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ABSTRACT
The research presented here attempts to bridge science and policy through the
quantification of climate change impacts and the analysis of a science-fed participatory
process to face a sustainability challenge in the San Pedro Basin (Arizona). Paper 1
presents an assessment of a collaborative development process of a decision support
system model between academia and a multi-stakeholder consortium created to solve
water sustainability problems in a local watershed. This study analyzes how science-fed
multi-stakeholder participatory processes lead to sustainability learning promoting
resilience and adaptation. Paper 2 presents an approach to link an ensemble of global
climate model outputs with a hydrological model to quantify climate change impacts in
the hydrology of a basin, providing a range of uncertainty in the results. Precipitation
projections for the current century from different climate models and IPCC scenarios are
used to obtain recharge estimates as inputs to a groundwater model. Quantifying changes
in the basin’s water budget due to changes in recharge, evapotranspiration (ET) rates are
assumed to depend only on groundwater levels. Picking on such assumption, Paper 3
explores the effects of a changing climate on ET. Using experimental eddy covariance
data from three riparian sites, it analyzes seasonal controls on ET. An approach to
quantify evapotranspiration rates and growing season length under warmer climates is
proposed. Results indicate that although atmospheric demand will be greater, increasing
pan and reference crop evaporation, ET rates at the studied field sites will remain
unchanged due to stomatal regulation. However, the length of the growing season will
increase, mainly with an earlier leaf-out and at a lesser level by a delayed growing season
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end. These findings - implying decreased aquifer recharge, increased riparian water use
and a lesser water balance - are very relevant for water management in semi-arid regions.
Paper 4, in which I am second author, explores the theory relating changes in areaaverage and pan evaporation. Using the same experimental data as Paper 3, it
corroborates a previous theoretical relationship and discusses the validity of Bouchet’s
hypothesis.
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1 INTRODUCTION
1.1 Scope and nature of the research:
It has been demonstrated that human induced emissions of green-house gases –
due to the intensive use of fossil fuels from the onset of the industrial revolution to date –
are influencing global climate dynamics (IPCC, 2007). Climate change impacts have
been detected across the world. While the qualitative cause-effect relationships are well
established, the exact impacts of climate change in hydrology, its direction and the rate at
which they will take place are highly uncertain. The uncertainty in the array of future
projections and in some cases the lack of agreement between climate model projections
make it difficult to prepare for what is to come. On the other hand, even if uncertainty
can be quantified and presented as a range of outcomes, it is not an easy concept to
accommodate in decision making processes, whether it’s by water managers or the
society in general. Adaptation to climate change will have different requirements in
particular regions and environments, depending on the nature of its effects.
The research being presented here is two fold: (1) presents an approach to
quantify climate change impacts in a semi-arid basin while providing a range of
uncertainty; and (2) analyzes how state of the art science can be fed into a participatory
process with aims at solving a sustainability challenge.
Paper 1 is product of my research within my anthropology minor. It presents an
assessment of a collaborative development process of a decision support system model
between academia and a multi-stakeholder consortium created to solve water
sustainability problems in a local watershed. This study demonstrates how science can
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inform multi-stakeholder participatory management processes, making them conducive to
social and sustainability learning (Tabara and Pahl-Wostl, 2007) in the path to resilience
and adaptation. Paper 2 presents an approach to link an ensemble of global climate model
outputs with a hydrological model. Precipitation projections for the current century from
different climate models and IPCC scenarios are used to obtain recharge estimates as
inputs to a groundwater model. The paper focuses on changes in the basin’s water budget
due to changes in recharge, assuming evapotranspiration rates to be unchanged. Picking
on the limitations of this unlikely assumption, paper 3 (ongoing) explores the effects of
temperature on ET. Mostly centered in the riparian corridor, and using experimental eddy
covariance data from three sites - mesquite woodland, shrubland and sacaton grassland it analyzes temperature controls on ET. A method to quantify riparian ET under a warmer
climate is proposed. Paper 4 explores the theory between long term changes in area
average and pan evaporation. The same experimental data is used to empirically
demonstrate the validity of a previous theoretical relationship (McNaughton and Spriggs,
1989) and to assess the validity of Bouchet’s (1969) complementary relationship.

1.2 Relevance and background of the research:
Many studies have recently attempted to quantify climate change impacts in
hydrology. Loaiciga et al. (2000), assess climate change impacts in a regional karst
aquifer using diverse historical time series – extreme shortage, near average and above
average recharge – scaled for an atmosphere with doubled carbon dioxide concentrations.
Jiang et al. (2007) compare the results of six hydrologic models simulating the
hydrological impacts of climate change in the Dongjiang Basin in South China. Scibek
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and Allen (2006) model the impacts of future climate change on recharge and
groundwater levels of the Grand Forks aquifer, attempting to evaluate the importance of
the spatial distribution of recharge and identifying uncertainties in the modeling process
from global climate predictions to local hydrologic impacts. Dickinson et al. (2004)
present an inverse methodology to estimate multi year and decadal variability in
mountain front recharge from long-term water level records. The analysis developed by
both Dickinson et al. (2004) and Scibek and Allen (2006), if applied to the San Pedro
Basin, suggest that using average annual precipitation estimates for the future and a
realistic representation of the spatial recharge distribution is an adequate procedure for
the evaluation of long term climate change effects on the basin’s water balance and the
impacts on both the aquifer and the riparian area.
The US southwest is expected to likely get dryer and hotter due to climate change:
Seager et al. (2007) predict an overall decrease of P-E (precipitation minus evaporation),
thus less water available for environmental and societal needs. Hydrological changes
statistically mostly attributable to human-induced climate change effects have been
detected in the western US by Barnett et al. (2008). Namely, they observed a decrease in
ratios of snow water equivalent vs. liquid precipitation, an increase in the average of daily
minimum temperatures from January through March, and an earlier date in which half of
the annual flow has occurred.
Population growth in the West has been and continues to be the greater stressor on
water resources management, for which long term planning decisions are made. Water
resources in most western US basins are currently over-allocated, many aquifers are
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being mined and management happens to be unsustainable in many areas. Climate
change impacts in the region could exacerbate scarcity problems. Barnett and Pierce
(2008) estimate that under current operating policies (i.e. water use), water storage in
Lake Mead and Lake Powell will have a 10% chance of disappearing by 2013 and 50%
chance by 2021, due to the impacts of climate change. In riparian watersheds, such as the
San Pedro Basin - where the research presented here has been applied – the river and its
riparian area are closely linked to the aquifer, naturally allowing perennial flows in the
desert during seasons without rainfall. Thus, when groundwater pumping is excessive, the
water table is lowered and is no longer a source of water for the riparian area, with
consequent loss of phreatophyte vegetation. The effects of over-pumping in turn threaten
the existence of the largest local economic engine, the Fort Huachuca military base
whose existence is tied to the health of the river via legal implications from the
Endangered Species Act. Local US stakeholders created the Upper San Pedro Partnership
to face this problems seeking sustainable management through conservation strategies in
the Sierra Vista sub watershed of the basin. To be attained and maintained by 2011,
sustainable yield in the basin is defined as “the management of groundwater in a way that
it can be maintained for an indefinite period of time without causing unacceptable
environmental, economic or social consequences” (USPP Strategic Plan, 9/13/06).
Nevertheless, the region is expected to get dryer and hotter due to climate change effects.
This will likely translate into less recharge and increased evapotranspiration losses,
working against the Partnership goals. Sustainable yield may be a moving target.
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Quantifying climate change impacts in the region and presenting a range of results
with its probability distribution is essential to contribute to the sustainability efforts. The
research presented here is driven by the need to contribute state of the art science to water
management planning and decision making. The way this can be done and the way how
management is carried out is not to be taken for granted. It has been seen that riparian
system linkages, its spatial nature, and its implications for sustainability are not easily
understood by the general public, making it difficult to collectively address such
environmental conflicts. In the case of the San Pedro, it is important to understand the
dynamics of multi-stakeholder involvement and how science can assume many roles
informing decision making at different levels of management. Building trust and
cooperation between actors – including scientists – has two clear benefits: (1)
inclusiveness in a participatory process promotes sustainability and legitimacy of any
chosen adaptation strategies, and (2) adaptation designed from the bottom up and the
perception of having a hand to deal with climate change risks will likely allow the actors
to make the connection with the causes of the problem, thus enhancing mitigative and
adaptive capacities (Adger, 2003). The current dissertation attempts to bridge physical
and human sciences as a requisite for proper water resources management at the basin
scale.
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2 PRODUCTS AND RESULTS OF THIS RESEARCH
The methods, results and conclusions of the research carried out in support of this
degree are presented in four papers appended to this dissertation. Sections 2.1-2.4 below
summarize these papers and provide the most important findings of each. Section 2.5 lists
the primary conclusions of research carried out during this dissertation.

2.1 Summary of 1st paper
Serrat-Capdevila, A., Browning-Aiken, A., Lansey, K., Finan, T. and J.B. Valdés
(2007) Increasing Socio-Ecological Resilience by placing science at the decision table:
The role of the San Pedro Basin Decision Support System Model (Arizona), submitted to
Ecology and Society on 02/02/2008.
This paper analyzes how a collaborative development process of Decision
Support System Models and Tools can effectively contribute to increasing the resilience
of regional socio-ecological systems. In particular this work focuses on the case study of
the transnational San Pedro Basin (Arizona/Sonora) - a semi-arid watershed where water
is a scarce resource used by competing human and environmental needs. We explore the
essential traits in the development of the decision support process that contributed both to
an improvement of water resources management capabilities with respect to regional
sustainability goals and the potential for consensual problem solving. The comments and
feedback on the process from the stakeholders benefiting from the Decision Support
System in the San Pedro Basin are presented and analyzed within the regional (U.S.Mexico

boundary)

social

and

institutional

context.

We

will

indicate

how

multidisciplinary collaboration between academia and stakeholders to jointly develop
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decision support systems aimed at particular water problems is an effective step towards
collaborative management. Indeed, this type of technology transfer and capacity building
provides a common arena for testing water management policies and evaluating future
scenarios. It is argued here that putting science at the service of a participatory decisionmaking process provides adaptive capacity to accommodate future change, i.e. building
resilience in the management system.

As a lead author, the applicant had a leading role in this research, whose main
contributions are listed following.

(a) The paper represents a first assessment of a multi-stakeholder participatory process in
which a DSS model is developed jointly between academia and a broad array of
institutions. Its insights allow understanding on how the characterizing features of the
process have conditioned its successes and also its setbacks. An important contribution of
this research is the systematic collection and synthesis of stakeholder feedback regarding
science inputs to support a real-world management challenge.

(b) The participatory model development process has allowed simultaneous and focused
discussions on particular issues, such as identification of problems, alternative solutions
and potential future scenarios. Consequently the process has produced increased
understanding – both social and ecological – among stakeholders.
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(c) The DSS model development has provided a commonly agreed representation of the
system and its problems. The model is the shared image of the common understanding
that, although imperfect, can be changed and improved with time.

(d) It has been found that the development of the DSS model, along with broad
stakeholder involvement, fairness and diversity in representation, the openness of the
process and a very significant science input, are features that have enabled what Tabara
and Pahl-Wostl (2007) term sustainability learning. The participatory analysis during the
model development and its contribution to decision making bring with them the
necessary social learning that can alter and inform perceptions of local problems and their
cause-effect relationships.

(e) The collaborative development of a DSS in the Upper San Pedro Basin has forced a
negotiation environment where potential long term sustainable solutions are
democratically agreed upon. The outcome of this inclusive approach to decision making
is a product – the DSS model – that benefits from a sense of ownership and trust. The
social capital forged during the process and the broad range of personal and institutional
views invested in the development of the model are the foundations of its legitimacy. The
sense of trust, ownership and legitimacy that come with such consensus building
processes are likely to guarantee the support and sustainability of any of its chosen
adaptation strategies.
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(f) This study suggests that such a collaborative model development is an exportable and
universal mechanism to foster novelty, learning and adaptive capacity, thus promoting
resilience and sustainability.

2.2 Summary of 2nd paper:
Serrat-Capdevila, A., J.B. Valdés, J. González Pérez, K. Baird, L. J. Mata, T.
Maddock III (2007) Modeling climate change impacts - and uncertainty - on the
hydrology of a riparian system: the San Pedro Basin (Arizona/Sonora), Journal of
Hydrology 347, 48-66. DOI 10.1016/j.jhydrol.2007.08.028
An assessment of climate change impacts in the water resources of a semi-arid
basin in southeastern Arizona and northern Sonora is presented using results from an
ensemble of 17 global circulation models (GCMs) and four different climate change
scenarios from the Intergovernmental Panel on Climate Change (IPCC). Annual GCM
precipitation data for the region is spatially downscaled and used to derive spatially
distributed recharge estimates in the San Pedro Basin. A three dimensional transient
groundwater-surface water flow model is used to simulate the hydrology of the current
century, from 2000 to 2100, under different climate scenarios and model estimates.
Groundwater extraction in the basin was maintained constant and equal to current. The
use of multiple climate model results provides a highest-likelihood mean estimate as well
as a measure of its uncertainty and a range of less probable outcomes. Results suggest
that recharge in the San Pedro basin will decrease, affecting the dynamics of the riparian
area in the long term. It is shown that mean net stream gain, i.e. base flow, will decrease
and the effects on the riparian area could be significant. The results of this work provide a
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basis for the inclusion of representative climate scenarios into the basin’s existing
decision support system model.

As a lead author, the applicant had a leading role in this research, whose main
findings are listed following.

(a) Climate model projections for the region are spread over a wide range of estimates.
The models that best manage to recreate the historical record are equally distributed
across the projections fan. Thus, in order to quantify climate change impacts, it is
necessary to adopt a multi-model approach accounting for model uncertainty.

(b) Decreases in precipitation result in twice the percentage change in recharge in any of
the scenarios considered. Two important physical thresholds have to be exceeded for
precipitation to contribute to recharge. These exist along the path between the location of
precipitation and the groundwater. First, precipitation has to be in excess of
evapotranspiration potentials; and second, it has to be in excess of soil storage capacity.
In mathematical terms, this is expressed in Anderson’s equation by the 8 inches in excess
of which annual recharge starts being computed.

(c) Results of hydrologic simulations corresponding to the averaged projections of 17
GCMs show that recharge in the San Pedro Basin over the current century may decrease
17–30% depending on the IPCC scenario considered. Evapotranspiration may decrease
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about 31% for all scenarios, which would represent a reduction of almost a third of the
riparian area and important changes in its ecosystem. Net stream gain shows a reduction
of almost 50%, i.e. average annual base flow in 2100 would be half the base flow in 2000
for any given scenario. While these results correspond to the averaged projections of 17
climate models – representing the highest probability outcomes – a measure of the
uncertainty in the results is given by the individual model projections in the upper and
lower ends of the results envelope.

(d) Using multiple model projections and propagating the probability distribution or
envelope of uncertainty through the modeling process is an appropriate way to obtain
uncertainty ranges in the impacts that are being quantified to inform decision-making.

2.3 Summary of 3rd paper:
Serrat-Capdevila, A., Scott, R. L., Shuttleworth, W.J. and J.B. Valdés (2007)
Estimating ET under warmer climates: Insights from a semi-arid watershed. (To be
submitted soon to the Journal of Hydrology or Hydrological Research)
Most climate circulation models predict a temperature increase in the San Pedro
Basin. Higher temperatures will certainly have an effect on evaporative losses and
consumptive use by riparian vegetation. This paper presents an approach to quantify
evapotranspiration under changing climates, using field observations and meteorological
predictions from global climate models. The analysis of historical data (Scott 2004, 2008)
from three sites - mesquite woodland, sacaton grassland and a mixed sacaton/mesquite
shrubland - revealed valuable insights, such as a relationship between surface resistance
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and vapor pressure deficit. We developed a relatively simple daily conductance model
including a growing season index modified from Jolly et al (2005) to accurately replicate
the onset and the end of the growing season. After the model was calibrated with
observations from January 2003 to December 2007, it was used to predict daily actual
evapotranspiration rates from 2000 to 2100 using Penman-Monteith equation and
meteorological projections from the MPI_ECHAM5 model corresponding to a particular
scenario of the IPCC fourth assessment report (WCRP CMIP3). Results indicate that
although atmospheric demand will be greater, increasing pan and reference crop
evaporation, evapotranspiration rates at the studied field sites will remain unchanged due
to stomatal regulation. However, the length of the growing season will increase, mainly
with an earlier leaf-out and at a lesser level by a delayed growing season end. These
findings - implying decreased aquifer recharge, increased riparian water use and a new
water balance - are very relevant for water management in semi-arid regions.
As a lead author, the applicant had a leading role in this research, whose main
contributions are listed following.

(a) The first contribution of an approach to quantify future actual evapotranspiration rates
using climate model projections.

(b) The first contribution to quantify growing season length under climate change
conditions by modifying and applying a growing season index recently developed by
Jolly et al. 2005.
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(c) A versatile conductance model combined with a flexible growing season index that
may be applicable with good accuracy across distinct semi-arid regions.

(d) A concrete quantification of increased groundwater use due to lengthening of the
growing season in the San Pedro Basin. The leaf-out is expected to occur in average 2.6 days
earlier each decade for the woodland and the shrubland sites and 2.2 days for the grassland site.
The end of the growing season is estimated to be delayed by 0.44 days each decade for all sites,
in average. Assuming that groundwater levels are stationary, the previous represent an increase in
the total annual evapotranspiration of 1.38% to 1.45% per decade in the woodland and shrubland,
and 1.24% in the grassland, for the areas in the San Pedro basin with similar characteristics to the
study sites. This allows for an easy and direct use of the research findings to implement in

new water budgets and hence support decision-making.

2.3 Summary of 4th paper (candidate is second author):
Shuttleworth, W.J., Serrat-Capdevila, A., Roderick, M.L., Scott, R.L. (2008) On the
theory relating changes in area-average and pan evaporation. Quarterly Journal of the
Royal Meteorological Society (In press).
Theory relating changes in the area-average evaporation from a landscape with changes
in the evaporation from pans or open water within the landscape is developed. Such
changes can arise in two ways, by Type (a) processes related to large-scale changes in
atmospheric circulation that modify surface evaporation rates in the same direction, and
by Type (b) processes related to coupling between the surface and ABL at landscape
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scale that usually modify area-average evaporation and pan evaporation in different
directions. The theoretical basis for interrelating evaporation rates in response to Type (a)
changes in climate is derived. They have the same sign and broadly similar magnitude,
except for area-average evaporation which responds to area-average surface resistance.
The results of previous modeling studies that investigate surface-atmosphere coupling are
parameterized and, as an alternative to assuming the Complementary Evaporation
hypothesis, used to develop a theoretical description of Type (b) coupling via the vapor
pressure deficit in the ABL. This theory shows that the interrelationship between
appropriately normalized pan and area-average evaporation rates varies significantly with
temperature and wind speed but on average changes are approximately equal and
opposite. Long-term Australian pan evaporation data are then analyzed to demonstrate
the simultaneous presence of Type (a) and (b) processes, and observations from three
field sites in southern Arizona are analyzed to confirm the theory describing Type (b)
coupling via vapor pressure deficit.
As second author, the applicant’s contribution to this research follows:
(a) Engaging in discussions with the main author, regarding my understanding (or
initially, lack of) on the Bouchet’s hypothesis and over the first draft of the manuscript.
Then, discussing whether or not the eddy covariance measurements collected at the sites
could be representative of area-average evapotranspiration processes and reflect
feedbacks from the atmospheric boundary layer.
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(b) Reproducing with real measured evapotranspiration data from the San Pedro basin the
theoretical relationship proposed by McNaughton and Spriggs (1989) derived from a
modeling experiment. The relationship between Priestley-Taylor’s α parameter
(adimensional) and the surface resistance (s/m) of an area had not been observed in
nature previously, i.e. corroborated with field measurements.

2.4 Ongoing and Future research:
In the same research lines as the current dissertation, I expect to combine in my
future research the approaches of papers 2 and 3 to quantify climate change impacts in
the basin at a more detailed level and outline future trends in the basin. The goal being to
integrate the previous research basin-wide and set a new sustainable yield beyond the
Defense Authorization Act 2004, Public Law 108-136 - commonly known as bill 321 and its current associated goals to be attained by 2011. This efforts will have to include
reduced recharge scenarios, increased evapotranspiration - both due to higher
atmospheric demand decreasing water available for recharge; and due to a lengthier
growing season - and the feedbacks due to groundwater pumping in the basin.
Quantifying climate change impacts in the region and presenting a range of results with
its probability distribution is essential to contribute to the sustainability efforts. The
research sought here is driven by the need to contribute state of the art science to water
management planning and decision making. The outcomes of this research will be of
uttermost relevance to the San Pedro Basin and will be directly applicable to decision
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support tools such as the current Decision Support System model developed in
collaboration between scientists and the Partnership.

2.5 Conclusions of this doctoral research
This doctoral research attempts to bridge science and policy by contributing research
geared towards use in decision making processes. The research presented here is
generally two-fold: (1) presents an approach to quantify climate change impacts in a
basin while providing a range of uncertainty; and (2) analyzes how state of the art science
can be fed into a participatory process with aims at solving a sustainability challenge. The
general contributions of this doctoral research are as follows:

(A) Climate model projections for the region are spread over a wide range of estimates.
The models that best manage to recreate the historical record are equally distributed
across the projections fan. Thus, in order to quantify climate change impacts, it is
necessary to adopt a multi-model approach accounting for model uncertainty. Using
multiple model projections and propagating the probability distribution or envelope of
uncertainty through the modeling process is an appropriate way to obtain uncertainty
ranges in the impacts that are being quantified to inform decision-making.
(B) Results of hydrologic simulations corresponding to the averaged projections of 17
GCMs show that recharge in the San Pedro Basin over the current century may decrease
17–30% depending on the IPCC scenario considered. Evapotranspiration may decrease
about 31% for all scenarios, due to groundwater level changes which would represent a

26

reduction of almost a third of the riparian area and important changes in its ecosystem.
Net stream gain shows a reduction of almost 50%, i.e. average annual base flow in 2100
would be half the base flow in 2000 for any given scenario. While these results
correspond to the averaged projections of 17 GCMs – i.e. the highest probability
outcomes – a measure of the uncertainty in the results is given by the individual GCM
projections in the upper and lower ends of the results envelope. Decreases in precipitation
result in twice the percentage change in recharge in any of the scenarios considered,
given the used recharge model.
(C) The first contribution of an approach to quantify future actual evapotranspiration
rates using climate model projections, and the first contribution to quantify growing
season length under climate change conditions. This was possible in part thanks to the
development of a versatile conductance model combined with a flexible growing season
index that may be applicable with good accuracy across distinct semi-arid regions.
(D) A concrete quantification of increased groundwater use due to lengthening of the
growing season in the San Pedro Basin. The leaf-out is expected to occur in average 2.6 days
earlier each decade for the woodland and the shrubland sites and 2.2 days for the grassland site.
The end of the growing season is estimated to be delayed by 0.44 days each decade for all sites,
in average. With the assumption that groundwater levels are stationary, these changes represent
an increase of 1.38% to 1.45% per decade in the total annual evapotranspiration rates for the
mesquite woodlands and shrublands in the San Pedro basin with similar characteristics to those of
the sites, and 1.24% increase for the sacaton grasslands. This allows for an easy and direct use
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of the research findings to implement in new water budgets and hence support decisionmaking.
(E) Reproducing with real measured evapotranspiration data from the San Pedro basin
the theoretical relationship proposed by McNaughton and Spriggs (1989) derived from a
modeling experiment. The relationship between Priestley-Taylor’s α parameter
(adimensional) and the surface resistance (s/m) of an area had not been observed in
nature previously, i.e. corroborated with field measurements.
(F) A first assessment of a multi-stakeholder participatory process in which a DSS model
is developed jointly between academia and a broad array of institutions. Its insights allow
understanding on how the characterizing features of the process have conditioned its
successes and also its setbacks. An important contribution of this research is the
systematic collection and synthesis of stakeholder feedback regarding science inputs to
support a real-world management challenge. The participatory model development
process has allowed simultaneous and focused discussions on particular issues, such as
identification of problems, alternative solutions and potential future scenarios. The
process has produced increased understanding – both social and ecological – among
stakeholders. The DSS model development has provided a commonly agreed
representation of the system and its problems. The model is the shared image of the
common understanding that, although imperfect, can be changed and improved with time.
(G) It has been found that the development of the DSS model, along with broad
stakeholder involvement, fairness and diversity in representation, the openness of the
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process and a very significant science input, are features that have enabled what Tabara
and Pahl-Wostl (2007) term sustainability learning. The participatory analysis during the
model development and its contribution to decision making bring with them the
necessary social learning that can alter and inform perceptions of local problems and their
cause-effect relationships.
(H) The collaborative development of a DSS in the Upper San Pedro Basin has forced a
negotiation environment where potential long term sustainable solutions are
democratically agreed upon. The outcome of this inclusive approach to decision making
is a product – the DSS model itself – that benefits from a sense of ownership and trust.
The sense of trust, ownership and legitimacy that come with such consensus building
processes are likely to guarantee the support and sustainability of any of its chosen
adaptation strategies. This study suggests that such a collaborative model development is
an exportable and universal mechanism to foster novelty, learning and adaptive capacity,
thus promoting resilience and sustainability.
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ABSTRACT
The present paper analyzes how the collaborative development process of a decision
support system model can effectively contribute to increasing the resilience of regional
social-ecological systems. In particular this work focuses on the case study of the
transboundary San Pedro Basin (Arizona/Sonora) - a semi-arid watershed where water is
a scarce resource used to cover competing human and environmental needs. We explore
the essential traits in the development of the decision support process that contributed
both to an improvement of water resources management capabilities with respect to
regional sustainability goals and the potential for consensual problem solving. The
comments and feedback on the process from the stakeholders benefiting from the
Decision Support System in the San Pedro Basin are presented and analyzed within the
regional (U.S.-Mexico boundary) social and institutional context. We will indicate how
multidisciplinary collaboration between academia and stakeholders to jointly develop
decision support systems aimed at particular water problems is an effective step towards
collaborative management. Indeed, this type of technology transfer and capacity building
provides a common arena for testing water management policies and evaluating future
scenarios. It is argued here that putting science at the service of a participatory decisionmaking process provides adaptive capacity to accommodate future change, i.e. building
resilience in the management system.

