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a b s t r a c t

In this paper we summarize the surface characteristics for six locations in western Mexico and south-
western USA (from a subhumid climate in Jalisco, Mexico to the Sonoran Desert climate in Arizona, USA),
that lie along a meridional transect within the North American Monsoon (NAM) core region using
available MODerate Resolution Imaging Radiometer (MODIS) satellite data and supplementary surface
instrumental data for two of these sites in Sonora, Mexico. The climate analysis for each site is carried out
for the period 2000–2008, that includes all available MODIS data. A comparison of seasonal and annual
variability in surface conditions for the enhanced vegetation index (EVI), albedo and land surface
temperature (LST) at each site is presented. With the help of available surface data from field observa-
tions, a more detailed analysis of Rayón and Rosario de Tesopaco sites is presented. The qualitative
behavior and climate response of three types of vegetation: desert shrub, subtropical shrub, and tropical
deciduous forest ecosystems are analyzed under the influence of the NAM summer wet season. The onset
of the NAM warm wet season in early summer, is one of the main precursors of generalized EVI growth in
all the NAM region. At all the sites, it is observed that the mean daytime LST cools several degrees as the
NAM fully develops. During the warm wet season, in the case of open and sparse vegetation regions such
as desert shrub and subtropical shrub, albedo values fall slightly during the NAM season, while in closed
and dense tropical deciduous forest regions albedo shows a slight increase. Differences in soil reflectivity
at these sites are probably responsible for this rather unexpected behavior. Additionally it is found that,
desert shrub and subtropical shrub regions in northern latitudes show large LST and small EVI/albedo
seasonal variability, whilst tropical deciduous forests in lower latitudes show much larger EVI/albedo and
smaller LST seasonal variability. Thus MODIS data proves to be a valuable tool for assessing the dynamics
of seasonal and interannual surface characteristics helpful in determining climate patterns.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

There have been a significant number of contributions in the last
two decades addressing the characterization of the North American
Monsoon System (NAM), Douglas et al. (1993); Gochis and Brito
Castillo (2006); Higgins et al., (1997); Higgins and Gochis (2007).
The main focus of these studies is the characterization of the spatio-
temporal patterns of warm season precipitation across the NAM
region. At the present time there is a better understanding of the
ax: þ52 662 259 2109.
a-Celaya).
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diurnal cycle and regional variability of clouds and rainfall as they
are related to the complex terrain and continental-maritime
regimes.

The characteristic NAM atmospheric pattern was described in
detail by Douglas et al. (1993), and can be summarized as one
where the precipitation starts shortly afternoon, and most
frequently over high elevations on the western slope of the Sierra
Madre Occidental (SMO) with modest intensity. Later in the after-
noon and evening, at lower elevations, precipitation events occur
with less frequency but often with greater intensity. With lower
frequency, nocturnal and early morning precipitation occur,
generated by shallow clouds over the coasts of the Gulf of Cal-
ifornia. The NAM system starts early in June at lower latitudes
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(w20�N) in southern Mexico and slowly moves northward along
the western slopes of the SMO until it reaches northern latitudes
(w35�N) in Arizona and New Mexico by early July, Salinas-Zavala
et al. (2001); Watts et al. (2007). For northwestern Mexico the
greatest rainfall occurs in July and August (CPC-NWS, 2008).

In this work, we will consider six sites with different latitudes
(19.7�N–31.7�N) located in the NAM region (Fig. 1). One site is
located in southern Arizona, Lucky Hills, near Tombstone, AZ. Two
sites were selected in Sonora, one close to Rayón and one in the
surroundings of Rosario de Tesopaco. One more site is in the
vicinity of La Paz, in the southern part of the Baja California
peninsula on the coast of the Gulf of California. Micrometeorolog-
ical towers are installed at all these sites and data for evapotrans-
piration, net radiation, etc., are available for at least four years.
Three of the sites (Lucky Hills, Rayón and Rosario de Tesopaco),
were included in a detailed study of changes in vegetation condi-
tion and surface fluxes during the NAM experiments in 2004 (Watts
et al., 2007). The aim of the present work is to extend that analysis
to include a) the entire period of MODIS data from 2000–2008 and
b) include sites further south in tropical vegetation. The Chamela
Biological Reserve in Jalisco is operated by UNAM in Mexico City
and has been the subject of numerous ecological and hydrological
studies in the last 30 years (e.g. Garcı́a-Oliva et al. 1995; Maass et al.,
1995). It has been designated as a Long Term Ecological Reserve and
we intend to initiate surface flux measurements there in 2010.
Finally, the site in Tamazula de Victoria Durango was identified as
a candidate for future surface flux measurements in the large area
between Rosario de Tesopaco and Chamela.

The MODIS products land surface temperature (LST), albedo and
enhanced vegetation index (EVI) will be used to study the seasonal
and annual evolution of surface characteristics. LST is a physical
variable than can give information of the energy balance occurring
in land-atmosphere surface processes. The albedo is an indicator of
the amount of radiation scattered and dispersed back into the
Fig. 1. Map of sites lying in the NAM core region. Each site is displ
atmosphere and space. And finally, EVI has been designed to
improve on Normalized Difference Vegetation Index (NDVI), as
a variable for following the greenness of vegetation covers, since it
has corrections for some distortions in the reflected light caused by
aerosols and ground cover below vegetation, and does not saturate
when viewing rain forests and other areas of Earth with large
amounts of chlorophyll.

