice cores from Himalaya-Tibet region show history of dust
storm and anthropogenic activities over the region (Kang et
al., 2000; Duan et al., 2007; Xu et al., 2007; Lee et al., 2008;
Kehrwald et al., 2008). Geochemical isotope analyses of ice-
cores from the western and central Himalayan glaciers show
the presence of dust as well as summer monsoon signals. The
ice cores from the Dasuopu glacier (central Himalaya) show

Ann. Geophys., 27, 45054519, 2009
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signals of dust deposition during the pre-monsoon months
(1988-1997) which coincide with periods of dust storm ac-
tivity involving the long-range transport of dust from the arid
and desert regions of the west and the north (Kang et al.,
2000). The ice-cores from the Dasuopu glacier show summer
monsoon and pre-monsoon dust signals in seasonal variation
of delta O'® and major-ion concentrations (Ca®*, Mg?* and
SO*7) (Kang et al., 2000).

An ice-core-derived sulfate record from the Dasuopu
glacier, for the years 1000—1997 shows an increased anthro-
pogenic influence starting around 1930, while the sulfate
levels are found to be low and relatively constant prior to
1870. The sulfate concentrations in ice-cores have doubled
since the 1970s, which implies increased anthropogenic sul-
fate emissions over the source regions and its transport and
deposition over the Himalayan Glaciers (Duan et al., 2007).

Further, radioactivity analyses of ice cores taken from the
Naimona’nyi Glacier in the Himalayas (Tibet) lack signals
from the atmospheric thermonuclear bomb testing that oc-
curred during the 1950s and 1960s. This may imply that
there has been no net accumulation of snow over the high-
est glaciers (6050 masl) in Tibet between 1950 and 2006
(Kehrwald et al., 2008).

The westerly winds during the pre-monsoon month bring
large amounts of dust from Africa, Arabia, Middle East,
Afghanistan, and the Thar desert regions over the IG plains
and the Himalayan regions (Prasad et al., 2006a; Prasad and
Singh, 2007a; Singh et al., 2004). The western Himalayas
and the IG plains are affected more than the eastern regions
(Prasad and Singh, 2007b). Monsoon circulation, wind, tem-
perature and precipitation patterns, which are different be-
tween the western and eastern regions, affect the glacier re-
treat pattern over the western and eastern Himalayas and Ti-
bet plateau (He et al., 2003). The palaeoclimatic records
from the Himalayas and the adjacent regions suggest that, on
millennial timescales, both the South Asian monsoon and the
mid-latitude westerlies affect the Himalayan glacier fluctua-
tions (Benn and Owen, 1998). The dust and anthropogenic
pollution (black carbon) during pre-monsoon months over
the IG plains, extending up to Himalayas and Tibetan Plateau
may cause enhanced heating, affecting the temperature gra-
dient and the monsoon circulation pattern (Lau et al., 2006;
Lau and Kim, 2006). Gautam et al. (2009) found warm-
ing of 1.419°K (extrapolated to 30 years for comparison
from original trend of 0.0473°K/year for 29 year period) dur-
ing pre-monsoon season over the northern India (25-35° N,
69-82° E). Further, Gautam et al. (2009) found warming of
2.79°K (extrapolated from 2.7°K in 29 years) over the mid
troposphere for period 1979-2008 during pre-monsoon sea-
son over Himalayan-Gangetic region. Some of these results
have been compared here.

Ann. Geophys., 27, 4505-4519, 2009

1.5 Solar forcing of the climate and greenhouse gases
(CO,, water vapor)

Solar forcing of the climate is an important controlling force
and it increases uncertainty towards assessing global warm-
ing effects due to anthropogenic pollution (CO,, black car-
bon, aerosols and other greenhouse gases). Solar irradiance
variations, over a multi-year time period and over seasons
(within a year), is likely to produce a positive or negative
feedback on interactions with different components that en-
hances or suppresses global warming. The seasonal cycles of
sunlight variation have been studied here to partially explain
the warming trend observed from MSU data.