INTRODUCTION
In an unprecedented change, comparable perhaps with the discovery of
agriculture 10000 years ago, mankind has drastically redefined its relationship with the
earth’s environment in the last 150 years. Industrialization, technology and the
appearance of computers have caused fast and dramatic changes in human societies. The
discovery and use of fossil fuels - now seemingly on the receding curve - and the
emission of greenhouse gases have caused human development to affect global climate
dynamics and changed land atmosphere interactions at large scales. While these changes
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have prompted increases in production systems, economic growth and population, we are
now confronted to the challenge of adapting to the global change resulting from our
development choices. Sustainable management of systems and resources is taking a
central stage in the global debate, and terms such as resilience, i.e. the capacity to adapt
to change and uncertainty are the focus of multidisciplinary research efforts.
Population growth, industrial development, and extensive agriculture have
brought major societies to the edge of water resources availability, with increased
tensions in international settings. The efforts to solve this “tragedy of the commons” type
of problem have lead to two main conclusions: (1) At the basin level, cooperative
integrated water management may produce improved benefits (Snellen and Schrevel,
2004); (2) at the local scale, bottom-up organization may be an efficient mechanism for
water allocation and conservation (Lansing, 1991). The notion of bottom-up organization
implies that public participation in the water resources management at the local scale will
influence decisions and policy making at the same and immediately superior
administrative stances.
The current paper analyzes how collaborative development of Decision Support
Systems (DSS) can effectively contribute to increasing the resilience of regional socialecological systems. This work focuses on the case study of the transboundary San Pedro
Basin (Arizona/Sonora) - a semi-arid watershed where water is a scarce resource used to
meet competing human and environmental needs. We explore the essential traits in the
development of the decision support process that contributed both to an improvement of
water resources management capabilities with respect to regional sustainability goals, as
well as to increase the potential of consensual problem solving. Stakeholders benefiting
from the Decision Support System in the San Pedro Basin provide comments and
feedback on the process of model construction and use, which we analyze within the
regional social and institutional context. We argue here that putting science at the service
of a participatory decision-making process provides adaptive capacity to accommodate
future change, i.e. building resilience in the management system.
The introduction of the paper reviews first the meaning of resilience and how it relates to
concepts of sustainability, equity and justice, then focuses on attempts to bridge theory
and practice in particular settings. It provides a brief description of the institutional
landscape within which the DSS was developed and describes how the DSS initiative
emerged and developed. The methods section describes how the DSS model development
process was analyzed in terms of its potential contribution to a more resilient San Pedro
social-ecological system and its capacity to help the Partnership address its sustainability
challenges. The results section presents a thematic analysis of assessment interviews with
Partnership members and outlines the key contributions of the DSS development process,
as well as lessons learned and influence of the process on policy making. “The road to
resilience?” section elaborates on the DSS development process contributions to a better
capacity to face new challenges and increased social-ecological resilience in the Upper
San Pedro Basin. The conclusions summarize the work presented here and its findings.
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Resilience and Sustainability
Strongly coupled, human and natural systems co-evolve, and ecosystem response
to human use is rarely linear, predictable or controllable. After Scoones (1999), there are
three main characteristics of the new ecology movement: acknowledgement of
uncertainty, dynamics and complexity; exploration of nonlinear interactions across
different scale systems, a more global approach to recognize spatial patterns; and an
historical memory of systems and their temporal dynamics. The relevance of the previous
concepts is well illustrated by the challenges of water resources management in socialecological systems and their associated dynamics. Resilience is the potential of a system
to remain in a given configuration maintaining its functionality, reorganize itself after a
disturbance and adapt to change [Holling, 2001]. Although adaptive capacity is used
sometimes for resilience, it is a quality of resilient systems that reflects learning,
flexibility to experiment and adopt new solutions, and respond broadly to challenges.
Building resilience in a system requires enhancing social, economic, ecological
and other structures and processes that enable it to reorganize in the face of new
challenges and after disturbances, as well as reducing those that tend to undermine it.
Adger (2003) claims that since resilience and vulnerability are both shaped by global including climate - and local economic forces, the ability to deal with them depends on
how we manage to frame sustainability questions within environmental policy and weight
their benefits with those of free trade, economic choice or growth. Building the capacity
of societies to manage their resources and their decision-making appropriately and to
promote stability and adaptation to unforeseen circumstances are objectives that guide the
quest for sustainability at different scales. Justice or equity in natural resources
management can be directly related to flexibility, self-organization, diversification,
freedom, and ability to adapt. These properties, as well as sustainability, arise from the
entitlement and access to resources and to security. Justice and resilience promote
sustainability, Adger says. Justice in a sustainable system accounts for the outcomes of
resource allocation and policy decisions: how the adverse and beneficial effects of human
actions are distributed across the society. Recognition of value differences, and
representative participation from different sectors of society in the decision making
process have been recognized as necessary for sustainable management. Empowerment
for self-governance and decision-making processes can only be just and equitable if there
is fairness in representation. Who decides who gets what, when and how, and how we
decide such things are both fundamental questions of resource management and politics
(Blomquist and Schlager 2005). The way these issues are embedded in the management
of a system is key to its sustainability and resilience.

From theory to practice: system-specific resilience
The concept of evaluating social-ecological resilience in real-world systems as
well as adaptive capacity within water resources management settings is relatively new.
The application of resilience knowledge can currently be done only at certain scales. At
the largest scale, earth is the global ecosystem, integrated by many smaller socialecological systems interlinked with each other and with more or less permeable
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boundaries, and also divisible into a myriad of minor connected systems. Recent
litterature on natural resource governance has focused on multi-stakeholder involvement
and participatory management (Ridder et al., 2005). Arguments for collaborative resource
management focus on a process that generates mutual understanding and trust that, in
turn, create a sense of legitimacy (Sabatier, et al 2005; Bingham 1986; Born and
Genskow 2001; O’Leary and Bingham 2003). The role of collaborative participation in
“face-to-face information exchange and problem solving among all the relevant
stakeholders” is emphasized (Weber, 1998: 203). Lemos and Morehouse (2005) argue
that usable knowledge is co-produced in the context of interactions between scientists,
stakeholders, and policy-makers. Similarly (Scott et al. 1999:4) regard sciencestakeholder collaboration as a form of interactive research where “researchers, funding
agencies, and user groups interact throughout the entire research process, including the
definition of the research agenda, proper selection, project execution, and the application
of research insights”. Acknowledging a small group can no longer learn and manage on
behalf of all other stakeholders (Pahl-Wostl 2007), the concept of “social learning” sheds
new light on the understanding of the management process (Bouwen and Taillieu 2004,
Pahl-Wostl 2002, 2006, Craps 2003).
Attempts to assess system-specific resilience have examined a series of
characteristics: stakeholder development of conceptual models, importance of a
multidisciplinary approach, selection of sustainability indicators, the significance of sitespecific context, and the development of social networks and institutional knowledge.
Walker et al (2002) present an approach to analyze and manage resilience with close
involvement of stakeholders, including four phases: stakeholder-led development of a
conceptual model of the system; stakeholder visions for the future; explore the SES for
resilience in an iterative way; stakeholder evaluation of the process and outcomes in
terms of management implications. They argue that multidisciplinary discussions will
significantly contribute towards building a common understanding of resilient pathways,
of what is sustainable in the long run and what isn’t. Their conceptual approach is similar
to the process that has taken place within the USPP as it developed the DSS model in
response to water management challenges in the basin. Similarly, Lynam et al. (2002)
present two case studies where models were developed and used with stakeholder
participation to tackle common resource management problems. Discussions were
facilitated with the use of different participatory tools – spidergrams, spatial mapping,
belief models, multi-agent system models - so that stakeholders would find common
understanding, define goals and priorities, and propose potential alternative solutions to
address the problems. It was found that (1) models had a key role providing a common
and changeable representation of the problem; (2) the locals would take ownership of the
initiative; (3) models are recognized as imperfect but important to record the evolution of
system understanding.
Carpenter et al (2001) emphasize the need to contextualize resilience as a site
specific measure, as well as the variables that control it. In a similar way, Adger (2003a)
states that the characteristics of adaptive capacity in a given location are culture and
place-specific. He argues that the social dynamics of adaptive capacity are defined by the
ability to act collectively. Many aspects of adaptive capacity reside in the networks and
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social capital of the groups that are likely to be affected, both in developed or developing
settings. Their ability to make a sustainable transition will be determined in part by their
networks and social capital. As is becoming clear with coevolving social-ecological
systems in general, social and institutional diversity itself promotes resilience (Folke et
al. 2002; Adger 200b). The relevance of social networks is also highlighted by Crona and
Bodin (2006), examining communication networks related to natural resource extraction
among villagers in a coastal community in Kenya. The authors discovered that
communication was very limited between groups using different techniques, inhibiting
exchange of ecological knowledge and successful regulation of resource extraction. Thus,
the lack of collective action to address an unsustainable situation is likely to be
conditioned by the structure of local social networks. Related studies in developed
settings also underline the importance of social networks for solving collective resource
management problems (Olson et al., 2004; Olson and Folke, 2001; Shannon, 1998).
Other publications present conceptual models for sustainable participatory
resource management, giving recommendations on how integrated water resources
management should be carried out and what the role of each involved entity should be. It
has even been written that “stakeholders should change their behavior” (Lal et al 2001).
This paper does not intend to contribute another new conceptual framework or patronize
on how problems should be solved. The current work analyzes instead a real-world
process - a collaborative development of a Decision Support System to identify the best
solutions for human induced environmental problems - and presents feedback from the
stakeholders involved. In the results and discussion section we provide the perceptions of
the stakeholders themselves, what has been learned, and distill the relevant key points in
regards to resilience and sustainability. While we contextualize the resilience analysis in
the San Pedro watershed and its social-ecological setting, our findings on the process are
exportable and may be useful elsewhere.

The San Pedro Basin: regional and institutional context
The San Pedro River originates in northern Sonora, Mexico, and flows north into
Arizona, eventually joining the Gila River, which flows into the Colorado River (Figure
1). The Upper San Pedro River Basin (USPB) is an area of approximately 10,660 square
kilometers (4100 square miles). Arizona encompasses 74 percent of the study area and
Sonora, Mexico, includes the remaining 26 percent (Steinitz et al., 2003: 11). The USPB
is home to approximately 177,755 people in Arizona (Steinitz op. cit, 31) and 32,000 in
Sonora (INEGI Census 2000) who live and work in seven incorporated towns and several
unincorporated communities. Issues of water allocation for human and environmental
uses are critical concerns and have led to divisiveness among water users and watermanagement entities. Agriculture, cattle grazing, mining, and recreation remain the
predominant land uses, though they are being supplanted by increasing urbanization. In
addition, the Upper San Pedro Basin, one of the most ecologically diverse areas in the
western hemisphere, contains as many as 20 different biotic communities and supports a
number of plant and animal species of special concern to both countries. The San Pedro
Riparian National Conservation Area (SPRNCA), an approximately 18,200-hectare area
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managed by the Bureau of Land Management, is located within the U.S. portion of the
USPB.
The United States Congress established the (SPRNCA) in the Arizona portion of
the San Pedro Basin as a major North American migratory bird corridor in 1988, but this
did not automatically assure its survival. The U.S. Bureau of Land Management has been
administering the SPRNCA, with the goal of protecting the 60 km riparian corridor north
of the U.S.-Mexico border. Population projections for the U.S. portion of the basin
parallel those elsewhere in the Southwest--with a roughly 50 percent increase projected
from 2000 to 2030--and will result in a major rise in water use to support municipal and
domestic needs. In the face of continued population growth, great concern remained
regarding the long-term viability of the San Pedro riparian system. Groundwater is
essential for sustaining base flows within the river during dry seasons.
Most of the water demand in the basin has been for mining, municipal and
domestic use, and irrigated agriculture. Recent research suggests that riparian vegetation
also requires a large portion of the water budget. The basin is currently considered to be
in a water deficit, with annual water withdrawals exceeding recharge by approximately 6
to 12 million cubic meters. Water use is increasing and is expected to continue to do so.
A predicted decline in northern Mexico’s water availability not only threatens the
viability of the San Pedro River, but exacerbates the increasing competition for water
resources between productive sectors such as agriculture and industry and domestic
consumption (Magaña and Conde 2001: 1). The groundwater deficit in this Basin
threatens base flow in the San Pedro River which in turn threatens the existence of the
largest local economic engine, the Forth Huachuca military base whose existence is tied
in part to the health of the River via legal implications from the Endangered Species Act.
In the past century, adaptation processes such as investments in infrastructure and
technology – dams, canals, wells, electricity, groundwater pumps – and institutional
arrangements such as insurance policies, have greatly reduced climate vulnerability
perceptions. However, even if technological investments represent an adaptation to
climate variability – prompting a demographic growth in the basin – they may not be
sustainable over the long term, since their effects are yet to be seen (Finan el al. 2002).
Indeed, if pumping extractions exceed natural recharge, the resource is being mined and
the dynamics of aquifer-related ecosystems will be negatively affected. That is precisely
the case in the San Pedro Basin where the river and its riparian area are closely linked to
the aquifer, naturally allowing perennial flows in the desert during seasons without
rainfall. When groundwater pumping is excessive, the water table is lowered and gets
disconnected from the riparian area. At this point, the river goes dry and phreatophyte
vegetation – i.e. trees that need to access groundwater with their roots – die. These
linkages, its spatial nature, and its implications for sustainability are not easily understood
by the general public, making it difficult to collectively address such environmental
conflicts
In response to these water issues, stakeholder entities in the Arizona portion of the
Upper San Pedro created the Upper San Pedro Partnership (USPP,
http://www.usppartnership.com/) under an interagency Memorandum of Understanding
in 1998 to facilitate and implement sound water management and conservation strategies
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in the Sierra Vista sub watershed of the basin. The USPP is thus a consortium of 21
members including federal, state and municipal agencies, such as Fort Huachuca Military
Base, Bureau of Land Management, Cochise County, The City of Sierra Vista, and nongovernmental organizations such as The Nature Conservancy and the Audubon Society.
The full list of member agencies, which are either land or water stakeholders in the basin
or provide resources to help the Partnership accomplish its purpose, as well as their
profiles can be found at http://www.usppartnership.com/about_memberagency.htm. The
USPP is structured in three committees: (1) The Partnership Advisory Commission, “the
decision-making body analogous to a board of directors”, represented by all member
entities; (2) The Executive Committee, “the administrative and implementing arm”,
represented by all member entities that make financial contributions to operations and
projects (i.e. that have ‘project responsibility’); and (3) The Technical Committee, which
provides technical and scientific advice and oversight by participating, coordinating and
synthesizing research findings and information across Partnership members and other
partners. In brief, the technical committee is composed of members with professional and
scientific credentials from member entities, and reports to the advisory committee, so that
decision-making has the best available scientific-basis.
The Partnership has made considerable progress on achieving its goals, but the
remaining challenge of reducing groundwater use a further 40 percent during a drought is
daunting. In order to help decision-makers understand the impacts and cost effectiveness
of alternative water conservation measures and management policies the development of
the DSS model begun (Richter, 2000).

The DSS model development: A collaborative process
Since its inception in 1999, the mission of the USPP was to find sustainable
solutions for the management of water resources in the basin. In its commitment to do
science-based decision-making, the Partnership involved scientists from the beginning.
The idea of a Decision Support System Model for the Upper San Pedro Basin was first
discussed around 2000/2001. The chair of the USPP Technical Committee requested
different experts to come and talk about experiences with DSS models to see if the idea
could be beneficial to the Partnership. Namely, a hydrologist developing a dynamic DSS
model for the Middle Rio Grande Basin in a similar collaborative way, presented the
potential capabilities of such tools for decision-making (Tidwell et al., 2004).
Connections with the University of Arizona lead to faculty with the right expertise and
interested in doing stakeholder relevant research in the area. After some visits
demonstrating the capabilities of system dynamics modeling to support decision making,
and because of the need of the USPP to handle large amounts of information and evaluate
different options and strategies in a user-friendly way, the idea picked up.
By then, a report had already been subcontracted for a semi-quantitative analysis
of potential alternatives, considering inter-basin transfers and some conservation
measures. Nevertheless, a tool for decision makers was needed to easily evaluate
management alternatives and the impact of their decisions. The different options and
strategies outlined in the report constituted the starting point of the conservation measures
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packages to be built into the DSS model. From then, the DSS initiative evolved from a
reconnaissance level project to a two phase modeling project. The first phase model
accounted for an overall water budget with a set of conservation measures and
management alternatives. Phase II of the project included linking the DSS with a detailed
groundwater model developed in parallel by the US Geological Service.
Funding for model development has come from different sources during the
process. Initially it was funded exclusively by SAHRA1, a Science and Technology
Center from the National Science Foundation at the University of Arizona, with a strong
mission on stakeholder-relevant research. After approximately the first year, the
Partnership provided 50% of matching funds. The project also benefited from other
funding opportunities.
Discussions regarding model development are held in monthly meetings of the
USPP technical committee, generally in Sierra Vista, located in the basin. The
development of the model was a collaborative and open process in which any of the
stakeholders of the Partnership could participate. Members find common ground
regarding alternatives and conservation measures to be built in the model, assumptions
that need to be made, the design of the user-friendly interface and any other relevant
issues. In each meeting the main modeler presents advances made on the model based on
previous discussions, to seek approval from members, and if need be, they are rediscussed and can be changed. As the model developed, the technical committee reported
back to the PAC and the general public attending the meetings, for feedback. While
stakeholders from the Mexican part of the basin did not participate in the model
development process, a history of collaborative efforts exists and workshops regarding
DSS modeling capabilities have taken place with Mexican water management authorities.
The recent creation by the Mexican National Water Commission (CONAGUA) of a
multi-stakeholder Basin Council for the Mexican portion of the basin may well be a result
of the efforts mentioned previously and sets the stage for future collaborations.
While the main objective of developing the DSS model was to provide a decisionmaking tool and a common wavelength for communication, the development process
itself is an open door for direct involvement of stakeholders and decision-makers, the
scientists’ role being the one of technical facilitators.

METHODS
The objective of the current research was to gain insights on the essential traits in
the development process of the San Pedro DSS that contributed both to an improvement
of water resources management capabilities with respect to regional sustainability goals,
as well as to increase the potential of consensual problem solving. Thus, this is a postintervention assessment of a concrete social process.
Since our research is focused in a very concrete process that has taken place
mostly within the Technical Committee of the Upper San Pedro Partnership, the human
sample is relatively small. The individuals involved represent different stakeholder
1
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agencies and interest groups from varied backgrounds. The insights we attempt to obtain
are mostly qualitative rather than quantitative. For these reasons, the authors attempted to
sample as many individuals involved in the process from as many stakeholder groups as
possible, in order to capture the most perspectives, opinions and insights on the process.
Such approach captures variability, not the type obtained from formal surveys in other
context but variability of views from agencies and stakeholders. Although the results may
not be directly applicable in other settings - as they are quite case specific - some key
lessons may be generalized with some care and accounting for the broader context. After
a familiarization with the DSS Model itself, to understand model components, dynamics
and sets of alternative management strategies included, two field activities were carried
out to attain the goals of this research:
First, participant observation took place in the monthly Technical Committee
meetings of the Upper San Pedro Partnership in Sierra Vista (AZ). The goal of attending
these meetings was to witness and be familiar with the way in which the process was
carried out in terms of discussion, participation, stakeholder involvement, interactions
between scientists and different stakeholders. This was essential in terms of having a
general idea of the collaborative process in order to contextualize the results of the next
phase, the personal interviews.
Second, 17 stakeholder members of the Upper San Pedro Partnership involved directly or indirectly - in the development of the Decision Support System Model were
interviewed. The interviews were carried out in person and through phone conversations
and its duration was one hour in average. Although a list of explicit questions was
prepared, they were as much as possible formulated as a topic outline to avoid
constraining individuals in their roles and allowing for a more open frame of engagement.
This more flexible format allowed the subjects to elaborate on related ideas, providing the
opportunity to access new ideas and facilitate continuity in the conversations. The
interviews were designed to gather opinion, criticism and suggestions from the
stakeholders regarding the process in which they had been part of. We intended to find
out what they felt as being specially positive about the process - i.e. contributing to better
management and problem solving - , what could have been done better, and what should
have been done completely different. Patterns of opinions and their correlation with the
individual stakeholder’s affiliations would also be analyzed. Finally, we sought their
impressions on the contribution of the model development process towards solving
management challenges and providing resilience for the future to come.

RESULTS AND DISCUSSION: THE STAKEHOLDER FEEDBACK
The results of this research have been structured around operational constructs or
themes that capture the range of contributions of the DSS development process to
resilience. These include communication, understanding, development of institutional
networks and knowledge, role of multidisciplinary scientists in the DSS development,
fairness in representation, the influence of the DSS process on policy-making and
improved ability to adapt to future challenges. The stakeholder’s views on what should
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have been done differently constitute the lessons learned. Figure 1 is our graphical
representation of the DSS development process and illustrates the key mechanisms that –
we argue – have contributed to resilience in the basin’s social-ecological system.

Figure 1: Our conceptual representation of the DSS development process in the San
Pedro Basin illustrating the key mechanisms contributing to resilience in the basin’s
social-ecological system.
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Communication, Understanding, and Development of Institutional Networks
and Knowledge
The communication associated to the DSS development process - where
stakeholders interact verbally during meetings and express their opinions on choices to be
made regarding how and what goes into the DSS model - served multiple purposes, as
expressed by the individuals interviewed in this study. The development of the model
forced the involved individuals to focus their communication on particular issues that
ranged from processes and features represented in the model, to assumptions,
conservation measures and alternative scenarios. The main sets of options containing
each group of conservation measures and policies, their links and overlaps, had to be well
defined and agreed upon. As the model has been developed collaboratively, every single
decision embedded in it was a product of iterative communication between scientists and
stakeholders during the periodical meetings of the technical committee. This required
putting on the same page a range of stakeholders with different backgrounds and
scientific knowledge. Preliminary findings and a better understanding as the model was
being built also stimulated further discussions about improvements and updates. The
model development process proved a good setting to have ongoing discussions on
different issues simultaneously and provided a continuous “opportunity to ask questions,
focused questions, the good questions”. In brief, focused and itemized communication
was the key to a better understanding of the overall system behavior, the nature of the
problem and the alternative solutions themselves.
The DSS development, along with other science processes within the USPP,
contributed to a better understanding at many levels. First, it helped stakeholders such as
city managers understand the physical system, especially the spatial distributions of
pumping and land use management effects on the riparian corridor. The location and
intensity of pumping or artificial recharge processes would have different effects on the
water table adjacent to the San Pedro River. Visual tools developed by scientists were
especially useful, the most remarkable of which was the “capture map” developed by the
US Geological Survey (USGS). Such a tool is a contour map showing in each location
the percentage of pumped water – if a well was drilled there – that would otherwise
contribute to flows in the river. In other words, it shows the areas in which pumping
would have a more immediate impact on the riparian area (provided in Appendix A)
.Referring to the DSS and other science processes as well, one participant noted: “The
DSS has allowed people to understand groundwater pumping impacts in the river; it
allows stakeholders to realize there is this connection, that we are actually altering the
hydrological system.” Further, a high level member of the USPP stated: “It showed the
need of preventing development along the Babocomari River and the San Pedro, that we
needed to restrict well density, especially in certain areas, and also showed the benefits
of closing down alfalfa fields. The science process has been very good for land use
planning and zoning.
Although changes in behavior are hard to gage, there is nevertheless a clear
consensus on the fact that better common understanding of the physical riparian system -
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including impacts of pumping - lead to generalized acknowledgement of what may be
better or worse in regards to sustainability of the riparian area.
Besides a better understanding of the natural system, the process allowed for a
better understanding of what are the drivers and constraints of each stakeholder and the
agency he/she represents. The complexities of the negotiation process can only be
understood by knowing what drives each agency’s decision making, which measures are
politically feasible, legally possible and economically viable. Someone said: “I
understand now the challenges of legislation that has to balance the needs of their
constituency and the needs of the environment. It is a complex suite of decisions to be
made.” Thus there is an insight on what boundary conditions exist on each stakeholder
range of action. Implicit to the process, the more non-technical people acknowledged the
fact that they learned about the overall functioning of the models and how the
groundwater model and the DSS were linked, as well as the limitations of the models.
Parallel to all this understanding, there was a learning of each other’s “language and
jargon, and what we really mean when we speak” as expressed by one participant.
Perceptions of different stakeholders on understanding each other’s concerns
seem to be conditioned on the direction of the understanding. Participants tended to say
they understood other people’s concerns better but were not necessarily satisfied with
other people’s level of understanding of their own concerns.
This process of building understanding of individual values and perceptions on
the one hand and of the complexity of the social-ecological system on the other can be
regarded as a form of social capital. Putnam (1993) views social capital as “features of
social organization such as networks, norms, and trust that facilitate coordination and
cooperation for mutual benefit”. Social capital is created as the organization members
establish understanding and trust, and is part of the knowledge and understanding, norms,
rules, and expectations shared by individuals participating in the collaboration (Ostrom
2007and Coleman 1988). The Resilience Alliance (2006) argues that not only must
policies seek to transfer knowledge and understanding to local individuals, but must also
develop institutional flexibility by encouraging the formation of networks of individuals
which bridge institutional boundaries. These groups of individuals can act as agents of
reform within their institutions, and the nucleus around which new institutions can
crystallize. These individuals would represent the catalyzers of an adaptive complex
system and benefit from institutionalized capacity building in regards to environmental
knowledge about the social-ecological system. Indeed, multi-stakeholder representative
public participation needs these kinds of individuals to function effectively.
More than one Partnership member, actively involved since its inception, noted
that it would be hard to differentiate to what extent better understanding is due to the DSS
development process exclusively or to the ensemble of previous and current working
processes ongoing in the Partnership. Although the technical committee has taken the
role of the science feeder into the broader Partnership, other processes may have also
contributed to better understanding, social capital and institutional knowledge.
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The roles of scientists in the DSS development process
Science has been brought to the negotiation table from different organizations
involved, which mainly include: USDA Agricultural Research Service’s Southwest
Watershed Research Center; US Geological Survey, the Udall Center for Studies in
Public Policy, Sustainability of semi-Arid Hydrology and Riparian Areas (SAHRA) an
NSF science and technology center at the University of Arizona, which takes credit for
developing most of the DSS model as it is now. These individuals with scientific
backgrounds have frequently contributed hydrologic and land use data, modeling
expertise, environmental conflict mediation procedures, and knowledge of the political
and policy process. Thus, the process has benefited from a broad range of disciplines and
individuals in the technical committee feel that it will continue to be like this. “In this
process I learned a lot from other disciplines, things I would otherwise hardly have ever
learned”, one of the participants stated. All but one individual acknowledged that the
main scientists from USDA, USGS and SAHRA have been instrumental, with a very
high ability, crucial, essential, doing a very good job, highly thought of, ability to
communicate very technical things in lay man’s terms.
Finally an individual summarized the following about the science process and the
scientists involved: Really good job. And they are highly thought of within the broader
USPP. The need of science is recognized by everybody, although some people may not
want that, since it legitimates the outcomes of the model and its findings and there is less
room for “wiggling”. It legitimates results all the more by the fact that there is input
from various scientists. It really helped, especially for the understanding of lay people.
Thus, the contributions of science and multi-sector involvement – in addition to multistakeholder participation – are very visible in terms of developing networks of entities
that enhance local knowledge systems.
The overall ability of the DSS model to replicate the hydrological system was
derived from and tested against a detailed groundwater model developed by the US
Geological Service. The DSS can replicate the overall hydrological system with enough
accuracy to perform its decision-support function, as the groundwater model that supports
it is state of the art science. However, when there is simply no data available to provide
estimates about certain processes or phenomenon, assumptions have to be made. These
are rather small model components related to the water budget that are built into the
model, but they do not compare in size to the overall functioning of the hydrological
system. Initial uncertainty in such issues is dealt with iterative discussions between the
stakeholders in which the most likely value range is narrowed down. This is done by
further research, existing studies and collected data. As was said by one participant: “As
decisions are driven by consensus there is always some science/data somewhere that can
be used to obtain a best guess”. Although all the interviewees expressed satisfaction with
the process and the final assumptions made and estimates used in the model, the
impression exists that individuals may tend to defend numbers that support their case.
The example of recharge through artificial detention ponds came up many times, in
which some stakeholders pretended that the recharged volumes were much higher than
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they actually turned out to be, providing some quite overestimated numbers. With time
and through data gathering and discussions this was corrected: “with time, estimates get
very reasonable”. One individual noted that even though the assumptions may seem
reasonable when taken, the challenge was to keep an audit trail, to explain or justify them
to the principal stakeholders in the future, suggesting that the process and the basis for
decisions should be documented. Finally, one participant summed it all up very well: “It
takes longer to agree when there is less science and we usually end up in the middle since
we have a broad group of stakeholders. Coming up with budget numbers, leakage
estimates… The process of having to develop the DSS has been very good in helping
defining additional research needs. Helping realize what you don’t know, in terms of
both research and monitoring.”

