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Abstract

Evapotranspiration (ET) is a major component of the water budget in most forests, in many 
cases exceeding 70% of annual precipitation. Due to limitations in time and resources, 
�’�—�™�ž�•�1 �•�Š�•�Š�1 �—�Ž�Œ�Ž�œ�œ�Š�›�¢�1 �•�˜�1 �–�˜�•�Ž�•�1 �����1 �Š�›�Ž�1 �—�˜�•�1 �Š�•� �Š�¢�œ�1 �Š�Ÿ�Š�’�•�Š�‹�•�Ž�1 �•�˜�›�1 �Š�1 �œ�•�ž�•�¢�1 �œ�’�•�Ž�ð�1 �‹�ž�•�1 �˜���œ�’�•�Ž�1
data from meteorological networks may be a suitable substitute. In this study, we evalu -
�Š�•�Ž�•�1 �•�‘�›�Ž�Ž�1�–�˜�•�Ž�•�œ�1�•�˜�›�1 �Ž�œ�•�’�–�Š�•�’�—�•�1 �����ð�1 ���›�’�Ž�œ�•�•�¢�,���Š�¢�•�˜�›�1 �û���,���ü�ð�1 ���‘�ž�4�•�Ž� �˜�›�•�‘�,���Š�•�•�Š�Œ�Ž�1�û���,���ü�ð�1
and Penman-Monteith with dynamic stomatal resistance (P-M-d), in a ponderosa pine 
(Pinus ponderosa) forest in northern Arizona where eddy covariance data exist for com -
�™�Š�›�’�œ�˜�—�ï�1���Ž�1�•�Ž�œ�•�Ž�•�1�•�‘�Ž�1�œ�Ž�—�œ�’�•�’�Ÿ�’�•�¢�1�˜�•�1�•�‘�Ž�1�–�˜�•�Ž�•�œ�1�•�˜�1�•�‘�Ž�1�ž�œ�Ž�1�˜�•�1�˜���œ�’�•�Ž�1�–�Ž�•�Ž�˜�›�˜�•�˜�•�’�Œ�Š�•�1�•�Š�•�Š�1
�•�›�˜�–�1�Š�1� �Ž�Š�•�‘�Ž�›�1�œ�•�Š�•�’�˜�—�1�Š�—�•�1�˜���œ�’�•�Ž�1�œ�˜�’�•�1�–�˜�’�œ�•�ž�›�Ž�1�•�Š�•�Š�1�•�›�˜�–�1�•� �˜�1�œ�—�˜� �1�–�˜�—�’�•�˜�›�’�—�•�1�œ�’�•�Ž�œ�1�’�—�1
the SNOTEL network. Onsite data are required for accurate ET estimation with the P-M-d 
model because of its complexity. Acceptable accuracy in ET estimation required onsite net 
�›�Š�•�’�Š�•�’�˜�—�1�•�Š�•�Š�1�•�˜�›�1�•�‘�Ž�1���,���1�–�˜�•�Ž�•�1�Š�—�•�1�˜�—�œ�’�•�Ž�1�Ÿ�Š�™�˜�›�1�™�›�Ž�œ�œ�ž�›�Ž�1�•�Ž���Œ�’�•�1�•�Š�•�Š�1�•�˜�›�1�•�‘�Ž�1���,���1�–�˜�•�Ž�•�ò�1
�˜�•�‘�Ž�›�1�’�—�™�ž�•�1�•�Š�•�Š�1�Œ�Š�—�1�‹�Ž�1�˜�‹�•�Š�’�—�Ž�•�1�•�›�˜�–�1�—�Ž�Š�›�‹�¢�1�˜���œ�’�•�Ž�1� �Ž�Š�•�‘�Ž�›�1�œ�•�Š�•�’�˜�—�œ�ï�1���›�›�˜�›�œ�1�’�—�1�����1�Ž�œ�•�’�–�Š-
�•�’�˜�—�1�™�›�˜�•�ž�Œ�Ž�•�1�‹�¢�1�•�‘�Ž�1�ž�œ�Ž�1�˜�•�1�˜���œ�’�•�Ž�1�œ�˜�’�•�1�–�˜�’�œ�•�ž�›�Ž�1�•�Š�•�Š�1�Ÿ�Š�›�’�Ž�•�1�‹�Ž�•� �Ž�Ž�—�1�•� �˜�1�—�Ž�Š�›�‹�¢�1�������������1
�œ�’�•�Ž�œ�ï�1���Ž�Œ�˜�–�–�Ž�—�•�Š�•�’�˜�—�œ�1�Š�‹�˜�ž�•�1�•�‘�Ž�1�ž�œ�Ž�1�˜�•�1�˜���œ�’�•�Ž�1�•�Š�•�Š�1�Š�›�Ž�1�™�›�Ž�œ�Ž�—�•�Ž�•�ï
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1. Introduction

Evapotranspiration (ET) consists of evaporation from the soil surface and transpiration from 
the plant canopy [1]. It is one of the major components of the hydrologic cycle, accounting 
for up to 85% of annual precipitation in some forests [ 2, 3�þ�ï�1���˜�›�Ž�œ�•�1�����1�Š���Ž�Œ�•�œ�1�•�‘�Ž�1�•�›�Ž�š�ž�Ž�—�Œ�¢�1

�i�������������7�K�H���$�X�W�K�R�U���V�������/�L�F�H�Q�V�H�H���,�Q�7�H�F�K�����7�K�L�V���F�K�D�S�W�H�U���L�V���G�L�V�W�U�L�E�X�W�H�G���X�Q�G�H�U���W�K�H���W�H�U�P�V���R�I���W�K�H���&�U�H�D�W�L�Y�H���&�R�P�P�R�Q�V

�$�W�W�U�L�E�X�W�L�R�Q���/�L�F�H�Q�V�H�����K�W�W�S�������F�U�H�D�W�L�Y�H�F�R�P�P�R�Q�V���R�U�J���O�L�F�H�Q�V�H�V���E�\���������������Z�K�L�F�K���S�H�U�P�L�W�V���X�Q�U�H�V�W�U�L�F�W�H�G���X�V�H��

