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Abstract. In this study we present the development of the In future applications, the DWES may be implemented into
dynamical wetland extent scheme (DWES) and evaluate it@n Earth system model to study feedbacks between wetlands
skill to represent the global wetland distribution. The DWES and climate.
is a simple, global scale hydrological scheme that solves the
water balance of wetlands and estimates their extent dynam-
ically. The extent depends on the balance of water flows iy |ntroduction
the wetlands and the slope distribution within the grid cells.
In contrast to most models, the DWES is not directly cali- In recent studies wetlands are suspected to play an important
brated against wetland extent observations. Instead, wetlangble during periods of climate change (eRjngeval et al.
affected river discharge data are used to optimise global pa2011; Gedney et a).2004 Levin et al, 2000. However, the
rameters of the model. The DWES is not a complete hydrorepresentation of the wetland’s spatial extent and its tempo-
logical model by itself but implemented into the Max Planck ral variations is still a weak point in today’s Earth System
Institute — Hydrology Model (MPI-HM). However, it can be Models (ESMs) and needs to be improved by a better sim-
transferred into other models as well. ulation of their hydrological cycle@Connor et al. 201Q

For present climate, the model evaluation reveals a goo®ingeval et al.2010. Besides the wetland extent, the water
agreement for the spatial distribution of simulated wetlands|evel is an important factor for the wetland’s biogeochemistry
compared to different observations on the global scale. Thavhich results in carbon sequestration or decomposition (e.g.
best results are achieved for the Northern Hemisphere wher@'Connor et al. 201Q and references therein). In the satu-
not only the wetland distribution pattern but also their ex- rated soil zone, below the water table, anoxic conditions pre-
tent is simulated reasonably well by the DWES. However,vail which are favourable for methane producing microbes.
the wetland fraction in the tropical parts of South America Depending on factors like temperature, available substrate
and Central Africa is strongly overestimated. The simulatedand pH, organic material is decomposed and methane is pro-
extent dynamics correlate well with monthly inundation vari- duced. While methane diffuses upwards, it can be oxidised
ations obtained from satellites for most locations. Also, theto CO, within the unsaturated oxic soil zone above the wa-
simulated river discharge is affected by wetlands resultingter table. Thus, the water table determines the separation of
in a delay and mitigation of peak flows. Compared to sim- soil into a methane producing and a methane oxidising zone.
ulations without wetlands, we find locally increased evapo-While most studies identify wetlands as net carbon sinks for
ration and decreased river flow into the oceans due to théoday’s climate conditionsBohn et al, 2007 Gorham 1991,
implemented wetland processes. Friborg et al, 2003, a number of studies concluded that

In summary, the evaluation demonstrates the DWES’ abil-some wetlands might turn into carbon sources in a warmer
ity to simulate the distribution of wetlands and their seasonalclimate St-Hilaire et al, 201Q Gorham 1991) due to higher
variations for most regions. Thus, the DWES can provide hy-productivity of methane releasing microbes.
drological boundary conditions for wetland related studies.
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However, even without consideration of the carbon cycle, The second approach is the explicit modelling of surface
the wetland hydrology in itself is an important key factor in water. In this case depressions in the topography are identi-
the climate system. Wetlands are often related to regions wittiied and filled with water that results from a positive water
open surface water and saturated soil. Such regions have tmalance. On the one hand, this can be done on a continen-
be considered in ESMs because of their potential feedbacktal scale (e.gCog 1997 1998 2000 but then the quality
to the atmospher&dpe and Bonar997). The effect of open  of the wetland representation is strongly limited by resolu-
water surfaces on the energy and water balance was investiion of the model. Alternatively, regional models allow for a
gated by several modelling studies, eBpnan (1995 and higher resolution but then depend strongly on detailed soil
Mishra et al.(2010, who reported a significant impact of property information (e.gBowling and Lettenmaiger201Q
wetlands on the local climate. Generally, they found a cool-Yu et al, 2006 or are calibrated for specific catchments (e.qg.
ing of the surface temperature in wetland dominated region8ohn et al, 2007). Decharme et al{2008 2011 developed a
due to increased evapotranspiration (ET), as well as an inglobal inundation model, but its focus is concentrated on the
crease in the latent heat flux and a decrease in the sensiblepresentation of floodplains.
heat flux. Eventually, this could result in increased precipi- In contrast to these sophisticated approaches, we wanted to
tation rates as shown bgoe and Bonarf1997 and Krin- develop a more simple hydrological scheme that represents
ner et al.(2012. Furthermore, wetlands interact in several the global distribution and extent variability of very different
ways with the hydrological cycle of their surrounding area. types of wetlands. The scheme is designed for the applica-
They are commonly expected to regulate river flow, mitigatetion in complex ESMs on global scale with medium to coarse
flood events and recharge groundwater. These observationgsolutions (50 km or coarser), because we think that the rep-
are consistent with a modelling study bjshra et al (2010 resentation of surface water dynamics is — albeit important
who found decreased surface runoff in wetland dominated- not strongly developed in such models. While an explicit
regions. However, a number of studies exists that describeepresentation of wetland dynamics is necessary for the cal-
the opposite behaviouB(llock and Acreman2003. All of culation of CH, emissions, we also expect an improved simu-
these processes are of great interest for impact studies that ifation of the hydrological cycle due to our scheme. From this
vestigate how climate change might effect the water storag®bjective several limitations arise. Of course, we strive for
capacities in a region or the characteristics of river flooding. a realistic representation of wetland extent but nevertheless

In our study we focus on modelling the hydrological cy- our approach needs to be simple. It should be easily imple-
cle in wetlands and their extent dynamics, which we see as anentable into different ESMs and should only require bound-
prerequisite for the computation of the wetland carbon cycle.ary data that is readily available on global scale. By these
This issue already motivated a large number of modellingmeans, we want to minimise the necessity to recalibrate our
studies. Generally, most models follow one of two main ap-model parameters for different applications or setups of the
proaches for the hydrological representation of wetlands. ESM in order to allow for future projections and hindcast ex-

One approach is concerned with the redistribution ofperiments as well as for present day simulations. Therefore,
soil moisture in the model grid cell. A widely used exam- we restrict our scheme to the use of the general water balance
ple is TOPMODEL Beven and Kirkby 1979. In this ap-  terms, which are considered in all ESMs, and topographical
proach a topographical index is computed that depends odata, which is globally available. One example for an already
the drainage of a given area routed through a point and itexisting wetland model of similar complexity is the study of
slope. This index is then applied to determine the position ofKrinner (2003. The author relates wetland extent dynami-
the local water table at that point relative to the mean wa-cally to the total quantity of water in wetlands and the mean
ter table of the whole grid cell. The grid cell fraction where topographic index of the grid cell. However, they prescribe
the sub-grid soil moisture exceeds the soil moisture storag¢heir wetland dynamics with an upper boundary based on
capacity of the grid cell is then regarded as a wetland. Theobservation and do not consider any horizontal surface water
TOPMODEL approach is used and improved in several studrouting between grid cells. In our study we want to overcome
ies (e.gBarling et al, 1994 Gedney et a).2004 Bohn et al, these limitations.

2007 Kleinen et al, 2012 and able to compute changes in  The first part of this paper is concerned with the develop-
wetland extent as well. While this approach is an elegant soment of the dynamical wetland extent scheme (DWES). In
lution, we see in it one major problem. As the wetland frac- this section we give detailed information about the basic ap-
tion depends on the redistribution of the mean grid cell soilproach underlying the DWES and its parameter optimisation.
moisture, it follows that there is an upper boundary for theln the second part, the model’s ability to represent wetland
maximum water depth and wetland fraction. For the extremeextent is evaluated using different global wetland observa-
case of a grid cell with zero slope no wetland can emergetions. Here, we focus on the global distribution of large scale
because the mean soil moisture can obviously not exceed th&etlands and their seasonal variation. In the third part we dis-
maximum soil moisture capacity. However, observations in-cuss the impact of wetlands on different components of the
dicate that flat regions appear to be more suitable for wetlanderrestrial water cycle and give information on the limitations

formation. of our approach.
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2 Model development In this study all simulations were conducted for the period
1958-1999. The first five years are used to spin-up different

The DWES is not a stand alone model by itself but needs taip|-HM storages and are excluded from the optimisation

be implemented into a large scale model. Instead of startingand the analysis of the results.