Fairness of representation in the process:
All participants showed no hesitation in assuring that the DSS model development
process was inclusive, open and fair. A few stakeholder groups do not have “project
responsibility” (the entitlement to implement water and land management projects) and
chose not to participate in the DSS development process, although they showed interest
in its outcomes. The participating entities - which are most of them - including the ones
with project responsibility such as the political subdivisions, the Bureau of Land
Management, The Nature Conservancy and others, the participants said without reserve
that representation was fair and objective. The meetings were lead by a very skilled
person with ecological science background, whose moderator abilities were well
recognized within the stakeholder group. It is clear that such fairness and will to
accommodate everyone’s views through iterative discussions is the reason for much of
the delays many people have complain about.
Referring to the wider Partnership at its early stages, and not the technical
committee itself, one participant commented on the economic growth versus ecosystem
sustainability debate: “early on…, there was a heavy political representation; they had
this “growth mantra”. But these politics had little impact in the technical committee
itself. The non technical people, specially the often referred to as “policy people” outside
the USPP Technical Committee have been said to be “overanxious” time-wise for the
DSS to be completed. These individuals have not been directly involved in the model
development process and thus do not appear to appreciate as much – as the participating
individuals – the benefits of such a collaborative process and tend to focus more on the
expectation of a finalized product.

Lessons Learned: What would you change?
The interviewees were asked what they would change in the DSS development process if
they had to start from scratch all over again. Overall, the collaborative process to develop
the DSS model has been seen as very slow, and this seems to be the main criticism from
all sides, including from the modelers themselves. Nevertheless, some of the people that
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have been involved in the model development feel the model is not something that needs
to be finished in order to start benefiting from it. In other words, the model development
process has contributed a lot to understanding and devising ways to address problems in
the basin long before the model became a finished product. The interviewees were
pleased with the final product, and acknowledged that it should be continually updated in
its development and evolve along with the real situation, new implementations and
conservation alternatives. Their answers can be grouped as follows:
•

•

•

Try to do it faster: One participant with a business-oriented managerial
background was very critical of the long time frames that scientific
discussions took, and states that discussions about how to phrase documents
or present results for the greater public can go off for months. The same
participant also argued that the general public is not going to learn hydrology
and doesn’t need to know words like evapotranspiration or ephemeral,” or
“The smartest person wasn’t there when something was decided and a month
later he/she comes to the meeting and re-starts a discussion and changes
things that were already decided. And then we have to go back and have to go
through stuff again and change things. We need to go from an academic
exercise to something in the engineering world. We have to go from the
planning tools to the shovel!” Another participant with limited involvement in
the process suggested that perhaps the modelers didn’t say strongly enough
the model’s limitations, that it provides a relative scale of results, and perhaps
they should talk more in probabilistic terms. The slow pace of developing the
model has taken its toll in the efforts to keep momentum, interest and belief
that this initiative is worth it and that the DSS will be a useful tool. In
addition, because of the slow development, some of the ideas/alternatives in
the DSS may be outmoded or obsolete by the time the model is operational.
At the same time, some individuals acknowledged that it also takes time to
build trust and operate by consensus.
Better management of expectations: A more realistic acknowledgement of the
time needed to complete the construction of the model would have reduced
the feeling of frustration caused by the slow process. “[The main modeler]
always talked as if the model completion was around the corner”, as one
participant stated.
More clear chain of responsibility & business contract: The main modeler has
been reporting back to the technical committee during monthly meetings.
There is the perception that there have been some iterations and changes in
decisions due to two reasons: (1) member were not present when a decision
was made and brought the issue back on the table in the following meeting;
and (2) the technical committee often checks back with the broader USPP to
seek approval for decisions made. A recently involved participant suggested
that political representatives should be in the committee with insights and
power to say what to put in the model. Another individual also suggested that
the main modeler should report back to just one person, a project manager,
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•

•

•

•
•

instead of directly to the technical committee. The same person stated “If we
were bound to a financial budget within a financial year, we would be forced
to work in a timeline and within a budget.” Another policy level participant
stated that the complete absence of a business contract, where results are
promised in a certain time for a certain amount of money, was a problem.
When asked if he would rather have contracted the work to a consulting firm
he answered “No, no, I would do it the same way but would wish that
academia [took] more into account the time deadlines that we have.” On the
other hand, a technical person (not from academia) stated that the feedback
loops and iterations between the main modeler and the USPP were necessary
and that most of the work on how the model should have been done by a small
group of worker bees. “If all the people (including policy people) had been
involved, progress would have been almost impossible. If [there is] no
consensus, no advancement.”
More outreach and public input: A participant stated that a more aggressive
approach to getting the understanding of the model to all the principal
stakeholders and the general public is necessary, so that they trust the model
upon completion. A need to keep the stakeholders and the public up to speed
with the inner workings of the model.
Involve policy people from the beginning: Many individuals have stated that
policy people ought to have been more involved, since the DSS is meant to be
a tool for decision makers. Many state that there is a gap between the
technical and the policy people. While the DSS has been in the hands of the
technical committee, the policy and management people walked away and
said: “call me when you are finished”. The consequence of this is that there is
the perception of a lag between the political realm - where things are
constantly evolving - and the DSS model, which takes time to be developed
by consensus. Because certain policy people were not involved in the
development of the DSS, some of the options built into the DSS may not be
politically feasible. However, the few sessions organized to train policy
makers to use the model have become more model modification sessions.
Show examples beforehand, documentation: Many individuals had no clear
idea of where the DSS model effort would lead the Partnership. They
expressed it would have been helpful to see other similar models and
examples at the beginning of the process in order to have a clear idea of what
the model would exactly do for them, how would it look, etc. More explicitly
define the purpose and goals of the DSS - as well as its limitations - , how the
product is going to be used, and keep this in mind as the product is developed.
One participant stated: “The Partnership didn’t know what they wanted until
they saw what he (the DSS engineer) had.”
Change Nothing: “The DSS was like creating something that had never been
done. A really good process.”
Feeding current, accurate and updated data into the model is a concern for the
future. There is a general consensus that the expertise of the technical people
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•

•

involved in the model development has ensured this up to date, but it is
something to keep in mind for the future (GW data, spatial dimension, smaller
grid cells, accuracy of data, from different agencies, water use estimates,
projections per capita, per home, etc.).
Furthermore, capacity building of some individuals may be needed within the
Partnership itself to modify the model and transform it in case the modelers in
academia stopped working on the project. The point was raised that somebody
within the USPP should be able to modify and update the model, the data that
feeds it and implement any new conservation strategies that may appear as
feasible. “Otherwise, if [the main modeler] leaves the state and stops working
on it, nobody is able now to take care of things and move on from here.”
A comment by one top level policy person illustrates some of the previous
challenges: “The model will help us a lot in our planning and zoning, our
municipalities and county entities, water districts, water planning, etc. We
don’t know how to use it yet, and my concern is how to keep it up to date with
future science, options, and alternatives. If federal funding fails to help the
BLM, the State, Fort Huachuca and the Agricultural Research Service [and
others] …if no more money comes, all will be lost.”

Influence of the DSS process on policy making:
The Upper San Pedro Partnership as an entity does not yet have any power to
impose policies or regulations but can issue recommendations and push for policies:
“can’t impose anything but as a group [of entities] we can influence each other”. Indeed,
as some of the interviewees have stated, the DSS development process already has
influenced policy in two clear issues: (1) In Cochise County - Sierra Vista sub-watershed
- limits have been established in regards to development density within two miles of the
San Pedro River; (2) Regional Planning in the County Government includes the
possibility of transferring development rights in areas far from the riparian corridor where
pumping effects on the river are known to be more distant and spread over time. In
addition, the Arizona State Legislature recently passed bill A.R.S. § 38-431.02, creating an
Upper San Pedro Water District with taxing and other regulatory powers to be approved
by voter referendum. Awareness, understanding and institutional knowledge raised by
collaborative processes such as the DSS development have certainly contributed to such
policies being implemented. Policy regulations in the San Pedro basin with aims to
sustainability can be seen as a reflection of behavior changes due to better understanding.
While the “321 Bill” (Defense Authorization Act 2004, Public Law 108-136) helped
focus the sustainability questions in the basin and established a clear goal for the USPP,
building the DSS laid out the potential strategic alternatives for achieving that goal. The
321 bill recognized a clear difference between the concepts of safe yield and sustainable
yield. While safe yield considers just a number’s budget that could be kept and still kill
the river, sustainable yield explicitly requires the protection of the riparian area and its
ecosystems while introducing spatial and temporal concepts of impacts to the aquifer.
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Although the bill mandates the attainment of sustainable yield by October 1st 2011, it
does not provide any associated funding to accomplish this task. Bill A.R.S. § 38-431.02
would give decision-makers the opportunity to rise funding locally. Putting density limits
to development within two miles from the river, and transferring development rights to
areas far from the river are two policies that challenge rural America’s traditional private
property rights in southeastern Arizona. The implementation of these measures is a strong
indicator of commitment to address the environmental impacts of growth in the basin.
Nevertheless, it was widely manifested that the highest influence on decision and policymaking is expected to come with the use of the DSS model by managers and policymakers. As Saliba and Jacobs (2007) have noted, a shift associated with the DSS process
from a water budget approach to one with spatial management has caused land use
planning to be directly influenced by water supply availability.
Despite the Partnership’s lack of legislative or enforcing powers, the different
agencies that are part of it do have these powers within their particular jurisdiction. Thus,
this is a clear example of how individuals involved in the Partnership’s science processes
can bring new perspectives and ideas to influence their respective institutions. As studied
by Folke et al. (2005), such networks of individuals emerging from collaborative
processes can bridge institutional boundaries and be catalyzers of change within the
system. In addition, the needs to involve policy people more from the beginning,
expressed by the interviewees in the previous chapter, is very telling about their
understanding of such processes and its influence to help bring about change.

The road to resilience ?
Population growth and climate change are the main challenges the USPP
technical committee is looking at in the near future. Serrat-Capdevila et al. (2007)
quantify climate change impacts on the water resources of the San Pedro basin and
predict a decrease in its water budget. Most of the interviewed subjects thought that
processes related to the collaborative development of the DSS contributed to a higher
ability to face future challenges. The process is seen as having set a structure in place, a
set of commonly learned constructs and learned procedures. In one individual’s words:
“The process set up a foundation for having future discussions to address future
problems.” Besides allowing for a better understanding on how different components of
the system interact, the process provides a way in which new hypotheses and the impacts
of new scenarios and alternatives can be modeled and tested within the broader system.
The DSS process allowed what-if gaming and look forward into the future, while at the
same time understanding and appreciating other people’s point of view. One participant
remarked: “The DSS process itself has been an adaptive effort; the nature of the DSS
process has allowed the people involved to apply this approach to other aspects of their
work.” At the same time political boundaries and constraints are perceived outside the
technical committee, most of which are not particularly seen as science driven. Thus,
while the majority of interviewees were positive about the DSS process contribution to
adaptive capacity, many of them also stated the need for policy makers and people in the
political arena to appropriate and translate adaptive capacity into better management
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practices. It was felt that some guidance may be needed for the non-technical USPP
members and the general public on how to properly use the DSS model. Since 2006,
there have been three training sessions for policy people within the broader USPP on how
to navigate the user interface and understand the model up to date. All interviewed
individuals expressed high expectation for the DSS model to be used by all members of
the partnership, i.e. the more policy oriented members and decision makers. This was
expressed with a sense of accomplishment and the wish to see a work recognized and
used to its full potential. Very relevant in terms of adaptive capacity, the process itself
contributed significantly to the high level of trust that participating individuals and
agencies have in the quality of the DSS and its results; “It’s not seen as a black box,
everybody’s concerns went into it. It gives confidence, the results are respected, and
there is a sense of OWNERSHIP of the model. The DSS project has been like a microcosmos for consensus building. It has not been done to smooth controversies but to make
a practical tool to be used and to address problems.”
Such sense of ownership and trust is an outcome of the collaborative process
derived from some of its essential traits contributing to a higher adaptive capacity in
terms of managing the system. These key factors, which constitute the thread of this
publication, can be summarized as follows:
(1) Multi-stakeholder involvement in an open process with well facilitated periodic
meetings representing a constant opportunity to express one’s concerns and
opinions.
(2) Focused and itemized communication on different issues at a detailed level.
This type of communication allows for a better understanding of the physical
system but also of the socio-political landscape, agents, constraints and
opportunities.
(3) Strong multi-disciplinary science inputs in the collaborative process guarantees
science-based decision making and confidence in the results by all parties.
(4) The model’s progressive development represents a commonly understood and
agreed upon representation of the system and a recorded history of collaborative
accomplishments to date.
(5) Perceived influence of the process on policies and regulations past at different
institutional levels provides a sense of confidence in the process itself. The
expressed need by most of the individuals to involve policy people more and
sooner in the process - as a way to enhance its impact - demonstrates their
perception of the process as leading to sustainable learning.

CONCLUSIONS
As a result of bottom-up initiatives – now recognized legally – to solve the water
problems in the basin, a network of varied multi-sector entities has emerged, the main
hub of which is the Upper San Pedro Partnership. This local but far reaching institutional
network benefits from active research programs and from reliable knowledge transfer
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mechanisms, making it a well established knowledge system. The ability to act
collectively has enabled the Partnership to tap into varied resources such as information,
funding, power and knowledge. Its social and institutional diversity promotes resilience,
Adger would say. Or in any case, it paves the way to it.
Within this unique setting, this paper has analyzed a multi-stakeholder
collaborative development of a Decision Support System (DSS) in the San Pedro to
achieve the sustainable management of water resources in a watershed where social and
ecological needs compete. Detailed opinions and views on the process have been
collected from the stakeholders themselves and analyzed within its unique institutional
setting. Overall, stakeholders perceive the DSS development process as positive and
having contributed to a better capacity to face water management challenges in the basin.
It has been found that the development of the DSS model, along with broad
stakeholder involvement, fairness in representation, the openness of the process and a
very significant science input, are features that have enabled what Tabara and Pahl-Wostl
(2007) term sustainability learning. The participatory model development process has
allowed simultaneous and focused discussions on particular issues, such as identification
of problems, alternative solutions and potential future scenarios. Consequently the
process has produced increased understanding – both social and ecological – among
stakeholders. As pointed out in Lynam et al. (2002), models can provide a commonly
agreed representation of the problem. They are an image of the common understanding
that, although imperfect, can be changed and improved with time. The participatory
analysis during the model development and its contribution to decision making brings
with itself the necessary social learning that can alter and inform perceptions of local
problems and their cause-effect relationships.
The collaborative development of a DSS in the Upper San Pedro Basin has forced
a negotiation environment where potential long term sustainable solutions are
democratically agreed upon. The outcome of this inclusive approach to decision making
is a product – the DSS model itself – that benefits from a sense of ownership and trust.
The social capital forged during the process and the broad range of personal and
institutional views that fed the development of the model are the foundations of its
legitimacy. The sense of trust, ownership and legitimacy that come with such consensus
building processes are likely to guarantee the support and sustainability of any of its
chosen adaptation strategies.
Indeed, these efforts have significantly influenced policy making in the basin and
are likely to continue to do so. The ability of this process to influence policies and be a
promoter of change and novelty – revolt in Holling’s terms – has proven to be a token of
adaptation. We think that such a collaborative model development is an exportable and
universal mechanism for promoting novelty, learning capacity and adaptation, thus
promoting resilience, as culture and context specific as it has proven to be.
Concerned and educated water users who make a thoughtful and reasonable use of
the resource are the most sustainable output of any environmental conflict mediation
process. This type of knowledgeable stakeholder will understand that reinvesting in
ecosystem health is profitable for the community in the long term, while conserving
unused strategies and options to accommodate future change.
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Appendix A: Capture Map
Capture map developed by the US Geological Service showing the percentage of
pumped water in each location – if a well was drilled there – that would otherwise
contribute to flows in the river. This is a visual aid showing the areas in which pumping
would have a more immediate impact on the riparian area.
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APPENDIX B: MODELING CLIMATE CHANGE IMPACTS - AND
UNCERTAINTY - ON THE HYDROLOGY OF A RIPARIAN SYSTEM:
THE SAN PEDRO BASIN (ARIZONA/SONORA).
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An assessment of climate change impacts in the water resources of a semi-arid
basin in southeastern Arizona and northern Sonora is presented using results from an
ensemble of 17 global circulation models (GCMs) and four different climate change scenarios from the Intergovernmental Panel on Climate Change (IPCC). Annual GCM precipitation data for the region is spatially downscaled and used to derive spatially distributed
recharge estimates in the San Pedro Basin. A three dimensional transient groundwatersurface water flow model is used to simulate the hydrology of the current century, from
2000 to 2100, under different climate scenarios and model estimates. Groundwater
extraction in the basin was maintained constant and equal to current. The use of multiple
climate model results provides a highest-likelihood mean estimate as well as a measure of
its uncertainty and a range of less probable outcomes. Results suggest that recharge in the
San Pedro basin will decrease, affecting the dynamics of the riparian area in the long
term. It is shown that mean net stream gain, i.e. base flow, will decrease and the effects
on the riparian area could be significant. The results of this work provide a basis for the
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inclusion of representative climate scenarios into the basin’s existing decision support system model.
ª 2007 Elsevier B.V. All rights reserved.

Introduction
In the last century, massive industrialization and the extended use of fossil fuels have lead to a great increase in
the atmospheric concentrations of greenhouse gases. Population growth, industrial development, and agriculture are
causing major societies to face serious challenges in allocating scarce water resources to increasing demands. Because
human development is affecting global climate dynamics
and changing land atmosphere interactions at unprecedented scales (IPCC, 2001), an assessment of the long term
impacts of climate change on water resources is essential to
plan for future management strategies. Current water resources management systems are relatively effective in
handling inter-annual variability. However not enough consideration has been given to long term trends until climate
change impacts began to be felt as a challenge with a significant immediacy.
This paper presents a methodology to quantify climate
change impacts on the water budget and dynamics of a
riparian stream-aquifer system in a semi-arid region, from
years 2000 to 2100, providing a measure of the uncertainty
in the results. Climate change estimates corresponding to
emissions scenarios defined by the Intergovernmental Panel
on Climate Change (IPCC) have been used. The methodology
has been applied to the transboundary San Pedro Basin in
Arizona/Sonora (US/Mexico) with aims of including the impacts of representative climate scenarios into the Decision
Support System (DSS) developed for policy and decision
making in the basin. This will allow the water managers in
the basin to evaluate strategies to cope with a changing
water balance under future scenarios.
While a broad range of literature exists regarding regional climate forecasting using global circulation models
(GCM) and downscaling techniques to assess hydrologic impacts, these often focus on relatively short lead times and
use daily time steps. A significant number of papers deal
with particular events throughout the year, such as low
flows, peak flows, extreme events, and changes or shifts
in seasonal processes. However, few publications seem to
focus on the long term evolution of a basin’s water balance
due to climate change impacts on regional hydrologic processes. Yet this may be the most beneficial application of
hydro-climatology to support long term water resources
management and planning. While short term forecasts of regional precipitation may be very useful to foresee availability constraints for the following seasons, predictions on the
long term evolution of the water budget of a riparian system
are the basis for strategic planning.
Loaiciga et al. (2000), assess climate change impacts in a
regional karst aquifer using diverse historical time series –
extreme shortage, near average and above average recharge – scaled for 2 · CO2 conditions. Climate scenarios
generated using one GCM (GFDL R30) were used to simulate
aquifer impacts with different pumping rates with a finitedifference groundwater model. Results are then compared

to a lumped parameter groundwater model run with climate-forcing data from six other GCMs and using historical
pumping rates. The study concludes by proposing reduced
pumping rates for the future to minimize impacts on spring
discharge and aquifer levels under 2 · CO2 climate
conditions.
Jiang et al. (2007), compare the results of six hydrologic
models simulating the hydrological impacts of climate
change in the Dongjiang Basin in South China, which provides about 80% of Hong Kong’s annual water supply. The
hydrological models are first run using historical climate
data to simulate current water balance components. Then,
they are run using hypothetical climate change scenarios to
simulate its impacts on hydrology and evaluate how diverse
the results from each model are. While the models performed similarly when simulating the historical period,
greater differences occurred in the simulated hydrologic impacts using future climate projections. The main differences in the six hydrological models lie in the conceptual
representation of streamflow, evapotranspiration and soil
moisture balance. While the approach by Jiang et al.
(2007) is a very valid one to quantify sensitivity of results
to hydrological model structure, some model’s conceptual
representations may be more appropriate than others for
a particular region and climate.
Scibek and Allen (2006) model the impacts of future climate change on recharge and groundwater levels of the
Grand Forks aquifer, attempting to evaluate the importance
of the spatial distribution of recharge and identifying uncertainties in the modeling process from global climate predictions to local hydrologic impacts. Results from the Canadian
Global Coupled Model (CGCM1) run for an IPCC climate
change scenario (IS92a) are downscaled using SDSM (Wilby
et al., 2002) and a principal component K- nearest neighbor
algorithm (Zorita and von Storch, 1999; Yates et al., 2003).
Change factors from the downscaling process were used to
stochastically generate daily weather series with LARS-WG
(Racsko et al., 1991; Semenov et al., 1998). Although precipitation was assumed to be uniform over the extent of
the aquifer, spatially distributed and temporally varying
recharge zones are modeled using EPA’s Hydrologic Evaluation of Landfill Performance (HELP, Schroeder et al., 1994).
Recharge was found to be most sensitive to the depth of the
unsaturated zone and moderately sensitive to soil thickness
and porosity. These recharge zones are then linked to a distributed MODFLOW hydrologic model of the aquifer.
Groundwater levels were only influenced by recharge away
from floodplain areas. Within floodplain areas, river levels
are the main driver of water level fluctuations (Scibek
et al., 2007). Sensitivity of recharge model results to spatially distributed recharge was higher compared to temporally varying recharge (variations of <10 cm). In general, it
was found that water level differences between scenarios
of recharge distribution were typically about 20 cm. A realistic representation of the spatial distribution has a more
significant influence in the water balance than a temporal
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representation of recharge. In a comparison with Allen et al.
(2004), where a much simpler equivalent study was undertaken, the results were consistent with the ones by Scibek
and Allen (2006), and the authors of the latter work conclude that simple approaches to quantifying climate change
impacts in groundwater can provide accurate results (D. Allen, Earth Sciences, Simon Fraser University, personal
communication).
Dickinson et al. (2004), present an inverse analysis to
estimate time-varying mountain front recharge from longterm water level records. In an idealized aquifer where all
the recharge occurs at the mountain front, the authors
model periodical recharge rates corresponding to ENSO
and PDO frequencies and then apply the methodology to
groundwater levels in the San Pedro Basin. The largest
water level variations occurred at the mountain front recharge boundary, but its amplitude rapidly diminished with
distance from the recharge boundary. While higher frequency cycles (i.e. ENSO) contributed most of the amplitude closer to the recharge boundary, the level variations
of the lower cycles (i.e. PDO) propagated somewhat further
into the basin. All modeled variations were smaller than
0.5 m before reaching two thirds of the travel distance from
the recharge boundary to the discharge boundary, i.e. the
river.
The analysis developed by both Dickinson et al. (2004)
and Scibek and Allen (2006), if applied to the San Pedro Basin, suggest that using average annual precipitation estimates for the future and a realistic representation of the
spatial recharge distribution is an adequate procedure for
the evaluation of long term climate change effects on the
basin’s water balance and the impacts on both the aquifer
and the riparian area. The work presented here adopts this
approach and uses the projected evolution of distributed
average annual precipitation coupled with a realistic spatial
representation of recharge. A statistical downscaling is used
to obtain annual distributed precipitation fields from GCM
estimates. By using data from 17 global circulation models
run under 4 representative IPCC climate change scenarios,
this paper provides a probabilistic approach to assessing climate change impacts on water resources by providing an
uncertainty range of future projections.
The research presented here was motivated and is part
of a broader effort to support water management in the
San Pedro Basin, namely to attain and maintain sustainable
yield by 2011 as required by a US congressional mandate,
thus contributing to policy-making by providing a scientific
basis.

The San Pedro River Basin
The geographic and human setting
The San Pedro River Basin is a transboundary watershed located in Southeastern Arizona and Northern Sonora, as seen
in Fig. 1. Home of the San Pedro Riparian Natural Conservation Area (SPRNCA), it constitutes a unique riparian river
corridor with mostly perennial unregulated flows in a desert
environment. The San Pedro River has its first 40 km in Mexico, its watershed starting in Cananea (Sonora), and flows
north–northwest in Arizona (US) for another 200 km until
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its confluence with the Gila River. A constriction known as
‘‘The Narrows’’ divides the watershed in the Upper San Pedro Basin and the Lower Basin. The study area for the current
work includes the Upper Basin and a portion of the Lower
Basin from The Narrows to the Redington gaging station,
covering 7560 km2, slightly more than three quarters of
the San Pedro watershed.
Since the 1940s, rural electrification and the introduction
of efficient centrifugal pumps coupled with agriculture and
rapid population growth dramatically increased groundwater use to the point where impacts on the riparian environment and conflicts related to water allocation have only
increased. In November 1988 the US Congress designated
the San Pedro Riparian Natural Conservation Area, along
approximately 70 km of the River in order to ‘‘protect and
enhance the desert riparian ecosystem, a rare remnant of
what was once an extensive network of similar riparian systems throughout the Southwest’’ (BLM, 2006). The water
needed to ensure and protect the conservation area came
with a congressional mandate to attain sustainable yield
by 2011. The achievement of sustainable yield is the responsibility of a consortium of 21 agencies and stakeholders
known as the Upper San Pedro Partnership (USPP). To help
the USPP achieve this goal through conservation strategies,
a Decision Support System (DSS) model of the Upper San
Pedro Basin (Sumer et al., 2006) has been developed by
researchers at The University of Arizona, Sustainability of
semi-Arid Hydrology and Riparian Areas (SAHRA) Center
and the US Geological Survey. This DSS model is a technical
tool to support decision making in the basin by evaluating
different water conservation measures and policy strategies
to reduce water withdrawals to annual recharge values.

Regional hydro-climatology
Climate in Southeastern Arizona is characterized by a bimodal precipitation regime: winter rains and summer rains.
Summer rains, commonly called the monsoons, start in early
July and last until September, bringing convective thunderstorms with high intensity and short duration precipitation.
Moisture from dissipating tropical cyclones may also
contribute precipitation in the months of September and
October (Webb and Betancourt, 1992). Around January
and February, regional frontal storms originating in the Pacific provide rainfall of lower intensity and longer duration
compared to the summer monsoons. Because of these features and the lower seasonal evapotranspiration rates, winter rains are generally regarded to be the main contribution
to groundwater recharge.
Comrie and Glenn (1998) present a principal component
analysis where they delimitate the influence of various precipitation regimes in the US southwest and northern Mexico.
As seen in Fig. 2, the San Pedro Basin is located in an overlapping area of influence: it is entirely surrounded by component 1 (monsoon) but is also on the fringe of component 2
(desert). Region 1, ‘‘the monsoon region’’ is characterized
by important summer precipitation from June to October in
the form of convective storms of short duration and high
intensity. Region 2 of the principal component analysis, presents very low precipitation values year round with the lowest rainfall in early summer and a slight increase in winter
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Location map and the San Pedro River Basin area of study (adapted from MacNish et al., 2000).

