
Anonymous Referee #1

We first thank the reviewer for his very insightful comments, which helped us a lot to clarify and 
improve the paper.

General comments:

This paper compares two versions of the ORCHIDEE land surface model over the Amazon basin, 
focusing on the hydrological and to phenological impacts. These two versions do not differs only 
by the use of two different soil  hydrology,  as the title  would have us believe,  but also in the 
parameterization of the river routing module (page 83, line 25-27).  It  is therefore difficult  to 
clearly attribute the very very slight difference between the two versions only to soil module. In 
addition, this paper is very long and very descriptive. This article would be clearer if the sections  
3 and 4 were reduced or if only the ORCHIDEE 11LAY was used. Finally, I regret that there is no 
direct  comparison with  time-series  of  observed discharge.  Principally  for all  these  reasons,  I 
propose that this article should be in major review.

Major comments:
As already mentioned, the two versions of ORCHIDEE do not differs only by the use of two 
different soil hydrology, but also in the parameterization of the river routing module. It is very 
surprising that  the  river routing module  depends  on the  soil  hydrology and then requires  a  
specific tuning for the both versions. Why that ? Is it physical ? I don’t think, these two module  
should be independents. Please clarify this fact and use the same river routing module (and the 
same tuning) to compare your simulation. If not, then you can change the title and the history of 
your paper because to focus only on soil  module difference will  not  be justify,  especially  for 
seasonal TWS results. 

There has been a misunderstanding about the parameterization of the river routing module. Both soil 
models are coupled with the same river routing module, with the exact same parameters. The focus of 
the paper, which is to compare results from the two hydrological schemes, is thus justified. Yet, because 
of this misunderstanding, and to answer questions from Reviewer 2, we completely rewrote Section 2.4 
“River  routing  module”.  The  main  point  is  that  :  “In  the  present  study,  however,  to  restrict  the  
difference sources to the soil hydrology schemes alone, we used the same set of time constants with  
both the 2LAY and 11LAY: g = 0.24, 3.0, 25 d/m, as defined by Ngo-Duc et al. (2007).”

This remark also leads me to wonder if this comparison between two soil modules in ORCHIDEE 
is not vein. It is now well know that multi-layer schemes are superior to old bucket schemes.

Despite many advantages of multilayer schemes to implement processes that depend on soil properties 
or  soil  moisture  profiles  (soil  infiltration  and  surface  runoff  generation,  root  water  uptake  for 
transpiration,  water  table  coupling,  surface  soil  moisture  assimilation),  there  have  been  very  little 
studies  on the  practical  difference  between conceptual  bucket-type  models  and multilayer  models, 
when looking at the simulated water fluxes involved in the terrestrial water budget. This is the starting 
point of our work, and it has been made clearer in the Introduction:

“There have been very few studies, however, to quantify the differences between conceptual bucket-type  
models and multilayer models,  for simulated water fluxes involved in the terrestrial water budget.  
Confrontations  to  local-scale  measurements  have  shown improved  soil  moisture  control  on  ET in  
multilayer schemes in different domains (Mahfouf et al., 1996; De Rosnay et al., 2002; Decharme et  



al.,  2011),  including in  the  Amazon basin  (Baker  et  al.,  2008).  Hagemann and Stacke  (sub)  also  
analyzed  the  influence  of  soil  moisture  vertical  discretization  on  soil  moisture  memory and land-
atmosphere  coupling  in  the  ECHAM6/JSBACH  climate  model.  Finally,  in  a  study  coupling  the  
ORCHIDEE (ORganizing Carbon and Hydrology in Dynamic EcosystEms, Krinner et al., 2005) LSM  
to  the  IPSL (Institut  Pierre Simon Laplace)  climate  model,  Cheruy  et  al.  (2013) showed that  the  
multilayer  version  of  ORCHIDEE  increased  ET  over  Europe,  in  better  agreement  with  local  
observations, and thus alleviated the summer warm bias of many climate models in the mid-latitudes  
(Boberg and Christensen, 2012; Mueller and Seneviratne, 2014).”

In addition, because this paper is very long and generally very descriptive, it looks more like a  
report than a scientific article with a clear message. This report is certainly very interesting for 
your colleagues in your laboratory, but is it the case for the entire community ? Perhaps your 
work would benefit to focus only on the ORCHIDEE 11LAY. This would be an effective way to 
shorten this work. Whatever your choice, this article would be clearer if the sections 3 and 4 were 
reduced.

Given the agreement between the two reviewers about the paper's length, we worked a lot to reduce it. 
We kept the same focus of the paper ie the comparison of 2LAY/11LAY, but we reduced the length in  
many  places,  and  more  particularly  in  the  sections  dealing  with  description  of  the  results.  The 
corrections are highlighted in the revised manuscript. We put also 4 tables (included a new one called 
Table 3) and 2 figures in the Supplementary Material section.

Another major comment is that there is no comparison between observed and simulated river 
discharges while daily observations exist over this basin in the HYBAM database (Guimberteau 
et al. 2012). For me, annual comparison is not sufficient and some skill scores, like nash criterion 
and/or deseasonalized root mean square error, should be used as in Guimberteau et al. (2012).

Comparison between observed and simulated river  discharges  already exists  in  the paper  with the 
Figure 7. The time step used here is monthly. Daily outputs have not been written during the simulation 
process. But you are right, an objective comparison is missing. Thus, we added skill scores in the Table 
3 in the Supplementary Material section. 

Minor comments:
Page 76, Line 16-17:  Are you sure that TWS plays an important role in regulating the global 
climate ? TWS is it more or equally important than the ocean? Me, I am not sure. This sentence 
is not adequate. TWS plays a non negligible role in modulating (and not in regulating) the climate 
in some regions but certainly not the global climate. 

You are right, this sentence is not adequate. We removed this sentence.

Page 77, Lines 23-25: The paper of De Rosnay et al. (2002) can be applied to ORCHIDEE, but is 
it universal ? Please add more references to this affirmation or delete it. 

We believe that the results obtained in one LSM can be generalized, at least partially, to other LSMs, if 
the methods are clear, and this is the main justification of our paper. Yet, generalization is stronger if  
similar studies conducted with other LSMs give similar results. To this end, we added more references 
dealing with comparison between multilayer schemes and old bucket schemes in the Introduction:

“As  reviewed  by  Pitman  (2003),  soil  hydrology parameterizations  have  evolved  from  conceptual  



bucket-type models, with one or two layers, with soil moisture described in terms of available moisture  
between  the  wilting-point  and  the  field  capacity,  to  physically-based models  solving  the  Richards  
equation  for  water  flow  in  unsaturated  soil,  and  relying  on  volumetric  water  content  up  to  full  
saturation (Abramopoulos et  al.,  1988; Thompson and Pollard,  1995; Viterbo and Beljaars, 1995;  
Chen et al., 1997; Cox et al., 1999; Boone et al., 2000; De Rosnay et al., 2000; Dai et al., 2003;  
Decharme et al., 2011). The latter approach offers many advantages, (i) to better account for spatial  
variability  of  soil  properties  (Gutmann  and  Small,  2005;  Guillod  et  al.,  2013),  (ii)  to  implement  
processes  that  control  soil  moisture  profiles,  such  as  soil  water  infiltration  and  surface  runoff  
generation (D’Orgeval  et  al.,  2008),  root  water uptake for transpiration (Feddes  et  al.,  2001),  or  
hydraulic coupling to a water table (Liang et al., 2003; Gulden et al., 2007; Campoy et al., 2013), and  
(iii)  to be comparable to available satellite observations of soil moisture in the top zone (Reichle and  
Koster, 2005; Draper et al., 2011; De Rosnay et al., 2013). There have been very few studies, however,  
to  quantify  the  differences  between  conceptual  bucket-type  models  and  multilayer  models,  for  
simulated  water  fluxes  involved  in  the  terrestrial  water  budget.  Confrontations  to  local-scale  
measurements have shown improved soil moisture control on ET in multilayer schemes in different  
domains  (Mahfouf  et  al.,  1996;  De Rosnay et  al.,  2002;  Decharme et  al.,  2011),  including in  the  
Amazon basin (Baker et al., 2008). Hagemann and Stacke (sub) also analyzed the influence of soil  
moisture  vertical  discretization  on  soil  moisture  memory  and  land-atmosphere  coupling  in  the  
ECHAM6/JSBACH climate model. Finally, in a study coupling the ORCHIDEE (ORganizing Carbon  
and Hydrology in Dynamic EcosystEms, Krinner et al., 2005) LSM to the IPSL (Institut Pierre Simon  
Laplace)  climate  model,  Cheruy  et  al.  (2013)  showed  that  the  multilayer  version  of  ORCHIDEE  
increased ET over Europe, in better agreement with local observations, and thus alleviated the summer  
warm bias of many climate models in the mid-latitudes (Boberg and Christensen, 2012; Mueller and  
Seneviratne, 2014).”

Page 77-78, Lines 28-1:  According to previous remarks, this question is not addressed in this 
paper because the routing module is not the same according to soil module. So improve your 
article or delete this sentence. 

We  kept  this  sentence  because  we  do  use  the  exact  same  routing  module,  with  the  exact  same 
parameters, for the two soil hydrology schemes, as explained above.

Page 81, Line 26:  The fact that ORCHIDEE uses only a soil depth of 2m appears not realistic.  
Observations of  root  depth over tropical  forest  shows that  this  depth is  much close to 6-8m 
(Canadell et al., 1996: Maximum rooting depth of vegetation types at the global scale, Oecologia, 
108, 583-595). Please discuss about that in your paper. If you choose to rewrite this article in 
focusing only on ORCHIDEE 11 LAY, it should be interesting to test one version of your model  
with such soil depth. If not, please discuss about that in your paper even if it is difficult to justify  
that roots of tropical forest stop to only 2m depth. 

You are right, several field studies have shown that roots are occurring much deeper than 2 meters. (8, 
10, 12 meters depending on the location). Canadell et al. (1996) suggested an average rooting depth of 
7.3 m, based on 5 measurements with a maximum of 18 m. Moreover, several modeling studies showed 
that a deep soil (and deep roots) is needed in models in order to represent realistic ET and GPP during 
the dry season (e.g. Baker et al. 2008, Verbeeck et al. 2011). This kind of discussion already existed in 
the conclusion of our study (lines 2-8 page 103). We agree that taking only 2 meters for soil depth for 
the entire basin is not realistic. On the other hand, taking a deeper soil (eg 8 meters) for the entire 
amazon is not realistic as well. In the south west of the basin, in the Jarú fluxtower site, there is a much 
shallower soil and roots only up to 3.5 meters. Rooting depth changes spatially. The problem is that we 



do not have good spatial information on soil depth over the whole Amazon basin.
We have tested the impact of different soil depths in ORCHIDEE. We attached to this report the 

spatial results of ET simulated in JJA, for a 2-m soil depth (upper left) and a 8-m soil depth (upper  
right). Differences between both are also illustrated by the two maps on the bottom. ET variation is 
negligible  when soil  depth  is  prescribed to  8 meters  over  the Amazon basin.  Only small  increase 
(+0.4mm/d) occurs  in  some small  regions  in  the  south.  We changed the  text  in  the conclusion  to 
introduce more discussion dealing with soil depth uncertainties:

“More attention should be also paid to the soil depth, which was fixed to 2 meters for the entire basin  
in  both  soil  hydrology  schemes,  given  the  lack  of  geospatial  information  across  the  entire  basin.  
Several  field  studies  showed  that  roots  can  be  present  much  deeper  than  2  meters.  For  tropical  
evergreen forest, Canadell et al. (1996) estimated an average rooting depth of 7.3 m, and a maximum  
of 18 m, based on data from 5 sites. Deep roots observed by Nepstad et al. (1994) in northeastern Pará  
enable evergreen forests to maintain dry-season ET (Verbeeck et al., 2011) which feeds back on climate  
(Kleidon and Heimann, 2000). Several modeling studies concluded that deep soils and deep roots are  
needed in models, in order to represent realistic ET and GPP in Amazon forests during the dry season  
(e.g. Baker et al., 2008; Verbeeck et al., 2011). With the 2LAY, Verbeeck et al. (2011) showed that the  
soil depth had a significant effect on the seasonal cycle of water fluxes. We tested a soil depth of 8  
meters in the 11LAY but found only a negligible effect owing to high soil water holding capacity in the  
11LAY.”

Table 6: a Taylor diagram could be used instead of this table.

Table 6 is put now in the Supplementary Material section (called Table 4) in order to reduce the length 
of the paper.



Anonymous Referee #2

We first thank the reviewer for his encouraging and very insightful comments, which helped us a lot to 
make the paper more straightforward, and of broader interest for the LSM community. 

- GENERAL COMMENT

This paper evaluates the performance of two soil model formulations into a Land-Surface/Plant 
Phenology/River routing model of the Amazon (ORCHIDEE model). The soil models consist of a 
2 layer bucket model and an 11 layer diffusive model. Model results are compared to estimates of 
terrestrial  water  storage  (TWS)  from  GRACE  mission,  discharge  (Q)  from  in  situ  data, 
evapotranspiration (ET) from a global scale dataset and leaf area index (LAI) and vegetation 
gross primary production (GPP). According to the authors, results from both soil models are 
similar.  However,  the  11  layer  model  could  better  represent  ET,  GPP,  LAI,  TWS and  Q in 
southeastern sub-basins during dry season. Consequently, using the 11 layer soil model should be 
important  to  better  represent  hydrological  processes  in  the  drier  sub-basins  of  the  amazon, 
especially  during  dry  seasons.  The  paper  works  on  an  important  scientific  question:  how 
important is the use of multi-layer soil models if compared to simple bucket models to better 
represent hydrological storages and fluxes? It is always important to know how complex earth 
system models should be to represent important physical processes. This question is especially 
important for the case of the Amazon basin, where a wide range of hydrology models have been 
applied in the past. That’s why the paper has great potential. However, some issues still need to 
be carefully addressed before publication. The first issue is that the 2 soil models don’t seem fully 
comparable. It is not clear if their differences are mostly the number of layers or the several other 
hidden assumptions (Horton vs Dunne surface runoff, criteria for water percolation, parameters, 
etc...). These differences should be clearer to make it easier to extrapolate results from this paper 
to research outside ORCHIDEE context.  Second,  some of  the validation datasets,  as  ET, are 
somehow uncertain. It would be necessary a better justification for the validation data. Third, the 
paper seems too long and descriptive, what makes it hard to read and less objective/conclusive. I  
present comments on these and some other issues bellow. For these reasons, I think that the paper 
should be published after major reviews. I hope that these comments can be useful to improve 
this paper/research.

- MAJOR COMMENTS

- Introduction/objectives:
The main question that the paper address is: “Does the use of an 11 layer soil diffusion scheme, 
rather than a simpler 2 layer scheme, improve the simulation of water storage dynamics and 
water fluxes?” I’d  like  to  suggest  some modifications  to  this  question.  It  would  be  easier to 
extrapolate the conclusions to other research outside ORCHIDEE context if the paper compares 
“multi-layer soil diffusion schemes” vs “simple bucket schemes”. I also think that it would be 
important  to  better clarify  to  which  extent  this  question  was  already  answered  by  previous 
research.  Paragraph  from lines  9  to  26  show several  arguments  showing  the  importance  of 
accurate/multilayer soil modeling. It may be important for some things but not for others. For 
example, is it important for simulation ET and sensible heat fluxes? Is it important for land-
atmosphere  feedbacks?  Discharge  simulation?  CO2?  Total  soil  storage?...  Which  of  these 
questions were already answered? Please make it clearer. On the other hand, you could clarify if 
your goal is to understand the importance of soil modeling at the Amazon basin.



You are right, thank you for these constructive remarks. We largely rewrote the introduction and added 
much more references to show the importance of accurate multilayer soil modeling:

“As  reviewed  by  Pitman  (2003),  soil  hydrology parameterizations  have  evolved  from  conceptual  
bucket-type models, with one or two layers, with soil moisture described in terms of available moisture  
between  the  wilting-point  and  the  field  capacity,  to  physically-based models  solving  the  Richards  
equation  for  water  flow  in  unsaturated  soil,  and  relying  on  volumetric  water  content  up  to  full  
saturation (Abramopoulos et  al.,  1988; Thompson and Pollard,  1995; Viterbo and Beljaars, 1995;  
Chen et al., 1997; Cox et al., 1999; Boone et al., 2000; De Rosnay et al., 2000; Dai et al., 2003;  
Decharme et al., 2011). The latter approach offers many advantages, (i) to better account for spatial  
variability  of  soil  properties  (Gutmann  and  Small,  2005;  Guillod  et  al.,  2013),  (ii)  to  implement  
processes  that  control  soil  moisture  profiles,  such  as  soil  water  infiltration  and  surface  runoff  
generation (D’Orgeval  et  al.,  2008),  root  water uptake for transpiration (Feddes  et  al.,  2001),  or  
hydraulic coupling to a water table (Liang et al., 2003; Gulden et al., 2007; Campoy et al., 2013), and  
(iii)  to be comparable to available satellite observations of soil moisture in the top zone (Reichle and  
Koster, 2005; Draper et al., 2011; De Rosnay et al., 2013). There have been very few studies, however,  
to  quantify  the  differences  between  conceptual  bucket-type  models  and  multilayer  models,  for  
simulated  water  fluxes  involved  in  the  terrestrial  water  budget.  Confrontations  to  local-scale  
measurements have shown improved soil moisture control on ET in multilayer schemes in different  
domains  (Mahfouf  et  al.,  1996;  De Rosnay et  al.,  2002;  Decharme et  al.,  2011),  including in  the  
Amazon basin (Baker et al., 2008). Hagemann and Stacke (sub) also analyzed the influence of soil  
moisture  vertical  discretization  on  soil  moisture  memory  and  land-atmosphere  coupling  in  the  
ECHAM6/JSBACH climate model. Finally, in a study coupling the ORCHIDEE (ORganizing Carbon  
and Hydrology in Dynamic EcosystEms, Krinner et al., 2005) LSM to the IPSL (Institut Pierre Simon  
Laplace)  climate  model,  Cheruy  et  al.  (2013)  showed  that  the  multilayer  version  of  ORCHIDEE  
increased ET over Europe, in better agreement with local observations, and thus alleviated the summer  
warm bias of many climate models in the mid-latitudes (Boberg and Christensen, 2012; Mueller and  
Seneviratne, 2014).”

Do you think that your conclusions should be extrapolated to other regions? If yes, you should 
clarify that the Amazon is only a case study. If not, clarify that the Amazon is the object of your  
study.

