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Abstract

Evapotranspiration (ET) is an important compondnthe hydrological cycle, and thus a key
input to groundwater models. Remote sensing offeesit opportunities for acquiring data on
environmental variables for large and remote araag,different methods have been developed
for using this data to estimate ET. In this prajele so-called triangle method with Priestly-
Taylor approach was applied to the Yucatan PerégngulMexico. Input data was MODIS
images of NDVI (normalized difference vegetatiomlar) and of day and night LST (land
surface temperatures) for 491 days between Jariy&907 and May 5, 2008. Output was 52
images of evaporative fraction (EF). The scattetgpbfALST vs. NDVI did not fully resemble
the triangle/trapezoid shape expected due to tverdpresentation of pixels with bare soil and
low density vegetation, but for these 52 days tteters were good enough to allow for an
extrapolation into the model triangle.

Radiation data from ECMWF (European Centre for Medi Range Weather Forecast)
combined with the NDVI images were used to derivages of available energy. Images of
available energy and evaporative fraction were donatb to produce images of spatially
distributed actual evapotranspiration (aET). aB&gdor the 29 images in 2007 varied between
0 and 6.95 mm daywith a spatial and temporal mean of 2.99 mm dahe variation in aET
across the peninsula had a general decreasing tremdsoutheast toward northwest, with a
stronger differentiation in the dry season, as etqoe No correlation was found between EF
and elevation, as opposed to the expectation trestey distance to the groundwater table
would result in lower aET/PET ratio (imitated byetBF).

Sap flow was measured at eight sites on the peainand results were used to estimate stand
transpiration (sT). At two sites situated in higpW pixels the mean sT was 3.6 and 4.8 mm
day’, and at a site in a low NDVI pixel the mean sT Wa&mm day. The difference in mean
sT between low and high NDVI sites is statisticalgnificant despite the large variability in
the daily results (related to daily variations irivihg forces of ET and to measurement and
scaling uncertainties). Similarly, the differencetieen the mean aET in the encompassing
pixels of these sites during an overlapping peigdtatistically significant. This indicates an
agreement between the results from the triangl@odeand from the sap flow measurements on
the relative magnitudes of aET. Yet this in notfisignt for validating the results of either
method.

Data for the Yucatan Peninsula violates some ofafsimptions made in the triangle method,
and it is therefore recommended to find means bd&@ng the results before applying them in
an operational model. There are possibly many ingrents to the application of the method
as done in this project, which should be tested @means of evaluating the results is found.
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1 Introduction

1.1 Motivation

Sian Ka’'an is a biosphere reserve in the state wifht®@a Roo on the Yucatan Peninsula,
Mexico. It was established on the"™6f January 1986 and is part of UNESCO’s Man ard th
Biosphere Program and a declared UNESCO World &tg=itSite (UNEP-WCMC, 1996). The
reserve covers an area of approx. 5300 md spans 120 kilometers from north to south
(comprising almost one third of the Mexican Cariatbeoast). Many different vegetation types
exist within the reserve: tropical forests, floautefst, palm savanna, freshwater and saltwater
marshes, hammocks, mangroves, dunes and keys. didiathdiversity gives rise to a large
fauna diversity: a total of 103 species of mamnhas been recorded in the reserve (including
five big cats), some 339 species of birds (inclgdmany marine and wading birds) and 42
species of amphibians and reptiles (including &ma turtles).

About a third of Sian Ka’'an is wetland, which istiegly fed by groundwater (Neuman and

Rahbek, 2006). Groundwater of the Yucatan Peninsugathin lens of freshwater floating on

saline water in a karstic limestone medium. Théamier on top of the limestone is limited and

the aquifer is highly permeable. Much of the gromwater flow occurs in matrix fractures and

caves. All this makes the groundwater aquifer, #ngs water resources of the reserve, very
vulnerable to pollution.

The rapid expansion of tourism in the state of @uia Roo since the late 1970’s, which has
entailed an extensive development and urbanizagéispecially along the coast from Cancun to
Tulum, is a major threat to the state of the aquifiecreased groundwater abstraction rates,
pumping of wastewater into the aquifer and infilba from landfills are just some of the
examples of present hazards. Protection of thefexqgisi crucial since it is the only significant
source of freshwater in the state.

A model of the upland of Sian Ka'an's groundwatesaurces has been developed, and is
continuously sought to be improved, by PhD studtibt Neuman at DTU Environment. The
objective of the modeling effort is to contribute the sustainable management of the
groundwater resource by facilitating simulationdifferent management scenarios. Neuman’s
current estimate of the upland area is 35,000, kovering much of the state of Quintana Roo
and some of the state of Campeche. One of theecigad in improving the model is acquisition
of reliable input data such as maps of groundwedees, groundwater and wetland water levels
and recharge rates.

Determining the recharge to an aquifer is necessaoyder to achieve quantitative description
of groundwater flows and estimating groundwateideszce times within the aquifer. Recharge,
R, can be estimated from a simple water balanc®-B¥, where P is precipitation and ET is
evapotranspiration. Precipitation is relatively yead® measure and data for the Yucatan
peninsula is available in reasonable quality. Eugpspiration, on the other hand, is very
complex to measure, and known estimates for thenpela are between 40 and 85% of annual
precipitation (Neuman and Rahbek, 2006).

1.2 Problem definition

Many methods for estimating evapotranspirationtexiad most require extensive input data
such as local meteorological parameters, surfagpepties and soil moisture availability. Such
data from ground observations is often scarce,cishein remote areas such as the Yucatan
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Peninsula. Remote Sensing (RS) offers a great appty for acquiring distributed data for
large areas, and researchers have shown that catmopisi of common RS parameters can be
used to derive maps of actual evapotranspirati®T ) avith reasonable accuracy. One such
notable novel approach is the triangle method a&semted by Jiang and Islam (2001) and
improved upon by Wang et al (2006) and Stisen €@08).

The triangle method is designed for large studgskhich include a large range of land cover
types. The Sian Ka'an Basin is mostly covered liheiadense tropical forests. Therefore, in
this project, the study area was expanded to iechido the north-west part of the Yucatan
Peninsula, where a drier climate and lower vegatatover is found. At initiation of this project
it was unknown whether this study area would fuéfil the requirements necessary for applying
the triangle method. Furthermore, it was not knafmany ground observations of aET which
could be used to validate the results. As a fast eheap means of obtaining ground
observations, the measurement of trees’ sap flow eitimating stand transpiration was
considered. Thus, the objective of the project wwanswer the following two main questions:

Can the triangle method be applied to the YucatanirBula to produce improved
guantitative estimates of actual evapotranspiratéo@ qualitative distribution of
evapotranspiration rates?

Can sap flow measurements at strategic sites orpdéinénsula be used to provide
estimates of stand transpiration for validatingrimults of the triangle method?

1.3 The Yucatan Peninsula

1.3.1 Delineation

The name Yucatan (in Spanish: Yucatan) refers todifferent places: a state in the Mexican
Federation and a peninsula in Central America seipgr the Gulf of Mexico from the
Caribbean Sea. The exact definition of the limitgh@ peninsula are unclear, but it normally
includes the three Mexican states Campeche, Yua@tdnQuintana Roo, the northern part of
Belize and a small part of Guatemala. A map showtate and country borders, main cities and
roads can be seen in Figure 1-1.

The name Yucatan in this report is used to refahéopeninsula, unless otherwise mentioned.
All images of the Yucatan Peninsula, unless othegvgitated, have the following properties:
they include 450 samples (columns) and 440 linewgy, which makes a total of 198,000
pixels, of which approx. 136,000 are land pixeld #re rest are ocean. Each pixel is 1 by 1 km,
so the entire image represents 450 by 440 km. Tbgqgtion is UTM zone 16 with datum
WGS86, and the image encompasses the area fron®-EB0O00E / 196000-240000N (which
corresponds approximately to latitude® 16 21°, longitude 86 to 91°). Other maps were
presented in a similar way as far as possible {eegmap in Figure 1-1 covers a slightly larger
area than the one defined above).
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Figure 1-1: Map of the Yucatan Peninsula (illustraion taken from Infoplease, 2008).

1.3.2 Topography

A digital elevation map (DEM) of Yucatan obtainedrh the SRTM is displayed in Figure 1-2.
The original data has 3 arc seconds spatial resolaind £10 m in vertical resolution (EROS,
2007), but the displayed image was resampled fmatas resolution of 1 kin(and reprojected
into UTM). Elevation varies between 0 and 363 m.alm most of the blue pixels are lower
than 40 m.a.m.s.I. All in all the peninsula is adesed very flat.

o

Figure 1-2: Digital elevation map of Yucatan, valus range between
0 and 363 m.a.m.s.l. (from USGS SRTM).
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1.3.3 Climate

Most of the peninsula — except the furthermosthweistern part — belongs to the Aw group
according to the Kdppen classification (Wikipediantibutors, 2008a). Group A refers to
tropical climates, characterized by constant haghperatures, while the subgroup Aw refers to
tropical wet and dry or savanna climate, which haygonounced dry season. In general there
is a gradient of decreasing humidity on the perinditom southeast toward northwest
(Rzedowski, 1994).

Mean monthly temperatures, precipitation and evatjpmr rates from two opposite points on the
peninsula, Merida in the northwest and Chetum#hénsoutheast, are presented in Figure 1-3 to
Figure 1-6. Data represents the climatic normal tfer years 1971-2000 according to the
Mexican National Water Committee.

As expected from the climatic class, the tempeestat both sites are quite high and stable all
year round. The annual mean for Merida is 2&Xwith a difference between the hottest and
coldest month at 4.8C) and for Chetumal it's 26.9C (with a difference of 5.1C).

Annual precipitation, on the other hand, is siguifitly higher at Chetumal than at Merida
(1327 mm compared to 1050 mm). The difference betwtbe month of highest precipitation

and the month of lowest precipitation is greate€Chétumal than at Merida (180 mm compared
to 148.7 mm), but at Chetumal there are only twaoitn® with a precipitation lower than 50 mm

(February-March), compared to five at Merida (DeberApril).

Pan evaporation rates reach a total of 1803 mnyeger at Chetumal and 2023 mm per year at
Merida. The seasonal pattern is very similar betwé®e two sites, with a minimum in
December-January and a maximum in May, and with rtfaximum almost two-fold the
magnitude of the minimum.
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Figure 1-3: Mean, maximum and minimum monthly air ttmperatures in Merida, state of
Yucatan, for 1971-2000 (CNA, 2008).
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Figure 1-4: Mean, maximum and minimum monthly air temperatures in Chetumal, state
of Quintana Roo, for 1971-2000 (CNA, 2008).
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Figure 1-5: Mean monthly precipitation and pan evapration in Merida, state of
Yucatan, for 1971-2000 (CNA, 2008).
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Quintana Roo, for 1971-2000 (CNA, 2008).
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1.3.4 Vegetation

Most of the peninsula is covered by tropical fasg§9% of the surface), divided into different
sub-groups:

- high tropical forest (trees higher than 30 m)

0 evergreen: 1%

0 semi-evergreen (25-50% of the species lose theekein the dry season): 5%
- medium tropical forest (15-10 m high trees)

0 semi-evergreen: 50%

0 deciduous: 17%
- low tropical forest (trees lower than 15 m)

0 semi-evergreen: 3%

0 deciduous: 13%

The rest of the land surface is covered by hydtaphiegetation or agricultural crops (or

recovering from slash-and-burn agriculture), orpgrps human settlements (CNA, 2001). In
general there is a gradient of decreasing vegetatimsity from southeast to northwest, linked
to the gradient in humidity (Rzedowski, 1994). Ricadly all forests are affected to some extent
by human activities (logging or slash-and-burn @agture), thus they are considered
“secondary” forests. Activities are usually regathtby local commissioners of communal
lands. Forests are also affected by hurricanesandal forest fires.



2 Theory

According to Dingman (2002), evapotranspiration YEdn be defined as a collective term for
all the processes by which water at or near thd famface becomes atmospheric water vapor.
The word is composed of the term evaporation, rigfgrto water vapor coming from liquid
water such as rivers, lakes, bare soil and vegetaturfaces, and the term transpiration,
referring to the water vapor originating from withthe leaves of plants. Evaporation and
transpiration are different processes governeditgreint rules, but since the earth’s surface is
often covered by a mixture of open water, soil &adetation, it can be difficult to distinguish
between the two fluxes, and for operational purpdBey are often treated as one.

Direct measurement of ET is practically impossildad therefore there exists a long list of
methods to indirectly estimate ET. The theory rex@e in this chapter is the core of what is
relevant for the two methods used in this projettie-RS based triangle method and the ground
based measurement of trees’ sap flow. Sectiom®.dduces basic theory of evaporation, which
is also relevant for understanding plant transjpiratfurther described in Section 2.4. Section
2.2 on basics of radiation is relevant for undewditag the surface energy balance where ET is a
key compound, as further described in Section &n8, also relevant for understanding how
remote sensing works, as further described in @e&i6. Section 2.5 gives a short introduction
to some features of tropical forests, the domimggatiagetation type on the Yucatan Peninsula,
which are relevant for application of sap flow measnents and estimation of the degree at
which the trees reach the groundwater.

2.1 Physics of evaporation

The rate of evaporation is the rate at which mdéecof water move from the saturated surface
layer just above a body of water into the air ahdlvis proportional to the difference between
the vapor pressure of the surface layer and thervagessure of the overlaying air, Dalton’s
Law (Dingman, 2002):

Equation 2-1
Ede*, -e,

Where E is the rate of evaporation,s 85 the saturation vapor pressure at the
temperature of the surface ang ie vapor pressure of the air measured at some
representative height.

The difference can be positive (evaporation ocogjrizero (nothing) or negative (condensation
occurring). Evaporation will occur even if the tala humidity of the air equals 100%, as long
as g > e;* (under these conditions water will normally conde in the overlaying air to form
fog or mist).

The latent heat of vaporization is the quantity of heat energy that must be alesbtb break
the hydrogen bonds when evaporation takes place gdme quantity is released when
condensation occurs). Thus evaporation is accoragany a transfer of heat out of the water
body (cooling of the body) and condensation ongingace by an addition of heat: latent heat
transfer. The rate of latent heat transfer LE [ ahd water transfer are directly proportional:
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Equation 2-2
(@) LE= A, [E

Where), is the latent heat of vaporization [E'Mand E is the rate of evaporation or
condensation in units of mass per time [M]:TE is often expressed in units of length
per time [L TY, in which case the equation becomes:

(b) LE=p, [, [E
Wherep,, is the density of water [Mf].

The latent heat of vaporization decreases as thgdmture of the evaporating surface
increases, given approximately by:

Equation 2-3
A, =2495-2360107° [T

Where), is in MJ kg* and T in °C. Since the variation Xfis relatively small over the
range of normal earth surface temperatures, ibisidered reasonable to use a single
value of 2.45 MJ K{§ corresponding to a surface temperature of 20 °l@rifet al,
1998).

The vapor pressure gradient between the surfactharair is generated by the turbulence in the
planetary boundary layer (PBL), which is the lowlaser of the atmosphere. The winds in the
PBL are affected by the frictional resistance a# #urface which produces turbulent eddies.
These eddies have both horizontal and vertical corapts, thus spreading both sensible and
latent heat in the atmosphere. The intensity otuhleulence can be characterized by the friction
velocity, which is a component in the determinaidnhe vertical distribution of wind velocity,
which is used in one of the parameterizations dfdd& Law:

Equation 2-4
LE =K [v, (e —¢,)
Where K is a bulk latent heat transfer coefficient apdsvthe time averaged velocity

at a certain height above ground surface.

2.2 Physics of radiant energy

All matter at temperatures above absolute zeraataslienergy in the form of electromagnetic
waves that travel at the speed of light. The r&tenoission is given by the Stefan-Boltzmann
Law (Dingman, 2002), see also Figure 2-1(a):

Equation 2-5

R =eWT*



2.2 Physics of radiant energy

Where R is the rate of energy emission per unit surfaea g@er unit time [EE T, ¢
is the emissivity, T is the absolute temperatune,ais the universal Stefan-Boltzmann
constant [E T 0.

Values of emissivity range from O to 1, where mestth materials have emissivities between
0.95 - 0.99. An ideal surface with an emissivitylaé called a blackbody.

Emmissicn Frequency (MHz)
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Figure 2-1: lllustration of the dependence betweetemperature and emissivity (a) and the electromagrie
spectrum (b) (taken from GO, 2008).

Electromagnetic radiation is described with wavegtb [L] and wave frequency f [1], which
are inversely related according to:

Equation 2-6
Alf =c
Where c is the speed of light (2.998E8 HL. s

The wavelength from a surface decreases as itsetatype increases according to Planck’s
Law. The wavelength at which maximum radiatibg.x occurs is related to the absolute
temperature via Wien’s Displacement Law:

Equation 2-7
Ao [T = 2897

Whereimax is inum and T in degrees K.

Only radiation in the near-ultraviolet (0.2 - Qua), the visible (0.4 — 0.dm) and infrared (0.7
— 80um) ranges play a role in the earth’s energy balamckclimate, see Figure 2-1(b).

Electromagnetic energy is transmitted through auwmat undiminished, but when it strikes
matter it is partitioned: some of it will be absedb(and cause an increase in the matters
temperature), some of it will be reflected (and toare to travel undiminished in a new
direction) and some will be transmitted through itinegiter (and continue to travel undiminished
in the same direction). The relative size of thieges depends on the type of matter and on the
wavelength of the energy.

The reflectance of an object integrated over trstbleé wavelength is called the albedo; the
albedo of an ideal white body is 1 and of an iddatkbody 0. The albedo of the earth can
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range from about 0.05 for dark and wet soil to 0@5fresh snow, the average of the earth
being around 0.3; deciduous forests normally rdregeeen 0.15 and 0.2 (Dagmar, 2008).

2.3 The Surface Energy Balance

The energy balance for an ideal surface can beesgpd as (Pal Arya, 2001):

Equation 2-8
R =H+LE+G

Where Rn is the net radiation (considered posititen directed towards the surface),
and H, LE and G are sensible, latent and grountfheas (considered positive when
directed away from the surface) — all in units oégy per time per area [E'L7.

During daytime the surface receives more radiagimergy than it emits, and this surplus is
converted into sensible heat conducted to the atheye (H) and to the ground (G) and into
latent heat (LE). The partitioning between the ¢hcempounds depends on many factors such
as the surface characteristics, the geographitidogahe time and the weather.

During night time the surface emits more radiatereergy than it receives, and this loss of
energy is compensated by sensible heat conduobed tihe air and the ground towards the
surface, and possibly also latent heat from coraters(dew formation). The absolute value of
G during nighttime is roughly equal to its daytinedue, thus G over 24 hours can be assumed
to equal zero. The other compounds usually havatgrenagnitude during day than night.