�G�L�V�W�U�L�E�X�W�L�R�Q�����D�Q�G���U�H�S�U�R�G�X�F�W�L�R�Q���L�Q���D�Q�\���P�H�G�L�X�P�����S�U�R�Y�L�G�H�G���W�K�H���R�U�L�J�L�Q�D�O���Z�R�U�N���L�V���S�U�R�S�H�U�O�\���F�L�W�H�G��



and timing of water saturation in soils [ 4]. Therefore, accurate estimation of ET is needed to 
�™�›�Ž�•�’�Œ�•�1�œ�•�›�Ž�Š�–�1���˜� �1�Ž�–�Š�—�Š�•�’�—�•�1�•�›�˜�–�1�•�˜�›�Ž�œ�•�•�Š�—�•�ð�1�•�˜�1�’�—�Ÿ�Ž�œ�•�’�•�Š�•�Ž�1�‘�¢�•�›�˜�•�˜�•�’�Œ�Š�•�1�™�›�˜�Œ�Ž�œ�œ�Ž�œ�ð�1�Š�—�•�1�•�˜�1
manage water resources [4, 5]. Forest ET is known to be hard to quantify [ 6]. It is a complex 
hydrological process [7, 8�þ�ð�1� �‘�’�Œ�‘�1�’�œ�1�’�—���ž�Ž�—�Œ�Ž�•�1�‹�¢�1�’�—�•�Ž�›�Š�Œ�•�’�˜�—�œ�1�‹�Ž�•� �Ž�Ž�—�1�•�‘�Ž�1�Š�•�–�˜�œ�™�‘�Ž�›�Ž�ð�1�œ�˜�’�•�ð�1
and plant canopy [9, 10].

ET can be directly measured by lysimeters, water balance methods, and eddy covariance sys-
tems [6, 11–13�þ�ï�1 ���’�›�Ž�Œ�•�1 �–�Ž�Š�œ�ž�›�Ž�–�Ž�—�•�1 �˜�•�1 �����1 �’�œ�1 �•�’���Œ�ž�•�•�1 �Š�—�•�1 �›�Ž�š�ž�’�›�Ž�œ�1 �•�Š�›�•�Ž�1 �Š�–�˜�ž�—�•�œ�1 �˜�•�1 �•�’�–�Ž�ð�1
labor, and funding [ 14, 15]. The eddy covariance method is considered the most reliable, but 
�•�›�Ž�š�ž�Ž�—�•�•�¢�1�’�œ�1�•�Ž���Œ�’�Ž�—�•�1�•�›�˜�–�1�Š�1�•�Š�Œ�”�1�˜�•�1�œ�ž�›�•�Š�Œ�Ž�1�Ž�—�Ž�›�•�¢�1�‹�Š�•�Š�—�Œ�Ž�1�Œ�•�˜�œ�ž�›�Ž�1�ý16]. In the absence of direct 
measurements, ET can be modeled using climatic and ecosystem data [17–20]. Depending on 
the model used, estimating ET requires input data such as net radiation, air temperature, 
�Ÿ�Š�™�˜�›�1�™�›�Ž�œ�œ�ž�›�Ž�1�•�Ž���Œ�’�•�ð�1� �’�—�•�1�œ�™�Ž�Ž�•�ð�1�Š�—�•�1�œ�˜�’�•�1�–�˜�’�œ�•�ž�›�Ž�ï�1���Ž�•�1�›�Š�•�’�Š�•�’�˜�—�1�’�œ�1�•�‘�Ž�1�•�’���Ž�›�Ž�—�Œ�Ž�1�‹�Ž�•� �Ž�Ž�—�1
incoming and outgoing radiation [ 21], and a key variable for calculating potential ET. Air tem -
�™�Ž�›�Š�•�ž�›�Ž�ð�1� �’�—�•�1�œ�™�Ž�Ž�•�ð�1�Š�—�•�1�Ÿ�Š�™�˜�›�1�™�›�Ž�œ�œ�ž�›�Ž�1�•�Ž���Œ�’�•�1�Œ�˜�—�•�›�˜�•�1�Š�•�–�˜�œ�™�‘�Ž�›�’�Œ�1�Œ�˜�—�•�’�•�’�˜�—�œ�1�•�‘�Š�•�1�’�–�™�Š�Œ�•�1
ET [22�þ�ï�1���Š�™�˜�›�1�™�›�Ž�œ�œ�ž�›�Ž�1�•�Ž���Œ�’�•�1�Š�•�œ�˜�1�›�Ž�•�ž�•�Š�•�Ž�œ�1�œ�•�˜�–�Š�•�Š�•�1�›�Ž�œ�’�œ�•�Š�—�Œ�Ž�ð�1� �‘�’�Œ�‘�1�•�’�›�Ž�Œ�•�•�¢�1�Š���Ž�Œ�•�œ�1�����1
[23]. Soil moisture controls the availability of water for ET and is especially important in arid 
and semi-arid ecosystems, where ET is primarily water limited [ 24, 25]. The use of ET equa-
tions with fewer input variables is recommended when complete climatological data cannot 
be obtained [26]. Meteorological models that use onsite input data can produce estimates of 
ET similar to measurements by eddy covariance and are less expensive [27].

Installing equipment to measure onsite climatological and soil moisture data may still require 
more resources than are available to forest and water managers. Publicly available climato-
logical data from weather stations may provide a reasonable substitute. Not all weather sta-
tions include the full set of measurements necessary to model ET. The U.S. Surface Climate 
Reference Network provides data from 114 stations in the USA that record all necessary mete-
�˜�›�˜�•�˜�•�’�Œ�Š�•�1�•�Š�•�Š�ï�1���•�‘�Ž�›�1�—�Ž�•� �˜�›�”�œ�ð�1�œ�ž�Œ�‘�1�Š�œ�1���–�Ž�›�’���ž�¡�1�û�Š�–�Ž�›�’���ž�¡�ï�˜�›�—�•�ï�•�˜�Ÿ�ü�ð�1�™�›�˜�Ÿ�’�•�Ž�1�Š�•�•�’�•�’�˜�—�Š�•�1
coverage. Soil moisture data needed to convert potential ET to actual ET are more limited, dis-
tributed across a range of government and academic networks, and summarized in the Texas 
���í���1���—�’�Ÿ�Ž�›�œ�’�•�¢�1���˜�›�•�‘�1���–�Ž�›�’�Œ�Š�—�1���˜�’�•�1���˜�’�œ�•�ž�›�Ž�1���Š�•�Š�‹�Š�œ�Ž�1�û�‘�4�™�ñ�&�&�œ�˜�’�•�–�˜�’�œ�•�ž�›�Ž�ï�•�Š�–�ž�ï�Ž�•�ž�&�ü�ï

