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Abstract

Recent studies showed that the Himalayan glaciers are reducing alarmingly. This is
attributed to global warming. Since the melt water of Himalayan glaciers and snow is
the principal source of water for several rivers, a decrease of this source is a calamity
for the large fraction of global population living in nearby regions such as India. In
Asia for the 60% global population only 36% of global water is available. Any further
decrease of this vital necessity makes the very existence of billions of people doubtful.
Here we show, using both observations and one IPCC-AR4 model with high hori-
zontal resolution, that the Himalayan region in fact underwent a maximum warming
of 2.5°C from 1950 to 1999 and would reach the highest temperature rise of 9°C in
2100. Temperature and rainfall variations determine a simple climate classification
proposed by Képpen. We show changes that occur in climate and biosphere using
this classification. Also we discussed the impact of warming and resulting changes in
Ko6ppen climates on the floods and malaria in India.
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1. Introduction

An inevitable consequence of most of the human activity such as industrial revolution
is the burning of fossil fuels, a process which oxidizes carbon into carbon dioxide (CO,)
leading to increase of this greenhouse gas. Increase of CO, enhances the trapping of
heat radiated from earth resulting in higher air temperatures, or to global warming. It is
well known that in nearby regions response to global warming is not uniform and va-

ries from one place to other. Warming over the mountains such as Andes and Hima-
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layas reduces the glaciers which are the main source of water for the populations that
depend on melt water [1] [2] [3] [4]. [2] [3] [4] showed that Himalayan glaciers are re-
treating alarmingly. These glaciers with warming release melt water that feeds the tri-
butaries of several rivers such as Ganges, Indus, Brahmaputra, Mekarg, Yang-Tse, Iran-
di and others with glacial melt contributing up to about 45% of the total river flow [5].

Presently in Asia for the 60% of global population only 36% of global water is availa-
ble [6]. Thus, this vital necessity for human, animal and plant life is already scarce in
this part of the globe. Any further decrease makes the very existence of life doubtful.
Thus the mass loss of Himalayan glaciers due to warming is of great societal concern.

A simple and sure way of verifying the global warming is to check for temperature
rise. There are some studies suggesting warming over the Himalayas [7] [8] [9] [10].
Over Tibetan Plateau, [7] noted a warming of 0.16°C per decade and using 7 instru-
mental records. [8] suggested that the western Himalayas (Karakoram glaciers) are
cooling associated with thickening and expansion of some glaciers in contrast to decay
and retreat of eastern Himalayas. However, in a recent study [11] found that Naimo-
na’nyi glacier in the Himalaya (30°27.06'N, 81°91.94'E) not far from Karakoram glaci-
ers is losing mass probably due to warming. [12] noted that the long term trends in the
maximum, minimum and mean temperatures over northwest Himalaya during the
twentieth century showed significant rise in the air temperature with winter warming
occurring at a faster rate. [9] presented observational evidence to show that the surface
air temperature on the eastern Himalayas or Tibetan Plateau has increased by about
1.8°C over the period 1960-2007. [10], using the microwave satellite measurements,
showed that the tropospheric temperature over western Himalayas has increased 2.7°C
in the period 1979-2007 during the premonsoon season (March, April and May).

In view of the strong societal implications of the Himalayan glacier mass loss due to
increase of temperature, it is of crucial importance to know how the temperature varies
in a warming scenario. This can only be provided by one of the latest generation of
global climate models with some degree of reliability. In the present study we use a high
resolution [13] Ocean Coupled Atmospheric General Circulation Model (GCM) to es-
timate the temperature change over the Himalayan regions. Although in the beginning
different GCMs gave different estimates of temperature change for a given concentra-
tion of CO,, recently they seem to have become more reliable converging to the same
result [14]. Also it was shown that models that have higher fidelity for reproducing the
present climate, predict higher values of global warming for doubled CO, [15].

In a simple climate classification proposed by Koppen, surface air temperature is the
principal meteorological element (finer divisions are based on precipitation). Képpen’s
classification can be effectively used to study biosphere changes [16]. In this paper we
investigate the climate change, in particular, temperature variation and changes in bios-
phere in India and surrounding regions. Also we analyze the impact of these changes on

floods in rivers fed by Himalayan snow and glacier melt and a tropical disease, Malaria.