The earth’s surface is not an ideal surface asciudes horizontal inhomogeneities (such as
vegetation, buildings and hills). It is thereforgea more practical to regard it as a finite layer
with its own mass and heat capacity so that eneagybe stored in the layer. When considering
vegetated surfaces it is most appropriate to irltite whole canopy layer in the energy
balance:

Equation 2-9
R =H+LE+G+AH

WhereAHs is the change in energy storage per unit timeupérarea over the depth of
the layer, and H and LE are measured above theggano

The rate of energy storage in a vegetative canopysists of two parts (physical and
biochemical) and is rather complicated to measnceestimate; it is often added to the ground
heat flux to produce a combined storage compourfte Tatent heat exchange is also
complicated since besides evaporation from theasarit also includes transpiration from plant
leaves. A typical diurnal variation of the energjdmce compounds over a forest canopy can be
seen in Figure 2-2.

10



2.3 The Surface Energy Balance
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Figure 2-2: Model output results for the energy bance components of a forest canopy over the course
of a day (illustration taken from Harman, 2007). LST here stands for Local Standard Time.

2.3.1 Net radiation

The net radiation Rin Equation 2-9 is the result of radiation balabetween shortwave and
longwave radiation at or near the surface, whichlmwritten as (Pal Arya, 2001):

Equation 2-10

R”:RSL+RST+RLL+RLT

Where R, is the shortwave radiation downwardss; Rs the shortwave radiation
upwards, R, is the longwave radiation downwards and R the longwave radiation
upwards.

Shortwave radiation is also referred to as solaiatmn since the ultimate source of all

shortwave radiation received at or near the eadhiface is the sun. A large part of it comes
directly from the sun and other parts come fromiatimh reflected and scattered from

atmospheric compounds. The shortwave radiationhat tbp of the atmosphere can be
determined with astronomical formulas from the ddiyyear and latitude, but this amount is

normally considerably reduced by passing through @bmosphere until it hits the earth’s

surface, thus making it dependent on weather vasallso the amount of radiation coming in

as reflected and scattered radiation from atmogple®mpounds is, of course, dependent on
weather variables. Some of the downwards radigtitso called incoming or incident radiation)

is reflected by the surface, depending solely erstirface albedo.

The difference between the incoming and outgoingrtalave radiation is the net shortwave
radiation, which on a diurnal scale is normally ipes. A schematic overview of the global
relative sizes of the shortwave radiation balarramounds can be seen in Figure 2-3(a).

Longwave radiation is also referred to as thernaaiation and it depends on the emitting
body’s temperature (see Stefan-Boltzmann Law Eqna®-5); outgoing longwave radiation
from the earth thus depends on its surface temperaincoming longwave radiation comes
primarily from clouds, but all gasses and aerogolthe atmosphere absorb and radiate energy
each at its distinctive wavelength and thus the rdeavds longwave radiation is rather
complicated to compute even given reliable measengsnof atmospheric variables, and it is
preferred to measurg Rdirectly.

11



2 Theory

The difference between the incoming and outgoinggéeave radiation is the net longwave
radiation, which on a diurnal scale it is normailggative. A schematic overview of the global
relative sizes of the longwave radiation balanaamounds can be seen in Figure 2-3(b).

Radiation Albedo Surface Atmospheric
from 5_un k1] Longwave Emission Longwave Emission
(a) 108 Units L Lost to Space 6 Lost to Space 64 (b)
Reflected
by Clouds
20
Emission by
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Figure 2-3: (a) shortwave radiation balance (b) logwave radiation balance (illustration taken from
Pidwirny, 2006).

2.3.2 Surface Temperature

The temperature of the surface is given by theaserenergy balance, thus depending on the
radiation balance, atmospheric exchange procepts®, cover and thermal properties of the
subsurface (normally soil) (Pal Arya, 2001). Suefaemperature is quite difficult to measure
directly and therefore often rather determined kiyagolation of measured temperatures in the
above near-surface air and underlying soil. Anotresly common method is through remote
sensors, see details in Section 2.6.5; in rematsirsg it is common to distinguish between
surface temperatures of land and sea, therefofaceutemperature will in the following be
referred to as LST — Land Surface Temperature.

On clear days the highest LST is typically reachedhour or two after midday, while the lowest
LST is reached in the early morning hours. The maxn diurnal range is found at a relatively
dry and bare surface, which in summer under clei@ssand calm winds can reach 30-50 °C.
The presence of moisture and vegetation greatlyenabels the diurnal ranges of LST, due to
increased G and ET.

2.3.3 Soil heat flux

Soil temperatures are affected by the same faaerthe LST (Pal Arya, 2001), and may

increase, decrease or vary nonmonotonically witittdedepending on the time of year and time
of day. Diurnal variations in temperature normally not penetrate deeper than about one
meter, while annual variations penetrate to arol@dneters depth. The soil temperature and
heat transfer through the soil depend on the sdile&smal properties, which include mass

density, specific heat, heat capacity, thermal ootidity and thermal diffusivity.

2.4 Transpiration

Transpiration is the evaporation of water from th&scular systems of plants into the
atmosphere, involving (Dingman, 2002):

1. absorption of soil water by plant roots,

12



2.4 Transpiration

2. translocation in liquid form through the vasculgstem of the roots, stem and branches
to the leaves,

3. translocation through the vascular system of thétle the walls of the stomatal cavities
where evaporation takes place,

4. movement of water vapor from these cavities thrailghopenings in leaf surface called
stomata to the ambient air.

These processes are reviewed in more detail irfaflewving, though not strictly in the same
order and categorization as above.

2.4.1 Stomata and cohesion-tension

Stomata are very small pores in the epidermalédisgiplant leaves, which permit gas exchange
between the outside environment and the leaf'siontéGraham et al, 2006). Plants need,CO
for photosynthesis, and G@an enter the plant only when dissolved in walberefore plants
must maintain these moist cavities permitting thtentake up C@from the atmosphere at the
price of losing water vapor to the atmosphere. iAithe stomatal cavities is saturated at the
temperature of the leaf, and water vapor moves tfencavities to the air due to vapor pressure
differences. An illustration of leaf stomata is folLin Figure 2-4.

(@
accessory cell

Figure 2-4: Two views of a plant stoma: (a) functinal sketch (illustration taken from Cocks, 2008);
(b) scanning electron microscope image of a tomateaf (photograph taken from Howard, 2008).

Plants can control the rate of transpiration thiotige opening and closing of their stomata.
Because C@is needed when sunlight is available, most plapesn their stomata during day
and close them during night. Plants actively acdateuions in the guard cells around the
stomata under the influence of daylight, thus aqegishovement of water into the cells due to
osmosis, which creates a turgor pressure that saheecells to bend and create an opening into
the stomatal cavity. At night, the reverse proadsses the stomata.

Other factors can also influence trees’ regulatadnstomata. Water stress can entail the
production of a plant hormone, which causes solat@sove out of the guard cells, thus causing
loss of turgor pressure and closing of the stoniataot climates an increase in respiration rate
around midday causes an increase in the concemtrati CQ in the plant tissue, thus
permitting plants to close their stomata and aweader loss while maintaining photosynthesis
using the excess GO

13
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Water transport from the roots to the leaves igadriby potential energy gradients; evaporation
from within the stomatal cavities causes a chaitension (water deficit) through the different
cell types where water is drawn by osmosis — theeson of water is so great that it can
support this process even in tall trees. This iedahe cohesion-tension theory and has been
widely accepted until recently; a newer theory |sligg that living vascular tissue provides a
tissue pressure in addition to the pulling force tlaallenged this and debate is ongoing.

2.4.2 Xylem and sapwood

The plant tissues that are responsible for mogheftransport of fluids in plants are called

xylem and phloem. Xylem conducts water and dissblw@nerals, and is defined by the

presence of lignin on walls of specialized watendiacting cells called tracheids and vessel
elements. Phloem conducts dissolved sugars and pitietosynthates. Xylem and phloem are
called vascular tissues and their presence isdhditton for a plant to be considered a vascular
plant (a group most land plants belong to). Vagcplants have stems, which enable them to
increase their height, mass and surface; the vasaylstems of plants also contribute to
structural support.

Xylem and phloem are present in all tree organststastems and leaves. The fluid transported
both in xylem and phloem is called sap. Stem xyemain function is to transport water and

minerals to other organs; in spring time it caro&asnsport sugary solution converted from

starch stored in the stem upward to supply the oéddwer and leaf bud growth (maple syrup

is produced from maple tree xylem sap).

Woody plants produce wood tissue by the action affcular cambium, which is a localized
region of cell division that increases plant giriline girth increase of a tree trunk is known as
secondary growth, while primary growth is a procies increases a plant’s height or length.
The mature vascular cambium is cylindrical, anddpaes secondary xylem to the inside,
known as wood, and secondary phloem to the outsiiesh makes up the inner bark. Outer
bark is produced by the cork cambium to protectsteen from pathogens and other damage.

During each growing season the vascular cambiudymes new cylinders of secondary xylem
adding to the stem’s accumulation of wood and fagngrowth rings. Xylem produced in
previous years may remain functional in water tpamnt but much of the older wood becomes
nonfunctional due to clogging. The innermost aratiive wood is called heartwood while the
outer and active xylem is called sapwood; heartwisawrmally darker than sapwood and has a
higher density. A typical cross section of a tremk can be seen in Figure 2-5.

earlywood heariwood

latewood

growthring vascular

cambium

mner{ secondary phloem
bark cork cambium

E 2006 Merriam-webster; Inc.

Figure 2-5: Cross section of a typical tree trunki{lustration
taken from Britannica Online, 2008).
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2.5 Tropical forests

2.4.3 Roots

Roots of vascular plants normally lie below theface of the soil and serve two main functions:
absorbing water and inorganic nutrients and anobdtie plant body to the ground (Graham et
al, 2006). There are many different types of raotd root systems, the two main ones being
taproot system, where the primary root is domirapbinting downwards and usually allowing
for deeper roots reaching low groundwater tables; @diffuse root system where all roots are
fibrous and branch in all directions.

In general, roots only grow where the physical elnemical environment is correct; they do not
seek water, they grow where moisture is availaMeQaniel, 1997). Nearly 99% of all tree’s
root mass is located in the upper ~1 m of the &wbts require sugar (which is transported to
them through the phloem) and oxygen (which musptesent in the soil) in order to perform
active mineral uptake from the soil; the byprodeétthis process is CO2 which causes
weathering of the subsurface soils and rocks (Gnagizal, 2006).

2.5 Tropical forests

Moist deciduous and semi-evergreen seasonal foaesta type of tropical (moist) forests; they
receive high overall rainfall with a warm summertwgeason and a cooler winter dry season
(Wikipedia contributors, 2008). They should notdomfused with tropical rainforests which is
another type of tropical forest differing by a héghannual rainfall, completely evergreen
vegetation and (almost) no seasonality. Some irettse semi-evergreen seasonal forest drop
some or all of their leaves during the winter dsason. This is the predominant type of
vegetation in the Yucatan Peninsula (see Secti®#d)l the extent of tropical forests on earth is
illustrated in Figure 2-6(a).

Tropical forests differ from temperate and bore@ak$ts in several ways (Graham at al, 2006).
They are layered, i.e. there are tall, medium dmattstrees where in temperate and boreal
forests trees usually have about the same heiglet §shematic illustration in Figure 2-6(b).
Tropical forests are richer in tree species, aedetlis rarely one or few dominating species but
rather up to 300 species per hectare (in compatigsaat most 30 species per hectare in the
richest temperate forest). In addition to treepital forests contain other species which are
rarely found in temperate forests: giant herbsl{sas ferns, palms and bamboos), epiphytes
(plants that grow on surfaces of other plants agbrchids and bromeliads) and lianas (woody
vies which grow on other tree trunks but root itite ground). Tropical forests have higher
productivity than temperate forests.
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Figure 2-6: (a) map of the world marking with dark green the locations of tropical forests (illustratbn taken
from Simon, 2007); (b) a schematic illustration ofhe layering in tropical forests (illustration taken from
Rainforest Live, 2008).
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2 Theory

Tropical forests often grow on relatively nutrigrdtor soils (Graham et al, 2006). Early farmers
in the tropics learned to cope with this througb $lo-called slash-and-burn agriculture, where
trees in a small forest area are cut down and bthes leaving the soil covered with nutrient

rich ashes. These patches are then cultivatednaditiple crops for 2-3 years until the nutrients

are used up and the process is restarted at aocation.

Tropical trees typically have extensive systemstadllow feeder roots but no taproots, largely
because tropical soils are thin and hard to peteet@raham et al, 2006). Tropical trees lacking
tap roots often have buttress roots for structsuglport. It is, however, common that tropical
storms topple tall trees, which creates small odgarin the tropical forests and is considered
part of the natural regeneration pattern of thedbor

2.5.1 Water resources

In tropical forests that have a dry season it isrgsting how the evergreen species get water —
little is know about the different trees’ water gasces (Meinzer at al, 1999). Querejeta et al
(2007) found that roots of trees in the seasorgtijytropical forest of Northern Yucatan were
largely restricted to the upper 2 m of the soilfloet where the permanent water table was at a
depth of 9-20 m. Their oxygen isotope data indithtt the trees use little or no groundwater
and depend mostly on water stored within the ugpgm of the soil/bedrock.

Meinzer et al (1999) used similar techniques (mesmmants of stable hydrogen isotope in
xylem and soil water, soil volumetric water contand sap flow) in a seasonally dry tropical
forest in Panama and could conclude that waterkepté some species was restricted to the
upper 20 cm of the soil where volumetric water eantdropped below 20% during the dry
season, while others had access to water at dgphter than 1 m where the volumetric water
content remained above 45% throughout the dry seaBoey found that the ability to tap
progressively deeper source of soil water wasedlad smaller seasonal variability in leaf fall.
They did not mention at which depth the groundwgdbte was and did not conclude anything
regarding direct access to groundwater.

O’'Grady et al (2006) investigated water use of itapvegetation communities in Northern
Australia using a combination of sap flow, isotopicd water-potential measurements, and
concluded that all communities within the studywsbd some degree of groundwater use; it
was, however, mainly riparian communities that ugesundwater whereas the open forest
communities depended principally on soil water. K@rand Franks (2003) also studied the
water use of riparian seasonally dry tropical tréedNortheastern Australia) and found that in
the wet season all species were using soil wateitewn the dry season some species probably
used stream water and others remained dependaailomater — none tapped directly from the
groundwater.

On the other hand, Jackson et al (1999) founddbe¢ral trees growing on a karst aquifer in
Texas (not a tropical biome) had roots reachingwdé m, the deepest of them reaching as deep
as ~25 m. Using oxygen isotope measurements theyeshthat the deepest rooted trees used
water from an underground stream while the shalloated plants used soil water. In a
continuation at the same research site McElrorad @004) showed that these deep roots differ
in xylem structure and hydraulic conductivity fraheir shallow counterparts, suggesting that
they are specially optimized for deep water uptdkea recent abstract Pockman et al (2008),
again at the same site, report that contributiorroots 7 m below surface fluctuated with
volumetric water content in the surface soil; dgrprolonged drought water transport in deep
roots accounted for more than 60% of total danspiration, and occurred also during night
when no transpiration was taking place — a prowrssed hydraulic redistribution.
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2.6 Remote Sensing

2.6 Remote Sensing

Remote sensing may be defined as the science tditifg information about an object, area of
phenomenon through the analysis of data acquirea $snsor that is not in direct contact with
the target of investigation” (Ritchie and Rango9@89n Schultz and Engman, 2000). Remote
sensors relevant to hydrology measure the elecgnate spectrum to infer properties of

landscapes or state of hydrological variables (Bzhand Engman, 2000). In the following

remote sensing (RS) will refer to data acquiredboard satellites (often also called earth
observation, EO).

2.6.1 Satellites

Satellites used as platforms for remote sensingassrcan be polar orbiting or geostationary
(with few exceptions falling between the two catégs) (Schultz and Engman, 2000). Polar-
orbiting satellites normally fly in a low earth darlof some hundreds of kilometers, providing
relatively high resolution measurements with rejpgatimes of several or tens of days.
Geostationary satellites orbit the earth with thettés rotation so that they observe the same
point on earth continuously, but from a much higakitude around 36,000 km. They provide
data that is continuous in time but with a coasgmtial resolution. RS spacecrafts can also be
categorized according to their main applicatiomegither earth observation, meteorological
observation or oceanographic (Short, 2008).

2.6.2 Sensors

Common satellite sensors can be divided into \@s#ld near infrared sensors, thermal infrared
sensors, passive microwave sensors and active waueo sensors — also called space borne
radars (Schultz and Engman, 2000). Data is acquirédpectral bands” —finite ranges of the
electromagnetic spectrum which are specific to eaehsor design; narrower ranges are
described as finer spectral resolution. The senseasure radiance, which is the flux of radiant
energy per unit time across an area into a corinetkby the unit solid angle.

The area the sensor covers at a single pass &ldtdl swath, and it can vary between tens to
hundreds of kilometers in width; in general, theager the swath the lower the spatial resolution
(CCRS, 2008). The radiometric resolution of a sensfers to its sensitivity to the magnitude of
received signal and is normally reflected in thenber of bits used to store each pixel value.
The spectral, spatial and radiometric resolutidns sensor are conflicting by nature and sensor
design implies a tradeoff between them.

Multispectral scanners (MSS) are sensors usingaanstg system for acquiring data over a
variety of wavelength ranges, and many of themuihelboth thermal infrared and visible and
near infrared spectra.

2.6.3 Image restoration

Image restoration (also called preprocessing)asfitist step in the processing of raw RS data,
and includes different systematic operations desigto compensate for data errors, noise,
atmospheric scattering and geometric distortiorsbif®, 1987). The objective is to make the
image resemble the original scene and is a presiguor using the data. The next steps in RS
image processing are optional and more versatilagé enhancement (which alters the visual
impact) and information extraction (such as rectgniand classification).
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2.6.4 Vegetation indices

A vegetation index is a numerical value, used @@t or assess vegetative characteristics such
as plant leaf area, total biomass and generalthealturface vegetation, derived from RS data
using two or more bands within the visible and ristared spectrum (AMS, 2008).

In general, visible and near infrared (NIR) bands @sed to amplify or separate specific earth
features such as vegetation or water due to th&tindtive reflectance in different wavelengths
(so-called spectral signature), as illustratedigufe 2-7(a) (Williams, 2008). A way to increase
the separability of different observed materialsmaltispectral analysis, which is based on
plotting observed reflectance in different bandsilastrated with two bands in Figure 2-7(b).

