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Abstract

The land surface and atmosphere have multiple pathways to interact with each other,
which include the coupled water and energy cycle. This coupling plays an imperative
role in the monsoon climate of South Asia which is manifested as a strongly coupled
land-atmosphere-ocean circulation system. Di�erent feedbacks occur when land and
atmosphere interact and the understanding of these feedbacks is very crucial to explain
past climatic changes and to improve the knowledge of seasonal weather forecasts and
future climate. Considering the strongly coupled nature of the South Asian summer
monsoon (SASM), the soil moisture conditions become very crucial both for interannual
as well as intraseasonal precipitation. For South Asia, the water used for irrigation plays
a major role in modifying soil moisture conditions, which in turn e�ects the monsoon
circulation and precipitation.
The Indian subcontinent is one of the most intensely irrigated regions of the world and

state of the art climate models do not account for the representation of irrigation. Sen-
sitivity studies with the regional climate model REMO show distinct feedbacks between
the simulation of the monsoon circulation with and without irrigation processes. It is
found that the temperature and mean sea level pressure, where the standard REMO
version without irrigation shows a signi�cant bias over the Indus and Ganges basins,
are highly sensitive to the water used for irrigation. In the sensitivity test with the
representation of irrigation in REMO, the removal of this bias is achieved, which re-
sulted in less di�erential heating between land and sea masses. This in turn reduces
the westerlies entering into the land from the Arabian Sea, hence creating conditions
favorable for currents from the Bay of Bengal to intrude deep into western India and
Pakistan that have been unrealistically suppressed before. Therefore, it is concluded
that the representation of irrigated water is unavoidable for the realistic simulation of
South Asian summer monsoon and its response under global warming.
Further, considering the complex spatial and deep vertical structure of SASM, the

existing literature on the validation of a climate model dealing with only a few surface
variables over the region is considered insu�cient. Therefore, an evaluation framework
has been proposed for the better assessment of the capability of a climate model in
capturing the fundamental structure of SASM. This framework has been applied to the
regional climate model REMO using ERA40 lateral boundary conditions for the period
1961�2000. The application of the framework yielded satisfactory performance of REMO
in capturing the lower, middle, and upper components of the SASM circulation. REMO
has higher correlation between di�erent SASM indices as compared to ERA40, showing
its ability in capturing the dynamical link between these indices better than ERA40.



We have employed di�erent criteria for the assessment of the monsoon onset, and the
movement of the Intertropical Convergence Zone (ITCZ) during the boreal summer and
REMO has captured these phenomena reasonably well. The model has also shown
the association of the meridional temperature gradient with the easterly shear of zonal
winds. These results lead to the conclusion that REMO is well suited for long-term
climate change simulations to examine projected future changes in the complex SASM
system.
Afterwards, the attention is given to the Indus river which has the largest contiguous

irrigation system in the world. Since much of the �ow of the Indus river originates in
the Himalayan, Karakoram and Hindu Kush mountains, an understanding of weather
characteristics leading to precipitation over the region is essential for water resources
management. The study examines the in�uence of upper level mid-latitude circulation
on the summer precipitation over the upper Indus basin (UIB). Using reanalysis data,
a geopotential height index (GH) is de�ned at 200 hPa over central Asia, which has a
signi�cant correlation with the precipitation over UIB. GH has also shown signi�cant
correlation with the heat low (over Iran and Afghanistan and adjoining Pakistan), east-
erly shear of zonal winds (associated with central Asian high) and evapotranspiration
(over UIB). It is argued that the geopotential height index has the potential to serve as a
precursor for the precipitation over UIB. In order to assess the in�uence of irrigation on
precipitation over UIB, a simpli�ed irrigation scheme has been developed and applied to
the regional climate model REMO. It has been shown that both versions of REMO (with
and without irrigation) show signi�cant correlations of GH with easterly wind shear and
heat low. However, contrary to reanalysis and the REMO version with irrigation, the
REMO version without irrigation does not show any correlation between GH index and
evapotranspiration as well as between geopotential height and precipitation over UIB.
It is concluded that although atmospheric moisture over the coastal Arabian sea re-

gion, triggered by wind shear and advected northward due to the heat low, also con-
tribute to the UIB precipitation. However for the availability of necessary moisture for
precipitation over UIB, the major role is played by the evapotranspiration of water from
irrigation. From the results, it may also be inferred that the representation of irrigated
water in climate models is unavoidable for the representation of SASM climate.
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1 Introduction

The South Asia region is a home to one-sixth of the world's population making it the
most densely populated region of the world. About 70% of South Asia's population lives
in rural areas, and most of the rural population depends on agriculture for its livelihood.
Agriculture employs about 60% of the labour force in South Asia and contributes 22% of
regional Gross Domestic Product (GDP; World-Bank (2008)). Therefore agriculture is,
and will likely remain an important sector of the economy in terms of food production
as well as employment generation. Agriculture, for its irrigated as well as rainfed crops,
depends heavily on the seasonal precipitation. Therefore, understanding of the processes
leading to the seasonal precipitation is of utmost importance for the agrarian economy
of the region.
Water availability in South Asia is driven by monsoons and western disturbances.

Two monsoon systems operate in the region: The southwest or summer monsoon and
the northeast or winter monsoon. The summer monsoon accounts for 70%-90% of the
annual rainfall over most of South Asia, except over Sri Lanka and Maldives where the
northeast monsoon is dominant in the winter. Apart from monsoons, the northwestern
part of South Asia comprising of northern Pakistan and northwestern India, also receives
considerable precipitation in the form of snow from western disturbances which originate
from the Mediterranean sea in winter.
The South Asian region contains a number of large rivers of which Ganges, Brahma-

putra, Meghna, Indus, Godavari, Mahanadi and Narmada are the prominent ones. The
main contributor to Ganges, Brahmaputra and Indus (also called as Himalayan rivers)
is the melt water from snow (and glaciers) which is accumulated in the winter season
in the northwestern part of South Asia. Due to precipitation both in winter (western
disturbances) and summer monsoon, the Himalayan rivers remain perennial throughout
the year. However, excessive melt along with the arrival of monsoon cause a prominent
peak in the annual discharge curve for these rivers. Apart from the Himalayan rivers,
the rest of the rivers are mainly rainfed. According to an estimate, the snow and rainfed
river basins occupy 2.32 million km2 or 55% of basin areas while the remaining 1.90
million km2 or 45% of basin areas belong to rainfed rivers (Mirza and Ahmed, 2005).
In the densely populated region of South Asia, life has always been vulnerable to

extremes and shifts in climate, but in the last couple of decades evidence is growing
that human activities have now reached a level where they make the weather pattern
and climate stability more vulnerable (Cotton and Pielke, 2007). Although much of the
research in this regard is focused on the direct e�ects of human activities on atmospheric
composition, it is also documented that human induced landscape changes can a�ect
atmospheric processes from local to regional weather patterns (Cotton and Pielke, 2007).
In the monsoon climate such as South Asia, where the land atmosphere interaction
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1 Introduction

plays a vital role in the development and evolution of monsoon, such human induced
changes become very crucial. For many regions around the world, the rapid increase
of irrigated land during the last century has signi�cantly a�ected the hydrological cycle
and energy budget at the land surface. This has motivated researchers to look into
the potential impacts of the irrigation on regional and global climate (Boucher et al.,
2004; Lobell et al., 2006). These studies support the concept, that depending upon
the spatial extent of irrigation and the degree to which a region's atmosphere is linked
to its land surface processes, the current irrigation signi�cantly alters the climate in
some areas. One of the most important direct impacts of irrigation on the climate is
the reduction of near surface temperature through changes from sensible to latent heat
�uxes (Kueppers et al., 2007). The enhanced availability of moisture due to irrigation
may lead to increased evapotranspiration, resulting in more cloud cover due to convection
and hence precipitation (Pielke, 2001), which is also known as local recycling of moisture.
Irrigation e�ects on climate can also be indirect especially in the monsoon regions where
the advection of moisture is governed by the land sea thermal contrast. Based on this
linkage it can be hypothesized that the magnitude of temperature reduction in certain
regions due to irrigation may be comparable to or even exceed the e�ects of other climate
forcings. The biggest implication of this can be that the global warming signal has been
"masked" in certain regions by irrigation-related cooling (Kueppers et al., 2007).
South Asia is the most densely irrigated region in the world. In order to cope with

the threatening expansion of population, rapid expansion of irrigated land took place
and according to an estimate the irrigated area in South Asia doubled over the last four
decades of the 20th century (Barker and Molle, 2004). Therefore irrigation is believed
to in�uence the climate of South Asia very strongly via land atmosphere interaction.
However, there have not been many studies contributing to our understanding of poten-
tial impact of irrigation on South Asian climate. Furthermore, it is extremely di�cult
to quantify the role of feedbacks from irrigation with the help of using the observed data
only. Therefore, the potential e�ect of irrigation in a�ecting the climate of the region is
usually discussed based upon climate model experiments.
Within this thesis the strengths and weaknesses of the regional climate model REMO

to simulate the region's climate characteristics are assessed. In addition, a representation
of irrigation is introduced in the REMO model in order to investigate the changes caused
by irrigation to the atmospheric processes over South Asia. Based on the existing lack
of research regarding the footprint of irrigation on the climate of South Asia, several
research questions emerge. These questions are:
i.) Considering the complex spatial and deep vertical structure, does REMO have

the ability to adequately simulate the climate associated with SASM? What could be
the criteria for evaluating the performance of a climate model over South Asian region?
ii.) What are the prominent biases shown by REMO over the SASM region and

what are the causes leading to these biases?
iii.) How crucial is the representation of irrigation in a climate model for its ap-

plication over the South Asian region and does REMO show better performance of the
SASM with the representation of irrigation?
iv.) Is there any linkage between the mid-latitude circulation and rainfall over the
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upper Indus basin? If such a link exists, what is the role of irrigation in describing it?
The objective of this thesis is to contribute to answer the above mentioned research

questions. For this purpose, a number of simulations have been conducted and analysed
using the REMO model at di�erent time scales. These simulations include the execution
of REMO in its baseline mode, with the simple representation of irrigation and with the
implementation of a more sophisticated irrigation scheme. All these simulations are
validated against di�erent observed as well as reanalysis datasets.
Each of the chapters from 2 to 4 is designed to be an independent and full paper, thus

some repetitions may inevitably occur in data and method descriptions. Note that the
references from all chapters will be gathered together into a reference list at the end of
the thesis.
Chapter 2 deals with the application of REMO over the South Asian region. A

sensitivity experiment with irrigation is presented and the impact of irrigation on SASM
circulation is discussed. This chapter has been published in a peer reviewed journal
(Saeed et al., 2009a).
In chapter 3, a framework for the evaluation of a regional climate model over SASM

region is proposed. This framework is applied to REMO in order to assess the ability of
the model in capturing the deep vertical structure associated with SASM. This chapter
has also been published in a peer reviewed journal (Saeed et al., 2011a).
Chapter 4 of this thesis is focused on the in�uence of mid-latitude circulation on

precipitation over the Indus basin. In order to assess the role of irrigation in bridging
the two of them, a simpli�ed irrigation scheme is developed and applied to REMO. This
chapter has been submitted for a peer reviewed publication (Saeed et al., 2011b).
Chapter 5 summarizes the �ndings of the thesis with respect to the above mentioned

research questions. Moreover an outlook for future work in terms of climate change
studies over the South Asian region is presented.
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2 Impact of irrigation on South

Asian summer monsoon

2.1 Introduction

With dependence of 22% of world's population on its annual rainfall, South Asian Sum-
mer Monsoon (SASM) plays a crucial role by e�ecting water resources, agriculture,
economics and human mortality of the region. Given the reliance of lives and economies
of many countries in Asia on monsoon rainfall (Cadet, 1979), the understanding of pro-
cesses a�ecting the monsoon is an issue of both scienti�c and societal importance.

