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Abstract

Forests, Water, and the Atmosphere in Northern California: Insights from Sap-Flow Data
Analysis and Numerical Atmospheric Model Simulations

by

Percy Anne Link

Doctor of Philosophy in Earth and Planetary Science

Designated Emphasis in Computational Science and Engineering

University of California, Berkeley

Professor Inez Y. Fung, Chair

Evapotranspiration cools the land surface by consuming a large fraction of the net radiative
energy at the surface. In forested regions, trees actively control the rate of transpiration
by modulating stomatal conductance in response to environmental conditions, and species
with different stomatal dynamics can affect the atmosphere in distinct ways. Using principal
component analysis (PCA) and Markov chain Monte Carlo (MCMC) parameter estimation
with direct, tree-level measurements of water use, we show that Douglas-firs (Pseudotsuga
menziesii), a common evergreen needleleaf tree species in the Northern California Coast
Range, decrease their transpiration sharply in the summer dry season in response to a dry
root zone; and in contrast, broadleaf evergreen tree species, especially Pacific madrones (Ar-
butus menziesii), transpire maximally in the summer dry season because their transpiration
is much less sensitive to a dry root zone and increases continually in response to increasing
atmospheric evaporative demand. We scale up these tree-level observations to construct
a bottom-up estimate of regional transpiration, and we use these regional estimates along
with atmospheric models, one simple and one comprehensive, to quantify the potential im-
pact of species transpiration differences on regional summertime climate. The atmospheric
models suggest that these species differences in transpiration could affect the well-mixed
atmospheric boundary layer temperature and humidity by 1-1.5 ◦C and 1 g/kg, respectively,
and near-surface temperature and humidity by 1.5-2.5 ◦C and 2-3 g/kg, respectively. We fur-
ther investigate the sensitivity of California climate to evapotranspiration by estimating the
sensitivity of wind energy forecasts at a California wind farm to regional-scale perturbations
in soil moisture using a regional atmospheric model. These tests show that forecasts at this
particular farm are most sensitive to soil moisture in the Central Valley, and that changes in
soil moisture on the order of previously-demonstrated errors in atmospheric reanalyses lead
to wind energy forecast errors of 1-3 m/s, which can translate to differences in forecasted
wind energy of 15-40% of a wind farm’s maximum rated power.
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Chapter 1

Introduction

In the global and annual average, 65% of rain falling on land returns to the atmosphere
through evaporation [Trenberth et al. (2007)]. Most of the evaporated water in vegetated
regions first travels through plant tissue before evaporating, a process called transpiration
[Wilson et al. (2001), Dirmeyer et al. (2005), Jasechko et al. (2013)]. Transpiration affects
the atmosphere: a large transpiration flux can increase atmospheric moisture content and
downstream precipitation [Eltahir and Bras (1996)] and can keep the land surface cool by
consuming a large fraction of the net radiative energy at the land surface. Plants actively
control the rate of transpiration on short timescales by modulating the openness of small
pores on their leaves called stomata. Stomata respond to a range of environmental drivers,
including water availability to roots and the drying capacity of the air, and different plant
species respond differently to these drivers. A forest composed of one tree species with certain
stomatal responses can have different transpiration dynamics and thus affect the atmosphere
differently than a forest composed of another tree species.

In this dissertation, direct tree-level measurements of water use are analyzed to show
that Douglas-firs (Pseudotsuga menziesii, Figure 1.1(a)), a common evergreen needleleaf tree
species in the Northern California Coast Range, decrease their transpiration sharply in the
summer dry season in response to a dry root zone; and in contrast, broadleaf evergreen tree
species, especially Pacific madrones (Arbutus menziesii, Figure 1.1(b)), transpire maximally
in the summer dry season because their transpiration is much less sensitive to a dry root
zone and increases continually in response to increasing atmospheric evaporative demand.
These tree-level observations are scaled up to construct a bottom-up estimate of regional
transpiration, and these regional estimates are used along with atmospheric models, one
simple and one complex, to quantify the potential impact of species transpiration differences
on regional summertime climate. We extend the investigation of the sensitivity of California
climate to evapotranspiration by testing the response of wind energy forecasts at a California
wind farm to regional-scale perturbations in soil moisture, concluding that wind at this farm
is sensitive on an operationally meaningful level to realistic soil moisture uncertainties.
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Figure 1.1: Photographs of (a) Douglas fir and (b) Pacific madrone trees.
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1.1 Background

1.1.1 Land surface energy balance

The land surface gains energy by absorbing radiation from the sun (higher frequency
radiation) and from the atmosphere (lower frequency radiation). This energy gain is balanced
by energy loss through emitted thermal radiation, conductive heat flux into the ground, and
two types of turbulent heat fluxes. These turbulent heat fluxes are (1) “sensible heat”, or
convective eddies carrying warmer air away from a hot land surface; and (2) “latent heat”,
which in atmospheric science refers to turbulent eddies carrying evaporated water vapor
away from the land surface. This evaporative flux is equivalent to an energy flux because the
process of converting water from liquid to vapor consumes a large amount of energy; that
energy is released later when the water vapor condenses, making the energy in water vapor
“latent”.

Figure 1.2 shows the terms of the midday land surface energy balance when the soil is
wet (Figure 1.2(a)) and when the soil is dry (Figure 1.2(b)). In the midlatitudes at midday,
typical net radiation is approximately 600 W/m2, and roughly 5-10% of that energy goes to
the ground heat flux. When water is readily available at the surface, the latent heat flux
can consume 50% or more of the net radiation minus ground heat flux. A large amount
of energy is required to evaporate water (evaporating a depth of 1 mm of water requires
2.26×10

6 J/m2), so even the relatively high latent heat flux of 270 W/m2 translates to only
0.4 mm liquid water evaporated per hour. Water limitation at the land surface (for instance,
because of dry surface soil in a bare ground case, or because of closed stomata in a vegetated
setting; Figure 1.2(b)) reduces the latent heat flux and thus increases the surface temperature
and the sensible heat flux to the lower atmosphere.

1.1.2 Influence of evapotranspiration on the atmosphere

The partitioning of surface energy between latent heat and sensible heat affects atmo-
spheric temperature, humidity, and circulations. During the daytime, sensible heat drives
buoyant convection from the surface, deepening the well-mixed atmospheric boundary layer
(the lower 1-2 km of the daytime atmosphere that interacts rapidly with the surface). Greater
evapotranspiration reduces the land surface temperature and the sensible heat flux. With a
larger flux of water vapor and a smaller flux of sensible heat, the atmospheric boundary layer
tends to be shallower, cooler, and moister, with the exact outcome depending on background
conditions like radiation, clouds, and free troposphere stability and humidity [Bonan (2002),
Garratt (1994)].

Horizontal differences in the partitioning of turbulent heat fluxes can drive local- to
regional-scale circulations. In areas with more sensible heat flux, the boundary layer tends
to warm, reducing the density of the air and generating a zone of low pressure. The differ-
ence in pressure relative to adjacent regions with lower sensible heat flux (and thus cooler
temperature, higher low-level density and higher pressure) can drive wind circulations. Co-
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Figure 1.2: Typical midlatitude midday land surface energy balance for (a) wet soil and (b)
dry soil. Net radiation is slightly lower in the dry case because the higher surface temperature
leads to greater emitted longwave radiation. Flux values from e.g. Bonan (2002), Teuling
et al. (2010).
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herent circulations can form when the length scale of land surface heat flux variation is 5-10
km or greater [Avissar and Schmidt (1998)].

1.1.3 Plant control of transpiration

Transpiration occurs because plants must open their stomata (approximately 10 µm-scale
pores on the surface of leaves) in order to take in carbon dioxide for photosynthesis, and in
the process, water from the wet interior of the leaf evaporates and exits the stomata [Bonan
(2002)]. Thus plants (especially those with the C3 carbon fixation pathway, in which CO2

is drawn directly from air in the stomatal cavity during photosynthesis) must continually
balance the gain of carbon dioxide against the loss of water, particularly in water-limited
ecosystems. Plants actively control the openness of their stomata in order to optimize this
balance. The rate of water loss (E, L/s) depends on the stomatal conductivity (gs, a measure
of openness, L/s/kPa) and on the difference in vapor pressure between the interior of the
leaf and the outside air (measured by vapor pressure deficit, or V PD, kPa):

E = gs ∗ V PD, (1.1)

where
V PD = esat(Tair) − eair (1.2)

and esat(Tair) is the saturation vapor pressure at air temperature (kPa) and eair is actual
vapor pressure of the air (kPa).

The stomatal conductivity responds on short timescales (seconds to minutes) to envi-
ronmental conditions, including light, V PD, carbon dioxide concentration, and root-zone
moisture availability.

Different plant species employ different strategies to balance carbon gain against water
loss. Rapid or excessive water loss can damage plant tissue by causing xylem cavitation, or
gas intrusion into the plant’s hydraulic system. However, extended periods of closed stomata
can deplete a plant’s sugar reserves if the rate of metabolizing those sugars (respiration)
exceeds the rate of photosynthesis. Some plants adopt a hydraulically cautious strategy,
closing stomata quickly as atmospheric evaporative demand grows and as root-zone water is
depleted, with the advantage of maintaining a larger “hydraulic safety margin,” or difference
between actual xylem water potential and the xylem water potential at which cavitation
occurs [Choat et al. (2012)]. One significant downside of this strategy, of course, is the
reduced opportunity to take in carbon dioxide for photosynthesis. At the other end of the
spectrum, some species adopt a hydraulically riskier strategy, keeping their stomata more
open even as atmospheric evaporative demand increases and the root-zone dries. With this
strategy, plants can fix more carbon dioxide but maintain a lower hydraulic safety margin
during times of water stress.

In periods of moderate water stress such as the California summer dry season, the hy-
draulically cautious strategy translates to lower transpiration than the hydraulically risky
strategy, as the cautious species close their stomata more quickly in response to limited
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water availability and high atmospheric evaporative demand. Among the species studied
in this dissertation, as in Choat et al. (2012), the hydraulically cautious species is a gym-
nosperm and the hydraulically riskier species are angiosperms. However, differences among
the angiosperms were also apparent; in particular, one angiosperm broadleaf evergreen tree
species, Pacific madrone, was markedly less sensitive to root-zone water limitation than the
other angiosperm broadleaf evergreen species. These differences are estimated to be strong
enough to influence regional-scale atmospheric boundary layer temperature, depth, and hu-
midity. These results suggest that species-specific understanding of stomatal response will
give greater accuracy in evapotranspiration estimates, but this must be balanced against the
difficulty of quantifying many more vegetation subgroups’ stomatal response parameters.

1.2 Scientific contributions
In Chapter 2, the seasonality of evergreen tree transpiration in a Mediterranean climate

is investigated, using direct observations of tree water use. Mediterranean climates pose par-
ticular challenges for trees because the season of water availability (winter) is out of phase
with the season of light availability and atmospheric moisture demand (summer). The anal-
ysis of sap flow measurements shows that two common evergreen tree species in Northern
California have different seasons of peak transpiration. Douglas-firs (Pseudotsuga menziesii)
maintain significant transpiration through the winter rainy season and transpire maximally
in the spring, followed by a sharp decline in transpiration in the summer dry season. Pa-
cific madrones (Arbutus menziesii), and to a lesser extent other broadleaf evergreen species
(Quercus wislizeni, Notholithocarpus densiflorus, Umbellularia californica), in contrast, tran-
spire maximally in the summer dry season. The difference in transpiration seasonality arises
from different sensitivities to atmospheric evaporative demand and root-zone moisture, and
the difference is large enough that regional-scale species shifts between evergreen tree species
could cause marked changes in regional evapotranspiration.

In Chapter 3, we estimate the effect of these tree species differences in water use on
the atmospheric boundary layer, using two atmospheric models, one simple and one com-
prehensive. We compare scenarios of regional-scale forest conversion from 100% Douglas fir
(Pseudotsuga menziesii) to 100% Pacific madrone (Arbutus menziesii), the two species with
the most different water use strategies. In both models, when soils are dry, the summertime
afternoon mixed layer over the Pacific madrone forest is cooler (by 1-1.5 deg C), moister
(by 1 g/kg), and shallower (by 200-500 m) than that over the Douglas fir forest. The
near-surface temperature and humidity differences between the species cases, as simulated
in a regional atmospheric model (the Weather Research and Forecasting model, or WRF),
are even larger: over the madrone forest, the air at 2 m above ground is 1.5-2.5 deg C
cooler and 2-3 g/kg moister than the air at 2 m above ground over the douglas fir forest.
These results suggest that shifts in species composition of Northern California forests could
affect the atmospheric boundary layer in the dry season, and these potential effects should
be considered in forest management decisions and assessment of regional climate change
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impacts.
Soil moisture, through its influence on the land surface energy balance, affects not only

temperature and humidity but also regional-scale atmospheric circulations. In Chapter 4,
the effect of model soil moisture on the accuracy of wind energy forecasts is quantified for a
Northern California wind farm, using the WRF model. Winds at this site, the Solano Wind
Project, are most sensitive to soil moisture changes in the Central Valley region. When
Central Valley soils are very dry, afternoon Solano wind is up to 2.5 m/s faster (1 m/s
faster on average) than when Central Valley soils are moderately moist. The wind speed
changes are concentrated in the afternoon (10:00 to 18:00 local time) at Solano, causing the
afternoon wind speed ramp-up to shift. Decreases in low-level (< 300 m) pressure in the
Central Valley relative to the Central Coast, caused by increased land surface heating over
drier soil, drive wind speed increases at Solano. Errors in weather-model-derived soil moisture
of 0.1-0.15 m3/m3, documented in previous analyses [Marshall et al. (2003), Godfrey and
Stensrud (2008)], are large enough to alter Solano wind speed forecasts by 1-3 m/s, which
can translate to differences in forecasted wind energy of 15-40% of a wind farm’s maximum
rated power.

1.3 Methodological contributions
This thesis contributes methodological innovations to the study of forest transpiration

and the study of evapotranspiration effects on regional climate. These innovations include
new applications of statistical techniques to a high-frequency and long-term sap flow dataset,
scaling of sap flow measurements to regional transpiration estimates using a publicly-available
forest inventory dataset, comparing this sap-flow-derived regional transpiration estimate with
satellite-based estimates, using atmospheric models of varying complexity to quantify the
atmospheric response to species differences in transpiration, and using an atmospheric model
to systematically test the effect of soil moisture uncertainty on wind energy predictions.

This diversity of methods is needed because of the difficulty of relating measurements of
evapotranspiration at local and regional scales. Techniques such as leaf chambers and sap
flow instrumentation can measure transpiration at the individual leaf- or tree-level; however,
they are labor-intensive and difficult to deploy beyond the scale of a single plot of land.
Evapotranspiration can be estimated at the 1-10 km2 scale with eddy covariance techniques
or at the 1-km2-to-continental scale with satellite observation-model hybrids. Each of these
methods has associated uncertainties, and moreover, they estimate the aggregated evapo-
transpiration, meaning that observed dynamics cannot directly be attributed to any one
species or subgroup of plants. In Chapter 2, we link individual tree-level observations with
the regional scale by using principal component analysis (PCA) and Markov chain Monte
Carlo (MCMC) parameter estimation to quantify dominant and consistent patterns that
might hold at larger scales. We build a bottom-up estimate of regional transpiration us-
ing these dominant patterns together with a regional inventory of tree sizes and abundances.
This bottom-up inventory suggests that satellite-based, top-down estimates overestimate dry



1.4. FURTHER QUESTIONS 8

season transpiration in the Northern California Coast Range, possibly because they do not
reduce estimated transpiration enough in response to dry soils.

Another methodological contribution of this dissertation is the integration of sap flow
measurements with atmospheric models to estimate the atmospheric boundary layer response
to species differences in transpiration. In Chapter 3, we use two atmospheric models of
very different degrees of complexity to independently confirm the effects on the atmospheric
boundary layer. The first model, a simple one-dimensional slab model of the atmospheric
boundary layer, represents boundary layer growth by convective entrainment of free tropo-
spheric air; it neglects complicating processes such as clouds, terrain, and advection and any
other lateral heterogeneity, and its representation of convective turbulence is very simplistic.
The second model, a three-dimensional regional atmospheric model, represents many more
processes (e.g. radiation, clouds, turbulence) and allows for lateral variation and advection.
Testing the atmospheric boundary layer response to species difference in transpiration using
these two levels of model complexity lends credence to the results.

Chapter 4 of this dissertation applies the modeling of evapotranspiration-atmosphere
interactions to a new use: wind energy forecasting. We show that soil moisture errors
of a magnitude known to exist in reanalysis datasets can influence wind energy forecasts
at one California wind farm in an operationally significant way. The study’s systematic
perturbation of soil moisture in an atmospheric model, and its mechanistic analysis of wind
response, establish a prototype for similar studies at other wind farms. Such studies could
support measurement campaigns and data assimilation to improve wind energy forecast
accuracy.

1.4 Further questions
This work raises new questions about the effects of species differences in water use strate-

gies on watersheds and the atmosphere. First, where do Douglas firs and Pacific madrones
(two species with very different water use patterns) access subsurface water, and do they
tap into distinct water stores? There is some evidence that Pacific madrones, which tran-
spire maximally in the summer dry season, may have access to both deeper water, via
deeper roots than Douglas firs, and more tightly bound water, by reaching lower tissue
water potentials (Chapter 2 Discussion). Understanding species differences in subsurface
water access is essential for a mechanistic understanding of water movement through the
subsurface-vegetation-atmosphere system. Such a mechanistic understanding will enable in-
formed projections of the effect of changes in species abundance on streamflow (to what
extent does each species tap into reservoirs that contribute to summertime baseflow?) and
the resilience of each species to longer and more intense future droughts (what will happen to
each species’s water store in such droughts? Is deeper water more protected from depletion
during drought, and does it thus confer resilience on deep-rooted species?)

The different hydraulic strategies outlined here also raise questions about these tree
species’s resilience or mortality in response to drought. The causes of tree mortality, and the
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relative importance of carbon starvation vs. hydraulic failure, are still debated [Sala et al.
(2010)]. Future work should investigate how the different hydraulic strategies employed by
Douglas firs and Pacific madrones make them more or less susceptible to drought-induced
mortality. How will the species distribution in the Northern California Coast Range respond
to a warmer climate (will there be more droughts? Will they be longer or more intense or
both? How does each species respond to an unusually long drought? To an unusually intense
drought?)

A major challenge in evapotranspiration research is heterogeneity and scaling up from
local-scale measurements. In this thesis, very local measurements of tree water use are
generalized across aspects, slopes, geologies, and elevations. More work is needed in the
evergreen forests of the Northern California Coast Range to sample tree water use in a wider
range of these conditions, and among other common tree species not sampled here. Such
observations are necessary in order for generalizable patterns to emerge from the specificity
and heterogeneity of each individual field site.
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Chapter 2

Species differences in the seasonality of
evergreen tree transpiration in a
Mediterranean climate1

Abstract: In Mediterranean climates, the season of water availability (winter) is out of
phase with the season of light availability and atmospheric moisture demand (summer). We
investigate the seasonality of evergreen tree transpiration in a Mediterranean climate, using
observations from a small (4000 m2), forested, steep (32◦) hillslope, in the northern California
Coast Range. We analyze three years of high-cadence measurements from 39 sap flow sensors
in 26 trees, six depth profiles of soil moisture measured by time-domain reflectometry (TDR),
and spatially distributed measurements of micrometeorology from five locations. The sap
flow measurements show that two common evergreen tree species have different seasons of
peak transpiration. Douglas-firs (Pseudotsuga menziesii) maintain significant transpiration
through the winter rainy season and transpire maximally in the spring, followed by a sharp
decline in transpiration in the summer dry season. Pacific madrones (Arbutus menziesii),
and to a lesser extent other broadleaf evergreen species (Quercus wislizeni, Notholithocarpus
densiflorus, Umbellularia californica), in contrast, transpire maximally in the summer dry
season. The seasonal patterns are quantified using principal component analysis. Markov
chain Monte Carlo estimation of response to environmental variables shows that the differ-
ence in transpiration seasonality arises from different sensitivities to atmospheric evaporative
demand and root-zone moisture. The different sensitivities to atmospheric evaporative de-
mand also create species differences in transpiration variability at synoptic timescales. Using
the sap flow measurements and a regional forest inventory, a bottom-up regional transpiration
estimate is constructed. The estimate suggests that sensitivity of Douglas-fir transpiration
to water stress suppresses dry season evapotranspiration at the regional scale.

1Previously published as: Link, P., Simonin, K., Maness, H., Oshun, J., Dawson, T.,
and Fung, I. (2014). Species differences in the seasonality of evergreen tree transpiration in
a Mediterranean climate: Analysis of multiyear, half-hourly sap flow observations. Water
Resources Research, 50(3), 1869-1894.
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2.1 Introduction
In forested regions, the response of trees to solar irradiance, temperature, humidity, and

subsurface moisture influences the timing of water flux to the atmosphere, of energy parti-
tioning at the land surface, and of fixation of carbon [Bonan (2002)]. In a Mediterranean
climate, the season of high water supply is offset from the season of high atmospheric evapo-
rative demand and high solar irradiance [Baldocchi and Xu (2007)]. For forested landscapes
in these climates, such as much of the Northern California Coast Range, the dominant tree
species are evergreen [Woudenberg et al. (2010)], yet their transpiration is not constant
through the year [e.g. Vinukollu et al. (2011)]. In this study, we demonstrate differences
in transpiration seasonality between needleleaf and broadleaf evergreen trees, and we show
that these differences are due to different responses to surface soil moisture and atmospheric
evaporative demand.

Water supply limitation can reduce evapotranspiration (ET) from the whole-plant scale
(specific references are discussed below) up to the regional scale [Jung et al. (2010)]. The
root-zone moisture value at which different species become water-stressed can determine
which species thrive in different hydrologic regimes [Rodriguez-Iturbe et al. (2001); Kumagai
and Porporato (2012)]. Some species, such as Douglas-fir [Granier (1987); Tan and Black
(1976); Black (1979); Humphreys et al. (2003); Jassal et al. (2009)], juniper [McDowell et al.
(2008)], lodgepole pine, limber pine, and subalpine fir [Pataki et al. (2000)], Aleppo pine
[Baquedano and Castillo (2006); Chirino et al. (2011)], and many species in the Pinaceae
family [Martínez-Vilalta et al. (2004)] reduce transpiration in response to relatively moderate
soil water deficits. This drought response strategy may protect the trees from hydraulic
failure but reduce carbon uptake [McDowell et al. (2008)]. In contrast, some species maintain
high rates of transpiration even as the subsurface dries (e.g. piñon [McDowell et al. (2008)],
Kermes oak and Holm oak [Baquedano and Castillo (2006); Chirino et al. (2011); David et al.
(2007)], and a eucalyptus species (E. gomphocephala) [Franks et al. (2007)]); this drought
response strategy may expose the trees to hydraulic failure if the drought is severe enough
but allow them to continue fixing carbon [McDowell et al. (2008)].

Transpiration also depends on the rate of stomatal closure in response to increasing at-
mospheric evaporative demand, and tree species differ in this response. Maximum stomatal
conductance correlates with stomatal sensitivity to vapor pressure deficit (VPD, kPa) [Oren
et al. (1999)]. This means that a species with high stomatal conductance at low and moderate
VPD (e.g. 1 kPa) also rapidly closes its stomata as VPD increases, limiting the increase of
transpiration at higher atmospheric evaporative demand. In contrast, other species that have
low maximum stomatal conductance, and thus lower transpiration at low VPD, also have
less stomatal closure with increasing VPD. In the Pacific northwestern U.S., two common
conifers (Pseudotsuga menziesii and Tsuga heterophylla [Marshall and Waring (1984); Bond
and Kavanagh (1999)]) close their stomata more rapidly in response to increasing VPD than
do certain co-occurring broadleaf species (Acer circinatum Pursh, Berberis nervosa Pursh,
Ceanothus velutinus Dougl. ex Hook., Gaultheria shallon Pursh, Rhododendron macrophyl-
lum G. Don, Castanopsis chrysophylla (Dougl.) A.D.C., and Cornus nuttallii Aud. ex T. &
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G. [Marshall and Waring (1984)]; Populus trichocarpa Torr. & Gray. and Alnus rubra Bong.
[Bond and Kavanagh (1999)]). Other cases of species differences in response to atmospheric
evaporative demand have also been documented [Aranda et al. (2000); Martínez-Vilalta et al.
(2003)]. Such differences in the relationship between stomatal conductance and atmospheric
evaporative demand are not captured in common land surface models such as CLM [Ole-
son et al. (2010)], which applies a simple linear relationship between relative humidity and
stomatal conductance for all plant functional types.

The seasonality of transpiration is known to vary between climatic and ecosystem types.
Tropical forest ET has relatively little seasonality, while deciduous forests’ ET seasonality
is largely determined by leaf phenology, savanna woodlands’ ET peaks in the spring after
the soil has been moistened by winter rains, and evergreen midlatitude forests’ ET tends to
follow the seasonal cycle of solar radiation [Baldocchi and Ryu (2011), and references therein].
There is a large range among Mediterranean ecosystems in warm-season partitioning between
latent and sensible heat, and there is large between-year variation in this partitioning in
evergreen conifer ecosystems [Wilson et al. (2002)]. The Northern California Coast Range
forest has a Mediterranean climate but also is composed of evergreen species. We seek to
understand whether the seasonality of transpiration in this system resembles more closely
the Mediterranean savanna, peaking in spring, or the midlatitude evergreen forest, peaking
in summer.

