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Summary In a groundwater model, surface elevations which are used in simulating the
phreatic evaporation process are usually incorporated as spatially constant over discret-
ized cells. Traditionally, a modeler obtains the data for surface elevations from point data
or a digital elevation model (DEM) by means of extrapolation or interpolation. In this way,
a smoothing error of surface elevations is introduced, which via the depth to groundwater
propagates into evaporation simulation. As a consequence, the evaporation simulation
results can be biased.

In order to explore the influence of surface elevations on evaporation simulation, three
alternative methods of representation of topography in calculating evaporation were
studied. The first one is a traditional method which uses cell-wise constant elevations
obtained by averaging surface elevations from the DEM with higher resolution for the cor-
responding model cells. The second one retains some information on the sub-pixel statis-
tics of surface elevations from the DEM by a perturbation approach, calculating the
second order first moment of evaporation with a Taylor expansion. In the third method
a finer discretization is used to represent the topography in calculating evaporation than
is used to compute global groundwater flow. This allows to take into account the smaller
scale variations of the surface elevation as given in the high resolution DEM data. For all
the three methods, two different evaporation functions, a linear segment function and an
exponential function have been used individually.

In this paper, a groundwater model with a discretization of 500 · 500 m has been estab-
lished while DEM data with a resolution of 90 · 90 m are available and resampled to
100 · 100 m cells for convenience of model input. The evaporation rates from a groundwa-
ter model with a discretization of 100 · 100 m, which has the same spatial distribution
pattern of hydraulic parameters as the 500 · 500 m model, is taken as validation data.
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The comparisons of evaporation rates were carried out on different averaging scales rang-
ing from 500 m to 2 km. The compared evaporation rates for each scale are obtained by
summing up the corresponding evaporation rates from the 500 · 500 m model and the
100 · 100 m model. It is shown that the third method, which uses a finer resolution of
topography in the evaporation calculation, yields the best results no matter which evap-
oration function is used. It is also seen that the correlation between the evaporation rates
from the 500 · 500 m model and the 100 · 100 m model increases and values converge
when comparing the evaporation results on an increasingly coarser scale, independently
of the selected method and evaporation function.

ª 2008 Elsevier B.V. All rights reserved.
Figure 1 Sketch of averaging DEM values for the surface
elevation in a groundwater model cell.
Introduction

In arid and semi-arid regions, a significant amount of ground-
water can be evaporated if the groundwater table is
sufficiently close to the surface. In many cases, a high
groundwater table is the consequence of intensive irrigation
without an adequate drainage system. Evaporation of ground-
water does not only reduce the available water resources, it
also triggers an accumulation of salts in the soil column. The
impact of soil salinity on crops results in economic losses. The
reduction of available water resources can pose a serious
threat to natural ecosystems such as wetlands. In order to
quantify direct evaporation and to develop strategies for sus-
tainable development, a groundwater model can help.

One of the popular groundwater modeling codes is the
modular three-dimensional finite-difference ground-water
model (MODFLOW). In some versions of MODFLOW (e.g.
MODFLOW 88, MODFLOW 96 and MODFLOW 2000), evapora-
tion and transpiration are lumped together and simulated in
one term that increases with rising water tables (McDonald
and Harbaugh, 1988, 1996; Banta, 2000). However, in some
cases this may not be appropriate, as transpiration depends
on more parameters than just the depth to groundwater.
More sophisticated ways to treat both terms are presented
in Maddock and Baird (2003) and Bauer et al. (2006) for
the riparian environment and Schmid et al. (2006) for irri-
gated areas. In this study the evapotranspiration package
(ETS package) of MODFLOW 2000 has been used to simulate
evaporation instead of evapotranspiration.

