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Abstract Precipitation changes the physiological characteristics of an ecosystem. Because land-surface
models are often used to project changes in the hydrological cycle, modeling the effect of precipitation on
the latent heat flux kE is an important aspect of land-surface models. Here we contrast conditionally sam-
pled diel composites of the eddy-covariance fluxes from the Niwot Ridge Subalpine Forest AmeriFlux tower
with the Community Land Model (CLM, version 4.5). With respect to measured kE during the warm season:
for the day following above-average precipitation, kE was enhanced at midday by �40 W m22 (relative to
dry conditions), and nocturnal kE increased from �10 W m22 in dry conditions to over 20 W m22 in wet
conditions. With default settings, CLM4.5 did not successfully model these changes. By increasing the
amount of time that rainwater was retained by the canopy/needles, CLM was able to match the observed
midday increase in kE on a dry day following a wet day. Stable nighttime conditions were problematic for
CLM4.5. Nocturnal CLM kE had only a small (�3 W m22) increase during wet conditions, CLM nocturnal fric-
tion velocity u* was smaller than observed u*, and CLM canopy air temperature was 28C less than those
measured at the site. Using observed u* as input to CLM increased kE; however, this caused CLM kE to be
increased during both wet and dry periods. We suggest that sloped topography and the ever-present drain-
age flow enhanced nocturnal u* and kE. Such phenomena would not be properly captured by topographi-
cally blind land-surface models, such as CLM.

1. Introduction

Precipitation is a common perturbation that changes the physical and physiological properties of a forest eco-
system. The most immediate effect is the wetting of vegetation and ground surfaces to provide liquid water for
evaporation which changes the surface energy partitioning between sensible heat flux H and latent heat flux
kE. There is a long history of research into how canopy interception of precipitation modifies the water and
energy budgets of an ecosystem (e.g., Kang et al., 2012; Klaassen, 2001; Kume et al., 2008; Moors, 2012; Rutter
et al., 1975; Shuttleworth, 2007; Stewart, 1977; van Dijk et al., 2015). Such changes are important in the model-
ing of ecosystem process on both local and global scales (e.g., Bonan, 2008; Bosveld & Bouten, 2003).

Our study uses data from a high-elevation subalpine forest AmeriFlux site (US-NR1) to explore how warm-
season rain events (defined as a daily precipitation total greater than 3 mm) affects the above-canopy tur-
bulent energy fluxes of latent and sensible heat. The warm season is defined as the period between com-
plete snowpack ablation and diminished forest photosynthesis (roughly, early June to early October).
During this period, almost all precipitation is rain, not snow. Burns et al. (2015) has shown that warm-season
precipitation caused changes to the midday latent and sensible heat fluxes on the order of 50–70% at the
same subalpine forest that is the focus of the current study. Herein, we extend that work to compare the
measured above-canopy sensible and latent heat fluxes to those from a land-surface model, where
the model is driven using meteorological and radiation data measured from a tower above the forest. From
an analysis of the diel cycle, we evaluate both the magnitude and timing of how the measured and mod-
eled energy fluxes are modified by the presence of rainwater in the soil and on the vegetation (we use the
term ‘‘diel’’ to emphasize that we are looking at the full 24 h cycle, not only daytime [diurnal] and nighttime
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[nocturnal] periods). In this study, we focus on two specific aspects of kE related to warm-season rainfall at
US-NR1: (i) for a dry day following a day with above-average precipitation, midday kE reached a peak value
near 220 W m22 (compared to 180 W m22 for a dry day preceded by a dry day) and (ii) nocturnal kE
increased from �10 W m22 in dry conditions to over 20 W m22 in wet conditions (Burns et al., 2015).

To study the model physics, it is advantageous to examine the full diel cycle (e.g., Matheny et al., 2014).
From the diel cycle, the timing of modeled phenomena, such as canopy evaporation, can be examined. The
other advantage of analyzing the full diel cycle is that most land-surface exchange processes are very differ-
ent at night compared to the daytime, primarily due to the effects of solar radiation on energy transforma-
tions. Radiative effects also change the atmospheric physics, such as the atmospheric stability. Historically,
strongly stable conditions have been especially difficult to model due to the breakdown of the validity of
Monin-Obukhov Similarity Theory (MOST) and issues such as surface-atmosphere decoupling and runaway
cooling of the ground surface (e.g., Aubinet, 2008; Holtslag et al., 2013; Mahrt, 1999). Runaway cooling
occurs in models due to a positive feedback between the surface temperature and turbulence, where a
cold surface temperature limits the turbulent exchange at the surface, which leads to an even colder surface
temperature, and so on. Typically, MOST provides the theoretical underpinnings used by land-surface mod-
els. The key points about MOST relevant to our study are described in section 3.7.1.

Land-surface models typically view vegetation as either a single layer ‘‘big leaf’’ or resolve multiple vertical
levels within the vegetation using a so-called multilayer modeling approach. Not surprisingly, there are
trade-offs in complexity/simplicity and computational speed with each approach. For both approaches, the
primary challenge is the determination of resistance parameters to the transfer of momentum and scalars
between the surface and atmosphere (e.g., Raupach & Finnigan, 1988).

The model we use for our study is the Community Land Model (CLM; Oleson et al., 2013). CLM uses a big-
leaf approach to model the effect of vegetation on the land-surface exchange; however, individual pro-
cesses are uniquely calculated within the model. For example, latent heat flux has uniquely parameterized
schemes for soil evaporation (Swenson & Lawrence, 2014), canopy evaporation (Lawrence et al., 2007; Ole-
son et al., 2008), and transpiration (Bonan et al., 2014). The sum of these individual component terms (tran-
spiration, ground evaporation, and canopy evaporation) produces the CLM latent heat flux. Several of the
equations and constants within the CLM subcanopy turbulence parameterizations can be traced back to
the Biosphere-Atmosphere Transfer Scheme (BATS; Dickinson et al., 1993) which was formulated over 25
years ago. Though certain components of CLM have been updated and investigated quite rigorously, there
have only been a few studies related to the subcanopy turbulence (e.g., Sakaguchi & Zeng, 2009; Zeng
et al., 2005) and a thorough sensitivity analysis is overdue.

Because these parameterizations affect the latent heat flux, they are relevant to our study and we perform a sensi-
tivity analysis on several aspects of CLM, with an emphasis on the turbulence parameterization (details in sections
3.7 and 3.8). The aspects of CLM that we examine are (1) sensitivity to leaf area index (LAI), which we expect to be
an important factor controlling the CLM fluxes (e.g., Lawrence et al., 2007), (2) varying the CLM internal variable
maximum leaf wetted fraction f max

wet which controls how long precipitation resides on the vegetation surfaces, (3)
replacing CLM-modeled friction velocity u* with that measured on the tower, (4) using different forms of the so-
called universal functions for modeling the vertical exchange of momentum, sensible, and latent heat (e.g., Foken,
2006, 2008), and (5) varying two internal CLM variables: the subcanopy turbulent exchange coefficient, Cs;dense,
and zetamaxstable fmax

stable which sets an upper limit on the stable side of the universal functions.

Another primary objective of our study is to provide a framework for evaluating models and observations at
the diel-cycle scale. Systematic approaches to improving land-surface models have recently been suggested
by the hydrology community (e.g., Clark et al., 2015). Though flux measurements from towers have often been
used to compare, constrain, and evaluate land-surface models (e.g., Bonan et al., 2011, 2012; Lawrence et al.,
2011; Pyles et al., 2000; Raczka et al., 2016; St€ockli et al., 2008; Swenson & Lawrence, 2014, among many
others), in many of these studies, the focus is on large-scale/global effects of model performance over different
landscapes. This is a necessary first step because land-surface models such as CLM need to run at different
locations and ecosystems worldwide (from forests, to crops, to polar regions, to urban areas). Here we run
CLM at a single forested site (US-NR1), using the diel cycle to examine the model performance. What is unique
and different about our study is that we conditionally sample the diel cycle to focus our analysis on the effect
of warm-season precipitation on the CLM fluxes and temperature. Similar techniques have been used for
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analysis of observations (e.g., Betts & Ball, 1995; Burns et al., 2015; Turnipseed et al., 2009); however, such tech-
niques have rarely (as far as we have found) been applied to the diel cycle of model output.

Because US-NR1 is in complex, mountainous terrain there are potential issues related to drainage flows and
horizontal advection that need to be considered (e.g., Finnigan, 2008). As a step toward a better understand-
ing of these issues, we have included observations from the Howland Forest AmeriFlux site (US-Ho1) in our
study. US-Ho1 was chosen because it has a canopy density similar to US-NR1 but is in a location that is rela-
tively flat compared to US-NR1. Though we do not perform a comprehensive analysis of the US-Ho1 data, we
contrast the US-Ho1 and US-NR1 measurements to highlight potential effects of sloping terrain on the meas-
urements and model performance, especially as related to the nocturnal latent heat flux.

2. Data and Methods

2.1. Site Descriptions
Our study uses data from the Niwot Ridge Subalpine Forest AmeriFlux site (site US-NR1; Blanken et al.,
1998-present) located in the Rocky Mountains of Colorado. The US-NR1 measurements started in November
1998. The site is on the side of an ancient moraine with granitic-rocky-podzolic soil (typically classified as a
loamy sand in dry locations) overlain by a shallow layer (�10 cm) of organic material (Gable & Madole,
1976; Madole, 1969; Marr, 1961; Scott-Denton et al., 2003). The tree density near the US-NR1 26 m walk-up
scaffolding tower is around 4,000 trees ha21 with a leaf area index (LAI) of 3.8–4.2 m2 m22 and tree heights
of 12–13 m (Monson et al., 2010; Turnipseed et al., 2002). The roughness length for momentum z0m and dis-
placement height d were determined by Turnipseed et al. (2003) to be z0m 5 1:6 m and d 5 7:8 m. The sub-
alpine forest surrounding the US-NR1 tower was established in the early 1900s following logging
operations and is primarily composed of subalpine fir and Englemann spruce west of the tower, and lodge-
pole pine east of the tower. Though the tower is located in a relatively flat area (slope angle � 4.38), the
Continental Divide is 7 km to the west and 600 m higher than the site, which generates a persistent noctur-
nal downslope wind at the site (Burns et al., 2011). Further details about US-NR1 site have been docu-
mented elsewhere (e.g., Burns et al., 2015; Knowles et al., 2015a; Monson et al., 2002).

The Howland Forest AmeriFlux site (site US-Ho1; Hollinger, 1996-present) serves as a contrast to the US-NR1
site. The US-Ho1 site is located in a spruce-hemlock forest in Maine with a tree density of around 2,600 trees
ha21, LAI of 5.5, and tree heights on the order of 20 m (Hollinger et al., 1999). The landscape at the site can
be considered ‘‘rolling hills,’’ with a maximum elevation change of less than 68 m within a 10 km area. The
US-Ho1 site was chosen because it has a forest of comparable density to that of US-NR1, but without the
nocturnal slope flow found at US-NR1 (US-Ho1 also has a long data record, measurements there started in
1996). Further details about the US-Ho1 site are in Hollinger et al. (1999, 2004).

2.2. The Community Land Model (CLM)
For our study, the Community Land Model (CLM) version 4.5 (CLM4.5; Oleson et al., 2013) was run in single-
point mode driven with satellite phenology and 30-min US-NR1 tower observations. The above-canopy tower
observations used for model input were: horizontal wind speed U, air temperature Ta, relative humidity RH,
barometric pressure P, precipitation, and incoming shortwave and longwave radiation. The CLM soil texture
was set to a loamy sand (72% sand, 27% silt, and 1% clay), based on a soil sample taken near the tower and
analyzed by the Soil, Water and Plant Testing Laboratory at Colorado State University (N. Trahan, personal
communication, 2015). In CLM, the appropriate plant functional type for US-NR1 is a temperate needleleaf
evergreen forest. For this plant type, CLM assumes a canopy height h of 17 m, momentum roughness length
z0m of 0.055h, and displacement height d of 0.67h (Oleson et al., 2013). Modifying the CLM4.5 value for h
affected our our results; therefore, we chose a CLM4.5 h that was closer to that of the US-NR1 forest (details
are in Appendix A). For ease of comparison, we use the same nomenclature as that of Oleson et al. (2013), and
the symbols and variables used in our study are in Appendix B. Specific changes made to variables or settings
for different CLM4.5 configurations used in our study are listed in Table 1.

