
Editor Decision: Publish subject to technical corrections (27 Nov 2015) by Dr. Stacey Archfield 

Comments to the Author: 

I thank the reviewers for their thoughtful and thorough reviews and to the authors for their responses 

to the reviewers and their changes to the manuscript. I feel that the manuscript should be accepted.  

I do ask, given the large number of abbreviations and parameter abbreviations in the text, that the 

authors carefully review the manuscript preparation standards for HESS. For example, in the first use of 

the PDM model (Section 3.2, Paragraph 2), 'PDM' is not spelled out. The guidance for authors is here: 

http://www.hydrology-and-earth-system-sciences.net/for_authors/manuscript_preparation.html. 

 

We thank the editor for the way the manuscript has been handled. We have spelled out the acronyms 

used in the manuscript as far as it seemed reasonable: 

1. The corrections are in blue color in the marked-up manuscript; 

2. We have not attempted deciphering those model names in the introduction section that are not 

further used in the paper. This is due to a large number of models briefly reviewed, and as this 

will make it difficult to follow the introduction section, otherwise; 

3. We have decided not to spell out the two model names that are used in the model chain in the 

paper: ZOOMQ3D and ZOODRM. This has never been attempted previously by the model 

creators in the literature/manuals (as testified by one of the model creators and the current 

paper co-author, Chris Jackson), and therefore we do not endeavor to do so in this manuscript 

(although the acronyms exist). 

4. We checked all parameter abbreviations and notations, and all of them are either described in 

the main text or in Table 4.   
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c
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c
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m
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e

r
a

lte
rn

a
tive

s
e
x
is

t
(B

la
c
k
,

1
9

9
7

;
W

a
g

e
n

e
r

e
t

a
l.,

2
0

0
7

),
th
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c
tio

n
s

a
re
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e
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2
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b
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c
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c
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r
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c
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c
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h
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c
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c
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b
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p
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h
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e
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c
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c
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c
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p
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c
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p
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b
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c
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c
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b
le

w
a
y

to
a

d
ju

s
t

th
e

m
o
d

e
l.

T
h

e
K

e
n

n
e
t

c
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c
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c
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b
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c
h

a
lle

n
g

e
s
;

h
o
w

e
ve

r
th
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b
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c
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e
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c
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0
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n
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p
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0
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e
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a
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;
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e
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a
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h
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e
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c
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b
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c
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c
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c
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p
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c
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b
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c
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p
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c
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c
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p
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p
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p
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c
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c
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n
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p
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c
e
,

re
s
p

ira
tio

n
,

p
h
o

to
s
y
n

th
e

s
is

a
n

d
c
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e
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e
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c
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c
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c
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d
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e
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n
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c
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b
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c
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c
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c
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e
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e
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ra
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c
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p
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p
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e
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c
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ra
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b
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d
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d
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c
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p
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d
d
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ra
u
lic

h
e

a
d

g
ra

d
ie

n
t

lo
w

e
r

b
o

u
n

d
a

ry
c
o

n
d
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c
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c
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p
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c
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c
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p
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p
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p
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c
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c
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c
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L
E

S
is

a
b
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c
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ra
in

-

fa
ll
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n
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e
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c
e

e
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s
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e
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c
e
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c
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p
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e
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n
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c
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d
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p
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n
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U
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e

d
th
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n
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U
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E
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T
h

e
s
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n
d

a
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s
e

tu
p
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u

s
e

d
w

ith
a

3
m

d
e

p
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o
f
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o
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u
r
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y
e
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,
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d
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d
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e
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g
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m
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u
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c
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.
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m
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p
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b
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p
tio

n
s

p
ro

v
id

e
d

),
a

n
d

in
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n
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p
h

ic
c
a

tc
h

m
e

n
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ra
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ra
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c
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c
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b
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c
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i.e
.

th
e

p
ro

p
o

rtio
n

o
f

to
ta

l
fl
o
w

a
s

b
a
s
e

fl
o
w

,
is
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e

c
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re
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c
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c
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b
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c
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c
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b
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b
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c
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c
a

tc
h

m
e

n
t

o
u
tle

t
a
t

T
h

e
a
le

is

m
o

n
ito

re
d

u
s
in

g
a

c
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h
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c
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c
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b
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b
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d
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b
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b
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p
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p
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l
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p
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e

K
e

n
n
e

t
c
a
tc

h
m

e
n

t
is

d
is

c
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d
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p
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b
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R
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n
d

a
s

d
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p
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b
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r
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h
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h
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h
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d
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p
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p
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p
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p

p
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n
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p
e

rs
o

n
a

l
c
o

m
m

u
n

ic
a

tio
n

,
2

0
1

2
),

in
c
lu

d
e

s
1
k
m

g
rid

d
e

d
d

a
ily

ra
in

fa
ll

a
m

o
u

n
ts

d
e

rive
d

fro
m

th
e

U
K

ra
in

g
a

u
g

e
n

e
tw

o
rk

m
e

a
-

s
u

re
m

e
n

ts
fo

r
th
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n
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e
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c
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c
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c
o

lu
m

n
b

a
s
e
,

re
q

u
irin

g
a

re
la

tive
ly

fi
n

e
n

o
d

e
m

e
s
h

a
t

th
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e
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n
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p
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p
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p
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d
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p
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p
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s
e

q
u

e
n

tia
l
m

o
d

e
l
im

p
ro

ve
m

e
n

t

u
s
in

g
h
y
d

ro
lo

g
ic

a
l
e
x
p

e
rt

k
n

o
w

le
d

g
e

a
b

o
u

t
m

o
d

e
l
a

s
s
u

m
p

tio
n

s
a

n
d

s
im

p
lifi

c
a

tio
n

s
re

le
va

n
t

fo
r

e
a

c
h

h
y
d

ro
lo

g
ic

a
l
a

s
p

e
c
t

c
o

n
s
id

e
re

d
.

T
h

e
fo

llo
w

in
g

m
o

d
e

l
m

o
d

ifi
c
a

tio
n

s
a

re
p

re
s
e

n
te

d

a
n

d
a

s
s
e

s
s
e

d
in

th
e

p
a

p
e

r:

1
.

O
ve

ra
ll

w
a

te
r

b
a

la
n

c
e

:
in

tro
d

u
c
tio

n
o

f
a

w
e

a
th

e
r

g
e

n
e

ra
to

r
a

n
d

s
ta

tis
tic

a
l
d

e
s
c
rip

tio
n

o
f

to
p

s
o

il
h

e
te

ro
g

e
n

e
ity

v
ia

re
g
io

n
a

lis
e

d
in

fo
rm

a
tio

n
;

2
.

V
e

rtic
a

l
re

d
is

trib
u

tio
n

th
ro

u
g

h
th

e
s
o

il:
a

p
p

ro
x
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n
o

f
th

e
d

u
a

l
p

e
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e
a

b
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–
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u
a

l
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o

ro
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h
y
d
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u
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o

il
b

e
h

a
v
io

u
r;

3
.

T
e

m
p

o
ra

l
re

d
is

trib
u

tio
n

:
c
h

a
n

g
e

o
f
th

e
lo

w
e

r
b

o
u

n
d

a
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c
o

n
d

itio
n

a
n

d
a

p
p

ro
x
im

a
tio

n
o

f

c
o

u
p
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g

to
a

g
ro

u
n

d
w

a
te

r
m

o
d

e
l;

4
.

S
p

a
tia
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d

is
trib

u
tio

n
o
ve

r
th

e
c
a
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h
m

e
n

t:
a
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n

o
f
g
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u
n
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w
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te

r
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d
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rs

.
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n
o

te
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a
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m

o
d

e
l
p
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y
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u
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c
e
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l
p
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c
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c
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r
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v
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n
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c
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o
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e
x
a

m
p

le
,

im
p
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v
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g
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a
l
d
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u
tio

n
d

o
e

s
n

o
t

c
o

rru
p

t
th

e
w

a
te

r
b

a
la

n
c
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a
c
h
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d
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t
a

p
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v
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u
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m
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d
e
l
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o
d

-
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c
a
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n

s
s
ta

g
e
.

T
h
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m

ig
h

t
b

e
e
x
p
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in

e
d

b
y
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e

p
h
y
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a
l
b

a
s
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o
f
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o
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e
m

o
d

e
l
a
n

d
re

a
-

s
o

n
in

g
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r
m

o
d

e
l
m

o
d
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c
a

tio
n

s
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T

h
e
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p
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m
e

n
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o

f
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e
p

o
te

n
tia
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o
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o
m

e
s
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f

a
d
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g
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o

s
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p
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c
h
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a

n
d

a
lte
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a
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o
r
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d

d
itio

n
a
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p
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m

e
n
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a
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p
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s
s
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.

T
h

e
s
e
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c
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d
e

:
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e
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p
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s
e

n
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n

o
f
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e
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m
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o

ra
l
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n
d

s
p

a
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l
d
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u
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n
o

f
p
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c
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tio

n
;
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c
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-
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n
s

o
f
p

o
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t/s
m

a
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s
c
a
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a
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s

s
u
c
h
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s

s
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k
h

o
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s
;
a

n
d

m
o
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p

h
y
s
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s
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a
s
e

d
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c
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o
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e
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l
a
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d
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o
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o
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l
d
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u
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o

f
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h
y
d
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u
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p
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a
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c
e
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c
e
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o
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b
e
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e
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d
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rro
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c
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p
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c
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c
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c
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b
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d
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r
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b
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b
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p
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c
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c
e

-g
ro

u
n

d
w

a
te

r
c
o
u

p
lin

g
,

a
n

d
a

s
s
u

c
h

c
a

n
n

o
t
b
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d
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d
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d
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p
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p
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p
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n
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g
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h
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l
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O
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s
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u
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s
e
x
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c
te

d
fro

m

a
n

a
u
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ry
p

h
y
s
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s
b
a

s
e
d

h
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lo
p

e
m

o
d

e
l

(Ire
s
o
n

a
n

d
B

u
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r,
2

0
1
3

).
F

e
w

e
r

d
a
ta

m
ig

h
t

re
s
u

lt
in

a
le

s
s

d
e
ta

ile
d

re
p
re

s
e
n

ta
tio

n
o

f
th

e
w

a
te

r
c
y
c
le

d
e

p
e

n
d
in
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n
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s
p
e

c
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d
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b
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g
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W
h

ils
t
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a

p
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a
tio

n
o
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J
U

L
E

S
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th
e

K
e
n

n
e

t
c
a
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h
m

e
n
t
is

h
ig

h
ly

s
p

e
c
ifi

c
;
it

c
o
n
ve

n
ie

n
tly

illu
s
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te
s

th
e

ty
p
e

o
f

c
h

a
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n
g

e
s
–

p
a

ra
m

e
te
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a

tio
n

o
f

c
o

m
p
le

x
a

n
d

d
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u
te

d
h
y
d
ro

lo
g

ic
a
l

p
ro

c
e

s
s
e
s
,

m
o
d

e
l
c
o
u

p
lin

g
u

s
in

g
s
im

p
lifi

e
d

b
o
u

n
d
a

ry
c
o

n
d
itio

n
s
,

a
n
d

a
s
s
im

ila
tio

n
o

f
d

iffe
r-

e
n

t
s
o

u
rc

e
s

o
f

in
fo

rm
a
tio

n
to

m
o

d
e

l
id

e
n

tifi
c
a

tio
n

–
th

a
t

w
ill

b
e

e
n

c
o

u
n
te

re
d

in
a
lm

o
s
t

a
n
y

a
tte

m
p

t
to

im
p
ro

ve
th

e
u
tility

o
f

L
S

M
s

fo
r

c
a

tc
h

m
e
n

t
s
c
a

le
w

a
te

r
c
y
c
le

m
o

d
e
llin

g
,

a
ris

in
g

d
u

e
to

th
e

“u
n

iq
u
e

n
e
s
s

o
f

p
la

c
e

”
p

ro
b
le

m
.