In the ETS package of MODFLOW 2000, the determinative
factors are the maximum evaporation rate, the depth to
groundwater which is defined as the difference between sur-
face elevation and groundwater table elevation and the
extinction depth which indicates the depth to groundwater
at which the evaporation rate equals zero (Banta, 2000).
The maximum evaporation rates can be calculated from
standard meteorological data such as temperature, wind-
speed and relative humidity (Owens, 1934; Alty, 1933; Amer-
ican Society of Civil Engineers Task Committee on Hydrology
Handbook, 1996). The evaporation rates through the soil col-
umn at different depths to groundwater can be estimated by
interpreting the distribution of stable isotopes in the unsat-
urated zone (Craig and Gorden, 1965; Zimmermann et al.,
1967; Barnes and Allison, 1988). The extinction depth can
roughly be estimated by comparing such evaporation mea-
surements at different depths to groundwater. Finally, the
depth to groundwater is of crucial importance. As the
groundwater table often varies more smoothly than topogra-
phy, the variability of evaporation over a given area is to a
high degree related to the variability of the surface
elevation.

In this contribution we discuss the influence of the repre-
sentation of topography on the simulation of phreatic evap-
oration. We illustrate that reducing the spatial resolution of
a digital elevation model (DEM) data for a groundwater
model can lead to a smoothing error that propagates via
the depth to groundwater into the evaporation simulation.
The goal of this study is to reduce this smoothing error by
incorporating the sub-cell elevation information in the
evaporation simulation. We discuss the approaches on the
basis of two different evaporation functions relating the
depth to groundwater and evaporation rates. One is the lin-
ear segment evaporation function and the other the expo-
nential evaporation function.

Representation of topography in evaporation
simulation

Traditionally, point data of surface elevations were col-
lected and interpolated in order to obtain the surface eleva-
tions for simulation. A big shortcoming of this method is
local inaccuracy since the number of point data is limited.
With the development of space techniques, digital elevation
model (DEM) data with increasingly higher resolution are
available, e.g. the SRTM model (Rabus et al., 2003). Meth-
ods of developing DEM and its application in topographic
mapping are presented by Zebker and Goldstein (1986),
Wang (1990), and Hellweger and Maidment (1997).

For groundwater simulation on a basin scale, the spatial
resolution of the available DEMs is usually too fine and has to
be adjusted to spatial resolution applied in the groundwater
model by an averaging method (Fig. 1). The cell on the left



Figure 2 Section view of evaporation. Two digital elevation models featuring different spatial resolutions are plotted along a
continuous topography. For the configuration shown in this figure, evaporation does not occur in area A if it is calculated in a model
using the coarse DEM (DEM2).

Figure 3 Sketch of linear segment evaporation.
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hand side of Fig. 1 represents a groundwater model cell
which contains n DEM cells shown on the right hand side
of Fig. 1. The surface elevation of a model cell is calculated
by using an averaging algorithm

s ¼ fðs1; s2; s3; . . . ; snÞ ð1Þ

where s is the surface elevation for a model cell (L); si is the
ith surface elevation in a DEM cell (L); and f is an averaging
function (–).

A scale problem occurs when we try to feed finer DEM
elevation data into a coarser grid of the regional groundwa-
ter model by the method shown in Fig. 1. The problem is
illustrated in Fig. 2. The black curve represents the real
topography. The red line1 represents a DEM with a fine res-
olution (DEM1). Evaporation occurs in some cells in area A if
we calculate the depth to groundwater on the basis and spa-
tial resolution of DEM1 (red line). However, if the depth to
groundwater is calculated on the basis of DEM2 (black
straight line) no evaporation occurs as the depth to ground-
water is larger than the extinction depth. Obviously, the
evaporation rates calculated with the two different DEMs
in area A are different.

Evaporation functions

Studies on evaporation functions are presented by Philip
(1957), Gardner (1958), and Ripple et al. (1972). In a simpli-
fied evaporation function, evaporation from groundwater
can be expressed as a function of depth to groundwater
and parameterized by the following parameters:

s is the surface elevation (L); h is the elevation of
groundwater table (L); d is the depth to groundwater (L)
(d = s � h); de is the extinction depth (L); and Emax is the
maximum evaporation rate (LT�1).