the model development directly within the framework of an

ESM, the Max Planck Institute — Hydrology Model (MPI- 2.2 Wetland dynamics

HM) was chosen as a test environment for the development

of the DWES. The MPI-HM computes the global water cycle In our approach, wetlands are defined as the occurrence of

only and thus it is possible to investigate the direct effectssurface water that covers a certain area fraction in a model

of the DWES before indirect effects due to interactions with 9rid cell. Following our simplicity criteria, we decided not

other ESM components occur. to differentiate the treatment of different wetland types and
lakes but to use a general approach instead. For this approach
2.1 The MPI-HM we make two preconditions: first, that wetland formation re-

quires excess water on the land surface and second, that wet-
The MPI-HM is a global hydrological model which solves lands form preferentially on the flat parts of a grid cell.
the land surface water balance at a horizontal resolution of As starting point for the parametrization of wetland dy-
0.5 with a time step of 1 day. It is restricted to the computa- namics we assume that the water balance of a wetland de-
tion of water fluxes and does not consider any energy balancgends directly on its surface extent. For example, a wetland
calculations. The MPI-HM consists of two formerly sepa- with a small surface extent would loose less water volume
rated sub-components, the Simplified Land surface Scheméue to open water evaporation than a larger wetland. How-
(SL-Scheme)klagemann and &menil Gates2003 and the  ever, a small wetland would also gain less water volume from
Hydrological Discharge Model (HD-ModelHagemann and  horizontal inflow than a larger wetland, because a small wet-
Dumenil 1998 1999 Hagemann and imenil Gates200]).  land is easily bypassed by rivers in this region. Analysing
The SL-Scheme includes a simple snow scheme based on thee water balance fluxes separately, we see that the volume
degree day approach (eBango and Martingcl995 and  of vertical water fluxes (e.g. precipitation, evaporation and
uses a soil bucket scheme for the computation of the verdrainage) depend linearly on the wetland extent. However,
tical water balance. Most of its water flux calculations are horizontal fluxes (e.g. river inflow from upstream grid cells or
functions of the relative saturation of the soil storage. Theoutflow from the wetland) have a more complex, non-linear
main outputs of the SL-Scheme are daily fields of runoff andrelation with the wetland extent as explained in the detailed
drainage. These are given to the HD-Model, which is a stateliscussion of the wetland water balance in S&@. Thus,
of the art river routing model. It computes the retention time the overall wetland inflow (Eq. 1) and outflowO (Eq. 2)
of water in overflow, baseflow and riverflow reservoirs using at a given time step are sums of water flows which depend
a linear reservoir cascadgifigh 1988. Horizontal outflow  on wetland extent in a linear as well as a non-linear manner.
from a storage is given to the river flow reservoir of the down- They are indicated with the subscriptéor linear flows and
stream grid cell. The river flow netis computed based on ele+, for non-linear flows, respectively.

vation data and manually adjusted for major catchments. As I — I I 1
wetlands are subject to vertical as well as horizontal water ** — Z it Z L @)
fluxes simultaneously, both water balances have to be solved,; = Z Oi+ Z Oin 2

during every model time step. Thus, the SL-Scheme and HD- 4 . . .
Model were coupled to form the MPI-HM. As the non-linear extent dependencies are different for in

The MPI-HM requires daily temperature and precipitation flows and outflows, they are balanced only for a certain extent

data as climate forcing. Both data fields were taken from the™> shown in Figl. This extent would be the stable wetland

. : extent under the given climatic forcing. If the actual wetland
WATCH Forcing Data (WFD) Weedon et al.201]) which extent is smaller than the stable extent, wetland outflow is

IS a quaS|—.observat.|onaI dataset.. Optionally, it o ppssmle tqess than the inflow and the excess water (blue shaded area
use prescribed forcing for potential evapotranspiration (PET)

. . : S in Fig. 1) is used to increase the wetland extent towards its
instead of relying on the native PET calculation in the MPI- stable extent. If the wetland is larger than the stable extent
HM, which is based on the Thornthwaite formulehprnth- ) 9 '

waite and Mather1955. In order to derive PET forcing that Itfr (Z:ggosv;:aegggzc:zg:ﬁ ::r:g)ogvﬁ(;lr:Efihtlilsetr)vvsgsdnsdtlhoeozte;b\lga-
is consistent with the WFD, we adopted tt\eeedon et al.

(2011 method for PET calculation and applied the Penman_extent. As climate forcing is not constant but varies from one
. . . model time step to the other, the stable extent varies as well.
Monteith reference ET as proxy for PET. Following their

study and the FAO recommendationdlén et al, 1998 we Additionally, the wetland dynamics are constrained by the

topography of their surrounding. Assuming that wetlands
used globally constant parameters of short grass for the cro o
. . : referably form on low slopes, we use the sub-grid distri-
height and aerodynamic resistance.

bution of slope in the model grid cells as a resistance fac-
tor against wetland extent changes. This results in different
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Fig. 1. Conceptual sketch of wetland water inflows (blue curve) and Fi9- 2- Maximum sub-grid slopes that occurs for a given grid cell

outflows (red curve) in dependence on the wetland’s surface aredaction. The grey area displays discrete slope data derived from the
The stable wetland extent (green line) is found on the intersectior® | OPO30 dataset for an example MPI-HM grid cell. The red line

of both curves and depend on climatic forcing during the respectivediSPlays an analytical approximation of these data based or8Eg. (
model time step and the topography of the grid cell. The blue shaded

area indicates excess water if the inflow exceeds the outflow and h bi h t fi for th t
vice versa for the red shaded area. wnerep 1S a shape parameter accounting tor the curvature

of the curve andyange is the difference between the max-
imum slopesmax and minimum slopenin of the grid cell.

tland extent i . t to ch . thWhile smax andsmin can be derived directly from the data,
wetland extent response imes in respect to changes in g ,qqqs 1o be derived by least-squares fitting. For the major-
climatic conditions. Thus, wetland formation is promoted

! ity of grid cells, this function can be fitted very well to the
on low slopes and suppressed on steeper regions. The el-

. . ub-grid slope distribution with an asymptotic standard error
fect is further enhanced because steeper slopes also increasg 1 1 04

the amount of horizontal wetland outflow (see S&c8). In

order to consider slope information in our approach, higthan
resolved topographical information is required. Such infor
mation is available in the GTOPO30 dataséeséch et al.
1999 which provides elevations for the global land surface In Eq. @) we relate the relative change of the wetland wa-
at 30 arc sec horizontal resolution. Based on these data, sloqgr volumeV to the relative change in wetland extef.

|nform§t|5(2n yve(rje d.::‘jnveltlj rfe tshun:\r,}%an:’,;,?og stlro]_pe value? fcf)rThus, we ensure that the amount of wetland extent change
every 9.o" sized grid cell ot tne “AM. AS this amount ot ¢ adjusted to the mismatch between the actual wetland ex-

information would increase the computational requirementﬁem and the stable extent where the water balance residuum

.Of the M.PI'HM significantly, we had to repres_ent the slope would converge against zero. The change in wetland extent
information in a reduced way. First, the sub-grid slope values

. L A fw is then computed as
for every grid cell were sorted. Thus, the slope is directly re- Fw P

In the DWES the stable wetland extent is not computed

alytically. Instead, only the change in wetland extent is es-
“timated using an iterative procedure based on the residuum
AV of the water balance calculation ¥ = > AS of Eq.6).

lated to the grid cell fraction as shown in FRy.Furthermore, Afw = AV T X 1 with )
the fraction—slope relation was approximated using Bj. ( Vv fw

This equation is a modified version of the formula that was 1

successfully used bidagemann and @menil Gateg2003 r= 1+5(fw) X & ®)

to account for sub-grid heterogeneity. The maximum sub- h d ibes th ist inst a ch . tland
grid slopes(f) for the grid cell fractionf can be described wherer describes the resistance against a change in wetlan
as extent due to the effect of the maximum sloféy,) covered

by the wetland in the respective grid cell and the sensitivity
1 _ k of the extent change to the topographic conditianseeds

s(f) = MAX [(1 —(- f)”> " Sranget Smin, 0] With (3) {0 be optimised to account for the resolution of the MPI-HM.
Srange = Smax — Smin Its optimisation is described in Se@.4. For non-wetland
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model grid cells,fy is initialised with a minimum grid cell
fraction that is the larger value of eithesx110~19 or the grid
cell fraction with zero slope.

An additionally constraint foiA fyy is given by the wet-
land water leveli. The levelk is the height of the water
column above the soil surface. Its average value is given as
h=V/(fwx Agc) with Agc as grid cell area. In case of wet-

( Precipitation ) (Evapotranspiration)

land growthfy, is only allowed to increase by a fraction that (Surface water storage)
does not decreageand vice versa for a shrinking wetland.
This constrain promotes a steady change in wetland extent ¢

and prevents strong oscillations around the stable extent.