Since South Asia is one of the most intensely irrigated regions of the world (Sacks et al.,
2009), the role of irrigation in modifying the local climate through feed back mechanisms
has been well recognized in earlier studies. de Rosnay et al. (2003) conducted a two
year model simulation directed by the 1987�1988 International Satellite Land Surface
Climatology Project data sets by coupling an irrigation module with a land surface model
and compared the e�ects of irrigated against non-irrigated land over the subcontinent.
Douglas et al. (2006) presented a conceptual approach and investigated the changes
across India between a pre-agriculture and a contemporary agriculture land cover. Both
of these studies deal with the irrigation e�ect on the atmospheric moisture and energy
vertical �uxes, but do not take into account the e�ects on large-scale SASM circulations.
More recently, Lee et al. (2009) highlighted the importance of irrigation over the India
by statistically associating the changes of observed rainfall with irrigation. Douglas et al.
(2009) simulated a �ve-day monsoon event using di�erent crop scenarios and identi�ed
changes in circulation patterns and precipitation over India. Considering the complexity
of processes and in�uence of di�erent regions involved in the SASM phenomenon, there
is a need of evaluation of irrigation a�ects over larger domain and longer time scale.
Since more than a decade, the heat low over Pakistan and adjoining north-west India

is used as an important predictor for SASM rainfall (Singh et al., 1995). The major part
of this heat low region falls inside the densely irrigated Indus basin, which has been used
for irrigation since ancient times (Figure 2.1).
The Indus basin is the largest contiguous irrigation network in the world and its

surface water is heavily manipulated by building large dams, link canals, watercourses
etc. and hence resulting in modi�cation of the amount of water in soil (Khan et al.,
2008). It is estimated that the Indus River drains only one-eighth of the ∼ 400 km3

water that annually falls on the basin in the form of rain and snow, with the remainder

11



2 Impact of irrigation on South Asian summer monsoon

Figure 2.1: Location of Indus and Ganges basin at 0.5◦ resolution in South Asia region.

used mostly for irrigation and returned to the atmosphere by evapotranspiration (ET)
(Karim and Veizer, 2002). Therefore, it can be assumed that this huge manipulation of
water for irrigation would modulate the local climate occurring in the heat low region
and therefore may e�ect the large-scale SASM's circulations.

2.2 Methods

In this study Max Planck Institute's REgional MOdel (REMO) has been applied over
South Asian domain (Jacob, 2001; Jacob et al., 2007), forced with so called �perfect�
lateral boundary conditions obtained from the European Centre for Medium Range
Weather Forecasts reanalysis (ERA40) (Uppala et al., 2005). REMO has been applied
at a resolution of 0.5 degree (∼ 55 km) over the South Asian domain which encompasses
12◦S to 42◦N and 35◦E to 110◦E with 109 grid points along the latitude and 151 grid
points along the longitudinal direction. All the results presented are averaged over four
monsoon months June, July, August and September.

The �rst simulation comprises of 40 years from 1961 to 2000 (REMO-baseline), three
years from 1958 to 1960 are considered as spin up. In the second simulation, in order to
take into account the e�ect of irrigation, we conducted a sensitivity simulation using a
map of irrigated areas as shown in Figure 2.2 (Siebert et al., 2005). This is then remapped
to 0.5-degree resolution and brought to the REMO South Asian model domain. For the
irrigated fraction of a grid box, we have increased the soil wetness to a critical value in
each time step, so that potential ET can occur. In REMO, following Roeckner et al.
(1996), this value is set to 75% of the soil water holding capacity by assuming that

12



2.3 REMO-Baseline

Figure 2.2: Irrigation map of the world showing fraction of irrigated area to total area
of grid box.

irrigation is conducted to ful�ll optimal conditions for the vegetation/crops, so that they
can transpire at a potential rate. The sensitivity experiment is conducted from 1986�
1992 with the initial three years discarded as spin up for new soil moisture conditions
(REMO-irrigation).

2.3 REMO-Baseline

Considering �notoriously di�cult to predict� nature of SASM (Jayaraman, 2005), model
has reproduced a number of important features satisfactorily in REMO-baseline exper-
iment. It has simulated the characteristic wide range of 2m temperatures, ranging from
more than 40◦C in Pakistan, to less than 0◦C over the Himalayas (Figures 2.3(a) and
(b)). Over the Indian subcontinent, the model is characterized by a warm temperature
bias of up to several degrees for most of the land areas. The largest deviation exceeding
5◦C occurs over the heat low regions of the Indus basin as discussed above. The model
simulates the location of heat low region, however the overestimation of temperature has
caused an acute underestimation of sea level pressure (MSLP) (Figures 2.3(c) and (d)).
This has resulted into increased di�erential heating between ocean and land, and there-
fore the overestimation of winds entering into the plains of the Indian subcontinent from
the Arabian Sea (Figures 2.3(e) and (f)). In monsoon break periods, these winds play
a passive role when monsoon currents from Bay of Bengal (BOB) are shifted towards
northern India along the foothills of Himalaya and towards southern peninsula, allowing
more westerlies to intrude inside the plains of central India (Prasad et al., 2007). In our
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2 Impact of irrigation on South Asian summer monsoon

Figure 2.3: Summer (JJAS) climatologies (1961�2000) of 2m temperature (◦C) (a)
REMO, (b) CRU observations; mean sea level pressure (hPa) (c) REMO, (d) ERA40
reanalysis; 850 hPa winds (m/sec) (e) REMO, (f) ERA40 reanalysis; and precipitation
(mm/day) (g) REMO, (h) Willmott and Matsuura observations.
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2.4 REMO-Irrigation

case however, the excess of di�erential heating between land and sea has given the active
role to the westerlies to intrude inside the central India throughout the monsoon sea-
son. This causes a situation unfavorable for westward propagating currents from BOB
to intrude deep into western India and Pakistan. Therefore, less moisture is advected
causing an underestimation of precipitation over this area (Figures 2.1(g) and (h)).

In his study of SASM with the General Circulation Model ECHAM4, May (2003)
found a similar warm bias over Indus basin, and suggested that it was because of an
unrealistic drying of the soil during the dry season (boreal winter and spring) due to
the model's limited capacity of storing water in the ground. This leads to a reduction
of evaporation and hence would reduce the local production of precipitation during the
wet season. However in REMO, there is increased soil water storage capacity as com-
pared to ECHAM4, and similar behavior of REMO leads to rejection of this hypothesis
(Hagemann et al., 1999). Although REMO and ECHAM4 have di�erent physics and
dynamics than RegCM3, similar overestimation of temperature over the same region is
found in the simulation of SASM using RegCM3 (Ashfaq et al., 2009). This similar bias
in di�erent models forces us to believe that a characteristic process of the region might
be missing in all these models.

2.4 REMO-Irrigation

As mentioned above, the largest positive temperature bias simulated by REMO is con-
�ned to highly irrigated basins of the Indian subcontinent. In the REMO-baseline exper-
iment, simulated surface runo� and drainage account for 45% of the total precipitation
falling over Indus basin, which is much larger than the observed value of 14% (Karim
and Veizer, 2002). This means that REMO simulates extra ∼ 30% of precipitation en-
tering runo� instead of ET. This excess water is lost from the model, as in REMO and
almost in all regional models, the lateral surface runo� and drainage generated in each
time step are removed from the simulated water cycle due to the absence of any routing
and irrigation schemes. The removal of this water in REMO results in the underestima-
tion of ET that accounts for only 55% of total precipitation compared to the observed
value of 84% (Karim and Veizer, 2002).Consequently, this leads to a reduction of local
precipitation as proposed by May (2003). When irrigation is accounted for, a more
realistic behavior of the simulated climate is yielded. Figure 2.4 compares the changes
simulated by REMO-irrigation with the REMO-baseline run for the period 1989-1992.
Improvement in temperature and MSLP can be seen all over the domain, but statistically
signi�cant and most pronounced changes are present over Indus, Ganges and southern
India (Figures 2.4(a) and (b)). It can be noticed that these changes have occurred over
the regions where there was an acute bias before (Figures 2.3(a) to (d)), hence show-
ing better representation of these variables. Figure 2.4(c) indicates signi�cant increase
in ET over the whole subcontinent region, again with largest increase over Indus and
southern India. The ERA40 ET is also model generated; yet it shows realistic patterns
with higher values over Indian subcontinent than over the drier region in the western
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2 Impact of irrigation on South Asian summer monsoon

Figure 2.4: Simulated summer (JJAS) averages for 1989�1992 zoomed over the Indian
subcontinent. Di�erence (REMO-irrigation minus REMO-baseline) of (a) 2m temper-
ature (◦C), (b) Mean Sea Level Pressure (hPa), (c) Evapotranspiration (mm/day), (d)
850 hPa winds; shaded blue area represent signi�cance at 90 percent from two tailed
t-test. Precipitation (mm/day) di�erences of (e) REMO-baseline minus WM, and (f)
REMO-irrigation minus REMO-baseline with areas signi�cant at 90 percent level are
shown by closed polygons. Simulated convergence (mm/day) of (g) REMO-baseline,
and (h) REMO-irrigation.
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2.4 REMO-Irrigation

part of the domain, whereas REMO-baseline does not show a realistic simulation of ET
with very low values over the highly irrigated Indian subcontinent especially over the
Indus basin (Figure 2.5). In our REMO-irrigation experiment, the introduction of water
on the irrigated grids has caused the pattern of ET quite similar to that of ERA40,
and over the four years period from 1989�1992 the correlation over land points between
REMO-irrigation and ERA40 is increased to ∼ 0.88 as compared to the correlation be-
tween REMO-baseline and ERA40 of ∼ 0.83. REMO-baseline simulated ET is ∼ 52%
of the total precipitation over the Indus basin, which was quite lower than the long
term observed value of 84% (Karim and Veizer, 2002). However in the REMO-irrigation
experiment, the value of ET is ∼ 92% of the total precipitation which is not unrealistic
as compared to 84% of the observed value. Here, an overestimation could be expected
as the REMO-irrigation experiment assumes optimal irrigation conditions. The wind
pattern shows complex behavior with less �ow towards the foothills of Himalaya and
into Ganges and Indus basin. However, from central India downwards, the decrease in
westerly winds from the Arabian Sea into the Indian plains is also reduced due to the
reduction of land sea di�erential heating (Figure 2.4(d)). The only signi�cant change
in precipitation is the increase in the western-northwestern India and Pakistan (Indus
and Ganges basins), which is attributed to the local recycling of water, also shown in
the convergence plot (Figures 2.4(g) and (h)). Convergence C of vertically integrated
water vapor �ux in a grid box is calculated from the water vapor conservation equation
(Peixoto and Oort, 1984).

