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Abstract

The Historicall simulation(1960-2000) and the RCP8.5 scenari@0602100) from the
NorESM are used to investigate trends in extreme precipitai®mell as the impact from
vertical velocity, specific humidity, divergence and temperature on the precipitation formation.
The calculabns are performedver the Indian catchment§odavari and Krishna, and are
restricted to the monsoon season (J8aptember)Precipitation from the APHRODITE
observations are used to validate the NorESM precipitation, and the vertical velocity, specific
humidity, divergence and temperature are validated against the NCEP1 reanghgsis.
calculated trends in extreme precipitation show that botly¢laely mean intensity and the
yearlynumber of events will increase in the future, by approximately 30 % @rd @®0 %

over Krishna), respectivelysing linear regression analysis, the vertical velocity is found to
be the most important factor in the formation of extreme precipitation with a correlation of 0.66
over Godavari and 0.47 over Krishna. Along with theecific humidity, most of the
precipitation amounts can be accounadby only including these two parametevghile the
temperature is assumed to be less importAnsimple model is also applied to estimate
precipitation under the assumption thatir parcefollows the moist adiabatic lapse ratéis
estimated precipitation is underestimatedd the extreme precipitation hats maximum
values20 mm below the NorESMxtremevalues. Thisshows the importance aficluding

diabatic erms such as rative cooling, which increases the condensataia of arair parcel.
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1. Introduction

The Indian monsoon is a yearly phenomenon that affects more than one billion(jeopér

and Annamalai, 2012)It contains large amounts of precipitati@ndis responsible for 74.2

% of the annual rainfall in IndigAttri and Tyagi, 2010)Over the yearghe monsoon has

been very relible, and the farmers have used their experience to schedule the times of sowing
and harveshg. With earliermonsooronset dateand delagin monsoon offset dates the

future (Kitoh et al., 2013)the farmerwill havelesscontrol over the precipitation cyglend

either the crops will drgut due to a lack of exgeted water, or they will be destroyed by

sudden intense precipitan. Bothoutcomes causan enormous challenge to the food

availabilityandwill affect the Indian economy

The Indian monsoon occudsring the northern hemisphere summer months (June
September) and develops from pressure differences between the Asian continent and its
surrounding oceans. Because the heat capacities are different between soil and water, the
increased solar insolation dog late Spring and Summer heats up the continent moretéan
ocean, developing pressure gradient from ocean to laFlis pressure gradienausesn
atmospheric circulation where nsbiir is transported croggjuatoriafrom thelndian Ocean
into the Asiancontinent(Figure 1.1., a)Due to the presence of orography by i.e. the Western
Ghats and the Himalayaand to the heatingver the continent, thecomingair is forced to
ascendin which it coolsbeforecondensation and finally precipitationaaes.As the air
condensatet releases laterfteat, whichwarms the air and increases the pressure dlbis.
latent heat release is absent over the ocean, in which thelapplepressure will be lower

than over the continenthis creates pressurgradient from the continent to the ocedaft,
which develops inta return flow(Figure 1.1, b)

The above description of the Indian monsoon is the basic theory that has been proposed all the
way back to Halley in 1686. A more complicated version inesuithe effect by the Tibetan

Plateau, which is highly debatddeda and Yasunari (1998)ggestshat the plateau

contributes with diabatic heating to the upper levels of the troposphere, which enhances the
meridional temperature gradient and makes it possible to extend through most of the column.
This result would lead to a stronger monsddioav. However, an experiment performed by

Boos and Kuang (2010)vhere n one case the topography of the plateau was completely
removed, and in another the plateau was replaced with a narrow mountain range, showed that

the Tibetan Plateau is important for the nearby areas as the precipitation ant:ugper
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temperatures weaked without its presence, while it has minor influence on the large scale
Indian monsoon circulation. Due to the complexity of the monsoon, there is also a suggestion
that the monsoon is causedthg seasonal northward shifttbe intertropical convergee

zone (ITCZ), as the temperature gradient cannot explain all the aspects of the monsoon by
itself (Privé and Plumb, 2007)
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Figure 1.1: The mean winds durindpe SImmer monsoon for a) 1000 hPa, and b) 200 hPa
superimposed on topography. The elevation has units of km. The figure is retrieved from
Houze et al. (2007)

T o d argséaschhas muclof its focusshifted toward$iow the monsoon will change in the
future.Ueda et al. (2006nvestigated how an increase in greenhouse gases will affect the
Asian Summer Monsoon. Due to a resulting increase in atmospheric temperatures, the water
vapour content will enhance a®ll (as warmer air can hold more water vappand the
precipitation amounts will increase. However, due to the absorption of solar insolation by the
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greenhouse gases, the temperature in the middle troposphessagihhancestabilizing the

vertical profile and weaken the circulation.

Concerning the water vapocontent via the ClausitGSlapeyron relationdé Gor man and
Muller (2010)found that the (saturation) column water vapour will increase with ~8'%t K

30 °N.Pall et al. (2007jurther coupled this to thieiture change in extreme precipitation,
concluding that the extreme precipitation was closer to the ClaG&p&yron constraint than

to the change in mean precipitation (change in mean precipitation data tends to equal zero or
have opposite sign compare higher percentile data). Pall also suggests that the deviations

in the calculations of extreme precipitation change compared to CleCisipgyron scahg

comes from dynamic factors such ashange irthecirculation.

In this thesisthechange irb-hourly extreme precipitatiomtensityduring monsoonal months
between the climatological mesof the period 19602000 and2060-2100is studied An

event is classified as extreme if its value exceeds the 99.5 percemtileat in its grid

point. Two catchmentsvithin India areinvestigated; Godavari and Krishna (see fig.1.2),
which are the catchments areas of two of the biggest rivers in Byiagsingmultiple linear
regressionthe dependence of extreme precipitatiommteorological parameteis
investigatedand the change ihe vertical profile oboth dynamic and thermal variables with
increased greenhougases is compardd the change in extreme precipitatiéimally, the
complexity in the creation of extreme precipitatiennvestigated by usinga simple model

only including moist adiabatic ascehese analyses and comparisons will provide sufficient

information to answer the maresearclguestions:

1 Which meteorological parameters are most important in the formation of extreme
predpitation during the monsoon?

1 Which meteorological parameters will be most important in the formation of extreme
precipitation during the monsoon in a climate affected by increased greenhouse gases?

1 How complex is the process of creating extreme predipitate. is the process as

simple as only involving moist adiabatic ascent?
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Figure 1.2: The tworegions studied imndia: 1) Godavari and PKrishna.

Chapter 2 goes through the theory of the ClauSiapeyron relation, the calcti@n of
vertical velocity the columnintegratedvater vapour, andonvective available potential
energy Chapter 3jives the relevant statistics usedhe thesis. A description of tlag@plied
datais shown in @apter 4followed by the vitldation data in Chapter 5. Inh@apter 6, the
resultsregarding the means and chanigeextreme precipitatigrandin the meteorological
parametersare presented, before the simplified pp#eition model is presented irh@pter 7.
Chapter8 contains discussion including a multiple regressiofyaisa and finally Gapter 9

and 10gives a summary with concluding remagdsd possible further work, respectively
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2. Theory

2.1 CLAUSIUS CLAPEYRONRELATION

The ClausiusClapeyron equation is given by

Q0

’Q "Y "Wud) c&
where Ly is the latent heat of evaporatiogjthe saturation vapor pressure, This
temperéure and V is the molecular volume. If weegrate Buation2.1, and introduce the

ideal gas law

Q3w Y JY &
where R is the gas constant for water vapor, we get

N
o v vy <&

Given that"§=273 KandQ ¢ U e® pUQpthe equatioecomes

kP

¢ Xw Y <8

which gives an exponentiaélationship between water vapour and tempergvialace and
Hobbs, 2006)

In the atmosphere, the range of temperatures studied are relatively small, anddo a g
approximation [guation 2.1together with [guation 2.Zan be applied as

o & Y &

9 Yy C
(Wallace and Hobbs, 2006)iving an approximatelyinear relationshigpetween the
fractional rateof change of water vapour and the suggested temperature ¢deaadgure
2.1). For a 1 K increase at T=30Q Ksingd  ¢® p mJkgtandyY 1 @ pKlkg? the
relative change in water vapoubtained bynultiplying Equation 2.%y 100%,show an

increase of ~6%.
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Figure 2.1: For a small temperature rangéhe relative change in water vapour content due
to a 1 Kincrease in temperature is approximately linear through the Cla@apseyron

relation.