2 Data sources

2.1 MSU temperature data: major issues and multi-
decadal trends

Multi-decadal data (late 1978 to 2009) based on the Mi-
crowave Sounding Unit (MSU) and the Advanced Mi-
crowave Sounding Unit (AMSU) are available from vari-
ous sources. The satellite based MSU measurements have
been taken since late 1978, while the AMSU was launched
in 1998. A combination of inter-calibrated and combined
data from MSU and AMSU provide long-term atmospheric
temperature records (lower, middle, near tropospause, and
lower stratosphere). The major component of the measured
brightness temperature (channels 1 and 4) from MSU comes
from the thermal emission of atmospheric oxygen. Chan-
nel 1 corresponds to the lower troposphere while channel 4
corresponds to the lower stratosphere. The MSU data suffer
from a number of inter-calibration issues, time and diurnal
biases. Several groups (Remote Sensing Systems (RSS), the
University of Maryland (UMD), the University of Alabama
at Huntsville (UAH), the NOAA National Environmental
Satellite, Data, and Information Service (NOAA/NESDIS))
have merged the data available from these MSU/AMSU in-
struments to produce a long-term atmospheric temperature
record (Christy et al., 2000, 2003; Grody et al., 2004; Mears
et al., 2002, 2003; Mears and Wentz, 2009; Prabhakara et al.,
2000; Vinnikov et al., 2005; Zou et al., 2006).

We have used the atmospheric temperature (microwave
lower and mid tropospheric) records from the MSU and
AMSU-derived temperature data that are available from Re-
mote Sensing Systems (RSS). The entire dataset (1979-
2008) is available online at the RSS website http://www.
ssmi.com (latest v3.2; accessed online on 9 March 2009).
The specific MSU and AMSU channels that are combined
to form new datasets used in this study, namely TMT and
TLT are given in Mears and Wentz (2009). The temperature
weighting functions that describe the relative contribution
of each atmospheric layer to the observed brightness tem-
perature (Tb) is also discussed in Mears and Wentz (2009).

www.ann-geophys.net/27/4505/2009/
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Fig. 1. (a) The upper panel show the major western Himalayan Glaciers area and the point of origin of major rivers of Asia, namely
Indus, Ganga and Brahmaputra. The snow cover extent is shown in green (year 1972), light blue (year 1989) and deep blue (year 2000)
as measured from Landsat and the Global Land Ice Measurements from Space (GLIMS) database (in red). The lower panel shows the
extent of snow-glacier cover during years 1972, 1989 and 2000 over Gangotri glacier region (circled area, top panel). (b) Sub-division of
study region into Tibetan region (code A), western Himalayas (code B), eastern Himalayas (code C), western IG plains (code D), eastern IG
plains (code E). The major dust source regions of Asia-Africa affecting the IG plains and Himalayas are (1) Afghanistan-Pakistan region,
(2) Iran-Pakistan-Thar desert region, (3) Middle East, (4) Arabian region, and (5) Sahara desert.

