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Abstract

In this study we present the development of the dynamical wetland extent scheme
(DWES) and its validation against present day wetland observations. The DWES is a
simple, global scale hydrological scheme that solves the water balance of wetlands and
estimates their extent dynamically. The extent depends on the balance of water flows5

in the wetlands and the slope distribution within the grid cells. In contrast to most mod-
els, the DWES is not directly calibrated against wetland extent observations. Instead,
wetland affected river discharge data are used to optimize global parameters of the
model. The DWES is not a complete hydrological model by itself but implemented into
the Max Planck Institute – Hydrology Model (MPI-HM). However, it can be transferred10

into other models as well.
For present climate, the model validation reveals a good agreement between the

occurrence of simulated and observed wetlands on the global scale. The best result
is achieved for the northern hemisphere where not only the wetland distribution pat-
tern but also their extent is simulated reasonably well by the DWES. However, the15

wetland fraction in the tropical parts of South America and Central Africa is strongly
overestimated. The simulated extent dynamics correlate well with monthly inundation
variations obtained from satellite for most locations. Also, the simulated river discharge
is affected by wetlands resulting in a delay and mitigation of peak flows. Compared
to simulations without wetlands, we find locally increased evaporation and decreased20

river flow into the oceans due to the implemented wetland processes.
In summary, the validation analysis demonstrates the DWES’ ability to simulate the

global distribution of wetlands and their seasonal variations. Thus, the dynamical wet-
land extent scheme can provide hydrological boundary conditions for wetland related
studies. In future applications, the DWES should be implemented into an earth system25

model to study feedbacks between wetlands and climate.
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1 Introduction

In recent studies wetlands are suspected to play an important role during periods of
climate change (e.g. Friedlingstein et al., 2011; Gedney et al., 2004; Levin et al., 2000).
However, the representation of the wetland’s spatial extent and seasonality is a weak
point in today’s climate models and needs to be improved by a better simulation of their5

hydrological cycle (O’Connor et al., 2010; Ringeval et al., 2010).
The water table depth in wetlands is an important factor for the wetland’s biogeo-

chemistry leading to carbon sequestration or decomposition (e.g. O’Connor et al.,
2010, and references therein). While most of them are seen as net carbon sinks for
today’s climate conditions (Bohn et al., 2007; Gorham, 1991; Friborg et al., 2003), a10

number of studies concluded that some wetlands might turn into carbon sources in a
warmer climate (St-Hilaire et al., 2010; Gorham, 1991).
Furthermore, the wetland hydrology in itself is an important key factor in the climate
system. On the one hand, surface water has to be considered in climate models be-
cause of its feedbacks to the atmosphere (Coe and Bonan, 1997). The effect of open15

water surfaces on the energy and water balance was investigated by several stud-
ies, e.g. Bonan (1995) and Mishra et al. (2010), who reported a significant impact of
wetlands on the local climate. On the other hand, wetlands interact in several ways
with the hydrological cycle of their surrounding area (e.g. Bullock and Acreman, 2003).
These processes are of high interest for impact studies that investigate how climate20

change might effect the water storage capacities in a region or the characteristics of
river flooding.

While a number of models exist which do simulate wetland extent dynamics, only
few of them are designed for the application on global scale. Among these are sim-
ple schemes focusing only on soil moisture and slope (Kaplan, 2002) as well as more25

sophisticated enhancements of the TOPMODEL approach (e.g. Gedney et al., 2004;
Kleinen et al., 2011). While these models usually lack an explicit surface water stor-
age, this feature is included in a dynamic inundation model by Decharme et al. (2008,
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2011). Very often model approaches are strongly depending on detailed soil properties
information (e.g. Bowling and Lettenmaier, 2010; Yu et al., 2006) or are calibrated for
specific catchments (e.g. Bohn et al., 2007). Thus, the main objective of this study is the
development of a globally valid hydrological scheme that represents a realistic water
cycle for wetlands and computes their extent and distribution dynamically. The explicit5

requirements for the dynamical wetland extent scheme (DWES) are to use a more gen-
eral approach for the wetland dynamics calculation which is independent of fine scale
boundary data such as soil conductivity or porosity. Additionally, the model should not
be calibrated against today’s wetland extent observations and, hence, should be appli-
cable under different climate conditions. Consequently, the DWES can also be used10

for paleoclimate simulations which lack detailed land surface boundary data.
During the development and validation of the model, we have been using four global

wetland observation maps to evaluate the simulation performance of the DWES. These
are a satellite derived inundation dataset (SIND) (Prigent et al., 2001, 2007), the Global
Lake and Wetland Database (GLWD) (Lehner and Döll, 2004), the Land Surface Pa-15

rameter set 2 (LSP2) (Hagemann et al., 1999; Hagemann, 2002) and a wetland ecosys-
tem map (MATT) (Matthews and Fung, 1987). It has to be noted that the data sets differ
in their definition of wetlands as well as in the methodology which has been used to
derive the wetland extent. Furthermore, the are not completely consistent with the
wetland definition used in the DWES. For this reason, we do not use the wetland ob-20

servations directly. Instead we aim to increase the robustness of observations and the
comparability to our wetland simulation by calculating an esemble mean of observa-
tions which is then applied in our analyzes. While the SIND displays monthly values of
inundation extent, the remaining datasets show the maximum wetland extent through-
out the year. Thus, we computed the same quantity for the SIND before deriving the25

ensemble mean of all observations.
The first part of this paper is concerned with the development of the DWES. Here,

we give detailed information about its basic approach and the parameter optimization.
In the second part the model is validated against global wetland observations focusing

