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ABSTRACT

The simulations and predictions of the hydrological cycle by general circulation models (GCMs) are

characterized by a significant degree of uncertainty. This uncertainty is reflected in the range of In-

tergovernmental Panel on Climate Change (IPCC) GCM predictions of future changes in the hydrological

cycle, particularly over major African basins. The confidence in GCM predictions can be increased by

evaluating different GCMs, identifying those models that succeed in simulating the hydrological cycle under

current climate conditions, and using them for climate change studies. Reanalyses are often used to validate

GCMs, but they also suffer from an inaccurate representation of the hydrological cycle. In this study, the aim

is to identify GCMs and reanalyses’ products that provide a realistic representation of the hydrological cycle

over the Congo and upper Blue Nile (UBN) basins. Atmospheric and soil water balance constraints are

employed to evaluate the models’ ability to reproduce the observed streamflow, which is the most accurate

measurement of the hydrological cycle. Among the ECMWF Interim Re-Analysis (ERA-Interim), NCEP–

NCAR reanalysis, and 40-yr ECWMF Re-Analysis (ERA-40), ERA-Interim shows the best performance

over these basins: it balances the water budgets and accurately represents the seasonal cycle of the hydro-

logical variables. The authors find that most GCMs used by the IPCC overestimate the hydrological cycle

compared to observations. They observe some improvement in the simulated hydrological cycle with in-

creased horizontal resolution, which suggests that some of the high-resolution GCMs are better suited for

climate change studies over Africa.

1. Introduction

General circulation models (GCMs) are the best

available tools to predict climate change associated with

future scenarios of greenhouse gas concentrations. How-

ever, an analysis of their outputs reveals that these models

do not accurately reproduce the past and current climates.

This is particularly the case for hydrological variables (e.g.,

precipitation) that show large inconsistency, especially

over Africa (Christensen et al. 2007). Over large basins,

such as African basins, model outputs are often statisti-

cally or dynamically downscaled for impact studies on

water resources, floods and droughts, and agriculture.

However, many uncertainties lie behind the choice of

a downscaling method, which may amplify inherent errors

in GCM outputs and increase uncertainties associated

with climate change predictions of the hydrological cycle

at smaller scale, such as over river basins (Bo�e et al. 2009).

These errors are reflected in the disagreement between

GCMpredictions on the sign andmagnitude of changes in

river runoff overmajorAfrican basins (Strzepek andYates

1996; Conway and Hulme 1996; Yates and Strzepek 1998;

Nohara et al. 2006; Kim et al. 2008). Furthermore, re-

analysis products such as theEuropeanCentre forMedium-

RangeWeather Forecasts (ECMWF) Interim Re-Analysis
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(ERA-Interim; Dee et al. 2011; Berrisford et al. 2011)

and the National Centers for Environmental Prediction–

National Center for Atmospheric Research reanalysis

(NCEP–NCAR; Kalnay et al. 1996) are often used to

validate GCMs or to drive regional climate models

(RCMs), so that a use of biased reanalysis products may

lead to errors in assessing model performances. The

choice of reanalyses and GCMs is therefore crucial and

can have large consequences on the decision-making

process related to climate change.We believe that we can

guide our choice of GCMs and reanalyses by evaluating

them over major African basins and by only choosing the

models that can accurately reproduce the observed hy-

drological cycle. Such evaluation may increase our confi-

dence in GCM predictions of changes in the hydrological

cycle over African basins associated with climate change.

Severalmethods are used to evaluate the performance

of climatemodels in simulating climate features at different

spatial scales (Schaller et al. 2011). Themethods depend on

the variables or phenomena that are evaluated. The most

common evaluation methods can be grouped into three

categories (Raisanen 2007; Randall et al. 2007): 1) statis-

ticalmeasures or ‘‘performancemetrics’’ (e.g.,mean errors,

correlations, root-mean-square errors, and performance

indices) that compare model outputs with observations

and provide information on the performance of the

model without detailing the cause of biases (e.g., Gleckler

et al. 2008; Perkins et al. 2007); 2) diagnostics that provide

information on the sources of model discrepancies and

include a detailed analysis to identify processes con-

nected to the errors (e.g., analysis of energy and water

cycles, and analysis of atmospheric and land processes);

and 3) the evaluation of climate models based on the

representation of specific events (e.g., monsoons and

ENSO teleconnections). These approaches are widely

used to validate climatemodels and reanalysis products

(Dee et al. 2011; Johns et al. 2006; Uppala et al. 2005;

Kalnay et al. 1996).

In this study, we consider the second approach to as-

sess GCMs and reanalyses performance in representing

the hydrological cycle over two major African basins:

the upper Blue Nile (UBN) basin and the Congo basin,

over which GCM predictions are highly uncertain

(Christensen et al. 2007). We use the atmospheric and

soil water balance constraints to evaluate GCMs and

reanalyses. Those constraints state that the long-term

average of river flow should approximately balance

precipitation minus evaporation [Eq. (3)] and should

equal atmospheric moisture convergence [Eq. (7)]. This

FIG. 1. Topographic map of Northern Africa and the Middle East (m) overlaid by the Nile (black), Congo (red), and UBN basins (orange).

TABLE 1. Summary of the UBN and Congo basins characteristics.