2. Data Sources

Monthly mean surface air temperature and rainfall for the period 1950-1999 were ob-
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tained from [17]. The horizontal resolution is 0.5" latitude and longitude. For the mod-
el data, we used MIHR data [13]. The model results are for A1B Scenario (IPCC). The
A1B scenario assumes significant innovations in energy technologies, which improve
energy efficiency and reduce the cost of energy supply. Such improvements occur
across the board and neither favor, nor penalize, particular groups of technologies. A1B
scenario assumes, in particular, drastic reductions in power-generation cost, through
the use of solar, wind and other modern renewable energies, and significant progress in
gas exploration, production, and transport. This results in a balanced mix of technolo-
gies and supply sources with technology improvements and resource assumptions such
that no single source of energy is overly dominant.

Table 1 gives the horizontal resolution of all the 21 models used in [13] IPCC (2007).
It can be seen that the MIHR model has the highest horizontal resolution (1.125 lati-
tude and longitude) compared to 20 others models of IPCC. Since the horizontal reso-
lution of observed data source [17] is 0.5° latitude and longitude, we selected MIHR
model data which has the best horizontal resolution. We used the Képpen classification
for the biome distributions and bioclimatic classification. This simple climatic classifi-
cation has advantages over complex dynamic vegetation models in that it is empirical
and easy to apply for the prediction of future climates based mainly on temperature and
rainfall. Here we used the Koppen vegetation types as given in Table 1 of [16] repro-
duced here in Table 2.

Table 1. Horizontal resolution of 21 models.

MODEL RESOLUTION LAT x LON
BCM2 (Norway) 2.8° x2.8°
CGMR (Canada) 2.8°x2.8°
CNCM3 (France) 2.8° x2.8°

CSMK3-CSIRO (Australia) 1.875° x 1.875°
ECHOG (Germany/Korea) 3.75° x 3.75°
FGOALS (China) 28" x2.8°
GFCM2.0 (USA) 2°x2.5°
GFCM2.1 (USA) 2°x2.5°
GIAOM (USA) 3°x4°
GIEH-NASA (USA) 4°x5°
GIER-NASA (USA) 4°x5°
HADCM3 (UK) 2.5" x3.75°
HADGEM (UK) 1.25° x 1.875°
INCM3 (Russia) 4° x5°
IPCM4 (France) 2.5° x 3.75°
MIHR (Japan) 1.125° x 1.125°
MIMR (Japan) 2.8°x2.8°
MPEHS5 (Germany) 1.875° x 1.875°
MRCGCM (Japan) 2.8° x2.8°
NCCCSM (USA) 14° x 14°
NCPCM (USA) 2.8° x2.8°
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Table 2. K6ppen vegetation types, reproduced from Gnanadesikan and Stowfer (2006).

Type Name (nominal vegetation type) Criteria
1. Af Tropical wet (Tropical evergreen rainforest) Tmim > 18°C, not BS or BW, Pmim > 6
2. Am Troipical moist (Tropical evergreen rainforest) Tmim > 18°C, not BS or BW, 6 > Pmim > (250 - Pyear)/25
3. Aw Troipical dry (Savanna/Woodland) Tmim > 18°C, not BS or BW, 6 (250 - Pyear)/25 > Pmim
2 (Tave + Poff) > Pyear > (Tave + Poff) Poff = 0, >30% of rain in winter
4. BS Semiarid (Bush or grassland) (Tav H> Py (Tav D X 0, W
Poff = 7, no wet season Poff = 14, >30% of rain in summer
5.BW Desert (waste to cactus/seasonal vegetation) (Tave + Poff) > Pyear
18°C > Tmim > —-3°C, not BS or BW,
6.Cs Temeprate winter wet (Evergreen broadleaf forest) K X .
Pmax > #3 Pmim winter max., summer mim.
7. Cfa Hot temperate moist (Broadleaf forest) 18°C > Tmim > —3°C, not BS or BW, Not Cs or Cw, Tmax > 22°C
. 18°C > Tmim > —3°C, not BS or BW, Not Cs or Cw, Tmax < 22°C
8. Cfb Warm temperate moist (Broadleaf forest) .
4-months warmer than 10°C
18°C > Tmim > —-3°C, not BS or BW, Not Cs or Cw, Tmax < 22°C
9. Cfc Cold temperate moist (Needle-tree forest) W x
Less than 4 months warmer than 10°C
18°C > Tmim > -3°C, not BS or BW,
10. Cw Temperate summer wet (evergreen forest) K . .
Pmax > 10 Pmim, summer max., winter mim
11. Dab Colder winters//warmer summers (Deciduous forest) Tmax > 10°C, —3°C > Tmim, not BS or BW, 4+ months warmer than 10°C
12. Dc Cold winters/cool summers (Evergreen forest) —3°C > Tmim, not BS or BW, 4-months warmer than 10°C
13. Et Tundra (Tundra/dwarf trees, mosses) 10°C > Tmax > 0°C, Tmim < -3°C
14, Ef Polar desert (Pernanent ice or rock, litle plant life) Tmax < 0°C