408

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/405/2012/hessd-9-405-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/405/2012/hessd-9-405-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
9, 405–440, 2012

The dynamical
wetland scheme

T. Stacke and
S. Hagemann

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

more on simulated large scale wetlands instead of grid cell results. In the third part
we elaborate on possible feedbacks which can be simulated by our model and on its
limitations.

2 Model development

The development of the DWES has taken part within the Max Planck Institute – Hy-5

drology Model (MPI-HM). The MPI-HM is a global hydrological model which solves
the land surface water balance for 0.5◦ grid cells and a daily time step. It does
not consider any energy balance calculations. The model consists of a simplified
land surface scheme (Hagemann and Dümenil Gates, 2003) which calculates verti-
cal water fluxes like evapotranspiration (ET) or runoff and the Hydrological Discharge10

Model (HD-Model) (Hagemann and Dümenil, 1998) which is a state of the art river
routing model. The HD-Model is responsible for the lateral water transport from up-
stream to downstream grid cells. Both parts are coupled via the DWES and share a
joint wetland water storage. In our study, the MPI-HM is not coupled to a global climate
model. Thus, it requires daily fields of surface temperature, precipitation and potential15

evapotranspiration (PET) as forcing data. While temperature and precipitation have
been taken directly from the Watch Forcing Dataset (Weedon et al., 2011), PET had to
be calculated from other variables of this dataset using the Penman-Monteith equation.
All simulation were conducted for the period from 1958 to 1999.

Currently, the DWES considers only those wetlands which are inundated for at least20

some time during the year. Wetlands without surface water are not accounted for.
Additionally, the scheme does not distinguish between different types of surface water
bodies.
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2.1 Wetland dynamics

The DWES combines a physical and a statistical approach to account for wetland dy-
namics. The physical approach is based on the wetland water balance as shown in
Fig. 1. Here, the change in the wetland water storage ∆S in the time period ∆t is given
as5

∆S = (P −ET−D+ Ilat−Olat)×∆t (1)

where P is precipitation, D is sub-surface drainage and Ilat and Olat are the lateral inflow
and outflow of water, respectively. The MPI-HM separates precipitation into rainfall and
snowfall depending on temperature. As the MPI-HM is not able to simulate the freezing
of wetlands, snowfall would add directly to the wetland water storage and lead to a too10

high inflow during winter. This behaviour is corrected by allowing for a virtual snow
layer on top of the wetland. This layer is based on the degree day approach. Snowfall
is stored there and only liquid precipitation and snow melt contribute to the wetland
storage. ET and drainage depend on the water saturation of the wetland. When the
wetland water table is below the soil surface both water fluxes are scaled according to15

the actual soil moisture content and reach their maximum values as soon as surface
water exists. For ET the maximum is given by the Penman-Monteith evaporation follow-
ing the methodology of Weedon et al. (2011). For drainage the scheme after Dümenil
and Todini (1992) is used. As the soils below wetlands usually have a low permeability
(Ingram, 1978), the maximum drainage is reduced to 10 % of the maximum drainage of20

non wetland areas. These fluxes are one-dimensional and from now on called vertical
fluxes. When converting them into volume fluxes they are multiplied with the wetland
area. Thus, they depend linearly on the extent of the wetlands.

The lateral flows are computed by the MPI-HM as volume fluxes. The overall amount
of lateral inflow into a grid cell is determined by the outflows of its upstream grid cells.25

Within the grid cell it has to be divided between the wetland storage and the river flow
storage. Several approaches were tested to find a valid scheme for this partition. In
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the final concept, the lateral wetland inflow is determined as

Ilat = Igb× f zwetl (2)

where Igb is the overall inflow into the grid cell, fwetl is the wetland covered grid cell
fraction and z is the inflow exponent. The lateral outflow is only computed for wetlands
with surface water in the storage S and calculated as5

Olat =
S
k

(3)

k =
∆x
v

(4)

v = c×h
2
3 ×s

1
2 (5)

where k is the retention time of the wetland which depends on the distance ∆x between
the grid cells and the water flow velocity v . The velocity v is computed similar to10

the Manning-Strickler equation (e.g. Gioia and Bombardelli, 2001) with c as the flow
coefficient, h as the wetland water level and s as its mean slope. Using these equations
the lateral water flows depend in a non-linear relation on the surface area as well as on
other variables.