2.2 VERTICAL VELOCITY

The \ertical velocitycan be calculated through three different methods; the kinematic amnetho

the adiabatic method, and through the omega equation. In this the vertical velocity is

calculatedusingthe kinematic method, which raes that it is only dependent divergence

of thehorizontal winds.

The continuity equation is given by

where |} is the

—h—h— .As s umi n gconstard, the gquiah tsansforms into

Using the hydrostatic equation

d e @s iotblp is the veldtity veator,rand

T
!

w! ot a

—a —a

61T 0

Q- S

0

—a

Tt

t

CH

C&

&y

S

t

me



Page|8

and that

Equation 2.aransforms into
Q6 QUL Q]
Qo Qo af " &
where u is the horizontal velocity in the x (zonal) direction, v is the horizontal velocity in the
y (meridional ) di r ec inipressure caprdinasesmd phisehe pressutei c a |
level. Rearranging thequationjt becomes

Q1 Qo6 QU
@ Qo Qo P
which can be approximated as:
Q6 QU 5 .
1 1 00 on>N n C® ¢

where k=1 : K, and K is the final level of the pressufd® vertical velocity at the surface,

5 his sat equal to zero.

The second term indtiation2.12is called the divergence teri@ince the pressure difference

is taken between k andX this termis located in the middle of eachtwy er s, whi |l e ¥
located atach layerlt will therefore be an uncertainty in this term, which wdcumulate

upwards in the atmosphere, and the calculatechight be too high or too lowue to this

numerical uncertainty To sol ve this i ssue(OBrierh 7036 Br i en
appliedThe O6Bri en adjustments factor i s based ol
the vertical velocity is set to a prescribed value (usually zero). It is also asthahdte

uncertainty/error is distributed uniformly over all the divergence estimate$oiall levels.

The corwilldhenbed ¥

'?'QO ?’Q p

1 1 mm 1 ¢Po

wherg =0isthe vertical velocity at the selected top pressure levas Will give a very

low correction near the ground, but it will increase upward in the atmosfd&men, 1970)

To include topography in the vertical velocity we havedd a terraiinduced omegaerm.
This is done followindgsinclair (1994)
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n n >
D= - T
o P

wherer) is the pressure at levelly, p Tt disthe selected presee level at théop of

T s n 17

the columnn is the surfacg@ressure level anfdis a parametdsetween 0 and ® decide

how fast  will reach zero upward in the atmosphéreés choserio obtainthe best results

when estimating precipitation amdun the full model, but in general we have that p

gives a linear decrease, p gives a slow decrease, while p gives a rapid decreadeor

2=2 we get the same rle ssthétdpegraphgenaeratacthbar no t opog
surfaceomega andis calculated based on the slope of the topography and the near surface

winds (s and \, taken as the mean horizontal winds in the bottom two layers):

nNaQ @

YY Q6 Qo & v

where g is the gratational acceleratignl isnear surfacéemperature’, is the surface air

1 " QRO &

density and’Y is the gas constant of dry &8inclair, 1994)

2.3 INTEGRATED WATER-VAPOR TRANSPORTAND
HORIZONTAL DIVERGENCE

The integrated water vapotransport isalculated usinghe horizontal velocityy p=(u,v),
andthe specific humidityq:

“Yi 6 nNQn O nan P @
ps and pare the pressures at the surface and at the top witégeatedcolumn respectively.

To calculate these integrals the trapemthod is used

o e Qp Q¢
Qw Qw ¢ pf ¢P X

To improve the result, thiategral is divided into equally spackvelsin betweerevel 1 and

n, beforeadding tlem together to receive final value:

€ <
Qw Qw e P MQp ¢QQp E ¢ p Q¢ P Y

(Adams and Essex, 2009)
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From Eguation2.10the horizontal divergence is given by

we oL 20 2% @ o
Qn Qw Qw
Positive divergence is referred to asraarease in @lume and iassociated with downdrafts.
Negative divergence, or convergence, is referred taasr@ase in volume andassociated

with updrafts(Harwood, 2006)

2.4 CONVECTIVE AVAILABLE POTENTIAL ENERGY

Convective available potential energyABE) is the available energy stored between the level

of free convection (LFC) and the equililbm level (EL) in the atmospher&he LFC is the

height where the parcel gets warmer than the environment, and the EL is the height where the
temperature of thparcel equals that of the environment above the (W&rkowski and

Richardson, 2011)'he CAPE increases as the difference between an air parcel and the
surrounding air increases, aisdoroportional to the kinetic ergy that can be added the

vertical velocity bybuoyancylf the CAPE grows large enouglygically > 2500 J/kg) and is
released, singleell convection can occur, creating large amsohprecipitation for a short

time (Markowski and Richardson, 2011)

To calculateCAPE it is importanto use the virtual temperatur@rfual potential
temperaturginstead of temperaturedtential temperatujdecause the moisture increases the
CAPEDby about 10 percenas well as reducing the Convective Inhibition (C{Nlarkowski

and Richardson, 201Iyhis may lead to a total different result from the same calculation
excluding moisture effect€IN is defined as negative CAPE, and equals the energy required
to lift a parcel of air to its LFCThe CINis necessary for the builabs of enagy for deep
convection to occur, butthe CIN becomes too large (i.e. >100 J'kthe air parcel may not

be able to reach its LFC and the deep convection will be apsatiace and Hobbs, 2006)

The equation used to calculate CAPE is given by

"0
0000 —Y—aQa & T

where z(EL) and z(LFC) atée heighs of theequilibrium level and the level of free

convectionrespectively, gisthegravt at i o n a lis the moterdidl t@mperatusat
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Y— & is thechange in virtual potential terepature between the two levéStull, 1988) By
using thehydrostatic equatio(Equation 2.8 (Wallace and Hobbs, 2006he CAPEormula

in pressure coordinategll be

6600  LY¥—hon c& p
d a wigifound using the equations
S8
— vl C& ¢
n
and
— Op ™M & o

where p is the refeence pressurand w is the mixing rati¢Stull, 1988) which in this case is
assumed equal to the specific humiddyWallace and Hobbs, 2006 he densi ty, },

calculated at eagbressurdevel using the ideal gas law per unit mass:

v C& T

with p being the pressutevel, T the temperature at that level, andtfe gas constarior

water vapour.
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3. Statistics

Several statistal procedures have been apphethin this master thesig.o calculate the
historical trends botlinearreg e s si on a n d test weregpeB8amnmedand linelaro p e
regression wassed to sidy the variability in extreme precipitationhe MannKendall trend
test, the bootstrapping method and thee$t were used to calculate the significance of the

aforementioned trends.

3.1. LINEAR REGRESSION

In linear regression, you calculate the relationsl@jween a dependent variable and one or

several independent variables. The regression equation is given by

Poyp Top & 100 & o
o o T ®

whered 8 iy indicate each of the independent varialalerd® is the yintercept valuelf
n=1, Euation 3.1turns into a linear equation on the form
& | wau A oy
—. o]
T W

The multiple linearegressions performed both directly fromdaation3.1and as a

standardized equation using the formula
®W h oo (15)

for eachn. Hereb iseachk e ment i n variable X, € is the me
the standard deviation of Xhis standardization is also performed on the dependent variable,

Y. When using standardized variabirghe regressiothey are alexpressed in units of
standarddeviations and it is thugasierto say something about which is the mogpamant

factorin inducing variability in thedlependent variabl&@ he results we get fromgaation3.1

only gives us the value for that specific factor and its unit, and itgshhard tacompare ito

the other facta The one limitabn when using theegression values is that the factors have

to be independent, i.e. they cannot be correlated with one another.
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322 SENOGOS SLOPE

The Se n 6aw alterhatvpvay ofi calculatinghe trend in the dat#n this statistic, you
calculate the slope b by taking the med@@" percentile)of all slopes given by

W W, ko) p@ TN v

——h . T Q Q

w Q pk o8
whereall sample pairs have been used. When b is calculated, one can calculateeheept
by taking the median @  @x» (Sen, 1968)By taking the median of all the calated

slopes within the datasehd benefibf the models that it isquite robust against thautliers
(Hirsch et al., 1982)

3.3.  SIGNIFICANCE TESTING

When a datset isstatisticalsignificant it means that the calculategtgdue is less than the
chosersignificance level, where the significance level is the probability of rejecting-a null
hypothesis that is true. As an example, if your null hypotlstateghatthe change in a
variable is greater than zero, it will be significant if both ends of your confidence interval

(which are selected by the significance level) are greater than zero.