T
h

e
p

a
p

e
r

h
a

s
d

e
m

o
n

s
tra

te
d

th
e

c
o

n
s
id

e
ra

b
le

a
c
c
u

ra
c
y

g
a
in

s
th

a
t
c
a

n
b
e

a
c
h

ie
ve

d
u

s
in

g
a

s
e

q
u
e

n
tia

l
m

o
d
e

l
e

rro
r

d
ia

g
n

o
s
is

s
tra

te
g

y
a
n

d

e
x
p

e
rt-le

a
d

m
o

d
e

l
a

d
ju

s
tm

e
n

ts
.

T
h

e
s
e

c
a

n
b

e
ta

k
e
n

fo
rw

a
rd

to
d

e
ve

lo
p

a
g
e

n
e

ra
l
c
o

m
p
re

-

h
e

n
s
ive

g
u
id

a
n
c
e

fo
r

tra
n

s
itio

n
in

g
to

h
ig

h
re

s
o

lu
tio

n
L

a
n

d
S

u
rfa

c
e

M
o

d
e
llin

g
.

A
c
k
n

o
w

le
d

g
e

m
e

n
ts

.
T

h
e

s
tu

d
y

w
a

s
m

a
d

e
p

o
s
s
ib

le
th

ro
u

g
h

c
o

d
e

a
n

d
d

a
ta

p
ro

v
id

e
d

b
y

A
n

d
re

w
Ire

-

s
o

n
(2

-D
h

ills
lo

p
e

m
o

d
e

l
a

n
d

s
o

il
m

o
is

tu
re

d
a

ta
,

U
n

ive
rs

ity
o

f
S

a
s
k
a

tc
h

e
w

a
n

,
C

a
n

a
d

a
),

D
o

u
g

C
la

rk

(w
e

a
th

e
r

g
e
n

e
ra

to
r,

C
E

H
,
U

K
),

N
e

d
H

e
w

itt
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W
S

a
n

d
n

e
u

tro
n

p
ro

b
e

s
,
C

E
H

,
U

K
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a
n

d
E

le
a

n
o

r
B

ly
th

(C
H

E
S

S
,

C
E

H
,

U
K

).
F

u
rth

e
r,

th
e

a
u

th
o

rs
th

a
n

k
Z

e
d

Z
u

lk
a

fi
(Im

p
e

ria
l
C

o
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g
e
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o

n
d

o
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U

K
)
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r
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e
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L
E
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e
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p
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n
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e
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p

e
ria
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e
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o
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U

K
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p

e
c
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n

o
n

c
h
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g
ro

u
n
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w
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r
c
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b
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h

e
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c
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n
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b
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e
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w
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th

e
p

e
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s
io

n
o

f

2
4



 !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+,

th
e

E
xe

c
u

tive
D

ire
c
to

r
o

f
th

e
B

ritis
h

G
e

o
lo

g
ic

a
l
S

u
rve

y.
T

h
e

w
o

rk
w

a
s

fu
n

d
e

d
u

n
d

e
r

th
e

U
K

N
a

tu
ra

l

E
n
v
iro

n
m

e
n

t
R

e
s
e

a
rc

h
C

o
u

n
c
il’s

C
h

a
n

g
in

g
W

a
te

r
C

y
c
le

p
ro

g
ra

m
,

g
ra

n
t

N
E

/I0
2

2
5

5
8

/1
.

R
e

fe
re

n
c

e
s

B
a

ls
a

m
o
,

G
.,

V
ite

rb
o
,

P
.,

B
e

lja
a

rs
,

A
.,

va
n

d
e

n
H

u
rk

,
B

.,
H

irs
c
h

i,
M

.,
B

e
tts

,
A

.,
a

n
d

S
c
ip

a
l,

K
.:

A
re

-

v
is

e
d

h
y
d

ro
lo

g
y

fo
r

th
e

E
C

M
W

F
m

o
d

e
l:

ve
rifi

c
a

tio
n

fro
m

fi
e

ld
s
ite

to
te

rre
s
tria

l
w

a
te

r
s
to

ra
g

e
a

n
d

im
p

a
c
t

in
th

e
in

te
g
ra

te
d

fo
re

c
a

s
t

S
y
s
te

m
,

J.
H

y
d

ro
m

e
te

o
ro

l.,
1

0
,

6
2

3
–

6
4

3
,

2
0

0
9

.

B
e

ll,
V
.,

K
a
y,

A
.,

J
o

n
e

s
,
R

.,
M

o
o

re
,
R

.,
a

n
d

R
e
y
n

a
rd

,
N

.:
U

s
e

o
f
s
o

ild
a

ta
in

a
g
rid

-b
a

s
e

d
h
y
d

ro
lo

g
ic

a
l

m
o

d
e

lto
e

s
tim

a
te

s
p

a
tia

lva
ria

tio
n

in
c
h

a
n

g
in

g
fl
o

o
d

ris
k

a
c
ro

s
s

th
e

U
K

,
J.

H
y
d

ro
l.,

3
7

7
,
3

3
5

–
3

5
0

,

2
0

0
9

.

B
e

s
t,

M
.

J.,
P

ry
o

r,
M

.,
C

la
rk

,
D

.
B

.,
R

o
o

n
e
y,

G
.

G
.,

E
s
s
e

ry,
R

.L
.

H
.,

M
é

n
a

rd
,

C
.

B
.,

E
d

w
a

rd
s
,

J.
M

.,

H
e

n
d

ry,
M

.
A

.,
P

o
rs

o
n

,
A

.,
G

e
d

n
e
y,

N
.,

M
e

rc
a

d
o
,

L
.

M
.,

S
itc

h
,

S
.,

B
ly

th
,

E
.,

B
o

u
c
h

e
r,

O
.,

C
o
x
,

P
.

M
.,

G
rim

m
o

n
d

,
C

.
S

.
B

.,
a

n
d

H
a

rd
in

g
,

R
.

J.:
T

h
e

J
o

in
t

U
K

L
a

n
d

E
n
v
iro

n
m

e
n

t
S

im
u

la
to

r

(J
U

L
E

S
),

m
o

d
e

l
d

e
s
c
rip

tio
n

–
P

a
rt

1
:

E
n

e
rg

y
a

n
d

w
a

te
r

fl
u

xe
s
,

G
e

o
s
c
i.

M
o

d
e

l
D

e
v.,

4
,

6
7

7
–

6
9

9
,

d
o

i:1
0

.5
1

9
4

/g
m

d
-4

-6
7

7
-2

0
1

1
,

2
0

1
1

.

B
e
ve

n
,

K
.

a
n

d
G

e
rm

a
n

n
,

P
.:

M
a

c
ro

p
o

re
s

a
n

d
w

a
te

r
fl
o
w

in
s
o

ils
re

v
is

ite
d

,
W

a
te

r
R

e
s
o

u
r.

R
e

s
.,

4
9

,

3
0

7
1

–
3

0
9

2
,

d
o

i:1
0

.1
0

0
2

/w
rc

r.2
0

1
5

6
,

2
0

1
3

.

B
e
ve

n
,
K

.
a

n
d

K
irk

b
y,

M
.:

A
p

h
y
s
ic

a
lly

b
a

s
e

d
,
va

ria
b
ly

c
o

n
trib

u
tin

g
m

o
d

e
lo

f
b

a
s
in

h
y
d

ro
lo

g
y,

H
y
d

ro
l.

S
c
i.

B
u

ll.,
2

4
,

2
4

1
5

–
2

4
3

3
,
1

9
7

9
.

B
la

c
k
,

P
.

E
.:

W
a

te
rs

h
e

d
fu

n
c
tio

n
s
,

J.
A

m
.

W
a

te
r

R
e

s
o

u
r.

A
s
.,

3
3

,
1

–
1

1
,

1
9

9
7

.

B
lo

o
m

fi
e

ld
,

J.:
T

h
e

ro
le

o
f

d
ia

g
e

n
is

is
in

th
e

h
y
d

ro
g

e
o

lo
g

ic
a

l
s
tra

tifi
c
a

tio
n

o
f

c
a
rb

o
n

a
te

a
q

u
ife

rs
:

a
n

e
x
a

m
p

le
fro

m
th

e
c
h

a
lk

a
t

F
a

ir
C

ro
s
s
,

B
e

rk
s
h

ire
,

U
K

,
H

y
d

ro
l.

E
a

rth
S

y
s
t.

S
c
i.,

1
,

1
9

–
3

3
,

d
o

i:1
0

.5
1

9
4

/h
e

s
s
-1

-1
9

-1
9

9
7

,
1

9
9

7
.

B
ly

th
,

E
.,

C
la

rk
,

D
.

B
.,

E
llis

,
R

.,
H

u
n

tin
g

fo
rd

,
C

.,
L

o
s
,

S
.,

P
ry

o
r,

M
.,

B
e

s
t,

M
.,

a
n

d
S

itc
h

,
S

.:
A

c
o

m
-

p
re

h
e

n
s
ive

s
e

t
o

f
b

e
n

c
h

m
a

rk
te

s
ts

fo
r

a
la

n
d

s
u

rfa
c
e

m
o

d
e

l
o

f
s
im

u
lta

n
e

o
u

s
fl
u

xe
s

o
f

w
a

te
r

a
n

d

c
a

rb
o

n
a

t
b

o
th

th
e

g
lo

b
a

la
n

d
s
e

a
s
o

n
a

ls
c
a

le
,
G

e
o

s
c
i.

M
o

d
e

lD
e
v.,

4
,
2

5
5

–
2

6
9

,
d
o

i:1
0

.5
1

9
4

/g
m

d
-

4
-2

5
5

-2
0

1
1

,
2

0
1

1
.

B
o

o
n

e
,

A
.,

H
a

b
e

ts
,

F.,
N

o
ilh

a
n

,
J.,

C
la

rk
,

D
.,

D
irm

e
y
e

r,
P
.,

F
o
x
,

S
.,

G
u

s
e
v,

Y
.,

H
a

d
d

e
la

n
d

,
I.,

K
o

s
te

r,

R
.,

L
o

h
m

a
n

n
,

D
.,

M
a

h
a

n
a

m
a

,
S

.,
M

itc
h

e
ll,

K
.,

N
a

s
o

n
o
va

,
O

.,
N

iu
,

G
.,

P
itm

a
n

,
A

.,
P

o
lc

h
e

r,
J.,

S
h

m
a

k
in

,
A

.,
T
a

n
a

k
a

,
K

.,
va

n
d

e
n

H
u

rk
,

B
.,

V
e

ra
n

t,
S

.,
V

e
rs

e
g

h
y,

D
.,

V
ite

rb
o
,

P
.,

a
n

d
Y
a

n
g

,
Z

.:

2
5

 !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+,

T
h

e
R

h
o

n
e

-a
g

g
re

g
a

tio
n

la
n

d
s
u

rfa
c
e

s
c
h

e
m

e
in

te
rc

o
m

p
a

ris
o

n
p

ro
je

c
t:

a
n

o
ve

rv
ie

w
,

J.
C

lim
a

te
,

1
7

,
1

8
7

–
2

0
8

,
2

0
0

4
.

B
o

o
rm

a
n

,
D

.,
H

o
llis

,
J.,

a
n

d
L

illy,
A

.:
H

y
d

ro
lo

g
y

o
f

S
o

il
T
y
p

e
s
:

A
H

y
d

ro
lo

g
ic

a
lly

-b
a

s
e

d
C

la
s
s
ifi

c
a

tio
n

o
f

th
e

S
o

ils
o

f
th

e
U

K
,

In
s
titu

te
o

f
H

y
d

ro
lo

g
y,

W
a

llin
g

fo
rd

,
1

9
9

5
.