The different area dependencies of vertical and lateral flows result in the existence15

of a stable wetland surface area for which the inflows and outflows are in equilibrium
(see Fig. 2). Wetlands which are smaller than this size would have a net water volume
increase and grow until they reach the equilibrium extent and vice versa for larger
wetlands. The size of the equilibrium extent is not constant but varies with the climatic
conditions in the grid cell. When these are changing the wetland adapts by changing20

its surface area. Its reaction depends on the relation between its surface area and
water volume and is given explicitly by the geometry of the wetland. However, the
horizontal resolution of global climate and hydrology models is too coarse to represent
the topography in sufficient detail. For this reason, we need an alternative measure
about how fast the wetland area may adapt to changes in its water balance.25
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We assume that wetlands on plains react faster to changes in surface water volume
compared to wetlands in mountainous regions. In the first case, additional water is
distributed over a large plain without major water level differences. Thus, almost all
water is used to increase the wetland area. In the second case, the wetland is confined
by higher slopes. Here, part of the new water volume is needed to raise the water table.5

Now, only the residual water extents the surface area and the resulting extent growth is
diminished. The behaviour can be parametrized using the sub-grid distribution of slope
within every model grid cell. We derived those sub-grid slope data from the GTOPO30
topography (Gesch et al., 1999) which provides 3600 slope values per 0.5◦ grid cell.
In order to decrease the computational costs, the slope distribution is not used directly10

but it is approximated with a shape function (see Fig. 3). The function describes the
actual sub-grid slope s for a given grid cell fraction f as

s(f )=max
[(

1− (1− f )
1
b

)
·srange+smin,0.

]
, with (6)

srange = smax−smin (7)15

where b is a shape parameter, srange is the difference between maximum slope smax
and minimum slope smin of the grid cell. For the majority of grid cells this function can
be fitted very well to the sub-grid slope distribution with an asymptotic standard error
below 1 %.

Then, we relate the relative change of wetland surface area ∆A/A to the relative20

change in wetland water volume ∆V/V

∆A
A

=
∆V
V

×C, with (8)

C=
1

1+s(fw)×Ssl
(9)

where C is a scaling factor which accounts for the influence of slope on the surface
area response of the wetlands with s being the maximum slope of the wetland covered25
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grid cell fraction fw and Ssl being the slope sensitivity which is depending on the model
resolution. Figure 4 demonstrates the effect of the sub-grid slope approach for a grid
cell test case. In the first part of the time series moist climate conditions prevail. Thus,
the water balance is mostly positive resulting in a growing wetland. The wetland extent
change reacts strongly to wetland volume change in the beginning but the reaction5

becomes weaker when the wetland spreads onto the steeper parts of the grid cell. In
the second period of the test case the climate is set to drier conditions resulting in a
negative water balance and in shrinking wetlands. During its retreat to the flat plains of
the grid cell the response of area change to volume change becomes stronger again.

2.2 Model optimization10

The DWES is designed to work on the large scale rather than on process scale.
Thus, it does not explicitly resolve the hydrological processes in wetlands but has to
parametrize them. Amongst others, these parametrizations have to account for the
actual model resolution. The parameter optimization was applied for the exponent z of
the inflow scheme (Eq. 2), the flow coefficient c of the lateral wetland outflow (Eq. 5)15

and the slope sensitivity of the sub-grid slope approach (Eq. 9). All three parame-
ters influence the simulated wetland extent. Although it would be possible to calibrate
these parameters on grid cell scale against wetland observations, we decided against
this method due to the large uncertainty in those observations (Lehner and Döll, 2004;
Frey and Smith, 2007). Instead, we utilized river discharge measurements and derived20

globally constant values for them. While global values can not account for the vast
diversity of wetland types, they are much more robust against outliers caused by errors
in the observations or by processes which are not taken into account by the model.
Furthermore, time series of river discharge are not available on grid cell scale, but only
as integrals over catchments.25

The optimization took place in two steps. First, the inflow exponent and the flow co-
efficient were considered using a static version of the wetland extent scheme (SWES)
with prescribed wetland fractions. A simulation series was conducted in which both
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parameters were varied systematically. The simulated river discharge of all simulations
was compared to observations from the Global Runoff Data Centre (2011). However,
deviations of simulated from observed river discharge are not caused solely by the
wetland parameters but also by other missing processes in the model or biases in the
forcing data. Furthermore, the observations themselves might have a considerable5

uncertainty (Di Baldassarre and Montanari, 2009). Consequently, only the peak flow
and the amplitude of the river discharge seasonality were taken into account which are
known to be sensitive to wetland influence (Bullock and Acreman, 2003). Both were
combined in a cost function γ that evaluates the agreement between the observation O
and the simulation S with a given pair of parameter values z and c for a river catchment10