The significance tests in this thesis have been performed using tpenaometric Mann

Kendall andBootstrapping trend stsand the parametric-test The reason for choosing
nonparametric testior parts of the significance testimgthat the data are noecessarily

normally distributedandin addition the selected metti®aremore robust against outlier.

study performed by ue and Pilon (20043lso concluded thaton-parametridests for non

normal distributed data have a higher pottan parametric tests gdarhich means that the
nonparametric tests have higher probability of correctly rejectingtitiehypothesis when it

is false.However, when using the linear regression analysis to calculate extreme precipitation
variability in Section 8.1the estimated values are very close to being normally distributed

and the Rest is therefore applied.

3.3.1.MannKendall Trend Test

The Mam-Kendall trend test is a test of the significance of the trend found via the calculation
oftheS e n 6 s Fa ¢aohp4g).throughout the dataset, you compare it to the next pair
(xi+1,¥i+1). For each of these comparisons gat a value S equal to 1, 0,-Gc
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ph who ®
Y mh who o)
P

od

~

h o o W
Finally, you add up thelchlculatibneoftle stéhdasd testistdtistic s e t h
Zs:

ny
;Z‘;}—p QETWY p

@ T[ "Q¢Y Tmh o
Y P
i QENY p

where

£ i ¢ u Boo o U
" P g P g ox
py

n is the total number of data points, and the number of ties Xxi+1 or yi=Yyi+1) to the extent

ofi. fEhs @&y, wh isthesighificance level, then the trends is implied to be

significant. A strendh of this test is that outliers do not affegtas it does not depend on the

data values, only their relationships with another.

3.3.2.Bootstrapping

Bootstrapping is a useful technique in cases where it is difficult or even impossible to
measure all individualin a population, i.e. mean size of fish in an area, average age of all
people in the world, etc. To solve this issue, bootstrapping uses a resample technique, which
means that a sample J of size N is selected from the population, and from J a new shmple
the samesize N is created through sampling with replacement. For exaihtie,lenghs of

several fish are (in cmylp 22 18 27 25@45], than one resamplhaight be [22 25 30 18 25

45 22] This resampling is performed a high number of timesbe®veen 1000 and 10 000

times, and for each sample the relationship you are interested in is calculated (the mean,
difference between two populations, etc.)nafly, all the valuegalculated are represented in

a histogram, presenting the most likelyug(the value calculateohost times through all

resamples).

To calculate the confidence interval (Cl) of these data, the percentile niethdeen used
This mehodusethe percentile of the data as the upper and lower limits of the Gi*(ile.
U/ Jin* &A) respectively, where n is the numberofresamptingd U i s the sig

level.



Page| 15

3.3.3.F-test for Regression

Assuming the regression data had-adistribution,the Ftestcan beused to calculate the

significance between two variabl@he nulthypothesisHo, is given by

i.e. all the slopes indfiation 3.1 vanish, and the dependent variable Y only depends on the
intercept value. The alternative hypothesis, isithat the deendent variable Y depends on at

least one of the dependent variables

Hi —I 0, for at Jleast one value of |j

Assuming that the nuliypothesis is true, the-éstis calculated by

B o wi’r
0 -2 © T b oty
B w o & n

Heren is the number of observationsis the number of regression parameters (including the
intercept value §), y is the observed dependent value antlkde calculatedrégressed) value.

The sum in the numator is called the explained sum of squares (ESS), while the sum in the
denominator is called the sum of squares for errors (SSH).gipd (rp) is the degreesf

freedom of the ESS and the SSE, respectively.

The vdue obtainedor F in Equation 3.8an be located in antBble along with its two
degrees of freedom, and thus the confidence interval andvhieig can be calculated. If the
value F lays outside the confidence interval (or tvalpe > 0.05, assumiraysignificance
level of 5 %)the nulthypothesis is rejected which implies some degree of dependency

between the dependent and independent variable(s).
3.4. VALIDATON STATISTICS

3.4.1.Precipitation

For each month, the mean over all valuger grid points calailated

01 forN)

vy P

U1 Q —

Y
where T is the number of values in one moftlom Equation3.9, the mean over all grid
pointsper months calculated, leaving us with one value per month:
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~

[ P [y
Q - Q
01 o Ul op T

where | is the number gjrid points.

Finaly, the result from Fuation 3.10s used to calculate threlativedifference between the

observed and theodelled data:

Q
P b op p

3.4.2.Temperature and Horizontal Divergence

For the validation of horizontal divergence and temperature, the Veitgonent of the
datahas to be ioluded in the calculationslere it is shown for divergence, but the same

equations applies for temperature.

For each month, j, the mean over all values per grid point, i, per pressure level, k, is

calculated:

o wda ,,BY 0 "0 oedDd o C

where T is the numbef values in one month. Frongkation3.12 the mean over all grid

points per pressure level per month is calculated:

0 o .QO 0 WO oP o

where | is the number of grid points.

Finaly, the result from Ruation 3.13s used to calculate the difference between the observed

and the modelled data:
oW O 0 MO O L MO oP T

and the relative difference:

0O "Qug
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3.4.3.Mean absolute percentage error

The mean absolute percentage error is used as an estimate for the accuracy between observed
and forecasted/modelled values. If A is the actual value, P is the predicted value, n is the total

numberof time stepst, and k represent the pressure letlen

0 0 ohQ

VoL@ —
0 o0nQ

Pprmh o ¢
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4. The data

4.1. NORESM

The following text is retrieved froBentsen et al. (2013inless otherwise stated.

In this thesisatmospheric data fromlimate simulations contributed Ilye core version of
theNorwegian Earth System Model (NorE3N!) to the Coupled Model Intercomparison
Project Phase 5 (CMIPHgs been used to investigate historic and future parameters over
India. These dathas a horizontal resolution equal to 2 degrees and the vertical structure is
divided into 26 levels with the top level being at 2.917 hPa.

The NorESMis based on the Community Climate System Model version 4 (CCSM4), but
differs in that NorESMises an isopychic coordinated ocean general circulation mbeel
atmospheric part is modified by the chemiaalosolcloudradiation interface developed for
the Oslo version of the Community Atmosphere Model (CADEl0); and the
biogeochemical ocean molé comes from the HAMburg Ocean Carbon Cycle (HAMOCC)

model

To use NorESM to model future changes in climate, it is importamg@observed/alues of
solar radiation, volcanic activity, and atmospheric concentmbne. greenhouse gasedd
aero®lsin the simulations to gain the most accurate and reliable reShkksmodel has thus
been “spun up” for 700 years with the atmosphere, iceaaddcomponent having theiritial
conditions from th&€CSM4 model, and the ocean component was initialaddzero
velocities and temperature asalinity values from the PolaccE&nceCentreHydrographic
Climatology (PHC) 3.0. Atgar 700, the spiap results waset as initial conditions fahe
simulations starting in the ye&B50, ad three historicasimulations were run. Rerun for
the periodl8502012is used in this thesimamed Historicall)

From theyear 2005four different Representative Conéetion Pathways (RCPs) were run
RCP2.6, RCP4.5, RCRBand RCP8.5. These adédferent scenarios wdre the radiative
forcing, emission rates and emission concentrationkegr@arameters, and each of the
numberdn their namestands for thie approximateadiative forcingoy the year 2100 (in
Wm?). RCP2.6-4.5, and-6.0 are allcenariosvhere the mission concentrations stabilizes
when approaching 2100, while RCB&ontinues witta linear increas@VNayne, 2013)In
NorESM, all RCPs, exce®CP4.5 runs until 2100, whilst RCP4.5 continues ur2B00. The



Page| 19

structure othe model rurcan be seen iRigure4.1. For theinvestigaton offuturedata, the

RCP8.5scenarids used in this thesis.