Congo UBN

Area (km2) 3.8 3 106 175 3 103

Mean annual precipitation (mmday21) 1553 1224

Mean annual streamflow (km3) 1270 46
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method allows an evaluation based on the ability of

GCMs and reanalyses to accurately represent the ob-

served streamflow of the UBN and Congo basins. These

approaches are commonly used to estimate components

of the hydrological cycle (e.g., evaporation, soil mois-

ture, and atmospheric moisture convergence) that are

not or insufficiently available from observations (Karam

and Bras 2008a; Seneviratne et al. 2004; Yeh et al. 1998;

Oki et al. 1995; Calanca and Ohmura 1994; Rasmusson

1967, 1968). This method also has the advantage to

emphasize the ability of GCMs to simulate processes

that control the hydrological cycle, which provides

a good indicator of the general performance of the

model. The hydrological cycle depends on several vari-

ables, such as wind, specific humidity, precipitation, soil

water storage, evaporation, radiation, and clouds. An

inaccurate representation of any of these variables

would therefore be reflected in the simulation of pre-

cipitation, evaporation, and runoff, which highlights the

necessity to thoroughly validate each component of the

hydrological cycle and understand how they are con-

nected. A detailed analysis of the different components

of hydrological cycle is also important, as GCMs or re-

analyses can accurately represent one variable of the

hydrological cycle but show large errors in other vari-

ables (Trenberth et al. 2007)

By evaluating GCMs and reanalysis products over the

Congo and UBN basins using the atmospheric and soil

water balance approaches, we aim to (i) investigate their

ability in representing the hydrological cycle under

present-day climate conditions and (ii) identify the best

GCM candidates for climate change studies on water

resources over these basins.

2. Study areas

The evaluation of the hydrological cycle in reanalyses

and GCMs is applied over two African basins, the upper

Blue Nile and Congo basins, which have very different

characteristics in size and complexity. The upper Blue

Nile basin is small but highly important as it contributes

to approximately 60% of the total Nile streamflow and

is spatially very variable because of its high and narrow

orography. The Congo basin, on the other hand, is one

of the largest basins in Africa (it is approximately 20

times larger than the UBN basin) and has a smoother

topography. Evaluating GCMs and reanalyses over

these two very different basins allows an evaluation not

only of the components of the hydrological cycle but

also on the processes associated with the hydrological

cycle over each basin.

a. The upper Blue Nile basin

The upper Blue Nile basin is the main source of water

for the Nile River. It contributes to approximately 60%

of the main flow of the Nile (based on analyses of the

period 1945–84, Conway and Hulme 1993). It extends

from 78 to 12850 N and from 34850 to 408E. The eastern

part of the basin has the highest elevation reaching

4000m above mean sea level and decreasing gradually

toward the western outlet of the basin where the ele-

vation is approximately 500m above mean sea level

(Fig. 1). The mean annual rainfall and streamflow of the

basin, by Conway and Hulme (1993) and Elshamy et al.

(2009), respectively, are shown in Table 1.

b. The Congo basin

TheCongo basin is located in themiddle of theAfrican

continent and extends from 118S to 90N and from 148 to
348E (Fig. 1). The eastern and southern boundaries of the

basins are mountainous and the western boundary is the

Atlantic Ocean. The variation in topography is small

compared to the UBN basin: most of the Congo basin

has an elevation below 500m above mean sea level and

higher elevations are only seen close to the east and

south of the basin (Fig. 1). The mean annual rainfall

and streamflow of the basin, estimated by Samba and

Nganga (2011) and Amarasekera et al. (1997), respec-

tively, are shown in Table 1. The seasonal cycle of rainfall

has two peaks extending each for 3 months around April

TABLE 2. Summary of reanalysis products and observations data used.

Data Variables

Coverage

period

Horizontal

resolution

No. of atmospheric

layers

ERA-Interim Zonal wind (U), meridional wind (V),

specific humidity (q)

1989–2010 1.58 3 1.58 37 pressure levels (1000–1mb)

Runoff (R), precipitation (P),

evaporation (ET), soil moisture (SM)

ERA-40 U, V, q, R, P, ET, SM 1979–2002 2.58 3 2.58 23 pressure levels (1000–1mb)

NCEP–NCAR U, V, q, R, P, ET, SM 1979–2002 2.58 3 2.58 8 pressure levels (1000–300mb)

NTSG ET 1983–2006 0.58 3 0.58 —

CRU TS 3.1 P 1901–2009 0.58 3 0.58 —

15 NOVEMBER 2013 S IAM ET AL . 8883



T
A
B
L
E
3
.
S
u
m
m
a
ry

o
f
G
C
M
s
u
se
d
in

th
is
st
u
d
y
.