www.ann-geophys.net/27/4505/2009/ Ann. Geophys., 27, 4505-4519, 2009
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The relative weighting function peaks between 0-3 km from
the surface for TLT and 3-7 km for TMT. The TMT chan-
nel (MSU2/AMSUS) has a significant (5% to 15%) weight
in the stratosphere (Mears and Wentz, 2009). This leads
to masking of the tropospheric warming due to contribu-
tions from the general stratospheric cooling. The trend dif-
ference between T850-300 (Fu corrected MSU) and T2 for
the tropics is smaller (0.05 K per decade, that is 0.15 K for
30 years) (Fu et al., 2004). Johanson and Fu (2004) noted
that despite these validations, debate continues over the abil-
ity of the statistically based global-mean (Fu et al., 2004)
retrieval to accurately remove the stratospheric contamina-
tion (e.g., R. W. Spencer and J. R. Christy, personal com-
munication, 2005; NRC, 2005; Tett and Thorne, 2004; Fu et
al., 2004b). Due to stratospheric influence, that would cor-
respond to 15-20% increase in our (RSS data v3.2) warm-
ing values of 0.90 and 0.78 K for MAM over Himalayas+1G
plains and Himalayas+Tibet+IG plains, respectively. How-
ever, we are also providing error bounds that show upper and
lower limits of the trend values that would cover such er-
rors due to stratospheric contamination. Fu et al. (2004) ob-
served that this masking effect decreases global TMT trends
by ~0.04 K/decade (1979-2005) based on a weighted com-
bination of TMT and TLS (Temperature Lower Stratosphere)
measurements. Various methods like Fu et al. (2004), Fu
and Johanson (2004) have been applied to correct for 15%
weight with mixed success rate. The combination approach,
used by other researchers to decrease the effect of strato-
spheric cooling and increase the sensitivity of the MSU chan-
nel to the lower troposphere, amplifies noise (Mears et al.,
2003). The adjusted temperature trend (between 5°S to
20° N) taken from radiosondes was found to be close to that
observed from MSU TLT (Sherwood et al., 2008). For chan-
nel 2, it was consistent with two analyses (RSS, p=0.54,
and the University of Maryland, p=0.32) but not with the
University of Alabama dataset (p=0.0001) (Sherwood et al.,
2008). The RSS MSU data, collocated from 58 radiosonde
stations in the tropics (20° S—20° N) during the period of
1979-2004 show +0.15°K/decade while the UAH processed
data show +0.07°K/decade (Christy et al., 2007). The com-
parison of the RSS-derived tropospheric temperature trend
with four different observed estimates of surface temperature
changes over the tropical troposphere show consistency with
the model results (Santer et al., 2008). Santer et al. (2008)
found that the RSS-based (v3.0, T2 and T2LT data) estimates
of tropical lapse-rate changes are in better agreement with the
satellite datasets developed by the University of Maryland
(UMD) and NOAA/NESDIS groups and with basic moist
adiabatic lapse-rate theory.

The new product (v3.2) available from RSS, used in this
study, is more stable as it incorporates the results from the ex-
tensive study of inter-calibration issues, drifts with time, di-
urnal variation, latitude dependent inter-satellite offsets, and
exclusion of spurious datasets between 9 sensors (Mears and
Wentz, 2009). The new version 3.2 MSU product is more
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stable compared to previous products (v3 and 3.1) and are
released for multi-decadal study of trends in climate stud-
ies. Further, our results presents trends present in the RSS
v3.2 dataset which would be beneficial for users or readers
to see the range of trends compared to previous results or
other datasets.

2.2 AIRS mid-tropospheric CO; data

We have used the monthly dataset, level-3 Carbon Diox-
ide (COy) in the free troposphere, from AIRS/Aqua
(AIRX3C2M). AIRX3C2M is the mid-tropospheric CO, lev-
els derived from the AIRS and AMSU instruments on board
the Aqua satellite. The gridded CO, data is available at
2.5x2 degree grid cell size. The AIRS+AMSU CO; data
clearly show not only effects of large-scale surface sources,
but also large scale circulations such as the mid-latitude jet
streams. The sources, sinks and transport of CO; in the
atmosphere, as observed in AIRS+AMSU data, will help
to improve the chemistry-transport models that are used
for carbon-budgets (Chahine et al., 2008). The CO, data
would also help to better understand and model the inho-
mogeneous heating of the earth’s atmosphere over the trop-
ics and mid-latitudes as observed from the MSU/AMSU
data. The AIRS middle-tropospheric CO; product and the
National Oceanic and Atmospheric Administration Earth
System Research Laboratory/Global Monitoring Division
(NOAA ESRL/GMD) aircraft CO; estimates agree to ap-
proximately +0.5% between £65 degrees latitude (Maddy et
al., 2008). We have used the AIRS+AMSU CO; data (2003—
2008) to associate with the periods of warming trend over
mid-latitudes as observed from the MSU/AMSU temperature
trend.