Figure 2 Regional precipitation regimes in the US Southwest and Northern Mexico affecting the study area (adapted from Comrie
and Glenn, 1998).
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(Comrie and Glenn, 1998). The influence of the two components is reflected in the rainfall pattern in the basin which is
strongly bimodal with winter rains and summer monsoons,
thus becoming a mixed desert-monsoon regime.
Although winter rains are less than half the annual precipitation, which usually ranges between 228 and 635 mm
(Goode and Maddock, 2000), they are responsible for a major portion of the annual recharge (Pool and Coes, 1999;
Eastoe et al., 2004). This is due to the longer duration of
winter precipitation and the lower evapotranspiration rates
during the winter season. In contrast, summer storms are
short, localized, and evapotranspiration rates are high.
Since the San Pedro River watershed is influenced by both
precipitation regimes, different types of recharge processes
are thought to be of different importance annually and
within each season.
Hogan et al. (2004) and Pool (2005) provide a good review of recharge investigations in the region. Four types
of recharge mechanisms have been historically considered
in the Southwestern United States: mountain front recharge, mountain block recharge, diffuse recharge, and
ephemeral channel recharge (Hogan et al., 2004). Mountain
front recharge is the water that infiltrates into the zone of
coarse alluvium that extends from the base of the mountain
into the basin. Water infiltrates through the unsaturated
zone in a wide band adjoining and parallel to the mountain
front. The width of this recharge band in the perimeter of
the sedimentary basin – i.e. at the mountain-front – is
dependent on the nature and magnitude of the runoff from
the consolidated rock areas. Infiltration takes place in the
coarse grained unconsolidated sediments. Subsequent
movement of water through the unsaturated zone is controlled by the unsaturated hydraulic conductivity, which
varies with the physical nature and the moisture content
of the sediments. Some perched water may occur on hardrock pediments near the mountains or overlying low permeability fine-grained sediments in the recharge zone
(Anderson et al., 1992). Mountain block recharge is the
water that infiltrates through fracture systems in crystalline
materials in mountain ranges. This water can resurface
again as springs in mountain areas or eventually find its
way to the water table. Diffuse recharge represents the portion of rainfall in the basin that directly infiltrates into the
aquifer. Ephemeral channel recharge may occur along
drainages and ephemeral channels during streamflow events
and floods, contributing to the upper alluvial materials.
Mountain Front Recharge is known to be the main recharge process in the region (Phillips et al., 2004; Wilson
and Guan, 2004) due to many reasons. Higher precipitation
rates occur in the mountains due to orographic effects, and
evaporative potentials are lower at high elevations because
of lower temperatures. Snow cover, although of limited
importance in the San Pedro region, may reduce water lost
to the atmosphere due to its higher surface albedo. Thin
soils in crystalline mountain areas have little capacity to
store water, also reducing the amounts potentially available
to transpiration (Wilson and Guan, 2004). Runoff produced
in the mountains infiltrates through the basin sediments
when it reaches the mountain front, constituting the main
contribution to recharge in the San Pedro Basin (Pool and
Coes, 1999; Anderson et al., 1992). However, for diffuse recharge to occur in the basin floor, limited precipitation has
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to overcome high evapotranspiration potentials and deep
vadose zones with high capacities to store water that will later be lost to evapotranspiration. Indeed, diffuse recharge
through the basin floor remains a very minor process,
although it might be susceptible to occur in limestone areas
in the San Pedro eventually during winter months, when not
impeded by evapotranspiration (Walvoord et al., 2002;
Scanlon et al., 2003). Mountain Block Recharge is assumed
to be of very little if any significance due to the crystalline
nature of mountain materials (Anderson et al., 1992). Viviroli et al. (2003) showed in a study encompassing more than
20 basins worldwide that mountain areas contributed four
times as much as the basin floor to river discharge. This ratio can be greater in arid and semi-arid regions (Wilson and
Guan, 2004).
In a study attempting to quantify Mountain System Recharge, that is Mountain Front and Mountain Block recharge,
Wahi (2005) found that 40–90% of the recharge occurs in
winter. Adjusting for elevation, stable isotope values reflect
75% of winter composition. Mountain System Recharge over
the summer represents the remaining 10–60%. A Study by
Cunningham et al. (1998) in a similar nearby basin – the
Tucson basin – concluded that Mountain Block Recharge,
although of little significance, was almost exclusively winter
precipitation, whereas stream recharge at the mountain
front included also a significant summer component, slightly
evaporated. That is, Mountain Front Recharge is most significant in winter when not limited by evapotranspiration but
also occurs during the summer as shown by the previous
estimates by Wahi (2005).
Existing estimates of Ephemeral Channel Recharge in the
basin floor are site specific and can vary significantly. Channel recharge is controlled by a number of factors including
permeability of stream bed materials, pore clogging, depth
of the vadose zone to the water table and its sediment composition, as well as frequency, distribution and magnitude
of streamflow (Blasch and Ferre, 2004). Permeability has
been found to vary up to four orders of magnitude between
streamflow events, depending on scouring and deposition
processes, causing recharge to be more sensitive to streambed permeability than to streamflow levels (Bailey, 2002;
Maurer and Fischer, 1988). Goodrich et al. (2004) carried
out intensive field research and modeling within the USDAARS Walnut Gulch Experimental Watershed in the San Pedro
Basin. The experiment aimed at determining what proportion of streamflow losses becomes deep groundwater recharge and is not lost to near-channel transpiration or
evaporation. Estimates derived from recharge observations
and modeling of wet 1999 and average 2000 monsoon seasons differed by a factor of less than three. Such estimates
were scaled for the entire San Pedro Basin resulting in
ephemeral channel recharge to contribute from 15% to
40% of the total annual recharge. However, no deep aquifer
recharge was measured during dryer 2001 and 2002 monsoon
seasons. Thus, the contribution of Ephemeral Channel Recharge averaged over the four years 1999–2002 would be
half of the previous estimates. Coes and Pool (2005) estimated Ephemeral Channel Recharge rates as contributing
about 15% of the total annual recharge in the Upper San
Pedro Basin. Pool and Dickinson (2007) assumed no Mountain
Block Recharge in their groundwater model of the area
and adopted 15% as the annual contribution of Ephemeral
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Channel Recharge, the remaining 85% coming from the
Mountain Front.

Methodology
The methodology followed may be divided in three parts:
(1) obtaining the regional precipitation and temperature
change estimates for the study period; (2) deriving the recharge estimates for the San Pedro Basin; and (3) hydrological modeling of the San Pedro Basin to assess the climate
change impacts on water resources and their supporting
populations and ecosystems.

Regional climate change estimates
Data from 17 global circulation models run under different
greenhouse gas induced climate change scenarios were used
to derive estimates of precipitation and temperature
change in 5 · 5 cells on the earth surface for years from
2000 to 2100. The data were obtained from the Model for
the Assessment of Greenhouse gas Induced Climate Change
(MAGICC 4.1) and SCENGEN software applications (Wigley,
2002; Hulme et al., 2000).
The scenarios
These change estimates were obtained for different global
emission scenarios, developed by the IPCC, representing future distributions of economic and population growth, and
different uses of fossil fuels and alternative energies. The
scenarios are described in the Special Report on Emissions
Scenarios (IPCC, 2000). A total of four scenarios – A1MES, A2-MES, B1-MES, B2-MES – were chosen for this study,
representing average projections of alternative future
developments. The chosen scenarios belong to four different storylines, or scenario families. These cover a wide
range of driving forces from demographic to social and economic developments, encompassing numerous possibilities
of future greenhouse gas emissions. The summary for policy
makers of the Special Report on Emissions Scenarios (IPCC,
2000) describes the different storylines. The choice of MES
scenarios, standing for MESSAGE, for each scenario marker,
responds to the significant uncertainties on future technological trends in terms of innovation and diffusion of energy
technologies, both in the supply and end-use sides. Assumptions in the MESSAGE scenarios follow two principles: (1)
exclusion of technologies not functioning currently on a prototype scale; and (2) future technology distribution estimations are empirically based on currently available
technology and costs information. These derived distributions have guided the technology assumptions for each particular storyline scenario (IPCC, 2000).
Table 1 (Appendix A) shows CO2 and temperature global
change projections at year 2100 for the different scenarios
used in this study. Note the different energy source use scenarios within scenario marker A1 and our choice of scenario
A1 MES as a representative middle emission scenario.
The global climate models
It may be argued that the largest uncertainty present in any
climate change impact study originates in the predictions of
global circulation models (Scibek and Allen, 2006). To
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determine the range of uncertainty in the effects of future
climate on the water resources of the study basin, 17 global
climate models were used in the current work. All the models except one are from the Coupled Model Intercomparison
Project (CMIP) (Appendix B). The range of future model predictions was propagated through the downscaling process
and hydrologic modeling process. In this way, an uncertainty
range is obtained that is associated with the modeled evolution of the water balance components over the long term. It
is clear to the authors that within the group of GCMs used,
some models may be considered more or less adequate for
the study region, as well as may or may not account for
all the local meteorological phenomena (i.e. the North
American Monsoon). All of the models, however, have been
included in the study to provide a representative uncertainty envelope of the results.
Nevertheless, following such considerations and in order
to test the validity of such an approach, the models were
examined to see which ones performed the best in simulating
the region’s climate. In a parallel study (Francina Dominguez,
2007, unpublished) the ability of CMIP models to capture the
precipitation and temperature in the Southwestern United
States was evaluated based on the methodology outlined by
Giorgi and Mearns (2002). The advantage of this methodology
is that the ability of the GCMs to reproduce the present-day
climate may be assessed while at the same time evaluating
the convergence of different models to a given forcing scenario. Scenarios A1B, A2 and B1 were used for this purpose.
Giorgi and Mearns’ Reliability Ensemble Average (REA) estimate was slightly modified and both temperature and precipitation were included in our REA estimate. In addition, we
calculated the reliability using an MSE-based estimate, as opposed to the difference-based estimate of Giorgi and Mearns
(2002). As shown in Fig. 3 the models that most reliably simulate both temperature and precipitation in the Southwestern United States are CCCMA_CGCM3_1 (from the Canadian
Center for Climate Modeling), MRI_CGCM2_3_2a (from the
Meteorological Research Institute, Japan), MPI_ECHAM5
(The Hamburg Atmosphere–Ocean Coupled Model, Germany)
and UKMO_HADCM3 (HadCM3, UK Meteorological Office),
which for simplicity are labeled in the current study as CCC199, MRI-96, ECH-395, and HAD-300.
Fig. 4 shows future projections of mean annual precipitation in the study region by the 17 GCMs used in the current
study, i.e. not including all of the previous CMIP Models
shown in Fig. 3.
The four models shown to have the best performance in
the region have been highlighted in order to see where their
projections lie within the range of future estimates. As
shown, these model projections are well spread across the
upper, middle and lower parts within the range of future
estimates. Such disagreement in future projections between models that perform best simulating the historical record validates the argument of using multiple GCMs for the
purpose of this publication. Furthermore, Hagedorn et al.
(2005) provide a good review and a rationale on how and
why multi-model forecasts outperform using ‘‘best’’ single
models in the long run. Through multi-model ensemble forecasting experiments, the authors show that given the same
number of ensemble members – i.e. different initial condition runs – the use of multiple models outperforms the use
of a single one, in terms of accuracy of the forecast.
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Figure 3 Reliability Ensemble Average of CMIP models for the Southwestern United States. Figure contributed by Francina
Dominguez, Sustainability of semi-Arid Hydrology and Riparian Areas (SAHRA) Center, The University of Arizona.

Figure 4 Regional precipitation projections of the 17 global circulation models. The four best performing models in the region
have been highlighted (ECH395, CCC199, HAD300, MRI96).

Thus, our multi-model approach is justified by previous
research and by the fact that models with best regional performance show strong disagreements in their projected forecasts. Data from 17 GCMs was included in the study, of which
five datasets were used to evaluate climate change impacts
in the San Pedro Basin’s water resources. These five datasets
correspond to the average projection of all 17 GCMs and four
models yielding the upper and lower bounds in the rainfall
(wettest and driest) and temperature (coldest and hottest)
projections, for each one of the four emissions scenarios described previously. It has to be pointed out that the four
models yielding the enveloping lines of our range of estimates do not necessarily coincide with good performance;

they have been selected on the sole basis of being the enveloping models. It is important to note that each model dataset
provides: (1) percentage changes of precipitation and (2) value increments of temperature, for each year along the study
period, both with respect to a 1998 reference base precipitation and base temperature values, particular of each model.
The models selected to yield the extreme climate change
projections are the ones that present the greatest percentage changes for precipitation and the greatest increments
for temperature. The selected models are CERF 98 as the
wettest, CCSR 96 as the driest, WM 95 as the coldest and
ECH395 as the hottest. Future estimates of precipitation
have been calculated for the San Pedro Basin by downscaling
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and applying the percentage changes predicted by each model on the reference base value of yearly precipitation in the
San Pedro.
With the use of the four extremes models and the 17
model ensemble, it is possible to have an average as well
as a range of model projections while at the same time providing insight on the uncertainty in the model range.
Fig. 5 shows rain projections from the four chosen models and the average of the 17 model ensemble for both Scenario A1 MES (solid lines) and A1T MES (dotted lines). The
difference between estimates for each scenario reflects
the different assumptions regarding the use of energy
sources. While A1 considers a balanced use across all types
of sources, A1T considers use of non-fossil sources, hence,
its smaller decrease in precipitation.

Downscaling
In order to link results from global circulation models with
basin-scale hydrologic models, a downscaling process is necessary. While GCMs account for dynamics of global circulation patterns and the earth surface-atmosphere system,
their results are too coarse to be used for hydrologic processes and need to be downscaled accounting for local spatial and temporal meteorological signatures. The main
downscaling methodologies can be classified as dynamic
downscaling, i.e. limited area regional climate models and
statistical downscaling. Wilby and Wigley (1997) presented
an extensive review of downscaling methods and limitations, mostly applied to daily precipitation. They point out
the difficult challenge of representing downscaled variability at any time scale and the non-stationarity of key relationships along time scales and into the future.
Wilby et al. (1999) compared hydrological responses to
climate predictions by using different types of daily input
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data: (1) statistically downscaled data using regressions between precipitation and circulation indices (from NCEP and
HadCM2), that is, by establishing empirical relationships between grid-box scale circulation indices and sub-grid scale
surface predictands; and (2) raw and elevation corrected
GCM outputs of precipitation and temperature. Statistically
regressed GCM data, GCM raw data, and elevation-corrected data yielded large seasonal differences in precipitation and temperature. Elevation corrections of GCM data
resulted in high improvements with respect to use of raw
GCM data. They concluded that statistical downscaling using
regressions from circulation indices from observed climate
may result in better simulations of daily runoff, and it is
an adequate way to reconstruct missing data. However,
the study does not include a downscaling of the raw GCM
outputs based on previous historical data, which would
implicitly account for elevation as well as other characteristics and patterns. Nevertheless, the findings from Wilby
et al. (1999), suggest that at an annual time step, statistical
downscaling of GCM future estimates using historical records would be an accurate procedure to assess hydrologic
impacts over the long-term.
Zorita and von Storch (1999) presented a simple methodology where GCM large scale simulated atmospheric circulation is compared to each available historical observations
and the most similar is chosen as its analog. The simultaneously observed local weather is then associated to the
simulated large-scale pattern. They used empirical orthogonal functions (EOF) to describe anomalies of the atmospheric circulation in terms of daily sea level pressure
using a number of EOF patterns retained.
Salathe (2003) compares various precipitation downscaling models to simulate the flow of the Yakima River
(Washington state, USA), located in a rainshadow basin.
NCEP-NCAR daily reanalysis data were used as large-scale
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recharge. Precipitation in mountain ranges runs off through
streams that infiltrate when reaching the basin sedimentary
fill. The quantity of water potentially available for recharge
is assumed to be equal to the precipitation minus evapotranspiration on the watershed. Part of the precipitation accounts for changes in soil moisture, which is assumed to be
small over a long period. Anderson et al. (1992) developed
the following equation to determine regional mountain
front recharge and precipitation:

predictor fields in two statistical downscaling methods and
one analog method. It is shown that a simple method using
scaling factors based on spatial distribution of historical precipitation can capture the essential information to accurately simulate stream flow in the Yakima River. A more
elaborate method using historical correlations between scaling factors and leading modes of 1000 hPa heights does not
present a significant comparative advantage. Since both
methods perform efficiently across PDO phases, it is suggested that they can be applied to future climates.
Given the previous analysis, and for the purpose of the
present work, a simple statistical procedure using historical
records has been used to spatially downscale annual precipitation change estimates. The GCM database available for
this study provided annual precipitation changes at a resolution of 5 cells in the earth’s surface. Estimates have been
used for the cell containing the entire San Pedro Basin, with
cell coordinates 105 to 110W longitude and 30–35N
latitude. The historical precipitation record used for the
statistical downscaling was obtained from the VIC retrospective land surface dataset 1949–2000 (Maurer, 2001;
Maurer et al., 2002), containing monthly precipitation data
in the conterminous United States at a resolution of 1/8.
Spatially distributed monthly rainfall values within the
GCM cell containing the San Pedro Basin were temporally
aggregated at an annual scale. That is, historical monthly
values in each grid point were summed to obtain the annual
precipitation rates in each location during the period 1949–
2000. To downscale 5 · 5 cell GCM projections into values
at a 1/8 resolution, an approach is followed similar to one
described by Salathe (2003) where scaling factors based on
spatial distribution of historical precipitation are shown to
capture the essential information. Scaling factors in each
1/8 grid point were calculated by dividing the average annual precipitation in that particular location by the average
annual precipitation in the entire GCM cell. In other words,
they are ratios between local precipitation and precipitation in the entire GCM cell. Future GCM projected values
can be downscaled by multiplying them to the scaling factor
of each location. This simple approach is appropriate since
GCM projections used in the current study are mean annual
precipitation values. This methodology assumes that the future spatial distribution of the total rainfall within the GCM
cell will be, in average, similar to the one in the historical
record. To obtain yearly average precipitation in the entire
San Pedro Basin, the downscaled precipitation values of the
locations falling within the basin boundaries are averaged,
(i.e. spatially aggregated). These mean annual precipitation
rates for 2000–2100 in the San Pedro Basin are then used to
estimate groundwater recharge.

where P is annual basin-wide precipitation in inches, and
Qrech is the annual mountain-front recharge, also in inches.
It is important to note that only the precipitation in excess
of 8 in. yields recharge values in the calculation. Here,
Anderson’s equation has been used to see how changes in
precipitation would translate into changes in recharge. Precipitation change estimates from the previously described
global circulation models for years 2000–2100 were applied
to the San Pedro historical annual mean precipitation. The
obtained precipitation estimates were then used to calculate mountain-front recharge projections along the study
period. Since the previous equation was derived experimentally under historical climatic conditions, it is uncertain how
climate change may affect the accuracy of such relationship. It is assumed that temperature increase and changes
in solar radiation will have less significant impacts in its
validity than those derived from changes of seasonal rainfall
patterns. Evapotranspiration potentials in the basin are high
and the driving and limiting factor of actual ET is not temperature, but precipitation itself. Thus a slight augmentation of temperature in arid and semi-arid regions may not
imply a significant augmentation of actual ET rates, since
these are maintained well below potential evapotranspiration because of limited rainfall. However, if rainfall patterns were to change significantly-in its seasonality,
intensity, duration or frequency – then streamflow runoff
from higher elevations that infiltrates at the mountain front
would be susceptible to change and the validity of Anderson
et al. (1992) equation should be questioned. The significance of ephemeral channel recharge, not included in the
current model but considered to contribute up to 15% to total basin recharge, is unlikely to change. If monsoon rains
continue to be punctual storms, even if they are of greater
intensity, ephemeral channel recharge is unlikely to change
significantly due to the limited duration of the events and
the flashflood nature of runoff. As referenced earlier in
the text, Bailey (2002) and Maurer and Fischer (1988) found
infiltration to be more sensitive to streambed permeability
than to streamflow levels.

From precipitation to recharge estimates

The hydrological modeling of the San Pedro Basin

In riparian basins of the American southwest, the major contribution to aquifer recharge is mountain-front recharge
(Phillips et al., 2004; Wilson and Guan, 2004; Pool and Coes,
1999; Anderson et al., 1992). In the case of the San Pedro
Basin, changes in annual mean precipitation result in significant changes in mountain-front recharge. Precipitation
from winter frontal storms and leftover moisture from tropical cyclones during early fall, are assumed to contribute
the most significant amounts of precipitation suitable for

The long term changes in the basin’s water budget have
been assessed using a modified version of an existing hydrological model of the San Pedro Basin (Goode and Maddock,
2000). It is a three dimensional finite difference transient
groundwater-surface water flow model of the study area
developed using Groundwater Modeling System (GMS,
2007), a GIS based pre and post processor that employs
MODFLOW. The numerical model is based on a conceptual
representation of geologic formations by means of layers

LogðQ rech Þ ¼ 1:40 þ 0:98  LogðP  8Þ

ð1Þ
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and boundaries, and of the hydrological processes by means
of groundwater flow, mountain front recharge, evapotranspiration and interactions between stream and aquifer
water. Human induced processes such as well pumping,
agricultural recharge and stream diversions and returns
are also represented in the model. The model was calibrated for both steady state and transient conditions. Historical records of water levels from individual wells and
base flow estimates determined in previous studies were
used for a calibration period from 1940 to 2000.
Stream-aquifer interactions were simulated using the
USGS Streamflow-Routing (STR) package (Prudic, 1989).
The package was written for use in MODFLOW (McDonald
and Harbaugh, 1988) to calculate the streamflow stage
and to simulate the ground and surface-water interactions.
It is an accounting routine that tracks flow in one or more
streams that interact with the groundwater and limits the
aquifer recharge to stream flow availability. With this package, portions of the streams are permitted to go dry, flow
again, to be diverted, and to be merged with other streams
or tributaries. Darcy’s law computes leakage to or from a
stream reach as follows:
KWL
ðHs  Ha Þ
M

Q¼

ð2Þ

where Q is the leakage to or from the aquifer through
streambed, K is the streambed vertical hydraulic conductivity, W is the width of the stream, L is the length of the
stream reach, M is the thickness of the streambed, Hs is
the stage elevation of the stream, and Ha is the hydraulic
head in the aquifer beneath the streambed. It is customary
to group the hydraulic conductivity terms with the geometric parameters to define the conductance of the streambed,
and Eq. (3) is rewritten as,
Q ¼ CR ðHs  Ha Þ

ð3Þ

where
CR ¼

KWL
M

ð4Þ

The streamflow routing package assumes constant streambed conductance for each stress period. The package calculates stage in the stream by means of Manning’s equation,
assuming incompressible steady streamflow at constant
depth and a rectangular channel:
Qs ¼

Cf 2=3 1=2
AR S
n

ð5Þ

where Qs is the stream discharge, Cf is the conversion factor
(1 for SI units), n is the Manning roughness coefficient, S is
the slope of the stream channel, W is the width of the
stream, d is the depth of the stream, A is the cross-sectional
area of the stream, R is the hydraulic radius, R = Wd/
(W + 2d)[L]. It is assumed that the stream depth is much less
than the stream width, giving:

d¼

Q sn

Cf WS1=2

3=5
ð6Þ

Segments represent streams in the model, and each segment is divided into reaches. The San Pedro River is divided
into 358 reaches of varying length depending on the length
of the stream associated with a particular cell. Each of the
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tributary streams and diversions to the San Pedro River are
also divided into reaches in the same manner.
Evapotranspiration rates in the riparian area were assigned to model cells based on the percentage of vegetation
types contained within the model cell. The percentage was
then multiplied by the evapotranspiration rate of each vegetation type, giving the evapotranspiration rate for that
particular cell. Potential changes in temperature, solar
radiation or average wind speed during the study period
have not been considered for the calculation of riparian
ET. Depth to the water table is the main driver of riparian
ET in the region (Baird and Maddock, 2005) and the previous
limitation is thought to have limited significance for the results of the study.
Mountain-front recharge is simulated through recharge
cells at the perimeter of the sedimentary basin fill. Current
model recharge in each of these cells was estimated based
on precipitation data and contributing drainage area. The
volume of mountain front recharge associated with the
mountain catchments was distributed to the uppermost active cells along the outside edge of the San Pedro Basin
model boundary. The recharge rate associated with an individual cell was dependent upon the average precipitation of
that cell’s contributing catchment. The process in equation
form is as follows:
.X
Pi
ðPi Þ ¼ Ri
ð7Þ
where Pi is the average precipitation for the ith individual
catchment (mm/year) and Ri is the fraction of the total
mountain front recharge, previously calculated using Eq.
(1), for the ith individual catchment. When Ri is multiplied
by the volumetric flux of mountain front recharge (m3/
day) calculated from the Anderson equation, the result is
the rate of mountain front recharge in the ith basin. This recharge flux for a basin is then divided by the area of the cell
where the basin discharges (m2). The result of this calculation is the recharge rate of a particular cell (m/day). Fig. 6
displays mountain front recharge cells’ rates and their contributing basins’ precipitation.
A registry of 216 wells and baseflow data of the San Pedro
River at three gage locations (Palominas, Charleston and
Redington) were used to calibrate the model.
Multipliers for annual recharge estimates for each of the
scenarios were calculated by comparing the future recharge
estimates derived from the GCMs’ predictions with the historical recharge rates. By adjusting the previous recharge
rates with these multipliers, new recharge estimates are
implemented in the model for the simulation period
2000–2100. Simulations were completed with the new inputs to assess overall impacts on the basin’s hydrology,
namely aquifer levels, evapotranspiration and interactions
between the river and groundwater.

Results
Precipitation and recharge estimates for the San
Pedro Basin
Climate change estimates have been derived for the four
previously described scenarios using a model ensemble average and four models corresponding to extreme precipitation
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Figure 6

Mountain front recharge cells and contributing basins. Recharge rates are in meters per day.

and temperature projections: CERF 98 (wettest), CCSR 96
(driest), WM 95 (coldest) and ECH395 (hottest). Using Anderson et al. (1992) equation, recharge estimates have been
derived from the precipitation projections in each case.
Fig. 7 shows the projections of annual precipitation and corresponding recharge rates for scenarios A1 MES and A2 MES.
Fig. 8 shows the same projections for scenarios B1 MES and
B2 MES.
Decreases in precipitation result in twice the percentage
change in recharge in any of the scenarios considered. When

model WM95 projects a 12% precipitation decrease, its recharge estimates go down about 25%. A 50% decrease in
rainfall in models CCSR96 and ECH395 resulted in the complete loss of basin recharge. When precipitation falls below
203 mm (8 in.) recharge, as calculated from the Anderson
equation, becomes zero. This occurs for all scenarios in
the driest model and for scenarios A1, A2 and B2 in the hottest model. This can be explained by the rainfall threshold
that has to be exceeded for Anderson equation to start computing recharge.
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Figure 7 Rain projections for Scenarios A1 MES and A2 MES, and their corresponding recharge estimates derived using Anderson
et al. (1992) equation.
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Figure 8 Rain projections for Scenarios B1 MES and B2 MES, and their corresponding recharge estimates derived using Anderson
et al. (1992) equation.
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Results from the hydrological model: Scenario A1
MES

Recharge (m3/day)

The hydrological model of the San Pedro Basin has been run
with the new recharge estimates. Eight runs have been performed corresponding to the four average model ensemble
projections for the four scenarios and the four extremes
models run under scenario A1MES. The new climate change
influenced recharge rates have been implemented in the
hydrological San Pedro Basin model. For scenario A1 MES,
the multipliers for the four extremes models (wettest, driest, coldest and hottest) and for the average projections
of the entire 17 models ensemble, were used to modify current recharge rates in the hydrologic model of the San Pedro
Basin. Fig. 9 shows the total recharge, net stream gain and
riparian evapotranspiration in the San Pedro Basin after
implementing changes in recharge from future precipitation
estimates corresponding to scenario A1 MES.
Although the model ensemble presents a decrease of 26%
in recharge by year 2100, its trend shows more recharge
than the coldest, hottest and driest models. In contrast,
the wettest model shows a trend of increasing recharge up
to 35% at the end of the study period.
The study area contains the San Pedro Riparian Natural
Conservation Area, and like all riparian areas depends intimately on interactions between surface water and ground
water. Since these interactions are so important for the
health of the ecosystems in the protected natural area, they
need to be carefully studied. Overall, the studied reach in
the San Pedro River is a gaining reach, meaning that it receives water from the underlying aquifer. As the net stream
gain in Fig. 9 shows, the riparian area receives close to

2

41,000 cubic meters of groundwater per day at the initial
model reference year (1997). This supply decreases dramatically from a quarter in the best case to about 80% with the
driest and hottest models. It is worth to point out the
decreasing trend corresponding to the wettest model, which
estimated an increase in precipitation and recharge: The
amount of water entering into the stream system is dependent upon the balance between water going into the aquifer
(recharge) and water going out of the aquifer (pumping and
ET). The continued loss of water into the stream indicates
that more water is being lost to the aquifer than gained.
Thus, the increase in recharge predicted for the wettest
scenario is not enough to offset the level of groundwater
pumping within the basin. Since the water supply to the
riparian area is less, one may expect the water available
to the riparian ecosystems to decrease.
Evapotranspiration in the hydrological model is computed with constant yearly rates that depend on the depth
of the water table. If the water table level decreases, so
does the evapotranspiration. Thus, changes in modeled
evapotranspiration along the river cells provide information
on ecosystem health: if evapotranspiration decreases over
the years, vegetation in the San Pedro Riparian Natural Conservation Area (SPRNCA) is being lost or is changing. As
shown in Fig. 9, all model runs show a decrease in evapotranspiration rates in the basin, going from the reference
14,000 m3/day to less than 6000 in the worst case to about
12,200 m3/day for the wettest model. The steeper declines
after approximately 2045 indicate that some riparian areas
are going dry. Larger and larger areas have zero ET as the
water table disconnects from the stream and riparian ecosystem, signaling the death of the riparian habitat.

