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Abstract. Our objective was the determination of understory grass greening stage (GGS: defined
as the date when 75% of the grass in the surrounding area of a particular location would be green)
using remote sensing data over the boreal-dominant forested regions in the Canadian province of
Alberta. We used moderate resolution imaging spectroradiometer (MODIS)-derived accumu-
lated growing degree days (AGDD) and normalized difference water index (NDWI) with
ground-based understory GGS observations at approximately 120 lookout tower sites during
the period 2006 to 2008. During 2006, we extracted the temporal dynamics of AGDD/
NDWI at the lookout tower sites and determined the best thresholds (i.e., 90 degree-days
for AGDD and 0.45 for NDWI). These AGDD/NDWI thresholds were then implemented during
2007 and 2008; and observed that AGDD had better prediction capabilities in comparison to
NDWI (i.e., ∼94% and ∼65% of the incidents fall within �2 periods or �16 days of deviations
with the ground-based understory GGS observations using AGDD and NDWI thresholds,
respectively). The outcomes would potentially be useful in understanding availability of
food and habitat for wildlife species/animals; microclimatic environment, composition, and
diversity of plant community; and forest fire danger and fire behavior in case of fire occurrences.
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1 Introduction

Understory vegetation (e.g., grasses, herbs, shrubs, etc.) is the layer of foliage below the forest
canopy. In general, climatic conditions largely influence the phenology (i.e., the seasonal
dynamics) associated with understory vegetation. In fact, the study of such understory phenol-
ogy is very important in understanding: (1) microclimatic environment, composition, and diver-
sity of plant community,1–3 (2) overstory succession and nutrient cycling,4–6 and (3) sources of
food and habitat for wildlife species/animals.7 Here, we intend to focus on one of the important
understory phenological stages over boreal forest regions, i.e., understory grass greening (GGS:
defined as the date when 75% of the grasses in the surrounding area of a particular location are
green).8 In addition to the above-mentioned importance of understory phenology, GGS is also
important in predicting forest fire danger (i.e., probability of fire occurrence) and fire behavior in
case of fire occurrences.8

The most common and widely employed method to study understory phenology is the use of
ground-based observations. For example: (1) Richardson and O’Keefe9 analyzed the long-term
Harvard forest phenology record to decide differences in spring and autumn phenology of under-
story species (i.e., shrub and herbs) in central Massachusetts, USA, using photosynthetically
active radiation (PAR); (2) Kudo et al.10 predicted the understory (i.e., herbaceous) phenology
during spring, early summer, and late summer bloomers at Tomakomai Experimental Forest of
Hokkaido University in northern Japan using air temperature and PAR; and (3) Liang et al.11

determined spring time understory (i.e., grasses and herbs) greenness at Chequamegon National
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Forest in northern Wisconsin, USA, using ground-based air temperature, relative humidity, and
digital photographs. In the Canadian province of Alberta, the Alberta Environment and
Sustainable Resource Development has been estimating understory grass greening stages
over the boreal dominant forested regions using visual observations at approximately 120
lookout tower sites across the landscape.8 In general, the above-mentioned methods could
find the understory phenology; however, not useful for determining the dynamics over a
large geographic area.

In order to address the above mentioned limitation, remote sensing-based methods could be
useful due to their ability to provide information over large and remote areas in the landscape.
However, earlier studies have used remote sensing methods only in mapping the spatial distri-
bution of the understory vegetation. For example: (1) Tuanmu et al.12 mapped understory bam-
boo using moderate resolution imaging spectroradiometer (MODIS)-derived wide dynamic
range vegetation index (WDRVI) at the Chinese Wolong Nature Reserve; and (2) Wilfong
et al.13 mapped understory vegetation (an invasive shrub) using LANDSAT ETMþ-derived nor-
malized difference vegetation index (NDVI) and other vegetation indices [simple ratio (SR),
enhanced vegetation index (EVI), visible atmospherically resistant index (VARI), soil adjusted
vegetation index (SAVI), normalized difference moisture index (NDMI), etc.] over southwestern
Ohio and Indiana, USA. The mapping of understory vegetation phenology builds on these earlier
mapping experiments, adding an analysis of change in the growth stage. In order to accomplish
this, we chose to employ the normalized difference water index (NDWI: a measure of water
content in the vegetation), because it has demonstrated better prediction capability in determin-
ing the vegetation green up stages independent of the snow conditions (i.e., common over boreal
forested regions).14,15