2.3 Daily variation of sunlight data

We have obtained sunlight duration data as daily variation of
sunlight (in minutes) for one year. The data were obtained for
Delhi, India, located in the western IG plains, from the web-
site http://ptaff.ca/soleil/. We have used the monthly varia-
tion of sunlight duration to partially explain the observed sea-
sonal oscillation in the atmospheric temperature trend data.

3 Long term MSU troposphere temperature trend

3.1 TMT (Mid troposphere) temperature trend

3.1.1 Dust sink and snow-glacier cover regions

In general, we observe that the mid-tropospheric tempera-
tures over the major dust sink regions (IG plains) and sur-
rounding snow-cover and glacial areas (Himalayas and Ti-

betan Plateau) show a statistically significant warming trend
for six months (December to May) while a relatively neutral
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Fig. 2. The annual linear trend (°Kelvin/year) of brightness temperature based on 30 years (1979-2008) of MSU (a) TMT (mid-troposphere)
and (b) TLT (lower troposphere) anomaly data. Mean annual tropospheric temperature trend with standard error (°Kelvin/year) for (c) lower
troposphere, and (d) mid-troposphere over different study regions. The black dot at the center of any box (a, b) represent that the calculated
linear trend value is statistically significant at alpha 0.05 (95% CI).

or cooling trend of lesser magnitude (statistically insignifi- separately, shows significant mean warming (at 95% C.1.) of
cant) from June to November (Figs. 1b, 2a, 3a, b). The mid up to 0.051£0.024 (max 0.068+0.029)°K/year over the Ti-
tropospheric temperature trend from TMT, for each month betan Plateau, western and eastern Himalayas, and western
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Fig. 3. The month-to-month linear trend (°Kelvin/year) of brightness temperature based on 30 years (1979-2008) of MSU TMT anomaly
data. The month-to-month linear trend is shown over (a) map, and (b) specific study regions (mean trend with standard error) (Fig. 1b). The
black dot at the center of any box (a) represent that the calculated linear trend value is statistically significant at alpha 0.05 (95% CI).

and eastern IG plains (Fig. 3a, b). This amounts to a mean TMT trend of 0.48°K (0.01640.005°K/year) over 1979-
temperature increase of 1.44 (max. 2.04)°K over a period 2008 which is substantially lower compared to ~1.0°K dur-
of 30 years. The western Himalayas show annual mean ing 1979-2007 by Gautam et al. (2009). Our results show
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that the annual mean TMT trend (0.018+0.005°K/year) is
higher over the western IG plains (Fig. 2d) compared to
the eastern IG plains (0.013+£0.004°K/year). Over the 1G
plains, the warming trend is prominent and statistically sig-
nificant (>0.030°K/year) during December, February, March
and May. This warming trend is particularly greater over
the western region compared to the eastern region, dur-
ing February, March and May (Fig. 3a, b). During the
other half of the year (June-November), the relatively neu-
tral (near zero °K/year) or cooling (slightly negative, up
to —0.017£0.010°K/year) temperature trend over the sink
region is mostly insignificant at 95% C.I. (Fig. 3a, b).
The monthly decomposition of the temperature trend shows
that the mean annual warming of 0.008+0.006°K/year over
the Tibetan Plateau and 0.016£0.005°K/year over the Hi-
malayas (Fig. 2c) occurs only over a period of 6 months
(December—May) (Fig. 3b). The inequality of the warming
trend between the eastern and western regions (Himalaya)
is perceptible for individual months when compared to the
mean annual trend (Figs. 2c, 3a, b) which is anticipated based
on previous studies of the region (He et al., 2003). Similarly,
the IG plains also show different warming trends between the
eastern and western regions (Fig. 3a, b). The Tibetan Plateau
also shows a similar mean warming trend over six consec-
utive months (December—-May) with peak during February
(0.042+£0.025°K/year).