P
ro
je
ct

M
o
d
e
l

M
o
d
e
l
e
x
p
a
n
si
o
n

O
u
tp
u
t
re
so
lu
ti
o
n

A
g
e
n
cy

C
M
IP
3

1
)
H
a
d
G
E
M
1

H
a
d
le
y
C
e
n
tr
e
G
lo
b
al

E
n
v
ir
o
n
m
en

ta
l
M
o
d
e
l,
v
e
rs
io
n
1

1
.8
7
5
8
3

1
.2
58

H
a
d
le
y
C
e
n
te
r
fo
r
C
li
m
a
te

P
re
d
ic
ti
o
n
a
n
d
R
e
se
a
rc
h
,
M
e
t

O
ffi
ce
,
U
n
it
e
d
K
in
gd

o
m

2
)
M
P
I
E
C
H
A
M
5

M
a
x
P
la
n
ck

In
st
it
u
te

E
C
H
A
M
5

1
.8
7
5
8
3

1
.8
78

M
a
x
P
la
n
ck

In
st
it
u
te

fo
r
M
e
te
o
ro
lo
g
y
,
G
e
rm

an
y

3
)
C
S
IR

O
M
K
3
.5

C
o
m
m
o
n
w
e
a
lt
h
S
ci
e
n
ti
fi
c
a
n
d
In
d
u
st
ri
al

R
e
se
a
rc
h
O
rg
a
n
is
a
ti
o
n
M
a
rk
,
v
e
rs
io
n
3
.5

1
.8
7
5
8
3

1
.8
68

C
S
IR

O
A
tm

o
sp
h
e
ri
c
R
e
se
a
rc
h
,
A
u
st
ra
li
a

4
)
C
S
IR

O
M
K
3
.0

C
o
m
m
o
n
w
e
a
lt
h
S
ci
e
n
ti
fi
c
a
n
d
In
d
u
st
ri
al

R
e
se
a
rc
h

O
rg
a
n
is
a
ti
o
n
M
a
rk
,
v
e
rs
io
n
3
.0

1
.8
7
5
8
3

1
.8
68

C
S
IR

O
A
tm

o
sp
h
e
ri
c
R
e
se
a
rc
h
,
A
u
st
ra
li
a

5
)
G
F
D
L
C
M
2
.0

G
e
o
p
h
y
si
ca
l
F
lu
id

D
y
n
a
m
ic
s
L
ab

o
ra
to
ry

C
li
m
a
te

M
o
d
e
l,
v
e
rs
io
n
2
.0

2
.5
8
3

2
8

G
e
o
p
h
y
si
ca
l
F
lu
id

D
y
n
a
m
ic
s
L
a
b
o
ra
to
ry
,
U
n
it
e
d
S
ta
te
s

6
)
B
C
C
R
-C

M
2
.0

B
je
rk
n
e
s
C
e
n
tr
e
fo
r
C
li
m
a
te

R
es
e
a
rc
h
B
e
rg
en

C
li
m
a
te

M
o
d
e
l,
v
e
rs
io
n
2
.0

2
.8
8
3

2
.8
8

B
je
rk
n
e
s
C
e
n
te
r
fo
r
C
li
m
a
te

R
e
se
a
rc
h
,
N
o
rw

a
y

7
)
M
R
I-
C
G
C
M
2
.3
.2

M
e
te
o
ro
lo
g
ic
al

R
e
se
a
rc
h
In
st
it
u
te

C
o
u
p
le
d

A
tm

o
sp
h
e
re
–O

ce
a
n
G
e
n
e
ra
l
C
ir
cu
la
ti
o
n
M
o
d
e
l,

v
e
rs
io
n
2
.3
.2

2
.8
8
3

2
.8
8

M
e
te
o
ro
lo
gi
ca
l
R
es
e
a
rc
h
In
st
it
u
te
,
Ja
p
an

8
)
N
C
A
R

P
C
M
1

N
C
A
R

P
a
ra
ll
e
l
C
li
m
a
te

M
o
d
e
l

2
.8
8
3

2
.8
8

N
C
A
R
,
N
a
ti
o
n
a
l
S
ci
e
n
ce

F
o
u
n
d
at
io
n
(N

S
F
),
U
.S
.

D
e
p
a
rt
m
e
n
t
o
f
E
n
e
rg
y
(D

O
E
),
N
a
ti
o
n
a
l
A
e
ro
n
a
u
ti
cs

a
n
d
S
p
a
ce

A
d
m
in
is
tr
a
ti
o
n
(N

A
S
A
),
a
n
d
N
at
io
n
a
l
O
ce
a
n
ic

a
n
d
A
tm

o
sp
h
e
ri
c
A
d
m
in
is
tr
a
ti
o
n
(N

O
A
A
),
U
n
it
e
d
S
ta
te
s

9
)
C
N
R
M
-C

M
3

C
e
n
tr
e
N
a
ti
o
n
a
l
d
e
R
e
ch
er
ch
es

M
� et
� eo

ro
lo
gi
q
u
e
s

C
o
u
p
le
d
G
lo
b
al

C
li
m
a
te

M
o
d
e
l,
v
e
rs
io
n
3

2
.8
8
3

2
.8
8

N
a
ti
o
n
a
l
C
e
n
te
r
o
f
M
e
te
o
ro
lo
g
ic
al

R
es
e
a
rc
h
,
F
ra
n
ce

1
0
)
IA

P
F
G
O
A
L
S

In
st
it
u
te

o
f
A
tm

o
sp
h
e
ri
c
P
h
y
si
cs

F
le
x
ib
le

G
lo
b
a
l

O
ce
a
n
–
A
tm

o
sp
h
e
re
–
L
a
n
d
S
y
st
e
m

M
o
d
e
l

2
.8
8
3

2
.8
8

In
st
it
u
te

o
f
A
tm

o
sp
h
e
ri
c
P
h
y
si
cs
,
C
h
in
e
se

A
ca
d
e
m
y
o
f

S
ci
e
n
ce
s,
C
h
in
a

1
1
)
C
C
C
m
a

C
G
C
M
3
.1
(T

63
)