3. Results and Discussion

To increase the confidence on regional climate prediction, particularly for a future sce-

nario, validation is necessary. We now make an attempt to validate the model temper-

ature with observed temperature. Figure 1(a) and Figure 1(b) show the temperature in

the model and observations respectively for the period 1961-1990. The pattern correla-

tion between the model and observed temperature is 0.92. The total number of grid

points used for the calculation of pattern correlation is 3286 and the area used is the

same as shown in Figure 1.

The pattern correlation of 0.92 is significant at 99.9% level by a two sided Student “t”

test. The model seems to have reproduced many of the observed features such as rapid

temperature decrease to the north from the foothills of Himalayas, as expected because

of the strong height decrease. But the model results show -15°C as the lowest tempera-

ture while observations show -10°C. This may be due to the lack of surface stations in

this region. Also a careful examination of 25°C isotherm shows differences in the

northwest of India and Pakistan. The variations in surface temperature further west

show more variability in the observations. Over peninsular India also there are some

differences over the Western Ghats. Thus the model seems to capture at least the basic

temperature characteristics except for some finer details.
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Figure 1. (a) Surface air temperature from MIHR model, mean for the period 1961-1990, (b) Same
as (a) but for the Delaware data (Willmott and Matsuura, 2001).

Figure 2(a) presents the air temperature difference between the periods 1975-1999
and 1950-1974 calculated from observations. This clearly shows an increase of temper-
ature in recent years over the Himalaya with a maximum of around 2.5°C. The rise is

spread over a wide area.
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Figure 2. (a) Surface air temperature difference between the periods 1975-1999 and 1950-1974
from observations; (b) Same as (a) but for the period 2070-2099 and 1961-1990. Model data.

Figure 2(b) illustrates the temperature change between the periods 2070-2099 and
1961-1990 as obtained from MIHR. As mentioned earlier, this model shows a pattern
correlation of 0.92 with the observed temperature. Thus it seems to be reliable to pre-
dict future temperature rise for A1B scenario. Further the systematic errors are can-
celled in the difference between the two periods Over the entire Indian subcontinent
and surrounding regions there will be a substantial rise of temperature by the year 2100
with a maximum of about 9°C in the Himalayan region. Even in a less drastic scenario
(B1), the maximum rise of temperature over the Himalayan region (figure not shown)
is around 6.5°C. Over peninsular India (Figure 2(b)) there is a rise of 4°C in the south,

increasing to 5°C over the northwestern India. The increase of temperature over the
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Himalayas in Figure 2(a) seems to be the cause of the decrease of the glaciers as men-
tioned earlier. This together with the future increase of temperature is bound to reduce
the water resources. In recent years during the summer monsoon intense rainfall events
have increased and moderate rainfall events decreased [18]. The increase of intense
events increases the surface runoff and less water is retained in the soil. Thus, the over-
all picture of water availability is gloomy both for human consumption and food pro-
duction.

Figure 3(a) and Figure 3(b) show, respectively, the surface air temperature trend
(°Clyear) in the observations for the period 1950-1999 and in the model for the period

60N TREND (DELAWARE: 1950-1999)
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Figure 3. (a) Temperature tendency (°C/year) in observations for the period, 1950-1999; (b)
same as (a) but for the model data, 2010-2100.
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2001-2100. In Figure 3(a) we can see a clear increasing trend with a maximum of a
0.12°C per year (significant at 99% level by a two sided Student “t” test) over the Hima-
layas. In the model results for the future (Figure 3(b)) there is an increasing trend (sig-
nificant at 99% level by a two sided Student “t” test) over Himalayas with maximum of
around 0.1°C per year (significant at 99% level by a two sided Student “t” test).