3.1.2 Dust source regions

As with the dust sink regions, the mid-tropospheric temper-
atures over the major dust source regions show a statisti-
cally significant mean warming trend for the same six months
(December to May) while a relatively neutral or near zero
(range —0.010£0.018 to 0.028+0.014°K/year) trend from
June to November (Fig. 3a, b). The calculated linear trend
is also insignificant at 95% CI during the June-November
period over the Afghan-Pakistan and Iran-Pakistan regions
(Fig. 3a). The exception is the Saharan desert (north Africa)
that shows a consistent mean warming trend that varies be-
tween 0.01140.010 to 0.028+0.014°K/year, throughout the
year (Fig. 3b). However, we see similar oscillations in the
warming trends over the six month period, just south of
the Saharan Desert (Fig. 3a). The nature of the oscilla-
tion of the warming trend from December to May over the
Afghan-Pakistan region, located west of the IG plains, is
similar to that of the IG plains (Fig. 3b). However, the
magnitude of the mean warming trend over the Afghan-
Pakistan and Iran-Pakistan regions is relatively higher (up
to 0.049+0.020, 0.053£0.020, 0.043+0.027°K/year during
February, March and May, respectively) (Fig. 3b). Sim-
ilarly, the Middle East and Arabian regions, which are
also a major source of dust for the IG plains, shows sim-
ilar mean warming trends with major peaks in February—
March (up to 0.044+0.013 and 0.043+0.018°K/year), and
in May (0.034+0.018°K/year) (Fig. 3b). The mean annual
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warming trend over the dust source regions varies between
0.01540.006 to 0.022+0.003°K/year (Fig. 2¢), while indi-
vidual months (February, March and May) show that the
mean warming trend is 2-3 times more than the annual mean
and is concentrated over half of the year (December—May)
(Fig. 3b).

The absence of, as well as the statistical insignificance
of the warming/cooling trend starting in June and ending in
November, is noticeable over both dust source and sink re-
gions. The differential warming over the eastern and western
regions, as well as the general warming trend that is spread
only over six months (December—May) is discussed in the
next section (Sect. 4).

3.2 TLT (lower troposphere) temperature trend
3.2.1 Dust sink regions

The lower tropospheric region (0-3 km), where the concen-
tration of dust or aerosols is relatively greater (Ramanathan
et al., 2005, 2007), also shows a similar warming trend, with
a relatively higher magnitude over six months (December—
May) as compared to the mid troposphere (4—7 km) (Fig. 4a).
The peaks of the mean warming trend are observed during
December (up to 0.032+0.023°K/year) and February (up to
0.032£0.026°K/year) and then gradually decline until May
(up to 0.02740.028°K/year) over the IG plains (Fig. 4b).
Though the mean aerosol loading over the IG plains is at its
maximum (AOD >0.7) and gradually increases during the
summer months, April-May-June (AOD >0.7-0.9) (Prasad
and Singh, 2007a; Singh et al., 2004), a sharp decline is ob-
served in the temperature trend from positive (April-May)
to negative (June) (Figs. 3, 4). June, though marked by
higher aerosol concentrations, is also a month of contrast-
ing transition over the mid troposphere (both dust source
and sink regions) (Figs. 3b, 4b). This implies that the
mean warming trend during December-May is also strongly
modulated by controlling factors other than aerosols. Over
the western IG plains, a significant cooling trend (up to
—0.0401+0.016°K/year) is also observed during the June—
November period. The contrast between the western and
eastern IG plains, as seen in the map of mean TLT tempera-
ture trends for individual months (Fig. 4a), is notable during
both the warming and cooling trend periods. The western IG
plains, which also show higher aerosol loading as compared
to the eastern IG plains, show a higher magnitude in both the
warming and cooling trends (Figs. 3a, b, 4a, b). In general,
the warming and cooling maxima are found more in higher
aerosol loading regions over the IG plains.