C = ET − P −∆S (2.1)

where ET and P are evapotranspiration and precipitation respectively, and ∆S is the
change of vertically integrated speci�c humidity during each 6 hourly time step. Here
the positive values will represent divergence and negative values will show convergence of
water vapor in a grid box. From Figures 2.4(g) and (h), the net divergence of moisture
from western India and Pakistan area in REMO-irrigation as opposed to net conver-
gence in REMO-baseline can be noticed. This indicates the increased contribution of
evapotranspiration in providing increased amount of moisture for precipitation, hence
causing local recycling. In central India, the REMO-irrigation has reduced the pre-
cipitation's wet bias near the BOB coast and is producing more precipitation further
inland. This behavior can also be seen in convergence plots where the convergence is
reduced in the region near the BOB and a convergence maximum is formed west of 78◦

E. As mentioned before that due to the reduced westerlies (Figure 2.4(d)) there is more
chance for the monsoon currents, in the form of depressions/lows (Ds/Ls) and cyclones
originating from BOB, to intrude deep into land in REMO-irrigation. Under normal
circumstances, these currents play a vital role in distribution of rainfall during SASM.
Whereas in REMO-baseline, the precipitation wet bias near BOB over central India is
because of the blocking e�ect of westerlies, limiting the movement of westward propa-
gating monsoon currents. This leads Ds/Ls and cyclones to deposit their moisture over
coastal areas without intruding deep inside the land.
To further ascertain our �ndings, examples of the development and movement of mon-
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2 Impact of irrigation on South Asian summer monsoon

Figure 2.5: Four years simulation results of evapotranspiration (mm/day) (a)REMO-
baseline, (b)REMO-irrigation, and (c)ERA40.

soon Ds/Ls are also considered (Figure 2.6). The criteria for selecting these examples is
their occurrence in di�erent months, should be captured by either of the simulation dur-
ing the period 1989-1992 and discussed in earlier published literature (Mahajan et al.,
1995; Narkhedkar et al., 1995; Seetaramayya et al., 1993). It is evident that the de-
velopment of monsoon Ds/Ls is more pronounced in REMO-irrigation and travels deep
into land towards western India and Pakistan in all events as compared to REMO-
baseline. Moreover, in 23-27 July 1991, REMO-irrigation shows the development and
inland movement of a depression, which is not even captured in the case of REMO-
baseline. Therefore, the increase in precipitation in central/western India and Pakistan
is not only attributed to the local recycling of moisture, but also to the currents from
BOB penetrating into these areas.
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2.4 REMO-Irrigation

Figure 2.6: Monsoon depressions/lows development and movement: July 23�27, 1991 at
993 hPa MSLP (a) REMO-baseline (b) REMO-irrigation; Aug 17�20, 1990 at 996 hPa
MSLP (c) REMO-baseline (d) REMO-irrigation; and Sep 18�22, 1991 at 999 hPa MSLP
(e) REMO-baseline (f) REMO-irrigation.
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2 Impact of irrigation on South Asian summer monsoon

2.5 Conclusions

The present study signi�es the role of irrigation in e�ecting the local temperature, which
in turn e�ects large-scale circulations and precipitation. It is also mandatory to consider
the irrigation over Indus Basin while analyzing e�ects of irrigation on SASM, which was
missing in earlier studies. It may be concluded that representation of water used for
irrigation is unavoidable for the realistic simulation of SASM circulation and associated
rainfall in climate models. This study has also pointed out the conclusion of May
(2003), which criticizes the use of the simple so-called bucket scheme and highlights a
need for more sophisticated parameterization of land-surface hydrology of the model,
in order to remove the temperature bias. In contrast, it has been shown that the non-
representation of irrigation water is the root cause of this overestimation rather than the
simple treatment of soil hydrology in the model.
Results indicate that representation of irrigation has caused the removal of the warm

bias and overestimation of the monsoon heat low. This has not only resulted in in-
creased evapotranspiration e�ecting vertical exchanges and causing local production of
precipitation, but also the reduction of the heat low has caused less westerlies to enter
into land from Arabian Sea. This reduction of westerlies over land has created favorable
conditions for currents from BOB to intrude deep into land, thereby removing the pre-
cipitation wet bias near BOB coastal area and dry bias over central/western India and
Pakistan.
80% of Indus basin river �ows are attributed to the melt of snow and glacier. Con-

sidering the large impact of irrigation on SASM behavior, one can assume that under
global warming the changes in the timings of water in�ows would shift towards earlier
months, hence causing changes in cropping patterns and subsequently irrigation. It may
also be concluded that the changes in irrigation patterns over the Indus basin may have
a substantial e�ect on SASM circulation and associated rainfall under climate change.
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3 A framework for the evaluation of

the South Asian summer

monsoon in a regional climate

model applied to REMO

3.1 Introduction

With the dependence of a large percentage of world's population on its annual rainfall,
the South Asian summer monsoon (SASM) has been the subject of numerous scienti�c
studies since long. For a couple of centuries, scientists have been trying to discover the
factors that in�uence the SASM system. Initial work on SASM by Edmond Halley in
1686, H. F. Blanford in 1877 and Sir Gilbert Walker in 1904 (Katz, 2002; Kripalani et al.,
2007; Mohanty et al., 2007) set the tone for further research in the coming centuries.
Because of its `notoriously di�cult to predict nature' (Jayaraman, 2005), SASM poses
challenges to scienti�c community working over the region even at present times.
Today, coupled atmosphere ocean general circulation models (AOGCMs) are consid-

ered to be the most advanced numerical tools to carry out global climate simulations.
The general circulation of the atmosphere, which is driven by large-scale climatic forcing,
can be e�ectively simulated by AOGCMs. The typical horizontal resolution of AOGCMs
is about 200�300 km, and many regional-scale climatic processes go beyond the scope
of AOGCMs. For this reason, the nested regional climate modelling technique was de-
veloped to downscale the AOGCM results to the regional scale, and thus these models
are called Regional Climate Models (RCMs).
The past decade has witnessed a rapid growth in the development and application

of RCMs. By simulating the climate at a limited model domain, the higher-resolution
simulations have become computationally less expensive than AOGCMs. RCMs now run
on a grid size between 50 and 10 km and on time scales up to 150 years (Jacob, 2008;
Jacob et al., 2007). Today, this technique is becoming popular among the developing
countries as well (Pal et al., 2007). A brief review of regional climate modelling, from
its ensuing stages in the late 1980s to the recent past can be found in Giorgi (2006).
The simulation of the South Asian summer monsoon, which extends from Tibet to

the southern Indian Ocean, and from East Africa to Malaysia, has been a focus in
meteorological research due to its complex mechanism. In the past, there have been
attempts to capture monsoon features with RCMs on a shorter time scale of up to a
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3 A framework for the evaluation of SASM applied to REMO

few years (Bhaskar Rao et al., 2004; Bhaskaran et al., 1996; Dash et al., 2006; Ji and
Vernekar, 1997; Patra et al., 2000; Singh et al., 2007). More recently, Dobler and Ahrens
(2010) conducted a comprehensive study on the analysis of the regional model `COSMO-
CLM' forced by reanalysis data and a GCM. Regional models have also been used to
study the long-term e�ects of climate change due to enhanced greenhouse gases over
South Asia (Ashfaq et al., 2009; Kumar et al., 2006). Most of the above mentioned
studies are either restricted to very short time periods of a couple of seasons or lacking
in the rigorous evaluation of the model when forced with reanalysis data over a longer
time scale of 30 or more years which is a typical time scale for climate studies.
RCM of the Max Planck Institute for Meteorology, the REgional MOdel (REMO;

Jacob (2001)) has been used widely for various studies in many parts of the world
(e.g. Europe (Jacob et al., 2007); South America (Silvestri et al., 2009); South Africa
(Haensler et al., 2010)), however, it has not been extensively tested over the South Asian
sub-continent monsoon region. Although, in the second chapter of this thesis the REMO
results have been presented over the SASM domain with the prime focus on identify-
ing the e�ects of irrigation on SASM circulations and associated rainfall. The second
chapter has evaluated the performance of REMO over SASM region rather brie�y and
it was restricted to surface variables such as temperature, mean sea level pressure, pre-
cipitation and low-level winds. Considering the complexities and deep vertical structure
associated with the SASM system, there is a need to evaluate these results in much
more detail. Usually, the analyses of RCM applications focus on surface parameters,
thereby often neglecting the origin of biases in these parameters. However, if it can be
shown that a RCM is able to capture the fundamental structure of SASM, then biases in
surface variables can be attributed to de�ciencies in model parameterizations or missing
processes.
In the present study, an evaluation framework for the representation of SASM cir-

culation and associated rainfall is presented. The performance of REMO in simulating
SASM features is rigorously evaluated over a 40-year time scale using the recent REMO
version, which we think was missing in earlier studies done by di�erent RCMs over this
region. Such a validation is necessary for gaining the con�dence in RCM, in this case
REMO, to carry out in-depth studies such as climate change and its probable impacts
over the region. A brief description of REMO and experiment design is given in Section
3.2, and in Section 3.3 the evaluation framework for validation of model is introduced.
Section 3.4 deals with the simulation results and �nal considerations are presented in
Section 3.5.

