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2. EXECUTIVE SUMMARY

Land surface models are used to represent terrestrial processes that shape global climate; examples of
these processes include evaporation, plant water use, and photosynthesis. While much progress has
been made to improve and refine these models, some hydrological processes are not well captured,
which hinders our ability to understand land-atmosphere interactions and ultimately to predict impacts
of climate change on water resources. The inadequate representation of evapotranspiration may partly
explain why global climate models do not match observed precipitation patterns. Multiple factors
contribute to this problem. In moist tropical regions, high humidity, leaf wetness, and cloud cover
combine to suppress forest water use and possibly reduce forest growth in ways that are poorly
understood. Mountainous areas pose additional difficulties, as standard modeling and measurement
techniques are not readily applied in rough terrain.

In this project, we aimed to improve our understanding and modeling of fluxes of water vapor and
carbon dioxide to and from tropical forests. To do this, we collected a suite of data from the
mountainous rainforest surrounding the Texas A&M Soltis Center in San Ramon, Costa Rica. From 2014
to 2018, a suite of variables were measured, including: in-canopy profiles of water vapor, carbon
dioxide, temperature, light, and leaf wetness; transpiration, evapotranspiration, carbon flux, and soil
respiration; and local weather conditions. Leaf-scale measurements were used to find photosynthesis
rates and derive their parameters. Using this data set, we were able to better quantify the relationships
between assimilation and transpiration and their main drivers in tropical forests. These variables were
namely available light, vapor pressure deficit, and leaf wetness, but not soil moisture, which exerted no
detectable control. We also showed the vertical variability in canopy microclimates and how neglecting
forest layers in models may misrepresent overall fluxes.

The data were then used to test and refine evapotranspiration and energy budget formulations in the
Community Land Model. Fluxes and energy budget components were compared to simulated values
from CLM4.5 and CLM.5. The biggest discrepancies arose from hillslope shading effects, particularly
mismatches in afternoon carbon fluxes, with notable differences in transpiration rates and sap flux due
to capacitance in large trees. Secondary, but still significant issues included unrealistic leaf wetness and
leaf drying rates, as well as air and vegetation temperatures, both of which were likely linked to CLM’s
formulations controlling wet leaf and sunlit/shaded leaf fractions. Modeling multiple layers in the
canopy via the newly released CLM-ml and making adjustments to existing parameters both show
promise in resolving these issues.

In total, the project has produced 5 peer-reviewed articles, 24 presentations, 2 theses, 4 public outreach
items, and 4 publically available datasets, to date. Additional products are expected pending the
completion of an additional thesis. Data has also been shared with several collaborative networks,
including PHENOCAM and SAPFLUXNET.



3. ACTIVITIES AND ACCOMPLISHMENTS
A) Overview of Objectives
The major goals of this project, as stated in the original proposal, were to:

e Measure hydrometeorological variables along in-canopy and above-canopy profiles at spatially
distributed locations throughout a mountainous forest watershed in Costa Rica.

o Determine sensible heat, water vapor, and CO; fluxes based on both a top-down and a
bottom-up approach.

o Evaluate the influence of canopy wetness, differential drying rates, and in-canopy
micrometeorological gradients on the partitioning of transpiration and evaporation.

o Characterize the contribution of slope and aspect to variations in latent energy fluxes
under both wet and dry canopy conditions.

e Revise CLM to improve its estimates of evapotranspiration in tropical forests.

o Reformulate CLM parameterizations of surface roughness length and flux resistances for
montane tropical forests and wet canopy evapotranspiration for all tropical forests.

o Compare results from the revised CLM model to fluxes measured at the Costa Rica site
and those publically available from FLUXNET sites throughout the tropics and in other
wet systems.

e Model tropical forests and their interactions with rainfall at regional scales using CLM coupled
with an atmospheric model, WRF.

o Use numerical experiments to determine the influence of evapotranspiration rates on
regional scale precipitation.

o Investigate the resilience of tropical forests to droughts and the dependence on land-
atmosphere interactions simulated by models.