Linear segment function

In the ETS package of MODFLOW 2000 (Banta, 2000), it is as-
sumed that the relation between the depth to groundwater
and the evaporation rate is non-linear. This package allows
to split up the relation between depth to groundwater and
evaporation rate into a series of linear segments (Fig. 3).
The linear segment evaporation function can be expressed
by
1 For interpretation of color in Fig. 2, the reader is referred to the
web version of this article.
Ei ¼
Emax; d 6 0

Emax;i þ Emax;iþ1�Emax;i

diþ1�di
ðd � diÞ; di < d < diþ1

0; d P de

8><
>: ð2Þ

where Ei is the evaporation rate of a model cell, where the
depth to groundwater lies in the range of the ith segment
(LT�1); Emax,i is the maximum evaporation rate of the ith
segment (LT�1); and di is the depth to groundwater, where
the evaporation rate reaches the maximum in the ith seg-
ment (L).

Exponential function

As an alternative to the linear segment function, exponen-
tial functions can be used to depict the relation between
evaporation rate and depth to groundwater (Philip, 1957;
Coudrain-Ribstein et al., 1998). An example for such a
parameterization is shown in the below equation and plot-
ted in Fig. 4

E ¼
Emax; d 6 0

Emax � exp �a d
de

� �
; d > 0

(
ð3Þ



Figure 4 Sketch of exponential evaporation function.
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Incorporation of the functions in MODFLOW 2000

The linear segment function is available in the current ver-
sion of MODFLOW 2000 (Banta, 2000). In order to simulate
an exponential relation between depth to groundwater
and evaporation in MODFLOW, the code of MODFLOW 2000
has to be modified. From the equation of exponential evap-
oration function and curve, evaporation is larger than zero
no matter how deep the depth to groundwater is. To be con-
sistent with the linear segment function, an extinction
depth can be introduced in the exponential function which
is not shown in Fig. 4.
Methods for representation of topography in
evaporation simulation

In order to explore the influence of the representation of
topography on the simulation of phreatic evaporation, we
compare three methods of representation of topography
in evaporation simulation. One method is the traditional
method using the arithmetic average of sub-grid elevations.
The second method corrects the averaged elevation by the
second order first moment method, obtained from a Taylor
series expansion. The last method uses a much finer grid to
calculate evaporation than is used for the global groundwa-
ter flow simulation.

Traditional method

The first method deals with the surface elevation in a tradi-
tional way. As illustrated in the second section of this pa-
per, it uses the arithmetically averaged surface elevation
for the evaporation simulation. As shown in Fig. 2, a
smoothing error could occur if we use a coarser DEM in stead
of a finer DEM in evaporation calculation. It is clear that this
error will be significant, if the variation in elevation is com-
parable to the extinction depth.
Correction with Taylor series expansion

Arithmetic averaging of the surface elevation introduces er-
ror in evaporation simulation due to non-linearity of the
evaporation function. This can be partially prevented by
correcting the average surface elevations using the second
order-first moment method. It allows to incorporate sub-
cell elevation information. For simplicity of presentation
it is applied to the exponential evaporation function here.

By expanding Eq. (3) into a Taylor series around the aver-
age depth to groundwater d0 of a groundwater model cell,
the following equation is obtained:

EðdÞ ¼
Emax; d 6 0

Eðd0Þ þ E0ðd0Þðd � d0Þ d > 0

þ 1
2
E00ðd0Þðd � d0Þ2 þ � � � ;

8><
>: ð4Þ

As a first approximation, the third and higher orders of
the expansion are neglected. After substituting Eq. (3) into
Eq. (4), the following equation is obtained:

EðdÞ ¼
Emax; d 6 0

Eðd0Þ 1� a
de
ðd � d0Þ þ a2

d2e
ðd � d0Þ2

� �
; d > 0

(
ð5Þ

By applying Eq. (5) to all the sub-cells in the right hand
side map of Fig. 1 and summing up the evaporation rates
for the corresponding model cell in the left hand side map
of Fig. 1, the total evaporation is thus given by Eq. (6) for
a single groundwater model cell

Ep

��
model cell

¼ Epðd0Þ
Xn
i¼1

1� a

de
ðdi � d0Þ þ

a2

d2
e

ðdi � d0Þ2
 !

ð6Þ

Eq. (6) can be abbreviated as

Ep

��
model cell

¼ k� Epðd0Þ ð7Þ

where k is a coefficient which is given by

k ¼
Xn
i¼1

1þ a2

d2
e

ðd2
i � d2

0Þ
 !