B
re

u
e

r,
L

.,
E

c
k
h

a
rd

t,
K

.,
a

n
d

F
re

d
e
,
H

.-G
.:

P
la

n
t
p

a
ra

m
e

te
r

va
lu

e
s

fo
r

m
o

d
e

ls
in

te
m

p
e

ra
te

c
lim

a
te

s
,

E
c
o

l.
M

o
d

e
l.,

1
6

9
,

2
3

7
–

2
9

3
,

2
0

0
3

.

B
ro

o
k
s
,

R
.

a
n

d
C

o
re

y,
A

.:
H

y
d

ra
u

lic
P

ro
p

e
rtie

s
o

f
P

o
ro

u
s

M
e

d
ia

,
H

y
d

ro
lo

g
y

P
a

p
e

rs
,

C
o

lo
ra

d
o

S
ta

te

U
n

ive
rs

ity,
F

o
rt

C
o

llin
s
,

C
o

lo
ra

d
o
,

1
9

6
4

.

B
ro

u
y
e

re
,

S
.,

D
a

s
s
a

rg
u

e
s
,

A
.,

H
a

lle
t,

V
.:

M
ig

ra
tio

n
o

f
c
o

n
ta

m
in

a
n

ts
th

ro
u

g
h

th
e

u
n

s
a

tu
ra

te
d

z
o

n
e

o
ve

rly
in

g
th

e
H

e
s
b

a
y
e

c
h

a
lk

y
a

q
u

ife
r

in
B

e
lg

iu
m

:
a

fi
e

ld
in

ve
s
tig

a
tio

n
,

J.
C

o
n

ta
m

.
H

y
d

ro
l.

7
2

,

1
3

5
–

1
6

4
,

2
0

0
4

.

B
u

ly
g

in
a

,
N

.,
M

c
In

ty
re

,
N

.,
a

n
d

W
h

e
a

te
r,

H
.:

C
o

n
d

itio
n

in
g

ra
in

fa
ll-ru

n
o

ff
m

o
d

e
l

p
a

ra
m

e
te

rs
fo

r
u

n
-

g
a

u
g

e
d

c
a

tc
h

m
e

n
ts

a
n

d
la

n
d

m
a

n
a

g
e

m
e

n
t

im
p

a
c
ts

a
n

a
ly

s
is

,
H

y
d

ro
l.

E
a

rth
S

y
s
t.

S
c
i.,

1
3

,
8

9
3

–

9
0

4
,

d
o

i:1
0

.5
1

9
4

/h
e

s
s
-1

3
-8

9
3

-2
0

0
9

,
2

0
0

9
.

C
la

rk
,

D
.

a
n

d
G

e
d

n
e
y,

N
:

R
e

p
re

s
e

n
tin

g
th

e
e

ffe
c
ts

o
f

s
u

b
g
rid

va
ria

b
ility

o
f

s
o

il
m

o
is

tu
re

o
n

ru
n

o
ff

g
e

n
e

ra
tio

n
in

a
la

n
d

s
u

rfa
c
e

m
o

d
e

l,
J.

G
e

o
p

h
y
s
.
R

e
s
.,

1
1

3
,
D

1
0

1
1

1
,
d

o
i:1

0
.1

0
2
9

/2
0

0
7

J
D

0
0

8
9

4
0

,

2
0

0
8

.

C
la

rk
,
D

.
B

.,
M

e
rc

a
d

o
,
L

.
M

.,
S

itc
h

,
S

.,
J
o

n
e

s
,
C

.
D

.,
G

e
d

n
e
y,

N
.,

B
e

s
t,

M
.
J.,

P
ry

o
r,

M
.,

R
o

o
n
e
y,

G
.
G

.,

E
s
s
e

ry,
R

.
L

.
H

.,
B

ly
th

,
E

.,
B

o
u

c
h

e
r,

O
.,

H
a

rd
in

g
,

R
.

J.,
H

u
n

tin
g

fo
rd

,
C

.,
a

n
d

C
o
x
,

P
.

M
.:

T
h

e

J
o

in
t

U
K

L
a

n
d

E
n
v
iro

n
m

e
n

t
S

im
u

la
to

r
(J

U
L

E
S

),
m

o
d

e
l

d
e

s
c
rip

tio
n

–
P

a
rt

2
:

C
a

rb
o

n
fl
u

xe
s

a
n

d

ve
g

e
ta

tio
n

d
y
n

a
m

ic
s
,

G
e

o
s
c
i.

M
o

d
e

l
D

e
v.,

4
,

7
0

1
–

7
2

2
,

d
o

i:1
0

.5
1

9
4

/g
m

d
-4

-7
0

1
-2

0
1

1
,
2

0
1

1
.

C
o
x
,
P
.,

B
e

tt,
R

.,
B

u
n

to
n

,
C

.,
E

s
s
e

ry,
R

.,
R

o
w

n
tre

e
,
P
.,

a
n

d
S

m
ith

,
J.:

T
h

e
im

p
a

c
t
o

f
n

e
w

la
n

d
s
u

rfa
c
e

p
h
y
s
ic

s
o

n
th

e
G

C
M

s
im

u
la

tio
n

o
f

c
lim

a
te

a
n

d
c
lim

a
te

s
e

n
s
itiv

ity,
C

lim
.

D
y
n

a
m

.,
1

5
,

1
8

3
–

2
0

3
,

1
9

9
9

.

D
a

h
a

n
,

O
.,

N
a

tiv,
R

.,
A

d
a

r,
E

.,
B

e
rk

o
w

itz
,

B
.:

A
m

e
a

s
u

re
m

e
n

t
s
y
s
te

m
to

d
e

te
rm

in
e

w
a

te
r

fl
u

x
a

n
d

s
o

lu
te

tra
n

s
p

o
rt

th
ro

u
g

h
fra

c
tu

re
s

in
th

e
u

n
s
a

tu
ra

te
d

z
o

n
e
,

G
ro

u
n

d
w

a
te

r,
3

6
,
4

4
4

–
4

4
9

,
1

9
9

8
.

D
a

h
a

n
,

O
.,

N
a

tiv,
R

.,
A

d
a

r,
E

.,
B

e
rk

o
w

itz
,

B
.,

R
o

n
e

n
,

Z
.:

F
ie

ld
o

b
s
e

rva
tio

n
o

f
fl
o
w

in
a

fra
c
tu

re

in
te

rs
e

c
tin

g
u

n
s
a

tu
ra

te
d

c
h

a
lk

,
W

a
te

r
R

e
s
o

u
r.

R
e

s
.,

3
5

,
3

3
1

5
–

3
3

2
6

,
1

9
9

9
.

D
o

u
g

h
ty,

C
.:

In
ve

s
tig

a
tio

n
o

f
c
o

n
c
e

p
tu

a
l

a
n

d
n
u

m
e

ric
a

l
a

p
p

ro
a

c
h

e
s

fo
r

e
va

lu
a

tin
g

m
o

is
tu

re
,

g
a

s
,

c
h

e
m

ic
a

l
a

n
d

h
e

a
t

tra
n

s
p

o
rt

in
fra

c
tu

re
d

u
n

s
a

tu
ra

te
d

ro
c
k
,

J.
C

o
n

ta
m

.
H

y
d

ro
l.

3
8

,
6

9
–

1
0

6
,

1
9

9
9

.

D
o
w

n
in

g
,

R
.

A
.:

G
ro

u
n

d
w

a
te

r:
o

u
r

h
id

d
e

n
a

s
s
e

t,
T
e

c
h

n
ic

a
l
R

e
p

o
rt,

B
ritis

h
G

e
o

lo
g

ic
a

l
S

u
rve

y,
K

e
y
-

w
o

rth
,

N
o

ttin
g

h
a

m
,

1
9

9
8

.

2
6



 !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+,

D
o
w

n
in

g
,
R

.,
P

ric
e
,
M

.,
a

n
d

J
o

n
e

s
,
G

.:
T

h
e

H
y
d

ro
g

e
o

lo
g

y
o

f
th

e
C

h
a

lk
o

f
N

o
rth

w
e

s
t
E

u
ro

p
e
.
O

x
fo

rd

U
n

ive
rs

ity
P

re
s
s
,

O
x
fo

rd
,

1
9

9
3

.

G
rin

d
le

y,
J.:

T
h

e
e

s
tim

a
tio

n
o

f
s
o

il
m

o
is

tu
re

d
e

fi
c
its

,
M

e
te

o
ro

l.
M

a
g

.,
9

6
,

9
7

–
1

0
8

,
1

9
6

7
.

G
u

s
e
v,

Y
.
a

n
d

N
a

s
o

n
o
va

,
O

.:
T

h
e

s
im

u
la

tio
n

o
f
h

e
a

t
a

n
d

w
a

te
r

e
x
c
h

a
n

g
e

in
th

e
b

o
re

a
l
s
p

ru
c
e

fo
re

s
t

b
y

th
e

la
n

d
-s

u
rfa

c
e

m
o

d
e

l
S

W
A

P
,

J.
H

y
d

ro
l.,

2
8

0
,

1
6

2
–

1
9

1
,

2
0

0
3

.

H
a

in
,

C
.,

C
ro

w
,

W
.,

M
e

c
ik

a
ls

k
i,

J.,
A

n
d

e
rs

o
n

,
M

.,
a

n
d

H
o

lm
e

s
,

T
.:

A
n

in
te

rc
o

m
p

a
ris

o
n

o
f

a
va

ila
b
le

s
o

il
m

o
is

tu
re

e
s
tim

a
te

s
fro

m
th

e
rm

a
l

in
fra

re
d

a
n

d
p

a
s
s
ive

m
ic

ro
w

a
ve

re
m

o
te

s
e

n
s
in

g
a

n
d

la
n

d

s
u

rfa
c
e

m
o

d
e

lin
g

,
J.

G
e

o
p

h
y
s
.

R
e

s
.,

1
1

6
,

D
1

5
1

0
7

,
d

o
i:1

0
.1

0
2

9
/2

0
1

1
J
D

0
1

5
6

3
3

,
2

0
1

1
.

H
o

u
g

h
,

M
.

N
.

a
n

d
J
o

n
e

s
,

R
.

J.
A

.:
T

h
e

U
n

ite
d

K
in

g
d

o
m

M
e

te
o

ro
lo

g
ic

a
l
O

ffi
c
e

ra
in

fa
ll

a
n

d
e
va

p
o

ra
-

tio
n

c
a

lc
u

la
tio

n
s
y
s
te

m
:

M
O

R
E

C
S

ve
rs

io
n

2
.0

-a
n

o
ve

rv
ie

w
,

H
y
d

ro
l.

E
a

rth
S

y
s
t.

S
c
i.,

1
,

2
2

7
–

2
3

9
,

d
o

i:1
0

.5
1

9
4

/h
e

s
s
-1

-2
2

7
-1

9
9

7
,

1
9

9
7

.

Ire
s
o

n
,

A
.:

Q
u

a
n

tify
in

g
th

e
h
y
d

ro
lo

g
ic

a
l

p
ro

c
e

s
s
e

s
g

o
ve

rn
in

g
fl
o
w

in
th

e
u

n
s
a

tu
ra

te
d

C
h

a
lk

,
P

h
D

th
e

s
is

,
Im

p
e

ria
l

C
o

lle
g

e
L

o
n

d
o

n
,

2
7

0
p

p
.,

a
va

ila
b
le

a
t:

h
ttp

://w
w

w
3

.im
p

e
ria

l.a
c
.u

k
/p

ls
/p

o
rta

llive
/

d
o

c
s
/1

/3
8

5
5

3
6

9
6

.P
D

F
(la

s
t

a
c
c
e

s
s
:

1
M

a
rc

h
2

0
1

5
),

2
0

0
8

.