— 100

i @ ®
s ; E 8o 4 Grasslands
] i % ]
S sl ot e |
g -\_\:‘ I 3 @ @ Pinewoods
= d ‘..j \..._/":"--. Pinewoods 5 @ Red Sand Pit
& ki ' Grasslands € o
5 : -
0 o o BN N s o3 Red Sand Pit &
5 20 ST, g
B il Ty "

o i r\..- ; --_‘-l'-__"‘u"-«. == ————1 Silty Water & Silty Water
0.4 0.6 0.8 1.0 1.2 o 20 40 &0 20 00
Wavelength (me) Percent Reflectance at .55 pm

Figure 2-7: Reflectance of some common earth mateais, (a) over a continuous scale of wavelengths @3 a
dual-band plot (illustration taken from Williams, 2 008).

The normalized difference vegetation index NDMisffipresented by Tucker (1979), is the most
commonly used vegetation index (Stisen et al, 20d&)ned as:

Equation 2-11

NIR-RED

NDVI = —
NIR+ RED

Where NIR stands for the measured radiance in d bathe near infrared spectrum
(0.74 — 1.2Qum) and RED stands for the measured radiance iniitele red spectrum
(0.63 — 0.6um).

RED shows a non-linear inverse relationship witbegr biomass as a result of strong spectral
absorption of incident radiation by chlorophylladas thus sensitive to the presence of green or
photosynthetically active vegetation (Tucker, 19T™R shows a non-linear direct relationship
with green biomass as a result of the lack of apabde absorption in the spectrum and a high
degree of intra- and interleaf scattering in thenplcanopy, and is thus enhanced over the level
of radiance from the background material. The nbmaage of NDVI for green vegetation is
0.2 — 0.8 (ENVI User's Guide, 2007).

2.6.5 Surface temperatures

Estimates of the earth’s surface temperature atigedkefrom radiance in the thermal infrared
spectrum (3-25um). Measured radiance at the RS sensor comes fhamthy radiation emitted

by the earth itself and partly from the atmosphi@md some of the radiation emitted by the
earth is absorbed by the atmosphere). The coweldietween the earth’s surface temperature
and the energy it emits depends on its emissigie Section 2.2). Thus reliable estimates of the
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2.6 Remote Sensing

surface temperature from measured radiance dep#&odgly on the efficiency of the
atmospheric corrections applied and the accuracgnuésivity measurements (Norman et al,
1995).

Methods for atmospheric corrections of surfaceaack can be categorized into two groups:
direct methods (using atmospheric soundings of &atpre and moisture with atmospheric
radiative transfer models) and indirect methodénfuenly satellite data). A common indirect
method is the so-called split-window algorithm, @his based on the fact that “the atmospheric
attenuation suffered by the radiation emitted by slrface is proportional to the difference
between the at-sensor radiances measured simulislgeio two different thermal channels”
(McMillin, 1975 in Sobrino and Romaguera, 2004).
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3 Methods

Actual evapotranspiration is estimated using thecept of evaporative fraction of available
energy at the surface, which is explained in Sac8d. The evaporative fraction is estimated
from RS data using the triangle method, which necguNDVI and LST as input. The method
and data sources used are described in SectiorEStitnation of the available energy at the
surface is described in Section 3.3. sap flow nregsents are described in Section 3.4.

3.1 The concept of evaporative fraction

The evaporative fraction EF is the ratio of latbett exchange rate to total turbulent heat
exchange at the earth’s surface:

Equation 3-1

F:i
LE+H

The available energy AE is defined as the energylade for turbulent heat exchanges:

Equation 3-2
AE=R -G=LE+H

Combining Equation 2-2 and the two equations abdwsn be calculated as:

Equation 3-3
ET = LE _ EF [AE
pW mv pW mv

This is one of the methods used to estimate ETdbasethe surface energy balance with RS
data; the most common one is the residual methaddand Islam, 2001). All these methods
require estimates of net radiation and soil hest, fivhich can be achieved relatively easily and
accurately. A drawback of the residual method @t tthe estimation of sensible heat flux
includes large uncertainties when using RS data. faporative fraction, on the other hand,
can be estimated reliably based on RS data only.

3.2 The triangle method

The so-called triangle method appears in differeatiations in the literature, where the
common core element is that RS derived images wvégetation index are plotted against
images of a parameter related to temperature. Utlgeright conditions, this yields a scatter
plot which resembles a triangle or a trapezoid eBam a pixel’s relative position in this scatter,
a value related to water availability, such as suilsture, is assigned to the pixel.

The first section below is a short review of thedsfer uses of this triangular space, and the
second section focuses on use of the triangle rddthestimate EF through the Priestley-Taylor
parameterp. The last three sections describe the data procepsocedures applied to NDVI
and LST data and finally the EF algorithm.
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3 Methods

3.2.1 Review

According to Carlson (2007), the triangle concepisvintroduced for the first time by Price
(1990). Price used AVHRR images over an area inemedNebraska, plotting NDVI against
apparent surface temperature, where he discoverteidrgular form, see Figure 3-1(a). He
related the scatter to varying mixtures of vegetatidry soil and wet soil in each pixel, and
derived an index system where a pixel's ET wasnedd as a weighted average of the
expected ET from each of the three surface coymstyThus the triangle was used as a means
of scaling ET values, requiring an auxiliary moddlating ET derived from classic
meteorological data to remotely observed tempezatata.
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Figure 3-1: (a) Scatter plot of NDVI against LST ofan area in western Nebraska on July 20, 1981
(illustration taken from Price, 1990); (b) Scatterplot of SAVI (soil-adjusted vegetation index) agaist
the surface and air temperature difference of expemental alfalfa treatment plots over a 10 day
period in summer 1985 (illustration taken from Moran et al, 1994).

In 1994, Moran et al presented the concept of &taigpn index/temperature trapezoid, which
they used to derive a water deficit index (WDI)lated to the ratio of actual and potential
evapotranspiration. They evaluated the concept vethmodel and with data from an
experimental field in Arizona, acquired with ancaaft carried sensor simulating Landsat TM.
They plotted images of a vegetation index (SAVlil-adjusted vegetation index) against
images of the difference between surface and mipéeature and discovered a trapezoidal form,
see Figure 3-1(b). The pixels are plotted with & Ykey were in a well-irrigated field and with
a D if they were in a dry field. The scatter thoslides pixels with a range of growing stages of
alfalfa (range of vegetation cover) and a rangsodf moisture (controlled by the two irrigation
schemes). It is easy to note that one trapezoid edgade up exclusively by “dry” pixels while
the other is dominated by “wet” pixels. It is alebvious that the variation in temperature
difference is bigger when the vegetation coveow &nd smaller when the vegetation cover is
high, although the dry and wet edges do not meet tip like they do in Figure 3-1(a). This
variation at “the missing tip” demonstrates thegiloitity of variation in water availability and
transpiration rate also within dense vegetation.

Gillies et al (1997) use the triangle concept tdineste soil water content, which, in

combination with a SVAT (soil vegetation atmosphessfer) model, can be used to compute
sensible and latent heat fluxes at the surfacey Tdraphasize that by definition, if the

observations include a complete spectrum of veigetaimount and soil water content, the
scatter plot will be bounded by limits of theseiahles: wet (cold) and dry (warm) edges and
bare soil and full vegetation cover edges. Theittecs of NDVI against LST yield in one case
(in Kansas) a trapezoidal form similar to the oh&loran et al (1994) and in the other case (in
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3.2 The triangle method

Arizona) a triangular form similar to the one ofider(1990), see Figure 3-2. Both sites were
dominated by low vegetation cover such as tallgm@ssrie and desert grasslands, with the
Kansas site also including some tree stands (ek@t of the area). In both cases the edges are
quite clear, with the main difference being a largariation in surface temperature at high
NDVI values in the Kansas case, which could betedl#o the presence of tree stands. Gillies et
al (1997) found that errors, between model derfueces and field observations of fluxes, were
about 10-30% of the magnitude of the fluxes.
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Figure 3-2: Scatter plots of NDVI against LST fromtwo different experimental sites: (a) in Kansas, Agust
4, 1989, (b) in Arizona, August 9, 1990 (illustratin taken from Gillies et al, 1997).

Sandholt et al (2002) develop a simplified versainthe WDI by Moran et al (1994), and
discuss the different possible interpretationshef $o-called LST/NDVI “space”. They list five
main mechanisms that determine the location okel jn this space:

1. Fractional vegetation cover is directly, though netessarily linearly, related to the
NDVI. It determines the integration over radiatitemperature of bare soil surface
fraction and of vegetation canopy fraction.

2. Evapotranspiration influences the LST through thergy balance of the surface — the
less evapotranspiration, the more energy avaitadheating up the surface.

3. Thermal properties of the surface influence LSThim case of partly vegetated surfaces.

4. Net radiation directly affects LST, and affectsni$ transpiration rate thus indirectly
affecting the partitioning of net radiation intaséle and latent heat fluxes.

5. Higher surface roughness entails more efficientimgibof the air and thus increased
fluxes and lower LST. Higher NDVI normally implidésgher roughness.

These factors and others are interacting and inked, and some may be more dominant than
others depending on scale, suggesting that therelift interpretations of the LST/NDVI space
are not mutually exclusive (Sandholt et al, 2002).

3.2.2 The Priestley-Taylor approach

Jiang and Islam (2001) presented a method for aestigy evapotranspiration using the
LST/NDVI space and the Priestley-Taylor equatiome TPriestley-Taylor equation can be
written as:
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Equation 3-4

eefna,

Where @ is a parameter representing the effective surfaesistance to
evapotranspiration [-]A is the slope of the saturated vapor pressure dkRee K'] and
yis the psychrometric constant [kPa]K

The Priestley-Taylor equation does not explicitbcaunt for aerodynamic and physiological
effects of the surface, but the advantage of uBiqgation 3-4 is that it is applicable to a large
variety of surface conditions and pixel sizes, emgassing high heterogeneity.

A can be written as (Dingman, 2002):

Equation 3-5
*
Acde* 25083 _ex 1730,
dT, (T, +2373) T, +2373

Where T is the air temperature [°C].

The psychrometric constantis not strictly a constant but dependant on elematat low
elevations a typical value of 0.066 kPa &an be used (Dingman, 2002).

(A+y)/A shows very small sensitivity to, (Jiang and Islam, 2001).
Combining Equation 3-4 with Equation 3-3 yields:

Equation 3-6

EF:{ A}
A+y

Since EF can take values between zero andg@oan take values between zero (corresponding
to no evaporation, H=AE) and\{y)/A (corresponding to full evaporation, LE=AE and H=0)
Jiang and Islam (2001) assume that in RS imageswevrg large areas, pixels with extreme EF
(very high and very low evaporation) will be easillentified, and can be assigned limiting
values of @. Consequently, all other pixels need to be assignéermediate values of
according to their relative position in the LST/ND&¢€atter plot. This procedure is explained in
detail below.

Jiang and Islam (2001) assume that pixels with NEM¢éan be divided into land surface types
according to their NDVI value, ranging from barel $0 dense vegetation. Within each type of
land surface the surface temperature ranges fromiremum (corresponding to a strong

evaporative cooling) to a maximum (correspondingtaveak evaporative cooling). Thus the
dry (warm) edge of the triangle is the lower bouwfdevaporation for different vegetation

classes and the wet (cold) edge is the upper bound.
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3.2 The triangle method

To determine thep value of each pixel Jiang and Islam (2001) suggestvo-step linear
interpolation scheme. The first step is to deteengrvalues at the edges: all pixels along the
wet (cold) edge are assigned thgy value (refer to the blue line in Figure 3-3), guidels
along the dry (warm) edge are assigned a valuedast@,, and @ linearly interpolated
between the triangle corners (refer to the red iméigure 3-3). In the second step, pixels
within each NDVI class are assigned a value betwieerclasses’s maximum and minimgmn
which again is done as a linear interpolation (gltre green line in Figure 3-3).

LST
A
LSTmax 1 Prin
(pl,mln
@i
LSTmn 4+ .
Prmax Prmax Prmax
t t » NDVI
NDVI,, NDVI,

Figure 3-3: lllustration of the interpretation of ¢ values from the model triangle,
adapted from Jiang and Islam (2001) and Stisen et £008). Note that the axes have
been switched compared with previous figures.

Jiang and Islam (2001) applied this method to AVHRRges of the southern Great Plains
(SGP) region in the US on six clear-sky days ingheng and summer of 1997. They compared
their resulting estimates of LE with observationenf several flux towers (both Bowen ratio
and eddy correlation type) scattered in the regiimey consider the bias (9.0 W3nand
correlation coefficient (0.80) to be acceptable aigphificantly better than those obtained with
the original Priestley-Taylor approach (with a dams@=1.26). It should be kept in mind that
the comparison between a derived pixel value andlua tower observation is not
straightforward since they represent differentesand there are also errors in the flux tower
observations. Jiang and Islam (2001) also show, thhhen using their triangle method to
estimate only EF and then combine it with groundesbations of AE, the results’ accuracy
improves substantially.

Jiang and Islam (2001) note that their method predunstantaneous evaporation maps, but
suggest that it can be extended to obtain daytireeage evaporation. They cite Bastiaanssen et
al (1999) for suggesting that EF is temporally ¢ansand the difference between EF at satellite
overpass time and EF derived from daily integradedrgy balance is marginal and can be

neglected on the regional scale. On the other hiandase of topographic heterogeneity the

method should be modified.

A major assumption necessary for the method is vhattion in available energy is small,
because the interpretation of the triangle assuiregsthe difference in surface temperature is
primarily due to difference in evaporation rate ogiven net radiation. Jiang and Islam (2001)
suggest in case of heterogeneoystd® normalize the surface temperature accordingr{o
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Similarly, the effect of other atmospheric condisocould be minimized by using a normalized
form of LST and NDVI, but the atmospheric forcingger the study area should be relatively
uniform.

Wang et al (2006) proposed an improvement to flaedte method of Jiang and Islam (2001)
by replacing the daytime LST with a difference betw nighttime and daytime LSTWST).
They argue that the triangle method’s principls lie that the temperature change of a surface
that evaporates is smaller than of a dry surfabesThe use of a single temperature value relies
on the implicit assumption that the surface temjopeeaat night is uniform across the study
region. They prove that this is not the case irttigie LST MODIS images over the SGP, and
that usingALST improves the accuracy of LE results over usinty daytime LST (compared
with ground observations).

Stisen et al (2008) proposed a further improvenierhe temperature axis, replacing the day-
night ALST with the gradient of morning rise in temperat@between 1.5 and 5.5 hours after
sunrise). This is achieved using meteorologicatlbia data (MSG-SEVIRI) with a temporal
resolution of 15 min. One of the advantages of éipigroach is that it decreases error and noise
problems related to the LST values by fitting adgeat through up to 17 single values. This
also means that fewer days are discarded due tol clover since a gradient can be fitted also
when some of points in this time window are missing

Stisen et al (2008) also suggest a slight modificato the interpolation scheme of Jiang and
Islam (2001), where values along the dry (warm) edge are decomposadon-linear way:

Equation 3-7

2

_ NDVI, - NDVI __
Ao = Pnax| WDV .~ NDVI

Stisen et al argued that theoretically the relatidm cannot be linear but admitted that the true
relationship is unknown and the above equationoimesvhat arbitrary. The interpolation for
pixels between the dry (warm) and wet (cold) edigestill done linearly. They apply the
method on 23 clear-sky days over the Senegal Basim in 2005 and compare accuracy of LE
results to LE results using the original Jiang asthm (2001) method against field
measurements from a single site using the fluxilerafiethod. Given that they only had one
field site using a less accurate method and ttieél pesolution is about 4 kit was difficult

to make any general conclusions, but the non-ligegomposition did result in EF estimates
closer to the ground observations than the lineaoohposition.

3.2.3 NDVI

NDVI images of the Yucatan Peninsula were obtaifitecth MODIS for the period January 1,
2007 to April 22, 2008 through the EOS Data Gatewd@®DIS is a RS sensor carried on board
two satellites, Terra and Aqua, traveling on a symehronous near-polar orbit (NASA, 2008).
It has 36 spectral bands ranging in wavelength féofnum to 14.4 um with a varying spatial
resolution between 250 m and 1 km. Six differergetation indices products are available, of
which it was chosen to work with the 1 km resolatib6-days composite version 5, coded
MOD13A2 (LPDAAC, 2008). NDVI is calculated from thed (centered at 645 nm) and near-
infrared (centered at 858 nm) reflectance and le&s latmospherically corrected and masked
for water, clouds, heavy aerosols, and cloud shad®ata is provided in tiles, each covering
about 10 by 10 degrees lat/long in the Sinusoidakeption, in the HDF file format.
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3.2 The triangle method

To cover the Yucatan Peninsula two tiles were resrgs(h09v06 and h09v07). Using the
MODIS Reprojecting Tool (MRT), the tiles were ma=ad, reprojected to UTM zone 16 datum
WGS86, and a spatial subset defined by 80000-5300®6000-240000N was extracted and
saved in the GeoTIFF file format. These files werad using ENVI+IDL, the scaling factor of

0.001 was applied, a value of -99 given to invalidels, and statistics for the year 2007
extracted. The IDL script can be seen in Appendiel&ctronic).

3.2.4 ALST

Difference in day-night surface temperature wasaexéd from MODIS LST product with 1 km
spatial resolution version 5, coded MOD11A1, alstieved through the EOS Data Gateway.
MODIS LST is produced with the generalized splitddw LST algorithm using multi-band
data including other MODIS data products (such eslagation, cloudmasking, atmospheric
temperature and land cover) and is view-angle digdn yielding at optimal conditions an
accuracy of 1 K (Wan, 2006). As with MODIS NDVI dathe two tiles necessary to cover the
Yucatan Peninsula were mosaiced, reprojected aataBp subset using the MRT. Using
ENVI+IDL, the scaling factor of 0.02 and the invhiode -99 were applied, and if the portion
of valid pixels in both night and day image washeigthan 10% an image of the temperature
difference was saved with the percent of valid Igixe the file name. The IDL script can be
seen in Appendix A (electronic).