(Soil moisture storage)
2.3 Wetland water balance ¢

The _DWES does not explicitly d_ls_tlngwsh between differ- Drainage Outflow
ent kinds of wetlands. However, it is useful for the compre-
hensibility of our approach to focus the explanation of WaterFig. 3.Wetland water balance as simulated by the DWES. The green

balance calculation on the two extremes in the range of wet;

land Bei icted to hvdroloaical indi | dboxesindicate horizontal water flows, the blue ones indicate vertical
and types. Being restricted to hydrological indices, wetlan water flows, and the red ones indicate water storages. Please note

types differ only in the relation of their water fluxes. A dom- ihat horizontal inflow can fill the soil moisture storage as well as the
ination of vertical water fluxes leads to the formation of sat- surface water storage of the wetlands. However, horizontal outflow

urated wetlands. These are usually located in regions wherg only generated during periods when surface water exists in the
precipitation exceeds evaporation. In contrast, a dominationespective wetland.

of horizontal water fluxes results in floodplains. They form

close to rivers due to inundation. Most wetland models focus

on the simulation of either saturated wetlands (Kmnner, storage converges against the field capacity. Only then, sur-
2003 Gedney et a).2004 Kleinen et al, 2012 or flood-  face wateris allowed to build up in the grid cell. While PET is
plains Decharme et 12008 2011). Thus, a key feature of computed using the Penman-Monteith equatisife et al,

the DWES is that we couple sub-models for the calculation1998 Weedon et a).2011), the maximum drainage value

of both, vertical and horizontal, water fluxes to allow for the had to be estimated. Our estimate is based on the average
simultaneous computation of both processes as well as corfesiduumR of the precipitation — PET difference for all
sider wetlands which are intermediate between the water flugrid cells which are known to contain wetlands in today’s
regimes. observations. Assuming that these wetlands are hydrologi-

The general wetland water balance is given by Bjjaqd cally stable under the current climatic condition, the average
displayed in Fig3. The change in the soil moisture and sur- drainage must not exceetl because otherwise the wetland
face water storages. AS for a given time period is given would dessicate. Horizontal flows are neglected in this case.
by the balance of inflowing and outflowing wetland water Thus, the maximum drainage value is sektdt corresponds

fluxes as to about 10 % of the maximum drainage value for the non-
wetland grid cells. As the MPI-HM lacks an energy balance,
> AS=(P-ET—D+1-0)x At (6) itis difficult to account for the freezing of wetlands. In the

MPI-HM, only precipitation is affected by low temperatures.
Below 3.3°C, some part of the precipitation is treated as
snow. The fraction is gradually increasing and reaches 100 %
below —1.1°C. While rainfall is added to the wetland wa-
X x ) . ter balance at once, the input of snowfall is delayed. Snow
that is _requwed in Eq.4) for the computation of wetland is stored on the wetland surface as if the wetland would be
dynamics. -

frozen and it is only allowed to enter the wetland water bal-

Saturated wetlands are dominated by the first three terms )
) o ance as melt water. Snow melt is calculated based on the de-
of Eq. 6). Their computation is strongly based on the rou-

tines of the former SL-Scheme part of the MPI-HM. First, gree day approach (e.8ango and Martined 999 similar

precipitation forcing is separated into rainfall and snowfall to the original SL-Scheme routines. All other processes are

depending on surface air temperature. Only liquid preci reated similar during frost and no frost periods.
depending P i y Iquid Precip- 1y o1 _scheme treats precipitation, ET and drainage as
itation is then allowed to enter the wetland fraction of the

grid cell. Depending on its relative soil moisture content, ET one dimensional, vertical fluxes. They are converted into wa-

: ._ter volume via multiplication with the wetland extent. Thus,
and drainage are computed such that they converge again :

. i I ey depend linearly on the extent of the wetlands.
PET and the maximum drainage value when the soil moisture

whereP is precipitation, ET is evapotranspiratiab,is sub-
surface drainage, andand O are the horizontal inflows and
outflows of water, respectively. As all fluxes are computed
as volumes) AS equals the water balance residuuny

www.hydrol-earth-syst-sci.net/16/2915/2012/ Hydrol. Earth Syst. Sci., 16, 2912833 2012
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In contrast to saturated wetlands, floodplains are domi~iver flow parametrization which useskahat is constant in
nated by horizontal water flows. These flows are computedime, the retention time of the wetland varies depending on
by the HD-Model part of the MPI-HM. Every grid cell re- its water levelk as well as on its extent via the mean slope
ceives a certain inflowgy that is generated by its upstream s within the wetland covered area. It is computed following
grid cells. Iyc has to be separated into the inflavthat  the Manning-Strickler equation (e .Gioia and Bombardelli
reaches the wetland and the inflégvthat remains in the river.  2001) as
To our knowledge, no observations are available about the
distribution of river flow into all surface water bodies of @ y — ¢ x 43 x 53 (10)
grid cell sized area at a resolution of 0:60.5°. However,
even if such data were available for some regions, we doubyith ¢ as the flow coefficient. There are a wide range of esti-
that it could be used to derive a separation parametrizatiomates for for different river types. However, for the applica-
for the whole land surface. Thus, we tried a simple concept tajon in the MPI-HM it is necessary to optimise this parameter
find a useful and globally applicable parametrization for this (see Sec®.4) because in our formulation it accounts not only
separation. Our basic reasoning is that the ratio of horizonfor the roughness of the river bed but also for the resolution
tal inflow into the wetland depends on the amount of overallof the model. Additionally¢ estimates are only available for
grid cell inflow Iyc and the wetland covered grid cell fraction rivers but not for wetlands.
fw- While a very small wetland will get almost no inflow As can be see from Equ)( and G_O), the horizontal
and a grld cell size wetland will get it all, the associated rela-ﬂOWS have a non-linear dependency on the wetland extent.
tion in between these two extremes is not clear. Two simpleThis feature is a prerequisite for the DWES (see Hiy.
approaches were tested for this relation: an exponential funcas only those wetlands can produce any horizontal outflow

tion (Eq.7) and a tanh function (E@). that have a surface water storage (Bj.and water level
. (Eg. 10) larger than zero, the wetland dynamics calculation
I'=lIgex fy (7) is therefore limited to inundated wetlands. However, wet-

lands without surface water are still considered in the water
I = Ige x min[(tanh(4 x 7 x (fw —0.5)) +1) x0.5,1.0] (8) balance calculation.
Both, the vertical and the horizontal, water balance calcu-
These functions can be interpreted as follows. Exponentsations are applied to the same wetland water storage. This
z<1in Eq. (7) results in a large ratio of inflow already for shared storage allows for the representation of the most ex-
small wetlands meaning that wetlands are usually close to thgceme ratios of vertical to horizontal fluxes, saturated wet-
rivers and store a considerable amount of water even whilgands and floodplains as well as the representation of in-
being small. For exponents> 1, the inflow ratio increase petween wetlands. This restriction to a general model ap-
is shifted to large wetlands indicating that water flow would proach for all wetland types simplifies the scheme as the
be confined to river channels and bypass the wetlands. Thieed to derive specific parameters sets for every type of sur-
tanh function (Eg8) would indicate a tipping point meaning  face water body is omitted. Indeed, considering our focus on
that below a certain wetland fraction the inflow is confined hydrological processes and the global perspective of the ap-
to the river channel but above this fraction rivers cannot by-proach, we argue that the different surface water bodies are
pass wetlands anymore and wetlands gain more water frongery similar in that respect and mostly vary only in the re-
the grid cell inflow. An optimisation method was used to find |ation of the different water fluxes in their water balance as
the best parametrization for the inflow partition based on thQNe” as their topographic conditions. Both aspects are exp”C_
difference between simulated and observed river discharggly accounted for in our approach. Being restricted to hydro-
(Eg. 11). We give more information about the optimisation |ogical indices only, we also lack the means to classify our
in Sect.2.4 simulated water body fractions into different types of wet-
The horizontal outflow is computed following the lin- |ands or even separate between wetlands and lakes. We kept
ear reservoir approactfingh 1988 it is similar to the  the term “wetland” though as wetlands represent the largest

parametrization of river flow in the HD-ModeHagemann  fraction of surface water bodies on the land surface.
and Dimenil 1998. The outflowO from the wetland sur-

face water storag§ is given as 2.4 Model optimisation

0= E , with 9) The DWES is designed to work on the large scale rather than
k on process scale. Thus, it does not explicitly resolve the hy-
drological processes in wetlands. Instead, they have to be
v parametrized. Often these parameters need to be optimised
wherek is the retention time of the wetland which dependsto account for the model resolution as well as for simpli-
on the distancé\x between the actual and the downstream fications in the equations. For our study the inflow scheme
grid cell and the water flow velocity. In contrast to the (Egs.7 and8) together with the inflow exponent(Eq. 7),

