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Anonymous	Referee	#1		
	
The	authors	present	an	interesting	study	by	which	they	analyse	the	trends	in	soil	
mois-	ture	characteristics	under	two	climate	change	scenarios.	This	is	important	
because	soil	moisture	 is	a	key	variable	 for	runoff	partioning.	Also,	 it	 is	a	major	
control	 on	 agricultural	 production.	 Although	 I	 feel	 this	 work	 is	 of	 interest	 to	
HESS	I	have	a	number	of	issues,	some	of	which	quite	major:		
	
1)	Comment:	 The	 first	 question	 that	 arises	 is	 why	 they	 authors	 used	 a	 single	
additional	 soil	moisture	model	 and	 not	 the	 soil	moisture	 states	 from	 the	 GCM	
land	models?	Or	are	they	not	available	from	the	CMP5	repository?	They	should	
state	a	reason	for	this	is	in	the	paper.		
Answer:	The	reviewer	refers	to	the	CMIP5	variable	mrlsl,	the	water	content	“in	
each	soil	layer,	the	mass	of	water	in	all	phases,	including	ice”	(as	described	in	the	
general	 CMIP5	 output	 variables	 available	 at	 http://	 cmip-pcmdi.llnl.gov/	
cmip5/docs/standard_output.pdf)	and	to	mrso	the	total	soil	moisture	content	in	
“the	mass	 per	 unit	 area	 	 (summed	 over	 all	 soil	 layers)	 of	water	 in	 all	 phases”	
(http://cmip-pcmdi.llnl.gov	/cmip5/docs/	standard_output.pdf).		
There	are	 several	 reasons	why	we	decided	not	 to	 choose	 those	outputs	 in	 this	
study.	 The	 main	 one	 is	 that	 it	 has	 been	 shown	 that	 combining	 the	 main	
catchment	 water	 balance	 components	 (precipitation,	 evapotranspiration	 and	
runoff)	from	the	CMIP5	outputs	lead	to	large	inconsistencies	(Bring	et	al.,	2015):	
therefore	we	cannot	expect	soil	moisture	derived	from	the	water	balance	as	it	is	
calculated	 in	 the	 land	 surface	 schemes	 to	 follow	 meaningful	 trends.	 This	
highlights	the	need	to	use	independent	soil	moisture	models	that	do	not	rely	on	
the	combination	of	 the	water	balance	components.	According	 to	 the	reviewer’s	
comment,	we	have	now	made	that	clearer	in	the	introdution:	
“Even	 though	 CMIP5	 models	 to	 some	 degree	 provide	 own	 outputs	 of	 (mostly	
near-surface)	soil	moisture,	Bring	et	al.	(2015)	have	shown	that	the	catchment-
scale	 water	 balance	 implications	 of	 these	 climate	 models	 are	 often	 far	 from	
realistic.	As	such,	direct	CMIP5	model	outputs	for	soil	moisture	may	thus	not	be	
suitable	for	relevant	quantification	of	catchment-scale	soil	moisture	dynamics,	as	
this	 is	 strongly	 related	 to	 and	 relies	 on	 realistic	water	 balance	 representation.	
Not	 least	 because	 we	 also	 aim	 here	 to	 investigate	 projected	 climate-driven	
change	in	soil	water	content	over	the	entire	unsaturated	zone	(and	not	just	near	
the	 surface),	 we	 therefore	 use	 in	 this	 investigation	 an	 other	 soil-moisture	
modeling	 framework	 (Destouni	 and	 Verrot,	2014;	 Verrot	 and	 Destouni,	 2015,	



2016)	 than	the	direct	output	provided	by	some	CMIP5	models	 for	mostly	near-
surface	soil	moisture.		
	“	(Lines	70-77	of	the	revised	manuscript).		
	
Additionally,	a	number	of	other	reasons	prevent	a	consistent	global-scale	cross-
catchment	 comparison	 based	 on	 the	 soil	 moisture	 outputs	 from	 the	 CMIP5	
models:	

- Not	all	 the	selected	models	have	those	outputs	available:	 	among	the	14	
selected	models,	mrlsl	 is	not	an	available	output	 from	the	repository	 for	
CSIRO-Mk3.6.0,	IPSL-CM5A-MR,	MPI-ESM-MR,	MPI-ESM-LR,	MRI-CGCM3.	

- The	soil	depth	is	not	the	same	between	models:	therefore	the	comparison	
between	models	would	be	possible	only	for	the	upper	layer	common	to	all	
the	models	(down	to	3	meters	approximately).	Here	is	the	table	of	the	soil	
layers	for	the	models	that	provide	the	mrlsl	output:	
Model	 Depths	of	the	layers	in	mrlsl	output	[m]	
BNU-ESM	 0.01,	0.04,	0.08,	0.15,	0.27,	0.46,	0.78,	1.30,	2.16,	3.57	
CCSM4	(NCAR)	 0.02,	0.05,	0.09,	0.117,	0.29,	0.49,	0.83,	1.38,	2.30,	3.80,	

6.28,	10.38,	17.13,	28.25,	43.74	
CESM1-CAM5	 0.02,	0.05,	0.09,	0.117,	0.29,	0.49,	0.83,	1.38,	2.30,	3.80,	

6.28,	10.38,	17.13,	28.25,	43.74	
FGOALS-g2	 0.02,	0.05,	0.09,	0.117,	0.29,	0.49,	0.83,	1.38,	2.30,	3.43	
FIO-ESM	 0.01,	0.04,	0.08,	0.15,	0.27,	0.46,	0.78,	1.30,	2.16,	3.57	
GISS-E2-H	 0.10,	0.27,	0.57,	1.08,	1.97,	3.50	
GISS-E2-R	 0.10,	0.27,	0.57,	1.08,	1.97,	3.50	
NorESM1-MN	 0.02,	0.05,	0.09,	0.117,	0.29,	0.49,	0.83,	1.38,	2.30,	3.80,	

6.28,	10.38,	17.13,	28.25,	42.10	
NorESM1-ME	 0.02,	0.05,	0.09,	0.117,	0.29,	0.49,	0.83,	1.38,	2.30,	3.80,	

6.28,	10.38,	17.13,	28.25,	42.10	
	

- Each	land	grid	cell	in	those	models	is	considered	as	a	1D	cell.	There	is	no	
lateral	 flows	eventhough	adjacent	 cells	may	have	different	 soil	depth	or	
different	elevation.	The	model	we	present,	although	simple,	relies	on	the	
assumption	of	negligible	lateral	flows	which	is	physically	more	realistic	at	
the	catchment	scale	than	at	the	grid	cell	scale	

- From	 the	 general	 description	 of	 CMIP5	 outputs	 (http://cmip-
pcmdi.llnl.gov/cmip5/docs/standard_output.pdf):	 “If	 soil	 layer	
thicknesses	vary	 from	one	 location	 to	another,	 interpolate	 to	a	standard	
set	 of	 depths.	 	 Ideally,	 the	 interpolation	 should	 preserve	 the	 vertical	
integral.”	 This	 standard	 set	 of	 depths	 is	 therefore	 not	 necessarily	
physically	 based,	 and	 knowing	 which	 cells	 have	 had	 their	 soil	 layer	
thicknesses	corrected	in	such	a	way	is	not	possible.	

	
2)	Comment:	The	question	 is	also	why	the	authors	did	not	 look	at	evaporation	
directly	 (probably	 also	 available	 from	 the	 repository).	 This	 is	 a	 more	 direct	
indicator	 for	 agricultural	 and	 ecosystem	 productivity.	 Please	 provide	 a	 reason	
why	soil	moisture	was	chosen	here!		
Answer:	 Soil	 moisture	 is	 not	 only	 relevant	 for	 agriculture	 or	 ecosystem	
functionality.	 It	 is	 of	 primary	 interest	 for	many	 other	 processes	 and	 activities	
such	 as	 human	 water	 consumption	 and	 solute	 transport.	 We	 have	 provided	



further	references	in	the	introduction	to	account	for	this	comment	(lines	21	and	
22	of	the	revised	manuscript).	
	
3)	Comment:	The	soil	moisture	model	that	 is	used	assumes	free	drainage	from	
the	 soil;	 i.e.	 the	 time-average	 soil	 moisture	 is	 such	 that	 it	 supports	 the	
unsaturated	conductivity	that	allows	the	time-average	recharge	to	pass	through	
the	 soil	 under	 a	 1:1	 (is	 gravity)	 gradient.	 This	 is	 a	 realistic	 assumption	 when	
looking	at	larger	time	scales	(which	is	what	they	do)	and	for	unsaturated	zones	
with	 deep	water	 tables.	 This	 latter	 assumption	 does	 not	 hold	 for	many	 basins	
they	 have	 chosen.	 For	 instance	 the	Ob	 has	 large	wetlands	 (peat	 bogs)	 and	 the	
lower	 Danube	 has	 a	 number	 of	 topographically	 flat	 areas	 (Pan-	 nonian	 Plain,	
Wallachian	Plain)	with	shallow	groundwater	tables.	The	soil	moisture	dynamics	
in	such	areas	may	be	much	less	sensitive	to	climate	change	due	to	ground-	water	
convergence	or	impaired	drainage.	This	is	not	accounted	for.	The	question	then	
is:	what	are	the	errors	made	by	this	assumption?		
Answer:	The	approximation	of	a	gravity	driven	flow	is	not	a	new	one	and	is	the	
subject	 of	 an	 extended	 literature.	 Some	 of	 those	 studies	 focused	 on	 the	
experimental	and	numerical	analysis	of	the	time	scale	and	depth	for	which	such	
an	 approximation	 can	 be	 held:	 for	 instance,	 Graham	et	 al.,	 (1998)	 have	 shown	
that	 it	 can	 be	 valid	 for	 smaller	 time	 scales	 than	 the	 one	 presented	 here	 (7-38	
days).	To	account	for	this	comment,	we	have	now	explained	this	approximation	
in	more	details	in	the	manuscript:	“This	approximation	was	introduced	and	used	
by	 Dagan	 and	 Bresler	 (1979)	 and	 Bresler	 and	 Dagan	 (1981)	 in	 the	 context	 of	
large-scale	solute	transport	through	the	entire	unsaturated	zone,	with	associated	
average	time	periods	for	such	transport	ranging	from	four	months	to	five	years,	
as	quantified	by	the	spatial-average	travel	time	(around	which	there	is	also	large	
spatial	 variability)	 of	 infiltrated	water	 to	 different	 soil	 depths	 and	 in	 different	
soil	 types.	 The	 same	 approximation	 has	 also	 been	 used	 in	 multiple	 studies	 of	
large-scale	 solute	 transport	 through	 the	 unsaturated	 zone	 thereafter	 (e.g.,	
Destouni	 and	 Cvetkovic,	 1989,	 1991;	 Destouni,	 1993;	 Destouni	 and	 Graham,	
1995;	Graham	et	al.,	1998),	with	associated	mean	travel	times	of	7-38	days,	again	
with	also	large	spatial	variability	in	travel	times	around	that	spatial	mean	value.	
(lines	106-112)	
	
4)	Comment:	What	 is	 lacking	is	a	proper	validation	of	the	model.	GRACE	is	not	
particularly	useful	 for	validating	soil	moisture	variations	 if	 a	proper	correction	
for	especially	groundwater	volume	changes	is	not	done.	This	is	difficult	as	there	
is	 limited	 info	 about	 this.	 The	 reverse	 has	 been	 done	 a	 lot:	 estimating	
groundwater	 variations	 by	 subtracting	 from	 the	 total	 storage	 change	TWS	 soil	
moisture	and	surface	water	volume	changes	as	obtained	by	land	surface	models.	
There	 are	 now	 close	 to	 20	 years	 of	 soil	 moisture	 data	 available	 from	 remote	
sensing	(merging	passive	microwave	and	radar-based	soil	moisture	retrievals	–	
TU	Vienna	and	VU	University).	I	wonder	why	these	were	not	used	to	validate	the	
basin-scale	soils	moisture	simulations?	I	think	a	validation	with	these	data	is	in	
order.		
Answer:	We	invite	the	reviewer	to	consult	the	article	“Data-model	comparison	of	
temporal	variability	in	long-term	time	series	of	large-scale	soil	moisture”	(Verrot	
and	 Destouni,	 2016)	 now	 available	 online	 that	 explains	 in	 details	 the	 model	



validation.	The	reviewer	will	notice	that	the	changes	in	groundwater	storage	was	
indeed	taken	into	account	in	the	model	validation.	
We	 remain	 skeptical	 about	 any	 validation	 of	 this	 model	 with	 remote	 sensing	
data:	in	fact	those	methods	can	provide	data	only	for	the	very	top	layer	of	the	soil	
(around	 5-10cm),	 while	 this	 model	 aims	 at	 quantifying	 soil	 moisture	 changes	
over	the	entire	unsaturated	zone.	Ground-penetrating	radar	could	however	be	a	
great	 alternative,	but	 the	use	of	 such	method	 for	watershed-scale	validation	of	
modeled	soil	water	content	would	be	the	subject	of	another	study,	as	a	validation	
of	this	model	(with	GRACE)	is	already	available.	
As	 the	aim	of	 the	study	submitted	 in	HESS	 is	not	 to	validate	 the	model	 (this	 is	
now	 available	 in	 JGR),	 and	 following	 the	 reviewers’	 comment,	 we	 have	 now	
removed	the	figure	2	and	the	related	content	from	this	manuscript.	
	