3.2.5 Evaporative fraction algorithm

The algorithm used to derive maps of EF from NDWHALST follows the triangle method
with Priestley-Taylor approach as introduced bygdiand Islam (2001), with the temperature
axis replaced by the day-night temperature diffeeeas introduced by Wang et al (2006) and
the decomposition of values along the dry (warngeedone non-linearly as suggested by Stisen
et al (2008). The algorithm was written in IDL igihg ENVI procedures and the script can be
seen in Appendix A (electronic). Main steps in #hgorithm are described schematically in the
flowchart in Figure 3-4. The script processes atbaf ALST images by running a loop through
all relevant file names found in a given directdfjxe stages in the processing of each image
can be defined:

1. Data reading: data from the currg¥itST image and the corresponding 16-day NDVI
image are read into data arrays, and smaller deggsacontaining only values for valid
ALST pixels are created to ease the calculation. load

2. Triangle definition: minimum and maximudLST values for each NDVI class are
found as the median of the 10 lowest and 10 highleSiT values, and the dry (warm)
edge line (DEL) and the wet (cold) edge line (WHEte defined according to these
values.

3. Quality check: three conditions must be fulfillegftwre EF values are calculated:

a. The number of NDVI classes used to define the DRisthigher than a given
limit, which is arbitrarily set to 20 out of 40 mikle (otherwise the triangle is
defined based on too thin evidence and does niyt tefiect the shape of the
scatter).

b. The slope of the DEL must be negative (despitedbeve condition, some
WELSs have positive slopes, which is not acceptable)
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c. The WEL (the mean of the median of the lowestALBT values for each
NDVI class) must be positive (if it is negativeniteans there is a substantial
amount ofALST values smaller than zero, which means thereangignificant
part of the pixels where night temperature was drighan day temperature —
this implies that there must have been a swift ghaim weather conditions,
which violates one of method’'s assumptions - thhanges in surface
temperature are mainly due to partitioning of stefanergy fluxes).

4. EF calculation: minimumeg values are assigned to each pixel according to its
normalized NDVI value using a non-linear decomposibetween overall minimurp
and overall maximunmy, @ values are assigned according to position in tizadle
using linear interpolation between the pixel’s miom @ and the overall maximung,
and EF values are calculated by multiplyggith A /(A+y).

5. Data writing: EF image file is created and statistbjects and files are updated.

Note that for simplicity,¢ was set to have maximum and minimum of 1.26 anab,ze
respectively, and\ /(A+y) was set to be equal (1/1.26). A more precisenedé ofA /(A+y)
would require data for air temperature; this cdoddderived from the surface temperature. EF
values outside the range zero-to-one were consldevalid and changed to -99. This applies to
few outliers.
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3.2 The triangle method

START

num_runs = number of ALST Prax = 1.26

files in directory A(A+y) = 1/1.26
num_steps = number of NDVI classes _

used in definition of triangle NDVIpy,=0.1

read file name nr. j

percent valid pixels in ALST file >

increment j

NO

lower limit

search corresponding NDVI file
(up to 16 days back)

NDVI file found? NO

read image data into arrays:
NDVI_all and dT_all

v

create arrays of only valid pixels
(where dT # -99): NDVI and dT

NO

i < num_steps <
%

update lower and upper limit of
current NDVI class

v

| identify pixels within current NDVI class |

YES number of pixels in class > half of the number
expected if valid pixels were equally distributed

between classes

A

NO

A

find the median of 10 highest and 10
lowest ALST values and store in

store the value -99 in position i of
dT,, and dT, arrays

position i of dT,,,, and dT,,,, arrays

increment i

v
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A
define DEL:
linear fit through valid values in dT,,, array
define WEL:
dT,,, = mean of valid values in dT,;, array

dTmin > 0
AND
number of valid values in dT,,, array = lower limit
AND

slope of DEL > 0

calculate dT,,,, for each pixel from its
NDVI value and the DEL egaution

v

find NDVI,,,, at intersection of WEL
and DEL

normalize NDVI values for each pixel
(between NDVI_;, and NDVI

v

calculate @, for each pixel from its
mormalized NDVI value using non
linear decomposition along DEL

v

calculate ¢ for each pixel using linear
decomposition between the pixels
®pin and the overall @,

v

create array of EF values where valid
pixels = @-A/(A-y) invalid pixels = -99

v

extract statistics about valid EF
values and add to text file

v

create an image file with EF data

Figure 3-4: Flow chart describing main functions caried out in the EF algorithm. The
complete script can be seen in Appendix A (electrac).

max)

3.3 Available energy

Available energy for partitioning between sensiate latent heat fluxes was estimated as the
difference between net radiation and soil heat fimxa 12-hour basis (from 06:00 to 18:00 local
time, where it is assumed that EF is relatively stant). Net radiation was calculated from
ECMWEF data, as described below in Section 3.3.1.Ieat flux was estimated as a fraction of
net radiation dependant on NDVI, as described ttiGe 3.3.2.
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3.3.1 Net radiation

The European Center for Medium-Range Weather FerdE8CMWF) keeps a record of all
operational datasets, including surface analysigefesground observations are interpolated into
grid data) and forecast (where state variablesamilated using the surface analysis data and a
simulation model). Unfortunately, short and longeancoming and outgoing radiation are not
featured in the surface analysis records, but ontize forecast records. Due to time limitations
and the uncertainty related to estimation of conmpisuof net radiation based on available
parameters, it was considered reasonable to us#tieicast dataset.

Net radiation was thus calculated as the sum of gheirtwave radiation (Surface Solar
Radiation, SSR, ECMWF parameter number 177) andbngivave radiation (Surface Thermal
Radiation, STR, ECMWF parameter number 176), battameters obtained from the ECMWF
forecast archive through DMI (Danish Meteorologibtatitute). The data was delivered in the
GRIB file format, which was decoded using a supgetary package of IDL programs
available on ITT’s infoNET. There were two filesrgkay, each file containing data for 3, 6, 9,
and 12 hours after forecast start (at midday arghight) of accumulated short and longwave
net radiation. Data had global coverage in lat/leqgidistant cylindrical projection with grid
size of 0.25 degrees. The 12 hours accumulate@salere read into an IDL array, added, and
divided with a time factor transforming them intguésalent average daily radiation. A spatial
subset corresponding to an area somewhat largerthieay ucatan peninsula was extracted, and
saved as an image file in the original projecti®his image was then reprojected into UTM
zone 16 WGS86, resampled to 1 km resolution, afidah spatial subset defined by 80000-
530000E / 196000-240000N was extracted and savachasy image file (corresponding to the
same image size and location as NDVI &h&T files). The script can be seen in Appendix A
(electronic).

3.3.2 Soil heat flux

Energy conduction to the soil can roughly be assutoeequal zero on a 24-hours basis (Kustas
and Daughtry, 1990), but since it was decided tik lat available energy for daytime hours
06:00-18:00), such an assumption would have caagerkstimation of available energy at the
surface. Instead, it is assumed that the ratio, @/Relatively constant over daytime hours, but
dependant on the amount of vegetation cover orstile Kustas et al (1993) investigated the
use of different vegetation indices for predictingdday G/R, and found that, although
theoretically, a non-linear relationship betweeiRGand NDVI was expected, the best fit to
data was obtained with the following equation:

Equation 3-8

G/ = 040- 033INDVI
TR

Jacobsen and Hansen (1999) confirmed that a lmedel was the best to fit their data from an
arctic environment, though they found slightly di#nt coefficients. Santanello and Fried|
(2003) examined the G/Rliurnal behavior, and claim that it can be higidyiable, suggesting

a method to predict it on hourly timescale. Howexkeir model has high data requirements
(input includes soil type and moisture), makintpd complex for the task at hand. It seems that
high values and large variations of G/&e expected at surfaces with sparse vegetatioer.co
Thus considering the dense vegetation on the Yndaéminsula the ratio and variations can be
assumed to be less significant and the above equatieasonable estimate. The script used can
be seen in Appendix A (electronic).
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3.4 Sap Flow measurements

Sap flow was measured using the heat dissipatiothodein order to estimate stand
transpiration. In the following is a descriptiontbe heat dissipation method for measuring sap
flux density, methods for measuring sapwood depth estimating sapwood area and methods
for scaling up from tree to stand transpirationslalso mentioned which equipment was used
and which sampling strategies were followed.

3.4.1 The heat dissipation method

The heat dissipation method was first presentedGbgnier in 1985 (Granier, 1987). The
original apparatus consisted of two cylindricallpge of 2 mm diameter which were inserted 20
mm into the sapwood of the tree trunk, one aboeeother about 10 cm apart. The upper probe
contained a heating element of constantan which hveased at a constant power. Each probe
contained a copper-constantan (type T) thermocanplee middle. The temperature difference
between the two probes was influenced by the aap density in the vicinity of the heated
probe (sap flux density is defined as the sap fi@& unit area). The mean sap flux density
along the probe u was found by calibration wittiedént species to be:

Equation 3-9

u=0.0119K"****

Where u is in cm$and K is a dimensionless value defined as:
Equation 3-10

AT, —-AT
AT

K=
WhereAT)y, is the temperature difference between the twogsdbr no flow and\T is
the temperature difference for positive xylem flaw0).

Total sap flow F is calculated as:
Equation 3-11
F =ulA,
Where Ay is the cross-sectional area of sapwood at thengeatobe.

A schematic illustration of the probes setup intieat dissipation method can be seen in Figure
3-5.
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TMotzer, Univ. Mannheim (Not to scale)

Figure 3-5: A schematic illustration of probe instdlation in the
thermal dissipation method (illustration taken from Motzer, 2004).

Granier's heat dissipation method is one of sevdifdérent methods of estimating sap flux
density, which can be grouped according to twoedgit thermal principles: the heat pulse
velocity and the heat balance methods (Granier'shook belonging to the second group)
(Kostner et al, 1998). The main difference lieghat heat pulse velocity methods are based
solely on heat transfer theory while heat balancghods require empirical calibrations.
However, the Granier method requires less power, éfuipment costs are lower and the
installation easier (Smith and Allen, 1996).

Smith and Allen (1996) claim that Granier methodgt be calibrated for species on which it
hasn’t been previously validated. However, seveadies have confirmed the comparability of
Granier's method’s results with other methods (&ranier et al , 1996a, Kostner et al, 1998
and Gonzalez-Altozano et al, 2008).

Sap flux density

Sap flux density was measured in this project udiegmal dissipation probes (TDPs) produced
by Dynamax Inc, Huston USA based on the Granieigdasith Dynamax upgrades (Dynamax,

2008). There were 6 TDPs of type TDP50, which &entn long with a diameter of 1.65 mm,

containing one thermocouple type T in the middldghef probe. For more technical details as
well as illustration of probe design see AppendiXelectronic). Installation and insulation of

the probes was done following the Dynamax’s usgtile. Selected pictures illustrating the
setup can be seen in Appendix C (electronic).

Probes were connected to 6 differential channel datalogger type CR10X from Campbell
Scientific Inc, Utah, US. In the range of voltageasured (£2.5 mV) the nominal resolution is
0.33uV and the accuracy +£1.38/. Further technical specifications can be seeygpendix D
(electronic). Data recording and transfer was adlel using the PC400 software from
Campbell scientific, Inc. Recording intervals werkanged between sites, varying from 1
minute samples to 5 minute averages. As a backdatedogger from the older 1200 series from
Grant Instruments, Cambridgeshire, GB, was occa#iionsed.

Data was stored as the raw differential voltage suesd and converted to temperature
difference using the following polynomial approxitioa (NIST, 1995):
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Equation 3-12

AT=Ya

n=0

WhereAT is the temperature difference in °C, N is the hamof coefficients (in this
case N=6), ais the coefficient and v is the measured difféentoltage in mV.
Coefficients were taken from NIST (1995) and carséen in Appendix E.

The no flow reference temperature differendg, was estimated by subjective inspection of the
nighttime AT values, often calculating an average of maximuaues for two consecutive
nights to be used for the daytime period in betwéas recommended by Mikkelsen,
pers.comm., 2008). The subjective element is iniced due to the high level of noise and high
variability in the data collected, which made itmgaicated to develop a simple and robust
algorithm for determination ofTy (see results for each site in Section 4.6).

Granier's method assumes that the measured sapdhsity is a representative mean of the sap
flux density all along the sapwood depth at thetihgaprobe. However, several studies have
shown that the sap flux density varies radially @imat significant errors in estimates of sap
flow can result from using the simple relation iguation 3-11 (e.g. James et al, 2002 and
Cohen et al, 2008). There seem to be two typeadifir pattern: one where the highest u is near
the cambium decreasing toward the heartwood anthanahere u is low near the cambium,

increasing toward a certain depth and then decrgasiward the heartwood. Radial patterns
certainly vary between species, but sometimes laétween individuals of same species and
over time, probably correlated with environmentaditions (e.g. water availability).

In order to fully capture the variability in u thecommendation is to use multiple probes of 10-
20 mm length inserted at consecutive depths aleagadius of the trunk. This was not possible
with the available equipment in this project, ahdsidifficult to assess what degree of radial
variability in sap flux density should be expectadhe trees studied. Clearwater et al (1999)
claim that the heat dissipation method systemdyicadderestimated mean u when gradients in
u exist, and give examples of errors in the ordenagnitude 8-45%.

Another source of error arises when probes aretatsdo a depth where they are partly in
contact with inactive xylem in the heartwood ortwitark (Clearwater et al 1999). Errors occur
because the relationship betwe€hand u is not linear, and therefore mednalong the probe
is not a measure of mean u. If a portion of thebpris inserted into inactive xylem while the
remainder of the probe is in sapwood with relativahiform sap velocity, then it can be
assumed that the measur&d is a weighted average &fT in the sapwood andT in the
inactive xylem (Clearwater et al 1999):

Equation 3-13
AT = aATg, +bAT,

WhereATSW is theAT in the sapwoodATM is AT in the inactive xylem, and a and b
are the proportions of probe in sapwood and inactitem, respectively (a+b=1).

This approach assumes that the thermal properfigbeoinactive xylem are the same as
sapwood with no sap flomATM value used in Equation 3-13 is the same as wakgn 3-10,
i.e. the AT registered during nighttime). Rearranging Equati®13 yields the following
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equation, which was used to correct sap density ii@asurements in cases where the xylem
was less deep than 50 mm:

Equation 3-14

AT —bAT
AT. =— "™ M

w a
In cases where sap wood depth was not measurethrrection to the measured temperature
difference was made and the calculated sap flusifewas multiplied with the length of the
probe (as recommended by Granier, pers.comm., 2008)

Sap flux density also varies circumferentially arduhe tree trunk (e.g. James et al, 2002 and
Cohen et al, 2008). James et al (2002) reportvthate tree water use calculated from replicate
series of probes at different positions aroundtinek differed by as much as 100%, mostly due
to variability of sap flux density in the outermastpwood layers. Cohen et al (2008) found that
the variability in radial distribution of sap fludensity around the trunk of one tree had a
coefficient of variation similar to that betweeerds of the same species (up to 28%). They also
report that the amplitude of circumferential vadatchanged during the day (high in mornings
and evenings and low at noon), and depended motleostructure of each individual trunk
than on the position with respect to the sun.

Given the limited amount of probes available fds throject it was decided to place only one
probe per tree thus capturing more interspeciesti@amn in the stand rather than finding more
accurate values for each tree.

Sapwood cross-sectional area
Sapwood cross-sectional aregyAs calculated from sapwood depth as follows:

Equation 3-15

Agy = n((rT _dB)2 _(rT —dg _dS/v)z)

Where f is the radius of the tree trunks @ the depth of the bark and.gis the depth
of the sapwood (all measured at breast height).

Sapwood depth can be difficult to determine andadée over time, between species, between
individuals and around the trunk circumference (@ and Nadezhdina, 1998). Basically, the
transition from sapwood to inactive xylem is “fltiichind the only accurate means of measuring
sapwood depth is by measuring the radial variabbrsap flux density as described in the

previous section. This was not possible in thiggm

Sapwood depth was estimated using an increment fals® known as a Pressler drill) and
natural food coloring, applying the method desdilby Meinzer et al (2001). A solution of
food coloring in water was injected into a holetle trunk, and 1-2 h later core sample was
extracted about 1-2 cm above the injection poirgirder et al (2001) validated their results by
measuring sap flux density at incremental depthsinu specially constructed dissipation
probes). This project’s results could not be vaédeaand are estimated to be quite uncertain due
to practical limitations in the field:
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e The depth of coloring injection was limited by tleegth of the drill bits used (6-7 cm)
thus limiting the depth at which coloring couldddeserved in the core samples.

e The hardness of the wood made it very difficultuse the increment borer, and core
samples were often partly damaged in the processtrdction.

« The transport of the coloring was very uneven tghothe core samples and it was often
difficult to judge where the coloring border wassiifiect.

3.4.2 Scaling from tree to stand

Using measurements of individual trees’ transpmratio estimate stand transpiration (sT)
requires adapting a strategy for scaling the redtdim water use per individual per unit time to
water transpired per unit area per unit time. Amaiallenge is to determine which and how
many trees should be sampled in order to accounhéovariation within the stand. Granier et al
(1996a) compared results from several studies amahdf that coefficients of variation of

among-tree variability in sap flux densities we@156% in temperate forests but 35-50% in
tropical forests. They mention that the high vatibin tropical forests is related to the high

variability in species and sizes.

The best approach would be to sample all treesr@presentative area as done by Kostner et al
(1992), but this was not possible given the equignlieitations. An effective limit on the
number of trees sampled was given by the numbeavaflable channels in the datalogger,
which dictated the number of sap flow probes aeglifhus the variability had to be captured
as well as possible within this limitation, and thédelines adapted were to look for the biggest
(most dominant) trees in a limited area and chamsariety of species among those. The
motivation for choosing the biggest trees comemfKibstner et al (1992), who report that 50%
of sap flux density in the plot they monitored dmaged from 3 of 14 trees which emerged 2-5
m above the canopy. Granier et al (1996b) alsoddhat sap flux density depended on crown
status, i.e. for a given species codominant trebfred lower u than dominant trees. Cermak
et al (2004) claim that in general, dominant tretesid for two-thirds of a stand’s transpiration,
medium trees for one-quarter and suppressed te&s0%.

The plot (the area within which trees were sampled} limited by the length of the cables
connecting sensors to datalogger, by the accesgitiirough the dense vegetation and by a
consideration of keeping the chosen trees withireasonably sized plot (for the purpose of
characterizing all trees within the plot). Sincerthwere usually not many very big trees within
a plot and since the dominant trees were ofteh@isame species, a trade off between size and
species was made at each site.

A popular scaling parameter when sampling dispetssgs within a plot is sapwood area, as
described by Granier et al (1996b):

Equation 3-16

T=~A @(Fi Ep.)
Where A is the sapwood area per unit ground areé Bhe mean sap flux density of
trees in class i, Ais the sapwood area of the trees in class i #li/Ar. Classes are

usually defined according to diameter at breagititdDBH).