R as:

γ(z,c,R)=
( |PS −PO|

6
+1

)
×
( |VARS −VARO|

VARS +VARO
+1

)
(10)

with P as the peak month of the river discharge curves and VAR as their monthly
variances. The result of γ(z,c,R) becomes smaller with less differences between sim-
ulation and observation. For every simulation, γ(z,c,R) was weighted by the wetland15

fraction for the respective catchment and, finally, averaged over all river basins. This
analysis considered only those river catchments which include at least 40 grid cells and
have a similar area (±10 %) in model and observations. It has to be taken into account
that global wetland observations are still quite uncertain (Frey and Smith, 2007) and
differ significantly from each other (Lehner and Döll, 2004). Thus, the analysis was20

done using 4 different wetland observations as boundary data for the SWES. These
data sets are listed at the beginning of Sect. 2. When comparing the cost values for
the different maps, the best agreement on a low cost value was found for z = 2 and

c=1.1 m1/3 s−1.
In a second step, the slope sensitivity Ssl was optimized using the DWES. During25

this analysis, the river discharge simulation was not compared to observations any-
more, but directly to the range of discharge curves which were generated by the op-
timized SWES. As all these curves were produced by the same model and forcing
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data, the discharge curves can be evaluated using the normalized root mean square
error instead of the cost function. The smallest error was achieved for simulations with
Ssl =1.

3 Model validation

In order to validate the DWES, its results are compared to global observations of wet-5

land extent and their seasonality. The analyses focuses mostly on large scale struc-
tures but also some water bodies at grid cell scale are taken into account. For the
validation simulations, the same forcing data and time period were used as for the
optimization procedure.

3.1 Global wetland distribution10

Starting with the global scale analysis, we compare the simulated wetland fraction with
four datasets of global wetland and inundation observations. While these data sets
have already been used as boundary conditions in the optimization procedure, the
DWES is not calibrated to match them. Thus, they can still be applied as independent
basis for the validation.15

Table 1 gives an overview about the simulated and observed wetland cover for ev-
ery continent. The largest wetland fraction is simulated for North and South America.
For North America, Europa and Australia the difference between simulated and ob-
served wetland fraction range within the standard deviation of the observations. The
model strongly overestimates wetland extent in South America and Africa but finds a20

too small wetland extent in Asia. On global scale the mean model results are close to
the observations. Generally, a high standard deviation is found for the wetland obser-
vations (between 20 % to 50 % of the ensemble mean value) indicating a considerable
uncertainty between the observational data sets.
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When analyzing the large scale pattern of wetland distribution, all observation data
show most wetlands in the northern high latitudes. They are located especially in
Northern America and Northern Europe as well as in Western and Eastern Siberia.
Furthermore, wetlands occur in the tropical regions of South America and Africa but
here the datasets differ strongly in the absolute extent of those wetlands. Some of the5

datasets also indicate extensive wetlands in Southeastern Asia. Figure 5 displays the
observed and simulated wetland fractions. The model computes increased wetland
fractions mostly for the same regions which are wetland focus regions in the observa-
tions. The best agreement is visible for North America where not only the pattern of
wetland distribution is matched but also its mean extent. The wetland clusters in the10

north of the Eurasian continent are well represented but with a slightly lesser extent
than observed. Likewise, too few wetlands are simulated for Southeastern Asia espe-
cially in China and the region between Vietnam and Myanmar. On the southern hemi-
sphere the simulated wetlands concentrate in the Amazon and Congo catchments.
While this location is confirmed by most observations, the overall extent is strongly15

overestimated by the model. These simulation results demonstrate that the DWES is
able to reproduce the large scale wetland patterns.

An analysis of the zonal mean wetland fraction (see Fig. 6, top) again illustrates
the differences between the four observational data sets with deviations up to 10 % of
the grid cell area. On the northern hemisphere the simulated wetland fractions mostly20

lie within the range of observations but usually below their ensemble mean. Alike to
the observations, the largest wetland fractions are computed between 40◦ and 70◦ N.
However, between 10◦ N and 20◦ S the DWES overestimates the wetland extent by a
factor of three compared to the ensemble mean.

We also investigate the spatial agreement between simulation and observation. Fig-25

ure 6 (bottom) shows the linear correlation coefficients of the wetland fraction along the
latitudes for the different wetland datasets. Considering only the correlation between
the observations, significant differences already indicate deviations in the observed
locations of the wetlands. At some latitudes, e.g. between 40◦ and 50◦ N almost no
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correlation is seen whereas at other latitudes most observational data sets are highly
correlated. The figure also shows that the correlation coefficients between simulation
and observations lie in the same range as those between observations. Focusing on
the correlation between the simulation and the ensemble mean of the observations,
the highest correlation coefficient of about 0.5 is found for the high northern latitudes5

while the lowest correlations concentrate directly south of the equator.