. . . RCP8.5
Climate projection RCP6.0
simulations i = ——— P{Repas
; RCP2.6
2006 2100 2300
————— ') Abrupt 4xCO,
————— 1 percent per year CO
> 2
. e e ———— Natural only
Historicand = e aa Sulphate+OM only
cas o . s e e ——— Aerosol only
sensitivity simulations —_ """~ GHG only
_\-} Historic (3 members)
’ &
1 1 1 1
1 T 1 T >
1900 2000 2100 2200 2300 Time (yr)
1850 2012 (real calendar)
piControl (500 yr) )
Spinup (700 yr) ) :
] 1 | ] ] ] ] ] 1 ] |
| | | >

I I 1 1 1 1 ] 1 1
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 Time (yr)
(from start of spin-up)

Figure 4.1: A schematic representation of the different simulatanms scenariog the
NorESM. At the bottom is the spip timeline, and faher up, from 1850 and onwards is the

calendar timelingFig.1, Bentsen et al., 2013)

4.2. APHRODITE

APHRODITE (Asian Precipitation HighhResolved Observational Data Integration Towards
Evaluation)is agauge based data set contairdiagly and climatologicaimonthly)

precipitation data over Asifar the period 1952007 The data in APHRODITE is colleale
from APHRODI TE 0 fsom datarcollattad by diherprmejecend from daily
global datgYatagai et al., 2012)he datéhas a grigpoint resolution of 0.250.5° (Yasutomi

et al., 2011)and due to the use of rain gauges, the dakacoverland areas



Page| 20

Raingauge distribution for APHRO_V1101 (year: 1998)
Blue: GTS-based / Black: Pre-compiled / Red: Off-line
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Figure 4.2: Rain gauge distribution over the areas Monsoon Asia, Middle East and Northern
Eurasiai n t he year 1998. Red dots are stations f
collection, blue dots are from the GTS network, and black dots are from precompiled datasets
(Fig.1, Yaagai et al., 2012)As can be observed, approximately all data over India are from

the individual data collections of APHRODITE.

4.3. NCEPL REANALYSIS

In a reanalysis, observational data are assimilated and adapted tora&alunweather
prediction mode(Uppala et al., 2005 he National Centers for Environmental Prediction
(NCEP) Reanalysis 1 project consist of instantaneousofiatia temperature, geopotential
height, relative and specific humidity, omega, andzomtal velocities (u and v)lhe
motivation for the project was to investigate thienate changand thus improve the
forecastgKalnay et al., 1996)

The reanalysis containsturly, daily and monthly observatiofrem 1948 to presenin
addition to monthly means over the period 1:2810. It covers the entire globe ahds a
horizontalresolution ofic® J ¢® Band contains 17 pressure levels (1000, 925, 850, 700,
600, 500, 400, 300, 250, 200, 150, 100, T™),3, 20 and 10 hPa). For the vertical velqcity
the vertical extent stops atA@Pa(ESRL, 2015)
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Theobservationabdata in the NCEPL1 project is collected from organizations all over the
world, and is collected from rawinsondes, ships, buoys, ocean stations, aircrafts, €onstant
pressure balloons, surface land synoptic data, and from satgitesy et al., 1996)n this
thesis the vertical véocity, winds, specific humidity and temperaturave beemsed for

validation with NorESMdata.
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5. Validation

Initially, five catchmenrd of India wereincluded in this thesis; Godavari, Krishna,
Brahmaputra, Indus and Ganges. Due to poorsiatalationscompared with observations

and reanalysis data, only Godavari and Krishna will be analysed further.

5.1. PRECIPITATION

The NorESM1M (hereafter only called NorESMJistoricall simulated precipitatiodata is
validated against the observationally ba8®HRODITE data. The validatiors based on
daily precipitationdata fromJune taSeptember ovehe years 196@000, and includes both
an investigation of meattataand ofthe exreme event¢defined as the evenébove th€d9.5
percentile precipitation as well @ the trendé extreme precipitatioover the historic period
19602000 The reason for not validating forf®uly data as this is used throughout the
thesis, is da to the lack of observationstats time scaleTo calculate the differense
between thenodelled and the observed dadquations 3.9hrough3.11is used

In general, most of the precipitation over Indi&ing the monsoofalls along the west coast
andalongthe southern side of the Himalayabigure 5.1).Comparing APHRODITE to
NorESM,the locations with highest amounts of precipitation are underestimated in NorESM,
while for the places with smaller amounts of precipitation NorESM overestimates the
precipitation. On the other hand, the resolution in NorESM is much coarser than in the
APHRODITE dataset, resulting in a less detailed precipitation patteioidSM and
possibleexclusion oflocal effects in the simulations.

FPHRODITE - NORESH

Total preoipitation 1360-2000 [nm] x 10

Figure 5.1: Total amount of precipitation (mm) through the monthselto September over the period
19602000 for left) APHRODITE, and righjorESM data.
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5.1.1 Mean data

The validationover Godavai and Krishna is presented irale 5.1 and 5.2, respectivelg.

Godavarj the mean precipitation is overestimated ovemalhsoonmonths except June,

which is underestimated by 32 %. The largest deviation is found in September with 50 %
more precipitation than IAPHRODITE For the 99.5 percentile precipitatiodorESMis

underestimateth all months with September having thargest deviation 0#44.3 %.The

validation for Krishna slowsthat the modebverestimatethe precipitatioroverthe whole

periodfor both themean and th89.5 percentilgrecipitation. he mean precipitation is
nearly doubled in July and August compatoAPHRODITE, while in July the values are

overestimated close to 2.5 tim&ar the 99.5 percentilhe deviations are smaller, with a

range between 3 ¥August) and 1846 (June).

Tableb5.1: Daily validation data in Godavari duringhe monsoommonths (Juné&eptember)
overtheperiod 19602000.The APHRODITE observations are used for comparison with the

NorESM Historicall simulation.

Month: Mean pr. Mean pr. Rel. Mean 99.5 Mean 99.5 Rel. difference
APHRODITE | NorESM difference percentile pr. percentile pr. 99.5 percentile
[mm day: [mm day mean pr. APHRODITE NorESM pr.[%] :
1 [%] : [mm day]: [mm day?]:
Jun 4.8 3.2 -32.2 76.7 60.5 -21.2
Jul 8.3 9.1 9.7 81.3 56.2 -30.8
Aug 8.2 11.1 354 80 65.7 -17.9
Sep 5.2 7.8 50 70.8 395 -44.3

Table5.2: Daily validation data inKrishnaduring the monsoomonths (Juné&eptember)
over the period 196Q2000.The APHRODITE observations are used for comparison with the

NorESM Historicall simulation.

Month: Mean pr. Mean pr. Rel. Mean 99.5 Mean 99.5 Rel. difference
APHRODITE NorESM difference = percentilepr. = percentile pr. 99.5 percentile
[mmday?: | [nmday?’: | meanpr. @ APHRODITE NorESM pr.
[%0] : [mm day™: [mm day?]: [%] :
Jun 3.5 4.1 151 54.1 63.8 18
Jul 5.3 10.4 94.4 55.1 58.9 6.9
Aug 4.5 10.8 140.3 55.4 57.1 3.1
Sep 4.3 8.2 90.2 42.4 46.2 9
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5.1.2 Trends

The |

and MannKendal significancetestingmethods respectivelyto compare the trends over the

near regression and the Sends sl ope tr

period 19662000 in yearly mean extreme precipitation and the yearly number of extreme
precipitation events between the APHRODITE observations and the NorESM Historical 1
simulation. The relative trends are calculated taking the mean over the relation between each
yearly value relative to the climatological med@he results are psented in @ble 5.3 and

5.4.For both the yearly extreme precipitation intensity and the yearly nuohlestreme

events, the values are not significantly different betwherobservations and estimates. The
relative trend in yearly extreme intensity show good agreement between the observed and
simulated valuefor both regions and for both of the statial methodsForthe yearly

number ofextremeevents, howevekKrishna has too strong relative trends compared to the
observations, while Godavari shows a too weak relative trend for the linear regression
Sends s

calculation, and a too strong relative trendtfon e ope.