In this paper, we investigate the seasonality of transpiration of five common evergreen tree
species in a Mediterranean climate, and the dependence of transpiration on root zone water
supply and atmospheric evaporative demand. We use intensive half-hourly observations of
sap flow, meteorological conditions, and soil moisture to:

1. Demonstrate differences in seasonal patterns of transpiration among evergreen species
located on the same hillslope.

2. Quantify the species differences in sensitivities to water supply and atmospheric de-
mand that drive the differences in seasonal timing.

3. Show how these different sensitivities create species differences in synoptic-scale (daily
to weekly) variability in transpiration.

4. Estimate the contributions of different species to regional transpiration in different
seasons, and compare this estimate to remote-sensing-based (MODIS) estimates.

Moreover, we apply statistical techniques that are not generally used in the sap flow
literature (PCA/EOF, Markov chain Monte Carlo parameter estimation) to find patterns in
a large, multi-year dataset. We hope that these new ways of analyzing large volumes of sap
flow observations can serve as a template for future analysis of large ecological datasets.
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2.2 Methods

2.2.1 Site description

The study site (39.729◦N, 123.644◦W) is located in the University of California Angelo
Coast Range Reserve (ACRR) in Mendocino County, northern California, about 260 km
north of San Francisco (Figure 2.1 inset). The ACRR sits in the Eel River watershed about
16 km east of the Pacific coast, just outside the coastal fog belt in the complex topography of
the California Coast Range. The highest point in the ACRR, Cahto Peak, has an elevation
of 1300 m above sea level, and the base elevation of the reserve is 400 m above sea level.

The field site, known as “Rivendell”, is a small (4000 m2), north-facing hillslope that
drains to Elder Creek, a tributary of the South Fork Eel River (Figure 2.1). Rivendell is the
subject of an interdisciplinary collaborative project to study the lifecycle of water through a
steep hillslope, and over 700 separate instruments have collected over 100 million data points
between 2007 and May 2012. The site has an average slope of approximately 32 degrees.
The subsurface structure consists of a thin soil mantle over a layer of highly fractured sedi-
mentary rock, underlain by unweathered bedrock with very low permeability. The fractured,
weathered bedrock zone transitions with depth from relatively soil-like granular material to
low-permeability bedrock bounded by fractures. Both the soil mantle and the weathered
rock layer are thicker at the hill crest (60 cm soil and 20 m weathered rock) and thinner at
the base of the hill (0-30 cm soil and 5 m weathered rock) [Rempe et al. (2010)].

The old-growth forest in the ACRR consists primarily of Douglas-fir (Pseudotsuga men-
ziesii), coast redwood (Sequoia sempervirens), interior live oak (Quercus wislizeni), tanoak
(Notholithocarpus densiflorus), Pacific madrone (Arbutus menziesii), and California bay
(Umbellularia californica). In the Eel River watershed, Douglas-fir constitutes approximately
40% of tree basal area [Woudenberg et al. (2010)] and is commonly associated with Pacific
madrone, tanoak, live oak, and other species in the Pacific Douglas-fir alliance in coastal
northern California [USDA (2005)]. At the study site, Douglas-firs form the overstorey,
with heights up to 55-60 m, while live oaks, bays, Pacific madrones, and tanoaks form the
lower canopy, reaching heights of approximately 20 m. Below the lower canopy, there are
smaller (5-10 m) trees of all species. There is no dense ground cover. Douglas-firs, live oaks,
tanoaks, and bays are evenly distributed across the hillslope, while Pacific madrones occur
more frequently upslope. Douglas-fir is a needleleaf tree, while live oaks, tanoaks, Pacific
madrones, and bays are broadleaf trees, but all of these species are evergreen. The rooting
depths of trees at this site have not been determined, but during drilling of wells at the site,
roots of unidentified species were observed most densely in the top several meters and with
decreasing density to a depth of 15.2 m.

Climatic variables, including air temperature (T, ◦C), relative humidity (RH, %), solar
radiation (I, W/m2), and precipitation (P, mm), are measured at five weather stations at the
site (Figure 2.1). One weather station (TB) is located approximately 30 m above ground in
the tree canopy, three weather stations (R1, R2, and R3) are located 1 m above the ground in
an along-slope transect, and one weather station (AM) is located in an open meadow with full



2.2. METHODS 14

clearance, across the stream from the site. The weather stations on the site (TB, R1, R2, and
R3) are used here to characterize the VPD at the site (T and RH from Vaisala HMP45C-
L sensors at R1, R2, R3, and from a Vaisala WXT510 sensor at TB; Vaisala, Helsinki,
Finland), while the meadow weather station (AM) is used for unobstructed I and gross P
(Li-Cor LI200X-L pyranometer, Li-Cor, Lincoln, NE, USA; and Campbell Scientific TE525
tipping bucket rain gauge, Campbell Scientific, Logan, UT, USA). All meteorological and
soil moisture measurements were recorded with CR1000 dataloggers (Campbell Scientific)
at intervals of 15 minutes until 2010 and 5 minutes beginning in 2010, and transmitted
wirelessly and automatically to an online server; the entire system is powered only by solar
cells.

Both shallow soil moisture and groundwater level are measured at Rivendell. Depth
profiles of θ (with a sensor placed every 5 to 10 cm down to a depth of 50 to 70 cm) are
measured continuously with time domain reflectometer sensors (TDR; TDR100, Campbell
Scientific) at six locations on the hillslope (Figure 2.1). The TDR sensors are 7.5 cm long
and are located in in situ material: small trenches were dug in order to insert the probes
horizontally into the soil or soil-like material in rock fractures, after which the trenches were
backfilled with excavated material. Measured dielectric values are converted to volumetric
θ (m3 water/m3 total) using the standard Topp equation [Topp et al. (1980)]. Groundwater
level is monitored at 12 on-site wells.

Volumetric θ measurements are filtered to exclude values outside the sensor’s valid range
and averaged over each day to reduce noise (no diurnal cycle is evident at this site, in contrast
to other Douglas-fir sites [Brooks et al. (2006); Warren et al. (2007)]). The daily-average
values are then averaged across all depths for each profile; each profile average is normalized
by its maximum to convert to relative θ (%); and the six profiles on the slope are then
averaged to produce a site-averaged θ time series. The conversion to relative soil moisture is
performed because no site-specific TDR calibration was performed. We explain our reasoning
for the site averaging in the Discussion, Section 2.4.5.

2.2.2 Sap flow measurement

Sap velocity, the velocity of water through the xylem parallel to the axis of the tree trunk,
is measured in 26 trees using 39 heat ratio method sensors (ICT International, Armidale,
Australia; Burgess et al. (2001)) installed 1 m above the ground in the tree trunks. The
tree locations, species, and diameters at breast height are shown in Figure 2.1, with the
symbol size scaled by tree diameter, and the properties of each sensor are listed in Table 2.1.
The trees were chosen to represent the distribution of tree species and sizes on the hillslope,
within the constraints of accessibility on the steep slope and a limited number of sensors.
Multiple trees were instrumented for each species except tanoak (1 tree), which was sparse
on this hillslope (uncharacteristically for this region.) Before installing the sensors, bark was
removed to the cambium from an approximately 5 cm x 5 cm area. Each sensor measures the
velocity of a heat pulse emitted by the sensor at two radial depths in the xylem: 12.5 mm and
27.5 mm. These depths are not precise because of minor errors in sensor placement; errors in



2.2. METHODS 15

probe spacing are corrected using the procedure in Burgess et al. (2001). For this procedure,
we assume zero flow at times when water stress is expected to be minimal: pre-dawn (within
3 hours before sunrise), high relative humidity (between 92 and 95%), no solar radiation, no
daily rain, and between January and March. Sensors were moved in late 2010 to minimize
wounding, creating two stages of deployment (2009-2010, and 2011.) Because we did not
measure wound diameters around the probes (as that would be destructive), we assume a
wound diameter of 0.2 mm (a central value from Table 1 in Burgess et al. (2001)) for all
sensors; the wound correction is a linear factor and is thus removed by the normalization
described below (Section 2.2.3). Heat pulse velocity was recorded on ICT SL5 Smart Loggers
(ICT International, Armidale, Australia) at 30-minute intervals.

Wood density and water content were measured by taking cores with an increment borer
in October 2010 and October 2012, and these properties are used to convert heat pulse
velocity to sap velocity [Burgess et al. (2001)]. For several sensors, wood density and water
content were not measured (Table 2.1); for these sensors, the species-averaged values were
used. Because water content was only measured once at the end of each stage, we used
a constant value throughout the year. Uncertainties associated with this assumption are
discussed in Section 2.4.5.

For the following analyses, for each sensor, the depth with the larger magnitude of velocity
(i.e. the most “active” depth) is chosen. Sap velocity is known to vary radially through the
sapwood [Cohen et al. (1985); Čermák et al. (1992); Nadezhdina et al. (2002); Ford et al.
(2004)]; in our measurements, the velocities at 12.5 mm and 27.5 mm differed in magnitude
but were highly correlated for almost all sensors (R2 values listed in Table 2.1); as such, we
include only one depth per sensor in order to avoid redundancy.

Finally, we add the caveat that we treat sap velocity as proportional to transpiration.
We discuss this assumption in Section 2.4.5.

2.2.3 Normalization

For most of our analyses, we use normalized sap velocities. Normalizing allows us to
compare temporal dynamics and environmental responses between sensors with very different
absolute magnitudes, and eliminates the time-invariant differences in absolute velocity due
to azimuthal, radial, or between-tree variation in wood properties. We employ normalization
on two time scales. The first normalizes instantaneous (30-minute frequency) measurements
by dividing by the 99.5th percentile value of that sensor (to avoid normalizing by an outlier);
this normalization is used for analyzing responses to environmental drivers (Sections 2.2.5
and 2.3.4). In the second, daily integrals of sap velocity are normalized by dividing by the
99.5th percentile daily integral for each sensor; the normalized daily integrals are used for
analyzing seasonal dynamics (Sections 2.2.4 and 2.3.3), since the diurnal cycle is removed.
Sensors are normalized separately for each stage of deployment, because azimuthal variations
in wood properties caused differences in absolute magnitude of velocity when sensors were
moved within a tree.
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Table 2.1: Sap flow sensor properties, including tree, sensor ID, stage of deployment, species,
DBH (diameter at breast height), nearest weather station, active depth (radial sensor po-
sition with larger sap velocity), 99.5th percentile instantaneous sap velocity for each sensor
position, 12.5 mm - 27.5 mm sensor correlation (R2 coefficient comparing velocities at the
two measured radial positions), 99.5th percentile daily integral sap velocity for the active
sensor depth, lag time of sap velocity relative to radiation, lag time of sap velocity relative
to V PD, wood dry density at the two sensor positions, and wood water content at the two
sensor positions.

Tree Sensor Stage Species
DBH 
(cm)

Weather 
station

Active 
depth

12.5 mm 
depth

27.5 mm 
depth

12.5 mm - 27.5 mm 
sensor correlation

99.5th pctile daily 

integral velocity1 
(cm/day)

Lag relative 
to radiation 

(hours)

Lag relative 
to VPD 
(hours)

Wood dry density (12.5 
mm / 27.5 mm) (g dry 

wood/cm3)

Wood water content 
(12.5 mm / 27.5 mm) 
(g water/g dry wood)

1 1.1a 1 bay 10 R1 12.5 mm 1.8 inactive n/a 15.5 3.5 1.0 0.61 / 0.54 0.50 / 0.49
2 2.1a 1 bay 10 R1 12.5 mm 9.6 5.6 0.89 83.1 3.0 0.5 0.56 / 0.59 0.48 / 0.52
3 3.1a 1 live2 12.9 R1 27.5 mm 15.4 12.2 0.96 113.4 2.5 0.5 0.73 / 0.70 0.65 / 0.56
4 4.1a 1 live 18.2 R1 12.5 mm 14.8 3.3 0.84 132.2 2.5 0.0 0.74 / 0.78 0.60 / 0.59
4 4.2a 2 live 18.2 R1 12.5 mm 11.2 8.6 0.99 99.4 2.5 0.0 0.68 / n.m.3 0.68 / n.m.
5 5.1a 1 doug 140 TB 27.5 mm 9.9 17.8 0.98 224.4 2.5 0.5 0.38 / 0.42 1.54 / 0.86
5 5.1b 1 doug 140 TB 27.5 mm 16.0 12.3 0.88 188.2 2.5 1.0 n.m. / n.m. n.m. / n.m.
5 5.1c 1 doug 140 TB 27.5 mm 17.3 23.6 0.94 334.3 3.0 1.0 0.37 / 0.35 1.77 / 1.87
5 5.2a 2 doug 140 TB 12.5 mm 23.2 8.3 0.99 287.3 2.5 0.5 0.44 / n.m. 1.25 / n.m.
5 5.2b 2 doug 140 TB 27.5 mm 10.5 15.8 0.98 232.9 2.5 1.0 0.38 / n.m. 1.53 / n.m.
5 5.2c 2 doug 140 TB 27.5 mm 5.3 8.7 0.91 117.0 3.0 1.0 0.42 / n.m. 0.39 / n.m.
6 6.1a 1 live 18.2 R1 12.5 mm 16.8 13.8 0.98 147.7 2.5 0.0 0.70 / 0.68 0.70 / 0.68
6 6.2a 2 live 18.2 R1 12.5 mm 4.4 2.7 0.89 42.1 2.5 0.0 0.72 / n.m. 0.63 / n.m.
7 7.1a 1 live 9.7 R2 12.5 mm 15.4 2.6 0.84 144.2 2.5 0.5 0.76 / 0.75 0.51 / 0.46
7 7.2a 2 live 9.7 R2 12.5 mm 8.9 5.0 0.93 83.9 2.5 0.5 n.m. / n.m. n.m. / n.m.
8 8.1a 1 doug 133 TB 27.5 mm 16.7 29.9 0.97 386.4 3.0 1.0 n.m. / n.m. n.m. / n.m.
8 8.1b 1 doug 133 TB 27.5 mm 10.8 22.4 0.98 284.0 2.5 0.5 0.47 / 0.45 0.77 / 1.07
8 8.2a 2 doug 133 TB 27.5 mm 8.3 19.2 0.99 303.4 2.0 0.5 0.49 / n.m. 0.91 / n.m.
8 8.2b 2 doug 133 TB 27.5 mm 2.3 9.3 0.88 118.0 2.5 0.5 0.42 / n.m. 1.01 / n.m.
9 9.1a 1 doug 114 TB 12.5 mm 15.3 7.9 0.95 201.2 2.5 0.5 0.57 / 0.67 0.81 / 0.31
9 9.1b 1 doug 114 TB 27.5 mm 17.8 21.3 0.99 279.5 2.0 0.5 n.m. / n.m. n.m. / n.m.
9 9.2a 2 doug 114 TB 27.5 mm 10.4 15.8 0.99 196.5 2.0 0.5 0.50 / n.m. 1.04 / n.m.
10 10.1a 1 live 15.8 R2 12.5 mm 15.0 10.9 0.98 160.2 2.5 0.5 0.70 / 0.69 0.57 / 0.59
10 10.2a 2 live 15.8 R2 12.5 mm 11.6 12.1 0.97 152.2 2.5 0.5 0.69 / n.m. 0.66 / n.m.
11 11.1a 1 madr 8.9 R2 12.5 mm 4.1 3.5 0.80 38.1 2.0 0.0 0.57 / 0.57 0.78 / 0.74
11 11.2a 2 madr 8.9 R2 12.5 mm 12.3 inactive n/a 116.1 2.0 0.0 0.58 / n.m. 0.89 / n.m.
12 12.1a 1 doug 102 TB 27.5 mm 12.5 12.2 0.99 140.9 2.0 0.5 0.57 / 0.52 0.61 / 0.72
12 12.1b 1 doug 102 TB 12.5 mm 16.3 11.7 0.99 204.1 2.0 0.5 0.58 / 0.54 0.52 / 0.59
13 13.1a 1 bay 13.7 R2 12.5 mm 4.7 inactive n/a 56.1 3.0 0.5 0.68 / 0.67 0.42 / 0.42
13 13.2a 2 bay 13.7 R2 12.5 mm 5.6 inactive n/a 60.1 3.0 0.5 0.70 / n.m. 0.49 / n.m.
14 14.1a 1 bay 15 R2 12.5 mm 18.9 9.5 0.99 199.1 2.0 0.0 0.66 / 0.60 0.63 / 0.49
14 14.2a 2 bay 15 R2 12.5 mm 19.0 8.9 0.99 202.1 2.0 0.0 n.m. / n.m. n.m. / n.m.
15 15.1a 1 doug 66.3 R3 12.5 mm 16.5 2.3 0.93 216.0 2.0 0.0 0.48 / 0.52 0.72 / 0.52
15 15.1b 1 doug 66.3 R3 27.5 mm 35.4 39.6 0.99 524.8 2.0 0.0 n.m. / n.m. n.m. / n.m.
15 15.1c 1 doug 66.3 R3 27.5 mm 21.4 13.4 0.97 204.0 3.0 0.5 0.52 / 0.51 0.63 / 0.41
15 15.2a 2 doug 66.3 R3 12.5 mm 12.3 7.6 0.98 144.5 2.0 0.0 0.52 / n.m. 0.55 / n.m.
15 15.2b 2 doug 66.3 R3 27.5 mm 10.3 11.8 0.93 133.9 2.0 0.0 0.52 / n.m. 0.86 / n.m.
16 16.1a 1 madr 31.5 R3 12.5 mm 17.7 10.5 1.00 173.0 2.0 0.0 0.58 / 0.58 0.78 / 0.78
16 16.1b 1 madr 31.5 R3 12.5 mm 20.7 23.4 0.99 193.8 2.0 0.0 0.55 / 0.58 0.87 / 0.88
16 16.2a 2 madr 31.5 R3 12.5 mm 19.8 12.2 0.99 182.0 2.0 0.0 n.m. / n.m. n.m. / n.m.
16 16.2b 2 madr 31.5 R3 12.5 mm 19.3 12.2 0.99 155.8 2.0 0.0 0.55 / n.m. 1.01 / n.m.
17 17.1a 1 live 40 R3 27.5 mm 14.8 28.3 0.96 281.8 2.5 0.5 0.73 / 0.71 0.58 / 0.56
17 17.2a 2 live 40 R3 12.5 mm 19.7 16.8 0.97 202.4 2.5 0.5 0.72 / n.m. 0.64 / n.m.
18 18.1a 1 bay 29.9 R3 12.5 mm 10.9 4.3 0.77 118.9 3.0 0.5 0.64 / 0.64 0.46 / 0.51
18 18.2a 2 bay 29.9 R3 12.5 mm 10.5 6.2 0.80 114.6 3.0 0.5 0.56 / n.m. 0.60 / n.m.
19 19.1a 1 madr 51.7 R3 12.5 mm 29.5 6.6 0.97 322.0 3.0 0.5 0.56 / 0.55 0.78 / 0.80
19 19.2a 2 madr 51.7 R3 27.5 mm inactive 21.6 n/a 217.8 3.0 0.5 0.60 / n.m. 0.82 / n.m.
20 20.1a 1 tan 17.8 R3 12.5 mm 17.4 12.1 0.78 172.4 2.5 0.0 0.63 / 0.63 0.66 / 0.66
20 20.2a 2 tan 17.8 R3 12.5 mm 12.5 4.2 0.53 118.9 2.5 0.0 0.66 / n.m. 0.70 / n.m.
21 21.1a 1 doug 29.5 R3 12.5 mm 14.1 1.0 0.94 177.4 2.5 0.0 0.47 / 0.43 0.71 / 0.36
22 22.1a 1 doug 19.4 R3 12.5 mm 1.4 inactive n/a 15.4 2.5 0.5 0.61 / 0.44 0.25 / 0.30
23 23.1a 1 doug 20 R3 12.5 mm 8.9 inactive n/a 97.4 2.0 0.0 0.65 / 0.64 0.23 / 0.26
24 24.1a 1 madr 36.4 R3 12.5 mm 16.6 8.0 0.99 147.8 3.0 0.5 n.m. / n.m. n.m. / n.m.
24 24.1b 1 madr 36.4 R3 27.5 mm 15.1 26.4 0.98 244.3 3.0 0.5 0.53 / 0.57 0.77 / 0.87
24 24.2a 2 madr 36.4 R3 12.5 mm 26.0 18.8 0.99 231.5 3.0 0.5 0.55 / n.m. 0.88 / n.m.
25 25.1a 1 doug 119 TB 27.5 mm 10.3 19.3 0.97 217.9 2.0 0.5 n.m. / n.m. n.m. / n.m.
25 25.1b 1 doug 119 TB 12.5 mm 23.9 24.7 0.99 293.6 2.0 0.5 n.m. / n.m. n.m. / n.m.
25 25.1c 1 doug 119 TB 12.5 mm 15.7 15.4 0.98 187.8 2.0 0.5 0.57 / 0.54 0.69 / 0.57
25 25.1d 1 doug 119 TB 27.5 mm 12.7 20.0 0.98 261.9 2.5 1.0 0.55 / 0.48 0.65 / 0.71
25 25.2a 2 doug 119 TB 27.5 mm 10.5 21.9 0.96 229.9 2.0 0.5 0.53 / n.m. 0.86 / n.m.
25 25.2b 2 doug 119 TB 27.5 mm 9.6 24.6 0.98 279.0 2.0 0.5 0.41 / n.m. 0.99 / n.m.
25 25.2c 2 doug 119 TB 27.5 mm 18.8 29.7 0.93 363.5 2.0 0.5 0.53 / n.m. 0.88 / n.m.
25 25.2d 2 doug 119 TB 27.5 mm 11.7 24.4 0.95 296.2 2.5 1.0 0.54 / n.m. 0.85 / n.m.
26 26.2a 2 live 69.5 TB 12.5 mm 9.6 7.8 0.99 102.8 2.5 0.5 0.74 / n.m. 0.64 / n.m.
199.5th percentile daily integral velocity from the "active" sensor depth.
2Species codes: doug = Douglas-fir, madr = Pacific madrone, live = live oak, tan = tanoak
3n.m. = not measured.

99.5th percentile 
instantaneous 

velocity (cm/h)
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2.2.4 Principal Component Analysis

We use principal component analysis (PCA) to find the dominant spatial and, impor-
tantly, temporal sap flow patterns in the sap flow dataset, and to compare the dominant
seasonality patterns between trees, across space and between species. PCA, also known as
empirical orthogonal function analysis [Lorenz (1956)], reduces a dataset with many points
in space and time to a few orthogonal patterns that explain most of the variance. These
orthogonal patterns are determined empirically from the data, as the eigenvectors of the
covariance matrix. PCA yields a series of temporal functions (PCs), with a corresponding
series station weighting factors (EOFs), which represent how strongly each time function
(PC) contributes to the actual time series at a given station. The pairs of time-space func-
tions (PCm and EOFm) are ordered by the fraction of the total dataset variance that each
explains.

We perform PCA separately on each of the two stages of sensor deployment (2009-2010,
and 2011), because many of the time series were discontinuous across the sensor move; many
sensors failed after the move or were placed in roots, which were not analyzed in the present
study. In order to maximize the amount of data included in the analysis, we performed PCA
on the two stages separately. Performing PCA on the two stages also has the advantage of
providing replication of the dominant patterns of variability; similarity between results from
the two stages would indicate interannual robustness of the seasonal patterns.

Days with missing data are excluded. The analyses are performed on normalized daily
integral values, subtracting each sensor’s mean for the analysis period to focus on the tem-
poral variability. The analysis is performed in Python, using the NumPy linalg function eig.
In the following, we focus on the first two PC-EOF pairs for each analysis, as they together
explain over 90% of the variance.

2.2.5 MCMC estimation of environmental response parameters

We quantify the relationship between each sensor’s instantaneous sap flow and environ-
mental drivers using the Jarvis model [Jarvis (1976)], which parameterizes stomatal conduc-
tance in terms of empirical functions of VPD, I, and θ.

We begin with the assumption that each sensor’s instantaneous normalized sap velocity
(vn, unitless) is proportional to the tree’s transpiration (E, liters/day), scaled by a multiplier,
α (liters/day), the product of maximum sap velocity, sap wood cross-sectional area, and the
profile of sap velocity as a function of radius:

E = α · vn. (2.1)

Transpiration also equals the product of the tree’s bulk canopy conductance (gc, liters/day/kPa)
and the leaf-to-air vapor pressure difference (which we approximate with the air VPD.) Thus,

E = gc · V PD. (2.2)
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Following the Jarvis model, canopy conductance (gc) is modeled as a maximum conduc-
tance (gcmax, liters/day/kPa), reduced by empirical multiplicative functions, ranging from 0
to 1, of important environmental modifiers: VPD, θ, and I [Jarvis (1976); Oren et al. (1999);
Waring and Landsberg (2011)].

gc = gcmax · fV PD(V PD) · fθ(θ) · fI(I). (2.3)

The functions of environmental modifiers are analytical parameterizations based on pre-
vious empirical observations. For the atmospheric evaporative demand function, f(V PD),
we use an asymptotic function [Lohammar et al. (1980); Lindroth and Halldin (1986); Dang
et al. (1997)],

fV PD(V PD) =
1

1 + V PD/Do

, (2.4)

where Do (kPa) describes the sensitivity of gc to VPD.
The water supply function, f(θ), is modeled as a sigmoid function, chosen because it is

a continuous function that represents the threshold limitation of transpiration by θ in very
dry soils; this is a continuous functional form that approximates the piecewise-linear Feddes
model [Feddes et al. (1978); Chen et al. (2008)]:

fθ(θ) =
1

1 + exp(−β(θ − θo))
, (2.5)

where β (unitless) measures the rate of decrease of transpiration at low θ, and θo (unitless) is
the value of θ at which the transpiration decline is centered. These parameters can be related
to the more standard stress point and wilting point of the Feddes model by estimating the
θ at which the sigmoid function begins to decline (the stress point) and the θ at which the
sigmoid function is approximately zero (the wilting point.)