2.3. Analysis Methods
2.3.1. Categorizing Precipitation
To study the impact of rain on the turbulent fluxes, we followed a methodology that is fully described in
Burns et al. (2015). Briefly, based on 14 warm seasons (1999–2003 and 2006–2014) at US-NR1, days when
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the daily rainfall exceeded 3 mm were tagged as ‘‘wet’’ days. We then classified the warm-season days as
‘‘dry days following a dry day’’ (dDry days), ‘‘wet days following a dry day’’ (dWet days), ‘‘wet days following
a wet day’’ (wWet days), and ‘‘dry days following a wet day’’ (wDry days) where the lower case letter desig-
nates the precipitation state of the preceding day. An example of classifying the data in this way is shown
in Figure 1. The summers of 2004 and 2005 were excluded from our analysis because downwelling long-
wave radiation was not available to use as input to CLM. The number of 30-min samples that were in each
precipitation category are listed at the bottom of Table 2 and in Figure 1a. In our discussion, the term ‘‘wet
days’’ includes both dWet and wWet days whereas the term ‘‘dry days’’ includes both dDry and wDry days.
In addition to these categories, dDry days with clear skies were designated as dDry-Clear days. For the anal-
ysis, days with a similar precipitation state were lumped together and composite diel cycles were created.
In the composite diel cycle, we calculated both the mean and standard deviation. The standard deviation
represents the amount of day-to-day variability within the diel cycle which we designate as the SD-Bin or
variability in our plots and discussion. Within our analysis, the CLM4.5 and measured variables were treated
exactly the same—so results come from time periods when the measurements and CLM output both
existed.
2.3.2. Categorizing Atmospheric Stability
When examining atmospheric stability near the ground a useful variable is the bulk Richardson number Rib. Large
negative Rib indicates unstable ‘‘free convection’’ conditions and large positive Rib indicates strong stability. In
more stable conditions, less mixing is expected and larger vertical scalar gradients should exist. We calculated Rib
between the highest (z2521:5 m, around twice canopy height) and lowest (z152 m) measurement level using

Rib5
g
�T a

ðh22h1Þðz22z1Þ
U2

; (1)

where g is acceleration due to gravity, �T a is the average air temperature of the layer, h is potential tempera-
ture, and U is the above-canopy horizontal vectorial mean wind speed (i.e., U 5 (u2 1 v2)1=2 where u and v

Table 1
Modifications to CLM4.5 as Part of the Sensitivity Experiments

CLM4.5
configuration
name

CLM4.5 variables and settings used for each configuration

Notes/long description
Form of universal

function
u�

sourcea ðfmax
stableÞ

b ðf max
wet Þ

c S-Zd ðCs;denseÞe

A1 Zeng et al. (1998) CLM 2 1 S-Z 0.004 Changed default soil texture (43% sand, 21% clay) to a value
more appropriate for the US-NR1 site (72% sand, 1% clay);
the CLM4.5 canopy height was also set to 13 m
(see Appendix A for details)

B0 Zeng et al. (1998) CLM 2 0.02 S-Z 0.004 Test the impact of varying f max
wet

B1 Zeng et al. (1998) CLM 2 0.02 na 0.004
B2 Zeng et al. (1998) Obs 100 0.02 na 0.004

C0 Zeng et al. (1998) Obs 2 1 S-Z 0.004 Test the impact of using observed u*

D0 Zeng et al. (1998) CLM 100 1 S-Z 0.004 Test the impact of varying zetamaxstable fmax
stable

D1 Zeng et al. (1998) Obs 100 1 na 0.004 Test the impact of varying the universal function form
D2 H€ogstr€om (1988) Obs 100 1 na 0.004
D3 Handorf et al. (1999) Obs 100 1 na 0.004

E0 Zeng et al. (1998) CLM 2 1 na 0.004 Test the impact of turning off S-Z (Sakaguchi & Zeng, 2009)

F0 Zeng et al. (1998) CLM 2 1 S-Z 0.01 Test the impact of varying Cs;dense

F1 Zeng et al. (1998) CLM 2 1 na 0.01
F2 Zeng et al. (1998) Obs 100 1 na 0.01

G1 H€ogstr€om (1988) Obs 100 0.02 na 0.01 Changes made to all variables

Note. The alphanumeric codes in the first column are used throughout the text and figures to specify the configuration used for CLM4.5. The default configu-
ration is ‘‘CLM4.5 A1,’’ and a numerical value of ‘‘0’’ indicates a single variable has been modified from the CLM4.5 A1 configuration.

a‘‘Obs’’ indicates that US-NR1 observed friction velocity u* was used as input to CLM; ‘‘CLM’’ indicates CLM4.5-calculated u* was used. bThe value of zetamax-
stable fmax

stable (CLM4.5 default: fmax
stable52). cThe value of maximum leaf wetted fraction f max

wet (CLM4.5 default: f max
wet 51). d‘‘S-Z’’ indicates that the subcanopy stability

correction proposed by Sakaguchi and Zeng (2009) was used; ‘‘na’’ indicates it was not used. eThe value of the subcanopy turbulent transfer coefficient Cs;dense

(CLM4.5 default: Cs;dense50:004).
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are the streamwise and crosswise planar-fit horizontal wind components). In CLM4.5, Rib is used to deter-
mine an initial guess at f and L which are then used to iteratively determine the vertical gradients of wind
and scalars (Oleson et al., 2013).

As shown by Burns et al. (2011), in strongly stable conditions Rib provides an extra 2 logarithmic decades
where f is nearly constant. For this reason, we will use Rib to examine the variables and parameters in
strongly stable conditions.
2.3.3. Statistical Evaluation of Results
As will be shown more explicitly in section 3, the focus in this paper is on two specific aspects of the warm-
season diel cycle during wet and dry conditions. First, for a wDry day, midday kE was enhanced by
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Figure 1. The mean warm-season composite diel cycle of (a) net radiation Rnet, (b) sensible heat flux H, (c) latent heat flux
kE, and (d) precipitation for each precipitation state (dDry, dWet, wWet, and wDry) where the precipitation state for each
diel cycle is identified above Figure 1a. For reference, the dDry diel cycle is repeated for all states as a red line. In Figures
1b and 1c, the arrows refer to discussion points within the text. The diel cycle is calculated from 30 min measurements
during the warm season for years 1999–2003 and 2006–2014 with the approximate number of days (N) used to create
each composite shown in Figure 1a. More information on the measurements, precipitation state, and data compositing
are within the text.
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Table 2
Daytime and Nighttime Mean Statistics of Net Radiation Rnet, Sensible Heat Flux H, and Latent Heat Flux kE for dDry and wDry Precipitation Conditions for the Warm
Season for Years 1999–2003 and 2006–2014

Site or
model LAI Variable

Daytime
(10:00–14:00 MST)

Night
(00:00–04:00 MST)

2010 cumulative
sumsa

dDry wDry wDry-dDry dDry wDry wDry-dDry
Total

(MW m22)
Percent from
US-NR1 (%)

US-NR1b 3.8–4.2 Rnet 572.8 523.3 249.5 270.7 252.6 18.1 1,693.4 0
H 270.5 197.1 273.4 248.7 253.8 25.1 693.0 0
kE 172.6 195.3 22.7 9.2 24.0 14.8 735.5 0

US-Ho1c �5.5 Rnet 471.5 460.3 211.2 237.3 228.2 9.1 1,353.9 220.0
H 210.5 175.6 234.9 217.6 223.3 25.6 593.2 214.4
kE 169.4 189.7 20.3 1.4 1.4 0.02 646.0 –12.2

A1 2 Rnet 549.7 509.6 240.0 268.9 256.9 12.0 1,538.8 29.1
H 337.2 267.3 269.9 248.1 239.9 8.2 834.4 20.4
kE 132.6 169.0 36.4 9.7 15.6 5.9 616.9 –16.1

A1 4 Rnet 557.9 514.3 243.7 264.2 253.2 11.0 1,593.5 25.9
H 337.4 298.0 239.4 251.7 243.6 8.1 794.6 14.7
kE 160.8 163.2 2.4 9.4 12.6 3.1 719.5 –2.2

A1 6 Rnet 561.9 517.1 244.8 262.1 251.7 10.4 1,620.1 24.3
H 335.2 305.3 229.9 253.9 247.0 6.9 766.0 10.5
kE 178.6 170.8 27.8 9.6 12.9 3.3 763.2 3.8

B0 4 Rnet 558.0 515.1 242.9 264.4 253.7 10.7 1,591.4 26.0
H 335.9 286.1 249.8 251.8 243.4 8.5 801.7 15.7
kE 162.1 176.0 13.9 9.5 12.1 2.6 707.1 –3.9

B1 4 Rnet 558.0 515.3 242.7 264.2 253.6 10.6 1,591.3 26.0
H 335.8 282.9 253.0 252.0 243.5 8.4 797.5 15.1
kE 164.2 181.3 17.2 9.4 12.3 2.8 719.9 –2.1

B2 4 Rnet 556.8 514.3 242.6 271.7 257.5 14.2 1,528.9 29.7
H 341.7 285.7 256.0 265.3 251.3 14.0 714.0 3.0
kE 159.8 178.8 19.0 13.1 15.8 2.7 746.3 1.5

C0 4 Rnet 557.2 514.2 243.0 272.7 258.5 14.2 1,524.3 210.0
H 337.8 288.4 249.5 266.5 247.7 18.8 716.8 3.4
kE 162.5 174.7 12.2 13.3 11.0 22.3 733.4 –0.3

D0 4 Rnet 558.2 514.4 243.8 253.5 247.2 6.3 1,654.3 22.3
H 332.6 295.8 236.8 235.5 236.3 20.9 861.0 24.2
kE 162.5 163.2 0.7 7.8 13.3 5.5 709.2 –3.6

D1 4 Rnet 556.7 513.4 243.2 271.7 257.1 14.5 1,531.0 29.6
H 344.0 297.1 246.9 265.1 252.0 13.2 707.7 2.1
kE 157.6 166.3 8.7 12.8 16.6 3.8 755.6 2.7

D2 4 Rnet 562.8 518.5 244.3 271.7 256.9 14.8 1,550.0 28.5
H 357.2 314.4 242.8 266.2 251.9 14.3 741.7 7.0
kE 152.5 157.0 4.5 13.0 15.9 2.9 736.5 0.1

D3 4 Rnet 556.5 513.3 243.2 276.6 259.5 17.1 1,508.1 210.9
H 346.7 298.6 248.0 273.4 256.2 17.2 681.0 21.7
kE 156.4 165.8 9.4 14.3 17.5 3.2 759.3 3.2

E0 4 Rnet 557.8 514.4 243.4 264.1 253.2 10.9 1,593.2 25.9
H 337.9 295.2 242.6 251.8 243.8 8.0 791.7 14.2
kE 162.3 168.0 5.7 9.4 12.8 3.5 730.8 –0.6

F0 4 Rnet 557.9 514.4 243.5 264.2 253.3 10.9 1,593.6 25.9
H 338.4 294.9 243.5 252.2 244.5 7.7 785.5 13.3
kE 161.4 167.4 6.0 10.0 14.2 4.2 730.6 –0.7

F1 4 Rnet 557.6 514.5 243.0 264.3 253.4 10.9 1,592.7 25.9
H 342.0 290.6 251.4 252.2 244.7 7.5 777.7 12.2
kE 160.4 174.1 13.7 9.8 14.8 5.0 745.3 1.3

F2 4 Rnet 555.9 513.1 242.8 272.0 257.3 14.7 1,529.9 29.7
H 355.2 298.0 257.2 265.0 252.6 12.5 699.7 1.0
kE 148.9 166.9 18.0 12.9 18.7 5.8 765.1 4.0
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�40 W m22 relative to dry conditions, with a concomitant reduction in sensible heat flux H. Second, noctur-
nal kE increased from�10 W m22 in dry conditions to over 20 W m22 in wet conditions. Based on these obser-
vations from the measured fluxes, we evaluate CLM4.5 using the following statistics: (1) calculating the mean
difference in midday composite energy fluxes on a wDry day compared to a dDry day and (2) taking the differ-
ence in nocturnal energy fluxes between 0 and 4 LST for a dDry period compared to a wDry period. Using kE as
an example, these statistics will be designated as ‘‘wDry-dDry kE’’ in our discussion. These simple statistics will
be applied to both the US-NR1 and US-Ho1 measurements and CLM4.5 model output. By using the difference
statistics, we are not explicitly comparing the mean values of the observed and CLM4.5 fluxes, but instead
checking that the model and observations are responding to precipitation events in a consistent way.

Air and soil temperatures are readily measured in the field and calculated by CLM4.5, making them useful
to evaluate the model performance. At US-NR1, three levels of aspirated air temperature and 11 levels of
thermocouple air temperature from near the ground to twice canopy height were measured (Burns et al.,
2015). We compare these tower observations with various CLM4.5 temperatures, which are canopy surface
temperature Tv, canopy airspace temperature Ts, the ‘‘2 m’’ level air temperature T2m, and ground surface Tg

and subsurface soil temperatures Tsoil. Because CLM4.5 is a simple single-leaf model, temperatures such as
Ts and T2m are attempting to represent an average temperature from many locations where the true tem-
perature may widely differ (e.g., shady versus sunny portions of the canopy). Therefore, the precise vertical
location of Tv, Ts, and T2m can be a bit vague. In the CLM4.5 manual T2m is defined as being ‘‘2 m above the
apparent sink for sensible heat’’ which is defined by the roughness length for heat and displacement height
(Oleson et al., 2013). Since T2m and Ts are usually only separated by an offset, we will often only show Ts

which should be comparable with air temperature observations within the canopy (at US-NR1, these are the
thermocouples or aspirated temperature sensors at 2 and 8 m).
2.3.4. Additional Details
The dDry conditions are likely to provide the most robust comparison for the following reasons: (1) they are
the most common precipitation state with approximately 1,148 days (or over 3 years worth of 30 min time
periods) available for analysis which provides good statistics and (2) the gap-filling of the fluxes due to sen-
sor problems caused by precipitation are at a minimum in dDry and wDry conditions. For a list of the prob-
lems that precipitation causes with eddy-covariance measurements, see van Dijk et al. (2015).