C
a
n
a
d
ia
n
C
e
n
tr
e
fo
r
C
li
m
a
te

M
o
d
e
ll
in
g
a
n
d

A
n
al
y
si
s
C
o
u
p
le
d
G
C
M

3
.1

(T
6
3
re
so
lu
ti
o
n
)

2
.8
8
3

2
.7
8

C
a
n
ad

ia
n
C
e
n
tr
e
fo
r
C
li
m
a
te

M
o
d
e
ll
in
g
a
n
d
A
n
a
ly
si
s,
C
a
n
a
d
a

1
2
)
H
a
d
C
M
3

T
h
ir
d
cl
im

a
te

co
n
fi
gu

ra
ti
o
n
o
f
th
e
M
e
t
O
ffi
ce

U
n
ifi
ed

M
o
d
e
l

3
.7
5
8
3

2
.5
8

H
a
d
le
y
C
e
n
te
r
fo
r
C
li
m
a
te

P
re
d
ic
ti
o
n
a
n
d
R
e
se
a
rc
h
,
M
e
t

O
ffi
ce
,
U
n
it
e
d
K
in
gd

o
m

1
3
)
IP
S
L
-C

M
4

L
’I
n
st
it
u
t
P
ie
rr
e
-S
im

o
n
L
ap

la
ce

C
o
u
p
le
d
M
o
d
e
l
v
e
rs
io
n
4

3
.7
5
8
3

2
.5
8

L
’I
n
st
it
u
t
P
ie
rr
e
-S
im

o
n
L
ap

la
ce
,
F
ra
n
ce

1
4
)
M
IU

B
-E

C
H
O
-G

M
e
te
o
ro
lo
g
ic
al

In
st
it
u
te

o
f
th
e
U
n
iv
e
rs
it
y
o
f
B
o
n
n
,

E
C
H
O
-G

M
o
d
e
l

3
.7
5
8
3

2
.7
8

M
e
te
o
ro
lo
gi
ca
l
In
st
it
u
te

o
f
th
e
U
n
iv
e
rs
it
y
o
f
B
o
n
n
,
G
e
rm

a
n
y

1
5
)
C
C
C
m
a

C
G
C
M
3
.1
(T

47
)

C
a
n
a
d
ia
n
C
e
n
tr
e
fo
r
C
li
m
a
te

M
o
d
e
ll
in
g
a
n
d

A
n
al
y
si
s
C
o
u
p
le
d
G
C
M

3
.1

(T
4
7
re
so
lu
ti
o
n
)

3
.7
5
8
3

3
.7
8

C
a
n
ad

ia
n
C
e
n
tr
e
fo
r
C
li
m
a
te

M
o
d
e
ll
in
g
a
n
d
A
n
a
ly
si
s,
C
a
n
a
d
a

1
6
)
G
IS
S
-A

O
M
3
.1

G
o
d
d
a
rd

In
st
it
u
te

fo
r
S
p
a
ce

S
tu
d
ie
s,

A
tm

o
sp
h
e
re
–O

ce
a
n
M
o
d
e
l
3
.1

4
8
3

3
8

G
o
d
d
ar
d
In
st
it
u
te

fo
r
S
p
a
ce

S
tu
d
ie
s,
U
n
it
e
d
S
ta
te
s

1
7
)
IN

M
-C

M
3
.0

In
st
it
u
te

o
f
N
u
m
e
ri
ca
l
M
a
th
e
m
a
ti
cs

C
o
u
p
le
d

M
o
d
e
l,
v
e
rs
io
n
3
.0

5
8
3

4
8

In
st
it
u
te

o
f
N
u
m
e
ri
ca
l
M
a
th
e
m
a
ti
cs
,
R
u
ss
ia

C
M
IP
5

1
)
M
R
I-
C
G
C
M
3

M
e
te
o
ro
lo
g
ic
al

R
e
se
a
rc
h
In
st
it
u
te

C
o
u
p
le
d

A
tm

o
sp
h
e
re
–O

ce
a
n
G
e
n
e
ra
l
C
ir
cu
la
ti
o
n
M
o
d
e
l,

v
e
rs
io
n
3

1
.1
2
8
3

1
.1
28

M
e
te
o
ro
lo
gi
ca
l
R
es
e
a
rc
h
In
st
it
u
te
,
Ja
p
an

2
)
C
N
R
M
-C

M
5

C
e
n
tr
e
N
a
ti
o
n
a
l
d
e
R
e
ch
er
ch
es

M
� et
� eo

ro
lo
gi
q
u
e
s

C
o
u
p
le
d
G
lo
b
al

C
li
m
a
te

M
o
d
e
l,
v
e
rs
io
n
5

1
.4
8
3

1
.4
8

N
a
ti
o
n
a
l
C
e
n
te
r
o
f
M
e
te
o
ro
lo
g
ic
al

R
es
e
a
rc
h
,
F
ra
n
ce

3
)
IN

M
-C

M
4
.0

In
st
it
u
te

o
f
N
u
m
e
ri
ca
l
M
a
th
e
m
a
ti
cs

C
o
u
p
le
d

M
o
d
e
l,
v
e
rs
io
n
4
.0

2
8
3

1
.5
8

In
st
it
u
te

o
f
N
u
m
e
ri
ca
l
M
a
th
e
m
a
ti
cs
,
R
u
ss
ia

8884 JOURNAL OF CL IMATE VOLUME 26



and October and each accounting for approximately

32% of the total annual rainfall (Samba and Nganga

2011). The annual average discharge is usually constant

with two peaks in May and December (Amarasekera

et al. 1997).