¼ n 1þ a2

d2
e

VarðdÞ
 !

ð8Þ

Assuming the groundwater heads to be constant over the
model cell, Eq. (8) can be transformed into

k ¼ n 1þ a2

d2
e

VarðsÞ
 !

ð9Þ

This formula allows a correction of the evaporation rate
only based on the variance of the topography. The correc-
tion is applied iteratively with the simulation of the ground-
water model.

Higher resolution for evaporation

In this method, we also create sub-cells in each groundwa-
ter model cell as shown in the right hand side map of
Fig. 1 and specify surface elevations for each sub-cell. Evap-
oration rates for each sub-cell are calculated individually
assuming that the groundwater head in every sub-cell is
identical to the groundwater head in the corresponding
model cell. The resulting rates are summed up to obtain
the evaporation rate for the model cell. This evaporation
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rate is used iteratively in the global groundwater flow
simulation

Ep

��
model cell

¼
Xn
i¼1

�
Ep;i

���
sub-cell

�
ð10Þ
Application

The different methods are tested in a case study. The pro-
ject area is the Yanqi basin in Xinjiang, China. The Yanqi
basin is located in the northwestern part of China. The cli-
mate is continental and dry. The annual amount of precip-
itation is about 50 mm. Compared to the potential
evaporation, the precipitation is negligible. The Kaidu Riv-
er is the biggest river in the basin. It originates from the
mountains in the northwest and terminates in the Bostan
Lake. The outflow of Bostan Lake is the Kongque River
which connects the Yanqi basin and the so-called green
corridor in the downstream. The depths to groundwater
in the basin are mainly between 0.5 and 3 m. A huge
amount of water is unproductively evaporated while the
downstream system faces a big problem of water scarcity.
The correct simulation of evaporation is obviously crucial
for a model which is supposed to be the basis for water re-
sources management. In this study, we are interested in
the phreatic evaporation on the land area.

As stated by Brunner (2005), the maximum evaporation
rate (Emax) is 1400 mm a�1, the extinction depth (de) is
2.58 m. In order to perform the different versions of evapora-
tion simulation, the code, MODFLOW 2000 (Harbaugh et al.,
2000), was modified correspondingly. The available DEM has
a resolution of 90 · 90 m and is resampled to 100 · 100 m
for a more convenient model input. Themodeled area is indi-
cated by the solid black line (Fig. 5). It includes the lake area
(dashed line in Fig. 5). The groundwater model was discret-
ized into cells of size 500 · 500 m horizontally and four layers
Figure 5 Sketch map
vertically. The groundwatermodel has 22,850 active cells not
including the lake cells. The lake is simulated by the Lake
package provided in MODFLOW 2000 (Merritt and Konikow,
2000). While the Taylor expansion method uses the exponen-
tial function only, the other two methods use both the linear
segment function and the exponential function. The two
evaporation functions, which are used in this study, are plot-
ted in Fig. 6. For all calculations, the spatial distributions of
model input parameters are identical except for the DEMs
(Table 1).

Comparison of evaporation results

In order to compare the evaporation rates from different
methods and evaporation functions, the evaporation result
from a groundwater model with a discretization of 100 ·
100 m was chosen as validation data. The model was run
both with the linear segment evaporation function and the
exponential evaporation function individually. Apart from
the DEM, the 100 · 100 m model has the same spatial distri-
bution pattern of hydraulic parameters as the 500 · 500
model.

Linear segment function

The linear segment evaporation function is only applied to
the traditional method and the higher resolution method
of topography representation in evaporation simulation. In
order to compare the evaporation rates on the same scale,
the evaporation rates of the 100 · 100 m model are summed
up over each 500 · 500 m cell. From the evaporation rate
comparison (Fig. 7), we can see that the correlation coeffi-
cient of evaporation rates from the 100 · 100 m model and
from the 500 · 500 m model is 0.68 when we use the tradi-
tional method. It increases to 0.81 when we use the higher
resolution method.
of the Yanqi basin.