3.2 Seasonal variations in wetland extent

Beside the simulation of wetland extent, the wetland seasonality is another key as-
pect of the DWES. Here, the model validation is restricted to one dataset, the SIND,
because it is currently the only global dataset with monthly values of inundated area.10

Figure 7 displays the climatologies of simulated and observed wetland extent. While
the simulated wetland extent has two peaks at early summer and during autumn on the
northern hemisphere, the observations show only one maximum at the end of summer.
However, the satellites are not able to identify wetlands below snow cover. Thus, snow
covered grid cells have been masked out in the observational data (Papa et al., 2010).15

After applying the same snow mask for the simulated wetland fractions, both datasets
agree well in both the magnitude and timing of the wetland extent variations although
the simulation shows a higher overall extent. For the southern hemisphere the snow
mask has no significant effect on the simulation results. Here, the wetland extent and
its variation magnitude are strongly overestimated by the model but the timing of max-20

imum and minimum wetland fractions coincide with the SIND data.
We enhance the analysis by calculating the spatial distribution of the temporal cor-

relation between simulation and observation (not shown). In order to increase the
robustness of the analysis, the mean wetland extent is calculated for every grid cell
and month as an average over the grid cell itself and its 8 neighbour grid cells. Thus,25

spatial offsets of just one grid cell are neglected. Additionally, the snow mask is applied.
For most of the large scale wetland clusters a good temporal correlation is achieved,
but in between those areas pronounced regions of insignificant correlations are found.
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Examples for these regions are wide parts of Europe as well as some areas in South
America, Africa and Australia. Additionally, insignificant correlations prevail north of
60◦ N. Investigating the reasons for this pattern, we find a strong impact of the snow
mask. As its application decreases the number of months that can be used in the
correlation analysis, the correlation becomes less significant. Occasionally, the signifi-5

cance is biased towards higher values for larger wetlands. However, the latter feature
is not a robust result. Neglecting all insignificant correlations, a global mean correlation
coefficient of 0.70 is computed.

The seasonal variations in wetland extent are displayed in Fig. 8. Here, two large
scale processes are represented by the simulation. In the northern high latitudes wet-10

land fractions decrease during DJF and subsequently increase during MAM starting
from the south reaching the far north in JJA. This behaviour reflects the decreased
wetland inflow during the cold season and the increased inflow during snowmelt. In
the tropics the wetland extent follows the rainy and dry seasons which are caused by
the movement of the Intertropical Convergence Zone. Here, the simulation shows de-15

creased wetland fractions north of the equator in DJF and increased wetland fractions
south of it. This pattern is mirrored during JJA.

3.3 Local scale simulations

In order to explore the limitations of our approach, we also investigate the model per-
formance on the grid cell scale. Here, we validate the model against satellite based20

lake level variation data because these data are better available than long term time se-
ries of wetland water level observations. The observations were derived from different
satellites by the GRLM (2011).

Figure 9 (top) displays the linear correlation coefficient between the observed and
simulated monthly climatologies of water level variations for 79 lakes. For 12 lakes no25

surface water occurs in the model and about one third of all lakes do not show any sig-
nificant correlation above the 90 % confidence level. More than half of the remaining
lakes correlate very well with the simulation with coefficients above 0.8. The correlation
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of the remaining lakes is at least 0.5 with the exception of three lakes which show a sig-
nificant negative correlation. Investigating the reasons for the insignificant correlations,
we find that insignificant results occur preferably for lakes with a mean simulated water
throughflow below 300 m3 s−1. As the water throughflow is connected to the size of the
respective upstream catchment, a similar effect is seen there, too. Insignificant cor-5

relations are mostly found for catchments smaller than 0.2×106 km2 while significant
results dominate for larger upstream catchments.

While the timing of intra-annual water level dynamics is simulated well for about one
third of the lakes, the DWES underestimates the range of these variation for almost
every location. Analyzing this model behaviour, we find good agreements only for10

those lakes which have a low variability in the observations or are simulated with a
large grid cell fraction. Here, the water throughflow does not play any significant role.

Additionally, the wetland fraction is compared to the observed lake fraction in the
GLWD on grid cell scale (see Fig. 9, bottom). Focusing on locations where lakes are
present in the observation and simulation, about one third of the lakes agree well in15

grid cell fraction with a deviation less than ±12.5 %. Another third show deviations that
are less than ±50 %. Despite of these absolute differences, a significant correlation
coefficient of 0.78 is obtained. Similar to the significance of lake level variations, we
find the smallest wetland fraction deviations for wetlands with a high water turnover
larger than 300 m3 s−1. However, no strong relation to the simulated wetland fraction is20

visible. Although larger wetlands are usually simulated with a smaller difference to the
observations, the water turnover rate seems to be the dominant factor that determines
the simulation quality on local scale.