A comparison study of land surface temperature (LST), the
enhanced vegetation index (EVI) and albedo will be presented from
data for 2000–2008 for all six sites using the MODerate Resolution
Imaging Radiometer (MODIS) products available on line. Addi-
tionally, with available field data for Rayón and Rosario de Teso-
paco, a more detailed description can be made of surface
characteristics and albedo comparisons between MODIS composite
products and field observations

2. Materials and methods

This study uses MODIS products that are available from 2000 to
the present. These data are distributed by the Land Processes
Archive Center (LP DAAC), located at the U.S. Geological Survey
(USGS) Earth Resources Observation and Science (EROS) Center and
can be downloaded from Oak Ridge National Laboratory (daac.ornl.
gov). The following three MODIS Land products subsets were used:

1. Land Surface Temperature (LST), (Terra version 5, product
MOD11A2)

2. Normalized Difference Vegetation Index (NDVI), Enhanced
Vegetation Index (EVI), (Terra version 5, product MOD13Q1)

3. Calculated Albedo (Terra/Aqua version 5 combined, product
MCD43A)

The Land Surface Temperature and Emissivity 8-day data
products, are composed from the daily 1-km LST product
ayed using an asterisk (*) and site labels described in Table 1.

http://daac.ornl.gov
http://daac.ornl.gov
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MOD11A1, and stored on a 1-km sinusoidal grid as the average
values of clear sky LST during an 8-day period (Wan, 1999). The LST
products include the daytime and nighttime temperatures in
degrees Kelvin, with supplementary information about the average
local time and average view zenith angle of each 1km resolution
average temperature data. In this study, only the daytime land
surface temperature average registered around 11:00 AM solar
time is considered.

The global MODIS vegetation indexes are designed to provide
consistent spatial and temporal comparison of vegetation condi-
tions. The blue, red and near infrared reflectance, centered at
469 nm, 645 nm and 858 nm respectively, are combined to deter-
mine the MODIS daily vegetation indexes (Huete et al., 1999). The
MODIS Normalized Difference Vegetation Index (NDVI) product
MOD13Q1, includes a new Enhanced Vegetation Index (EVI) as well,
that minimizes canopy background variations, maintaining sensi-
tivity over dense vegetation conditions. The global MOD13Q1 are
provided every 16 days at 250 m spatial resolution in a sinusoidal
grid projection, and includes not only NDVI and EVI data, but also
blue, red and near infrared reflectance, view zenith angle, sun
zenith angle, relative azimuth angle. The vegetation indexes are
used for monitoring vegetation conditions (Zhang et al., 2003).

While the NDVI index poses some saturation problems over
densely vegetated areas, so that the values no longer respond to
variations in green biomass, the enhanced vegetation index (EVI)
was developed to optimize the vegetation signal with improved
sensitivity in high biomass regions and improved vegetation
monitoring through a decoupling of the canopy background signal
and a reduction in atmospheric influences. This enhanced, soil and
atmosphere resistant vegetation index (EVI) has the following
expression:

EVI ¼ Gðrnir � rredÞ=ðLþ rnir þ C1rred þ C2rblueÞ

where r are atmospherically corrected or partially atmosphere
corrected (Rayleigh and ozone absorption) surface reflectance, L is
the canopy background adjustment that addresses nonlinear,
differential near infrared (NIR) and red radiant transfer through
a canopy, and C1, C2 are the coefficients of the aerosol resistance
term, which uses the blue band to correct for aerosol influences in
the red band. The coefficients adopted in the EVI algorithm are,
L¼ 1, C1¼6, C2¼ 7.5, and the gain factor G¼ 2.5 (Huete et al., 2002).

For the albedo, the MODIS Bidirectional Reflectance Distribution
Function (BRDF)/Albedo Model Parameters combined product
MCD43A was used, which contains three-dimensional data sets of
weighting parameters for the models used to derive the Albedo and
other BRDF products. The model supports the spatial relationship
and parameter characterization that describe the differences in
radiation due to scattering of each pixel, relying on multi-date,
atmospherically corrected, cloud-cleared input data measured over
16-day periods at 500 m resolution in a sinusoidal grid projection.

Albedo is defined as the fraction of incident solar radiation that
is reflected by a surface. While reflectance is defined as the same
fraction for a single incidence angle, albedo is the directional
integration of reflectance over all sun-view geometries. Albedo is
therefore dependent on the Bidirectional Reflectance Distribution
Function (BRDF).

Due to its three-dimensional structure, the Earth’s surface
scatters radiation anisotropically, especially at the shorter wave-
lengths that characterize solar irradiance. The Bidirectional
Reflectance Distribution Function (BRDF) specifies the behavior of
surface scattering as a function of illumination and view angles at
a particular wavelength. The albedo of a surface describes the ratio
of radiant energy scattered upward and away from the surface in all
directions to the down-welling irradiance incident upon the
surface. The completely diffuse bihemispherical (or white-sky)
albedo can be derived through integration of the BRDF for the
entire solar and viewing hemisphere, while the direct beam
directional hemispherical (or black-sky) albedo can be calculated
through integration of the BRDF for a particular illumination
geometry. Actual albedo under particular atmospheric and illumi-
nation conditions can be estimated as a function of the diffuse
skylight and a proportion between the black-sky and white-sky
albedo (Strahler et al., 1999a).