The radiation function, f(I), is modeled as a linear function, after Waring and Landsberg
(2011):

fI(I) = γ · (I − 1000 W/m2) + 1, (2.6)

where γ ((W/m2)−1) is the sensitivity of transpiration to I, and f(I) is prescribed to be
maximum (equal to 1) at maximum I (1000 W/m2).

Thus, we model normalized sap velocity as a function of VPD, θ, I, and five parameters
(considering gcmax/α (kPa−1) as a single parameter):

vn =
gcmax
α

· V PD · fV PD(V PD) · fθ(θ) · fI(I)

=
gcmax
α

· V PD

1 + V PD
Do

· 1

1 + exp(−β(θ − θo))
· (γ · (I − 1000) + 1). (2.7)
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We estimate these five parameters for each sensor using a Markov chain Monte Carlo
(MCMC) method, described in the appendix (Section 2.6). The MCMC method allows us
to quantify uncertainty in the parameters and avoid local minima traps on the complex χ2

surface that might hinder optimization algorithms. Each sap flow sensor is matched with
the nearest weather station: the canopy weather station (TB) is used for the overstorey
trees, while the nearest ground station (R1, R2, or R3) is used for the understorey canopy
trees, including small Douglas-firs. Incoming I measured in the open meadow (station AM,
Figure 2.1) is used for all sensors, because I was only measured at station AM. VPD, I, and
θ were subsampled to the 30-minute frequency of sap flow measurements. For each tree,
sap velocity is lagged relative to I and VPD by a lag time determined by the maximum
lag correlation for that tree’s average timeseries, similar to the procedure in Dragoni et al.
(2009); lag times are listed in Table 2.1. The analysis is performed using times when I was
greater than zero (i.e., daytime observations) and VPD was greater than 0.1 kPa. Days
with more than 2 mm of rain were excluded, because on those days leaves were probably
covered with water and sap velocity thus was probably not controlled by stomatal response
to the environment. The site-averaged, daily-averaged θ is used for all sensors, as described
in Section 2.2.1. Parameters are also estimated for each species as a whole, using the average
vn at each measurement from all sensors from a given species; these are referred to as the
“species-averaged timeseries" parameters.

2.2.6 Estimates of regional transpiration

We use the species-averaged timeseries of normalized sap velocity, along with Forest
Inventory and Analysis (FIA) [Woudenberg et al. (2010)] observations of tree size and species
distributions in the Eel River watershed, to estimate the contribution of each species to
regional transpiration. We estimate regional transpiration, rather than hillslope transpiration
at our particular site, because regional distributions of trees by species and diameter are
available from the FIA inventory, but no species-diameter inventory has been conducted
at our particular site. This scale jump requires simplifications and assumptions (described
below), and as such, our calculations are a rough best estimate and an attempt to bound
the range of possible forest transpiration in this region from a bottom-up perspective.

Transpiration was estimated using Equation 2.1, with vn calculated using the species-
averaged timeseries Jarvis parameters, and α disaggregated as follows. Transpiration for a
single tree (Etree, cm m2/hr) is

Etree =

∫ router

rinner

2πr v(r) dr

=

∫ router

rinner

2πr vmax vn fprof (r) dr, (2.8)

where r is radial position on a cross-section of the tree, rinner is the radial position of the
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sapwood-heartwood boundary (meters), router is the radial position of the sapwood-bark
boundary (meters, here treated as approximately equal to half the tree diameter at breast
height, d/2), v(r) is the sap velocity as a function of radial position in the sapwood (cm/hr),
and fprof (r) is a linear function between 0 and 1 describing the radial profile of sap velocity
relative to the velocity at the outer edge (described below). In this equation, vn and vmax
can be pulled out of the integral, and the resulting term 2π vmax

∫ router
rinner

r fprof (r) dr is equal
to α in Equation 2.1.

The thickness of the sapwood is estimated using two site-specific sapwood thickness–
diameter relations, derived from 21 tree cores taken near Rivendell (15 Douglas-fir samples
(R2 = 0.88) and 6 Pacific madrone samples (R2 = 0.83)):

wsap,Douglas−fir = 0.12d+ 0.0089 (2.9)
wsap,madrone = 0.1d+ 0.0071, (2.10)

and
rinner = d/2 − wsap, (2.11)

where wsap is sapwood thickness (m). Our Douglas-fir relationship is roughly similar to the
one found by Smith et al. (1966) for Douglas-fir.

In addition, for other broadleaf species, we use the ring-porous equation fromWullschleger
et al. (2001):

rinner,Wullschleger =

√(
d

2

)2

− 1.637d0.56

π
. (2.12)

This equation is used for non-Pacific-madrone broadleaf species.
Sap velocity was approximated as a linear function of radial position in the sapwood,

based on observations that sap velocity is often lower in the inner sapwood than in the outer
sapwood [Ford et al. (2004); Cohen et al. (1985); Čermák et al. (1992); Nadezhdina et al.
(2002)]. The velocity at the outer edge of the sapwood was estimated as the product of
a time-invariant maximum velocity (vmax, cm/hr) and a time-varying normalized velocity
(vn, unitless), approximated as the species-averaged timeseries of measured normalized sap
velocity. vmax values for each species were treated as independent of tree diameter and were
approximated with the species-averaged maximum instantaneous velocities from Table 2.2.
Sap velocity is assumed to be independent of azimuth, or equivalently, we assume that vmax,sp
is an average of the maximum velocity around the bole of a tree.

Because the radial profile of sap velocity is not well constrained with our measurements,
we test three possible velocity profiles, with v(r) = vmax vn fprof (r): (1) constant velocity
across the sapwood (fprof (r) = 1); (2) velocity decreasing linearly from vmax vn at the outer
edge of the sapwood to 0.5 vmax vn at the inner edge of the sapwood (fprof (r) = 1 + 0.5

wsap
(r−

router) ); and (3) velocity decreasing linearly from vmax vn at the outer edge of the sapwood
to 0 at the inner edge of the sapwood (fprof (r) = 1 + 1

wsap
(r − router) ).

Transpiration is scaled from a single tree to the regional scale using distributions of
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Table 2.2: Species-averaged maximum sap velocities.

Species Velocity (cm/h)
Douglas-fir 18.2
Pacific madrone 19.5
live oak 14.0
bay 10.1
tanoak 15.0

tree species and sizes measured in the Eel River watershed by the FIA program, binned by
diameter in 5 cm bins [Woudenberg et al. (2010)] (locations of FIA plots are intentionally
“fuzzed and swapped” for privacy reasons, but the provided coordinates are “similar” to the
true coordinates with an unspecified offset). The FIA surveyed 321 forested plots within the
Eel Watershed. Figure 2.2 shows Ni,sp, the number of trees per km2 in each diameter bin (i)
for major species categories in the watershed (sp), averaged over the 321 FIA plots.

Regional transpiration due to each species (mm/d) is then estimated by summing indi-
vidual tree transpiration of the species over all diameter bins (i):

Tsp =
∑
i

Ni,spEtree,i,sp

= 2π vmax,sp vn,sp
∑
i

Ni,sp

∫ router,i

rinner,i

r f(r) dr, (2.13)

and subsequently applying a unit conversion factor of (10mm
cm

)(24 hr
day

)(10−6 km2

m2 ). Total re-
gional transpiration is estimated by summing transpiration estimated for all species, using
the averaged time series of measured species to represent unmeasured but similar species.
All conifers, including redwoods, are assigned the Douglas-fir time series; all oaks, both
evergreen and deciduous, are assigned the interior live oak time series; and all other un-
measured broadleaf trees are assigned the Pacific madrone time series, in order to give an
upper-bound estimate on dry season transpiration. Thus, we effectively bin species into
categories of needleleaf evergreen and broadleaf evergreen; these assumptions are necessary
because redwoods and major pine species were not measured due to their scarcity at our site.
In addition, we calculate regional transpiration in two extreme hypothetical cases, using the
FIA total tree size distribution (black line in Figure 2.2): one case in which all trees are
assigned the Douglas-fir time series, and another case in which all trees are assigned the
Pacific madrone time series.

The sap-flow-based regional transpiration estimates are compared with remotely-sensed
MODIS-derived estimates of ET [Mu et al. (2007)]. The MODIS algorithm uses remotely-
sensed LAI and modeled stomatal response based on an assigned plant functional type (which
for this region is evergreen needleleaf forest), combined with meteorology from atmospheric
reanalysis, to estimate stomatal conductance and ET. No soil moisture or subsurface informa-
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tion is explicitly included. Two spatial scales of the MODIS-derived estimate are presented:
the 1 km x 1 km pixel nearest to Rivendell (pixel centered about 450 m east of Rivendell),
and the average for all pixels in the Eel River watershed. Our goals in comparing our es-
timated to the MODIS-derived estimate are a) to confirm that our estimates are the right
order of magnitude, and b) to compare the seasonal timing of transpiration between the
methods.

2.3 Results

2.3.1 Environmental conditions

The ACRR has a Mediterranean climate with a marked winter wet season and summer
dry season. The wet season at the ACRR extends from approximately October through
April (90% of the annual precipitation fell in these months in 2009-2011), and very little rain
falls during July through September (less than 1% in 2009-2011; Figure 2.3(a)). Clear sky I
is maximum in late June (summer solstice) and minimum in late December (winter solstice),
and I can be reduced by 50 to 90% on cloudy days. The annual cycle of T lags behind that of
I, with a peak in July and August and a minimum in January or February. The mean July-
September T for 2009-2011 was 18◦C, and the mean December-February T was 5◦C (weather
station R3). The annual cycle of VPD follows that of T and also peaks in July or August.
T and RH vary somewhat along the hillslope: on clear days, the air is warmer and drier in
the upper canopy and upslope, and the air is cooler and more humid downslope (up to 10◦C
cooler at downslope ground level than in the canopy at midday in winter; Figure 2.3(b) and
(c)). Mean annual P in the vicinity of the ACRR (National Climatic Data Center GHCN
precipitation station USC00048490, 18 km NNE of the ACRR; data from 1960-2000; Williams
et al. (2012)) is 1800 mm, with significant interannual variability (standard deviation of 500
mm); on average, 3% (±3% standard deviation) of annual precipitation falls in July through
September. During the study period, precipitation at Rivendell ranged between a minimum
of 1500 mm in water year 2008-2009 and a maximum of 2100 mm in water year 2010-2011.

Water storage below ground is also highly seasonal. The water table, measured by 12
on-site wells, remains near 5 m below ground throughout the year at downslope wells, but
upslope it ranges from ∼10 m below ground in the wet season to ∼20 m below ground in the
dry season. Soil moisture (θ) is high and dynamic during the winter rainy season but dries to
fairly steady and very low values during the summer dry season (Figure 2.3(d); Salve et al.
(2012)).

2.3.2 Sap velocities

The 99.5th percentile velocities for each sensor and each stage are listed in Table 2.1, and
the timeseries of daily maximum normalized instantaneous velocity for each sensor are shown
in Figure 2.4, separated by species (only the daily maximum is shown for visibility.) For the
following analyses, we constructed tree-averaged timeseries for trees with multiple sensors
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by averaging the normalized velocities at each measurement time for all sensors in a given
tree. This tree-averaging was performed because sensors within a tree covaried strongly for
all trees (Table 2.3), and thus sensors in the same tree were not independent.

2.3.3 Seasonal patterns: Principal Component Analysis

The time pattern that explains the most variance among all sap flow sensors, PC1,
represents the common annual cycle, with a peak in early July and lower values through the
winter, mirroring the annual cycle of solar radiation (Figure 2.5, left column in each stage).
PC1 also contains the abrupt drops in sap flow on rainy days in winter and spring, when
almost all sensors have very low sap velocity. The annual cycle pattern is evident in PC1
for both stages, and PC1 explains 84% of the variance in stage 1 (2009-2010) and 87% of
the variance in stage 2 (2011). All sensors in both stages have positive weighting factors for
PC1, meaning that all sensors display a component of this annual cycle pattern. In stage 1,
downslope trees tend to resemble PC1 more strongly than do upslope trees (i.e., have larger
positive weighting factors).

The time pattern that explains the next-largest fraction of the variance, PC2, acts as a
phase offset from the PC1 annual cycle, with a positive peak in the July-October dry season
and negative values for the rest of the year (Figure 2.5, right column in each stage). Again,
the PC2 pattern is similar between the two stages of deployment. A positive EOF2 weighting
factor for PC2 indicates greater July-October transpiration than PC1 and less November-
June transpiration, and thus a shift in the peak season of transpiration later into the dry
season. On the other hand, a negative EOF2 weighting factor indicates less July-October
transpiration compared to PC1 and greater transpiration in the rest of the year, and thus
indicates a shift in peak transpiration earlier toward the wet spring. PC2 explains 8% of the
variance in both stages.

The direction of the transpiration phase shift is species-specific. Pacific madrones have the
most positive weighting factors for PC2 in both stages, indicating a phase shift of peak tran-
spiration later into the dry season (Figure 2.5, bottom right panel in each stage). Douglas-
firs, in contrast, almost all have negative values, indicating a phase shift earlier toward the
wet spring season. Live oaks, bays, and the tanoak have weighting factors closer to zero,
indicating less phase shift away from the PC1 pattern.

Additionally, the PC2 time pattern shows an abrupt decrease at the onset of the rainy
season in October of each year. Thus, Pacific madrone sap velocities, with positive PC2
amplitudes, decrease sharply at the onset of the rainy season, while Douglas-fir velocities,
with negative PC2 amplitudes, increase sharply.

2.3.4 Sensitivities to environmental drivers

These PC/EOF patterns are empirical, indicating the dominant patterns of variability
and demonstrating that there is a seasonal offset of transpiration between evergreen tree
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Table 2.3: Covariation of sap velocities within the same tree.

Tree Pair of sensors R2 Pair of sensors R2

5 5.1a, 5.1b 0.96 5.2a, 5.2b 0.96
5.1b, 5.1c 0.97 5.2b, 5.2c 0.94
5.1a, 5.1c 0.94 5.2a, 5.2c 0.96

8 8.1a, 8.1b 0.94 8.2a, 8.2b 0.96
9 9.1a, 9.1b 0.95 - -
12 12.1a, 12.1b 0.98 - -
15 15.1a, 15.1b 0.83 15.2a, 15.2b 0.91

15.1b, 15.1c 0.91 - -
15.1a, 15.1c 0.78 - -

16 16.1a, 16.1b 0.97 16.2a, 16.2b 0.98
24 24.1a, 24.1b 0.89 - -
25 25.1a, 25.1b 0.99 25.2a, 25.2b 0.97

25.1a, 25.1c 0.98 25.2a, 25.2c 0.68
25.1a, 25.1d 0.84 25.2a, 25.2d 0.74
25.1b, 25.1c 0.99 25.2b, 25.2c 0.77
25.1b, 25.1d 0.87 25.2b, 25.2d 0.82
25.1c, 25.1d 0.89 25.2c, 25.2d 0.97

Stage 1 Stage 2
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species at this site. In order to investigate the drivers of this difference, we quantify the
response of sap velocity to environmental variables.

Two end-member cases of tree transpiration response to VPD, θ, and I are shown in
Figure 2.6, with Douglas-fir tree 15 in the left column and Pacific madrone tree 16 in the
right column. In the Douglas-fir, sap flow increases sharply with increasing VPD at low VPD
and then plateaus at higher VPD ; the low value of Do captures this behavior. In contrast,
the Pacific madrone’s sap flow increases more gradually with increasing VPD, and the higher
value of Do quantifies this behavior.

The Douglas-fir’s higher value of θo shows that this Douglas-fir’s sap flow begins to decline
at higher values of θ. The lower value of θo for the Pacific madrone reflects that the Pacific
madrone’s sap flow does not decline until lower values of θ. The parameter β represents
how fast sap flow declines in response to soil moisture limitation, once the decline starts.
Higher β (as with the Pacific madrone in Figure 2.6) means a more rapid decline below the
threshold, and lower β (as with the Douglas-fir in Figure 2.6) means a more gradual decline.

The response of sap velocity to I is captured by the slope γ, which describes how quickly
the sap flow increases with increasing I. In Figure 2.6, the Douglas-fir has a low slope,
meaning its sap flow remains high at low I and increases only slightly with increasing I ;
while the Pacific madrone has a higher positive slope, meaning that it has low sap flow at
low I and increases more strongly with increasing I.

The Jarvis model parameters for all trees, separated by species, are shown in Figure 2.7
and summarized in Table 2.4. For 25 of the 26 trees, the posterior distributions of all five
parameters are sharply peaked and well within the initial uniform prior chosen (example
posterior distributions are shown in Figure 2.8). One Pacific madrone tree (tree 16) has a
broader distribution for β than other trees (see 95% HPD interval in Table 2.4.)

The distributions of the median VPD parameters for all sensors and for the species-
averaged timeseries parameters (gcmax/α and Do, Figure 2.7, rows 1 and 2) confirm that sap
flow in Douglas-firs across this site increases quickly at low VPD and plateaus at high VPD
(high gcmax/α and low Do). The broadleaf species, in contrast, respond more gradually with
increasing VPD (lower gcmax/α and higher Do).

The fitted soil moisture parameter θo (Figure 2.7, row 4) also shows a species difference.
Douglas-firs have higher θo values; their decline in response to soil moisture limitation is
centered on a relative θ value of 0.263 (from species-averaged timeseries; −2.4×10−4, +2.7×
10−4 95% HPD interval). Pacific madrones, on the other hand, have lower θo values when
fitted to the sigmoid functional form, with declines centered on 0.173 (from species-averaged
timeseries; −1.8 × 10−3, +2.1 × 10−3 95% HPD interval).

The parameter β for individual sensors is more evenly distributed across species, indi-
cating little species difference in the rate of sap flow decline below each individual tree’s soil
moisture threshold (Figure 2.7, row 3). Pacific madrone sensors tend to have higher values of
β, indicating that once their low θo is reached, their transpiration declines sharply; however,
θ values below the Pacific madrone θo values were infrequently observed, so their decline is
not well constrained.

The slopes γ of the radiation function (Figure 2.7, row 5) range from 5×10−4 to 8×10−4
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Table 2.4: Median values of estimated Jarvis parameter distributions for each tree, with
uncertainties calculated from the 95% HPD interval.

Tree gcmax/! (kPa-1) Do (kPa) " (unitless) #0 (unitless) $ ((W/m2)-1)

5 4.12 (-8.5e-02;+9.0e-02) 0.28 (-7.0e-03;+7.0e-03)  46 (-6.3e-01;+7.7e-01) 0.252 (-3.7e-04;+3.2e-04) 5.54e-04 (-4.1e-06;+4.2e-06)
8 3.90 (-8.0e-02;+6.9e-02) 0.29 (-5.6e-03;+6.4e-03)  49 (-7.3e-01;+6.2e-01) 0.259 (-4.0e-04;+3.1e-04) 4.89e-04 (-4.4e-06;+4.6e-06)
9 3.35 (-5.7e-02;+6.1e-02) 0.34 (-6.9e-03;+6.6e-03)  40 (-5.4e-01;+6.1e-01) 0.255 (-3.6e-04;+4.3e-04) 5.32e-04 (-4.4e-06;+4.2e-06)
12 4.10 (-1.3e-01;+1.4e-01) 0.26 (-9.0e-03;+9.5e-03)  54 (-1.2e+00;+1.3e+00) 0.253 (-4.2e-04;+5.0e-04) 6.00e-04 (-5.6e-06;+4.9e-06)
15 6.75 (-1.6e-01;+1.5e-01) 0.15 (-3.4e-03;+4.0e-03)  20 (-3.6e-01;+4.3e-01) 0.250 (-6.9e-04;+5.6e-04) 4.57e-04 (-4.7e-06;+5.1e-06)
21 4.42 (-1.2e-01;+1.5e-01) 0.22 (-8.0e-03;+6.7e-03)  44 (-8.3e-01;+9.9e-01) 0.247 (-4.2e-04;+4.7e-04) 5.40e-04 (-6.4e-06;+6.8e-06)
22 3.82 (-1.3e-01;+1.3e-01) 0.25 (-1.1e-02;+1.0e-02)  15 (-3.7e-01;+2.9e-01) 0.339 (-1.8e-03;+1.8e-03) 5.78e-04 (-8.9e-06;+7.9e-06)
23 1.76 (-4.8e-02;+3.9e-02) 0.59 (-1.7e-02;+2.0e-02)  83 (-1.4e+01;+1.8e+01) 0.190 (-6.1e-03;+4.9e-03) 8.07e-04 (-5.5e-06;+5.8e-06)
25 4.18 (-9.5e-02;+8.2e-02) 0.25 (-5.6e-03;+6.6e-03)  31 (-6.4e-01;+6.0e-01) 0.234 (-5.8e-04;+5.4e-04) 5.74e-04 (-3.8e-06;+3.7e-06)
avg1 7.23 (-6.1e-02;+5.3e-02) 0.14 (-1.2e-03;+1.3e-03)  30 (-3.6e-01;+2.9e-01) 0.263 (-2.4e-04;+2.7e-04) 5.44e-04 (-1.7e-06;+1.8e-06)

11 0.87 (-1.4e-02;+1.3e-02) 1.45 (-3.9e-02;+3.9e-02)  29 (-2.4e+00;+3.5e+00) 0.152 (-7.9e-03;+8.5e-03) 6.43e-04 (-8.4e-06;+7.4e-06)
16 1.44 (-2.1e-02;+1.9e-02) 0.82 (-1.3e-02;+1.6e-02) 249 (-7.3e+01;+1.4e+02) 0.203 (-3.7e-03;+2.4e-03) 7.99e-04 (-4.2e-06;+3.5e-06)
19 1.44 (-2.0e-02;+1.8e-02) 0.87 (-1.6e-02;+1.8e-02)  49 (-2.9e+00;+3.3e+00) 0.187 (-2.7e-03;+2.6e-03) 7.15e-04 (-4.6e-06;+4.2e-06)
24 1.35 (-2.3e-02;+2.2e-02) 0.85 (-2.0e-02;+1.7e-02)  94 (-9.5e+00;+7.3e+00) 0.199 (-2.4e-03;+1.6e-03) 8.25e-04 (-4.5e-06;+4.9e-06)
avg1 1.02 (-4.5e-03;+4.5e-03) 1.23 (-9.7e-03;+9.2e-03)  42 (-1.3e+00;+1.4e+00) 0.173 (-1.8e-03;+2.1e-03) 7.20e-04 (-1.6e-06;+1.7e-06)

3 0.92 (-2.1e-02;+2.0e-02) 1.50 (-6.5e-02;+6.8e-02)  66 (-2.7e+00;+2.6e+00) 0.233 (-4.9e-04;+5.8e-04) 7.25e-04 (-1.4e-05;+1.4e-05)
4 1.42 (-1.9e-02;+3.0e-02) 0.87 (-2.8e-02;+1.8e-02)  29 (-6.8e-01;+5.4e-01) 0.255 (-6.7e-04;+8.0e-04) 7.40e-04 (-8.4e-06;+7.4e-06)
6 1.36 (-2.0e-02;+2.3e-02) 0.88 (-2.2e-02;+1.9e-02)  50 (-1.6e+00;+1.5e+00) 0.223 (-5.7e-04;+6.5e-04) 6.74e-04 (-7.8e-06;+9.0e-06)
7 1.52 (-2.4e-02;+2.4e-02) 0.78 (-1.6e-02;+1.9e-02)  40 (-1.4e+00;+1.4e+00) 0.210 (-1.2e-03;+7.8e-04) 6.88e-04 (-5.5e-06;+6.5e-06)
10 1.68 (-2.2e-02;+2.6e-02) 0.78 (-1.6e-02;+1.4e-02)  52 (-1.4e+00;+1.5e+00) 0.222 (-5.0e-04;+4.5e-04) 5.26e-04 (-6.2e-06;+6.4e-06)
17 2.86 (-4.3e-02;+6.1e-02) 0.43 (-1.1e-02;+8.4e-03)  20 (-6.6e-01;+6.5e-01) 0.208 (-1.5e-03;+1.4e-03) 7.88e-04 (-4.6e-06;+4.3e-06)
26 1.81 (-5.2e-02;+4.9e-02) 0.68 (-2.3e-02;+2.5e-02)  66 (-5.0e+00;+4.9e+00) 0.222 (-2.0e-03;+1.5e-03) 7.70e-04 (-7.2e-06;+5.6e-06)
avg1 1.57 (-9.6e-03;+7.4e-03) 0.81 (-5.8e-03;+7.8e-03)  28 (-4.3e-01;+4.0e-01) 0.208 (-6.0e-04;+5.4e-04) 8.25e-04 (-1.2e-06;+1.1e-06)

1 0.75 (-1.7e-02;+1.7e-02) 1.82 (-7.5e-02;+9.0e-02)  26 (-1.6e+00;+1.6e+00) 0.199 (-2.6e-03;+2.5e-03) 7.66e-04 (-1.3e-05;+1.4e-05)
2 1.19 (-2.2e-02;+2.1e-02) 1.18 (-3.1e-02;+3.5e-02)  20 (-6.0e-01;+7.9e-01) 0.234 (-1.3e-03;+1.3e-03) 7.80e-04 (-9.2e-06;+1.0e-05)
13 1.09 (-1.9e-02;+1.5e-02) 1.10 (-2.5e-02;+2.8e-02)  20 (-4.8e-01;+4.8e-01) 0.216 (-1.5e-03;+1.0e-03) 6.07e-04 (-7.9e-06;+6.7e-06)
14 1.49 (-2.4e-02;+2.8e-02) 0.81 (-2.0e-02;+2.0e-02)  43 (-8.1e-01;+8.5e-01) 0.259 (-5.1e-04;+5.0e-04) 6.13e-04 (-7.8e-06;+8.7e-06)
18 1.52 (-2.4e-02;+2.4e-02) 0.80 (-1.5e-02;+1.8e-02)  32 (-1.2e+00;+1.2e+00) 0.201 (-1.4e-03;+1.6e-03) 7.21e-04 (-4.9e-06;+4.8e-06)
avg1 1.16 (-6.2e-03;+7.2e-03) 1.04 (-9.0e-03;+9.2e-03)  87 (-1.5e+00;+2.0e+00) 0.218 (-3.0e-04;+3.8e-04) 7.46e-04 (-1.8e-06;+2.2e-06)

20 0.95 (-1.4e-02;+1.4e-02) 1.55 (-4.3e-02;+4.7e-02)  35 (-6.6e-01;+7.9e-01) 0.250 (-6.5e-04;+5.1e-04) 8.45e-04 (-6.0e-06;+6.3e-06)
1"avg" refers to parameters estimated from species-averaged time series.