Table5.3: Trends and relative trends in the yearly mekily extreme precipitation intensity

over the period 196Q000, retrieved from thAPHRODITE observationsnd the NorESM

Historicall simulation (in parenthesis) Li near regression analysis
different statistical methods used to calculate trends, where the relative trend is calculated

taking the mean over the relation between each yearly value relative to theotdigizal

mean Clmin and Chaxare the lower and uppér % significance levdbr the trends within the

99.5 percentile, and are calculated using the bootstrap method and the Kéaalall trend

test along with the | i nespectvelegr essi on and th
Region: Linear Clminlin. | Clmaxlin. Senb6s | Clmn Cl max
regression | regression| regression Sends  Se nsope
Trend [mm/(1960-2000 period)]:
Godavari 1.4 -1.4 4.1 2.3 -0.9 4.6
(-0.3) (-0.9) (0.2) (-0.4) (-1) (0.3)
Krishna 0.3 2.1 2.7 0.4 2.1 2.8
0) (-0.5) (0.5) (-0.1) (-0.6) (0.4)
Relative trend [%]:
Godavari 1.8 -1.9 5.6 3.0 -1.2 6.1
(-2.1) (-6.1) (1.5) (-2.7) (-6.8) a.7)
Krishna 0.6 -4.0 4.7 0.8 -3.9 5.0
(0.3) (-3.3) (3.9) (-0.5) (-3.9) (2.6)
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Table5.4: Trends and relative trends in the yearly numbedafy extreme precipitation
events over the period 19@D00 from theéAPHRODITE observationand the NorESM

Historicall simulation (in parenthesis)inear regression angls i s
different statistical methods to calculate trends, where the relative trend is calctdkieg

and

t he

Senbs

the mean over the relation between each yearly value relative to the climatological mean.

Clminand Chaxare the lower and uppés % significance levdbr the trends within the 99.5
percentile, and are calculated using the bootstrap method and the-Kiamfall trend test
t he

along with the |inear regression and
Region: Linear Clmin lin. Clmaxlin. | Sends | Clmin Cl max
regression | regression regression Sends Senbs s

Trend [no events/(19662000 period)]:

Godavari -1.8 -3.1 -0.6 -1.8 -3.3 0
(-0.1) (-0.8) (0.5) (-0.3) (-0.9) 0)

Krishna -1.6 -3.6 0.4 2.4 -4.5 0
(-0.6) (-1.1) (-0.1) (-0.6) (-1.1) 0)

Relative trend [%]:

Godavari -12.1 -20.6 -4.2 -11.6 -21.9 0
(-5.4) (-29.1) (17.8) (-12.7) (-32.4) 0)

Krishna -8.7 -19.0 14 -13.1 -24.6 0
(-20.7) (-39.8) (-1.5) (-21) (-39.6) (0)

5.2. VERTICAL VELOCITY

The vertical velocity is not a given valuethe NorESM dataset. Therefore, it has to be

Sen

calculated using given values of horizontal winds, pressure angktatue through equations

2.12- 2.15 To validate the vertical velocityuring the monsoomonths (Juné&eptember)

the first task is tdind out if addinghe terrairinducedy-term (last term in uation 214)

will improve the resultsTo test the quality of the calculated vertical velocity tb@nalysed
vertical velocityfrom NCEP1is compared t@alculations owertical velocity(see eq. 2.1:2
2.15 with and wthout topograpy over the years 1960965using reanalysedalues of

horizontal wnds, pressure and temperatufbe besfit topography term isound foro =1 . 9 .

Taking the6-hoully area averaged vertical velocitythin each catchmenthe correlabn

between the reah@ed and the calculated vertical velodyith and without topographysi
calculated for each pressure level. The mean abgudutentagerror(eq.3.16) is also

calculated ér each of the calculated vertical velocities (with and without topograplogéad

velocities) The calculation method with the highest correlations and thestawean absolute

percentage erras selectedor thecalculation of vertical velocities in the NorESM

simulationsin the second part of validation and in the further ingasbns.
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For both regions, the correlation between the reanalysis omega and the calculations are very
similar regardless if the topography is included or Both Godavari and Krishna shoWwigh
correlations between 7800 hPa, with values of ~G@9 and ~0.70.8, respectively (ilgure

5.2). Regarding the mean absolute percentage error, the calctatioand without the
topography terngivesapproxmately equal results @ble 5.5 and 5)6 but the calculation of
vertical velocityexcluding topographshowsslightly lower values and will be the preferred

method through the thesis.

Next, we comparé-hourly NorESMcalculatedvertical velocity valueso thereanalysed
NCEP1vertical velocityover the whole period of interest (198000) This isagaindone in

two parts: As the main interest for precipitation are times with upward velotitegertical
velocity-datawith upward velocitieg ¥ 0)<scollectedwithin each catchmenincluding

only the pressure levels common for both datasets (925, 850, 700, 600, 500, 300, 250, 200,
150 and 100 hPa). Then theean ovethe times with upward velocitias calculated]eaving

us with ameanupward velocityvalue for eaclpressure levelThis isperformed for both the
NCEPL and NorESMlatasets, thus allowing us to compdre Yertical velocitien each

pressure levellThe same procedurergpeated foupward values ofertical velocityduring

the extreme precipitation eventghich areselected using thieCEP1reanalyse®9.5

percentileprecipitation and the-Bourly NorESM99.5 percentilgprecipitation estimates

When comparing NorESM to NCEP1 data, the vertical velocity at the mean days.&ig

and c) is overestimated in NorESM by about 40 % for Godavari and 60 % for Krishna
between 50800 hPa. For the levels below 700 hPa the vertical velocity is modelled too low.
For the extreme days, the vertical velocity in NorESM is overestimatadtioe complete

vertical profile for both regions (Fig. 5.3, b and d). Near the top and bottom, the difference is
close to zero while it has its maximum at 5(®a Please note, that as observed iguFe 5.3,

the NCEP1vertical velocity values are veryngilar independent of using data from the mean

or from the extreme events. This may be due to very low extreme precipitation values in the
NCEP1 dataset, and thus the selection of extreme dates may not be coinciding with the
highest amounts of vertical \agity. This also affects the specific humidity, the horizontal

winds, and the temperature ire$tion 5.3 through 5.5.
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Figure 5.2: The correlation coefficients for each pressure level betvedmyurly NCEP1
reanalysed vertical velocity data and NCEP1 calculated vertical veldaiiy exluding
topography(see Euation 2.13 for a) Godavarj andb) Krishna.The data is selected fthe
months Juné&eptember over the period 196965.

Table5.5: Mean absolute percentage error
for Godavari betweethe 6-hourly

NCEPZ and the NorESMHistoricall
vertical velocityduring the monsoon
months (Juné&eptenber) over the period

Table5.6: Mean absolute percentage error
for Krishna betweethe 6-hourly NCEP®
andthe NorESMHistoricall vertical
velocityduring the monsoon months (June
September) over the period 196965

19601965
Pressure | Mean abs. | Mean abs. error Pressure | Mean abs. | Mean abs. error
level error w/no w/topography level error w/no w/topography
[hPa]: topography [%0]: [hPa]: topography [%0]:
[%]: [%)]:
1000 18.1 195 1000 9.9 10.9
925 4.3 4.6 925 56.5 57.3
850 23.5 23.3 850 215 21.9
700 8.2 8.4 700 2.4 2.5
600 0.6 0.4 600 1.3 15
500 2.5 2.1 500 8.5 8.5
400 2.1 2.4 400 0.2 0.3
300 6.1 6 300 7.8 7.5
250 0.2 0.5 250 6.5 6.6
200 7.9 7.9 200 14.2 14.2
150 6.8 6.8 150 18.2 18.1
100 2.7 1.8 100 17 18.4
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The correlation betweddCEPl1and NorESM Historicall vertical velociglsoshows similar
results regadless of using meamr extreme events datdowever, Godavari has some larger
agreement between them compared to Krisknahna has a correlation 6f74 for mean

data againdd.76 for extreme data, while Godavari Ha92against0.9Q respectively.
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Figure 5.3: Monthly climatological meafdune Septemberpver the period 196@000 for
upward vert i s@.la)andd)acecalculatiens for(Gedavari, and c) and d) are
calculations for Krishna. Left column includes all data while the second column atatéor
during extreme preipitation eventselected by NorESMHistoricall simulationand the
NCEP1reanalysis
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5.3.