5)	Comment:	 The	 spatial	 variation	within	 the	basins	 (as	big	 as	 the	Danube)	 is	
neglected,	as-	suming	that	the	most	dominant	soil	type	forced	with	basin-average	
recharge	will	yield	basin-average	soil	moisture	or	soil	wetness.	This	 is	a	pretty	
big	 assumption	 given	 that	 runoff	 generation	 and	 evaporation	 are	 non-linear	
processes	 and	 heterogeneity	 within	 basins	 (both	 in	 soil	 type,	 orography	 and	
climate	–	e.g.	the	Danube)	can	be	very	large.	The	author	should	at	least	show	that	
the	 assumption	 is	 warranted	 that	 their	 approach	 produces	 the	 correct	 trends	
and	 tendencies.	 This	 can	 be	 done	with	 a	 numerical	 experiment	 by	 choosing	 a	
heterogeneous	catchment	and	do	 the	analyses	on	subcatchments	 first	 (or	grids	
of	the	GCM)	average	the	results	over	the	basin	and	compare	these	to	their	basin-
average	method.		
Answer:	We	disagree	with	the	statement	“the	spatial	variation	within	the	basin	
is	neglected”.	 In	 fact,	 the	output	variable	of	 the	model	 is	 the	area-averaged	soil	
moisture:	this	quantity	exists	and	does	not	inherently	neglect	any	of	the	spatial	
heteoregeneities	 (in	 horizontal	 and	 in	 vertical	 space),	 eventhough	 they	 can	 be	
large	as	highlighted	by	the	reviewer.		
The	now	published	validation	of	the	model	also	provides	a	detailed	comparison	
of	 the	 modeled	 soil	 moisture	 with	 small	 scale	 data	 (see	 Verrot	 and	 Destouni,	
2016,	 in	 JGR-atmosphere).	 We	 have	 however	 added	 a	 figure	 in	 the	
supplementary	 material	 and	 provided	 additional	 results	 and	 discussion	 to	
account	for	the	uncertainty	in	the	results	due	to	soil	texture	:	see	figure	S2	and	
related	text	in	section	3.2:	“Model	result	sensitivity	with	regard	to	choices	of	soil	
parameters	values	is	overall	small	in	most	catchments	for	the	relative	changes	in	
mean	soil	water	content	(Fig.	S3	a,b,c,d)	and	its	inter-annual	variability	(Fig.	S3	
e,f,g,h);	most	 importantly,	 a	 different	 choice	 of	 different	 soil	 parameter	 values	
does	not	yield	a	different	direction	of	change.	Overall,	 the	greater	 the	resulting	
relative	 change	 is,	 the	 smaller	 is	 the	 related	 result	 sensitivity	 with	 regard	 to	
choices	 of	 soil	 parameters	 values.	 Consequently,	 the	 relative	 changes	 in	mean	
seasonal	 soil	 moisture	 under	 RCP	 2.6	 display	 the	 greatest	 sensitivity	 to	 soil	
parameter	 choices,	 while	 the	 relative	 changes	 in	 inter-annual	 variability	 of	
seasonal	 soil	moisture	under	RCP	8.5	scenarios	display	smaller	sensitivity.	The	
relative	changes	in	the	frequency	of	occurrence	of	rare	events	are	not	sensitive	
to	 soil	 parameter	 choices	 (Fig.	 S3	 i,j,k,l)	 as	 their	 quantification	 is	 directly	 and	
linearly	related	to	q.	For	almost	all	the	catchments	and	for	all	three	soil	moisture	
statistics,	 the	set	of	chosen	soil	parameters	values	(Fig.	S1)	 lies	well	within	 the	



median	 absolute	 deviation	 calculated	 from	 the	 11	 sets	 of	 soil	 parameters.	 “	
(Lines	329-339	of	the	revised	manuscript)	
	
6)	Comment:	The	uncertainty	is	only	marginally	taken	into	account.	The	authors	
have	an	ensemble	of	GCMs	to	do	the	analyses	on	but	only	use	the	ensemble	mean	
(except	 in	the	plots	of	Figure	2).	 If	 the	ensemble	was	used	as	a	whole,	not	only	
the	percentage	change	could	have	been	reported	but	also	a	t-test	to	signify	if	this	
change	 is	 significant.	 Alternatively,	 they	 could	 have	made	 a	 percentage	 change	
map	 also	 indicating	 the	 number	 of	 the	 models	 showing	 the	 same	 tendency.	
Working	with	an	ensemble	but	not	using	its	potential	to	include	uncertainty	is	an	
omission	that	should	be	corrected.		
Answer:	 Following	 the	 reviewer’s	 comment,	 we	 have	 made	 further	 analysis	
about	models’	variability	that	lead	us	to	change	the	variable	of	focus	:	instead	of	
ensemble	mean,	we	have	preserved	the	CMIP5	models	outputs	and	show	results	
for	 the	median	values	derived	 from	the	 individual	models	results.	Additionally,	
we	have	now	provided	a	detailed	analysis	presented	in	the	modified	section	2.5,	
its	associated	results	and	discussion	(see	also	figure	S3)	on	the	uncertainty	based	
on	models’	results	in	the	manuscript	:		
“For	 the	 three	 studied	 statistics,	 the	 uncertainty	 due	 to	 inter-model	 variability	
among	 the	 CMIP5	 models	 is	 greater	 (as	 quantified	 by	 the	 	 median	 absolute	
deviation)	for	the	RCP	2.6	scenario	(Fig.	S4	a,c,e,g,i,k)	than	the	RCP	8.5	scenario	
(Fig.	 S4	 b,d,f,h,j,l).	 This	 means	 that	 the	 project	 change	 trend	 (sign	 of	 relative	
change)	 for	 each	 catchment	 is	more	 consistent	 across	models	 for	 the	 RCP	 8.5	
scenario	 than	 for	 the	RCP	2.6	 scenario,	 especially	 for	 relatively	 large	projected	
changes.	 For	 instance,	 in	 the	 catchment	 Eur1,	 which	 displays	 the	 greatest	
increase	 in	 frequency	 of	 occurrence	 of	 dry	 events	 under	 RCP	 8.5,	 the	median	
absolute	 deviation	 ranges	 from	 approximately	 200%	 to	 650%,	 indicating	 a	
relatively	 robust	projection	of	 this	 change	 to	effectively	happen	under	 the	RCP	
8.5	 scenario.	 Large	 projected	 changes	 in	 terms	 of	 the	 ensemble	mean	 (800%)	
and	mean	model	(500%)	result	for	this	catchment	also	show	that	some	climate	
models	imply	considerably	greater	changes	than	the	median	model	result”	(lines	
340-348	of	the	revised	manuscript).		
	
“Regarding	climate	models,	their	results,	including	projected	directions	of	
changes,	vary	greatly	across	models	and	especially	under	RCP	2.6	scenario,	as	
also	pointed	out	by	previous	studies	of	projected	hydro-climatic	(Bring	et	al.,	
2015)	and	temperature	(Knutti	and	Sedláček,	2013)	changes.	This	suggests	that	
the	lack	of	consistency	in	hydrologically	relevant	outputs	among	CMIP5	models	
leads	to	much	greater	uncertainties	than	soil	parameter	choices	for	projection	of	
soil	moisture	changes.	The	results	shown	and	mostly	discussed	here	in	terms	of	
median	model	results	represent	relatively	conservative	projections	of	such	
changes,	emphasizing	that	worrying	soil	moisture	statistics	changes	may	be	
expected	to	occur	in	some	catchments,	particularly	under	the	RCP	8.5	scenario,	
even	when	considering	the	inter-model	uncertainty	among	CMIP5	models.“	
	(lines	369-377	of	the	revised	manuscript).	
	
	



Anonymous	Referee	#2		
	
This	 paper	 analyzes	 the	 change	 in	 soil	 moisture	 features	 (dry/wet	 event	
frequency,	change	in	water	storage)	for	different	projected	climate	regimes.	I	am	
not	 very	 con-	 vinced	 about	 the	 methodology,	 or	 about	 the	 relevance	 of	 this	
paper.	 Major	 revisions	 are	 needed	 before	 the	 paper	 could	 be	 considered	 for	
publication.		
	
1)	 Comment:	 What	 is	 new	 in	 this	 paper	 compared	 to	 earlier	 studies	 that	
investigated	 the	effect	of	climate	projections	on	soil	moisture?	Please	explicitly	
state	 the	new	 findings	or	advancements.	The	 introduction	refers	excessively	 to	
Destouni	 or	 Verrot	 and	 findings	 by	 major	 research	 institutes	 specialized	 in	
climate	projections	are	barely	discussed.		
Answer:	 We	 have	 now	 revised	 the	 introduction	 according	 to	 the	 reviewer’s	
comment	(lines	33-58	of	the	revised	manuscript	“Soil	moisture	in	the	top	layer	
is….	 any	 soil	 depth	 of	 interest”).	However	 we	 would	 like	 to	 point	 out	 to	 the	
reviewer	that,	as	stated	now	in	the	introduction,	most	of	the	studies	focusing	on	
soil	 moisture	 at	 catchment	 scales	 focus	 on	 part	 only	 of	 the	 unsaturated	 zone	
(first	few	centimers	down	to	the	root	depth),	while	the	presented	model	covers	
the	entire	unsaturated	zone,	making	difficult	any	direct	 comparison	with	other	
results.	
	
2)	Comment:	The	paper	refers	to	Verrot	and	Destouni	(2016),	which	is	in	review	
and	not	available.	
Is	fig.	2	copied	from	that	paper?	Why	even	spend	time	on	GRACE	in	this	paper	in	
HESS,	 if	 it	 is	 already	 included	 in	 another	 paper?	 If	 GRACE	 is	 essential	 in	 this	
paper	to	justify	the	validity	of	the	new	approach,	then	please	explain	exactly	how	
the	 climatology	 of	 GRACE	 is	 compared	 to	 the	 model.	 How	 are	 the	 scaling	
parameters	used	in	the	GRACE	data	processing,	which	spatial	resolution	is	used?	
These	GRACE	scaling	parameters	are	model-based,	so	the	evaluation	would	have	
to	be	done	very	carefully	to	make	any	sense.		
p.5,	L.113	refers	to	Fig	2	without	discussing	it	in	the	text.	Why	are	only	a	hand-	
ful	 of	 catchments	 shown,	 if	 both	 CMIP5	 and	 GRACE	 have	 global	 data?	 How	 is	
GRACE	soil	moisture	extracted	 from	 the	 total	water	 storage	 (=snow+soil	mois-	
ture+biomass+groundwater)	changes?	How	is	 the	comparison	 in	snow-covered	
catch-	ments?	Please	discuss	the	figures	or	leave	them	out	if	already	included	in	a	
previous	paper.		
Answer:	We	invite	the	reviewer	to	consult	the	article	“Data-model	comparison	of	
temporal	variability	in	long-term	time	series	of	large-scale	soil	moisture”	(Verrot	
and	Destouni,	2016)	now	accepted	and	available	online	 that	explains	 in	details	
the	model	validation.	Following	the	reviewer’s	comment,	we	have	now	removed	
Figure	2	and	related	text	from	the	manuscript.	
	
3)	Comment:	Honestly,	 I	don’t	understand	why	 this	new	modeling	approach	 is	
introduced	and	I	see	nothing	but	problems	with	it.	Please	clearly	justify	the	need	
for	the	new	modeling	approach	in	this	study:		
	
-	depth-average	soil	moisture:	up	to	which	depth?	The	depth	to	bedrock	varies	in	
space.	How	can	we	make	consistent	conclusions	about	the	soil	moisture	features	



if	 the	 depth	 is	 different	 everywhere?	 A	 shallow	 layer	 will	 respond	 very	
differently	to	a	deep	layer	(different	memory).		
Answer:	 As	 stated	 in	 the	 introduction	 and	modeling	 approach	 section,	 the	 soil	
moisture	 derived	 from	 the	 model	 is	 the	 value	 averaged	 over	 the	 unsaturated	
zone.	However,	 in	 order	 to	 account	 for	 the	 reviewer’s	 comment,	we	 have	 now	
made	 the	 definition	 of	 the	 unsaturated	 zone	 clearer	 (see	 lines	 91-93	 of	 the	
revised	 manuscript	 “The	 unsaturated	 zone	 is	 here	 defined	 as	 the	 soil	 depth	
bounded	by	the	land	surface	at	the	top	and	the	groundwater	table	at	the	bottom.	
By	definition,	at	each	point	in	time,	the	groundwater	table	position	is	where	the	
water	pressure	equals	the	air	pressure.”)	
The	model	does	not	aim	at	reproducing	short	time	scale	absolute	values	of	soil	
moisture,	 where	 antecedent	 soil	 moisture	 value	 has	 to	 be	 accounted	 for	 to	
calculate	infiltration	rate	(in	fact	we	do	not	calculate	infiltration	rate	here).	Here	
the	presented	modelling	approach	relies	on	the	relationship	between	the	ability	
of	 the	 soil	 to	 generate	 (vertical)	 outflow	 and	 the	 water	 content,	 under	 a	 unit	
hydraulic	gradient	(this	is	a	well	known	process	indeed).	The	approximation	k~q	
is	 not	 new,	 but	 the	 model	 links	 those	 two	 relationships	 to	 the	 oberserved	
hydroclimate.	This	is	stated	and	explained	in	details	the	methodology	section.	
	
-	Comment:	 Eq.	 1	 essentially	 says	 that	 soil	moisture	 =	 scaled	 runoff.	 All	 other	
terms	are	constant	parameters	in	time.	I	do	not	think	that	any	of	the	subsequent	
analyses	would	 differ	 if	 the	 constant	 parameters	were	 simply	 omitted,	 so	why	
even	worry	about	them?		
Answer:	 We	 have	 now	 provided	 	 an	 analysis	 of	 the	 uncertainty	 due	 to	 soil	
texture	parameters	values:	 see	 lines	219-22,	new	section	3.2	 lines	328-348.	As	
now	stated	in	the	revised	manuscript,	the	frequency	of	occurrence	of	rare	events	
does	not	change,	however	the	relative	changes	in	the	mean	water	content	and	its	
interannual	variability	is	affected	by	soil	texture.		
	
Comment:	 This	 Eq	 also	 assumes	 that	 evapotranspiration	 is	 constant	 (not	
affecting	 soil	 moisture)	 and	 consequently,	 this	 assumes	 that	 the	 relative	
partitioning	 of	 runoff	 and	 ET	 varies	 in	 time.	 Why	 introduce	 all	 these	
assumptions,	 if	 we	 have	 land	 surface	 models	 to	 calculate	 soil	 moisture?	 The	
CMIP5	model	 output	must	 have	 soil	moisture	 estimates	 that	 are	 ready	 for	 use	
and	they	must	be	superior	because	they	come	from	a	coupled	simulation	(with	
feedback	 between	 land	 and	 atmosphere),	 whereas	 the	 presented	 simulations	
presumably	include	no	feedback.		
Answer:	We	disagree	with	this	comment:	

1) Equation	 1	 (and	 none	 of	 the	 equations)	 doesn’t	 assume	 that	 the	
evapotranspiration	is	constant.	We	do	not	understand	this	comment.		