Douglas-fir

Pacific madrone

live oak

bay

tanoak
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(W/m2)−1. Douglas-firs tend to have lower slopes, indicating relatively high sap velocity at
low I and less sensitivity to I increase. In contrast, the broadleaf species (Pacific madrones,
live oaks, and bays) have higher slopes, indicating that their sap velocity increases more with
increasing I.

In general, the parameters do not vary systematically by tree diameter or position on the
slope. There is some increase of gcmax/α and decrease of Do with increasing tree diameter,
but this effect is difficult to disentangle from species differences, because all trees larger than
60 cm in diameter are Douglas-firs, while many of the smaller trees are broadleaf species.
This lack of diameter- and position-dependence is consistent with the PCA results, which
suggest that species differences represent the largest contribution to the observed sap flow
variability.

The MCMC results show that Douglas-firs and Pacific madrones are at opposite ends of
the spectrum of response to VPD and θ. Douglas-firs increase sharply in response to VPD
and then plateau, while Pacific madrones increase gradually and continually with increasing
VPD. Douglas-firs decline significantly at low θ values, while Pacific madrones show little
to no suppression with low θ values. Live oaks and bays fall between these end-member
responses.

2.3.5 Synoptic-scale temporal variability

The different sensitivity to VPD in Douglas-firs and Pacific madrones translates to dif-
ferent transpiration response to synoptic-scale (daily to weekly, weather-scale) variability in
atmospheric evaporative demand. In the summer dry season, VPD varies around a high sea-
sonal mean, and the daily maximum value is seldom lower than 1.5 kPa (Figure 2.2(c)). In
this summer range of VPD from 1.5 to more than 5 kPa, Douglas-firs have already reached
their maximum sap velocity (Figure 2.6(a), for example), but the sap velocity of Pacific
madrones, and to a lesser extent live oaks and bays, continues to increase with increasing
VPD. Thus, Pacific madrone transpiration is expected to vary significantly in the dry season
between high VPD and low VPD days, while Douglas-fir transpiration should not. Figure
2.9(a) shows the summer (July-September) average difference in normalized daily integral
sap flow between high VPD days (R3 daily max >2 kPa) and low VPD days (R3 daily max
<2 kPa) for each species. Douglas-firs show little to no difference between high VPD and
low VPD days in the summer, while Pacific madrones’ sap flow is up to 0.2 normalized units
(20%) higher on high VPD days than low VPD days.

In the rainy winter, in contrast, VPD varies around a much lower seasonal mean, so that
the dynamic range of daily maximum VPD is 0 to 2 kPa. In this range, Douglas-firs are
highly sensitive to VPD, whereas Pacific madrones, live oaks, and bays are less sensitive.
Thus, in the wet winter season, Douglas-firs have greater variability in response to weather-
scale VPD variation. Figure 2.9(b) shows the winter (November-February) average difference
in normalized daily integral sap flow between high VPD days (R3 daily max >0.5 kPa) and
low VPD days (R3 daily max <0.5 kPa). Douglas-fir sap flow is around 0.2 normalized units
(20%) higher on winter high VPD days than low VPD days. Pacific madrones, live oaks,
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and bays also have higher sap flow on high VPD days but by a lesser amount, 0.05-0.15
normalized units (5-15%).

2.3.6 Interannual variability

The timing of onset of Douglas-firs’ dry season decline varies between years. Figure
2.10 shows the date in each dry season when each Douglas-fir sensor dropped below 50% of
its maximum daily integral, using only high VPD days (R3 daily max >2.5 kPa, linearly
interpolating across gaps), and the box diagrams show the quartiles of the distribution of all
Douglas-fir sensors in each year. The timing of the sap flow decline varies among the three
years, occurring approximately two weeks earlier in 2009 than in 2010 or 2011. The timing
of soil moisture depletion also varies among the years, with depletion happening earliest in
2009 and latest in 2011 (yellow triangles in Figure 2.10), largely due to the timing of the last
spring storm. The date of relative soil moisture decline below 0.27 and the median date of
Douglas-fir decline below 50% are close in all three years, although there is notable scatter.

2.3.7 Regional transpiration estimates

Our bottom-up estimates of regional transpiration, estimated with the aid of the FIA
data, are shown at daily and monthly timescales in Figure 2.11 and are compared with
a top-down remote sensing estimate of ET derived from MODIS through 2010 in Figure
2.11, right column. Our estimates using a realistic species distribution (row 1) show highest
transpiration in June and July and a marked decline in the dry season. The hypothetical all-
Douglas-fir estimate (row 2) is very similar, which is not surprising because a large fraction
of trees in the Eel watershed are Douglas-firs, redwoods, or other conifers, and thus the
estimate in row 1 is strongly influenced by the Douglas-fir dynamics. The all-Pacific-madrone
hypothetical case (row 3), in contrast, has lower spring (February-May) transpiration and
higher dry season (August and September) transpiration than either the realistic species
distribution estimate or the all-Douglas-fir estimate.

The three radial sap velocity profiles tested give transpiration estimates that vary by
approximately a factor of two. The upper end of the range is similar in magnitude to the
average of MODIS-derived ET for pixels in the Eel watershed (cyan in Figure 2.11, right
column.) The sap-flow-based estimates are smaller than the MODIS-derived estimate of ET
for the pixel nearest the Rivendell site (purple in Figure 2.11, right column) by a factor of 2
to 3.

With the realistic species distribution, we estimate lower dry season (August-September)
transpiration relative to peak (June-July) transpiration than does MODIS. Figure 2.12 shows
August plus September transpiration divided by June plus July transpiration for MODIS-
derived ET from 2000 to 2010, and for our estimates from 2009 to 2011. In our estimates,
the ratio of dry season transpiration to peak transpiration is the same regardless of radial
sap velocity profile (the integral factor in Equation 2.13 cancels), so only one sap-flow-
based estimate is shown in Figure 2.12. The MODIS ratio of dry season transpiration to
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peak transpiration is close to 0.8 for the Eel watershed average and close to 1 for the near-
Rivendell pixel for all years and is markedly higher than the sap-flow-based ratio, which is
close to 0.5 in all three years.

2.4 Discussion

2.4.1 Species difference in response to VPD and θ

Evergreen tree species that coexist on this small hillslope transpire maximally during
different seasons. This difference in transpiration seasonality is due to the species-specific
sensitivities of transpiration to atmospheric evaporative demand and subsurface water sup-
ply. Douglas-fir transpiration reaches near-maximum values on clear-sky days in the rainy
spring when relative soil moisture exceeds a threshold of ∼0.3 even when VPD is low (around
1 kPa), and Douglas-fir transpiration declines sharply with the low surface soil moisture
conditions of the dry summer. In contrast, Pacific madrone, live oak, bay, and tanoak tran-
spiration increases continually with increasing VPD, reaching maximal transpiration values
when atmospheric evaporative demand is highest in the summer dry season; in addition, the
low moisture in the upper 50 cm of soil in the summer dry season does not suppress Pacific
madrone transpiration and suppresses the other broadleaf species to a lesser degree than it
does Douglas-fir. As a result, Douglas-firs have highest transpiration on clear days in spring,
while broadleaf species, and especially Pacific madrones, have highest transpiration on sum-
mer days with high atmospheric demand (Figure 2.4). The Douglas-fir seasonal pattern is
consistent with other studies [Jassal et al. (2009); Moore et al. (2004); Granier (1987)]; no
studies of Pacific madrone transpiration seasonal patterns were found in the literature.

Sensitivity to I also differed between Douglas-firs and the broadleaf species: broadleaf
transpiration showed a greater relative increase with increasing I than did Douglas-fir tran-
spiration. This species difference might arise in part because, although the parameters are
estimated with open-field I, trees of different heights on this north-facing slope actually have
different access to I. Large Douglas-firs (up to 50-60 m tall) generally have greater I access
than understorey broadleaf trees (20-30 m tall). Thus, during low I times such as morn-
ings or winter days, the large Douglas-firs might have sufficient I for photosynthesis and
transpiration, while understorey trees might not.

2.4.2 Species difference in water access

It remains uncertain how the broadleaf species and especially Pacific madrones, unlike
Douglas-firs, are able to maintain high rates of transpiration during the summer dry period.
In order to maintain these high transpiration rates, Pacific madrones must rely either on a
more readily available source of water (by placing roots in areas with more moisture, e.g.
deeper, or in areas that have higher hydraulic conductivity), or on more-tightly-bound water
(by maintaining hydraulic function at lower xylem and leaf water potentials). There is evi-
dence that Pacific madrones may use both of these mechanisms: at a similar site in southwest
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Oregon, Douglas-fir roots were confined mainly to the upper 1.5 m of the subsurface, with no
roots found below 2.5 m, while Pacific madrones in the same area had notably deeper roots,
extending to 2-3.5 m below the surface into rock fissures [Wang et al. (1995); Zwieniecki
and Newton (1995); Zwieniecki and Newton (1996)], and Pacific madrones at the Oregon
site used water across a greater depth than Douglas-firs [Zwieniecki and Newton (1996)].
Moisture in weathered rock can be an important plant water source [Schwinning (2010);
Schwinning (2013)], and the saprolite zone at our site has significant seasonal variation in
water storage and could be an important source for some or all species here [Salve et al.
(2012)]. Additionally, previous research has shown that Pacific madrones have minimum
leaf water potentials of about -3.0 MPa [Morrow and Mooney (1974); Wang et al. (1995)],
vs. -2.0 MPa in Douglas-firs [Running (1976); Wang et al. (1995)]; Pacific madrones’ lower
minimum leaf water potential suggests that Pacific madrones are less vulnerable to hydraulic
failure as soil moisture declines [Choat et al. (2012)] and thus might be able to access wa-
ter bound at low matric potential that is inaccessible to Douglas-fir. Our aboveground sap
flow observations cannot distinguish between these two possible mechanisms of water access,
but other researchers are using stable isotopes to investigate the water sources for different
trees at the site [Oshun et al. (2012)], and preliminary results suggest that needleleaf species
and broadleaf species use isotopically distinct water sources within the unsaturated zone.
Thus, Douglas-fir (sensitive stomatal control, shallow rooted, and vulnerable to hydraulic
failure) and Pacific madrone (less sensitive stomatal control, deeper rooted, and less vulner-
able to hydraulic failure) employ contrasting stomatal strategies that are logically connected
to hydraulic vulnerability and rooting depth.

We speculate that Pacific madrones may also have higher leaf area during the summer.
Pacific madrone leaves have a lifespan of 14.7 months [Ackerly (2004)], meaning that if new
leaves emerge at approximately the same time, then for a two- to three-month period each
year, the trees might have twice their normal leaf area. Informal observations at our site
indicate that Pacific madrones drop leaves in late summer, so mid-summer may be the high-
leaf-area period. When the leaf area is higher, whole tree transpiration could increase even
if transpiration per leaf stayed the same or declined, provided that water stress were not
extreme.

Interestingly, Douglas-fir trees at our site do not seem to use groundwater to alleviate
water stress during the dry season. Tree 5, a large Douglas-fir downslope where the water
table is ∼5 m below ground year-round, declined at a similar rate to upslope Douglas-firs in
the dry season (similar soil moisture parameters in Table 2.4). Like the instrumented upslope
Douglas-firs, tree 5 rebounded strongly with the onset of the rainy season, suggesting water
limitation during the dry season until unsaturated zone moisture was replenished by rains.

2.4.3 Implications of Douglas-fir water stress

Douglas-firs’ sap flow declined through the dry season in all three years, but the timing of
onset of the decline varied between years, corresponding to the timing of moisture decline in
the top 50 cm of soil (Figure 2.10). The timing of surface soil moisture decline, in turn, seems
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to depend on the timing of late spring precipitation (Figure 2.3). Excess rain during the
winter and early spring that exceeds the storage capacity of the soil will run off and have little
influence on summer soil moisture availability, but rain in the late spring has the potential
to refill a partially empty upper soil reservoir and sustain soil moisture further into the dry
season. Thus, the timing of late spring precipitation is important for sustaining Douglas-fir
transpiration through the dry season. As long as late spring storms meet a certain threshold
quantity, their timing may matter more than total wet season precipitation for Douglas-fir
function in the dry season.

Douglas-firs may be encroaching on areas formerly dominated by Pacific madrone and
other broadleafs in the ACRR, due to a fire-regime shift from controlled burning by indige-
nous people and early European settlers, to fire suppression in the 20th century [Johnson
(1979)]. If Douglas-firs become more prevalent, their suppressed transpiration in the dry
season could decrease the regional summertime evapotranspiration (Figure 2.11) and might
increase the land surface temperature in the dry season [Chapter 3]. California Coast Range
forests with a greater proportion of Douglas fir might also be less resilient to drought, if the
Douglas-firs’ decline in stomatal conductance reduced whole-tree carbon balance and thus
increased sensitivity to subsequent drought events [McDowell et al. (2008)].

2.4.4 Comparison with previous observations

Our bottom-up estimate of transpiration agrees generally with the MODIS-derived top-
down estimates at the scale of the Eel River watershed (Figure 2.11). However, there are
important differences in the dry season: we estimate notably lower transpiration in August
and September than does the MODIS remote sensing method (Figure 2.12). It is unlikely
that the difference could be due to soil evaporation unaccounted for in the sap flow method,
because surface soils are very dry in the late dry season. It is possible that other conifer
species in the watershed, such as redwood and pine species, have less stomatal closure than
Douglas-fir at low soil moisture values, and that our method underestimates transpiration
by these other species. However, Pinaceae tend to use water conservatively because they are
vulnerable to embolism [Martínez-Vilalta et al. (2004)], suggesting that pine species in this
region, which make up much of the “other conifer” category in Figure 2.2, would be likely
to close their stomata under dry soil conditions like Douglas-firs do. It is also possible that
the FIA inventory underestimates the contribution of broadleaf species like Pacific madrone
that transpire heavily in the dry season. Certainly, broadleaf evergreens dominate transpi-
ration locally on certain hillslopes: the species distribution is highly spatially patterned in
the Elder Creek and Eel River watersheds, with broadleaf evergreen trees predominant on
south-facing slopes and ridges, and Douglas-firs predominant on north-facing slopes and in
valleys [Collin Bode and William Dietrich, personal communication]. As such, south-facing
slopes may have higher dry season transpiration than north-facing slopes, creating structured
spatial variability in dry season transpiration. Finally, the MODIS algorithm, which uses
remotely sensed LAI and reanalysis meteorology to drive a Penman-Monteith model [Mu
et al. (2007)], may not accurately account for Douglas-fir stomatal closure when soils are
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dry, because the MODIS algorithm does not incorporate soil moisture information. Com-
parison with ET measured by flux towers suggests that the MODIS-derived annual cycle
of ET for Mediterranean sites contains large errors [Vinukollu et al. (2011); one flux tower
located in the Sierra Nevada foothills oak savanna and one on the western slope of the Sierra
Nevada in a mixed-evergreen coniferous forest].

We note that our estimates also agree with measurements of similar sites made with a
variety of methods. Salve et al. (2012) used a water balance to calculate an annual ET at
Rivendell (excluding interception losses) of 300-500 mm and summer (June-September) ET
of up to 200 mm. Our estimate using the realistic species distribution and the first radial
velocity profile (blue line in Figure 2.11, top row) gives annual transpiration of 350-410 mm
and June-September transpiration of 150-180 mm. At a wetter Douglas-fir site in British
Columbia using the eddy flux method, Jassal et al. (2009) measured similar spring and
early summer monthly ET (50-70 mm/month), although late summer ET was greater at the
wetter British Columbia site than at Rivendell. At a Douglas-fir site in western Oregon,
Moore et al. (2004) used sap flow scaling to estimate Douglas-fir dry season transpiration of
0.5-2.5 mm/day, depending on tree age and time within the dry season; these rates bracket
our dry season estimates (top left panel of Figure 2.11.) In addition, measurements of oak
transpiration at a Mediterranean site agree with the oak sap velocities we measured (Fisher
et al. (2007) measured peak sap velocities around 6 cm/hr) and the transpiration rates
we estimate (Chen et al. (2008) report oak tree transpiration of 2-4 mm/day in early- to
mid-summer.)

2.4.5 Uncertainties and limitations

Soil moisture

In this study, we aggregate measurements of soil moisture from across the hillslope into
a single site average. A spatial pattern in θ has been observed at this site, with downslope
profiles maintaining higher moisture content longer into the dry season [Salve et al. (2012)].
However, we choose to compare sap flow to a single, site-averaged value of soil moisture for
two reasons: (1) a moisture content–matric potential calibration has not been performed,
and the variation of material properties along the slope means that the spatial pattern of
moisture content might not directly translate to a spatial pattern of matric potential; (2) the
location of roots is uncertain, especially for large trees, which, on this steep slope, have root
systems extending great lateral distances and deeply into the hillside, and it is thus difficult
to constrain where trees are accessing water (i.e., we cannot weight our average by root
density [Chen and Avissar (1994)]). Thus, we use a single averaged relative θ as an index of
water availability, with the recognition that it imperfectly represents the water available to
each individual tree.

The TDR measurements of the top 50 to 70 cm do not measure the water content of the
saprolite zone between 1 and 3 m below the surface, which may be an important reservoir
of plant-available moisture [Salve et al. (2012)]. Unfortunately, the measurements used by
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Salve et al. (2012) to explore the saprolite moisture dynamics are not suited to our analyses
in this study because of as-yet-undetermined calibration to moisture content (ERSAS) or
low temporal resolution (neutron probe). We compare tree water use to surface (top 50 to
70 cm) soil moisture because it is readily measured at present; as techniques for quantifying
moisture in saprolite and weathered rock advance, tree water use should be compared to
those observations as well.

Sap velocity vs. transpiration

In treating sap velocity as proportional to transpiration, we assume that (1) the radial
profile of sap velocity in the sapwood is constant in time, and (2) the change in storage
between the measurement point and the leaves is small. The first assumption is a reasonable
[Cohen et al. (1985); Nadezhdina et al. (2002); Dragoni et al. (2009)] but not perfect [Ford
et al. (2004)] approximation. The second assumption introduces more error at sub-diurnal
timescales, when storage changes and temporal lags in velocity between stem and leaf can be
significant [e.g. Waring and Running (1978); Buckley et al. (2011)], but in the daily integral,
the storage change is less than 5% in Douglas-fir [Waring and Running (1978)]; the daily
storage change in other species varies but also tends to be small (negligible in Larix and
Picea [Schulze et al. (1985)], and up to 3% in Juglans regia [Constantz and Murphy (1990)]).
We neglect this storage contribution to transpiration for simplicity.

Similarly, in converting heat pulse velocity to sap velocity, we treat xylem water content as
constant through the year, but xylem water content, especially in Douglas-fir [Waring and
Running (1978)], may decline during long dry periods. Our water content measurements
were made at the end of the dry season and were thus probably a lower bound. According to
Equation 7 in Burgess et al. (2001), an underestimation of water content in the wet season
would result in an underestimation of sap velocity during the wet season.

Regional estimate of transpiration

We have estimated regional transpiration in order to demonstrate the potential for species
differences in response to V PD and θ to influence transpiration at a regional scale. The es-
timate required several simplifying assumptions. First, species recorded in the FIA dataset
were grouped into broad categories of needleleaf and broadleaf, both in order to estimate
the maximum potential impact of Pacific-madrone-like behavior in broadleafs and also to ac-
commodate species not measured at the Rivendell site. This coarse categorization could and
should be improved if additional species (especially the common conifers) are instrumented
in the future. Second, the sapwood thickness - DBH relationship is poorly constrained for
species other than Douglas-fir (our Pacific madrone relationship was based on only 6 samples,
and samples were not collected from other broadleaf species at the site because the hardness
of the wood made it prohibitively difficult with the available equipment). This allometric
relationship is expected to vary between sites, species, and trees of different ages [Eamus
et al. (2006), p. 42]; as such, this relationship is a significant source of uncertainty in our
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regional estimate. Similarly, the radial profile of sap velocity is another significant source
of uncertainty, and we attempt to quantify this uncertainty by producing three regional es-
timates, using three reasonable radial velocity profiles (Figure 2.11.) However, any errors
due to sapwood thickness and radial velocity profile would not change the seasonality of the
transpiration estimates, only the magnitude.

Finally, in using small-scale measurements to estimate the behavior of trees at the regional
scale, we neglect heterogeneity among hillslopes. Our regional estimate does not account
for heterogeneous meteorology and water availability, or for variation in response between
trees in different locations due to, for instance, genetics, climate during growth, or age
distribution. More sap flow and micrometeorological measurements at different sites within
the Eel River watershed, as well remotely sensed observations of vegetation, could integrate
such heterogeneity and improve the accuracy of the regional estimate.

2.5 Conclusions
Two evergreen tree species common to forests of the northern Pacific US coast have differ-

ent seasons of peak transpiration, due to their different responses to atmospheric evaporative
demand and soil water limitation. Douglas-fir transpiration is phase-shifted from the annual
cycle of solar radiation toward an earlier season of transpiration, with higher transpiration
in the wet spring; this is because Douglas-firs’ stomatal conductance is sensitive to water
availability and VPD and their transpiration thus declines through the dry season. Pacific
madrone transpiration, in contrast, is phase-shifted toward a later season of transpiration,
with higher transpiration in the dry summer; this is because broadleaf tree species at this site,
especially Pacific madrones, are less sensitive to water stress and maintain greater stomatal
conductance at high VPD.

The observations of sap flow were combined with a regional forest inventory to construct
a bottom-up estimate of regional transpiration. This estimate highlights the regional-scale
impact of needleleaf evergreen stomatal sensitivity to water stress. The resulting suppression
of dry season transpiration could create feedbacks from the forest to atmospheric tempera-
ture and humidity, and the nature of these feedbacks would depend on species distribution
[Chapter 3]. Better constraints on historical and future changes in Pacific coast forest species
composition are needed in order to understand the resulting impacts on the land-atmosphere
exchange of water and energy.

2.6 Appendix: Markov Chain Monte Carlo
The MCMC method we adopt computes the likelihood function, assuming that the sap

flow measurement errors are normally distributed, and uses the Metropolis-Hastings algo-
rithm to select new members of the chain from a proposal distribution [e.g., Sivia and Skilling
(1996)]. We used the python PyMC module to execute this analysis [Patil et al. (2010)]. The
standard deviation of the measurement error for each sensor was determined from the noise
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Table 2.5: Limits of uniform prior distributions for Markov chain Monte Carlo estimation of
Jarvis model parameters (Equation 2.7.)