3. Methodology and datasets

a. Methodology

The atmospheric and soil water balance approaches

are applied for the Congo and the UBN basins, which

have different climatic conditions, spatial scales, and

complexity of topography. The water balance is checked

for soil and the atmosphere, as the long-term averages

of the net atmospheric moisture fluxes and the excess of

rainfall over evaporation must be in balance with each

other and with the observed streamflow. The moisture

fluxes and the convergence of atmospheric moisture are

calculated using the winds and specific humidity fields

from the atmospheric data.

The formulations of the atmospheric and soil water

balance equations used in this study are similar to that of

Peixoto and Oort (1992). The soil water balance equa-

tion may be written as

S5P2E2R02Ru , (1)

where S is the rate of change in soil water storage, P is

the precipitation rate,E is the evaporation rate,R0 is the

surface runoff, and Ru is the subsurface runoff. When

this equation is spatially averaged over a specified basin

and taking the long-term average of all its components,

it takes the form

fSg5 fPg2 fEg2 fR0g2 fRug , (2)

where the overbar indicates the temporal average and

variables in braces indicate the spatial average over

a large basin. Over a long period, the change in storage

is found to be two to three orders of magnitude smaller

than the other hydrological variables. It can therefore be

neglected, which leads to the following equation:

fPg2 fEg5 fRg , (3)

where R is the combination of the surface and subsurface

runoff rates.

Over shorter time scales, such as a month, the change

in water storage cannot be neglected and the streamflow

can be estimated using the equation

fRg5 fPg2 fEg2 fSg . (4)
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The atmospheric water balance is satisfied when the

excess of rainfall minus evaporation is in balance with

the column integrated atmospheric moisture fluxes.

The moisture fluxes Q(u) and Q(y) are calculated by

vertically integrating the product of specific humidity

q and wind components in the zonal u and meridional

y directions from the surface to the top of the atmo-

sphere as follows:

FIG. 2. Monthly 22-yr (1989–2010) averages values for from (left) the UBN and (right) the Congo basins using:

(a),(b) theERA-Interim data for the precipitation and evaporationwith the precipitation of theCRUTS 3.1 data and

the evaporation data (NTSG) as observed values; (c),(d) convergence of moisture and difference between pre-

cipitation and evaporation of ERA-Interim and CRU precipitation and NTSG evaporation; and (e),(f) observed

streamflow, runoff, and estimated runoff from the atmospheric and soil water balance approaches.
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Q(y)5

ðP
0

0
qy

dp

g
, Q(u)5

ðP
0

0
qu

dp

g
, and

W(l,f, t)5

ðP
0

0
q
dp

g
, (5)

whereW is the mass of water vapor contained in an air

column per unit area, Wc is the mass of condensed

water in an air column of unit area, and P0 is the sur-

face pressure.

The atmospheric water balance equation can be

written as

›W

›t
1$ �Q1

›Wc

›t
1$ �Qc 5E2P . (6)

This equation can be represented as a control volume

where the divergence terms ($ �Q) and ($ �Qc) account

for the exchange of moisture across the boundaries of

the control volume and the terms ›W/dt and ›Wc/dt are

the changes in atmospheric water storage inside the

control volume (the subscript c indicates the condensed

mass of water vapor).

The amount of condensed water was compared to the

total amount of water vapor in an air column and it was

found that at least two to three orders of magnitude

separate the water vapor content and the condensed

water content in form of liquid or ice. The change in

storage of water vapor term is usually small compared to

the other terms in Eq. (4) when considering relatively

long time interval (e.g., monthly or longer) (Yeh et al.

1998; Seneviratne et al. 2004); thus, after taking the

temporal and spatial averages, Eq. (6) simplifies to

f$ �Qg5 fPg2 fEg (7)

and, usingEq. (4)withEq. (6) and rearranging,we canwrite

fRg52f$ �Qg2 fSg , (8)

where the divergence term is calculated using a central

finite difference scheme.

b. Datasets

The methodology detailed above makes use of rain

and flow gauge observations and can be systematically

applied to several GCM outputs as well as reanalysis

products. The precipitation observations are based on

the Climatic Research Unit (CRU) TS 3.1 data product,

which is the successor of the CRU TS 2.1 (Mitchell and

Jones 2005). The evaporation observations are based

on the Numerical Terradynamic Simulation Group

(NTSG) of the University of Montana global evapora-

tion dataset (Zhang et al. 2010). The stream flows at the

outlet of the Congo and UBN basins were available

from the Global River Discharge Database (RivDIS

v1.1) (V€or€osmarty et al. 1998) and personal communi-

cations, respectively.

The ERA-Interim product (Dee et al. 2011) is used in

this study. The atmospheric variables, which include the

zonal and meridional wind components and specific

humidity at 37 pressure levels starting from the surface

to the top of the stratosphere at 1mb and at 6-hourly

time steps, are used to calculate the atmospheric moisture

convergence. Precipitation, evaporation, runoff, and soil

moisture over four layers are based on the 12-hourly ac-

cumulated fields (Table 2). In addition, the 40-yr ECMWF

Re-Analysis (ERA-40) product (Uppala et al. 2005) and

the NCEP–NCAR reanalysis product (Kalnay et al. 1996)

are also analyzed in this study.