3.2 Model and experimental setup

The regional climate model REMO is based on the Europamodell/Deutschlandmodell
system (Majewski and Schrodin, 1994). It uses a modi�ed version of the physical pa-
rameterization package from the general circulation model ECHAM4 (Roeckner et al.,
1996). A linear fourth-order horizontal di�usion scheme is applied to momentum, tem-
perature, and humidity. The �nite di�erence equations are solved on an Arakawa-C grid.
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At the lateral boundaries of the model domain, a relaxation scheme according to Davies
(1976) is applied, which adjusts the prognostic variables in a boundary zone of eight
grid boxes calculated separately for the di�erent compartments within a model gridbox
(Semmler et al., 2004). The vegetation-dependent land-surface parameters are taken
from the LSP2 dataset (Hagemann, 2002), and monthly variations are implemented by
Rechid and Jacob (2006) (leaf area index, vegetation ratio) and Rechid et al. (2009)
(surface background albedo). In REMO, the improved Arno scheme (Hagemann and
Gates, 2003) is implemented to represent the separation of rainfall and snowmelt into
surface runo� and in�ltration.
REMO has been applied at a resolution of 0.5◦ (∼55 km) over the South Asian domain

which encompasses 12◦S to 42◦N and 35◦E to 110◦E with 109 grid points along the
latitudinal and 151 grid points along the longitudinal direction. A continuous simulation
is made for the years 1961�2000 with 3 years of spin-up from 1958�1960. The model
is forced with so-called perfect lateral boundary conditions at a resolution of 1.125◦,
obtained from the European Centre for Medium-Range Weather Forecasts (ECMWF)
40-year reanalysis (ERA40; Uppala et al. (2005)).

3.3 Evaluation framework

As mentioned earlier, second chapter of this thesis brie�y described an initial evaluation
of REMO over SASM, which was limited to only a few surface and near-surface vari-
ables. Therefore, readers are advised to see the performance of variables such as 2 m
temperature, mean sea level pressure, etc. in second chapter. But these variables may
not be the true representatives of the complex SASM system, because some of these
variables (such as precipitation) are modelled very late in the process chain of climate
models. There are also other processes, such as irrigation, as mentioned in the second
chapter, which are not represented in these models. Therefore, conclusions based on
these results may be misleading unless special consideration is given to the performance
of the model in capturing the fundamental structure of SASM system. Here we will
focus more on the SASM circulation, its associated indices and other features that are
better representatives of the complex spatial and deep vertical structure of the SASM
system.
O'Hare (1997) in his explanation of the SASM highlighted the importance of deep ver-

tical structure of SASM circulation. According to him, the di�erential heating between
land and ocean creates a pressure gradient from ocean to land at the surface level even
in the pre-monsoon months of April in May. However, rising air over hot land surface
creates high pressure aloft in the middle troposphere only up to the height of around
6�7 km, resulting in another pressure gradient from land to ocean. Since the upper
tropospheric component remains from ocean to land, the complete monsoon circulation
does not become obvious in pre-monsoon months of April and May. In the active mon-
soon months of June to September, in addition to the lower and middle tropospheric
circulation, the high land of Tibet having average height of 4000 m produces strong sen-
sible and latent heat �uxes resulting in the development of a high-level anticyclone. This
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3 A framework for the evaluation of SASM applied to REMO

Figure 3.1: North to south vertical transect of the Indian monsoon circulation concept
after O'Hare (1997). The westerly jet (JW ) moves `out of the paper' while the easterly
jet stream (JE) moves `into the paper'. Two monsoon phases are shown (a) April to May
(pre monsoon); (b) June to September (active summer monsoon). The vertical arrow
indicates the mean position of the sun.

high-level anticyclone produces upper atmospheric easterlies, which causes an upper tro-
pospheric circulation from land to ocean that was absent in earlier pre-monsoon months.
Therefore, in monsoon months, an ocean-to-land component in the lower troposphere
and land-to-ocean component in the middle and upper troposphere are observed. The
schematic diagram of O'Hare's concept is presented in Figure 3.1.
Over the past years, several monsoon indices have been developed in order to un-

derstand, measure, and predict the strength of SASM, as well as for the evaluation of
climate models. A brief review of these indices can be found in Wang and Fan (1999).
Following Parthasarathy et al. (1992) and Goswami et al. (1999), we have de�ned the
Indian Monsoon Rainfall (IMR) and Extended Indian Monsoon Rainfall (EIMR) in-
dices as the departure of rainfall from the climatological mean, averaged over 70◦�90◦E;
5◦�25◦N (land points only) and 70◦�106◦E; 10◦�30◦N, respectively. Basing on Webster
and Yang (1992), an index (WY) has been de�ned as U*850�U*200, where U*850 and
U*200 are zonal wind anomalies at 850 hPa and 200 hPa respectively, averaged over the
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region 40◦�106◦E; 0◦�20◦N. Similarly, basing on Goswami et al. (1999), we have de�ned
the local Monsoon Hadley (MH) index as V*850�V*200, where V*850 and V*200 are
meridional wind anomalies at 850 hPa and 200 hPa respectively, averaged over the region
70◦�106◦E; 10◦�30◦N.
The shift of the Intertropical Convergence Zone (ITCZ) or monsoon trough (MT) from

the equator to the SASM region is also studied at each grid point on a monthly basis.
Two criterions are de�ned based on precipitation and vertical velocity. For precipitation,
the threshold of 6 mm/day is considered after Gadgil and Sajani (1998) (GSI), which
means that if this threshold is attained for a particular grid point in a particular month,
we assume the appearance of the ITCZ in the respective grid point and month. We have
also considered vertical velocity (VVI) to be a proxy for the ITCZ, since an upward
motion is associated with the ITCZ. Therefore, we have de�ned the criterion that if on
all pressure levels (taken to be 925, 850, 775, 700, 600, 500, 400, 300, 200, 100 hPa), a
positive (upward) vertical velocity is occurring for a particular grid point in a particular
month, we assume the appearance of ITCZ in the respective grid point and month.
The onset of the monsoon has been de�ned after Wang and LinHo (2002) and He et al.

(2003). Following Wang and LinHo (2002) (WLO), the climatological monsoon onset at
each grid point is de�ned as the �rst pentad (�ve-day mean) in which the climatological
mean precipitation exceeds �ve mm/day and the grid-point January mean. Following
He et al. (2003) (HSO), the onset can be de�ned according to the following relationship

Iwh = Iw.
Ih

|Ih|
; when Iw > 0, otherwise Iwh = Iw (3.1)

where;

Iw = Iu.
V850

|V850|
, Ih = Hs −Hn and Iu = U850 − U200

Here, U850 and U200 are mean zonal wind at 850 and 200 hPa, V850 the regional
mean meridional wind at 850 hPa and |V850| represents the absolute value of V850. Iu
is calculated over the region 40◦�110◦E; 0◦�20◦N, whereas V850 is taken over the region
50◦�85◦E; 5◦N�20◦N and Hs −Hn is the 850 hPa geopotential height di�erence between
two selected points at (70◦E, 5◦N) and (50◦E, 20◦N).
The meridional tropospheric temperature gradient (MTG) has been de�ned after Web-

ster et al. (1998), as the di�erence of the �ve-day climatological mean temperature be-
tween the upper tropospheric layers (200 hPa �500 hPa) at 30◦N and 5◦N, averaged over
the zonal belt between 50◦E and 85◦E. Following Li and Yanai (1996), we calculated the
easterly vertical shear of zonal winds (ESZW) as the di�erence of the �ve-day clima-
tological mean of zonal winds between 200 hPa and 850 hPa averaged over the region
50◦E�90◦E; 0◦�15◦N.
In the second chapter, simulated surface variables were mainly compared to observed

datasets. Since the present study is focusing more on the vertical structure of SASM, we
are validating the model results against reanalysis datasets. Although they have some
caveats due to modelling limitations, reanalysis datasets are representing the current
climate better than any other model due to their assimilation of observations. In this
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study, we focused mainly on the validation of model against ERA40 reanalysis, however,
for the computation of index correlation we have also considered the National Centers for
Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR)
reanalysis (Kalnay et al., 1996).

3.4 Results

In this section the results of our analysis of the di�erent SASM indices are shown and
discussed.

3.4.1 Winds

First the simulated wind �ow at 850 hPa and 200 hPa, along with ERA40 data is
shown in Figure 3.2. The regional characteristic features of the lower troposphere such
as cyclonic �ow pattern over the Bay of Bengal, cross-equatorial �ow near the African
coast forming the low-level jet stream called Somali jet that is an important mechanism
in transferring heat and moisture to the subcontinent (Halpern and Woiceshyn, 1999),
and westerly �ow over northern Arabian Sea and India are captured reasonably well by
REMO (Figure 3.2(a)) compared to ERA40 (Figure 3.2(b)).
Apparently, REMO realistically simulates the general structure of the lower tropo-

spheric circulation, however, some discrepancies are also present. It can be noticed that
although the location of the core of the Somali jet is well simulated, its strength is
rather underestimated compared to ERA40. In the same way, the wind speeds over the
northern Arabian Sea entering into India and Pakistan are overestimated. In second
chapter, it was suggested that this behaviour is caused by de�cits in the simulation of 2
m temperature and mean sea level pressure due to the absence of an irrigation scheme in
REMO. The erroneous intensi�cation of the heat low causes an intense pressure gradient
in the south north direction over the Arabian sea, overpowering the coriolis force, and
hence, drawing more winds with higher wind speeds into the land areas as westerlies.
However, it should also be noted that a signi�cant di�erence between the reanalysis
products exists for this region. For example, Annamalai et al. (1999) found di�erences
in the strength of the Somali jet between ECMWF and NCEP/NCAR reanalysis of up
to 5 m/s, as well as di�erences in the pattern of �ow over the Indian peninsula and over
the Indian Ocean. Considering the �ow �eld at 200 hPa in Figure 3.2 (c) and (d), the
major discrepancy between REMO and ERA40 is the overestimation of westerly winds
in the northern part of the domain. Other than that, the model has ably captured the
Tibet anticyclone as well as the strength and the direction of the upper tropospheric
easterlies.
Figure 3.3 is used to investigate whether O Hare's concept of three components SASM

circulation can be reproduced by REMO. It can be seen that in the pre-monsoon period
of April and May, the lower troposphere ocean-to-land, the middle troposphere land-
to-ocean, and upper troposphere ocean-to-land component is simulated quite well by
REMO (Figure 3.3(a)) in comparison with ERA40 (Figure 3.3(b)), and the structure
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Figure 3.2: Mean summer (JJAS) average wind (m/s) at 850 hPa. (a) REMO (b)
ERA40; and at 200 hPa. (c) REMO (d) ERA40.

is in line with the description given in Figure 3.1(a). However, in the active monsoon
period of June to September, the lower and middle tropospheric components are slightly
overestimated by REMO (Figure 3.3(c)) in comparison to ERA40 (Figure 3.3(d)). It
should be noted that only the meridional wind component is shown, thus, the strong
upper tropospheric component from land to ocean is not obvious here. The reason for
this is that winds associated with the Tibetan anticyclone have a strong zonal compo-
nent, which overpowers the meridional component in the northern part of the domain.
However, in the southern part, a noticeable upper tropospheric land-to-ocean component
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3 A framework for the evaluation of SASM applied to REMO

Figure 3.3: North to south vertical transect of the Indian monsoon circulation over the
region 60◦-105◦E, 0◦-32◦N re�ected by the meridional (v) wind component (m/s) for
April-May (pre monsoon) (a) REMO (b) ERA40; and for June to September (active
summer monsoon) (c) REMO (d) ERA40

exists in both REMO (Figure 3.3(c)) and ERA40 (Figure 3.3(d)), representing easterlies
associated with the Tibetan anticyclone.