Obviously this method relies on accurate measurémesapwood cross-sectional area in a
representative sample of the plot trees, which nedgpossible in this project (see discussion in
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3.4 Sap Flow measurements

previous section). Saugier et al (1997) also adinait their estimation of ST suffered from the
spatial variability of sapwood cross-sectional atgaughout the forest. They studied a boreal
forest of a single species, thus the uncertaingxgected to be substantially higher in a species
rich tropical forest. Other possible scaling partarginclude stem diameter, stem basal area,
and leaf area (Smith and Allen, 1996).

In their review of the sap flow method, Cermak Ig2804) also recommend dividing the stand
into classes and suggest an elaborate statistietdan for choosing sample trees to represent
the different DBH classes. However, they also desa much simpler scaling method based on
a ratio of a readily measurable biometric paraméfbey recommend its application in cases
where only a small number of sample trees is aviajavhich does not allow for calculation of
a reliable regression for the DBH classes, or witesevariation in sap flow between individual
trees is large (due to e.g. stress). The simple raethod was applied by e.g. Cermak et al
(1995) in a sub-boreal forest in Sweden.

The simple ratio method is expected to overestintagetranspiration of trees in small DBH

classes and underestimate transpiration of tredsrge DBH classes. Nonetheless, given the
small samples that were achievable in this profecid the lack of consistent regressions
between DBH and sap flow as can be seen in Sedti6) this method is considered a
reasonable choice. The following equation is used:

Equation 3-17

Where T is transpiration rate [mm ddythe term in parenthesis is the scaling factor, i
the numerator is the sum of, B biometric parameter of tree i, for N treesha plot,
and in the denominator is the sum af fBr k trees in the sample; k5 the daily
transpiration [L day] of sample tree i out of k sample trees; anghAs the plot area
[m?]. Two different biometric parameters were usedtDahd basal area G

Plot areas used varied between sites from 100@av80Within each plot all trees with a trunk

circumference at breast height above 10 cm werateduand their circumference and species
noted. Species identification was done using thewkedge of local experts, usually the

commissioner of communal lands from the nearedageal or someone appointed by him.
Species were identified by their local names (irar8gh or Maya) and wherever possible
translated into Latin using a key developed by eedb engineer working for the local

organization U’yo’olché (copyright by U’yo’olché &. 2007, permission to use granted by the
director).

From stand transpiration to pixel evapotranspiration

Stand transpiration from a dense forest is expectde the main, but not single, contributor to
total evapotranspiration over the forest. Other poumds that must be accounted for are
transpiration from undergrowth, evaporation frommefi floor and evaporation from canopy
interception. All these parameters could not bedlly assessed or measured in this project. A
very rough estimate of their contribution woulddeween 10 and 30%.
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3.4.3 Site choice

Sites for sap flow measurements were chosen sahiatreflect the expected extremes of pixel
actual ET within the peninsula, considering onlygbé covered with tropical forests. Since it
was not possible to create maps of estimated aEfliddefore the field work, the identification
of appropriate sites had to be done based on futksitndicators. The main parameters for site
choice were:

 NDVI

o0 It was aimed at having at least 1-2 sites of rebpeyg relatively low and
relatively high NDVI.

o It was preferred to have a site in an area whexelgpihad relatively equal
values of NDVI, assuming that this would increases tprobability of
homogeneous vegetation within the area and redheceffects of uncertainty in
georeferencing.

* Land cover type

o It was aimed at finding sites within larger aredassified as tropical forest,
assuming this would decrease the probability of esmhthe area within the
pixel being milpa (transformed recently from forastultivation).

» Accessibility

o Site had to be within short walk from a road mamde by private car, and
within reach of a few hours drive from a base town.

At each site it was aimed at having at least 3#dseoutive days of measurement in order to
increase the chance of measuring on a clear-skyaddyincrease data reliability by showing
reasonable day-night-day variations.
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4 Results

This chapter starts with results obtained usingni$hods (Sections 4.1-4.5), continues with
results from sap flow measurements (Section 4.8)esndls with a comparison between the two
(Section 4.7). RS results are presented in fivpsst&ections 4.1 and 4.2 shortly analyze the
NDVI and ALST images for 2007, Section 4.3 describes andyaeslthe results from using
these images to calculate the evaporative frac8ewtion 4.4 shortly describes the results from
estimating available energy and Section 4.5 analyke results from using the evaporative
fraction results together with the available energgults to produce actual evapotranspiration.
All images produced (of NDVIALST, EF, AE and aET) can be found in Appendix |
(electronic) in the appropriate folders, togethéthvExcel files where extracted statistics are
treated.

4.1 NDVI

In the following is a short presentation of the pamal and spatial variation of NDVI values
during 2007.

4.1.1 Temporal variation

The mean NDVI on the peninsula is quite stable guite high all year round, as can be seen in
Figure 4-1. The lowest value is 0.66, reached tda/éine end of April, and the highest value is
0.83, reached at the beginning of November. Thyhsliecrease in the beginning of September
which is coupled with an increase in standard dmnacould be related to Hurricane Dean
which hit the peninsula on August 21. The overatlam is 0.76, with a standard deviation of
0.15, corresponding to CV of 20%. These statistitdude all land pixels, i.e. human
settlements and inland water bodies have not bessked out.
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Figure 4-1: Spatial mean of 16-days NDVI values ovéhe Yucatan Peninsula
in 2007 together with standard deviation from the nean.

However, when looking specific pixels the variatiower time is much larger, as expected.
Figure 4-2 shows trajectories of NDVI for some stdd pixels, whose approximate location is
indicated in Figure 4-3. The pixel denoted withkprectangles (X:85, Y:164) is located in the
northern part of the western coast, an area thatahbower annual average NDVI than the
average on the Peninsula, and the drop in NDVI prilAcorresponds well to the seasonal
shedding of leaves in the dry season. The pixebehwith blue diamonds (X:80, Y:161) is
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from the same area and shows similar behavior EhtaMonger period of low NDVI, probably
corresponding to a vegetation composition whereenspecies shed their leaves in the dry
season. The pixel denoted with purple crosses 6{:3346) is in the wetlands of Sian Ka’'an,
displaying an overall significantly lower NDVI thahe average on the peninsula; it is unknown
what the drops in June and august are related He. pixel denoted with orange triangles
(X:238, Y:305) is in the southeastern part of teaipsula, an area that was severely affected by
Hurricane Dean, which could explain the drastigpdroNDVI in September. The pixel denoted
with green crosses (X:319, Y:239) is close to Felgarillo Puerto in a forest within the Sian
Ka'an reserve, showing a high and relatively stadélel of NDVI (no clear decrease in NDVI

in the dry season).
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Figure 4-2: Trajectories of selected pixels’ NDVI alues in 2007. Pixel location is given by
image sample number (X) and line number (Y), and th approximate location is indicated
by white arrows in Figure 4-3.

4.1.2 Spatial variation

NDVI values in each pixel were averaged for 200Thi@ image which can be seen in Figure
4-3. Four cross-sections of this image are predeintd-igure 4-4: two horizontal (east-west)
and two vertical (north-south), their approximagsigion indicated with black arrows in Figure
4-3. Both figures illustrate that NDVI values oretpeninsula are generally quite high and quite
constant in space. The few pixels with a yearlyrage below 0.6 seem to be along the coast, in
wetlands and in urban areas.
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Figure 4-3: Grouped pixel average NDVI [-] valuesn 2007. White arrows denote the approximate locatio
of pixels depicted in Figure 4-7 and Figure 4-11;lack arrows depict the approximate location of the
horizontal and vertical profiles in Figure 4-4.
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Figure 4-4: Horizontal and vertical profiles of pixel average NDVI values in 2007. Approximate locains of
profiles are indicated in Figure 4-3.

4.2 LST

In 2007 there were 192 days (53% of the year) wheme than 10% of the land pixels had both
daytime and nighttime validLST value (invalid values occur when pixels haverbenasked
out due to clouds or cloud shadows). Images widls lihan 10% valid\LST pixels were
abandoned and are not included in the followingyaig The percent of pixels with valid day,
night and both day and night values is displayeBigure 4-5. There does not seem to be any
seasonal pattern in either of the three parameseggesting that cloud cover is more or less
equally probable at day as at night and in theyragason as in the dry season.

The average fraction of validLST pixels per image in 2007 was 21% considering38b
images; considering only the days which pass ti# fifreshold, the average was 38%. The
average of valid day pixels was 66% and the aveoégalid night pixels was 56% (obviously a
significant part of the valid pixels are differebetween the corresponding day and night
images). Only 54 images had more than 50% li8T pixels, and only 6 images had more
than 80% validALST pixels (a single image passed the 90%).
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Figure 4-5: Daily percent of land pixels which hadx valid day, night or day and night value in 2007
(includes only days with more than 10% pixels withvalid day and night values).

The pixelALST in 2007 varied from -9.8 to 36°€, with a temporal and spatial mean of 7.2
°C. The temporal variation of the spatial mean canséen in Figure 4-6, together with the
standard deviation from the mean for each image f{tiure includes only the images that pass
the 10% threshold). Here there is a rather cleas@®al trend, with a maximum in April-May
and a minimum in September-October.
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Figure 4-6: Spatial mean and standard deviation cALST in 2007 (includes only days with more than 10%
pixels with valid day and night values).

The seasonal pattern is not as clear when obsevailugs for single pixels, as shown with five
arbitrary pixels in Figure 4-7. The two pixels lted in the northwestern part of the peninsula
with the seasonally low NDVI (denoted with bluerdiands and pink rectangles) generally have
the highestALST values, both with a very high degree of sciatgrpossibly with a peak
around April and lower and more stable levels inv&aber-December. The two pixels in the
southeastern part of the peninsula (denoted weihge triangles and green crosses), located in
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forests with relatively stable and high NDVI, gesigr have lowerALST values and lower
degree of scattering than the former two, in gdngrawing slightly higher values in the first
half of the year than in the second h&EST in the Sian Ka’an wetlands (pixel denoted with
purple asterisk) is generally the lowest of thase pixels and has generally lower values in
November-December than the rest of the year.
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Figure 4-7: Temporal variation in ALST in 2007 for 5 arbitrary pixels. Pixel locationis given by image
sample number (X) and line number (Y), and the appoximate location is indicated by white arrows in
Figure 4-3. Note that values of exactly zero are a@lly invalid values and should be ignored.

The spatial variation on a particular day (Februedy 2007, the day with highest percentage of
valid land pixel values) can be seen in Figure &&all differences between day and night
surface temperatures are found along the coasteitands and in an area in the middle of the
peninsula. Large differences are found mostly ie thestern and southern parts of the

peninsula.
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Figure 4-8: Grouped pixelALST values PC] for February 13, 2007 (valid values in
94% of land pixels).

4.3 Evaporative fraction

4.3.1 Scatter plots and triangles

After some trial-and-error it was decided, somewdnditrarily, to apply the triangle method
only to images with a fraction of valilLST land pixels above 50%. This threshold left 54
images for 2007, of these 29 passed the other tqwebty criteria, as explained in Section
3.2.5. Scatter plots of these imagAEST against NDVI, including the algorithm-definedeD
and WEL, can be seen in Appendix F, together witls@atter plots for the period January 1 to
May 5, 2008. A few selected examples from 2007saevn in Figure 4-9.

The first two examples of scatter plots in Figur® 4a and b) resemble the expected
triangle/trapezoid. They lack the “tip” of the tnigle, i.e. the DEL and WEL meet outside the
plot range, but they are not exactly trapezoidseeitn that the right-hand edge is not “flat”. In
the low NDVI end they have very few pixels, all wiow ALST, so the maximumLST corner

of the triangle is defined only by the slope of EL and the arbitrary definition of minimum
NDVI (set at 0.1, line not displayed in the figureBhe hypothetical maximuALST resulting
for these two days is about 3C, which seems reasonable. The DEL in both casass¢o
describe the upper boundary of the triangle walla]the WEL also seems to follow the lower
boundary well, but in b the real boundary seembawee a slight slope (while the WEL was
arbitrarily sat to be horizontal going through thean minimunALST).
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Figure 4-9: Selected scatter plots ALST [°C] against NDVI [-] for six days in 2007; (a) May 2 (b) April 23
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4.3 Evaporative fraction

The last four examples of scatter plots in Figw@ @&-f) do not resemble in their shape the
triangle/trapezoid expected. In (c), the WEL isackg defined but the DEL is only defined
between NDVI 0.7 and 0.9, below 0.7 the slope ckarand becomes unclear. In (d), the lower
boundary has a little slope while the upper boupdad thus the DEL is almost horizontal. In
(e), there seem to be two slopes within the uppentlary, and the DEL captures a mean of the
two slopes. The horizontal WEL again does not regmewell the slightly sloping lower front.
In (f), there seems to be an “opposite” triangla¢s the upper boundary has a very clear but
positive slope. The calculated DEL results in grgly negative slope, but similar plots resulted
in negative DEL slopes and were thus disqualifredffurther analysis.

Note that the quality differences between theseegaxmple plots cannot be explained by the
percentage of valid pixels in the corresponditigST images (denoted vdT in the plot
headings). A high number of points (30-40) includedhe definition of the DEL (denoted
npDE in the plot headings) seems to guaranteexpecéed triangular shape in the scatter, but
there are also examples of reasonable trianguigreshwith lower npDE (between 20 and 30).
The number of plots where the DEL was defined basethore than 30 points in 2007 is 10, in
2008 (January-May) there are 7.

4.3.2 Temporal and spatial variation

The spatial mean of the resulting estimates of &ftlie 29 “successful” days in 2007 are

plotted in Figure 4-10, together with standard dgens. Unfortunately, these days are not
evenly distributed around the year, the first dajzébruary 20 and the last day is August 8. It is
difficult to see any clear trend in the valueshaitgh one could spot a possible correlation
between a decrease in the mean and an increalse standard deviation, culminating in May-

June. This could suggest an increased differentidti EF around the peninsula at the end of
the dry season, where some very dry areas “pud/'atfrerage down.
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Figure 4-10: Spatial mean of evaporative fraction gtimated using the triangle method for 29
days in 2007.

The temporal variation in EF through 2007 for thens five pixels described earlier (location
denoted in Figure 4-3) is shown in Figure 4-11.0Mere it is hard to identify a temporal trend.
The spatial variation is, as expected, inverselyetated to the spatial variation in Figure 4-7
(showing pixels’ temporal variation &LST). The two pixels from the northwestern partio#

peninsula with the seasonally low NDVI (denotedhwilue diamonds and pink rectangles)
generally have the lowest EF values (highds$T) with a high degree of scattering. The two
pixels in the southeastern part of the peninsutatkx in forests with relatively stable and high
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NDVI (denoted with orange triangles and green @sgsgenerally have higher EF values and
lower degree of scattering than the former two.ifEfhe Sian Ka'an wetlands (pixel denoted
with purple asterisk) generally has highest EF eslamong these five pixels. This ranking
corresponds well to the expectations.
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Figure 4-11: Evaporative fraction for five arbitrary pixels on 29 days in 2007. Pixel location is givdy
image sample number (X) and line number (Y), and te approximate location is indicated by white
arrows in Figure 4-3.

The spatial distribution of pixels’ average EF i00Z can be seen in Figure 4-12. In general
there is a decreasing trend from south-east tdhwest, as expected from the similar trend in
annual precipitation and pan evaporation data. #A\redh lower EF are mostly close to the
northern and western coasts, while areas with hiffreare on the eastern coast - especially in
the Sian Ka’'an wetlands and further south towandsoorder with Belize.

Distribution of EF values on two specific days 00Z can be seen in Figure 4-13. On April 7

(a) the distribution is similar to the distributiar yearly averaged values in Figure 4-12, but
more extreme. This is in the dry season, and sopasdave EF values even lower than 0.3 or
higher than 0.9 (thus not colored). On August 8(ifipxhe rainy season), the distribution seems
more random and less pixels have values outsideatige 0.3-0.9.
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4.3 Evaporative fraction
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Figure 4-12: Grouped pixel average EF [-] values i2007.

Figure 4-13: Grouped pixel EF [-] values on: (a) Apl 7, 2007 (b) August 8, 2007. Color scale is treame as for
Figure 4-12.

4.3.3 Analysis using regions of interest tool

Scatter plots oALST against NDVI for several days in 2007 were aisgated using ENVI,
where regions of interest (ROIs) can be marked manuand pixels in the ROI can be
highlighted simultaneously in another image. Thaswsed to explore which pixels make up
the wet (cold) edge (WE) and the dry (warm) edgg)(OD'he scatter plots were also “density
sliced”, revealing the density patterns of pixelthim the triangle area.

Figure 4-14 displays two of these density-sliceattec plots, highlighting the pixels that were
classified as DE (with red) and WE (with blue). Tirst plot (a) is an example of a “good”
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triangle, although it is obvious the “core” of thixels does not resemble the triangle/trapezoid
expected. The second plot (b) is an example ofyatltat “passed” the quality check in the EF
algorithm although the triangular shape is onlyiobs when using imagination/interpolation to
extend the DEL. Here the “core” of pixels resemlglesn less the triangle/trapezoid expected.
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Figure 4-14: Scatter plots ofALST against NDVI, with color scale (blue to red) imlicating relative density of
pixels and DE and WE pixels highlighted with red ad blue (respectively), for two different days: (aMay 9,
2007 (b) June 10, 2007.

Figure 4-15(a) displays the location of all pixtdat were on any of the analyzed days classified
as DE (red) or WE (blue). In all there were appré%,000 pixels classified as DE in this
manner and 43,000 as WE; of these 18,000 pixelskgdawith yellow) have been classified
both as WE and as DE (on different days, obviou$lp) a single pixel is included in the DE or
WE of all days. When gathering the pixels that weag of the DE and WE in three groups and
intersecting these groups a few pixels did repiaplayed in Figure 4-15(b). The overall trend
in both a and b resembles, as expected, the oycalire from the EF maps: the WE is defined
by pixels in the southeastern wetlands and the YBland pixels in the low NDVI areas of the
northwest.

50



4.3 Evaporative fraction

Figure 4-15: pixels defined as DE (red), WE (blueand overlaps (yellow): (a) in any day analyzed in@7, (b)
those reoccurring in three seasonal groupings. Pikanalysis does not cover the entire image due tat@chnical
error.

4.3.4 Correlation with elevation

Some EF maps were plotted against a DEM of Yucéfiam SRTM, resampled to 1 Km
spatial resolution) to test the hypothesis of aalation between depth to groundwater and
relative rate of evapotranspiration. This assurhasthe depth to the groundwater is correlated
with the elevation, which is largely the case inc¥tan (Bauer-Gottwein, pers. comm., 2008).
Four of these scatter plots are displayed in Figuté.