2) “they	must	 be	 superior	 because	 they	 come	 from	 a	 coupled	 simulation”.	
Land-surface	schemes	rely	on	a	heavy	number	of	assumptions	too	(many	
of	 which	 are	 not	 available).	 Soil	 moisture	 is	 the	 result	 of	 complex	
processes	that	none	of	the	models	can	capture:	Models	need	to	rely	on	a	
certain	number	of	symplifying	assumptions	depending	on	their	intended	
use	and	therefore	assuming	that	soil	moisture	from	land	surface	schemes	
is	 inherently	 ‘superior’	 to	 any	other	model	because	 they	 include	a	 land-
atmosphere	feedback	seems	to	be	a	very	strong	generalization.	Moreover	
the	 presented	 model	 relies	 on	 the	 quantification	 of	 the	 water	 that	



infiltrates	the	soil	layer,	which	is	a	result	of	the	land	surface	schemes	(and	
is	 therefore	 affected	 by	 all	 the	 processes	 that	 the	 land	 surface	 schemes	
include).		
We	 also	 refer	 to	 reviewer’s	 1	 first	 comment	 for	 a	 more	 detailed	
explanation	of	the	differences	between	this	model	and	the	relevant	CMIP5	
land-surface	schemes.	
This	 comment	 probably	 comes	 from	a	misunderstanding	 of	 the	model’s	
conceptual	 representation	 of	 processes	 and	 the	 study’s	 goals:	 we	 have	
now	revised	the	introduction	to	make	it	clearer	(see	lines	33-50	and	70-
87	of	the	revised	manuscript)	
	

-	Comment:	the	method	assumes	an	insignificant	change	in	long-term	subsurface	
storage.	 (L.130).	 This	 is	 an	 invalid	 assumption	 in	 many	 regions	 where	 the	
groundwater	 is	 depleted	 (cfr.	 studies	 using	 GRACE	 data	 over	 California,	 East	
Africa,	India).		
Answer:	 We	 have	 specifically	 adressed	 this	 question	 in	 the	 manuscript	 (lines	
130-134	 of	 the	 original	 manuscript	 and	 lines	 157-161	 of	 the	 revised	
manuscript):	the	CMIP5	outputs	for	the	water	balance	does	not	show	significant	
change	in	water	storage.	
	
-	Comment:	around	L.174:	an	upwards	flux	may	perhaps	be	a	replenishing	of	the	
surface	 layer	 by	 the	 groundwater	 or	 some	 other	 deeper	 layer	 soil	 moisture.	
There	 is	 nothing	 unphysical	 about	 it.	 Please	 check	 the	 model	 structure	 and	
explain	this	phenomenon,	rather	than	treating	the	data	as	 if	 they	came	out	of	a	
black	box.	It	may	affect	the	analysis	results.		
Answer:	The	physical	meaning	of	negative	values	of	Reff	does	not	interfere	with	
any	 of	 the	 methodology	 or	 results	 from	 this	 study:	 the	 model	 relies	 on	 the	
assumption	 of	 a	 gravity	 drainage	 flow,	 therefore	 it	 is	 necessary	 to	 discard	 the	
catchments	where	 the	 flow	 is	upwards.	Following	 this	 reviewer’s	 comment	we	
have	 tehrefore	 removed	 the	mention	 of	 the	 physical	meaning	 of	 negative	 Reff	
values.	
	
-	Comment:	around	L.	191:	why	did	the	authors	derive	soil	parameters	based	on	
the	HWSD	 texture	 information?	Why	not	 simply	use	 the	parameters	 that	were	
used	in	the	model	simulations	to	be	consistent?		
Answer:	 To	 our	 knowledge,	 those	 parameters	 are	 not	 available.	 However	 to	
account	for	the	uncertainty	in	the	parameters’	estimation,	we	have	now	provided	
the	 quantification	 of	 the	 uncertainty	 in	 the	 results	 due	 to	 the	 11	 USDA	 soil	
textures	that	cover	a	wide	range	of	values	of	soil	hydraulic	properties:	see	lines	
219-22,	new	section	3.2	lines	328-348.			
	
4)	Comment:	Results:	please	verify	all	figures	and	explain	the	findings:		
-L.262:	Nam9	is	not	shown	in	fig3		
Answer:	 We	 have	 now	 removed	 figure	 3	 and	 the	 associated	 supplementary	
figures	 as	 we	 have	 refocused	 the	 study	 on	 the	 median	 of	 the	 models’	 results	
following	reviewer’s	1	comments.	
	
-	Comment:	 explain	 the	 reason	why	 catchments	may	 react	 in	 “opposite”	ways	
under	RCP	2.6	and	8.5.		



Answer:	This	has	to	do	with	the	underlying	land	surface	schemes	modeling	and	
global	circulation	models,	to	which	we	don’t	have	access.	More	importantly,	the	
goals	of	this	study	is	not	to	provide	an	analysis	of	the	internal	schemes	of	global	
circulation	and	land	surface	models.		
	
-	Comment:	how	are	all	 these	results	affected	by	 the	 lack	of	 feedback	 from	the	
land	surface	to	the	atmosphere?	
Answer:	This	model,	as	well	as	many	other	models	focusing	on	soil	moisture	(e.g.	
Rodriguez-iturbe	 et	 al.,	 1999,	 now	 cited	 in	 the	 revised	 manuscript)	 aims	 at	
quantifying	 the	 impacts	 of	 a	 given	 hydroclimate	 on	 soil	 moisture:	 it	 does	 not	
quantify	 the	 evapotranspiration	 or	 the	 precipitation,	 but	 rather	 uses	 them	 to	
quantify	soil	moisture.		



Anonymous	Referee	#3		
	
Comment:	 This	 study	 presents	 a	 global	 analysis	 of	 hydro-climatic	 change.	 The	
authors	performed	a	post	processing	of	existing	scenarios	by	computing	a	proxy	
of	 the	 soil	 moisture	 using	 a	 simplified	 model	 developed	 and	 published	 in	
previous	studies.		
My	main	 concerns	 are	 linked	 to	 the	model	 and	 the	 adding	value	 it	 provides	 in	
comparison	 to	 more	 direct	 climatic	 indicators	 (P-ET,	 ET/ET0	 Precipitation	
indexes)	 or	 simple	 water	 balance	 approaches,	 which	 for	 me	 would	 be	 more	
appropriate	since	all	the	water	flow	terms	are	available	in	CMIP	5	simulated	data	
set.	 In	 the	model	 presentation	 and	 in	 the	 discussion	 it	would	 be	 important	 to	
better	 position	 the	 method	 and	 discuss	 its	 relevance	 with	 respect	 to	 other	
approaches.		
Answer:	 We	 have	 now	 provided	 further	 justification	 for	 the	 use	 of	 such	 an	
independent	 soil	 moisture	 model	 in	 the	 manuscript:	 see	 lines	 70-77	 of	 the	
revised	manuscript.	We	also	refer	to	the	answer	to	the	first	comment	of	reviewer	
1.		
	
1)	 Comment:	 The	 presentation	 of	 the	 model	 is	 not	 always	 easy	 to	 follow.	 A	
schematic	diagram	defining	clearly	the	modelled	system	and	the	flows	and	how	
they	can	be	related	to	the	CMIP	5	output	variables	would	be	very	useful.		
The	principal	difficulty	come	with	the	definition	of	the	Runoff	Reff	and	R.	To	my	
understanding,	Reff	is	the	ground	water	recharge	and	R	the	sum	of	ground	water	
recharge	and	surface	runoff.	This	can	be	clearly	defined	in	a	figure.		
Answer:	As	the	number	of	 figures	 is	already	quite	 large,	we	would	like	to	refer	
the	 reviewer	 to	 Destouni	 and	 Verrot,	 2014,	 where	 such	 a	 schematic	 model	
structure	was	 provided.	 Reff	 is	 the	 contribution	 of	 the	 sursurface	 discharge	 to	
the	 total	 runoff	 (streamflow)	 as	 stated	 in	 lines	 123-125	 of	 the	 revised	
manuscript	 (unchanged	 from	 the	 original	 version:	 ”This	 subsurface	 runoff	
component	Reff	complements	the	runoff	component	(1-γ)R	of	overland	and	pure	
(not	fed	by	subsurface	water	into	the)	surface	water	flow”)	
	
2)	Comment:	The	depth	of	the	soil	layer	remains	unclear.	Does	it	correspond	to	
the	depth	of	the	water	table,	which	means	that	it	could	reach	several	hundreds	of	
meters	 in	 the	 case	 of	 deep	 aquifer?	 What	 would	 be	 the	 value	 of	 the	 soil	
parameters,	which	described	basically	the	top	first	meter?		
Answer:	 Yes	 the	 model	 quantifies	 the	 depth-averaged	 soil	 moisture	 in	 the	
unsaturated	 zone.	 This	 is	 now	 clarified	 in	 the	 manuscript	 :	 “The	 unsaturated	
zone	 is	here	defined	as	the	 layer	of	 the	soil	bounded	by	the	 land	surface	at	 the	
top	and	by	the	groundwater	table	at	 the	bottom.	By	definition,	at	each	point	 in	
time,	 the	 groundwater	 table	 position	 is	 where	 water	 pressure	 equals	 air	
pressure”	(lines	91-94	of	the	revised	manuscript).	
To	quantify	 the	uncertainty	due	 to	 the	definition	of	 the	 soil	parameters	and	 to	
account	 for	 the	 fact	 that	 the	 soil	 parameters	 encountered	 at	 the	 surface	 from	
surveys	may	not	be	representative	of	the	overall	unsaturated	zone	condition,	as	
pointed	out	by	the	reviewer,	we	have	provided	an	additional	figure	(Figure	S2)	
and	associated	results	(see	new	section	3.2)	and	discussion	(lines	369-377	of	the	
revised	manuscript)	
	



3)	Comment:	What	is	the	interest	of	showing	equation	3,	which	is	never	used	in	
the	study?	What	is	the	difference	between	deltaS	and	the	soil	moisture?		
Answer:	Equation	3	describes	the	change	in	mean	cumulative	water	storage.	It	is	
essential	to	justify	the	the	assumption	of	a	negligeable	water	storage	(necessary	
for	the	approximation	q≈Reff)	for	the	study	period	in	the	catchments	of	interest,	
as	 described	 in	 the	 paragraph	 following	 the	 equation	 (lines	 130-134	 of	 the	
original	manuscript	and	lines	157-161	of	the	revised	version).		
	
4)	 Comment:	 The	 model	 use	 an	 equation	 describing	 local	 and	 instantaneous	
flows	as	analog	of	large	scale	and	monthly	integrated.	It	is	audacious	to	use	such	
a	 non	 linear	 equation	 considering	 that	 spatial	 integration	 (with	 very	 strong	
spatial	 heterogeneities)	 and	 temporal	 averaging	 tend	 to	 smooth	 non	 linear	
processes.	 In	 fact	 the	resulting	value	can	 just	be	a	crude	proxy	of	 the	moisture	
content	and	it	would	be	interesting	to	show	how	the	adding	value	of	such	a	proxy	
in	comparison	to	that	given	by	a	simple	soil	water	balance	approaches	since	all	
the	terms	required	to	implement	it	are	given	by	CMIP5	outputs.	A	discussion	of	
this	 point	would	be	 very	 important	 in	 part	 4,	 in	 particular	 to	 demonstrate	 the	
potential	 of	 the	 proposed	 approach	 to	 provide	 an	 original	 view	 for	 CMIP5	
scenarios	analysis.		
Answer:	We	have	now	provided	a	more	detailed	justification	of	the	use	of	such	a	
model	based	on	existing	litterature	that	showed	that	the	use	of	catchment	scale	
water	balance	from	CMIP5	variables	lead	to	inconsistencies	(lines	70-77	of	the	
revised	manuscript):	“Even	though	CMIP5	models	to	some	degree	provide	own	
outputs	of	(mostly	near-surface)	soil	moisture,	Bring	et	al.	(2015)	have	shown	
that	the	catchment-scale	water	balance	implications	of	these	climate	models	are	
often	far	from	realistic.	As	such,	direct	CMIP5	model	outputs	for	soil	moisture	
may	thus	not	be	suitable	for	relevant	quantification	of	catchment-scale	soil	
moisture	dynamics,	as	this	is	strongly	related	to	and	relies	on	realistic	water	
balance	representation.	Not	least	because	we	also	aim	here	to	investigate	
projected	climate-driven	change	in	soil	water	content	over	the	entire	
unsaturated	zone	(and	not	just	near	the	surface),	we	therefore	use	in	this	
investigation	an	other	soil-moisture	modeling	framework	(Destouni	and	
Verrot,	2014;	Verrot	and	Destouni,	2015,	2016)	than	the	direct	output	provided	
by	some	CMIP5	models	for	mostly	near-surface	soil	moisture.	“	
Regarding	the	validity	of	the	model	for	large-scale	quantification	of	soil	moisture,	
the	now	published	model	data	comparison	(Verrot	and	Destouni,	2016)	provides	
such	justification.	
	
Comment:	 The	 relevance	 of	 the	 computed	 soil	 moisture	 is	 justified	 by	 a	
comparison	with	 Grace.	 In	 the	 evaluation	with	 Grace	 how	 the	 author	 estimate	
Reff,	the	soil	depth	(since	soil	moisture	is	given	in	term	of	Storage	variations).	
	Moreover,	Grace	measured	the	total	amount	of	water.	How	the	authors	separate	
the	variation	in	soil	water	content	and	those	linked	to	the	aquifer	variations.		
Answer:	 The	 comparison	 with	 GRACE	 data	 has	 now	 been	 removed	 from	 this	
manuscript	 as	 the	 full	 study	 is	 now	 accepted	 and	 published	 (see	 Verrot	 and	
Destouni	2016)	
	
Specific	comments		



Comment:	L126-132	:	In	the	hydrological	balance,	DeltaS	seems	to	be	a	second	
order	quantity	in	comparison	to	P.	Can	the	authors	comment	that	statement	and	
the	consequence	for	the	study.		
Answer:	ΔS	is	much	smaller	than	P	which	in	fact	allows	the	approximation	q≈Reff	
as	stated	in	the	manuscript	(lines	157-161	of	the	revised	manuscript).	This	does	
not	have	any	consequence	on	the	relevance	of	looking	at	long-term	dynamics	of	
soil	 moisture	 as	 it	 is	 central	 for	 many	 processes	 and	 human-related	 needs	
(agriculture,	water	consumption,	solute	transport…)	.	We	have	provided	further	
references	 to	make	 this	point	 clearer	 :	 “Soil	moisture	plays	a	major	 role	 in	 the	
hydrologic	 and	 climatic	 systems,	 by	 influencing	 the	 water	 and	 energy	
partitioning	 between	 the	 atmosphere	 and	 the	 subsurface	 (Corradini,	2014;	
Seneviratne	et	al.,	2010).	 It	also	affects	and	 is	affected	by	 the	water	 fluxes	 into	
and	 from	 the	 groundwater	 system	 (Chen	 and	 Hu,	 2014)	 involved	 in	 solute	
transport	 (Charbenau,	 1984),	 and	 is	 of	 major	 importance	 for	 human	 societies	
(Oki	and	Kanae,	2006).”	(lines	19	to	22	of	the	revised	manuscript)	
	
Comment:	L170-180	 :	 this	paragraph	 is	difficult	 to	 follow.	What	 is	 the	physical	
meaning	 of	 an	 upward	 flux	 (exfiltration?	 Contribution	 to	 river	 flow?	 lateral	
aquifer	flow?	Numerical	artifact?	.	.	.)		
Answer:	 As	 the	 physical	meaning	 of	 negative	 values	 of	Reff	 does	 not	 interfere	
with	any	of	the	methodology	or	results	from	this	study:	the	model	relies	on	the	
assumption	 of	 a	 gravity	 drainage	 flow,	 therefore	 it	 is	 necessary	 to	 discard	 the	
catchments	where	 the	 flow	 is	 upwards.	We	 have	 removed	 the	mention	 of	 the	
physical	meaning	of	negative	Reff	values.	
	