3.4 Wetland impact on river discharge

As river discharge has already been used for the model parameter optimization, it has25

only limited applicability for the validation. However, its analysis allows to investigate
the influence of wetlands on the simulated river discharge and to give a first estimate
of the performance of the model.
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Focusing on a selection of about 100 major river catchments, we find that almost
all of them are sensitive to wetland influence. Generally, the mean river discharge
decreases in the presence of wetlands. Most catchments only experience a small
decrease up to 5 % of the annual discharge but also large changes up to 25 % decrease
occur. Similar effects are also apparent in the discharge seasonality. Comparing the5

variance of river discharge, the majority of catchments reveals a decrease between 0 %
and 45 % with a maximum decrease of 90 %. Additionally, the peak flow is simulated
at later time steps when the DWES was active. For most catchments this delay is less
than one month.

A minority of the catchments shows the opposite reaction in the presence of wet-10

lands. Here, increased mean flow and seasonality are evident but no earlier peak flows
can be recognized. The strongest increases are up to 20 % for the mean flow and up
to 40 % for the seasonal variations. Examples for this behaviour are the catchments of
the Blue Nile, the Sao Francisco and the Colorado River.

As the river discharge has been used to optimize the DWES’s parameters, an im-15

provement of its simulation is expected. Again, we applied the cost function (see
Eq. 10) to compare the climatologies of simulated river discharge with the observed
river discharge (Global Runoff Data Centre, 2011). For most catchments, the change
in simulation error ranges within −8 % and 2 % with extremes up to −45 % and 61 %.
We do not find any significant correlation of model improvement with the catchment’s20

simulated wetland fraction or area. However, the strongest influence of the DWES is
found for rivers with a large catchment area. Here, the discharge simulation of rivers
like Amazon and Ob is closer to observations in terms of peak flow and seasonality.
Other large catchments, e.g. Mackenzie and Mississippi are simulated with less agree-
ment. On average, there is a small improvement of the discharge simulation which is25

almost balanced by those catchments with degraded results.
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4 Discussion

In terms of large scale features, the DWES reproduces the wetland distribution suc-
cessfully. However, regional deficits in simulation performance have been revealed dur-
ing the validation which need to be discussed. Another important question is whether
the simulation of wetlands might cause hydrological feedbacks in the climate system,5

e.g. due to enhanced evapotranspiration. As our study is conducted using a global hy-
drological model with prescribed climatic forcing, we cannot directly calculate any large
scale hydrological feedbacks of wetlands. Still, we aim to identify possible connections
between the wetlands and the remaining earth system.

4.1 Feedbacks to other earth system components10

There are a number of possibilities how wetlands might feedback to the climate system.
Several studies focus on changes in atmospheric methane concentration (e.g. Gedney
et al., 2004; Finkelstein and Cowling, 2011) and the effect on mean surface temperature
as a result of the change in radiative forcing. Coe and Bonan (1997) simulated the
influence of surface water on Mid-Holocene climate conditions and found an increase15

in net surface radiation, latent heat and humidity as well as an decrease in the sensible
heat flux. These changes lead to a cooling of the atmosphere and an alteration of the
atmospheric flows resulting in changes in the regional precipitation patterns. Dadson
et al. (2010) and Taylor (2010) concentrated on the Niger inland delta. The authors
connected the seasonal inundation in this region with enhanced evaporation and an20

increase in cloud cover and convection. In our study we concentrate on hydrological
feedbacks between wetlands, the atmosphere and the ocean. Here, we compare the
results of the dynamical wetland simulation to a control simulation without wetlands.

In our model, the only feedback path from wetlands to the atmosphere is via the ET.
We find that the simulation of wetlands increases the annual ET by 4.5 mm on aver-25

age over the global land surface without Antarctica. The largest ET increase occurs
during the summer months. For most of the land surface, this ET anomaly is below
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0.1 mmd−1. However, regionally much stronger effects occur, for instance, in high
latitudes of North America and Eastern Siberia. Due to open water in the simulated
wetlands, they almost evaporate at the potential rate resulting in ET anomalies exceed-
ing 1.0 mmd−1 during the summer months. In contrast, small negative ET anomalies
are simulated during dry spells for some grid cells in equatorial regions. Here, open5

water surfaces vanish during the summer reducing ET and soil moisture significantly.
While the soil moisture is similarly low in both simulations, the larger vegetation skin
reservoir of the land surface in the control run evaporates water more easily than the
wetland soils of the DWES simulation. However, this effect occurs only sporadically
and does not effect the overall ET increase significantly. In summary, we expect the10

additional ET provided by the wetlands to locally increase the air humidity and cloud
cover. This results in lower surface temperatures due to evaporative cooling and less
radiation reaching the surface. Thus, less energy is available for evaporation and more
water is stored within the wetlands instead of being transported into the atmosphere.
Eventually, this results in a wetter and cooler state of the surface and therefore in a15

