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Optimum Conditions for Predicting Unsaturated Hydraulic

Properties Using the Evaporation Method

Masaru SAKAI* and Nobuo TORIDE*

Abstract

Optimum conditions for predicting unsaturated hydraulic properties using the evaporation

method were investigated. Numerical simulations for evaporation from a saturated silt soil

column were carried out. Sensitivities and correlations for two selected parameters of the van

Genuchten-Mualem model were evaluated with the response surface in terms of the pore-water

pressure heads inside the soil column. The pore-connectivity coe$cient, l, which describes the

tortuosity factor for the unsaturated hydraulic conductivity, had a strong negative correlation

with the shape factor, a, and a positive correlation with the saturated hydraulic conductivity, Ks.

It is therefore necessary to carefully select initial values for these correlated parameters. Higher

potential evaporation rate, longer column, and pressure heads measured closer to the soil surface

were more valuable for the parameter estimation based on the response surface analysis. The

hydraulic parameters were optimized for a Fujinomori silty soil. The optimized hydraulic para-

meters were more reliable for longer column and pressure heads measured closer to the soil

surface. Furthermore, using pressure heads at two di#erent depths in the objective function

resulted in smaller standard deviations for Ks and l than those optimized with single depth data.

Key words : evaporation method, unsaturated hydraulic property, van Genuchten-Mualem

model, response surface
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lC����' SÀimůnek et al. #+332$ (� Wendroth et

al. #+33-$ � ,���L/HI(� HI+m
Dn
�
�%� ������"�����(EF%)�-.
h
�1'
JK.�(���G�G
H qs, oIG�G
H qr, p
q
r������� a, n
Gs van Genuchten#+32*$

�JtuKvf������ ��$
;% Ks.mw
xy;% l #pore-connecting parameter$ 
GsMua-

lem #+310$ ����$
;%vf�
Lx�1 van

Genuchten-Mualemvf� #z6 VGvf�$ %2*
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!rQR?=r �SÀimůnek et al., +332#$

���
�

���
vi�
��

���
¦p�j �ti#�pj�ti#§,¨¦q�ave�qave§, �

���� .S*�TUD !"!`$?�[S?�©��
pj �ti# D�$�H j��ª ti�n2r"#�K � mD
�$�H�p� njD�$�H j�n2rWHI�p� qave

D`ab5���d&R��8�=r$ vjD�>rE�
�n2r"#�K �O�?�«)�¬­Q~rP®o
p�=4� ¯e�����$

vj�
+

nj s,
j

��

���� s,
jD�$�H j�n2r"#�K �$�?�

V9E°�=r$  ��� WJ�\7 ,±7����
Levenberg-Marquardt7 �Marquardt, +30-# �j4�
;<yp��\7�~rg�GHI�\XQ��>^
�$
hci�jrg�GHI�k��D� X�>��?�
@{r��?2²³�=r �Rassam et al., ,**.#$  �
�� ´�+��EN¢£J�`$?� VGµW
�Xu
��A@!� qr, qs, a, n�g�GHI? �qr�*.*,� qs�
*./1.� a�*.**,-/� n�+..# ���?���
)�$ N
�� ��:�op Ks�D!�+:�5a�A@!� Ks

�/.3 cm d�+� 0stuop l�DMualem �+310# �k
¶? l�*./�
)�$ >n� ��?�Y®uzC¯Z
�� ;<yp?[�·7? �local minimum# �¸\~
r��?WJ�\7 ,±7�]^H���_@!�)
r$ ��U�k�??X`�>)�¹{@!rºuD�
[�����¸\?���?���g�GHI��k�


�+ ���
���EN¢£J�`$?� VG

µW
�jrXu£J
Fig. + Observed and fitted water retention

curve for Fujinomori silty soil. Fitted

line is the VG model.