3.4.2 Correlation between precipitation and circulation indices

Goswami et al. (1999) de�ned a new index for precipitation (EIMR) on a broader region
including Bay of Bengal and land masses of Myanmar, Thailand and parts of China,
as compared to previously recognized IMR index, which was de�ned only over the land
mass of India. They argued that the large precipitation over the Bay of Bengal having
signi�cant interannual variability cannot be ignored in the de�nition of SASM, and
hence, EIMR is a better indicator of convective heating �uctuations associated with the
SASM than IMR.
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(A)
INDEX IMR EIMR MH WY
IMR 1
EIMR 0.72 1
MH 0.66 0.73 1
WY 0.67 0.61 0.63 1

(B)
INDEX IMR EIMR MH WY
IMR 1
EIMR 0.92 1
MH 0.40 0.46 1
WY 0.26 0.27 0.39 1

(C)
INDEX IMR EIMR MH WY
IMR 1
EIMR 0.82 1
MH 0.65 0.58 1
WY 0.51 0.40 0.48 1

Table 3.1: Cross-correlation among di�erent indices for: (A) REMO; (B) ERA40; (C)
NCEP

In order to re�ect the variation of monsoon heating, Webster and Yang (1992) de�ned
a broad-scale circulation index WY, however Goswami et al. (1999) argued that WY
index has little correlation with IMR and EIMR. Therefore, they have also identi�ed a
circulation index (MH) describing it as better representative of interannual variability of
SASM as compared to the previous WY index. They established this by showing higher
temporal correlations between MH index and precipitation indices as compared to WY
index. The areas over which the IMR, EIMR, MH, and WY are de�ned are given in
Section 3.3.
REMO shows higher correlations among most of the indices than the reanalysis

datasets. Reanalysis being an assimilation product may have generated �elds that may
represent reality better than REMO due to the inclusion of observations, however, higher
correlations among indices con�rm the ability of REMO in capturing the dynamical link
between them. The main conclusion of Goswami et al. (1999) that �. . . the MH index is
signi�cantly correlated with the EIMR�, is very well indicated in Table 3.1 for the case
of REMO. It can be seen that MH and EIMR has highest correlation for the case of
REMO as compared to other indices, which is not found for both reanalysis datasets.
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Figure 3.4: Monthly shift of ITCZ from April to August based on precipitation (GSI):
(a) REMO (b) ERA40; and based on vertical velocity (VVI): (c) REMO (d) ERA40

Since REMO is forced by ERA40 data on its boundaries, therefore, this behaviour may
be regarded as added value of the dynamical downscaling with REMO.
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3.4.3 ITCZ indices

The monthly shift of the ITCZ, or sometime called as TCZ (Tropical Convergence Zone)
is shown in Figure 3.4. The gradual northward shift of the ITCZ from the equator to
northern latitudes during SASM is simulated reasonably well by REMO both for VVI
(Figure 3.4(a) and (b) and GSI (Figure 3.4(c) and (d).
Another feature of the SASM, the generation of the second precipitation zone over

the equatorial Indian Ocean on the intra-seasonal time scale has also been documented
in earlier literature (Sikka and Gadgil, 1980). Following the criterion for ITCZ indices
de�ned in Section 3.3, REMO has reproduced the development of a secondary ITCZ
along the equator, generally one month earlier as compared to ERA40 for both VVI
and GSI. This is probably due to the reason that REMO simulates a higher amount
of precipitation over the ocean along the equator and less precipitation over northwest
India and Pakistan as discussed in second chapter of this thesis.

3.4.4 Onset indices

The comparison of the simulated WLO index as compared to ERA40 data (Figure 3.5)
indicates that REMO has successfully simulated the onset over the Arabian Sea and
western India. However, the model has simulated the onset one pentad too late over
eastern and central India, whereas over the foothills of the Himalayas the onset is too
early. Again, this behaviour may be attributed to the overestimation of the heat low, as
described in second chapter, retarding the movement of westward-propagating cyclones
from the Bay of Bengal and bringing them towards the foothills of the Himalayas.
Similarly, Figure 3.6 shows the HSO index, where positive values of the curve represent

the active monsoon. Although, the behaviour of the HSO index over the year is simulated
very well by REMO, it has simulated the onset and withdrawal of the monsoon one
pentad later and earlier, respectively, which means the simulated monsoon period is two
pentads shorter than that of ERA40 if the HSO is considered. The results indicate that
based on both the spatial (WLO) and temporal (HSO) indices, REMO has performed
reasonably to capture the onset of the SASM.

3.4.5 MTG and ESZW indices

Finally, MTG and ESZW are considered in Figure 3.7. For MTG, the positive (negative)
di�erence indicates that the upper tropospheric air is warmer (cooler) at 30◦N than at
5◦N, representing the reversal of MTG in the upper troposphere. Li and Yanai (1996)
indicated that the positive reversal of the MTG is concurrent with the monsoon onset
and produces zonal winds with easterly vertical shear as depicted by ESZW here. It can
be seen that the simulated behaviour of MTG matches very well with that of ERA40,
with concurrent positive phase from 32nd pentad to 54th pentad. For ESZW at some
pentads, the di�erence between REMO and ERA40 has reached values as high as 4
m/sec. However, for most of the time in the positive phase of MTG, REMO simulated
ESZW remains higher than the critical value of 20 m/sec as found by Goswami and
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Figure 3.5: WLO Monsoon onset after Wang and LinHo (2002) (a) REMO (b) ERA40

Xavier (2005), indicating a satisfactory job done by REMO in simulating this behaviour.

3.5 Summary and conclusion

The South Asian region is considered to be one of the most challenging regions for
the climate-modelling community due to its geography, orientation, population, and
complexities of processes involved in the evolution of its climate. Within the present
study, a regional climate simulation has been analysed and validated for the period
1961�2000. The simulation has been performed with the regional climate model REMO
at a resolution of 0.5◦ driven by the ERA40 reanalysis at its lateral boundaries.
Precipitation (and other near surface variables) are modelled very late in the process

chain in climate models and in�uenced by di�erent processes, which are not represented
in these models. Especially, the Indian subcontinent, which contains 22% of world's
population, has a strong feedback to the atmosphere through processes like irrigation.
Therefore, comparison of just a few surface variables against observation is insu�cient
for the performance evaluation of a climate model especially over the SASM domain. In
the present study, in order to gain the con�dence in physics and dynamics of REMO, we
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Figure 3.6: HSO monsoon onset index de�ned after He et al. (2003). The positive values
of the curve represent the active monsoon period

Figure 3.7: Easterly vertical shear of zonal winds (ESZW) and monsoon tropospheric
gradient (MTG) following Li and Yanai (1996) and Webster et al. (1998), respectively.
Horizontal black line represent 0 ◦C temperature

33



3 A framework for the evaluation of SASM applied to REMO

made an e�ort to evaluate how well the model is reproducing the basic structure of the
monsoon circulation as explained in the theory. We have analysed di�erent physically
based indices, which have been used in the earlier literature to study the behaviour of
SASM.
The model has successfully captured the patterns as well as the strength of the winds

at di�erent pressure levels. The location of the core of Somali jet is well simulated by
the model with underestimated strength. On the other hand, the upper tropospheric
circulations are also reasonably well simulated. Di�erent components of SASM circula-
tion, as de�ned by O'Hare (1997), of SASM circulation are also captured well by REMO.
Seasonal shift of ITCZ, based on two criteria of precipitation and vertical velocity, is
also simulated quite well by the model also showing the characteristic secondary ITCZ
in the Indian Ocean. REMO shows high correlations between precipitation (EIMR) and
circulation (MH) indices as identi�ed by Goswami et al. (1999), adequately representing
the dynamical link between them, which was missing for the case of reanalysis datasets
showing low correlations between those indices. The onset of monsoon on a cohesive
spatial-temporal scale shows a better agreement over the western part of the Indian
peninsular, whereas, over the eastern part the onset is somewhat delayed. The model
has done a satisfactory job in simulating the reversal of the meridional temperature
gradient and easterly vertical wind shear, although the strength of the later is slightly
underestimated throughout the year. The behaviour of the curve for He et al. (2003)
onset index is also captured well by the model, however the length of the SASM season
is squeezed by two pentads as compared to ERA40.
The application of the evaluation framework in the current study is the step forward

to the earlier study done in the second chapter of this thesis, in which REMO was
validated against the observations for near-surface variables, and an improvement of the
results were shown due to the inclusion of irrigation representation. In this study, we
have shown that REMO, even in its standard mode without irrigation representation,
has the ability to reproduce the deep vertical structure and complexities involved in the
SASM circulations. So far, to our knowledge, there have not been many studies available
in which the rigorous evaluation of the regional climate model with reanalysis data over
longer time scale is presented for the SASM region. We have proposed a comprehensive
evaluation framework for the representation of SASM system based on di�erent indices,
which can prove to be very useful in gaining the con�dence in the physics and dynamics
of a regional climate model. Basing on the promising results presented in chapter 2 and
the present study, we conclude that REMO is well suited to conduct a long-term high-
resolution climate change projection for the SASM region. In future, this framework
shall also be applied to other RCMs over the SASM region within the EU projects
WATCH and HIGHNOON.
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4 In�uence of mid-latitude

circulation on upper Indus basin

precipitation: the explicit role of

irrigation

4.1 Introduction

The economic life of Pakistan depends to a large extent on its agriculture, which in turn
is dependent on irrigation through vast network of barrages, diversions and channels from
the Indus river and its tributaries (Saeed et al., 2009b). Indus River rises on the Tibetan
Plateau and in its passage through India and Pakistan, it drains the highest mountain
ranges of the world. The basin is sometimes referred to as the �Third Pole� and contains
the greatest area of perennial ice outside the Polar Regions (> 20000 km2) (Archer et al.,
2010). Besides its importance for Pakistan, 9.85% of the total geographical area of India
also lies inside Indus basin including Punjab, Haryana and Rajasthan which are the
fertile granary of the country (Jain, S. K. and Agarwal, P. K. and Singh, V. P., 2007).
Therefore, Indus river is a lifeline for large number of people living in that area.
Having a peculiar location, the Indus basin (Figure 4.1) receives precipitation in two

distinct times of the year, namely winter (December to March) and summer (June to
September), the latter is also known as South Asian Summer Monsoon (SASM). In the
north of the basin, which comprises the trans-Himalayan Karakoram and Hindu Kush
(HKH) ranges, precipitation primarily occurs as snow in winter and spring, resulting
from westerly disturbances (Archer et al., 2010). However, considerable amounts of
SASM rainfall are also received by the northern part during summer, especially on the
southern slopes of Himalayan mountains. In summer season, the melt of glacier and snow
that is accumulated during the preceding winter, along with monsoon rainfall leads to
a peak in the annual discharge curve of Indus river and its tributaries. Although the
northern part of Indus basin receive precipitation in both seasons, the southern half is
considerably drier and depends on the water originating from the upper Indus Basin
(UIB).
Considering the dependence of hundreds of million of people living on the Indus river,