Our work is the very first study of comparison of the two hydrological models in ORCHIDEE. But a 
very recent study by Traoré et al. (under review in JGR-biogeosciences) also found over Africa that 11-
layer version of the model outperforms the 2-layer version for simulating inter-annual variability of ET 
and  soil  moisture  (see  the  following  figure  for  ET  comparison).  Thus,  our  conclusions  can  be 
extrapolated to other regions. We have already specified it in conclusion (lines 20-23 page 102) that our 
study is currently extrapolated to the global scale and that we expected a signal in transition zones. 



S1 corresponds to simulation with 11LAY, S2 with 2LAY and MTE-ET to the same ET product that we 
used for our paper (Jung et al. 2011).

- Model description:
I missed a more clear description about the differences between the two soil formulations. It was  
difficult to understand all about the model functioning by this explanation. It seems that the use 
of  multi-layer  diffusive  model  vs  a  2  layer  bucket  model  is  not  the  only  difference.  Other 
differences include: 1. Dunne (2LAY) vs Horton surface runoff (11LAY). 2. Predefined runoff 
portioning of 5% to surface runoff and 95% to deep drainage (2LAY) vs surface runoff given by 
infiltration model  and deep drainage given by free  gravitational  drainage model  (11LAY) 3. 
Different parameters. 4. Among others... How can we know if the differences in the results are 
due to using 11 vs 2 soil layers or due to different parameters? Or due to different criteria for 
surface and deep drainage runoff? If  the differences are not clear,  and especially  if  different 
parameters are used, then the results get non conclusive. Some other issues: Are the parameters 
of both models equivalent? How the choice of the parameters could change your conclusions? 
Why portioning surface and deep drainage runoff into 5% and 95%? 

You  are  perfectly  right  and  your  questions  helped  us  a  lot  to  achieve  a  useful  synthesis  of  the 
differences and resemblances between the two tested soil hydrology schemes. To this end, we largely 
rewrote Section 2 “Model description”:

 inclusion of a new Table (called Table 1) comparing the main features of the two soil hydrology 
schemes, cited in introduction of Section 2.2 “Soil hydrology modeling in SECHIBA”, now 
renumbered 2.3

 thorough rewriting of the two subsections devoted to the description of 2LAY and 11LAY



 inclusion of a final subsection 2.5 “Synthetic comparison of the two soil hydrology schemes”, 
discussing the relationships between (i) the soil hydrology schemes and their parameters, which 
are intimately linked, and (ii) the soil hydrology and routing schemes, especially in the case of 
the 2LAY, which calls for an arbitrary partitioning of total runoff into the input flows of the fast 
and slow routing  reservoirs  (also  stated  in  the  section  describing  the  routing  module).  We 
specifically mention, at the end of subsection 2.5, that this choice “has an impact on the relative  
contribution of these fast and slow reservoirs to TWS”, and this point will be further discussed 
in the conclusion. This is a  paragraph added in section 2.5 in relation to this point: 

“In the present case, additional differences between the simulations arise from the way total  
runoff is transferred to the fast and slow reservoirs of the routing scheme, supposed to receive  
surface  runoff  and  drainage,  respectively.  The  11LAY  makes  a  clear  physical  distinction  
between these two fluxes, contrarily to the 2LAY, which only creates total runoff when the soil  
reservoir  is  full,  with  no  clear  surface  or  bottom localization,  as  in  the  bucket  scheme of  
Manabe  (1969).  In  this  case,  the  routing  scheme  has  always  been  used  with  a  5-95%  
redistribution of total runoff to the fast and slow routing reservoirs. In this paper, we follow this  
choice, steming from Ngo-Duc et al. (2007), which has an impact on the relative contribution of  
these fast and slow reservoirs to TWS (as analyzed in Sect. 4.2).”

You use free gravity criteria for bottom boundary conditions for the 11 LAY. Is it really how it 
should work in the amazon?? I guess that in some regions, vegetation may access water from 
shallow aquifers.

You are  right,  using  a  free  gravity  drainage  could  be  a  limitation  to  simulate  hydrology over  the 
Amazon basin,   in particular in northwestern Amazonia and floodplains elsewhere.  By contrast,  in 
southeastern Amazonia,  where we find the largest  effect  between the two soil  hydrology schemes, 
there are deep aquifers, and free drainage seems appropriate. Campoy et al. (2013) introduced a new 
boundary conditions in the 11LAY of ORCHIDEE, namely impermeable bottom, and negative drainage 
at the soil bottom to sustain a fixed water table inside the soil column. None of these configurations 
was not tested in our study over the Amazon basin. Note that this question of shallow water tables  
sustaining ET is tightly connected to the one of soil depth, raised by reviewer 1.

- Routing model:
The  routing  model  explanation  needs  some  clarification.  For  example,  why  using  manning 
concept to deep drainage? Manning’s equation deal with channel flow and it has no relation to 
deep drainage flow. What do these velocities mean? Is it related to river-channel flow velocity?

The formulation of the topographic water retention index does indeed stem from an approximation of 
the  Manning  formula,  proposed  by  Ducharne  et  al.  (2003)  for  stream  reservoirs  only.  In  this 
framework, the effect of stream length and slope is explicit,  and the one of channel roughness and 
cross-sectional shape is carried by a constant, called g in the routing scheme described in the present 
paper. This formulation has been generalized to the fast and slow reservoirs under the assumption that  
the tuning of the time constant compensates for the fact that the Manning formula is not designed for 
overland and groundwater flow modeling, and that the various parameters do not have the same values 
than in streams.  For the stream reservoir, the time constant can be related to a stream velocity if the 
stream slope is known. We give an example in the paper: “which leads to a stream velocity of around 
0.5 m/s assuming a slope of 1%, both values being typical of large rivers.”

Section 2.4 has been rewritten for the sake of clarity:



“Travel time within the reservoirs depends on a characteristic time scale, which is the product of a  
topographical water retention index k (in m) and a time constant g (in d.m–1). The latter does not vary  
horizontally but distinguishes the three reservoirs, while the water retention index k characterizes the  
impact of topography on travel time in each sub-basin, and is assumed to be the same in the three  
reservoirs of  a given grid cell,  eventhough it derives from stream routing principles introduced by  
Ducharne et al. (2003). This travel time is thus assumed to be proportional to stream length in the sub-
basin, and inversely proportional the square root of stream slope. This can be seen as a simplification  
of the Manning formula (Manning, 1895),  where the time constant  g compensates for the missing  
terms. The lengths and slopes are first computed at the 0.5°x0.5° resolution from the topographical  
map of Vörösmarty et al. (2000), then upscaled at the ORCHIDEE grid cell resolution, of 1°x1° in the  
present study (Sect. 3.1). The values of the time constants g were initially calibrated over the Senegal  
basin,  using  the  2LAY  parameterization  with  the  5/95%  partitioning  of  total  runoff  towards  the  
fast/slow reservoirs, then generalized for all the basins of the world (Ngo-Duc et al., 2007). The stream  
reservoir has the lowest constant (0.24 d m–1), which leads to a stream velocity of around 0.5 m.s–1 

assuming a slope of 1%, both values being typical of large rivers. The corresponding velocities are  
lower in the other two reservoirs, with a time constant g of 3.0 and 25 d m–1 in the fast and slow 
reservoirs respectively. In former studies using the 11LAY, the time constants of these two reservoirs  
have been set equal to the one of the fast reservoir (g = 3.0 d m–1) to balance a higher water residence  
time in the soil with the 11LAY (D’Orgeval, 2006; D’Orgeval et al.,  2008; Gouttevin et al.,  2012;  
Guimberteau et al., 2012a, 2013). In the present study, however, to restrict the difference sources to the  
soil hydrology schemes alone, we used the same set of time constants with both the 2LAY and 11LAY: g  
= 0.24, 3.0, 25 d m–1, as defined by Ngo-Duc et al. (2007).”

Do you apply the same floodplain parameter for all grid cells? As flooding is variable in space 
and time in the amazon, the velocity constant of the floodplain reservoir should be variable as 
well. What is the impact of this simplistic assumption on the TWS results?

The residence time for the floodplain reservoir (and also for all the routing reservoir) depends on a time 
constant which, indeed, is constant in space, but depends also on a topographic water retention index 
which varies in space (see lines 16 to 21 page 83 and see page 915 in Guimberteau et al. (2012)). Thus, 
floodplain  parameterization  of  ORCHIDEE enables  a  spatial  variation  of  the  water  storage  in  the 
Amazon basin.

- Discharge Validation:
It would be interesting to provide an objective evaluation of model discharge time series versus 
observations.

Comparison between observed and simulated river  discharges  already exists  in  the paper  with the 
Figure 7. For an objective comparison, we added skill scores in the new Table 3 in the Supplementary 
Material section. 

- GRACE TWS:
GRACE Tellus released a new RL05 version. Check it there are important differences between 
RL04 and RL05 that could change your conclusions.

Thank you for this suggestion. We use now this new version of GRACE in the paper and all our results  
were updated in the text, figures or tables. The bias of the TWS amplitude between ORCHIDEE and 
GRACE RL05 becomes slightly higher over the Amazon basin. This is explained by the lower TWS 



increase  in  the  Madeira  basin,  between February  and April,  in  RL05 product  compared to  RL04. 
However,  comparison of ORCHIDEE results  with the new product of GRACE did not change our 
conclusions which were made with the RL04 products.

- Precipitation (P):
Why didn’t you use your improved data set to run the model?

You are right, we could have used HYBAM dataset but we showed that Princeton's dataset corrected by 
GPCC is  not  far  from HYBAM.  This  is  also  found  by  Getirana  et  al.  (submitted  in  Journal  of  
Hydrometeorology) who compared several LSMs simulations on the Amazon basin according to three 
different  corrections  on Princeton's  precipitation  dataset:  GPCC,  GPCP and HYBAM. HYBAM is 
shown to be the best product to represent water budget over the Amazon but results with GPCC are 
close to that with HYBAM.

- ET:
Several other ET global datasets are available. For example, Azarderakhsh et al (2013) looked at 
ET from 3 different datasets  over the Amazon and the estimates  do not  agree between each 
dataset. So, why did you choose Jung et al. 2010 dataset? Why it is better than the others? Please 
clarify it in the manuscript.

We are aware that it exists other ET products and that Jung et al. 2010 dataset may not be the best one 
when compared to the others. But we used Jung et al's dataset for ET because the authors provided also 
GPP product with the same methodology. Thus, this two products are expected to be consistent with 
each other. We added in the Figure 7 (now Figure 6), ET results from 3 other products to show the 
spread existing between the ET estimations.
We also added some modifications in the text:

 section 3.2.2 “Evapotranspiration (ET) and Gross Primary Productivity (GPP)”: 

“Here, Jung et al.’s product is chosen to evaluate ET simulated by ORCHIDEE because it also  
provides  a  consistent  GPP product.  Uncertainties  around  this  ET estimate  is  assessed  by  
comparison with 3 other products: GLEAM-ET (Miralles et al., 2011), NTSG-ET (Zhang et al.,  
2010) and PKU-ET (Zeng et al., 2014).”

 Conclusion: 

“But ET observations uncertainties are of the same magnitude than the misfit between any of  
the schemes and the observations, so that a particular model scheme cannot be ruled out from  
these data only.“

- Residual water balance:
The residual P-ET-Q over a basin equals the change in total water storage DS, including soil,  
ground water and rivers and floodplains. It is not clear how using shifted Q (Q*) makes that 
ground water and surface water storage can be neglected. Please clarify it.

You are right, P-ET-Q represents the change in total water storage DS and not only the change in soil  
water storage as written in the paper. Thus, we corrected in the text and in the caption of Figure 2.



- TWS amplitude and phase assessment:
Do you calculate the amplitude for each year and then average the results? 

No, the amplitude is calculated by the mean seasonal cycle of TWS during 2003-2008 (average of 
monthly value during the six years then calculate amplitude, not calculate amplitude of each year then 
average). 

If  you  simply  use  maximum  and  minimum  values  from  the  time  series  you  can  be  more 
susceptible  to  errors  due  to  noise  in  the  data.  You  could  work  with  percentiles,  instead  of  
maximum  and  minimum  values.  Or  as  you  are  fitting  this  cosine  function,  you  could  be 
computing the amplitude of TWS from the p coefficients.

I agree the reviewer’s suggestion, the amplitude of TWS can be extracted from the p coefficient. In the  
new version of the manuscript, we updated the results of amplitude from the new definition as 2*p1.

- Contributions to TWS variation:
Some recent research (e.g. Paiva et al. 2013) show that most of TWS variability in the amazon is 
regulated  by  surface  waters.  I  guess  that  your results  should  show more  importance  in  the 
floodplain reservoir than the slow reservoir that is supposedly related to subsurface/groundwater 
flow. What is the reason for such difference? Is it because you are using a simplistic model that 
considers constant floodplain parameter in space?

Paiva  et  al.  (2013)  found that  56% of  the  Amazon  TWS changes  is  governed  by  surface  waters 
(corresponding to the sum of the stream, the fast and the floodplain reservoirs for ORCHIDEE), 27% 
by soil  water and 8% for ground water (corresponding to the slow reservoir  for ORCHIDEE) (we 
notice that one cannot find what correspond the remaining 9% !)

In our  study,  with  the 11LAY of  ORCHIDEE,  we have these  proportions:  35% by surface 
waters,  19% by the soil  water  and 46% by the  groundwater.  In  ORCHIDEE,  more  importance is  
attributed to the slow reservoir in term of TWS contribution which is clearly in contradiction with the 
results of Paiva et al. (2013). However, uncertainties in storage contribution to TWS are large in the 
literature.  Pokhrel  et  al.  (2013)  found that  subsurface  storage  (soil  water  in  the  vadose  zone and 
groundwater below the water table) contribution (71%) is far greater than surface water contribution 
(29%) to TWS changes. The large contribution of the groundwater to TWS variation is also found by 
the groundwater model of Niu et al. (2007).

Difference between our results and Paiva et al. (2013)'s cannot be attributed to the no-variation 
in  space  of  the  water  in  the  floodplain  reservoir  of  ORCHIDEE,  as  explained above.  One of  the 
uncertainties in ORCHIDEE could be the parameterization of the time constant g for the slow reservoir 
which has been calibrated over the Senegal basin and generalized for all the basins of the world. Re-
parameterization  of  the  time  constants  for  the  three  routing  reservoirs  are  being  re-calibrated  in 
ORCHIDEE.

In order  to  introduce  a  discussion  dealing  with  surface  or  subsurface  contribution  to  TWS in  the 
Amazon basin, we modified: 

 Section 4.2.1 “Seasonal variation”: 

“The annual amplitude in water storage in the slow reservoir, which collects drainage, is lower with  
the 11LAY (46% of the total annual amplitude of TWS) than with the 2LAY (66%). Sub-surface water  



contribution (sum of the fast, slow and soil reservoirs) to TWS variation simulated by the 11LAY (71%)  
is in agreement with Pokhrel et al. (2013)’s estimations (71%) over the Amazon basin. The physical  
distinction between surface runoff and drainage with the 11LAY leads to a lower drainage contribution  
to the total runoff over the Amazon basin (  69%), which is more realistic when compared to the∼  
estimations of Mortatti et al. (1997) (68.1%), than with the 2LAY (95%) (see Table 3 in Supplementary  
Material).”

 Conclusion: 

“By  comparing  the  bucket  model,  the  first  property  of  the  11LAY  leads  to  less  drainage,  which  
contribution to the total runoff over the Amazon basin is more realistic (69%) than the 2LAY (95%),  
when compared to the estimates of Mortatti et al. (1997) (68.1%). Less water is stored in the slow  
reservoir of the routing scheme (which represents a groundwater reservoir) with the 11LAY. We found  
the same contribution of subsurface water (including groundwater) to TWS over the Amazon basin  
(71%) than Pokhrel et al. (2013), and this result is also in line with Niu et al. (2007). However, the  
attribution of TWS to sub-surface versus surface water remains uncertain since other studies (Paiva et  
al., 2013) suggested that most of the TWS variability was regulated by surface waters.”

- ET results:
I’m not sure how accurate the global ET estimates are and to which extent should we trust it. You 
should really compare it with other datasets. Also, if the data uncertainty is large, it is difficult to 
argue that 11LAY is better that 2LAY based on such small difference between model results if  
compared  to  differences  to  observed  data  and  uncertainty  from  ET observations.  Also,  the 
vegetation model could not capture GPP and LAI dynamics. So, if the vegetation model is wrong,  
how can one clearly differentiate between the two soil formulations?

As said above, we added in the Figure 7 (now Figure 6), ET results from 3 other products to show the  
spread existing between the ET estimations.

- Conclusions: 
Lines 4 to 6: This conclusion about differences in 11LAY and 2LAY is may be more related to the 
assumption of the 2LAY of portioning runoff as 5% surface runoff and 95% for deep drainage. 
This  may  be  the  cause  of  more  water  storage  in  the  slow  routing  reservoir  for  the  2LAY. 
Consequently, it is difficult to say if the differences between the models are due to using 11 or 2 
layers or due to all the others hidden assumptions of these models. This fact makes the study non  
conclusive.

In the subsection 2.5 “Synthetic comparison of the two soil hydrology schemes”, we discussed the 
relationships between the soil  hydrology and routing schemes, especially in the case of the 2LAY, 
which calls for an arbitrary partitioning of total runoff into the input flows of the fast and slow routing 
reservoirs  (also  stated  in  the  section  describing  the  routing  module).  In  conclusion,  we  clearly 
distinguishes now the two properties of the soil models that give differences between the 2LAY and the 
11LAY:

“The better simulation of the water budget and TWS with the 11LAY, in most of the sub-basins of the  
Amazon, owes to the combination of two of its properties: (i) the physical distinction between surface  
runoff and drainage and (ii) the physically-based description of soil water storage.

By comparing the bucket model, the first property of the 11LAY leads to less drainage, which  
contribution to the total runoff over the Amazon basin is more realistic (69%) than the 2LAY (95%),  



when compared to the estimates of Mortatti et al. (1997) (68.1%). Less water is stored in the slow  
reservoir of the routing scheme (which represents a groundwater reservoir) with the 11LAY. We found  
the same contribution of subsurface water (including groundwater) to TWS over the Amazon basin  
(71%) than Pokhrel et al. (2013), and this result is also in line with Niu et al. (2007). However, the  
attribution of TWS to sub-surface versus surface water remains uncertain since other studies (Paiva et  
al., 2013) suggested that most of the TWS variability was regulated by surface waters.