Comment:	L197	I	would	say	Equation	2	rather	than	Eq.	4		
Answer:	 This	 sentence	 refers	 to	 the	 CMIP5	 output	 variables	mrro	 	 and	mrros	
used	in	equation	4.	
	
Comment:	 L198-209.	 This	 paragraph	 is	 difficult	 to	 follow.	 It	 seems	 that	 the	
rainfall	threshold	to	distinguish	wet	and	dry	season	is	changing	every	year.	This	
means	that	a	given	climate	event,	it	can	be	classified	as	dry	or	wet	according	to	
the	year	(wet	or	dry).	Can	the	authors	comment	that.		
Answer:	Dry	and	wet	events	as	studied	here	are	not	dependent	on	the	definition	
of	dry	and	wet	season.	It	is	now	more	clearly	stated	in	section	2.5:	“Furthermore,	
we	have	assessed	 the	change	 from	2006-2025	 to	2080-2099	 in	 the	occurrence	
frequency	of	wet	and	dry	events;	these	are	defined	as	monthly	average	θuz	values	
that	exceed	the	95%	upper	percentile	θuz	value	(for	wet	events)	or	are	below	the	
5%	percentile	θuz	value	(for	dry	events)	of	the	first	period	2006-2025	regardless	
of	when	 during	 the	 year	 this	may	 happen	 and	 of	 the	 season	 definition.”	 (lines	
245-248	of	the	revised	manuscript)	
	
Comment:	L201-202	:	I	don’t	understand	what	is	done		
L205-209	:	I	don’t	understand	what	is	done		
Answer:	We	rephrased	 the	methodology	 for	 this	 comparison	 (lines	223-227	of	
the	revised	manuscript).	
	
Comment:	L210-L215	:	This	could	be	supported	by	a	synthetic	figure	in	the	main	
text.		



Answer:	We	are	unsure	what	 the	 reviewer	 refers	 to	here:	 lines	210-215	 is	 the	
short	methodology	of	 the	comparison	of	precipitation	output	 from	CMIP5	with	
GPCC	values.	We	do	not	understand	what	type	of	figure	could	be	helpful.		
	
Comment:	L219-220	:	“and	not	.	.	..landscape”.	I	don’t	understand	what	is	meant	
here		
L233-240	:”	 inter-model	differences	are	relatively	small”	 looks	contradictory	to	
the	 sub-	 sequent	 statement	 “long	 term	 term	 average	 soil	 moisture	 may	 vary	
greatly”.	In	general	the	paragraph	is	difficult	to	follow.		
Answer:	 Following	 reviewer	 1	 comment	 and	 other	 comments,	 we	 have	 now	
removed	the	study	based	on	the	ensemble	mean	and	the	associated	text.	
	
Comment:	 L248-250	 :	 difficult	 to	 understand	 the	 agreement	 of	 results	 (which	
agreement?	Which	results?).		
Answer:	As	stated	in	the	sentence	that	the	reviewer	refers	to,	the	agreement	is	
defined	in	section	S3.	
	
Comment:	L324-L328	:	very	long	sentence	difficult	to	read.		
Answer:	We	 have	 reformulated	 the	 sentence	 according	 to	 this	 comment:	 ”For	
most	 of	 the	 study	 catchments,	 the	 pattern	 of	 changes	 in	 frequency	 of	wet/dry	
events	(Fig.	2)	is	consistent	with	that	in	average	seasonal	soil	moisture	(Fig.	4);	
the	 Pearson	 correlation	 coefficient	 between	 the	 calculated	 relative	 changes	 in	
frequency	of	rare	events	and	in	mean	seasonal	soil	moisture	is	-0.68	for	RCP	8.5	
and	 -0.55	 for	 RCP	 2.6	 regarding	 the	 frequency	 of	 dry	 events	 and	 average	 soil	
moisture	 during	 the	 dry	 season,	 and	 0.71	 for	 RCP	 8.5	 and	 -0.72	 for	 RCP	 2.6	
regarding	the	frequency	of	wet	events	and	average	soil	moisture	during	the	wet	
season.”	(lines	350-355	of	the	revised	manuscript)	
	
Comment:	L342-L346	:	one	of	the	interest	of	the	approach	is	to	bring	some	soil	
information	in	the	analysis.	It	would	be	interesting	to	go	above	the	simple	non-
linearity	observation.	How	soil	properties	affect	the	impact	hydroclimatic	change	
on	soil	moisture	variability		
Answer:	Following	this	comment	and	reviewers	1	and	2	comments,	we	have	now	
included	 an	 analysis	 of	 the	 effect	 of	 soil	 parameter	 values	 on	 the	 presented	
results	 and	 discussion	 (see	 section	 3.2)	 based	 on	 the	 new	 figure	 S2	 in	 the	
supplementary	information.		
	
Comment:	 Results	 and	 discussion.	 Are	 the	 results	 consistent	 with	 previous	
analysis	on	hydroclimatic	changes.	What	original	conclusions	can	be	highlighted	
by	the	use	of	the	proposed	model?		
Answer:	We	have	broaden	the	discussion	according	 to	 this	comment	(see	 lines	
369-377	of	the	revised	manusript).	
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Abstract. Soil moisture is a key variable in hydrology, ecology, and climate change science. It is also of 8 

primary importance for the agricultural and water resource sectors of society. This paper investigates how hydro-9 

climatic changes, projected by 14 CMIP5 models and for different radiative forcing (RCP) scenarios to occur from 10 

2006-2025 to 2080-2099, may affect different soil moisture aspects in 81 large catchments worldwide. Overall, for 11 

investigated changes in the occurrence frequency of rare dry/wet events and in the average value and inter-annual 12 

variability of seasonal water content, different RCP scenarios imply opposite directions of change in around half or 13 

more of the study catchments. Regardless of RCP scenario, the greatest projected changes are found for the  14 

occurrence frequency of dry/wet events. Especially large increases in dry-event frequency, combined with 15 

increased inter-annual variability of dry-season water content, indicate increased drought risk for several large 16 

catchments over the world, with the considered RCP scenario determining which these catchments are. 17 

1. Introduction 18 

Soil moisture plays a major role in the hydrologic and climatic systems, by influencing the water and 19 

energy partitioning between the atmosphere and the subsurface (Corradini, 2014; Seneviratne et al., 2010). It also 20 

affects and is affected by the water fluxes into and from the groundwater system (Chen and Hu, 2014) involved in 21 

solute transport (Charbenau, 1984), and is of major importance for human societies (Oki and Kanae, 2006). Soil 22 

moisture is a dynamic variable defined as the volume of water in a given volume of soil. It is also spatially 23 

heterogeneous, and depends on both dynamic (e.g. vegetation, spatial distribution of hydro-climatic conditions) 24 

and static factors (soil type, topography) (Destouni and Cvetkovic, 1989; Russo, 1998; Mohanty et al., 2000). 25 
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Long-term and large-scale shifts in climate as well as in land-use and water-use conditions in the 28 

landscape (Destouni et al., 2013; Jaramillo and Destouni, 2014) are shown to impact the hydro-climate and the 29 

water resources in various regions of the world. Considerable hydro-climatic shifts have occurred in the past 30 

(Jaramillo and Destouni, 2015) and are expected to occur in the future (Bring et al., 2015) locally and globally. In 31 

particular for future projections, the hydro-climatic shifts are uncertain and depend on the path that our societies 32 

will take regarding greenhouse gas (GHG) emissions (Peters et al., 2013; IPCC, 2014) and on the societal paths for 33 

local land- and water-uses (Destouni et al., 2010; Jarsjö et al., 2012).  34 

Soil moisture in the top soil layer is often studied in energy-related applications, such as ones relating to 35 

large-scale climate modelling (Wu et al., 2015; Dirmeyer et al., 2013; Kumar et al., 2014). Corresponding large-36 

scale historical data is now provided for almost 20 years of remote sensing of soil moisture from the missions 37 

SMAP and SMOS, allowing for global-scale studies of top-layer soil moisture dynamics in relation to vegetation 38 

(De Jeu et al., 2008) or climatic (Wagner et al., 2003) patterns. Root-depth soil moisture dynamics have been the 39 

focus of many model-based and data-based studies (e.g. Rodriguez-iturbe, 1999), and can be derived from the 40 

land-surface schemes of climate models exploring future climate projections, such as in the Coupled Model 41 

Intercomparison Project (CMIP). However, the water storage dynamics over the entire unsaturated zone, the extent 42 

of which and the position of the groundwater table that determines this extent also vary in time, is the subject of 43 

significantly less modeling work at large scales, even though such quantifications are indeed needed in many 44 

environmental and societal sustainability applications, for example related to water supply, security and safety 45 

(Botter et al., 2010). In fact soil moisture over the entire time-variable unsaturated zone extent, or over some fixed 46 

depth that is mostly but not always unsaturated, is typically more difficult to study over large scales as it is related 47 

to conditions both at and close below the surface, and in deeper soil and the saturated groundwater zone. Impact of 48 

hydro-climatic changes on such soil moisture conditions at different temporal and spatial scales (D’Odorico et al., 49 

2000) may be derived from complex modeling of the full dynamics of soil water hydraulics, but such complex 50 

computations may not be readily carried out, and particularly not so with sufficient availability and quality of 51 

required input data, over long time periods and on regional to global scales.  52 

Catchment-scale water balance can be a useful physically based constraint for quantification of long-term 53 

and large-scale soil moisture dynamics over the whole unsaturated zone and also some depth into (sometimes) 54 

saturated soil. Such an approach relies then inherently on the quality and consistency of available large-scale data 55 

for the key hydrological fluxes (precipitation evapotranspiration and runoff) that determine this balance in a 56 
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catchment. Attempting to bridge key data and computational gaps for such soil moisture quantification, Destouni 73 

and Verrot (2014) and Verrot and Destouni (2015) have developed a modeling framework that links large-scale 74 

hydro-climatic flux variables with soil hydraulic properties over whole catchments and distinguishes the dynamic 75 

interactions between the unsaturated zone and the groundwater zone down to any soil depth of interest.  76 

This modeling framework, first described by Destouni and Verrot (2014), has been applied to various 77 

parts of the world and its results have since also been successfully tested against independent observation data 78 

(Verrot and Destouni, 2016). The latter include both large-scale data from the GRACE satellites (CSR-RL05, from 79 

Swenson (2012), Landerer and Swenson (2012), Swenson and Wahr (2006)) regarding large-scale water storage 80 

changes, and data from local measurements of soil water content and groundwater level within a set of smaller-81 

scale catchments (i.e., smaller than the catchments considered in the GRACE comparison). This data-model testing 82 

has provided support for sufficient model realism in reproducing long-term time series of soil moisture across 83 

various scales and world regions along steep climate gradients. The present study will use this modeling 84 

framework in a novel application of quantifying possible future changes in key large-scale long-term statistics of 85 

soil moisture dynamics, as implied by the phase 5 of the Coupled Model Intercomparison Project (CMIP5) (Taylor 86 

et al., 2012), for a worldwide set of large hydrological catchments.  87 

Even though CMIP5 models to some degree provide own outputs of (mostly near-surface) soil moisture, 88 

Bring et al. (2015) have shown that the catchment-scale water balance implications of these climate models are 89 

often far from realistic. As such, direct CMIP5 model outputs for soil moisture may thus not be suitable for 90 

relevant quantification of catchment-scale soil moisture dynamics, as this is strongly related to and relies on 91 

realistic water balance representation. Not least because we also aim here to investigate projected climate-driven 92 

change in soil water content over the entire unsaturated zone (and not just near the surface), we therefore use in 93 

this investigation an other soil-moisture modeling framework (Destouni and Verrot, 2014; Verrot and Destouni, 94 

2015, 2016) than the direct output provided by some CMIP5 models for mostly near-surface soil moisture.  95 

With this framework, we specifically quantify and regard climate-driven changes in important long-term 96 

large-scale statistics of soil moisture in 81 large hydrological catchments spread over the world (Fig. 1)..The 97 

investigated statistics include long-term catchment-average conditions and inter-annual variability around these for 98 

soil water content in the dry and the wet season, and occurrence frequency of particularly dry and wet events in the 99 

81 study catchments around the world. To investigate climate-driven changes in these soil moisture statistics, we 100 

use relevant hydro-climatic outputs from projections of the CMIP5 model ensemble for the time period 2006-2099 101 
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and compare their resulting implications for soil water content changes between the recent-to-near-future 20-year 125 

period 2006-2025 and the far-future 20-year period 2080-2099. These comparisons are further made for two 126 

different Representative Concentration Pathways (RCP) scenarios: RCP 2.6 (van Vuuren et al., 2007) and RCP 8.5 127 

(Riahi et al., 2011).  128 

2. Material and methods 129 

2.1 Modeling approach  130 

From the modeling framework proposed by Destouni and Verrot (2014), we focus here on the time-131 

variable depth-averaged soil water content θuz [-] over the entire unsaturated zone. The unsaturated zone is here 132 

defined as the soil depth bounded by the land surface at the top and the groundwater table at the bottom. By 133 

definition, at each point in time, the groundwater table position is where the water pressure equals the air pressure. 134 

The unsaturated water content θuz is in this framework evaluated as: 135 

!!" =
!
!!