INTEGRATED WATER VAROUR TRANSPORT

The6-hourlyintegated water vapour transportdalculated aing Equation 2.16 through

2.18, and bth the mean and extreme data ianestigatedTo gainvalues during extreme

events, dates defined by tB85 percentileof the 6-hourly NCEP1 reanalysis precipitatios

used to select the horizontal winds and the specific humidity in the NCEP1 rearfdigsis.

same procedure Eerformed for the NorESMiistoricalldata, except here thkates of the

99.5 percerile of the NorESMHistoricallprecipitation isused to select each of the variables.

The relative difference between ttimely meanntegrated water vapour transport cdéted

in NorESM and NCEP1 isalculated for both mean data anddata duringextrene

precipitation with the bootstrapping technique used for significance testimgge resultsin

addition to the mean value per month fag #ach of the dagats are presented inable 5.7

and 5.81t is worth notingh a t

the monthly means, bty taking the mean over thmsorteddata.

t he

d at a notoalcilafet takingntbenntednover i s

In geneal, the relative differences are smaller for theandata than they amuring extreme

precipitation event€Considering all monththe mean datin Godavari is underestimated by

22 %, whilethe data during extreme evemsignificantlyoverestimated by 94. The

differences between the months show thatmean dathas a range in the relative difference

from -13 % for June to 4% for Septembemith only Augustand September having

significant resultsThe dataduring extreme eventgas significantalues for all months,

ranging from 47 t®03 %, where July and September are the months with the smallest and

largest bias, respectively.

Table5.7: Mean values and relative differersdgetweert-hourly NorESMHistoricall and
NCEP1 calculated integrated water vapour transport for both mean dat#oamihta during
99.5 percentilgrecipitationeventover Godavari Data covering Juné&eptember ovehe
period 19662000 isused.

NorESM 1 | NCEP1i Relative | NorESM i NCEP1i Relative
meandata = meandata | difference | 99.5 pctl prec. 99.5 pctl prec. difference
[kg mtsl:  [kg m?tsY: | [%]: dateslkg m*s?]: | dateskg m?*s']: | [%]:
Jun 213.2 245.5 -13.2 446.8 252.9 76.6
Jul 329.1 288.1 14.2 474 321.9 47.2
Aug 371.6 254.9 45.8 540.5 262.8 105.6
Sep 259.1 176.4 46.9 530 174.9 203
All months 294.2 241.7 21.7 518.7 271.5 91
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For Krishna the laises are snilar than they are for Godavari. The integrated water vapour
transport calculated fodorESMHistoricalland NCEPWwhenincludingall months forthe
mean datahov approximately equal amoun®nd the relate difference thus equals zero
although the solutia is insignificant. hedata during extreme precipitation events is
simulatedtoo large, ands significantlyoverestimatedy 41%. For themonthlymean data,
Juneis significantlyunderestimately 31%, while the remaining months are ovstienatel
between 3 and 16%, though eitleéthem are significanThe data during extreme
precipitation eventsanges between 20 and 94 %, whenly August and September have
significantly larger valueslhis larger overestimation during extreme preaiiin events
compared to the mean data may again be due to the bad relationship lpetegetation and

the remaining variables in the NCEP1 reanalysis.

Table5.8: Mean values and relative differersdgetwesn 6hourly NorESMHistoricall and
NCEP1 calculated integrated water vapour transport for both mean dat#oamita during
99.5 percentile precipitatioaventoverKrishna Data covering Juné&eptember over the
period 19662000 is used.

NorESM i | NCEP1i Relative NorESM i NCEP11i Relative

meandata | mean data  difference | 99.5 pctl prec. 99.5 mtl prec. difference

[kg mtsl: | [kg mtsl]: | [%]: dates[kg m*s?: | dates [%]:

[kg m? s
Jun 239.8 345.7 -30.7 445.4 371.6 19.9
Jul 442.3 431.6 2.5 608.1 486.1 25.1
Aug 468.8 405.3 15.7 658.9 422.2 56.1
Sep 279.6 249.7 12 488.9 252.1 93.9
All months 359.2 359.1 0 588.2 416.2 41.4
5.4. DIVERGENCE

The horizontabivergence is calculated usingiation 2.19, and to calculate the mean

vertical profileEquation3.12 and 3.13&re used. Again, theltouly NorESM Historicall

data is compared to tiMCEP1 reanalysis data, and for the extreme events the 99.5 percentile
precipitation timegrom each of the datasedse usedThe differences and relative difences

over the vertical profile arealculated taking the mean ofjation 3.14 and 3.15,

respectively, and due to different pressure sections in the two data sets, only the common
pressurdevels (925, 850, 700, 600, 500, 300, 250, 200, 150 and 10haPagen applied.
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The bootstrappig technique (&ction 3.3.2) isised to calculate thsgnificance in the

differences and relative differences between the two datasets.

For both regionghe validation oimeandatashowsbetter results thafor the dataduring

times of extreme precipitatiofhe difference between MrESM and NCEP1 for mean data

arein the order of 16-10%s?, while for the 99.5 percentilerecipitation eventthey are
approximately 10 -10° s? (see gure5.4and5.5, and Table 59 and 5.1 This larger
deviation in thedata duringextreme precipitation dates are due to the error in extreme
precipitation found in the NCEP1 data (seec8on 5.2).

In general, both the convergence and divergence is overestistaiadern NorESM

Historicall compared to the NCEP1 dafhis can explain the overestimation of the vertical

velodty found in Sction 5.2, as the two parametare strongly connected @lHation 2.12).

Table5.9: The 6hourly mean divergencever Godavarduring meanand99.5 percentile

precipitation times for NorESMistoricall and the NCEPHlataduring the monsoon months
over the period 196@00Q In addition, the difference and relative difference in divergence
between eeh of the datasets is presented

Divergence | Divergence| Difference e
Mean Mean , Rel. g g . difference
Pressure di di Difference diff -99.5 pctl | -99.5 pctl | divergence, di
levels W . mean div Hierence prec. times,  prec. times, 99.5 pctl vergence,
) NCEP1 | NorESM 1. | mean div. . ’ : ’ =l 99.5 pctl
[hPal: . . [s7]: : NCEP1 NorESM | prec. times :
[s™]: [s7]: [%0] : e T L prec. times
[s*): [s*): [s): 4]
1000 | -3.4E06 -3.8806 | -4.0E07 125 -3.4E06 -2.2E05 -1.9E05 589.8
925 -4.2E06 | -4.2E06 5.3E08 1.2 -4.1E06 -3.1E05 -2.7E05 687.6
850 -2.3E06 | -1.2E06 1.0E06 -47.1 -2.7E06 -1.6E05 -1.3E05 516.7
700 -1.3608 | -6.1E07 | -5.9E07 119 5.4E07 -1.1E05 -1.1E05 662.7
600 5.8607 | -2.8607 -8.6E07 -174.1 9.4E07 -6.9E06 -7.9E06 -1,894.9
400 6.5607 | 2.6E07 -3.8607 -61.6 5.0607 -1.2E-06 -1.7E06 544
300 6.9E07 | 5.4E07 -1.4E07 -5.6 5.5E07 5.1E06 4.5E06 233.2
250 8.9E07 A 8.5E07 -3.2E08 9.8 8.8E07 1.8E05 1.7&05 77.1
200 24807 | 1.3E06 1.1E06 592.9 -2.4E07 2.3E05 2.4E05 7,282.8
150 7.6E08 | 4.8E06 4.7E06 1,511.7 -5.2E-07 3.4E05 3.5E05 14,926
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Table5.10: The 6hourly mean divergence over Krishna during meamd 99.5 percentile
precipitation times for NorESMiistoricall and the NCEP1 datduring the monsoon mtrs
over the period 196@000Q In addition, the differencandrelative differencen divergence
between each of the datasetpresented