In the absence of a nearby weather station with a complete suite of measurements, certain 
�’�—�™�ž�•�œ�ð�1 �œ�ž�Œ�‘�1 �Š�œ�1�—�Ž�•�1 �›�Š�•�’�Š�•�’�˜�—�1�Š�—�•�1 �Ÿ�Š�™�˜�›�1 �™�›�Ž�œ�œ�ž�›�Ž�1 �•�Ž���Œ�’�•�ð�1 �Œ�Š�—�1�‹�Ž�1 �Œ�Š�•�Œ�ž�•�Š�•�Ž�•�1 �ž�œ�’�—�•�1 �Ž�–�™�’�›�’�Œ�Š�•�1
models based on basic weather data [26, 28]. For example, Irmak et al. [28] developed equa-
tions to calculate net radiation from input variables such as minimum and maximum air tem -
peratures, measured or predicted solar radiation, inverse relative distance from earth to sun, 
and mean relative humidity. Tabari et al. [ 26] derived regression equations to estimate poten-
tial ET from air temperature and solar radiation.

���‘�Ž�1�’�–�™�Š�Œ�•�1�˜�—�1�����1�Ž�œ�•�’�–�Š�•�’�˜�—�1�˜�•�1�ž�œ�’�—�•�1�˜���œ�’�•�Ž�1�–�Ž�•�Ž�˜�›�˜�•�˜�•�’�Œ�Š�•�1�•�Š�•�Š�1�›�Š�•�‘�Ž�›�1�•�‘�Š�—�1�˜�—�œ�’�•�Ž�1�•�Š�•�Š�1�’�œ�1
unknown for most forest regions. In this study, we estimated ET for a ponderosa pine ( Pinus 
ponderosa�ü�1 �•�˜�›�Ž�œ�•�1 �•�›�˜�–�1 �•�‘�›�Ž�Ž�1 �–�Ž�•�Ž�˜�›�˜�•�˜�•�’�Œ�Š�•�1 �–�˜�•�Ž�•�œ�1 �û���›�’�Ž�œ�•�•�¢�,���Š�¢�•�˜�›�1 �û���,���ü�ð�1 ���‘�ž�4�•�Ž� �˜�›�•�‘�,
���Š�•�•�Š�Œ�Ž�1�û���,���ü�ð�1�Š�—�•�1���Ž�—�–�Š�—�,���˜�—�•�Ž�’�•�‘�1� �’�•�‘�1�•�¢�—�Š�–�’�Œ�1�œ�•�˜�–�Š�•�Š�•�1�›�Ž�œ�’�œ�•�Š�—�Œ�Ž�1�û���,���,�•�ü�ü�1�ž�œ�’�—�•�1�˜�—�œ�’�•�Ž�1
�Š�—�•�1�˜���œ�’�•�Ž�1�•�Š�•�Š�1�•�˜�›�1�—�Ž�•�1�›�Š�•�’�Š�•�’�˜�—�ð�1�Š�’�›�1�•�Ž�–�™�Ž�›�Š�•�ž�›�Ž�ð�1�Ÿ�Š�™�˜�›�1�™�›�Ž�œ�œ�ž�›�Ž�1�•�Ž���Œ�’�•�ð�1� �’�—�•�1�œ�™�Ž�Ž�•�ð�1�Š�—�•�1�œ�˜�’�•�1
�–�˜�’�œ�•�ž�›�Ž�1�Œ�˜�—�•�Ž�—�•�1�û�Œ�1�˜�›�1�������1�’�—�1�•�‘�’�œ�1�Œ�‘�Š�™�•�Ž�›�ü�ð�1�Š�—�•�1�Œ�˜�–�™�Š�›�Ž�•�1�•�‘�Ž�œ�Ž�1�Ž�œ�•�’�–�Š�•�Ž�œ�1�•�˜�1�–�Ž�Š�œ�ž�›�Ž�–�Ž�—�•�œ�1

�&�X�U�U�H�Q�W���3�H�U�V�S�H�F�W�L�Y�H���W�R���3�U�H�G�L�F�W���$�F�W�X�D�O���(�Y�D�S�R�W�U�D�Q�V�S�L�U�D�W�L�R�Q����



of ET at the same site using the eddy covariance approach as a standard [3, 27]. The objectives 
�˜�•�1 �•�‘�’�œ�1 �œ�•�ž�•�¢�1 �Š�›�Ž�1 �•�˜�1 �û�W�ü�1 �Œ�˜�–�™�Š�›�Ž�1 �•�‘�Ž�1 �œ�Ž�—�œ�’�•�’�Ÿ�’�•�¢�1 �˜�•�1 �•�‘�Ž�1 ���,���ð�1 ���,���ð�1 �Š�—�•�1 ���,���,�•�1 �–�Ž�•�Ž�˜�›�˜�•�˜�•�’�Œ�Š�•�1
�����1�–�˜�•�Ž�•�œ�1�•�˜�1�•�‘�Ž�1�ž�œ�Ž�1�˜�•�1�˜���œ�’�•�Ž�1�–�Ž�•�Ž�˜�›�˜�•�˜�•�’�Œ�Š�•�1�•�Š�•�Š�ð�1�û�X�ü�1�•�Ž�•�Ž�›�–�’�—�Ž�1�’�•�1�•�‘�Ž�1�–�˜�•�Ž�•�œ�1�Œ�Š�—�1�™�›�˜�•�ž�Œ�Ž�1
�›�Ž�•�’�Š�‹�•�Ž�1�›�Ž�œ�ž�•�•�œ�1� �’�•�‘�1�˜���œ�’�•�Ž�1�•�Š�•�Š�ð�1�Š�—�•�1�û�Y�ü�1�’�•�Ž�—�•�’�•�¢�1�•�‘�Ž�1�’�—�™�ž�•�1�•�Š�•�Š�1�•�‘�Š�•�1� �˜�ž�•�•�1�›�Ž�œ�ž�•�•�1�’�—�1�•�‘�Ž�1�•�Š�›�•-
est improvement in ET estimates if measured onsite. Results from the study are valuable to 
�•�Š�—�•�1�Š�—�•�1�›�Ž�œ�˜�ž�›�Œ�Ž�1�–�Š�—�Š�•�Ž�›�œ�1�•�˜�1�‹�Ž�4�Ž�›�1�ž�—�•�Ž�›�œ�•�Š�—�•�1�Š�—�•�1�™�›�Ž�•�’�Œ�•�1�•�‘�Ž�1�•�˜�›�Ž�œ�•�1�‘�¢�•�›�˜�•�˜�•�’�Œ�Š�•�1�Œ�¢�Œ�•�Ž�1
using commonly available meteorological data and to prioritize the installation of monitoring 
equipment with limited resources.