Our analysis examines the sensitivity of CLM fluxes and temperatures to changing certain variables or
parameters within CLM4.5, using the nomenclature and alphanumeric descriptions in Table 1. For example,
‘‘CLM4.5 A1’’ will be considered the default configuration of CLM4.5. The leading letter describes changes to
a specific variable (A is default, B is related to f max

wet , C is related to u*, and so on). Unless specified otherwise,
the CLM4.5 results in our plots are shown as closed or filled symbols and the tower observations are shown
as open circles.

Table 2. (continued)

Site or
model LAI Variable

Daytime
(10:00–14:00 MST)

Night
(00:00–04:00 MST)

2010 cumulative
sumsa

dDry wDry wDry-dDry dDry wDry wDry-dDry
Total

(MW m22)
Percent from
US-NR1 (%)

G1 4 Rnet 562.7 519.2 243.5 271.9 257.3 14.6 1,547.6 28.6
H 359.6 298.0 261.6 266.9 251.9 14.9 734.0 5.9
kE 152.4 175.7 23.4 13.7 17.0 3.3 742.0 0.9

Note. Years 2004 and 2005 were not used because the four-component radiometer on the US-NR1 tower was not available, which provided the incoming
shortwave and longwave radiation used as input to drive CLM. At US-Ho1, statistics are from years 1996 to 2014. The CLM4.5 results are from US-NR1 for differ-
ent configurations of the CLM4.5 software as shown by the alphanumeric code listed in column 1 and described in Table 1. Column 2 has the estimated leaf
area index (LAI) for the flux sites or the LAI used by CLM4.5. All Rnet, H, and kE daytime and nighttime values in the table have units W m22, and those in bold
are emphasized within the text. The two right-hand columns show the cumulative sum of Rnet, H, and kE over the 2010 warm season (units: MW m22) and the
percent difference relative to the US-NR1 measurements, respectively.

aCumulative sums of each variable for the warm season of 2010 (June–September) are shown along with the percentage difference relative to the US-NR1
tower measurements. The cumulative sums of the energy terms have units of megawatt (MW) per square meter of forest. bFor US-NR1, the number of 30 min
samples within each of the precipitation categories are dDry 5 1,148, dWet 5 177, wWet 5 97, and wDry 5 180. The CLM statistics are from the same time peri-
ods as US-NR1. cFor US-Ho1, the number of 30 min samples within each of the precipitation categories are dDry 5 1,029, dWet 5 161, wWet 5 50, and
wDry 5 214.
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3. Results and Discussion

3.1. Net Radiation and Turbulent Energy Fluxes
After each day was organized into the precipitation categories described in section 2.3.1, the mean diel
cycle of net radiation, the turbulent energy fluxes, and precipitation are plotted side-by-side based on the
precipitation state for a given day (Figure 1). As one would expect, a majority of the rain occurred during
dWet and wWet days (Figure 1d) when clouds increased and midday net radiation was reduced (Figure 1a).
Our analysis is focused on two main features of Figure 1: (i) in wDry conditions midday kE was enhanced by
around 40 W m22 compared to dDry conditions with a concomitant reduction in midday sensible heat flux
(green arrows in Figures 1b and 1c) and (ii) at night, in wet conditions, latent heat flux was enhanced by
about 15 W m22 relative to dDry conditions (highlighted by the blue arrows in Figure 1c). Numerical values
of dDry and wDry kE and H (as well as wDry-dDry) are listed in Table 2, with other aspects of the effect of
precipitation on the composite diel cycle at US-NR1 discussed in Burns et al. (2015).

In Figure 2, the CLM4.5 A1 net radiative and turbulent fluxes are compared with the measurements. Because
CLM4.5 used the measured incoming shortwave and longwave radiation as input to the model, it is to be
expected that CLM4.5 net radiation agrees well with the observations. In general, during daytime, the
CLM4.5 sensible heat flux was larger than the observations by anywhere from 50 to 100 W m22 (Figure 2b)
whereas daytime CLM4.5 latent heat flux was similar or smaller than measured kE (Figure 2c). With the
exception of friction velocity, the variability or SD-Bin of the measured fluxes and CLM4.5 were of similar
magnitude (supporting information Figure S1). However, if we focus on the two items related to kE
highlighted in the previous paragraph, we found that CLM did not properly reproduce either the increase in
kE on wDry days or the enhanced latent heat flux at night in wet conditions. The CLM4.5 latent heat flux
during midday and at night on wDry days was only slightly larger than kE during those same periods on
dDry days (for numerical values, see the CLM4.5 A1 entry in Table 2).

3.2. Components of Latent Heat Flux in CLM4.5
Latent heat flux is a combination of transpiration kEt

v , and evaporation from the ground kEg and vegeta-
tion/canopy kEw

v surfaces. The component parts of CLM4.5 kE at three different LAI values are shown in Fig-
ure 3. As LAI was increased, the components were affected as follows: (1) transpiration increased, (2)
canopy evaporation increased slightly, and (3) ground evaporation decreased significantly. For all three LAI
values in Figure 3, CLM transpiration on a wDry day was similar to that of a dDry day. Therefore, if CLM is
going to reproduce the enhanced kE during a wDry day observed at US-NR1, this ‘‘enhancement’’ needs to
come from the canopy and ground evaporation. For LAI 5 2, we can see that midday kE on a wDry day was
larger than on a dDry day due to an increase in ground evaporation within a relatively more open forest
(Figure 3a). The increase in wDry kE qualitatively matches the US-NR1 observations shown in Figure 3b, top,
and we will discuss more about the LAI 5 2 results in section 3.3.

Next, we consider kE on the afternoon of wet (dWet and wWet) days in Figure 3. At these times, US-NR1 kE
was decreased relative to dDry kE. For CLM, the reduction in kE on the afternoon of wet days became larger
as LAI increased; however, even for LAI 56, the reduction was not as large as the US-NR1 observations. In
contrast, the reduction of the CLM transpiration on wet-day afternoons looks qualitatively similar to the kE
observations. The lack of diel symmetry in CLM kE implies that the asymmetry in transpiration was offset by
higher values of canopy evaporation on wet afternoons (soil evaporation being symmetric about midday).
This suggests that the timing and/or magnitude of the CLM canopy evaporation term was problematic.

Another observation from Figure 3 is that at night both the canopy and ground evaporation terms were
small (less than 5 W m22), regardless of whether it was a dry or wet period. Soil evaporation is thought to
have two stages: one when soil moisture is high and atmospheric demand controls evaporation, and a sec-
ond stage where the soil surface is relatively dry and diffusion of water vapor through the soil controls sur-
face evaporation (Brutsaert, 1982). For a crop, it has been shown that soil evaporation doubles when
irrigation exists and nighttime evaporation can account for over 10% of daily kE (Tolk et al., 2006). In Figure
3, CLM ground evaporation appears to be primarily controlled by LAI and there is little evidence that the
existence of liquid water was playing a role in modifying the soil evaporation, especially at night. Further-
more, if soil evaporation is expected to be higher when the soil is wet, one would not expect near-perfect
symmetry (around noon) on a wDry day.
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From Figure 3b, we can roughly estimate that the CLM canopy and ground evaporation terms both reached
maximum values during midday of wet days, with values of 50–60 and 10 W m22, respectively. CLM kE
peaked at similar times, at a value of around 150 W m22. These values suggest that CLM canopy evapora-
tion and ground evaporation were no higher than 36% and 6% of the total kE, respectively. In a pine-spruce
forest of similar LAI to that of US-NR1, Grelle et al. (1997) found that the canopy and soil evaporation com-
ponents of total kE accumulated over a growing season were �20% and 15%, respectively. Based on these
numbers, canopy and ground evaporation should have similar magnitudes, and the CLM ground evapora-
tion seems low.

In the observations, we have assumed that transpiration at night is small. CLM4.5 allows for a small level of
nocturnal transpiration (kEt

v on the order of 5 W m22), and we will revisit this topic in section 3.8.1. The sep-
aration of nocturnal kE into transpiration and evaporation is a complicated problem (e.g., Novick et al.,
2009), and for more discussion about the possibility of nocturnal transpiration at the US-NR1 site see
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Figure 2. Similar to Figure 1, but a comparison of the observations and CLM4.5 model output for (a) net radiation Rnet, (b)
sensible heat flux H, (c) latent heat flux kE, and (d) friction velocity u*. The legend in Figure 2b applies to all figures. The
CLM results use the CLM4.5 A1 (default) configuration with a leaf area index (LAI) of 4 (Table 1).
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Turnipseed et al. (2009). We hypothesize that the topographically induced nocturnal slope flow at US-
NR1 resulted in a higher-than-expected nocturnal ground evaporation component (to be discussed in
section 4.4).

3.3. Sensitivity of CLM4.5 Latent Heat Flux and Temperature to Leaf Area Index (LAI)
As LAI was increased from 2 to 6, we found that dDry midday latent heat flux increased from �133 to 179
W m22, while sensible heat flux stayed approximately the same (Figure 4a1 and Table 2). For the midday
wDry-dDry fluxes, net radiation was nearly constant with changing LAI, while the kE difference became
smaller and went slightly negative as LAI increased (Figure 4b1). This means that the enhancement of kE at
midday on a wDry day became smaller as LAI was increased (the observations at the US-NR1 tower suggest
that wDry-dDry kE should be 22 W m22). In Figure 4b1, one can follow the blue dashed line for the observa-
tions and see it intersects the CLM wDry-dDry kE at a value of LAI � 2.5. As discussed in the previous sec-
tion, increased CLM wDry kE for LAI 5 2 was due to increased ground evaporation. While it makes sense
that reducing LAI would lead to enhanced midday wDry kE, LAI is a fairly well-constrained variable, and it
does not seem realistic to use such a low LAI value for the US-NR1 site. Therefore, we reject the possibility
that LAI explains the mismatch in wDry-dDry kE between CLM and the observations.

The midday CLM4.5 canopy air temperature Ts was unaffected by increasing LAI, but vegetation surface
temperature Tv decreased by around 28C and Tg decreased by 88C (Figure 4c1). The dramatic decrease in
ground surface temperature was, presumably, due to increased shading of the soil surfaces as LAI increased.
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Figure 3. The mean diel cycle of latent heat flux kE separated into dDry, dWet, wWet, and wDry conditions for (a) leaf area index LAI 5 2, (b) LAI 5 4, and (c)
LAI 5 6. The red line in each figure is the mean diel cycle for dDry conditions which is repeated for ease of comparison to the results from dWet, wWet, and wDry
conditions. (top, middle) kE measured at the US-NR1 tower which has an LAI of around 4. Below that are the CLM4.5 model output which are (from the second to
bottom row): total latent heat flux kE; canopy transpiration kEt

v ; canopy evaporation kEw
v ; and ground evaporation kEg . Other than changes to LAI, CLM uses the

CLM4.5 A1 (default) configuration.
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The decrease in CLM Tg resulted in a smaller soil heat flux to keep the surface energy budget balanced
(results not shown).

At night, the CLM4.5 dDry latent heat flux was very close to the observations (on the order of 10 W m22)
and insensitive to LAI changes, whereas net radiation decreased in magnitude as LAI increased and sensible
heat flux increased in magnitude to compensate for the Rnet changes (Figure 4a2). For all the LAI values con-
sidered, the CLM4.5 nocturnal wDry-dDry latent heat flux was less than 6 W m22, much less than the
observed value of 15 W m22 (Figure 4b2). This suggests that LAI does not play a significant role in control-
ling the nocturnal latent heat flux (in wet conditions). All the CLM4.5 nighttime temperatures decreased by
around 1–28C as LAI was increased (Figure 4c2).

3.4. Sensitivity of CLM4.5 Latent Heat Flux to Maximum Leaf Wetted Fraction
When water is present on the canopy, the maximum leaf wetted fraction f max

wet limits the area of the leaf sur-
face that is wet. A larger f max

wet value decreases the portion of the canopy undergoing transpiration and
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Figure 4. (a1, b1) Daytime and (a2, b2) nighttime energy fluxes versus CLM4.5 leaf area index (LAI) as it varies from 2 to 6.
(top) The mean values for dDry conditions and (middle) the mean differences between wDry and dDry conditions where
the variables shown are net radiation Rnet (red), sensible heat flux H (green), and latent heat flux kE (blue). The solid lines
with filled symbols are the CLM4.5 output, while the shorter lines with open circles are the US-NR1 above-canopy tower
observations over an approximate range of the site LAI (3.7–4.2). (c1, c2) The US-NR1 observed air temperature Ta and the
effect of varying LAI on CLM canopy surface Tv, canopy air Ts and ground Tg temperatures are shown (see legends). The
CLM results use the CLM4.5 A1 (default) configuration (Table 1).
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increases the direct evaporation of canopy water. For f max
wet 51, the entire leaf is covered in water, which is

the CLM4.5 default value. This default setting is unlikely to be appropriate for needleleaf conifers, where
rainwater accumulates at the tips of the needles that act as drip points (Moors, 2012).