Recharge: San Pedro Basin Model, Scenario A1 MES

x 105

1.5
1
0.5
0

Net stream gain (m3/day)

Evapotanspiration (m3/day)

2000

1.5

2010

2020

2030

2040

2050
Year

2060

2070

2080

2090

2010

2090

2010

2090

2010

Evapotranspiration: San Pedro Basin Model, Scenario A1 MES

x 104

1

0.5

6

2000

2010

2020

2030

2040

2050
Year

2060

2070

2080

Net Stream Gain from GW: San Pedro Basin Model, Scenario A1 MES

x 104

4
2
0

2000

2010

2020

2030

CERF98

2040
CCSR96

2050
Year
WM95

2060
ECH395

2070

2080
Ensemble

Figure 9 Total modeled basin recharge (top), net stream gain (middle), and evapotranspiration (bottom) in the San Pedro for
Scenario A1 MES using estimates from 4 global circulation models and the average of the 17 model ensemble.
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Based on differential rooting depths, different types of
vegetation can go to different depths to reach the water
needed to survive. Cottonwood trees usually have problems when the water table is continuously deeper than
4 m, and unable to tap it beyond 6 m. On the other hand,
Mesquite trees can go down to 14 m to pump water
through their roots. As seen in Fig. 9, evapotranspiration
estimates drop significantly. This implies a decrease or a
substitution of vegetation along the river, knowing that
the highest toll will be on the most distinctively riparian
species; the ones that give the SPRNCA its particular riparian character.
Baird and Maddock (2005) present new evapotranspiration flux rate curves for riparian and wetland ecosystems.
In their approach, ET occurs only when water levels are located within the active root zone depth of the plant or
group of similar plants called Plant Functional Groups. This
depth is bounded by an extinction depth – beyond which
roots are unable to tap water-and a saturated extinction
depth – above which plants die of anoxia. The authors present evapotranspiration curves as a function of depth for different riparian species. As may be seen in Fig. 10, changes in
water levels in the riparian area resulting from climate
change will not equally affect the different plant functional
groups. Sacaton and cottonwood communities, which can
only be found in the heart of the riparian area where the
water table is closer to the surface, will be the first ones
to sense a lowering of groundwater levels. Tamarisk and
mesquite are less vulnerable to water level changes in the
riparian area, having the capacity to tap water at depths
up to 10 and 14 m. Thus, a lowering of the water table for
a sufficient period of time would cause changes in the
spatial coverage of vegetation communities. As is described
below, riparian ecosystems would respond differently
depending on how climate change affects seasonal precipitation regimes.

Figure 10

ET flux rate curves for different tree species.
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Hydrological model results: mean multi-model
projections of the four scenarios
The San Pedro Basin model was run using the average precipitation estimates from the ensemble of 17 global circulation models for each one of the four scenarios. The results
for recharge in the basin are shown in Fig. 11. The variability
of model ensemble averages between scenarios is lower
than the variability between different models for a particular scenario. Projected recharge (Fig. 11) for year 2100
ranges from 112,500 m3/day for B1 MES, representing a decrease of 17%, to 97,500 m3/day for A2 MES, representing a
decrease of 30% in recharge. These results are consistent
with the emissions data and global change parameters of
the scenarios for year 2100. Scenario recharge values at
the end of the study period decrease from B1 to B2, A1
and A2 as the scenarios have higher global CO2 concentration, sea level rise and temperature increase. It is important
to point out that scenario trends cross one another along the
study period. This is due to the fact that each scenario has
different assumptions as to when – during the study period
– the emissions are greater.
As seen in Fig. 12, modeled evapotranspiration using the
GCM ensemble estimates presents very little variation between the four emission scenarios. Trends of net stream
gain from the aquifer for the four scenarios show the same
behavior (not shown). The model ensemble trend for scenario A1 MES can be seen in Fig. 9.

Implications for policy
The average prediction of the global circulation model
ensemble shows a decrease in precipitation for all the considered IPCC Scenarios which represent the four main storylines of world development and greenhouse gas emissions
for the next hundred years. However, as it has been shown
in the methodology section, estimations of the individual
models can differ significantly from each other and spread
over a wide prediction range, covering both increases and
decreases in precipitation. It could be argued cynically that
the benefits for policy are inexistent or minimal, since the
predictions are all over the place. However, while the
diverging estimates provide a direct measure of the model
uncertainty, almost three fourths of the models – 12 out
of 17 – predict a decrease in precipitation. The other five
models show a slight increase. As shown in Fig. 4, the
GCM projected estimates are mostly spread and well spaced
within the range of model projections. It is reasonable to argue that if we were to draw a probability density curve of
future precipitation, such curve would have its peak around
the model ensemble estimate. Also, it is a strong indicator
that almost three fourths of the models project a decrease
in precipitation. Furthermore, temperature increases for
the region – not accounted for in the current results – will
definitely play a role in influencing recharge and runoff
amounts from precipitation. Water lost to the atmosphere
after precipitation events is very likely going to increase
in a warmer climate. In the same way, and for equivalent
root distance conditions to the water table, evapotranspiration in the riparian area will be higher. These results are
consistent with other findings by Seager et al. (2007), which
do a multi-model analysis of future climate trends in the
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Figure 11 Modeled recharge values using the 17 GCM ensemble average estimates in each of the Emissions Scenarios for the San
Pedro Basin.
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Figure 12 Modeled evapotranspiration values using the 17 GCM ensemble average estimates in each of the Emissions Scenarios for
the San Pedro Basin.

Southwestern US and Northern Mexico. When computing the
annual mean difference between precipitation and evapotranspiration, 18 models out of 19 used in their study predict consistently drying trends throughout the century.
With respect to the hydrological modeling, although results have been presented up to the year 2100, it may not
be convenient to focus on such a distant policy horizon. Instead, presenting impacts at 2030 or 2050 to policy makers

and water resources planners would be more relevant. It is
important to point out that the hydrological model used in
this study has been calibrated using data from the last 60
years, so simulations running up to year 2100 almost double
the calibration period.
Implications for policy making in the San Pedro Basin are
very significant since a congressional mandate (Public Law
108-136, Section 321) requires that sustainable water man-

Author's personal copy
75
Modeling climate change impacts – and uncertainty – on the hydrology of a riparian system
agement in the basin be attained by 2011. This implies that
if recharge is going to decrease due to decreased precipitation and increased evapotranspiration, net aquifer extractions should also be reduced. For this to happen, less
pumping, more conservation and greater efficiency will be
needed.

Conclusions
This paper presents a methodology to quantify climate
change impacts on the hydrologic system of a semi-arid basin, which is applied in the San Pedro Basin in Arizona and
Sonora. Using GCM projections, a statistical downscaling
process, and a hydrologic model, this study aims at assessing the potential effects of climate change to support regional water management. By using climate change
projections from a group of 17 climate models run under
4 different global climate IPCC scenarios, this study provides a set of multi-model highest-probability outcomes
and an uncertainty envelope rather than a single value projection. These projections are propagated through a downscaling process and used to run a hydrological model from
2000 to 2100 with current pumping rates. Results of hydrologic simulations corresponding to the multi-model GCM
average projection show that recharge in the San Pedro
Basin over the current century will decrease 17–30%
depending on the IPCC scenario considered. Regarding
evapotranspiration, the multi-model average predicts a decrease of about 31% for all scenarios, which would represent a reduction of almost a third in the riparian area
and significant changes in its ecosystem. The same projections for net stream gain show a reduction of almost 50%,
meaning that average annual base flow in 2100 would be
half the base flow in 2000 for any given scenario. While
these results correspond to the averaged projections of
the 17 GCMs – i.e. the highest probability outcomes – a
measure of the uncertainty in the results is given by the
individual GCM projections in the upper and lower ends
of the results envelope. Such a multi-model approach to
evaluate climate change impacts on water resources, providing an estimate of the most probable outcome accompanied by a measure of its uncertainty is felt to be the
main contribution of the work presented here.
Several limitations are clear in this study, and work is
ongoing to address them. This study does not consider
potential changes in temperature and other micrometeorological variables affecting evapotranspiration in the mountain-front, the riparian area and the basin in general.
While we argue that this does not compromise the results
of this study at an annual time scale, effects of temperature
and other changes should be considered within a seasonal
study. In the same way, mountain front recharge was estimated with an annual regression developed from historical
records and its validity should be put to test if seasonal rainfall patterns change significantly. Ultimately, the authors
consider that pursuing this research at a seasonal scale is
the main challenge for a more detailed and accurate insight
on climate change impacts on hydrology. Determining how
annual precipitation changes will be distributed between
summer and winter rains is the key to better assess the
impacts to recharge and runoff processes in the basins. As
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mentioned previously, winter rains may contribute up to
80% of total recharge, while summer monsoon storms,
although providing most of the yearly rainfall, may add up
to the other 20% only.
How climate change differently affects seasonal precipitation regimes, its frequency and its variability, is a key issue to evaluating in detail the impacts on riparian
ecosystems. In contrast to regional aquifer recharge, seasonal flooding in response to snowmelt or monsoon storms
may provide an immediate source of recharge to riparian
systems. Ephemeral channel recharge, assumed to account
up to 15% of the total annual recharge, was not considered
in this work. Decadal-scale climate that impacts surface
runoff can rapidly affect the hydrology and biota of riparian
ecosystems. Floods are critical to riparian hydrology for two
reasons. First, overbank floods provide a seasonal source of
soil water (water in the unsaturated zone) that sustains
many short lived riparian plants as well as longer lived
drought adapted plants. Second, seasonal flooding provides
a significant source of recharge to the riparian aquifer (saturated zone) which can seasonally raise groundwater to levels necessary to establish or maintain riparian vegetation. In
the southwest, summer temperatures often exceed a
plant’s hydraulic capacity to move water from the root–soil
interface to the leaves resulting in closure of the stomata
and a reduction or limit on ET. Therefore, the uncertainty
of ET rates may be greater than its change due to a few degrees difference in temperature. This suggests that water
level variations are the more important driver for evapotranspiration changes. However, changes to the timing of
seasons, such as a lengthening of the growing season or a
forward shift in spring could have significant impacts to
the riparian ecosystem.
Assessing climate change impacts on the water resources
of the San Pedro Basin provides a powerful insight on the degree of vulnerability of semi-arid riparian watersheds to
such changes. The inclusion of these potential impacts on
the hydrology in the San Pedro Basin’s DSS model will support water managers in evaluating conservation strategies
and coping with a changing water balance under future
scenarios.
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Appendix A. IPCC scenario global projections
Global change projections for year 2100 using different emissions scenarios (IPCC, 2000)
Change projections

Scenarios
A1 MES

CO2 ppmv
Temperature change (C)

A2 MES

B1 MES

B2 MES

A1T MES
Alternative energies

A1 MES
Balances sources

A1FI MI
Fossil intensive

570

730

970

810

505

615

2.3

3

4.1

3.3

2.1

2.5

Scenario A1 MES was chosen, which assumes a balanced use of fossil fuels and alternative energies, along with A2 MES, B1
MES and B2 MES.

Appendix B. List of global circulation models
The 17 global circulation models from which data have been obtained, are the ones included in the Model for the Assessment
of Greenhouse gas Induced Climate Change (MAGICC 4.1) and SCENGEN software applications (Wigley, 2002; Hulme et al.,
2000). All models except the Washington and Meehl’s (W&M) NCAR model are from the Coupled Model Intercomparison
Project 2 (CMIP2) database. For more information regarding the GCMs see Covey et al. (2003). The information below was
provided by Tom Wigley.
No.

Abbreviation

Model name/Institution

Country

CMIP name

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

BMRCTR98
CCC1TR99
CCSRTR96
CERFTR98
CSI2TR96
CSM_TR98
ECH3TR95
ECH4TR98
GFDLTR90
GISSTR95
HAD2TR95
HAD3TR00
IAP_TR97
LMD_TR98
MRI_TR96
PCM_TR00

Bureau of Meteorology Research Centre
Canadian Climate Centre

Australia

BMRC2
CCCma1
CCSR
CERFACS2
CSIRO
NCAR (CSM)
ECHAM3+LSG
ECHAM4+OPYC3
GFDL_R15
GISS (Russell)
UKMO (HadCM2)
UKMO (HadCM3)
IAP/LASG2
LMD/IPSL2
MRI1

17

W&M_TR95

CERFACS
CSIRO
Climate System Model – NCAR
ECHAM3 – Max Planck Institute for Meteorology
ECHAM4 – Max Planck Institute for Meteorology
Geophysical Fluid Dynamics Laboratory – NOAA
Goddard Institute for Space Studies – NASA
HadCM2 – UK Meteorological Office
HadCM3 – UK Meteorological Office

Japan
France
Australia
USA
Germany
Germany
USA
USA
UK
UK

Institute for Atmospheric Physics
Laboratoire Meteorologique Dynamique
Meteorological Research Institute
Parallel Climate Model – NCAR
Washington and Meehl – NCAR

China
France
Japan
USA
USA
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ABSTRACT
This paper presents an approach to quantify evapotranspiration under changing climates,
using field observations and meteorological predictions from global climate models. The
analysis of historical data (Scott 2004, 2008) from three sites - mesquite woodland,
sacaton grassland and a mixed sacaton/mesquite shrubland - revealed valuable insights,
such as a relationship between surface resistance and vapor pressure deficit. We
developed a relatively simple daily conductance model including a growing season index
modified from Jolly et al (2005) to accurately replicate the onset and the end of the
growing season. After the model was calibrated with observations from January 2003 to
December 2007, it was used to predict daily actual evapotranspiration rates from 2000 to
2100 using Penman-Monteith equation and meteorological projections from the
MPI_ECHAM5 model run 4 under Scenario A1B of the IPCC fourth assessment report.
Results indicate that although atmospheric demand will be greater, increasing pan and
reference crop evaporation, evapotranspiration rates at the studied field sites will remain
unchanged due to stomatal regulation. However, the length of the growing season will
increase, mainly with an earlier leaf-out and at a lesser level by a delayed growing season
end. These findings - implying decreased aquifer recharge, increased riparian water use
and a lesser water balance - are very relevant for water management in semi-arid regions.

INTRODUCTION
The quantification of climate change impacts on hydrology has focused on how
changes in precipitation and temperature can affect runoff, evaporation and recharge
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[Scibeck et al. (2006); Seager et al. (2007); Serrat-Capdevila et al. (2007); Milly et al.
(2008); Barnett et al. (2008)]. However, little efforts have been directed to quantify
changes in evapotranspiration (ET) of riparian ecosystems and vegetation cover. For
instance, Serrat-Capdevila et al. (2007) present an approach to link an ensemble of global
climate model outputs with a hydrological model. Their work focuses on changes in the
semi-arid San Pedro Basin’s water budget due to changes in recharge. They assume
yearly evapotranspiration rates to be constant through the century: both basin-wide
evaporation and riparian transpiration along the river, with the latter rates depending only
on water table levels. Picking on this improbable assumption, the present paper explores
the effects of climate change on evapotranspiration and attempts to fill this scientific
void.
Climate change impacts on evapotranspiration can be seen as two-fold: (1) changes in ET
rates during the growing season and (2) changes in ET due to changes in the length of the
growing season. Studies that have modeled climate change impacts in hydrology have
observed an increase in ET rates due to a modeled earlier start of the growing season,
mostly due to earlier snowmelt and reduction of snow cover (Dankers and Christensen,
2005). Similarly, the end of the growing season, marked by the first frosts, may be
delayed in warmer climates.
Kaszkurewicz and Fogg (1967) analyze growing season data for cottonwood and
sycamore species from trees widely distributed throughout their natural ranges. Looking
at a variety of factors that could potentially influence the beginning and end of the
growing season, they study the joint effects of photoperiod and temperature, which would
have opposite controls on the growing season. At higher latitudes, the onset of the GS
happens when photoperiods are longer even if temperatures are lower, and vice-versa at
lower latitudes. Both photoperiod and temperature seem to control growing season onset
through a key interplay, allowing for onsets at different temperatures due to different
photoperiods. Starr et al (2000) look at the effects of an artificially recreated lengthening
of the growing season in a species of forb. Three treatments were applied to study sites in
Alaska: extended growing season (by snow cover removal); extended growing season
with soil warming (snow removal and soil heating); and an unmanipulated control site.
The forb became active earlier but senesced earlier too, with same growing period length.
The leaf size and number, photosynthetic assimilation and nutrient concentration
remained the same as in the control site. Thus, some plants may not be able to adapt
physiologically to an extended growing season (fixed growth strategy), and would be at a
disadvantage with respect to more adaptive plants or to southern species spreading north
due to global warming. However, Churkina et al. (2005) perform a spatial analysis of the
relationship between net ecosystem exchange (NEE) and the length of the carbon uptake
period (i.e. number of days where the ecosystem is a net carbon sink) and observations
seem to show a linear correlation between the previous. Their findings imply that a
longer growing season leads to greater net ecosystem exchange. Shi et al (2008) model
tree growth responses to temperature and soil moisture content. While tree growth is
strongly affected by temperature at the beginning of the growing season (late-March to
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late-April), soil moisture gradually becomes the main control around May. From lateSeptember to early October temperature becomes again the most important limiting
factor. They present a percentage of growth limitation for each day of the year that can be
used as a probability of each day of being growth-limited due to temperature and/or soil
moisture. Temperature is found to be the main control at the beginning and end of the
growing season. Menzel and Fabian (1999) analyze more than 30 years of phenological
observations in Europe. They report that spring events - such as leaf unfolding - have
advanced by 6 days, while fall events - such as leaf colouring - have delayed by 4.8 days,
with an average growing season 10.4 days longer than in the early 60s, attributable to
warmer air temperatures. According to their model, more than 70% of the yearly
variability in bud-break can be explained by daily temperatures. Similarly, the model
predicted an onset advance of up to six days per 1°C increase in winter temperatures.
Given the higher latitude of their study sites, it is possible that temperature plays a
stronger role defining the onset of the growing season, compared to the more southermost
Arizona region, where photoperiod may have a more significant influence.
On the other hand it seems difficult to quantify evapotranspiration changes during the
growing season itself. Jacobs and De Bruin (1997) use a coupled planetary boundary
layer and vegetation model to study the effects of doubled CO2 concentrations on surface
resistance and regional transpiration. Their model results show that an increase in surface
resistance would be magnified through a positive feedback with the resulting dryer air in
the canopy. Krujit et al. (2008) provide a good review of the effects of increased CO2
concentrations on the productivity and functioning of plants. By using partial corrections
on crop factors to account for the effects of CO2 concentrations in stomata conductance
and other properties, they estimate future effects on ET in the Netherlands using climate
scenarios. Results seem to indicate that reductions of stomatal conductance due to high
CO2 concentrations and higher ET due to warmer temperatures may even each other out.
Gedney et al (2006) present evidence that increasing CO2 concentrations have in average
contributed, through reduced transpiration, to a net increase in runoff. Their findings
suggest that reduced stomatal openings have a significant influence in the global water
cycle. Using a multi-model approach, Milly et al (2005) present patterns of trends in
streamflow in different continental regions, some are increasing and some are decreasing,
as is the case for the semi-arid US southwest. Thus, it is probable that findings by Gedney
et al. (2006) have more or less significance in different regions.
In the research presented here, we do not address the higher CO2 concentration effects on
stomatal openings. Even if the validity of previous findings remains untested in semi-arid
areas (where vegetation is adapted to cope with high atmospheric demands) the research
presented here is not antagonistic with them, were these to be verified. Mostly centered in
the riparian corridor, and using experimental eddy covariance data from three sites mesquite woodland, shrubland and sacaton grassland - the current paper analyzes
meteorological controls on the evaporation rates of these sites. We aim to contribute a
quantification of climate change induced variations in both the ET rates during the
growing season, and the length of the growing season itself.

83

METHODS
Study sites and measurements
Experimental data used in this study was gathered by Scott et al (2004; 2008) and
includes measurements of surface energy and water fluxes as well as standard
meteorological variables, spanning from January 2003 to December 2007. Measurements
were made using eddy covariance towers located at three sites consisting of a mesquite
woodland, a sacaton grassland and a mixed mesquite-sacaton shrubland along floodplain
terraces of the San Pedro River in southeastern Arizona. The woodland study site is
dominated by large velvet mesquite trees (Prosopis velutina), is about 600m wide
east/west and parallels the south-to-north course of the river for at least 1500 m. The
average tree canopy cover is approximately 75%. The mean canopy height is 7m, and the
depth to groundwater is 10 m. The shrubland site is in a moderately dense stand of velvet
mesquite about 500m east/west by 500m north/south. The mesquite cover is 55%, and the
tree heights are between 3 and 4m. Sacaton grasses and various smaller shrubs are
abundant in scattered patches in the tree interspaces. The depth to groundwater is 6.5m.
The grassland site is a lush growth of sacaton grass (Sporobolus wrightii) and a variety of
summer-active herbaceous dicots, and it extends roughly 200m east/west and 800–1000m
north/south. The canopy height averages about 1m with a canopy cover 65% and an
average depth to groundwater of 2.5m. Soil texture profiles at all three sites are similar
and consist mainly of gravelly sandy loam layers interspersed with clay and gravel lenses
(Scott et al., 2006). In this semiarid basin, temperature maximums and minimums
average 26 C and 7 C respectively, and rainfall averages around 350 mm with high
spatial and temporal variability. Winter rains from frontal storms provide 30% of the
mean annual precipitation (November to March) and the monsoons - high-intensity,
short-duration convective storms - along with latter residual moisture from tropical
storms, provide 60% (July to September). From April through June, days are typically
very dry and hot. Thus, the vegetation in the area is adapted to cope with strong seasonal
changes in the partitioning of surface energy and water fluxes, controlled by water
availability, temperature and vapor pressure deficit. While water is thought to be the main
limiting factor to evapotranspiration, temperature plays an important role defining the
length of the growing season. Measurements in a setting with such a high seasonal
variability allowed analysis under a broad range of meteorological conditions and surface
controls, as shown in Shuttleworth et al. (2008). A detailed description of the sites and
instrumentation can be found in Scott et al. (2006). For more information on the basin’s
climate and hydrology, the reader can also see Serrat-Capdevila et al. (2007).

Data Analysis
Our work to quantify ET changes under future climate projections focuses on the
evolution of (1) ET rates in our riparian study sites with respective vegetation cover, and
of (2) pan evaporation and reference crop evapotranspiration rates. First we analyze data
for the period from January 2003 to December 2007, for which the measurements
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previously described are available (Scott 2004, 2008). Second, in the following subsection, we design and calibrate a conductance model that captures the behavior of the
observed evapotranspiration rates. Third, we estimate future ET rates from 2000 to 2100
by using meteorological projections from a global circulation model and our conductance
model.
For comparison purposes during the data analysis, reference crop rates were calculated
with measured meteorological variables at the three sites using the Penman-Monteith
equation (Monteith, 1964). λET is the actual evapotranspiration rate - under prevailing
meteorological conditions - of a crop with well-defined aerodynamic and surface
resistances, ra and rs, and is expressed as follows:
ρc D
Δ( Rn − G ) + a p
ra
λET =
(1)
rs
Δ + γ (1 + )
ra
where Δ is the slope of the saturated vapor pressure described as a function of
temperature, Rn and G are the net radiation and the ground heat flux respectively, ρa is
the air density, cp is the specific heat of air at constant pressure, D is the vapor pressure
deficit, γ is the psychrometric “constant” and λ is the latent heat of vaporization. The
current paper will stay away from the confusing term potential evaporation, as suggested
by Shuttleworth et al. (2008, in press), and will use only the concept of actual
evaporation.
For a reference crop the aerodynamic and surface resistances take the following values
(Allen et al. (1998)):
208
ra =
rs = 70sm −1
;
(2)
uz
Vapor pressure deficit and wind speed measurements were done above the canopy at 14
meters in the woodland, 3.5m in the grassland and mid-canopy at 2.5m for the shrubland.
Thus, equivalent vapor pressure deficits and wind speeds that would be measured at 2m
over a reference crop under the same prevailing meteorological conditions had to be
derived in order to calculate reference crop evapotranspiration rates using PenmanMonteith equation. A modified approach from that presented in Shuttleworth (2006) and
used in Shuttleworth (2008, in press) was followed, where: (1) equivalent wind speed and
vapor pressure deficit are calculated at a blending height of 50m above the landscape
using the aerodynamic properties of the canopy; and (2) the aerodynamic properties of
the reference crop are used to calculate the required values back down at 2m, from those
obtained previously at 50m.
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Figure 1: Evaporation rates in the three sites during the observational period 2003-2007.
In terms of limiting factors to ET, LAI is the main limitation during the onset of the
growing-season, while vegetation is leafing-out. Once measured ET reaches a plateau
indicating full leaf cover, and before the start of the monsoons, the main limitation to
transpiration is the physiologic capacity of the plants to pump water up from the water
table: 10 meters deep at the mesquite woodland site, 6.5 at the shrubland site and 2.5 for
at the grassland. During the monsoon season, riparian transpiration is energy limited
during some days or parts of the day due to cloud cover and monsoon storms.
Evaporation can be very important during and after monsoon storms, so low vapor
pressure deficits during these hours may also limit transpiration.
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Figure 2: Average daily evaporation rates for the three sites.
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Yearly evapotranspiration rates (Figure 1) have been averaged for each site in order to
allow for comparison between sites (Figure 2). Evapotranspiration rates in the three sites
are relatively similar, although some differences exist. ET rates during the growing
season are higher for the woodland site and lower for the grassland site, with intermediate
rates for the shrubland during the monsoons. It is important to note the earlier onset of the
growing season in the Sacaton grassland, compared to the mesquite woodland and
shrubland. The end of the growing season happens at the same time for all sites. These
differences between sites will have relevant implications for the calibration of our
conductance model explained in the following section.
In order to observe the differences between the calculated reference crop estimates and
the measured evapotranspiration, daily ET rates were normalized by the daily PriestleyTaylor evaporation (λET)pt, (Priestley and Taylor, 1972) and plotted against vapor
pressure deficit (D). In this way, and since Priestley-Taylor equation only depends on
available energy, all the reference crop and actual ET rates were normalized by a measure
of their available energy. In this way, any controls of D on ET can appear regardless of
each day’s radiation. Priestley-Taylor evaporation is calculated as:

λE p = α

Δ
( Rn − G )
Δ+γ

(3)

The value of α=1.26 for Priestley-Taylor coefficient was used in the normalization for
plotting purposes so that normalized ET rates would tend to unity at low values of D, i.e.
humid conditions. Figure 2 shows the normalized ET rates plotted against the vapor
pressure deficit at the woodland site.
In Figure 3 rain days have been removed because of the enhanced rates of evaporation of
water intercepted by the vegetation often occurring during rain events. As monsoon rains
are intense and short lived, the movement of adjacent warm dry air in the area due to
advective activity can result in higher evapotranspiration rates than it would be physically
possible due to radiative inputs. If rain days had been included, a certain number of high
values of normalized measured ET would appear at low vapor pressure deficits.
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Figure 3: Normalized reference crop (o) and measured site evapotranspiration rates (+)
for the three sites. The color code is as follows; green: leaf out period, from the onset of
the growing season to full canopy cover; magenta: pre-monsoon period with full canopy
cover; blue: monsoon season; red: post-monsoon season until end of senescence.
It can be observed that while reference crop evapotranspiration increases with vapor
pressure deficit, the measured evapotranspiration rates for the riparian sites decrease. The
Penman-Monteith equations for the measured site evapotranspiration (λE)m , and for the
reference crop evapotranspiration (λE)rc can be equated through their common terms
(ρ.cp.D). Assuming D is roughly the same for both the real and the reference crop, the
following expression for (λE)rc

( λ E )rc

=

ΔA. ⎡⎣( ra )rc − ( ra )c ⎤⎦

( Δ + γ )( ra )rc + γ ( rs )rc

+ ( λ E )m

( Δ + γ )( ra )c + γ ( rs )c
( Δ + γ )( ra )rc + γ ( rs )rc

(4)

which is an expression of the form:

(λE ) rc = (λE ) m * A( D) + B

(5)
in which the term A(D) increases with D. Since the aerodynamic resistances do not
depend on D, and the surface resistance of the reference crop is assumed to be fixed at
70s/m it is easy to see that the term driving the relationship is the surface resistance of the
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measured riparian crop (rs)c. Thus, it seems that surface resistance of the real crop
increases with D, making actual ET decrease.
In order to explore this behavior, we derived surface resistance values from the measured
ET rates and calculated aerodynamic resistances of the riparian vegetation using PenmanMonteith equation. Figure 4 shows the relationship between the obtained daily surface
resistance and vapor pressure deficit at the woodland site.
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Figure 4 Relationship between surface resistance and vapor pressure deficit for the three
sites.
There is a clear linear relationship between surface resistance rs and vapor pressure deficit
D during the mid-stage of the growing season (Fig 4). This linear relationship is
especially clear when riparian vegetation is not limited by leaf area index, i.e. during premonsoon mid season when canopies are full, the monsoon season and the post-monsoon
season before senescence. During the leaf out and development stages at the beginning of
the growing season and during senescence periods at the end, transpiration is lower and
limited by functional leaf area. As seen in figure 4, the linear relationship is better for the
woodland and shrubland sites and worse for the grassland. This relationship will be used
later on to model daily conductance throughout the year using exclusively vapor pressure
deficit data. Correlations of surface resistance and air temperature were not as clear and
did not contribute additional information. In fact, for each season, vapor pressure deficit
and temperature can be closely related, as shown in Figure 5, for the three sites. Thus,
most of the temperature information is contained in the vapor pressure data, for a specific
season of the year. Later on, temperature is used for its implications controlling the onset
and end of the growing season, but not evaporation rates within the growing season.