Parameter Lower limit Upper limit
gcmax/α (kPa-1) 0 9
Do (kPa) 0 2
β (unitless) 0 400
θ0 (unitless) 0 0.35
γ ((W/m2)−1) 3x10−4 9x10−4

floor of the sensor’s power spectrum, using Parseval’s theorem; the standard deviation for
most sensors was 1-3%, and the largest standard deviation was 8%. The Metropolis-Hastings
algorithm guarantees convergence of the Markov chains, but convergence is slow when a high
rate of rejection (>>50%) of the proposed values occurs, a common circumstance for prob-
lems with a large number of parameters. We investigated marginalization over errors in the
environmental variables (temperature, relative humidity, radiation, and soil moisture) adopt-
ing a single test sensor for which this problem was computational tractable. The most likely
parameter values for this test sensor were slightly different from those derived assuming the
environmental parameters are perfectly known, but the differences were small compared to
the differences between sensors and compared to the range of the parameter space. The 95%
confidence intervals did not widen noticeably in this test, but the slight differences in median
values suggest that the 95% confidence intervals quoted here underestimate the parameter
uncertainties by up to a factor of 3. However, all parameter distribution widths remained
a small fraction of the spread in most likely parameters values derived for each species as
a whole. Thus, while the confidence intervals listed in Table 2.4 should be viewed as lower
limits to the true error for a given tree’s parameters, we do not expect unaccounted-for
uncertainties in environmental variables to significantly impact our species-wide conclusions.

We adopt uniform priors for the proposal distributions of the unknowns, and each chain
is initialized with a random value within the prior range. The adopted priors for the free
parameters are given in Table 2.5, and we imposed them after exploration of the full range of
parameters. Following an initial “burn in" period, we establish convergence and independence
following Raftery and Lewis (1995). Figure 2.8 shows typical results from this analysis for
two example trees. For both trees, gc,max

α
and Do are correlated, consistent with the results

of Oren et al. (1999); R2 values for gc,max

α
– Do correlation ranged from 0.92 to 0.99 over

all trees. For most madrone trees, β and θ0 covary in a nonlinear way, as shown in Figure
2.8 (Tree 16); β and θ0 did not covary in this way for other species. Other parameters
are minimally correlated, and the degree of parameter independence shown in Figure 2.8 is
typical for all sensors.
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San
Francisco

Figure 2.1: Site map, showing topography, weather stations (R1, R2, R3, TB, AM), TDR
profiles, and trees instrumented with sap flow sensors. Symbols for instrumented trees are
scaled by the tree diameter. Tree numbers correspond with those in Table 2.1. Light gray
numbers show elevation above sea level, in m. Large inset: regional topography near the
Angelo Coast Range Reserve (white star) [GLOBE Task Team et al. (1999)]. Small inset:
California, with gray box outlining the region displayed in the large inset, and red dot
showing San Francisco.
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Figure 2.2: Counts of trees per km2 in major species categories, binned diameter; from
FIA plots in the Eel River watershed [Woudenberg et al. (2010)]. The category “other
conifer” includes knobcone pine, Jeffrey pine, sugar pine, Western white pine, bishop pine,
ponderosa pine, California foothill pine, white fir, grand fir, red fir, Pacific yew, western
hemlock, incense cedar, and Sitka spruce. The category “other oak” includes California live
oak, canyon live oak, blue oak, Oregon white oak, California black oak, and California white
oak. The category “other broadleaf” includes bigleaf maple, California buckeye, red alder,
white alder, giant chinkapin, and bitter cherry.
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Figure 2.3: Climatic and hydrologic time series: (a) solar radiation (I, yellow) and daily
rainfall (blue), both measured unobstructed in an open field; (b) daily minimum and max-
imum air temperature (T ) at ground stations (R1, R2, R3) and canopy station (TB); (c)
daily minimum and maximum vapor pressure deficit (VPD) at ground stations (R1, R2, R3)
and canopy station (TB); (d) red, green, and gray: daily average relative soil moisture (θ),
averaged over each of the 6 profiles shown in Figure 2.1 (colors indicate the profile’s nearest
weather station, as in panel (b) legend); black: average of the 6 profile averages of relative
soil moisture.
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Figure 2.4: Daily maximum normalized sap velocities for each sensor, separated by species.
Each sensor’s line is slightly transparent, so that overlapping lines create darker blue colors.
Data gaps are due largely to power failure during times of low insolation. Species codes:
doug=Douglas-fir; madr=Pacific madrone; live=interior live oak; tan=tanoak.
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Stage 1 Stage 2

Figure 2.5: PCA results for all sensors, for stage 1 (left box) and stage 2 (right box).
Within each stage, left column: PC/EOF 1, right column: PC/EOF 2. Top row: principal
component time patterns. Circles show days included in the analysis. Gaps represent periods
of missing data longer than 4 days. Middle row: maps of EOF weighting factors for all trees
included in the analysis. Symbol shape indicates species, as in Figure 2.1. Bottom row:
EOF weighting factors, sorted by species. Box plot divides the quartiles of the distribution;
red line shows the median. Both the PCs and EOFs are unitless, because the analysis used
normalized velocities.
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Figure 2.6: Sap flow response to environmental drivers for example trees. Left column: tree
15, Douglas fir. Right column: tree 16, Pacific madrone. Top row: VPD versus normalized
instantaneous sap velocity, with symbols colored by site-averaged relative θ. Lines show the
fitted VPD function with different cases of soil moisture. Middle row: site-averaged site-
averaged relative θ versus normalized instantaneous sap velocity, with symbols colored by
VPD. Lines show the fitted soil moisture function with different cases of VPD. Bottom row:
solar radiation I at station AM versus normalized instantaneous sap velocity, with symbols
colored by VPD. Lines show the fitted radiation function, with different cases of VPD.



2.6. APPENDIX: MARKOV CHAIN MONTE CARLO 42

0

2

4

6

8

g c
,
m

ax

α

0.0

0.5

1.0

1.5

2.0

D
0

0

50

100

150

β

0.10
0.15
0.20
0.25
0.30

θ 0

D
o
u

g
 fir

m
a
d

ro
n

e

live
 o

a
k

b
a
y

ta
n

o
a
k

4e-04

6e-04

8e-04

γ

Figure 2.7: Estimated Jarvis parameters, sorted by species. Each circle represents the median
of the posterior distribution for an individual sensor. Black horizontal lines show the medians
of the posterior distributions for the species-averaged timeseries parameters; vertical black
error bars show the 95% HPD interval (for most species-averaged timeseries parameters, this
interval is smaller than the thickness of the horizontal line.) Row 1: gcmax/α parameter
(kPa−1), indicating sap velocity at low values of VPD and radiation. Row 2: Do parameter
(kPa), which measures the curvature of the sap velocity increase with increasing VPD. Row
3: β parameter (unitless), which measures the rate of sap flow decline around a soil moisture
threshold. The black triangle indicates that one madrone tree has a β value higher than 150.
Row 4: θ0 parameter (unitless), which measures the soil moisture value at which sap flow
decline is centered. Row 5: γ parameter ((W/m2)−1), slope of the sap velocity increase with
increasing radiation.
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Tree 15

Tree 16

Figure 2.8: Panels on the diagonal: posterior distributions of environmental response pa-
rameters for the example Douglas-fir sensor (top) and the example Pacific madrone sensor
(bottom.) Panels below the diagonal: covariation of each pair of parameters for each example
sensor.
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Figure 2.9: Difference in normalized daily integral sap velocity between high VPD days
and low VPD days, by species (D=Douglas fir, M=Pacific madrone, L=live oak, B=bay).
Circles show mean difference across all trees in the species for that season, and error bars
show one standard deviation. Row (a): July to September, where high VPD days are days
with maximum VPD>2 kPa, and low VPD days are days with maximum VPD<2 kPa. Row
(b): November to February, where high VPD days are days with maximum VPD>0.5 kPa,
and low VPD days are days with maximum VPD<0.5 kPa.
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Figure 2.10: Timing of dry season decline of Douglas-fir trees in each observation year. Each
blue dot represents the date of decline below 50% of a Douglas-fir tree’s maximum daily
integral, using only high VPD days (R3 daily max >2.5 kPa, linearly interpolating across
gaps). The box diagram for each year shows the quartiles of the distribution of all Douglas-
fir sensors, with the red line indicating the median. The yellow triangles show the date that
site-averaged relative θ declined below 0.27.
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Figure 2.11: Estimates of regional transpiration. Left column: daily average transpiration
rate estimated for the three plausible radial functions of sap velocity, using a realistic species
distribution (top), assuming all trees are Douglas-fir (center), and assuming all trees are
Pacific madrone (bottom.) Right column: monthly integrals of transpiration estimates,
again for the three plausible radial velocity profiles, and for the same three cases of species
distribution. Also shown in the right column are remote sensing estimates of monthly ET
at two spatial scales: nearest MODIS pixel to the field site (purple), and MODIS estimate
averaged over the Eel River watershed (cyan.)



2.6. APPENDIX: MARKOV CHAIN MONTE CARLO 47

2000 2002 2004 2006 2008 2010 2012
year

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

(A
u

g
+

S
e
p

 E
T

) 
/ 

(J
u

n
+

Ju
l 

E
T

)

MODIS Eel
MODIS Rivendell
sap flow

Figure 2.12: Ratio of dry season to peak season ET (MODIS) or transpiration (sap flow);
dry season is defined as August + September, and peak season is defined as June + July.
Two spatial scales are shown for MODIS: the pixel nearest to the Rivendell site (purple) and
the average for all pixels in the Eel watershed (cyan.)
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Chapter 3

Effect of regional-scale forest species
conversion on the atmospheric boundary
layer in the Northern California Coast
Range

Abstract: Common evergreen tree species in Northern California respond to summer
drought with different water use strategies. In this study, the effect of these different wa-
ter use patterns on the atmospheric boundary layer is estimated, using two atmospheric
models, one simple and one comprehensive. Two tree species with very different water use
strategies are tested, in order to quantify the maximum impact of species distribution on
the dry season atmosphere, using extreme regional-scale scenarios of complete forest species
conversion from 100% Douglas fir (Pseudotsuga menziesii) to 100% Pacific madrone (Ar-
butus menziesii). For representative mid-summer periods, atmospheric boundary layer con-
ditions (temperature, humidity, and boundary layer depth) are compared between a model
land surface with Douglas fir stomatal response parameters versus one with Pacific madrone
stomatal response parameters. For both species cases, soil moisture is varied from dry to wet
and free-tropospheric conditions are varied from cooler and moister to hotter and drier. The
simple model is a one-dimensional (“slab”) atmospheric boundary layer model that simulates
the coupled evolution of the daytime surface energy balance and the growth of the daytime
boundary layer by convective entrainment of free-tropospheric air. The comprehensive model
is a three-dimensional regional atmospheric model, the Weather Research and Forecasting
(WRF) model. In both models, when soils are dry, the summertime afternoon mixed layer
over the Pacific madrone forest is cooler (by 1-1.5 deg C), moister (by 1 g/kg), and shal-
lower (by 200-500 m) than that over the Douglas fir forest. The near-surface temperature
and humidity differences between the species cases, as simulated in WRF, are even larger:
over the madrone forest, the air at 2 m above ground is 1.5-2.5 deg C cooler and 2-3 g/kg
moister than the air at 2 m above ground over the douglas fir forest. These results suggest
that shifts in species composition of Northern California forests could affect the atmospheric
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boundary layer in the dry season, and these potential effects should be considered in forest
management decisions and assessment of regional climate change impacts.

3.1 Introduction
Because Douglas fir and Pacific madrone respond differently to atmospheric evaporative

demand and soil moisture, these two tree species transpire maximally in different seasons
in Northern California, with Douglas fir peaking in spring and Pacific madrone peaking in
mid-late summer. These differences in seasonal water flux may cause the summertime energy
partitioning at the land surface to differ between a Douglas-fir-dominated landscape and a
Pacific-madrone-dominated landscape. In this chapter, we use two atmospheric models, one
simple and one comprehensive, to estimate the effect of surface energy partitioning differences
on atmospheric boundary layer temperature, depth, and humidity, in the hypothetical cases
of a northern California Coast Range completely dominated by either Douglas fir or Pacific
madrone.

The land surface influences the temperature and humidity of the atmospheric boundary
layer by several mechanisms, including albedo, surface roughness, and stomatal control of
evaporative cooling [Bonan (2002)]. Net radiation absorbed by the land surface is partitioned
into sensible heat and evapotranspiration. With evapotranspiration, the conversion of liquid
water to water vapor consumes energy (called “latent heat”), thus cooling the land surface;
evapotranspiration thus moistens the atmospheric boundary layer but does not increase
its temperature if no condensation occurs. Sensible heat, in contrast, directly warms the
atmospheric boundary layer; sensible heat is proportional to the temperature difference
between the ground and the near-surface air, so the heating depends on the land surface
temperature. Increased evapotranspiration leads to a cooler, moister, shallower boundary
layer, while suppressed evapotranspiration leads to a hotter, drier, deeper boundary layer
[Bonan (2002); Seneviratne et al. (2010); de Arellano et al. (2012); Fischer et al. (2007);
Lobell and Bonfils (2008); Mueller and Seneviratne (2012); Durre et al. (2000); Hirschi et al.
(2010); Lee et al. (2005)].

In forested regions during rain-free periods, the evapotranspiration flux is dominated by
transpiration [Wilson et al. (2001), Dirmeyer et al. (2005), Jasechko et al. (2013)] and thus
depends strongly on active stomatal control. Stomata respond to multiple environmental
variables, including root-zone water availability, atmospheric evaporative demand (measured
by vapor pressure V PD, kPa, equal to the difference between saturation vapor pressure
at air temperature and actual vapor pressure), photosynthetically active radiation, CO2

concentration, and temperature [Jarvis (1976); Collatz et al. (1991)]. Seasonal or anomalous
drought most strongly affects root-zone water availability and V PD. Root-zone water supply
exerts nonlinear control on stomatal conductance (gs, L/day/kPa), with gs insensitive at high
water content but declining nearly linearly below a threshold water content until a minimum
water content is reached [Feddes et al. (1978); Chen et al. (2008)]; the threshold and minimum
water contents vary among species [Chapter 2 and references therein]. Stomatal conductance
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gs declines with increasing V PD, also nonlinearly, and species with higher gs at low V PD
show more rapid decline of gs with increasing V PD [Oren et al. (1999)].

Vegetation types with low stomatal conductance can create a hotter, deeper, and drier
atmospheric boundary layer. In boreal forests in summer, needleleaf trees have more con-
servative stomatal behavior than do broadleaf trees, resulting in lower evapotranspiration,
increased sensible heat flux, and higher boundary layer temperature and depth and lower
humidity [Baldocchi et al. (2000); Liu et al. (2005)]. Similarly, in the Southeastern US under
dry soil conditions, a pine plantation restricted stomatal conductance to a greater degree
than did a nearby hardwood site, resulting in greater sensible heat flux and a deeper at-
mospheric boundary layer [Juang et al. (2007)]. In temperate Europe, as well, forest and
grassland transpiration respond differently to V PD: early in the heat wave of 2003 (before
depletion of soil moisture), forest sites had lower evapotranspiration and greater sensible
heat flux than did grassland sites, due at least in part to greater stomatal closure in forests
in response to high V PD [Teuling et al. (2010)]. The differences between plant types in par-
titioning between latent and sensible heat are an important source of uncertainty in modeled
land-atmosphere interactions [Bonan (2002); de Noblet-Ducoudré et al. (2012)].

In this chapter, we quantify the effect of species differences in stomatal environmental
response on near-surface air temperature, humidity, and boundary layer depth. We estimate
changes in the atmospheric boundary layer between two hypothetical northern California
Coast Range forests: one composed entirely of Douglas fir, and the other composed entirely
of Pacific madrone. We choose these two species because of their strongly contrasting re-
sponses to water stress. As shown in Chapter 2, Douglas fir gs starts to decline at a higher
soil moisture content than does Pacific madrone gs. Additionally, Douglas-fir gs is high
when V PD is low but declines rapidly with increasing V PD, whereas Pacific madrone gs
is moderate at low V PD but declines less rapidly with increasing V PD. We use both a
simple atmospheric boundary layer model and a comprehensive regional climate model to
scale up sap-flow-based observations of the two species’s stomatal response to V PD and soil
moisture. By testing extreme scenarios of regional conversion of Northern California forests
to all-Douglas-fir or all-Pacific madrone, we estimate the potential differences in atmospheric
temperature and humidity resulting from their different stomatal dynamics.

3.2 Methods
We use two atmospheric models to estimate the atmospheric changes: the first is a

simple one-dimensional model of a convective boundary layer, and the second is a complex
three-dimensional regional climate model. Because of their differing levels of complexity,
these models have complementary strengths and weaknesses. The simple model isolates
the central physical processes of land surface energy partitioning and entrainment of free
tropospheric air; however, the simple model neglects secondary but important processes such
as lateral advection, topographic effects on flow, and radiation change. The complex model,
on the other hand, includes these and many other processes and can thus represent spatial
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heterogeneity and unanticipated feedbacks; however, the inclusion of so many processes can
obscure the connection between stomatal dynamics and temperature and humidity changes.
By using both models, we test the robustness of the stomatal effects and explore both the
central processes and the complex implications.

In both models, we use the stomatal response parameters for soil moisture and V PD
derived in the previous chapter to calculate stomatal conductance and thus latent heat flux.
Tests with each model are conducted over a range of soil moisture values and synoptic
conditions typical of August in the northern California Coast Range. We quantify the
differences in surface temperature, near-surface air temperature, boundary layer depth, and
near-surface humidity between a hypothetical all-Douglas-fir forest and a hypothetical all-
Pacific-madrone forest.

We account for variability of radiative and synoptic forcing differently in each model. In
the simple model, where the response to variability in radiation and free troposphere inputs
is more linear, the model simulation period is one day, using average radiation forcing for
mid-August; this one-day simulation is repeated for three sets of free troposphere conditions,
to characterize the sensitivity to synoptic forcing. In the complex model, where the response
to variability in radiation and free troposphere inputs is nonlinear, we instead run the model
for a longer period (two weeks) with evolving radiative and synoptic (lateral boundary)
inputs, and we average the the model output over this variability in inputs.

Two soil moisture quantities are used in this chapter. The first, volumetric soil moisture
(θvol), represents the volume of water per total volume of soil (m3/m3) and is used in the
complex model’s land surface model. The second, relative soil moisture (θrel), equals the
actual volumetric soil moisture divided by the volumetric soil moisture at saturation (θmax):

θrel = θvol/θmax. (3.1)

Relative soil moisture is used in Chapter 2 and in this chapter’s simple model. Volumetric
soil moisture is used in this chapter’s comprehensive model.

3.2.1 1-D model

The 1-D model [Tennekes and Driedonks (1981); Garratt (1994); Siqueira et al. (2009)]
simulates the evolution of boundary layer height, potential temperature, and humidity, given
surface fluxes and free troposphere conditions. In the real daytime atmospheric boundary
layer (Figure 3.1(a)), potential temperature (Θ, K) and specific humidity (Q, g/kg) decrease
rapidly with height through the surface layer, are uniform with height in the mixed layer,
and transition toward their free-tropospheric profiles in an entrainment zone at the top
of the boundary layer. This structure is simplified in the 1-D model (Figure 3.1(b)): the
boundary layer is assumed to be well mixed, with uniform Θ and Q, and to be capped by a
temperature inversion represented by a step change. Because the model is 1-D, it assumes
horizontal homogeneity, meaning no lateral variation in surface fluxes or properties and no
net horizontal advection.
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Model dynamics

The height of the boundary layer, h (m), is assumed in the 1-D to grow only by buoyant
convection, in such a way that the entrainment heat flux at the top of the boundary layer
is a fixed fraction of the sensible heat flux at the land surface (as in Garratt (1994), Section
6.1.5.) The evolution of h is modeled as

dh

dt
= (1 + 2β)

H/ρcp
ΓΘh

, (3.2)

where H is the surface sensible heat flux (W/m2), ρ is the density of air (kg/m3), cp is
the heat capacity of air at constant pressure (J/kg/K), ΓΘ is the lapse rate of potential
temperature above the boundary layer (K/m), and 1 + 2β is the proportionality relating
surface sensible heat flux to entrainment heat flux at the top of the boundary layer; in this
study, β is set to 0.2, following Garratt (1994). The time tendency of the boundary layer
height, and thus of entrainment at the top of the boundary layer, is used to solve for the
evolution of Θ and Q:

dΘ

dt
=

1

h

(
H

ρcp
+ ∆Θ

dh

dt

)
(3.3)

dQ

dt
=

1

h

(
E

ρ
+ ∆Q

dh

dt

)
, (3.4)

where E is surface evapotranspiration (g/m2/s), and ∆Θ (K) and ∆Q (g/kg) are the jumps
in potential temperature and specific humidity, respectively, across the inversion at the top
of the mixed layer. These jumps are calculated using

d∆Θ

dt
= ΓΘ

dh

dt
− dΘ

dt
(3.5)

d∆Q

dt
= ΓQ

dh

dt
− dQ

dt
, (3.6)

where ΓQ is the lapse rate of water vapor above the mixed layer. The first term on the right
hand sides of Equations 3.4 and 3.6 represents the rate of change in the value just above
the inversion jump as the boundary layer grows, and the second term represents the rate of
change in the mixed layer value; the difference between these two is the rate of change of
the jump across the top of the mixed layer.

External inputs and calculation of surface heat fluxes

This model requires the following inputs: time series of evapotranspiration (E) and
sensible heat flux (H) at the surface through the day; free tropospheric profiles ΓΘ and ΓQ;
and initial conditions of Θ, Q, h, ∆Θ, and ∆Q.

E is the sum of transpiration (Et) and soil evaporation (Esoil); evaporation of intercepted
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canopy water is negligible during the dry season days considered here. Et is simulated
following the procedure in Section 2.2.6: normalized sap velocity at the outer edge of the
sapwood (vn, ranging from 0 to 1) is predicted with a Jarvis model for stomatal conductance
[Jarvis (1976)] with parameters estimated from sap flow measurements (species-averaged
parameters in Table 2.2), and vn is scaled up to regional transpiration using the observed
Douglas fir tree-diameter–sapwood-thickness relationship (Equation 2.9) and an FIA-derived
tree size distribution [Woudenberg et al. (2010), all-species distribution, black line in Figure
2.2]. The Douglas fir sapwood thickness relation is used for both the Douglas fir and Pacific
madrone model runs because the relations are very similar and in order to eliminate variation
due to sapwood area and focus on variation due to stomatal response.

Soil evaporation is estimated using a simplified version of the CLM model soil evaporation
scheme [Oleson et al. (2010)]:

Esoil =
−βsoi(qair − qground)

raw + rlitter
, (3.7)

where βsoi (unitless) is a reduction factor based on soil moisture (Equation 5.68 in Oleson
et al. (2010) with θfc,1 = 0.15), qair is the specific humidity of the air (g/kg), qground is the
saturation specific humidity at ground temperature (g/kg), raw (s/m) is the resistance to
water vapor transfer from the ground to the canopy air space (Equation 5.99 in Oleson et al.
(2010) with Cs = 0.004 (turbulent transfer coefficient, unitless) and u∗ = 0.4 m/s (friction
velocity)), and rlitter (s/m) is the resistance to water vapor transfer through the litter layer
(Equation 5.106 in Oleson et al. (2010) with Lefflitter = 0.5 m2/m2). For the purpose of both
Esoil and Et, soil moisture is treated as a single depth-averaged value, because the stomatal
conductance parameters were fit with depth-averaged soil moisture, for reasons described in
Sections 2.2.1 and 2.4.5.

Sensible heat flux (H, W/m2) is calculated as

H =
ρcp
ra

(Ts − Ta), (3.8)

where the surface temperature (Ts, K) is determined by the evapotranspiration E and the
net radiation, and aerodynamic resistance (ra) is held constant at 10 s/m. This value of ra is
representative of typical wind speeds and near-neutral conditions using Equation 14.33 from
Bonan (2002), and this particular value was chosen to give surface and air temperatures
close to observations. Ts is derived by solving the surface energy balance equation,

(1 − α)Sdown + Ldown − σεT 4
s =

ρcp
ra

(Ts − Ta) + λE +G (3.9)

where α is surface albedo (unitless), Sdown is downward solar radiation (W/m2), Ldown is
downward longwave radiation (W/m2), the last term on the left hand side is outgoing long-
wave radiation (Lup, W/m2), σ is the Stefan-Boltzmann constant (W/m2/K4), ε is surface
emissivity (unitless), the first term on the right hand side is H, λ is the latent heat of vapor-
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ization of water (J/g/K), and the ground heat flux G is set equal to 10% of the net radiation
(sum of the left-hand-side terms) [Ogée et al. (2001)]. Equation 3.9 is solved for Ts using
the Newton-Raphson method and a timestep of 1 second. H for input to the 1-D model is
then calculated using Ts, modeled Θ converted to Ta, and the fixed value of ra. The modeled
potential temperature Θ is converted to near-surface air temperature Ta (needed for calcu-
lating H and Et, which requires VPD) by adjusting for the ground-surface elevation at the
ACRR, using an altitude at ground level of 400 m above sea level (ASL) and an adiabatic
lapse rate of 10 K/km (Θ = Ta(0 m ASL); Ta(400 m ASL) = Ta(0 m ASL) - (10 K/km)(0.4
km)).

Incoming radiation is prescribed using typical values for August in this region. For Sdown,
we use the average diurnal course of total solar radiation measured at an open meadow station
at the Angelo Coast Range Reserve (ACRR) on August 15 of 2009-2011, as representative of
clear days in mid-August, when soil moisture has dried enough to begin to limit transpiration.
For Ldown, we use the GEWEX Surface Radiation Budget [Stackhouse Jr et al. (2011)] mean
diurnal pattern from the month of August (using the years available, 2003-2007) for the grid
cell nearest the ACRR field site. α is set to 0.1 and ε is set to 0.95 for both species in order
to eliminate variation due to vegetation radiative properties (0.1 is the albedo and 0.95 is
the emissivity for broadleaf evergreen temperate trees in CLM [Oleson et al. (2010)].)