Ire
s
o

n
,

A
.

a
n

d
B

u
tle

r,
A

.:
C

o
n

tro
ls

o
n

p
re

fe
re

n
tia

l
re

c
h

a
rg

e
to

C
h

a
lk

a
q

u
ife

rs
,

J.
H

y
d

ro
l.,

3
9

8
,

1
0

9
–

1
2

3
,

2
0

1
1

.

Ire
s
o

n
,

A
.

M
.

a
n

d
B

u
tle

r,
A

.
P
.:

A
c
ritic

a
l
a

s
s
e

s
s
m

e
n

t
o

f
s
im

p
le

re
c
h

a
rg

e
m

o
d

e
ls

:
a

p
p

lic
a

tio
n

to
th

e

U
K

C
h

a
lk

,
H

y
d

ro
l.

E
a

rth
S

y
s
t.

S
c
i.,

1
7

,
2

0
8

3
–

2
0

9
6

,
d

o
i:1

0
.5

1
9

4
/h

e
s
s
-1

7
-2

0
8

3
-2

0
1

3
,

2
0

1
3

.

Ire
s
o

n
,

A
.,

W
h

e
a

te
r,

H
.,

B
u

tle
r,

A
.,

M
a

th
ia

s
,

S
.,

a
n

d
F

in
c
h

,
J.:

H
y
d

ro
lo

g
ic

a
l

p
ro

c
e

s
s
e

s
in

th
e

c
h

a
lk

u
n

s
a

tu
ra

te
d

z
o

n
e

–
in

s
ig

h
ts

fro
m

a
n

in
te

n
s
ive

fi
e

ld
m

o
n

ito
rin

g
p

ro
g
ra

m
m

e
,
J.

H
y
d

ro
l.,

3
3

0
,
2

9
–

4
3

,

2
0

0
6

Ire
s
o

n
,

A
.,

M
a

th
ia

s
,

S
.,

W
h

e
a

te
r,

H
.,

B
u

tle
r,

A
.,

a
n

d
F

in
c
h

,
J.:

A
m

o
d

e
l
fo

r
fl
o
w

in
th

e
C

h
a

lk
u

n
s
a

tu
-

ra
te

d
z
o

n
e

in
c
o

rp
o

ra
tin

g
p

ro
g
re

s
s
ive

w
e

a
th

e
rin

g
,

J.
H

y
d

ro
l.,

3
6

5
,

2
4

4
–

2
6

0
,

2
0

0
9
.

Ire
s
o

n
,

A
.,

B
u

tle
r,

A
.,

a
n

d
W

h
e

a
te

r,
H

.:
E

v
id

e
n

c
e

fo
r

th
e

o
n

s
e

t
a

n
d

p
e

rs
is

te
n

c
e

w
ith

d
e

p
th

o
f

p
re

fe
r-

e
n

tia
l
fl
o
w

in
u

n
s
a

tu
ra

te
d

fra
c
tu

re
d

p
o

ro
u

s
m

e
d

ia
,

H
y
d

ro
l.

R
e

s
.,

4
3

,
7

0
7

–
7

1
9

,
2
0

1
2

.

K
lo

p
p

m
a

n
n

,
W

.,
D

e
ve

r,
L

.,
a

n
d

E
d

m
u

n
d

s
,

W
.:

R
e

s
id

e
n

c
e

tim
e

o
f

C
h

a
lk

g
ro

u
n

d
w

a
te

rs
in

th
e

P
a

ris

B
a

s
in

a
n

d
th

e
N

o
rth

G
e

rm
a

n
B

a
s
in

:
a

g
e

o
c
h

e
m

ic
a

l
a

p
p

ro
a

c
h

,
A

p
p

l.
G

e
o

c
h

e
m

.,
1

3
,

5
9

3
–

6
0

6
,

1
9

9
8

.

K
rin

n
e

r,
G

.,
V

io
v
y,

N
.,

d
e

N
o

b
le

t-D
u

c
o

u
d

ré
,
N

.,
O

g
é

e
,
J.,

P
o

lc
h

e
r,

J.,
F

rie
d

lin
g

s
te

in
,
P
.,

C
ia

is
,
P
.,

S
itc

h
,

S
.,

a
n

d
P

re
n

tic
e
,

I.
C

.:
A

d
y
n

a
m

ic
g

lo
b

a
l

ve
g

e
ta

tio
n

m
o

d
e

l
fo

r
s
tu

d
ie

s
o

f
c
o

u
p

le
d

a
tm

o
s
p

h
e

re
-

b
io

s
p

h
e

re
s
y
s
te

m
,
G

lo
b

a
l
B

io
g

e
o

c
h

e
m

.
C

y.,
1

9
,

G
B

1
0

1
5

,
d

o
i:1

0
.1

0
2

9
/2

0
0

3
G

B
0

0
2

1
9

9
,

2
0

0
5

.

2
7

 !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+,

K
o

lle
t,

S
.

a
n

d
M

a
x
w

e
ll,

R
.:

C
a

p
tu

rin
g

th
e

in
fl
u

e
n

c
e

o
f

g
ro

u
n

d
w

a
te

r
d

y
n

a
m

ic
s

o
n

la
n

d
s
u

rfa
c
e

p
ro

-

c
e

s
s
e

s
u

s
in

g
a

n
in

te
g
ra

te
d

,
d

is
trib

u
te

d
w

a
te

rs
h

e
d

m
o

d
e

l,
W

a
te

r
R

e
s
o

u
r.

R
e

s
.,

4
4

,
W

0
2

4
0

2
,

d
o

i:1
0

.1
0

2
9

/2
0

0
7

W
R

0
0

6
0

0
4

,
2

0
0

8
.

J
a

c
k
s
o

n
,

B
.,

B
ro

w
n

e
,

C
.,

B
u

tle
r,

A
.,

P
e

a
c
h

,
D

.,
W

a
d

e
,

A
.,

a
n

d
W

h
e

a
te

r,
H

.:
N

itra
te

tra
n

s
p

o
rt

in

C
h

a
lk

c
a

tc
h

m
e

n
ts

:
m

o
n

ito
rin

g
,

m
o

d
e

lin
g

a
n

d
p

o
lic

y
im

p
lic

a
tio

n
s
,

E
n
v
iro

n
.

S
c
i.

P
o

lic
y,

1
1

,
1

2
5

–

1
3

5
,

2
0

0
8

.

J
a

c
k
s
o

n
,

C
.:

S
im

p
le

a
u

to
m

a
tic

tim
e

-s
te

p
p

in
g

fo
r

im
p

ro
ve

d
s
im

u
la

tio
n

o
f

g
ro

u
n

d
w

a
te

r
h
y
d

ro
g
ra

p
h

s
,

G
ro

u
n

d
W

a
te

r,
5

0
,

7
3

6
–

7
4

5
,

2
0

1
2

.

J
a

c
k
s
o

n
,
C

.
a

n
d

S
p

in
k
,
A

.:
U

s
e

r’s
M

a
n
u

a
l
fo

r
th

e
G

ro
u

n
d

w
a

te
r

F
lo

w
M

o
d
e

l
Z

O
O

M
Q

3
D

,
B

ritis
h

G
e

o
-

lo
g

ic
a

l
S

u
rve

y,
N

o
ttin

g
h

a
m

,
U

K
,

IR
/0

4
/1

4
0

,
1

0
7

p
p
.,

2
0

0
4

.

J
a

c
k
s
o

n
,

C
.,

M
e

is
te

r,
R

.,
a

n
d

P
ru

d
h

o
m

m
e
,

C
.:

M
o

d
e

lin
g

th
e

e
ffe

c
ts

o
f

c
lim

a
te

c
h

a
n

g
e

a
n

d
its

u
n

-

c
e

rta
in

ty
o

n
U

K
c
h

a
lk

g
ro

u
n

d
w

a
te

r
re

s
o

u
rc

e
s

fro
m

a
n

e
n

s
e

m
b
le

o
f

g
lo

b
a

l
c
lim

a
te

m
o

d
e

l
p

ro
je

c
-

tio
n

s
,

J.
H

y
d

ro
l.,

3
9

9
,

1
2

–
2

8
,

2
0

1
1

.

K
e

lle
r,

V
.,

Y
o

u
n

g
,

A
.,

M
o

rris
,

D
.,

a
n

d
D

a
v
ie

s
,

H
.:

T
a

s
k

1
.1

:
E

s
tim

a
tio

n
o

f
P

re
c
ip

ita
tio

n
In

p
u

ts
,

E
n
v
i-

ro
n

m
e

n
t

A
g

e
n

c
y

R
&

D
P

ro
je

c
t

w
6

-1
0

1
,

C
e

n
tre

fo
r

E
c
o

lo
g

y
a

n
d

H
y
d

ro
lo

g
y,

W
a

llin
g

fo
rd

,
U

K
,

3
5

,

2
0

0
6

.

K
o

s
te

r,
R

.,
S

u
a

re
z
,

M
.,

D
u

c
h

a
rn

e
,

A
.,

S
tie

g
litz

,
M

.,
a
n

d
K

u
m

a
r,

P
.:

A
c
a

tc
h

m
e

n
t-b

a
s
e

d
a

p
p

ro
a

c
h

to

m
o

d
e

lin
g

la
n

d
s
u

rfa
c
e

p
ro

c
e

s
s
e

s
in

a
g

e
n

e
ra

l
c
irc

u
la

tio
n

m
o

d
e

l
1

.
M

o
d

e
l
s
tru

c
tu

re
,

J.
G

e
o

p
h
y
s
.

R
e

s
.,

1
0

5
,

2
4

8
0

9
–

2
4

8
2

2
,

2
0

0
0

.

L
a
w

re
n

c
e
,

P
.

a
n

d
C

h
a

s
e
,

T
.:

C
lim

a
te

im
p

a
c
ts

o
f

m
a

k
in

g
e
va

p
o

tra
n

s
p

ira
tio

n
in

th
e

C
o

m
m

u
n

ity
L

a
n

d

M
o

d
e

l(C
L

M
3

)
c
o

n
s
is

te
n

t
w

ith
th

e
S

im
p

le
B

io
s
p

h
e

re
M

o
d

e
l(S

iB
),

J.
H

y
d

ro
m

e
te

o
ro

l.,
1

0
,
3

7
4

–
3

9
4

,

2
0

0
8

.

L
i,

B
.,

P
e

te
rs

-L
id

a
rd

,
C

.,
K

u
m

a
r,

S
.,

R
h

e
in

g
ro

ve
r,

S
.,

a
n

d
A

n
a

n
th

a
ra

j,
V
.:

F
re

e
d

ra
in

a
g

e
o

r
n

o
t:

a
n

e
va

lu
a

tio
n

o
f

s
im

u
la

te
d

s
o

il
m

o
is

tu
re

p
ro

fi
le

s
b
y

th
e

N
o

a
h

la
n

d
s
u

rfa
c
e

m
o

d
e

l
in

th
e

M
is

s
is

s
ip

p
i

re
g

io
n

,
2

2
n

d
C

o
n

fe
re

n
c
e

o
n

H
y
d

ro
lo

g
y,

N
e
w

O
rle

a
n

s
,
U

S
A

,
2

0
–

2
4

J
a

n
u

a
ry

2
0

0
8

,
p

a
p

e
r

1
3

4
8

2
9

,

a
va

ila
b
le

a
t:

h
ttp

s
://a

m
s
.c

o
n

fe
x
.c

o
m

/a
m

s
/8

8
A

n
n
u

a
l/te

c
h

p
ro

g
ra

m
/p

a
p

e
r_

1
3

4
8

2
9

.h
tm

,
2

0
0

8
.

