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Current State of Climate Change in the 215t Century

Figure SPM.1b
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Observed change in annual precipitation over land
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d4PDF Forcing data: Schematic Parameter Diagram

GCM Projection data for runoff simulatio
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To evaluate the performance of the d4PDF in reproducing precipitation indices (Annual

seasonal, intensity, frequency) at the Indochina Region

Investigation of the relationship between precipitation and total runoff indices in terms of runoff

elasticity under changing climate

1

Reproducibility of the
d4PDF

-~

-

Investigation of the relationship between preC|p|tat|on and total runoff generation indices

Runoff Elasticity to changes in preupltatlon (Statistical method)**
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Reproducibility of the d4PDF precipitation indices

LI Taylor Diagram

The correlation coefficient R between fand r is defined as:

1 = _
p Nzgﬂ(ﬂ;;f)(rn —7) 0
fYr

Standard deviation (°C)

Where f and 7 are the mean value and o; and o, are the standard
deviations of model (f) and reference (r) fields, respectively.

o

S, //:#, -1
)(,;c il I I \ The statistic most often used to quantify differences in two fields is
== ‘ = ' the RMS difference E, which for fields fand r is defined by

Taylor, K., 2001: JGR, 106, D7, 7183-7192

N 1/2
Inorder toisolate the differencesin the pattern s from 1
the differencesin the means of twofields, E can be E=|= z ( f n— T ) 2 -(2)
resolved into two components. The overall “bias” is N n=1
defined as
- = _ And the centered pattern RMS difference is defined b
E=f-7 @ b Y
The three componentsfrom (2), (3), and (4) add quadratically 1/2

tovyield the full mean square difference

E?= E2+E* 5

N

/ 1 12

B = NZ[(fn—f’)—(rn—r)] 0
n=

E'? = of? + 0,% —20;0,R  -(6)

Indices Glossary
I S S S T

Annual and seasonal precipitation indices

mm Annual total wet-day precipitation Annual total PRCP in wet days (RR > 1 mm)
“ mm Early monsoon precipitation Cumulative PRCP during June to August
(June to August)
“ mm  late monsoon precipitation (September Cumulative PRCP during September to
to November) November
mm Total wet-season precipitation Cumulative PRCP during June to November
“ (June to November)
“ mm Early dry-season precipitation Cumulative PRCP during December to
(December to February) February
m mm Late dry-season precipitation
(March to May)

Intensity-based indices

m mm Max 1-day precipitation amount Annual maximum 1-day precipitation

m mm Max 3-day precipitation amount Annual maximum 3-day precipitation
mm Simple daily intensity index Annual total precipitation divided by the
day? number of wet days (defined as PRCP > 1.0

mm) in the year

m mm Very wet days Annual total PRCP when RR > 95t percentile

frequency-based indices

m Day Number of heavy precipitation days Annual count of days when PRCP > 10 mm

n Day Number of very heavy precipitation Annual count of days when PRCP > 20 mm

days
m Day Number of days above 40 mm Annual count of days when PRCP > 40 mm




Reproducibility of the d4PDF’s precipitation

Taylor’s Diagram (pattern correlation and spatial variabilities)
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Assessment of the Future changes in Precipitation

Significance of the distribution of changes in the
precipitation indices

‘ Non-parametric two-sample KS-test
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‘ Welch’s correction t-test (U-test)
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Relationship between precipitation and total runoff indices
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Runoff Elasticity to changes in Precipitation (Statistical methods**)

It is one of the important indicators quantifying the
sensitivity of runoff to climate change!

*  Climate elasticities of runoff:
— The proportional change in runoff (R) to the change in climatic variables (Fu et al., 2007)

— Reliable estimation of climate elasticity is a key to understand the projection of the
hydrologic response to climate change

— Typically, Precipitation (P) has an important impact on runoff.