p= 2%
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the flow velocity coefficient (Eg. 10) and the slope sensi- wetland extent with fixed wetland observations. This gives a
tivity « (Eq.5) need to be optimised. realistic constraint to an otherwise free parameter (the slope
Usually, parameters are calibrated such that the model repsensitivityx) and, thus, saves the third dimension in the pa-
resents a quantity in best agreement with observations or theameter space. In order to minimise the impact of observa-

ory. This is also done for most global scale wetland modelstion uncertainty and account for the range of wetland def-
(e.g.Kaplan 2002 Gedney et a).2009 to achieve a good initions, four different global wetland observation datasets
agreement between simulated and observed wetland extentiere chosen as constraints. These are a satellite derived in-
However, global datasets of wetland extent are still very un-undation dataset (SIND)Pfigent et al. 2001, 2007, the
certain and disagree with each other considerabsher  Global Lake and Wetland Database (GLWD)ehner and

and Doll, 2004 Frey and Smith2007). This is mostly dueto  Doll, 2004, the Land Surface Parameter set 2 (LSPR)de-

the different methods that are used to derive wetland extent asiann et al. 1999 Hagemann2002 and a wetland ecosys-
well as the broad range in wetland definitions. The use of anytem map (MATT) Matthews and Fundl987. The specific

of today’s wetland observation data for parameter calibratiorfeatures of these datasets are discussed together with the
would bias the model towards the distinct wetland defini- model evaluation in Sec8.1 The parameter space of the
tion and observation method used in that respective datasétflow scheme type and exponenandc was systematically
and probably affect the model’s ability to represent a realis-sampled. For every sample, four simulations using the four
tic wetland distribution under different climatic conditions. wetland observations as constraints were conducted and the
For this reason, we decided not to use wetland observationdifference between simulated and observed river discharge
directly as a calibration target. Instead, our optimisation aimswvas analysed. Deviations in the river discharge curves are
for the minimization between model simulated and observechot caused solely by the wetland parameters but also by the
river discharge. River discharge data is more robust than wetneglect of irrigation, river regulation and dams as well as bi-
land extent observations and available for longer time pe-ases in the forcing data. Furthermore, the observations them-
riods. As a test study revealed, the high sensitivity of river selves might have a considerable uncertaibiyBaldassarre
discharge to wetland extent, a realistic wetland extent repreand Montanari2009 although most probably less than the
sentation by the MPI-HM would be a by-product of the river global wetland observations. Consequently, only the peak
discharge based parameter optimisation. For this reason, clffow month and the variance of river discharge as a measure
matologies of river discharge observations from @lebal for seasonality were taken into account. These are known
Runoff Data Centr¢2011) were used as an optimisation tar- to be sensitive to wetland influencBullock and Acreman

get. Of course, river discharge data is not available for ev-2003. The absolute amount of discharge was neglected be-
ery model grid cell. Furthermore, it is a point measurementcause it is more strongly influenced by precipitation forc-
which is often difficult to compared to grid cell averages. ing than by wetland processes. Peak flow moAthnd the
However, the measured river discharge at a gauging statiomonthly variance VAR of river discharge were combined in
represents an integral over the horizontal water fluxes of thea cost functiony that evaluates the agreement between the
whole upstream area. Thus, a good agreement between simabservation obs and the simulation sim with a given pair of
lated and observed river discharge depends on a valid choicgarameter valuesandc for a river catchment as

of parameters for the whole river catchment. The optimisa- | Psim — Pob

tion is based on a selection of 96 river catchments. These/(z,c,r) = (S'm—Obs +1>

catchments must contain at least 40 model grid cells and must 6

have a similar size10 %) in observations and model. Thus, y (|VARsim ~ VARobd 1> . (11)
only catchments are considered that can be represented by VAR sim + VARgbs

the MPI-HM with sufficient quality. Following the simplic-  the result of the cost valug(z, ¢, ) becomes smaller with

ity criteria of the MPI-HM, globally constant parameters are o reasing differences between simulation and observation.

derived instead of grid cell values. While global values cang, every simulationy (z, ¢, r) was weighted by the wetland
not account for the vast diversity of wetland types, they arégaction for the respective catchment and averaged over all
much more robust against outliers caused by errors in the obgg river catchments as shown in Eg2);

servations or by processes which are not taken into account

by the model. 4 fw(r) x A(r)
In order to minimise the number of required model sim- (o) = Z m)

ulations and to provide optimal constraints for it, the op-

timisation was decomposed into two separate steps. In thevhere A(r) is the area of the river catchment arfg) is

first step, only the inflow scheme type and its exponent its observed wetland fraction. The average cost value of all

as well as the flow velocity coefficient are considered. four simulation series indicates the best parameter values

While both parameters depend on the wetland extent, theyand their standard deviation give a measure how well the

feed back to it only indirectly via the water balance. There- simulation results agree on this. These results are shown in

fore, it is possible to substitute the dynamically calculatedFig. 4. Generally, the tanh inflow scheme seems to be less

(y(z, c,r) x (12)

1
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optimal than the exponential inflow scheme. The most ro-However, other large catchments, e.g. Mackenzie and Mis-
bust results are found for large exponents of the exponensissippi are simulated with less agreement. On average, there
tial inflow scheme and a low discharge coefficient (Fg. is only a small improvement of the discharge simulation. On
left). However, the cost value is quite high indicating that the one hand this is indicating that the restriction to global pa-
all simulations agree that this parameter combination leadameters does not account for the vast diversity of different
to a decreased model skill. The lowest cost value (1.67) isnvetland types. Thus, it might be necessary to develop more
found for an inflow exponent =2 and a discharge coef- specific parameters for different catchments in future model
ficient c =1 mY/3s~1. At this point, the robustness of the versions. On the other hand, we found no strong changes in
result is still reasonabler(= 0.05). Two more refinements artificially influenced river catchments like Nile, Amu Darya
around this point were done. The medium sampling resolu-and Rhine, which are either used for irrigation or are strongly
tion showed the lowest cost value (1.66)at 1.33 andc = regulated. Human influences are not captured by the MPI-
2.0 m/3s~1 but a slight decrease in robustness= 0.06).  HM and therefore river discharge in those catchments cannot
Eventually, the best results were found in the fine resolutionbe simulated correctly. Here, the application of global param-
sampling forz = 2 ande = 1.1 m/3s~1 with a cost value of  eters prevents the MPI-HM from counteracting simulation
1.66 and» = 0.05. errors that are not connected to wetlands. Thus, a thorough
Next, the slope sensitivity was optimised. Asc is di- model evaluation is hecessary to investigate whether the mi-
rectly included in the dynamical wetland extent calculation, nor improvement in river discharge can sufficiently constrain
wetland observations cannot be prescribed during this optithe wetland parameter optimisation and, thus, yield a satisfy-
misation step. However, the optimised valuesf@ndc are  ing representation of the large scale wetland distribution.
now used in the model and give optimal constrains for the
water balance calculation. Furthermore, a set of optimised
simulations with static wetland extent is available from the 3 Model evaluation
first optimisation step. As two model simulations are better
comparable to each other than to observations, we now usk order to evaluate the DWES, its results are compared to
their simulated river discharge as optimisation target. Thusglobal observations of wetland extent and their seasonality.
we know that all differences between the river dischargeThe analyses are mostly focused on large scale structures.
curves are solely caused by the parametrizatiom @hd  Additionally, the representation of water bodies at grid cell
model deficits like the neglect of human impacts, already ex-scale is investigated to learn about the limitations of the
isting model parameterizations or effects of model resolutionDWES. Similar to the optimisation procedure, the MPI-HM
have no effect on the analysis. Consequently, the analysis Qises the Watch Forcing Dat&Véedon et a).2011) from
river discharge differences is not limited to peak flow month 1958-1999 as climate forcing for the evaluation simulations.
and seasonality anymore. Instead, the normalized root meapue to model spin-up, only the years 1963—-1999 are consid-
square error (NRMSE) was calculated between the optimise@red in the evaluation.
river discharge with prescribed wetland extent and a series of
20 MPI-HM simulations with systematically varied Start- 3.1  Global wetland distribution
ing with large values fok the decrease iy, weighted aver-
age NRMSE levelled off at = 1. As no further simulation  Starting with the global scale analysis, we compare the sim-
improvement was achieved with valuesiok 1, this value  ulated wetland fraction with four datasets of global wetland
was accepted as optimalat this model resolution. and inundation observations. While these datasets have al-
As final step of the optimisation, it was investigated ready been used as boundary conditions in the optimisation
whether the MPI-HM with optimised wetland parameters is procedure, the MPI-HM is not calibrated to match them.
able to simulate river discharge in a better way than a MPI-Thus, they can still be applied as an independent basis for
HM control simulation without any wetland representation. the evaluation. However, it has to be noted that the obser-
Again, we applied the cost function (see Hd) to com-  vations are not directly comparable to our simulation results
pare the climatologies of simulated river discharge with theas well as between one another because of the different wet-
observed river discharge from the GRDC. For most catch4and definitions which they are based on. Thus, we first will
ments, the change in simulation error ranges withi®% provide some more details about the observation datasets.
and 2 % with extremes up te45% and 61 %. No signifi- The oldest wetland dataset that is used in this study
cant correlation of model improvement with the catchment'sis the wetland ecosystem map (MATT) Batthews and
simulated wetland fraction or area is found. However, theFung (1987 with a original resolution of 1°. It contains
strongest influence of the DWES is evident for rivers with wetlands identified by their vegetation, soil properties and
a large catchment and a mean simulated wetland area greatgrid cell inundation fraction, based on field data as well
than 1000 krA. Discharge representations of rivers like Ama- as on aerial photography. Five wetland types are distin-
zon and Ob are usually closer to observations in terms ofjuished, namely forested bogs, non-forested bogs, forested
peak flow month and seasonality than smaller catchmentsswamps, non-forested swamps and alluvial wetlands.
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Fig. 4. Optimisation results for MPI-HM simulations with prescribed wetland extent. The color indicates the skill of the simulation in respect