!
!! − !!" + !!" ≈

!eff 
!!

!
!! − !!" + !!" (1) 

In Eq. (1), q [LT-1] is average vertical soil water flux through the unsaturated zone, Reff [LT-1] is a catchment-scale 136 

approximation of q in terms of effective subsurface runoff through a whole catchment (explained further below), 137 

Ks [LT-1] is saturated hydraulic conductivity, θir [-] is residual irreducible soil water content, , β = α/(3α + 2) [-] and 138 

α [-] is a characteristic soil texture parameter linked to the pore size distribution of different soil types (Rawls et 139 

al., 1982; Saxton et al., 1986). Furthermore, θs is saturated soil water content, which can be equated to porosity 140 

(Kumar, 1999; Entekhabi et al., 2010). The θuz quantification in Eq. (1) is based on the Brooks and Corey (1964) 141 

model of unsaturated hydraulic conductivity K [LT-1]: 142 

!(!!") = !!
!!" − !!"
!! − !!"

!/!
 (2) 

Alternative expressions of K as function of θuz  are also available from van Genuchten (1980) and Morel-Seytoux et 143 

al. (1996) with soil parameters that are related to those of Brooks and Corey.  144 

The first part of Eq. (1) is based on a first-order approximation and extension from the Brooks and Corey 145 

Eq. (2), considering unit hydraulic gradient and gravity as a dominant, even though not the only, driver of large-146 

scale flow through the unsaturated zone. This approximation was introduced and used by Dagan and Bresler 147 

(1979) and Bresler and Dagan (1981) in the context of large-scale solute transport through the entire unsaturated 148 
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zone, with associated average time periods for such transport ranging from four months to five years, as quantified 154 

by the spatial-average travel time (around which there is also large spatial variability) of infiltrated water to 155 

different soil depths and in different soil types. The same approximation has also been used in multiple studies of 156 

large-scale solute transport through the unsaturated zone thereafter (e.g., Destouni and Cvetkovic, 1989, 1991; 157 

Destouni, 1993; Destouni and Graham, 1995; Graham et al., 1998), with associated mean travel times of 7-38 158 

days,, again with also large spatial variability in travel times around that spatial mean value. The approximation 159 

implies that, the unsaturated hydraulic conductivity K in Eq. (2) can be equated to the average vertical soil water 160 

flux through the unsaturated zone q, with further equation rearrangement leading to the first part of Eq. (1). The 161 

studies of Destouni and Verrot (2014), Verrot and Destouni (2015, 2016) further introduced the second part of Eq. 162 

(1) for data-based quantification of the temporal variability of the large-scale depth-average unsaturated water 163 

content θuz around its long-term average value. This equation part expresses the main assumption that, on the scale 164 

of a whole catchment, both the long-term average value of q and the temporal q variability around it can be 165 

estimated from and constrained by available observation data for runoff R through the catchment.  166 

Specifically, the assumption is that q can be approximated by an effective subsurface runoff component 167 

Reff = γR [LT-1] (with 0≤γ≤1) that feeds water through the subsurface into the total runoff R [LT-1] of the catchment 168 

over some considered time period. This subsurface runoff component Reff complements the runoff component (1-169 

γ)R of overland and pure (not fed by subsurface water into the) surface water flow, which also adds to the total R 170 

over the same time period. Published simulations have quantified and shown γ=Reff /R to be typically above 0.5 and 171 

in many cases close to 1 for a wide range of investigated temperate, through cold, to permafrost region conditions 172 

(Bosson et al., 2012). In the present study, γ values and their variability in time do not need to be explicitly 173 

evaluated, because CMIP5 model output includes directly quantified Reff times series for future climate change 174 

scenarios, as explained in the subsequent section 2.2. 175 

For a long climatic time period of twenty or more years, the long-term average Reff should relatively well 176 

approximate the long-term average q because the subsurface water storage change can be expected to be close to 177 

zero when averaged over such long time periods (Jaramillo et al., 2013; Destouni et al., 2013; Jaramillo and 178 

Destouni, 2015). Over shorter time scales, such as a month or a day, however, q and Reff may differ due to non-zero 179 

water storage change occurring over the same time, with q through the soil being transiently partitioned between 180 

feeding water into Reff and increasing water storage in the soil, and conversely Reff being fed by both q and a 181 

transient decrease in soil water storage. However, even under such conditions of non-zero water storage change, 182 
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the relative variability of Reff around its long-term average value may still be relevant and sufficient for estimating 184 

the corresponding relative variability of large-scale depth-average unsaturated water content θuz around its long-185 

term average value, through the second part of Eq. (1). This assumption is tested by direct comparison of θuz 186 

results, as given by the second part of Eq. (1), against independent observation data provided from GRACE 187 

(Swenson, 2012; Landerer and Swenson, 2012; Swenson and Wahr, 2006) supports the main model assumption 188 

(Verrot and Destouni, 2016). The comparison supports (i.e., does not falsify) the assumption by showing that the 189 

model results realistically capture the temporal variability in large-scale water storage change around its expected 190 

near-zero long-term average value, across various large catchments around the world. The study also shows that 191 

the model also captures main intra-annual dynamics observed by point measurements of soil moisture. 192 

Furthermore, previous work by Jaramillo and Destouni (2013) has explicitly investigated the effects of accounting 193 

or not accounting for observed water storage changes on the variability of main water fluxes in a catchment-scale 194 

water balance. Specifically they quantified for different catchments the effect of estimating catchment-scale 195 

evapotranspiration ET [LT-1] as simply ET=P-R or as ET=P-R-ΔS, where P, R and ΔS are observed precipitation, 196 

runoff and storage change, respectively (all with dimensions [LT-1]). Their results show somewhat greater short-197 

term fluctuations around essentially the same longer-term ET variation if the observed non-zero ΔS is accounted 198 

for compared to if it is not. Similar effects, of relatively minor underestimation of relatively short-term fluctuations 199 

of θuz around its essentially captured seasonal and longer-term variation, are also expected here from neglecting the 200 

influence of ΔS-driven differences between q and Reff in the estimation of θuz by Eq. (1).  To even further quantify 201 

and clarify this influence for the present study, consider for example the mean cumulative water storage change ΔS 202 

as: 203 

∆! = ( !! − !"! − !!
!

!!!
)/! (3) 

with P, ET, R and ΔS all being monthly water fluxes and n being the total number of months with associated 204 

CMIP5 flux outputs (n=1128). The resulting cumulative ΔS over the whole study period accounts then for less than 205 

1% of the mean monthly P, on average across all 81 study catchments (the average value across catchments is 206 

0.75% and the standard deviation is 2.3%). This quantification provides further support for the assumption of 207 

insignificant long-term change in subsurface water storage that underlies the approximation of q≈Reff in Eq. (1) 208 

 209 

2.2 Use of CMIP5 model output data 210 
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The aim of the present work is to study climate-driven change patterns and statistics of θuz, as quantified 215 

by the second part of Eq. (1), in the present 81 study catchments, spread over the world. The study uses relevant 216 

hydro-climatic outputs for estimating Reff from two of the CMIP5 scenarios for the 21st century, the RCP 2.6 and 217 

RCP 8.5 scenarios. Those scenarios represent a low (RCP 2.6) and a high (RCP 8.5) GHG-increase scenario, 218 

corresponding to reaching a radiative forcing of 2.6 W.m-2 and 8.5 W.m-2 by the end of the 21st century, 219 

respectively. The relevant CMIP5 model outputs were downloaded from the World Data Center for Climate 220 

(WDCC) available from the Deutsche Klimarechenzentrum GmbH website (http://cera-www.dkrz.de/WDCC). 221 

The CMIP5 models’ outputs of relevance for estimating Reff are the mean monthly surface runoff 222 

(overland flow, denoted mrros) and the total runoff (denoted mrro) in the CMIP5 output files. The total runoff 223 

mrro is the sum of the overland flow and the soil-groundwater flow (in short underground flow), both of which 224 

eventually feed into the streams of each catchment. With mrros then being just the overland flow, Reff could be 225 

calculated directly from these CMIP5 model outputs (without need for separate evaluation of the factor γ=Reff /R) 226 

as: 227 

!!"" = !""# −!""#$ (4) 

For evaluation of Eq. (4), the model output values of mrro and mrros, given from the CMIP5 modeling in 229 

units kg.m-2.s-1, were transformed to relevant units for Reff [LT-1] using the water density value of 1000 kg.m-3. 230 

Furthermore, in errata files published for the CMIP5 models GISS-E2-H and GISS-E2-R (with the errata files 231 

available online only, at: http://data.giss.nasa.gov/modelE/ar5/), it is specified that for those two models the 232 

variable mrro is the underground flux only, in contrast to the definition of mrro in all other models (underground 233 

flux + surface runoff). For those two models, Reff is therefore directly equated to mrro.  234 

In addition to the two Reff related variables, we also used from the CMIP5 model outputs the precipitation 235 

variable pr (kg.m-2.s-1). This was used to determine the model-implied dry and wet season for each selected study 236 

catchment, which was also compared with a corresponding dry and wet season determination based on observation 237 

data for precipitation, as described further in section 2.4. 238 

 239 

2.3 Selection of study catchments and CMIP5 models 240 

The 81 study catchments were chosen in analogy with such selection basis in previous work (Bring et al., 241 

2015), taking into account that the catchments should be large enough for sufficient coverage by the commonly 242 

coarse spatial resolution of global climate models. In the selection process, we first extracted relevant model output 243 
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values for 608 catchments in the Global Runoff Data Center (GRDC, 2015) with an area equal or greater than 247 

100’000 km2. The model output values were then averaged to represent monthly conditions over each catchment.  248 

For the catchment-scale use of model output, we further also identified 20 CMIP5 models that could 249 

provide all three variables of interest (mrro, mrros and pr) for download over the whole study period (2006-2099). 250 

However, for some catchments and for some models, the time series provided for mrro and/or mrros included just 251 

a constant number over time. Models and catchments with too many such constant time series were discarded (see 252 

SM section S1 for more details on this selection criterion).  253 

A second selection basis for the study models and catchments was to discard the model-catchment 254 

combinations that yielded negative catchment-scale Reff values. Modeling soil water content conditions and 255 

statistics for such a negative Reff flow situation is outside the scope of the present soil moisture model and in 256 

contradiction with its basic flow approximations.  257 

The two above-described catchment-model selection steps were repeated for each of the two considered 258 

RCP 2.6 and RCP 8.5 scenarios and finally also all small remaining catchments that were nested into larger ones 259 

were removed. This selection process yielded the final set of 81 study catchments (Fig. 1) and 14 CMIP5 models 260 

(listed in SM Table S1) used in the present study (SM Table S2 lists the models and number of catchments 261 

discarded in each selection step). The study catchments are spread around the globe, and clustered here for 262 

discussion convenience into 6 regions, as shown on Fig. 1, in analogy with regional divisions made by the World 263 

Meteorological Organization (WMO, 2014). 264 

 265 

2.4 Use of soil and precipitation data for the study catchments 266 

In addition to the runoff output data from the CMIP5 models, the calculation of unsaturated water content 267 

θuz also requires catchment-characteristic values for the soil hydraulic properties included in Eq. (4). The dominant 268 

USDA soil texture (Baldwin et al., 1928) for each catchment was extracted from the Harmonized World Soil 269 

Database map (Nachtergaele et al., 2008; FAO, 2012). SM Fig. S1 shows the major soil textures within each 270 

catchment and Table S3 lists soil parameter values for different soil textures from Rawls et al. (1982). The 271 

parameter values from Table S3 that apply to the dominant soil texture within each catchment (Fig. S1) were used 272 

to evaluate θuz for that catchment from Eq. (4). In addition, in order to also analyze uncertainty in these results due 273 

to the soil texture choices and account for a generally broader range of soil properties within each individual 274 
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catchment, we performed a supplementary sensitivity analysis based on various combinations of soil properties 297 

values (Table S3). The results are presented in Fig. S2 and in the section 3.2, and discussed further in section 4.  298 

Furthermore, we used the precipitation output pr from the CMIP5 models to determine the model-implied 299 

dry and wet season extents for each selected study catchment and considered climatic time period. The dry season 300 

is defined by the months during which 8% or less of the total annual precipitation falls (after Koutsouris et al., 301 

(2015): the exact value of this threshold is set to maximize the agreement between the CMIP5 precipitation time 302 

series and that from the Global Precipitation Climatology Centre, GPCC). The wet season is then defined as the 303 

remaining months of the year. Results for this season determination were obtained for each of the 81 study 304 

catchments (Fig. 1) and for both the RCP 2.6 and the RCP 8.5 scenario from the ensemble mean precipitation 305 

output of the 14 CMIP5 models (SM Table S1). These model-based results were further tested against a 306 

corresponding data-implied dry-wet season determination obtained from the 1.0°x1.0° monthly precipitation 307 

dataset provided by the Global Precipitation Climatology Center (GPCC, see Schneider et al., 2011). This model-308 

data comparison was made over the 9-year period (2006-2014) that is common between the GPCC dataset 309 

(extending over 1901/01 – 2014/12) and the studied CMIP5 output period (2006-2099).  310 

The comparison between the model- and data-based results for wet and dry season extent shows that the 311 

results are largely consistent (SM Fig. S2). For both the RCP 2.6 and the RCP 8.5 scenario, 40% of the catchments 312 

display perfect agreement on the dry season months, and for more than 85% of the catchments at least half of the 313 

dry season months match between the data and the model results. From these comparative results, we concluded 314 

that it is reasonable to study dry and wet season changes in soil moisture between the climatic periods 2006-2025 315 

and 2080-2099 based on the season determination implied by the CMIP5 ensemble mean. 316 

 317 

2.5 Study of soil moisture change and its variability across CMIP5 models 318 

For each of the two climatic periods 2006-2025 and 2080-2099 we have derived the intra-annual 319 

variability in monthly average water content θuz over the average annual cycle in each time period, for the CMIP5 320 

model ensemble and for each model. Furthermore, we have assessed the change from 2006-2025 to 2080-2099 in 321 

the occurrence frequency of wet and dry events; these are defined as monthly average θuz values that exceed the 322 