We make use of simulation outputs from 17 GCMs

of phase 3 of the World Climate Research Programme

(WCRP) Coupled Model Intercomparison Project

(CMIP3)multimodel dataset (Meehl et al. 2007), as well as

11 GCMs of the CMIP5multimodel dataset (Taylor et al.

2012). Monthly average values of precipitation, evapora-

tion, and runoff are used in this analysis (Table 3).

4. Results and discussion

a. The hydrological cycle in reanalysis products

The hydrological cycle of reanalysis products is ana-

lyzed in this section for two reasons: (i) reanalysis fields

TABLE 4. Summary of results using the reanalysis products over the Congo and upper Blue Nile basins. All values are in millimeters per day.

Basin Data P ET P 2 ET Runoff 2$ � Q ds/dt

Congo basin ERA-Interim 5.65 3.5 2.15 2.33 2.51 0.001

ERA-40 1.45 0.76 0.69 0.7 2.3 20.009

NCEP–NCAR 5.14 4.25 0.89 1.08 20.27 0.002

Obs 4.06 2.83 1.23 0.9 — —

Upper Blue Nile basin ERA-Interim 4.09 2.27 1.82 1.93 1.61 0.004

ERA-40 1.56 0.55 1.06 0.82 1.76 20.003

NCEP–NCAR 5.1 2.95 2.15 1.36 1.61 20.012

Obs 3.3 2.08 1.22 0.72 — —
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have the advantage of including assimilated observa-

tions and potentially represent the hydrological cycle

more realistically than GCMs and; (ii) the same fields

provide the lateral boundary conditions for RCM sim-

ulations; hence, biases in these products can misleading

interpretations of RCM results, so that it is important

to choose carefully the reanalysis products used to

drive RCMs. In this section, the analysis investigates

the representation of the hydrological cycle in ERA-

Interim, ERA-40, andNCEP–NCARover theUBNand

Congo basins.

The area of the UBN basin is approximately 2 3
105 km2, which is close to the smallest area (13 105 km2)

necessary for applying the atmospheric water balance

approach to obtain reasonable and accurate results, as

discussed by Rasmusson (1971) and Yeh et al. (1998).

This can be a problem when analyzing models and re-

analyses that have very low resolutions. However, with

the availability of higher-resolution climate models and

reanalysis data, the atmospheric water balance approach

can be applied for smaller areas. The scarcity of upper

air observations and complexity of topography add ad-

ditional factors that might impose difficulties for ap-

plying this approach over this region.

The seasonal cycle of precipitation over the UBN

basin is closer to observations compared to that of the

Congo basin as shown in Figs. 2a,b. However the long-

term averages are overestimated for both locations as

shown in Table 4. In Figs. 2c,d, the atmospheric water

balance is tested. It is shown that the seasonal cycle of

atmospheric moisture convergence and precipitation

minus evaporation in ERA-Interim agree with that of

the observed difference between CRUprecipitation and

NTSG evaporation over the UBN basin. However, there

is an overestimation of moisture convergence from May

to August over the Congo basin. This bias is due to the

strong convergence of moisture along the western

boundary of the basin as shown in Fig. 3a. The difference

between the long-term averages of ERA-Interim mois-

ture fluxes and the net precipitation is approximately

0.2mmday21 over the UBN and Congo basins (Table 4).

This small imbalance can be related to the errors that

arise from the finite difference scheme used in the cal-

culations or the fact that the precipitation and evapora-

tion values are based on 12-hourly accumulated fields of

the forecast model, while the fluxes fields are based on

reanalysis of observations (Dee et al. 2011; Berrisford

et al. 2011).

To validate the soil water balance, the different esti-

mates of runoff are compared in Figs. 2e,f. The calcu-

lated runoff from ERA-Interim model is compared to

estimates from Eqs. (4) and (8). The overestimation

in precipitation values without a similar overestimation

in evaporation enhanced the estimates of runoff, which

is approximately equal to more than double the ob-

served stream flows for both regions as shown in Table 4.

This significant overestimation was probably higher

than the soil storage capacity to hold and redistribute

water over the year and to generate runoff that has

FIG. 3. Spatial distribution using the ERA-Interim data of the

22-yr (1989–2010) average of (a) convergence of atmospheric

moisture (mmday21) overlaid by the moisture fluxes field

(kgm21 s21), (b) difference between precipitation and evaporation

(mmday21), and (c) runoff (mmday21).
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a seasonal cycle similar to the observations especially for

the Congo basin (Fig. 2f). A detailed analysis of the

runoff components (surface and subsurface) can clarify

this discrepancy, but the runoff was only available as the

sum of surface and subsurface runoff.

A comparison between the spatial distribution of the

net precipitation, runoff, and convergence of atmo-

spheric moisture is illustrated in Fig. 3. Their long-term

spatial distribution is nearly the same, as expected, ex-

cept for the convergence of atmospheric moisture near

the coastlines. An analysis of the moisture fluxes (not

shown here) along the land–ocean boundaries has

shown that this significant bias over these regions is in-

duced by the sudden change in magnitude of moisture

fluxes between land and ocean. This change is amplified

when the derivative of moisture fluxes is calculated. This

can explain the strong convergence and divergence re-

gions that are located beside each other along the Red

Sea, Mediterranean Sea, and Persian Gulf area. An-

other reason for this bias is the strong convergence of

moisture fluxes simulated by the ERA-Interim data

along the western coast of Africa (Fig. 3).