to river discharge observations (low values are best) and the size of the square indicates its robustness (inverse standard deviation, larg
squares are most robust). The sampling of parameter space of discharge coefficient and inflow parametrization is gradually refined from left
to right.

The Land Surface Parameter set 2 (LSP2) was compiled byhe MPI-HM. It strongly overestimates the wetland extent for
Hagemann et al(1999 and revised byHagemann2002. South America and Africa (27.5% and 10.1 %, respectively)
It includes lakes as well as wetlands, and it is derived fromcompared to the observations. However, for North Amer-
the Global Land Cover Characteristics Data Bdd& (Ge- ica the GLWD indicates a similar extensive wetland cover
ological Survey 2001, which was generated using satellite as the MPI-HM (around 18.1%) and also agrees well for
data with a resolution of 1 km. While lakes are easily iden- Asia (6.1 %). For Europe, a wetland extent of 8.3% is sim-
tified, the authors stated an increased uncertainty in the disdlated which is close to the estimate of the MATT dataset.
tribution and extent of the wetland fractidrehner and BII With 4.3% coverage, the Australian wetland extent is sim-
(2009 combined several existing maps and data bases intalated about 1% larger than seen in the GLWD. Globally,
the Global Lake and Wetland Database (GLWD). It providesthe MPI-HM simulates a wetland fraction of about 12 %, fol-
the maximum extent of lakes, reservoirs, rivers and wetland$owed by the GLWD with 8.1 %. Tabl& also gives informa-
at a resolution of 30divided into 12 classes. Finally, a pure tion about the large variations in the wetland observations.
satellite product is taken into account which represents surfor North and South America the GLWD indicate a 3 times
face water covered areas on a monthly baBiggent et al. larger wetland cover than the MATT and LSP2, respectively.
2001, 2007 Papa et a).2010. The satellite derived inun- Also on global scale, the estimates range from 3.7 % (MATT)
dation dataset (SIND) is based on a 12 yr time series origito 8.1 % (GLWD) and thus demonstrate the large uncertainty
nating from different satellites using active and passive mi-in observations.
crowave measurements as well as visible and near-infrared When analysing the spatial distribution of wetlands on the
imagery. From this datBrigent et al(2001, 2007 andPapa  land surface, the observations display some disagreement in
etal.(2010 calculated inundated area fractions for 0.25° grid the exact location of wetlands. However, on a large scale, a
cells. While the authors claim that their multi-satellite ap- pattern can be found that is mostly shared by all four obser-
proach accounts for open water even under dense canopyations. All datasets show most wetlands in the high north-
snow covered areas were masked out to avoid any confuern latitudes. They are located especially in Northern Amer-
sion between open water and snow pack. All datasets areca and Northern Europe as well as in Western and East-
displayed in the upper and middle panels of FEg. ern Siberia. Furthermore, wetlands occur in the tropical re-
The GLWD, LSP2 and MATT include no information gions of South America and Africa but there the observa-
about seasonal variations in wetland distribution, but providetions differ distinctively in the absolute extent and the ex-
their maximum observed extent only. Thus, the maximumact location of the wetlands. Two of the datasets also in-
climatological extent of the MPI-HM results and the SIND dicate extensive wetlands in Southeastern Asia which are
observation had to be computed prior to the analysis. Thble not shown in the other observations. The wetland observa-
gives an overview about the simulated and the observed wetions together with the simulated wetland distribution are dis-
land cover fractions for every continent. In all regions exceptplayed in Fig.5. Figure 5 demonstrates that the MPI-HM
Asia, the largest wetland fraction estimate is produced bygenerated wetland distribution shows a similar large scale
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Fig. 5. Observed (top, middle) and simulated (bottom) maximum wetland distribution. The colors indicate the wetland fraction for every
0.5° grid cell. The black boxes highlight regions of pronounced wetland occurrence.

Table 1. Simulated and observed maximal wetland cover for different continents in percent of the global land surface without Antarctica.

Continent MPI-HM GLWD LSP2 MATT SIND

North America 18.11 16.72 5.59 4.62 9.29
South America 27.46 9.25 2.23 3.86 6.23
Europa 8.31 4.55 4.18 7.40 5.84
Africa 10.13 5.11 1.49 2.34 2.54
Asia 6.13 6.98 9.34 3.53 7.82
Australia 4.32 3.14 0.27 2.14 2.20
Global 11.92 8.11 5.09 3.71 6.20

pattern as the observations. The best agreement is visible faverestimated by the model. Overall, these simulation results
North America where the pattern of wetland distribution is demonstrate that the DWES is able to reproduce the large
well matched. However, the maximum wetland extent ex-scale wetland patterns. Although there are differences in the
ceeds the range of observed values. The wetlands in the noréxtent of the wetland clusters, these differences are mostly
of Europe are well represented and their extent is similar toin the same magnitude as the differences among the wetland
the observations. Also the Siberian wetland regions are reebservations themselves. However, the model fails to repre-
produced by the MPI-HM but especially the East Siberiansent a realistic wetland extent for the tropical parts of South
wetland cluster is underestimated. Likewise, too few wet-America and Africa.

lands are simulated for Southeastern Asia in China and the An analysis of the zonal mean wetland fraction (see &;ig.
region between Vietnam and Myanmar if compared to thetop) reveals one wide peak in wetland occurrence around
LSP2 and SIND. In contrast, the GLWD and MATT display 60° N and a second, narrow peak just south of the equator.
less wetlands than the MPI-HM in this area. In the SouthernAgain, there are distinct differences between the four obser-
Hemisphere the simulated wetlands concentrate in the Amavational datasets with deviations in zonal wetland extent up
zon and Congo catchments. While this location is generallyto 10 % of the 0.5 x 0.5° sized grid cell area. In the North-
confirmed by the observations, the overall extent is stronglyern Hemisphere the simulated wetland fractions follow the
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Fig. 6. Top: zonal means of land surface wetland fraction. The grey area indicates the range of the observation datasets, the green curve
shows their mean extent and the blue curve shows wetland fractions as simulated by the MPI-HM (blue). Bottom: zonal correlation between
the MPI-HM wetland extent and the mean of observations (blue), between the MPI-HM wetland extent and the four observation datasets
(orange) and between the observations themselves (grey). Displayed are running means over 2.5 latitudes. The red boxes indicate latitude
where the correlation significance level between the MPI-HM results and mean extent of the observations is above 95 %.