95% upper percentile θuz value (for wet events) or are below the 5% percentile θuz value (for dry events) of the first 323 

period 2006-2025 regardless of when during the year this may happen and of the season definition. Changes in wet 324 
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and dry season conditions of θuz have further been quantified in terms of the average value and the inter-annual 399 

variability around it for seasonal θuz in 2006-2025 and in 2080-2099.The agreement of results obtained for any 400 

investigated variable in the two scenarios RCP 2.6 and RCP 8.5 has also been calculated in terms of a simple 401 

agreement indicator as detailed in SM section S3. 402 

CMIP5 output variables values can vary greatly among the 14 selected CMIP5 models (Table S1). To 403 

account for such inter-model variability, we have calculated each θuz statistic change as implied by the Reff output 404 

of each individual climate model and the associated mean and median change (and inter-model standard deviation) 405 

across all climate models (referred to as mean and median model results), as well as the corresponding θuz statistic 406 

change given by the ensemble mean and ensemble median of the Reff time series outputs of all climate models 407 

(referred to as ensemble mean and median). These results are presented and compared in Fig. S4, showing that the 408 

ensemble mean and median projected changes are mostly greater than the corresponding mean and median model 409 

results, across catchments and the three statistics of interest (relative change in mean seasonal soil water content, 410 

relative change in inter-annual variability of seasonal soil water content, and relative change in the occurrence 411 

frequency of rare events). This is in agreement with results from previous studies (see Bring et al., 2015; Knutti 412 

and Sedláček, 2013) showing a wide spread of model results and a lack of convergence across CMIP5 models. The 413 

typically greater ensemble mean changes than ensemble median changes reflect that a small number of climate 414 

models yield extreme Reff time series outputs, thereby heavily skewing the ensemble mean results in their result 415 

direction. There is also large inter-model variability and thereby associated large projection uncertainty. In absence 416 

of consistent literature pointing at some generally robust choice among the median or mean of individual model 417 

results or the ensemble mean or median results, we present and map results in the following section 3.1 in terms of 418 

the median of individual model results. The main quantification and illustration choice of the median model result 419 

is made because this often yields the least extreme change results for the three studied soil moisture statistics and 420 

may thus be viewed as a relatively conservative change quantification under each of the two considered climate 421 

forcing scenarios. 422 

3. Results  423 

3.1. Relative changes in soil moisture statistics 424 

The greatest relative changes are overall found for the occurrence frequency of both dry and wet θuz 425 

events, as defined in section 2.5. The changes are greatest under the scenario RCP 8.5 (Fig. 2). For this scenario, 426 
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the catchment Eur1 in Spain exhibits the greatest increase in dry-event frequency, by up to 4 times (417%) greater 446 

than that in 2006-2025; this means that this catchment may reach a 27.5% frequency in 2080-2099 for the dry 447 

events with only 5% frequency in 2006-2025. Under scenario RCP 2.6, the same catchment Eur1 is projected to 448 

experience a smaller relative increase in dry-event frequency (20%); this means an 8% frequency in 2080-2099 for 449 

the dry events with 5% frequency in 2006-2025. The catchment Eur1 represents an extreme case among the studied 450 

catchments; overall, the cross-catchments average projected relative change in dry-event occurrence frequency is 451 

an increase of 11% under the RCP 8.5 scenario (average increase of 6% , under the RCP 2.6 scenario).  452 

Overall, there are multiple catchments with projected opposite change directions in their dry-event 453 

frequency under the two scenarios, including both decreases and increases under the RCP 2.6 scenario (Fig. 2a) 454 

that shift to opposite increases and decreases, respectively, under the RCP 8.5 scenario (Fig. 2b). The overall 455 

geographic pattern of dry-event frequencies mostly decreasing in higher latitude regions (North America, Europe, 456 

Northern Asia) and increasing in mid- and lower latitude regions (South America, Africa, South East Asia, 457 

Australia) under the RCP 2.6 scenario becomes more heterogeneous and implies greater changes under the RCP 458 

8.5 scenario. Analogous change patterns are also evident for the wet-event frequency, which mostly increases in 459 

higher latitude regions and decreases in mid- lower latitude regions under the RCP 2.6 scenario (Fig. 2c); this 460 

change pattern also becomes more heterogeneous, with some greater changes, under the RCP 8.5 scenario (Fig. 461 

2d).   462 

 The greatest increase in wet-event frequency, by up to 2.5 times (238%) greater than that in 463 

2006-2025, is projected for the Russian catchment Asi13; a frequency of up to 17% may here be reached for the 464 

wet events under the scenario RCP 8.5. Under the RCP 2.6 scenario, the projected increase in wet-event frequency 465 

in this catchment is smaller, leading to a nearly 79% increase of frequency (from 5% up to 9% frequency in the 466 

latter period). Overall, the cross-catchments average projected relative change in wet-event occurrence frequency 467 

is an increase of 44% under the RCP 8.5 scenario (increase of 6%, under the RCP 2.6 scenario). In general, the 468 

results in Fig. 2 show that the considered GHG concentration pathway to the future, as represented by each RCP 469 

scenario, is important for resulting projected changes in occurrence frequency of dry and wet soil moisture events 470 

around the world.  471 

 Shifts in geographic change patterns between the two RCP scenarios are also seen for the relative 472 

change in average soil water content during the dry and the wet season (Fig. 3). For both seasons, the average 473 

water content θuz mostly increases slightly in the higher latitude regions and decreases slightly in the lower latitude 474 
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regions under the RCP 2.6 scenario (Fig. 5a and 5c). This change pattern becomes more heterogeneous, including 522 

also greater changes, under the RCP 8.5 scenario (Fig. 5b and 5d). Overall the projected changes in seasonal 523 

average θuz are relatively small, up to a 15% increase for the dry season in several Arctic region catchments and up 524 

to a 15% decrease in a few scattered catchments in North America, Europe and Africa for the dry and/or the wet 525 

season.  526 

Regarding the projected relative changes in inter-annual variability of seasonal θuz (Fig. 4), many 527 

catchments exhibit a +/- 15% increase/decrease, for both seasons and under both RCP scenarios. The greatest 528 

change is an up to 26% increase in inter-annual θuz variability for the dry season in catchment Eur10 under the 529 

RCP 2.6 scenario. Several European, South East Asian and African catchments also exhibit up to 120% change in 530 

inter-annual variability of θuz during the dry season under the RCP 8.5 scenario. The relatively large changes in 531 

inter-annual soil moisture variability, in particular during the dry season, combined with the relatively large 532 

increases in dry-event (wet-event) frequency indicate increased drought (flood) risks for several catchments. 533 

However, the geographic change pattern shows scattered large-change catchments for both RCP scenarios and is 534 

more heterogeneous for inter-annual variability (Fig. 6) than for dry- and wet-event frequency (Fig. 5).  535 

The directions of change are opposite in many catchments between the two RCP 2.6 and RCP 8.5 536 

scenarios for the event and seasonal changes investigated here: the frequency of dry and wet θuz events (SM Fig. 537 

S5), the average seasonal θuz (SM Fig. S6), and the inter-annual variability of seasonal θuz (SM Fig. S7). Overall, 538 

the greatest changes are in the dry- and wet-event frequency over the whole year. Seasonally, the inter-annual 539 

variability of seasonal θuz exhibits the largest differences in change direction between the two RCP scenarios; these 540 

opposite change directions are exhibited for a majority of the catchments during the dry season (44 catchments), 541 

and for almost as many catchments (40) during the wet season.  542 

 543 

3.2 Model projection uncertainties 544 

 Model result sensitivity with regard to choices of soil parameters values is overall small in most 545 

catchments for the relative changes in mean soil water content (Fig. S3 a,b,c,d) and its inter-annual variability (Fig. 546 

S3 e,f,g,h); most importantly, a different choice of different soil parameter values does not yield a different 547 

direction of change. Overall, the greater the resulting relative change is, the smaller is the related result sensitivity 548 

with regard to choices of soil parameters values. Consequently, the relative changes in mean seasonal soil moisture 549 

under RCP 2.6 display the greatest sensitivity to soil parameter choices, while the relative changes in inter-annual 550 
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variability of seasonal soil moisture under RCP 8.5 scenarios display smaller sensitivity. The relative changes in 565 

the frequency of occurrence of rare events are not sensitive to soil parameter choices (Fig. S3 i,j,k,l) as their 566 

quantification is directly and linearly related to q. For almost all the catchments and for all three soil moisture 567 

statistics, the set of chosen soil parameters values (Fig. S1) lies well within the median absolute deviation 568 

calculated from the 11 sets of soil parameters. 569 

For the three studied statistics, the uncertainty due to inter-model variability among the CMIP5 models is 570 

greater (as quantified by the  median absolute deviation) for the RCP 2.6 scenario (Fig. S4 a,c,e,g,i,k) than the RCP 571 

8.5 scenario (Fig. S4 b,d,f,h,j,l). This means that the project change trend (sign of relative change) for each 572 

catchment is more consistent across models for the RCP 8.5 scenario than for the RCP 2.6 scenario, especially for 573 

relatively large projected changes. For instance, in the catchment Eur1, which displays the greatest increase in 574 

frequency of occurrence of dry events under RCP 8.5, the median absolute deviation ranges from approximately 575 

200% to 650%, indicating a relatively robust projection of this change to effectively happen under the RCP 8.5 576 

scenario. Large projected changes in terms of the ensemble mean (800%) and mean model (500%) result for this 577 

catchment also show that some climate models imply considerably greater changes than the median model result.  578 

4. Discussion 579 

For most of the study catchments, the pattern of changes in frequency of wet/dry events (Fig. 2) is 580 

consistent with that in average seasonal soil moisture (Fig. 4); the Pearson correlation coefficient between the 581 

calculated relative changes in frequency of rare events and in mean seasonal soil moisture is -0.68 for RCP 8.5 and 582 

-0.55 for RCP 2.6 regarding the frequency of dry events and average soil moisture during the dry season, and 0.71 583 

for RCP 8.5 and -0.72 for RCP 2.6 regarding the frequency of wet events and average soil moisture during the wet 584 

season. The consistency lies in that a catchment with increased average seasonal soil moisture (occurs mostly in 585 

the higher latitude regions for both the dry and the wet season, Fig. 4) is likely to also experience more frequent 586 

wet events or less frequent dry events (Fig. 2). However, there are individual catchment exceptions to this common 587 

change pattern, for example in catchment Nam3, where the RCP 8.5 scenario implies an increase in the frequency 588 

of dry events (Fig. 2b), while also implying an increase in average seasonal soil moisture during the dry season 589 

(Fig. 3b). Such a change situation may, for example, be explained by highly increased short-term fluctuation 590 

magnitudes and thereby occurrence frequency for rare wet events during the wet season even though the average 591 

seasonal soil moisture has decreased. Further study of specific wet and dry fluctuation magnitudes and event 592 
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frequency for each season instead of over the whole year as investigated here, can shed light on such more unusual 608 

change situations.  609 

The scenario RCP 8.5 yields generally higher change values for all types of changes and for both dry and 610 

wet soil moisture events and seasons. Furthermore, the two RCP scenarios yield different directions of change in 611 

36% of the catchments for dry seasonal conditions, and in 30% of the catchments for wet conditions. These results 612 

show that the representative GHG concentration pathway of forthcoming climate change is crucial for the 613 

directions and the magnitudes of future soil moisture changes over the world. Regarding climate models, their 614 

results, including projected directions of changes, vary greatly across models and especially under RCP 2.6 615 

scenario, as also pointed out by previous studies of projected hydro-climatic (Bring et al., 2015) and temperature 616 

(Knutti and Sedláček, 2013) changes. This suggests that the lack of consistency in hydrologically relevant outputs 617 

among CMIP5 models leads to much greater uncertainties than soil parameter choices for projection of soil 618 

moisture changes. The results shown and mostly discussed here in terms of median model results represent 619 

relatively conservative projections of such changes, emphasizing that worrying soil moisture statistics changes 620 

may be expected to occur in some catchments, particularly under the RCP 8.5 scenario, even when considering the 621 

inter-model uncertainty among CMIP5 models.  622 

The present 81 study catchments represent 27% of the Earth’s land surface, which is a relatively high 623 

sampling coverage for statistical analysis, like the present one, of soil moisture changes over the world. The 624 

commonly coarse resolution of global climate models does not allow for much more detailed spatial analysis than 625 

the present one, but more fine-resolved regional climate model outputs could be used for addressing finer spatial 626 

detail and catchment resolution in follow-up work. 627 

Although hydro-climatic changes greatly influence soil moisture changes, they are not the only predictors 628 

of the latter. By themselves, precipitation and evapotranspiration outputs taken directly from climate models 629 

correlate relatively poorly with the soil water content θuz (Eq. 3), with average Pearson correlation coefficients of 630 

0.27 and 0.29, respectively. The relatively poor direct correlation of these climate model outputs to θuz is due 631 

mainly to the soil hydraulic parameter relation of θuz in Eq. (4), which non-linearly modulates the θuz response to 632 

the hydro-climatic forcing. This non-linearity emphasizes the importance of assessing soil moisture changes in 633 

relevant relation to soil constitutive equations rather than just directly from hydro-climatic outputs of climate 634 

models. 635 
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In follow-up studies, agriculturally important growing seasons for different parts of the world can be 659 

considered and accounted for similarly to the present analysis of wet and dry seasons. The growing season may in 660 

some cases even correspond to the present wet season definition, for example for some tropical catchments, while 661 

the present dry season definition may be more relevant for the growing season in Europe. Also groundwater level 662 

variability and change should be investigated in future studies, for instance by extending the present analysis 663 

approach to the full modeling framework of Destouni and Verrot (2014) and Verrot and Destouni (2015), in order 664 

to investigate soil moisture effects of a changing groundwater table (and associated variable depth of the 665 

unsaturated zone) within various soil depths of interest. 666 

5. Conclusion 667 

We have investigated how hydro-climatic changes, projected by 14 CMIP5 models to occur from 2006-668 

2025 to 2080-2099 under the two radiative forcing scenarios RCP 2.6 and RCP 8.5, may affect different aspects of 669 

soil water content over the unsaturated zone for 81 large catchments worldwide. The investigated soil moisture 670 

aspects include projected changes in average annual water content and in the intra-annual variability cycle around 671 

this average. We have found projected changes in these aspects to be relatively small, well within modeling 672 

uncertainty. Projected changes are considerably greater for the occurrence frequency of dry and wet soil moisture 673 

events than for other investigated soil moisture statistics.  674 

For the changes in the dry/wet event occurrence (Fig. 2) and in the average seasonal water content (Fig. 675 