For f max
wet varied between 0.01 and 1, the CLM4.5 dDry fluxes were only minimally affected, as would be

expected in dry conditions (Figures 5a1 and 5a2). However, when f max
wet was smaller than 0.05, it had a signifi-

cant effect on the wDry-dDry kE and H fluxes. For the midday wDry-dDry kE difference, the two smallest val-
ues of f max

wet (0.01 and 0.02) approached the wDry-dDry kE difference of the US-NR1 observations (Figure
5b1); however, these values also tended to decrease the nocturnal wDry-dDry kE difference toward zero
(Figure 5b2). As a compromise, we examined the effect of setting f max

wet to 0.02 in our analysis (CLM4.5 B0, B1,
and B2 in Table 1).

After setting f max
wet to 0.02, CLM midday kE in wDry conditions (Figure 6a) looked qualitatively similar to

observed wDry kE (Figure 3b, top). Furthermore, CLM kE on the afternoon of wet days, was reduced (rela-
tive to dDry kE), similar to the observations. Transpiration and soil evaporation were relatively
unchanged by decreasing f max

wet , but the canopy evaporation term was smoother and decreased in magni-
tude, especially during the afternoon (Figure 6a). Decreasing f max

wet does not change the amount of inter-
cepted water, but it does cause the intercepted water to evaporate at a slower rate, making it more
likely for the water to build up in the canopy and drip to the ground (rather than evaporate to the
atmosphere).

A good example of the effect of decreasing f max
wet on the kE components can be seen in the wDry diel com-

posite shown in Figure 6c. With CLM4.5 A1, there was a sharp increase in the canopy evaporation term at
sunrise from near zero up to 40 W m22 which only lasted a few hours (between around 6:00 and 8:00 MST);
in contrast, for CLM4.5 B0, the canopy evaporation term peaked at around 9:00 MST with a value of 40
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Figure 5. (a1, b1) Daytime and (a2, b2) nighttime energy fluxes versus changes to the CLM4.5 maximum leaf wetted
fraction f max
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value. The CLM results use the CLM4.5 B2 configuration (Table 1).
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W m22 and the evaporation was spread over a much longer time period, between 6:00 and 13:00 MST. The
other CLM4.5 configurations shown in Figure 6c (B1 and B2) will be discussed later, but the important point
is that these configurations are second-order effects while the change to f max

wet presents a fundamental
change to the nature of CLM canopy evaporation. To extend this knowledge further, better knowledge of
the true canopy evaporation from the forest at US-NR1 would be required.

A final comment on Figure 6a: it is curious that the midday ground evaporation during dWet, wWet, and
wDry conditions was either smaller or only slightly larger than that in dDry conditions. This is suggestive
that Rnet plays a dominant role in controlling the CLM ground evaporation, as opposed to the availability of
liquid water. One would expect that an important factor controlling the CLM ground evaporation term is
the subcanopy turbulent transport, which will be discussed in section 3.8.

3.5. Atmospheric Turbulence and Latent Heat Flux
3.5.1. Above-Canopy Friction Velocity
Mechanical turbulence (characterized by the friction velocity u*) plays a crucial role in the transport of water
vapor between the forest and the atmosphere. At US-NR1, u* generally follows a similar pattern to wind
speed at night; however, during the daytime, the buoyancy generated by surface heating enhances u* rela-
tive to nocturnal values (Burns et al., 2015). Observed u* generally agrees well with CLM u* during midday,
but at night we found that observed nocturnal u* was at around 0.4 m s21 while the CLM u* was closer to
0.3 m s21 (Figure 2d).
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Figure 6. Components of the latent heat flux for (a) CLM4.5 using maximum leaf wetted fraction f max
wet 5 0.02 (CLM4.5 B0), (b) CLM4.5 with the subcanopy turbulent

exchange coefficient Cs;dense 5 0.01 (CLM4.5 F2), and (c) the results for a wDry day for the default settings (CLM4.5 A1) along with different cases of f max
wet 50:02 as

listed in the legend. A detailed description of each CLM4.5 alphanumeric configuration is in Table 1. For Figures 6a and 6b, the mean diel cycles are separated into
dDry, dWet, wWet, and wDry conditions where the red line in each figure is the mean diel cycle for dDry conditions which is repeated for ease of comparison to
the results from dWet, wWet, and wDry conditions. CLM4.5 kE is broken down into individual components which are (from top to bottom row): total latent heat
flux kE; canopy transpiration kEt

v ; canopy evaporation kEw
v ; and ground evaporation kEg . In Figure 6c, US-NR1 observed kE is shown in the top figure.
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Another way to look at this issue is to examine how CLM and
observed u* vary with bulk Richardson number Rib (supporting infor-
mation Figure S2). In general, it appears that CLM u* has a low-bias rel-
ative to the observed u* of around 0.1 m s21. Many flux observations
sites show a similar u* bias with CLM4.5 (e.g., Bonan et al., 2017).
Because u* is such an important variable, we circumvented this issue
by using observed u* as an input to CLM4.5 (see Table 1 for specific
configurations). In general, using observed u* increased the magni-
tude of the nocturnal fluxes (as one would expect). A more quantita-
tive examination on the effect of using observed u* is in section 3.7.3.
3.5.2. Atmospheric Stability Effects on Nocturnal Latent Heat Flux
We used the bulk Richardson number Rib to examine how modeled and
measured kE behaved in strongly stable conditions (Figure 7). Here we
observe that on wDry days the magnitude of kE was reduced in strongly
stable conditions (i.e., Rib > 0:2). In these strongly stable conditions,
CLM kE had many negative 30 min periods, which suggests that there
was net condensation on the canopy (not net evaporation). Based on
the US-NR1 observations, net condensation (kE < 0) was rare (Figure
7a). This becomes more apparent when looking at the Rib-binned aver-
ages in Figure 7b. In strongly stable conditions, even though the ground
evaporation term was slightly positive, the canopy evaporation term
was negative, which led to CLM kE being slightly negative (on average).
One explanation for condensation to dominate the CLM canopy evapo-
ration term would be if the the CLM canopy surface temperature
dropped below the dewpoint temperature. A comparison of observed
and CLM temperatures is our next topic of discussion.

3.6. Vegetation, Air, and Soil Temperature
At midday in dDry conditions, the air within the canopy and near the
ground at the US-NR1 site was fairly uniform in temperature and, on
average, was �1–28C warmer than the air just-above the forest (Figure
8a). This compares fairly well with the midday CLM4.5 A1 temperatures.
However, the nighttime temperatures show much less agreement (Fig-
ure 8b). For CLM4.5 A1 at night, the canopy surface temperature Tv was
around 38C colder than the ground surface and about 0.58C colder than

the canopy air temperature Ts. Therefore, CLM considers the air within the canopy the coldest location within
the forest. In contrast, the US-NR1 observations suggest that the coldest air was just-above the ground sur-
face, and near-ground Ta was only �18C cooler than Tsoil. In a study at an evergreen forest using a thermal IR
camera, Kim et al. (2016) showed that the nocturnal canopy skin temperature was typically �28C colder than
the nearby air temperature. Recent work with IR cameras at US-NR1 have shown that the nighttime canopy IR
and air temperatures are, on average, within about 18C of each other (Aubrecht et al., 2016; Bowling et al.,
2018). This seems similar to CLM Ts2Tv ; however, the vertical temperature profiles in Figure 8a clearly reveal
that CLM Ts was over 28C colder than any level of the US-NR1 tower observations. If CLM was performing cor-
rectly, we would expect Ts to be closer to observed subcanopy Ta.

For nocturnal air temperatures plotted versus Rib with CLM4.5 A1 (Figure 9b1), the stronger the stability, the
colder the CLM vegetation and canopy airspace temperatures became, such that Ts2Tg was on the order of
268C for the highest stabilities (Figure 9b2). In contrast, US-NR1 Ta measured within the subcanopy airspace
appeared to reach a limit within strongly stable conditions, as shown by the 2 and 8 m Ta curves leveling
off at �48C for Rib > 0:8 (Figure 9a1). Presumably, this was due to the drainage flow forming in strongly sta-
ble conditions which increased turbulent mixing of (warmer) air aloft with air near the ground. The cold
bias in CLM canopy temperatures and small values of friction velocity appear to be symptoms of runaway
cooling, as discussed in the Introduction. In section 3.7.3, we will discuss the effect of using observed u* on
the CLM temperatures.
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Figure 7. The US-NR1 and CLM4.5 latent heat flux kE and CLM4.5 canopy evap-
oration kEw

v versus the bulk Richardson number Rib from wDry periods between
midnight and 4:00 MST. (a) All the 30 min values including an Rib-binned aver-
age of the 30 min data are shown. (b) The binned averages from Figure 7a are
shown along with the CLM4.5 ground evaporation term as described in the leg-
end. CLM results are from the CLM4.5 A1 configuration.
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In strongly stable conditions, the dewpoint temperature Td measured at
the US-NR1 site was �–28C, or 68C below the air temperature (Figure
9a1). The magnitude of this difference was fairly close to the CLM vege-
tation cold temperature bias, which suggests that the bias was likely
contributing to condensation forming on the canopy in CLM (i.e., lead-
ing to kEw

v < 0).

3.7. Above-Canopy Turbulent Exchange in CLM4.5
CLM4.5 uses Monin-Obukhov Similarity Theory (MOST) to calculate
the turbulent fluxes between the atmosphere and the atmospheric
surface layer, where the surface-layer fluxes approximate those near
the ground (e.g., Businger et al., 1971; Foken, 2006; Panofsky & Dutton,
1984). To model the turbulent fluxes, MOST utilizes the so-called uni-
versal similarity functions.
3.7.1. Universal Similarity Functions
One of the primary tenets of MOST is that, under specified conditions,
there exists universal functions (/m; /h, and /w ) that model the verti-
cal gradients of wind, temperature and humidity, as

/mðfÞ5
jðz2dÞ

u�

@U
@z
; (2)

/hðfÞ5
jðz2dÞ

h�

@h
@z
; (3)

/wðfÞ5
jðz2dÞ

q�

@q
@z
; (4)

where j is the von Karman constant, z is the height above the ground,
d is the zero-plane displacement height, and other variables are

defined in Table B1. The universal functions are a function of only a single variable—the dimensionless sta-
bility parameter f5ðz2dÞ=L, where L is the Obukhov length (see Table B1 for details). After the form of the
universal functions are empirically determined, they can be numerically integrated and the changes in hori-
zontal wind speed and scalars with height in the surface layer can be calculated. Additional details can be
found in any standard boundary layer or micrometeorology textbook (e.g., Foken, 2008; Kaimal & Finnigan,
1994); for our purposes, we highlight that stability f and mechanical turbulence (represented by the friction
velocity, u*) are two of the primary variables controlling turbulent exchange which affects the degree of
mixing that occurs between the ground surface and atmosphere. The fact that u* is part of L is the so-called
self-correlation issue with MOST (e.g., Baas et al., 2006; Moene & Van Dam, 2014). Another possible issue
using MOST over a forest exists if the tower measurement level is too close to the surface roughness ele-
ments (i.e., within the so-called roughness sublayer RSL), then the standard MOST universal functions can
introduce a bias to the modeled canopy-atmosphere exchanges (e.g., Harman & Finnigan, 2007, 2008).

In Table 3, we list the universal functions used in CLM4.5 separated into different stability regimes. In stable
conditions, the universal functions for momentum /m, heat /h, and moisture /w are identical. In unstable
conditions, /h and /w are still identical, but the form of /m changes and occurs over a different stability
range. The accuracy of the universal functions is typically on the order of 10–20%, with larger uncertainty in
strongly stable (i.e., z-less scaling) and unstable (i.e., free convection) conditions (Foken, 2008). In CLM4.5,
the MOST equations are solved iteratively until a convergent solution is achieved (based on changes in veg-
etation temperature and transpiration being below a certain limit, or after 40 iterations have been carried
out). Full details of the CLM4.5 methodology are provided in Oleson et al. (2013).