L
im

b
ric

k
,

K
.,

W
h

ite
h

e
a

d
,

P
.,

B
u

tte
rfi

e
ld

,
D

.,
a

n
d

R
e
y
n

a
rd

,
N

.:
A

s
s
e

s
s
in

g
th

e
p

o
te

n
tia

l
im

p
a

c
ts

o
f

va
rio

u
s

c
lim

a
te

c
h

a
n

g
e

s
c
e

n
a

rio
s

o
n

th
e

h
y
d

ro
lo

g
ic

a
lre

g
im

e
o

f
th

e
R

ive
r

K
e

n
n

e
t
a

t
T

h
e

a
le

,
B

e
rk

-

s
h

ire
,
s
o

u
th

-c
e

n
tra

lE
n

g
la

n
d

,
U

K
:
a

n
a

p
p

lic
a

tio
n

a
n

d
e
va

lu
a

tio
n

o
f
th

e
n

e
w

s
e

m
i-d

is
trib

u
te

d
m

o
d

e
l,

IN
C

A
,

S
c
i.

T
o

ta
l
E

n
v
iro

n
.,

2
5

1
/2

5
2

,
5

3
9

–
5

5
5

,
2

0
0

0
.

L
o

h
m

a
n

n
,

D
.,

M
itc

h
e

ll,
K

.,
H

o
u

s
e

r,
P
.,

W
o

o
d

,
E

.,
S

c
h

a
a

k
e
,

J.,
R

o
b

o
c
k
,

A
.,

O
s
g
ro

ve
,

B
.,

S
h

e
ffi

e
ld

,
J.,

D
u

a
n

,
Q

.,
L

u
o
,

L
.,

H
ig

g
in

s
,

W
.,

P
in

k
e

r,
R

.,
a

n
d

T
a

rp
le

y,
J.:

S
tre

a
m

fl
o
w

a
n

d
w

a
te

r
b

a
la

n
c
e

in
te

r-

2
8



 !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+,

c
o

m
p

a
ris

o
n

s
o

f
fo

u
r

la
n

d
s
u

rfa
c
e

m
o

d
e

ls
in

th
e

N
o

rth
A

m
e

ric
a

n
L

a
n

d
D

a
ta

A
s
s
im

ila
tio

n
S

y
s
te

m

p
ro

je
c
t,

J.
G

e
o

p
h
y
s
.

R
e

s
.,

1
0

9
,

D
0

7
S

9
1

,
d

o
i:1

0
.1

0
2

9
/2

0
0

3
J
D

0
0

3
8

2
3

,
2

0
0

4
.

M
a

h
a

m
o

o
d

-u
l-H

a
s
s
a

n
,

M
.

a
n

d
G

re
g

o
ry,

P
.:

D
y
n

a
m

ic
s

o
f

w
a

te
r

m
o
ve

m
e

n
t

o
n

C
h

a
lk

la
n

d
,

J.
H

y
d

ro
l.,

2
5

7
,

2
7

–
4

1
,

2
0

0
2

.

M
a

n
s
o

u
r,

M
.

a
n

d
H

u
g

h
e

s
,

A
.:

U
s
e

r’s
m

a
n
u

a
l

fo
r

th
e

d
is

trib
u

te
d

re
c
h

a
rg

e
m

o
d

e
l

Z
O

O
D

R
M

,
B

ritis
h

G
e

o
lo

g
ic

a
l
S

u
rve

y
In

te
rn

a
l
R

e
p

o
rt,

K
e
y
w

o
rth

,
IR

/0
4

/1
5

0
,

2
0

0
4

.

M
a

th
ia

s
,

S
.,

B
u

tle
r,

A
.,

J
a

c
k
s
o

n
,

B
.,

a
n

d
W

h
e

a
te

r,
H

.:
T
ra

n
s
ie

n
t

s
im

u
la

tio
n

s
o

f
fl
o
w

a
n

d
tra

n
s
p

o
rt

in

th
e

c
h

a
lk

u
n

s
a

tu
ra

te
d

z
o

n
e
,

J.
H

y
d

ro
l.,

3
3

0
,

1
0

–
2

8
,

2
0

0
6

.

M
a

u
s
e

r,
W

.
a

n
d

S
c
h

a
d

lic
h

,
S

.:
M

o
d

e
lin

g
th

e
s
p

a
tia

l
d

is
trib

u
tio

n
o

f
e
va

p
o

tra
n
s
p

ira
tio

n
o

n
d

iffe
re

n
t

s
c
a

le
s

u
s
in

g
re

m
o

te
s
e

n
s
in

g
d

a
ta

,
J.

H
y
d

ro
l.,

2
1

2
/2

1
3

,
2

5
0

–
2

6
7

,
1

9
9

8
.

M
a

x
w

e
ll,

R
.

a
n

d
M

ille
r,

N
.:

D
e
ve

lo
p

m
e

n
t

o
f

a
c
o

u
p

le
d

la
n

d
s
u

rfa
c
e

a
n

d
g
ro

u
n

d
w

a
te

r
m

o
d

e
l,

J.
H

y
-

d
ro

m
e

te
o

ro
l.,

6
,

2
3

3
–

2
4

7
,

2
0

0
5

.

N
a

tiv,
R

.,
a

n
d

N
is

s
im

,
I.:

C
h

a
ra

c
te

riz
a

tio
n

o
f

a
d

e
s
e

rt
a

q
u

ita
rd

–
h
y
d

ro
lo

g
ic

a
n

d
h
y
d

ro
c
h

e
m

ic
a

l
c
o

n
-

s
id

e
ra

tio
n

s
,

G
ro

u
n

d
w

a
te

r,
3

0
,

5
9

8
–

6
0

6
,

1
9

9
2

.

N
a

tiv,
R

.,
A

d
a

r,
E

.,
D

a
h

a
n

,
O

.,
a

n
d

G
e
y
h

,
M

.:
W

a
te

r
re

c
h

a
rg

e
a

n
d

s
o

lu
te

tra
n

s
p

o
rt

th
ro

u
g

h
th

e

va
d

o
s
e

z
o

n
e

o
f
fra

c
tu

re
d

C
h

a
lk

u
n

d
e

r
d

e
s
e

rt
c
o

n
d

itio
n

s
,
W

a
te

r
R

e
s
o

u
r.

R
e

s
.,

3
1

,
2

5
3

–
2

6
1

,
1

9
9

5
.

O
le

s
o

n
,

K
.,

N
iu

,
G

.-Y
.,

Y
a

n
g

,
Z

.-L
.,

L
a
w

re
n

c
e
,

D
.

M
.,

T
h

o
rn

to
n

,
P
.

E
.,

L
a
w

re
n

c
e
,

P
.

J.,
S

tö
c
k
li,

R
.,

D
ic

k
in

s
o

n
,

R
.

E
.,

B
o

n
a

n
,

G
.

B
.,

L
e
v
is

,
S

.,
D

a
i,

A
.,

a
n

d
Q

ia
n

,
T
.:

Im
p

ro
ve

m
e

n
ts

to
th

e
c
o

m
m

u
n

ity

la
n

d
m

o
d

e
la

n
d

th
e

ir
im

p
a

c
t
o

n
th

e
h
y
d

ro
lo

g
ic

a
lc

y
c
le

,
J.

G
e

o
p

h
y
s
.
R

e
s
.-B

io
g

e
o

s
c
i.,

1
1

3
,
G

0
1

0
2

1
,

d
o

i:1
0

.1
0

2
9

/2
0

0
7

J
G

0
0

0
5

6
2

,
2

0
0

8
.

P
a

rk
e

r,
S

.:
C

h
a

lk
R

e
g

io
n

a
l

G
ro

u
n

d
w

a
te

r
M

o
d

e
ls

a
n

d
th

e
ir

A
p

p
lic

a
b

ility
to

S
ite

S
c
a

le
P

ro
c
e

s
s
e

s
,

P
h

D
th

e
s
is

,
Im

p
e

ria
lC

o
lle

g
e

L
o

n
d

o
n

,
3

0
1

p
p
.,

a
va

ila
b
le

a
t:

h
ttp

s
://w

o
rk

s
p

a
c
e
.im

p
e

ria
l.a

c
.u

k
/e

w
re

/

P
u

b
lic

/P
a

rk
e

r_
%

2
0

P
h

D
.p

d
f

(la
s
t

a
c
c
e

s
s
:

1
M

a
rc

h
2

0
1

5
),

2
0

1
1

.

P
a

rk
e

r,
S

.,
B

u
tle

r,
A

.,
a

n
d

J
a

c
k
s
o

n
,

C
.:

S
e

a
s
o

n
a

l
a

n
d

in
te

ra
n

n
u

a
l
b

e
h

a
v
io

u
r

o
f

g
ro

u
n

d
w

a
te

r
c
a

tc
h

-

m
e

n
t

b
o

u
n

d
a

rie
s

in
a

C
h

a
lk

a
q

u
ife

r,
H

y
d

ro
l.

P
ro

c
e

s
s
.,

d
o

i:1
0

.1
0

0
2

/h
y
p
.1

0
5

4
0

,
2
0

1
5

.

P
e

n
m

a
n

,
H

.
L

.:
N

a
tu

ra
l
e
va

p
o

ra
tio

n
fro

m
o

p
e

n
w

a
te

r,
b

a
re

s
o

il
a

n
d

g
ra

s
s
,
P

ro
c
.
R

.
S

o
c
.
L

o
n

.
S

e
r.-A

,

1
9

3
,

1
2

0
–

1
4

5
,

1
9

4
8

.

P
e

te
rs

,
R

.
a

n
d

K
la

ve
tte

r,
E

.:
A

c
o

n
tin

u
u

m
m

o
d

e
l

fo
r

w
a

te
r

m
o
ve

m
e

n
t

in
a

n
u

n
s
a

tu
ra

te
d

fra
c
tu

re
d

ro
c
k

m
a

s
s
,

W
a

te
r

R
e

s
o

u
r.

R
e

s
.

2
4

,
4

1
6

–
4

3
0

,
1

9
8

8
.

P
e

tr,
J.,

L
ip

a
v
s
k
y,

J.,
a

n
d

H
ra

d
e

c
k
a

,
D

.:
P

ro
d

u
c
tio

n
p

ro
c
e

s
s

in
o

ld
a

n
d

m
o

d
e

rn
s
p

rin
g

b
a

rle
y

va
rie

tie
s
,

B
o

d
e

n
k
u

ltu
r,

5
3

,
1

9
–

2
7

,
2

0
0

2
.

2
9

 !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+,

P
in

a
u

lt,
J.,

A
m

ra
o

u
i,

N
.,

a
n

d
G

o
la

z
,

C
.:

G
ro

u
n

d
w

a
te

r-in
d

u
c
e

d
fl
o

o
d

in
g

in
m

a
c
ro

p
o

re
-d

o
m

in
a

te
d

h
y
d

ro
lo

g
ic

a
l

s
y
s
te

m
in

th
e

c
o

n
te

x
t

o
f

c
lim

a
te

c
h

a
n

g
e

s
,

W
a

te
r

R
e

s
o

u
r.

R
e

s
.,

4
1

,
W

0
5

0
0

1
,

d
o

i:1
0

.1
0

2
9

/2
0

0
4

W
R

0
0

3
1

6
9

,
2

0
0

5
.