3.2.2 Dust source regions
Like the mid tropospheric temperature trend, the lower

tropospheric temperature trend shows similar variability
in its monthly variation but with a higher magnitude
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Fig. 4. The month-to-month linear trend (°Kelvin/year) of brightness temperature based on 30 years (1979-2008) of MSU TLT anomaly
data. The month-to-month linear trend is shown over (a) map, and (b) specific study regions (mean trend with standard error) (Fig. 1b). The
black dot at the center of any box (a) represent that the calculated linear trend value is statistically significant at alpha 0.05 (95% CI).

(Figs. 3b, 4b). During the six month mean warming the Afghan-Pakistan and Iran-Pakistan regions (Fig. 4b).
trend (December—May), the maxima of positive temperature Similar mean warming trend maxima occur during February
trends occur during February (0.05620.030°K/year), March (0.05540.032°K/year) and March (0.061£0.028°K/year)
(0.068+0.033°K/year) and May (0.04840.039°K/year) over over the Middle-East region. The Sahara desert (Africa)

Ann. Geophys., 27, 4505-4519, 2009 www.ann-geophys.net/27/4505/2009/



A. K. Prasad et al.: Melting of major Glaciers in the western Himalayas

region does not show a contrasting warming trend that is lim-
ited to six months over other regions (Fig. 4b). However, the
northern African region shows a similar warming trend that
is limited to December—-May. The regions that experience
a cooling trend over Africa, between June and November,
are mostly observed to be statistically insignificant (Fig. 4a).
In general, the major dust producing source regions, which
are mostly arid and desert-like regions in Africa and Asia,
largely follow the increasing warming trend that is spread
over six months (December—May).

4 Discussion

The western Himalayan region shows an increase in lower
and mid-tropospheric temperatures in the long-term record
available from MSU (1978-2008). However, the month-
wise decomposition of the mean annual warming trend
(0.016£0.005°K/year) shows that the statistically significant
and enhanced warming occurs mostly over a period of only
six months (December to May) (Figs. 2a, d, 3a, d). Over
the Indian subcontinent, the period from December to May,
is comprised of a cold season (winter, November—February),
a short spring (March) and a summer season, (April-June).
Over the western Himalayas and IG plains region, in any
given year, the coldest months are December and Jan-
uary while the warmest months are April-May-June. The
enhanced warming over major glacial regions of the western
Himalayas during phases of snow accumulation and melt-
ing implies an accelerated snow melt in the region. The
typical six-month warming trend shows a 2-3 times higher
magnitude over individual months when compared to the
mean annual trend (Figs. 2c, d, 3b, 4b). The maxima of
the mean monthly warming TMT trend is around 0.48 and
0.51°K/decade (or 0.048+0.026 and 0.051£0.024°K/year)
over the Himalayas and IG plains, respectively. The dif-
ference between the western and eastern Himalayas and 1G
plains is also conspicuous, which can partly be explained
by the difference in the level of anthropogenic pollution and
aerosol loading, which is at its maximum during the win-
ter and summer months, between the western and eastern
parts of the Indian sub-continent (Prasad et al., 2006a; Prasad
and Singh, 2007a; Singh, 2004). The monthly warming
trend shows matching oscillations over the dust source re-
gions (Afghan-Pakistan, Iran-Pakistan, Middle East, Arabia)
(Figs. 3b, 4b). The warming of the mid and lower tropo-
sphere in mid-latitude areas is perceptible all across Africa,
west Asia (middle east region) and over the Indian subcon-
tinent (Figs. 2a,b, 3a, 4a). They follow the conspicuous six-
month enhanced warming trend.