B) Description of Activities
Phase 1

During the first phase of the project, we monitored a suite of micrometeorological variables in the forest
canopy at the Texas A&M Soltis Center in San Ramon, Costa Rica. The site originally had a
meteorological tower, providing baseline atmospheric data from 2010 to the present. In-forest
monitoring associated with this project began in late-summer 2014 and continues to the present.
Measurements focused on understanding the drivers of transpiration and leaf surface evaporation
within the canopy and the variability caused by changing light, water vapor saturation, and wind at
varying heights within the forest. Canopy instrumentation was configured such that it measured each
canopy zone: the understory or suppressed region, the midstory layer, and the emergent trees (Figure
1). Instruments included a trace gas (CO; and H,0) profile system, two net radiometers, infrared
temperature sensors, leaf wetness sensors, and air and soil temperature probes (Table 1). Using the
eddy-covariance method, fluxes of trace gases above the midstory clearing were observed; however,
due to the non-ideal configuration of the terrain (highly mountainous) and tower (limited height), only a
portion of the data met QA/QC requirements. In order to better observe fluxes directly from vegetation,
we modified our study to include the use of Grainier-style sap flux sensors, outfitting an array of trees
near the tower. Sapflow monitoring began in 2013 and continued until 2017. All observation data
through the 2017 calendar year has been processed and subject to QA/QC procedures.
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Figure 1: Study plot vegetation layers and canopy tower instrumentation, from Andrews et al.(in prep). The
intensity of yellow shading represents approximate light extinction at a given height in the canopy. Predominant
wind direction is into the page. Selected symbols obtained from of the Integration and Application Network
Library, University of Maryland Center for Environmental Science.

Table 1: Canopy Tower Instrumentation, from Andrews et al. (In Prep)

Sensor Model Quantity  Vertical Level (m) Measured Variables®
e Dimensional Sonic CSAT3® 2 11 and 33 UV, W,Pair, Teonic
CO/H,0 Gas Analyzer LI-7200° 2 11 and 33 CO2,H,0

g;;ié ':]20 Atmospheric Profile  \p)qgs 1 1,5,11,16,22,27,33,38 CO,,H,0

Temperature 107° 8 1,5,11,16,22,27,33,38 Tair

Dielectric Leaf Wetness Sensor ~ LWS¢ 5 3,11,22,33,38 LW

Pyranometer LI-190SB® 5 10,21,27,32,38 PAR

Net Radiometer CNR1® 2 10 and 44 Riet

Net Radiometer NR-LITE2® 1 34 Riet

Infrared Temperature Sensor IRTS-Pf 4 35 (all) Tleat

84, V, and W = x, y, and z components of wind velocity, P = air pressure, Tsnic = air temperature derived from speed of sound, CO, =
concentration of carbon dioxide, H,O = concentration of water vapor, T, = air temperature, LW = leaf wetness, PAR = photosynthetically
active radiation, Ry = net radiation, Tie,s = leaf temperature

& Campbell Scientific, Logan, UT, USA,; ¢ LI-COR Biosciences, Lincoln, NE, USA; ¢ Decagon Devices, Pullman, WA, USA

€ Kipp & Zonen, Delft, The Netherlands; progee Instruments, Logan, UT, USA



This portion of the study addressed the first objective, “Measure hydrometeorological variables along
in-canopy and above-canopy profiles at spatially distributed locations throughout a mountainous forest
watershed in Costa Rica.” Results from this portion of the study have been or will be reported in the
following peer-reviewed journal articles: Aparecido et al. (2016), Moore et al. (2017), and Andrews et al.
(in prep). We have also contributed our data to several multi-site and synthesis studies examining
transpiration and ecohydrological processes in the tropics, as reported by: Aparecido et al. (2017a),
Moore and Aparecido (2018), and Grossiord et al. (in review). We have archived and made public the
final data values as text files in the Texas A&M OAKTrust Digital Repository, a scholarly archive
maintained by the university’s library. (See “Section 4 — Other Products” for access details.)

Phase 2

During the second phase of this project, we developed a set of simulations in both CLM4.5 and CLM5 to
compare the model’s performance, at a point-scale, to the measurements at the Soltis Center field
station. The simulations were forced with local meteorological data from 2010 to 2017. Critical outputs
for comparison were net radiation, transpiration, leaf temperature, ground heat flux, and leaf wetness
at diurnal and seasonal scales. In cases where the simulations performed poorly, we examined and
altered both parameters and formulations associated with leaf wetness, photosynthesis, and radiative
transfer (Figure 2). To address issues with the model’s representation of in-canopy process, we created
simulations using the new CLM-ml multi-layer canopy flux module (developed by G. Bonan at NCAR). We
plan to complete the first comparison of this model with detailed tropical rainforest data, as we are
uniquely positioned to provide this analysis.

This phase of the study will complete the second objective, “Revise CLM to improve its estimates of
evapotranspiration in tropical forests.” Results from this portion of the study have been reported at
several conferences (AGU Chapman 2016, AGU Fall 2017). Publications are pending completion of the
Ph.D student’s doctoral dissertation; we plan to submit two peer-reviewed journal articles within the
next six months: Song et al. (2018 —in prep) and Song et al. (2019 — in prep).