The MODIS/Terra Albedo products provide both the white-sky
and the black-sky albedo (at local solar noon) for MODIS bands 1–7
as well as for three broad bands (0.3–0.7 mm, 0.7–5.0 mm, and 0.3–
0.5 mm). While the total energy reflected by the earth’s surface in
the shortwave domain is characterized by the shortwave band 10
(0.3–5.0 mm) broadband albedo, the visible band 08 (0.3–0.5 mm)
and near infrared band 09 (0.7–5.0 mm) are also of interest due to
marked difference of the reflectance of vegetation in these two
spectral regions. Solar radiation is received at the Earth in the
shortwave wavelength of 0.3–5.0 mm, with 98% in the range of
w0.3–2.5 mm (Iqbal, 1984).

The MODIS albedo product MCD43A data are based on the Terra
and Aqua combined MODIS BRDF/Albedo Model Parameter product
MCD43A1. The primary BRDF model parameters from MCD43A1
are used in the equations to calculate black-sky, white-sky and
actual (blue-sky) albedo. The calculated data files assumed a solar
zenith angle equal to local solar noon and null optical depth. The
blue-sky albedo is calculated from a polynomial expression in solar
zenith angles, with parameters being provided by the BRDF func-
tion for visible, near infrared and shortwave broad bands. The
white-sky albedo is calculated from a combination of parameters
provided also from the BRDF model for the three previous
mentioned broad bands. Finally the actual (blue-sky) albedo is
a combination of the black-sky and white-sky albedos with variable
function coefficients that depend on the optical depth, solar zenith
angle, aerosol type and band (Schaaf et al., 2002).

2.1. Site descriptions

The sites that have been selected are located in the North
American Monsoon (NAM) region. They all lie on a transect along
the western side of the Sierra Madre Occidental (SMO). There is
a collection of works related with NAM influence in some of these
sites, Vivoni et al., (2008, in press), Watts et al., (2007). Most of the
selected sites have available surface instrumental data and the
others are included in future plans for extending the installed
micrometeorological network. The sites are the following: one site
located in southern Arizona, Lucky Hills (LH); two sites in Sonora,
Rayón (RY) and Rosario de Tesopaco (RT); one in Southern Baja
California, La Paz (LP); Tamazula de Victoria (TV) located in the
lower sierras of Durango; and one in Jalisco, Chamela (CH). The sites
are shown in Fig. 1.

According to MODIS Land Type 1, there are 17 classes of land
cover in the International Geosphere-Biosphere Programme (IGBP)
global classification scheme. In the NAM region studied, the exist-
ing land cover classes are: 2) Evergreen Broadleaf Forest, 4)
Deciduous Broadleaf Forest, 5) Mixed Forest, 7) Open Shrublands,
8) Woody Savannahs, 9) Savannahs, 10) Grassland, 12) Croplands,
13) Urban and built-up, and 16) Barren or Sparsely vegetated.
Classes 1–5 represent forests of different vegetation and densities,
while classes 6–12 are related with short and low density vegeta-
tion (Strahler et al., 1999b). The site locations and land cover classes
are described in detail in Table 1.

In Table 2, the average monthly precipitation (in mm) is pre-
sented for climatological stations near the six selected sites. The
active NAM months are mostly from June through August, when



Table 1
Summary of sites included in study in Arizona (AZ), Sonora (SON), Baja California Sur (BCS), Durango (DGO) and Jalisco (JAL).

Site Vegetation type Location Lat (�N) Lon (�W) Elevation (m) Shannon DI
Richness/Evenness

IGBP land cover classes
central/other

LH Desert Shrub Lucky Hills Subwatershed, Tombstone, AZ 31.74 110.05 1373.0 2/0.53 10/7

RY Subtropical Shrub Rayón, SON 29.74 110.54 616.0 3/0.81 7/8,10

RT Tropical Deciduous Forest Rosario de Tesopaco, SON 27.85 109.30 460.0 4/0.85 16/4,5,10

LP Desert Shrub La Paz, BCS 24.10 110.31 35.0 3/0.55 7/13,16

TV Tropical Deciduous Forest Tamazula de Victoria, DGO 25.0 107.0 526.0 4/0.62 4/2,8,9

CH Tropical Deciduous Forest Chamela, JAL 19.65 105.05 183.0 6/0.82 12/4,8,9,10,16
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the rainfall each month increases along the north-south gradient
for the TV, RT, RY and LH sites, with the maximum rainfall occurring
in July and August. The maximum monthly precipitation at CH and
LP occurs in September and is presumably due mainly to increased
tropical storm activity along the Pacific coast. The LP site receives
much less rain than the other sites and is not significantly influ-
enced by the NAM system.

The rainfall measurements in the region are not well distributed
spatially and only provide daily values. A denser network of more
than one hundred tipping bucket rain gauges (TE525, Texas Elec-
tronics, Dallas, TX) was installed for the NAM experiment and
provided improved information about the spatial and temporal
distribution of rainfall as a function of elevation and latitude
(Gochis et al., 2003, 2004, 2007). Short-lived, high intensity rainfall
is more common at low elevations while longer periods of lower
intensity rainfall are more common at higher elevations. The total
rainfall increases sharply with elevation on the western slopes of
the SMO.