89

Relationship between Vapor Pressure Deficit and Temperature
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Figure 5: Relationship between observed vapor pressure deficit (KPa) and Temperature
(C) at the three sites and for each season.
Groundwater levels at the three sites were relatively stable within each year and
throughout the 5 year observational period. Thus, the current research is done assuming
stationary groundwater levels at the sites. This is not a far-fetched assumption given the
sites are riparian and close to the river, and the river flows (i.e. base-flows, thus
groundwater levels) are protected by a law aiming to protect the riparian habitat.

Quantifying future ET:
Estimates of evaporation rates for the current century i.e. 2001-2100 have been calculated
for a reference crop, pan evaporation and for the natural riparian vegetation from our
study sites. Meteorological variables predicted for the same period have been obtained
from the WCRP CMIP3 multi-model database, specifically, from “run 4” of the model
MPI_ECHAM5 for Scenario A1B of the IPCC fourth assessment report (IPCC, 2007?).
Daily climate model outputs of temperature, specific humidity, incoming shortwave
radiation, incoming longwave radiation, and outgoing longwave radiation were used for
this experiment. Even if GCM projections of meteorological variables were found to
replicate surprisingly well the observational period, a simple downscaling technique was
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used to ensure that the mean of climate model estimates for the observational period was
equivalent to that of the observed data.
Reference crop evapotranspiration estimates were calculated using Penman-Monteith
equation, setting surface resistance to rs = 70s/m and aerodynamic resistance to that of a
reference crop. The aerodynamic resistance between the vegetated surface and a level z
above can be expressed as:
ra =

ln[( z − d ) / z 0 ]. ln[( z − d ) /( z 0 / 10)]
k 2u z

(6)

where uz is the wind speed at height z, d is the zero plane displacement of the vegetated
surface, z0 is its roughness length, and k=0.41 is the von Karman constant. For a standard
reference crop height of hrc=0.12m, then d=0.67hrc and z0=0.123hrc. If the equivalent
wind speed at z=2m is used, ra from equation (2) applies. Surface wind speed projections
were calculated by using the resultant wind speed from the eastward and the northward
wind speed components from the climate model.
Temperature projections were used to calculate atmospheric pressure in KPa (as in Allen
et al.,1998), air density in kg/m3, latent heat of vaporization in MJ/kg, the psychrometric
“constant” in KPa/C, saturated vapor pressure and its slope versus temperature. Specific
humidity GCM projections were used to calculate vapor pressure deficit.
Incoming shortwave and longwave radiation and outgoing longwave radiation were used
to calculate Available energy (all in W/m2) for each site, assuming an albedo of 0.23 for a
reference crop:

A veg = Sin (1 - albedorc ) + Lin - L out

(7)

The previous values are used to calculate future reference crop evaporation for the
woodland site. Pan evaporation for the current century (2000-2100) is calculated here
using the “Penpan” equation proposed by Roderick et al. (2007), which is equivalent to
using Penman-Monteith equation with an aerodynamic resistance as follows:
224
( ra ) pan =
(8)
(1 + 1.35u2 )
and assuming the effective surface resistance of the pan is 1.4 times greater than the
aerodynamic resistance for all wind speeds.
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Finally, future evapotranspiration rates for the riparian vegetation of the study sites are
also calculated using the previous meteorological projections from the global climate
model MPI-ECHAM5 and a model of the surface resistance that follows the observed
surface resistance for the study period at the three study sites: the woodland, the
shrubland and grassland. During a short pre-monsoon period (when mesquite has reached
full LAI), the monsoon season and part of the post-monsoon season (before senescence
starts) the previous linear relationship between vapor pressure deficit and surface
resistance is used:
rs = a * D

thus

Cs =

1
a*D

(9)

However, when evapotranspiration is limited by leaf area index or leaf functionality
(during leaf-out and senescence) at the beginning and end of the growing season, the
previous model consistently overestimates surface conductance, with differences
increasing the further away from the peak of the growing season. In order to use
physically sound weighting correction to fit the observed surface conductance year round,
a growing season index modified from Jolly et al. (2005) is used in this study. Aiming for
a global model to assess phenological dynamics, Jolly et al (2005) combine three indexes
of simple environmental limitations (daylength, vapor pressure deficit and minimum
temperatures) ranging from 0 to 1, into a single index. Their approach is appropriate for
use in climate change conditions as the index quantifies the extent of each climatic
limitation within the year and allows the factors to shift and co-limit temporally. For
these reasons, it is used here under a modified form, to adjust our conductance model for
the entire year as follows:

g=

1
* iGSI
α * VPD

(10)

where g is conductance (m/s), VPD is vapor pressure deficit (KPa), α is the slope of the
linear relationship between surface resistance rs and VPD, and iGSI is our modified
growing season index (adimensional):

iGSI = iT min* iPhoto * iCTemp

(11)

Our modified growing season index iGSI is a multiplication of three indexes that depend
on minimum daily temperature (iTmin) in Celsius, cumulative average temperature since
the first day of the year (iCTemp) and photoperiod (iPhoto) in seconds. Each one of these
indexes depends on two fixed thresholds: below the lower threshold the index equals
zero, above the upper threshold, it equals one, and between the two the index goes
linearly from 0 to 1. In their global study, Jolly et al (2005) propose general values for the
thresholds of each index, however, we will calibrate them in order to obtain the best fit
for our three specific field sites. A total of 7 parameters were used in the model: 6
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thresholds (two for each index composing the growing season index) and the slope of the
linear relationship between calculated surface resistance and vapor pressure deficit shown
in figure 4.
It should be pointed out here that the use of crop coefficients and reference crop
equations would be misleading to predict future evaporation. It is easy to (1) derive site
specific crop coefficients as the ratio of measured and reference crop ET for the period
for which measurements are available, and (2) use these crop coefficients to estimate
future ET by multiplying them by reference crop rates under future, warmer climates.
However, this would yield erroneous results - i.e. an increase in riparian ET - while we
have seen previously that riparian transpiration is likely to remain constant. Thus, the use
of crop coefficients should be avoided unless stationarity can be assumed, as they do not
account for changes in surface resistance controls, such as plant adaptations to climate
variation.
In order to calibrate our model and find the optimal parameter set to fit the observations,
the Shuffled Complex Evolution (SCE-UA) algorithm was used (Duan et al. 1992).
Merging the strengths of the Downhill Simplex procedure [Nelder and Mead, 1965] with
the concepts of controlled random search, systematic evolution of points in the direction
of global improvement, competitive evolution [Holland, 1975], and complex shuffling,
the SCE-UA algorithm represents a synthesis of the best features of several optimization
strategies. It is thus a robust global optimization algorithm. Using SCE-UA, the model
was calibrated for best fit with all years of the study period. The algorithm searched to
minimize an objective function of the mean square error between daily observed and
simulated conductance for the observational period 2003-2007.
Figure 6 shows both the observed and modeled daily surface conductance after
calibration for each site for the observation period. As seen, our model does not capture
well the winter peaks. These peaks in surface conductance are exclusively due to the
occurrence of winter rains, as the riparian vegetation is dormant, thus no biological
controls are involved. In order to fully capture these peaks our model would need to be
more complex. As our main focus here is to assess the impacts of climate change on the
growing season’s evapotranspiration, we chose to keep the model as it is, capturing well
the dynamics of the growing season, rather than making it more data-intensive.
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Figure 6: Observed and modeled surface conductance for the mesquite woodland site
(San Pedro Basin).
Once the model was calibrated and the best parameter set was found for each site, surface
resistance values were calculated for the current century. Finally, riparian
evapotranspiration from 2000 to 2100 was calculated for each site using the
meteorological forcing from the climate model run.

RESULTS AND DISCUSSION
Future ET rates have been derived for the riparian sites using climate model data from the
MPI_ECHAM5 model run 4 under Scenario A1B of the IPCC fourth assessment report.
Figure 7 shows increasing temperature and vapor pressure deficit average decadal
projections at the beginning, middle and end of the century for the San Pedro basin
region.

94

Decadal Averages - Temperature

Decadal Averages - VPD
4.5

Vapor Pressure Deficit (KPa)

35

Temperature (C)

30
25
20
15
10
2001-2010
2051-2060
2091-2100

5
0

0

100

200

Day of Year

300

4
3.5
3
2.5
2
1.5
1

2001-2010
2051-2060
2091-2100

0.5
0

0

100

200

300

Day of Year

Figure 7: Decadal averages of temperature and vapor pressure deficit projections for the
current century for the San Pedro Basin, from MPI_ECHAM5, Scenario A1B.
Figure 8 shows the decadal averages of pan evaporation and riparian evapotranspiration
for three decades at the woodland site. It can be seen that maximum evapotranspiration
rates during the mid-growing season will not change. This is primarily due to stomatal
regulation as a function of vapor pressure deficit. Thus, even if temperature and
atmospheric vapor pressure deficit will increase, raising the atmospheric demand for
water (as shown by pan evaporation rates), surface resistance at the sites will increase as
well, maintaining the ET rates generally unchanged. Once the sites reach their full leaf
cover, and before the start of the monsoons, the main limitation to transpiration is the
physiologic capacity of the plants to pump water up from the water table: 10 meters deep
for the mesquite woodland site. Because of this limited physiological capacity, even if
water supply is abundant, the trees are “water limited”. This constraint in terms of
capacity to pump water up from the water table, combined with very high vapor pressure
deficits at the leaf, makes the mesquite prone to xylem cavitation so evidence suggests
that mesquite stomata limit water loss during the times of day when temperatures and
vapor pressure deficit are high (Scott et al. 2004; Jenerette et al. in press).
However, even if rates during the growing season will remain the same due to stomatal
regulation, the model shows a clear increase in the length of the growing season, notably
with an earlier leaf-out and a smaller delay in the end.
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Figure 8: Pan and riparian evapotranspiration averages for the decades 2001-2010 (early),
2051-2060 (mid) and 2091-2100 (late century) at the woodland site.
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Figure 9: Pan and riparian evapotranspiration averages for the decades 2001-2010 (early),
2051-2060 (mid) and 2091-2100 (late century) at the shrubland and grassland sites.

96

During the calibration period it was found that minimum temperatures and photoperiod
control the end of the growing season. This is in accordance with the fact that during the
study period 2003-2005 the growing seasons either end abruptly due to the first strong
freeze of the season, or decrease gradually by a certain day in the absence of frost.
Although the end of the growing season can be dictated by a different index each year,
the controls of iTmin and iPhoto seem to be quite synchronized in average over the long
term. As can be seen in figure 9 (ET vs Temperature Fall and Spring) minimum
temperatures during leaf out are higher than minimum temperatures during senescence
and growing season end.
SPRING ET vs T daily relationship for the three sites

FALL ET vs T daily relationship for the three sites
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Figure 9: Relationship between observed evapotranspiration and minimum, average and
maximum air temperatures for the onset (spring) and the end (fall) of the growing season.
As leaf-out occurs closer to the center of the year when photoperiod is higher, and so are
temperatures, it is evident that the controls on the leaf out are different from those
dictating the end. Cumulative average temperature allows for a very good fit for the onset
of the growing season. Given the energy cost required to generate the leaf out, it seems
natural that trees wait until later in the year when sunlight hours and warmer temperatures
will be less of a stressor. This is not the case during the senescence period when the
leaves are a sunk cost and can be used until the environment allows. For this reason, it is
physically reasonable that most of the percent increase of growing season length occurs
through an earlier onset, which is less limited by photoperiod.
In average the leaf-out is expected to occur in average 2.6 days earlier each decade for
the woodland and the shrubland sites and 2.2 days for the grassland site. The end of the
growing season is estimated to be delayed by 0.44 days each decade for all sites, in
average. With the assumption that groundwater levels are stationary, these changes
represent an increase of 1.38% to 1.45% per decade in the total annual evapotranspiration
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rates for the mesquite woodlands and shrublands in the San Pedro basin with similar
characteristics to those of the sites, and 1.24% increase for the sacaton grasslands.
Annual ET rates for the next century have been derived for the riparian sites (Figure 5,
for woodland site).

Observed and Projected ET Rates: Riparian Mesquite Woodland
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Figure 10: Calculated evapotranspiration rates for the current century (2000-2100) in the
mesquite woodland site of the San Pedro Basin, Arizona.
As the reader will observe, reference crop evaporation rates and pan evaporation rates
show an upwards trend through the century. This shows that the atmospheric demand to
evapotranspiration will increase in the region. However the resulting estimates for the
woodland site do not show any increasing trend through the century and oscillate around
current values. This supports the concept of mesquite trees regulating their stomata
during high vapor pressure deficit values to prevent water loss. These results are a
product of the relationship found between surface resistance and vapor pressure deficit,
which highlights the adaptation of mesquite in semi-arid environments, where
atmospheric demand is much greater than water availability. Even if we have discovered
that riparian transpiration may not increase, atmospheric demand will indeed increase and
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this will have important implications for precipitation, evaporation and groundwater
recharge rates.

CONCLUSIONS
The current paper presents an approach to quantify future evapotranspiration rates
accounting for changes in the length of the growing season. Eddy-covariance and
meteorological field observations in three riparian sites in the San Pedro basin have been
used to develop and calibrate a simple conductance model. The conductance model is
based on a linear relationship between surface resistance and vapor pressure deficit and a
growing season index modified from Jolly et al (2005), ranging from 0 to 1. The index
used here is composed of three distinct indexes that depend on minimum daily air
temperature, cumulative mean daily temperature and photoperiod. The model could
replicate accurately the conductance of the three sites for the study period by mimicking
the growing season. It was found that minimum temperature and photoperiod controlled
the end of the growing season, while cumulative temperatures could easily model the
leaf-out. Using meteorological estimates from the MPI_ECHAM5 model run 4 under
Scenario A1B of the IPCC fourth assessment report for the period 2000 to 2100, new
daily evapotranspiration rates were calculated for the current century. Minimum and
average temperatures, and vapor pressure deficit projections were used to drive the
conductance model. The simulated conductance was then used in the Penman-Monteith
equation, driven also by other meteorological estimates for the current century, and future
ET rates were obtained. It was found that pan evaporation and reference crop
evapotranspiration will increase with predicted higher atmospheric demand (i.e. greater
vapor pressure deficits and higher temperatures). However, it was found that actual ET
rates during the growing season at the riparian sites will remain the same due to stomatal
regulation. This is reflected in the model by the observed relationship between surface
resistance and vapor pressure deficit and is coherent with the fact that native vegetation is
well adapted to regulate water loss in semi-arid environments with atmospheric extremes.
Another - we think important - finding is that the length of the growing season will
gradually increase due to the increase in temperatures. Most of the increase will be due to
an earlier leaf-out at the onset, and to a lesser extent by a small delay in the senescence.
This result is logical since the end of the growing season is also controlled by the
photoperiod, which remains constant through the century, while the onset of the growing
season currently happens at higher photoperiods and is controlled only by cumulative
temperature. In average the leaf-out is expected to occur in average 2.6 days earlier each
decade for the woodland and the shrubland sites and 2.2 days for the grassland site. The
end of the growing season is estimated to be delayed by 0.44 days each decade for all
sites, in average. With the assumption that groundwater levels are stationary, these
changes represent an increase of 1.38% to 1.45% per decade in the total annual
evapotranspiration rates for the mesquite woodlands and shrublands in the San Pedro
basin with similar characteristics to those of the sites, and 1.24% increase for the sacaton
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grasslands. These findings are important in regards to groundwater use, since all
transpiration from the onset of the growing season until the arrival of the monsoons is
entirely fed by groundwater. Thus, the previous increases will reflect directly on the
groundwater budget of the basin. Increases in estimates of pan evaporation obeying to
higher atmospheric demands have important implications with regards to groundwater
recharge, which is likely to decrease. The accurate quantification of climate change
impacts on recharge still constitutes a challenge and a relevant topic for future research.
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ABSTRACT
Theory relating changes in area-average evaporation with changes in the evaporation
from pans or open water is developed. Such changes can arise by Type (a) processes related to
large-scale changes in atmospheric concentrations and circulation that modify surface evaporation
rates in the same direction, and Type (b) processes related to coupling between the surface and
atmospheric boundary layer (ABL) at the landscape scale that usually modify area-average
evaporation and pan evaporation in different directions. The interrelationship between
evaporation rates in response to Type (a) changes is derived. They have the same sign and
broadly similar magnitude but the change in area-average evaporation is modified by surface
resistance. As an alternative to assuming the Complementary Evaporation hypothesis, the results
of previous modelling studies that investigated surface-atmosphere coupling are parameterized
and used to develop a theoretical description of Type (b) coupling via vapour pressure deficit
(VPD) in the ABL. The interrelationship between appropriately normalized pan and area-average
evaporation rates is shown to vary with temperature and wind speed but, on average, the Type (b)
changes are approximately equal and opposite. Long-term Australian pan evaporation data are
analyzed to demonstrate the simultaneous presence of Type (a) and (b) processes, and
observations from three field sites in southwestern USA show support for the theory describing
Type (b) coupling via VPD.
Key Words: Climate Change; Evaporation; Pan Evaporation, Actual Evaporation, Global
Dimming, Evaporation theory; Complementary Evaporation; Evaporation Paradox
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INTRODUCTION
Actual evaporation can be directly measured either by integrating water vapour
transferred into the atmosphere or from the liquid water loss from representative sample volumes
of the soil-atmosphere interface (Gash and Shuttleworth 2007; Shuttleworth 2008). However, all
available methods are either too recent and/or too inaccurate (Farahani et al. 2007; Shuttleworth
2008) for them to be used to diagnose long-term change in actual evaporation. Consequently,
researchers have sought alternative means to investigate such change. Attempts have been made
to diagnose evaporation change as the residual in area-average water balance (e.g., Gedney et al.
2006), but most studies have investigated long-term trends in the measured rate of pan
evaporation or calculated rates of evaporation given by estimation equations. Unfortunately, the
resulting literature has become confused and generated much controversy (e.g. Peterson et al.
1995; Brutsaert and Parlange 1998; Ohmura and Wild 2002; Roderick and Farquhar 2002, 2004,
2005; Hobbins and Ramirez 2004; Brutsaert 2006; Kahler and Brutsaert 2006, Roderick, et al.,
2007). In part this is because most of these studies have been couched in terms of early
evaporation theory, including the abstract concepts of potential evaporation and potential
evapotranspiration and the hypothetical concept of complementary evaporation (Bouchet 1963).
The present paper reconsiders the theory relating gradual change in area-average to pan
evaporation on the basis of actual evaporation rates.
Evaporation is controlled by the availability of water accessible to the atmosphere and by
diffusion processes that inhibit surface evaporation, but is also controlled by near-surface
atmospheric variables. Long-term changes in the near-surface atmospheric variables that control
evaporation can arise in two ways:
(a) Large- or regional-scale changes in the atmosphere as a whole that are then reflected in
near-surface values;
(b) Landscape-scale changes in the near surface climate that arise from altered feedback
between the surface and the atmospheric boundary layer (ABL) in response to changes in
surface controls on area-average evaporation.
Because atmospheric variables exert a broadly similar influence on all evaporation rates if surface
controls are unaltered, Type (a) changes will tend to modify all evaporation rates in the same
direction, and evaporation from the landscape and from any well-watered crop, open water, and
evaporation pans within the landscape will all either increase or decrease. For Type (b) changes,
surface variables alter because landscape-average surface controls alter. Higher area-average
evaporation may, for example, decrease the VPD or near-surface wind speed (by reducing
turbulence) in the ABL, or may alter surface solar radiation by changing boundary layer cloud
cover. The resulting changes in atmospheric variables in the ABL will alter evaporation rates
from portions of the landscape where surface controls remain unaltered, including from wellwatered crops, open water, and evaporation pans.
A full description of changes in actual surface evaporation rates will ultimately require
using models that simultaneously describe Type (a) and (b) changes. Pending the availability of
such models, the present paper explores the theoretical relationships between changes in the
evaporation rate from different evaporating surfaces for Type (a) and (b) changes separately, in
the later case with emphasis on exploring the adequacy or otherwise of representing surface-ABL
coupling using the Bouchet (1963) complementary evaporation (CE) hypothesis.
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ACTUAL EVAPORATION RATES
Reference crop evaporation (sometimes called potential evapotranspiration) is the actual
evaporation rate from a well-watered, well-specified grass crop estimated from an
implementation (Allen et al. 1998) of the Penman-Monteith (P-M) Equation (Monteith 1965).
Open-water evaporation (sometimes called potential evaporation) is the actual evaporation rate
from stretches of open water and is frequently calculated from the Penman Equation (Penman
1948, 1963), this also being an implementation of the P-M Equation. Pan evaporation is the
actual measured evaporation from pans of water of differing design. In the past it has often been
assumed to be related to open-water evaporation adjusted downwards to allow for differences in
surface energy availability using an empirical pan-specific correction factor, Kp. However,
Rotstayn et al. (2006) have developed the “Penpan” Equation, a physically-based description of
pan evaporation based on the work of Thom et al. (1981) and Linacre (1994), which has been
experimentally verified by Roderick et al (2007) and which is also an implementation of the
P-M equation. Finally, the actual area-average evaporation from the landscape can also be
estimated from the P-M Equation as described below.
The P-M Equation (Monteith 1965) calculates actual evaporation in the form of the latent
heat flux, λE, from:

λE =

ΔA + ( ρ c p D ) ra
Δ + γ [1 + rs ra ]

(1)

where λ is the latent heat of vaporization of water; Δ is the rate of change of saturated vapour
pressure with temperature; A is the energy available for evaporation at the evaporating surface,
sometimes called the available energy; D is the VPD; γ is the psychrometric ‘constant’, ρ is the
density of air and cp is the specific heat of air at constant pressure. Different values or functions
are selected for the surface resistance, rs, and aerodynamic resistance, ra, to calculate the
evaporation rates of interest in the present study.
It is common practice when estimating crop water requirements (e.g., Allen et al. 1998;
Pereira et al. 1999; Shuttleworth 2006), to calculate the aerodynamic resistance between a
vegetated surface and a level zR using the equation:

ra =

ln ⎡⎣( z R − d ) z0 ⎤⎦ . ln ⎡⎣( z R − d ) ( z0 10 ) ⎤⎦
k 2 uZ

(2)

where uZ is the wind speed at the height zR, k =0.41 is the von Kaman constant, and d and z0 are
the zero plane displacement and roughness length of the vegetated surface, respectively. Allen et
al. (1998) specify the crop height, hrc, for a reference crop as 0.12m then set z0 = 0.123hrc, d =
0.67hrc, and rs = 70 s m-1. In the present study, it is also assumed that it is acceptable to assume z0
= 0.123haa and d = 0.67haa in Equation (2) when considering the area-average aerodynamic
resistance for a landscape, with haa being the characteristic height of vegetation in the landscape.
Later it is shown that the results of the present analysis are little influenced by haa and it is
arbitrarily set to 0.5m, while the landscape average surface resistance is allowed to vary. For open
water evaporation, rs is set to zero and (ra)ow = 250/(1+0.536u2) (Thom and Oliver 1977). The
Penpan Equation implicitly assumes (ra)pan = 224/(1+1.35u2) and that the effective surface
resistance of the pan is always 1.4 times the aerodynamic resistance.
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The energy available to support evaporation differs depending on the evaporating surface.
For simplicity in this study energy storage terms are ignored and available energy is set equal to
the net radiation, hence:

A = (1 − a) S + Ln

(3)

where a is the albedo of the surface; S is the incoming solar radiation, and Ln is the net longwave
radiative exchange. Here the value of Ln is assumed independent of the surface and aveg = 0.23 for
both the area-average landscape and patches of reference crop within it, aow = 0.08 for open water
surfaces and, following Rotstayn et al (2006), apan = 0.14 for evaporation pans. Corresponding
values of A are Aveg, Apan, and Aow for area-average and reference crop evaporation, evaporation
pans, and open water, respectively. Table 1 summarizes the values and/or functions assumed for
ra, rs, and a in the P-M Equation when estimating the various evaporation rates.