The second property of the 11LAY enables a higher water holding capacity by soils, resulting  
into a higher soil moisture level than in the 2LAY. Lower drought stress in the 11LAY scheme sustains  
ET, which suggests that soil moisture parameterizations are critical in LSMs over the southern part of  
the Amazon that has strong seasonality in precipitation and marked transition periods between wet and  
dry soils. Our analysis is being extended to the global scale with the objective of identifying whether  
differences in water budget components can be found in the transition zones identified by Koster et al.  
(2004a), where soil moisture is expected to influence precipitation.”

- MINOR COMMENTS:
Section 2.1. What is the spatial resolution of the model?

ORCHIDEE can take different spatial resolution given the resolution of the forcing. The model takes 
the same spatial resolution than that of the forcing. Thus, in our study, it is 1°x1°.

Pg. 76. Line 15 The role of floodplains on the delay and attenuation of floodplains can be clearly 
seen in Paiva et al. [2013].

Thank you. The reference is added in the introduction: 

“The seasonality of Q is further modulated by floodplains (Paiva et al., 2013)”

Pg.  77.  Line  9  -  15  According to  Costa  et  al.,  2010,  ET in  the  Amazon is  driven mostly  by 
radiation and not by soil water availability.

Indeed, Costa et al. (2010) found that ET is driven mostly by radiation in the Amazon. However, this  
was found only in wet equatorial sites. Costa et al's results were different in the seasonally dry southern 
tropical forests where ET seasonality is controlled with the surface conductance and thus with the water 
availability (response of the plants to water stress). We modified in the introduction:

“ In the Amazon basin, a particularly important land-atmosphere feedback is precipitation recycling  
(Shuttleworth, 1988; Marengo, 2006), which is affected by soil moisture in the southern parts of the  
basin, as they experience a marked dry season, during which soil moisture availability limits ET. ”

Table 5. Present the observed amplitude and error as %. Use % along the text as well.

Corrected in the text.

Figures. All the figures showing spatial results should be reviewed (4 and 6). The amazon basin 
domain seems to be cut close to the boundaries. For example, the northern part of Negro river 
basin is not shown in the figures. Is this affecting results from tables 4 and 6, for example?

We modified the Figure 4 (now Figure 1 in Supplementary Material) and Figure 6 (now Figure 5). The  
spatial results are now shown over all the northern South America and the Amazon basin boundaries 



were added. The results are given on average over this Amazon domain. However, little difference of 
the domain cut with reality does not significantly affect the results.

Figure 4. It seems that large amplitude errors are concentrated along the Amazon floodplains 
(floodplains  at  Solimoes  /Amazon  river,  Madeira  River  and  Bolivia).  These  errors  are 
compensated in other regions. Maybe it is caused by model limitations in representing floodplain 
storage. For example, a previous section says that the model uses a constant (in space and time) 
floodplain related parameter. Such assumption may be causing these large errors.

As we explained above, floodplain parameterization of ORCHIDEE enables a spatial variation of the 
water storage in the Amazon basin. The underestimation of the the maximal fraction of flooded areas 
(MFF), and thus the overestimation of the water level amplitude in the floodplain reservoir,  could 
explain the large amplitude errors concentrated along the Amazon floodplains that we obtained in this 
study. This has been previously found with ORCHIDEE by Guimberteau et al. (2012). Over the main 
stem of the Amazon, they have shown an overestimation in water height level, even after the calibration 
of the time constant of the floodplain reservoir (simulation ORCH4, page 931). They attributed this  
error to an underestimation of the MFF used in ORCHIDEE, when compared to Hess et al. (2003), 
even after using a better map of MFF.

Figure 3. Please provide a figure with higher resolution.

We will contact the team from the production office of GMD journal to improve the resolution of the  
Figure 3.



D
iscu

ssio
n
P
a
p
er

|
D
iscu

ssio
n
P
a
p
er

|
D
iscu

ssio
n
P
a
p
er

|
D
iscu

ssio
n
P
a
p
er

|

Manuscript prepared for Geosci. Model Dev. Discuss.
with version 4.1 of the LATEX class copernicus_discussions.cls.
Date: 11 April 2014

Two soil hydrology formulations of
ORCHIDEE (version Trunk.rev1311) tested
for the Amazon basinTesting a conceptual
and a physically-based multilayer soil
hydrology schemes against observations
for the Amazon basin, within the
ORCHIDEE LSM (version Trunk.rev1311)
M. Guimberteau1,2, A. Ducharne1,2,3,4, P. Ciais1,2,5,6,7, A. Ducharne1,2,6,7, J.P.
Boisier1,2, S. Peng1,2,5,6,7,8, M. De Weirdt9 and H. Verbeeck9

1Institut Pierre Simon Laplace (IPSL), France
2Centre National de la Recherche Scientifique (CNRS), Paris, France
3Unité Mixte de Recherche (UMR) SISYPHE 7619, Paris, France
4Université Pierre et Marie Curie (UPMC), Paris, France

5Laboratoire des Sciences du Climat et de l’Environment (LSCE), 91191 Gif-sur-Yvette,
France
6Joint Unit of Commissariat à l’énergie atomique et aux énergies alternatives (CEA),
Gif-sur-Yvette, France
7Université de Versailles Saint-Quentin (UVSQ), Versailles, France

1



D
iscu

ssio
n
P
a
p
er

|
D
iscu

ssio
n
P
a
p
er

|
D
iscu

ssio
n
P
a
p
er

|
D
iscu

ssio
n
P
a
p
er

|

3Unité Mixte de Recherche (UMR) SISYPHE 7619, Paris, France
4Université Pierre et Marie Curie (UPMC), Paris, France
8UJF Grenoble 1, Laboratoire de Glaciologie et Géophysique de l’Environnement (LGGE,
UMR5183), Grenoble, France
9Laboratory of Plant Ecology, Department of Applied Ecology and Environmental Biology,
Faculty of Bioscience Engineering, Ghent University, Coupure Links 653, 9000 Ghent, Belgium

Correspondence to: M.atthieu Guimberteau (matthieu.guimberteau@upmc.fr)

2



D
iscu

ssio
n
P
a
p
er

|
D
iscu

ssio
n
P
a
p
er

|
D
iscu

ssio
n
P
a
p
er

|
D
iscu

ssio
n
P
a
p
er

|

Abstract

This study analyzes the impact of the two soil modelhydrology schemes parameterizations
of the Land Surface Model ORCHIDEE on their estimates of Amazonian hydrology and
phenology for five major sub-basins (Xingu, Tapajós, Madeira, Solimões and Negro),
during the 29-year period 1980-2008. The two soil modelshydrology schemes are a
simple 2-layer soil scheme with a bucket topped by an evaporative layer versus an
11-layer soil diffusion scheme. The soil modelsschemes wereare coupled with a river
routing module and a process model of plant physiology, phenology and carbon dy-
namics. The simulated water budget and vegetation functioning components wereare
compared with several datasets at sub-basin scale. The use of the 11-layer soil diffu-
sion scheme diddoes not significantly change the Amazonian water budget simulation
when compared to the 2-layer soil scheme (+3.1 and -3.0% in evapotranspiration and
river discharge, respectively). However, the higher water holding capacity of the soil
and the physically based representation of runoff and drainage in the 11-layer soil
diffusion scheme, resulted in higher dynamics of soil water storage variation and im-
proved simulation of the total terrestrial water storage when compared to GRACE satel-
lite estimates. The greater soil water storage within the 11-layer soil diffusion scheme
also resultsed in increased dry-season evapotranspiration (+0.5mmd–1, +17%) and im-
proves river discharge simulation in the southeastern sub-basins such as the Xingu.
Evapotranspiration over this sub-basin was is sustained during the whole dry season
with the 11-layer soil diffusion modelscheme, whereas the 2-layer soil scheme limitsed
it at the end of the dry seasonafter two dry months only. Lower plant water drought
stress simulated by the 11-layer soil diffusion scheme, leads to better simulation of the
seasonal cycle of photosynthesis (GPP) when compared to a GPP data-driven model
based upon eddy-covariance and satellite greenness measurements. Simulated LAI
was consequently higher with the 11LAY (up to +0.4) but exhibited too low a variation
when compared to a satellite-based dataset. TheA dry-season length between 4 and
7 months over the entire Amazon basin wasis found to be critical in distinguishing
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differences in hydrological feedbacks between the soil and the vegetation cover simu-
lated by the two soil modelsschemes. Overall, the 11-multilayer soil diffusion scheme
provideds little improvement in simulated hydrology on average over the wet tropical
Amazonian sub-basins but a more significant improvement over the drier sub-basins.
However, tThe use of the 11-layera multilayer soil diffusion scheme might become crit-
ical for assessments of future hydrological changes, especially in southern regions of
the Amazon basin where longer dry season and more severe droughts are expected in
the next century.

1 Introduction

Not only is the hydrological functioning of the Amazon basin complex but the river
alsoThe Amazon basin plays an important role within the global water cycle. Among
other factors, it is responsible for 15%-20% makes a large contribution to the volume
of fresh of the water discharged into the oceans (15%-20% of the total volume, (Molin-
ier and Guyot, 1996)). The Amazon basin has therefore been the subject of many
hydrological modeling studiesThe complex hydrological functioning of the basin makes
it an interesting and key subject for modeling studies (e.g. Coe et al., 2007; Decharme
et al., 2008; Beighley et al., 2009; Trigg et al., 2009; Fan and Miguez-Macho, 2010;
Paiva et al., 2011; Guimberteau et al., 2012a; Paiva et al., 2012; Yamazaki et al., 2012).
The large area of the basin (about 6 million km²) encompasses a large range of precip-
itation (P) regimes with different seasonalities andthat partly modulate river discharge
(Q) in each sub-basin., tThe seasonality of whichQ is further modulated by floodplains
(Paiva et al., 2013). Its wide extent makes of the Amazon basin a key basin to benefit
from the Gravity Recovery And Climate Experiment (GRACE) satellite mission. The
GRACE data have proven to give reliable estimates of the dynamics of total terres-
trial water storage (TWS) in the basin (Chen et al., 2009, 2010; Xavier et al., 2010;
Becker et al., 2011; Frappart et al., 2013), which helped evaluating hydrological and
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land surface models (LSMs) (Syed et al., 2005, 2008; Crowley et al., 2008; Vergnes
and Decharme, 2012).

The total terrestrial water storage (TWS) (Ramilien et al., 2008) plays an important
role in regulating the global climate (Famiglietti, 2004). TWS can be estimated by
measuring the average amount of water in a basin. The Gravity Recovery And Climate
Experiment (GRACE) satellite mission provided the first global observations of TWS,
based on variation in the Earth’s gravity field. TWS is directly comparable to model
outputs for water balance assessment over large river basins (Schmidt et al., 2006,
2008; Syed et al., 2008; Jin and Feng, 2013). Some Land Surface Models (LSMs) have
included river routing schemes that account for water storage in the river system to
simulate the delay between precipitation over the basin and runoff at the river’s mouth
(Polcher, 2003; Alkama et al., 2010). Such schemes give better predictions of TWS
(Ngo-Duc et al., 2007). GRACE observations over the Amazon basin improved the
characterization of the spatio-temporal variability of the amount of water in the Amazon
basin (Xavier et al., 2010; Becker et al., 2011), led to the identification of the factors
responsible for differences between modeled discharge and observed river flow (Syed
et al., 2005) and to the evaluation of the different contributions of the components of
the annual water mass balance (Crowley et al., 2008; Frappart et al., 2013). Regional
studies also investigated water storage over Amazonian sub-basins such as the Rio
Negro tributary (Frappart et al., 2008, 2011). Moreover, the GRACE TWS products
have also proven to be reliable for assessment of extreme events, such as Amazonian
floods (Chen et al., 2010) and droughts (Chen et al., 2009; Frappart et al., 2012).

Soil moisture change makes an important contribution to change in TWS. Soil mois-
ture variations make an important contribution to TWS variations (Entekhabi et al.,
1996; Yeh et al., 2006). In turn, soil moisture variationsSoil moisture also influencecontrols
under specific conditions the partitioning of surface net radiation into sensible versus
latent heat flux at the surface, and consequently the ratio of turbulent fluxes through the
atmospheric boundary layerthe evapotranspiration (ET) and the land-atmosphere feed-
backs, which are one of the main sources of uncertainty in climate models (Koster et al.,
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2004b; Douville, 2010). In the Amazon basin, a particularly important land-atmosphere
feedback is precipitation recycling (Shuttleworth, 1988; Marengo, 2006), which is af-
fected by soil moisture in the southern parts of the basin, as they experience a marked
dry season, during which soil moisture availability limits ET. Seasonal and inter-annual
droughts also impact the biosphere and carbon fluxes, with still disputed conclusions
(e.g. Keller et al., 2004; Lewis et al., 2011; Verbeeck et al., 2011; Gatti et al., 2014).
The role of soil moisture in controlling evapotranspiration (ET) is important over the
Amazon basin, and particularly in south Amazonia, where a high rate of water recycling
is sustained (Marengo, 2006) through transpiration (Shuttleworth, 1988). The Ama-
zon basin is thus an interesting domain for evaluating soil moisture parameterizations,
which are a critical component of LSMs to achieve an accurate modeling of the water,
energy, and CO2 fluxes in Earth system models. Thus, soil moisture parametrization in
LSMs plays a critical role in accurate modeling of the hydro-climatology and CO2 fluxes.
In addition, accurate soil moisture modeling is needed to represent the feedbacks
between the land surface and the atmosphere, which are one of the main sources
of uncertainty in climate models (Douville, 2010; Koster et al., 2004b).

As reviewed by Pitman (2003), soil hydrology parameterizations have evolved from
conceptual bucket-type models, with one or two layers, with soil moisture described in
terms of available moisture between the wilting-point and the field capacity, to physically-
based models solving the Richards equation for water flow in unsaturated soil, and re-
lying on volumetric water content up to full saturation Multilayer schemes have been
introduced in LSMs to better describe the water diffusion through the soil (Abramopou-
los et al., 1988; Thompson and Pollard, 1995; Viterbo and Beljaars, 1995; Chen et al.,
1997; Cox et al., 1999; Boone et al., 2000; De Rosnay et al., 2000; Dai et al., 2003;
Decharme et al., 2011). The latter approach offers many advantages, (i) to better ac-
count for spatial variability of soil properties (Gutmann and Small, 2005; Guillod et al.,
2013), (ii) to implement processes that control soil moisture profiles, such as soil wa-
ter infiltration and surface runoff generation (D’Orgeval et al., 2008), root water uptake
for transpiration (Feddes et al., 2001), or hydraulic coupling to a water table (Liang
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et al., 2003; Gulden et al., 2007; Campoy et al., 2013), and (iii) to be comparable to
available satellite observations of soil moisture in the top zone (Reichle and Koster,
2005; Draper et al., 2011; De Rosnay et al., 2013). There have been very few stud-
ies, however, to quantify the differences between conceptual bucket-type models and
multilayer models, for simulated water fluxes involved in the terrestrial water budget.
Confrontations to local-scale measurements have shown improved soil moisture con-
trol on ET in multilayer schemes in different domainsThese schemes have improved
ET modeling compared to simpler representations of the soil, as shown by the results
of global scale simulations and comparison with local measurements (Mahfouf et al.,
1996; De Rosnay et al., 2002; Decharme et al., 2011), including in the Amazon basin
(Baker et al., 2008). Hagemann and Stacke (sub) also analyzed the influence of soil
moisture vertical discretization on soil moisture memory and land-atmosphere coupling
in the ECHAM6/JSBACH climate model.Moreover, the physical characteristics of the
soil taken into account in these multilayer schemes result in better representation of the
impact of soil hydrology on land–atmosphere exchanges (Guillod et al., 2013). Finally,
in a study coupling the ORCHIDEE (ORganizing Carbon and Hydrology in Dynamic
EcosystEms, Krinner et al., 2005) LSM to the IPSL (Institut Pierre Simon Laplace) cli-
mate model, Cheruy et al. (2013) showed that the multilayer version of ORCHIDEE
increased ET over Europe, in better agreement with local observations, and thus alle-
viated the summer warm bias of many climate models in the mid-latitudes (Boberg and
Christensen, 2012; Mueller and Seneviratne, 2014).

Using the ORCHIDEE LSM, Tthe main question we addressed in this study is «Does
the use of an 11-layermultilayer soil diffusion scheme, rather than a simpler 2-layerconceptual
bucket-type scheme, improve the simulation of water storage dynamics and water
fluxes in the Amazon?». To answer this question, we compare the water budget simulated
by two soil hydrology/moisture parameterizations of the LSMthe results of two versions
of ORCHIDEE fitted with these two soil hydrology schemes ORCHIDEE (ORganizing
Carbon and Hydrology in Dynamic EcosystEms, Krinner et al., 2005) forover the Ama-
zon basin and its main sub-basins, and evaluate the performance of each soil modelversion
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against different sets of hydrological (TWS and ET) and vegetation-related (Leaf Area
Index (LAI), Gross Primary Production (GPP)) observationsdatasets. For the first time,
we compare both soil models embedded in the ORCHIDEE LSM coupled to the same
river routing scheme and interactive phenology/carbon cycle module.

We first give a brief description of the ORCHIDEE model in Sect. 2, including its
carbon cycle module (Sect. 2.2). The two soil hydrology parameterizations and their
coupling with the river routing scheme are detailed in sections 2.3 and 2.4, respectively.
The atmospheric forcing data and the different observations used to evaluate each
version of ORCHIDEE, are described in Sect. 3. In Sect. 4, we evaluate the water
budgets from the observations (Sect. 4.1.1) and the two soil hydrology modelsschemes
(Sect. 4.1.2) in five Amazonian sub-basins (Solimões, Madeira, Tapajós, Xingu and
Negro). In each sub-basin, simulated TWS is compared to GRACE observations (Sect.
4.2). ET and Q differences between the two simulations are given in Sect. 4.3. We then
focus on the Xingu sub-basin in the drier southeastern part of the Amazon basin (Sect.
4.4) where soil moisture, and therefore its computation in the model, is likely to limit ET
during the dry season (Da Rocha et al., 2009a,b) and may affect in turn dry season
precipitation (Koster et al., 2004a). The Xingu case study is also justified because this
sub-basin is expected to experience longer dry seasons, and more severe droughts
(Li et al., 2006, 2008) and lower minimum river discharge rates (Guimberteau et al.,
2013) in the future. We test the sensitivity of the simulated ET by the two soil hydrology
modelsschemes to the dry season length over the Amazon basin in Sect. 4.5.