For the present analysis, a square land cover region with sides of
approximately 4.25 km, 4.5 km or 5 km length was selected
depending on the resolution of the MODIS product (250 m, 500 m
or 1 km), for six sites located in the NAM region. The different land
cover types for each selected region are shown in Table 1. The
heterogeneity of a landscape can be quantified using Shannon
Diversity Index (DI) of Richness and Evenness (EuroComm, 2000).
Richness is a measure of of the abundance of land cover classes, and
evenness is a measure of the relative area of land cover classes.

All available data for the Land Surface Temperature (LST)
products MOD11A2, starting date March 5th., 2000 to December
2nd., 2008, was considered for each of the six sites. The 1km tile
resolution MODIS land ASCII data, quality controlled filtered data
and statistics were obtained for an areal extent of approximately
5 km by 5 km (25 pixels). A time series of average land surface
temperatures for each product date was generated by averaging the
8-day average daytime land surface temperatures over all the 1km
tiles within the selected region that had similar land class as that of
the central tile. In this case, the percentage of tiles in the selected
region with same land cover as the central was: LH (12% Grassland),
RY (56% Open shrublands), RT (32% Barren or sparsely vegetated), LP
(16% Barren or sparsely vegetated), TV (72% Deciduous broadleaf
forest), CH (44% Croplands). The Enhanced Vegetation Index (EVI)
Table 2
Precipitation normals (mm) for the selected sites.

Site Jan Feb Mar Apr May Jun Ju

LH 26.16 18.8 18 6.1 6.9 15.8 7
RY 26.7 27.1 10.2 3.1 3.1 16.6 14
RT 37.9 17.4 11.7 7 10.1 30.6 20
LP 16.7 4 1.6 0.6 1.6 0.6 1
TV 31.1 16.8 5.2 5.8 4.5 68.9 29
CH 36.9 4.9 1.5 0.5 6.2 88.9 13
time series using the available data for MODIS product MOD13Q1,
from March 5th, 2000, until December 2nd, 2008. The 250 m tile
resolution MODIS land ASCII data and quality controlled filtered
data and statistics for each day were obtained for an areal extent of
approximately 4.25km wide by 4.25km high (289 pixels). The time
series of EVI average values was generated by averaging the 16-day
MOD13Q1 EVI over all 250 m tiles within the selected region that
had similar land class to that of the central tile. In the EVI case, the
following percentage of tiles in the selected region with same land
cover as the central one was considered: LH (17%), RY (51%), RT
(36%), LP (18%), TV (70%), CH (57%).

The actual shortwave albedo time series where produced using
the MODIS MCD43A product, using data from February 26th, 2000
until the processing date December 2nd., 2008. Again the 500 m
tile resolution MODIS land ASCII data and quality controlled filtered
data and statistics for each available date was obtained for an area
extent of approximately 4.5km wide by 4.5km high (81 pixels). The
time series of actual shortwave albedo average values was gener-
ated averaging the 16-day average shortwave broadband albedos
over all 500 m tiles that had similar land class to that of the central
tile. For the albedo case, the percentage of tiles in each region
having the same land cover as the central one is: LH (9%), RY (37%),
RT (14%), LP (9%), TV (54%), CH (16%).

Then the average seasonal variability at each site was obtained
by taking the average over all the years for each time period. These
are the data plotted for EVI in Fig. 2 and albedo in Fig. 4.

2.2. Surface energy balance measurements

Surface albedo data collected for two sites in Sonora, in
a subtropical shrub in Rayón (RY) and a tropical deciduous forest in
Rosario de Tesopaco (RT), are compared with the shortwave actual
albedo data from MODIS. The averaged data is presented for the
period of June 16th to September 30th, which includes the main
Monsoon time period. For the RY site, the data collected is for the
2004–2008 period, with the exception of 2005. At the RT site, the
field measured data covers the complete 2004–2008 period.

In these two sites, surface fluxes of sensible heat and water
vapor were measured, using the eddy covariance method. In Rayón
(RY), a KH Krypton Hygrometer KH20 (CSI – Campbell Scientific Inc.,
Logan, Utah) was used in 2004 to measure water vapor, and since
l Aug Sep Oct Nov Dec Total

1.6 78 39.1 32.8 17.5 27.4 358.1
5.9 120.4 51.5 44.9 26.6 38.7 514.8
8.2 187.8 101.3 36.4 21.3 42.7 712.4
6 44.1 55.4 11.9 13.3 16.8 182.6
4.9 277.2 169.6 75.5 34 43.4 1026.9
4.1 155.1 219.5 72.2 26.4 10.9 757.1



Fig. 2. The average seasonal variability of EVI versus DOY (day of year).
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2006 a LI7500 gas analyzer (LI-COR, Lincoln, Nebraska) has
provided water vapor and carbon dioxide measurements. In
Rosario de Tesopaco (RT) a LI7500 gas analyzer has been used to
measure water vapor concentrations. At all sites a CNR1 radiometer
(Kipp & Zonen, Delft, the Netherlands) was used to measure the
Fig. 3. The EVI, albedo and LST annual variabilities (standard deviations).

Fig. 4. The top plot, shows the albedo average seasonal variation within a year
obtained from MODIS. The bottom plot shows a comparison between the average
MODIS albedo value and average albedo from field observations measured with
a radiometer for RY and RT.
four components of radiation: the incoming and outgoing radiation
in short and long-wave spectral bands. In addition, CSAT3 (CSI)
three-dimensional sonic anemometer were installed at these sites
and connected to CR5000 dataloggers (CSI). The data was sampled
at a frequency of 10 Hz and the average fluxes were obtained every
30 min.