SPECIFYING HUMID AND ARID CONDITIONS
Priestley and Taylor (1972) proposed the expression:

( λ EPT )α = α

ΔA
Δ +γ

(4)

as an “appropriate framework” for apportioning surface energy between sensible heat and
evaporation, and reached “the tentative conclusion that α is about 1.26 for saturated surfaces”.
Equation (4) with α equal to 1.26 has sometimes been used to provide an alternative estimate of
reference-crop evaporation, λErc, in humid conditions (Doorenbos and Pruitt 1977; Shuttleworth
1993). By equating reference crop evaporation rate to (λEPT)α, Shuttleworth (2006) specified the
relationship between VPD at 2m and available energy that define humid conditions in terms of
the climatological resistance, rclim, defined by the equation:

rc lim = ( ρ c p D ) ( ΔAveg )

(5)

where Aveg is the available energy calculated with albedo equal to aveg. (Note: climatological
resistance has units of the other resistances in the P-M Equation but it is not a resistance that
controls the rate of diffusion of energy fluxes). With the aerodynamic and surface resistances for
the reference crop given in Table 1, equating λErc to (λEPT)α gives:

rc lim =

208 ⎛ α ⎡⎣ Δ + γ (1 + 0.337u2 ) ⎤⎦ ⎞
− 1⎟
⎜
⎟
Δ +γ
u2 ⎜⎝
⎠

(6)

Thus the value of rclim in the humid conditions when λErc = (λEPT)α with α=1.26, hereafter
called (λEPT)1.26, is a function of wind speed and temperature because Δ is a function of
temperature. Jensen et al. (1990) propose α=1.74 as the value of α required for λErc to equal
(λEPT)α in arid conditions. When wind speed is 2 m s-1 and temperature 15 °C, rclim is 60 s m-1 and
123 s m-1 in humid and arid conditions, respectively.
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REGIONAL CHANGES IN ACTUAL EVAPORATION RATES
Large- or regional-scale Type (a) changes in the atmosphere as a whole influence all
evaporation rates similarly. Some studies have investigated changes in the estimated rates of open
water and reference-crop evaporation using historical sunshine hour data and calculated
reductions in solar radiation of a few percent per decade (e.g., Chattopadhyay and Hume 1997;
Thomas 2000; Chen et al. 2005; Shenbin et al. 2006; Xu et al. 2006) implying either cloud cover
or aerosol load, or both, have increased in some regions. Several studies (e.g., Askoy 1997;
Omran 1998; Cohen et al. 2002) have reported significant changes in observed solar radiation and
confidently ascribed these to changes in atmospheric aerosol concentration, and the regionally
varying but widespread impact of increasing atmospheric aerosols on surface solar radiation is
documented in authoritative reviews (Ramanathan et al. 2001; Stanhill and Cohen 2001) and
recognized and modeled in General Circulation Models (IPCC 2007). Stanhill and Cohen (2001)
estimated the reduction in solar radiation as 2.75% per decade while IPCC (2007) estimates the
change in global radiative forcing due to sulphate aerosols since 1750 as between -0.2 and -0.8
W/m². Thus, there is strong evidence there has been a regionally dependent reduction in surface
solar radiation, although this may now be decreasing (e.g. Wild et al., 2005; 2007).
Most of the controversy regarding the origin of observed changes in pan evaporation has
hitherto been concerned with the relative importance of reduced incoming solar radiation, on the
one hand, and lower VPD caused by higher area-average evaporation, on the other. However,
other causes exist. For example, recent studies of changes in pan evaporation in Australia have
attributed most of the reduction in pan evaporation to reduced wind speed (Roderick et al., 2007;
Rayner 2007; McVicar et al. 2008). The cause of such a reduction in regional wind speed is not
certain, although wind speed reductions have now been widely reported in the mid-latitudes in
both hemispheres with roughly complementary increases in wind speed nearer the poles in
general agreement with the predictions of climate models (Roderick et al. 2007; McVicar et al.
2008).
The relative changes in area-average evaporation, reference crop evaporation, open water
evaporation and pan evaporation rate (as estimated by the Penpan model) in response to small
changes in meteorological variables due to large scale processes can be estimated in the same
way because these different evaporation rates are all calculated by different implementations of
Equation (1). In each case a small change in evaporation rate is estimated from the small changes
in A, D, T, and u2 by the expression:

δ (λ E ) =

⎡
⎤
Δra
⎢
⎥ δ ( A)
⎢⎣ Δra + γ ( ra + rs ) ⎥⎦

+

ρcp
⎡
⎤
⎢
⎥δ ( D)
⎢⎣ Δra + γ ( ra + rs ) ⎥⎦

⎡
⎡
γ rs − ( Δ + γ ) rc lim ∂ra ⎤
( ra + rc lim )( ra + rs ) ∂Δ ⎤⎥
⎢
⎢
⎥ δ ( u2 )
.
.
δ ( T ) + ΔA
+ γA
⎢ ⎡ Δra + γ ( ra + rs ) ⎤ 2 ∂T ⎥
⎢ ⎡ Δra + γ ( ra + rs ) ⎤ 2 ∂u2 ⎥
⎦
⎦
⎣ ⎣
⎦
⎣ ⎣
⎦
(7)
In Equation (7) the value of rclim is that calculated when the available energy relevant to the
evaporating surface is substituted for A in Equation (5), i.e. Aveg for area-average evaporation and
reference crop, and Apan and Aow for evaporation pans and open water, respectively. If changes in
net longwave radiation exchange, surface albedo and the energy stored in the soil and canopy are
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neglected, the change in available energy, δA, is estimated from δS, the change in incoming solar
radiation, by:

δ ( A) = (1 − a)δ ( S )

(8)

Figure 1 shows fractional change in evaporation rates in response to small regional
changes in available energy, VPD, temperature, and wind speed plotted as a function of the areaaverage surface resistance when the available energy is 200 W m-2, temperature 15°C, the wind
speed 2 m s-1 with the VPD corresponding to humid and arid conditions, i.e., rclim = 60 s m-1 and
rclim =123 s m-1, respectively. Changes in area-average, open water, reference crop, and pan
evaporation caused by small regional changes in these weather variables, though broadly of the
same order of magnitude, all differ to some extent. As expected, the rate of change in areaaverage evaporation caused by changes in weather variables falls as area-average surface
resistance increases, but changes in the other estimated evaporation rates are not affected. The
relationship between changes in evaporation and changes in available energy and VPD is not
affected by atmospheric aridity but those in response to changes in temperature and wind speed
are affected. The change in area-average evaporation rate with wind speed (Fig. 1e,f) is
noteworthy in that can be either negative or positive depending on area-average surface
resistance.

CHANGES IN ACTUAL EVAPORATION RATES DUE TO ABL
COUPLING
Type (b) changes in evaporation include, for example, the impact of changes in the areaaverage surface energy balance on ABL turbulence (and hence near-surface wind speed) and on
surface solar radiation via changes in boundary layer cloud cover. Later we discuss experimental
evidence that indicates feedback between surface energy balance and wind speed and radiation
can contribute to observed changes (Roderick et al., 2007) in pan evaporation. However, linkage
via ABL processes to these two weather variables has received little attention in the past, while
linkage via VPD has been extensively discussed. It is the theoretical basis for this last Type (b)
feedback which is the primary focus of attention below.

Coupled Surface Atmosphere Interactions
Experiments with coupled models of the interaction between the land surface and
overlying atmosphere (McNaughton 1976; De Bruin 1983, 1989; McNaughton and Spriggs 1986,
1989; Raupach 2000, 2001) have provided understanding of how surface controls interact with
ABL processes to control area-average evaporation. These modelling studies suggest that for
well-watered grassland and agricultural crops in a humid climate, area-average evaporation is
within 10-15% of the estimate given by the Priestley-Taylor Equation with α = 1.26, but these
studies do not support the complementary evaporation relationship (Bouchet, 1963). Nonetheless,
it is plausible that pan evaporation will be less if area-average actual evaporation increases either
because the air in the ABL is moister or because the sensible heat flux and entrainment of warm
overlying air into the ABL is less and the air cooler.
McNaughton and Spriggs (1989), hereafter referred to as M&S, modeled the diurnal
behavior of surface-energy exchanges and growth of the ABL using a model which included
representation of surface-energy exchange via the P-M Equation and the entrainment of drier and
(in potential temperature terms) warmer air in the free atmosphere overlying the inversion that
defines the ABL. ABL growth was parameterized as proportional to surface sensible heat flux
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and inversely proportional to the strength of the inversion. Their model was initiated and
validated using nine days of data from a tower at Cabauw in the Netherlands (Driedonks 1981;
1982), which included days both with very weak and very strong inversions. Observed profiles of
potential temperature and specific humidity measured at 05:45 am were used to initiate the model
profiles and the measured time series of net radiation minus soil heat flux used to force surface
energy balance (growth of boundary layer cloud was not simulated). Surface evaporation
calculated by the model with different prescribed values of average surface resistance were
averaged over the daytime hours when the ABL was growing, along with values calculated using
the Penman Equation and by Equation (4) over the same time period using the available energy
used in the model. When evaluating the complementary evaporation hypothesis, potential
evaporation was estimated from the Penman equation with available energy set equal to that used
in the P-M Equation. For each value of prescribed area-average surface resistance, the effective
value of the parameter α in Equation (4) was calculated from the modeled daytime evaporation
and the available energy, and the validity of complementary evaporation hypothesis was
evaluated on each of the nine days modeled.
The primary results of the M&S study can be summarized as follows.
A. The values of α calculated as a function of surface resistance on the nine days studied
(reproduced in Figure 2) show substantial day-to-day variability that arguably reflects realworld variability. For surface resistance up to a few hundreds (s m-1), values of α differ by
approximately ±10% but above this differences are ±20-30%. Notwithstanding this
variability:
I. For surface resistances around 70 s m-1, the variation in α is moderated by a negative
feedback between ABL height and evaporation. In the model (and in reality) evaporation
has limited impact on absolute humidity near the surface because surface evaporation is
mainly moves upwards to moisten dry air entrained into the growing ABL. However, at
constant available energy, lower evaporation due to higher surface resistance results in
more sensible heat and more entrainment of warm air through the inversion. As a result,
VPD (and therefore evaporation) tends to increase to counteract the initial decrease in
evaporation. This negative feedback moderates the extent to which α, (λE)aa and, most
important in the present analysis, D change as a function of (rs)aa.
II. Values of α are consistent to within about ±15% of surface resistances up to about 120 s
m-1 but the daytime average value of α when surface resistance is 70 s m-1 is about 8%
less than 1.26. The significance of this is discussed below.
III. Beyond a surface resistance of 120 s m-1, α falls off progressively, initially fairly linearly
but for values of surface resistance above 1000 s m-1 the rate of fall lessens as the
limiting value (α = 0) is approached.
B. The M&S study did not support the numerical accuracy of the Bouchet (1963)
complementary evaporation relationship as a general description of the strength of the
feedback between modeled surface energy balance and potential evaporation. The extent of
inaccuracy strongly depended on ambient meteorological conditions and, most importantly,
on the strength of the inversion, with most error when the inversion was weak with
entrainment and ABL growth greatest.
Although the range of environmental conditions sampled in the M&S study are limited
and the universality of the calculated relationship between α and surface resistance (Fig. 2)
therefore open to question, and although there was substantial day-to-day variability in the
relationship demonstrated, it is instructive to parameterize the average behavior M&S found and
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to use this to explore the relationship between long-term changes in area-average and pan
evaporation. However, first it is necessary to consider why the average value of α reported by
M&S for a surface resistance of 70 s m-1 was less than 1.26, the value proposed by Priestley and
Taylor (1972) for all-day average values of evaporation and available energy.
The M&S study calculated the average value of α during daylight hours when surface
exchanges and ABL growth was active. The value αday that M&S report is therefore normalized
to the average net radiation during the nday daylight hours modeled rather than all-day average net
radiation. Since most evaporation happens during the day, αM&S, the true all day average value,
can be estimated by multiplying αday by the ratio of the (higher) daytime average net radiation to
the (lower) all-day average net radiation. Assuming the net longwave radiation flux, Ln, is
negative and constant through both day and night, then:

α M &S

⎡ S (1 − 0.23) + ( nday Ln ) 24 ⎤
⎦ .α
=⎣
day
⎡⎣ S (1 − 0.23) + Ln ⎤⎦

(9)

Substituting Aveg = (1-0.23)S + Ln into Equation (9) and assuming Aveg = 200 W m-2, Ln = -50 W
m-2 and nday = 16 hours, implies an upward correction of ~8% is required to renormalize the
daytime relationship between modeled evaporation and net radiation calculated by M&S to the
equivalent all-day relationship. For this reason, but primarily for consistency with the often used
value of α in the P-T Equation, in this analysis the values of α given by M&S were normalized
upwards for all values of surface resistance such that the 9-day average value of αM&S when
surface resistance is 70 s m-1 was increased from 1.18 to 1.26. A fifth-order polynomial fit was
then made to the resulting normalized relationship between the 9-day mean values of αM&S and
area-average surface resistance which has the form:

α M &S

⎡ ⎛ ( rs )aa ⎞ ⎤
⎡ ⎛ ( rs )aa ⎞ ⎤
= 1.26 − 0.24141 ⎢ ln ⎜
⎟ ⎥ − 0.07199 ⎢ ln ⎜
⎟⎥
⎣⎢ ⎝ 70 ⎠ ⎥⎦
⎣⎢ ⎝ 70 ⎠ ⎦⎥
⎡ ⎛ ( rs )aa
+ 0.0099 ⎢ ln ⎜
⎣⎢ ⎝ 70

3

⎡ ⎛ ( rs )aa
⎞⎤
⎟ ⎥ + 0.00504 ⎢ ln ⎜
⎠ ⎦⎥
⎣⎢ ⎝ 70

4

2

⎡ ⎛ ( rs )aa
⎞⎤
⎟ ⎥ − 0.00083 ⎢ ln ⎜
⎠ ⎦⎥
⎣⎢ ⎝ 70

⎞⎤
⎟⎥
⎠ ⎦⎥

5

(10)

The thick line shown in Figure 2 illustrates the form of this fitted relationship but with the upward
renormalization just described removed so that it can be directly compared with the original
results given by M&S. Confidence in this fitted relationship is particularly low at low and high
values of area-average surface resistance, therefore results based on it are later shown only for
(rs)aa in the range 20-3000 s m-1.
It is important that the function αM&S can be used to calculate the average behavior of the
VPD in the ABL in response to imposed changes in area-average surface resistance because it is
the impact of such changes in D on pan and open-water evaporation that are the basis of the
interrelationship between area-average, pan and open-water evaporation sought here. Starting
from the general form of the P-M Equation, the behavior of D can be derived from:

ΔAveg + ( ρ c p D ) ( ra )aa

Δ + γ ⎡⎣1 + ( rs )aa

( ra )aa ⎤⎦

= α M &S

Δ
Aveg
Δ +γ

(11)
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rearranged into the form:

D=

ΔAveg ⎡ α M & S γ ( rs )aa
⎤
+ (α M & S − 1)( ra )aa ⎥
⎢
ρ c p ⎢⎣ Δ + γ
⎥⎦

(12)

Relating Changes in Area-average, Pan, and Open Water Evaporation
For a given value of (rs)aa and equivalent value of αM&S from Equation (10), the value of
D can be calculated from Equation (12) and λEpan and λEow then calculated using appropriate
values of ra, rs, and a from Table 1. Figures 3(a) and (b) show example comparisons between the
variation with (rs)aa of λEaa and λEpan while Figures 3(c) and (d) show similar comparisons
between λEaa and λEow. In each figure the value of λEcomp is also shown, with λEcomp defined by the
equation:

λ Ecomp = 2 ( λ Eaa )70 - λ Eaa

(13)

where (λEaa)70 is the value of λEaa when area-average surface resistance is 70 s m-1. All of the
example calculations shown in Figure 3 are for wind speed 2 m s-1, air temperature 15°C, and Aveg
200 W m-2, with Apan and Aow calculated to allow for differences in albedo (Table 1) assuming Ln
= -50 W m-2 for each evaporating surface. To illustrate the sensitivity to the assumed value of
area-average crop height, in Figures 3(a) and (b) three estimates of D are made from Equation
(12) and used to calculate λEpan and λEow with aerodynamic surface resistances corresponding to
area-average vegetation heights of 0.25, 0.5 and 1.0 m. Decreasing or increasing area-average
crop height does not change the main conclusions of this analysis substantially. Similarly, in
Figures 3(c) and (d), three estimates of D are made and used to calculate λEpan and λEow with αM&S
given by Equation (10) and by values of αM&S which are 10% above and below this value.
Assuming values of α which are 10% higher or lower than αM&S mainly alters the offset of λEpan
and λEow with respect to λEaa but also does not change the main conclusions of this analysis.
Consequently, hereafter calculations are made with haa = 0.5 m and αM&S calculated by Equation
(10).
It is relevant later that, if pan evaporation is adequately estimated by the Penpan Equation
and area-average evaporation calculated by the P-M Equation, the pan constant, Kp, is calculable
from:

Kp =

⎡( Apan
⎣

( Δ + 2.4γ ) (ra ) pan
Aaa ) (ra ) pan + rc lim ⎤⎦ ( Δ (ra ) aa + γ [ (ra ) aa + (rs ) aa ])

[ (ra )aa + rc lim ]

(14)

Consequently, if measured pan evaporation, wind speed, and temperature are available and
(Apan/Aaa) can be estimated, changes in pan evaporation can be related to changes in area-average
evaporation for specified values of climatological and area-average surface resistance. With the
form assumed for the several resistances in this analysis, Kp ~0.8 ± 0.15 for moderate wind speeds
(1 to 3 m s-1) and moderate temperatures (10 to 30 °C) depending on atmospheric aridity, this
value being typical of that determined empirically in moderate conditions (Stanhill 1976).
If λEaa and λEcomp are normalized to the value of λEaa when the area-average surface
resistance is 70 s m-1, and λEpan and λEow are also normalized to their respective values when D is
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calculated from Equation (12) using this same value of λEaa, the evaporation rates λEaa, λEcomp,
λEpan and λEow can be expressed in dimensionless form as αaa*, αcomp*, αpan*, and αow* (recall that
with the parameterization of αM&S adopted here λEaa = (λEPT)1.26 when the area-average surface
resistance is 70 s m-1.) Normalizing evaporation in this way has the advantage that the
interrelationship between evaporation rates becomes less sensitive to differences in available
energy for the evaporating surfaces and, in the case of pan evaporation, also less sensitive to the
wind speed dependency of Kp in Equation (14).
Figure 4(a) shows the variation in αcomp* and αpan* as a function of (rs)aa with Aveg = 200
W m and temperature 15°C for wind speeds of 1, 2, and 3 m s-1, and Figure 4(b) shows
equivalent variations but for a temperature of 25°C. In Figures 4(c) and (d) αpan* is expressed as a
function of αcomp*. The relationships shown in Figures 4(c) and (d) are important in the context
of the discussion of the Complementary Evaporation Hypothesis (see next section). Figure 4(a)
shows that when complementary evaporation and pan evaporation rates are expressed in
dimensionless form they are reasonably similar for values of area-average surface resistance less
than 1000 s m-1 at moderate temperatures ~15 °C and wind speeds ~2 m s-1. However, at 25 °C
the rate of change of pan evaporation with area-average surface resistance is much less than
complementary evaporation when area-average surface resistance is less than (say) 1000 s m-1.
Presumably this is due to feedback processes moderating the change in VPD. Ultimately at very
high values of (rs)aa when area-average evaporation is suppressed, the rate of change in pan
evaporation with (rs)aa substantially exceeds that in complementary evaporation regardless of
temperature because surface energy is mainly partitioned into sensible heat and the VPD in the
ABL rises.
-2

Complementary Evaporation Hypothesis
The theoretical link between area-average and pan evaporation rates has hitherto been
expressed using the hypothetical complementary relationship proposed by Bouchet (1963) which
in its most recent implementation (e.g., Kahler and Brutsaert, 2006) takes the form:

b ( λ Eaa − λ E p ) = ( λ E p − λ E pan )

(15)

where the factor b is an empirical “enhancement factor.” If Equation (15) were correct, and if λEp
could be defined and calculated and b determined, small changes in λEaa would be inversely
related to small changes in λEpan in all atmospheric conditions. In Equation (15), λEp, the
“potential” evaporation rate, is the area-average evaporation rate when the vegetation and soil in
the landscape is amply supplied with moisture. However, because the phrase “amply supplied
with water” is imprecise, definition of potential evaporation rate is largely a matter of personal
preference. Some authors (e.g., Kahler and Brutsaert, 2006) assume λEp can be empirically
related to a fixed multiple of the measured pan evaporation rate in conditions when the landscape
is moist. Other authors (e.g. McNaughton and Spriggs, 1989) assumed λEp is estimated by
substituting Aveg for Aow in the Penman Equation, while others (e.g. Szilagyi et al., 2001) assumed
λEp is estimated from a “Penman-like” equation with Aveg again substituted for Aow but with (ra)ow
replaced by Equation (2), with d and z0 selected such that calculated evaporation in humid
conditions is equal to that calculated by Equation (4) with A = Aveg and α =1.26. This replacement
aerodynamic resistance corresponds to a crop height of 0.007 m. The confusion regarding the
definition of λEp illustrates well what confusion can easily arise when potential evaporation rates
with imprecise definition and parameterization are used as a basis of evaporation theory. The
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present study therefore meticulously avoids the concept of potential evaporation and is instead
based only on specified actual evaporation rates.
It is instructive to contrast the theoretical description of the relationship between areaaverage evaporation and pan evaporation provided here with that based on the complementary
evaporation hypothesis. The recent paper of Kahler and Brutsaert (2006) is selected for this
comparison. Here we assume that near-surface VPD (which controls pan evaporation when
surface radiation and wind speed are specified) is determined by surface-ABL coupling as
parameterized by the relationship between α and area-average surface resistance modelled by
McNaughton and Spriggs (1989). Changes in area-average evaporation give rise to calculable
changes in near-surface VPD (Equation 12) and cause calculable changes in the pan evaporation
given by the Penpan Equation. Kahler and Brutsaert (2006), on the other hand, assume that when
area-average evaporation is less/greater than a prescribed value (given by Equation (4) with
locally calibrated value of α = αe), pan evaporation is increased/decreased by an amount that,
regardless of meteorological conditions, is always equal to the reduction/increase in area-average
evaporation rate multiplied by the factor b. They estimated b to be 4.33 and 6.88 using data from
two sites. Kahler and Brutsaert (2006) further assume that when the landscape is plentifully
supplied with moisture (broadly equivalent to assuming (rs)aa ~ 70 s m-1 in the present analysis),
area-average evaporation can be estimated by multiplying measured pan evaporation by a fixed
pan coefficient which they set equal to unity in all atmospheric conditions.
Thus, there are marked inconsistencies between the assumptions made by Kahler and
Brutsaert (2006) and the assumptions made and the results derived in the present analysis that
merit highlighting. Assuming pan evaporation is estimated by the Penpan Equation and areaaverage evaporation calculated by the P-M Equation gives Equation (14), indicating that the pan
coefficient, rather than being a constant equal to unity, is a function of wind speed, temperature,
the albedo of the pan and landscape, and area-average surface resistance. The consequent
difference between pan and area-average evaporation rates when (rs)aa = 70 s m-1 is apparent in
Figure 3, and allowing for this difference is required to derive the normalized evaporation rates
shown in Figure 4. Further, it is apparent from Figure 4 that when the Type (b) ABL coupling
processes are considered, the value of b varies with wind speed, temperature, and area-average
surface resistance. It is lower at lower temperatures and higher at higher temperatures and it is
typically much less than the values reported by Kahler and Brutsaert. Perhaps prescribing a fixed
pan coefficient of unity was in part responsible for the high empirical values of b that Kahler and
Brutseart report from their calibration.

EXPERIMENTAL EVIDENCE
Simultaneous Type (a) and Type (b) Contributions to Evaporative Change
Recently, a new dataset has been developed that permits a first attempt at separately
quantifying the relative size of Type (a) and Type (b) contributions to pan evaporation change.
Specifically, several papers have now shown that near-surface wind speed has, on average,
decreased across Australia (Roderick et al. 2007; Rayner 2007, McVicar et al. 2008). This trend
has been identified as the dominant reason for declining pan evaporation in Australia (Roderick et
al. 2007; Rayner 2007) and declining wind speed has also been found important for the decline in
pan evaporation in the US, China, Canada and elsewhere (Roderick et al. 2009). Such large scale
changes in wind speed (and other) weather variables imply the presence of regional scale
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influences on changes in pan evaporation, here called Type (a) changes. Roderick et al. (2007)
used the PenPan model to partition the observed changes in pan evaporation at 41 sites (19752004) across the Australia into changes due to radiation, temperature, VPD and wind speed. The
results showed that, while large scale changes in wind speed and to a lesser extent radiation were
the main influences on the observed changes in pan evaporation, there were also significant site to
site differences. In some part these site to site differences merely reflect experimental variability,
but they also show a systematic relationship with changes in local precipitation, which is arguably
a surrogate measure changes in nearby area-average evapotranspiration (see below). Here we
assume that the systematic portion of the observed site to site variability in pan evaporation
reflects real landscape scale Type (b) contributions to changes in pan evaporation and investigate
the relative magnitude of Type (a) and (b) changes when operating via changes in radiation, wind
speed, VPD and temperature.
In semi-arid and arid regions, like those covering most of Australia, evaporation is
generally limited by water availability and the time-average reference crop evaporation is usually
several times (perhaps 5-10 times) the time-average precipitation. When averaged over large
areas, runoff is very low and although some portion (say 5-10%) of precipitation may be used for
natural aquifer recharge, the vast majority of the precipitation initially entering the soil is
ultimately lost as evapotranspiration (Scott et al. 2000; Walvoord et al. 2002, 2003; Walvoord
and Phillips 2004, Goodrich et al. 2004). Because over longer periods almost all precipitation is
evaporated, the long-term trend in precipitation is a reasonable surrogate measure of changes in
area-average evaporation in the mainly semi-arid climates of Australia. In the following we
therefore use the rate of change of measured precipitation at pan sites as a surrogate measure of
the rate of change of area-average evaporation.
Thus, if the precipitation input to a semi-arid region decreases/increases, area-average
evaporation will be lower/higher. If there is less/more evaporation it might be anticipated that the
VPD will rise/fall, and it is also possible there may be less/more cloud cover and an ensuing
increase/decrease in surface solar radiation. Also, if precipitation (and therefore evaporation)
decreases/increases in semi-arid regions, more/less surface energy will be input as sensible heat
into the ABL. Wind speed is usually measured as a scalar quantity with cup anemometers, so the
measured value includes a (regional scale) vector component and a (landscape scale) turbulent
component, with the turbulent component more significant at low wind speeds. Consequently, if
precipitation and evaporation decreases/increases and sensible heat increases/decreases, there will
be increased/decreased buoyancy and turbulence in the ABL and the measured scalar wind speed
will likely increase/decrease. It is also possible that this increased/reduced sensible heat will
change the temperature of the ABL directly or indirectly by changing the input of warm air from
above the inversion. All of the associated changes just described are Type (b) changes that will be
superimposed on the Type (a) changes in each of the near-surface weather variables (radiation,
wind speed, VPD, and temperature) that control pan evaporation.
Figs. 5(a), (c), (e) and (f) respectively show the relationship between the time-average
change in radiation, wind speed, VPD, and temperature relative to the time-average change in
precipitation rate at the 41 sites analyzed by Roderick et al. (2007). Note that while there is much
scatter reflecting real world variability, the linear regression passes close to the origin except in
the case of wind speed (Fig. 5c) where there is intercept of about -0.01 m s-1 yr-1. The
precipitation trend, averaged across all 41 sites is very close to zero ( ∂P ∂t = -0.03 mm yr-2),
hence the intercept in Fig. 5c is also the trend in wind speed averaged across all 41 sites. The
partitioning of the trend in pan evaporation into separate components due to trends in radiation,
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wind speed, VPD and temperature via the PenPan model (Roderick et al. 2007) relative to the
precipitation trend is shown in Figs. 5(b), (d), (f) and (h). In each of these figures the intercept of
the fitted relationship when the change in precipitation is zero is a measure of the net Australiawide average Type (a) change in pan evaporation that is sampled at these 41 sites. On the other
hand, the average gradient of the fitted relationship in Figs. 5(b), (d), (f) and (h) is a measure of
the all-site average relative strength at these 41 sites of the Type (b) feedback processes that
affect pan evaporation through changes in surface radiation, wind speed, VPD, and temperature,
respectively. The gradients make intuitive sense in that they imply that more precipitation means
less radiation (Fig. 5b), and lower VPD (Fig. 5f), for example. Interestingly, the gradients also
imply that more precipitation is associated with less wind (Fig. 5d), presumably because ABL
turbulence is less. The net average observed change in pan evaporation at these 41 sites is the sum
of the contributions to the change in annual pan evaporation shown in Figures (b), (d), (e) and (f)
for the observed multi-site average rate of change in precipitation ( ∂P ∂t = -0.03 mm yr-2).
Table 2 gives the values of the Type (a) changes for radiation, wind speed, VPD, and
temperature averaged over the 41 sites, the relative strengths of Type (b) changes for radiation,
wind speed, VPD, and temperature averaged over the 41 sites in response to changes in
precipitation (and, it is assumed, area average evaporation), and their relative contributions to the
total change in average pan evaporation for the observed site-average rate of change in
precipitation. The net resulting change given by both Type (a) and Type (b) changes taken
together are also given in Table 2. It is clear that, because there is little observed change in the
average precipitation for these 41 Australian sites as a whole, Type (a) effects provide most of the
contribution to the net observed change. Consistent with previous results (Roderick et al. 2007;
Rayner 2007; McVicar et al. 2008), the largest time-average Type (a) change in pan evaporation
is associated with the measured reduction in site-average wind speed, but there is a noticeable
Type (a) change associated with an increase in area-average radiation. The Type (a) changes
associated with changes in VPD and temperature are small. However, at the individual sites there
are significant Type (b) changes superimposed on these Type (a) changes that are associated with
the modifications in the surface energy budget resulting from the site specific changes in
precipitation (and hence area average evaporation) at the sites. These Type (b) changes average
out over the sites because as noted previously, the all-site average change in precipitation is very
close to zero. The largest Type (b) influence is associated with changes in radiation, but there are
also significant Type (b) changes associated with wind speed and VPD. It is interesting, and in
the context of the complementary evaporation hypothesis, significant, that the total gradient of the
relationships shown in Figure 5(b), (d), (f) and (h) (column 3 in Table 2) is reasonably close to
unity. On the basis of Figures 4(c) and (d) this is not surprising.