Free troposphere conditions (needed for ΓΘ and ΓQ in Equations 3.2, 3.5, and 3.6) are
derived from atmospheric soundings at Oakland International Airport, 250 km south of the
Rivendell field site (downloaded from the archive at the University of Wyoming, http://
weather.uwyo.edu/upperair/sounding.html). The sounding site and field site are similar
distances from the Pacific coast (16 km for the field site and 25 km for Oakland Airport) and
both have prevailing wind directions from the west over the ocean. As such, the pre-dawn free
troposphere profiles have minimal land-surface influence and instead sample the background
air mass, which in the long term average is likely to be fairly uniform across a distance of 250
km (less than the Rossby radius of deformation). Oakland is influenced by fog, but it is also
at lower altitude (near sea level), whereas much of northern Coast Range forest region has a
base elevation of at least 400 m ASL; as such, we neglect sounding measurements from below
400 m ASL, thus excluding much of the fog. Profiles of Θ and Q are available for 4 AM
and 4 PM local time; here, we average profiles from 4 AM local time for the months of July
and August from 2009 to 2011, binned by daily maximum temperature (Tmax) measured at
the ACRR: cool days (Tmax < 20◦C), intermediate days (20◦C ≤ Tmax < 30◦C), and hot
days (Tmax ≥ 30◦C). We use Tmax at Angelo as an indicator of warmer versus colder free
troposphere conditions, because given similar radiation conditions, day-to-day temperature
variation is driven largely by variation in the free troposphere air masses. The average
profiles and the piecewise linear approximations used in the model are shown in Figure 3.2.

The model is initialized at 7:45 AM local time with boundary layer depth h = 100 m
as a rough estimate of nocturnal boundary layer depth over complex terrain, and with Θ =
283 K and Q = 8.5 g/kg, based on average early morning values measured at the ACRR in
August. The model is not very sensitive to initial conditions, instead adjusting quickly to
the daytime radiation and surface energy constraints (not shown).

http://weather.uwyo.edu/upperair/sounding.html
http://weather.uwyo.edu/upperair/sounding.html
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Parameter Range of values tested
Jarvis V PD parameters (Do and gc,max)
and θrel parameters (θ0 and β)

Douglas fir, Pacific madrone (Table 2.4,
species-averaged values)

Lapse rates ΓΘ and ΓQ 1 (blue in Figure 3.2), 2 (yellow), 3 (red)
Relative soil moisture θrel (unitless) 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5

Table 3.1: Range of values tested using the one-dimensional boundary layer model.

The range of soil moisture, free troposphere, and tree species conditions tested are listed
in Table 3.1.

3.2.2 Regional climate model

In order to further test the impact of these two tree species on the atmospheric boundary
layer, we use WRF-Noah [Skamarock et al. (2008)], a three-dimensional, non-hydrostatic
regional climate model (Weather Research and Forecasting, or WRF) with terrain-following
vertical coordinates and a coupled land surface model (Noah). In WRF, the conservation
equations for momentum, mass, and energy are solved numerically to calculate the tempo-
ral evolution of atmospheric state variables, including air temperature, pressure, humidity,
and wind velocity. WRF has a range of parameterization options for radiation, turbulence
treatment via planetary boundary layer (PBL) schemes or large-eddy simulation closures,
cloud microphysics, convection, bottom boundary fluxes of water vapor and heat, and lateral
boundary forcing.

The parameterization schemes used here are listed in Table 3.2. Most schemes chosen are
the default settings for realistic (non-idealized) simulations, with the exception of the ACM2
PBL scheme. The ACM2 scheme is used because of its ability to represent both convective
regimes (non-local transport) and shear-dominated regimes (local transport) [Pleim (2007)],
and because of its good performance in other WRF studies [Xie et al. (2012), Xie et al.
(2013), Deppe et al. (2013), Marjanovic et al. (2014)].

The tests are run with two nested domains centered on the northern Coast Range (Figure
3.3). The use of two nests enables gradual down-scaling of the coarse lateral forcing to the
high resolution needed to better resolve flow over the Coast Range. We adopt a conservative
nesting grid ratio of 3:1. The outer domain (“d01”) provides the lateral boundary conditions
for the inner domain (“d02”), and the inner domain states are fed back to the outer domain
throughout the region coincident with the inner domain. Two-way nesting increases model
accuracy, particularly in regions of complex terrain [Harris and Durran (2010), Marjanovic
et al. (2014)]. The domain resolutions and dimensions are listed in Table 3.3. The lateral
boundaries of the outer domain are forced with NCEP Eta 212 grid (40 km) operational
analysis [NCEP (1998)] for the period of 2009-08-16 00:00 to 2009-08-30 00:00, with the first
32 hours discarded as model spin-up. This time period is rain-free and sunny at the Angelo
Reserve and represents the mid- to late-summer season when soil is very dry and incoming
radiation is still strong (Figure 2.3).
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Scheme Setting
WRF version 3.6
Grid nesting two-way
Lateral boundary conditions NCEP Eta analysis
Soil levels 4
Land use and soil categories USGS
Land surface model Noah
Surface layer MM5 Monin-Obukhov
Planetary Boundary Layer (PBL) ACM2
Turbulence closure Horizontal Smagorinzky first order
Microphysics WSM 3-class simple ice
Longwave radiation RRTM
Shortwave radiation Dudhia
Cumulus Kain-Fritsch (new Eta)
Momentum advection 5th order horizontal, 3rd order vertical
Scalar advection 5th order positive definite
Lateral boundary relaxation zone 5 grid points

Table 3.2: WRF parameterization options. See Skamarock et al. (2008) for description of
schemes.

Domain ∆x (km) ∆y (km) nx ny nz ∆t (s) USGS data res
d01 8.1 8.1 96 99 45 45 2 min
d02 2.7 2.7 175 175 45 15 2 min

Table 3.3: Model domains. d01 refers to the outer domain, and d02 refers to the inner
domain.
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Vegetation type θref (m3/m3) θwilt (m3/m3) RS (s/m) HS (kg/kg)
Douglas fir 0.156 0.075 125 (ENF) 47.35 (ENF)
Pacific madrone 0.105 0.047 150 (EBF) 41.69 (EBF)

Table 3.4: Parameters for Noah’s Jarvis formulation of stomatal conductance, by vegetation
type. θref and θwilt are the volumetric soil moisture values defined in Equation 3.11 and Fig-
ure 3.5. RS is the Noah minimum stomatal resistance parameter in the Jarvis formulation.
HS is the Noah scaling factor for the specific humidity deficit in the Jarvis humidity stress
function (Equation 3.12). ENF is the USGS Evergreen Needleleaf Forest land use type; EBF
is the USGS Evergreen Broadleaf Forest land use type.

Run ID VPD parameters (RS, HS) Soil moisture parameters (θref , θwilt)
vDF-sDF Douglas fir (ENF) Douglas fir
vMD-sMD Pacific madrone (EBF) Pacific madrone

Table 3.5: Combinations of stomatal conductance Jarvis parameters used in the WRF tests.
Each pair of parameters is tested for a range of volumetric soil moisture (θvol) values in the
northern Coast Range test region: 0.08, 0.1, 0.12, and 0.14 m3/m3 (equivalent to θrel of 0.18,
0.23, 0.27, and 0.32 with θmax = 0.439 m3/m3.

The two hypothetical forests (all-Douglas-fir and all-Pacific-madrone) are tested in the
northern Coast Range region highlighted in Figure 3.3. In this region, idealized land use
and soil types are used, and the VPD and soil moisture stomatal response parameters of
this dummy type are modified according to the test case, as described below. Radiative
properties, leaf area, and rooting depth of the dummy type are held constant among the test
cases, using the “Evergreen Needleleaf Forest” values. Outside of the test region, observed
topography and USGS classification system vegetation and soil types are used [Skamarock
et al. (2008)].

The test region stomatal conductance parameters are modified to quantify the differences
between the hypothetical all-Douglas-fir and all-Pacific-madrone cases. The Noah model uses
a Jarvis formulation of stomatal conductance similar to that used in Chapter 2 (Equation
2.3):

1

rc
=

1

RS
fθf∆qfrad... (3.10)

The RS parameter is the minimum stomatal resistance (equivalent to 1/gs,max), and the
maximum stomatal conductance 1

RS
is modified by empirical functions of environmental

variables (fθ, f∆q, frad) to give the actual stomatal conductance (inverse stomatal resistance)
1
rc
.
The soil moisture stress function is the piecewise-linear, threshold Feddes model [Feddes
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et al. (1978); Chen et al. (2008)]:

fθ(θ) =


1 : θ > θref
θ−θwilt

θref−θwilt
: θwilt < θ ≤ θref

0 : θ ≤ θwilt

(3.11)

The parameters for the sigmoid model from Chapter 2 (Equation 2.5, Table 2.4) thus must
be translated to the Feddes parameters (reference or stress point, θref , and wilting point,
θwilt). For each species, we fit a line to fθ between fθ = 0.05 and fθ = 0.95 and extrapolate
the line to 0 to estimate θwilt and to 1 to estimate θref (Figure 3.5, Table 3.4 where θrel
values are converted to θvolumetric using θmax = 0.439 m3/m3 for the dominant loam soil type
in the test region).

The empirical function representing humidity stress in the Noah model is similar to the
asymptotic function used in Chapter 2 (Equation 2.4):

f∆q(∆q) =
1

1 +HS∆q
, (3.12)

where ∆q (kg/kg) is the difference between saturated specific humidity and actual specific
humidity, andHS relates changes in humidity to changes in stomatal conductance (analogous
to Do in Chapter 2), with values given in Table 3.4.

The variation of f∆q with ∆q, using USGS HS parameters for Evergreen Needleleaf
Forest (ENF, blue) and Evergreen Broadleaf Forest (EBF, green), is shown in Figure 3.4 (top
panel). For comparison, the variation of gs,max/α ∗ f(V PD) with V PD, calculated using
sap-flow-derived species averaged parameters for Douglas fir and Pacific madrone (Table
2.4), is also shown in Figure 3.4 (bottom panel). In the sap-flow-derived parameters, the
Douglas-fir case has higher stomatal conductance at low V PD, whereas the difference is
much less pronounced at low V PD in the WRF parameters. Despite these differences, for
the tests presented here, we use the Noah ENF and EBF parameters to represent the species
difference in humidity response. We do not use the sap-flow-derived parameters for several
reasons: (1) it is not straightforward to translate the sap-flow-based gs,max/α to RS, because
gs,max/α refers to stomatal conductance normalized by sapwood area, whereas RS represents
resistance on a per-unit-leaf-area basis; (2) Do is in units of V PD (kPa), while HS is in
units of inverse specific humidity (q, kg/kg), and the relation between V PD and q varies
with temperature; and (3) the atmospheric boundary layer effects when soils are dry depend
much more on species differences in soil moisture response than on species differences in
humidity response (Figure 3.10, below); as such, the impact of errors in humidity response
parameters on results from hot summer days is expected to be small.

WRF-Noah is run for the all-Douglas-fir and all-Pacific-madrone cases (Tables 3.4 and
3.5), with a range of volumetric soil moisture values (θvol = 0.08, 0.1, 0.12, 0.14 m3/m3).
These values are equivalent to relative soil moistures of 0.18, 0.23, 0.27, and 0.32, given
that the saturation moisture content of the loam soil type used in the model is 0.439 m3/m3.
These relative soil moisture values span the range of values observed in August at the Angelo



3.3. RESULTS 59

Coast Range Reserve (Figure 2.3). Soil moisture in the Coast Range test region is reset each
day at midnight local time, so that the soil moisture deviates only minimally from its stated
value (less than 10%).

WRF results are presented at two elevations: 2 m above ground level (AGL), which
is in the surface layer (Figure 3.1), and 390 m AGL, which is in the mixed layer of the
fully-developed inland boundary layer.

3.3 Results

3.3.1 1-D model

The 1-D model simulates a reasonable diurnal cycle for mid-August, but with tempera-
tures several degrees higher than observations at the ACRR, which may result from using
tropospheric soundings from Oakland. Figure 3.6 shows a typical diurnal cycle for a moderate
lapse rate (#2) and relative soil moisture θrel = 0.25. The Pacific madrone forest has higher
transpiration than the Douglas fir forest, because Pacific madrone stomatal conductance is
higher at this value of θrel (c.f. Figure 3.5); both cases have very little soil evaporation at
this value of θrel. As a result, the Pacific madrone case has lower sensible heat (H) than the
Douglas fir case, leading to a shallower, cooler, and moister boundary layer over the Pacific
madrone forest.

The boundary layer is warmer and drier when the free troposphere is warmer and drier
(Figures 3.7 and 3.8; increasing Ta and decreasingQ from lapse rate 1 to 2 to 3). Additionally,
the shape of the diurnal cycle differs among the free troposphere cases, with most rapid
morning increase in Ta in the hottest case (lapse rate 3), due to entrainment of high-Θ air
in the steep low-level inversion. The drier free troposphere conditions in lapse rate 3 also
lead to lower Q, but with a slower morning decline of Q because of relatively slow boundary
layer growth through the steep inversion.

For both the Pacific madrone forest and the Douglas fir forest, drier soil (decreasing θrel)
leads to a warmer and drier boundary layer (increasing Ta and decreasing Q). However,
in the Douglas fir case, the increase in Ta and decrease in Q begin when the soil is wetter
(θrel ≤ 0.3; Figures 3.7 and 3.8, left columns), while in the Pacific madrone case, the increase
in Ta and decrease in Q begin only when soil is drier (θrel ≤ 0.2; Figures 3.7 and 3.8, right
columns).

The differences between the species cases are largest in the afternoon; Figure 3.9 shows
Ta and Q at 3:45 pm for the Douglas fir and Pacific madrone cases, as a function of θrel and
free troposphere conditions. The differences between the Douglas fir and Pacific madrone
cases for both Ta and Q are largest at θrel values around 0.2, with the Douglas fir case
hotter by 1-1.5 ◦C and drier by ∼0.7 g/kg. A θrel value of 0.2-0.25 is typical for the mid-
to late-dry-season at the ACRR (Figure 2.3). Interestingly, at θrel values higher than about
0.35, the Douglas fir case is actually cooler and moister; such θrel values are typical for the
late spring and early summer at the ACRR (Figure 2.3).
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The temperature and humidity differences at θrel ≤ 0.3 are due largely to Douglas firs’
greater stomatal closure with dry soil. Model tests setting the V PD parameters (Do and
gc,max) to the Douglas fir values (Table 2.4) and varying the θ parameters (θ0 and β) by
species give a Douglas fir - Pacific madrone temperature difference of 1.5-2◦C at θrel = 0.2
(Figure 3.10(a)), while tests setting the θ parameters to the Pacific madrone values and
varying the V PD parameters by species give a temperature difference of <0.5◦C at θrel = 0.2
(Figure 3.10(b)). Thus, in dry soil, the Douglas fir V PD response does little to moderate the
temperature differences caused by Douglas fir stomatal closure at low θrel. However, in wet
soils (θrel <0.3), and particularly in cool free troposphere conditions, the greater Douglas
fir stomatal conductance at low V PD cools the boundary layer (Figure 3.10(b)), while soil
moisture plays little role (Figure 3.10(a)).

3.3.2 Regional climate model

Figure 3.11 shows the time series of atmospheric conditions averaged over the test region
in the Douglas fir case (panels 1, 3, and 5) and the difference between the Pacific madrone
and Douglas fir case (panels 2, 4, and 6). In the Douglas fir case, drier soils lead to a hotter
(panel 1 of Figure 3.11), drier (panel 3), and deeper (panel 5) boundary layer than do wet
soils. For soil moisture ≤ 0.12 m3/m3 (θrel ≤ 0.27), the boundary layer over the madrone
forest is cooler (panel 2), moister (panel 4), and shallower (panel 6) than that over the
Douglas fir forest; the differences are negligible for soil moisture of 0.14 m3/m3 (θrel = 0.32).
The differences between the species cases increase with drier soil: the greatest differences
occur when soil moisture is 0.08 m3/m3, with 2 m air temperature in the madrone case
cooler by 1.5-2.5◦C, 2 m humidity greater by 1-3 g/kg, and boundary layer depth shallower
by 200-500 m, averaged over the test region.

The differences in temperature and humidity persist from 2 m AGL (Figures 3.12 and
3.13, top rows) through to the mixed layer at ∼390 m AGL (Figures 3.12 and 3.13, bottom
rows). The species differences are smaller at 390 m AGL than at 2 m AGL: the madrone
case is cooler than the Douglas fir case by up to ∼2.5◦C at 2 m AGL and by up to ∼1.5◦C
at 390 m AGL; humidity in the madrone case is greater than in the Douglas fir case by 2-3
g/kg at 2 m AGL and by 1.5-2.5 g/kg at 390 m AGL.

The changes in 390 m AGL temperature and humidity and in boundary layer depth are
greatest inland, where the convective boundary layer is fully developed. The boundary layer
in the control Douglas fir case is shallow near the coast but deepens inland (Figure 3.14, left
panel), as expected from previous analytical and numerical studies [Garratt (1990)]. Because
the boundary layer is shallow in this zone, the differences in surface energy balance between
the species cases may not be fully communicated to an altitude of 390 m AGL. The deeper
boundary layer inland means that the air at 390 m AGL is part of the mixed layer that
communicates rapidly with the surface; thus, the changes in temperature and humidity in
the madrone case affect the air at 390 m AGL over inland but not coastal regions.
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3.4 Discussion and Conclusions
Large-scale conversion of the northern California Coast Range forest from all-Douglas-fir

to all-Pacific-madrone cools and moistens the summertime boundary layer when relative soil
moisture is less than 0.3, conditions typical of late summer at the ACRR (Figure 2.3). Two
atmospheric models, one simple and one complex, simulate a cooling of ∼1.5◦C in the mixed
layer (∼2.5◦C near the surface) and a moistening of 1 g/kg in the mixed layer (2-3 g/kg
near the surface). With 100% Pacific madrone coverage compared with 100% Douglas fir
coverage, Pacific madrone cools and moistens the boundary layer when soils are dry because
madrone stomatal conductance and thus transpiration remains higher at low soil moisture.
The greater transpiration consumes a larger fraction of net radiation in latent heat and
reduces the sensible heat flux; because sensible heat is reduced, there is less direct heating
of the boundary layer from the surface, and there is less entrainment of the hotter, drier free
tropospheric air above the boundary layer.

The simple model and the complex model estimate similar magnitudes of temperature
and humidity differences between the Douglas fir and Pacific madrone cases; the similarity
of the results confirms the role of evapotranspiration in the near-surface atmosphere in the
northern California Coast Range, especially in the dry season. The 1-D boundary layer model
does not include the effects of advection or subsidence and thus overestimates boundary layer
height and temperature at the ACRR field site; however, the differences in temperature and
humidity between the Douglas fir and Pacific madrone cases simulated by the simple model
agree with the differences simulated by the complex model. Even accounting for the effects
of advection, complex topography, and subsidence in WRF, the hotter and drier conditions
of the Douglas fir case relative to the Pacific madrone case are a robust result.

The differences in late summer temperature and humidity are due largely to the dif-
ferences in stomatal response to soil water deficit (Figure 3.10). Importantly, WRF does
not represent vegetation-type differences in stomatal response to soil moisture; rather, the
θref and θwilt parameters depend only on soil type in WRF. This inability to represent veg-
etation differences in water stress points prevents WRF from accurately representing the
variation in land surface response to drought. Adding vegetation-type-specific θref and θwilt
parameters to the WRF Noah land surface model would improve WRF’s ability to simulate
ecosystem-atmosphere interactions.

While we incorporate sap-flow-derived parameters for stomatal response to soil moisture
in both models, in the WRF tests we do not use sap-flow-derived parameters for the V PD
response. In order to incorporate sap-flow-derived V PD parameters into WRF in future
work, measurements of the sapwood area to leaf area ratio are necessary (for converting
gs,max, representing conductance on a per-sapwood-area basis, to 1/RS, representing stom-
atal conductance on a per-leaf-area basis). The sap-flow-based V PD parameters should also
be re-estimated using ∆q instead of V PD, in accord with the WRF humidity stress function
(Equation 3.12). Nevertheless, the effect of differences in V PD parameters is small when
V PD is high and soil is dry, as is the case in mid- to late-summer (Figure 3.10). The effect
of differences in V PD parameters may be larger when soil is wet and V PD is low to mod-
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erate, as in winter and spring; simulations of those conditions would require more accurate
estimation of species-specific V PD parameters.

Using sap flow measurements to parameterize a regional climate model requires a signifi-
cant scale jump, from the scale of whole trees and a single hillslope, to the scale of 2.7 km grid
boxes and a 500 km x 500 km domain. Such scale jumps are inherent in the measurement
of evapotranspiration; however, further sap flow measurements of these species on slopes
with different aspects, elevations, and species mixes are needed in order better to quantify
the variability in stomatal response parameters and covariation with other environmental
conditions.

The regional cases tested here are extreme scenarios involving the total conversion of
the forest from one species (Douglas fir) to the other (Pacific madrone). However, this may
not be wholly unrealistic: Pacific madrones were likely more abundant in the past, due to
regular controlled burning by indigenous people [Johnson (1979)]. It is possible that longer
and more severe droughts in a warmer future climate could cause a shift from Douglas fir
to Pacific madrone, if fires become more frequent and if Douglas firs are less tolerant of
drought. Moreover, forest management stakeholders are actively discussing controlling the
encroachment of Douglas fir in this region [William Dietrich, personal communication]. This
study demonstrates that such regional-scale species shifts could have regional-scale impacts
on air temperature and humidity in the dry season.

In this study, we integrate tree-scale field observations with physical atmospheric models
to test regional atmospheric feedbacks of species-specific stomatal behavior. We demonstrate
the sensitivity of the boundary layer to stomatal dynamics and show that a regional-scale
change in dominant evergreen tree species can change summertime afternoon near-surface
temperatures by ∼2◦C. This result underscores the importance of understanding species-
and vegetation-type-differences in stomatal response to soil moisture and V PD.
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Figure 3.1: (a) Schematic diagram of realistic potential temperature (Θ, orange) and specific
humidity (Q, blue) vertical profiles in a daytime boundary layer. (b) Vertical profiles of Θ
and Q in the 1-D model (adapted from Figure 2 from Siqueira et al. (2009)). Ts represents
the surface temperature.
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Figure 3.2: Symbols: potential temperature (Θ, left) and specific humidity (Q, right) from
Oakland Airport soundings at 04:00 local time, averaged for July and August 2009-2011
and binned by height. Error bars show one standard deviation. Lines: piecewise linear
approximations to the lapse rates for Θ and Q, which are used in the 1-D boundary layer
model.
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Figure 3.3: WRF domains over northern California. The gray outlines show the domain
boundaries; d01 is the outer nest, and d02 is the inner nest. Left: topographic elevation (m);
right: red shows the test region where vegetation parameters are modified.



3.4. DISCUSSION AND CONCLUSIONS 66

Figure 3.4: Jarvis humidity function using WRF Noah parameters for EBF and ENF (top
panel), compared to the Jarvis function using sap-flow-derived parameters (bottom panel).
The WRF Noah humidity function is based on specific humidity deficit (∆q, top panel
bottom axis); in the top panel, ∆q was converted to V PD for comparison with the bottom
panel, assuming an air temperature of 35◦C and air pressure of 900 hPa.
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Figure 3.5: Solid lines: sigmoid fθ functions (Equation 2.5) for Douglas fir (blue) and Pacific
madrone (green) using the species-averaged parameters from Table 2.4. Dashed lines: linear
regression to fθ between 0.05 and 0.95. Symbols: extrapolation of linear regression to fθ = 0
and 1.
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Figure 3.6: Diurnal cycle simulated by 1-D model for θrel = 0.25 and lapse rate #2. Solid
lines: Douglas fir case; dashed lines: Pacific madrone case. Top left: surface energy flux
terms (Rnet is net radiation, H is sensible heat, LEt is latent heat due to transpiration,
and LEs is latent heat due to soil evaporation.) Top right: boundary layer height. Bottom
left: surface temperature (TS) and mixed layer air temperature (TA) adjusted to 400 m ASL
(ground level in ACRR). Bottom right: mixed layer specific humidity (q) and V PD.
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Figure 3.7: Diurnal cycle of air temperature at 400 m ASL (ground level in ACRR), simulated
by the 1-D model, for a range of θrel (colors) and free troposphere conditions. Left column:
Douglas fir case; right column: Pacific madrone case. Top row: lapse rate 1 (coolest free
troposphere conditions); middle row: lapse rate 2 (moderate free troposphere conditions);
bottom row: lapse rate 3 (warmest free troposphere conditions).
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Figure 3.8: Diurnal cycle of boundary layer specific humidity, simulated by the 1-D model,
for a range of θrel (colors) and free troposphere conditions. Left column: Douglas fir case;
right column: Pacific madrone case. Top row: lapse rate 1 (most moist free troposphere
conditions); middle row: lapse rate 2 (moderate free troposphere conditions); bottom row:
lapse rate 3 (driest free troposphere conditions).
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(a) (b)

Figure 3.9: Conditions at 3:45 pm in the 1-D model, as a function of soil moisture, for the
three free troposphere lapse rates (colors). (a) Air temperature at 400 m ASL (ground level
in ACRR), and (b) specific humidity. Dashed lines with circles: Douglas fir case. Dotted
lines with triangles: Pacific madrone case.