Unfortunately, we have, as yet, been unable to complete work relating to the third phase of the project,
“Model tropical forests and their interactions with rainfall at regional scales using CLM coupled with an
atmospheric model, WRF.” It remains pending the hiring of a suitable post-doctoral researcher at PNNL.
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C) Summary of Findings

Drivers of Evapotranspiration in Rainforests

At the site, transpiration measured approximately 500 mm/yr, a fraction of the total mean annual
precipitation of 4200 mm/yr. This indicated that the system was “energy limited” and that transpiration
was highly suppressed. In this project, we aimed to quantify the strength of this driver and to test the
hypothesis that variations in canopy relative humidity and leaf wetness were additional compounding
influences. As typical for rainforests, we found that transpiration was indeed significantly dependent on
incoming solar radiation for all sizes of trees, while vapor pressure deficit (VPD) explained a significant
portion of its additional variability in larger trees (Figure 3). However, these two variables were not
sufficient to explain all controls on transpiration. Using leaf wetness data, we were able to identify
statistically significant differences in transpiration from trees depending on their current conditions
(Figure 4). Wet leaf conditions were associated with a
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forest floor. During the “less wet” season, drivers of transpiration were enhanced. Generally, seasonal
differences did not affect the shape of the profile; however leaf wetness was a notable exception.
Understory leaves began to experience dry conditions more frequently, although their contribution to
total stand transpiration remained minimal.

Leaf-to-Canopy Scale Responses to Wetness

Initial observations suggested differential drying rates not just at various layers of the canopy, but across
different tropical tree species. Although not originally an objective of the study, we found that it was
critically important to better understand leaf dry-down and its effects on photosynthesis rates. We
found significant variability among drying times of leaves from trees common to the Soltis Center forest
(Figure 6), with leaf traits such as indented veins, water repellent surfaces, and trichomes (Figure 7)
altering these retention times. Contrary to our hypothesis, photosynthesis was not consistently reduced
in wet leaves (Figure 8), or even wet amphistomatous leaves. Some species has higher photosynthesis
rates when wet, suggesting a preference for the cooler, more humid conditions of the forest understory.
In species that did experience reduced photosynthesis when wet, recovery was controlled by the leaf
traits that affected drying times, namely water repellency.
These findings have mixed implications for the performance
of models such as CLM. Here, it is appropriate that formulas
of stomatal conductance used for photosynthesis should be
decoupled from leaf wetness, and solely rely on vapor
pressure deficit and leaf temperature. However, it also
suggests that location of leaves within the canopy and
variations in these values within the canopy will be
influential, making big-leaf and sun/shade leaf formulations
less reliable.
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Performance of CLM under Wet Leaf and Mountainous Conditions

We found that both CLM4.5 and CLM5 overestimated transpiration from and carbon flux to the
rainforest at the Soltis Center, a failure likely stemming from both leaf wetness and hillslope factors.
Diurnal plots of measured albedo and PAR show that they are skewed toward the morning, consistent
with the east-facing slope (Figure 9a and b). However, these are not captured in either version of CLM,
leading to the over-prediction of gross primary production (GPP) during the afternoon (Figure 9c). In
contrast to the other variables, we found that transpiration was skewed towards the afternoon (Figure
9d), likely due to the inherent time delay between when very tall trees begin to transpire and when sap
flux measurements located near their bases can first sense it. While transpiration is out of phase at the
hourly scale, total daily transpiration was predicted fairly well in CLM. Additionally, CLM over-predicted
both GPP and total evapotranspiration through much of the day; we suspect this is due to one emergent
tree causing extensive amounts of shading, but being out of the flux footprint of the EC system.
Appropriately adjusting the incoming solar radiation in CLM provided predictions that more reasonably
matched the site values. These findings suggest that a more advanced radiative transfer model, which
resolves canopy layers and topographic slope, is necessary to accurately predict fluxes at this and other
mountainous sites.
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CLM is also over-predicting leaf wetness, but under-predicting its consequences. During the mid-day
hours, measured and modeled values were similar, but they deviated significantly during the evening
hours (Figure 10a). This difference could be attributable to an over-prediction in the amount of water
retained on the upper canopy leaves or to differences in the meaning and scale of percent wetness for
the model. However, when we compare drying patterns after a rain event, we see that CLM shows a
much quicker drying rate. Again, we note that this discrepancy is important for accurate predictions of
both GPP and canopy evaporation, and that it could potentially be improved by resolving additional

canopy layers.
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