2. Material and methods

2.1. Study site
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forests of northern Arizona with the eddy covariance (EC) approach [ 3]. Thinning, harvesting, 
�Š�—�•�1���›�Ž�1�•�’�•�1�—�˜�•�1�˜�Œ�Œ�ž�›�1�Š�•�1�•�‘�’�œ�1�œ�’�•�Ž�1�˜�Ÿ�Ž�›�1�•�‘�Ž�1�•�Š�œ�•�1�Œ�Ž�—�•�ž�›�¢�ï�1���‘�Ž�1�Œ�˜�—�•�›�˜�•�1�œ�’�•�Ž�1�‘�Š�•�1�Š�—�1�Š�Ÿ�Ž�›�Š�•�Ž�1�•�Ž�Š�•�1
area index of 2.3 m2 m�º�X, basal area of 30 m2 ha�º�W, and tree density of 853 trees ha�º�W [3, 27, 29]. 
Location of study site is shown in Figure 1.

2.2. ET model selection

���Ž�1�œ�Ž�•�Ž�Œ�•�Ž�•�1�•�‘�Ž�1�•�‘�›�Ž�Ž�1�‹�Ž�œ�•�1�™�Ž�›�•�˜�›�–�’�—�•�1�����1�–�˜�•�Ž�•�œ�1�•�›�˜�–�1�
�Š�1�Ž�•�1�Š�•�ï�1�ý27] based on the model per-
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comparisons with ET measured by the eddy covariance approach (Table 1). These three mod-
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���Š�•�•�Š�Œ�Ž�1 �û���,���ü�1 �–�˜�•�Ž�•�œ�ï�1 ���‘�Ž�1 ���,���,�•�1 �–�˜�•�Ž�•�1 �ž�™�•�Š�•�Ž�œ�1 �•�‘�Ž�1 ���Ž�—�–�Š�—�,���˜�—�•�Ž�’�•�‘�1 �����1 �–�˜�•�Ž�•�1 �‹�¢�1
modeling canopy resistance as a function of environmental variables [30]. The P-T model 
�’�œ�1�Š�1�œ�’�–�™�•�’���Œ�Š�•�’�˜�—�1�˜�•�1�•�‘�Ž�1���Ž�—�–�Š�—�,���˜�—�•�Ž�’�•�‘�1�–�˜�•�Ž�•�1�•�‘�Š�•�1�˜�—�•�¢�1�›�Ž�š�ž�’�›�Ž�œ�1�’�—�™�ž�•�œ�1�˜�•�1�—�Ž�•�1�›�Š�•�’�Š�•�’�˜�—�ð�1
�Š�’�›�1 �•�Ž�–�™�Ž�›�Š�•�ž�›�Ž�ð�1 �Š�—�•�1 �•�‘�Ž�1 ���›�’�Ž�œ�•�•�¢�,���Š�¢�•�˜�›�1 �Œ�˜�Ž���Œ�’�Ž�—�•�1 �ý31�þ�ï�1 ���‘�Ž�1 ���,���1 �–�˜�•�Ž�•�1 � �Š�œ�1 �•�Ž�Ÿ�Ž�•�˜�™�Ž�•�1 �•�˜�1
estimate ET in sparse canopies and calculates soil evaporation and plant canopy transpiration 
separately [32]. Each of these models calculates potential ET, which we adjusted to actual ET 
using a relationship with soil moisture [ 27, 33]. ET calculations were made at the monthly 
scale because monthly data were available from weather stations and generally provided 
more accurate ET estimates for the study site than daily data when compared with ET mea-
sured with eddy covariance [ 27]. Detailed explanation of each model and its use in simulating 
ET at our study site can be found in Ref. [27].
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Because net radiation (Rn) data were not available from this station, they were calculated 
using an empirical equation from the FAO’s Irrigation and Drainage paper 56 compiled by 
Ref. [34�þ�ï�1���—�™�ž�•�œ�1� �Ž�›�Ž�1�•�Š�’�•�¢�1�˜���œ�’�•�Ž�1�–�Š�¡�’�–�ž�–�1�Š�—�•�1�–�’�—�’�–�ž�–�1�Š�‹�œ�˜�•�ž�•�Ž�1�Š�’�›�1�•�Ž�–�™�Ž�›�Š�•�ž�›�Ž�ð�1�Š�Œ�•�ž�Š�•�1
vapor pressure, dew point temperature, relative humidity, station elevation, solar declination, 