very little attention has been paid by researchers on UIB in contrast with rest of the
Indian subcontinent. Main reasons for the lack of research in that area may be at-
tributed to lack of observational data due to complex topography, challenging climatic
conditions and also to some extent to the geopolitical situation of the region. Now with
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Figure 4.1: The mask of Indus Basin with rectangular area showing the extent of Upper
Indus Basin (70◦-80◦E, 30◦-36◦ N)

the easy availability of satellite data and reanalysis products, there have been a few
studies recently conducted dealing with the winter precipitation on UIB (Syed et al.,
2006; Yadav et al., 2010), however there has not been any such study for summer SASM
precipitation. Although there are some studies focusing on isolated events over UIB, a
comprehensive study dealing with the atmospheric situation that leads to precipitation
is still missing for the region.
It has been well established that alongwith the surface and middle level, the upper

level tropospheric features of the region also play a signi�cant role in e�ecting the SASM
precipitation, as for example the upper level 200 hPa Tibetan high (Hoskins, B. J. and
Wang, B., 2005; Park et al., 1997; Yatagi et al., 1995). Similarly SASM undergoes enor-
mous variability ranging from intraseasonal to interannual and decadal timescales, indi-
cating the in�uence of tropical and extra-tropical processes (Goswami, 1998; Goswami
and Mohan, 2001; Krishnamurthy and Goswami, 2000; Li et al., 2008; Shukla, J., 1987;
Torrence and Webster, 1999). Several studies have noticed the potential in�uence of mid-
latitude circulation on the SASM rainfall over the Indian region (Ding and Wang, 2007,
2005; Kripalani et al., 1997; Raman and Rao, 1981; Ramaswamy, 1962). Ding and Wang
(2005) identi�ed the mid-latitude circumglobal teleconnection (CGT) pattern (Bransta-
tor, 2002) also for the northern hemisphere summer. They showed that the monsoon
activity over this region has a robust connection with the upper level anomalous high
over central Asia. Furthermore, they proposed that the anomalous high over central Asia
might enhance convection over northwestern India and Pakistan and hence the precipi-

36



4.2 Data and methodology

tation. In recent studies, Yadav (2009) and Saeed et al. (2010) showed that the Rossby
wave train over Eurasia is associated with intensifying the low surface pressure anomaly
forming over Pakistan and adjoining areas of India, Iran and Afghanistan, which further
intensi�es the monsoon current over the Indian and Pakistan region.
Although there is an increasing evidence that there is an interaction between the mid-

latitudinal circulation and intraseasonal variation of SASM over India, it is not fully
understood that how the mid latitude circulation may in�uence the precipitation over
UIB. The purpose of this study is to investigate the dominant weather characteristics
associated with the midlatitude circulation leading to SASM precipitation over the UIB
region in summer season. For this, we �rst explored the relationship between the precip-
itation over UIB and mid latitude circulation. If such a relationship exists then is this
robust enough to be a precursor for UIB precipitation? What are the possible mecha-
nisms deriving this relationship between UIB precipitation and midlatitude circulation?
To further elaborate our �ndings, we applied the regional climate model REMO over the
South Asian region. Being the most intensely irrigated region in the world, it has been
shown that irrigation plays a major role in modulating the weather of Indian subconti-
nent associated with SASM circulation (Chapter 2, (Douglas et al., 2006)). Therefore, in
order to examine the e�ect of irrigation on UIB precipitation, we developed a simpli�ed
irrigation scheme and applied it to REMO.
This paper is designed as follows. Section 4.2 deals with the data and methodology

used for the study. In Section 4.3, the e�ect of mid-latitude circulation over UIB precip-
itation is discussed. Section 4.4 comprises the simulation results of REMO model and
summary and results are presented in Section 4.5.

4.2 Data and methodology

Daily averages obtained from ERA40 global �elds produced by the European Centre
for Medium Range Weather Forecast (ECMWF; (Uppala et al., 2005)) is the major
dataset used to �nd the relationship between UIB precipitation and midlatitude circu-
lation for peak summer months of July and August for 40 years from 1961 to 2000. In
order to check the robustness of our results obtained from ERA40 data, we have also
employed daily averages of outgoing longwave radiation (OLR) obtained through the
National Oceanic and Atmospheric Administration (NOAA) satellite and daily aver-
ages of geopotential height from National Centre for Environmental Prediction (NCEP)
reanalysis �elds (Kalnay et al., 1996) for the time period 1979-2000.
Further the Max Planck Institute for Meteorology REgional MOdel (REMO) (Jacob,

2001; Jacob et al., 2007) has been applied over South Asian domain, forced with ERA40
data at its lateral boundaries. For this paper, we conducted two 10 year simulations at
0.5 degree resolution from 1990 to 1999, both with and without the representation of
irrigation. The ability of REMO model in capturing the SASM circulation and other
surface and higher level atmospheric variables has been discussed comprehensively in
chapter 2 and chapter 3 of this thesis.
Moreover, for the mentioned time period of each dataset discussed above, we detrended
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the daily datasets and removed the climatology to eliminate seasonal variability. Ad-
ditionally we applied a 5-day running mean time �lter to the daily data to eliminate
synoptic variability and retain intraseasonal variability longer than 10 days. To preserve
intraseasonal variability as much as possible, no other �lter was applied to the data.
We have mainly used correlation analysis to �nd the relationship between di�erent vari-
ables. Two tailed t-test is used to check the signi�cance of these relationships. In all
the correlations plots presented in the rest of the paper, only the correlations which are
signi�cant at 99% con�dence level are plotted.
In earlier studies, di�erent areas are considered to represent the UIB (Fowler and

Archer, 2006; Jain, S. K. and Agarwal, P. K. and Singh, V. P., 2007; Saeed et al., 2009b)
due to di�erent scope of those studies. For the present study we have de�ned the UIB
as the region extending from (70◦−80◦E, 30◦−36◦N) as shown in the Figure 4.1. We
further de�ned a precipitation index (PUIB) over this domain by spatially averaging the
precipitation at each time step.

4.3 Mid-latitudinal in�uence on the precipitation

over UIB

To identify the major atmospheric conditions that may precede precipitation over UIB,
we have examined the correlations of 200 hPa geopotential height and OLR with PUIB.
We calculated correlation between the PUIB and geopotential height at 200 hPa that
is shown in Figure 4.2. Here positive values of days represent lead days with respect
to PUIB at day 0. The highest correlation between PUIB and 200-hPa geopotential
height occurs over the central Asian region some 3-5 days prior to the PUIB. This high
pressure ridge at 200 hPa (central Asian high) is also known to e�ect the precipitation
over central Indian monsoon region. However, as mentioned earlier, di�erent studies
show opposite relationship between this central Asian high and precipitation over this
region. For example, Ramaswamy (1962) and Raman and Rao (1981) show that this
central Asian high will result into a break (dry) condition over central India, whereas
Kripalani et al. (1997) and Ding and Wang (2007) show that the central Asian high
triggers the convection over central India leading to active (wet) conditions. However for
UIB, a signi�cant positive correlation is found between PUIB and geopotential height
at 200 hPa. The high and signi�cant correlation between PUIB and 200-hPa central
Asian high has lead us to further investigate the ability of the central Asian high to
be the precursor for the precipitation over UIB. For this purpose, we have de�ned the
area-averaged 200-hPa geopotential height (GH) predictor over the central Asian domain
(65◦−80◦E and 35◦−45◦N). Figure 4.3 shows the lead-lag correlation between GH and the
PUIB for up to 15 days. The correlation between GH and PUIB reaches a maximum
when GH leads PUIB by 3-4 days, suggesting the capability of the GH predictor to
forecast precipitation over UIB 3-4 days prior to the occurrence of precipitation. In
order to ensure the robustness of our results we have also plotted the correlations of
ERA40 GH and NCEP GH with observed OLR (NOAA) over UIB. For the case of
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Figure 4.2: Lead-lag correlation between PUIB and 200 hPa geopotential height from
ERA40 data. The positive numbers above each panel is the time in days that geopoten-
tial height leads PUIB.

ERA40 GH and observed OLR, the correlation remains as high as in the case when
precipitation and GH are both used from ERA40 data. However, for the case of NCEP
GH and observed OLR, the correlation slightly drops, but is reasonably high (0.47) and
maintain the similar shape of the curve as in the other two cases. These results point
towards the robust relationship between UIB precipitation and 200 hPa geopotential
height.
In order to understand the mechanism of how the central Asian high in�uences the

PUIB, the lead-lag correlation between PUIB and OLR is considered in Figure 4.4
which is indicating a southwest northeast pattern that starts from the 6th lead day and
increases afterwards. An interesting pattern is the appearance of two highly correlated
areas greater than 0.4 (one along the Arabian sea coast and other over UIB) on the 4th
day prior to PUIB. Note that it is the 4th day prior to PUIB when geopotential height at
200 hPa having maximum correlation as shown in the Figure 4.2. This behavior may be
attributed to the two di�erent moisture sources over the region causing moist convection
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Figure 4.3: Lead�lag correlation coe�cients between daily geopotential height and PUIB
using ERA40 data (red curve for time period 1961-2000), between daily ERA40 geopo-
tential height and daily OLR from NOAA (green curve for time period 1979-2000) and
between daily NCEP geopotential height and daily OLR from NOAA (blue curve for
time period 1979-2000). Lead�lag correlation coe�cients with a lag of up to 15 days
were calculated. A negative lag represents that geopotential height leads precipitation
by that many days.

which will be discussed later in Section 4.3.1. To gain deeper insight into whether the
southwest-northeast oriented convection pattern is independent of the central Asian high
and in�uences the PUIB due to some other mechanism, the lead-lag correlation between
GH and OLR is considered in Figure 4.5. Here, the relationship between the two of
them is depicted by a reasonably high correlation. As in the case of PUIB and OLR
(Figure 4.4), there are two areas of high correlations, one over UIB and the other near the
southern coast. In order to �nd out the possible mechanism governing the relationship
between GH and OLR, we calculated the correlation between GH and vertical shear of
zonal winds over the region. Wind shear is calculated by U200 minus U700, where U200
and U700 are zonal velocities at 200 hPa and 700 hPa, respectively. Figure 4.6 shows a
high and signi�cant correlation between GH and wind shear over the similar southwest-
northeast oriented belt as was earlier seen in the case of GH and OLR (Figure 4.5). This
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Figure 4.4: Lead-lag correlation between PUIB and OLR from ERA40 data. The positive
numbers above each panel is the time in days that OLR leads PUIB.

behavior suggests that GH and UIB precipitation might be interlinked via wind shear
mechanism suggested by Ding and Wang (2007). Moreover, a high negative correlation
is found between GH and mean sea level pressure (MSLP; Figure 4.7) suggesting the
development of low pressure predominantly over Afghanistan and Iran in response to the
development of the central Asian high, similar to the one found by Saeed et al. (2010).
The relationships between GH and other variables, such as wind shear and MSLP, may
explain the linkage between GH and precipitation over UIB.
The possible mechanisms governing this linkage will be discussed in the following

sections.