4.1 Role of aerosols, and greenhouse gases

The six-month warming trend from MSU data is not just re-
lated to higher aerosol (dust and pollution) loading in the
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atmosphere. The seasonal and monthly variability of at-
mospheric CO; also follows the similar six-month increase
(from December—May) and the following six-month gradual
decrease (Fig. 5a). The greenhouse gases, such as CO; and
water vapor, are spread more evenly in the atmosphere com-
pared to aerosols which show hot spot regions or belts across
the globe. Water vapor, as a greenhouse gas, has more influ-
ence in the lower troposphere, as the concentration is higher
there.

Aerosols are more unevenly spread spatially and therefore
affect particular regions more than others, which are more
pronounced over certain hot spot belts (Ramanathan et al.,
2005, 2007). These belts are comprised of the major arid
and desert regions, dust source and sink regions in Asia and
Africa (Fig. 1b), and regions affected by anthropogenic pol-
lution. The influence of aerosols and anthropogenic pollution
on atmospheric temperature (lower and middle troposphere)
is noticeable over the western and eastern IG plains that show
a large gradient in the magnitude of the warming trends from
west to east (Figs. 3a, 4a).

Though the aerosol loading is higher during winter
(November—February) and highest during Summer (April—-
June) over the IG plains, the composition and optical proper-
ties of aerosol vary (Prasad et al., 2006a, b; Prasad and Singh,
2007a), and the anticipated effects are clearly noticeable on
TMT and TLT trends with some exceptions (Fig. 5¢). The
winter season comprises of mostly fine particles with high
concentrations of black carbon which are absorbing in na-
ture and are efficient in trapping heat. We see that the effect
of fine aerosols (and black carbon) on the lower troposphere
during December and February. However, during summer
time, the coarser mineral dust aerosols which are scattering
in nature dominate the total aerosol concentration. The large
scattering effect leads to relative cooling of the lower atmo-
sphere that can explain relatively warmer trend from TMT
data.

Though June, like May, is one of the warmest months in
the IG plains and has one of the highest concentrations of
aerosols in the atmosphere (Prasad et al., 2006a; Prasad and
Singh, 2007a), conspicuous differences can be seen in the
observed monthly warming trend between those two months
(Figs. 3b, 4b). During end of the summer season (June), we
observe maximum cooling effect in the TLT trend that is also
statistically significant (at 95% CI). The maxima of mean
cooling trend (TLT and TMT) over the IG plains occur dur-
ing June that is conspicuously different from other summer
months (April-June) with high mineral dust loadings. The
aerosols cannot explain exceptional cooling trend observed
during June and this aspect needs to be investigated.

Over the IG plains, the monsoon rainfall starts in July,
which not only washes out the aerosols in the atmosphere
(low aerosol loading), but also increases water vapor content
in the atmosphere (Prasad and Singh, 2009; Prasad et al.,
2007). The aerosol concentration is lowest over 1G plains
during July—August due to heavy monsoon rainfall and that
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Fig. 5. (a) The increasing trend of free troposphere CO, (AIRS+AMSU) over the western IG plains. The seasonal oscillation of CO; is
prominent. (b) The mean monthly CO, show seasonal sinuous pattern of variation which matches well with the observed available sunlight.
(¢) The six months of warming trend (TMT and TLT) are observed to be during period when the available sunlight duration and CO; is on

the high (positive) side of the seasonal oscillation.

leads to negligible cooling or heating trend (TMT) (Fig. 5c).
Though the aerosol concentration is lowest over the east-
ern IG plains compared to western IG plains during mon-
soon season (July—September), the eastern IG plains show
a warming trend especially during August and September
(Fig. 4b). The lower troposphere over the eastern IG plains
show much higher moisture content compared to the western
IG plains (Prasad et al., 2007) that can potentially explain the
observed difference between western and eastern IG plains
during monsoon season (Fig. 4b). Further study is required to
quantify the effect of moisture on TLT trends especially dur-
ing monsoon season (wet months) compared to dry months.
However, the observed trend over the IG plains is not statisti-
cally significant over the entire area during monsoon months
(Figs. 3a, 4a).