2 Model description

2.1 General Land Surface Model

ORCHIDEE is an LSM simulating energy, water fluxes, CO2 and ecosystem carbon
cycling. It is the land component of the Institut Pierre Simon Laplace (IPSL) coupled
climate model. In uncoupled simulations, feedbacks with the atmosphere are removed

8



D
iscu

ssio
n
P
a
p
er

|
D
iscu

ssio
n
P
a
p
er

|
D
iscu

ssio
n
P
a
p
er

|
D
iscu

ssio
n
P
a
p
er

|

and the model is run offline, a mode frequently used to test model performance when
compared to observations, as in this study. ORCHIDEE includes two main modules:

(1). The Surface-Vegetation-Atmosphere Transfer scheme (SVAT) SECHIBA (Schématisation
des Echanges Hydriques à l’Interface entre la Biosphère et l’Atmosphère, Ducoudré et al.,
1993; De Rosnay and Polcher, 1998) simulates energy and water exchanges between the
atmosphere and the land surface, and the resulting soil water budget. SECHIBA includes two
possible configurations to represent soil hydrological processes (Sect. 2.3) whose results are
evaluated in this study (Sect. 4).

(2). Phenology and carbon dynamics are simulated by the STOMATE (Saclay Toulouse Orsay
Model for the Analysis of Terrestrial Ecosystems, Viovy, 1996) module (Sect. 2.2) coupled
with SECHIBA. STOMATE links the fast hydrological and biophysical processes of SECHIBA
with the carbon dynamics (photosynthesis, allocation, biomass change and mortality, litter and
soil carbon decomposition). Further, STOMATE calculates plant phenology, driven by climatic
and biotic factors such as leaf age. The Dynamic Global Vegetation Model (DGVM) LPJ (Lund-
Postdam-Jena, Sitch et al., 2003) includes all the parameterizations of the vegetation dynamics
such as tree mortality, fire, etc. For this study, this module has not been activated.

2.2 Vegetation modeling with STOMATE

In each grid cell, up to twelve Plant Functional Types (PFTs) can be represented simul-
taneously, in addition to bare soil. In the Amazon basin, the dominant PFT is «Tropical
broad-leaved evergreen forest» (83%) compared to «C4 grassland» (7%), «C3 grass-
land» (5%), «Tropical broad-leaved raingreen forest» (3%) and others (2%). Their frac-
tion is adapted from the 1 km global land cover map (International Geosphere Bio-
sphere Programme (IGBP), Belward et al., 1999) reduced by a dominant-type method
to 5 km spatial resolution with the Olson classification (Olson et al., 1983). Maximal
fraction of vegetation is thus defined for each grid cell. It is modulated by the Leaf
Area Index (LAI) growth, specific to each PFT represented in the model. LAI dynamics
(from carbohydrate allocation) is simulated by STOMATE which deals with the allo-
cation of assimilates, autotrophic respiration components, foliar development, mortality
and litter and soil organic matter decomposition. A factor of representing drought stress
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(McMurtrie et al., 1990) linearly computes the rate of Ribulose Biphosphate (RuBP)
regeneration and the carboxylation rate. The drought stress and the leaf age of the
vegetation directly influence the photosynthetic capacity (Farquhar et al., 1980; Collatz
et al., 1992) and indirectly the stomatal conductance (Ball et al., 1987) and thus impact
the transpiration.

2.3 Soil hydrology modeling with SECHIBA

SECHIBA is the physical module of ORCHIDEE and simulates water and energy fluxes
between the soil and the atmosphere through the vegetation, at a 30-minute time step.
Two soil hydrologicaly schemes (the 2-layer soil scheme (hereafter called « 2LAY »)
and the 11-layer soil diffusion scheme (hereafter called « 11LAY »)) are available to
simulate the soil water fluxes and storage, controlling runoff and ET fluxes. In both
modelsschemes, ET is the sum of evaporation of water intercepted by the canopy,
transpiration (controlled by a stomatal conductance calculated by STOMATE as a func-
tion of of vegetation which is related to water availability in the soil column and to a
fixed root density profile (De Rosnay and Polcher, 1998)), bare soil evaporation related
to water availability in the soil(which decreases with soil moisture in the top layer), snow
sublimation and floodplains evaporation. We give here a brief description of the two soil
modelshydrology schemes, which are synthetized in Table 1. These models have the
same 2 m soil depth and are both coupled to STOMATE and the same routing model.
More details are given by Ducoudré et al. (1993) and Guimberteau et al. (2012b) for
the 2-layer soil scheme, and for the 11-layer soil diffusion scheme.

2.3.1 2-layer soil scheme2LAY

The 2-layer soil scheme (Ducoudré et al., 1993; Guimberteau et al., 2012b) (hereafter
called « 2LAY ») is frequently used with the STOMATE module, and recently for the
Coupled Model Intercomparison Project Phase 5 (CMIP5) IPCC (Intergovernmental
Panel on Climate Change) climate scenarios. It is an idealizeda conceptual model, in
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which field capacitymaximum water storage is regarded as an available water holding
capacity, between the wilting point and the field capacity, and globally set to 300 kgm–2

over a two-meter soil depth. The hydrological scheme is represented byrelies on two
layers linked by a drainagedownward water redistribution flux, involving three empirical
parameters (Ducharne et al., 1998). The top layer is subject to root extraction and bare
soil evaporation, which are both limited by a resistance depending on the layer’s mois-
ture (Ducoudré et al., 1993) and root extraction. The amount of water stored in this top
layer is directly controlled by rain falling through the canopy, and the top layerit can
disappear when its water content is fully evaporated. The water content in the deep
layer is only reduced depends only to water extraction by by root extraction for transpi-
ration, which depends on soil moisture and the root profile. Runoff is computed as in
the bucket model of Manabe (1969) and occurs only when total soil moisture reaches
the maximum water storage the soil bucket is saturated. The total soil water excess
givesIn such a case, excess water is converted to runoff, which can be considered as
Dunne runoff (Dunne and Black, 1970). This flux is assumed to be partitioned into 95%
deep drainage and 5% surface runoff. In the 2LAY, Thea separate water budget is com-
puted separately for each Plant Functional Type (PFT) tile within thea mesh, and then
averaged over the grid cell. In the 2LAY, soil texture does not influence field capacity.

2.3.2 11-layer soil diffusion scheme11LAY

The second hydrological model is theThe 11-layer soil diffusion scheme is described
in De Rosnay et al. (2000, 2002); Campoy et al. (2013), hereafter called « 11LAY ».
It has been used in the Amazon basin for streamflow evaluation (Guimberteau et al.,
2012a) and for studying future annual extreme flow variation under climate change, for
the Amazon basin (Guimberteau et al., 2013). The 11LAY scheme simulates vertical
soil flowwater flows based on a physical description processes from the Fokker-Planck
equation that resolves of water diffusion and retention in non-unsaturated soils, conditions
steming from the Richards equation (Richards, 1931), which allows capillary rise. For
numerical integration, Tthe 2-meter soil column is divided into 11 discrete layers whose,
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with thickness increases geometrically downward with depthgeometrically increasing
thickness with depth. The relationships between volumetric water content, hydraulic
conductivity, and matric potential, are described in ORCHIDEE by the Mualem-Van
Genuchten model (Mualem, 1976; Van Genuchten, 1980), using parameters defined
by Carsel and Parrish (1988) as a function of soil texture. The saturated hydraulic con-
ductivity is also modified (D’Orgeval et al., 2008) to take into account two properties
that have opposite effects on conductivity (Beven and Germann, 1982; Beven, 1984):
1) increased soil compactness with depth and 2) enhanced infiltration capacity due to
the presence of vegetation that increases soil porosity in the root-zone.

Soil texture heterogeneity between grid cells is taken into account by employingmeans
of three different soil types (coarse, medium and fine textured). Their spatial distribu-
tion is diagnosed by interpolating the 1°x1° Food and Agriculture Organization texture
map (FAO, 1978) by Zobler (1986) at a scale of 1°x1°, considering onlyupscaled to the
working resolution of ORCHIDEE by only keeping the dominant soil type ontexture in
each grid cell. For instance, this leads to saturated water contents between 820 kgm–2

(coarse and fine textures) and 860 kgm–2 (medium texture) in the 2-meter soil, with an
average water storage capacity of 687 kgm–2 above the residual water content in the
Amazon basin.

In ORCHIDEE, the five textural classes (coarse, medium-coarse, medium, medium-fine
and fine) are reduced to three, with ORCHIDEE’s medium class grouping the Zobler
classes of medium-coarse, medium and medium-fine. At the working ORCHIDEE resolution,
only the dominant texture in each grid cell is used. The relationships between hydraulic
conductivity, volumetric water content and matrix potential are described in ORCHIDEE
by the Mualem-Van Genuchten model (Mualem, 1976; Van Genuchten, 1980), using
parameters estimated by Carsel and Parrish (1988) for the corresponding soil texture
classes of the United States Department of Agriculture (USDA). The maximal soil
water content in the 2-meter soil is between 820 kgm–2 (coarse and fine classes)
and 860 kgm–2 (medium class) depending on soil texture. The saturated hydraulic
conductivity is modified (D’Orgeval et al., 2008) to take into account two properties that
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have opposite effects on conductivity (Beven and Germann, 1982; Beven, 1984): 1)
increased soil compactness with depth and 2) enhanced infiltration capacity due to the
presence of vegetation that increases soil porosity in the root-zone. The vertically ex-
plicit modeling of soil water fluxes enables a more physically-based runoff computation
than is achieved in the 2LAY (De Rosnay et al., 2002). The precipitation rate and the soil
hydraulic conductivity capacity of the soil to infiltrate govern the the production of runoff
that can be assigned to Hortonian runoff Horton (1933). The precipitation partitioning
between soil infiltration and surface runoff production,and soil infiltration which can be
regarded as Hortonian runoff (Horton, 1933). is parameterized through aSoil infiltration
involves a time-splitting procedure according to Green and Ampt (1911) where the wet-
ting front moves with time through the soil layers (d’Orgeval et al., 2008), according to
Green and Ampt (1911), and partial reinfiltration is allowed in grid cells where the local
slope is ≤ 0.5% (D’Orgeval et al., 2008). The second contribution to total runoff is Ffree
gravitational drainage occurs at the bottom of the soil (bottom boundary condition).
Finally, Iindependent water budgets are computed over three groups of PFTs (group-
ing bare soil, trees, and grass/crops) within each grid cellthe mesh, before and then
averageding over the grid cell.

Vegetation modeling with STOMATE
In each grid cell, up to twelve PFTs can be represented simultaneously, in addition to

bare soil. In the Amazon basin, the dominant PFT is «Tropical broad-leaved evergreen
forest» (83%) compared to «C4 grassland» (7%), «C3 grassland» (5%), «Tropical
broad-leaved raingreen forest» (3%) and others (2%). Their fraction is adapted from the
1 km global land cover map (International Geosphere Biosphere Programme (IGBP),
Belward et al., 1999) reduced by a dominant-type method to 5 km spatial resolution
with the Olson classification (Olson et al., 1983). Maximal fraction of vegetation is thus
defined for each grid cell. It is modulated by the Leaf Area Index (LAI) growth, specific
to each PFT represented in the model. LAI dynamics (from carbohydrate allocation)
is simulated by STOMATE which deals with the allocation of assimilates, autotrophic
respiration components, foliar development, mortality and soil organic matter decomposition.
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The water stress of the vegetation influences only the photosynthetic capacity. A factor
of representing water stress McMurtrie et al., 1990 linearly computes the rate of Ribulose
Biphosphate (RuBP) regeneration and the carboxylation rate.

2.4 River routing module

The routing module (Polcher, 2003; Guimberteau et al., 2012a) calculates the daily
continental runoff to the ocean. This scheme is based on a parametrizationparameterization
of water flows on a global scale (Miller et al., 1994; Hagemann and Dumenil, 1998).
TheA global map of the major watersheds (Vörösmarty et al., 2000) delineates the
basin boundaries and allocates one of eight possible directions to the water flow within
each grid cell. The 0.5°x0.5° resolution of the basin map is higher than the atmo-
spheric forcing resolutions commonly used and it is therefore possible to have more
than one basin in an ORCHIDEE grid cell (sub-basins). Water between each sub-grid
basin is transfered between each sub-grid basin through three linear water reservoirs,
with no direct interaction with the atmosphere (except over floodplain areas). In each
sub-basin, total runoff is transformed into river discharge owing to the so-called fast
and slow reservoirs, designed to respectively account for delay and attenuation of
overland flow and groundwater flow at the grid cell scale. These two reservoirs are
fed by surface runoff and deep drainage when using the 11LAY, and by an arbitrary
partitioning of total runoff when using the 2LAY, with 5% feeding the fast reservoir
and 95% feeding the slow reservoir (Ngo-Duc et al., 2007)are transformed into river
discharge corresponding to fast and slow reservoirs, respectively. Outflow from these
two reservoirs becomes streamflow at the outlet of the sub-basin, andBoth discharges
feeds the stream reservoir of the next downstream sub-basin, which also receives the
dischargeinflow from all upstream stream sub-basinsreservoirs.

Travel time within the reservoirs depends on their different residence timesa charac-
teristic time scale, which is . The residence time is the product of a topographical water
retention index k (in m) water retention index and a velocity constantand a time constant
g (in d.m–1). The latter does not vary horizontally . For each grid cell, the water retention
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index is given by a 0.5°x0.5° resolution map obtained by a simplification of Manning’s
formula (Manning, 1895; Ducharne et al., 2003). This retention index is common to all
three reservoirs in a grid cell but varies between grid cells, depending on topography.
The velocity constant does not vary spatially but distinguishes the three reservoirs. ,
while the water retention index k characterizes the impact of topography on travel time
in each sub-basin, and is assumed to be the same in the three reservoirs of a given
grid cell, eventhough it derives from stream routing principles introduced by Ducharne
et al. (2003). This travel time is thus assumed to be proportional to stream length in the
sub-basin, and inversely proportional the square root of stream slope. This can be seen
as a simplification of the Manning formula (Manning, 1895), where the time constant
g compensates for the missing terms. The lengths and slopes are first computed at
the 0.5°x0.5° resolution from the topographical map of Vörösmarty et al. (2000), then
upscaled at the ORCHIDEE grid cell resolution, of 1°x1° in the present study (Sect.
3.1). The corresponding three values of the velocity constant have beenThe values
of the time constants g were initially calibrated over the Senegal basin, withusing the
2LAY parameterization with the 5/95% partitioning of total runoff towards the fast/slow
reservoirs (Ngo-Duc et al., 2007) and, then generalized for all the basins of the world
(Ngo-Duc et al., 2007). The stream reservoir has the highest velocitylowest constant
(0.24dm–1), which leads to a stream velocity of around 0.5m.s–1 assuming a slope of
1%, both values being typical of large rivers. The corresponding velocities are lower
in the other two reservoirs, with a time constant g of 3.0 and 25dm–1 in the fast and
slow reservoirs respectively. In former studies using the 11LAY, the time constants of
these two reservoirs have been set equal to the one of the fast reservoir (g = 3.0dm–1)
to balance a higher water residence time in the soil with the 11LAY (D’Orgeval, 2006;
D’Orgeval et al., 2008; Gouttevin et al., 2012; Guimberteau et al., 2012a, 2013). In
the present study, however, to restrict the difference sources to the soil hydrology
schemes alone, we used the same set of time constants with both the 2LAY and 11LAY:
g = 0.24, 3.0, 25dm–1, as defined by Ngo-Duc et al. (2007).is lower in the fast reservoir
(0.33md–1) and still lower in the slow reservoir (0.04md–1). However, when the 11LAY
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parameterization was used, the velocity constant of the slow reservoir was increased
to the one of the fast reservoir (D’Orgeval, 2006). The goal was to simulate consistent
river discharge between both soil models despite a higher residence time of water in the
soil when using 11LAY parameterization. However, in order to facilitate the detection
of the effect of the soil model parameterization on the TWS, we changed the velocity
constant of the slow reservoir for the 11LAY model and set it equal to the one used in
the 2LAY.

The routing scheme also includes a floodplain/swamp parameterization (D’Orgeval
et al., 2008), recently improved by Guimberteau et al. (2012a) for the Amazon basin, by
means of a new floodplain/swamp map. Over the floodplain areas, the water from the
upstream reservoirs is delayed in a floodplain reservoir before going into the stream
reservoir. The velocitytime constant of the floodplain reservoir is the same, for both soil
hydrology modelsschemes, is the same (0.4md–1) and equal to that found by Guim-
berteau et al. (2012a) who calibrated it for the Amazon basin (2.5dm–1).

2.5 Synthetic comparison of the two soil hydrology schemes

For easier comparison of their effects on the Amazon basin hydrology, the 2LAY and
the 11 LAY are used here with the same 2-meter soil depth and the same root den-
sity profiles, which depend on PFTs. They are both coupled to the same soil thermal
scheme (using a 7-layer discretization over 5.5 meters), the same routing module, and
to the STOMATE vegetation module.

The differences between the hydrological simulations performed with these two schemes
(described in Sect. 3.1, and analyzed in Sect. 4), are together due to the different de-
scription of soil water flow and storage, and to the related parameters (Table 1), since
these two components are intimately linked. This is not particular to the present study,
but is true of any comparison between a soil hydrology scheme that relies on available
water content (between wilting point and field capacity), with conceptual parameteriza-
tions of soil water flow, and a scheme that is physically-based, and relies on volumetric
water content (between residual moisture and saturation) and the Richards equation.

16



D
iscu

ssio
n
P
a
p
er

|
D
iscu

ssio
n
P
a
p
er

|
D
iscu

ssio
n
P
a
p
er

|
D
iscu

ssio
n
P
a
p
er

|

In the present case, additional differences between the simulations arise from the
way total runoff is transferred to the fast and slow reservoirs of the routing scheme,
supposed to receive surface runoff and drainage, respectively. The 11LAY makes a
clear physical distinction between these two fluxes, contrarily to the 2LAY, which only
creates total runoff when the soil reservoir is full, with no clear surface or bottom local-
ization, as in the bucket scheme of Manabe (1969). In this case, the routing scheme
has always been used with a 5-95% redistribution of total runoff to the fast and slow
routing reservoirs. In this paper, we follow this choice, steming from Ngo-Duc et al.
(2007), which has an impact on the relative contribution of these fast and slow reser-
voirs to TWS (as analyzed in Sect. 4.2).

3 Methods and dataset

3.1 Simulation design and forcing datasets

ORCHIDEE is forced by the Princeton Global Forcing (Sheffield et al., 2006) at a 1°x1°
spatial resolution. It is based on the National Center for Environmental Prediction-
National Center for Atmospheric Research (NCEP-NCAR) reanalysis datasets (Kistler
et al., 2001). The temporal resolution is three hours and the time series cover the pe-
riod 1948-2008. All the required forcing variables (Table 1see Table 1 in Supplementary
Material) come directly from NCEP-NCAR, except the precipitation. The latter has been
corrected using the monthly CRU (Climatic Research Unit) dataset (New et al., 2000)
and statistically downscaled from 2°x2° to 1°x1° resolution using relationships devel-
oped with the Global Precipitation Climatology Project (GPCP, Huffman et al., 2001)
daily product. A similar method has been used to disaggregate from daily to three
hourly using the Tropical Rainfall Measuring Mission (TRMM, Huffman et al., 2007)
satellite data product. For this study, the precipitation data were further corrected by the
new product (Version 5) of GPCC (Global Precipitation Climatology Centre, Schneider
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et al. (2014)) (1901-2009), which seems to be the better global product for hydrological
applications (Decharme and Douville, 2006).