Figure 6 Curves of linear segment function and exponential function used in the study. For the exponential function, a = 2.93. If
the depth to groundwater is larger than 2.58 m evaporation is set to zero in both functions.

Table 1 Table of resolutions of flow model and DEM in
different topography representation methods

Topography representation
method

Resolution of
model (m)

Resolution of
input DEM (m)

Traditional method 500 · 500 500 · 500a

Taylor expansion method 500 · 500 100 · 100
Higher resolution method 500 · 500 100 · 100
a 500 · 500 m DEM are the arithmetically averaged values from

the 100 · 100 m DEM.
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From the left hand side map of Fig. 7, we can see that
the evaporation rates of the 500 · 500 m model nearly reach
the maximum in some cells while those summed up from
100 · 100 m do not. This is due to bias in the simulated
heads in the 500 · 500 m model. The bias results from the
inaccuracy of the DEM (after averaging). By using the higher
resolution method, it can be removed to a large degree (see
map on the right hand side of Fig. 7).

The comparisons show that by taking the sub-cell eleva-
tion information into account the higher resolution method
of topography representation behaves better than the tradi-
tional method although the correlation is still not satisfac-
Table 2 Correlation coefficients of evaporation rates originatin
different scales using the linear segment evaporation function

Method Traditional method

Scale 500 1 km

Correlation coefficient (R) 0.68 0.85

Table 3 Correlation coefficients of evaporation rates originatin
different scales using the exponential evaporation function

Method Traditional method

Scale 500 m 1 km 2 km

Correlation coefficient (R) 0.67 0.84 0.90
tory. However, if we compare the evaporation results on a
coarser scale the correlation increases. Fig. 8 shows the
evaporation comparison on the basis of 1 · 1 km and
2 · 2 km cells, respectively. In both cases, the evaporation
rate in a cell is on one hand the sum from the 500 · 500 m
model cells and on the other hand the sum from the
100 · 100 m model cells which are contained in the corre-
sponding coarser cell. It is seen that the correlation reaches
0.9 when we compare the evaporation results on the basis of
2 · 2 km cells (Table 2).

Exponential function

The exponential evaporation function is applied with all the
three methods. The evaporation results of the 100 · 100 m
model are also summed up over each 500 · 500 m cell. From
the comparison (Fig. 9), the correlation coefficient is 0.67
when we use the traditional method. It increases to 0.78
in the Taylor expansion method and to 0.81 in the higher
resolution method. It is also can be seen that the bias in sim-
ulated groundwater heads is removed to a certain degree by
the Taylor expansion method and higher resolution method.

In comparison to the higher resolution method, the Tay-
lor expansion method is also an alternative for increasing
the accuracy of evaporation simulation in groundwater
g from the 100 · 100 m model and the 500 · 500 m model on

Higher resolution method

2 km 500 m 1 km 2 km

0.92 0.81 0.89 0.92

g from the 100 · 100 m model and the 500 · 500 m model on

Taylor expansion method Higher resolution method

500 m 1 km 2 km 500 m 1 km 2 km

0.78 0.86 0.90 0.81 0.89 0.92



Figure 7 Comparison of evaporation rates (m3 d�1 per cell) using the linear segment evaporation function on the basis of
500 · 500 m cells. The evaporation rates on the x-axis are the sums from evaporation results of the 100 · 100 m model for the
corresponding cell in the 500 · 500 m model (evaporation from the lake is not included).

Figure 8 Comparison of evaporation rates (m3 d�1 per cell) using the linear segment evaporation function on the basis of 1 · 1 km
and 2 · 2 km cells. The evaporation rates on the x-axis are the sums of evaporation rates from the 100 · 100 m model for the
corresponding 1 · 1 km and 2 · 2 km cells. The evaporation rates on the y-axis are the sum of evaporation rates from the 500 · 500 m
model for the corresponding 1 · 1 km and 2 · 2 km cells (evaporation from the lake is not included).
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modeling. The increase in correlation coefficient shows that
already the expansion up to the second order correction
yields substantial improvement compared to using the arith-
metic mean of the elevations in the traditional method.