Figure 4(a) shows the monthly temperature variation for the period 2005-2100 in
the model averaged over the area 30°N - 35°N, 80°E - 90°E. This area approximately

Temperature Time Series (30N - 35N, 80E - 90E)

15 y = 10.2655 + 0.08401296x

-5 //
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Figure 4. (a) Temperature variations ("C) in the model data for the area, 30°N - 35°N and 80°E -
90°E; (b) corresponding variation of snow amount (Kg-m™).
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Floods

covers the entire Himalayas. A clear rising trend of 0.084°C per year (significant at 99%
level by a two sided “t” test) is seen. The corresponding snow variation amount (kg
m™) for this area is shown in Figure 4(b). A clear decreasing trend of 0.645 kg-m™>
(significant at 99% level by a two sided “t” test) is seen. However, the quantitative value
of the rate of snow decrease is subjected to model uncertainties and errors (see the
comment in the conclusion section).

In the model the amount of snow and ice is calculated as a function of increase of
temperature. This increase of temperature and decrease of snow and ice amount is be-
cause of the strong ice and snow-albedo feedback [19]. This feedback is a strong posi-
tive feedback mechanism that is as the temperature increases the amount of snow and
ice decreases, decreasing the albedo, which in turn favors higher absorption of solar
radiation leading to further increase of temperature. This seems to be the mechanism
which is responsible for the increase of temperature seen in Figure 3(a) and Figure
3(b) over the Himalayas. The initial increase of temperature is probably due to the in-
crease of greenhouse gases. This small initial increase of temperature has a drastic effect
over the Himalayas reducing the snow and ice and because of the snow and ice albedo
feedback mechanism, the temperature increases more sharply over the Himalayan re-

gion than in other regions.

3.1. Floods in India

In India northern rivers are snow fed and southern rivers are monsoon fed. India is the
most flood-affected nation in the world after Bangladesh. It accounts for one fifth (1/5)
of global deaths due to floods and on an average thirty million people are evacuated

every year. These flood events in India are increasing (see Figure 5) [20].

Number of events

Data plotted by decade
350

2000

300

250

200

2000

150

100

50

Source: Millennium Ecosystem Assessment
T

Figure 5. Number of flood events by continent and decade since 1950.
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Geographic regions where water supply is dominated by melting snow and ice are
predicted to suffer severe reduction in water volume as a result of warming [21]. Strong
negative impacts such as precipitation variability, seasonal shifts in water supply and
increased flood risk will offset benefits incurred by short-term increases in runoff from
glacier melts [22], such as Himalayan glaciers which form the headwaters for the Indus,
Ganges, Brahmaputra and Kosi rivers. The increased warming over the Himalayan
glaciers has left many glacier lakes. Rapid accumulation of water in these lakes due to
warming might lead to sudden breaching of unstable dams behind which they are
formed leading to floods.

Glacial Lake Outburst Floods (GLOFs) can occur because of the resultant discharge
of large amounts of water and sediment. [23] noted that in the past 5 decades at least
one GLOF event occurred between 3 to 10 years in this region. Bhutiyani et a/ 2008
[24] noted a significant increase of high-magnitude flood events in the northwestern
Himalayas. Liu et al 2009 [25] noted that over the Tibetan Plateau annual runoff in-
creased by 20% during the past decade and they also noted lake growth.

The ice and snow albedo feedback increases temperature as seen in Figure 2(a), Fig-
ure 3(a) and Figure 4(a). The states of Bihar and Assam in India are worst hit by
floods in the summer of 2008 and millions of people were affected. The Kosi river of
Bihar and the Brahmaputra river of Assam are in spate partly due to the heavy mon-
soon rains and partly due to the snowmelt because of the Himalayan warming. In the
Arun-Kosi river basins there are several glaciers in Tibet and several glacier lakes,
which formed due to the snowmelt because of Himalayan warming. The increase of
volume of water caused floods. The Brahmaputra River has its origin in the Himalayan
glaciers and thus is directly affected by glacier melting due to Himalayan warming. [26]
studied the floods in Brahmaputra river basin in India. They noted that floods in this
river start from June, which probably may partly be due to the melt waters from Hima-
layan glaciers. They found that in the Brahmaputra River during the period 1987-1998
at 6 gauges sites a large number of floods occurred.