Although the ERA-Interim product overestimates

the hydrological variables compared to observations, it

is considered better than the ERA-40 and the NCEP–

NCAR products for the studied regions. The ERA-40

and the NCEP–NCAR reanalysis do not satisfy the at-

mospheric and soil water balances as shown in Table 4,

and the simulated seasonal cycle of the hydrological

variables did not match the observation as the ERA-

Interim (not shown here). This imbalance problem be-

tween the long-term averages of the convergence of

FIG. 4. Analysis of precipitation and runoff of 22 yr (1979–2000) for 17 GCMs of CMIP3 for (a) the Congo and (b) UBN basins. The

long-term average of the CRU TS 3.1 precipitation (blue solid line) and the observed streamflow (brown dotted line) are shown. The

dashed lines are for the ensemble average. The model number is as listed in Table 3.
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moisture calculated using the reanalysis products and

the streamflow was highlighted by Seneviratne et al.

(2004) assigning the potential sources of these errors the

insufficient spatial and temporal sampling of the radio-

sondes measurements or errors related to the data as-

similation process. For the ERA-40, the water imbalance

of theERA-40 datawas noticed byBerrisford et al. (2011)

and was adjusted in the ERA-Interim product. However,

the results of the ERA-Interim and ERA-40 were better

than the NCEP–NCAR for the studied regions. A similar

observation was made byKaram and Bras (2008b) for the

Amazon basin where they found that the ERA-40 mois-

ture fluxes were more accurate than the NCEP–NCAR,

but still both of them are significantly biased. The bias of

the NCEP–NCAR fluxes data was shown in similar

studies (Ruprecht and Kahl 2003; Maurer et al. 2001;

Lenters et al. 2000).

b. The hydrological cycle in CMIP3 and CMIP5
GCMs

In this section, the hydrological cycles of 17 GCMs of

the CMIP3 project and 11 GCMs of the CMIP5 project

are analyzed. The analysis of convergence of atmo-

spheric moisture is not repeated for these GCMs, as the

required outputs for this calculation are not available at

suitable time interval (i.e., less than 1 day) for some of

the GCMs. However, as land surface schemes and the

dynamical cores of these models are coupled without

any assimilation of observations, as for the reanalysis

products, the potential inconsistency between the at-

mosphere and land water balance should not exist for

these models.

Figures 4 and 5 illustrate the significant biases present

in the analyzed GCMs for simulating the precipitation

FIG. 5. As in Fig. 4, but for GCMs of CMIP5.
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and runoff for the UBN and Congo basins. A general

pattern seen in these models is that most of the models,

particularly among the CMIP3 models, show a wetter

climate by overestimating precipitation and runoff, as

reflected by their high model ensemble averages com-

pared to observations (Tables 5 and 6). As the UBN

basin is a very small region with complex topography, it

is possible that such a bias is the result of the coarse

resolution used by some models, rather than due to

model formulation. To verify this hypothesis, the

CMIP3 and CMIP5 models are sorted in Figs. 4 and 5,

respectively, according to their horizontal resolution.

In the CMIP3models, some of the highest- and lowest-

resolution models tend to have values of precipita-

tion and runoff close to observations over both the

Congo and the UBN basin. These variables are mainly

overestimated for the medium-resolution models. This

finding tends to show that the water budget does not

depend on model resolution. However, the simulated

seasonal cycle of runoff and precipitation in the high-

resolution CMIP3 models (Figs. 6a,b) is usually better

simulated than in themedium- (Figs. 6c,d) and low- (Figs.

6e,f) resolution models. Similarly, the high-resolution

CMIP5 models (Figs. 7a,b) generally show a better sim-

ulation of the seasonal cycle compared to the medium-

resolution models (Figs. 7c,d).

It can be concluded that the increase in resolution of

climate models may improve the representation of the

seasonal cycle of hydrological variables. However, in-

creasing horizontal resolution does not remove all the

biases in simulating the hydrological cycle and im-

provements in the simulation of other processes (e.g.,

TABLE 5. Summary of results for CMIP3 GCMs over the Congo and UBN basins.

Model

Precipitation (mmday21) Runoff (mmday21) Evaporation (mmday21)

UBN Congo UBN Congo UBN Congo

1 HadGEM1 3.77 4.18 1.02 0.70 2.75 3.48

2 MPI ECHAM5 2.58 4.03 0.52 0.63 2.06 3.40

3 CSIRO Mk3.5 4.04 4.73 1.71 1.60 2.33 3.13

4 CSRIO Mk3 3.83 4.91 1.41 1.65 2.42 3.26

5 GFDL CM2.0 5.01 5.34 2.50 1.80 2.51 3.54

6 BCCR-CM2.0 5.59 5.37 3.02 2.03 2.57 3.34

7 MRI-CGCM2.3.2 5.64 4.85 3.11 2.04 2.53 2.81

8 NCAR PCM1 3.63 7.25 1.00 3.10 2.63 4.15

9 CNRM-CM3 5.67 5.25 2.67 1.87 3.00 3.38

10 IAP FGOALS 2.58 5.52 0.52 1.85 2.06 3.67

11 CCCma CGCM(T63) 5.69 5.80 3.56 2.93 2.13 2.87

12 HadCM3 3.69 5.68 0.74 1.83 2.95 3.85

13 IPSL-CM4 2.72 5.37 0.89 2.52 1.83 2.85

14 MIUB-ECHO-G 4.83 4.23 1.78 1.05 3.05 3.18

15 CCCma CGCM(T47) 7.09 5.36 5.00 2.38 2.09 2.98

16 GISS-AOM3.1 3.15 3.45 0.57 0.20 2.58 3.25

17 INM-CM3.0 3.14 3.52 0.38 0.30 2.76 3.22

Observation 3.3 4.06 0.72 0.9 2.08 2.83

TABLE 6. Summary of results for CMIP5 GCMs over the Congo and UBN basins.