stabilization of local climate conditions.
As more water is evaporating, the runoff from the land surface is decreased. The

surface runoff shows negative anomalies with mean values up to −2 mmd−1. The
mean drainage declines by up to −0.5 mmd−1 because wetland soils are parametrized
with a lower hydraulic conductivity. In spite of this, a positive drainage anomaly is found20

in some wetland regions. Here, wetlands are sustained by river flows. In the standard
MPI-HM version, water that once entered the river routing scheme is not available to
the land surface anymore but flows via the river network into the ocean. However,
in the DWES river flow can recharge wetlands and thus increase ET and drainage in
downstream grid cells. Thus, an increase in drainage is not so much a result of the25

wetland simulation but rather enabled by the coupling between the lateral and vertical
water flows. Although positive drainage anomalies are just around 0.2 mmd−1, they
partly contribute to an increase of river flow in some catchments (see Sect. 3.4).
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Due to the runoff decrease, the river discharge into the oceans declines, too. Here,
about 530 km3a−1 less water reach the oceans. This decrease balances most of the
ET increase of 670.9 km3a−1. Again, some grid cells are found which show the oppo-
site behaviour. They are located in regions where either wetlands are simulated with
a large extent and a considerable water turnover or steep slope conditions prevail that5

facilitate fast water transport. In these catchments, water is transported more efficiently
in the wetlands than via overlandflow. Together with the positive drainage anomaly, the
bypass of overland flow causes locally increased river discharge. This model feature is
supported by a Bullock and Acreman (2003) who reported about observations display-
ing the same behaviour for some headwater wetlands. As the overall inflow decline is10

just about 1 % of the overall ocean inflow, we do not expect any significant influence on
the ocean in terms of hydrology. However, the decline might have implications for the
nutrient or sediment transport into the ocean.

4.2 Limitations of the DWES

The simulation results show a pronounced underestimation of the wetland extent in15

Southeastern Asia. Here, extensive wetlands exist but these are mostly artificially
formed (Mudge and Adger, 1995). They are not captured by the model because the
MPI-HM simulations do not account for human impacts. The extent overestimation
in the Eastern USA and Western Europe can be attributed to the same shortcoming.
In these regions, existing wetlands were artificially drained (Finlayson and Davidson,20

1999). Some regions lost more than 50 % of their wetland area, e.g. in the South-
western USA (Dahl and Allord, 1996). However, these wetland losses were mainly
caused by human impact rather than by climate change. Thus, the DWES represents
potential wetlands which could be sustained by climate conditions but were removed
by landscape management.25

Another major deficit is evident for the tropical regions where the model overesti-
mates the observed wetland fraction by a factor of three. Here, too much surface water
is available in the model indicating either a wet bias in the precipitation forcing or a
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too low PET. The PET is calculated offline using the Penman-Monteith evaporation.
Following Weedon et al. (2011), we use globally constant parameters of short grass for
the vegetation height and the surface resistance. However, the major land cover type
in these areas is tropical forest. As Amazonian rainforest usually has a significantly
higher ET than grassland (e.g. Costa and Foley, 1997; von Randow et al., 2004), PET5

is probably underestimated by the model leading to too extensive wetlands. A third
error source could have been an underestimated river flow out of the basin. However,
the simulated river flow for the Amazon and Congo catchments exceeds the observed
values and, thus, this possibility can be ruled out.

Except for the tropics, the simulated zonal mean wetland fraction is usually close to10

the lower limit of the observational range. This is especially pronounced in the high
northern latitudes indicating that the DWES either lacks surface water or does not
capture all types of wetlands. The second possibility seems more reasonable as the
northern regions are dominated by water logged peatlands rather than wetlands with
explicit surface water. Indeed, the model is limited to the simulation of the latter type15

because its bucket like soil scheme does not include subsurface wetland dynamics.
Conclusively, the DWES neglects most peatlands causing a general underestimation
of wetland extent in the respective areas.

The simulation results demonstrate the model’s ability to simulate even some small
wetlands and lakes under certain conditions. Beside a large water turnover which is20

needed for a robust wetland simulation, the model only works successfully for lakes
which are in equilibrium with actual climate conditions. Among the 12 lake locations
where the DWES does not simulate any surface water, some lakes could not be iden-
tified because they are not supported by the climate conditions during the simulation
period. Examples for these are the Lake Aral and the Lake Chad. As these lakes25

rely on their water storage of former times, a model cannot simulate their extent using
today’s climate as forcing without realistic surface water initialization. Other lakes are
artificial reservoirs and were not considered during the development of the DWES.
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A further limitation is that the model captures only the seasonality of lake levels
but underestimates their range. As this deficiency is less for larger simulated wetland
fractions, we assume it might be related to the sub-grid distribution of water bodies. In
our sub-grid slope approach we neglect the information about the exact positioning of
wetlands within the grid cell and, thus, we cannot know whether all surface water is5

concentrated in a single wetland or distributed into several water bodies. Instead, the
variation of water level is computed as average for all surface water bodies in the whole
grid cell. In contrast, the satellite observations consist of average lake level variations
over less than 0.3 km2 (GRLM, 2011), which is much smaller than the average 0.5◦

grid cells. Thus, they probe only a single lake whose water level variations are not10

necessarily connected to the average variations in the grid cell area, which may lead to
very different results. This deviation becomes smaller with larger lakes because then
simulation and observations relate to the same area.