As we have seen in the comparison of evaporation with
the linear segment evaporation function, the correlation is
not very good on the basis of 500 · 500 m cells (the best
being 0.81). It improves if we compare the evaporation
rates on the basis of larger cells of 1 · 1 km and reaches
0.9 if we compare on the basis of 2 · 2 km cells. The expo-
nential evaporation function leads to the same results
(Fig. 10 and Table 3).
Conclusions and discussion

In this study, it is shown that the representation of the sur-
face elevation in a groundwater model is important for the



Figure 9 Comparison of evaporation rates (m3 d�1 per cell) using the exponential evaporation function on basis of 500 · 500 m
cells. The evaporation rates on the x-axis are the sum of evaporation results from the 100 · 100 m model for the corresponding cell
in the 500 · 500 m model (evaporation from the lake is not included).

Figure 10 Comparison of evaporation rates (m3 d�1 per cell) using the exponential evaporation function on the basis of 1 · 1 km
and 2 · 2 km cells. The evaporation rates on the x-axis are the sum of evaporation rates from the 100 · 100 m model for the
corresponding 1 · 1 km and 2 · 2 km cells. The evaporation rates on the y-axis are the sum of evaporation rates of the 500 · 500 m
model for the corresponding 1 · 1 km and 2 · 2 km cells (evaporation from the lake is not included).
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accuracy of spatial distribution of evaporation simulation.
The evaporation is very sensitive to errors in the distance
to groundwater caused either by inaccuracy of the surface
elevation (after averaging) or of the computed heads. With
this kind of error the individual cell values of evaporation
rates in groundwater are very unreliable as is seen from
the large scatter in the comparison of the assumed ‘‘true’’
evaporation rates from the 100 · 100 m model with the
evaporation rates from the coarser 500 · 500 m model (see
pictures on the left hand side of Figs. 7 and 9). While the
point-wise comparison is unsatisfactory, the total evapora-
tion rates in all cases are quite close (Tables 4 and 5). There
are two important results of this study which show a way for
improvement of evaporation calculation.

In any model, where the discretization is coarser than
the resolution of the DEM available by an integer factor,
the accuracy of evaporation simulation can be improved
by taking the sub-cell elevation information into account
instead of just specifying constant cell-wise elevation data
for the corresponding model cell (the higher resolution



Table 4 Total evaporation rates using linear segment evaporation function (not including the evaporation of the lake)

100 · 100 m model 500 · 500 m model

Traditional method Higher resolution method

Total evaporation rates (106 m3 d�1) 1.96 1.94 1.95

Table 5 Total evaporation rates using exponential evaporation function (not including the evaporation in the lake)

100 · 100 m model (500 · 500 m model)

Traditional
method

Taylor expansion
method

Higher resolution
method

Total evaporation rates (106 m3 d�1) 1.92 1.99 1.98 1.99
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evaporation method in this study). This conclusion is true
no matter which evaporation function is selected, the lin-
ear segment function or the exponential evaporation
function.

The second way of improving the simulation is based on
the observation that aggregation of evaporation rates over
larger scales yields a smaller discrepancy between the
‘‘true’’ and the computed values. This means that errors
cancel out when comparing on the basis of larger cells. Gi-
ven the errors in depth to groundwater, the local evapora-
tion result in a small cell has to be considered as a
stochastic variable the aggregation of which in space leads
to stable averages. In our example the aggregation over a
500 · 500 m cell is not yet sufficient to compare computed
evaporation rates to ‘‘measured’’ ones. However, on the
basis of 2 · 2 km cells the statistics of the sub-cell values
are sufficient and a comparison appears feasible. It is cru-
cial to represent the whole distribution of depths to ground-
water in the cell used for comparison in order to remove
bias. The experience from the field example used above
can be generalized to all regions where the variation of
the topographic elevation within a cell (or the error in topo-
graphic elevation) is on the same order as the extinction
depth.

In this study, we only concentrate on evaporation simula-
tion since it is a determining factor for the sustainable
development in the research region. But the idea of taking
sub-cell information into account can also be extended to
other hydrological packages covering non-linear effects,
e.g. recharge from rivers, etc.
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