These sensors are installed several meters above the canopy, in
order to be representative of the full exchange of radiation, heat
and water flux between the soilþ vegetation system and the
atmosphere.
3. Results and discussion

MODIS land cover classification process should be used with
caution, since there are considerable sources of error that can result
in a misclassification (Friedl, 2002). In any case, we can only say that
there is a high probability that a specific class is of a certain type,
due to all the averaging or smoothing methods used to estimate
downscale prior probabilities at finer resolutions. The probabilities
of being correct are high for dense vegetation covers (lcc 1–3), and
sparse or barren (lcc 11–17). The vegetation land classes with
intermediate vegetation cover are less certain (lcc 4–10). In our
case, the MODIS land cover classification is correct for LH, RY and TV.
Considering the three tropical deciduous forest sites, it is striking
(and rather alarming) that only the TV site has been correctly
classified. Nonetheless, all three sites show similar seasonal
behavior, as will be seen below.



Table 3b
Summary of EVI growth during the monsoon and time lapse Dt between minimum
and maximum EVI values. The percentage increase is calculated as DEVI/EVImin..

Site EVImin DOYmin EVImax DOYmax DEVI % increase Dt days

LH 0.12 177 0.21 241 0.09 75 64
RY 0.15 161 0.41 225 0.26 173 64
RT 0.15 145 0.53 225 0.38 253 80
LP 0.14 161 0.23 257 0.09 64 96
TV 0.21 145 0.68 225 0.47 224 80
CH 0.18 145 0.67 241 0.49 272 96
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In Fig. 2, the seasonal EVI variation is observed for each site. The
time resolution is 16 days from MODIS data sets. The green-up
begins after DOY z 145 (May 25th), when the vegetation index
starts to increase from its dormant value as the summer wet season
starts at each latitude from southern to northern regions along the
west coast of the Sierra Madre Occidental and reaches its maximum
at full maturity on DOY z 273, (Sep. 30th), when they cease to grow
and enter their senescent regime as the summer wet season
subsides at each site. The maximum values are obtained at different
dates due to the different types of vegetation, combined with the
characteristics of the NAM precipitation regime, so that northern
latitudes in the NAM region have shorter summer wet seasons than
southern ones. Tropical deciduous forests show the largest changes
in EVI values DEVI, going from a minimum pre-monsoon EVImin

value to a maximum EVImax value within the fully developed
monsoon season. These values, growth and time lapse are pre-
sented in Table 3b. The NAM related precipitation begins at Cha-
mela about one month prior to that in southern Arizona.

Méndez-Barroso et al. (2009) carried out a detailed study of the
seasonal changes in EVI in the rı́o Sonora watershed, using the same
MODIS composite data sets employed here, for the 3 year period
2004–2007. They used as a metric DEVI defined as DEVI -
¼ 100*(EVImax-EVImin)/EVImin and the spatial distribution of DEVI is
presented (their Figure 3). When their results are compared with
those presented here, it is striking that large areas in the rio Sonora
have DEVI greater than 300%, whereas the maximum for our sites is
272% for Chamela (Table 3b). These differences are not surprising
when we remember that the values of EVI shown here in Fig. 2 and
Table 3a,b, have been averaged spatially (20–30 km2) and tempo-
rally (10 years) in order to present a clear description of the average
seasonal changes in this region. It should also be noted that the
largest values for DEVI are usually obtained for cover types with very
low values for EVImin, not necessarily those with the largest values
for DEVI. Nevertheless, Méndez-Barroso et al. (2009) show that
small scale spatial variability is also very important in land cover
types that were not included in this study, such as riparian decid-
uous woodland, savanna grassland and Madrean evergreen
Woodland.

In Fig. 3a, plots of EVI vs. LST seasonal variability (standard
deviations) are presented for each year. The solid symbol represents
the average annual value for each site. We can distinguish two
separate groups. The desert shrub and subtropical shrub sites LH,
RY, present a low seasonal variability in EVI and large variations in
LST. In this case, mean values for LH, sEVI¼ 0.04, sLST¼ 11.1 K and RY
sEVI¼ 0.084, sLST¼ 9.0 K. At the other extreme, the deciduous
tropical forests sites (TV, CH), show large seasonal variability in EVI
and relatively small LST variations. For TV, sEVI¼ 0.18, sLST¼ 6.0 K,
and for CH, sEVI¼ 0.19, sLST¼ 4.7 K. The LP site presents both small
annual variability in EVI and LST, sEVI¼ 0.04, sLST¼ 6.7 K, compared
with the other sites.

We continue with the analysis of Fig. 3a, with the aid of
precipitation data that is available for the RY site. The average
precipitation at RY is 475 mm year�1, with 310 mm (65%) occurring
Table 3a
Summary of albedo a, EVI and LST changes in the NAM region between pre-monsoon
DOY¼ 145 (May 25th) and fully developed monsoon DOY¼ 225 (Aug 13th).