"»�abx Z +*0¼ �,**1#36



����� ���	�
��
���

/� �����

/�+ ��	
���
����
��,�� ��� L�+* cm���������� !
"#$% E�+� *./� *.+ cm d&+� '� L�,* cm���
� E�*./ cm d&+�()�*+�,"#$%�-./0
123� L�+* cm, E�+ cm d&+�()1�� "#$%4
5�6�378"#9.� +./:6;<� =�>�"#
$%4?@A3?8"#9.6�B�� 5C�  !"#

$%4DE�FG� E�*.+ cm d&+�6H�� IG *./

cm��JKLM4&2** cm�N��OP Q,,:R 1S
78"#4TU��� '�� J.� E�*./ cm d&+�V
W� ?8"#6�3��� L�+* cm1� -.-:� L�,*

cm1� /:6� ���4��XY78"#9.���
4� ���4 ,Z��B�S� 78"#9.� +./Z[
%�\]12B��
��- QaR �� ��,�^�� L�+* cm, E�+� *.+ cm

d&+�()�_`3�JKLMab�^A� ���� c
de��JKLM4&,** cm�N��-.6IG *./

cm��JKLM4&2** cm�N��-.6��� E�+

cm d&+1� +:6 ,.0:� E�*.+ cm d&+1� +../:6
,,:�ab�^��� 78"#9.4 +./:6;� E�
+ cm d&+�()1�� ;9.�defg��JKLM4
h�<ij��kH�LMlm4noGp34� jqr
� ,.0:�_��S&,** cm[%'1�sij����
5C� ,,:�_��S78"#4TUA3 E�*.+ cm

d&+�()1�� "#t9su +../:[%'1vwxy
z�X{5|�}C~�Ka�w���4��� IGC
��5|��JKLM4ij��� '�� FG�"#$
%1�� �-.����jqsu�Ka�����"#
4��A3��� ,,:�_��� ��j���JKLM
�&-/* cm6� E�+ cm d&+�VW�
��ij4kH
�� �|���- QbR �� E�*./ cm d&+�*+� L�+*

cm6 ,* cm��vwx��JKLMab�^A� cd
e��JKLM4&,** cm�N��-.6IG *./ cm

��JKLM4&2** cm�N��-.6��� L�+*

��, ��3��� L6 !"#$% E�_`3
������,"#$%

Fig. , Actual evaporation rates from a silty

soil with di#erent column length L and

the potential evaporation rate E.

��- ��3��� L6 !"#$% E�_`3�������JKLMab : QaR L�+* cm�_`3 E
�+� *.+ cm d&+� QbR E�*./ cm d&+�_`3 L�+*� ,* cm

Fig. - Pressure head profiles in a silty soil with di#erent column length L and the potential

evaporation rate E : (a) E�+, *.+ cm d�+ for L�+* cm, (b) L�+*, ,* cm for E �*./ cm d�+.

������� : "#��_`3���Ka���������()��
 37



cm�� ,..�� .�� L�,* cm�� -.1�� 0.,��
�	
��
� ��� L�,* cm��	�� �� +* cm�
�������������� L�+* cm� .����
���������� ,** cm�����!�� L�,*

cm� 0.,�����"# +* cm������� /*

cm��$%�&'#(� )*+& ,,��-
.�/
01234�56& +./,���7�89� 7:�� L�
,* cm��;!<���=�>?�@A&BC9:
D
E����

/�, ����
VGFGH� /I�JKLMN x Oa, Ks, n, qr, qsP �4
QDRST l�U�RVW Ox, lP �X(Y� 12Z[�
�����\]�!^�JKLMN�_`�� a:b:
�U�RVW�JKLMN4�;c�X(Ydefg

h(Yij
� k�.�� L�+* cm, E�+ cm d +�lm
�"# *./ cm������\]�!^� /I�U�R
VW Ox, lP �X(Y�nopq f O�rP �stuk
OdefgP ���� vJKLMN�� a:b:s4w�
-*I�xyGMN��YzC
�a�
{ +X�def

g�� R| 3**I�JKLMN}�U�RVW���~
��89��� JKLMN&a:b:�H����} x*

Oqr�*.*-.� qs�*..0� a�*.*+0 cm +� n�+..� Ks�0 cm

d +P� l*�*./�s�(��� �r�nopq f� *��
$� defg���'}
��� k�.��� l���

*.,�l�*.2��� Ox*, l*P &������� �
���J
KLMN�n�pq
;!<���^�
{�� x��
����K�����=� Ox* �x, l*P ��(Y f�+*/

[`��� x* �x�x�x*��x��
�
nopq f�� ���JKLMN}
�X�����
H���������&�������(� a�Y� (
�:8�JKLMN
���
 g�� ¡¢£o�JK
LMN� f�!^�_`
�^� 
�C¤� l*�*./�¥
¦����n g� f��	�� §�JKLMN}
�
H����}����
���JKLMN x�_`��
���
� x�x*�¨¦���©ª g� f��	� l�
_`���� f&«�¬­
�X��� JKLMN�'
#�\]&������|®DE����¯(
zC�
7�� X�$JKLMN�_`&t(7�
�^�

��. )*+ L�+* cm, °±12²` E�+ cm d +�����H����"# *./ cm������\]�
!^�nopq f�defg : OaP l a, ObP l Ks, OcP l n, OdP l qr, OeP l qs

Fig. . Response surfaces of square residual f for pressure heads at *./ cm depth for a silty soil

with column length L�+* cm silt and the potential evaporation rate E�+ cm d�+ : (a) l�a,

(b) l�Ks, (c) l�n, (d) l�qr, (e) l�qs.

�³�´µ¶ · +*0¸ O,**1P38



���� �����	
���
���������
���� Ks, qr
 l �������� ���. �b � �d  �
!" a, n, qs
 l �������# ���. �a � �c �
�e  � !"�������	$�%&'()��	*+�
f ���,�+�-��.	$�+ a � l ���
*+
����	/
 ���. �a  � Ks� l ���
*+���
�	/' ���. �b  � 0�12&*+��		3�'�
�� �x, l �4&'56789	�:+ f ���
;'
"<� f 	,�+����-��.�=+>� ����
���?�	
:+� ���$@%A�B��C'��
��. �a � aDl �A�B�E
�F�G,�	HI>
+'� �F�G,��	3
� ��JK, , L��1'
�����M��N�� OP�	������QR��
S	�'T�U	�+0����� ��. �a E
� l �
M��V&2W7� a �QR���:>XY&Z�	�
�E/'0���:>+'�
[�� l � n, qr, qs���
\%� ����]�� f �
��,�+�-��.
� (^_`ab��� �x*, l* 
��]�:",�&cd����&e>+' ���. �c �
�d � �e  � 0�12�f�	�%� !"��	\+W
7� gIhI������	��:>OP�'T�U	
�%� ������?�	�iE/'� SÀimůnek et al.
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Fig. / Response surfaces of square residual f for pressure heads for a silty soil with column

length L�+* cm silt and the potential evaporation rate E�+ cm d�+ : (a) l�qs at + cm depth,

(b) l�qs at 3 cm depth, (c) l�a at 3 cm depth, (d) l�Ks at 3 cm depth.
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Fig. 0 Response surfaces of square residual f for pressure heads at *./ cm depth for a silty soil

with column length L�+* cm silt and the potential evaporation rate E�*.+ cm d�+ : (a) l�qs,
(b) l�Ks.
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Fig. +* Unsaturated hydraulic conductivity as

a function of soil water pressure head

for a Fujinomori silty soil estimated

with the evaporation method : solid

lines are optimized conductivity func-

tions and dashed lines represent the

confidence ranges based on the 3/�
confidence limits for the pore-connect-

ivity coe$cient l.
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