4.3.1 Proposed mechanisms in�uencing precipitation over UIB

With the development of the central Asian High, the circulation of the upper atmosphere
changes, the characteristic Tibetan anticyclone weakens and an anomalous anticyclonic
circulation gets established over the central Asian region (Saeed et al., 2010). To the
south of the central Asian high, the easterly anomalies in the upper troposphere reinforce
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Figure 4.5: Lead-lag correlation between GH and OLR from ERA40 data. The posi-
tive/negative numbers above each panel is the time in days that OLR leads/lags GH
.

an easterly vertical shear in the northeast southwest direction, which has a high corre-
lation with GH (Figure 6). This increased easterly vertical shear is responsible for the
generation of an enhanced meridional heat �ux that favors the conversion of mean �ow
available potential energy to eddy available potential energy (Ding and Wang, 2007).
Therefore, it may be speculated that convection is enhanced by the increased easterly
vertical shear of zonal wind over UIB.
In addition to the wind shear, Saeed et al. (2010) showed that eastward propagation

of mid-latitude wave train modulate the pressure anomalies over the heat low region
mainly covering Iran, Afghanistan and Pakistan. The low pressure over this region
enables the moist southerly �ow from the Arabian Sea to penetrate farther northward
over northwestern India and Pakistan via pressure gradient mechanism. In this respect,
the correlation between GH and MSLP (Figure 4.7) shows a similar relationship as found
by Saeed et al. (2010).
Using REMO, it is established in chapter 2 of this thesis that large amounts of irrigated

water in the summer season play a vital role in e�ecting the local climate of the region via
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4.3 Mid-latitudinal in�uence on the precipitation over UIB

Figure 4.6: Lead-lag correlation between GH and vertical shear of zonal winds (U200
minus U700) from ERA40 data. The positive/negative numbers above each panel is the
time in days that wind shear leads/lags GH.

evaporation-precipitation feedback mechanism. This feedback mechanism is also called
as local recycling of moisture, because the irrigated water acts as a moisture source for
convection, and results into precipitation under favorable conditions. The high value of
correlation between GH and evapotranspiration in Figure 4.8 over the UIB, shows the
relationship between the two.
The above-mentioned three mechanisms may be used together as an explanation of

the connection between GH and PUIB. Wind shear caused by the central Asian high
results into convection especially over the Arabian sea, however the dry air aloft inhibit
any precipitation over the region. The resulting moisture is transported towards UIB
due to pressure gradient between land and ocean which undergoes the orographic uplift
due to HKH mountains in the north causing moist convection. In the meantime, the
warm and dry upper level anomaly caused by central Asian high, prevents the convection
by stabilizing the atmosphere, which results into a cloud free atmosphere. This causes
further warming of the surface via sensible heating, and therefore resulting into the
evapotranspiration of irrigated water over UIB. Therefore, in addition to the moisture
advected from the south, further moisture is provided due to the evapotranspiration of
irrigated water. Simultaneous occurance of both these mechanisms cause strong moist
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Figure 4.7: Lead-lag correlation between GH and mean sea level pressure from ERA40
data. The positive/negative numbers above each panel is the time in days that mean
sea level pressure leads/lags GH.

convection, and once it becomes strong enough to overcome the stable atmosphere, it
results into the initiation of precipitation.
However, it is still unclear which of the above-mentioned three mechanisms plays

the most important role in connecting GH and PUIB. For this reason we conducted
an experiment using the regional model REMO with the representation of irrigation as
explained in the following section.

4.4 Irrigation Experiment

As mentioned above, Chapter 2 and 3 have discussed the ability of REMO in capturing
the SASM circulation, its vertical structure and other surface variables such as precipi-
tation, temperature, mean sea level pressure etc.
With the standard REMO setup, a warm bias predominantly in the area of Indus

and Ganges basins came up as shown in Chapter 2. However in the sensitivity experi-
ment with the representation of irrigation, the removal of the warm bias, along with the
improved simulation of other variables had been achieved. Therefore, it was concluded
that representation of irrigation is essential for the simulation of climate of the region
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Figure 4.8: Lead-lag correlation between GH and evapotranspiration from ERA40 data.
The positive/negative numbers above each panel is the time in days that evapotranspi-
ration leads/lags GH.

in climate models. Lucas-Picher et al. (2011) intercompared 4 RCMs over SASM region
and also found similar bias over the region. By referring to the study presented in chap-
ter 2 of this thesis, they also argued that the representation of irrigation is essential for
the adequate simulation of SASM. In the experiment done in chapter 2 with REMO, the
irrigation was represented by a rather simpli�ed approach. Over the irrigated fraction of
a grid box soil wetness was increased to a critical value so that potential evapotranspira-
tion could occur on each time step. However, there were two caveats in that approach:
�rst it used a static spatial map of irrigation for the region which has strong seasonal-
ity, and second that there was an in�nite availability in the amount of water to �ll the
irrigated part of the grid box.
In the present study, a new simpli�ed irrigation scheme is developed whose details are

given in the following section.

4.4.1 Simpli�ed irrigation scheme

In this scheme instead of using a static irrigation map, we have used monthly irrigation
map of each month as is shown in Figure 4.10 (Siebert et al., 2005). The large variability
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Figure 4.9: Basin masks for all the major River Basins of South Asia obtained from
FAO.

in the irrigation density shows that it is more reasonable to use annual irrigation cycle
instead of using a static irrigation map.
Moreover, a semi-distributed basin approach is used to implement the limitation of

available water for irrigation. Figure 4.9 shows the major basins of South Asia ob-
tained from FAO's hydroglical basins dataset for southeast Asia (www.fao.org). For
each basin , we obtained the annual cycle of river runo� (mean monthly) from Cen-
ter for Sustainability and the Global Environment (SAGE) river discharge database
(http://www.sage.wisc.edu/riverdata/). We subtracted observed value of runo� from
simulated value of REMO runo� for each basin at each model time step, thereby ne-
glecting the transfer times of water within the basin:

RRi −ORi = FRi, where i = 1, ...., 12 (4.1)

where, RR is the REMO simulated runo�, OR is observed runo� and FR is the
residual runo�. The residual runo� is then distributed throughout the basin depending
on the irrigated grid box fraction as

IGi

IBi

∗ FRi, where i = 1, ...., 12 (4.2)

where,
IG = Irrigated grid box fraction of a particular grid box
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Figure 4.10: Monthly irrigation map of South Asia showing fraction of irrigated area to
total area of grid box.

IB = Sum of irrigation fractions of the whole basin
This value is then added to the computed value of soil wetness in the next time step.
However, there were some basins having very little irrigated area throughout the year

or very low runo� values, therefore the above mentioned approach is only applied to the
Indus, Ganges-Brahmaputra, Godavari, Mahanadi, Krishna and Mahi-Narmada-Tapi
basins. For the rest of the basins, equation (4.1) becomes

RRi = FRi, where i = 1, ...., 12 (4.3)

For the other grid boxes inside the REMO domain but not being part of any South
Asian basin (Figure 4.9), we used the same approach as was used in Chapter 2.
As mentioned earlier, we conducted two ten years simulations from 1990 to 1999 using

ERA40 as lateral boundary forcings. In the �rst simulation we applied the standard
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Figure 4.11: Simulated summer (JJAS) averages for 1990�1999 zoomed over the In-
dian subcontinent. Di�erence (REMO-irrigation minus REMO-baseline) of (upper left)
precipitation (mm/day), (upper right ) 2m temperature (◦C), (lower left) Mean Sea
Level Pressure (hPa) and (lower right) Evapotranspiration (mm/day). Only the results
signi�cant at 95 percent from two tailed t test are shown.

REMO version without irrigation (REMO-baseline) whereas in the second simulation
we applied REMO with the representation of irrigation (REMO-irrigation). The results
of the two simulations are presented in the following sections.

4.4.2 Model validation and impact of irrigation

Figure 4.11 compares the changes simulated by REMO-irrigation with the REMO-
baseline run for the period 1990-1999. The introduction of irrigation water has increased
evapotranspiration resulting into higher amount of precipitation via evapotranspiration-
precipitation feedback mechanism. This is accompanied by the removal of the temper-
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Figure 4.12: Lead-lag correlation between GH and mean sea level pressure; (left panel)
REMO-irrigation and (right panel) REMO-baseline. The positive/negative numbers
above each panel is the time in days that mean sea level pressure leads/lags GH.

ature bias leading to the reduced intensity of the heat low. All these results are similar
to the results obtained in the second chapter. Therefore, improved irrigation scheme
leads to the removal of the biases and hence, better and more realistic performance of
the model.
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Figure 4.13: Lead-lag correlation between GH and vertical shear of zonal winds (U200
minus U700); (left panel) REMO-irrigation and (right panel) REMO-baseline. The
positive/negative numbers above each panel is the time in days that vertical wind shear
leads/lags GH.

Since the northern limit of the REMO domain is at 42◦N, we have modi�ed our
GH predictor to be (65◦−80◦E to 35◦−42◦N). Figure 4.12 and Figure 4.13 show the
relationships for REMO-baseline and REMO-irrigation between GH and heat low and
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Figure 4.14: Lead-lag correlation between GH and OLR; (left panel) REMO-irrigation
and (right panel) REMO-baseline. The positive/negative numbers above each panel is
the time in days that OLR leads/lags GH.

between GH and wind shear , similar to the one shown in Figure 4.6 and Figure 4.7. It
also depicts the ability of REMO in reproducing these relationship as was seen for the
case of reanalysis data. Furthermore, two regions of convection (one along the Arabian
sea coast and the other over UIB) as was seen in Figure 4.4 for ERA40 data can also be
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Figure 4.15: Lead-lag correlation between PUIB and evapotranspiration; (left panel)
REMO-irrigation and (right panel) REMO-baseline. The positive/negative numbers
above each panel is the time in days that evapotranspiration leads/lags GH.

seen in Figure 4.14 for both the REMO-baseline and REMO-irrigation.
However, for the case of REMO-irrigation run, a high correlation is found between

GH and evapotranspiration over UIB (Figure 4.15), which is similar to the one found for
the case of ERA40 data in Figure 4.8. Whereas, there is no such relationship found in
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the case of REMO-baseline simulation. Similarly, for the case of REMO-baseline there
is no relationship seen between PUIB and geopotential Height at 200 hPa, whereas for
REMO-irrigation a reasonably high correlation is found (Figure 4.16). Although the
correlations shown in Figure 4.16 are not as high as found for ERA40, these are still
signi�cantly higher than for REMO-baseline and at the same location as for ERA40 data
(Figure 4.2).
From these results it can be concluded that water used for irrigation plays a signi�-

cant role in e�ecting the precipitation over UIB region. Although the land sea thermal
contrast as suggested by Saeed et al. (2010) is also an important factor for advection
of moisture to UIB (as indicated by two convection zones in Figure 4.14 for REMO-
baseline), it does not account for the total precipitation over UIB. The higher correlation
in Figure 4.16 for the REMO-irrigation simulation shows that irrigation water plays a
crucial role for the provision of su�cient moisture in order to overcome the preexisting
stable atmosphere, and therefore the initiation of precipitation.