Divergence | Divergence| Difference e
Pressure Mean Mean Difference J -995 pctl | -99.5 pctl = divergence clifZ(IEs
levels eh 2l mean div SRR rec.tirFr)les rec.tinF;es 995g ctl | e,
> | NCEP1 NorESM N AV mean div. | PSS | PrEC. ! =P 99.5 pctl
[hPa]: ey i [sH]: : NCEP1 NorESM | prec. times :
[s™]: [s™]: [%%]: o ZoL St prec. times
[ [s*]: [s*]: 4]
1000 | -1.4E06 -4.5E06 | -3.1E06 -241.7 -1.3E06 -1.7E-05 -1.6E-05 -1,412
925 -8.7E07 | -3.9E06 | -3.0E06 -419.3 -5.0E07 -2.2E-05 -2.1E05 -5,662.5
850 -1.8606 | -6.2E07 1.2E06 67.8 -1.4E06 -1.8E-05 -1.7E05 -1,440.7
700 3.8807 | 5.2E07 1.4E07 -677.2 7.6E07 -9.3E-06 -1.0E-05 -2,029.7
600 5.7&07 | -3.9E07 | -9.5E07 -162.6 4.4E07 -6.1E-06 -6.6E-06 -2,222.7
400 -6.7E08 | -3.6E07 @ -3.0E07 -269.7 -5.6E07 -2.2E06 -1.7E06 -263.3
300 6.7607 | 3.5607 @ -3.2E07 -47.8 7.3607 5.0E06 4.3E06 470.1
250 1.6606 @ 1.7E06 1.3E07 4.3 1.4E06 2.0E-05 1.9E05 1068.1
200 1.4E06 @ 2.4E06 1.1E06 119.3 8.9E07 2.6E05 2.5E05 2722.6
150 7.6E07 | 4.9E06 4.2E06 358.4 9.6E07 2.8E05 2.7E05 2787.1
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Figure 5.4: Validation profiles of meanhorizontd divergenceover Godavarshowing the
difference betweedhourly NorESMHistoricall and NCEP Hataduring monsoon monsh
over the period 196200Q The extreme data INorESM and NCEP1 is selected at the times
of the 99.5 percentilprecipitation from tle NorESM simulatioand NCEP1 reanalysis
respectively.
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Figure 5.5: Validation profiles of meanhorizontal divergence over Krishna showing the
difference betweenBourly NorESM Historicall and NCEP1 datarihg monsoon mongh

over the period 196Q000. The extreme data in NorESM and NCEP1 is selected at the times
of the 99.5 percentile precipitation from the NorESM simulation and NCEPL1 reanalysis,
respectively.
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5.5. TEMPERATURE

The validation of temperature igformed comparinthe 6-houly mean temperature profile
over the period 196R000 for the NorESMiatawith the6-hourly NCEP1 reanalysis
temperaturdéor each catchmentn addition, the mean temperature profiles dutireg99.5
percentile precipitationres in eaclof the datasets are compailsede ®ction 3.4.2 for
equations)As for the vertical velocity and the horizontal divergence, only the common
pressure level@25, 850, 700, 600, 500, 300, 250, 200, 150 and 100an@mycluded in the
calculations. The results are presented iable5.11 and 5.12and the differences indure

5.6 and 5.7.

From Rgure 5.6 and 5.7 it is observable that the largest errors over the profile is found for the
temperature during the 99.5 percentile precipitation avEot both regions, the largest

relative difference is found at the 600 hPa layer. Here the meanfdhtaNorESM data is
estmated to beapproximately 110 % overestimatetdth a mean value &°C (NorESM)
compared t@l °C (NCEP1), andchedata during®9.5 percentil@recipitation events
significantlyoverestimatedhy 9596 %, depending oitheregion.The smallest bias is on the

other hand found between 89@5 hPa and 20250 hPa.

The mean temperature of the NCEP1 reanaigsi@ble 5.11 and 5.1i8 the same for both
mean precipitation events as during events within the 99.5 percentile precipitation. This is due
to the error in extreme precipitatidound in the NCEP1 data (seec8on 5.2).
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Table5.11: The 6hourly mean temperature over Godavari during meamd 99.5 percentile
precipitation times for NorESM and the NCEP1 ddteing the monsoon months over the
period 1966200Q In addition, the difference and relative difference in tempeeabetween
each of the datasets is presented.

. Rel.
Temp.- | Temp.- | Difference | .
Mean Mean | Difference | . e 99.5 pctl | 99.5 pctl temp., UIRTEEE
Pressure difference temp.,
temp.,  temp.,, mean prec. prec. 99.5 pcitl
level mean ) . 99.5 pctl

[hPal: NCEP1 | NorESM temp. temp times, times, prec. prec
' [°C]: [°C]: [°CI: L NCEP1 | NorESM times .

[%): Cl: Cl: °C- times

: : : [%] -

1000 28.3 26.3 -2.0 -6.8 28.2 23.6 -4.6 -15.5
925 24.3 25.2 0.9 3.9 24.3 22.8 -1.5 -5.5
850 19.7 18.9 -0.9 -4.3 19.8 18.4 -1.4 -6.4
700 105 140 3.6 34.1 10.5 14.2 3.7 35.2
600 4.3 8.6 4.3 107.4 4.3 8.1 3.8 95.9
400 -12.8 -11.8 1 8.1 -12.7 -10.3 2.5 19.4
300 -26.6 -20 6.7 25.0 -26.5 -17.4 9.0 34.1
250 -36.5 -38.0 -1.5 -4.1 -36.4 -35.1 14 3.7
200 -48.1 -47.0 1 2.1 -48.1 -44.9 3.2 6.7

150 -62.8 -71.2 -8.4 -13.4 -62.7 -72.0 -9.3 -14.8

Table5.12: The 6houry mean temperaturever Krishna during mearand 99.5 percentile
precipitation timegor NorESM and the NCERdata during the monsoonanths over the

period 19662000Q In addition, the difference and relative difference in temperature between
each of the datasets is presented

Temp- - temp.-  Difference &
Mean Mean | Difference | .. e ek 99.5 IC[)).ctl temp HRTEMEE
Pressure difference pctl ' o temp.,
temp., temp., mean prec. 99.5 pctl
level NCEP1 NOrES mean prec. . 99.5 pctl
[hPal: o, oorE _M tEmP' temp. times, times, prec. prec.
[CL | [Cl [*Cl: [%]:  NCEP1 N‘EEE?M t[[,rg‘]e_s times
[°C]: : ' [%]:
1000 27.5 25.0 -2.5 -9 27.2 22.3 -4.9 -17.9
925 23.5 23.8 0.3 1.3 23.2 21.3 -1.9 -7.9
850 18.8 17.6 -1.1 -5.9 18.6 16.7 -1.9 -9.9
700 9.9 13.1 3.2 31.9 10.0 12.9 2.9 29
600 3.7 7.8 4.1 111.9 3.6 7.0 3.4 92.6
400 -13.7 -12.4 1.2 9.1 -13.7 -10.5 3.2 23.2
300 -27.7 -20.5 7.1 25.7 -27.6 -17.6 10.0 36.2
250 -37.4 -38.7 -1.2 -3.3 -37.5 -34.7 2.8 7.2
200 -49.1 -47.8 1.3 2.6 -49.1 -44.2 5.0 10
150 -63.8 -71.9 -8.1 -12.7 -63.7 -69.9 -6.2 -9.7
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Figure 5.6: Validation profiles of the mean temperature over Gagiashowing the

difference betweenourly NorESM Historicall and NCEP1 data during monsoon nsnth
over the period 1962000. The extreme data in NorESM and NCEP1 is selected at the times
of the 99.5 percentile precipitation from the NorEBMtoricall simulation and NCEP1
reanalysis, respectively.
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Figure 5.7: Validation profiles of the mean temperature over Krishna showing the difference
between éourly NorESM Historicall and NCEP1 data during monsoonthsover the

period 19662000. The extreme data in NorESM and NCEP1 is selected at the times of the
99.5 percentile precipitation from the NorE$ktoricall simulation and NCEP1 reanalysis,
respectively.
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6. Results

This chapter presents tpeecipitation gnulated by the NorESM in both historic and future
perspectives, in addition to calculations of vertical velocity, divergence, water vapour
transport and convective available potential enefgg purpose is to connect all the variables
to find which of tlem are more important in the generation of extreme precipitation.