Two simulations with the 2LAY and the 11LAY wereare performed using SECHIBA
coupled with STOMATE, the routing scheme and the floodplain parameterization. Each
simulation wasis conducted for 34 years (1975-2008), the first 5 years of the period
being discarded in order to ensure a state of hydrological equilibrium at the beginning
of the analyzed time series. Thus, the 29-year period from 1980-2008 wasis analyzed
for the Amazon basin and its five large sub-basins: the Madeira, Tapajós and Xingu in
the south, the Solimões in the west and the Negro in the north (Fig. 1).

3.2 Evaluation datasets

Several datasets (Table 2) wereare used to evaluate the hydrology, the carbon fluxes
and the phenology simulated by ORCHIDEE. This comparison aims to determine whether
the 11LAY gives a better representation of Amazonian hydrology and vegetation feed-
back.

3.2.1 Total soilterrestrial Water Storage (TWS)

TWS is the integrated water amount stored on and below the land surface. In this study,
we used the 1°x1° monthly GRACE dataset which originates from a mission mapping
the Earth’s gravity field, and from which monthly terrestrial water storage variations
can be derived. We use the latest solution RL054 ’ss201008DSTvSCS1401’ version
produced by the University of Texas at Austin / Center for Space Research (CSR)
and the GeoForschungsZentrum at Potsdam (GFZ), downloaded from the TELLUS
website. In order to compare the TWS simulated by ORCHIDEE to GRACE data, we
calculated from ORCHIDEE outputs the sum of soil moisture, snow-pack (negligible in
Amazonia), water on the canopy and the free water stored in the four water routing
reservoirs. GRACE data cover the 1012-year period April 2002-JulyOctober 20112013
and are expressed as the difference in water depth equivalent from the 5-year average

18



D
iscu

ssio
n
P
a
p
er

|
D
iscu

ssio
n
P
a
p
er

|
D
iscu

ssio
n
P
a
p
er

|
D
iscu

ssio
n
P
a
p
er

|

for 2003-2007. In each grid cell, the corresponding 5-year average is removed from
the 2003-2008 studied time-series of TWS output from ORCHIDEE. The GRACE data
were filtered and corrections applied for bias and leakage (Swenson and Wahr, 2002,
2006). GRACE measurements are particularly accurate over the Amazon basin where
TWS error is estimated to be 15 mm (i.e. about 4.2% of the TWS annual amplitude)
(Wahr et al., 2004). Comparison of simulated TWS with GRACE data is only recom-
mended over river basins having areas of 400,000 km² or larger (Swenson et al., 2003).
The Amazon basin, which extends over about 6 million km², is therefore suitable. The
Amazon sub-basins on which we focus also have areas greater than 400,000 km², ex-
cept for the Negro sub-basin which is close to 300,000 km² in area (Table 3). Thus, the
results of TWS over this latter sub-basin should be taken with caution.

3.2.2 Basin-scale water budget

Precipitation (P)

A precipitation dataset for the Amazon basin has recently been collected and har-
monized by the ORE (Environmental Research Observatory) HYBAM (Geodynamical,
hydrological and biogeochemical control of erosion / alteration and material transport
in the Amazon basin - http://www.ore-hybam.org). Thius dataset is independent from
thatthe one produced by Sheffield et al. (2006). Daily in situ raingauge observations
from the meteorological services of Amazonian countries have been interpolated at
1°x1° resolution over the basin. The correction of CRU-NCEP precipitation by the ORE
HYBAM dataset contributed to significant improvements in river discharge simulation
with ORCHIDEE (Guimberteau et al., 2012a).

Evapotranspiration (ET) and Gross Primary Productivity (GPP)

The increased number of in situ ET measurements and more advanced satellite re-
mote sensing algorithms now enable ET to be mapped at a global scale. These maps
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can be used to evaluate LSM performance (e.g. Mueller et al., 2011). For this study, we
use monthly ET estimates at 0.5°x0.5° resolution from Jung et al. (2010). This product,
(hereafter called « MTE-ET » (Model Tree Ensemble-EvapoTranspiration)), was de-
rived from an empirical up-scaling of FLUXNET eddy-covariance measurements using
a machine-learning algorithm called MTE. The FLUXNET global network collects con-
tinuous in situ measurements of land-surface fluxes. Data from 253 globally distributed
flux towers (4 in the Amazon basin) were processed, corrected and combined with
monthly gridded global meteorological data and the remotely sensed fraction of ab-
sorbed photosynthetically active radiation (Advanced Very High Resolution Radiometer
(AVHRR), Sea-viewing Wide Field-of-view Sensor (SeaWiFS) and MEdium Resolution
Imaging Spectrometer (MERIS)). The MTE-ET product has already been used for the
evaluation of coupled and uncoupled LSM simulations (Mueller et al., 2011) and con-
tributed to the creation of global long-term records of the terrestrial water budget (Pan
et al., 2012).

Vegetation Gross Primary Production (GPP) quantifies the gross CO2 flux taken up
during photosynthesis. Jung et al. (2011) provided a global data-driven GPP prod-
uct (hereafter called « MTE-GPP ») using a similar algorithm to that used to give
ET. We used GPP generated at a 0.5°x0.5° spatial resolution and a monthly temporal
frequency from 1982 to 2008.

Here, Jung et al.’s product is chosen to evaluate ET simulated by ORCHIDEE be-
cause it also provides a consistent GPP product. Uncertainties around this ET estimate
is assessed by comparison with 3 other products: GLEAM-ET (Miralles et al., 2011),
NTSG-ET (Zhang et al., 2010) and PKU-ET (Zeng et al., 2014).

River discharge (Q)

River discharge data have been collected and harmonized by the ORE HYBAM project
(Cochonneau et al., 2006). The same database used by Guimberteau et al. (2012a)
is used here, but updated up to 2011. Six river gauging stations (Table 3), represen-
tative of the main sub-basins of the Amazon basin (Fig. 1), are used to evaluate river
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discharge simulation by ORCHIDEE. Óbidos (OBI) is the last gauging station before
the mouth of the Amazon and is thus the most representative station to assess the
average simulated river flow over the whole basin. The station Fazenda Vista Alegre
(FVA) measures the discharge of the Madeira sub-basin, in the southern part of the
Amazon basin. The Madeira sub-basin has the largest contributing area and provides
nearly 15% of the total river flow measured at Óbidos (Table 3). But the largest contri-
bution comes from the western region, gauged at São Paulo de Olivença (SPO) on the
Rio Solimões, where the average river flow is about 26% of the total flow measured at
Óbidos. The Negro sub-basin at Serrinha (SER) has the lowest area, but makes a large
contribution to the total discharge due to the high precipitation. The two southeastern
sub-basins of the Tapajós and the Xingu rivers, gauged at Itaituba (ITA) and Altamira
(ALT) respectively, flow into the Amazon downstream of the Óbidos station (Fig. 1).

For each gauging station, we have estimated an empirical basin lag time as the
delay between the peaks of precipitation and river discharge due to the time required
for runoff to travel to the basin outlet. This lag depends on the basin characteristics
(size, soil, geology, slope, land use...). The Amazon basin hydrograph exhibits a basin
lag time of about four months mainly due to the large size of the basin and the long
residence time of water in the floodplains. The basin lag is lower (about one month) in
the smaller sub-basins such as the Tapajós and the Negro. For the purpose of water
budget estimation, we use an equivalent runoff, Q∗, as the discharge Q time-series,
back-shifted using the empirical lag.

Residual water balance (∆̇S)

The water balance equation gives the change in soil total water storage ∆̇S = ∆S
∆t , the

residual of P–ET–Q∗, including soil water, ground water, rivers and floodplains. It repre-
sents the amount of water that enters in the soilsystem during the wet season (∆̇S > 0)
or is released (∆̇S < 0) during the dry season. The mean annual change in storage is
assumed to be negligible (∆̇S' 0). However, inconsistencies between the different ob-
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servation datasets could lead to a non-zero annual water storage (∆̇S 6= 0). The water
balance closure condition is not fulfilled over the Solimões (bias of -25%), the Xingu
(-10%) and the Negro (-6%) sub-basins, probably due to the underestimated precip-
itation in the ORE HYBAM dataset over the western and north western sub-basins
(Azarderakhsh et al., 2011; Guimberteau et al., 2012a) or to the low density of flux
towers measuring ET over the Amazon basin in the MTE-ET product. For the Amazon,
the Tapajós and the Madeira basins, the bias is between -5 and -2%.

3.2.3 Leaf Area Index (LAI)

A Leaf Area Index (LAI) dataset is critical for monitoring global vegetation dynamics.
For this study we use Zhu et al. (2013)’s product, based on a neural network algorithm
which combines the third generation Global Inventory Modeling and Mapping Stud-
ies (GIMMS) Normalized Difference Vegetation Index (NDVI3g) and best-quality Terra
Moderate Resolution Imaging Spectroradiometer (MODIS) LAI for the overlapping pe-
riod 2000–2009. The global field of LAI was generated at 1/12 degree spatial resolution
and a 15-day temporal frequency from 1982 to 2011. The comparison of the LAI with 45
sets of field measurements from 29 sites representative of all major biomes indicated
a reasonable agreement (p < 0.001; RMSE = 0.68 LAI, Zhu et al., 2013).

3.3 TWS Aamplitude and phase assessment

To give an accurate estimate of the difference in TWS change between ORCHIDEE
and GRACE, we use two indicators measuring the amplitude (α in mm) and the phase
(φ in days) of the TWS seasonal cycles. The amplitude is defined as the difference
between the monthly maximum and minimum values between January and December.
The phase is computed by a fit to the cosine function as follows:

Y = p0 + p1.cos
(

2π.D
365

–
φ1.2π
365

)
+ p2.cos

(
4π.D
365

–
φ2.2π
365

)
+ p3.cos

(
8π.D
365

–
φ3.2π
365

)
(1)
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where Y is TWS (monthly average during 2003-2008), D is the day year, φ1, φ2 and
φ3 are the phases of the seasonality, and p0, p1, p2 and p3 are regressed parame-
ters. For the phase difference, only the phase of the first harmonics (φ1 in Eq. 1) is
considered here. The amplitude is defined as 2p1.

4 Results and discussion

4.1 Water budgets for the Amazon sub-basins

4.1.1 Overview of observed water budgets

Water budgets wereare first calculated from the different sets of observations: P (ORE
HYBAM), ET (MTE-ET) and Q (ORE HYBAM) (Table 4). From these «observed» basin-
level water budgets, the estimated precipitation amount over the Amazon basin is
6.2mmd–1. Half of this water runs off to the mouth (3.3mmd–1) and the other half evapo-
rates (3.2mmd–1) in agreement with the estimates by Shuttleworth (1988) (based on on-
site measured precipitationP and ET estimated from a model calibrated against micro-
meteorological measurements) and Callede et al. (2008) (based on precipitationP and
river dischargeQ observations). Monthly precipitation averaged over the Amazon basin
is between 3.5mmd–1 in August and 8.2mmd–1 in February (Fig. 2a). This is reflected
in the western Solimões sub-basin (Fig. 2e), which receives P = 5.7mmd–1 in annual
precipitationaverage (Table 4). The seasonal amplitude of precipitation is larger in the
Madeira sub-basin (Fig. 2d) which includes southern tropical regions subject to the
seasonal displacement of the Inter-Tropical Convergence Zone (ITCZ) during the year.
The JJA dry season is particularly marked in the Xingu and Tapajós sub-basins in
the southeast (Fig. 2b and 2c, respectively), with dry-season precipitation close to
zero. By contrast, the DJF wet- season precipitation for those sub-basins averages
about 10.0mmd–1. The northern tropical sub-basin of the Rio Negro (Fig. 2f) receives
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high precipitation throughout the year (8.7mmd–1, Table 4) with a maximum in May
(12.0mmd–1).

In contrast to the precipitation, the seasonal cycle of ET is flat during the year over the
Amazon basin and its sub-basins (Fig. 2). The mean annual value oscillates between
3.0mmd–1 for the Solimões and 3.4mmd–1 for the Xingu (Table 4).

Thus, change in soiltotal water storage (and consequently river dischargeQ) sea-
sonal variations are strongly modulated by the precipitation seasonality. In the southern
sub-basins (Xingu, Tapajós and Madeira), soil water storage increases from October to
April (Fig. 2b to 2d). The dry season occurs from May to September and is highlighted
in JJA by an ET much higher (up to about +3.0mmd–1 for the southeastern sub-basins)
than precipitation, which is close to zero, leading to severe low-flow. The results in soil
moisture water storage change derived from water fluxes of several datasets should be
taken with caution for the Solimões and Negro sub-basins, due to large errors in water
balance closure estimated in Sect. 3.2.2 (Table 4 and Fig. 2).

4.1.2 Simulated water budgets

The water budgets simulated by the two soil modelshydrology schemes and their bias
with the observations are given in Table 4. Annual precipitation from Sheffield’s forcing
data is close to the ORE HYBAM over the Amazon basin (-1.2%) and its sub-basins
(between -3.2% for the Madeira and +2.4% for the Solimões). The good agreement
between simulated annual river discharge at Óbidos and ORE HYBAM data (<5%≤
6%) results from a compensation between an overestimation in the south (between
+2015 and +3025% for the Madeira) and an underestimation in the western sub-basin
(around -15% for the Solimões), as already reported by Guimberteau et al. (2012a). In
addition to the uncertainty in the forcing precipitation, the bias in river discharge may
be explained by the low ET simulated by ORCHIDEE (between -13% for the Xingu and
the Madeira to -20% for the Solimões forwiyh the 11LAY) when compared to MTE-
ET. However, the ET underestimation by ORCHIDEE for the Amazon basin (-15%) is
within the estimated error of annual MTE-ET (±13%) (see error bars in Fig. 1d for the

24



D
iscu

ssio
n
P
a
p
er

|
D
iscu

ssio
n
P
a
p
er

|
D
iscu

ssio
n
P
a
p
er

|
D
iscu

ssio
n
P
a
p
er

|

bioclimatic zone «equatorial, fully humid» in Jung et al. (2010)). The underestimation
in both ET and Q over the Solimões sub-basin suggests a disagreement between the
evaluation datasets.

On average, the difference in simulated water budgets between the two soil models
was small over the Amazon basin (about 3%)Over each sub-basin, the 11LAY sys-
tematically simulates a better water budget than the 2LAY. However, the differences in
the results between the two soil hydrology schemes are small over the Amazon basin.
However, the water budget was slightly improved with the 11LAY which systematically
reduced the bias for each sub-basin (Table 4). Except for the Negro sub-basin where
the values of ET and thus of Q are similar for both simulations, bias in annual ET was
reduced by 3 to 4% with the 11LAY, which simulated higher ET than the 2LAY. The
overestimation in annual river discharge at the southern stations was consequently
between 5 to 10% less when using 11LAY than when using 2LAY. Contradictory effects
on the bias of ET and Q by the two models over the Solimões sub-basin, result from
the error in closure of the observed water balance.

4.2 Total water storage change and contribution from the different reservoirs

Seasonal (Sect. 4.2.1) and interannual (Sect. 4.2.2) variations in TWS from the two soil
hydrology versions of ORCHIDEE are compared to the GRACE data over the Amazon
basin and its sub-basins, during the 2003-2008 period.

4.2.1 Seasonal variation

The two different soil modelshydrology schemes simulate a similar TWS seasonal cy-
cle over the entire Amazon basin (Fig. 3a and Table 5) with a half-monthly delay and
an overestimated amplitude of about 7 and 14% 30 and 56 mm compared to GRACE
data, (for the 2LAY and 11LAY, respectively) (see Table 2 in Supplementary Material).
This positive amplitude bias wasis predominant along the Amazonian rivers (main stem
of the Amazon and the Madeira, Tapajós and Xingu, Figs. 4a and 4bsee Figures 1a
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and 1b in Supplementary Material) suggesting the routing reservoir storages played
a prevalent role in the overestimation of the TWS seasonal amplitude. TWS phase
simulated by ORCHIDEE was overestimated (i.e. modeled TWS change occurred later
than observed) by more than 25 days in the northern region of the Amazon basin
and in the southern floodplain areas of the Madeira sub-basin (Figs. 4c and 4d).
Underestimation (i.e. modeled TWS change occurred earlier than observed) by 20
days was also simulated in the Andes and in the two southern sub-basins (Tapajós
and Xingu). Higher monthly correlation between observed and simulated TWS was
obtained with the 11LAY over the Amazon basin (Table 6). Storage increase during
the early wet season was underestimated by the two models (50 mm in January and
February) and the simulated TWS maximum in May was overestimated by 30 mm (Fig.
3a). The 11LAY wasis better at representing the TWS decrease, leading to better cap-
ture of the timing of the TWS minima. More strikingly, the five water storage reservoirs
of the model contributed to TWS in a different way according which soil modelhydrology
scheme wasis used. In both simulations, changes in the slow reservoir water content
(in green in Fig. 3a) mademake the largest contribution to total TWS change. The an-
nual amplitude in water storage in the slow reservoir, which collects drainage, storage
wasis higherlower with the 211LAY (6146% of the total annual amplitude of TWS) than
with the 112LAY (4166%). Subsurface water contribution (sum of the fast, slow and
soil reservoirs) to TWS variation simulated by the 11LAY (71%) is in agreement with
Pokhrel et al. (2013)’s estimations (71%) over the Amazon basin. The physical distinc-
tion between surface runoff and drainage with the 11LAY leads to a lower drainage
contribution to the total runoff over the Amazon basin (∼ 69%), which is more realistic
when compared to the estimations of Mortatti et al. (1997) (68.1%), than with the 2LAY
(95%) (see Table 3 in Supplementary Material). By contrast, more water wasis stored
in the soil (in blue in Fig. 3a) with the 11LAY (3419% of the total annual amplitude of
TWS compared to 246% with the 2LAY) thanks to the higher soil water holding capac-
ity of the 11LAY. 11LAY drainage depends upon the soil water diffusion computation
and the higher soil water holding capacity of the 11LAY enabled more water storage in
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the soil. The combination of these two effects leads to a lower drainage contribution to
the total runoff (43%) compared to the 2LAY where the total soil water excess giving
runoff is partitioned arbitrarily into 95% drainage and 5% surface runoff. Thus, water
in the 2LAY was primarily stored in the slow reservoir, which collects the drainage;
while, because the 11LAY had more water storage in the soil reservoir, it produced a
higherbetter amplitude in the TWS seasonal cycleagreement with GRACE in the 11LAY
simulation (see Table 4 in Supplementary Material for correlations).