Model

Precipitation (mmday21) Runoff (mmday21) Evaporation (mmday21)

UBN Congo UBN Congo UBN Congo

1 MRI-CGCM3 2.46 3.34 0.40 0.36 2.06 2.97

2 CNRM-CM5 4.44 3.58 2.02 0.59 2.42 2.99

3 INM-CM4.0 2.83 4.23 0.33 0.19 2.50 4.04

4 HadGEM2-CC 3.62 4.10 1.04 0.56 2.58 3.44

5 CSIRO 2.91 4.28 0.33 1.55 2.58 2.73

6 IPSL-CM5-MR 2.06 6.44 0.56 3.02 1.51 3.41

7 NorESM1-M 5.69 6.82 1.95 3.15 3.74 3.66

8 GISS-E2H 1.59 4.30 0.00 0.80 1.59 3.50

9 GFDL CM3 3.45 4.51 1.02 0.78 2.43 3.73

10 BCC-CSM1 3.24 5.90 1.22 3.56 2.02 2.90

11 CanESM2 4.36 5.66 2.25 2.48 2.11 3.18

Observation 3.3 4.06 0.72 0.9 2.08 2.83
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energy cycle) are required to accurately simulate the

hydrological cycle as discussed in the next section.

Roeckner et al. (2006) found that the GCMs must have

at least medium resolutions to be able to simulate the

climate realistically. The transition between resolutions

was described by Williamson et al. (1995): they showed

that the transition from low to medium resolution is re-

quired to capture the climate statistics and the movement

to higher resolution is required to solve the nonlinear

processes in the models that forces the medium scale

processes in the atmosphere.

5. Conclusions

In this paper, we introduce an evaluation method that

analyzes the hydrological cycle represented by GCMs

FIG. 6. Seasonal cycle of precipitation and runoff of 22 yr (1979–2000) for 17 GCMs of the CMIP3 for the (left) UBN and (right) the

Congo basins. The figures are sorted (top)–(bottom) according to the spatial resolution of theGCMs: (a),(b) the highest-resolutionGCMs

(models 1–4) of approximately 1.88 3 1.88; (c),(d) medium-resolution models (models 5–11) of approximately 2.88 3 1.88; and (e),(f) low-

resolution models (models 12–17) of approximately 48 3 38. The error bars indicate the variation around the ensemble mean of the models of

equivalent resolution by one standard deviation. The solid lines with circles and stars are for the long-term averages of observations of pre-

cipitation using CRU TS 3.1 and the observed streamflow, respectively; while the dotted lines are for corresponding values from the GCMs.
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and reanalysis products over the UBN and Congo ba-

sins. The method uses the atmospheric and soil water

balance approaches to evaluate the ability of GCMs and

reanalyses products to reproduce the observed river

flow. River flow is one of the best observed and most

accurate variable of the hydrological cycle. The use of

the observed streamflow as a reference instead of the

commonly used variables (e.g., precipitation) therefore

allows a reduction in the uncertainties related to ob-

servations, which can be of the same order of magnitude

as biases in GCMs or reanalyses products.

The evaluation method is first applied for three

reanalyses products (ERA-Interim, ERA-40, and NCEP–

NCAR). Among them ERA-Interim shows the best per-

formance. It satisfies the atmospheric and soil water

balances, represents accurately the seasonal cycle of

the hydrological variables and shows a realistic spatial

distribution of the moisture fluxes over Africa and the

Middle East. This result has important implications for re-

gional climate modeling studies, which often use reanalysis

products as boundary conditions and therefore strongly

depend on the ability of these products to represent the

moisture fluxes at the boundary of the region of study.

Most of the 28 GCMs of the CMIP3 and CMIP5 pro-

jects selected for this study simulate a strong bias in the

hydrological cycle over the Congo and UBN basins by

overestimating precipitation and runoff compared to

observations. We studied the relationship between GCM

horizontal resolution and their ability to simulate the

hydrological cycle over the UBN and Congo basins. It

was shown that most of the models with the highest res-

olution (approximately 200km) are able to simulate more

accurately the seasonal cycle the hydrological variables

compared to the medium- (300km) and low-resolution

(400km) models over both basins. Several reasons that

are under investigation could be responsible for improv-

ing the hydrological cycle simulation associated with in-

creasing horizontal resolution. For example, increasing

model resolution can enhance the simulation of moisture

transport particularly over small-scale basins. In addition,

the high-resolution GCMs considered in this study better

represent topography, which directly affects the amount

and distribution of rainfall, particularly over the UBN

basin. The presented analysis gives some guidance for

selecting the suitable GCMs to use for climate change

studies over the Congo and UBN basins as using only the

models that are able to simulate correctly the water cycle

can increase the confidence on their future projection of

changes in the hydrological cycle.
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