Although initially ice and snow melt leads to swelling of rivers fed by the melt waters,
later the decrease in volume of water leading to scarcity of this vital source is bound to

happen.

3.2. Changes in Képpen Climates

Figure 6(a) shows the real-word distribution of the Képpen climates as obtained from
the Delaware temperature and rainfall data [17] for the period 1975-1999. The 14
Koppen climate types and vegetation types are the same as given in an earlier study [16]
and Table 2 gives these 14 types. In the peninsular India, a thin band of Am (Tropical
moist, evergreen rain forest) climate is seen on the eastern side of Western Ghats ex-
tending to south including Sri Lanka. Further, to the east of Western Ghats, Aw (Trop-
ical dry, savanna/woodland) type climate changing again to Am climate further east is
seen. A small region of Aw climate is seen over northern Andhra Pradesh and Orissa

states, North India and Nepal experience Cw (Temperate summer wet, evergreen
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Figure 6. (a) Observed K6ppen climates for the period 1975-1999; (b) Same as (a) but for the pe-
riod 1950-1974.

forest) type of climate. This type of climate extends over a large region including China.
Eastern most China, however, experiences Cfa (Hot temperate moist, broad-leaf forest)

climate. Over Myanmar and southeast Asia, Am and Aw climates are seen. Further
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south over Thailand, Malaysia and Indonesia, Af (Tropical wet, evergreen rainforest)
climate is seen.

In the northwestern India and further west, dry climates Bs (Semiarid, bush to grass-
land) and Bw (Desert, waste to cactus/seasonal vegetation) are noted. Further north,
cold climates, Et (Tundra, dwarf trees, mosses), Dc (cold winters/cool summers, ever-
green forest) and Dab (Cold winters/warm summers, deciduous forest) climates are
seen.

A comparison of observed climates for the earlier period (1950-1974) (Figure 6(b))
shows that over the peninsular India Am climates occupied a larger area in recent years
(1975-1999). Over northwestern India, the desert climate Bw extended in recent years.
A careful examination of Figure 6(b) reveals that over Himalaya some regions were
changed from Et to Dc climate, probably because of the increase of temperature, as seen
in Figure 2(a). Over eastern China, Cfa climate area has reduced in recent years. This
seems to be due to the decrease of temperature, as seen in Figure 2(a).

The corresponding model Képpen climates and vegetation types of MIHR are shown
in Figure 7(a). The overall climates and vegetation types as observed, such as Am cli-
mate of southern India and Sri Lanka, Cw climate in the north and dry climates, Bs and
Bw in the northwest, seem to be reasonably well simulated. However, there are clear
differences. In the peninsular India, observed climate shows a band of Am (monsoon
climate) on the eastern side of the Western Ghats changing to Aw to the northeast,
while in the model this change was not simulated except for a small part in the north-
west. Part of this deficiency in the model could be due to the differences in the hori-
zontal resolution, observations are on a 0.5° x 0.5° latitude and longitude grid while the
model is 1.125° x 1.125° latitude and longitude grid. Cfa climate over eastern China
and Am and Af climates over southeast Asia and Indonesia are reasonably well simu-
lated, except for a small band of Aw climate observed over Myanmar. Over western
Iran the model wrongly shows the Cw climate, which is not seen in observations.

In the simulation of future climate for years (2070-2099) (Figure 7(b)), the results
suggest that a large area of Cw climate in the northeastern India and Bangladesh will be
reduced and replaced by Am climate. Over northwestern India, Aw climate will be in-
creased. An examination of temperature and rainfall showed that these changes are
mainly due to increase of temperature and slight increase or decrease of rainfall. Over
southeast Asia, also a part of the Cw climate is replaced by Am climate. Over eastern
China, Cfa climate is likely to be replaced by Cw climate over a large area with Bs and
Bw appearing over western China. Over northern China, Mongolia and eastern Russia,
there is a change of Et climate to Dc and Dc climate to Dab climate. This is mainly due

to the increase of temperature, as seen in Figure 2(b).