DOY¼ 145 DOY¼ 225 Variation

Site a EVI LST a EVI LST Da DEVI DLST

LH 0.17 0.12 46 0.16 0.21 36 �0.01 0.09 �10
RY 0.17 0.15 47 0.15 0.41 34 �0.02 0.26 �13
RT 0.12 0.15 49 0.14 0.53 31 0.02 0.38 �18
LP 0.19 0.15 46 0.19 0.17 44 0.00 0.02 �2
TV 0.13 0.21 41 0.15 0.68 27 0.02 0.47 �14
CH 0.14 0.18 40 0.17 0.64 30 0.03 0.46 �10
during the summer wet season. There are three years with above
average EVI variability (sEVI¼ 0.08), corresponding to years 2006
(sEVI¼ 0.11), 2007 (sEVI¼ 0.10), and 2008 (sEVI¼ 0.11). In 2006 the
summer rainfall was 385 mm (80% of total), 449 mm (89% of total)
in 2007 and 485 mm (89% of total) in 2008. Summer precipitation is
the main driver of EVI summer growth in the NAM core region, as is
observed in Fig. 2.

The surface properties of the sites within the NAM region follow
similar trends from northern to southern latitudes. Going from
north to south, the LST variability decreases while the EVI and
Albedo variability increases. Both EVI and Albedo variability show
similar behavior as functions of LST variability.

In Fig. 3b, a plot of Albedo vs. LST season variability (standard
deviation values) is presented, with average values in solid black
color, following the same site nomenclature as that of Fig. 3a. In the
albedo case, as before, two separate groups can be distinguished:
the deciduous tropical forests (CH, TV), show a greater albedo
seasonal variability and lesser LST variability. In CH case, sal-

bedo¼ 0.14, sLST¼ 4.7 K, and in TV case, salbedo¼ 0.14, sLST¼ 6.0 K. In
the case of RT, it is found that salbedo¼ 0.10, sLST¼ 8.5 K, which are
now closer to RY values, salbedo¼ 0.09, sLST¼ 9.0 K. For LH, the
average variability is salbedo¼ 0.07, sLST¼ 11.1 K. The subtropical
and desert shrub vegetation regions have low albedo variability and
large land surface temperature variability. All the previous five sites
average variability, also fall along a line with negative slope, as in
the case of EVI vs. LST, with the exception of LP site, for which sal-

bedo¼ 0.07, sLST¼ 6.7 K.
The annual standard deviation (sd) in albedo, EVI and LST are

seasonal summer/winter differences, so that there is a clear
gradient with of sd for albedo and EVI increasing from north to
south, while sd for LST decreases from north to south. The yearly sd
values are displayed in Fig. 3 with 10 year averages in solid black.
Méndez-Barroso and Vivoni (2010), do a similar study of NDVI,
albedo and LST variability for the Rı́o Sonora basin for a 3 year
period (2004–2007).

In Fig. 4, the actual shortwave albedo from MODIS product
MCD43A was averaged over years 2000–2008 to observe the
seasonal albedo variations for each site, where small seasonal
variations can be appreciated. We will consider DOY¼ 145 (May
25th), as the beginning of the monsoon season (green-up onset),
and DOY¼ 273 (Sep. 30th) as the end of the monsoon season
(senescence onset), and compute the changes in albedo Da as the
monsoon develops. These values are summarized in Table 3a.

From Table 3b data, we can distinguish two distinct vegetation
classes. For LH and RY, which correspond to desert shrub and
subtropical shrub, the albedo is high during the pre-monsoon
season and decreases during the summer wet season. For LH the
annual average albedo value is aave¼ 0.16, attaining a minimum
value of amin¼ 0.16 (DOY 217, Aug. 5th). Similarly, for RY, aave¼ 0.16,
with amin¼ 0.15 (DOY 257, Sep. 14th). For the three tropical
deciduous forests sites, RT, CH and TV, the seasonal albedo variation
shows the opposite behavior: the albedo increases as the vegeta-
tion develops in response to the summer rains. This result is rather
surprising and will be analyzed in more detail below. So, for RT



Fig. 5. Plot of average albedos of grouped vegetation, shrublands and tropical decid-
uous forests and albedo difference between the two groups.
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aave¼ 0.12 and amax¼ 0.14 (DOY 217, Aug. 5th), for TV aave¼ 0.13
and amax¼ 0.15 (DOY 241, Aug. 29th) and for CH aave¼ 0.14 and
amax¼ 0.17 (DOY 233, Aug. 21th). The LP site has the highest albedo
values in the region, but does not follow the same patterns as the
rest of the sites during the NAM rainfall season, its albedo values are
aave¼ 0.18 and amin¼ 0.18 (DOY 017, Jan. 17th), amax¼ 0.19 (DOY
145, May 25th). Both albedo extreme values for LP occur before the
NAM summer wet season. These differences between summer and
winter albedo for desert and subtropical shrub and tropical
deciduous forests are due to differences in horizontal heteroge-
neity, leaf orientation, stomatal and leaf area, and total biomass.
Albedo values for open and sparse vegetation regions are generally
higher than those for tropical deciduous forests, as was found in
similar work by Davidson and Wang (2005).

These variations are in agreement with similar results for
seasonal albedo variations found for the northern hemisphere in
the broad 20�N–50�N latitudinal band for black-sky albedo MODIS
product MOD43B3 by Zhou, et al. (Fig. 3 Zhou et al., 2003). The
higher (lower) values of albedo during winter and summer months
for each class of land vegetation is also influenced by the latitude
(Figs. 2a,b, Zhou et al., 2003). In Fig. 4, during winter months in the
desert shrubs LH has higher albedo than RY due to its higher
northern latitude, while in tropical deciduous forests CH has
a higher albedo than TV and RT. The LP site, however, does not
follow this behavior.