shape of the observation mean curve and is mostly foundbservations, the highest correlation coefficient of about 0.5
in the upper part of the observational range. Similar to theis found for the high northern latitudes while the lowest cor-
observations, the largest wetland fractions are computed beelations concentrate directly south of the equator. The cor-
tween 40 and 70 N. However, the second peak between relation is significant for the majority of latitudes.
10° N and 20 S is overestimated by the MPI-HM by a fac-
tor of almost four compared to the observation mean. FurtheB.2 Seasonal variations in wetland extent
south, the simulated zonal mean wetland extent first drops to
the range of observed values but shows a very noisy signaBeside the simulation of maximum wetland extent, the vari-
due to the small land surface fraction in these latitudes. ation of wetland extent is another key aspect of our study.
We also investigate the spatial agreement between simufhese variations are a measure for the response of the MPI-
lation and observation. Figur@ (bottom) shows the linear HM to changes in climatic forcing and its analysis shows
correlation coefficient of the wetland fractions along the lat- whether the hydrological cycle of wetlands is represented in
itudes for the different wetland fraction data. Consideringthe MPI-HM in sufficient detail. However, long-term time
first the correlation between the observation datasets thenseries, about year to year variability in wetlands, are rare on
selves, the coefficients lie mostly between O and 0.5. Ata global scale. Furthermore, their amplitude is exceeded by
some latitudes, e.g. between°4ind 50 N almost no corre- the amplitude of seasonal variations in the MPI-HM simu-
lation is seen, whereas at other latitudes some observation#tions. Thus, we focus our analysis on seasonal variations
datasets are highly correlated. The noisy signals indicate thatather than year to year changes. Concerning the model accu-
the agreement between the observations varies strongly fromacy and its high sensitivity to short-term climatic variations
latitude to latitude and there is no combination of observa-we argue that both are better demonstrated by the model's
tion datasets that show a high correlation over a larger latitepresentation of the seasonal wetland extent variations.
tude band. The figure also demonstrates that the correlation The MPI-HM simulated wetland extent variations are dis-
coefficients between simulation and observations lie in theplayed in Fig.7. Throughout the year, the wetland extent
same range as those between the observations. Focusing changes up to 30 % in grid cell area. The figure also demon-
the correlation between the simulation and the mean of thestrates the effects of two large scale processes that are rep-
resented by the simulation. In the northern high latitudes
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Fig. 7. Deviation of the wetland fraction from its yearly mean for all seasons as simulated by the MPI-HM.

the wetland fraction decreases during DJF. It subsequentl8.3 Results on grid cell scale
increases again starting from the south during MAM and
reaching the far north in JJA. This behaviour reflects the de-

creased wetland inflow during the cold season and the inJn order to learn about the limitations of the DWES, we also

creased inflow due to snowmelt. In the tropics the wetlandanalys_e the results on the scale of just a few grid cells. In this
extent follows the rainy and dry seasons which are caused b naly5|s we do not expect to represent th_e observ_e_d wetland
the movement of the Intertropical Convergence Zone. Con- ractions perfectly bu'.[ o learn “T‘der which conditions the
sequentially, the MPI-HM computes decreased wetland frac-moc.lel succeeds or fails on the grid cell scale. .

tions north of the equator in DJF and increased wetland frac- First, we focus on the differences between the maximum
tions south of it. This pattern is mirrored during JJA. MPI-HM wetland fraction and the observation datasets. In

The model evaluation is restricted to one observationalorOIer to increase the robustness of the aqaly5|s, an aver-
dataset, the SIND, because it is currently the only globalage wetland extent is calculated for every grid cell based on

dataset with monthly values of inundated area. Figués- the grid cell itself and its 8 neighbouring grid cells. Thus,

plays the climatologies of simulated and observed Wetlanofhe data is smoothed and s.patla_l offsets c.)f just one grid
extent for different latitude bands. For the high latitudes cell are neglected. The relative difference is calculated as

larger than 60, the MPI-HM simulates decreased wetland (fwsim— fw,obs) / (fwsim+ fw,obs) and displayed in Fig9
fractions during winter and a strong peak due to snowmelt(left)' It ranges from—1 for observed wetlands that are not

in June. Furthermore, a second wetland extent maximum iglmulatted by thetrl\]/IPl-bHM to 3 for sllzmulaltle((jj \;vetlatnds tgf"t
visible for autumn. However, the SIND shows only a single are not seen In the observations. For all dataset combina-

peak and no wetlands during winter because satellites are n&ons, the same three steps are found in the cumulative differ-

able to identify wetlands below snow cover. Thus, snow cov-€nce distribution albeit with varying frequencies. The steps
’ _ HS i 0,

ered grid cells have been masked out in the observational dat%ccuroat 1, 0and 1. Th's indicates that for 10% (GLWD)
(Papa et a).2010. After applying the SIND snow mask for t0 30 % (MATT) .Of g”d. C?HS the MPI'H.M represent wgt-
the simulated wetland fractions, both datasets agree well i_and f_ractlons V.V'th a similar extent while for t.he remain-
the timing of the wetland extent variations. A similar effect ing grid cells either the observations or the simulation QO
is seen for the mid latitudes (between 23ahd 60) where not show any Wetland§ at ‘r?‘”' Only a _smaII number of grid
the application of the snow mask results in a good agreemen(feIIS are comp_uted with d!ﬁergnc_ezs n b etween_ thes_e ex-
between simulated and observed wetland extent seasonalit ,emes. Analysing the spatial distribution of relative differ-

too. In the low latitudes (less than 23)3he snow mask has nces we find that values around zero occur mosttly in very
no significant effect on the simulation results. Here, the Wet-dry regions. There, the MPI-HM and the observation agree

land seasonality agrees mostly well with the SIND in timing on the absence of any wetlands. Values-df occur mostly

as well as in the relative amplitude of the variations. for_grld cells with a very low wetland fraction in ob_servat|ons
while large values up to 1 are most often found in the trop-

ical regions and the high northern latitudes. In the analysis
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L A 1 100 is achieved, but in between those areas pronounced regions
1 0s0 _\f <-~ of insignificant correlations are found. Examples for these
regions are wide parts of Europe as well as some areas in
060 South America, Africa and Australia. Additionally, insignifi-
- - cant correlations occur north of 8. Investigating the rea-
sons for this pattern, we find a strong impact of the snow
mask. As its application decreases the number of months

0.40 -4 0.40

Rel. wetl. fraction [ ]
o
3

-4 020 F gl

OO o e Moy st Sop Nov " an Mar May Jul Sep Nov that can be used in the correlation analysis, the correlation

20 . becomes less significant. Occasionally, the significance is bi-

Northern low latitudes Southern low latitudes ased towards higher values for larger wetlands. However, the
= 1.00 (<23.5°N) /‘ 1 T (<235°8)”  |atter feature is not a robust result. Neglecting all insignif-
g o080 } 4 080 L 8 icant correlations, a global mean correlation coefficient of

£ o060 / 1 oeol \'\-\_\H// 0.70 is computed.

§ 040 = // | a0l | Additi(_)nglly, i_n reference to the variations of Wet_land ex-
3 ) - tent, variations in wetland water level are also an important
020 - 1 0201 i indicator of model quality. However, long-term time series of
ooo b1 v oo b— 1 v wetland water level exist only for very few locations and are
Jan Mar May Jul Sep Nov Jan Mar May Jul Sep Nov often interrupted during winter. Thus, we use satellite ob-

Month Month served lake level data as a substitute for wetland observa-

SIND —= MPI-HM —= CORR tions. While the MPI-HM does not simulate lakes explicitly,

Fig. 8. Seasonality of wetland extent relative to its maximum for they are included in our definition of wetlands (see S&&).
different latitude bands. The green color indicates the SIND obserOf course, lake level data accounts only for a small part of
vations, the blue the MPI-HM results and the yellow line representsthe simulated surface water. Thus, we restrict our analysis
the MPI-HM results corrected with the snow mask. For low latitudes on the correlation of simulated and observed seasonality in
the yellow curve lies on top of the blue because the snow mask haghe water levels. For this analysis, we assume the observed
no significant impact on the wetland fraction in these regions. Thejgke |evel variations to be representative for all surface wa-
shaded areas indicate the standard deviation. ter bodies within a grid cell size area, because two of their
major water sources, rainfall and inflow from upstream ar-
eas, are often the same for both water bodies. We also com-
of absolute differences cumulative frequency (see Bjg. pare the overall range of variability in observed lakes and
right), the steepest step (about 55% of all grid cells) oc-simulated wetlands, but only to learn about the limitations of
curs for wetland fraction differences around zero. Again, allthe DWES. The Global Reservoir and Lake MonitGIRLM,
dry regions are included in this peak but also most of the ar2011) provides data on lake level variations collected by sev-
eas where either MPI-HM or observations indicate wetlandseral satellites. In our analysis we used data for 79 lakes for
This demonstrates that the large relative differences are oftethe period between 1992 and 2002. Figadedisplays the
related to very small absolute differences. The absolute diflinear correlation coefficient between the observed and sim-
ferences of the remaining grid cells are more often positiveulated monthly climatologies of water level variations for 79
than negative, indicating that the MPI-HM more often over- lakes. For 12 lakes no surface water occurs in the model and
estimates wetland extent than underestimating it. For the rel27 lakes do not show any significant correlation above the
ative as well as the absolute differences, these results are sif80 % confidence level. For 24 lakes the observation corre-
ilar if the observation datasets are compared to each other iflate very well with the simulation with coefficients above 0.8.
stead to the MPI-HM results. Testing the correlation betweenThe correlation of another 14 lakes is at least 0.5 while the
the grid cell wetland fractions we find that the MPI-HM wet- remaining three lakes show a significant negative correlation.
land fractions correlates significantly but weakly with the Investigating the reasons for the insignificant correlations,
observation. The correlation coefficient spreads from 0.20we find that insignificant results occur preferably for lakes
(MATT) to 0.44 (GLWD). This is in the same range as the with a mean simulated water throughflow below 30tsmt.
observations correlate with each other. The minimum cor-As the water throughflow is connected to the size of the re-
relation coefficient between observations is 0.12 (LSP2 andpective upstream catchment, a similar effect is seen there,
MATT) and the maximum lies at 0.50 (GLWD and MATT). too. Insignificant correlations are mostly found for catch-
Second, we enhance the analysis of seasonal variations hyents smaller than.®x 106 km? while significant results
calculating the temporal correlation between simulation anddominate for larger upstream catchments. While the timing
observation (Fig10) for every grid cell. Similar to the first of intra-annual water level dynamics is simulated well for
analysis, we use a 9 grid cell average as basis for the correabout one third of the lakes, the DWES underestimates the
lation. Additionally, the snow mask is applied. For most of range of these variation for almost every location. Analysing
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Fig. 9. Cumulative distributions of relative (left) and absolute (right) wetland extent difference at grid cell scale between the MPI-HM
simulation and observations.