6.1. 6-HOURLY EXTREME PRECPITATION EVENTS

6.1.1.NorESM Historicall simulation

In accordance with the observations the NorB&dmost d the precipitation irthe
catchment$sodavari and Krishna ocaumg during the monsoonahonths Juné&eptember
(seeFigure 6.). The highest mean amounts are found in Au@geist mm)and September
(492 mm) with the amoatsin August being more thamwice the value of Jul{248 mm)
The comparisonotobservations calme found in Bble 5.1 and 5.2.

700

600

500

400

300

Precipitation rate [mm/month]

200

100

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 6.1: Average precipitation rate per month over the period 12600 for the regions
Godavari and Krishna. The datatsa k en f r om No d&HuMgssonulédtonst or i ¢ al

When studying thatensity of the extreme evenidefined as the-Bourly events exceeding
the99.5 percentil@ver the period 1960000 there is a small difference betwettie selected
months (kgure 6.2 and 6)3 August is the month with slightlyigherintensity andhe
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highest number oéxtremedays while Junehasthe fewest number @xtremeevents For

June, July and September the mean intensity is approximately the same (~32 mm/6hr)

To what extent the NorESM is under or overestimatuingeiy extremes is ndtnown,as
there are no observeeh®urly precipitation to compa against. Howevethe validation of
the daily data in &ction 5.lindicates that the model is underestimating the extremes in
Godavari while the results for Krishna wasisfactory (Table 5.1 and.3).

aor - - 400 a0 - 400

w
8

Number of extreme events 1960-2000
1
w
8

ity 1960-2000 [
N
8
Number of extreme events 1960-2000

20 £ 20

g

Mean extreme-precipitation intensity 1960-2000 [mm/6h]
h

Mean

Figure 6.2: Mean intensityof 6-hourly Figure 6.3: Mean intensityof 6-hourly
extreme precipitatioifbars) and total extreme precipitation (bars) and total
number of extreme everftime) over the number of extreme everftime) over the
years 1962000 forGodavari The data is years 19662000 forKrishna The data is
retrieved fran the NorESM Historicall retrievedfrom the NorESM Historicall
simulation. simulation.

The change in yearly mean extreme precipitation amounts and in the yearly number of

extreme precipitation events over the period 12600 is calculated using tiolinear

regression analysis ¢8tion 3.1) andbya|l cul at i ng $ettien3Q)eThed s sl ope
significance is tested using the bootstrapping me(Bedtion 3.3.2}ogethemwith the linear
regressiorirend dataand by using the MarKendall trend tes{Section 3.3.1along with the

S e n 0 s tread déaplke relative trends are calculated taking the mean over the relation

between each yearly value relative to the climatological mean.

A decrease ithe number oéxtreme precipitatioeventsper yeals detected, but the trend is
not significant(Table 62). For Godavarithe trenchasa decrease @pproximately 12 events
over the period while Krishna hasdecrease df event or equivalently a decrease®f.6 %
and11 %, respectivelydepending on thappliedstatistical method For the yearly mean
precipitation intensity, there &n insignificantdecrease odipproximately Inm (~2 %) per

event for Godavayiwhile Krishna showsearly no decreasa all (~0.5 mm, Bble 6.1).
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Table6.1: Trends and relatie trendsn the yearly meag-hourly extreme precipitation
intensityover the period 196Q00Q retrieved from th&lorESM Historicall snulation.

Li nea

rr - regression

anal

ysis

and

t hseddoSends

calculate trends, wére the relative trend isalculatedtaking the mean over the relation
between each yearly value relative to the climatological mE&m, and Chaxare the lower
and uppelb % significance levdbr the trends within the 99.5 percentind are calculad

using the bootstrap method and the Mdtendall trend test along with the linear regression

and the Senb6s.sl ope, respectively

Region: Linear Clmnlin. | Clpaxlin. | Sends | Clmn Clmax
regression | regression| regression Sends Sensope

Trend [mm/(1960-2000 period)]:

Godavari -0.6 -1.3 0.2 -0.8 -1.6 0

Krishna -0.2 -1.0 0.5 -0.5 -1.3 0.1

Relative trend [%] :

Godavari -1.7 -3.9 0.6 2.4 -4.7 0

Krishna -0.8 -3.3 1.6 -1.5 -4.0 0.3

Table6.2: Trends and relative trends in the yearly numbes-bburly extreme precipitation

events over the p@d 19602000 from the NorESM Historicallngulation.Linear regression
ar e,wherdtieer ent

analy

si s

and

t he

Senbds

s |

ope

relative trend iscalculatedtaking the mean over the relation between each yearly value

relative to the climatological meaIminand Chaxare the lower and uppés % significance
levelfor the trendswithin the 99.5 percentileand are calalated using the bootstrap method

andthe ManrK endal | trend test along with the

respectively.

Region: Linear Clmin lin. Clmaxlin. | Sends | Clmin Clmax
regression | regression | regression Senbs Sends s

Trend [no events/(19662000 period)]:

Godavari -0.7 -2.9 1.6 -1.7 -3.3 0.4

Krishna -1.2 -3.0 0.7 -1.3 -3.3 0.8

Relative trend [%] :

Godavari -6.0 -25.8 13.7 -15.7 -30.1 3.6

Krishna -10.5 -27.0 5.3 -11.2 -29.1 6.7

6.1.2.RCP8.5

The elative change in numbef extremeeventsand in themean extreme precipitation
intensitybetween thé&NorESM RCP8.5scenaridor theperiod 206€2100 andhe NorESM
Historicall simulation for the perict®602000is calculatedBoth thehistoricand future

number of extreme das iscalculated by counting the number of events aboveeshbtd

value selected by usimercentils basean the historic datdzor the extreme precipitatio

intensity the historic extreme values are selected relative to a historic extreme threshold,

sl o

S

ne
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while the future extreme values are selected relative to a future extreme thré&sleoldhe

timely mean iscalculatedor both the historic and the future values, before taking the mean of
the relative difference between theRrour different timesteps ve been compared:tur,

daily, 10days and monthly data. In addition, all the calculatemesapplied tahe 95, 99, and

the 99.5 percentile3 he resultare presentemh Table 6.3 and 6.4.

There are significanhcreassin both the number ofxs¢remedays and in the meaxtreme
precipitationintensity betveen the two periodsee kgure 6.4 and 6)5 The only exception is

in the 6houly 95 percentile where Godavdras a significant decrease-82 %and Krishna

has an insignificant decrease-6%6. For the 6hourly 99.5 percentile data, the number of

days increases with 42 % for Godavari, while the values nearly doubles for Krishna with a 95
% increaselFor the change in mean extreme precipitation intensity the values rises with 30 %
and 34 % in Goalvari and Krishna, respectiveBetween the two regions, Krishna has a

larger change than Godavari does for all percentiles anedp@meds, except for the iday

change in theneanextreme precipitatiodata in the 9@&nd 99.5 percentile.

Figure 6.4: Relative tiange inthe mean extreme precipitatiomensitybetween the RCP8.5
scenario over the period 2062100 and the Historicall simulation over the period 1960
2000for the99.5 percentile.






























































































