4.5 Summary and Discussion

In the present study, the attention is focussed over Upper Indus Basin (UIB), which is
very crucial but neglected area for atmospheric research over South Asia. Using ERA40
data, it is found that for the peak summer month of July and August there is a reasonable
correlation between PUIB (precipitation averaged over UIB domain) and geopotential
height at 200 hPa. Based on this relationship, a 200-hPa geopotential height index GH
has been de�ned and it is showed that GH has the ability to serve as precursor for
precipitation over UIB. For the robustness of this result, a similar relationship between
GH and PUIB has been found using observed OLR and NCEP reanalysis data.
After establishing the link between GH and PUIB, the attention is paid on the mech-

anism by which GH e�ects precipitation over UIB. Two regions of higher correlation
between GH and OLR are identi�ed, one over the coastal region and another over the
UIB. It is argued that the upper tropospheric winds on the southern side of the central
Asian high cause the convection near the ocean via wind shear mechanism but does not
result into precipitation due to presence of dry and warm air aloft. The moisture present
in the atmosphere is then transported towards the UIB because of the pressure gradient
between land and ocean. Further moisture is supplied due to the evapotranspiration of
irrigated water caused by the sensible heating due to cloud free conditions associated
with central Asian high. Once the moisture from evapotranspiration, along with the
moisture advection from the Arabian sea becomes su�cient to overcome the stable at-
mospheric conditions associated with the central Asian high, precipitation is initiated
over UIB.
In order to further explore the linkage between GH and PUIB in the light of above

mentioned mechanisms, an irrigation experiment has been conducted using the regional
climate model REMO. The improved representation of irrigation in REMO results into
the removal of biases and better simulation of other surface variables, similar to those
shown in second chapter of this thesis. It is further shown that both model versions,
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Figure 4.16: Lead-lag correlation between PUIB and 200 hPa geopotential height; (left
panel) REMO-irrigation and (right panel) REMO-baseline. The positive/negative num-
bers above each panel is the time in days that 200 hPa geopotential height leads/lags
PUIB.

REMO-baseline and REMO-irrigation, show similar signi�cant correlation between GH
and wind shear and between GH and Heat low index. Two regions of convection, one
over UIB and the other over coastal region in the south, are found for both REMO-
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irrigation and REMO-baseline versions which are similar to those shown by ERA40
data. However REMO-baseline version does not show any correlation between GH and
evapotranspiration as well as between PUIB and geopotential height at 200 hPa, contrary
to that of ERA40 and REMO-irrigation which show reasonably high correlations between
them.
From these results it is concluded that during summer months of July and August,

although di�erential heating mechanism due to central Asian high as suggested by Saeed
et al. (2010), also cause advection of moisture from Arabian Sea towards UIB, however
it is not su�cient for the precipitation over UIB. The necessary moisture is supplied by
the evapotranspiration of the irrigated water, causing convection and hence resulting
into precipitation which is further supported by the complex topography of the region.
Considering the large impact of irrigation on UIB precipitation, one can assume that

under global warming the changes in the timings of water in�ows would shift towards
earlier months, hence causing changes in cropping patterns and subsequently irrigation.
Therefore, the present study also calls for the need of representation of irrigation in
climate models for analyzing the e�ect of climate change over the region.
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5.1 Summary

In this thesis the regional climate model REMO is applied over the south Asian region
in order to study the impact of irrigation on the climate of the region. Within this work,
all the simulations were carried out at 0.5◦ resolution over the South Asian domain,
forced with ERA40 reanalysis data at the lateral boundaries.
The initial application of REMO over South Asian domain showed reasonably good

agreement with observations and reanalysis data in capturing di�erent features such as
wide range of 2m temperature, the location of heat low, the lower tropospheric winds
and precipitation patterns. However, a warm and dry bias appeared over the western
India and Pakistan region. This bias was occurring over the heat low region, which is
known to strongly a�ect the movement of depressions especially from the bay of Bengal.
However, the occurrence of this bias over the most intensely irrigated region of the
world (Indus and Ganges basin) pointed towards the lack of representation of irrigation
in REMO. Therefore in order to address this bias, a sensitivity experiment of irrigation in
REMO was conducted. With the representation of irrigation a more realistic simulation
of SASM was achieved, causing the removal of the warm bias and hence, resulting into
a better representation of a less intensi�ed heat low. The addition of irrigation water
also led to the removal of the dry bias by local recycling of water via the evaporation-
precipitation feedback mechanism. Furthermore, a more realistic representation of the
heat low made the conditions favorable for the depressions from bay of Bengal to intrude
westward deep into the land areas.
By then it was established that irrigation plays a major role in e�ecting the SASM

circulation and associated rainfall, however the performance of REMO over the SASM
region was considered rather brie�y and it was restricted to surface variables such as
temperature, mean sea level pressure, precipitation and low-level winds. Considering the
complexities and deep vertical structure associated with the SASM system, there was a
need to evaluate these results in much more detail. For this purpose a comprehensive
framework was proposed for the evaluation of SASM in a climate model. This framework
includes di�erent indices related to the movement of the inter tropical convergence zone
(ITCZ), the onset, duration, and vertical structure of SASM. Based on this criteria, the
performance of REMO was evaluated against observations as well as reanalysis data.
REMO demonstrated good skill in ful�lling the criteria presented in the framework.
Finally the attention was focused on the Indus basin, precisely upper Indus basin

(UIB), which is a very crucial but previously neglected area for atmospheric research
over South Asia. Using reanalysis and satellite datasets, a robust relationship between
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summer precipitation over UIB and mid-latitude circulation was found. It was also dis-
cussed that the central Asian high at 200 hPa, which is associated with mid-latitude
circulation, has the ability to be a precursor for UIB precipitation. In order to high-
light the role of irrigation in explaining the link between the central Asian high and
precipitation over UIB, a simpli�ed irrigation scheme was developed and implemented
into REMO. Here, the REMO simulation with the simpli�ed irrigation scheme showed
a signi�cant positive correlation between central Asian high and precipitation over UIB,
contrary to REMO simulation without the irrigation scheme which showed only a weak
relationship between the two. Therefore, it was concluded that although moisture is
also advected from the Arabian sea over the UIB via the pressure gradient mechanism,
the decisive role is played by the irrigated water in providing necessary moisture for the
precipitation over UIB.
In the introductory chapter of this thesis several research questions had been raised.

Based on the analyses conducted within this work the major �ndings with respect to
these research focal points are listed as follows:
i) In chapter 2, the ability of REMO in capturing the surface variables such as

2m temperature, mean sea level pressure, low level winds and precipitation over SASM
region was shown. REMO did a satisfactory job in capturing the low-level SASM be-
havior. Moreover, in chapter 3 a new framework for the evaluation of climate models
for its application over SASM region was proposed. This framework is then applied to
REMO and it was noticed that within this new framework, REMO performed well in
capturing the deep vertical structure de�ned by di�erent indices. Hence, it is concluded
that along with the surface variables, REMO has the ability to simulate the complex
vertical structure associated with SASM.
ii) Although REMO performed reasonably well over SASM region, a prominent

bias was noticed in the overestimation of 2m temperature leading to the unrealistic
intensi�cation of the heat low. Since South Asia is the most intensely irrigated region
in the world, the non-representation of irrigation in REMO was identi�ed as the main
cause leading to this bias.
iii) The above mentioned bias is not limited to REMO only. A recent study (Lucas-

Picher et al., 2011) found the similar bias in other regional climate models as well. While
referring to the study presented in Chapter 2, they concluded that representation of
irrigation was the main cause leading to this bias. In REMO, the sensitivity study with
irrigation showed the removal of this temperature bias. It was noticed that irrigation
does not only have a local e�ect, but also in�uences the climate of whole South Asia.
iv) In chapter 4, the relationship between mid-latitude circulation and precipita-

tion over UIB was identi�ed using reanalysis and observational datasets. It was argued
that this relationship has the potential to serve as a precursor for UIB precipitation.
With the development of a simpli�ed irrigation scheme and its application to REMO,
it was shown that irrigation plays a signi�cant role in strengthening the relationship
between mid-latitude circulation and UIB precipitation.
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5.2 Outlook

The presented studies are amongst the �rst to use a climate model for assessing the role
of irrigation in impacting the climate of the South Asian region. These studies raise
many other questions regarding the e�ects of irrigation on future climate of the region.
Chapter 2 and 3 showed that the REMO model is well suited for conducting cli-

mate change simulations over the South Asia region. Consequently for the purpose
of studying the potential impacts of climate change over the region, transient climate
change simulations were conducted. The results of these simulations are being analyzed
for a cooperative study under the European Union project Water and Global Change
(WATCH).
Considering the huge impact of irrigation on regional climate, the present study calls

for the need of development of a more sophisticated irrigation scheme to serve as an
integral part of earth system models. For this purpose, a more dedicated e�ort has to be
made to collect irrigation related observational data (e.g. spatial coverage of irrigated
land, canal diversions, availability of water at farm gate etc.) from countries around
the globe. Furthermore, other human modi�cations to the hydrological cycle, such as
reservoirs, link canals and other diversions should be incorporated in the next generation
of climate models to elucidate the feedbacks between human water use and climate.
It is also important to take account of how the changing melt water regime of Himalayan-

Karakoram-Hindukush ranges will a�ect the irrigation patterns. For example, 80% of
the Indus basin river �ow is attributed to the melt of snow and glaciers. Considering
the large impact of irrigation on SASM behaviour, one can assume that under global
warming the changes in the timings of water in�ows would shift towards earlier months,
hence causing changes in cropping patterns and subsequently irrigation.
It will be vital to answer that considering the substantial role of irrigation on the

region, how the climate of South Asia will respond to the global warming. It has been
hypothesized that irrigation-related cooling in certain regions of the world has "masked"
the global warming regionally Puma and Cook (2010). However there is no such study
for South Asia. There is a plan to conduct a study under the WATCH project in the
near future, where more than one RCM will be used to analyse the e�ect of irrigation
in future climate for the region.
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