this model behaviour, we find good agreements only for thoseve concentrate on the impact of wetlands on ET and runoff.
lakes which have a low variability in the observations or areHere, we compare the results of a MPI-HM simulation us-
simulated with a large grid cell fraction. In these cases, theing the DWES to a MPI-HM control simulation without any
water throughflow does not play any significant role. wetland representation.
In the MPI-HM, the only connection from wetlands to the

atmosphere is via the ET. We find that the simulation of wet-
4 Discussion lands increases the annual ET by 4.5 mm on average over

the global land surface without Antarctica. The largest ET
In terms of large scale patterns, the DWES represents théncrease occurs during the summer months. For most of the
wetland distribution successfully. However, deficits in com- land surface, this ET anomaly is below 0.1 mmtdHow-
putation of the wetland extent have been revealed during thever, regionally much stronger effects occur, for instance, in
evaluation and need to be discussed. Another important quesiigh latitudes of North America and Eastern Siberia. Due
tion is how the representation of wetlands in the MPI-HM to open water in the simulated wetlands, they almost evapo-
might affect hydrological components in the climate system,rate at the potential rate resulting in ET anomalies exceeding
e.g. due to enhanced ET. As our study is conducted using 4.0 mmd! (=~ 25 %) during the summer months. In contrast,
global hydrological model with prescribed climatic forcing, small negative ET anomalies are simulated during dry spells
we cannot directly investigate any large scale hydrologicalfor some grid cells in equatorial regions. This effect is related
feedbacks of wetlands. Still, we can evaluate whether wetto a technical issue in the model. In contrast to the land sur-
lands have the potential to impact the land surface hydrologyace, the wetland fraction is simulated without any canopy

significantly. storage because its ET is already at maximum as long as sur-
face water exists. In some cases, the open water surfaces may
4.1 Wetland impact on ET and runoff vanish completely during the summer resulting in decreased

ET. ET does not reach its maximum value, before the soil is
There are a number of possibilities how wetlands might in-saturated again. While soil moisture is similarly low in the
fluence the Earth system. Several studies focus on changes #bntrol simulation, its canopy storage reacts much faster to
atmospheric methane concentration (&gdney etaJ2004  precipitation events and may allow for short-term high ET
Finkelstein and Cowling2011) and its effect on mean sur- responses. However, this effect occurs only sporadically and
face temperature as a result of the change in radiative forcyoes not effect the overall ET increase significantly.
ing. Coe and Bona(1997) simulated the influence of surface  additionally, runoff is decreased due to the increased land
water on Mid-Holocene climate conditions and found an in- gyrface storage capacity provided by the wetlands. Runoff
crease in net surface radiation, latent heat and humidity aghat entered the river via overland flow in the MPI-HM con-
well as an decrease in the sensible heat flux. These chang@g| version, now resides in the wetland reservoir and is
lead to a cooling of the atmosphere and an alteration of thesjowly released into downstream grid cells. In the mean time,
atmospheric flows resulting in changes in the regional precipit can potentially evaporate again. The surface runoff shows
itation patternsDadson et al(2010 andTaylor (2010 con-  npegative anomalies with mean values up—@mmad-? in
centrated on the Niger inland delta. The authors related theyetland dominated grid cells. The mean drainage declines by

seasonal inundation in this I’egion with enhanced eVaporatiorlhp to —0.5mm dl because Wet'and SO”S are parametrized
and an increase in cloud cover and convection. In our study
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Fig. 10.Correlation coefficient of the temporal correlation between Fig. 11. Map of correlation coefficients in lake level climatologies

SIND and MPI-HM wetland extent climatologies. Only correlation between the MPI-HM simulation and GRLM observation. Light

with a significance higher than 90 % are shown. grey points indicate insignificant correlations and dark grey points
indicate locations where no surface water body was simulated by
the MPI-HM.

with a lower hydraulic conductivity. In spite of this, a pos-

itive drainage anomaly is found in wetland regions that are

dominated by river flows. In the MPI-HM control version, maximum. Additionally, the variation in river flow decreases
water that once entered the river routing scheme is not availbecause the wetland reservoir stores peak flow water and re-
able to the land surface anymore but flows directly into theleases it after the flood event. In contrast, the overall decrease
ocean via the river network. However, the DWES allows in river flow occurs due to the interactive coupling between
for the recharge of wetlands by river flow and thus ET andthe vertical and horizontal water balance sub-models. In this
drainage can be increased in downstream grid cells. ConcluMPI-HM setup, water that is stored in the wetland reservoir
sively, the increase in drainage is not so much a result ofS able to evaporate thereby reducing river discharge. These
the wetland simulation but rather enabled by the couplingProcesses are also reported for most observed wetl&uds (
between the horizontal and vertical water flows. Although lock and Acreman2003.

positive drainage anomalies are just around 0.2 minthey About seven catchments show the opposite reaction to th_e
partly contribute to an increase of river flow in some catch-presence of wetlands. Increased mean flow and seasonality
ments (see Sect.2). are evident in these catchments but no earlier peak flows can

After the spin-up phase of the model, the DWES has nobe recognized. The strongest increases are up to 20 % for the
strong impact on the water storages of the MPI-HM. Themean flow and up to 40 % for the seasonal variations. Ex-
changes in snow water equivalent, skin reservoir and averamples for these exceptions are the catchments of the Blue
age soil moisture content are below 0.01 mrhaThe only ~ Nile, the Sao Francisco and the Colorado River. They are
storage that shows a trend in its content is the surface watdpcated in regions where either wetlands are simulated with
storage. During the simulation period, its average increase i@ large extent and a considerable water turnover or steep

about 0.15 mmal. slope conditions prevail that facilitate fast water transport.
In these catchments, water is transported more efficiently in
4.2 Wetland impact on river discharge the wetlands than via overlandflow. Together with the posi-