The bottom part of Fig. 4 shows a comparison between the
average albedo value of a single MODIS pixel of 500 m resolution
and average albedo from field observations measured with a radi-
ometer for RY and RT. The available albedo field data used were
from DOY 167–273 (Jun. 16th to Sep. 30th) for 2004, 2006, 2007 and
2008. Some discrepancies between the albedo product from MODIS
satellite observations and averaged albedo field measurements can
be observed. In the RY site case, the MODIS albedo products
underestimate albedo values, compared to field observations, while
in the RT site case, the opposite occurs. The field observations in RY
(RT) are made with a radiometer located at w7 m (w11 m) above
the land surface and half the signal covers a 45� conic solid angle,
which amounts to a sensible surface area of w154 m2 (w380 m2),
which includes a vegetation with top cover in the vicinity of w4–
5 m (w9–10 m). The observed satellite data for this comparison
covered a single 500 m pixel, i.e. 250,000 m2.

In the case of RY which is subtropical shrubs, MODIS underes-
timates the surface albedo, since the albedo computation algorithm
depends on the land surface structure and optical properties for soil
and fractional vegetation cover. The fractional vegetation cover and
soil geometric properties are assumed by MODIS to be homoge-
neous for the whole 500 m pixel, while the radiometer measure-
ments are representative of only a tiny fraction. So the
discrepancies in the physical properties seen by the satellite and
the radiometer near the land surface are hardly surprising. In the
case of the tropical deciduous forest site RT, the MODIS albedo is
larger than the field measurements. This may be due to the fact that
satellites observe more sunlit gaps than would field measurements
made near the top of the canopy (Zhou et al., 2003).

Nonetheless, in both cases, MODIS observed data and field
observations show the same qualitative behavior, the albedo
values decreasing for subtropical shrub and increasing for tropical
deciduous forests during the summer wet season. The results in
RY are consistent with the report by Méndez-Barroso and Vivoni
(2010).

From Fig. 4, we can observe that there are clear differences
between the behavior in the open shrubland sites (LH and RY)
where albedo decreases after monsoon onset and the forest sites
(RT, TV and CH) where the albedo increases after monsoon onset.
Therefore, these five sites were divided into two groups according
to the above and average values were calculated over all members
for each time period. The results are shown in Fig. 5 with the
average albedo of each group, as well as the difference between the
two. It can be seen very clearly that the albedo for the shrubland
(0.16) is about 0.04 higher than that for the forests (0.12) from
January until the monsoon begins around the end of June. After-
wards, the difference between them decreases rapidly, being small
(w0.01 or less) during the entire rainy season (July–September)
when the foliage cover is maximum. After this, the difference
increases slowly to return to its maximum value of around 0.04 in
early January.

These results strongly suggest that soil reflectance is the major
factor in determining the differences in albedo between the two
cover types. The soils at the forest sites are darker than those for the
shrubland sites, mainly due to increased organic content, although
volcanic origin may also be a factor. Thus albedo of the shrublands
is higher when vegetation cover is relatively low and the soil
contributes significantly to the total surface reflectance. As the
vegetation cover increases, this contribution decreases and
becomes very small at full cover.

In Table 3a,b, a summary of surface characteristics is presented.
The values of each of the averaged MODIS available data used in this
study are presented for each of the six sites. A pre-monsoon stage
(DOY 145, May 25th), that coincides with the date in which the EVI
values attain a minimum (within the 16-day MODIS EVI products
resolution) will be used as a reference to measure albedo, EVI and
LST variations as the monsoon season begins. The fully developed
monsoon stage is taken to be DOY 225 (Aug. 13th), where almost all
sites have reached their maximum EVI seasonal value. The varia-
tions in albedo, EVI and LST are then presented.

Regarding albedo, EVI and mean LST, LP response during the
monsoon season compared to others, does not reflect any signifi-
cant change in an 80 days time period. Although this site is
geographically close to the others, its surface characteristics
respond to a completely different climate pattern, and so will be
excluded in the following discussion of results of Table 3a,b.

The albedo values are of the same order for all sites in the pre-
monsoon season, being slightly larger in northern desert shrub
regions and smaller in southern tropical deciduous forests. It
should be noted that, in open and sparse vegetation regions (LH,
RY), the mean albedo values due to highly reflective surfaces
decrease by the appearance of small amounts of organic matter,
while in the higher dense vegetation regions as in tropical decid-
uous forests (RT, TV, CH) the mean albedo values increase due to
greenness increase. All regions achieve similar albedo values during
the fully developed monsoon, with values ranging between 0.13



Table 4
Summary of average daily values for surface measured quantities. P is precipitation
(mm day�1), Rn is the net incoming radiation (mm day�1), ET refers to the Evapo-
transpiration (mm day�1).