P
itm

a
n

,
A

.:
T

h
e

e
vo

lu
tio

n
o

f,
a

n
d

re
vo

lu
tio

n
in

,
la

n
d

s
u

rfa
c
e

s
c
h

e
m

e
s

d
e

s
ig

n
e

d
fo

r
c
lim

a
te

m
o

d
e

ls
,

In
t.

J.
C

lim
a

to
l.,

2
3

,
4

7
9

–
5

1
0

,
2

0
0

3
.

P
o
w

e
r,

T
.

a
n

d
S

o
le

y,
R

.:
A

c
o

m
p

a
ris

o
n

o
f

c
h

a
lk

g
ro

u
n

d
w

a
te

r
m

o
d

e
ls

in
a

n
d

a
ro

u
n

d
th

e
R

ive
r

T
e

s
t

c
a

tc
h

m
e

n
t,

E
n
v
iro

n
m

e
n

t
A

g
e

n
c
y

o
f
E

n
g

la
n

d
a

n
d

W
a

le
s

R
e

p
o

rt,
O

lto
n

,
E

n
v
iro

n
m

e
n

t
A

g
e

n
c
y,

S
c
i-

e
n

c
e

G
ro

u
p
,

N
C

/0
3

/0
5

,
2

0
0

4
.

P
ric

e
,

M
.,

D
o
w

n
in

g
,

R
.,

a
n

d
E

d
m

u
n

d
s
,

W
.:

T
h

e
c
h

a
lk

a
s

a
n

a
q

u
ife

r,
in

:
T

h
e

H
y
d

ro
g

e
o

lo
g

y
o

f
th

e

C
h

a
lk

o
f
N

o
rth

-W
e

s
t
E

u
ro

p
e
,
e

d
ite

d
b
y
:
D

o
w

n
in

g
,
R

.,
P

ric
e
,
M

.,
a

n
d

J
o

n
e

s
,
G

.,
C

la
re

n
d

o
n

P
re

s
s
,

O
x
fo

rd
,

1
9

9
3

.

P
ro

to
p

a
p

a
s
,

A
.

a
n

d
B

ra
s
,

R
.:

T
h

e
o

n
e

-d
im

e
n

s
io

n
a

p
p

ro
x
im

a
tio

n
fo

r
in

fi
ltra

tio
n

in
h

e
te

ro
g

e
n

e
o

u
s

s
o

ils
,

W
a

te
r

R
e

s
o

u
r.

R
e

s
.,

2
7

,
1

0
1

9
–

1
0

2
7

,
1

9
9

1
.

S
m

ith
,
R

.,
B

ly
th

,
E

.,
F

in
c
h

,
J.,

G
o

o
d

c
h

ild
,
S

.,
H

a
ll,

R
.,

a
n

d
M

a
d

ry,
S

.:
S

o
ils

ta
te

a
n

d
s
u

rfa
c
e

h
y
d

ro
lo

g
y

d
ia

g
n

o
s
is

b
a

s
e

d
o

n
M

O
S

E
S

in
th

e
M

e
t

O
ffi

c
e

N
im

ro
d

n
o
w

c
a

s
tin

g
s
y
s
te

m
,

M
e

te
o

ro
l.

A
p

p
l.,

1
3

,

8
9

–
1

0
9

,
2

0
0

6
.

W
a

g
e

n
e

r,
T
.,

S
iva

p
a

la
n

,
M

.,
T
ro

c
h

,
P
.,

a
n

d
W

o
o

d
s
,
R

.:
C

a
tc

h
m

e
n

t
c
la

s
s
ifi

c
a

tio
n

a
n

d
h
y
d

ro
lo

g
ic

s
im

i-

la
rity,

G
e

o
g
ra

p
h
y

C
o

m
p

a
s
s
,

1
,

9
0

1
–

9
3

1
,

2
0

0
7

.

W
e

s
t,

G
.

a
n

d
D

u
m

b
le

to
n

,
M

.:
S

o
m

e
o

b
s
e

rva
tio

n
s

o
n

sw
a

llo
w

h
o

le
s

a
n

d
m

in
e

s
in

th
e

c
h
a

lk
,

Q
.

J.

E
n

g
.

G
e

o
l.,

5
,

1
7

1
–

1
7

7
,

1
9

7
2

.

W
o

o
d

,
E

.,
R

o
u

n
d

y,
J.,

T
ro

y,
T
.,

va
n

B
e

e
k
,

L
.,

B
ie

rk
e

n
s
,

M
.,

B
ly

th
,

E
.,

d
e

R
o

o
,

A
.,

D
ö

ll,
P
.,

E
k
,

M
.,

F
a

m
ig

lie
tti,

J.,
G

o
c
h

is
,

D
.,

va
n

d
e

G
ie

s
e

n
,

N
.,

H
o

u
s
e

r,
P
.,

J
a

ffé
,

P
.,

K
o

lle
t,

S
.,

L
e

h
n

e
r,

B
.,

L
e

tte
n

-

m
a

ie
r,

D
.,

P
e

te
rs

-L
id

a
rd

,
C

.,
S

iva
p

a
la

n
,

M
.,

S
h

e
ffi

e
ld

,
J.,

W
a

d
e
,

A
.,

a
n

d
W

h
ite

h
e

a
d

,
P
.:

H
y
p

e
rre

s
-

o
lu

tio
n

g
lo

b
a

l
la

n
d

s
u

rfa
c
e

m
o

d
e

lin
g

:
m

e
e

tin
g

a
g
ra

n
d

c
h

a
lle

n
g

e
fo

r
m

o
n

ito
rin

g
E

a
rth

’s
te

rre
s
tria

l

w
a

te
r,

W
a

te
r

R
e

s
o

u
r.

R
e

s
.,

4
7

,
W

0
5

3
0

1
,

d
o

i:1
0

.1
0

2
9

/2
0

1
0

W
R

0
1

0
0

9
0

,
2

0
1

1
.

Y
a

n
g

,
Z

.
a

n
d

N
iu

,
G

.:
T

h
e

ve
rs

a
tile

in
te

g
ra

to
r

o
f
s
u

rfa
c
e

a
n

d
a

tm
o

s
p

h
e

re
p

ro
c
e

s
s
e

s
–

P
a

rt
1

.
M

o
d

e
l

d
e

s
c
rip

tio
n

,
G

lo
b

a
l
P

la
n

e
t.

C
h

a
n

g
e
,

3
8

,
1

7
5

–
1

8
9

,
2

0
0

3
.

Y
e

h
,

P
.

a
n
d

E
lta

h
ir,

E
.:

R
e

p
re

s
e

n
ta

tio
n

o
f

w
a

te
r

ta
b
le

d
y
n

a
m

ic
s

in
a

la
n

d
s
u

rfa
c
e

s
c
h

e
m

e
.

P
a

rt
1

:

M
o

d
e

l
d

e
ve

lo
p

m
e

n
t,

J.
C

lim
a

te
,

1
8

,
1

8
6

1
–

1
8

8
0

,
2

0
0

5
.

Y
ilm

a
z
,

K
.,

G
u

p
ta

,
H

.,
a

n
d

W
a

g
e

n
e

r,
T
.:

A
p

ro
c
e

s
s
-b

a
s
e

d
d

ia
g

n
o

s
tic

a
p

p
ro

a
c
h

to
m

o
d

e
l

e
va

lu
a

-

tio
n

:
a

p
p

lic
a

tio
n

to
th

e
N

W
S

d
is

trib
u

te
d

h
y
d

ro
lo

g
ic

a
l

m
o

d
e

l,
W

a
te

r
R

e
s
o

u
r.

R
e

s
.,

4
4

,
W

0
9

4
1

7
,

d
o

i:1
0

.1
0

2
9

/2
0

0
7

W
R

0
0

6
7

1
6

,
2

0
0

8
.

3
0



 !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+,

T
a

b
le

1
.

D
a

ta
u

s
e

d
fo

r
J
U

L
E

S
s
e

tu
p

a
n

d
p

e
rfo

rm
a

n
c
e

e
va

lu
a

tio
n

.

J
U

L
E

S
in

p
u
t

ty
p
e

D
a
ta

d
e
s
c
rip

tio
n

S
o
u
rc

e

C
a
tc

h
m

e
n
t

g
rid

(1
)

5
0
m

re
s
o
lu

tio
n

ra
s
te

r
fi
le

(2
)

c
a
tc

h
m

e
n
t

o
u
tle

t
c
o
o
rd

in
a
te

s

(1
)

h
ttp

://d
ig

im
a
p
.e

d
in

a
.a

c
.u

k
/

(2
)

h
ttp

://w
w

w
.e

n
v
iro

n
m

e
n
t-a

g
e
n
c
y.g

o
v.u

k
/h

ifl
o
w

s
/s

ta
tio

n
.

a
s
p
x
?
3
9
0
1
6

L
a
n
d

u
s
e

5
0
m

IG
B

P
2
0
0
7

re
c
la

s
s
ifi

e
d

fro
m

1
7

IG
P

B
c
la

s
s
e
s

to
9

J
U

L
E

S
c
la

s
s
e
s

(S
m

ith

e
t
a
l.,

2
0
0
6
)

M
O

D
IS

la
n
d

c
o
ve

r
p
ro

d
u
c
t:

h
ttp

://w
e
b
m

a
p
.o

rn
l.g

o
v
/w

c
s
d
o
w

n
/d

a
ta

s
e
t.js

p
?
d
s
_
id

=
1
0
0
0
4

S
o
il

p
ro

p
e
r-

tie
s

1
k
m

N
S

R
I

s
o
il

m
a
p
s

(B
ro

o
k
s

a
n
d

C
o
re

y

p
a
ra

m
e
te

ris
a
tio

n
)

T
h
e

C
ra

n
fi
e
ld

S
o
il

a
n
d

A
g
riF

o
o
d

In
s
titu

te
:

h
ttp

://w
w

w
.la

n
d
is

.o
rg

.u
k
/d

a
ta

/

M
e
te

o
ro

lo
g
ic

a
l

in
p
u
ts

D
a
ily,

1
k
m

C
H

E
S

S
d
a
ta

,
1
9
7
1
–
2
0
0
7

E
.
B

ly
th

,
p
e
rs

o
n
a
l
c
o
m

m
u
n
ic

a
tio

n
,
2
0
1
2

w
ith

C
E

H
,
U

K

O
b
s
e
rva

tio
n
s

(1
)

S
o
il

m
o
is

tu
re

a
n
d

s
o
il

m
a
tric

p
o
te

n
tia

l

m
e
a
s
u
re

m
e
n
ts

a
t

W
a
rre

n
F

a
rm

,
2
0
0
3
–

2
0
0
6

(2
)

A
u
to

m
a
tic

W
e
a
th

e
r

S
ta

tio
n

d
a
ta

a
t

W
a
rre

n
F

a
rm

,
2
0
0
2
–
2
0
0
9

(3
)

D
a
ily

rive
r

fl
o
w

d
a
ta

(4
)

G
ro

u
n
d
w

a
te

r
le

ve
ls

a
t

o
b
s
e
rva

tio
n

b
o
re

h
o
le

s

(1
)

N
.

H
e
w

itt,
p
e
rs

o
n
a
l

c
o
m

m
u
n
ic

a
tio

n
,

2
0
1
1

w
ith

C
E

H
,

U
K

a
n
d

L
O

C
A

R
p
ro

je
c
t

d
a
ta

(2
)

N
.