— Therefore, the relationship of elasticity of runoff (R) to P was first defined by Schaake
(1990) as

Adopting the framework provided by Eq. (1), we modified the runoff elasticity
estimation formula using median descriptive statistics (Sankarasubramanian et al.,
2001):

R,— R)/R
ep(P,R) = median !((131——13))//13]

where R and P denote the 100-member means of runoff and precipitation extreme indices
under the present climate (1951-2010). The value of the right-hand term in Eq. (2) is
calculated for each pair of R, and P,




Runoff Elasticity to changes in Precipitation (Statistical methods™*)

Runoff Elasticity to changes in the precipitation indices

Z 95°00'E 105°00'E Z £ 95°00'E_105°00'E £ Z 95°0'0"E  105°00'E £ Z 95°00"E 105°00'E Z Z 95°00"E 105°00'E Z
=} =} <3 =3 = o > > <) o)
o =] o = o o © <] 9 o
8 8 3 8 8 8 3 3 3 3
rd z z z =4 Z z = z z
o o o o =3 <) o ) o <3
o N o 2 o o 2 o 2 2
& & & & & & & & & &
z z z z z z z z z z
=) <3 o (<] o o =3 =3 o °
o o o o | = ] o o o o QO
o 2 = e i b B & L JE
95°0'0"E  105°0'0"E 95°0'0"E  105°0'0"E 95°0'0"E  105°0'0"E 95°0'0"E  105°0'0"E 95°0'0"E  105°0'0"E
[ e ———
045 1141824 338 5 6 81014 045 1141824 338 5 6 8 10 14 0407 1141618 2 3 4 6 8 10 045 1141824 348 5 6 8 10 14 045 1141824 338 5 6 810 14
PRCPTOT JIA SON Rx1D WET
Histogram of the runoff elasticity distribution
PRCPTOT WA SON RxiD Wetseason (June-November)
3000 4000 5000 1500
5000
2500
3000 4000 4000
2000 1000 o
83000 23000
1500 2000 ® s
1000 2000 0 §zonn
50 1000 . 1000
0 0 0
r T T T T 1 0 0 r T T T T T 1 T T T 1

1. Reproducibility of the d4PDF precipitation indices

» Close grouping of dots representing the other indices indicated that the simulated uncertainty attributable to
sampling variability was not very large

» Broad disagreements in the Rx1D biases among the d4PDF ensembles and the underperformance of dry-season
indices (DJF, MAM) in basin-scale simulation

» The major limitation of Taylor’s method
» it can only express the terms of variance and correlation

» Can not accurately determine the performance of hydroclimate variable with a high-degree of nonlinear
dependences

2. Statistical significance of the Future projections of d4PDF precipitation

» Results of the KS-test and parametric U-test showed that the changes in precipitation climatology and its associated
extreme are consistently significant at the Indochina Region.

3. Runoff elasticity to changes in precipitation at the Indochina Region

» Theresults at the study area were largely comparable with Tang and Lettenmeier (2012), and Berghuijs et al. (2017)
» 1) The runoff elasticity is always larger than unity, which mean runoff response is faster than the precipitation

» 2) The &p(P,R) = 1.28 is however lower than these studies at annual scale, where the median elasticity is
reported at 1.90

»  Major limitation of current approach
» No consideration about the effect of runoff elasticity to changes in evapotranspiration at all.
» Can not determine the relative contribution between P and E to the sensitivity of the total runoff generation (R)
» Other factors that needs to be incorporated is catchment characteristics (n)
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Assessment of Runoff sensitivities under climate change (2)

* Aside from precipitation change, there are much more factors
* Air Temperature (7)
* Net Radiation (R,)
*  Wind speed at a height of 2 m (U,)
* Relative Humidity (RH)
* ...Andsoon...

dR/R = ¢,dP/P + €,dT/T + €,dR,/dR,, + ¢, dU,/U, - (3)
Yang and Yang (2011)

Where ¢4, €3, €, and g4 are the climate elasticities.