Figure 1. ���1�™�˜�—�•�Ž�›�˜�œ�Š�1�™�’�—�Ž�1�•�˜�›�Ž�œ�•�1�œ�•�ž�•�¢�1�œ�’�•�Ž�1�û�Š�1�œ�•�Š�›�ü�1�—�Ž�Š�›�1�•�‘�Ž�1�Œ�’�•�¢�1�˜�•�1���•�Š�•�œ�•�Š���1�û�Š�1�Œ�’�›�Œ�•�Ž�ü�1�’�—�1�—�˜�›�•�‘�Ž�›�—�1���›�’�£�˜�—�Š�1� �’�•�‘�1�Š�—�1�’�—�œ�Ž�•�1
�˜�•�1�Œ�˜�•�Ž�›�–�’�—�˜�ž�œ�1���—�’�•�Ž�•�1���•�Š�•�Ž�œ�1�˜�•�1���–�Ž�›�’�Œ�Š�1�û���Š�œ�Ž�–�Š�™�1�œ�˜�ž�›�Œ�Ž�œ�ñ�1� � � �ï�Ž�œ�›�’�ï�Œ�˜�–, US National Park Service).
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sunset hour angle, inverse relative distance from Earth to sun, sunset hour angle, latitude, and 
�•�Š�¢�1�˜�•�1�•�‘�Ž�1�¢�Ž�Š�›�ï�1���Š�™�˜�›�1�™�›�Ž�œ�œ�ž�›�Ž�1�•�Ž���Œ�’�•�1�û�”���Š�ü�1� �Š�œ�1�Œ�Š�•�Œ�ž�•�Š�•�Ž�•�1�ž�œ�’�—�•�1�•�Ž� �1�™�˜�’�—�•�1�•�Ž�–�™�Ž�›�Š�•�ž�›�Ž�1�Š�—�•�1
relative humidity (%) measured at the station.

Soil moisture data were obtained from the SNOTEL data collection network operated by 
the Natural Resources Conservation Service (NRCS) of the U.S. Department of Agriculture. 
Snowpack and climatic data (air and soil temperature and precipitation for all locations and 
�œ�˜�’�•�1�–�˜�’�œ�•�ž�›�Ž�1�•�Š�•�Š�1�•�˜�›�1�œ�Ž�•�Ž�Œ�•�Ž�•�1�•�˜�Œ�Š�•�’�˜�—�œ�ü�1�Š�›�Ž�1�Œ�˜�•�•�Ž�Œ�•�Ž�•�1�Š�•�1�œ�’�•�Ž�œ�1�Š�Œ�›�˜�œ�œ�1�•�‘�Ž�1���Ž�œ�•�Ž�›�—�1���ï���ï�1 ��� �˜�1
�������������1�œ�’�•�Ž�œ�1� �Ž�›�Ž�1�ž�œ�Ž�•�ð�1�
�Š�™�™�¢�1���Š�Œ�”�1�û�œ�’�•�Ž�1�—�ž�–�‹�Ž�›�ñ�1�_�\�_�ò�1�•�Š�•�’�•�ž�•�Ž�ñ�1�Y�Z�Ú�Z�[���1���ð�1�•�˜�—�•�’�•�ž�•�Ž�ñ�1�W�W�W�Ú�X�[���1
���ð�1 �Ž�•�Ž�Ÿ�Š�•�’�˜�—�ñ�1 �X�Y�X�\�1 �–�ò�1 �•�’�œ�•�Š�—�Œ�Ž�1 �•�˜�1 �œ�•�ž�•�¢�1 �œ�’�•�Ž�ñ�1 �\�V�1 �”�–�ü�1 �Š�—�•�1 ���˜�›�–�˜�—�1 ���˜�ž�—�•�Š�’�—�1 ���ž�–�–�’�•�1 �û�œ�’�•�Ž�1
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�œ�’�•�Ž�ñ�1�Y�X�1�”�–�ü�ï�1���‘�Ž�œ�Ž�1�������������1�œ�’�•�Ž�œ�1� �Ž�›�Ž�1�œ�Ž�•�Ž�Œ�•�Ž�•�1�‹�Ž�Œ�Š�ž�œ�Ž�1�•�‘�Ž�¢�1� �Ž�›�Ž�1�•�‘�Ž�1�Œ�•�˜�œ�Ž�œ�•�1�•�˜�1�˜�ž�›�1�œ�•�ž�•�¢�1
site and they had data available for our period of study (2007–2010). The Mormon Mountain 
���ž�–�–�’�•�1�•�Š�•�Š�1�Š�›�Ž�1�Š�Ÿ�Š�’�•�Š�‹�•�Ž�1�˜�—�•�¢�1�•�›�˜�–�1���ž�—�Ž�1�X�V�V�^�ï

C site RMSE (mm month –1) R2

Data P-M-d P-T ���,�� P-M-d P-T ���,��

EC site data 
only

18.50 13.19 15.49 0.81 0.84 0.67

���Ž�Š�•�‘�Ž�›�1
station data 
(Rn, ta, vpd, 
and u) and site 
�•�Š�•�Š�1�û�������ð�1�	�ð�1
�…�ð�1�������ð�1�Ž�•�Œ�ï�ü

20.12 20.41 21.70 0.80 0.82 0.67

Station Rn 18.68 20.23 15.31 0.81 0.82 0.67

Station ta 19.21 13.30 15.47 0.83 0.84 0.67

Station vpd 20.15 13.19 22.03 0.79 0.84 0.67

Station u 19.11 13.19 15.49 0.81 0.84 0.67

���Ž�Š�•�‘�Ž�›�1
station data 
and SNOTEL 
happy jack 
SMC data 
(alpha 
updated)

42.04 20.08 30.17 0.26 0.49 0.62

���Ž�Š�•�‘�Ž�›�1
station data 
and SNOTEL 
Mormon 
mtn summit 
SMC (alpha 
updated)

23.11 51.90 21.91 0.70 0.50 0.62

Table 1. ���˜�–�™�Š�›�’�œ�˜�—�œ�1�˜�•�1�›�˜�˜�•�1�–�Ž�Š�—�1�œ�š�ž�Š�›�Ž�1�Ž�›�›�˜�›�1�û���������ü�1�Š�—�•�1�Œ�˜�Ž���Œ�’�Ž�—�•�1�˜�•�1�•�Ž�•�Ž�›�–�’�—�Š�•�’�˜�—�1�ûR2) among three ET models. 
Numbers in bold indicate the best model for each dataset.
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2.4. Analysis of error propagation
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be reduced if some variables are measured onsite. To aid managers in prioritizing the instal-
lation of monitoring equipment with limited resources, an analysis was performed to deter -
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Each model was run at the monthly scale over 4 years (2007–2010) with all onsite input data to 
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For each model, the three variables to which the model was most sensitive were selected. 
Error was introduced to each of the three selected variables in increments of 1% to a maxi-
mum of 15% for variables positively related to ET or percent decrease for variables negatively 
related to ET. Thus, compounding errors acted in the same direction providing a worst case 
scenario estimate of overall model error. The models were run over ranges of percent error 
for the variables to determine all combinations of percent error in the three variables that pro -
duced 15% model error when averaged overall 4 years of simulation. These results show how 
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3. Results
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not (Figure 3(b)). Inaccuracy in predicted ET from the P-M-d model was largest during winter 
when total ET is close to zero.