H
e
w

itt,
p
e
rs

o
n
a
l

c
o
m

m
u
n
ic

a
tio

n
,

2
0
1
1

w
ith

C
E

H
,

U
K

a
n
d

L
O

C
A

R
p
ro

je
c
t

d
a
ta

(3
)

h
ttp

://w
w

w
.c

e
h
.a

c
.u

k
/d

a
ta

/n
rfa

/d
a
ta

/s
e
a
rc

h
.h

tm
l

(4
)

N
a
tio

n
a
l
G

ro
u
n
d
w

a
te

r
L
e
ve

l
A

rc
h
ive

:

h
ttp

://w
w

w
.b

g
s
.a

c
.u

k
/re

s
e
a
rc

h
/g

ro
u
n
d
w

a
te

r/d
a
ta

in
fo

/le
ve

ls
/

n
g
la

.h
tm

l

3
1

 !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+,

T
a

b
le

2
.
M

e
tric

s
a

n
d

in
fo

rm
a

tio
n

u
s
e

d
fo

r
m

o
d

e
l
d

ia
g

n
o

s
is

a
n

d
m

o
d

ifi
c
a

tio
n

.

M
e

tric
s

E
x
a

m
in

e
d

m
o

d
e

l

a
s
s
u

m
p

tio
n

s
/s

im
p

lifi
c
a

tio
n

s

Im
p

le
m

e
n

te
d

m
o

d
e

l

m
o

d
ifi

c
a

tio
n

s

R
e

s
u

ltin
g

m
o

d
e

l

c
o

n
fi
g

u
ra

tio
n

In
fo

rm
a

tio
n

s
o

u
rc

e
s

I.
W

a
te

r
b

a
la

n
c
e

R
e

la
tive

b
ia

s
in

to
ta

l
ru

n
o

ff 1:

R
B

ia
s
Q
=

∑
t
Q

m
o

d
t

−
∑

t
Q

o
b

s
t

∑
t
Q

o
b

s
t

R
e

la
tive

b
ia

s
in

s
u

b
s
u

rfa
c
e

ru
n

o
ff 2:

R
B

ia
s

S
R
=

∑
t (S

R
m

o
d

t
)−

∑
t (S

R
o

b
s

t
)

∑
t (S

R
o

b
s

t
)

W
e

a
th

e
r

in
p

u
ts

a
re

c
o

n
-

s
ta

n
t

w
h

e
n

d
is

a
g

g
re

g
a

te
d

to
fi
n

e
r

tim
e

s
c
a

le
s
;

S
o

il
p

ro
p

e
rtie

s
a

re
c
o

n
-

s
ta

n
t

o
ve

r
re

la
tive

ly
la

rg
e

s
p

a
tia

l
s
c
a

le
s

(1
k
m

)

S
u

b
-d

a
ily

w
e

a
th

e
r

g
e

n
e

ra
-

to
r

(S
e

c
t.

3
.1

);

P
D

M
m

o
d

e
l
a

n
d

its
p

a
ra

m
-

e
te

ris
a

tio
n

(S
e

c
t.

3
.2

)

J
U

L
E

S
+

W
G

J
U

L
E

S
+

W
G

+
P

D
M

O
b

s
e

rve
d

fl
o
w

s
a

t
th

e

c
a

tc
h

m
e

n
t
o

u
tle

t,
p

re
c
ip

ita
-

tio
n

fro
m

C
H

E
S

S
d

a
ta

s
e

t,

re
g

io
n

a
lis

e
d

B
F

IH
O

S
T

II.
V

e
rtic

a
l
re

d
is

trib
u

tio
n

M
e

a
n

s
q

u
a

re
re

la
tive

e
rro

r
fo

r
s
o

il

m
o

is
tu

re
3:

M
S

R
e

lE
=

1N

∑
Nn
=
1

1T
n

∑
T
n

t=
1

(θ
m

o
d

n
,
t −

θ
o
b

s
n
,
t )

2

var(θ
o

b
s

n
)

A
s
in

g
le

p
e

rm
e

a
b

ility

R
ic

h
a

rd
s
’

e
q

u
a

tio
n

is
c
a

-

p
a

b
le

o
f
re

p
re

s
e

n
tin

g
c
h

a
lk

s
o

il
h
y
d

ra
u

lic
b

e
h

a
v
io

u
r

C
h

a
lk

re
p

re
s
e

n
ta

tio
n

v
ia

a
d

o
u

b
le

B
ro

o
k
s
-C

o
re

y

s
o

il
m

o
is

tu
re

re
te

n
tio

n

c
u

rve
a

n
d

c
a

lib
ra

te
d

K
s
a
t

(S
e

c
t.

3
.3

)

J
U

L
E

S
+

W
G

+
P

D
M

+
C

H
A

L
K

O
b

s
e

rva
tio

n
s

o
f

s
o

il
m

a
tric

p
o

te
n

tia
l
a

n
d

s
o

il
m

o
is

tu
re

III.
T
e

m
p

o
ra

l
re

d
is

trib
u

tio
n

N
a

s
h

–
S

u
tc

liffe
e

ffi
c
ie

n
c
y

fo
r

fl
o
w

:

N
S
=
1
−

∑
t (Q

m
o
d

t
−
Q

o
b

s
t

)
2

∑
t (Q

o
b

s
t

−
E
|Q

o
b

s|)
2

a
n

d
lo

g
-tra

n
s
fo

rm
e

d
fl
o
w

:

N
S
=
1
−

∑
t (lo

g
(Q

m
o

d
t

)−
lo
g
(Q

o
b
s

t
))

2

∑
t (lo

g
(Q

o
b

s
t

)−
E
|lo

g
(Q

o
b
s)|)

2

H
o

riz
o

n
ta

l
u

n
s
a

tu
ra

te
d

z
o

n
e

d
is

c
o

n
n

e
c
tio

n
;

n
o

ro
o

t
u

p
ta

k
e

fro
m

d
e

e
p

s
a

t-

u
ra

te
d

z
o

n
e

;
u

n
it

g
ra

d
ie

n
t

lo
w

e
r

b
o

u
n

d
a

ry
c
o

n
d

itio
n

;

n
o

s
u

rfa
c
e

/s
u

b
s
u

rfa
c
e

ro
u

tin
g

C
h

a
n

g
e

o
f

th
e

lo
w

e
r

b
o

u
n

d
a

ry
c
o

n
d

itio
n

;
a

p
-

p
ro

x
im

a
tio

n
o

f
w

a
te

r
tra

ve
l

th
ro

u
g

h
th

e
d

e
e

p
u

n
s
a

tu
-

ra
te

d
z
o

n
e

(S
e

c
t.

3
.4

);
a

n
d

c
o

u
p

lin
g

to
th

e
g
ro

u
n

d
-

w
a

te
r

m
o

d
e

l
Z

O
O

M
Q

3
D

(S
e

c
t.

3
.5

)

J
U

L
E

S
+

W
G

+
P

D
M

+
C

H
A

L
K

+
G

W

S
ta

te
s
/fl

u
xe

s
fro

m
a

d
e

-

ta
ile

d
p

h
y
s
ic

s
-b

a
s
e

d
m

o
d

e
l

o
f

a
c
h

a
lk

h
ills

lo
p

e
,

o
b

-

s
e

rve
d

fl
o
w

s
a

t
th

e
c
a

tc
h

-

m
e

n
t

o
u

tle
t

V
.

S
p

a
tia

l
re

d
is

trib
u

tio
n

N
a

s
h

–
S

u
tc

liffe
e

ffi
c
ie

n
c
y

fo
r

ra
w

a
n

d
lo

g
-

tra
n

s
fo

rm
e

d
fl
o
w

,
re

la
tive

b
ia

s
in

to
ta

l

ru
n

o
ff,

v
is

u
a

l
in

s
p

e
c
tio

n
o

f
g
ro

u
n

d
w

a
te

r

le
ve

ls
a

t
s
e

le
c
te

d
b

o
re

h
o

le
s

G
ro

u
n

d
w

a
te

r
m

o
d

e
l

p
a

-

ra
m

e
te

ris
a

tio
n

C
h

a
n

g
e

o
f

s
p

e
c
ifi

c
y
ie

ld

p
a

ra
m

e
te

rs
in

th
e

g
ro

u
n

d
-

w
a

te
r

m
o

d
e

l

J
U

L
E

S
+

W
G

+
P

D
M

+
C

H
A

L
K

+
G

W
a

d
j

O
b

s
e

rve
d

fl
o
w

s
a

n
d

g
ro

u
n

d
w

a
te

r
le

ve
l

h
y
-

d
ro

g
ra

p
h

s
a

t
in

te
rn

a
l

c
a

tc
h

m
e

n
t

p
o

in
ts

1
m

o
d

re
fe

rs
to

m
o

d
e

lle
d

va
lu

e
s
,

a
n

d
o

b
s

re
fe

rs
to

th
e

o
b

s
e

rve
d

va
lu

e
s
.
Q

t
d

e
n

o
te

s
ru

n
o

ff
va

lu
e

a
t

tim
e
t,

S
R
t

d
e

n
o

te
s

s
u

b
s
u

rfa
c
e

ru
n

o
ff

va
lu

e
a

t
tim

e
t.

2
S

u
b

s
u

rfa
c
e

ru
n

o
ff

is
c
a

lc
u

la
te

d
v
ia

a
h
y
d

ro
g
ra

p
h

s
e

p
a

ra
tio

n
fo

r
o

b
s
e

rva
tio

n
s
.
3
θ
n
,t

d
e

n
o

te
s

e
ffe

c
tive

s
o

il
m

o
is

tu
re

a
t

tim
e
t

a
t

th
e
n

th
s
o

il
d

e
p

th
.

3
2



 !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+,

T
a

b
le

3
.

O
b

s
e

rve
d

a
n

d
s
im

u
la

te
d

w
a

te
r

b
a

la
n

c
e

a
n

d
m

e
tric

s
o

f
m

o
d

e
l
p

e
rfo

rm
a

n
c
e
.

S
o

u
rc

e
/m

o
d

e
l
c
o

n
fi
g

u
ra

tio
n

R
a

in
fa

ll,
E

T
,

T
o

ta
l
ru

n
o

ff,
m
m
y
−
1

R
B

ia
s
Q

R
B

ia
s
S
R

M
S

R
e

lE

m
m
y
−
1

m
m
y
−
1

S
u

rfa
c
e

ru
n

o
ff,

S
u

b
s
u

rfa
c
e

ru
n

o
ff,

m
m
y
−
1

m
m
y
−
1

O
b

s
1

7
8

4
4

8
5

2
9

9
–

–
–

3
9

2
6

0

S
ta

n
d

a
rd

J
U

L
E

S
(ve

rs
io

n
2

.2
) 2

7
8

4
4

1
0

3
7

0
0

.2
4

0
.4

2
–
3

0
3

7
0

J
U

L
E

S
+

W
G

7
8

4
4

8
9

2
9

2
–

0
.0

2
0

.1
2

–

1
2

9
1

J
U

L
E

S
+

W
G

+
P

D
M

7
8

4
4

8
9

2
9

9
0

.0
0

–
0

.1
2

3
.6

4

7
0

2
2

9

J
U

L
E

S
+

W
G

+
P

D
M

+
C

H
A

L
K

7
8

4
4

9
5

2
9

3
–

0
.0

2
–

0
.1

3
1

.1
2

6
7

2
2

6

J
U

L
E

S
+

W
G

+
P

D
M

+
C

H
A

L
K

+
G

W
7

8
4

4
9

6
2

9
3

–
0

.0
2

–
0

.1
3

1
.0

7

6
7

2
2

6

J
U

L
E

S
+

W
G

+
P

D
M

+
C

H
A

L
K

+
G

W
a

d
j

7
8

4
4

9
6

2
9

3
–

0
.0

2
–

0
.1

3
1

.0
7

6
7

2
2

6

1
F

o
r

o
b

s
e

rva
tio

n
s
,

E
T

is
c
a

lc
u

la
te

d
a

s
a

re
s
id

u
a

l
b

e
tw

e
e

n
th

e
lo

n
g

te
rm

p
re

c
ip

ita
tio

n
a

n
d

ru
n

o
ff;

s
u

rfa
c
e

a
n

d
s
u

b
s
u

rfa
c
e

ru
n

o
ff

a
re

c
a

lc
u

la
te

d
b

a
s
e

d
o
n

th
e

h
y
d

ro
g
ra

p
h

s
e

p
a

ra
tio

n
.