* Sankarasubamanian et al. (2001) classified ways to estimate the runoff
elasticity, e.g., Analytical derivation, empirical estimation the changes in

runoff and change in climate from historical data

Assessment of Runoff sensitivities under climate change (4):
Analytical Derivation (1)

* Benefit of using analytical derivation for the estimation of runoff elasticities
* 1) clear in theory

* 2) It does not depend on a large amount of historical climate and runoff data

Derivation of the climate elasticity of temporal runoff (1)
o EP
o (Pn + E(r)l)l/n """ (4)

Where parameter n represents the effect of catchment characteristics. Denoting equation (4) as E=f(E,, B n)
according to the “Budyko hypothesis”’ (Budyko, 1974), we can express the total differential as

E=D P+t T (5)
“p TOE, ° an
of of af
A I R e — 6
dR (1 ap) dpP aEOdEO andn (6)

When no consideration is given to the interannual changes in catchment characteristics, dn = 0. We then divide the
equation (6) using R = P—E, and obtain the following:

dR _ . af\ P dP Of E, dE .
R oP)P—-EP OE,P-EE, (7)
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Assessment of Runoff sensitivities under climate change (5):

Analytical Derivation(2)

Derivation of the climate elasticity of temporal runoff (2)

Potential evapotranspiration (E,), which is a part of the equation (4) can be calculated using the Penman equation (Penman, 1948)

o= (Ru—G)/2 4 —— 6431+ 0536U)(A —RHYe/2 (9)
Tavy ity 536U, s

Roderick et al. (2007) developed a differential model to separate the contributions of climatic variable change from change in
pan evaporation:

OE, OE, OE, OE,
dE, ~—LdR, +=—2dU, +—2dD +—2dT emeee-
Ep R, ™ +auz 2t Pt gr (10)
Similarly, the contributions of climatic variables to the change in potential evaporation can be estimated
0E, 0E, 0E, oE ( 11)
dEy ~—dR, +—dI +—dU, + ——dRH
° " 9R, AT +auz 2% 3RH

Furthermore,

o _(Eadfo\dy (080 (Vo000) 1 (138 ) it

E, \Eo@R,) R, \E, dT E,0U,) U, \E,0RH)RH (12)
dE,  dR, dU,  dRH
—=g—+t+&gdl+t&—+—— 0 13
E, 3R, U,  SRH (13)

Where £3, &4, €5, and g are the elasticity of potential evaporation with respect to changes in R, T, U,, and RH, respectively.

Combining equations (8) and (13), we obtain the following:

dR _ _ dP dRy, du, dRH

= = 815 T &8 . + szs4dT+£285—U2 t&&— (14)
dR
Ez P*+R;;+T*+U;+RH* ------ (15)
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Results from previous studies - £z p

Berghuijis et al. (2018) - WRR
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Assessment of the contribution to runoff elasticity from changes in Precipitation,
evapotranspiration, and other factors

Budyko Framework (1974) hypothesized a functional relationship between Evapotranspiration (E) and
the two climate variables, Precipitation(P) and potential evapotranspiration (E;) as an average over a

long-enough time scale
E = f(P,Ey)

* Energy & precipitation (P)
constraints on evaporation (E)

— Based on the MCY model =2
. Pl

= A witler limil B

(P + En)'/" o | e e e

=2 —

s n=1

Budyko Framework E
» E, is maximum theoretical evaporation —— W,

(E is energy limited) 3 '
» Eis also limited by water availability

(determined by P) Yang et al. (2008) WRR
» nis a catchment-specific parameter

If P>>E_, EE,
If E,>>P, E>P

12



Different Formulas for the Budyko hypothesis

Parametric and non-parametric estimation of water availability under
the Budyko assumptions

E=P[1-exp(-E,/P)] None Schreiber (1904)
E= Eptanh(P/E,) None Ol’'Dekop (1911)
E=P/[1+(P/E,)?]%> None Pike (1964), Turc (1954)
E = {P[1-exp(-Ey/P)] Estanh(P/E)}*> None Budyko (1958)
E=P+E,— (PY+E0%)V/e w Fu (1981)
E=Eo/P/(1+(E,/P)")¥/n n MCY model (Mezentsev, 1955;
Choudhury, 1995; Yang et al., 2008)
E=P/[1+w(E,/P)]/[1+wW(E,/P) + P/E, w Zhang et al. (2001)

Assessment of Runoff sensitivities under climate change (1):

Analytical Derivation (1)
-—— PP

Lo P
- (P™ + Eg)l/n """ (1)
do=(1-2\ap_9E g B4y (3)
e=\1"2 9B, 0 T an ™"