���‘�Ž�1���,���,�•�1�Š�—�•�1���,���1�–�˜�•�Ž�•�œ�1� �Ž�›�Ž�1�‘�’�•�‘�•�¢�1�œ�Ž�—�œ�’�•�’�Ÿ�Ž�1�•�˜�1�•�‘�Ž�1�ž�œ�Ž�1�˜�•�1�˜���œ�’�•�Ž�1�Ÿ�™�•�1�•�Š�•�Š�ð�1� �‘�Ž�›�Ž�Š�œ�1�•�‘�Ž�1
P-T model was not because it does not use vpd as an input parameter (Figure 3(c)). Inaccuracy 

Figure 2. �����Ž�Œ�•�1 �˜�•�1 �œ�˜�ž�›�Œ�Ž�1 �˜�•�1 �–�Ž�•�Ž�˜�›�˜�•�˜�•�’�Œ�Š�•�1 �•�Š�•�Š�1 �•�˜�›�1 �Ÿ�Š�›�’�Š�‹�•�Ž�œ�ð�1 � �’�—�•�1 �œ�™�Ž�Ž�•�1 �û�ž�ü�ð�1 �Š�’�›�1 �•�Ž�–�™�Ž�›�Š�•�ž�›�Ž�1 �û�•�Š�ü�ð�1 �Ÿ�Š�™�˜�›�1 �™�›�Ž�œ�œ�ž�›�Ž�1
�•�Ž���Œ�’�•�1�û�Ÿ�™�•�ü�ð�1�Š�—�•�1�—�Ž�•�1�›�Š�•�’�Š�•�’�˜�—�1�û���—�ü�ð�1�Š�—�•�1�œ�˜�’�•�1�–�˜�’�œ�•�ž�›�Ž�1�Œ�˜�—�•�Ž�—�•�1�û�Œ), on modeled ET as compared to (a) eddy covariance 
�����1�–�Ž�Š�œ�ž�›�Ž�–�Ž�—�•�œ�1�Š�—�•�1�û�‹�ü�1�–�˜�•�Ž�•�Ž�•�1�����1� �’�•�‘�1�Š�•�•�1�˜�—�œ�’�•�Ž�1�’�—�™�ž�•�œ�ï�1���Ž�›�Œ�Ž�—�•�1�•�’���Ž�›�Ž�—�Œ�Ž�1�’�œ�1�Œ�Š�•�Œ�ž�•�Š�•�Ž�•�1�Š�•�1�•�‘�Ž�1�Š�—�—�ž�Š�•�1�œ�Œ�Š�•�Ž�1�•�˜�›�1�•�‘�›�Ž�Ž�1
�–�˜�•�Ž�•�œ�ð�1 ���Ž�—�–�Š�—�,���˜�—�•�Ž�’�•�‘�1 � �’�•�‘�1 �•�¢�—�Š�–�’�Œ�1 �Œ�Š�—�˜�™�¢�1 �›�Ž�œ�’�œ�•�Š�—�Œ�Ž�1 �û���,���,�•�ü�ð�1 ���›�’�Ž�œ�•�•�¢�,���Š�¢�•�˜�›�1 �û���,���ü�ð�1 �Š�—�•�1 ���‘�ž�4�•�Ž� �˜�›�•�‘�,���Š�•�•�Š�Œ�Ž�1
�û���,���ü�ð�1� �’�•�‘�1�Š�•�•�1�˜�—�œ�’�•�Ž�1�–�Ž�•�Ž�˜�›�˜�•�˜�•�’�Œ�Š�•�1�’�—�™�ž�•�œ�ð�1�Š�1�œ�’�—�•�•�Ž�1�˜���œ�’�•�Ž�1�–�Ž�•�Ž�˜�›�˜�•�˜�•�’�Œ�Š�•�1�’�—�™�ž�•�ð�1�Š�•�•�1�˜���œ�’�•�Ž�1�–�Ž�•�Ž�˜�›�˜�•�˜�•�’�Œ�Š�•�1�’�—�™�ž�•�œ�ð�1�Š�—�•�1
�˜���œ�’�•�Ž�1�œ�˜�’�•�1�–�˜�’�œ�•�ž�›�Ž�1�•�›�˜�–�1�•� �˜�1�������������1�œ�’�•�Ž�œ�ð�1�
�Š�™�™�¢�1���Š�Œ�”�1�Š�—�•�1���˜�›�–�˜�—�1���˜�ž�—�•�Š�’�—�1���ž�–�–�’�•�ï

�6�H�Q�V�L�W�L�Y�L�W�\���R�I���(�Y�D�S�R�W�U�D�Q�V�S�L�U�D�W�L�R�Q���0�R�G�H�O�V���W�R���2�Q�V�L�W�H���D�Q�G���2�I�I�V�L�W�H���0�H�W�H�R�U�R�O�R�J�L�F�D�O���'�D�W�D���I�R�U���D���3�R�Q�G�H�U�R�V�D���3�L�Q�H���)�R�U�H�V�W
�K�W�W�S�������G�[���G�R�L���R�U�J�������������������L�Q�W�H�F�K�R�S�H�Q������������

����



�Œ�Š�ž�œ�Ž�•�1�‹�¢�1�•�‘�Ž�1�ž�œ�Ž�1�˜�•�1�˜���œ�’�•�Ž�1�Ÿ�™�•�1�•�Š�•�Š�1� �Š�œ�1�•�›�Ž�Š�•�Ž�›�1�•�˜�›�1�•�‘�Ž�1���,���1�–�˜�•�Ž�•�1�•�‘�Š�—�1�•�‘�Ž�1���,���,�•�1�–�˜�•�Ž�•�ï�1
���Ž�—�œ�’�•�’�Ÿ�’�•�¢�1�•�˜�1�•�‘�Ž�1�ž�œ�Ž�1�˜�•�1�˜���œ�’�•�Ž�1�ž�1� �Š�œ�1�•�˜� �1�•�˜�›�1�Š�•�•�1�–�˜�•�Ž�•�œ�1�û�•�Š�•�Š�1�—�˜�•�1�œ�‘�˜� �—�ü�ï

���˜�•�Ž�•�Ž�•�1 ���—�1 �‹�Š�œ�Ž�•�1 �˜�—�1 �˜���œ�’�•�Ž�1 � �Ž�Š�•�‘�Ž�›�1 �•�Š�•�Š�1 � �Š�œ�1 �Œ�˜�—�œ�’�œ�•�Ž�—�•�•�¢�1 �‘�’�•�‘�Ž�›�1 �•�‘�Š�—�1 �‹�Š�œ�Ž�•�1 �˜�—�œ�’�•�Ž�1 ���—�1
(Figure 3(d)�ü�ð�1� �’�•�‘�1�•�‘�Ž�1�‘�’�•�‘�Ž�œ�•�1�™�Ž�›�Œ�Ž�—�•�1�•�’���Ž�›�Ž�—�Œ�Ž�1�’�—�1�œ�ž�–�–�Ž�›�ï�1���‘�Ž�1�™�Ž�›�Œ�Ž�—�•�1�•�’���Ž�›�Ž�—�Œ�Ž�1�‹�Ž�•� �Ž�Ž�—�1
�˜���œ�’�•�Ž�1�Š�—�•�1�˜�—�œ�’�•�Ž�1�Ÿ�™�•�1�™�Ž�Š�”�Ž�•�1�•�ž�›�’�—�•�1�œ�ž�–�–�Ž�›�1�ûFigure 3(d)�ü�ï�1���œ�1�˜�™�™�˜�œ�Ž�•�1�•�˜�1���—�ð�1�˜���œ�’�•�Ž�1�Ÿ�™�•�1
was always lower than onsite vpd ( Figure 3(d)�ü�ï�1�����œ�’�•�Ž�1�•�Š�1�•�Š�•�Š�1�•�Ž�—�Ž�›�Š�•�•�¢�1�™�›�˜�Ÿ�’�•�Ž�•�1�Š�1�•�˜�˜�•�1
�œ�ž�‹�œ�•�’�•�ž�•�Ž�1�•�˜�›�1�˜�—�œ�’�•�Ž�1�•�Š�•�Š�ð�1�•�’���Ž�›�’�—�•�1�‹�¢�1�•�Ž�œ�œ�1�•�‘�Š�—�1�X�ï�[�Ú���1�•�‘�›�˜�ž�•�‘�˜�ž�•�1�•�‘�Ž�1�œ�•�ž�•�¢�1�™�Ž�›�’�˜�•�ï�1���ž�›�’�—�•�1
� �’�—�•�Ž�›�ð�1 � �‘�Ž�—�1 �•�Ž�–�™�Ž�›�Š�•�ž�›�Ž�œ�1 � �Ž�›�Ž�1 �Œ�•�˜�œ�Ž�1 �•�˜�1 �V�Ú���ð�1 �•�‘�Ž�1 �™�Ž�›�Œ�Ž�—�•�1 �•�’���Ž�›�Ž�—�Œ�Ž�1 �‹�Ž�•� �Ž�Ž�—�1 �˜���œ�’�•�Ž�1 �Š�—�•�1
�˜�—�œ�’�•�Ž�1�•�Ž�–�™�Ž�›�Š�•�ž�›�Ž�œ�1�Œ�˜�ž�•�•�1�‹�Ž�1�š�ž�’�•�Ž�1�•�Š�›�•�Ž�1�•�Ž�œ�™�’�•�Ž�1�œ�–�Š�•�•�1�Š�‹�œ�˜�•�ž�•�Ž�1�•�’���Ž�›�Ž�—�Œ�Ž�œ�ï�1���‘�ž�œ�ð�1�•�‘�Ž�œ�Ž�1�Ÿ�Š�•-
ues are excluded from Figure 3(d).

���‘�Ž�1���,���1�Š�—�•�1���,���1�–�˜�•�Ž�•�œ�1� �Ž�›�Ž�1�–�˜�œ�•�1�œ�Ž�—�œ�’�•�’�Ÿ�Ž�1�•�˜�1�•�‘�Ž�1�œ�˜�ž�›�Œ�Ž�1�˜�•�1�œ�˜�’�•�1�–�˜�’�œ�•�ž�›�Ž�1�Œ�˜�—�•�Ž�—�•�1�û�������ü�1�•�Š�•�Š�1
(Figure 4(a) and (c)�ü�ï�1���‘�Ž�1���,���1�–�˜�•�Ž�•�1� �Š�œ�1�–�˜�›�Ž�1�œ�Ž�—�œ�’�•�’�Ÿ�Ž�1�•�‘�Š�—�1�•�‘�Ž�1���,���1�–�˜�•�Ž�•�ð�1�‹�Ž�Œ�Š�ž�œ�Ž�1�������1�’�œ�1