Over the years, many different forms of the universal functions have been proposed (see Foken, 2008 for a
list of examples). It is natural to wonder how much of an effect the choice of universal function has on the
model results. The universal functions that we consider within our study are listed in Table 4. In Figure 10,
we show the CLM4.5 universal functions (based on the work by Zeng et al., 1998) along with the classical
one from H€ogstr€om (1988) versus f. In this figure, we include the frequency distributions of f measured at
21.5 m on the US-NR1 tower—as one would expect, nocturnal conditions are typically stable (94% of the
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Figure 8. Average (a) daytime and (b) nighttime vertical temperature profiles
in dDry conditions during the warm season for years 2006–2012. As shown in
the legend, the US-NR1 air temperature Ta profile is from 11 levels of thermo-
couples Ttc and soil temperature at 25 cm depth. The CLM model includes
temperature estimates of canopy vegetation Tv, the canopy airspace Ts, and a
2 m air temperature T2m defined as 2 m above the apparent sink for sensible
heat (Oleson et al., 2013). We show T2m as the temperature between 2 m � z �
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opy top is shown as a horizontal dashed line at z 5 13 m. CLM results are from
the CLM4.5 A1 (default) configuration (Table 1).
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nighttime periods have f > 0). H€ogstr€om (1988) is only defined up to f 5 1 which is near the peak of the
nocturnal f frequency distribution. For f > 1, the form of the universal function is not well understood, and
the default CLM4.5 form for / suggests it should increase sharply. However, the work by Handorf et al.
(1999) and others suggest that / should be capped at a fixed value within the strongly stable regime. One
of our objectives is to test which formulation of / leads to CLM4.5 fluxes that agree best with the US-NR1
measured fluxes. On the unstable side (f < 0), the differences between the CLM4.5 and H€ogstr€om (1988) /
functions are less dramatic (Figures 10a2 and 10a3).
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Figure 9. (a1) US-NR1 observed air Ta, dewpoint Td, and soil Tsoil temperatures, (b1) CLM4.5 A1 (default configuration) temperatures, and (c1) CLM4.5 C0 (CLM using
observed friction velocity u*) temperatures versus the bulk Richardson number Rib. The legends in Figure 9b also applies to Figure 9c, where the CLM temperatures
shown are: canopy vegetation temperature Tv, canopy airspace temperature Ts, ‘‘2 m’’ air temperature T2m, ground surface temperature Tg, and Tsoil at 26.2 cm depth. In
Figure 9a, the top figure shows the number of 30 min samples within each Rib bin, and only results with at least 20 samples in a bin are presented. (b2, c2) The CLM4.5
Ts2Tg difference versus the bulk Richardson number Rib are shown in black along with the S-Z correction factor proposed by Sakaguchi and Zeng (2009) in red. For
Ts2Tg > 0, the S-Z correction (based on the stability parameter S with c50:5) is intended to reduce the value of the subcanopy turbulent transfer coefficient Cs;dense .
The mean of the S-Z correction factor uses the y axis between Figures b2 and c2. These data are from dDry periods between midnight and 4:00 MST.
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CLM4.5 has an internal variable (zetamaxstable, fmax
stable) that sets a limit on how large f can become. The

CLM4.5 default value is 2 (shown as a dashed vertical line in Figure 10), and we will discuss the effect of
changes to fmax

stable on the CLM4.5 output in section 3.7.4.

Table 3
Universal Functions for Momentum /m, Heat /h, and Moisture /w Used in CLM4.5 Listed by Stability Range Based on the Stability Parameter, f

Stability range
CLM4.5 manual

equation no.
Universal functions for momentum,

heat, and moisture

Very unstable
Momentum: (f < 21:574) 5.30 /mðfÞ50:7k2=3ð2fÞ1=3

Heat/moist: (f < 20:465) 5.31 /hðfÞ5/wðfÞ50:9k4=3ð2fÞ21=3

5.32
Va5

u�
j

ln
fmL
z0m

� �
2wmðfmÞ

� �
11:14 ð2fÞ1=3

2ð2fmÞ1=3
h i

wm
z0m

L

� �� 	

Weakly unstable
Momentum: (21:574 < f < 0) 5.30 /mðfÞ5ð1216fÞ21=4

Heat/moist: (20:465 < f < 0) 5.31 /hðfÞ5/wðfÞ5ð1216fÞ21=2

5.33
Va5

u�
j

ln
zatm;m2d

z0m

� �
2wmðfÞ

� �
1wm

z0m

L

� �� 	

5.36
wmðfÞ52ln

11x
2

� �
1ln

11x2

2

� �
22tan 21x1

p
2

where x5ð1216fÞ1=4

Weakly stable
Mom/heat/moist: (0 < f < 1) 5.30, 5.31 /mðfÞ5/hðfÞ5/wðfÞ5115f

5.34
Va5

u�
j

ln
zatm;m2d

z0m

� �
15ðfÞ

� �
25

z0m

L

� �� 	

Very stable
Mom/heat/moist: (1 < f) 5.30, 5.31 /mðfÞ5/hðfÞ5/wðfÞ551f

5.35
Va5

u�
j

ln
L

z0m

� �
15

� �
1 5ln fð Þ1f21½ �25

z0m

L

� �� 	

Note. In the unstable expressions, wm is the diabatic term in the integrated momentum equation. Also shown is the full form of the integrated momentum
equation used to calculate the above-canopy mean wind speed Va.

Table 4
Universal Similarity Functions for Momentum /m, Heat /h, and Moisture /w Examined in Our Study

Universal functions for momentum, heat, and moisture Stability range

CLM4.5 (Zeng et al., 1998)
Momentum /mðfÞ50:7k2=3ð2fÞ1=3 f <21:574

/mðfÞ5ð1216fÞ21=4
21:574 � f <0

/mðfÞ5115f 0 � f � 1
/mðfÞ551f 1 < f

Heat/moisture /hðfÞ5/wðfÞ50:9k4=3ð2fÞ21=3 f <20:465
/hðfÞ5/wðfÞ5ð1216fÞ21=2

20:465 � f <0
/hðfÞ5/wðfÞ5115f 0 � f � 1
/hðfÞ5/wðfÞ551f 1 < f

H€ogstr€om (1988) (based on Businger et al. (1971))
Momentum /mðfÞ5ð1219:3fÞ21=4

22 < f <0
/mðfÞ5116f 0 < f <1

Heat/moisture /hðfÞ5/wðfÞ50:95ð1211:6fÞ21=2
22 < f <0

/hðfÞ5/wðfÞ50:9517:8f 0 < f <1

Handorf et al. (1999)
Momentum /mðfÞ5115f 0 < f<0:6

/mðfÞ54 0:6 < f
Heat/moisture /hðfÞ5/wðfÞ5115f 0 < f <0:6

/hðfÞ5/wðfÞ54 0:6 < f
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3.7.2. Stable Conditions in CLM4.5
The value chosen for the CLM4.5 variable zetamaxstable fmax

stable strongly impacts u* and the stability parame-
ter f. For the CLM4.5 A1 configuration, a time series of f shows that f was almost always pegged at
fmax

stable52, which determines the value of the universal function (supporting information Figure S3a). Here it
can also be observed that CLM-calculated u* was smaller than the observed u* at night, as discussed in sec-
tion 3.5.1. If fmax

stable was changed to a value of 100, then f became fixed at 100, and u* was very small (CLM4.5
D0; supporting information Figure S3b). This is a signature of the positive feedback between f and u* at
night—where a large value of f reduces the turbulence which then leads to even more stable conditions.
By using observed u* we eliminated the possibility of this happening; however with fmax

stable set to 2 there
were still some nights where f was fixed at fmax

stable (CLM4.5 C0; supporting information Figure S3c). When
observed u* was used and fmax

stable was set to 100, then the values of f were approximately the same as
observed f (CLM4.5 D1; supporting information Figure S3d). The value of fmax

stable 5 100 was chosen since this
is near the upper limit of observed f (Figure 10b1). This example shows the complex interactions between
these variables.
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Figure 10. The frequency distribution of the dimensionless stability parameter f5(z – d)/L at the US-NR1 site measured at
21.5 m above the ground for (a1) unstable and (b1) stable conditions. These data are from 16 years of tower measure-
ments (1999–2014) between June and September. The results are shown as the fraction of the total points for daytime
(incoming PAR> 50 lmol m22 s21) and nighttime (incoming PAR< 1 lmol m22 s21) periods, as specified in the legend
of Figure 10b1. For the daytime data, 78.7% of the periods are unstable, and for nighttime data, 94.0% of the periods are
stable. Below that, the universal similarity functions for (a2, b2) momentum /m and (a3, b3) heat /h and moisture /w are
shown as a function of f. The relationships shown are from CLM4.5 (i.e., Zeng et al., 1998), H€ogstr€om (1988) (based on
Businger et al. (1971)), and Handorf et al. (1999), as specified in the legend of Figure 10b2. Handorf et al. (1999) is only
defined in stable conditions and the / values used outside of the defined f range are shown as dotted lines. In Figures
10b2 and 10b3, the vertical dashed line is the default value of zetamaxstable, fmax

stable52. Note that /h5/w for all
formulations shown.
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3.7.3. Sensitivity of CLM4.5 Latent Heat Flux to Observed u* and Choice of Universal Function
We first examine how using observed u* (CLM4.5 C0 or D1) affected the default CLM4.5 A1 fluxes and tem-
peratures (from Table 2, the results for C0 and D1 were similar so they will be used interchangeably within
our discussion). During the daytime, the difference between CLM4.5 A1 and D1 fluxes (Figures 11a1 and
11b1) and temperatures (Figure 11c1) were small. This is expected because the CLM4.5-derived and
observed u* agree well during the daytime (i.e., Figure 2d).

At night, using observed u* led to an increase in the magnitude of the net radiation Rnet as well as the sensi-
ble and latent heat fluxes (Figure 11a2). This is expected, since increased u* should result in increased turbu-
lent mixing and fluxes. Due to these increased fluxes, the nocturnal CLM4.5 canopy and 2 m temperatures
increased by �1.58C (Figure 11c2). When the CLM4.5 C0 temperatures are plotted versus Rib in Figure 9c1, it
can be seen that observed u* helped limit the continual decrease in CLM temperature in strongly stable
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conditions in a manner similar to the US-NR1 air temperature (Figure 9a1), as discussed in section 3.6. Fur-
thermore, the general shape of the CLM4.5 C0 temperature versus Rib curves look similar to the curves from
the observations. Using observed u* in CLM was a first step toward eliminating the nocturnal cold bias in
the vegetation temperature and controlling runaway cooling in CLM. This point emphasizes the importance
of modeling the basic turbulence variables, such as u*, correctly.

Using the H€ogstr€om (1988; CLM4.5 D2) and Handorf et al. (1999; CLM4.5 D3) universal functions increased
the nocturnal temperatures (especially T2m, Figure 11c2) and magnitude of the fluxes even more than
CLM5.4 D1. Using observed u* had a larger effect on the CLM fluxes and temperatures than the choice of
universal function.

Though using observed u* increased the CLM4.5 A1 nocturnal dDry kE value of 9.5 W m22 to over
13 W m22, there was also a corresponding increase in kE during wDry conditions (see the entries
for CLM4.5 D1, D2, or D3 in Table 2). Therefore, using observed u* or a different form of the univer-
sal function increased kE in both wet and dry conditions, and only produced a wDry-dDry kE value
of around 3 W m22, rather than the 15 W m22 from the US-NR1 observations (Figure 11b2 and
Table 2).
3.7.4. Sensitivity of CLM4.5 Latent Heat Flux and Temperature to zetamaxstable fmax

stable

Another factor which changes the CLM4.5 fluxes and temperatures is the value of fmax
stable. In Figure 12, we

examine the effect of systematically varying fmax
stable between 0.1 and 100. Of course, the daytime CLM fluxes

and temperatures were not affected very much (Figures 12a1, 12b1, and 12c1). For the nighttime periods,
as fmax

stable was increased, the magnitude of the nocturnal dDry fluxes generally became smaller (Figure 12a2)
and the CLM4.5 temperatures decreased by �28C (Figure 12c2). Also, there was almost no change in the
CLM4.5 fluxes or temperature for fmax

stable > 10. This makes sense if we revisit Figure 10 and realize that only a
small percentage of data exist for f > 10.

The purpose of fmax
stable is to limit the CLM4.5 universal functions in strongly stable conditions. This is, for all

practical purposes, exactly what the universal function suggested by Handorf et al. (1999) was designed to
do—but instead of putting the limit on f, the modification was made to the universal functions themselves.
As we have shown in the time series of supporting information Figure S3, reasonable values of f can be
achieved if u* is accurate. For this reason, it seems more logical to eliminate the use of fmax

stable in CLM, and
instead use a universal function that becomes a constant in the strongly stable regime, such as that pro-
posed by Handorf et al. (1999).

The other question related to both fmax
stable and/or a revised universal function is which value of f to use for

the cutoff value. It would be logical to have this occur where there is a change in the flow characteristics. In
terms of bulk Richardson number, the transition from fully turbulent to stable flow has traditionally been
thought to occur at Rib � 0:25. At the US-NR1 site, Burns et al. (2011) found that, for 0.01< Rib< 0.5, there
was a nearly linear relationship between Rib and f, and for Rib > 0.5, f became nearly constant at f � 1.
This suggests that (for US-NR1) the universal function should become a constant at f � 1. This cutoff value
agrees well with the universal function of H€ogstr€om (1988), which, in stable conditions, is only defined for
f < 1 (Figures 10b2 and 10b3 and Table 4). Handorf et al. (1999) chose a cutoff value of f 5 0:6 for the sta-
ble boundary layer over an Antarctic ice shelf. One would expect this cutoff value to be landscape
dependent and a possible range of values would best be determined by comparing results from
many sites.

The variation of fmax
stable shown in Figure 12 is equivalent to changing the f cutoff value for a universal func-

tion. Here we can get some idea of the sensitivity of the CLM fluxes and temperature to changing this cutoff
value. When the cutoff value was changed from the default value of 2 to 1, the following can be observed:
there was a small effect on kE, dDry H decreased on the order of 10–15%, and the CLM temperatures
increased by �0.58C (Figure 12). Though a more focused study may be needed, our initial results suggest
that eliminating fmax

stable from CLM and using the universal function of H€ogstr€om (1988), with a constant uni-
versal functions for f > 1, should produce reasonable CLM results.