According to GRACE data, the southern sub-basins (Xingu, Tapajós and Madeira)
exhibit a pronounced TWS seasonal cycle (Fig. 3b to d), which is due to the high an-
nual precipitation amplitude (see Sect. 4.1.1). This more pronounced TWS seasonal
cycle in the south is well represented by ORCHIDEE which exhibited high seasonal
correlation with GRACE (r2 > 0.95) (Table 6). When the seasonal cycle is removed from
the time-series to reveal the interannual variability (IAV), the monthly correlation in the
Xingu and Tapajós sub-basins strongly decreases in the Xingu and Tapajós sub-basins
(0.46 < r2 < 0.68), suggesting that TWS IAV wasis difficult to capture (see Sect. 4.2.2).
The simulated TWS amplitude iswas overestimated by between 45 10 to 195 mm 30%
in the three southern sub-basins (Table 5), while the phase wasis well captured by both
modelssoil hydrology schemes (difference between -109 to +8 days). TWS phase is
overestimated (i.e. modeled TWS change occurs later than observed) in the southern
floodplain areas of the Madeira sub-basin (see Figures 1c and 1d in Supplementary
Material). The 11LAY systematically produceds a better amplitude when compared to
GRACE in the three sub-basins, due to the larger storage of water in the soil reservoir
(Fig. 3b to d). The amplitude wasis particularly improved in the southern part of the
Tapajós and the northern part of the Xingu sub-basins (Fig. 4a and 4b). Phase improve-
ment wasis obtained with the 11LAY in the southern parts of these two southeastern
sub-basins (Fig. 4c and 4d).

The western Solimões sub-basin has the lowest TWS amplitude, which wasis well
captured by ORCHIDEE - particularly by the 11LAY (Fig. 3e and Table 6). Here again,
deseasonalized TWS anomalies are much lower (Table 6). The simulated TWS am-
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plitude is overestimated by about 30 6 to 40 mm 16% when compared to GRACE
data, but lower bias occurs with the 11LAY. The phase wasis well captured by both
modelssoil hydrology schemes (Table 5)(bias lower than 3 days), except in the Andes
where it is lagged by more than 25 days (Fig. 4).

The simulated TWS anomalies in the northern Negro sub-basin (Fig. 3f) exhibit
low correlations lower than 0.80 with GRACE, (Table 6) with a phase delay of more
thanabout one month and an underestimation of the amplitude by up to 12% (11LAY)about
100 mm (Table 5 and Fig. 4). Here again, compared with the 2LAY, The amplitude
is better captured by the 2LAY (bias of 0.4%) compared to the 11LAY whereas the
bias in phase is reduced by 7 days with the 11LAYthe bias by 34 mm and 7 days in
amplitude and phase, respectively. For both soil modelshydrology schemes, the be-
ginning of the storage period wasis delayed and the depletion exhibiteds too slow a
decrease of stored water (Fig. 3f) relative to the GRACE data.

The slow reservoir mademakes a large contribution to the TWS seasonal cycle over
the northern and western sub-basin in both schemes indicating that deep drainage
wasis prevailing in these soils, in agreement with the results of Miguez-Macho and Fan
(2012). The underestimated amplitude of the simulated TWS compared to GRACE over
the Negro sub-basin could be explained by the negative bias in the precipitation forcing
dataset. Using satellite data products, Azarderakhsh et al. (2011) estimated from the
water balance equation, that precipitation over the western and northwestern regions
could be underestimated by up to 3.2mmd–1.

4.2.2 Interannual variation (IAV)

Using the dDeseasonalized TWS time series for the period 2003-2008 reveals the
IAV in modeled TWS anomaly predicted by the two soil models in comparison tofrom
GRACE data, over the Amazon basin,. Fig. 4a shows the observed TWS averaged over
the entire Amazon basin. It reveals that the three first years of the period 2003-2008
are drier than the 2003-2008period average, while the last three years are wetter than
average (Fig. 4a). This pattern agrees with Sheffield’s precipitation anomaly variation.
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The TWS drop in GRACE during the intense drought of 2005 is due to the persistent
negative monthly anomaly of precipitation during the year. The abrupt increase of rain-
fall anomaly at the end of 2005 (–0.5mmd–1 in November to +1.5mmd–1 in December)
and the persistent high positive anomaly in precipitation in January (+1.25mmd–1) lead
to a TWS positive anomaly at the beginning of 2006. The simulated TWS anomaly
variation over the Amazon basin is closer to GRACE data with the 11LAY than with the
2LAY (Table 6), particularly during the negative anomaly period from mid-2004 until the
beginning of 2006 (Fig. 4a). During 2005 drought, Tthe too large a decrease in TWS
simulated by both soil hydrology schemes 2005 drought is captured by ORCHIDEE
but with too large a decrease in TWS at the end of the year, especially inis less pro-
nounced with the 11LAY than the 2LAY (TWS lower than observed at the end of the
year by bias up to -125 mm with GRACE). ORCHIDEE simulated aOverestimation of
the positive wet anomaly at the beginning of 2008 is overestimated by about 100 mm
at the beginning of 2008, but bias was lower (80 mm) with the 11LAY (+100 mm).

Similar patterns occurred in the Madeira sub-basin but with less amplitude (Fig. 4d).
The southeastern sub-basins (Xingu and Tapajós, Figs. 4b and 4c, respectively) ex-
hibited higher abrupt transitions in TWS than the Madeira sub-basin, during the entire
studied2003-2008 period. GRACE shows highIn the beginning of 2006, increases in
positive TWS anomalyies (by up to +2100 mm in the beginning of 2004) are associ-
ated with intense precipitation events (up to +5.0mmd–1). These mainly occurred at the
beginning of 2004 and 2006 for the Xingu, and only in 2006 and 2008 for the Tapa-
jós. These events wereare not well captured by either soil modelhydrology scheme,
except for 2004 in the Xingu, with the 11LAY. Overall, the TWS increase in 2008 wasis
systematically overestimated by ORCHIDEE in the southern sub-basins.

Low IAV of TWS measured by GRACE in the Solimões sub-basin (Fig. 4e) wasis
overestimated by ORCHIDEE, and particularly by the 2LAY (up to +100 mm with the
2LAY). However, 11LAY reduced the bias leading to better correlation with GRACE
(Table 6). Improvement particularly occurred from mid-2006 to the end of 2007 where
11LAY bias decreased by up to 30 mm.
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By contrast, high IAV of TWS is measured in the Negro sub-basin depicted high IAV
of TWS (Fig. 4f). When compared to GRACE data, ORCHIDEE estimates capturede
the intense dry events in early 2004 (TWS anomalies of up to -100 mm in TWS) during
the beginning of 2004 and mid-2005, but overestimated themTWS decreases by more
than 70 mm in early 2005 and 2007.

Overall, the 11LAY provideds similar TWS variation to the 2LAY but reduceds the
bias with GRACE in the Amazon sub-basins. Note that the introduction of a more
process-based soil hydrology model did not degrade the overall model-data agreement
- an achievement that should not be overlooked.

4.3 Spatial patterns and seasonal variations of ET and river discharge

Both soil modelshydrology schemes simulated similar spatial patterns in annual ET
over the basin (thus, only shown for the 11LAY in Fig. 5a), with the highest ET (>
3.5mmd–1) over the floodplains near the mouth of the Amazon, and along the Guaporé
and Mamoré rivers in the southern region (see Fig. 1 for the location of the rivers). The
11LAY gaives higher annual ET than the 2LAY in the southern regions (southern parts
of the Madeira, Tapajós and Xingu sub-basins), in the Andes, near the mouth of the
Amazon and in the northernmost part of the basin (between +0.1 and +0.7mmd–1, Fig.
5c) whereas very few regions exhibited higher annual ET with the 2LAY. Simulated ET
wasis strongly underestimated when compared to MTE-ET, in the foothills of the east-
ern Andes (> 1.0mmd–1) and, too a lesser degree, in the center of the basin (between
-0.4 and –0.7mmd–1, Fig. 5e). By contrast, simulated ET wasis overestimated in flood-
plain areas (up to more than 1.0mmd–1, Fig. 5e). However, the MTE-ET product does
not take into account floodplain areas and might underestimate actual ET. The largest
difference in ET between the two soil modelshydrology schemes occurreds during the
end of the dry season (JAS) in the southeast of the Amazon basin (Fig. 5d). The south-
ern part of the Xingu sub-basin exhibiteds a dry-season ET of about 4.0mmd–1 with
the 11LAY (Fig. 5b), more than 1.0mmd–1 higher than with the 2LAY (Fig. 5d). The
11LAY overestimateds the ET by 0.5mmd–1 in this region when compared to MTE-ET
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(Fig. 5f). We will further investigate the effect of soil water storage parameterization on
dry-season ET over the Xingu sub-basin in Sect. 4.4.

The dry-season ET increase simulated by the 11LAY is also apparent in the seasonal
cycles of ET over the Xingu and Tapajós sub-basins in Figures 6b and 6c, respectively.
In the other sub-basins, both soil modelshydrology schemes provided similar seasonal
cycles in agreement with MTE-ET (Fig. 6d to 6f). However, a large spread in ET es-
timations exists in the sub-basins (except in the Solimões), when MTE-ET product is
compared with GLEAM-ET, NTSG-ET and PKU-ET.

The 11LAY better simulates the river discharge than the 2LAY over the Amazon basin
and all its sub-basins (Fig. 6), expect over the Solimões (see Table 3 in Supplementary
Material). Improvement of river discharge with the 11LAY is related to the better parti-
tioning of total runoff in surface runoff and drainage By means of water conservation
(precipitation is the same for both simulations), and to the higher ET in the Xingu and
Tapajós sub-basins with the 11LAY results in river dischargeleading to a better river
discharge decreases during the recession limb in the Xingu and Tapajós sub-basins
(Fig. 6b and c, respectively), leading to better agreement with the ORE HYBAM data.

4.4 Dry-season evapotranspiration. Case study of the Xingu sub-basin.

The largest impact of the soil hydrology parameterization on ET and river discharge
occurred for the Xingu and Tapajós sub-basins, in the southeastern region of the
Amazon basin. The Xingu sub-basin, chosen as a case study in this section, is char-
acterized by the existence of a marked dry season with low rainfall in JJA (Fig. 7a).
During this season, the land surface receives less than 5% of the annual total precipi-
tation, with monthly precipitation that does not exceed 2.0mmd–1 (yellow bands in Fig.
7a). The dry season is between two transition periods in MAM (and SON), where pre-
cipitation falls (rises) abruptly, by about 6.0mmd–1. The wet season occurs in DJF and
brings P = 10.6mmd–1 of precipitation on average.

On average, over the 2003-2008 period, the MTE-ET product shows rather flat ET
variation when compared to the model results (Fig. 7b). Lowest MTE-ET mainly occurs
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after the wet season whereas it is higher during the dry season with the maximum
occurring during the transition period (SON), when precipitation and TWS anoma-
lies increases (SON). This is consistent with GRACE observations, showing a TWS
increase during the transition period onset in September, an abrupt increase during
the DJF wet season and a maximum value in MAM (Fig. 7a and 7c, respectively). Both
soil modelshydrology schemes simulated similar ET variation during the rainy seasons
until the dry season onset (June and July, Fig. 7b). During these two months, The soil
modelsthey both estimated an ET increase during these two months, in response to the
radiation increase and the high water demand from the vegetation; this demand could
be met from the available water previously stored in the soil during the wet season
(Fig. 7c). However, after the third consecutive dry month, the ET from the 11LAY con-
tinueds to increase, while the 2LAY faileds to sustain ET which decreaseds in August
and September (yellow bands in Fig. 7b). Interestingly, the largest decrease occurreds
during the years which hadve the longest dry seasons with low precipitation amount be-
fore and after JJA (2004 and 2007). This sensitivity of the soil modelhydrology scheme
parameterization to the dry season length will be further studied in Sect. 4.5. The sim-
ulated ET is poorly correlated with the MTE-ET dataset but the monthly correlation is
higher with the 11LAY (0.49) than with the 2LAY (0.33). The low correlation can largely
be attributed to the dry season ET simulation, as correlation is higher when the JJA pe-
riod is removed from the time-series (0.63 and 0.47 according to the 11LAY and 2LAY,
respectively). The ET increase during the dry season relative to the annual value, is
much higher in the simulations (up to +0.85mmd–1) than MTE-ET estimation (up to
+0.20mmd–1).

TWS simulated by both models was similar and in good agreement with GRACE
variations (solid lines in Fig. 7c). However, the contribution of the soil reservoir (dashed
bold lines in Fig. 7c) is found to be different. 11LAY simulated a higher amplitude
compared to the 2LAY as reported in Sect. 4.2.1. In the wet season, the 2LAY produced
an earlier maximal soil water storage (January) which remained constant until June,
whereas 11LAY produced higher anomalies and a longer period soil water recharge
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(until March). After the wet season (e.g., March 2004, Fig. 9a), soil saturation was
more rapidly reached with the 2LAY and water excess induced runoff which was mainly
stored in the slow reservoir of the routing scheme (in green). By contrast, 11LAY had
higher water storage in the soil (about 700 mm) than 2LAY (300 mm) (in blue), because
of the higher water holding capacity of the soil. 11LAY simulated a larger decrease in
soil water storage and its anomaly remained lower than the 2LAY during the recharge at
the end of the year (yellow bands in Fig. 7c). In the wet season, the 2LAY produces an
early maximal soil water storage (January) which remains constant until June (Fig. 7c),
whereas the 11LAY produces higher anomalies, a longer period of soil water recharge
(until March) and stores more water in the soil (see Figure 2a in Supplementary Mate-
rial). The yellow bands on Figures 7a to 7c, show the propagation of the precipitation
deficit over time through the hydrological system, leading to phase-lags in ET and TWS,
already described by McNab (1989) and Entekhabi et al. (1996). The larger storage
of water in the soil with 11LAY in August and SeptemberThe latter feature (e.g. 445
mm compared to 65 mm in the 2LAY model, for September 2004, Fig. 9b) was used
forenables to sustain ET during the dry seasondry-season ET. By contrast, Tthe almost
depleted 2LAY soil reservoir (see Figure 2b in Supplementary Material for the end of
the dry season) (Fig. 9b) faileds to sustain ET during the three consecutive dry months
(JAS). The yellow bands on Figures 7a to 7c, show the propagation of the dry-season
precipitation deficit over time through the hydrological system, leading to phase-lags in
ET and TWS, already described by McNab (1989) and Entekhabi et al. (1996).

The STOMATE module of ORCHIDEE simulates vegetation CO2 fluxes influenced
by soil water storage. During the wet season, Mmonthly GPP variations over the Xingu
sub-basin were similar insimulated by both modelssoil hydrology schemes, is simi-
larduring the wet season when compared to MTE-GPP estimates (Fig. 7d). GPP was
higher than the mean annual value due to low water stress during this period. The 2LAY
overestimateds GPP anomalies during the wet season while the 11LAY captureds the
MTE-GPP variation. During the beginning of the dry season, MTE-GPP decrease wasis
overestimated by ORCHIDEE. Thus, bBoth modelssoil hydrology schemes simulated
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a delay of 3 months in GPP minima during the dry season. Lower waterdrought stress
with the 11LAY during the dry season (Fig. 9b) leads to less severe decrease in GPP
compared to the 2LAY (–1gCm–2 d–1 and –4gCm–2 d–1 in September compared to the
mean annual value, for the 11LAY and 2LAY, respectively) and to a better agreement
with MTE-GPP (yellow bands in Fig. 7d). The LAI decrease wasis consequently slightly
less pronounced with the 11LAY (-0.1) when compared to the 2LAY (-0.3) during the
dry season (yellow bands in Fig. 7e). However, both modelssoil hydrology schemes
displayed smaller monthly anomalies of LAI than the GIMMS data. This may suggest
a lack of realism in representing the interactions between hydrology and phenology in
ORCHIDEE. Further site-level simulations should be performed, i.e. comparing sim-
ulated fluxes to flux tower measurements to identify the missing modeling processes
in ORCHIDEE, such as leaf litterfall dynamics (De Weirdt et al., 2012). However, esti-
mates of the LAI variation of tropical forest from remote sensing data are highly inac-
curate (see Fig. 9d in Garrigues et al., 2008).

4.5 Evapotranspiration sensitivity to dry season length

The 11LAY modelscheme simulateds more ET than the 2LAY during the dry sea-
son, over the Amazon basin. To test the sensitivity of the two soil modelshydrology
schemes to dry season duration, we defined the dry-season length (DSL) as the mean
annual number of months with P < 2.0mmd–1 over the time period 1980-2008. Using
an alternative definition which tooktakes into account only consecutive months with
P < 2.0mmd–1 diddoes not change the results. Representing ET variation from the two
soil modelshydrology schemes as a function of the DSL over the whole Amazon (Fig.
8a) shows that the maximum ET wasis simulated by ORCHIDEE when the dry sea-
son wasis 4 months. A DSLDSL≤ 4months of less than 4 months applies to 7085%
of the total grid cells over the Amazon basin. When DSL is between 4 and 7 months,
ET decrease is more pronounced with the 2LAY than the 11LAY. The maximum differ-
ence between the two modelssoil hydrology schemes wasis with a DSL is of 5 months
(+0.45mmd–1, Fig. 8b), which applies to only 5% of the total grid cells (Fig. 8a). For
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longer dry seasons (DSL > 7 monthsDSL≥ 7months, for 58% of the total grid -cells),
the impact of soil modelhydrology scheme parameterization on ET wasis negligible.