Figure 3. ���Ž�›�Œ�Ž�—�•�1�•�’���Ž�›�Ž�—�Œ�Ž�1�’�—�1�����1�•�›�˜�–�1�–�˜�•�Ž�•�œ�1�ž�œ�’�—�•�1�Š�•�•�1�˜���œ�’�•�Ž�1�’�—�™�ž�•�1�•�Š�•�Š�1�Š�—�•�1�œ�ž�‹�œ�•�’�•�ž�•�’�˜�—�1�˜�•�1�Ž�Š�Œ�‘�1�’�—�™�ž�•�1�Ÿ�Š�›�’�Š�‹�•�Ž�1� �’�•�‘�1
�˜�—�œ�’�•�Ž�1�•�Š�•�Š�1�û�œ�ž�‹�œ�Œ�›�’�™�•�Ž�•�ò�1���—�ñ�1�—�Ž�•�1�›�Š�•�’�Š�•�’�˜�—�ð�1�•�Š�ñ�1�Š�’�›�1�•�Ž�–�™�Ž�›�Š�•�ž�›�Ž�ð�1�Ÿ�™�•�ñ�1�Ÿ�Š�™�˜�›�1�™�›�Ž�œ�œ�ž�›�Ž�1�•�Ž���Œ�’�•�ü�1�•�˜�›�1�•�‘�Ž�1���Ž�—�–�Š�—�,���˜�—�•�Ž�’�•�‘�1
� �’�•�‘�1 �•�¢�—�Š�–�’�Œ�1 �Œ�Š�—�˜�™�¢�1 �›�Ž�œ�’�œ�•�Š�—�Œ�Ž�1 �û���,���,�•�ü�ð�1 ���›�’�Ž�œ�•�•�¢�,���Š�¢�•�˜�›�1 �û���,���ü�ð�1 �Š�—�•�1 ���‘�ž�4�•�Ž� �˜�›�•�‘�,���Š�•�•�Š�Œ�Ž�1 �û���,���ü�1 �–�˜�•�Ž�•�œ�1 �û�Š�.�Œ�ü�ò�1 �Š�—�•�1
�™�Ž�›�Œ�Ž�—�•�1 �•�’���Ž�›�Ž�—�Œ�Ž�1 �’�—�1 �œ�Ž�Š�œ�˜�—�Š�•�1 �Ÿ�Š�›�’�Š�•�’�˜�—�1 �‹�Ž�•� �Ž�Ž�—�1 �˜���œ�’�•�Ž�1 �Š�—�•�1 �������������1 �œ�’�•�Ž�œ�1 ���—�ð�1 �•�Š�ð�1 �Ÿ�™�•�1 �û�•�ü�ï�1 ���Š�œ�‘�Ž�•�1 �‘�˜�›�’�£�˜�—�•�Š�•�1 �•�’�—�Ž�œ�1
�’�—�•�’�Œ�Š�•�Ž�1�¹�W�[�–�1�•�’���Ž�›�Ž�—�Œ�Ž�1�•�’�—�Ž�œ�ï

�&�X�U�U�H�Q�W���3�H�U�V�S�H�F�W�L�Y�H���W�R���3�U�H�G�L�F�W���$�F�W�X�D�O���(�Y�D�S�R�W�U�D�Q�V�S�L�U�D�W�L�R�Q����



�’�—�Œ�•�ž�•�Ž�•�1�’�—�1�•�‘�Ž�1�Œ�Š�•�Œ�ž�•�Š�•�’�˜�—�1�˜�•�1�•�‘�Ž�1�œ�Œ�Š�•�’�—�•�1�Œ�˜�Ž���Œ�’�Ž�—�•�1�…�1�’�—�1�•�‘�Ž�1���,���1�–�˜�•�Ž�•�ï�1���‘�Ž�1�
�Š�™�™�¢�1���Š�Œ�”�1�û�
���ü�1
�������1�•�Š�•�Š�1�™�›�˜�•�ž�Œ�Ž�•�1�Š�1�•�Š�›�•�Ž�›�1�•�’���Ž�›�Ž�—�Œ�Ž�1�’�—�1�� ET than Mormon Mountain Summit (MMS) SMC 
�•�Š�•�Š�ð�1� �‘�’�Œ�‘�1�›�Ž�œ�ž�•�•�Ž�•�1�•�›�˜�–�1�Œ�˜�—�œ�’�œ�•�Ž�—�•�•�¢�1�•�˜� �Ž�›�1�������1�Š�•�1�•�‘�Ž�1�
���1�œ�’�•�Ž�1�•�‘�Š�—�1�˜�—�œ�’�•�Ž�1�ûFigure 4(c)). The 
SMC at the MMS site was higher than onsite SMC during summer, but lower during winter. 
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percent change was calculated during this time (Figure 4(b) and (c)).
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led to overprediction of ET during summer ( Figure 5) due to the error introduced by vpd 
(Figure 3(c)), and underestimated ET during winter due both to error from vpd and ta 
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content from Mormon Mountain Summit SNOTEL site) for the Penman-Monteith with dynamic canopy resistance (P-M-
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3.3. Sensitivity of annual ET to input errors
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in Rn and, to a lesser extent, SMC (Figure 6(a)). Less than 15% error in overall modeled ET 
was possible with large errors in ta (>15%) and soil SMC (>20%) if onsite Rn (i.e., 0% error in 
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(Figure 6(b)). Large errors in soil moisture and temperature were acceptable if vpd is accu-
rate. Because of the threshold responses and complex internal dynamics of the P-M-d model, 
we conclude that it is not a good choice for this type of error analysis. Therefore, we only 
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station data with R2 0.72 or higher for all variables, except for u where the R2 was 0.59 (Figure 7).
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models.
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Figure 6. Combination of error in net radiation, air temperature, and soil moisture content that will produce 15% error in 
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model inputs were measured onsite.
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4. Discussion
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Rn data (Figure 2(d)), resulting in overestimation of ET by the P-T model, especially in summer 
(Figure 2(a)), when ET is highest and is the most important seasonal component to annual ET.
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ature (Figure 2(d)) and therefore, air temperature was not a major source of error in all models 
for this study site. The sensitivity analysis ( Figure 5) illustrates that errors in air temperature 
up to 15% are not likely to lead to large errors in ET estimates. Overestimation of winter ET 
occurs in the P-M-d model when onsite ta is used (Figure 2(b)), but winter ET is a small com-
ponent of total annual ET. The dynamic model of stomatal conductance in the P-M-d model 
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P-M-d model is more complex because increases in vpd increase ET by increasing evaporative 
demand and decrease ET by reducing stomatal conductance. Thus, overestimation or under-
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5. Conclusions
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ity of the models to data sources in forest conditions beyond one unmanaged ponderosa pine 
stand, our methods can be applied to other situations, where baseline measurements of ET by 
eddy covariance or other approaches exist.
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