tive drainage anomaly, the bypass of overland flow causes lo-
Focusing on a selection of about 96 major river catchmentscally increased river discharge. This behaviour is confirmed
we find that almost all of them are sensitive to changes inby Bullock and Acremarf2003 who reported on similar ob-
wetland extent. In most cases, the simulated mean river disservations in some headwater wetlands.
charge decreases in the presence of wetlands. Most catch- In summary, about 530kha ! less water reach the
ments only experience a small decrease up to 5% of the arPceans than in the control simulation. This decrease balances
nual discharge but also large changes up to 25 % decrease o@ost of the ET increase of 670 Bar*. As the inflow de-
cur. Similar effects are also apparent in the discharge seasofline is just about 1 % of the overall simulated ocean inflow,
ality. Comparing the variance of river discharge, the majority we do not expect any significant influence on the ocean in
of catchments reveals a decrease between 0% and 45 % witgrms of hydrology. However, the decline might have impli-
a maximum decrease of 90 %. Additionally, the peak flow is cations for the nutrient or sediment transport into the ocean.
delayed when the DWES was active. For most catchments
this delay is less than one month. These changes can be e%-3 Limitations of the DWES
plained with the additional wetland water reservoir and its
outflow parametrization. Due to its longer retention time (seeThe evaluation of MPI-HM results demonstrated distinct dif-
Sect.2) water release from the wetland reservoir is slowerferences between the wetland extent in the MPI-HM gen-
than from the river reservoir. Thus, the flow peak is decom-erated and the observed datasets. While some of these dif-
posed in a fast and a slow component. The main peak is deferences might be related to uncertainties in the obser-
layed until the superposition of both components reaches ityvations, most stem from either the difference in wetland
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definition or the application of a general approach for dif- account for human impacts. The extent overestimation in the
ferent wetland types. Eastern USA and Western Europe compared to the LSP2 and
The most obvious deficit in the MPI-HM is its strong over- SIND can be attributed to the same shortcoming albeit in the
estimation of tropical wetland extent. For this region, Flgs. opposite way. In these regions, existing wetlands were artifi-
and 6 indicate an about four times larger wetland extent in cially drained Finlayson and Davidsqi999. Some regions
the MPI-HM than stated in all four observation datasets. Itlost more than 50 % of their wetland area, e.g. the south-
is obvious that in the model too much water is available onwestern part of the USAQahl and Allord 1996. However,
the land surface indicating either a wet bias in the precip-these wetland losses were mainly caused by human impact
itation forcing, a too low PET or too low horizontal out- rather than by climate change and are therefore not capture
flow from the respective basins. Precipitation and PET areby the model. Instead, the DWES represents potential wet-
part of the prescribed climate forcing. While precipitation is lands which could be sustained by climate conditions but
directly included in the WFD, PET is computed based onwere removed by landscape management.
the Penman-Monteith equation for reference ET using me- Finally, the Siberian wetlands are underestimated com-
teorological variables of the WFD. Followinyeedon et al.  pared to all observations. The underestimation is strongest
(2011, globally constant parameters with the values for shortfor the GLWD and MATT and less pronounced for the LSP2
grass were used for the vegetation height and the surface rand SIND. This indicates that not all of the wetlands have
sistance. However, the major land cover type in these areasurface water. Indeed, peatlands, which are most common
is tropical forest. As Amazonian rainforest usually has a sig-in the high northern latitudes, are often waterlogged but not
nificantly higher ET than grassland (e@osta and Foley necessarily inundated. While water logged conditions are
1997 von Randow et a).2004), PET is probably underesti- considered in the water balance calculations of the DWES,
mated by the model leading to too extensive wetlands. Ad-the wetland extent calculation requires surface water to com-
ditionally, too low outflow could cause the cumulation of pute any surface water changes (see Se2t. Conclusively,
surface water and indicate an inability of the DWES to ac-the DWES neglects most peatlands causing a general under-
count for the specific wetland types in these regions. Whileestimation of wetland extent in the respective areas.
the LSP2 and SIND do not contain any information on wet- A major point of interest is the MPI-HM’s skill to repre-
land types, these wetlands are classified as floodplains anskent wetlands on grid cell scale. While seasonality of wetland
swamp/flooded forests in the GLWD as well as forested andextent and their water level variation are simulated with some
non-forest swamps in the MATT. In both maps these typesconfidence, the maximum wetland extent as well as the mag-
occur most often in the tropics and are related to seasonatitude of lake level variations differ from observed values. In
flooding. Thus, the overestimated tropical wetlands indeedbrder to explore the reasons for these model deficits, the rela-
belong to a certain wetland group. This fact gives rise to thetion of the differences to a number of other model variables
assumption that the DWES might not be able to account forwere investigated. Concerning the differences in maximum
seasonal inundation or other floodplain processes in a realissvetland extent, we find that they as well as their standard de-
tic way. However, in comparison to the GRDC data, the peakviations are low for small simulated wetlands extent. Both
flows of the Amazon and Congo catchments are simulatedncrease for a larger wetland fraction and a larger overall wa-
very well but the overall river discharge is already exceedingter turnover. Obviously, the MPI-HM is better in identifying
the observed values. A further increase in outflow velocityareas not suitable for wetland formation than in estimating
would lead to earlier peaks and increasing river dischargeahe exact extent of wetlands that form in the remaining ar-
and thus decrease the model skill. Alternatively, the exces®as. Furthermore, the differences also depend on whether the
surface water could be related to an underestimation of soilvetland is dominated by vertical or horizontal water flows.
storage capacity. In the MPI-HM the soil storage capacityWetlands that are sustained mainly by horizontal flows are
is prescribed by the plant root depth. However, the real soilsimulated too large by about 15 % to 30 % of grid cell area,
depth to the bedrock could exceed the root depth by somavhereas wetlands with predominantly vertical flows are sim-
extent and store a considerable amount of the surface wateunlated too little by about 0% to 5% grid cell area. Also, the
For these reasons, we assume that the PET computation standard deviation of about 0.3 in the first case is reduced
the soil bucket parametrization are causing the wetland overto 0.1 in the second case. Decomposing the water flows into
estimation rather than the DWES. inflows and outflows, both flow components show a similar
Compared to the LSP2 and SIND, the MPI-HM underesti- behaviour, although for the inflows, the decline in difference
mates the wetland extent in Southeastern Asia. Both observaand standard deviation occurs not before the overall water
tion datasets are based on satellite products, which indicatBow comprises about 80 % vertical flows. Finally, the dif-
the existence of surface water. These wetlands are not references are compared to the size of the upstream area for
ported by the GLWD and MATT. Indeed, extensive wetlands every wetland grid cell but no systematic bias is evident in
exist in this region but these are mostly artificially formed this relation.
(Mudge and Adger1995, e.g. due to irrigation. They are Concerning the lake level variations, the MPI-HM cap-
not captured by the model because the MPI-HM does notures the seasonality of lake levels for about 50% of the
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investigated lakes but it underestimates their magnitude in altropics. This model deficit is mainly related to the domi-
most every case. This deficiency is less for larger simulatechant water flows in the wetlands and is strongest when the
wetland fractions and we assume this effect might be relatedvetlands depend on horizontal flows. However, the integral
to the sub-grid distribution of water bodies. In our sub-grid overall horizontal water flows, which is the river discharge,
slope approach, we neglect the information about the exacalready agrees with or even exceeds the observed values in
positioning of wetlands within the grid cell and, thus, we can- such regions. Thus, we do not assume the horizontal flow
not know whether all surface water is concentrated in a singldormulation in our approach to be the cause of the overes-
wetland or distributed into several water bodies. Instead, th@imation as it cannot transport more water out of the basins
variation of water level is computed as average for all surfacewithout significantly decreasing the model skill in terms of
water bodies in the whole grid cell. In contrast, the satelliteriver discharge. Instead, we assume a too low PET or a too
observations consist of average lake level variations over lessmall soil bucket to cause the cumulation of surface water.
than 0.3 km (GRLM, 2011), which is much smaller than the Further limitations of the model are its restriction of wetland
average 0.5grid cells. Thus, they probe only a single lake extent dynamics to inundated areas and the neglect of hu-
whose water level variations are not necessarily connected tman impacts. Both cause differences between simulated and
the average variations in the grid cell area, which may leadobserved wetland extent as neither peatlands, which often
to very different results. This deviation becomes smaller withare waterlogged rather than inundated, nor artificially con-
larger lakes because then simulation and observations refer tetructed or drained wetlands are considered in the model.
the same area. The DWES has some impact on the simulation of the water
For some lakes, the MPI-HM computed no surface watercycle on the regional scale. Most prominent are the increase
at all. Beside a large water turnover which is needed for a ro-of ET during summer time and the corresponding decrease
bust water level computation, the model only works successof river discharge into the ocean. Also, well known effects of
fully for lakes which are in equilibrium with actual climate wetlands on river discharge like the delay and mitigation of
conditions. Among the 12 lake locations where the MPI-HM peak flows are represented by the model.
does not represent any surface water, some lakes could not be Further development of the DWES will focus on an
identified because they are not supported by the climate conimprovement of the wetland dynamics formulation in the
ditions during the simulation period. Examples for these areDWES. It will be changed such that it can be applied not
Lake Aral and Lake Chad. As these lakes rely on their wateronly to represent surface water dynamics but also to account
storage from the past, a model cannot simulate their extenfor the spatial variation in soil moisture. Thus, non-inundated
using today’s climate as forcing without realistic surface wa- wetlands like peatlands may be represented, too. In the next
ter initialization. Other lakes are artificial reservoirs and werestep, the DWES will be implemented into a coupled ESM
not considered during the development of the DWES. to explore whether its simulated impact of wetlands on the
hydrological cycle causes significant feedbacks in the Earth
system.
5 Conclusions
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