Variable RY RT

2004 2006 2007 2008 Average 2004 2006 2007 2008 Average

P 2.25 3.51 4.16 4.40 3.58 4.80 3.80 4.62 6.63 4.96
Rn 5.30 6.47 5.48 5.35 5.65 5.05 6.22 6.06 6.18 5.88
ET 1.90 3.02 3.55 3.50 2.99 3.25 2.99 3.20 4.16 3.40
ET/P 0.84 0.86 0.85 0.79 0.84 0.68 0.79 0.69 0.63 0.70
ET/Rn 0.36 0.47 0.65 0.65 0.53 0.64 0.48 0.53 0.67 0.58
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and 0.16, Watts et al. (2007). On the other hand, EVI variations are
largest in closed and dense vegetations, such as tropical deciduous
forests and smallest in open and sparse vegetation, such as
subtropical and desert shrub regions. As soon as the monsoon
season starts, the average daytime LST drops by more than 10 �C, in
response to the increase in vegetation cover and soil moisture
produced by the rains. It is interesting to note that the largest
decrease in LST occurs at the central site RT (�18 �C) and the
magnitude of the change is progressively smaller for sites further
north or further south. Indeed, there is a pleasing symmetry in
these observations, although this is presumably fortuitous. In Table
4, a summary of the average surface conditions are presented for
both RY and RT sites. In RY there is less average precipitation
3.6 mm day�1 compared to that in RT of 5.0 mm day�1. The net
radiation Rn, is about the same in both sites due to their proximity,
a 4% difference larger in RT than RY. While the average ET measured
in RY (3.0 mm day�1) is less than that in RT (3.4 mm day�1), the
ratio of evapotranspiration to precipitation is greater in RY (ET/
P¼ 0.84) compared to that in RT (ET/P¼ 0.70), reflecting more
efficient water use by the RY vegetation system than that for RT. In
general, vegetation in arid sites are adapted to use the scarce supply
of water much more efficiently than tropical vegetation, where
there is a surplus of available water. Finally, the evaporative frac-
tion, the fraction of available net radiation used in evapotranspi-
ration, is slightly lower in RY (ET/Rn¼ 0.53) than in RT (ET/
Rn¼ 0.58). All these results are consistent with previous results
(Watts, et al., 2007) that were obtained using data for the 2004
Monsoon season only.

4. Conclusions

The MODIS land cover classification was correct for all the open
shrub sites (LH, RY, LP) but only one of the three deciduous forest
sites (TV). The others were misclassified, RT as Barren and CH as
Cropland. Nonetheless, all three sites show similar behavior: TV and
CH are almost identical while RT clearly belongs to the same family.
This land cover classification may not have resulted with good
accuracy for some of the vegetation types in our studied sites, i.e.,
that each specific pixel selected has a determined probability of
belonging to a specific land cover class in that specific geographical
location, still each site is dominated by a strong vegetation type
signal as described in Table 1 (LH, LP and RY being desert shrubs and
subtropical shrub, and RT, TV, CH being tropical deciduous forests).

Very large variations were observed in the seasonal EVI index
triggered by the onset of the summer wet season, but the albedo
variation is less marked. The albedo in subtropical shrub and desert
shrub regions decreases (6–12% less) while there is a large increase
in EVI (75–175% more). In the specific case of LP, there a small
increase in EVI (13%), but no significant change in albedo in the
same time period. In contrast, in the tropical deciduous forests,
both albedo and EVI increase during the warm summer wet season
(16-21% larger albedo and 220–255% increase in EVI). This increase
in albedo for the tropical vegetation was reported previously for the
RT site (Watts et al., 2007) and is now seen to be characteristic of the
tropical deciduous forest. It appears that this behavior is mainly due
to differences in soil albedo, which makes a significant contribution
to total surface albedo in the dry, pre-monsoon conditions, but
becomes less important as the vegetation cover increases in
response to the monsoon rains. Thus for maximum cover (around
mid August) the observed albedo is very similar at all sites. A more
detailed study over a wide area will be necessary to confirm (or
refute) this suggestion.

All sites show a general average decrease in LST from the pre-
monsoon values as the monsoon season fully develops, being
moderate (w10 �C) in upper northern (LH) and lower southern
regions (CH) and larger (w14 �C) at mid latitudes (RY, TV), with
a maximum LST drop (w18 �C) in RT. Again, LP only shows a very
small (w2 �C) mean decrease in LST. Thus we can conclude that the
surface characteristics at the LP site show a completely different
behavior to the other sites considered in this study. LP may be
geographically close to other sites, but its climatology is completely
different and does not show any influence from the NAM sys-
tem.These sharp decreases in LST will reduce the outgoing long-
wave radiation and so tend to increase net radiation at the surface,
assuming that the solar radiation remains roughly constant.
However, it is likely that there will be an increase in cloudiness after
the monsoon onset, which will tend to reduce incoming solar
radiation, so that the change in net radiation may be quite small in
many cases (Méndez-Barroso and Vivoni, 2010).

The EVI summer growth in the NAM region relies on the timing
and intensity of the precipitation. If the rains are delayed or the
precipitation occurs as occasional, high intensity events, then
optimum vegetation development (EVI growth) may not be
attained, since the excess water will run off after the soil reaches
saturation, so that it does not contribute to plant growth. In general,
there will be increased vegetation growth when the precipitation is
above average but spatial variability will also be very high (Mén-
dez-Barroso et al., 2009; Méndez-Barroso and Vivoni, 2010).

It should be mentioned that this study has some limitations. For
example, the satellite products only select cloud free conditions so
the expected increase in cloudiness after monsoon onset is not
addressed here. Also, only 6 sites have been selected for analysis.
Surface fluxes of radiation, heat, water vapor and CO2 are measured
at the three northern sites (LH, RY and TP) and similar measure-
ments at the southern sites would allow more detailed analyses to
be undertaken, linking these fluxes to the satellite observations
over the entire region.
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