3), the geographic pattern variability depends on the considered radiative forcing (RCP) scenario. The greatest 676 

changes in these soil moisture aspects emerge for the RCP 8.5 scenario, with greater spatial heterogeneity under 677 

the RCP 8.5 than under the RCP 2.6 scenario. These large changes also coincide with greater inter-model 678 

agreement on the change results. 679 

The changes in the inter-annual variability of seasonal soil water content (Fig. 4) differ from the above-680 

described result differences between RCP scenarios in that they are more or less equally large and spatially 681 

heterogeneous over the world for both RCP scenarios. For this seasonal water content variability among years, 682 

around half of the individual study catchments exhibit opposite directions of change under the two RCP scenarios.  683 

In general, the particularly large changes in dry/wet-event frequency and inter-annual variability of 684 

seasonal soil moisture combine in implying changed flood and drought risks across the world. Especially the 685 

largest increases in dry-event frequency and inter-annual variability for the dry season under both RCP scenarios 686 
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indicate increased drought risks for several large catchments, which need to be investigated further in focused 696 

follow-up studies. 697 
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Figure captions 847 

Figure 1: Map of the location of the 81 study catchments. The used region acronyms in the 848 

catchment numbering cluster the catchments according to the WMO region classification (WMO, 2014): 849 

“Nam” stands for North-America, “Sam” for South-America, “Eur” for Europe, “Swp” for South-west 850 

Pacific, “Afr” for Africa and “Asi” for Asia. 851 

 852 

Figure 2: Map of relative change from 2006-2025 to 2080-2099 in the frequency of relatively dry 853 

(two upper panels a and b) and wet (two lower panels c and g) soil moisture events. Results are shown for 854 

the radiative forcing scenarios RCP 2.6 (panels a and c) and RCP 8.5 (panels b and d) in terms of relative 855 

change (%) from the original frequency of 5% for both types of events (dry water content below the 5 856 

percentile value and wet water content above the 95 percentile value) in 2006-2025 to the resulting 857 

frequency of these water content values in 2080-2099. The mapped changes are quantified in terms of 858 

median model results (among different possible statistics shown further in Fig. S4). 859 

 860 

Figure 3: Map of relative change in mean seasonal water content over the unsaturated zone. Results 861 

are shown for the dry season (two upper panels a and b) and the wet season (two lower panels c and g), and 862 

the two radiative forcing scenarios RCP 2.6 (panels a and c) and RCP 8.5 (panels b and d) in terms of 863 

relative change (in %) from 2006-2025 to 2080-2099. The mapped changes are quantified in terms of median 864 

model results (among different possible statistics shown further in Fig. S4). 865 

 866 

Figure 4: Map of relative change in the inter-annual variability of seasonal water content over the 867 

unsaturated zone. Results are shown for the dry season (upper panels a and b) and the wet season (lower 868 

panels c and g) and the two radiative forcing scenarios RCP 2.6 (panels a and c) and RCP 8.5 (panels b and 869 

d) in term of relative change (in %) from 2006-2025 to 2080-2099. The mapped changes are quantified in 870 

terms of median model results (among different possible statistics shown further in Fig. S4). 871 

 872 
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Figure S7. Map of model result agreement between the two radiative forcing scenarios RCP 2.6 and RCP 
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Supplementary Sections 

1. Model and catchment selection 

From the original 608 catchments from the Global Runoff Data Center (GRDC, 2015) database with an area over 

100’000 km2, we finally selected 81 study catchments. Regarding the CMIP5 models, there were originally 20 

models providing the required mrros, mrro and pr outputs, from which a final set of 14 CMIP5 models was 

selected (Table S1). 

The first selection step was to discard the models providing too many time series with only constant values for 

either mrro or mrros (none of the models was giving constant pr values). As a first step, the maximum number of 

catchments with constant value tolerated for a model was set to 40. It means that if a model was giving a constant 

time series for more than 40 catchments, we discarded it. Then, from the remaining models, the catchments that 

had a constant time series from at least one model were further discarded.  

The second selection step was to discard the models yielding too many negative values for Reff as calculated from 

mrro and mrros (see main Eq. 4). As a first step, we discarded models providing at least one negative value in their 

Reff time series for more than 154 catchments (arbitrary first-step threshold). Furthermore, the catchments were 

then discarded when they had at least one negative value in their Reff time series from any of the remaining models. 

Table S2 summarizes the models and number of catchments discarded in those two selection steps, for each of the 

RCP 2.6 and RCP 8.5 scenarios. Finally, after all smaller nested catchments were removed, the final set of 81 

study catchments (main Fig. 1) and 14 CMIP5 models (Table S1) emerged for this study.  

S2. Quantification of agreement between RCP 2.6 and RCP 8.5 

In order to quantify the differences between the projected changes under the climate change scenario RCP 2.6 and 

those under the scenario RCP 8.5, we calculated a simple indicator of agreement a [-] for each catchment: 

! =  !"# !! , !!
!"# !! , !!

 !" !"# !! =   !"# !!   (S1-a) 

! =  −!"# !! , !!
!"# !! , !!

 !" !"# !! ≠   !"# !!   (S1-b) 
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Where v1 is the value of the variable (in our study, the frequency of dry/wet events, the mean seasonal soil 

moisture, or the inter-annual variability of the latter) under RCP 2.6 and v2 is the value of the variable under RCP 

8.5. Furthermore, sgn(x) is the sign function: it returns -1 if x<0 and 1 if x>0; v1 and v2 are always different from 0. 

From Eq. S1-a and S1-b, the agreement value a will have a negative value if the sign of v1 and v2 are different 

(represented in two shades of red in the SM Fig. S5, S6 and S7), and a positive value if they are of the same sign 

(represented in two shades of green in the Fig. S5, S6 and S7).  
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Supplementary Tables 

 

Table S1. Final selected set of 14 CMIP5 models for this study. 

Model Name Institution 

BNU-ESM College of Global Change and Earth System Science, Beijing Normal University 

CCSM4 National Center for Atmospheric Research 

CESM1-CAM5 Community Earth System Model, Community Atmosphere Model 

CSIRO-Mk3.6.0 
Commonwealth Scientific and Industrial Research Organization in collaboration 

with Queensland Climate Change Centre of Excellence 

FGOALS-g2 Flexible Global Ocean-Atmosphere-Land System Model 

FIO-ESM The First Institute of Oceanography, SOA, China 

GISS-E2-H 

GISS-E2-R 
NASA Goddard Institute for Space Studies 

IPSL-CM5A-MR Institut Pierre-Simon Laplace 

MPI-ESM-MR 

MPI-ESM-LR 
Max-Planck-Institut für Meteorologie (Max Planck Institute for Meteorology) 

MRI-CGCM3 Meteorological Research Institute 

NorESM1-MNorESM1-ME Norwegian Climate Centre 
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Table S2. Models and number of catchments discarded in the two model-catchment selection steps described in 

section S1. 

 Scenario RCP 2.6 Scenario 8.5 

Step 1: models giving >40 constant time series 
IPSL-CM5A-LR 

MIROC-ESM 

IPSL-CM5A-LR 

MIROC-ESM 

Number of catchments with constant time series 26 27 

Step 2: models giving >154 time series with at least one 

negative Reff value 

BCC-CSM1.1 

BCC-CSM1.1(m) 

CNRM-CM5 

MIROC-ESM 

MIROC5 

BCC-CSM1.1 

BCC-CSM1.1(m) 

CNRM-CM5 

MIROC-ESM 

MIROC5 

Number of catchments with negative Reff value 192 203 

 

 

Table S3. Soil hydraulic parameters for different soil texture types after Rawls et al. (1982). 

Soil texture Ks (m/s) θir (-) θs (-) β (-) 

Sand 5.83 x 10-4 0.02 0.44 0.17 

Loamy sand 1.70 x 10-4 0.04 0.44 0.15 

Sandy loam 7.19 x 10-5 0.04 0.45 0.12 

Loam 3.67 x 10-5 0.03 0.46 0.09 

Silt loam 1.89 x 10-5 0.02 0.50 0.09 

Sandy clay loam 1.19 x 10-5 0.07 0.40 0.11 

Clay loam 6.39 x 10-6 0.08 0.46 0.09 

Silty clay loam 4.17 x 10-6 0.04 0.47 0.07 

Sandy clay 3.34 x 10-6 0.11 0.43 0.08 

Silty clay 2.50 x 10-6 0.06 0.48 0.06 

Clay 1.67 x 10-6 0.09 0.48 0.07 
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Supplementary figures 
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Figure S1. Proportion of the three major USDA soil textures prevailing in the catchments, as given from 

(Nachtergaele et al., 2008). For the calculations of θuz (main Eq. 3), only the dominant soil texture in each 

catchment (left bar in each bar plot) was used. The second and third most important soil textures in each catchment 

are represented by the middle and right bar in each subplot, respectively.  
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Figure S2. Sensitivity analysis of the study results towards the 11 sets of soil parameters values (Table S3). 

Results are shown for RCP 2.6 (a,c,e,g,i,k) and RCP 8.5 (b,d,f,h,j,l), for the mean soil water content during the dry 

season (a,b) and wet season (c,d), for the interannual variability of the mean soil water content during the dry (e,f) 

and wet season (g,h), and for the frequency of occurrence of the rare dry events (i,j) and wet events (k,l). The green 

circles (o) are the median values across the 11 sets of soil parameters values (and based on the median across 

models), the green line is the median absolute deviation from the 11 sets, and the red cross are the values for the 

(median across models from) major soil texture are defined from Fig. S1. 
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d) 

 

 

 

 

 

 

 

 

 

 

 

 

 

−10 −5 0 5 10 15

Afr1
Afr2
Afr3
Afr4
Afr5
Afr6
Afr7
Afr8
Afr9

Afr10
Afr11
Afr12
Afr13
Afr14
Afr15
Afr16
Afr17
Afr18
Asi1
Asi2
Asi3
Asi4
Asi5
Asi6
Asi7
Asi8
Asi9

Asi10
Asi11
Asi12
Asi13
Asi14
Asi15
Asi16
Asi17
Asi18
Asi19
Asi20
Sam1
Sam2
Sam3
Sam4
Sam5
Sam6
Sam7
Sam8
Sam9

Sam10
Sam11
Nam1
Nam2
Nam3
Nam4
Nam5
Nam6
Nam7
Nam8
Nam9

Nam10
Nam11
Nam12
Nam13
Nam14
Nam15
Nam16
Nam17

Swp1
Swp2
Swp3
Eur1
Eur2
Eur3
Eur4
Eur5
Eur6
Eur7
Eur8
Eur9

Eur10
Eur11
Eur12

Relative change [%]

Relative change in the mean soil water content during the wet season RCP8.5



13 

e) 

 

 

 

 

 

 

 

 

 

 

 

 

 

−30 −20 −10 0 10 20 30 40

Afr1
Afr2
Afr3
Afr4
Afr5
Afr6
Afr7
Afr8
Afr9

Afr10
Afr11
Afr12
Afr13
Afr14
Afr15
Afr16
Afr17
Afr18
Asi1
Asi2
Asi3
Asi4
Asi5
Asi6
Asi7
Asi8
Asi9

Asi10
Asi11
Asi12
Asi13
Asi14
Asi15
Asi16
Asi17
Asi18
Asi19
Asi20
Sam1
Sam2
Sam3
Sam4
Sam5
Sam6
Sam7
Sam8
Sam9

Sam10
Sam11
Nam1
Nam2
Nam3
Nam4
Nam5
Nam6
Nam7
Nam8
Nam9

Nam10
Nam11
Nam12
Nam13
Nam14
Nam15
Nam16
Nam17

Swp1
Swp2
Swp3
Eur1
Eur2
Eur3
Eur4
Eur5
Eur6
Eur7
Eur8
Eur9

Eur10
Eur11
Eur12

Relative change [%]

Relative change in the interannual variability of the mean soil water content during the dry season RCP2.6



14 

f) 

 

 

 

 

 

 

 

 

 

 

 

 

 

−30 −20 −10 0 10 20 30 40

Afr1
Afr2
Afr3
Afr4
Afr5
Afr6
Afr7
Afr8
Afr9

Afr10
Afr11
Afr12
Afr13
Afr14
Afr15
Afr16
Afr17
Afr18
Asi1
Asi2
Asi3
Asi4
Asi5
Asi6
Asi7
Asi8
Asi9

Asi10
Asi11
Asi12
Asi13
Asi14
Asi15
Asi16
Asi17
Asi18
Asi19
Asi20
Sam1
Sam2
Sam3
Sam4
Sam5
Sam6
Sam7
Sam8
Sam9

Sam10
Sam11
Nam1
Nam2
Nam3
Nam4
Nam5
Nam6
Nam7
Nam8
Nam9

Nam10
Nam11
Nam12
Nam13
Nam14
Nam15
Nam16
Nam17

Swp1
Swp2
Swp3
Eur1
Eur2
Eur3
Eur4
Eur5
Eur6
Eur7
Eur8
Eur9

Eur10
Eur11
Eur12

Relative change [%]

Relative change in the interannual variability of the mean soil water content during the dry season RCP8.5



15 

g) 

 

 

 

 

 

 

 

 

 

 

 

 

 

−25 −20 −15 −10 −5 0 5 10 15 20

Afr1
Afr2
Afr3
Afr4
Afr5
Afr6
Afr7
Afr8
Afr9

Afr10
Afr11
Afr12
Afr13
Afr14
Afr15
Afr16
Afr17
Afr18
Asi1
Asi2
Asi3
Asi4
Asi5
Asi6
Asi7
Asi8
Asi9

Asi10
Asi11
Asi12
Asi13
Asi14
Asi15
Asi16
Asi17
Asi18
Asi19
Asi20
Sam1
Sam2
Sam3
Sam4
Sam5
Sam6
Sam7
Sam8
Sam9

Sam10
Sam11
Nam1
Nam2
Nam3
Nam4
Nam5
Nam6
Nam7
Nam8
Nam9

Nam10
Nam11
Nam12
Nam13
Nam14
Nam15
Nam16
Nam17

Swp1
Swp2
Swp3
Eur1
Eur2
Eur3
Eur4
Eur5
Eur6
Eur7
Eur8
Eur9

Eur10
Eur11
Eur12

Relative change [%]