3.3. Malaria in India

Warmer and more humid climates favor increase of tropical diseases such as Malaria.
Earlier we noted that in recent years (Figure 6(a) and Figure 6(b)) a warmer and hu-

mid climate Am occupied a larger area over peninsular India.
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INDIA (MIHR: 1961-1990)
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Figure 7. (a) Model Koppen climates for the period 1961-1990, (b) Same as (a) but for the period
2070-2090.

India contributes about 70% of Malaria cases in the southeast Asian Region of World
Health Organization (WHO) [27]. [27] noted that annually India reports about two
million cases and 1000 deaths attributable to malaria and there is an increasing trend in

the proportion of Plasmodium falciparum (PF) as the agent (see Figure 1 of [27]). [27]
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also mentioned that now 45% of all reported cases are due to PF.

A careful examination of our Figure 6(a) and Figure 6(b) shows that from 1975
onwards Am (tropical moist) climates replaced Aw (tropical dry) climates over a larger
region in the peninsular India, particularly on the eastern side. It is not a coincidence
that these are in fact the regions which contributed to a large part of Malaria in India
(See Figure 3 and Figure 4 of [28]).

In future climate (2070-2099) our Figure 7(b) shows that a very large area over India
will be occupied by Am climate. This shows the imminent danger of the increase of
tropical diseases, in particular Malaria. In a recent study, [29] warned that on a global
scale the increasing air temperatures are at odds with the decreasing global trends in
endimicity and geographic extent of Malaria. However, we suggest here that there can
be a connection between the regional climate change and increase of Malaria and the
possible relation between the two is worth investigating. Also, some studies [30] suggest
the incidence of Malaria is highly sensitive to climate change and the endemic areas in-

creased in some regions.

4. Conclusions

Observations suggest that in recent years temperature over Himalaya increased with a
maximum of 2.5°C, leading to the decrease of glaciers. The floods in the northern In-
dian states of Bihar and Assam in 2008 dislocating millions of people and killing some
are at least partially due to the initial swelling of the Kosi and Brahmaputra rivers re-
sulting from the Himalayan glacier melting. In a March 2009 climate change congress
at Copenhagen it was mentioned that for many key parameters, such as surface tem-
perature, the climate system is already shifting to the patterns beyond natural variabili-
ty. Poor nations and communities such as those we studied here are highly vulnerable
to even modest changes of climate change. Rapid, sustained and effective mitigation of
the hazards such as floods necessitates preparedness based on the knowledge of scien-
tific results. The present study is an attempt in this direction. The future depletion of
the Himalayan glaciers leading to the scarcity of drinking water in the rivers fed by the
glaciers melt is imminent. Simulation of future climate with a model of high fidelity
shows that the Himalayan region might experience an increase of temperature as high
as 9°C and southern India also warms up with temperature reaching more than 3°C.
These changes together with changes in precipitation lead to substantial changes in
Koppen climates and vegetation types. Over northern India, a Cw climate almost va-
nishes and will be replaced by much warmer and more humid Am climate. A warmer
and humid climate favors the proliferation of tropical diseases such as Malaria, Dengue
and others. The increase of the number of deaths due to Malaria in recent years may, at
least partially, be attributed to the increase of Am climate in India, noted earlier. Our
results have strong societal relevance because of their importance for the preparedness
of a large fraction of global population living in India and surrounding areas for the
rapid, sustained and effective mitigation of natural hazards such as floods and large

occurrences of tropical diseases such as malaria.
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Finally, in conclusion a word of caution should be written. The model projections

have limitations because they are based on the lack of correct representation of some

complex and still not completely understood processes such as tropical convection.

Further, the future AR-4 scenarios assume some social behaviour, which is again un-

certain. The results of the present study, however, indicate the imminent danger of ad-

verse climate change assessed with the current state of knowledge on populations in

this part of the globe. Obviously, it is always safer and prudent to be prepared for the

adverse effects of climate change. If this change will not happen or happens to a lesser

degree and less rapidly, the consequences on the populations can be less disastrous, of

course, if they are prepared for the change.
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