Figure 8b highlights the differences in ET components, which contribute to the total
ET, and LAI differences between the two soil modelshydrology schemes when DSL
increases. For short dry seasons (DSL <4 months), the 11LAY estimateds higher bare
soil evaporation (+0.07mmd–1) when compared to the 2LAY. The 11LAY water content
in the very thin first layer wasis directly evaporated to satisfy the climatic demand. By
contrast, the resistance to bare soil evaporation in the superficial layer of the 2LAY
limiteds the water exchange. The 11LAY transpiration wasis consequently smaller than
that estimated by the 2LAY. Evaporation of water intercepted by the canopy wasis the
main ET component (+0.05mmd–1) contributing to ET increase with the 11LAY when
DSL takes values of less than 4 months. For a longer dry season (4 and 5 months), bare
soil evaporation continueds to increase (up to +0.25mmd–1) and lower waterdrought
stress with the 11LAY (as reported in Sect. 4.4) leads to enhanced transpiration of
the same magnitude, increasing canopy leaf area (up to +0.4 of LAI, Fig. 8b). For
grid cells with a DSL between 6 and 10 monthsFor extreme DSL (DSL≥ 6months),
neither of the modelssoil hydrology schemes could supply ET because this period of
waterdrought stress is too long. Under these conditions, transpiration (and LAI) differ-
ence between the two soil modelshydrology schemes decreases. Bare soil evaporation
wasis still higher with the 11LAY (around +0.25mmd–1), whereas difference in evapora-
tion by interception loss decreaseds with decreasing LAI difference. Total ET remained
higher with the 11LAY until a DSL of about 10 months. However, transpiration with
the 2LAY became higher when DSL was greater than 7 months. For extreme DSL (>
7 months), which applies to only a few grid cells over the domain (Fig. 8a), the soil
water column was never saturated. Under these conditions, tThe higher water hold-
ing capacity of the 11LAY compared to the 2LAY no longer hads any effect on ET
supply. Moreover, the drainage flux, which is prescribed in the deepest soil layer of
the 11LAY, decreaseds the residence time of the water in the soil column compared
to the 2LAY where drainage flux does not exist. WaterDrought stress consequently
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becaomes higher in the 11LAY leading to lower transpiration (up to –0.2mmd–1) and
lower LAI (up to -0.4). For DSL≥ 10months, the difference in bare soil evaporation be-
tween soil hydrology schemes decreases and Ttotal ET then becaomes lower with the
11LAY than with the 2LAY. when DSL was greater than 10 months; the difference in
bare soil evaporation between soil models then decreased.

5 Conclusions

The availability of testing of two soil hydrology modelsschemes in ORCHIDEE created
an opportunity to testallows to assess their different impactseffects of these models
on the estimated Amazonian water budget and carbon flux dynamics, at the scale of
the major tributary sub-basins and, for the first time, on carbon flux dynamics. Over
the entire basin and its sub-basins, the differences in the water budget components
betweensimulated by the two soil modelsschemes wereare small. The sub-basin scale
study did not reveal any large annual differences between the models. Although the
differences are small (around 5%), tThe 11-layer soil diffusion scheme (11LAY) did
slightly reduces the bias in the estimatessimulation of ET (up to -4%) and Q (up to
-10%), mainly in the southern sub-basins in the sub-basins when compared with obser-
vations. But ET observations uncertainties are of the same magnitude than the misfit
between any of the schemes and the observations, so that a particular model scheme
cannot be ruled out from these data only. On another hand, the 11LAY improves the
simulation of total water storage (TWS) anomalies.

The main difference between the soil models lies in the water reservoir contribution
to TWS. The higher water holding capacity in 11LAY allows more water to be stored
in the soil and its physically based partitioning of runoff and drainage results in better
estimates of ET sustainability and TWS variations. The 2LAY parameterization leads
to most of the water being stored in the slow routing reservoir, which does not interact
directly with the atmosphere and thus does not allow ET to occur from stored water.
This difference inDifferences between the 2LAY and the 11LAY parameterizations particularly
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affects ET during the dry season in the southern Xingu sub-basin.are also more sig-
nificant in the Xingu and Tapajos southeastern sub-basins exposed to a marked dry
season, than the other sub-basins. The 11LAYDuring the dry season, in the Xingu,
the 11LAY can sustains ET forduring the three consecutive dry months;, whereas
the 2LAY2-layer bucket-type scheme (2LAY) limits it strongly reduces ETwhen the dry
season is too long after two dry months only. The increase of dry-season ET (+17%) in
the 11LAY compared to the 2LAY leads to a better representation of GPP and prevents
a reduction of LAI during the dry season.

The better simulation of the water budget and TWS with the 11LAY, in most of the
sub-basins of the Amazon, owes to the combination of two of its properties: (i) the
physical distinction between surface runoff and drainage and (ii) the physically-based
description of soil water storage.

By comparing the bucket model, the first property of the 11LAY leads to less drainage,
which contribution to the total runoff over the Amazon basin is more realistic (69%) than
the 2LAY (95%), when compared to the estimates of Mortatti et al. (1997) (68.1%).
Less water is stored in the slow reservoir of the routing scheme (which represents a
groundwater reservoir) with the 11LAY. We found the same contribution of subsurface
water (including groundwater) to TWS over the Amazon basin (71%) than Pokhrel et al.
(2013), and this result is also in line with Niu et al. (2007). However, the attribution of
TWS to sub-surface versus surface water remains uncertain since other studies (Paiva
et al., 2013) suggested that most of the TWS variability was regulated by surface wa-
ters.

The second property of the 11LAY enables a higher water holding capacity by soils,
resulting into a higher soil moisture level than in the 2LAY. Lower drought stress in the
11LAY sustains ET, which suggests that soil moisture parameterizations are critical in
LSMs over the southern part of the Amazon that has strong seasonality in precipita-
tion and marked transition periods between wet and dry soils. Our analysis is being
extended to the global scale with the objective of identifying whether differences in wa-
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ter budget components can be found in the transition zones identified by Koster et al.
(2004a), where soil moisture is expected to influence precipitation.

Lower water stress in the 11LAY gave a better representation of the decrease in
carbon fluxes during the dry season, limiting the LAI variation. Overall, our study highlights
the dominant effect of the dry-season length on ET, vegetation phenology and carbon
dynamics over the Amazon basin. More attention should be paid to improving the
representation of the soil hydrology and the relationship between water-stress and
vegetation dynamics in LSMs. Developing these relationships would improve our ability
to simulate feedbacks on dry-season precipitation, and thus on low river flows which
could severely decrease in the future over southern Amazonia (Guimberteau et al.,
2013).

Our study suggests that soil moisture plays an important role in those regions of
Amazonia that have strong seasonality in precipitation, with marked transition periods.
This comparative study between the two soil models of ORCHIDEE is currently being
extended to a global scale with the objective of identifying whether a signal can be
found in the transition zones identified by Koster et al. (2004), where soil moisture is
expected to influence precipitation. From the perspective of the EU-FP7 AMAZALERT
(Raising the alert about critical feedbacks between climate and long-term land-use
change in the Amazon) project, the presentThe results from this study work also em-
phasizes the need to improve the representation of the water-drought-stress impact on
carbon fluxes and transpiration and vegetation dynamics, and the potential feedbacks
these may have on Amazonian hydrology. Additional comparisons of site-level simula-
tions with flux tower measurements across the basin would help to identify the main
processes involved in waterdrought stress and lead to better understanding of the re-
lationships between drought, the carbon cycle and phenology. The small improvement
gained by using the 11-layer soil diffusion scheme on the Amazonian water budget
should be further verified, particularly in areas where the forest has deep roots. We
suspect that soil depth, and specifically rooting depth, should be extended to greater
values than 2 meters because More attention should be also paid to the soil depth,
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which was fixed to 2 meters for the entire basin in both soil hydrology schemes, given
the lack of geospatial information across the entire basin. Several field studies showed
that roots can be present much deeper than 2 meters. For tropical evergreen forest,
Canadell et al. (1996) estimated an average rooting depth of 7.3 m, and a maximum of
18 m, based on data from 5 sites. the dDeep roots observed by Nepstad et al. (1994)
in northeastern Pará enable Amazonian vegetationevergreen forests to maintain dry-
season ET (Verbeeck et al., 2011); this phenomenon is likely to have a significant
impact on the which feeds back on climate (Kleidon and Heimann, 2000). Several mod-
eling studies concluded that deep soils and deep roots are needed in models, in order
to represent realistic ET and GPP in Amazon forests during the dry season (e.g. Baker
et al., 2008; Verbeeck et al., 2011). With the 2LAY, Verbeeck et al. (2011) showed that
the soil depth had a significant effect on the seasonal cycle of water fluxes. We tested
a soil depth of 8 meters in the 11LAY but found only a negligible effect owing to high
soil water holding capacity in the 11LAY.

Overall, this study highlights the effect of the dry-season length on ET, vegetation
phenology and GPP, and their sensitivity to soil hydrology over the Amazon basin. The
multilayer diffusion soil scheme is shown to be reliable to further investigate the po-
tential feedbacks between surface hydrology and precipitation, especially in southern
Amazonia where low river flows could severely decrease in the future (Guimberteau
et al., 2013).

6 Code availability

The source code of the ORCHIDEE model can be obtained upon request (see http:
//labex.ipsl.fr/orchidee/index.php/contact). Documentation on the code including scien-
tific and technical aspects, is available here:
https://forge.ipsl.jussieu.fr/orchidee/wiki/Documentation.
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2LAY 11LAY

Number of soil moisture layers 2 11

Soil depth 2m 2m

Soil moisture range Wilting point - Field capacity Residual water content - Saturation

Max. water storage in this range 300kg.m–2 687kg.m–2

(average over the Amazon basin)

Infiltration processes Unlimited until saturation Limited by hydraulic conductivity with enhancement

by roots, and reinfiltration in flat areas

Surface runoff processes Saturation-excess (Dunne) Infiltration-excess (Horton)

Soil moisture redistribution Downward flux between Following Richards equation with hydrodynamic

the 2 layers with 3 parameters parameters based on the Mualem-Van Genuchten

model with vertical decay of saturated

hydraulic conductivity

Drainage at the soil bottom No Gravitational drainage

Dependance on soil texture No Yes, for 5 parameters (residual and saturated water

contents, and 3 Mualem-Van Genuchten parameters)

Table 1. Main differences and resemblances between the two soil hydrology schemes, the
2LAY and 11LAY
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Resolution Coverage

Variable Dataset Spatial Temporal Spatial Temporal References

TWS change GRACE 1.0° Monthly Global 2002-20112013 Bettadpur (2012)

P ORE HYBAM 1.0° Daily Amazon basin 1980-2009 Guimberteau et al. (2012a)

Q ORE HYBAM Station Monthly Amazon basin (scattered) 1980-2011 Cochonneau et al. (2006)

ET

MTE-ET 0.5° Monthly Global 1982-2008 Jung et al. (2010)

GLEAM-ET 0.25° Daily Global 1984-2007 Miralles et al. (2011)

NTSG-ET 0.5° Daily Global 1983-2006 Zhang et al. (2010)

PKU-ET 0.5° Monthly Global 1982-2009 Zeng et al. (2014)

GPP MTE-GPP 0.5° Monthly Global 1982-2008 Jung et al. (2011)

LAI GIMMS (1/12)° Half-monthly Global 1982-2011 Zhu et al. (2013)

Table 2. List of evaluation datasets

Station River Lat Lon
Qmean Qmean contribution Basin area

(m3 s–1) at OBI (%) (km2)

Óbidos OBI Amazonas -1.95 -55.30 179,263 100 4,680,000

Altamira ALT Xingu -3.38 -52.14 7,900 - 469,100

Itaituba ITA Tapajós -4.24 -56.00 11,767 - 461,100

Fazenda Vista Alegre FVA Madeira -4.68 -60.03 27,705 15 1,293,600

São Paulo de Olivença SPO Solimões -3.45 -68.75 46,717 26 990,781

Serrinha SER Negro -0.48 -64.83 16,363 9 291,100

Table 3. List of ORE HYBAM gauging stations over the Amazon basin. Qmean is the mean
annual discharge from ORE HYBAM data, averaged over the period 1980–2008.
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Amazon (OBI) Xingu (ALT) Tapajós (ITA)

P ET Q ∆̇s P ET Q ∆̇s P ET Q ∆̇s

2LAY
6.1

2.6 3.5 0
5.4

2.8 2.6 0
5.7

2.7 3.0 0

11LAY 2.7 3.4 0 2.9 2.5 0 2.9 2.8 0

Obs 6.2 3.2 3.3 -0.3 5.4 3.4 1.5 +0.5 5.7 3.3 2.2 +0.2

Bias Bias Bias

2LAY
-0.1 (-1.2)

-0.5 (-17) +0.2 (+65)
0 (+0.1)

-0.6 (-17) +1.1 (+7994)
0 (0)

-0.6 (-18) +0.8 (+3431)

11LAY -0.5 (-15) +0.1 (+34) -0.5 (-13) +1.0 (+8369) -0.4 (-15) +0.6 (+279)

Madeira (FVA) Solimões (SPO)

P ET Q ∆̇s P ET Q ∆̇s

2LAY
5.0

2.6 2.4 0
5.8

2.3 3.5 0

11LAY 2.8 2.2 0 2.4 3.4 0

Obs 5.2 3.2 1.8 +0.2 5.7 3.0 4.1 -1.4

Bias Bias

2LAY
-0.2 (-3.2)

-0.5 (-17) +0.6 (+2428)
+0.1 (+2.4)

-0.7 (-24) -0.6 (-14)

11LAY -0.4 (-13) +0.4 (+1621) -0.6 (-20) -0.7 (-1617)

Negro (SER)

P ET Q ∆̇s

2LAY
8.4

2.8 5.6 0

11LAY 2.8 5.6 0

Obs 8.7 3.3 4.9 +0.5

Bias

2LAY
-0.3 (-3.0)

-0.5 (-15) +0.7 (+15)

11LAY -0.5 (-14) +0.7 (+15)

Table 4. Mean annual values (mmd–1), and bias against the observations (in mmd–1 and % in
brackets), of the water budget components simulated by the 2LAY and 11LAY, for each sub-
basin, averaged over the period 1980-2008. The bold values indicated the smallest bias be-
tween the 2LAY and 11LAY for a given sub-basin.55
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Fig. 1. Map of the Amazon sub-basins and their corresponding gauging stations. Color is used
to indicate the sub-basins studied here. Modified from Guimberteau et al. (2012a).
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(a) Amazon (OBI)
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(b) Xingu (ALT)
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(e) Solimoes (SPO)
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(f) Negro (SER)
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Fig. 2. Monthly mean seasonalities of the water budget components (mmd–1) from observa-
tions, for each sub-basinthe Amazon basin and its sub-basins, averaged over the period 1980-
2008. Q∗ is the equivalent runoff as the discharge Q time-series, back-shifted using the empir-
ical lag. The change in soiltotal water storage ∆̇S is estimated as residual of P-ET-Q*.
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2lay
GRACE ORCH

16-JAN-2003 3.780 -6.840 -0.482 -79.200 -30.530 -59,8 -113.272 J 22.882
15-FEB-2003 15.180 -1.450 0.279 -46.500 -19.870 -12,2 -52.361 F 27.500
16-MAR-2003 25.960 5.330 1.125 7.300 -4.470 69,9 35.245 M 31.635
16-APR-2003 28.030 13.610 1.720 72.200 15.470 131,9 131.030 A 31.883
16-MAY-2003 30.140 13.390 1.495 98.100 29.760 141,5 172.885 M 30.882
16-JUN-2003 22.220 11.130 0.940 102.400 34.800 171.490 J 18.135
16-JUL-2003 -2.730 6.970 -0.171 66.600 31.210 52,2 101.879 J -6.852
16-AUG-2003 -30.610 -0.080 -0.721 19.600 19.530 -59,2 7.719 A -37.295
16-SEP-2003 -41.620 -6.190 -1.242 -28.500 3.770 -157,5 -73.782 S -55.973
16-OCT-2003 -28.310 -10.740 -1.506 -72.900 -13.240 -185,5 -126.696 O -46.938
16-NOV-2003 -6.060 -13.180 -1.452 -101.600 -27.370 -166,8 -149.662 N -14.695
16-DEC-2003 4.790 -11.600 -1.046 -105.400 -34.420 -139,6 -147.676 D 14.895
16-JAN-2004 18.720 -5.520 -0.145 -76.300 -30.470 -78,8 -93.715 87.857
15-FEB-2004 22.220 -0.540 0.116 -48.400 -18.780 9,1 -45.384
16-MAR-2004 27.960 4.460 1.295 15.900 -4.930 63,3 44.685
16-APR-2004 29.140 7.510 1.068 50.400 7.540 102,3 95.658
16-MAY-2004 30.400 7.040 0.756 59.100 14.180 130,7 111.476
16-JUN-2004 18.800 5.080 0.164 45.400 16.060 85,7 85.504
16-JUL-2004 -1.630 1.680 -0.372 17.700 11.020 21,7 28.398
16-AUG-2004 -26.770 -3.100 -1.044 -27.300 1.300 -74,8 -56.914
16-SEP-2004 -45.850 -8.830 -1.337 -68.500 -11.850 -143,9 -136.367
16-OCT-2004 -37.090 -12.570 -1.624 -107.800 -25.600 -152,3 -184.684
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GRACE ORCH
16-JAN-2003 67,6 -5,87 0,749 -109,6 -7,49 -109,1 -54,611 J 78,4666666667
15-FEB-2003 83,6 10,32 2,139 15,8 8,23 35,3 120,089 F 89,2666666667
16-MAR-2003 89,9 16,97 2,546 104,9 15,19 149,8 229,506 M 90,2333333333
16-APR-2003 86,7 22,38 1,907 174,1 21,63 212,9 306,717 A 87,6166666667
16-MAY-2003 70,3 10,82 -0,245 114,3 11,42 158,2 206,595 M 74,7
16-JUN-2003 31,6 -0,29 -1,036 30,6 0,51 61,384 J 29,9166666667
16-JUL-2003 -40,3 -6,99 -1,391 -35,1 -6,19 -53,7 -89,971 J -43,6166666667
16-AUG-2003 -106,8 -11,36 -1,55 -92,7 -10,73 -201,5 -223,14 A -120,6333333333
16-SEP-2003 -134,5 -14,14 -1,582 -134,1 -13,65 -295,7 -297,972 S -155,1166666667
16-OCT-2003 -84,6 -15,87 -1,587 -164 -15,48 -302,3 -281,537 O -124,6
16-NOV-2003 -0,2 -16,77 -1,473 -181,7 -16,52 -243,1 -216,663 N -34,6833333333
16-DEC-2003 38,8 -14,36 -0,967 -172,8 -14,66 -193,5 -163,987 D 46,6833333333
16-JAN-2004 87,4 3,96 3,284 3,1 1,41 -129,1 99,154 245,35
15-FEB-2004 91,5 26,39 5,049 206 24,36 211,5 353,299
16-MAR-2004 89,6 35,61 3,449 313,5 35,51 282,4 477,669
16-APR-2004 86 24,36 1,121 273,5 25,15 290 410,131
16-MAY-2004 68,6 12,6 -0,441 179,7 13,64 196,4 274,099
16-JUN-2004 23 1,3 -1,292 70,2 2,32 77,2 95,528
16-JUL-2004 -47,1 -5,75 -1,491 -12,5 -4,91 -28,6 -71,751
16-AUG-2004 -114 -10,31 -1,557 -74,6 -9,63 -136,6 -210,097
16-SEP-2004 -151,9 -13,27 -1,563 -118,7 -12,72 -210,6 -298,153
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Fig. 3. Monthly mean change of the water storage components (mm) in the different water
reservoirs of ORCHIDEE for simulations with the 2LAY (left) and the 11LAY (right), for each
sub-basinthe Amazon basin and its sub-basins, averaged over the period 2003-2008. The thick
black line represents the independent GRACE observation. The dotted black line is the sum of
water storage across all the ORCHIDEE water reservoirs.
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GRACE ORCH
16-JAN-2003 78,3 -0,43 1,595 -15,1 -0,09 -38,1 64,275 J 84,1333333333 3,4283333333
15-FEB-2003 84,3 10,68 2,021 86,5 8,96 99,4 192,461 F 85,4666666667 15,2633333333
16-MAR-2003 85,5 15,3 2,616 162,3 12,62 220,1 278,336 M 85,2333333333 21,275
16-APR-2003 81,2 19,21 1,153 181,7 16,02 260,6 299,283 A 82,1833333333 19,0216666667
16-MAY-2003 62,2 8,73 -0,543 92,9 7,41 179,6 170,697 M 65,6 10,8216666667
16-JUN-2003 24,4 -0,58 -1,206 0,8 -0,44 22,974 J 19,15 1,11
16-JUL-2003 -50,8 -6,33 -1,372 -64,8 -5,28 -61,2 -128,582 J -50,55 -5,2116666667
16-AUG-2003 -126 -9,81 -1,379 -109 -8,24 -214,6 -254,429 A -124,0833333333 -9,0433333333
16-SEP-2003 -155,7 -11,92 -1,378 -138,2 -10,06 -310,1 -317,258 S -158,65 -11,3633333333
16-OCT-2003 -87,3 -13,23 -1,383 -159 -11,2 -304,5 -272,113 O -121,9 -12,84
16-NOV-2003 28,9 -13,76 -1,083 -163,6 -11,69 -236,6 -161,233 N -17,2833333333 -13,4983333333
16-DEC-2003 70,5 -9,76 0,092 -109,2 -8,29 -158,3 -56,658 D 69,35 -8,555
16-JAN-2004 84,7 4,28 2,903 58,9 3,25 -69,2 154,033 244,1166666667
15-FEB-2004 86,2 16,43 3,21 182,4 13,37 243,4 301,61
16-MAR-2004 84,5 22,82 2,602 257,5 18,88 296,2 386,302
16-APR-2004 83,6 16,38 0,58 203,6 13,81 277,2 317,97
16-MAY-2004 67,7 10,22 -0,428 127,4 8,8 208,8 213,692
16-JUN-2004 17,7 0,39 -1,233 23,1 0,48 64,1 40,437
16-JUL-2004 -50,8 -5,66 -1,377 -47,7 -4,67 -46,1 -110,207
16-AUG-2004 -111,4 -9,32 -1,398 -96,1 -7,8 -162,9 -226,018
16-SEP-2004 -151,1 -11,55 -1,401 -128,8 -9,72 -237 -302,571
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2lay
GRACE ORCH