2
F

o
r

a
m

o
d

e
l
c
o

n
fi
g

u
ra

tio
n

s
,

s
u

rfa
c
e

a
n

d
s
u

b
s
u

rfa
c
e

ru
n

o
ff

a
re

ta
k
e

n
a

s
s
u

rfa
c
e

ru
n

o
ff

a
n

d
d

ra
in

a
g

e
fl
u

xe
s
,

re
s
p

e
c
tive

ly,
p

ro
d

u
c
e

d
b
y

a
m

o
d

e
l.

3
M

S
R

e
lE

is
c
a

lc
u

la
te

d
s
ta

rtin
g

fro
m

th
e

J
U

L
E

S
+

W
G

+
P

D
M

c
o

n
fi
g

u
ra

tio
n

.

3
3

 !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+,

T
a

b
le

4
.
H

y
d

ra
u

lic
d

o
u

b
le

B
ro

o
k
s

a
n

d
C

o
re

y
c
u

rve
p

a
ra

m
e

te
rs

fo
r

c
h

a
lk

.

P
a

ra
m

e
te

r
D

e
s
c
rip

tio
n

W
e

t
e

n
d

D
ry

e
n

d
S

o
u

rc
e

b
E

x
p

o
n

e
n

t
3

0
.2

1
.3

C
a

lib
ra

tio
n

to
s
o

il
m

o
is

tu
re

a
n

d

m
a

tric
p

o
te

n
tia

l
a

t
1

m

α
,
m

S
o

il
m

a
tric

p
o

te
n

tia
l

a
t

s
a

tu
ra

tio
n

0
.1

5
1

2
.2

C
a

lib
ra

tio
n

to
s
o

il
m

o
is

tu
re

a
n

d

m
a

tric
p

o
te

n
tia

l
a

t
1

m

K
∗s
a
t ,
m
d
−
1

S
a

tu
ra

te
d

h
y
d

ra
u

lic

c
o

n
d

u
c
tiv

ity

0
.0

1
6

(0
.0

2
)

J
U

L
E

S
c
a

lib
ra

tio
n

to
s
o

il
m

o
is

tu
re

a
t

m
u

ltip
le

d
e

p
th

s
d

o
w

n
to

4
.1

m

θ
e
ff

s
E

ffe
c
tive

s
a

tu
ra

te
d

s
o

il

m
o

is
tu

re

0
.3

6
P

ric
e

e
t

a
l.

(1
9

9
3

);
B

lo
o

m
fi
e

ld

(1
9

9
7

)

θ
r

R
e

s
id

u
a

l
s
o

il
m

o
is

tu
re

0
.1

1
S

o
il

m
o

is
tu

re
o

b
s
e

rva
tio

n
s

a
n

d

θ
e
ff

s
va

lu
e

θ
e
ff

c
r

E
ffe

c
tive

s
a

tu
ra

te
d

s
o

il

m
o

is
tu

re
a

t
c
ritic

a
l
p

o
in

t

0
.3

2
B

ro
o

k
s

a
n

d
C

o
re

y
e

q
u

a
tio

n
a

t

−
4

0
k
P

a

θ
e
ff

w
ilt

E
ffe

c
tive

s
a

tu
ra

te
d

s
o

il

m
o

is
tu

re
a

t
w

iltin
g

p
o

in
t

0
.0

5
B

ro
o

k
s

a
n

d
C

o
re

y
e

q
u

a
tio

n
a

t

−
1

5
0

0
k
P

a

θ
e
ff

in
te

r
E

ffe
c
tive

s
o

il
m

o
is

tu
re

a
t

th
e

tw
o

c
u
rve

s
in

te
r-

s
e

c
tio

n

0
.3

1
C

a
lib

ra
tio

n
to

s
o

il
m

o
is

tu
re

a
n

d

m
a

tric
p

o
te

n
tia

l
a

t
1

m

∗
K

s
a

t
is

fi
tte

d
u
s
in

g
J
U

L
E

S
+

W
G

+
P

D
M

+
C

H
A

L
K

a
s

w
e
ll

a
s

J
U

L
E

S
+

W
G

+
P

D
M

+
C

H
A

L
K

+
G

W
c
o
n
fi
g
u
ra

tio
n
s
.
T

h
e

va
lu

e
fo

r

th
e

la
tte

r
is

s
h
o
w

n
in

th
e

p
a
re

n
th

e
s
is

.

3
4



 !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+,

F
ig

u
re

1
.

H
y
d

ro
g

e
o

lo
g

ic
a

l
m

a
p

o
f

th
e

K
e

n
n

e
t

c
a

tc
h

m
e

n
t.

T
h

e
s
q

u
a

re
in

d
ic

a
te

s
th

e
W

a
rre

n
F

a
rm

s
ite

,
th

e
tria

n
g

le
s

a
re

fl
o
w

g
a

u
g

in
g

s
ta

tio
n

s
,

a
n

d
th

e
c
irc

le
s

a
re

o
b

s
e

rva
tio

n
a

l
b

o
re

h
o

le
s
.

3
5

 !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+,

F
ig

u
re

2
.

C
o

m
p

a
ris

o
n

o
f

th
e

o
p

tim
is

e
d

e
ffe

c
tive

s
o

il
m

o
is

tu
re

(θ
e

ff)
tim

e
s
e

rie
s

w
ith

th
e

o
b

-

s
e

rve
d

s
o

il
m

o
is

tu
re

(re
d

d
o

ts
)

a
t

va
rio

u
s

d
e

p
th

s
a

t
W

a
rre

n
F

a
rm

,
B

e
rk

s
h

ire
,

U
K

.
B

ro
w

n

lin
e

s
s
h

o
w

s
o

il
m

o
is

tu
re

e
s
tim

a
te

d
b
y

J
U

L
E

S
+

W
G

+
P

D
M

;
b
lu

e
lin

e
s

s
h

o
w

s
o

il
m

o
is

tu
re

e
s
-

tim
a

te
d

b
y

J
U

L
E

S
+

W
G

+
P

D
M

+
C

H
A

L
K

;
a

n
d

b
la

c
k

lin
e

s
s
h

o
w

s
o

il
m

o
is

tu
re

e
s
tim

a
te

d
b
y

J
U

L
E

S
+

W
G

+
P

D
M

+
C

H
A

L
K

+
G

W
.

G
re

y
h

o
riz

o
n

ta
l

lin
e

s
h

o
w

s
th

e
e

ffe
c
tive

s
o

il
m

o
is

tu
re

a
t

s
a

t-

u
ra

tio
n

0
.3

6
.

N
o

te
,

o
n

ly
a

re
p

re
s
e

n
ta

tive
s
u

b
s
e

t
o

f
s
o

il
m

o
is

tu
re

tim
e

s
e

rie
s

u
tiliz

e
d

in
th

e
a

n
a

ly
s
is

is
s
h

o
w

n
in

th
e

fi
g

u
re

.

3
6



 !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+,

F
ig

u
re

3
.
C

h
a

lk
s
o

il
m

o
is

tu
re

re
te

n
tio

n
fi
t
u

s
in

g
a

d
u

a
l
B

ro
o

k
s

a
n

d
C

o
re

y
c
u

rve
a

n
d

th
e

c
o

rre
s
p

o
n

d
-

in
g

h
y
d

ra
u

lic
c
o

n
d

u
c
tiv

ity
d

e
p

e
n

d
e

n
c
e

o
n

e
ffe

c
tive

s
o

il
m

o
is

tu
re

.
B

la
c
k

d
o

ts
a

re
o

b
s
e

rve
d

d
a

ta
.

3
7

 !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+,

F
ig

u
re

4
.
C

o
m

p
a

ris
o

n
o

f
h
y
d

ra
u

lic
h

e
a

d
g
ra

d
ie

n
t∂

h
/∂

z
a

t
a

6
m

d
e

p
th

e
x
tra

c
te

d
fro

m
th

e
2

-D
m

o
d

e
l

w
ith

a
u

n
it

g
ra

d
ie

n
t
c
o

n
d

itio
n

(le
ft),

a
n

d
w

ith
a

p
e

rs
is

te
n
t
g
ra

d
ie

n
t
c
o

n
d

itio
n

e
x
tra

c
te

d
a

t
a

5
.5
m

d
e

p
th

(rig
h

t).

3
8



 !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+,

F
ig

u
re

5
.
C

o
rre

s
p

o
n

d
e

n
c
e

b
e
tw

e
e

n
p

o
te

n
tia

la
n

d
a

c
tu

a
ld

a
ily

re
c
h

a
rg

e
ra

te
s

e
x
tra

c
te

d
fro

m
th

e
2

-D

m
o

d
e

l.

3
9

 !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+,

F
ig

u
re

6
.

1
0

-d
ay

a
ve

ra
g

e
fl
o
w

s
a

t
fi
ve

g
a

u
g

in
g

s
ta

tio
n

s
in

th
e

K
e

n
n

e
t

g
e

n
e

ra
te

d
b
y

th
e

J
U

L
E

S
+

W
G

+
P

D
M

+
C

H
A

L
K

+
G

W
m

o
d

e
l

c
o

n
fi
g

u
ra

tio
n

.
G

re
y

lin
e

s
d

e
n

o
te

s
im

u
la

te
d

fl
o
w

s
,

a
n

d

b
lu

e
d

o
ts

a
re

o
b

s
e

rva
tio

n
s
.

4
0



 !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+,

F
ig

u
re

7
.

W
a

te
r

le
ve

ls
a

t
fo

u
r

o
b

s
e

rva
tio

n
a

l
b

o
re

h
o

le
s

in
th

e
K

e
n

n
e

t.
B

lu
e

s
ta

rs
a

re
o

b
s
e

rve
d

le
v
-

e
ls

,
g
re

y
lin

e
s

re
p

re
s
e

n
t

g
ro

u
n

d
w

a
te

r
le

ve
ls

g
e

n
e

ra
te

d
b
y

J
U

L
E

S
+

W
G

+
P

D
M

+
C

H
A

L
K

+
G

W

c
o

n
fi
g

u
ra

tio
n

;
a

n
d

b
la

c
k

d
o

tte
d

lin
e

s
re

p
re

s
e

n
t

g
ro

u
n

d
w

a
te

r
le

ve
ls

g
e

n
e

ra
te

d
b
y

J
U

L
E

S
+

W
G

+
P

D
M

+
C

H
A

L
K

+
G

W
a

d
j
c
o

n
fi
g
u

ra
tio

n
.

4
1

 !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+, !"#$""!%&'()*+,

F
ig

u
re

8
.

1
0

-d
ay

a
ve

ra
g

e
fl
o
w

s
a

t
fi
ve

g
a

u
g

in
g

s
ta

tio
n

s
in

th
e

K
e

n
n

e
t

g
e

n
e

ra
te

d
b
y

th
e

J
U

L
E

S
+

W
G

+
P

D
M

+
C

H
A

L
K

+
G

W
a

d
j
m

o
d

e
l
c
o

n
fi
g

u
ra

tio
n

.
G

re
y

lin
e

s
d

e
n

o
te

s
im

u
la

te
d

fl
o
w

s
,
a

n
d

b
lu

e
d

o
ts

a
re

o
b

s
e

rva
tio

n
s
.

4
2