3
o
[m]
=
=
E
m

Figure 4-16: scatter plots of different EF maps irR007 against DEM; (a) EF on May 22, (b) EF on Aprik5, (c)
pixel average EF for 2007, (d) pixel minimum EF for2007.

The expectation was that EF would decrease witteased depth to the groundwater in the dry
season, reflecting a species adaptation to avkiijabf water: in periods with low precipitation
trees depend on soil moisture and groundwater fntaining maximum transpiration rates.
This would be expressed in the scatters as a megalbpe: decreasing EF with increasing
elevation. It is hard to say that any of the abfmwe scatters fulfills this expectation. The two
first plots (a and b) are both from the end ofdheseason (May 22 and April 25, 2007), where
pan evaporation is highest and average NDVI lowHsé upper edge of the pixel cloud in (b)
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could seem to have a negative slope, but the ledge has a positive slope. The upper edge in
both (a), (c) and (d) is quite horizontal. If anpth these plots suggest that the EF increases
with increased elevation.

4.4 Available energy

The spatial mean of net radiation for daytime hagiv®n in W n¥ can be seen for 2007 in
Figure 4-17, together with the standard deviatimmfand each day’s minimum and maximum
pixel values (note that the pixel size of the or&adiECMWF data is 0.25 degrees, thus the real
variation in 1 km pixels is expected to be higher). The mean véré#ween approx. 62 and 288
W m? with the expected seasonal pattern. The standai@tibn varies between approx. 8 and
60 W mi? with a mean of 22 W i This indicates a reasonably low spatial varigtiwhich
satisfies one of the assumptions necessary fogubm triangle method. Of course, the large
pixel size is partly the reason for this low vaoat
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Figure 4-17: Spatial mean, standard deviation frommean and minimum and maximum net
radiation on the Yucatan peninsula in 2007.

The spatial mean of soil heat flux for daytime t®given in W rif can be seen for 2007 in
Figure 4-18, together with the standard deviatimmfthe mean and each day’s minimum and
maximum pixel values (here the pixel variabilityinfluenced both by pixel size of results the
pixel size of NDVI data and the pixel size of @ata). The mean varies between approx. 9 and
43 W m? with the expected seasonal pattern. The standartibn varies between approx. 4
and 15 W rif with a mean of 9 W i This corresponds to a higher coefficient of vigoia for

G than for R, which is expected from the influence of the sgatsolution of the NDVI factor.

In average G corresponds to approx. 15% pfich is in the order of magnitude expected.

52



4.5 Actual evapotranspiration
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Figure 4-18: Spatial mean, standard deviation frommean and minimum and maximum soil
heat flux on the Yucatan peninsula in 2007.

4.5 Actual evapotranspiration

Spatial mean rates of daily actual evapotranspimafior the 29 “successful” days in 2007 are
plotted in Figure 4-19, together with standard dBen from the mean, minimum and
maximum. As with the EF plots (Figure 4-10), ithard to identify any trends, although the
actual evapotranspiration seems somewhat highdéurne-July than in March-April, which is to
be expected from the higher AE. The minimum pixeaporation is 0 mm ddyand the
maximum pixel evaporation is 6.95 mm dayrhe spatial mean varies between 2.47 mm'day
and 3.82 mm da}with an overall mean of 2.99 mm dhylf the overall mean was assumed to
represent the annual mean, the annual aET woudd b@90 mm day, which is clearly too high
considering the annual precipitation rates. Bug #esumption is dubious, since the 29 days are
not evenly distributed over the year. Furthermorie likely that they represent days with less
cloud cover than normal, which entails higher Edntimormal.

8
7 X A X
6 & X X XXy
- %X %
;' 5 ))(( X & Mean |
3 4 x m Standard deviation ]
E ¢ ® o Minimum
E 3 RN TS A * ' X Maximum |
2
! PO L LA L ol W
01—~ sabduida A L auou : :
01-01-2007 01-04-2007 30-06-2007 28-09-2007 27-12-2007

Figure 4-19: Spatial mean of ET [mm dayf] on 29 days in 2007, together with standard
deviation from the mean, minimum and maximum.
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Figure 4-20 shows the spatial distribution of piaeerages of aET in the 29 days of 2007. The
overall pattern is, as expected similar to the ionEigure 4-12 (spatial distribution of average
EF). Figure 4-21 shows the spatial distributioraBfl on two specific days in 2007. May 22 (a)
is an example of a “good” day (compare to scatietrip Figure 4-9(a)), the spatial variation is
high and resembles the overall trends. Februarg ar example of a less “good” day (compare
to scatter plot in Figure 4-9(c)), the spatial &#idn is lower and it seems that cloud cover has a
significant effect on the distribution, which shdntt be the case since it is unlikely that the
same clouds were covering the same areas allrtieelietween the day and night images were
taken.

0.0-0.6 [l
0.6-0.7 [
0.7-0.8 [l
0.8-09
0.8-0.9 [l

Figure 4-21: Grouped average of ET [mm day] for two days: (a) May 22, 2007 (b) February 27,@7. Color
scale is the same as for Figure 4-20.
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4.6 Sap flow

4.6 Sap flow

In all eight setups of sap flow measurements demiht sites were made in the period from
February 7 to March 9, 2008. Of these the first¢hare considered test setups, sites 4 and 5 are
considered main attempts at measuring transpiratiam area with high NDVI, sites 6 and 7 as
attempts at measuring in an area with low NDVI aité 8 as an attempt at getting a longer time
series of data for monitoring seasonal changesurspiration rate.

Location of the five full setup sites can be seerrigure 4-22, and a description of all sites’
location and setup can be seen in Appendix G. Asbeaseen, sites 4, 5 and 8 are located in
areas of relatively high NDVI, although the NDVI site 4 is rather inhomogeneous. This is
because this location was chosen based on anMRl map than the one presented here. The
land cover classification at these three sitesadiom sub-deciduous tropical forest (according
to land cover map from SEMARNAP, 2000). Sites 6 @rate located in areas classified as low
deciduous and sub-deciduous tropical forest witlcosdary vegetation of shrubs and
herbaceous plants (according to same map). Note¢hbarea with very low NDVI (indicated
with blue color) in the north-west corner corresgmmo the city of Merida and the one on the
north-east coast to the city of Cancun. It is assitihhat most of the scattered pixels in the
“blue” range correspond to human settlements, exiceghose within the Sian Ka’'an wetlands
(south-east of site 8).

0.931
0.786
0.641
0.495
0.350
0.205

Figure 4-22: Map indicating location of sites of saflow measurement (fullsite4 to fullsite8).
Exact locations are given in Appendix G. Backgroundaster is MODIS 16-days NDVI for
February 2, 2008. Black lines indicate state and cotry borders.

This section includes a short description of theults obtained at the three test sites, followed
by a more thorough description of the results atrttain sites. The results at the successful main
sites are presented in four steps: characterizatfotne trees at the site, presentation of the
measured temperature differences, presentatioheo€dlculated sap flux densities and finally
the results for whole tree and stand daily tramgioin rates. All raw data, calculations, tree
characterizations and additional graphs can bedfanmppendix H (electronic). Photographs
are provided in Appendix C (also electronic).
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4.6.1 Test sites

Sites 1-3 were made with the aim of learning tokmsith the equipment. Site 1 taught us that
drilling in the local trees was very difficult, aridat a method for measuring sapwood depth
other than visual inspection was needed.

Site 2 showed that the spare datalogger (Grant) wgatul although the resolution is quite
coarse. The results have the expected night-dag e can be seen in Figure 4-23. The three
lines in the figure represent data from three psobestalled at different circumferential
positions in the trunk of the same tree, thus #iley indicate a rather homogeneous sap velocity
regime around the trunk in this specific tree. Bséimates of whole tree transpiration for this
Meliccoca bijugatus on February 9 based on the three different senmsoige between 96 and
195 L day", corresponding to a CV (coefficient of variatiaf)34%.
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Figure 4-23: Measured temperature difference betweeprobes at
three points around a tree’s circumference at sit@.

Setting up site 3 confirmed that the drilling warétical issue. The Campbell datalogger
CR10X proved to have a much higher sensitivity ttiesn Grant, as expected. Despite its high
sensitivity the noise on the data from this siteswether small. However, the night time values
are not as stable as was expected, as can berséeure 4-24: tree 1 has a pronounced drift
downwards in the night values, both from night tghth and during each night; tree 2 has a
slight drift upwards during the first night followeby a slight drift downwards during the
second and third night; tree 3 has a pronouncetl wivards during the first night, a stable
level during the second night and an unstable Idueihg the third night. There was found no
explanation for this inconsistency in night levéds the other hand, the daytime values seem to
correlate nicely: morning onset of sap flow is d&td approximately at the same time for all
three trees (around 08:00), as is a drop in floowad 10:30 on the first day and around 14:30
on the second day.
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Figure 4-24: Measured temperature differences betvam probes in three different
trees at site 3.

Estimates of whole tree transpiration are summdrigeTable 4-1. There can be seen no clear
correlation between tree size and daily transpinatates. Trees 1 and 2 lost more water during
the second day, but tree 3 lost less water ondbensl day compared to the first day.

Table 4-1: Calculated whole tree daily transpiratio for three
trees sampled at site 3.

Tree1l | Tree 2 | Tree 3

DBH [cm] 146 | 274 | 248
11-02-2008 | 19.0| 15.1]| 147

F[L day™]

12-02-2008 22.7 18.9 11.8

The vegetation at site 3 illustrated the variapiiit the local forest. Within an area of 106 m
there were counted 20 individuals with a DBH lartiem 3.2 cm (incl. the three trees sampled),
corresponding to a density of 0.18 tree$. Mirees represented 14 different species and with
DBH varying between 3.8 and 47.7 cm. The numbeseafdlings (very young trees of DBH
smaller than 1.6 cm) was roughly estimated to h&ktp the number of bigger trees, and there
was also a big variety of other types of vegetafidanas, epiphytes, herbaceous plants etc.).
Due to the density of the vegetation it was quifécdlt to take pictures that show this clearly,
but a photograph taken from a helicopter flyingrowesimilar forest illustrates the variability in
size and species visible in the canopy layer, Egli5. According to the local forest experts,
tree species seem to cluster in this area, thasemnof 100 rand three sample trees cannot be
considered representative of the stand. Nonethelssattempt to estimate ST was made,
yielding 2.7 mm for February 11 and 2.9 mm for feely 12.
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Figure 4-25: Photograph of tropical forest near Tulm, Quintana Roo, taken from
helicopter, February 2008.

4.6.2 Site 4

Trees

Within a plot size of approximately 400%rthere were counted in all 84 individual trees of a
DBH larger than 3.2 cm, corresponding to a densitp.21 trees fA The biggest tree had a
DBH of 44.6 cm and the mean DBH was 11.6 cm; sisgridution is illustrated with the
histogram in Figure 4-26(a). The trees belongetbtdifferent species, of which two were very
dominant: Pouteria unilocularis (34) and Pouteria izabalensis (17). Measured depth of
sapwood as a function of DBH is illustrated in Fg4-26(b). A photograph of the vegetation
containing some of the equipment can be seen in
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Figure 4-26: Characterization of trees at site 4:g) Histogram of trees sizes within plot; (b) Measurd depth of
sapwood in sample trees.
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4.6 Sap flow

Figure 4-27: A photograph from site 4 showing somef the sample trees (covered
with insulation and aluminum foil) and the datalogger (in the white box).

Temperature data

Temperature differences between probes in theasnpke trees averaged every 10 minutes can
be seen in Figure 4-28. The 10 minute averagingves much of the noise recorded by the 1-
minute samples, except for at tree 1 where theckely something wrong with the data. The
reason for this is unknown and tree 1 has beenteunitom the further analysis. Tree 3 also
exhibits a trend different from the remaining tre@hich is attributed to the fact that it seemed
to be hollow in the center of the trunk. It is ested that a little part of the probe may have
been in contact with the air in this hole, but tle¢a was further processed as usual (I found no
way to account for the disturbance). Data for ti&e4, 5, and 6 seems reasonably reliable with
rather stable nighttime values.
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Figure 4-28: 10 minute averages of temperature diéfences between probes installed in six sample teee
at site 4.
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Sap flux density

Sap flow in the five trees starts at around 0810 stops around 20:00, as can be seen in Figure
4-29. Variation in sap flux densities between thees is rather big, as is also illustrated in
Figure 4-30. There seems to be no consistent cteaelation between DBH and calculated sap
flux density; the correlation pattern with basaaars very similar (not shown).
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Figure 4-29: Calculated sap flux densities for fivesample trees at site 4. Tree 6 reaches a maximurh6®2
cm h' with a daytime average of 219 cm'h
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Figure 4-30: Calculated daytime average sap flux aeity plotted against DBH for (a) trees 2-6 and (b)rees 2-

5 at site 4.

Tree and stand transpiration

Daily transpiration rates for trees 2-6 can be sedrable 4-2. As for the sap flux velocity there
seems to be no clear correlation between dailyspisation and DBH or basal area. Despite
some inconsistencies it can be noted that moss traespired most on February™and least
on February 18
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Table 4-2: Calculated whole tree daily transpiratio for five trees at site 4.

Tree 2 Tree 3 Tree 4 Tree 5 Tree 6
DBH [cm] 53.4 5.8 34.9 18.9 170.7
15-02-2008 52.8 4.4 42.0 18.1 140.1
FIL day-l] 16-02-2008 24.4 55 14.7 24.1 265.4
17-02-2008 53.4 5.8 34.9 18.9 170.7

The sT calculated using two different biometric graeters is presented in Table 4-3. The
scaling parameter resulting from DBH (7.36) wasssaitially higher than when usings A

(4.94).

4.6.3 Site 5

Trees

Table 4-3: Estimated daily transpiration rates fromstand at
site 4 using two biometric parameters: DBH and A.

Date T [mm day™]
B=DBH | B=As
15-02-2008 5.2 35
16-02-2008 4.7 3.2
17-02-2008 6.2 4.1

Within a plot size of approximately 375%rthere were counted in all 65 individual trees of a
DBH larger than 3.2 cm, corresponding to a densfit.18 trees M, very similar to that at sites

3 and 4; also the general impression of the vegetatt this site resembles the previous. The
biggest tree had a DBH of 55.7 cm and the mean DB&td 13.3 cm; size distribution is
illustrated with the histogram in Figure 4-31(aheTtrees belonged to 16 different species, of
which three were very dominanPouteria unilocularis (24), Gymnanthes lucida (12) and
Pouteria izabalensis (7). Measured depth of sapwood as a function oHOS8 illustrated in

Figure 4-31(b).
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Figure 4-31: Characterization of trees at site 5:4) Histogram of trees sizes within plot; (b) Measwrd depth of
sapwood in sample trees.

Temperature data

Temperature differences between probes in theasipke trees averaged every 10 minutes can
be seen in Figure 4-32. Again data for tree 1 eihgmme strange pattern for which there could
be found no explanation (it is unknown whetherghebe used for tree 1 at this site is the same
as for tree 1 at site 4; probes and cables werdared when taking down the setup at this site
in order to clear this question at the next siteere it turned out there was no specific problem
with the equipment connected to datalogger chatpellree 1 has been omitted from the

further analysis. Trees 2-6 seem to converged tsvatable nighttime values, but are then

interrupted by some very notable noise which startdhe same time for all trees, a time that
becomes earlier for each night (ca. 04:00 on tfs¢ hiight and ca. 20:00 on the fourth night). It

was suggested that the cause of the noise coubithmr electromagnetic signal interference or

condensation in the datalogger, and attempts wingpthe problem at the next site indicate that
it was probably condensation in the dataloggeis ltnknown why there is more noise around

midday on the data from trees 2 and 6 than treésaBd 5.
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Figure 4-32: 10 minute averages of temperature diéfences between probes installed in six sample teeat
site 5.
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Sap flux density

Sap flow in the five trees starts at around 08:Q0 starts decreasing sharply around 17:00,
though completely stable night values are not reddbefore around 22:00 (see Figure 4-33).
Variation in sap flux densities between the treesnuch smaller than at site 4, with daytime

averages ranging between 2.2 and 29.0 ¢mAgain there seems to be no consistent clear
correlation between DBH or basal area and calatilsaég flux density.
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Figure 4-33: Calculated sap flux densities for fivessample trees at site 5.
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Figure 4-34: Calculated daytime average sap flux aeity plotted
against DBH for trees 2-6 at site 5.

Tree and stand transpiration

Daily transpiration rates for trees 2-6 can be sadrable 4-4. As for the sap flux velocity there
seems to be no clear correlation between dailyspiaation and DBH or basal area. There is,
however, a rather consistent variation in transjpinabetween the three consecutive days: all
five trees transpire most on February"2@ecreasing substantially on February™ 2ind
decreasing a little more on February2Due to time limitations it was not possible telse
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weather data from local stations to see if thesetdlations correlate with cloudiness, air
temperature or other climatic variables.

Table 4-4: Calculated whole tree daily transpiratim for five trees at site 5.

Tree 2 Tree 3 Tree 4 Tree 5 Tree 6
DBH [cm] 44.6 19.7 16.7 12.7 15.9
20-02-2008 26.9 37.6 41.4 9.9 25.1
FIL day—l] 21-02-2008 19.6 22.3 33.7 4.8 17.8
22-02-2008 15.3 17.8 33.4 2.8 11.4

The sT calculated using two different biometric graeters is presented in Table 4-5. The
scaling parameter resulting from DBH (6.45) wagtgly lower than when usinggX7.42).

Table 4-5: Estimated daily transpiration rates fromstand
at site 5 using two biometric parameters: DBH and A.

Date T [mm day ]

B=DBH B=Ag

20-02-2008 6.1 6.9
21-02-2008 3.6 4.0
22-02-2008 3.0 3.4

4.6.4 Site 6

Trees

Within a plot size of approximately 800%rthere were counted in all 69 individual trees of a
DBH larger than 3.2 cm. This corresponds to a demesity of 0.09, about half that observed at
sites 3-5. Indeed the vegetation at this site |dokery different from the previous ones,
resembling more a mixture of woodland and smalasa®a areas than a tropical forest. Trees
were found in clusters and some of them had she kwaves. The surface at some places
seemed to be covered with huge rocks and vere lttlil. Desert-like plants such as Agave
(GenusAgave) and Nopal (genu®puntia) were present between the trees. Photographseof th
vegetation can be seen in Figure 4-35.

64



4.6 Sap flow

Figure 4-35: Two different views of the vegetatiomt site 6.