16-JAN-2003 21,7 -1,38 0,547 -37,9 -2,8 21,6 -19,833 J 42,8166666667 2,6516666667
15-FEB-2003 48,7 6,27 1,359 23,8 6,33 86,5 86,459 F 50,7 11,975
16-MAR-2003 52,2 11,58 2,097 90 14,43 174,5 170,307 M 51,4166666667 16,0016666667
16-APR-2003 48,8 17,55 1,704 141,7 20,72 198,3 230,474 A 46,0333333333 14,9533333333
16-MAY-2003 39,8 7,57 -0,101 88,5 8,23 113,2 143,999 M 39,1833333333 8,2683333333
16-JUN-2003 25,8 0,3 -0,759 35 -0,47 59,871 J 19,7833333333 1,21
16-JUL-2003 -7,9 -4,05 -1,187 -18,5 -5,65 -33,3 -37,287 J -14,8333333333 -3,1733333333
16-AUG-2003 -51,8 -7,95 -1,397 -66,6 -10,26 -121,4 -138,007 A -58,4333333333 -7,36
16-SEP-2003 -65,6 -10,2 -1,374 -99,4 -12,43 -186,2 -189,004 S -87,2 -9,95
16-OCT-2003 -45,4 -11,37 -1,232 -119,8 -13,46 -178,8 -191,262 O -73,55 -10,4083333333
16-NOV-2003 -17,8 -9,86 -0,828 -115,5 -11,87 -142,2 -155,858 N -23,0666666667 -8,9266666667
16-DEC-2003 -4,1 -6,45 -0,168 -89,9 -8,48 -84,2 -109,098 D 23,3 -5,2166666667
16-JAN-2004 35 2,09 1,566 -7,4 2,89 -2,4 34,146 138,6166666667
15-FEB-2004 42,9 7,85 1,429 50 10,18 146,7 112,359
16-MAR-2004 44,9 10,66 1,517 98,4 12,88 149 168,357
16-APR-2004 39,8 8,09 0,461 85 9,54 122,1 142,891
16-MAY-2004 39,1 5,42 -0,009 63,8 5,85 118,9 114,161
16-JUN-2004 21,4 -0,44 -0,819 11,7 -0,6 36,2 31,241
16-JUL-2004 -6,3 -3,85 -1,088 -31,3 -5,27 -30,6 -47,808
16-AUG-2004 -47,6 -7,47 -1,363 -75,3 -9,88 -121,7 -141,613
16-SEP-2004 -83,1 -10,7 -1,382 -107,5 -12,91 -175,5 -215,592
16-OCT-2004 -72,9 -10,33 -1,172 -121,1 -12,42 -161,6 -217,922
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Fig. 3. Continued
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2lay
GRACE ORCH

16-JAN-2003 7,38 1,4 -0,122 -44,9 0,63 33,8 -35,612 J 8,3916666667
15-FEB-2003 9,91 1,62 0,51 -17,9 0,63 49,4 -5,23 F 9,22
16-MAR-2003 10,15 6,69 0,887 23,4 4,38 74,5 45,507 M 10,1733333333
16-APR-2003 10,18 10,1 0,611 42,6 7,06 105,6 70,551 A 8,995
16-MAY-2003 7,44 8,12 0,858 58,3 6,27 100,7 80,988 M 4,8466666667
16-JUN-2003 4,82 7,65 1,111 85,1 6,25 104,931 J 0,5416666667
16-JUL-2003 -2,05 4,4 -0,505 48 3,76 42,6 53,605 J -5,2866666667
16-AUG-2003 -7,2 -3,91 -1,095 -14,3 -2,85 -23,9 -29,355 A -13,6066666667
16-SEP-2003 -4,83 -7,12 -1,328 -59,2 -5,33 -79,2 -77,808 S -15,2183333333
16-OCT-2003 -4,72 -8 -1,086 -79,8 -6,05 -71,3 -99,656 O -7,5266666667
16-NOV-2003 -1,53 -7,31 -0,577 -78,4 -5,46 -56,6 -93,277 N 0,6966666667
16-DEC-2003 7,39 -0,08 0,535 -26,6 0,18 -27 -18,575 D 6,0566666667
16-JAN-2004 6,69 3,55 -0,393 -27,4 2,67 39 -14,883 25,3916666667
15-FEB-2004 7,58 -2,15 -1,023 -64,6 -2,11 -19,9 -62,303
16-MAR-2004 10,23 0,96 0,26 -37,3 0,02 4,5 -25,83
16-APR-2004 8,13 1,64 0,097 -18,1 0,99 31,6 -7,243
16-MAY-2004 5,58 0,73 0,382 -4,4 0,64 46 2,932
16-JUN-2004 1,54 2,33 0,438 14,7 2,07 37,4 21,078
16-JUL-2004 0,13 0,15 -0,014 10,8 0,39 9,6 11,456
16-AUG-2004 -5,76 -3,63 -1,03 -34,9 -2,69 -55,3 -48,01
16-SEP-2004 -9,95 -8,26 -1,142 -70,7 -6,3 -86,8 -96,352
16-OCT-2004 -2,8 -8,78 -1,059 -90,3 -6,77 -54 -109,709
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2lay
GRACE ORCH

16-JAN-2003 -5,48 -3,69 -1,56 7,9 -1,581 -118,5 -4,411 J -5,8933333333 -5,93
15-FEB-2003 -1,6 -8,18 -0,974 -39,2 -4,265 -202,9 -54,219 F -6,24 -8,8
16-MAR-2003 0,94 -7,5 -0,834 -50,2 -3,689 -157,3 -61,283 M -0,2233333333 -9,3866666667
16-APR-2003 3,29 -1,88 0,335 -29,2 -0,181 -68,6 -27,636 A 2,71 -4,2633333333
16-MAY-2003 3,77 9,79 2,868 91,1 6,267 105 113,795 M 3,545 3,7
16-JUN-2003 3,74 14,97 2,824 170,8 9,191 201,525 J 3,6216666667 9,71
16-JUL-2003 3,23 13,36 1,605 179,1 8,018 174 205,313 J 3,2233333333 10,3666666667
16-AUG-2003 2,9 9,44 0,903 162,6 5,232 78,1 181,075 A 2,6933333333 7,4416666667
16-SEP-2003 2,15 6,97 0,27 132,9 4,074 -37,4 146,364 S 1,71 2,8383333333
16-OCT-2003 0,99 3,33 -0,511 80 1,916 -100,4 85,725 O 0,87 0,18
16-NOV-2003 1,31 0,42 -1,098 25,9 0,163 -124,8 26,695 N 0,8483333333 -1,3266666667
16-DEC-2003 -13,06 -4,7 -2,503 -69,3 -2,651 -148,3 -92,214 D -3,1716666667 -3,1
16-JAN-2004 -19,46 -9,83 -2,86 -158,5 -5,402 -128,4 -196,052 9,8616666667
15-FEB-2004 -10,43 -14,92 -1,767 -191,3 -8,551 -252 -226,968
16-MAR-2004 0,83 -14 0,348 -135,6 -8,243 -166,1 -156,665
16-APR-2004 1,58 -7,54 0,501 -74,9 -4,554 -71 -84,913
16-MAY-2004 3,69 0,46 1,668 -4,9 -0,348 78,4 0,57
16-JUN-2004 3,36 7,65 1,866 68,5 4,06 151,9 85,436
16-JUL-2004 3,19 9,19 1,079 83,4 5,297 113 102,156
16-AUG-2004 2 8,55 0,743 86,9 4,869 32,1 103,062
16-SEP-2004 2,46 4,81 -0,073 64,3 2,481 -62,8 73,978
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Fig. 3. Continued
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Fig. 4. Interannual monthly variation of deseasonalized TWS (mm) from simulations (2LAY and
11LAY) compared to GRACE data, and Sheffield precipitation anomalies (mmd–1), for each
sub-basinthe Amazon basin and its sub-basins, for the period 2003-2008.61
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Fig. 5. Mean ET (mmd–1) simulated by the 11LAY over the Amazon basin, averaged over (a)
the complete year and (b) JAS, averaged over the period 1980-2008. Differences with (c, d)
2LAY and (e, f) MTE-ET. 62
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Fig. 6. Monthly mean seasonal ET averaged over the different sub-basins (mmd–1) and river
discharge at the gauging stations (m3 s–1), from the 2LAY and 11LAY simulations compared to
the observations, averaged over the period 1980-2008. The envelope (in gray) defines for each
month the spread existing between the 4 ET products.
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Fig. 7. Seasonal cycle (left panels) and interannual monthly variation of anomaly (except pre-
cipitation) (right panels) in (a) precipitation (mmd–1), (b) ET (mmd–1), (c) TWS change (mm)
(d) GPP (gCm–2 d–1) and (e) LAI (m2 m–2) averaged over the Xingu sub-basin, from simulations
(2LAY and 11LAY) and observations, for the period 2003-2008. For anomaly computation, the
mean value over the period considered was subtracted from each monthly value of the variable.
The yellow band indicates the dry season (in (a)) and the period during which the difference in
results between the 2LAY and 11LAY is high (in (b) to (e)). The shaded area (red and green
in (c)) corresponds to the simulated anomaly of water stored in reservoirs other than the soil
reservoir (dotted red and green lines in (c)). 64
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Fig. 8. (a) Mean annual ET (mmd–1) from simulations (2LAY and 11LAY) and Sheffield precip-
itation (mmd–1) over the Amazon basin as function of the dry season length (DSL in months,
see Sect. 4.5 for its definition). Solid lines represent the mean ET and spread (1 std) within
moving bins of DSL of 1 month, according to the two simulations. The values are obtained from
individual grid cells of the simulated domain. Density of grid cells (N in %) associated with each
DSL value is given in the histogram. (b) Differences of mean annual ET (mmd–1), its compo-
nents (mmd–1) and LAI (m2 m–2) between the 11LAY and 2LAY according to the DSL, over the
Amazon basin, for the period 1980-2008.
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Supplementary material

Name Description Units Sources

Tair Two-meter air temperature K NCEP–NCAR reanalysis / CRU TS3.0

Qair Two-meter air specific humidity kgkg–1 NCEP–NCAR reanalysis

Wind Ten-meter wind speed ms–1 NCEP–NCAR reanalysis

Psurf Surface pressure Pa NCEP–NCAR reanalysis

SWdown Surface downward short wave flux Wm–2 NCEP–NCAR reanalysis / NASA Langley SRB V3.0

LWdown Surface downward long wave flux Wm–2 NCEP–NCAR reanalysis / NASA Langley SRB V3.0

P Precipitation rate kgm–2 s–1 GPCC

Table 1: List of atmospheric variables in the Princeton forcing data.

Amazon Xingu (ALT) Tapajós (ITA) Madeira (FVA) Solimões (SPO) Negro (SER)

∆α ∆φ ∆α ∆φ ∆α ∆φ ∆α ∆φ ∆α ∆φ ∆α ∆φ

2LAY +3025 +15 +195154 -6 +9487 -109 +5875 +3 +4229 -3+0.3 -132-47 +4331

11LAY +5652 +1312 +152110 -65 +6146 -65 +4562 +8 +2612 -1+2.5 -98-77 +3624

Table 2: Amplitude (∆α in mm) and phase (∆φ in days) differences of TWS between simulations (2LAY and 11LAY)
and GRACE, for each sub-basinthe Amazon basin and its sub-basins, for the period 2003-2008. The bold values
correspond to the lowest bias between 2LAY or 11LAY with GRACE for a given sub-basin.

Sta.
Observed 2LAY 11LAY

Qmean Qmin Qmax Qmean Qmin Qmax Nash N-RMSE D/Rtot Qmean Qmin Qmax Nash N-RMSE D/Rtot

OBI 179 060 66 220 260 500 190 282 135 912 253 740 0.43 22.4 0.95 185 859 111 321 262 069 0.58 19.1 0.69

(6.2) (105.2) (-2.6) (3.8) (68.1) (0.6)

ALT 7 788 707 30 120 15 142 1 881 40 329 -0.63 118.2 0.95 14 273 3 030 46 964 -0.33 107 0.55

(94.4) (165.7) (33.9) (83.3) (328) (55.9)

ITA 11 826 2 908 27 410 15 489 2 405 43 073 0.06 62.7 0.95 14 974 3 161 48 298 0.23 56.8 0.53

(31.0) (-17.3) (57.1) (26.6) (8.7) (76.2)

FVA 27 873 2 914 69 530 34 520 11 576 78 081 0.70 36 0.95 32 328 13 436 75 934 0.74 33.7 0.61

(23.8) (297.2) (12.3) (16.0) (361.1) (9.2)

SPO 46 660 15 280 81 660 40 006 20 236 68 561 0.45 24.6 0.95 38 927 19 562 66 540 0.40 25.7 0.70

(-14.3) (32.4) (-16.0) (-16.6) (28.0) (-18.5)

SER 16 377 3 603 31 790 18 893 11 182 27 776 0.47 29.2 0.95 18 788 9 716 29 984 0.65 23.9 0.79

(15.4) (210.4) (-12.6) (14.7) (169.7) (-5.7)

Table 3: Statistical results of observed and simulated discharges (Qmean, Qmin, Qmax (all in m3.s–1), Nash coefficient
and N-RMSE (%)) for the studied stations over the period 1980-2008. Values between brackets are relative differences
(%) between simulation and observations. See Guimberteau et al. (2012) for more details on the computation of the
indicators. The bold values correspond to the best score between 2LAY and 11LAY with observations for a given
station. Values of the ratio of drainage (D in kg.m–2) and total runoff (Rtot = Rsurf + D, in kg.m–2), simulated by the
2LAY and 11LAY, are also indicated for each sub-basins.

Amazon Xingu(ALT) Tapajós (ITA) Madeira (FVA) Solimões (SPO) Negro (SER)

2LAY 0.910.90 (0.850.76) 0.970.98 (0.660.68) 0.97 (0.550.46) 0.98 (0.810.70) 0.840.86 (0.500.59) 0.700.73 (0.570.60)

11LAY 0.95 (0.900.83) 0.970.98 (0.61) 0.980.97 (0.560.47) 0.960.95 (0.770.64) 0.890.91 (0.600.69) 0.750.77 (0.580.61)

Table 4: Monthly correlation of TWS anomalies, between simulations (2LAY and 11LAY) and GRACE, over the Ama-
zon basin and its sub-basins, for the period 2003-2008. Values between brackets indicate correlation of deseasonalized
TWS anomalies. The bold values correspond to the highest correlation between 2LAY or 11LAY with GRACE for a
given sub-basin.
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Figure 1: Differences in (a, b) amplitude (∆α in mm) and (c, d) phase (∆φ in days) of TWS between simulations
(2LAY and 11LAY) and GRACE, averaged over the period 2003-2008.

2



2LAY 11LAY
0

200

400

600

800

1000

1200
(b) September 2004

W
at

er
 s

to
ra

ge
 (

m
m

)

2LAY 11LAY
0

200

400

600

800

1000

1200
(a) March 2004

S
im

ul
at

ed
 w

at
er

 s
to

ra
ge

 (
m

m
)

Floodplain reservoir Slow reservoir
Fast reservoir Stream reservoir
Soil reservoir

Figure 2: Monthly water storage distribution in the different reservoirs of ORCHIDEE (mm) between 2LAY and
11LAY, averaged over the Xingu sub-basin, during two contrasting months of 2004: (a) March (after the wet season)
and (b) September (after the dry season).
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