The river discharge analysis revealed no distinct improvement of its simulation. We
found that the impact of wetlands changes the river flow only in catchments with a mean15

simulated wetland area greater than 1000 km2. However, the number of wetland influ-
enced catchments whose river discharge simulation is improved is about equal to the
number of worse simulated ones. On the one hand this is indicating that the restric-
tion to global parameters does not account for the vast diversity of different wetland
types. Thus it might be necessary to develop more specific parameters for different20

catchments in future model versions. On the other hand, we found no strong changes
in artificially influenced river catchments like Nile, Amu Darya and Rhine, which all are
either used for irrigation or are strongly regulated. Human influences are not captured
by the MPI-HM and therefore river discharge in those catchments cannot be simulated
correctly. Here, the application of global parameters prevents the DWES from counter-25

acting simulation errors that are not connected to wetlands.
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5 Conclusions

The scope of this study was the development and validation of a global hydrological
scheme that accounts for dynamical processes in wetland hydrology. Based on the
newly developed flux equilibrium and sub-grid slope approaches, the DWES is able
to transfer changes in the wetland water balance into variations of its surface extent.5

Therefore, not only the water table but the whole wetland might now react dynamically
to changes in the earth’s climate.

We found that the simulated wetland distribution as well as their seasonal variations
agree well with the range of observations. However, the wetland extent is overesti-
mated in the tropics. Additionally, water level variations were investigated for single grid10

cells. Their simulated seasonality shows a high correlation to satellite observations but
the overall range of water level fluctuations is underestimated. Limitation of the DWES
are the restriction to wetlands with surface water and the neglection of human impacts.
In further studies we will aim to extent the DWES into the soil and to include peatland
dynamics. Additionally, the scheme will be implemented into the coupled climate model15
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Table 1. Mean simulated and observed wetland cover for different continents in percent of their
land surface.

Continent Simulation [%] Obs. ensemble [%]

North America 9.74 9.06±4.76
South America 15.91 5.39±2.64
Europa 4.25 5.49±1.26
Africa 4.79 2.87±1.35
Asia 2.76 6.92±2.13
Australia 1.56 1.94±1.04

Global 6.17 5.78±1.61
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Fig. 1. Wetland water balance as simulated by the DWES. The green boxes indicate lateral wa-
ter flows, the blue ones indicate vertical water flows, and the red ones indicate water storages.
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Fig. 2. Wetland water inflow (blue curve) and outflow (green curve) in dependence on its
surface area for an example grid cell. The size of the equilibrium surface area (red line) depends
on climatic conditions and the topography of the grid cell.
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Fig. 3. Sub-grid slope distribution (gray) and shape function (red) for an example 0.5◦ model
grid cell.
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Fig. 4. Wetland dynamics for a one grid cell test case. The bars (light-blue) display the relative
volume change within the wetland as derived by the water balance calculation. The dark-blue
color indicate the relative area change as fraction of the relative volume change. The relative
area change responds stronger to volume change when the wetland covered slope (green line)
is low and weaker when the wetland covered slope increases.
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Fig. 5. Ensemble mean of observed wetland extent (top) and the simulated mean wetland
extent (bottom). The colors indicate the wetland fraction for every 0.5◦grid cell. The black
boxes highlight regions of pronounced wetland occurrence.
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Fig. 6. Top: zonal means of wetland fraction for the simulation (blue), the ensemble mean of ob-
servations (green) and the range of the four observational data sets (gray). Bottom: zonal cor-
relation between the simulated wetland extent and the ensemble mean of observations (blue),
between the simulated extent and the four observation datasets (orange) and between the ob-
servations themselves (gray). Displayed are running means over 2.5 latitudes. The red boxes
indicate latitudes where the correlation significance level between the simulation and the en-
semble mean of observations is above 95 %.
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Fig. 7. Seasonality of wetland extent for the northern and southern hemispheres. The green
color indicates the observations, the blue the simulations and the yellow line represents the
simulations corrected with the snow mask, respectively.
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Fig. 8. Simulated deviation of the wetland fractions from its yearly mean for all seasons.
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Fig. 9. Top: Map of investigated lakes. The color indicates the correlation coefficient between
the simulated and observed lake level climatologies. Light gray points depict insignificant cor-
relations. Dark gray points depict locations where no lake was simulated. Bottom: Relative
difference between simulated and observed lake fractions (GLWD) for the same lakes as in the
upper map.
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