When a consideration is given to the interannual changes in catchment characteristics, dn > 0. We then divide the
equation (6) using Q= P—E, and obtain the following:

dQ (. OE\ P dP JE E, dE, [(dE\, n \]|dn
T=(-%) G @)

P—EP OEP—-EE,

@7

1+ (= /0 1 1

egp = 2Q/Q _ Ey £F, = aEO;EO = [T G/ T - T

op/P {1 - ﬁ {Eo/P [1+ (Bo/P)"] 1/n}
(1+(5))

_0Q/Q _ (PMinP + E}InEy) (P" + Eg)~(1+1/m

fon = on/m 11
P GEYNA
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Assessment of Runoff sensitivities under climate change (2): Analytical Derivation (2)
Derivation of the climate elasticity of temporal runoff (2)

Concept of “water availability” _

Where parameter ¢ is aridity (E,/P), and w is a parameter that account for all other factors that influence the
mean-annual partitioning of precipitation (e.g., climate seasonality, soils, vegetation, topography, and etc.).

Fu (1981) presented the parametric equation that quantify the “water availability”

Cweesreeaseb

Where ¢ >0, 1<w<wand¢p = Eo/p

By rewriting Fu’s equation whereby aridity is expandingto E,/P allows expressing Q as

1
_p| _Eo En\“\*) 7
Q(P'Eo»w)—P<—F+<1+<F> ) ) (7)
dQ_(, _OE\ P dp OE Ey df [(0E\ o \ldo (8)
Q \" ap P—E?_aEOP—EE_O_[ an (P—E) w

1,
L 00/Q (90 + D@

P =3P - 1

-+ (1+¢@)w

P )i_l o s ($U@) _In(g®+ 1)
L _00/Q _¢°@+ D = _ag/Q (@ +1)“"(¢w+1‘ w ) ______ 9)
R e S -+ (1+g0)a

Assessment of Runoff sensitivities under climate change (3)
_

Estimation of a catchment-specific parameter (n, w)

2 decadal water balance
F(.e) When
S o7t " e
g L
2 0.65 | - g ] Or
E/P 5 7
B | .
@ ta
g D8F - ) ] Where, F(¢h, w)and F(¢,n)
/’/

0.55 are known as the water availability or evaporative

1 1.1 1.2 1.3 1.4 1.5

i faction
BERIIT = catchment-specific parameter (Fu’s model)
E o/P n = catchment-specific parameter (MCY’s model)

Typically, a long-term annual average (indicated by subscript i) of precipitation (P), potential evapotranspiration (EO),
and actual evapotranspiration (E) to find the optimal n or w for each catchment, using parametric equation of the
Budyko’s assumption. The optimal fit for catchment parameter is determined via a minimized root mean square

error of the fit:
Ep, E\’
Z F el Fu’s model (Fu, 1981)

Z F Ep; 2) - E; ? MCY model (Mezentsev, 1955; Choudhury, 1995;
p;’ P; Yanget al., 2008)
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Tentative Research Objectives

1. Assessment of relative importance of changes in P, E;, and n/w to runoff
6. = |SQ.x|
=
|€Q’P| + |EQ,E0| + |€Q,(n,w)|

Where 0, is the relative sensitivity of Q to each factor x ((n,w), £, and P) . 6, can vary from close to zero, to
close to one, whereby 6, + 6, + 9(n,w) =1.0

1.1 Comparison at the Indochina Basins between the Present and Future climate by applying
the d4PDF dataset.

1.2 Comparison of the results from two parametric Budyko-type formula. The relationship
between n and w at the Indochina River Basins.

2. Runoff sensitivity analysis of the Budyko space of P, E,, and n/w with respect to the

aridity index (¢ )at each of the Indochina River Basin (CPRB, Mekong, Irrawaddy,
Salween, Red)

21Pvs ¢ 2.2Eyvs ¢ 2.3 (n,w) vs ¢

00 0Q
ET vs ¢ (Eg, P) ‘a(n,w)“”’“’)

Wh AP AE, A, w)
ere = — = =
¢ P E, (n,w)

vs ¢(Eo, P) (Ey

vsS ¢(E0, P)

20Q
\ﬁ“’
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