Relative change in the interannual variability of the mean soil water content during the wet season RCP2.6



16 

h) 

 

 

 

 

 

 

 

 

 

 

 

 

 

−30 −20 −10 0 10 20 30

Afr1
Afr2
Afr3
Afr4
Afr5
Afr6
Afr7
Afr8
Afr9

Afr10
Afr11
Afr12
Afr13
Afr14
Afr15
Afr16
Afr17
Afr18
Asi1
Asi2
Asi3
Asi4
Asi5
Asi6
Asi7
Asi8
Asi9

Asi10
Asi11
Asi12
Asi13
Asi14
Asi15
Asi16
Asi17
Asi18
Asi19
Asi20
Sam1
Sam2
Sam3
Sam4
Sam5
Sam6
Sam7
Sam8
Sam9

Sam10
Sam11
Nam1
Nam2
Nam3
Nam4
Nam5
Nam6
Nam7
Nam8
Nam9

Nam10
Nam11
Nam12
Nam13
Nam14
Nam15
Nam16
Nam17

Swp1
Swp2
Swp3
Eur1
Eur2
Eur3
Eur4
Eur5
Eur6
Eur7
Eur8
Eur9

Eur10
Eur11
Eur12

Relative change [%]

Relative change in the interannual variability of the mean soil water content during the wet season RCP8.5



17 

i) 

 

 

 

 

 

 

 

 

 

 

 

 

 

−80 −60 −40 −20 0 20 40 60 80 100 120

Afr1
Afr2
Afr3
Afr4
Afr5
Afr6
Afr7
Afr8
Afr9

Afr10
Afr11
Afr12
Afr13
Afr14
Afr15
Afr16
Afr17
Afr18
Asi1
Asi2
Asi3
Asi4
Asi5
Asi6
Asi7
Asi8
Asi9

Asi10
Asi11
Asi12
Asi13
Asi14
Asi15
Asi16
Asi17
Asi18
Asi19
Asi20
Sam1
Sam2
Sam3
Sam4
Sam5
Sam6
Sam7
Sam8
Sam9

Sam10
Sam11
Nam1
Nam2
Nam3
Nam4
Nam5
Nam6
Nam7
Nam8
Nam9

Nam10
Nam11
Nam12
Nam13
Nam14
Nam15
Nam16
Nam17

Swp1
Swp2
Swp3
Eur1
Eur2
Eur3
Eur4
Eur5
Eur6
Eur7
Eur8
Eur9

Eur10
Eur11
Eur12

Relative change [%]

Relative change of frequency of occurence of dry events RCP2.6



18 

j) 

 

 

 

 

 

 

 

 

 

 

 

 

 

−100 0 100 200 300 400 500

Afr1
Afr2
Afr3
Afr4
Afr5
Afr6
Afr7
Afr8
Afr9

Afr10
Afr11
Afr12
Afr13
Afr14
Afr15
Afr16
Afr17
Afr18
Asi1
Asi2
Asi3
Asi4
Asi5
Asi6
Asi7
Asi8
Asi9

Asi10
Asi11
Asi12
Asi13
Asi14
Asi15
Asi16
Asi17
Asi18
Asi19
Asi20
Sam1
Sam2
Sam3
Sam4
Sam5
Sam6
Sam7
Sam8
Sam9

Sam10
Sam11
Nam1
Nam2
Nam3
Nam4
Nam5
Nam6
Nam7
Nam8
Nam9

Nam10
Nam11
Nam12
Nam13
Nam14
Nam15
Nam16
Nam17

Swp1
Swp2
Swp3
Eur1
Eur2
Eur3
Eur4
Eur5
Eur6
Eur7
Eur8
Eur9

Eur10
Eur11
Eur12

Relative change [%]

Relative change of frequency of occurence of dry events RCP8.5



19 

k) 

 

 

 

 

 

 

 

 

 

 

 

 

 

−80 −60 −40 −20 0 20 40 60 80

Afr1
Afr2
Afr3
Afr4
Afr5
Afr6
Afr7
Afr8
Afr9

Afr10
Afr11
Afr12
Afr13
Afr14
Afr15
Afr16
Afr17
Afr18
Asi1
Asi2
Asi3
Asi4
Asi5
Asi6
Asi7
Asi8
Asi9

Asi10
Asi11
Asi12
Asi13
Asi14
Asi15
Asi16
Asi17
Asi18
Asi19
Asi20
Sam1
Sam2
Sam3
Sam4
Sam5
Sam6
Sam7
Sam8
Sam9

Sam10
Sam11
Nam1
Nam2
Nam3
Nam4
Nam5
Nam6
Nam7
Nam8
Nam9

Nam10
Nam11
Nam12
Nam13
Nam14
Nam15
Nam16
Nam17

Swp1
Swp2
Swp3
Eur1
Eur2
Eur3
Eur4
Eur5
Eur6
Eur7
Eur8
Eur9

Eur10
Eur11
Eur12

Relative change [%]

Relative change of frequency of occurence of wet events RCP2.6



20 

l) 

 

−100 −50 0 50 100 150 200 250

Afr1
Afr2
Afr3
Afr4
Afr5
Afr6
Afr7
Afr8
Afr9

Afr10
Afr11
Afr12
Afr13
Afr14
Afr15
Afr16
Afr17
Afr18
Asi1
Asi2
Asi3
Asi4
Asi5
Asi6
Asi7
Asi8
Asi9

Asi10
Asi11
Asi12
Asi13
Asi14
Asi15
Asi16
Asi17
Asi18
Asi19
Asi20
Sam1
Sam2
Sam3
Sam4
Sam5
Sam6
Sam7
Sam8
Sam9

Sam10
Sam11
Nam1
Nam2
Nam3
Nam4
Nam5
Nam6
Nam7
Nam8
Nam9

Nam10
Nam11
Nam12
Nam13
Nam14
Nam15
Nam16
Nam17

Swp1
Swp2
Swp3
Eur1
Eur2
Eur3
Eur4
Eur5
Eur6
Eur7
Eur8
Eur9

Eur10
Eur11
Eur12

Relative change [%]

Relative change of frequency of occurence of wet events RCP8.5



21  

Months

A
ve

ra
g

e
 p

re
ci

p
ita

tio
n

 f
lu

x 
fo

r 
th

e
 p

e
ri
o

d
 2

0
0

6
−

2
0

1
4

[m
m

]

0

200

400 Afr1

0

100

200 Afr2

0

100

200 Afr3

0

200

400 Afr4

0

200

400 Afr5

0

200

400 Afr6

0

200

400 Afr7

0

200

400 Afr8

0

200

400 Afr9

0

200

400 Afr10

0

200

400 Afr11

0

200

400 Afr12

0

200

400 Afr13

0

200

400 Afr14

0

200

400 Afr15

0

200

400 Afr16

0

100

200 Afr17

0

100

200 Afr18

0

100

200 Asi1

0

100

200 Asi2

0

200

400 Asi3

0

200

400 Asi4

0

200

400 Asi5

0

200

400 Asi6

0

50

100 Asi7

0

200

400 Asi8

0

200

400 Asi9

0

200

400 Asi10

0

200

400 Asi11

0

200

400 Asi12

0

50

100 Asi13

0

100

200 Asi14

0

50

100 Asi15

0

50

100 Asi16

0

50

100 Asi17

0

100

200 Asi18

0

50

100 Asi19

0

200

400 Asi20

0

200

400 Sam1

0

100

200 Sam2

0

100

200 Sam3

0

50

100 Sam4

0

200

400 Sam5

0

200

400 Sam6

0

200

400 Sam7

0

200

400 Sam8

0

200

400 Sam9

0

200

400 Sam10

0

200

400 Sam11

0

50

100 Nam1

0

100

200 Nam2

0

100

200 Nam3

50

100

150
Nam4

0

100

200 Nam5

50

100

150
Nam6

0

100

200 Nam7

0

50

100 Nam8

0

50

100 Nam9

0

50

100 Nam10

0

50

100 Nam11

0

100

200 Nam12

0

50

100 Nam13

0

50

100 Nam14

0

50

100 Nam15

0

50

100 Nam16

0

100

200 Nam17

0

100

200 Swp1

0

50

100 Swp2

0

50

100 Swp3

0

50

100 Eur1

50

100

150
Eur2

50

100

150
Eur3

 1         6          12
0

50

100 Eur4

 1         6          12
0

50

100 Eur5

 1         6          12
0

50

100 Eur6

 1         6          12
0

50

100 Eur7

 1         6          12
0

50

100 Eur8

 1         6          12
0

50

100 Eur9

 1         6          12
0

50

100 Eur10

 1         6          12
0

50

100 Eur11

 1         6          12
0

50

100 Eur12

(a)

Months

A
ve

ra
g

e
 p

re
ci

p
ita

tio
n

 f
lu

x 
fo

r 
th

e
 p

e
ri
o

d
 2

0
0

6
−

2
0

1
4

[m
m

]

0

200

400 Afr1

0

100

200 Afr2

0

100

200 Afr3

0

200

400 Afr4

0

200

400 Afr5

0

200

400 Afr6

0

200

400 Afr7

0

200

400 Afr8

0

200

400 Afr9

0

200

400 Afr10

0

200

400 Afr11

0

200

400 Afr12

0

200

400 Afr13

0

200

400 Afr14

0

200

400 Afr15

0

200

400 Afr16

0

100

200 Afr17

0

100

200 Afr18

0

100

200 Asi1

0

100

200 Asi2

0

200

400 Asi3

0

200

400 Asi4

0

200

400 Asi5

0

200

400 Asi6

0

50

100 Asi7

0

200

400 Asi8

0

200

400 Asi9

0

200

400 Asi10

0

200

400 Asi11

0

200

400 Asi12

0

50

100 Asi13

0

100

200 Asi14

0

50

100 Asi15

0

50

100 Asi16

0

50

100 Asi17

0

100

200 Asi18

0

50

100 Asi19

0

200

400 Asi20

0

200

400 Sam1

0

100

200 Sam2

0

100

200 Sam3

0

50

100 Sam4

0

200

400 Sam5

0

200

400 Sam6

0

200

400 Sam7

0

200

400 Sam8

0

200

400 Sam9

0

200

400 Sam10

0

200

400 Sam11

0

50

100 Nam1

0

100

200 Nam2

0

100

200 Nam3

50

100

150
Nam4

0

100

200 Nam5

50

100

150
Nam6

0

100

200 Nam7

0

50

100 Nam8

0

50

100 Nam9

0

50

100 Nam10

0

50

100 Nam11

0

100

200 Nam12

0

50

100 Nam13

0

50

100 Nam14

0

50

100 Nam15

0

50

100 Nam16

0

100

200 Nam17

0

100

200 Swp1

0

50

100 Swp2

0

50

100 Swp3

0

50

100 Eur1

50

100

150
Eur2

50

100

150
Eur3

 1         6          12
0

50

100 Eur4

 1         6          12
0

50

100 Eur5

 1         6          12
0

50

100 Eur6

 1         6          12
0

50

100 Eur7

 1         6          12
0

50

100 Eur8

 1         6          12
0

50

100 Eur9

 1         6          12
0

50

100 Eur10

 1         6          12
0

50

100 Eur11

 1         6          12
0

50

100 Eur12

(b)

 

 

CMIP5

GPCC



22 

Figure S3. Mean monthly precipitation (in mm) from the GPCC dataset (Schneider et al. 2011) (light blue line) 

and from the CMIP5 ensemble mean of the 14 models in Table S1 (pink line). Results are shown for each 

catchment and the period 2006-2014, and for both radiative forcing scenarios RCP 2.6 in panel (a) and RCP 8.5 in 

panel (b). The month numbering is: January as month 1 through to December as month 12. The markers on the 

lines represent the dry season months according to the season definition given in the main section 2.4. The blue 

markers are the dry season months determined from the GPCC dataset and the red markers are the dry season 

months determined from the CMIP5 model ensemble mean.  
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Figure S4. Uncertainty analysis of soil moisture statistics results across the 14 individual CMIP5 models. Results 

are shown for RCP 2.6 (a,c,e,g,i,k) and RCP 8.5 (b,d,f,h,j,l), for the mean soil water content during the dry season 

(a,b) and wet season (c,d), for the inter-annual variability of the mean soil water content during the dry (e,f) and 

wet season (g,h), and for the frequency of occurrence of rare dry events (i,j) and wet events (k,l). The purple and 

blue circles (o – ensemble median or mean result) represent the considered soil moisture statistic change implied 

by the median and mean Reff time series result, respectively, obtained by averaging across the Reff outputs of all 14 

climate models. The red and green crosses (x – median or mean model result) represent the median and mean soil 

moisture statistic change, respectively, obtained by averaging across all 14 climate models the corresponding soil 

moisture statistic change implied by the Reff time series output of each model; the red line shows the associated 

median inter-model deviation of the individual statistic change result of the 14 climate models. 
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Figure S4. Mean monthly relative degree of water saturation over the unsaturated soil zone. Results are shown for 

two radiative forcing (RCP) scenarios (red and pink lines for RCP 2.6, blue and green lines for RCP 8.5), and for 

the two study periods (red and blue lines for 2006-2025, pink and green lines for 2080-2099). The solid lines 

represent the ensemble mean model result and the dashed lines represent 1 standard deviation around the mean of 

the corresponding result derived from individual models.  The relative degree of soil water saturation (with value 1 

corresponding to full saturation) represents the unsaturated soil water content normalized by the saturated soil 

water content (soil porosity). The month numbering is: January as month 1 through to December as month 12. 
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Figure S5. Map of model result agreement (as defined in SM section S2) between the two radiative forcing 

scenarios RCP 2.6 and RCP 8.5, regarding the change in occurrence frequency of dry (panel a) and wet (panel b) 

soil moisture events.  

a)

 

b) 

 

 

 

 

 

 

Figure S6. Map of model result agreement (as defined in SM section S2) between the two radiative forcing 

scenarios RCP 2.6 and RCP 8.5, regarding the change in mean seasonal soil water content during the dry (panel a) 

and the wet (panel b) season.   
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a) 
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Figure S7. Map of model result agreement (as defined in SM section S2) between the two radiative forcing 

scenarios RCP 2.6 and RCP 8.5, regarding the change in inter-annual variability of seasonal soil moisture during 

the dry (panel a) and the wet (panel b) season.   
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