Observed Relationship Between α and (rs)aa in a Semi-arid Environment
Scott et al (2006; 2008) gathered field measurements of surface energy, water, and
carbon dioxide fluxes and associated measurements of relevant meteorological variables at three
study sites representing grassland, a grassland–shrubland mosaic (hereafter referred to as a
shrubland), and a mesquite woodland located on floodplain terraces along the San Pedro River in
southeastern Arizona, USA. At each of these sites data collection was maintained for several
years. Herein, we use values gathered from 2003 to 2007. The measured daily total evaporation,
λEmeasured, was expressed in terms of αmeasured relative to the measured available energy for each
crop using a Priestley-Taylor like equation, i.e.:
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λ Emeasured = α

measured

ΔAmeasured
Δ +γ

(16)

The San Pedro River basin lies in a region that is strongly influenced by the North
American Monsoon System and the vegetation and surface fluxes at these field sites undergo a
strong seasonal variation, partly in response to the seasonal change in water availability and
partly in response to the influence of weather variables, especially temperature, on the vegetation
(frost plays a role in defining the growing season). This pronounced seasonal variation in surface
energy fluxes and associated surface resistance means these three vegetation covers provide a
sample of the relationship between measured values of αmeasured and surface resistance (analogous
to that derived in the M&S study) for a wide range of surface resistances. The value of daily
surface resistance was calculated from the measured total daily evaporation and daily average
values weather variables by inverting Equation (1). Figure 6(a) and (b) respectively show all the
values of αmeasured and surface resistances. In Figure 6, values of αmeasured that are noticeably high
and the corresponding values of surface resistance anomalously low with respect to the general
seasonal trend in these two variables correspond to days with rain. All reliable data for both dry
days and days with rain or immediately after rain were included in this analysis.
Figures 7(a), (b), (c) compare the fitted curve for αM&S derived from the M&S modelling
study (carried out in a humid environment) with the values of all-day average surface resistance
and αmeasured on individual days over the woodland, shrubland, and grassland vegetation cover. In
all three cases the data show substantial variability which is presumably partly due to
experimental error associated mainly with shortcomings in the eddy correlation measurements of
energy fluxes and estimated to be 10-15%, for greater detail see Scott et al (2006). However, it is
also likely that the variability in Figure 7, which is greater than this estimated experimental error,
is in part a reflection of the natural variability of the atmospheric processes that couple the surface
with the ABL and of the day-to-day variability in the strength of the inversion layer. Figure 7(d)
shows a comparison between the fitted curve for αM&S and a curve obtained by fitting all the data
for all of the vegetation covers, along with the standard deviation for all the individual values of
αmeasured that corresponded with values of surface resistance that lay in ranges 0-50, 50-100, 100200, 200-400, 400-700, 700-1000, 1000-2000, and 2000-4000 s m-1. Figure 7 shows that the
relationship between α and surface resistance measured at all three field sites is consistent with
αM&S within the (albeit large) variability present in the data.
The measured albedo and aerodynamic characteristics of the vegetation at the sites (see
Table 3) are different to those of the area-average vegetation hitherto assumed in this analysis.
Moreover, the measured weather variables available were not taken at 2m but the equations that
calculate pan and open water evaporation rates contain empirical expressions for aerodynamic
resistance that require the values of wind speed and VPD that would have been measured at 2m
by a standard weather station. In order to make comparisons between the measured evaporation
rates and calculated pan and open water evaporation, it was therefore necessary to estimate from
the available data the values of available energy, wind speed and VPD that would have been
measured at 2m above a reference crop. To do this the approach described by Shuttleworth (2006)
was modified as described in the Appendix.
Comparison between measured rates and calculated pan and open water rates was made
in terms of the normalized evaporation rates αaa*, αcomp*, αpan*, and αow* introduced earlier. In the
case of αaa* and αcomp*, the required value of actual crop evaporation from the natural vegetation
at the field sites needed to make this normalization, denoted here as (λEc)70, was calculated each
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day from the P-M Equation by setting the surface resistance to 70 s m-1 and using the measured
available energy, Ac, and the aerodynamic resistance, (ra)c, calculated from the measured wind
speed and the aerodynamic characteristic of the each crop (see Table 3). The value of (λEc)70 was
then used to calculate the equivalent value of α70 from the equation:

( λ Ec )70 = α 70

ΔAc
Δ+γ

(17)

The equivalent value of VPD, D70, was then calculated by setting (rs)c = 70 s m-1 in:

D70 =

⎤
ΔAc ⎡ α 70γ ( rs )c
+ (α 70 − 1)( ra )c ⎥
⎢
ρ c p ⎣⎢ Δ + γ
⎦⎥

(18)

This value of VPD and the measured wind speed were then corrected to those required to
calculate pan and open water evaporation, see Appendix. The values of pan and open water
evaporation calculated using these corrected values are those required to normalize the pan and
open water evaporation.
Because the San Pedro experimental data show that specific relationships between α and
surface resistance cannot be separately defined for individual vegetation covers (Figure 7),
normalized values of αaa* and αcomp* for all three covers and equivalent values of αpan* and αow*
were given equal status. The general relationships between αpan* and αow* and corresponding
values of αaa* and αcomp* are shown without selection for ambient temperature or wind speed in
Figure 8(a) and (b), respectively. This figure provides a measure of the time-average
effectiveness of the Complementary Evaporation hypothesis. In Figure 8 the rough agreement
between αcomp* and αpan* is arguably better than between αcomp* and αow* but recall that Kp
(Equation (14)) is typically less than unity and without normalization, changes in pan evaporation
in response to area-average surface resistance would be systematically higher.
Earlier it was shown that the relationship between αpan* and αcomp* and αaa* changes
with temperature and wind speed (see Figure 4). The data shown in Figure 9 have been selected
to lie around the temperatures and wind speeds used to calculate the theoretical lines shown in
each case, i.e., in 10 °C bands of temperature around 15 °C and 25 °C, and 1 m s-1 bands around
wind speeds of 1 m s-1, 2 m s-1 and 3 m s-1. The way the theoretical relationships change with
temperature and wind speed is broadly consistent with the observational data albeit there is
substantial experimental variability in the observations in part likely due to day-to-day variability
in atmospheric coupling and the strength of the inversion. The consistency between theory and
data is noticeably better at 25 °C than at 15 °C and the variability in the data much greater in the
latter case. In practice the data at 15 °C correspond to periods early and late in the year, typically
before day 120 and after day 300, when measured evaporation and αaa are low and measured
surface resistance very high, with large differences on individual days when there is rain, see
Figure 6. Spatial and temporal variability in surface resistance and the plot-scale advection may
therefore account for much of the experimental variability shown in Figures 9(a), (c), and (d).
However, it is tempting and not unrealistic to speculate that the physical processes involved in
surface-ABL coupling represented in the M&S modelling study (and in reality) are relatively less
influential, and the influence of day-to-day changes in the advected air mass more significant, in
determining VPD when surfaces resistance is high.
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SUMMARY AND CONCLUSIONS
This paper advances the argument that there are two distinct classes of influences giving
rise to changes in pan evaporation, namely Type (a) and Type (b) processes. The former are
related to large scale changes in the atmospheric circulation pattern, the latter to landscape scale
feedback between the land surface and air within the ABL. When deriving theoretical formulae
describing the interrelationship between area-average and pan evaporation, actual evaporation
rates defined by the Penman-Monteith Equation were used in this study and hypothetical potential
evaporation rates studiously avoided. The Bouchet (1963) Complementary Evaporation
hypothesis was not a priori assumed as the basis for describing Type (b) interaction between
area-average and pan evaporation via VPD, rather the modelling results of McNaughton and
Spriggs (1989) were parameterized to give an average representation of the coupling between
land surfaces and the ABL. However, it is important to recognize that McNaughton and Spriggs
(1989) did not include representation of all Type (b) effects. Further modelling studies that
include Type (b) feedback via scalar wind speed and boundary layer cloud cover are therefore
required.
An important result of the present study is that it shows that, even when expressed in
normalized form to take account of differences in the surface energy, the interrelationship
between area-average and pan evaporation is not the simple linear relationship implied by the
Complementary Evaporation hypothesis. Rather the relationship varies with ambient temperature
and wind speed. However, if this temperature and wind speed dependency in the relationship is
ignored, the present study broadly supports an albeit very approximate inverse relationship
between appropriately normalized changes in area-average and pan evaporation, though with an
“enhancement factor” which is much less than the values suggested by Kahler and Brutsaert
(2006).
Already published data were reanalyzed to extract information relevant to this paper.
Reanalysis of the pan evaporation data set analyzed by Roderick et al. (2007) confirms the
presence of Type (a) changes in pan evaporation that are associated primarily with large-scale
changes in wind speed and to a lesser extent surface radiation. However, it also suggests evidence
for Type (b) changes at individual sites that are associated with landscape scale coupling between
the surface and ABL via surface radiation, wind speed, and VPD. However, when averaged
across all the pan data, the overall average effect of these Type (b) influences is small because
when averaged over all the pan sites in Australia the change in precipitation and therefore in areaaverage evaporation is small.
Data previously reported by Scott et al. (2008) are reanalyzed with emphasis on
investigating the validity or otherwise of the theory derived to describe Type (b) changes
associated with surface-ABL coupling via VPD. The semi-arid setting for these observations is
very different to the sub-humid conditions used to initiate the M&S modelling studies, but the
average parameterization of the relationship between α and surface resistance given by M&S is
consistent within the variability in the observations. Figure 8 shows observations confirm there is
some approximate similarity between αpan* and αcomp*. However, the present analysis
demonstrates that this relationship changes with ambient conditions, and Figure 9 shows that
there is at least reasonable agreement with theoretically predicted differences in the relationship
at different temperatures and wind speeds.
On the basis of the present analysis it is clear that the hitherto often attempted simplistic
interpretation of the implications of observed changes in pan evaporation in terms of associated
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changes in area-average evaporation is inherently flawed. This is because (i) there are two types
of influences, Type (a) and Type (b), operating at different spatial scales and usually in opposite
directions, and (ii) both of these types of influence can operate through more than one of the
several near-surface weather variables that control area-average and pan evaporation. As
previously stated, adequate description of the relationship between changes in actual and pan
evaporation rates will therefore require using models that simultaneously represent Type (a) and
(b) influences in the atmosphere to realistically calculate the near-surface weather variables that
control atmospheric demand. But not only this, throughout this study it is explicitly recognized
that changes in area-average evaporation are controlled not only by changes atmospheric demand,
but also by changes in area-average surface resistance that reflect, among other things, changes in
the moisture available at the surface. As the example of Australia well illustrates, the relationship
between changes in pan and area-average evaporation depends not only of changes in radiation,
wind speed, VPD and temperature, but also on changes in precipitation.
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Appendix 1: Deriving 2m Variables from Above Canopy Measurements
The weather data available from the three field sites in the San Pedro river basin
were collected at different heights above the canopy of different vegetation covers with
canopy characteristics which differ significantly from those assumed elsewhere in this
analysis, see Table 3. The equations used to estimate open water and pan evaporation
rates contain empirical expressions for aerodynmic resistance that require the value of
windspeed and VPD at a height of 2m, equivalent to the values that would have been
provided by a standard weather station located above short grass nearby the field sites. To
estimate these evaporation rates it is necessary to estimate these weather variables from
the data measured above the vegetation. Following Shuttleworth (2006), to do this it is
assumed that there is a “blending height” 50m above the ground at which any differences
in values of weather variables above different vegetation can be considered negligible
and that there is no divergence of the net radiation, momentum, sensible heat, and latent
heat fluxes between this level and the vegetation.
Available Energy. If the albedo of the the crop over which measurements are available is
ac and the available energy for this crop Ac, then neglecting differences in the net
longwave radiation flux for different vegetation and selecting a typical value of Ln =-50
W m-2, the available energy A’ (= Aveg; Apan; Aow) are given by substituting the
corresponding values of a’ (= aveg; apan; aow) in the equation:

A ' = ( Ac − 50 )

(1 − a ')
+ 50
(1 − ac )

(A1)

Wind Speed. If z0 and d are the aerodynamic roughness and zero plane displacement of
the vegetation cover above which wind speed, um, and VPD, Dm, are measured, and these
measurements are made at a height hm above the ground then assuming no divergence of
momentum flux between hm and 50m, the wind speed at 50m, u50, is estimated by:

u50 = ( um ) .

ln ⎡⎣( 50 − d ) ( z0 ) ⎤⎦
ln ⎡⎣( hm − d ) ( z0 ) ⎤⎦

(A2)

Assuming the wind speed at 50 m is the same above the crop and a hypothetical area
reference crop somewhere in the landscape and using standard values of aerodynamic
roughness and zero plane displacement for a reference crop, the required wind speed 2m
above the reference crop, u2, is:

u2 = u50 .

ln ⎡⎣( 2 − 0.08 ) ( 0.0148 ) ⎤⎦
ln ⎡⎣( 50 − 0.08 ) ( 0.0148 ) ⎤⎦

(A3)

Vapour Pressure Deficit. For the crop above which measurements are made the
aerodynamic resistances to hm and 50m, (ra)cm and (ra)c50, respectively, are estimated
from Equation (2) as:
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( ra )c

m

=

ln ⎡⎣( hm − d ) z0 ⎤⎦ . ln ⎡⎣( hm − d ) ( z0 10 ) ⎤⎦
k 2 um

(A4)

( ra )c

50

=

ln ⎡⎣( 50 − d ) z0 ⎤⎦ . ln ⎡⎣( 50 − d ) ( z0 10 ) ⎤⎦
k 2 u50

(A5)

and the measured surface resistance of the crop is (rs)c. If there is no divergence of latent
and sensible heat flux between hm and 50m, the evaporation calculated by the P-M
equation using values appropriate to hm and 50m must be the same, i.e.:

ΔAc + ( ρ c p Dm ) ( ra )
Δ + γ ⎡1 + ( rs )c
⎣

( ra )c

m

c
m

⎤
⎦

=

ΔAc + ( ρ c p D50 ) ( ra )
Δ + γ ⎡1 + ( rs )c
⎣

( ra )c

50

c
50

⎤
⎦

(A6)

where D50 is the VPD at 50m. Rearranging Equation (A6) gives:
50
⎤
ρ c p Dm ⎤
ΔAc ⎡ ( Δ + γ )( ra )c + γ ( rs )c ⎡
50
m
⎢
⎥
D50 =
r
r
+
−
(
)
(
)
⎢
⎥
a
a
c
ρ c p ⎢ ( Δ + γ )( ra ) m + γ ( rs ) ⎣ c
ΔAc ⎦
⎥⎦
c
c
⎣

(A7)

Similarly, in the case of the reference crop the aerodynamic resistances to 2m and 50m,
(ra)rc2 and (ra)rc50, respectively, are estimated by:
2

=

ln ⎡⎣( 2 − 0.08 ) ( 0.0148 ) ⎤⎦ . ln ⎡⎣( 2 − 0.08 ) ( 0.00148 ) ⎤⎦
k 2 u2

(A8)

50

=

ln ⎡⎣( 50 − 0.08 ) ( 0.0148) ⎤⎦ . ln ⎡⎣( 50 − 0.08 ) ( 0.00148) ⎤⎦
k 2 u50

(A9)

( ra )rc
( ra )rc

and the surface resistance of a reference crop is 70 s m-1. If there is again no divergence
of latent and sensible heat flux between hm and 50m, the reference crop evaporation
calculated by the P-M equation using values appropriate to 2m and 50m must be the same
and, D2 the required VPD at 2m above a reference crop is given by:
2
⎤
ρ c p D50 ⎤
ΔArc ⎡ ( Δ + γ )( ra )c + 70γ ⎡
2
2
⎢
⎥
D2 =
r
r
+
−
(
)
(
)
⎢
⎥
a rc
ρ c p ⎢ ( Δ + γ )( ra ) 50 + 70γ ⎣ a c
ΔArc ⎦
⎥⎦
c
⎣

(A10)
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Table 1

Functions and values to be substituted in Equations (1) and (10) to estimate the
different actual evaporation rates considered in this paper, together with the
associated expressions for the gradient of aerodynamic resistance with wind speed
required in Equation (20).
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Table 2

Surface
Resistance
(rs)

1

Area-Average
Evaporation
(λEaa)
Reference Crop
Evaporation
(λErc)
Open Water
Evaporation
(λEow)
Pan Evaporation
(Penpan)
(λEpan)

Albedo
(a)

u2
6
3 4
0 5
8
0
5 .
2
1 u2 0 u2 2
2
1
0 2

Actual
Evaporation Rate

Magnitude of Type (a) contributions to the changes in pan evaporation caused by
changes in radiation, wind speed, VPD, and temperature averaged over the 41
Australian sites analyzed by Roderick et al (2007), and the strength and overall
magnitude of Type (b) changes in radiation, wind speed, VPD, and temperature
contributions to pan evaporation averaged over these same 41 sites in response to
changes in precipitation (and, it is assumed, evaporation), together with the net
resulting change given by both Type (a) and Type (b) changes taken together for
these 41 sites with the average observed change of -0.03 mm/yr in annual
precipitation rate.

Origin
of
Contribution
Radiation
Wind Speed
VPD
Temperature
Total

Strength of
Magnitude of
Type (b) Contribution
Type (a)
Relative to Change in
Contribution
Precipitation
(mm/yr)
(mm/yr)/(mm/yr)
0.59
-0.56
-2.67
-0.40
-0.03
-0.19
0.02
0.00
-2.08
-1.14

Magnitude of
Type (b)
Contribution
(mm/yr)

Net Change in Pan
Evaporation
(mm/yr)

0.02
0.01
0.01
0.00
0.03

0.61
-2.66
-0.03
0.02
-2.05
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Table 3

The crop height, measurement height, zero plane displacement,
aerodynamic roughness length, and albedo of the three field crops for
which data were collected at San Pedro River basin field sites from
Scott (2008).

Variable

Units

Woodland Shrubland Grassland

Screen height

(m)

14.00

6.40

3.00

Crop Height

(m)

7.00

3.00

1.00

Zero Plane Displacement

(m)

4.69

2.01

0.67

Aerodynamic Roughness

(m)

0.86

0.3769

0.123

Albedo

(none)

0.093

0.104

0.115
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Figure 1

Fractional change in evaporation rates in response to small, regional changes in (a) available
energy; (b) vapor pressure deficit; (c) and (d) temperature; and (e) and (f) wind speed plotted
as a function of the area-average surface resistance and calculated when the available energy
for vegetated surfaces is 200 W m-2, the 2 m temperature is 15°C, and wind speed is 2 m s-1,
and for vapor pressure deficit corresponding to humid (rclim = 60 s m-1 ) in (c) and (e), and
arid conditions (rclim = 123 s m-1) in (d) and (f). Thick broken line is for area-average
evaporation, the thick full line is for open water evaporation, the thin broken line is for
reference crop evaporation, and the thin broken line for pan evaporation.
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Figure 2

Day-time average values of the parameter α in the Priestley-Taylor Equation as calculated as a
function of surface resistance for nine days by the M&S study using a coupled model of the
interaction between the land surface and the atmospheric boundary layer that was initiated and
validated using field data observations made at Cabauw, Netherlands. Also shown as the thick
line is the fifth order polynomial fit to the mean value from the nine days, see Equation (10).
Note that the functional form given in the text and used in calculations in this study was
renormalized to give α = 1.26 when the surface resistance is 70 s m-1. [Redrawn from
McNaughton and Spriggs (1989) by permission of IAHS Press.]
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Figure 3

Variation as a function of area-average surface resistance of λEpan and λEow calculated using the
Penman Equation when Aveg = 200 W m-1, wind speed 2 m s-1, temperature 15°C, with vapour
pressure deficit calculated using Equation (12). (a) shows evaporation rates calculated with
different aerodynamic resistances corresponding to effective area-average vegetation heights of
(i) 0.12 m, (ii) 0.5 m (the preferred value assumed in this analysis), and (iii) 1 m, respectively;
and (b) shows evaporation rates calculated with an area-average vegetation height of 0.5 m but
with α set to be (i) 10% less than αM&S, (ii) equal to αM&S, and (ii) 10% more than αM&S,
respectively. In both (a) and (b), λEpan is compared with (iv) λEaa and (v) λEcomp. Figures (c) and
(d) are equivalent to (a) and (b) but for λEow (instead of λEpan) calculated in the same conditions.

(a)

(b)

(c)

(d)
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Figure 4

In these plots (a) shows the variation as a function of (rs)aa of (i) αaa*, (ii) αcomp*, and αpan* at
wind speeds of (iii) 1 ms-1, (iv) 2 ms-1, and (v) 3 ms-1, respectively, when Aveg = 200 W m-1 and
temperature 15°C. (b) is the same as (a) but with calculations made at 25°C. (c) shows the
variation as a function of αcomp* of αpan* at wind speeds of (iii) 1 ms-1, (iv) 2 ms-1, and (v) 3 ms-1,
respectively, again calculated when Aveg = 200 W m-1 and temperature 15°C. (d) is the same as
(c) but with calculations made at 25°C. In (c) and (d), (iv) illustrates the 1:1 line. [Note: changes
in the value of Aveg do not greatly alter the general form of (a), (b), (c) and (d).]

(a)

(b)

(c)

(d)
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Figure 5

For the 41 Australian Class A pan sites used in the Roderick et al. (2007) analysis, (a), (c),
(e) and (g) respectively show the relationship between the time-average change in radiation,
wind speed, VPD, and (b), (d), (f) and (h) respectively the time-average change in annual
pan evaporation calculated with the Penpan Equation generated by these same changes in
radiation, wind speed, VPD, and temperature.

(a)

(b)

(c)

(d)

(e)

(f)

(g)
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Figure 6

(a)

(b)

Daily average values of (a) αmeasured and (b) surface resistance measured over several
years over a woodland, shrubland, and grassland in the San Pedro River basin versus
day of the year.
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Figure 7

Comparison between the fitted curve for αM&S from Equation (24) and the values of all-day
average surface resistance and αmeasured measured on individual days for (a) woodland, (b)
shrubland, and (c) grassland vegetation cover in the San Pedro River basin. (d) Comparison
between the fitted curve for αM&S with a curve fitted to data from all of the vegetation covers in
the San Pedro River basin, along with the standard deviation for all the individual values of
αmeasured for values of surface resistance in ranges with the limits 0-50, 50-100, 100-200, 200-400,
400-700, 700-1000, 1000-2000, and 2000-4000 s m-1.

(a)

(b)

(c)

(d)
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Figure 8

(a) Comparison between measured values of (i) αaa*, (ii) αcomp*, and (iii) αpan*, and (b) between
measured values of (i) αaa*, (ii) αcomp*, and (iii) αow* calculated from the values α and surface
resistance for all three vegetation covers in the San Pedro River basin measured on the individual
days when field data were available without selection for ambient temperature or wind speed.

(a)

(b)
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Figure 9

The theoretical relationship between αcomp* and αpan* calculated making allowance for differences in
available energy with D calculated from Equation (26) assuming the relationship between αM&S and
surface resistance in Equation (24) plotted as (i) at temperatures of 15 and 20 °C and wind speeds of 1,
2 and 3 m s-1, compared with the measured values of αcomp* and αpan* for all three vegetation covers in
the San Pedro River basin, shown as (ii), with field data selected in temperatures bands of 10 to 20 °C
and 10 to 20 °C, and wind speed bands of 0.5 to 1.5 m s-1, 1.5 to 2.5 m s-1, and 2.5 to 3.5 m s-1.

(a)

(b)

(c)

(d)

(e)

(f)
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P.O. Box 210158-B
RE: PROJECT NO. 08-0272-02 COLLABORATIVE DEVELOPMENT OF ENVIRONMENTAL DECISION
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allowed by 45 CFR 46.116(d)(2). Although full Committee review is not required, the committee will be
informed of the approval of this project. This project is approved with an expiration date of 11 March 2009.
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activity.
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be reported to each committee. Approval is also granted with the condition that all site authorization letters will
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A university policy requires that all signed subject consent forms be kept in a permanent file in an area designated
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SUBJECT DISCLOSURE FORM
Title of Project: Collaborative Development of Environmental Decision Support Systems.
You are being invited to voluntarily participate in the above-titled research study. The purpose of the
study is to find out how the DSS model development process within the San Pedro Partnership has
influenced the relationship between stakeholders, their communication and their understanding of
each other’s concerns. You are eligible to participate because you are or you have been a
representative of a stakeholder group in the San Pedro Partnership.
If you agree to participate, your participation will involve one or two interviews about the San Pedro
DSS development process. The interview will take place in a location convenient for you and will
last approximately from 15 to 40 minutes. You may choose not to answer some or all of the
questions. During the interview, written notes will be made in order to help the investigator review
what is said. Your name will not appear on these notes.
Any questions you have will be answered, your participation is voluntary and you may withdraw
from the study at any time. There are no known risks from your participation and no direct benefit
from your participation is expected. There is no cost to you except for your time and you will not be
compensated for your participation.
Only the principal investigator, Aleix Serrat-Capdevila, will have access to your name and the
information that you provide. Interview information will be locked in a cabinet in a secure place.
You can obtain further information from the principal investigator, Aleix Serrat-Capdevila, PhD
student in the University of Arizona by calling him at (520) 626-1205 (office) or (520) 979-6438
(cell). If you have questions concerning your rights as a research subject, you may call the
University of Arizona Human Subjects Protection Program office at (520) 626-6721.
By participating in the interview, you are giving permission for the investigator to use your
information for research purposes.
Thanks for your time and attention, I sincerely appreciate it.
Best Regards,
Aleix Serrat-Capdevila
Doctoral Candidate
Department of Hydrology and Water Resources
The University of Arizona
Version Date: 3/11/2008
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