3.8. Subcanopy Turbulent Exchange in CLM4.5
For forested locations, CLM4.5 includes an additional resistance that represents the turbulent exchange of
heat and moisture between the ground surface and the overlying canopy airspace. This turbulent energy
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exchange is controlled by the aerodynamic resistances for heat r0ah and water vapor r0aw , which are assumed
to be equivalent, and follow,

r0ah5r0aw5
1

CsUav
; (5)

where Uav is the magnitude of the wind velocity on the vegetation and Cs is the turbulent transfer coeffi-
cient between the underlying soil and the canopy air. Following Dickinson et al. (1993), Uav is roughly esti-
mated based on the above-canopy friction velocity (i.e., Uav5u�). Because there are wind speed and
turbulence measurements within the subcanopy at US-NR1, we will test/validate the Uav5u� relationship at
the US-NR1 site in section 3.8.3.
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Figure 12. (a1, b1) Daytime and (a2, b2) nighttime energy fluxes versus the CLM4.5 variable zetamaxstable fmax
stable as it

varies from 0.1 to 100. (top) The mean values for dDry conditions and (middle) the mean differences between wDry
and dDry conditions where the variables shown are net radiation Rnet (red), sensible heat flux H (green), and latent
heat flux kE (blue). The solid lines with filled symbols are the CLM4.5 output, while the horizontal dashed lines are the
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stable52.
(c1, c2) The US-NR1 observed air temperature Ta and the effect of varying fmax

stable on CLM canopy surface Tv, canopy air
Ts and ground Tg temperatures are shown (see legends). The CLM results use the CLM4.5 D1 configuration (Table 1),
with fmax

stable being varied.
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Subcanopy exchange is known to depend on the canopy density profile within a forest (Zeng et al., 2005).
In CLM4.5, Cs is calculated from a linear combination of bare-soil Cs;bare and dense canopy Cs;dense turbulent
transfer coefficients,

Cs5Cs;bareW1Cs;denseð12WÞ; (6)

where W is an exponential function of the leaf and stem-area index. For the US-NR1 site with LAI �4, W is
around 0.018 and Cs;dense is the dominant contributor to Cs.

Sakaguchi and Zeng (2009) proposed that Cs;dense should depend on the local stability beneath the canopy.
This accounts for situations where a dense overstory can lead to a stable understory during the daytime
and an unstable understory at night. In extreme cases, such a situation can produce thermotopographic
flows within the subcanopy (e.g., Froelich & Schmid, 2006). Sakaguchi and Zeng (2009) assumed that Cs;dense

50:004 was appropriate for locally unstable conditions in the subcanopy. To account for locally stable con-
ditions (i.e., a canopy air temperature Ts warmer than the ground Tg), Sakaguchi and Zeng (2009) decreased
the default Cs;dense value of 0.004 following,

Cs;dense5

0:004 Ts2Tg � 0 ðlocally unstableÞ;
0:004

11cmin ðS; 10Þ Ts2Tg > 0 ðlocally stableÞ;

8><
>: (7)

where c is an empirical constant (chosen to be 0.5 by Sakaguchi and Zeng (2009)). S is a stability parameter
with a form similar to Rib, calculated by

S5
ghðTs2TgÞ

Tsu2
�

; (8)

where h is the canopy height and u* is evaluated above the canopy (but also represents an average wind
speed within the subcanopy airspace, as discussed in section 3.8.3). The upper value of 0.004 for Cs;dense was
originally proposed by Dickinson et al. (1993), and it is not entirely clear how that specific value was deter-
mined. As discussed by Zeng et al. (2005), values for Cs;dense on the order of �0.04 have been proposed by
others (e.g., Bonan, 1996; Lo Seen et al., 1997). Next, we examine the sensitivity of CLM4.5 output to varia-
tions in Cs;dense and discuss the appropriateness of the Sakaguchi and Zeng (2009) correction (hereafter,
labeled the ‘‘S-Z’’ correction).
3.8.1. Sensitivity of CLM4.5 Latent Heat Flux and Temperature to the Subcanopy Turbulent Transfer
Coefficient Cs;dense

During the daytime, as Cs;dense was increased from 0.001 to 40 (the CLM4.5 default value is 0.004), changes
to Rnet (Figures 13a1 and 13b1) and Tv and Ts temperatures (Figure 13c1) were generally small. However, as
Cs;dense was increased from 0.004 to �0.1, the ground temperature Tg increased and became very close to
the canopy air temperature Ts. This implies that larger values of Cs;dense increased the turbulent heat
exchange between the atmosphere and the ground, warming the soil. During the daytime we have shown
that Ta within the US-NR1 subcanopy was fairly well mixed, creating a nearly constant Ta profile. This implies
that increasing Cs;dense to the point where Tg � Ts might be realistic.

The effect of increased Cs;dense on the CLM midday fluxes is shown in Figure 13a1, where dDry sensible heat
flux increased at the expense of the latent heat flux. As Cs;dense was increased, wDry-dDry kE increased from
just-above zero for Cs;dense50:001, to a value of around 70 W m22 at Cs;dense � 0:4 (Figure 13b1). This was
much larger than the US-NR1 wDry-dDry kE value of �25 W m22 (shown as a blue dashed line in Figure
13b1). This suggests that during a wDry day water was available to evaporate in CLM4.5, but Cs;dense set at
0.004 limited this evaporation.

At night, as Cs;dense was increased, the wDry-dDry kE difference increased dramatically to �16 W m22 (for
Cs;dense > 4) which was just-above the observed wDry-dDry kE value (Figure 13b2). While we do not neces-
sarily advocate that Cs;dense should be increased from 0.004 to 4 (a factor of 1,000), this example shows that
changes to Cs;dense can significantly impact nocturnal kE in wet conditions.

For increased Cs;dense, the CLM4.5 nocturnal air and canopy temperatures all increased, while Tg decreased
(Figure 13c2), suggesting that heat was extracted from the soil and added to the atmosphere. (As discussed
previously, the CLM nocturnal temperatures seemed more reasonable using observed u*, so in Figure 13
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observed u* was used.) If we look at the US-NR1 vertical Ta profile in Figure 8b, the coldest air was located
near the ground which implies that the ground surface was the coldest location, not the canopy as sug-
gested by CLM. From Figure 13c2, it is clear that Cs;dense affects the relationship between Tg and Ts, and, at
Cs;dense � 0:4, Ts approaches Tg.

In order to better understand how Cs;dense affected the CLM latent heat flux, the components of kE are plot-
ted in Figure 14 as Cs;dense was varied. In dDry midday conditions, there was a decrease in kE as Cs;dense was
increased due to changes in H (as discussed above, and shown in Figure 13a1). The ground evaporation
term increased slightly as Cs;dense increased from 0.001 to 0.01, and then leveled off for Cs;dense > 0:01 (Figure
14a1). However, for midday wDry-dDry, it was the ground evaporation term that contributed most to kE,
and the magnitude of the ground evaporation was highly dependent on the value of Cs;dense (Figure 14b1).
At night, the transpiration and ground evaporation in dDry conditions were both at around 5 W m22 with
only a weak dependence on Cs;dense (Figure 14a2). In wet conditions, the nocturnal transpiration decreased
(which is why wDry-dDry for transpiration is negative in Figure 14b2), and ground evaporation increased.
Similar to the daytime, the magnitude of nocturnal ground evaporation was very sensitive to the choice
of Cs;dense.
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Figure 13. Similar to Figure 12, except that the CLM4.5 dense canopy turbulent transfer coefficient Cs;dense is varied from
0.001 to 40 (the CLM4.5 default value is Cs;dense50:004). The CLM results use the CLM4.5 F2 configuration (see Table 1 for
details), with Cs;dense being varied.
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For our study, we are conservative, and examine the effect of increasing Cs;dense from the default value of
0.004 to 0.01 (i.e., CLM4.5 F0, F1, and F2 in Table 1). The value of 0.01 was chosen because it produced a
midday wDry-dDry kE value that was close to the observations (Figure 13b1); however, the nighttime data
suggest that Cs;dense could be increased even further. As discussed by others (e.g., Sakaguchi & Zeng, 2009;
Zeng et al., 2005), the real issue is that Cs;dense cannot be assumed a constant and should depend on the
conditions at the site. For simplicity and consistency, we have left Cs;dense as a constant in our study, but the
validity of using a constant Cs;dense needs further examination.
3.8.2. Correction of Sakaguchi and Zeng (2009)
For US-NR1, the S-Z correction (equation (7)) does not achieve satisfactory results for reasons we explain
herein. First, the subcanopy air (and thus Ta) was, on average, well mixed during the daytime, and the
ground surface was directly cooled by longwave radiation at night (Figure 8). The S-Z correction was
designed for situations where a drastic temperature difference between the canopy and ground exists,
which US-NR1 does not have. Second, the S-Z correction did not work well at US-NR1 at night due to the
unreasonably cold canopy bias (using CLM4.5 A1) which created very unstable (and unrealistic) conditions
in the subcanopy (Figure 9). However, even after the CLM temperatures were made more reasonable (e.g.,
by using observed u*), the S-Z correction still seems problematic because it was very small in the most sta-
ble conditions (Figure 9c2).

We also need to consider the magnitude and direction of the S-Z correction. As mentioned by
Sakaguchi and Zeng (2009), the S-Z correction that they proposed is ‘‘conservative.’’ On average,
the S-Z correction reduced Cs;dense by about a factor 0.7 at night (red line in Figure 9c2) and 0.6
during the daytime (red line in supporting information Figure S4c2). This means that, in general,

Figure 14. (a1, b1) Daytime and (a2, b2) nighttime latent heat flux kE components versus the CLM4.5 dense canopy tur-
bulent transfer coefficient Cs;dense as it is varied from 0.001 to 40. (top) The mean values for dDry conditions and (bottom)
the mean differences between wDry and dDry conditions where the kE components (described in the legend) are: total
latent heat flux kE; canopy transpiration kEt

v ; canopy evaporation kEw
v ; and ground evaporation kEg . The solid lines with

filled symbols are the CLM4.5 output, while the horizontal dashed lines are the US-NR1 observed kE with open circles
(and vertical black line) placed at the CLM4.5 default value of Cs;dense 5 0.004. The CLM results use the CLM4.5 F2
configuration (Table 1), with Cs;dense being varied.
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the S-Z correction reduced Cs;dense from 0.004 to somewhere between 0.0016 and 0.0028. In Figure
13, one can observe that such changes to Cs;dense would lead to very small changes to the CLM
fluxes and/or temperatures. Furthermore, as shown in Figure 13 (and discussed in the previous sec-
tion), it is by increasing Cs;dense that significant changes to CLM output occurred. While the value
of 0.004 might be appropriate for certain forest types, it does not appear to work well at the US-
NR1 coniferous forest site. In short, it should be considered whether 0.004 is an appropriate upper
value of Cs;dense (or not). For more discussion, see section 4.1.
3.8.3. Relationship Between u* and Subcanopy Wind
As part of the subcanopy turbulent parameterization, it is assumed that the wind velocity on the veg-
etation Uav is linearly related to above-canopy friction velocity, i.e., Uav5u�. Surprisingly, we could not
find any study that checked or confirmed this relationship. This expression was first suggested by
Dickinson et al. (1993) and then adopted into CLM4.5. At the US-NR1 site, we used two sonic ane-
mometers located in the mid and lower portion of the canopy to show that the subcanopy mean
wind speed U has very little connection to above-canopy u* (supporting information Figure S5). If we
make an assumption that subcanopy U � Uav , then using Uav5u� will lead to an overestimate of Uav

by about a factor of 2 in high above-canopy winds, and an underestimation of Uav in low winds.
Somewhere in the upper canopy it is possible that Uav5u� is appropriate. This is an example of the
complexity of flow within a forest canopy and one of the challenges of using a simple big-leaf type
of model to represent this complexity.

Air motions in the subcanopy are largely controlled by the canopy-generated coherent structures just-
above canopy top (Raupach et al., 1996) and associated pressure fronts (Shaw & Zhang, 1992). Or, in com-
plex terrain, by the local topography (Burns et al., 2011). For a big-leaf model, the meaning of Uav is difficult
to define because the wind velocity varies from some finite value in the forest gaps to zero at the leaf and
branch surfaces. This subject goes beyond the scope of the current paper but is a possible future topic of
study.

4. Final Comments and Speculations

4.1. Contrasting the Effect of Decreasing f max
wet Versus Increasing Cs;dense on CLM Latent Heat Flux

We found that increased midday wDry-dDry kE can be achieved by either decreasing f max
wet from 1 to 0.02

(Figure 5b1) or by increasing Cs;dense from 0.004 to 0.01 (Figure 13b1). Modified f max
wet increased CLM wDry kE

by modifying the timing and magnitude of the canopy evaporation term, whereas modified Cs;dense

increased the ground evaporation term. In order to better understand any nonlinear or confounding effects
of the S-Z correction or using observed u*, we have plotted the kE components for CLM4.5 B0, B1, and B2 in
supporting information Figure S6, and those for CLM4.5 F0, F1, and F2 in supporting information Figure S7.
As discussed in section 3.4, the changes to f max

wet nicely reproduced two aspects of the observations: (1) the
timing and magnitude of the increase of midday kE on a wDry day and (2) the shape of kE on the afternoon
of a wet day (relative to a dDry day). These features remain regardless of the S-Z correction (supporting
information Figure S6b) or the use of observed u* (supporting information Figure S6c). For increased Cs;dense,
the increase of midday wDry-dDry kE occurred most strongly when observed u* was used (supporting infor-
mation Figure S7c). In addition, for CLM4.5 F0, F1, and F2, kE on the afternoons of dWet and wWet days
does not look very much like the observations (i.e., Figure 3b).