4.2 Role of solar cycle (solar day length)

The daily variation of sunlight is linked to the Earth’s tilt and
elliptical rotation around the Sun and has a sinusoidal wave
pattern. The monthly variation of the solar day length for one
year (year 2009) is shown over Delhi, India in the western IG
plains (Fig. 5b, c).

The enhanced warming trend observed in MSU data oc-
curs from December to May, which is the winter and
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spring seasons over the northern mid-latitudes. April, May,
and June are the warmest (pre-monsoon) months while
November, December, January, and February are winter
months over the IG plains with a short spring during March.
The enhanced warming trend over the western Himalayas
and IG plains (Figs. 3b, 4b) during this period may im-
ply a shorter snowfall period during winter and acceler-
ated glacial melting during April and May. The significant
tropospheric warming trend (0.6°K/decade for 1979-2005,
120° W-180° W) prevails over Antarctic during winters and
springs (Johanson and Fu, 2007), which is opposite to that
observed over the Northern Hemisphere in this study and
consistent with the present results.

The monthly atmospheric temperature trend analysis
(lower and middle troposphere) shows effects of the seasonal
temperature modulations by aerosols and greenhouse gases
such as CO, and water vapor. It is apparent that the sun also
plays a larger role in month-to-month variation of the tro-
pospheric warming trend. This also partly explains the six-
month warming trend, when the solar day length is higher
during January—May over the northern mid-latitude region.
The sun, aerosols, and greenhouse gases (such as CO, and
water vapor) show synergy with the month-to-month warm-
ing trend of the lower and middle troposphere over the mid
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latitudes of Asia and Africa (Fig. 5b, c¢) that need further
study. The quantitative feedback relationship between differ-
ent variables may explain the spatial and seasonal variation
of the warming trend from MSU data.

5 Conclusions

The lower (TLT) and mid (TMT) tropopsheric trends from
MSU (1979-2008, 30 years) show enhanced warming of
the northern mid-latitudes, but are mainly limited to a pe-
riod of six months (December—May). The warming of mid-
troposphere during March-April-May (MAM) period is ob-
served to be 0.90°K and 0.78°K (or 0.030 and 0.027°K/year)
over Himalayas+IG plains and Himalayas+Tibet+IG plains,
respectively compared to 2.7°K (or 0.0931°K/year) by Gau-
tam et al. (2009) during last 3 decades. Similarly, warm-
ing during December-January-February (DJF, 1979-2008) is
found to be 0.86°K and 0.82°K over Himalayas+IG plains
and Himalayas+Tibet+IG plains, respectively. The observed
warming trend is statistically significant (at 95% CI). The
major dust source and sink regions of Asia show similar
month to month oscillations in the warming trends. The
change of the warming (positive) trend to near zero or neg-
ative from June to November is also prominent. Most of
the observed neutral or cooling trends over the study re-
gion during June-November are insignificant. Though both
May and June are the hottest months along with the high-
est aerosol loading over the western IG plains, the contrast-
ing change in the MSU trends (both TLT and TMT) can
be partially attributed to the mixed influence and feedback
from other controlling factors such as sunlight duration, CO,
oscillation, and increase in water vapor content. Sunlight
duration and COjover the study region (latitude dependent)
also follow a sinusoidal wave pattern over a year with highs
during December to May and lows during June to Novem-
ber. The seasonal oscillation of the sunlight duration, CO>
in the atmosphere, water vapor (wet and dry months) and
aerosol distribution may partially explain the six-month trend
of enhanced tropospheric warming. The higher magnitude
(2-3 times more) of tropospheric warming, especially dur-
ing April-May, would mean accelerated melting of the Hi-
malayan glaciers. The MSU trend found over the Himalayas,
Tibetan Plateau and surrounding regions support the nega-
tive effect of global warming on the snow cover and glacial
area since 1979. Melting of the cryosphere regions in the
Himalayas is likely to accelerate due to warming up of the
atmosphere during December—May. This would have pro-
found implications for regional and global climate change
and a source of major socio-economic concern.
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