(a) (b)

Figure 3.10: Air temperature at 400 m ASL (ground level in ACRR) at 3:45 pm in the
1-D model, as a function of soil moisture, for the three free troposphere lapse rates (colors).
(a) holding V PD parameters constant at Douglas fir values and varying θ parameters by
species, and (b) holding θ parameters constant at Pacific madrone values and varying V PD
parameters by species.
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Figure 3.11: Time series of near-surface conditions in the WRF tests, averaged over the test
region, for a range of θvol values (colors). Top panel: air temperature (K) at 2 m above ground
level for the all-Douglas-fir case. Second panel: difference in 2 m air temperature between
the all-Pacific-madrone case and the all-Douglas-fir case. Third panel: specific humidity (q,
kg/kg) at 2 m above ground, for the all-Douglas-fir case. Fourth panel: difference in 2 m
q between the all-Pacific-madrone case and the all-Douglas-fir case. Fifth panel: boundary
layer height in the all-Douglas-fir case. Sixth panel: difference in boundary layer height
between the all-Pacific-madrone case and the all-Douglas-fir case.
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Figure 3.12: Left column: temperature (◦C) in domain d02 for the Douglas fir case. Right
column: temperature difference between the Pacific madrone case and the Douglas fir case.
Top row: 2 m above ground level (AGL). Bottom row: model level at ∼390 m AGL (380-395
m for the test region).
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Figure 3.13: Left column: specific humidity (kg/kg) in domain d02 for the Douglas fir case.
Right column: specific humidity difference between the Pacific madrone case and the Douglas
fir case. Top row: 2 m AGL. Bottom row: model level at ∼390 m AGL (380-395 m for the
test region).
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Figure 3.14: Left column: boundary layer height (m) in domain d02 for the Douglas fir case.
Right column: boundary layer height difference (m) between the Pacific madrone case and
the Douglas fir case.
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Chapter 4

Sensitivity of wind forecasts to regional
soil moisture: A case study of Northern
California’s Solano Wind Project site.

Abstract: Soil moisture affects regional-scale atmospheric circulations through its in-
fluence on the land surface energy balance; as such, the accuracy of soil moisture inputs
to numerical weather models may influence the accuracy of wind energy forecasts. In this
chapter, the sensitivity of wind speed to regional-scale changes in soil moisture is tested for
a Northern California wind farm (the Solano Wind Project), using the regional atmospheric
model WRF. Three sets of experiments are conducted: in the first, soil moisture in three
California regions is set to a dry value and is compared with an all-wet control case; in the
second, soil moisture in three California regions is set to a wet value and is compared with an
all-dry control case; and in the third, soil moisture in the Coast Range and Sierra Nevada is
set to a moderate value, and a range of soil moisture values in the Central Valley are tested.
Winds at the Solano site are most sensitive to soil moisture changes in the Central Valley
region. When Central Valley soils are very dry, afternoon Solano wind is up to 2.5 m/s faster
(1 m/s faster on average) than when Central Valley soils are moderately moist. The wind
speed changes are concentrated in the afternoon (10:00 to 18:00 local time) at Solano, caus-
ing the afternoon wind speed ramp-up to shift. The correlation of horizontal anomalies of
pressure with Solano wind shows that Solano wind speed depends most strongly on pressure
in the Central Coast (positively correlated) and throughout the Central Valley (negatively
correlated), and that decreases in low-level (< 300 m) pressure in the Central Valley rel-
ative to the Central Coast, caused by increased land surface heating over drier soil, drive
wind speed increases at Solano. The increased pressure gradient when the Central Valley
is dry is partially offset by increased negative momentum advection and convective turbu-
lent drag, limiting the wind speed increases. Errors in weather-model-derived soil moisture
of 0.1-0.15 m3/m3, documented in previous analyses [Marshall et al. (2003), Godfrey and
Stensrud (2008)], are large enough to alter Solano wind speed forecasts by 1-3 m/s, which
can translate to differences in forecasted wind energy of 15-40% of a wind farm’s maximum
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rated power.

4.1 Introduction
In this chapter, we investigate the effect of changes in land surface heat fluxes, mediated

by modifications in soil moisture, on near-surface winds in California. Understanding and
accurate simulation of near-surface winds are necessary for a range of applications, including
water vapor and pollutant transport studies, weather forecasting, aviation, and wind energy
forecasting. Here, we focus on wind forecasting for wind energy applications and on winds at
a specific wind farm, the Solano Wind Project in the Sacramento-San Joaquin River Delta
region of California (38.166N, 121.817W; Figure 4.1). A regional atmospheric model is used
to test the sensitivity of Solano winds to different regions’ soil moisture and to quantify the
magnitude of the effect at different times of day across a range of soil moisture changes. We
demonstrate that accurate soil moisture information can improve wind forecasts. This study
serves as a prototype for characterizing the importance of soil moisture information for wind
forecasts at other wind farms.

Accurate wind forecasts can reduce the cost of integrating wind energy into the electric
grid on a large scale. In order to reduce CO2 emissions to the degree necessary to avert
dangerous climate change [Stocker et al. (2013)], electric utilities will need to transition
to non-fossil-fuel energy sources, including a large fraction of wind energy [Jacobson and
Delucchi (2011)]. However, even though wind energy has large peak generation potential,
it is intermittent, and the instantaneous mismatch between wind generation and electric
demand must be met with other power sources. In most utilities, allocations of conventional
electric generation (coal, natural gas, hydroelectric, and nuclear) are made one day in ad-
vance, based on forecasted net demand (demand minus wind and solar supply). At shorter
lead times (hour-ahead to real-time), imbalances between the day-ahead allocations of con-
ventional generation and the actual net demand must be met with, in the case of a shortfall,
more expensive quick-startup generation, or in the case of excess generation, wasted energy
resources. These imbalance costs add significantly to the cost of wind energy (around 10% of
a wind generator’s income in a liberalized market [Fabbri et al. (2005)]). Improved accuracy
of wind forecasts could reduce imbalance costs, making integration of wind into the electric
grid more economically feasible: wind and solar forecasting could reduce energy costs by
$0.01 to $0.02 per kWh at 30% wind and solar penetration [GE Energy (2010)], or 8-15% of
the average US cost of electricity ($0.13/kWh in July 2014 [EIA (2014)]).

The major wind forecasting companies in North America and Europe use numerical
weather prediction (NWP) models to make their day-ahead forecasts, often in combination
with statistical post-processing [Porter and Rogers (2010); Foley et al. (2012); Monteiro
et al. (2009)]. NWP models simulate atmospheric wind speed, temperature, pressure, and
humidity (among other variables) by solving the equations for conservation of momentum,
mass, and energy, discretized in three spatial dimensions and in time. NWP models require
bottom boundary fluxes of energy, moisture, and momentum, but little attention has been
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Solano
Wind
Project

Figure 4.1: Location of the Solano Wind Project, in red rectangle. Credit Google Maps.

paid to these bottom boundary fluxes in the wind energy literature (with the notable excep-
tions of Marjanovic et al. (2014) and Wharton et al. (2011), discussed below). Wind energy
forecast research has concentrated instead on sensitivity to NWP physical parameterizations,
especially planetary boundary layer (PBL) schemes [Draxl et al. (2014); Marjanovic et al.
(2014)], and to grid resolution [Marjanovic et al. (2014), Carvalho et al. (2012)]. There
have also been extensive efforts to enhance NWP wind energy forecasts by running model
ensembles [Deppe et al. (2013); Pinson and Madsen (2009)] and by applying various model
output statistics (MOS) algorithms [Bédard et al. (2013); Ranaboldo et al. (2013); Ellis et al.
(2014); Ortiz-García et al. (2011); Kusiak et al. (2009)].

The influence of soil moisture and land surface heating on wind prediction has received
little attention in the wind energy forecasting literature, even though fluxes of energy at the
land surface are known to influence regional circulations. Soil moisture heterogeneity, and
the resulting contrasts in sensible heat flux, can drive mesoscale circulations on land with
wind speeds of several m/s [Chen and Avissar (1994); Avissar and Schmidt (1998)]. Thermal
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contrast between land and ocean can drive sea-breeze circulations with wind speeds up to
10 m/s [Miller et al. (2003)], and the strength of the thermal contrast and of the resulting
wind depends in part on soil moisture because of its influence on land surface temperature
[Physick (1980)]. In one of the few wind energy papers to discuss the effect of soil moisture
on wind forecasts, Marjanovic et al. (2014) show that the forecast at a West Coast wind
farm is sensitive to initial soil moisture, and in a related study, Wharton et al. (2011) show
that soil moisture can be important for forecasting wind ramps, which remain a challenge in
wind energy forecasting [Carcangiu et al. (2013); Ellis et al. (2014)].

California low-level winds are strongly influenced by the contrast of land surface heating
with the adjacent cool ocean [Zhong et al. (2004)], and as such, winds at the Solano wind
farm are likely to depend on soil moisture. Solano sits in a wide gap in the Coast Range
between the ocean and California’s Central Valley (Figure 4.2, red star), and onshore winds
are channeled and accelerated through the gap; this topographic channeling also constrains
the wind direction at low levels near Solano to remain near-westerly [Zhong et al. (2004);
Mansbach (2010)]. The diurnal cycle of land surface heating drives a marked diurnal cycle
in wind speed in the Solano area, with minimum wind speeds in the morning and maximum
speeds in the late afternoon and evening [Zhong et al. (2004); Mansbach (2010)]. Addition-
ally, the strongest winds occur in the summer at Solano, in part due to generally stable
synoptic conditions created by the north Pacific summertime high pressure that allow the
strong surface temperature contrast between ocean and land to drive onshore flow [Zhong
et al. (2004); Mansbach (2010)]. Because land surface heating is important for generating
winds at Solano, it is likely that errors in soil moisture initial conditions will create errors in
NWP wind forecasts.

In this work, we seek to understand the sensitivity of Solano wind to soil moisture, and
the physical mechanism underlying the sensitivity. We investigate the following questions:

• Which region’s soil moisture has the maximum impact on wind speed at Solano?

• At what time of day is Solano wind most sensitive to soil moisture? What changes in
the amplitude and timing of the wind diurnal cycle result from changes in soil moisture?

• How do wind forecast errors scale with soil moisture changes/errors? Are there partic-
ular ranges of soil moisture where wind forecasts are particularly sensitive?

• What is the physical mechanism for soil moisture’s influence on Solano winds?

To answer these questions, we conduct numerical experiments with a regional atmospheric
model commonly used in wind energy forecasting research. We perturb soil moisture in
different California regions and to different degrees, and we quantify the response of Solano
turbine-level wind magnitude and timing. Moreover, we identify regions where pressure
correlates with Solano wind and relate pressure changes to changes in surface heating; and
we attribute changes in wind to changes in the terms of the momentum budget.
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Domain ∆x (km) ∆y (km) nx ny nz ∆t (s) USGS data res
d01 8.1 8.1 96 99 45 45 2 min
d02 2.7 2.7 175 175 45 15 2 min

Table 4.1: Model domains. d01 refers to the outer domain, and d02 refers to the inner
domain.

4.2 Methods
The sensitivity of Solano wind forecasts to soil moisture is tested using numerical exper-

iments with a regional atmospheric model, the Weather Research and Forecasting (WRF)
model. The WRF model, described in Section 3.2.2 and in detail in Skamarock et al. (2008),
is a three-dimensional, non-hydrostatic regional atmospheric model with terrain-following
vertical coordinates. WRF has been used extensively in wind energy forecasting [Marjanovic
et al. (2014), Wharton et al. (2011), Carvalho et al. (2012), Deppe et al. (2013), Foley et al.
(2012)].

4.2.1 Model setup

We run WRF with two nested domains centered on the Solano wind farm (Figure 4.2);
the domains are described in Table 4.1. As in Chapter 3, two-way grid nesting is used,
meaning that the outer grid forces the lateral boundaries of the inner grid, and the inner
grid feeds back to the outer grid across the region where the two domains overlap [Skamarock
et al. (2008)]. The outer and inner domain are Arakawa-C grids with horizontal resolution
of 8.1 km and 2.7 km, respectively; preliminary tests with a third finer grid (0.9 km) showed
little change in the forecasted winds, echoing the results of Marjanovic et al. (2014), who
found little accuracy improvement with horizontal resolution below 2.7 km in their simple
terrain case, which had a similar terrain relief to our site. The domain has 45 vertical levels,
with a minimum spacing of ∼30 m near the surface and increasing with height, and with the
vertical spacing interpolated quadratically by the log of pressure (the default WRF setting);
turbine-level (60-100 m) wind forecasts are not very sensitive to further refinement of vertical
grid resolution beyond about 40 levels with this vertical grid spacing interpolation scheme
in WRF [Marjanovic et al. (2014), and references therein].

In WRF, the atmospheric model is coupled to the Noah land surface model with 24-
category USGS land use and 16-category soil classifications [Skamarock et al. (2008)]. The
observed distributions of land use and soil types are used [Eidenshink and Faundeen (1994);
Miller and White (1998)], as are the default vegetation water-use parameters for each land
use type [Skamarock et al. (2008)], in order to simulate as closely as possible the real present
day sensitivity of Solano winds to soil moisture. Uncertainties associated with errors in the
model representation of water movement in the subsurface and plant water use are addressed
in Section 4.4.

As in Chapter 3, the ACM2 PBL scheme is used, following the recommendations of
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Figure 4.2: WRF model domains, showing (a) topographic height in m, and (b) regions used
for soil moisture experiments in this study: the Coast Range (CR, blue), Central Valley (CV,
green), and Sierra Nevada (SN, red). d01 refers to the outer model domain, and d02 refers
to the inner domain. The red star symbol shows the location of the Solano Wind Project.

Marjanovic et al. (2014) for a locally forced simple terrain case in California. This PBL
scheme includes both local (small-scale turbulent) transport, via an eddy diffusivity term
between neighboring grid points, and nonlocal (large convective plume) vertical transport,
via parametrized exchanged between non-adjacent grid points as a function of buoyant in-
stability; it can thus simulate both stable and unstable conditions [Pleim (2007)]. The model
is forced at the lateral boundaries with NCEP Eta 212 grid (40 km) operational analysis
[NCEP (1998)]. Other parameterization schemes and settings are as in Table 3.2. Model
variables are output every 30 minutes.

All experiments are run for the period 2009-06-26 00:00 UTC to 2009-07-11 00:00 UTC,
and the first 32 hours are discarded as model spin-up. This period was chosen for several
reasons: (1) it contains a range of synoptic conditions (weak upper-level wind June 27-July
5, and strong upper-level wind July 6-11; Figure 4.4), (2) turbine-level wind speeds in this
region are highest in the spring and summer [Zhong et al. (2004); Mansbach (2010)], and (3)
the sensitivity to soil moisture is expected to be strongest in the warm season when radiation
incident to the land surface is greatest, because changes in the relative partitioning between
evapotranspiration and sensible heat flux have the largest absolute magnitude then. This
season (early in the dry season) is also likely to have higher variability in soil moisture than
the late dry season, when soils are more uniformly dry.
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4.2.2 Soil moisture experiments

We conduct three sets of model experiments, listed in Table 4.2. In the first set of
experiments, we test the sensitivity of Solano winds to soil moisture in different large-scale
regions of California. In cases dryCR, dryCV, and drySN, the volumetric soil moisture
in the non-test regions (WRF model variable SMOIS, m3 water/m3 total volume) is set
to a moderately wet value of 0.25 on both grids, and the soil moisture of the test region
(respectively, the Coast Range, Central Valley, and Sierra Nevada, shown in Figure 4.2b) is
set to a dry value of 0.1 on both grids. These test cases are compared with a control case
where all land has the moderately wet soil moisture value of 0.25. In cases wetCR, wetCV,
and wetSN, the background soil moisture is set to the dry value of 0.1, and the soil moisture
of the test region is set to the moderately wet value of 0.25. These test cases are compared
with a control case where all land has the dry soil moisture value of 0.1. For reference,
climatological soil moisture, using North American Regional Reanalysis (NARR) monthly
averaged soil moisture from 1979-2014, is shown in Figure 4.3. A soil moisture value of 0.1
m3/m3 represents an abnormally dry July state for the Coast Range and Sierra Nevada and
a moderately dry July state for the Central Valley. A soil moisture value of 0.25 m3/m3

represents an abnormally wet July state for the Central Valley and southern Coast Range,
a moderately wet July state for the northern Coast Range, and a typical July state for the
Sierra Nevada. The NARR soil moisture reanalysis is presented with the caveats that the
soil properties (e.g. field capacity) may vary between the soil dataset used in NARR and
the one used in this study, and that there are known errors in NWP-derived soil moistures
[Marshall et al. (2003); Godfrey and Stensrud (2008)].

Figure 4.3: July monthly-mean volumetric soil moisture (m3/m3) from the North American
Regional Reanalysis (NARR) dataset, 1979-2014, depth-weighted average over the top 100
cm. Left, center, and right panels show, respectively, the average, minimum, and maximum
July soil moisture for each grid point for 1979-2014.
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Experiment Run name Background
SMOIS (kg/kg)

Perturbed
SMOIS region

Perturbed SMOIS
value (kg/kg)

1 CA-0.1 0.1 none n/a
1 wetCR 0.1 Coast Range 0.25
1 wetCV 0.1 Central Valley 0.25
1 wetSN 0.1 Sierra Nevada 0.25
2 CA-0.25 0.25 none n/a
2 dryCR 0.25 Coast Range 0.1
2 dryCV 0.25 Central Valley 0.1
2 drySN 0.25 Sierra Nevada 0.1
3 CA-0.2 0.2 none n/a
3 CV0.05 0.2 Central Valley 0.05
3 CV0.1 0.2 Central Valley 0.1
3 CV0.15 0.2 Central Valley 0.15
3 CV0.25 0.2 Central Valley 0.25
3 CV0.3 0.2 Central Valley 0.3
3 CV0.35 0.2 Central Valley 0.35

Table 4.2: Model experiments, using regions shown in Figure 4.2(b): (1) Dry background,
wet perturbation region; (2) Wet background, dry perturbation region; (3) Sensitivity to
Central Valley soil moisture.

The next set of experiments tests how the Solano wind response scales with soil moisture
in the Central Valley, with a normal-to-wet background in the Coast Range and Sierra
Nevada. In cases CVXX (where XX is a numeric value), the Coast Range and Sierra Nevada
regions’ soil moisture is set to 0.2, and the Central Valley soil moisture is set to the value
specified by XX. These test cases are compared with a control case where all land has soil
moisture of 0.2.

In all cases, the soil moisture is set to the prescribed values at the model start time (2009-
06-26 00:00 UTC) and is reset to the prescribed value each day at 08:00 UTC (midnight
Pacific Standard Time); the soil moisture evolves according to the land surface model each
day between resets. The change in soil moisture between resets is small (up to 0.02 m3/m3

in the regional average when soils are wet and much less when soils are dry). Additionally,
the synoptic forcing, measured by wind speed at 500 hPa, varies little between the model
runs (Figure 4.4), and synoptic winds are weak on June 27 to July 5 and strong on July
6 to 11. In all three regions, land surface sensible heat flux is approximately 200 W/m2

greater at midday with wet soil moisture (0.25) than dry soil moisture (0.1). Figure 4.4
shows the forcings for experiment 2, CV region; the forcings for the CR and SN regions and
for experiments 1 and 3 follow similar patterns (less than 10% soil moisture change each day,
and substantial sensible heat flux increases over drier soil) and are not shown.
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Figure 4.4: Driving variables output from the experiment 2 cases. Top panel: wind speed
at the Solano lat-lon at 500 hPa. Middle panel: volumetric soil moisture, averaged over the
Central Valley region. Bottom panel: sensible heat flux at the land surface, averaged over
the Central Valley region.

4.2.3 Analysis of model output

The winds at turbine hub height at the Solano Wind Project are approximated using 60
m above ground level (AGL; approximately turbine hub height) winds at the WRF model
grid point closest to 38.166N, 121.817W, the center of the Solano Wind Project site. The
rolling hills at the Solano Wind Project have a terrain height of 40-60 m; thus, the wind
at hypothetical 60 m AGL wind turbine hubs at the Solano Wind Project is approximated
using wind interpolated from the terrain-following coordinates to a constant plane 110 m
above sea level (ASL). All times are expressed in local time (Pacific Standard Time).

Two types of anomalies are analyzed. The first is the anomaly at each grid point (i, j),
altitude (z), and time (t), from the horizontal average pressure at that altitude and time
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(p̂z,t):
δpi,j,z,t = pi,j,z,t − p̂z,t. (4.1)

The second anomaly is the difference between a test case and its corresponding control case:

∆x = xtest − xcontrol (4.2)

for an arbitrary variable x.

4.3 Results
We first characterize the differences in Solano turbine-level wind resulting from the soil

moisture tests (Section 4.3.1). We then investigate the physical mechanism linking changes
in soil moisture to changes in Solano wind timing and magnitude (Section 4.3.2).

4.3.1 Characterization of Solano wind sensitivity to soil moisture

California low-level wind system

The low-level winds in these experiments follow a strong diurnal cycle, driven by the
diurnal cycle of the temperature difference and thus the pressure difference between land
and ocean. Regional low-level winds from experiment 2 at 06:00, 14:00, 18:00, and 00:00
local time, averaged over the two-week experimental period at 60 m AGL (110 m ASL), are
shown in Figure 4.5. In the control case CA-0.25 (Figure 4.5 first column), flow is strong
through the Solano pass and splits into northward and southward branches in the Central
Valley. The southward branch is stronger than the northward branch in the morning and
early afternoon (06:00 and 14:00), and the northward branch strengthens in the late afternoon
and evening (18:00 and 00:00). The pressure gradient from the San Francisco Bay to the
Central Valley remains strong from 14:00 to 00:00 and weakens by 06:00. The results are
consistent with previous studies of California surface winds [Zhong et al. (2004); Mansbach
(2010)].

Similarly, low-level wind (60 m AGL, 110 m ASL) at Solano has a strong diurnal cycle
(Figures 4.6(a) and 4.7(a)); notably, the surface wind speed does not track the 500 hPa
synoptic wind in this period (cf. Figure 4.4). Solano wind speeds at 60 m AGL are greatest
at night (19:00 to 03:00) and weakest in the morning (08:00 to 13:00; Figure 4.8(a) and
(c)) There is a pronounced low-level (≤300 m) peak in Solano winds that is particularly
pronounced at night (Figure 4.9).

Regional sensitivity

The Solano wind changes occur in the context of larger regional wind and pressure changes
(Figure 4.5). In all dry regional tests, the pressure gradient and wind increase throughout
the Central Valley, most strongly in the afternoon (second and third rows in Figure 4.5). In
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the dry Coast Range test (Figure 4.5 (e)-(h)), the pressure in the northern Central Valley
decreases and wind in the northern Central Valley strengthens as cyclonic flow develops
around the northern Coast Range. In the dry Central Valley test (Figure 4.5 (i)-(l)), the
pressure gradient from the San Francisco Bay to the Central Valley increases dramatically
at 14:00, and these increases persist at 18:00 and to a lesser degree at 00:00. However,
at 18:00, the zone of steepest pressure change has been pushed further eastward, and the
strongest wind increases track this band of largest pressure gradient. The pattern of wind
increases at 00:00 is disorganized, and wind speeds decrease in the southern Central Valley at
06:00. In the dry Sierra Nevada case (Figure 4.5 (m)-(p)), the pressure gradient strengthens
moderately at 14:00 and 18:00, but pressure changes are minimal by 00:00 and 06:00. Wind
speeds increase through the Solano pass and the middle Central Valley in the afternoon
(14:00 and 18:00), and by 18:00, the bands of largest wind increases have moved outward
along Central Valley, again following zones of greatest pressure gradient increase. Wind
changes at night (00:00 and 06:00) are small and disorganized.

For all regional test cases, drier soils on a wet background increase Solano winds in the
afternoon and evening relative to the all-wet control (Figure 4.8(b)); this increase is largest
in the dryCV case. The increases in both the dryCV and drySN cases are greatest between
11:00 and 18:00 (0.8-1.8 m/s for dryCV and 0.25-0.8 m/s for drySN), while the increase in the
dryCR case happens later, between 17:00 and 22:00 (0.25-1 m/s). Importantly, increases in
the afternoon cause the daily wind speed ramp-up to shift earlier, because the increases occur
at the same time as the control ramp-up (Figure 4.8(a)). Because there are no corresponding
decreases at the hour of ramp-down, this means that the duration of the high-wind period
also increases. Also, drier soils (especially in the Central Valley) increase the minimum
wind (08:00 to 13:00) on many individual days (Figure 4.6), but the average increases in the
minimum wind are not more than one standard deviation greater than zero in the two-week
average diurnal cycle (Figure 4.8(b)).