If we only consider a wDry day (Figure 6c) we can see that observed kE between 0 and 4 MST was about 10
W m22 larger than the dDry value, whereas between 19 and 24 MST kE approached the dDry value. This
means that the contribution of evaporation to the enhancement of kE, on average, lasts about 18 h follow-
ing a wet day (Burns et al., 2015). This implies that CLM canopy and ground evaporation terms should be
higher on a wDry early morning and smaller on a wDry evening. As shown in Figure 6c, the canopy evapora-
tion term behaved that way for the CLM4.5 B1 and B2 configurations. In contrast, for ground evaporation,
the magnitude of early morning and evening kEg were almost the same. This, coupled with the fairly sym-
metric shape of the ground evaporation around noon, suggest that the ground evaporation term in CLM is
unrealistic during a wDry day.

As discussed in section 3.8.1, CLM ground evaporation is sensitive to the value of Cs;dense. These analyses
suggest that the parameterization of subcanopy turbulent transfer (i.e., Cs;dense) and the related S-Z
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correction could be revisited and/or improved in CLM. This would best be achieved by looking at different
forest types in a variety of terrain (flat, simple slopes, and mountainous) and over a wide range of stabilities,
similar to what was done by Zeng et al. (2005). Such a study would determine the site characteristics and
atmospheric conditions that most affect Cs;dense, as well as whether using a constant value for Cs;dense is
appropriate.

To examine the effect of changing Cs;dense and f max
wet at the same time, we included the CLM4.5 G1 configura-

tion in our study (Tables 1 and 2). In supporting information Figures S8-S10, we have repeated Figures 2, 7,
and 8 using the CLM4.5 G1 configuration. From supporting information Figure S9, it is apparent that CLM
kE can be increased in strongly stable conditions. Supporting information Figure S10 shows how the CLM
nocturnal temperatures increase by around 1.58C with the G1 settings.

4.2. Cumulative Effects of Revised CLM4.5 Parameters
In our study, we have examined 14 different CLM4.5 configurations (Table 1) with the statistics for
each configuration shown in Table 2. Since we have focused on the diel cycle, an obvious question is
how different are the long term, cumulative fluxes for these 14 possible changes to CLM. Such knowl-
edge, for example, has implications related to the total amount of water transported from an ecosys-
tem to the atmosphere over a season (e.g., Knowles et al., 2015b). The far-right-hand column of Table
2 shows (in bold font for kE) the percent difference between the CLM4.5 cumulative water loss relative
to the US-NR1 observed water loss over the 2010 warm season (for US-NR1, this was 735.5 MJ m22, or
around 298 mm of water lost for every square meter of the forest). CLM4.5 A1 with LAI 5 4 had a 2010
warm-season cumulative kE value of 719.5 MJ m22, which was 2.2% smaller than the US-NR1 observa-
tions. For all 14 combinations, the difference from US-NR1 ranged from 4% lower then US-NR1 to
around 4% larger. For the configuration with all variables modified (CLM4.5 G1), cumulative kE was
0.9% larger than the US-NR1 observations. Though our focus is on kE, we note that changes to cumula-
tive CLM H were on the order of 25% different from US-NR1 and more sensitive to the choice of CLM
configuration (Table 2).

4.3. Asymmetry in the Diel Pattern of Latent Heat Flux
Because we are interested in the diel cycle, a close look at Figure 2 reveals that, for dDry conditions,
observed Rnet, H, and kE all peaked just before noon. Burns et al. (2015) showed that the primary reason
the observed fluxes peaked prior to noon was due to the common occurrence of afternoon clouds at the
US-NR1 site (generated by the dynamics of the mountain-plain circulation). If only days with clear skies
were examined, then these variables peak close to noon. While CLM4.5 does a fairly good job on the tim-
ing of the peak for Rnet and H, CLM kE peaks near noon, rather than before noon (Figure 2c). In Figure 15,
we have separated the dDry diel cycle into periods with any sky condition (left-side figures) and those
with clear skies (right-side figures). In Figure 15, top, we have included the vapor pressure deficit VPD
measured at the site along with kE. Here we can see the the peaks in CLM kE and VPD were both at
around noon in all-sky conditions (Figure 15a1) and shifted toward around 14:00 MST for clear skies (Fig-
ure 15b1). In contrast, the timing of the peak in observed kE shifted from around 11:00 MST in all-sky
conditions to just before noon with clear skies. It seems that the peak in CLM kE follows observed VPD,
while observed kE does not. There are several possible explanations for this mismatch in the timing of
the CLM kE peak: observed kE is affected by larger-scale atmospheric processes which are unknown to
CLM, such as entrainment of dry air at the top of the boundary layer (Betts, 2009; Gentine et al., 2011;
van Heerwaarden et al., 2010) or large eddies that impact the near-surface turbulence (Patton et al.,
2016); or, it could be related to improper modeling of the US-NR1 tree hydrodynamics (e.g., Matheny
et al., 2014).

If we compare the timing of the temperatures peaks in all-sky (Figure 15a2) versus clear-sky (Figure 15b2)
conditions, we can make the following conclusion: the peak in above-canopy air temperature during clear-
sky conditions was later (at �15:00 MST), the peak in soil temperature (at 25 cm) was relatively unaffected
by the sky conditions, the peak in observed 2 m air temperature was shifted to a later time, somewhere
between the peaks in Tsoil and above-canopy Ta, and the timing of VPD peaks followed Ta. The shift in tim-
ing of the above-canopy Ta is presumably due to the biomass of the forest accumulating heat when the
incoming shortwave irradiance is highest (i.e., on clear-sky days), and then slowly releasing it back to the
atmosphere. The CLM4.5 canopy air temperature Ts generally followed the pattern of observed Ta. However,

Journal of Advances in Modeling Earth Systems 10.1002/2017MS001248

BURNS ET AL. 26



observed Tsoil peaked at around 13:00 MST, while CLM Tsoil peaked at around 15:00 MST, suggesting that
the CLM soil thermal properties or amount of shading is incorrect. The heat capacity of vegetation biomass
and soil is an important consideration to properly balance the surface energy budget (e.g., Lindroth et al.,
2010; Leuning et al., 2012).

4.4. The Effect of Sloped Terrain on Latent Heat Flux
CLM4.5 could not simulate the enhanced latent heat flux at night during wet conditions at US-NR1. Our
hypothesis is that enhanced nocturnal kE was due to two phenomena: (1) the presence of liquid water, pro-
viding a source for evaporation and (2) the ever-present slope/drainage flow supplying additional energy to
drive the evaporation.

To explore this possibility, we examined data from the Howland Forest AmeriFlux site (US-Ho1). Howland
Forest was chosen because it has a forest similar to that of US-NR1, but with flatter, rolling terrain. The
results from US-Ho1 showed that while US-Ho1 has enhanced kE at midday on a wDry day, it did not show
increased kE on wet nights (supporting information Figure S11). US-Ho1 nocturnal kE was very small for
both wet and dry conditions which was similar to CLM nocturnal kE from US-NR1. Though our discussion
here is focused on the possible effects of slope flow on kE, we cannot rule out the possibility that the larger
LAI at US-Ho1 (US-Ho1 LAI � 5.5 versus US-NR1 LAI � 4) also contributes to a smaller US-Ho1 nocturnal kE.
One way to better explore this parameter space would be to look at many sites with a wide range of LAI val-
ues and topographic slopes.

Are there features we can examine to highlight something unique about sloped terrain? It is
known that the relationship between u* and wind speed depends on the underlying surface type
and roughness (e.g., Blanken et al., 2003). We explored this relationship for both US-NR1 and US-
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Figure 15. The dDry warm-season composite diel cycle of (a1, b1) the US-NR1 above-canopy latent heat flux kE and vapor pressure deficit VPD (middle axis) with
CLM4.5 kE and canopy transpiration kEt

v , and (a2, b2) US-NR1 observed 21.5 and 2 m air temperature Ta and soil temperature Tsoil at 25 cm depth, along with
CLM4.5 canopy air temperature Ts, ground temperature Tg, and Tsoil at 26.5 cm depth. Figures 15a1 and 15a2 are for all dDry conditions while Figures 15b1 and
15b2 are dDry days with clear skies; the number of days (N) that satisfy each condition are listed above the top figure. The legends in Figure 15a also apply to
Figure 15b.
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Ho1 and found that US-Ho1 (and CLM for that matter) exhibited a nearly monotonic increase in u*

with increasing wind speed during midday and at night (supporting information Figure S12). At
US-NR1, however, nocturnal u* was enhanced for low winds (shown as a ‘‘hump’’ at U � 2 m s21

in supporting information Figure S12b2). This, we suspect, is a signature of the drainage flow. At
night, CLM-calculated u* shows a monotonic increase with wind speed, as well as the low bias dis-
cussed in section 3.5.1 (Figure S12b2). MOST should not be expected to calculate an accurate
value of u* during light winds in sloping terrain.

Since we used observed u* as an input into CLM, should that account for the turbulence in the drainage
flow? One might expect this, however the turbulence measured above the canopy is not necessarily the
same as what is happening near the ground. This is especially true in a slope flow which can be seen in
supporting information Figure S5c, where the lowest values of above-canopy u* (<0.25 m s21) led to an
increase in the 2.5 m horizontal wind speed U. This provides evidence that what is happening above the
canopy is not representative of the ground surface, where drainage winds are likely stronger and promot-
ing surface evaporation. Despite several previous studies related to the horizontal advection at US-NR1
(e.g., Sun et al., 2007; Yi et al., 2005, 2008) how the drainage flow affects the above-canopy fluxes and
how representative the above-canopy flux is of the actual flux at the ground surface remains poorly
understood.

5. Summary and Conclusions

Over a decade of 30 min turbulent flux measurements from just-above a high-elevation subalpine forest at
AmeriFlux site US-NR1 were analyzed with a focus on how precipitation perturbed the fluxes on a diel time
scale and how well a land-surface model represented these changes. The analysis methodology followed
that of Burns et al. (2015) where each day was classified as either wet or dry. From the tower measurements,
two results related to the effect of warm-season precipitation on the latent kE and sensible H heat flux were
highlighted: (i) for a day following an above-average wet day, midday latent heat flux was enhanced by
around 40 W m22 relative to dry conditions, with a concomitant reduction in sensible heat flux and (ii) in
wet conditions, nocturnal latent heat flux increased by about 15 W m22 relative to latent heat flux in dry
conditions (Figure 1).

We used these two features of the measured turbulent fluxes as a framework for testing the Community
Land Model (CLM), version 4.5 (Oleson et al., 2013). Investigation into what controlled CLM latent heat
flux necessitated examination of several other aspects of CLM4.5: the maximum permissible amount of
water captured by the vegetation, the assumptions and parameterization of the subcanopy turbulent
transport, and the MOST universal similarity functions. An additional tool used to evaluate CLM was from
a vertical air temperature profile (11 levels), which revealed that CLM nocturnal temperatures had a cold
bias of around 2–48C and evidence of runaway cooling (Figures 8 and 9). Conclusions from our compari-
son between the US-NR1 tower observations and CLM4.5 modeled fluxes and temperature are the
following:

1. Using the default CLM configuration, midday latent heat flux did not increase for a dry day following an
above-average wet day as seen in the observations and described in (i) above (thus, CLM sensible heat
flux did not decrease as in the observations). By decreasing the maximum leaf wetted fraction f max

wet from
a default value of 1 to 0.02 the timing and magnitude of the canopy evaporation in CLM was modified
in such a way that CLM was able to mimic the observations described in (i). It also resulted in kE on the
afternoon of wet days that looked similar to observed kE.

2. CLM ground evaporation was found to (primarily) be controlled by the subcanopy turbulent transfer
coefficient Cs;dense. When Cs;dense was increased from a default value of 0.004 to 0.01, CLM kE behaved as
observed kE described in (i) above (Figure 13b1). A comparison of the effect of increasing Cs;dense or
decreasing f max

wet on overall kE suggested that the changes to f max
wet were closer to the observed kE (Figure

6). There were also indications that the timing and magnitude of ground evaporation were incorrect
(section 4.1), so we conclude that some adjustment to the subcanopy ground evaporation (via modifi-
cations to Cs;dense) are needed.

3. The stability correction to Cs;dense suggested by Sakaguchi and Zeng (2009) was found to produce
small changes in the CLM fluxes and temperature for the US-NR1 site. Furthermore, this correction
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only decreases Cs;dense, whereas our results suggest that increasing Cs;dense would be justified
(Figure 13).

4. The measured and modeled friction velocity u* agreed well during daytime, however, CLM nocturnal
u* was �0.3 m s21 whereas observed u* was �0.4 m s21. We circumvented this issue by using
observed u* as an input to CLM, which increased the magnitude of the turbulent fluxes and
increased the nocturnal CLM temperatures (thus reducing the issue of a cold canopy temperature
bias and runaway cooling).