The biggest tree had a DBH of 64.8 cm and the nitdlaH was 14.8 cm; size distribution is
illustrated with the histogram in Figure 4-36(aheTtrees belonged to 17 different species, of
which three were very dominanPRiscidia communis (16), Lisiloma bahamensis (15) and
Dendropanax arboreus (8). Measured depth of sapwood as a function of D8Hustrated in
Figure 4-36(b). Of the six trees sampled, it seethadin three of them the whole radial profile
of xylem was functional (thus the indicated sapwatmpth is equal to their trunk radius
subtracted the bark depth).
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Figure 4-36: Characterization of trees at site 6:g) Histogram of trees sizes within plot; (b) Measugd depth of
sapwood in sample trees.

Temperature data

The sap flow measuring equipment was set up atésita February 2% but in the effort of
trying to get rid of the severe noise that was olest already at site 5, data gathering was
intermittent and the only useful results are froabiftiary 27 to 29". This data still suffers from
noise problems, but since it is the only usefubdditained for a location with low NDVI it has
been processed nonetheless.

Temperature differences between probes in theasipke trees averaged every 10 minutes can
be seen in Figure 4-37. At this site there is my&r a single tree that exhibits considerably less
structured data than the others. There cannotdie a® clear stable nighttime values for any of
the trees as at previous sites, but consideringndise level it is still possible to detect relativ
stability for trees 1, 3 and 4. For trees 2, 5 @ridis unclear whether the apparent night trend is
caused by data drift or whether these trees hapefleaw during nighttime as well. This
grouping of stable or unstable nighttime value dustscorrelate with species or with size. It has
therefore been assumed in the further processatgstdp flow took place only during daytime;
the no-flow value ATy) was set to thAT value measured in the morning just a decreadd in
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which could be assumed to correlate with morningfkav onset. This introduces a high degree
of subjectivity and uncertainty into the results.
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Figure 4-37: 10 minute averages of temperature diéfences between probes installed in six sample teeat
site 6.

Sap flux density

As expected from the low quality of the raw datee talculated sap flux densities vary a lot
between trees and between days. Daytime averaggs faom 0.0 to 42.4 cni*h These figures
are considered very uncertain, and there is nelation between days, DBH og/And sap flux
density.
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Figure 4-38: Calculated sap flux densities for sisample trees at site 6. Values for tree 1 reach up 609 cm K.
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4.6 Sap flow

Tree and stand transpiration

Whole tree and sT rates can be seen in Table 46Table 4-7, respectively. As mentioned
above, these figures are considered highly uncertai

Table 4-6: Calculated whole tree daily transpiratim for six sample trees at site 6.

Treel Tree2 Tree3 Treed Treeb5 Tree6
DBH [cm] 9.6 12.1 47.1 12.6 14.2 11.6
28-02-2008 26.4 0.0 54.3 0.8 0.0 0.2
-1
FIL day] 29-02-2008 23.6 0.0 1.0 1.2 0.1 0.1
Table 4-7: Estimated daily transpiration rates fromstand at site
5 using two biometric parameters: DBH and A.
Date T [mm day ]
B=DBH B=Ag
28-02-2008 1.0 1.1
29-02-2008 0.3 0.3
4.6.5 Site 7

Data recorded at site 7 was inspected after 48shaund it was found that the noise problems
from pervious sites were substantially reducedtbhrge out of six sample trees were showing
highly unexpected trends, as can be seen in Fige88. Since there could be found no
immediate explanation to this phenomenon and tiondiéld work was running out, the setup
was taken down already after these 48 hours. Caesdly the probes and dataloggers were
tested and found to be working properly (see Appelrt). Similar “reverse” patterns were
observed at site 8, where they were found to catgalith the leaf shedding stage of the trees
(see section below). The data was not further jzexk and the vegetation at the site was not
characterized.
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Figure 4-39: Raw measured differential voltages fosix sample trees at site 7.

4.6.6 Site 8

Site 8 was installed on Marcl'@nd left to be taken care of by local collabomtioom ASK.
Unfortunately, due to technical problems it has yett been possible to extract data from the
datalogger. The only data extracted is after ttst #4 hours, which can be seen in Figure 4-40.
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Figure 4-40: Raw measured differential voltages fosix sample trees at site 8.

The tree composition and density at site 8 resainbi®se at sites 3-5, as expected. 205
individual trees of a DBH larger than 3.2 cm weoairted within a plot of approximately 1200
m? (0.17 trees ). The biggest tree had a DBH of 78.0 cm and thami2BH was 10.1 cm.
The trees belonged to 39 different species, of Wwiticee were very dominanGymnanthes
lucida (42), Lu'umché (name in Maya, Latin name unknoy®3) and Pukutzikil (nhame in
Maya, Latin name unknown) (21). Depth of sapwood waly measured for two trees.
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4.6 Sap flow

4.6.7 Summary

Trees

Tree densities at sites 3-5 and 8 were very similatween 0.17 and 0.21 individuals of DBH
larger than 3.2 cm per square meter. Size distobwvas also quite similar, with most trees in
the DBH category 5-10 cm and very few above 20 cm.

Sapwood depth was measured in 20 trees at fows. $k&® mentioned in Section 3.4.1, the
method used for determining sapwood depth has sonoertainties. In Figure 4-41 the
measured sapwood depths are plotted against tkes’ tBBH together with an empirical
function derived by Meinzer et al (2001). Meinzéra¢ (2001) studied the relation between
DBH and sapwood cross-sectional area, sapwood dequthsap flow density in 27 different
tropical tree species in Panama. They found thatl RBcounted for 98% of variation ins#
and 67% of the variation ins@ and fitted the presented curve to their data tthvious that the
xylem depths estimated in this project are consialgriower than expected, the only exception
being the three trees at site 6 for which it seethatithe whole radial xylem profile was active.
Also Granier et al (1996b) in tropical trees in rirle Guiana measured deeper sapwood than
found here, his results varying between 3.5 anatB0or trees with a DBH between 10 and 60
cm.
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Figure 4-41: Measured sapwood in 20 different treeat four different sites together with a
function relating sapwood depth to DBH derived by Meinzer et al (2001).

Sap flux densities

Average daytime sap flux densities at sites 4-@edaapproximately between 3 and 30 cih h
Granier et al (1996b) reported sap flux densitietsveen 10 and 40 cni‘hMeinzer et al (2001)
between 5 and 25 cmhand Wu et al (2006) between 2 and 26 ¢hfail three studies done in
tropical forests).

Tree and stand transpiration

Individual tree transpiration varied between 0.@ &#%.3 L day for the low NDVI site to
between 2.8 and 265.4 L dafor the high NDVI sites. Variations in daily treap flow of one
order of magnitude between trees at same sitebaredant in the literature (e.g. Granier, 1987,
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Kostner, 1992). Granier et al (1996b) found trgefkaw values on the order of 250-300 L day
for large tropical trees in French Guiana. Meirngieal (2005) summarized sap flow data for 18
tropical species of variable sizes from Panama Bwaail and found daily transpiration rates
from near 0 to more than 800 L daywith the trees of DBH below 20 cm mostly losimgd
than 100 L day.

Calculated sT varied between 0.3 and 1.1 mm'day the low NDVI site to between 3.0 and
6.9 mm day for the high NDVI sites. Average daily pan evapiom calculated from the
monthly mean pan evaporation climatic normal fdoritary (calculated from the data presented
in Section 1.3.3) at Chetumal and Merida is 4.6 B8dmm day, respectively. In this context a
sT rate of 6.9 mm day-1 seems unreasonably highthitremaining estimates are not
unrealistic.

At site 4 DBH as scaling parameters yielded higlesults than A, while at site 5 it was
opposite, and at site 6 there was no significaffémdince. In the following the results foiAs
scaling factor are used.

Sites 4 and 5 were chosen as representative of MWl areas and are located close to each
other (at a distance of ca. 42 km), therefore is wapected that sT rates would be similar,
which is also the immediate impression from theultss A t-test shows that there is low
probability that the mean of ST estimates at siie gignificantly different from the mean site 5
(p-value of two-tailed t-test assuming equal varemis 0.35). However, the fact the means
cannot be considered different is to a high degreesult of the large spread in the few data
points at each site, which can be attributed botimeasurement uncertainties as well as the
influence of probable variability in driving force$ evaporation (climatic parameters) from day
to day.

Site 6, chosen as representative of low NDVI are@s, expected to show lower ST rates than at
sites 4 and 5, again confirmed by the immediaterésgion from the results. Indeed statistical

comparison of sT means between site 6 and sitesl 4 aloes support the hypothesis that site 6
mean is significantly lower than at sites 4 ang&dlues of single-tailed t-tests are 0.004 and
0.03, respectively). However, the very low restdis site 6 could be a result of the low data

quality due to the technical problems with the biegfger at this site.
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4.7 Comparison of actual evapotranspiration estimates from the triangle method and stand
transpiration estimates from sap flow measurements

4.7 Comparison of actual evapotranspiration estimat es from
the triangle method and stand transpiration estimat es from
sap flow measurements

Estimates of aET in three specific pixels encomipgsthree sites of sap flow measurements
(site 4 in X:240 Y:265, site 5 in X:281 Y:252 aniles6 in X:84 Y:119) for four triangle-
method-successful days around February 2008 (Ja@%aand 31, February 25 and March 15)
are shown in Figure 4-42, together with sT estithdtem sap flow measurements at these sites
on eight different days. Unfortunately, none of ffleestimate days coincide with aET estimate
days. There was no valid pixel value for X:84 Y:Id®March 15, and only two days of useful
data at site 6.

7 X
- 6 @ X:240 Y:265
2 5 X Site 4
= X:281 Y:252
c B X :
E 4 X X .
— X X Site 5
7 x X
2 3 = X:84Y:119
— Py b ¢ -
Ho o5 [} s Site 6
1 i
0

23-01-2008 06-02-2008 20-02-2008 05-03-2008 19-03-2008

Figure 4-42: Estimated aET [mm day!] for three pixels (indicated by image sample numbre(X)
and line number (Y)) which encompassing the locatis of three sap flow measurement sites
(number 4-6), whose location is indicated in Figurd-22 (first figure in sap flow results section).

From immediate view of the figure it seems thatesfimates are much more “extreme” than
aET estimates, yielding higher results for siteandl 5 and lower results for site 6. It was
possible to show that statistically the mean s3itat6 is lower than the mean sT at sites 4 and 5
(see Section 4.6.7). aET estimates for pixel X:82419 are lower than in pixels X:240 Y:265
and X:281 Y:252 on all three days, but the diffeeiseems less pronounced. Statistics were
used again to examine the differences, betweenspaxal between pixels and sites.

First a t-test was used to investigate whetherntiean aET in X:240 Y:265 is significantly
different from the mean in pixel X:281 Y:252, andhowed that they can be considered equal
(p-value of two-tailed t-test assuming equal vasemis 0.53).

Second, it was investigated whether the mean afl pix84 Y:119 is lower than the mean of
pixels X:240 Y:265 and X:281 Y:252. Comparing eathhe high NDVI pixels with the low
NDVI pixel shows that at a significance level of¥8%he means cannot said to be different,
although a significance level of 90% would make iteasonable statement (p-value of single-
tailed t-tests for both pairs is 0.07). When paploata for X:240 Y:265 and X:281 Y:252
together and comparing with X:84 Y:119 it would fe@sonable to believe that the means are
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significantly different (p-value 0.04), but the piog somewhat violates the assumption of
independence in the samples.

This can be considered to indicate that the treamgéthod and sap flow measurements agree
that evapotranspiration at sites 4 and 5 is gelgehégher than at site 6, which is also in
agreement with prior expectations.

Finally it was investigated whether the sT and aSfimates at the different sites/pixels could
be considered directly comparable. Comparison adimeET in pixel X:240 Y:265 and mean
ST at site 4 suggests there is a significant difiee, while mean aET in pixel X:281 Y:252 and
mean sT at site 5 can be considered equal (p-vakiag a two-tailed t-test assuming different
variances are 0.02 and 0.17, respectively). An ARQ¥nalysis of variance) of sites 4 and 5
and their respective pixels suggests that theystatestically different (p-value equals 0.02), as
is the case when pixels values are pooled togetibicompared with pooled sap flow values (t-
test p-value is 0.02). Comparison of mean aET kelpX:84 Y:119 and mean sT at site 6
suggests that there is no significant differenceglpe of two-tailed t-test assuming different
variances is 0.14).

This can be considered to indicate that the treamgéthod and sap flow measurements results
agree on the quantitative order of magnitude opetranspiration at site 5 and site 6. However,
it must be kept in mind that the comparison is doeveen the mean of values for several days
spread within a month and a half and not coincidimgthe two methods. Thus the natural
(weather driven) variability in ET is a strong factontributing to the large spreading in the
sample data. Another important contributor to dgt@ading is the uncertainties in the estimates
of sap flow and scaling to sT. The large spreadmdhe data makes it more difficult to
statistically prove differences between samples.
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Maps of estimated aET for the Yucatan Peninsul&2fdays in 2007 and 23 days in the first
four months of 2008 were produced in this projdmt, using the triangle method slightly
modified from Jiang and Islam (2001) with data fr@DIS and ECMWF. It is, however, not
clear how reliable these maps are.

The triangle method is basically an empirical mdthalthough it does include theoretical
considerations. In the cases described in theatitez it has shown reasonable results when
comparing with ground observations, but it canreshid to have been proven to be a reliable
method in all possible settings. Furthermore, theeatan Peninsula does not fulfill all the
requirements for a study area as set by the metbeelopers.

First, it does not include the desired completéalmlity in land cover: there is an overweight of
dense vegetation pixels and very few pixels with leegetation cover, probably none with bare
soil and certainly not the whole range of soil nis situations from dry to wet bare soil. This
is the reason for the absence of a clear triamgfegrzoid shape in the scatter plots, where pixels
at best “fill up” half of the imaginary triangle drihe rest is left for interpolation/imagination.
The situation changes over the year — it seemdritthe dry season the variability is higher and
in the rainy season it is lower, altering one @ thain parameters which are fundamental for
application of the method. It could be argued thattheoretical foundation of the triangle, i.e.
the relation between surface temperature, vegatdgéasity and partitioning of available energy
at the surface, is sustainable also in a narrosargge of land cover situations. But the concept of
the triangle does not hold in the case of Yucatdence, application of the theory requires
development of a new concept for defining the emae of EF, in the absence of extreme low
soil cover, and for interpolating between them.

Second, it seems that there are no completely-slgadays over Yucatan. Unlike some semi-
arid areas the Yucatan Peninsula almost alwaysstiae clouds drifting by, also in the dry

season. The presence of clouds not only decrebsesvailability of LST data but also affects

the energy balance at the surface. This introda@cesmplication compared with situations

where cloud free conditions allow the assumptioat tiftne whole study area received equal
amounts of incoming radiation and that an instaedas image of LST is representative of the
whole day.

Third, the peninsula is rather flat but there arfewa areas where the terrain has considerable
slopes, but the effects of this have not been addrkin the current study.

Due to the empirical nature of the triangle metliots hard to estimate the effect of these
disruptions, which associates a rather large uaicgytto the results. To increase reliability, the
results need to be compared with observationsctigtispeaking there is no direct method for
observing evapotranspiration, certainly not onrgdascale - the most direct method would be
lysimeters, but they are very small. The methodldsevalidation should ideally have the same
spatial and temporal distribution as the RS imadmrs, this is not feasible. Any ground
observation is basically a point observation, whicliler certain conditions can be assumed to
represent a larger area, at best at the scalpiath It is necessary to have results from seyeral
or at least two, such ground observation locatetreeveral, or at least two, moments in time in
order to account for the variability in time andisp of aET as captured by the triangle method.

The attempt to use sap flow measurements for uadidgourpose proved to have several
limitations. Set aside the intrinsic uncertaintedgshe method, which are discussed below, the
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usefulness of the sap flow results obtained sufferm the discrepancy in time of observation.
Considering the unstable weather with variable @¢loaver and precipitation within the period
considered (late January to early March 2008),lstakT rates from day to day cannot be
assumed, and therefore the results cannot be cemhpaectly. Even if a day of successful aET
estimates coincided with a day of successful simesg, this would give only one point of

comparison and could not be used to deduce dirabibyt the reliability of estimates in other
pixels.

Several uncertainties associated with the sap ftmasurements were found, some related to
the interpretation from measured temperature diffees to sap flows, and some to the scaling
from individual trees’ sap flow to sT. A major soarof uncertainty in the first group is the
sapwood depth, which affects both the interpretatibsap flux density and the total sap flow.
Another possibly important factor is the radialighility in sap flux density, which, depending
on its magnitude, could cause significant errorsthie calculation of sap flow. These
uncertainties are probably more significant thanaliglue to the longer probes used (5 cm
compared to 1-3 cm in most studies), especiallgesthey were often longer than the measured
sapwood depth. The lack of correlation betweenfkapdensities, sap flows and tree size is
distressful.

The scaling to sT was done with a very simplifipgprmach which is expected to result in some
bias. Also, when comparing the sT results with afB&re is uncertainty related to the possible
evaporation from canopy interception and from ks and understory vegetation. The latter
are expected to be significant at site 6, whilefémemer could be significant at sites 4 and 5.

A sensitivity analysis would be appropriate in grtequantify the uncertainty in results arising
from uncertainty in measurement of sapwood depth fisix density etc. This was not done due
to time limitations. It could also have been ingtireg to use some climatic variables to see if
there is a correlation with variations in levelssap flow measured on different days at the same
site. A very careful estimate of the uncertaintginvalues would be 50-100%.

If sap flow measurements were to be used as alelgource of sT estimates for comparison
with aET estimates, several improvements to thehatketas applied in this project would be

necessary. First, a more practical and accuratehadefor measuring sapwood depth is
necessary. Second, the probes should be shoréergdoly 2-3 cm It would be ideal with some

probes of 1 cm length too, which could be insededariable depths to quantify radial variation
and develop a model for accounting for such vammtiThird, the number of probes installed
simultaneously should be at least twice the cumemiber, to better account for the variability
in tree species and sizes, and a statisticallydoaaenpling strategy should be developed for
each site in order to improve the scaling procedédremore thorough investigation of the

vegetation distribution might locate large patclidsmore mature forest (where the tree
variability is lower). Finally, an installation sl be set to run for longer time periods in order
to increase the probability of having coincidingysl@af RS and ground measurements.

Despite the limitations of the sap flow method &mel uncertainty of the results, estimates of sT
were compared with aET estimates. Statistic analygpports the hypothesis that the mean of
sT observations at site 5 is not significantly elint from the mean of aET estimates for the
encompassing pixel (on different days within thensgeriod), and the same is true for site 6
and its encompassing pixel, though not for sithldan sT for site 5 is significantly higher than

mean ST at site 6, and mean aET in the pixels epassing sites 4 and 5 is significantly higher
than mean aET in the pixel encompassing site 6sd lseatistics reflect the large spreading in
the data points, but they show an agreement onetaéve magnitude of evaporation between
the results of the triangle method and the resiiltee sap flow measurements. It should be kept
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in mind that this is based on mean values of aleipgriod in time at two specific sites at the
extremes of the evaporation range on the peninshis;comparison does not allow making
general conclusions on the quality of the aET maps.