Wetter soils on a dry background cause winds to decrease relative to the all-dry control
case, and the magnitudes of the decreases are similar to the magnitudes of the increases in
the dry regional tests (Figure 4.8(d)). Again, the decrease is largest in when Central Valley
soil moisture is perturbed. Both the wetCV and wetSN cases have wind decreases during
10:00-18:00 that are more than one standard deviation from zero (0.5-1.8 m/s for wetCV and
0.25-0.8 m/s for wetSN); for the wetCR case, there are no times of day with wind changes
more than one standard deviation from zero, although there are weak decreases in the late

Figure 4.5 (preceding page): Wind speed (color shading) and direction (vectors) and pressure
(color contours) at 110 m ASL on the d02 domain, averaged by hour over the two-week period,
for experiment 2. (a)-(d) CA-0.25 control case. (e)-(h) dryCR case, changes in wind and
pressure. (i)-(l) dryCV case, changes in wind and pressure. (m)-(p) drySN case, changes in
wind and pressure. Top row: average for hour 06:00 for the whole run; second row: average
for hour 14:00; third row: average for hour 18:00; bottom row: average for hour 00:00.
Pressure contour interval is 0.5 hPa in (a)-(d) and 0.1 hPa in (e)-(p).
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Figure 4.6: Time series of wind speed magnitude at 60 m AGL for the d02 grid point nearest
the Solano wind farm, for the wet background and dry perturbation tests (experiment 2).
The model spin-up period is excluded.

afternoon and evening.
In summary, the Central Valley soil moisture influences the Solano turbine-level winds

more strongly than does the Coast Range or Sierra Nevada soil moisture. Drier soils in all
regions, but especially in the Central Valley, increase Solano wind speeds during ramp-up
and peak hours (afternoon and evening); drier soils in the Central Valley, especially, shift
the daily wind ramp-up earlier. Conversely, wetter Central Valley soils cause Solano winds
to decrease during ramp-up and peak times.

Scaling of wind changes with Central Valley soil moisture

Drier Central Valley soils increase Solano winds, while wetter Central Valley soils decrease
Solano winds, relative to the moderately wet control of soil moisture = 0.2 (Figure 4.10.)
These changes can be up to nearly 3 m/s, and they occur most consistently in the hours of
12:00 to 22:00 (Figure 4.11(b)), when they are 0.8-1.7 m/s on average in the driest Central
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Figure 4.7: Time series of wind speed magnitude at 60 m AGL for the d02 grid point nearest
the Solano wind farm, for the dry background and wet perturbation tests (experiment 1).
The model spin-up period is excluded.

Valley case (CV0.05). The average changes during hours 12:00 to 22:00 scale approximately
linearly with CV soil moisture (Figure 4.12).

4.3.2 Physical mechanism

Next we investigate the physical mechanism by which changes in soil moisture, especially
in the Central Valley, influence near-surface winds at Solano.

The strong diurnal component of the Solano wind (Figures 4.6 and 4.7) and the wind
speed peak at low levels (Figure 4.9) suggest significant forcing by land surface heating
(consistent with Zhong et al. (2004) and Mansbach (2010)). In order to explore the influence
of land surface forcing on terms in the momentum budget, we model the topographically
channeled wind at Solano as simple one-dimensional flow through the pass governed by a
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one-dimensional momentum equation,

∂u

∂t
= −u∂u

∂x
− 1

ρ

∂p

∂x
− F

(
∂u

∂z
,N

)
, (4.3)

neglecting the Coriolis term because of the small scale. The first term on the right hand side
is the advection of momentum, the second term is the pressure gradient force, and the third
term is frictional dissipation as an unspecified function of vertical wind shear and stability
(quantified by N , the Brunt-Väisälä frequency). We are interested in the importance of each
of these terms through the diurnal cycle and in the influence of soil moisture changes on
each of these terms.

Driving pressure gradient

In order to identify the pressure gradient most relevant to Solano turbine-level winds
in the control cases, we linearly regress the horizontal anomaly of pressure (δp, Section
4.2.3) against Solano wind at 110 m ASL (∼60 m AGL), for experiments 1 and 2 (control
cases CA-0.1 and CA-0.25, respectively). The regression is repeated for δp at a range of
heights and for a range of lag times, with wind lagging pressure. The regression slopes and
correlation coefficients (Figures 4.13 and 4.14) show a consistent pattern of positive slopes
and correlation coefficients over the ocean near the central coast (meaning higher pressure
in those regions corresponds to faster wind), and negative slopes and correlation coefficients
throughout the Central Valley, especially just north and south of the Solano pass (meaning
lower pressure in those regions corresponds to faster wind).

Based on this finding, we choose three boxes, shown in gray in Figures 4.13 to 4.14,
to calculate the pressure difference driving Solano winds in the control cases. Pressure
difference is calculated as the difference between average pressure in the ocean box (OCN)
and the average pressure in either the northern Central Valley box (NCV) or the southern
Central Valley box (SCV). The lag of wind speed behind pressure difference is evident in
the time series of Solano wind and pressure difference between the boxes for the experiment
1 control case (Figure 4.15). Not only does the pressure difference peak 5-6 hours before
the Solano wind speed, but the peak pressure difference rapidly dissipates (beginning to
decline after 1-2 hours), while the peak wind speed persists for 6-8 hours. Using the pressure
difference between the three boxes, we confirm that the peak sensitivity (as measured by the
regression slope) and correlation occur with pressure at 110 m ASL (although the metrics
are high at all levels below ∼300 m) with wind lagging ∼4-5 hr behind NCV-minus-OCN
pressure and ∼5-6.5 hr behind SCV-minus-OCN pressure (Figure 4.16).

We proceed to investigate how changes in pressure in the soil moisture test cases relate to
changes in Solano wind. Repeating the regression analysis using test-minus-control changes
in pressure (∆p, Section 4.2.3) and in Solano low-level wind (∆u and ∆v), a similar spatial
pattern of sensitivity emerges (positive correlation between ∆u or ∆v at Solano and ∆p in
the central coastal ocean, and negative correlation between ∆u or ∆v at Solano and ∆p in the
Central Valley), albeit with weaker correlation (Figures 4.17 and 4.18). Again, the changes in
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low-level wind speed correlate maximally with the changes in pressure at the lowest altitudes
(≤ 200 m, Figure 4.19). In contrast to the control cases which have a 5-6 hour lag of wind
behind pressure gradient, the test-minus-control changes correlate maximally when ∆u and
∆v lag ∆pCV−OCN by ≤ 1 hour (Figure 4.19).

Temperature controls on pressure

The diurnal variations in low-level pressure correspond to diurnal variations in boundary
layer temperature. Pressure is the vertical integral of the weight of the air column above a
point, and changes in temperature change the density and thus the weight of the air column.
As expected from the differences in specific heat, diurnal temperature variations are larger
in the Central Valley than over the ocean (Figure 4.20). In the NCV box, the temperature
near the surface (<100 m ASL) declines quickly after sunset, but the temperature aloft in
the boundary layer (particularly 300-700 m) remains elevated until at least midnight (Figure
4.20, panel 2). This is because advection of cool oceanic air is concentrated at low levels
where the wind speed is maximum, and because the stratified nocturnal boundary layer
suppresses mixing and limits the vertical extent of surface cooling. In the time period of
these experiments (June/July), both the NCV temperature and the NCV-OCN temperature
difference peak around 17:00 local time. The temperature difference at low levels (<110 m)
drops after sunset and approaches zero in the early morning some days, but the temperature
difference remains positive at 110-490 m on most days, with NCV warmer than OCN by
up to 12◦C even in the early morning. The pressure difference is most negative (strongest
gradient) at the same time as the maximum temperature difference, around 17:00 PST, and
is smallest in magnitude (weakest gradient) just before sunrise, around 06:00, when the NCV
boundary layer is coolest.

Changes in soil moisture affect the pressure gradient by changing surface heat fluxes and
thus air temperature. Temperature changes in the lower 1000 m of the NCV box are much
larger in the dryCV case (Figure 4.21) than in the dryCR or drySN cases (not shown). We
note that in the dryCR and drySN cases, temperature and pressure changes are much smaller
(+/- 1 degree C and -0.4 hPa), and the pressure gradient strengthens in the late afternoon,
largely corresponding to warming at boundary layer levels above the surface (150 m to 1200
m).

In the dryCV case, the NCV box experiences strong low-level heating beginning in the
morning, increasing in altitude as the boundary layer grows; temperature increases during
day are well-mixed in the boundary layer. There is mild cooling over the OCN box at 200-
330 m in the first week of the simulation. The strongest increase in temperature difference
(warming of NCV relative to OCN) occurs late morning to late afternoon, at all levels below
690 m. At night, there is a small decrease in the low-level (<330 m) temperature difference.
The corresponding strengthening of the pressure difference is also greatest from late morning
to late afternoon. The mild strengthening of the pressure gradient on some nights (e.g. early
morning of June 28, June 29, July 3, July 8) appears related to longer nocturnal persistence
of warming at NCV relative to OCN in the residual boundary layer (150 m - 690 m, although
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the elevation of warming differs among individual days).

Momentum budget timing and changes

The momentum advection, pressure gradient, and u time tendency terms in Equation
4.3 are estimated from model output for the experiment 2 control (CA-0.25; Figure 4.22).
The pressure gradient contribution to the momentum budget is always positive; it increases
through the daytime, peaks around 16:00 local time, and declines through the night. The
horizontal advection of momentum almost always contributes negatively to the momentum
budget, because advection of slower upstream air from the San Francisco Bay decreases the
momentum at the Solano pass. The advection term is most negative at night, when the
wind at Solano is fastest and the wind gradient between Solano and the San Francisco Bay
is large. The time tendency (∂u

∂t
) term is much smaller than the pressure gradient term, even

in the afternoon when the pressure gradient is largest and negative advection of momentum
is small.

Using these three model-derived terms (pressure gradient, advection, and time tendency),
we calculate the residual of the momentum budget (Figure 4.22, cyan line), which in Equation
4.3 is attributed to the frictional dissipation term, F

(
∂u
∂z
, N
)
. The residual is almost always

a negative contribution to the momentum budget, especially during the day. Moreover,
the residual term is not in phase with wind speed, but has the expected diurnal shape
of boundary layer turbulence: the residual has large negative values in the daytime when
convective turbulence increases eddy viscosity and closely couples winds in the middle and
upper boundary layer with the surface momentum sink; and near-zero values at night when
thermal stabilization reduces convective turbulence and buffers the middle and upper residual
boundary layer from friction with the surface. We thus speculate that the residual consists
largely of the drag from daytime convective turbulence.

This turbulent resistance residual is of comparable magnitude to the pressure gradient
and advection terms, and as such is very important for determining the magnitude and phase
of the diurnal wind cycle. In the afternoon in the experiment 2 control case (CA-0.25), the
pressure gradient term is large and positive and the negative momentum advection is small. If
the residual term (interpreted as convective turbulent drag) were not also large and negative
at this time, the wind would accelerate much faster than is actually observed. Conversely,
high wind speeds persist even after the pressure gradient declines between 22:00 and 04:00
local time and despite the strong advection of lower momentum air. If the residual term
during the night remained at its large negative afternoon values, the winds would decelerate
at night, rather than maintaining high speed as observed. The decline in magnitude of
the turbulent drag term at night is necessary in order to explain the observed strength of
nighttime winds.

In the dryCV case (experiment 2), the pressure gradient term increases relative to the
control case (CA-0.25) at all hours but especially between 10:00 and 18:00 local time (Figure
4.23), when it is larger by 20% to 30% (cf. Figure 4.22). The advection term becomes more
negative at those same hours relative to the control case, as faster Solano wind transports
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lower momentum air more effectively. The residual (turbulent drag) term also contributes
more negatively to the momentum budget in the daytime relative to the wetter control case,
probably due to stronger convection from the hotter Central Valley land surface and thus
greater turbulent drag. The changes in the dryCR and drySN cases were much smaller than
those in the dryCV case, with the pressure gradient term increasing by a maximum of 0.0001
to 0.0002 m/s2 in the late afternoon.

Summary of mechanism

Solano wind responds to the near-surface pressure gradient between the Central Valley
near the Solano pass and the central coast ocean. Changes in boundary layer temperature
at either of these locations influences this driving pressure gradient. Soil moisture strongly
influences land surface heating, and changes to soil moisture in the Central Valley strongly
affect boundary layer temperature and thus near-surface pressure in the regions relevant to
the Solano wind. When Central Valley soils are dry, the atmospheric boundary layer warms
from late morning to late afternoon relative to the wet-Central-Valley-soil case, strengthening
the pressure gradient at those hours. At the same time, friction and advection of lower
momentum air increase, due respectively to increased convection and faster lateral transport.
These terms act against the pressure gradient and limit the increase of Solano winds to ∼1.5
m/s on average in the late afternoon in the driest Central Valley case (dryCV) relative to
the wet Central Valley case (C-0.25).

4.4 Discussion and Conclusions
Three sets of experiments were conducted to test the sensitivity of Solano Wind Project

wind speed to regional soil moisture variations. In all three experiments, the control soil
moisture was set to a constant value throughout the domain (0.1 m3/m3 in experiment 1,
0.25 m3/m3 in experiment 2, and 0.2 m3/m3 in experiment 3). In experiments 1 and 2, the
regional sensitivity was tested by separately perturbing the soil moisture of the Coast Range,
Central Valley, and Sierra Nevada regions. In experiment 3, the scaling of wind changes with
incremental changes in Central Valley soil moisture was quantified.

Wind speed at the Solano Wind Project wind farm is sensitive to regional soil moisture,
especially in the Central Valley. In the driest Central Valley case (CV0.05), wind speed is
up to nearly 3 m/s faster, and on average 1 m/s faster in the afternoon, than in a moder-
ately wet Central Valley case (CV0.2). The changes are largest in the late morning to late
afternoon, notably coinciding with the approximate timing of the daily wind ramp-up; thus,
soil moisture errors are likely to shift the predicted timing of the ramp-up at this site.

Such changes in speed translate to large changes in power: a moderate speed increase of 1
m/s from 6 m/s to 7 m/s (in the most sensitive range of the wind-power curve) equates to an
increase from 15% of a turbine’s maximum power at 6 m/s to 30% of maximum power at 7
m/s. A larger speed increase of 3 m/s, from 6 m/s to 9 m/s, equates to a power increase from
15% of maximum to 55% of maximum [e.g. Figure 4 in Wharton and Lundquist (2012)].
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Moreover, the soil moisture errors tested in this study are realistic: soil moisture derived
from NWP forecasts is known to have biases up to 0.1-0.15 m3/m3 [Marshall et al. (2003);
Godfrey and Stensrud (2008)]. The present study shows that soil moisture errors of this
magnitude can significantly affect wind energy forecasts.

Understanding the mechanism behind the soil moisture effect lends credence to the reality
of this influence in the real world, not just in the model, and helps us anticipate other wind
farm locations that might be similarly influenced by soil moisture. Soil moisture affects
Solano wind by controlling land surface heating and thus influencing air temperature through
the boundary layer. Changes in air temperature affect the near-surface pressure gradient that
drives the Solano wind. Solano wind is most sensitive to pressure over the central coastal
ocean and in the Central Valley. Soil moisture in the Central Valley influences Solano wind
more strongly than does soil moisture in the Coast Range or in the Sierra Nevada because the
Central Valley soil moisture more directly controls the air temperature in the Central Valley
regions relevant to the driving pressure gradient. The changes in pressure gradient and wind
are concentrated in the late morning to late afternoon because the changes in land-surface
heating and boundary layer air temperature are greatest at these times. Nevertheless, in
the case of a dry Central Valley, the air temperature, pressure gradient, and wind speeds
remain slightly elevated even at night. The marked increases in the pressure gradient are
partially offset by negative changes in momentum advection (due to faster transport of lower-
momentum air) and friction (due to increased convection), which limit the acceleration of
the winds.

This study is a prototype, and several caveats and uncertainties bear mentioning. First, a
more complete analysis should include longer model runs covering more synoptic, and ideally
more seasonal, conditions. Also, model ensembles with perturbed forcing should be run to
characterize uncertainty due to lateral forcing and model advection. The specific results
are probably sensitive to PBL scheme and model resolution to some degree. However, the
differences due to the PBL scheme are probably a matter of degree rather than of the sign of
the changes, since PBL schemes most directly affect vertical mixing and less directly affect
lateral transport, which is most relevant to the horizontal pressure gradients controlling wind
changes here. Additionally, we have followed guidelines from previous literature regarding
PBL schemes and grid resolution that give good simulation accuracy [Marjanovic et al.
(2014)]. However, these model parameters and others need to be chosen carefully to give
best performance at a specific site [Wharton et al. (2011)].

The model representation of land surface heat and moisture fluxes also contains uncer-
tainties. We expect the effect of letting soil moisture evolve over the day, rather than holding
it fixed at every timestep, to be small, because the changes in soil moisture are small (Figure
4.4); moreover, allowing soil moisture to evolve dynamically is comparable to initializing
a day-ahead forecast with erroneous soil moisture, in which case soil moisture would also
evolve over the day. The results probably depend strongly on model land use and land cover,
which determine albedo, plant transpiration dynamics, and roughness. Similarly, the results
depend on the accuracy of the Noah LSM land cover and soil hydrology parameterizations;
Chapter 2 of this dissertation illustrates that differences in stomatal dynamics among plant
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species can change boundary layer air temperature, which the present chapter shows is an
important control on the pressure gradients driving near-surface winds.

Soil moisture in California varies both because of interannual variability in precipitation,
causing anomalously wet or dry soils in the unmanaged mountain regions, and because of
large-scale irrigation in the Central Valley. The area represented by the “CV” region in
this study is certainly larger than the irrigated agricultural land area, and as such, the
sensitivity of Solano winds to actual irrigation will be lower than the sensitivity to soil
moisture changes throughout the “CV” region. However, these results show that correct
estimation of soil moisture in both the agricultural and non-agricultural areas of the Central
Valley is important for accurate Solano wind forecasts.

More broadly, these results illustrate the sensitivity of winds in this NWPmodel, WRF, to
soil moisture; because NWP models are widely used in wind energy forecasting, the accuracy
of soil moisture input information is necessary for accurate energy resource forecasts, at least
at sites like Solano. The effect of soil moisture is expected to be strongest during seasons when
local and regional land surface heating drives winds, especially during the warm season with
weak to moderate synoptic winds. In California, these conditions overlap with the season of
greatest wind energy production, making soil moisture an important variable in wind energy
forecasts. We also note that, while Solano winds are not strongly sensitive to Coast Range
or Sierra Nevada soil moisture, other potential wind farm locations are strongly affected,
including the northern and southern Central Valley (cf. Figure 4.5); future development of
wind farms in these locations would benefit from measurements to constrain land surface
energy fluxes in the Coast Range and Sierra Nevada.

Studies of wind energy sensitivity to regional soil moisture can point to measurements
that might improve wind energy forecasts. Soil moisture itself is difficult to measure at large
scales and at the relevant depth [Seneviratne et al. (2010)], and small-scale heterogeneity
complicates the scaling-up of point measurements. As such, it may be more feasible and
productive to measure a related observable variable, such as land surface temperature (de-
tected remotely from towers or aircraft using thermal imaging) or even the near-surface air
pressure difference between the NCV region and the central coast, as proxies for soil moisture
and the related land-surface heating. These measurements could be assimilated into NWP
models using land data assimilation frameworks [e.g. Rodell et al. (2004); Drusch (2007)], or
they could be integrated into statistical post-processing of NWP model output. Conducting
model sensitivity studies such as this one could help constrain the regions to which the wind
forecast at a given site is most sensitive and thus the regions with the greatest potential
return on investment in measurement efforts.
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(a) (b)

(c) (d)

Figure 4.8: (a) and (c): Daily diurnal cycles of wind speed minus daily mean wind speed, at 60
m AGL for the d02 grid point nearest the Solano wind farm, for the two-week experimental
period, for (a) the CA-0.25 control case (experiment 2), and (c) the CA-0.1 control case
(experiment 1). (b) and (d): Diurnally averaged differences in wind speed, at 60 m AGL for
the d02 grid point nearest the Solano wind farm, for (b) the wet background/dry perturbation
cases (experiment 2), and (d) the dry background/wet perturbation cases (experiment 1).
Shading represents one standard deviation.
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Figure 4.9: Vertical profile of u, v, and wind speed, averaged by time of day over the
whole simulation (colorbar indicates hour of day in local time), for the CA-0.25 control run
(experiment 2).
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Figure 4.10: Time series of wind speed magnitude at 60 m AGL for the d02 grid point nearest
the Solano wind farm, for a range of Central Valley soil moisture values, with soil moisture
= 0.2 in the Coast Range and Sierra Nevada (experiment 3). (a) Wind speed time series,
(b) time series of differences between test cases and control (CA-0.2). The model spin-up
period is excluded.
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(a) (b)

Figure 4.11: (a) Daily diurnal cycles of wind speed minus daily mean wind speed, at 60
m AGL for the d02 grid point nearest the Solano wind farm, for the CA-0.2 control case
(experiment 3). (b) Diurnally averaged differences in wind speed, at 60 m AGL for the d02
grid point nearest the Solano wind farm, for a range of Central Valley soil moisture values.
Shading represents one standard deviation.
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Figure 4.12: Average changes in wind speed (∆speed) between hours 12:00 and 20:00, for
different values of CV soil moisture with CR and SN soil moisture set to 0.2 m3/m3. Changes
are relative to the CA-0.2 control case. Error bars represent one standard deviation.
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Figure 4.13: CA-0.25 case: Solano 60 m AGL (110 m ASL) wind linearly regressed against
δp at the same altitude, with wind lagging pressure by 6 hours. Top row: u-component of
wind; bottom row: v-component of wind. Left column: linear regression slope; right column:
correlation coefficient. Gray boxes outline areas used to calculate pressure gradients; ocean
box is “OCN”, northern box in the Central valley is “NCV”, and southern box in Central
Valley is “SCV”.
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Figure 4.14: CA-0.1 case: Solano 60 m AGL (110 m ASL) wind linearly regressed against
δp at the same altitude, with wind lagging pressure by 6 hours. Top row: u-component of
wind; bottom row: v-component of wind. Left column: linear regression slope; right column:
correlation coefficient.
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Figure 4.15: Experiment 1 control case (CA-0.1): Solano 60 m AGL (110 m ASL) wind
(black) and average pressure difference OCN box minus NCV box (blue) and OCN box
minus SCV box (green) at 110 m ASL. The sign of the pressure difference is chosen to
correspond with the −1

ρ
∂p
∂x

term in the momentum budget.
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Figure 4.16: Experiment 1 control case (CA-0.1): lagged linear regression of Solano 60
m AGL (110 m ASL) wind against average pressure difference NCV box minus OCN box
(dashed) and SCV box minus OCN box (solid). Correlations are only shown for speed,
because u and v velocity component results are very similar.
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(a) (b)

(c)

Figure 4.17: Correlation between Solano wind changes (∆u and ∆v) at 60 m AGL (110 m
ASL) and δ∆p (using operators defined in Section 4.2.3) at the same altitude, with a lag
of 60 min, for the experiment 2 (dry regions, wet background) test cases minus control: (a)
dryCR, (b) dryCV, (c) drySN. The order of panels is as in Figure 4.13.
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(a) (b)

(c)

Figure 4.18: Correlation between Solano wind changes (∆u and ∆v) at 60 m AGL (110 m
ASL) and δ∆p (using operators defined in Section 4.2.3) at the same altitude, with a lag
of 60 min, for the experiment 1 (wet regions, dry background) test cases minus control: (a)
wetCR, (b) wetCV, (c) wetSN. The order of panels is as in Figure 4.13.
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Figure 4.19: Experiment 2 (dry regions, wet background) cases: lagged linear regression of
test-minus-control Solano 60 m AGL (110 m ASL) wind against test-minus-control average
pressure difference NCV box minus OCN box (dashed) and SCV box minus OCN box (solid).
Top row: dryCR; middle row: dryCV; bottom row: drySN.
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Figure 4.20 (preceding page): Experiment 2 control case (CA-0.25): Temporal evolution
of the vertical profile of temperature for the OCN box (top panel), the NCV box (second
panel), NCV minus OCN (third panel); and time series of the NCV minus OCN pressure at
110 m ASL (bottom panel). White areas indicate times when the lowest σ model level was
higher than 30 m ASL for the NCV box.
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Figure 4.21 (preceding page): Experiment 2 dryCV test case: Temporal evolution of the
vertical profile of ∆T (test-minus-control temperature) for the OCN box (top panel), the
NCV box (second panel), ∆TNCV −∆TOCN (third panel); and time series of ∆pNCV −∆pOCN
at 110 m ASL (bottom panel). White areas indicate times when the lowest σ model level
was higher than 30 m ASL for the NCV box.
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Figure 4.22: Experiment 2 control (CA-0.25): Diurnal average of momentum balance terms
(top) and Solano wind speed (bottom). Pressure gradient is calculated between the NCV
and OCN boxes, using density calculated at Solano 60 m AGL. Advection is calculated as
usolano

∂u
∂x
, using ∂u

∂x
between Solano and the northern San Francisco Bay. ∂u

∂t
is calculated

using Solano 60 m AGL wind speed. "Resid" (cyan) is the residual of the other three terms.
Shading represents one standard deviation.
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Figure 4.23: Experiment 2 dryCV case: Diurnal average of test-minus-control change in
terms of the momentum balance (top) and Solano wind speed (bottom), calculated as in
Figure 4.22. Shading represents one standard deviation.
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