5. CLM nocturnal latent heat flux in both dry and wet conditions was �10 W m22 (i.e., there was not a
large increase in kE during wet conditions, as described in (ii) above). Further investigation found that
CLM canopy and ground evaporation at night were both very small (Figure 3). Though using observed
u* as input into CLM increased nocturnal kE, it did so for both wet and dry conditions. Increasing Cs;dense

by a factor of 1,000 led to larger nocturnal kE fluxes in wet conditions that approached the observa-
tions. Based on a comparison with a forested site in relatively flat terrain (Howland Forest), we hypothe-
size that the enhanced nocturnal kE at US-NR1 is related to the drainage flow which is not represented
within CLM.

6. The comparison with Howland Forest brought to light an important effect of mountainous terrain:
slope-generated drainage flows contribute additional turbulent energy which we speculate promotes
evaporation and enhances US-NR1 nocturnal latent heat flux.

7. With regard to the universal similarity functions used in CLM4.5: we suggest that rather than limiting f
with the variable zetamaxstable, it would be more appropriate to use a form of the universal function
that is constant in strongly stable conditions (as recommended by Handorf et al. (1999)). For US-NR1,
we suggest that the universal function should be constant for f > 1.

8. We tested the portion of the CLM4.5 subcanopy parameterization that assumes a linear relationship
between velocity on the vegetation Uav and above-canopy u*. We found it generally overestimated Uav

by about a factor of 2 (supporting information Figure S5).
9. In dry conditions, the timing of the diel-cycle peak in CLM kE and soil temperatures were inconsis-

tent with those of the observations (Figure 15). In general, CLM kE followed VPD whereas the peak
in observed kE was affected by other phenomena (we suspect entrainment at the top of the
boundary layer). Also, the peak in CLM soil temperature was several hours later than the peak in
observed Tsoil.

10. From the US-NR1 observations, the cumulative warm-season fluxes suggest that this subalpine forest
releases about 300 mm of water and 700 MJ m22 of sensible heat into the atmosphere. Among the 14
CLM configurations considered in our study, the warm-season cumulative water vapor varied by about
8% and sensible heat by 25%.

Our study describes a method of testing land-surface models for appropriate representation of the
diel changes in surface energy fluxes when precipitation occurs. This analysis led to further insight
into the measurements as well as pin-pointing areas for future model improvement in forested areas.
On the measurement side, improved understanding of canopy temperature, better estimates of soil
and vegetation evaporation and interception (especially at night), controls on subcanopy turbulent
exchange (e.g., Thomas et al., 2013), slope flow dynamics (or more comparisons between flat and
sloped sites), as well as better estimates of forest and soil physical properties would be useful. On the
modeling side, possible improvements and suggested areas for future work are (1) revisiting the sub-
canopy turbulent parameterization (e.g., Zeng et al., 2005), (2) taking into account the effect of forest
biomass heat capacity on the turbulent fluxes and the surface energy budget (e.g., Leuning et al.,
2012), (3) including modifications to the MOST universal functions that take into account the possibil-
ity that the uppermost measurement level is within the roughness sublayer (e.g., Harman & Finnigan,
2008), and (4) the inclusion of slope-effects and drainage air flows in complex terrain that lead to
increased nocturnal turbulence and surface evaporation. Model development will only progress if
data from multiple measurement sites with a wide variety of canopy types and forest densities situ-
ated in different landscapes are brought together to create better understanding over a wide param-
eter space. Observational networks such as FLUXNET (Baldocchi et al., 2001) are well positioned to
help in these efforts and much work has already been made in this direction (e.g., Abramowitz et al.,
2008; Blyth et al., 2010; Bonan et al., 2011, 2012; Chen & Zhang, 2009; St€ockli et al., 2008; Ukkola
et al., 2017; Williams et al., 2009).
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Appendix A: Site-Specific Adjustments to CLM

For the US-NR1 plant type (temperate needleleaf evergreen forest), CLM assumes a canopy height h of
17 m. We found that fine-tuning the canopy and observation height (to better match the actual US-NR1 for-
est) resulted in slightly different results compared to using the default version of CLM4.5. To tune CLM4.5
for use with a specific flux site, the CLM4.5 FORTRAN program ‘‘CanopyTemperatureMod.F90’’ was modified
in the following 2 ways:

1. The US-NR1 canopy height of 13 m (htop in CLM4.5 source code) was specified and added to the follow-
ing DO LOOP of CanopyTemperatureMod.F90. This replaces the default value (17 m), which is based on the
vegetation type:

do fp = 1,num_nolakep

p = filter_nolakep(fp)

!scs: from burns et al 15

htop(p) = 13.0_r8

!scs

z0m(p) = z0mr(patch%itype(p)) * htop(p)

displa(p) = displar(patch%itype(p)) * htop(p)

end do

2. The following lines,

if (frac_veg_nosno(p) == 0) then

forc_hgt_u_patch(p) = forc_hgt_u(g) + z0mg(c) + displa(p)

forc_hgt_t_patch(p) = forc_hgt_t(g) + z0mg(c) + displa(p)

forc_hgt_q_patch(p) = forc_hgt_q(g) + z0mg(c) + displa(p)

else

forc_hgt_u_patch(p) = forc_hgt_u(g) + z0m(p) + displa(p)

forc_hgt_t_patch(p) = forc_hgt_t(g) + z0m(p) + displa(p)

forc_hgt_q_patch(p) = forc_hgt_q(g) + z0m(p) + displa(p)

end if

are modified so that the forcing height is not adjusted by the displacement and roughness heights. For
US-NR1, the observational height is 21.5 m so these lines become:

!scs: don’t adjust forcing height

if (frac_veg_nosno(p) == 0) then

forc_hgt_u_patch(p) = max(forc_hgt_u(g),21.5)

forc_hgt_t_patch(p) = max(forc_hgt_t(g),21.5)

forc_hgt_q_patch(p) = max(forc_hgt_q(g),21.5)

else

forc_hgt_u_patch(p) = max(forc_hgt_u(g),21.5)

forc_hgt_t_patch(p) = max(forc_hgt_t(g),21.5)

forc_hgt_q_patch(p) = max(forc_hgt_q(g),21.5)

end if

!scs

Our modified version of CanopyTemperatureMod.F90 (along with all other modified programs) are
included in a ZIP file as described in Appendix C. The modified version of CanopyTemperatureMod.F90
should be placed in the ‘‘SourceMods/src.clm/’’ subdirectory for any particular case where it is to be
used.

The effect of varying the canopy height and specifying the observation height of the fluxes and CLM tem-
peratures is shown in Figure A1. Here the CLM4.5 A1 settings are those described in Table 1. CLM4.5 with
the ‘‘A0’’ settings uses the default values of a canopy height of 17 m and an observational height that has
been adjusted using the momentum roughness and displacement height, as described in (2) above. In
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general, the nocturnal data were more affected than the daytime data by changes to the canopy height,
with the changes to nocturnal fluxes on the order of 10–15% (Figure A1a2) and the temperatures
changed by around 2�C (Figure A1c2). One of the primary reasons for these changes is that the nocturnal
values of friction velocity were increased by around 0.1 m s21 after fine-tuning the CLM forest properties
for US-NR1.

Appendix B: Nomenclature

Table B1 contains the nomenclature, units, and variable descriptions used within our study. It also includes
a list all of the variables relevant to our study measured at US-NR1. In some cases, these measured variables
are used as input to CLM.
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Figure A1. (a1, b1) Daytime and (a2, b2) nighttime energy fluxes versus changes to the CLM4.5 canopy height h which
has a default value of 17 m. (top) The mean values for dDry conditions and (middle) the mean differences between wDry
and dDry conditions where the variables shown are net radiation Rnet (red), sensible heat flux H (green), and latent heat
flux kE (blue). The solid lines with filled symbols are the CLM4.5 output, while the horizontal dashed lines are the US-NR1
observations with an open circle placed at h 5 12.5 m. (c1, c2) The US-NR1 observed air temperature Ta and the effect of
varying h on CLM canopy surface Tv, canopy air Ts and ground Tg temperatures are shown (see legends). The A1 column
uses the default CLM4.5 settings (see Table 1), whereas the A0 column (on the far-right side) uses the default version of
CanopyTemperatureMod.F90, as described in Appendix A.
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Table B1
A List of Variables in CLM4.5 and Nomenclature Related to Our Study

Variable name
CLM4.5 manual

equation number Units Description and/or equation

Roman symbols
Cs 5.115 Dimensionless Turbulent transfer coefficient between ground and canopy airspace
Cs;dense 5.115 Dimensionless Turbulent transfer coefficient between ground and canopy airspace for

a dense canopy
d 5.127 m Displacement height, prescribed in CLM based on surface type
H Measured, 5.83–5.95 W m22 Above-canopy vertical sensible heat flux
L 5.16 m Obukhov length, L52ðu3

�
�h)/(jg w0h0 )

LAI m2 m22 Projected leaf area index, prescribed in CLM based on surface type and
satellite data

P Measured kPa Barometric pressure (supplied as an input variable to CLM4.5)
Rnet Measured, 4.4, 4.17 W m22 Above-canopy net irradiance (incoming shortware and longwave irradi-

ance are supplied as input variables to CLM4.5)
RH Measured % Above-canopy relative humidity (supplied as an input variable to

CLM4.5)
r0ah 5.113 s m21 Aerodynamic resistance for heat exchange between ground and

canopy
r0aw 5.113 s m21 Aerodynamic resistance for water vapor exchange between between

ground and canopy (r0ah5r0aw )
Ttc Measured 8C Thermocouple temperature (at US-NR1, measured at 11 levels)
Ta Measured K or 8C Air temperature (measured at US-NR1; the above-canopy air tempera-

ture (TBOT) is used as an input variable to CLM4.5)
Tg 6.29–6.32 K or 8C Ground surface temperature
T2m 5.58 K or 8C Air temperature at 2 m above the apparent sink for sensible heat

(z0h1d)
Ts 5.90 K or 8C Surface temperature (at height (z0h1d)), or canopy air temperature
Tsoil Measured, 6.12 K or 8C Soil temperature (measured at 25 cm at US-NR1; in CLM4.5, calculated

at 15 depths below the surface)
Tv K or 8C Vegetation temperature
q Measured g kg21 Atmospheric specific humidity (at US-NR1, measured at 21.5 m)
q� 5.15 g kg21 Humidity scale
u* Measured, 5.32–5.35 m s21 Above-canopy friction velocity, u�5ððu0w0Þ21ðv0w0Þ2Þ0:25

Uav 5.114 m s21 Velocity of air within foliage (Uav5u�)
U Measured m s21 Horizontal wind velocity (at US-NR1, measured at 3 heights (21.5, 5.7,

and 2.5 m); above-canopy (21.5 m) U is an input variable to CLM4.5)
u, v, w Measured m s21 Streamwise, crosswise, and vertical planar-fit wind components (at US-

NR1, measured at 3 heights: 21.5, 5.7, and 2.5 m)
VPD Measured kPa Vapor pressure deficit
z m Height above the ground
z0m 5.126 m Roughness length for momentum

Greek symbols
j Dimensionless von K�arm�an constant; in CLM4.5 j50:4
k Table 2.6 kJ kg21 Latent heat of vaporization of water vapor; for US-NR1, k was calculated

with k 5 1; 000; 000 ð2:50120:00237 TaÞ which is for liquid water,
with Ta in 8C

kE Measured, 5.96, 5.97 W m22 Above-canopy vertical latent heat flux (kE5kEt
v1kEw

v 1kEg)
kEt

v 5.135 W m22 Canopy transpiration
kEw

v 5.111 W m22 Canopy evaporation
kEg 5.112 W m22 Ground evaporation
/m; /h; /w 5.30–5.31 Dimensionless Universal functions for momentum, heat, and moisture (see Table 3)
wm, wh, ww 5.36–5.45 Dimensionless Integral of the universal function for momentum, heat, and moisture

(see Table 3)
h K or 8C Potential temperature
h� 5.14 K or 8C Temperature scale
f Measured, 5.48–5.49 Dimensionless Above-canopy stability parameter (f5(z – d)/L)

Note. Where appropriate, equation numbers from the CLM4.5 manual (Oleson et al., 2013) are listed. If the variable is measured at the US-NR1 site, then ‘‘Mea-
sured’’ is included within this same column. Mean values are shown with an overbar (�x ) and turbulent fluctuations from a mean are indicated by a prime (x0); if
neither are shown a total or mean value should be assumed.
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Appendix C: Data and Software Sources

The observational data used in our study are available from AmeriFlux (http://ameriflux.lbl.gov/) where the two
sites we have used are US-NR1 (https://doi.org/10.17190/AMF/1246088) and US-Ho1 (https://doi.org/10.17190/
AMF/1246061). Different versions of the CLM model can be found at http://www.cesm.ucar.edu/models/clm/.
Within the supporting information, we have included more information about our modifications to the CLM4.5
source code, as well as the modified code in a zip file, agu_JAMES_SpB_CLM_code_mods_180110.zip.
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