The ideal means of getting ground observationwv&tidating aET estimates would be the eddy
covariance method. There is currently no flux obston tower installed on the peninsula (at
least not any registered by the global network FINEX — the nearest points are in Florida,
West Mexico and Costa Rica (ORNL, 2008)). The fboesthe Yucatan Peninsula is considered
a secondary forest while the preferred forest tigeeFLUXNET is primary (unaffected by
human activities), but the relative homogeneityhef forest (on the scale of flux footprint sizes)
seems quite appropriate. The options for settingaufux tower in collaboration with other
institutes should be investigated — flux tower nueasents are relevant for many different
study fields, and Risg is an obvious possible arth is probably not economically realistic to
install more than one flux tower on the peninsblat, this would still be very useful. It will not
be able to account for spatial variation, but tAéadcontinuity over time will be able to show
whether the triangle method results reflect thatrigariation over time (the scale of variation in
time at an appropriate site on the peninsula cbaldssumed similar to the scale of variation in
space across the peninsula).

The aET results for 29 days in 2007 are not endagluse as input to a groundwater model.
They probably do not represent the average evaporaince that would imply a yearly aET
for the peninsula which is almost as high as trerlyeaverage precipitation. The estimates for
these days are either too high or represent daysgber aET than the average, which is not
unreasonable to assume since they probably repreéags of lower cloud cover. This could be
tested by comparing them with potential/refereneapetranspiration (PET) estimates. If it
proves that there is a pattern of crop coefficiefig), and that days of aET estimates
correspond to days of high PET, this would incregereliability of the results. It would also
provide a means of using the results to produce-rgemd estimates of aET using the concept
of PET and K. It would probably be necessary to include moraryén such analysis before a
clear K; pattern can be extracted, but the triangle me#sodpplied in this project can be easily
extended to longer periods.

An option for getting more “successful” days wolld to use meteorological satellite data as
done by Stisen et al (2008). This is expected toemse the number of days where LST data is
available, although it will probably still not be@ugh to cover the whole year. The GOES East
satellite operated by NOAA includes the Yucatanif®rna and has three channels in the
relevant thermal infrared range, which could badudse deriving surface temperatures (CLASS,
2008). Data for the “extended northern hemisphéseacquired every 30 minutes, with a
nominal square IGFOV (Instantaneous Geometric F@fdView) of 4 km at nadir, and
available for public use through CLASS. Howevek thata is delivered in a complex format
and almost-raw quality, thus requiring significanéprocessing before applicable in the triangle
method.

There are several other options for improving thi@ngle method as applied in this project,
which should be tested when a means of validagdaund. If the source of surface temperature
remains MODIS LST, it should be considered to ndizeahe temperature axis, and the view
time of both night and day images should be andlylteis suspected that the viewing time is
not equal for the whole peninsula and changing fday to day, which may be contribute to
explain the unexpected shape of &ie&ST/NDVI scatter on some days. It could also béetd#
LST data can be used to estimate air temperatumesdiculatingA/(A+y), or maybe air
temperature data from the ECMWF archive could lezlus
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Regarding the NDVI axis, it could be changed to. &Yl (enhanced vegetation index, a
MODIS product). The motivation for changing to ENVbuld be that it was designed to improve
sensitivity in high biomass regions, which is veslevant for the dense vegetation on Yucatan.
Wang et al (2006) claim that the vegetation indegsdnot have a significant impact on results
from the triangle method, but the case of Yucatasignificantly different from other areas
where the triangle method has been implementeddefo

Estimation of the available energy at the surfaes @one in a very rough manner, and if the
method results are to be used operationally it dqubbably be a good idea to improve this
parameter. Furthermore, the question of time sstabelld be investigated thoroughly: the aim is
to obtain daily (i.e. 24 hours integrated) actuadpotranspiration, but the triangle method is
basically designed to estimate instantaneous EFat\64m be done to turn this into a daily EF
and what time scale of AE should be used? It wdnddan advantage if a source of ground
measurements of net radiation and soil heat flus Waund, thus AE estimates could be
validated separately and allow for better evalumatibthe isolated EF estimates.

Finally, it should be considered whether the trlamgethod is the most appropriate method for

Yucatan. There are other methods in the literdturestimating actual evapotranspiration based
primarily on RS data.
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This project showed that it was possible to apbby triangle method to Yucatan to produce 29
maps of aET for the year 2007. However, given dok bf data to validate the results against, it
is difficult to asses their reliability. The magniie of the aET estimated is high; assuming the
average of 2.99 mm dayrepresents the yearly average, the annual aETdwoeil1090 mm,
which is close to the yearly precipitation. It issgible that the results do not reflect the annual
average because the 29 days they are derived feys with lower cloud cover than the
average. Another possibility is that the methoadvierestimating EFs because it does not capture
the extremes of lowest and highest EF in each incagectly. This would be due to the fact
that the scatter plots &LST against NDVI did not resemble the triangleféapd expected,
which is attributed mainly to the fact that Yucatdwes not feature the full variability in land
cover that the triangle method requires. It is gessible that the high aET values are due to a
bias in the estimation of available energy. Theiapdistribution of aET/EF shows the pattern
expected, with an overall trend of decreasing Bmfsoutheast to northwest and maximum EF
in wetlands. The distribution is more pronouncedhia dry season than in the rainy season,
which is also according to expectations. Howevarpuld not be confirmed that the distribution
is correlated with depth to the groundwater table.

Estimates of sT derived from sap flow measuremeniid not be used to directly validate aET
estimates. First, because none of the days of ssitdesap flow measurements coincided with
successful aET images. Second, because there vegng uncertainties in calculating sap flows
from the raw measurements and in scaling from tteestand. The uncertainties in calculating
sap flow are attributed mainly to uncertain measwas of sapwood depths, uncertain
measurement of sap flux density (due to too lorpes) and noise. Uncertainties in scaling are
attributed mainly to non-representative samplingrttiermore, discrepancies between aET and
sT can be expected due to evaporation from canaepgrception and bare soil, and
evapotranspiration from understory (especiallyoat NDVI site).

Despite the uncertainties in sap flow results tiveye compared to aET results on the basis of
periodic means. It was possible to statisticallpver that both pixel aET and site sT in the
corresponding pixels were higher at two high NDVes than at one low NDVI site, as
expected. This is considered as a mild indicati@i the triangle method correctly captures the
spatial variability in EF across the peninsula.
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List of abbreviations

Ag

AE

aET
ANOVA
AVHRR
Ccv
DBH
DE

DEL
DEM
DMI
ECMWF
EF

EO

ET

GOES

IGFOV

LE

LST

MODIS

MRT
MSG-SEVIRI

MSS

Basal area of tree trunk

Available energy

Actual evapotranspiration
Analysis of Variance

Advanced Very High Resolution Radiometer
Coefficient of variance

Diameter at breast height

Dry edge

Dry edge line

Digital elevation map

Danish Meteorological Institute

European Centre for Medium Range Weatherdaste
Evaporative fraction

Earth observation

Evapotranspiration

Ground heat flux

Geostationary Operational Environmental Stell
Sensible heat flux

Instantaneous Geometric Field Of View

Latent heat transfer

Land surface temperature

MODerate-resolution Imaging Spectroradiometer
MODIS Reprojecting Tool

Meteosat Second Generation Spinning Bodd Visible and Infrared Imager

Multispectral scanners
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List of abbreviations

NDVI Normalized difference vegetation index
NIR Near infrared

NOAA National Oceanic and Atmospheric Administratio
PBL Planetary boundary layer

PET Potential/reference evapotranspiration
ROI Regions of interest

RS Remote sensing

SAVI Soil-adjusted vegetation index

SGP Southern Great Plains

SRTM Shuttle Radar Topography Mission

SSR Surface solar radiation

sT Stand transpiration

STR Surface thermal radiation

SVAT Soil vegetation atmosphere transfer

TDP Thermal dissipation probe

UNAM Universidad Nacional Autonoma de México
WDI Water deficit index

WE Wet edge

WEL Wet edge line
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Appendix E

Appendix E

Coefficients for polynomial function translatingetimocouple type T differential voltage into
temperature for the temperature range 0 to 40@8€d(in Equation 3-12) (NIST, 1995):

ao 0
a 2.5928E-1
a -7.602961E-1
as 4.637791E-2
a -2.165394E-3
as 6.048144E-5
ag -7.293422E-7
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Appendix F

Appendix F

Scatter plots oALST against NDVI for the days that passed the #lgor quality assurance
in 2001 and the first four months of 2008.
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Appendix G

Appendix G

Description of sap flow measurement sites.

Test site nr. 1
Location: UTM zone 16N 389897E / 2154718N, WSG86.

Directions: turning left off the dirt road from the federalad 307 towards Laguna Ocom, in
the state of Quintana Roo.

Forest type: medium sub-deciduous tropical forest.
Dates: installed on February thé"And removed same day.

Setup: one sensor was partly installed (the drill battead not been properly charged) and
connected to the Grant datalogger for a few minutes

Sapwood area: the tree was cut down and it was attempted tionast the area by simple
marking of the cross section with a marker, butégheas no clear difference between the
active and non active xylem.

Results: a signal was received, but since the setup wasdfinient it was not analyzed.

Comments: This site demonstrated how difficult the drillimgas going to be...

Test site nr. 2
Location: UTM zone 16N 390599E / 2165527N, WSGS6.

Directions: in the front yard of the offices of ASK in theciof Felipe Carrillo Puerto, in the
state of Quintana Roo.

Forest: none (not in a forest but in a city).

Dates: installed on February"™8and removed on February™(bne full day, two nights).

Setup: three sensors were installed on the same quige taee and connected using extension
cables to the Grant logger which was placed indobh& logger was set to store sample
measurements every minute.

Sapwood area: no measurement was made.

Results: signals were received and stored in the fileste=2.L01, analysis is stored in the file
testsite2.xls. The curve had the expected formaarghsonable level of noise.

Comments: It proved to be possible to do the drilling ifsjudone slowly enough. Program
setting of the datalogger was confusing but finallyccessful. Results extraction from the
datalogger was difficult but finally successful.eltatalogger proved to have a very course
resolution and yet fine enough to detect the inmgrttrends. The three sensors showed
overall reasonable agreement.

Test site nr. 3
Location: UTM zone 16N 381871E / 2156274N, WSGS6.
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Directions: off a lumbering path heading north from the \gkaof Santa Isabel, near the
Laguna Ocom, south-east of Felipe Carillo Puentdhé state of Quintana Roo.

Forest: medium sub-deciduous tropical forest. Rather bwvd with few mature trees and

many very young and small. Species in a 10x10 ra heal their circumferences measured
and were identified with the help of the commissiof communal lands (in Spanish:

comisariado ejidal) from Santa Isabel.

Dates: installed on February ftand removed on February"™@wo full days, three nights).

Setup: three sensors were installed on three differes#st and connected using extension
cables to the CR10X datalogger. The logger wadasetore sample measurements every
minute.

Sapwood area: the dye method was attempted herthdofirst time, but it proved to be
necessary with longer retention time than was aklas well as the drilling was very hard,
S0 no results were obtained.

Results: signals were received and stored in the fileste=3.dat, analysis is stored in the file
testsite3.xIs. The curves have distinct night-daynds, but the night values are not stable.
Very low level of noise.

Comments. Again the drilling was a major problem, severaill dits were broken in the
process and thus the drill battery lasted only ghdo drill 3 trees out of 6 planned.

Full site nr. 4
Location;: UTM zone 16N 320863E / 2135609N, WSG86.

Directions; off the dirt road between Plan de la Noria arehRle la Nueva Noria, in the state
of Quintana Roo.

Forest: medium sub-deciduous tropical forest. Forest sama¢ higher than at site 3 and with
a few more mature trees, yet also many very yountysanall; clear evidence of trees fallen
due to hurricane as well as trees being lumberpaciSs in a 20x20 m area had their
circumferences measured and were identified wighhtélp of an elder man referred by the
commissioner of communal lands (in Spanish: conadar ejidal) from Plan de la Nueva
Noria.

Dates: installed on February f4and removed on February™@hree full days, four nights).

Setup: six sensors were installed on six different traed connected using extension cables to
the CR10X datalogger. The logger was set to stamgpie measurements every minute.

Sapwood area: the dye method was attempted here for the setiomg] this time with more
success. Drilling was still very difficult and itas impossible to extract complete core
samples; it was also hard to determine exactly Heep the dye had penetrated since it was
very irregularly distributed in the samples.

Results: signals were received and stored in the filesftdd.dat, analysis is stored in the file
fullsite4.xls and fullsite4 new.xls. Four out ok siurves have distinct night-day trends and
stable night values, the fifth has an upward tremdile the six lacks any clear trends. There
seems to be some kind of irregular phase shifalfazurves.

Comments: Very slow drilling and two drill batteries madeé possible to do all six
installations.
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Full site nr. 5
Location: UTM zone 16N 361039E / 2148805N, WSGS6.

Directions: off the lumbering road heading east from the rbativeen Yoactin and Cha
Santa Cruz, in the state of Quintana Roo.

Forest: medium sub-deciduous tropical forest. Foresthdljg higher than at site 4 but
seemingly less homogeneous — clearings due tochues and/or lumbering. Species in a
25x15 m area had their circumferences measurednane identified with the help of the
commissioner of communal lands (in Spanish: conadarejidal) from Yoactun.

Dates: installed on February feand removed on February@@&hree full days, four nights).

Setup: six sensors were installed on six different traed connected using extension cables to
the CR10X datalogger. The logger was set to stamgpke measurements every minute.

Sapwood area: the dye method was used, with same problems ssibed at site 4. For the
first time a species with active xylem through wieole trunk was encountered.

Results: signals were received and stored in the filesftdb.dat, analysis is stored in the file
fullsite5.xls. Five out of six curves have distimight-day trends, but all had a severe noise
during night-time, which got longer and longer frainght to night. Three out of five had also
some lower level noise during daytime. The sixtbnse like complete rubbish, but it is
unknown if it was connected to the same sensot tiane showing rubbish at site 4. since
the sensors had not been marked — this was ddhis gite

Comments. the sensors were marked at this site in orddretable to identify a possible
consistency in the extremely bad channel dataxtsiie.

Full site nr. 6

Location: UTM zone 16N 164550E / 2281595N, WSG86 (strictjyeaking this point is
slightly outside the eastern border of UTM zone- 116 UTM zone 15 it has the coordinates
789974E / 2280756N).

Directions: off a small path to an orchard heading west ftbenroad between San Mateo and
Chunchucmil, in the state of Yucatan.

Forest: low deciduous and sub-deciduous tropical foraégt wecondary vegetation of shrubs
and herbaceous plants. The tree population is ynémthted in clusters, making the areas
vegetation distribution quite heterogeneous contbtrehe previous sites. Species in a 20x40
m area had their circumferences measured and wihastified with the help of the
commissioner of communal lands (in Spanish: cori@darejidal) from San Mateo.

Dates: installed on February #4and removed on MarcH®(six full days, seven nights).

Setup: six sensors were installed on six different traed connected using extension cables to
the CR10X datalogger. The logger was set to stangpte as well as averages plus internal
temperature every minute.

Sapwood area:; the dye method was used, with same problemssasided at site 4.

Results. since efforts were continuously made to resole hoise problems data was
extracted several times and thus stored in a sefifles — fullsite6a.dat to fullsite6h.dat. The
main results are processed in fullsite6_ CR10X.xIs nd a
fullsite6_combined CR10X_& Grant.xls. All data frdhis site has severe noise problems.
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Comments: this site was one long fight to get the data faenoise, and several things were
tested, i.a. eliminating outside electromagnet&tudtbances, eliminating fluctuations due to
long cables, reducing condensation in the datalpgygétching datalogger. Unfortunately the
experiment had to move on to the next site befbeeproblems were finally solved. There
was found no consistency between the sensors yield results at previous site with this
site.

Full site nr. 7

Location: UTM zone 16N 173545E / 2260870N, WSG86 (strictjyeaking this point is
slightly outside the eastern border of UTM zone 16Nh UTM zone 15N it has the
coordinates 799721E / 2260381N).

Directions: at a small ranch off the road between Nunkini &mdic Holach, in the state of
Campeche.

Forest: low deciduous and sub-deciduous tropical fora#t wecondary vegetation of shrubs
and herbaceous plants. Like at site 6 the treelptipn is mostly located in clusters, but here
the distinction is even more pronounced with the lseing located in a tiny forest surrounded
by areas of low vegetation. Due to the obviouslehgks in determining tree concentration
and the unexpected results there was not made ttemp of measuring and identifying
species.

Dates: installed on March™ and removed on March'4one full day, two nights).

Setup: six sensors were installed on six different traed connected using extension cables to
the CR10X datalogger. The logger was set to stangpte as well as averages plus internal
temperature every 5 minutes.

Sapwood area: no measurements were made.

Results: data from this site is stored in the file fuksitdat, and processed in the file
fullsite7.xls. Noise at this site is significanttgduced compared to last site (probably due
changing of the moisture collecting bag insideda&logger and the longer averaging time).
However the curve trends are very different frompested.

Comments: data from this site unfortunately seems quitdasse

Full site nr. 8
Location;: UTM zone 16N 400861E / 2170581N, WSG86.

Directions: about 30 m down a narrow dirt road branchincgh®aast from the main dirt road
leading from Felipe Carillo Puerto to Vigia Chiahout 10 km from Carillo Tecnologico, in
the state of Quintana Roo.

Forest: medium sub-deciduous tropical forest. Foresthélyghigher than at sites 4 and 5.
Some trees were shedding or had shed their le8pecies in a 20x30 m area had their
circumferences measured and were identified with blp of a local expert sent by the
commissioner of communal lands (in Spanish: conadarejidal) from Carillo.

Dates: installed on March"and removed on June"1 by Waldemar from the ASK office in
Carillo).

Setup: five sensors were installed on five differenes@nd connected, two directly and three
using extension cables, to the CR10X dataloggee [Dgger was set to store 5 minute
averages plus internal temperature every 5 minutes.
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Sapwood area: measurements were made on two trees, and forethaining three it was
attempted to make regressions from other treearoésspecies but without luck.

Results: data from the first 24 hours is stored in the filllsite8a.dat. Further data has not yet
been extracted from the datalogger.

Comments: data seems promising, still waiting to get more.
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