As climatic variables (in particular to temperature) largely control vegetation growth, remote
sensing-based surface temperature regimes have also been used in vegetation phenological
studies. For example: (1) Zhang et al.16 determined the vegetation green-up onset using
MODIS-based surface temperature (TS) and vegetation indices (i.e., NDVI and EVI) over
northern mid-to-high latitudes (i.e., between 35°N and 70°N); (2) Hanes and Schwartz17 modeled
deciduous phenology using MODIS-based TS and leaf area index in the Chequamegon National
Forest in northern Wisconsin, USA; and (3) Hassan and Rahman18 determined deciduous
phenology using MODIS-based TS and EVI-images over boreal-dominant regions in Alberta,
Canada. As the use of temperature-derived predictors has not been widely explored, we opted to
apply the accumulated growing degree days (AGDD)-based method (i.e., favorable temperature
regime for plant growth) described in Ref. 18 in determining the understory phenology.

In this paper, our overall goal was to determine the understory GGS using MODIS-derived
predictors of AGDD and NDWI over the boreal-dominant forested regions in the Canadian
province of Alberta. The specific objectives were: (1) determination of threshold-values
for both AGDD and NDWI for predicting understory GGS at the lookout tower sites
during 2006 (see Fig. 1 for location information); (2) implementation of the determined
threshold values in the first objective to evaluate their performances using an independent
dataset collected during 2007 to 2008; and (3) generation of understory GGS maps using
the best predictor obtainable from the first objective.

2 Method

2.1 General Description of the Study Area

In this study, we considered the forested regions within the Canadian province of Alberta
(i.e., between 49°N to 60°N latitude, and 110°W to 120°W longitude; see Fig. 1). This region
experiences relatively short summers, long and cold winters with annual temperature varying
from −7.1°C to 6.0°C, and the average annual precipitation between 260 and 1710 mm.19 It
has a wide variety of land covers with various types of understory (i.e., shrubs-herbs, lichen,
sphagnum, beaked hazelnut, willow, grouse-berry, dogwood, Labrador tea, etc.).19 Figure 1(a)
shows forest dominant regions in the study area derived from a MODIS-based land cover map at
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a spatial resolution of 500 m with the locations of the lookout tower sites operated during 2006
(where we acquired the understory GGS records).

2.2 Data Requirements and Processing

In this study, primarily we used MODIS-based data, i.e., (1) MODIS-derived GDD/AGDDmaps
at 500 m resolution during the 2006 to 2008 period available from an earlier study;18 (2) eighty-
one (81) 8-day composites of surface reflectance data (MOD09A1 v.005) at 500 m spatial res-
olution to calculate NDWI during the growing season (i.e., April to October) for the period of
2006 to 2008; and (3) an annual land cover map (MCD12Q1 v.005) at 500 m resolution for the
year 2008 for delineating the forested regions. Apart from these, we also acquired ground-based
observations for understory GGS at 121, 122, and 120 lookout tower sites (see Fig. 1 for location
information) during 2006, 2007, and 2008, respectively; and used them to calibrate and validate
the MODIS-based predictions. Note that Alberta Environment and Sustainable Resource
Development collected these data using visual observations over an area of approximately
100 × 100 m around the lookout tower sites (Dylan Heerema: a veteran lookout tower operator,
personal communication). The lookout tower operators recorded these data on a daily basis and
reported in the form of day of year (DOY: 1 to 365 or 366 depending on the leap year); thus, we
transformed them into 8-day period to align with 8-day composites of MODIS-based data using
the following equation described in Ref. 15:

P ¼
�
DOY − 1

8

�
þ 1; (1)

Fig. 1 Location of the ground-based understory grass greening stage (GGS) observation lookout
tower sites shown over: (a) forest cover map; and (b) digital elevation model of the study area.
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where P (¼1 to 46) is the period of MODIS-based 8-day composites throughout the year. Note
that the value of P should always be an integer, e.g., P ¼ 20 if Eq. (1) calculates the magnitude
of P in between 20.125 and 20.875.

2.2.1 Generation of GDD/AGDD

The GDD/AGDD maps at 8-day intervals were previously generated using: (1) MODIS-based
8-day composites of TS images at 1 km resolution (i.e., MOD11A2 v.005), (2) EVI images at
500 m resolution derived from MODIS-based surface reflectance data, and (3) 8-day mean air
temperature (T̄a) at 182 weather stations across the study area calculated from their respective
daily values. A brief description about the methodological steps would be as follows (see Ref. 18
for detailed information): (1) generation of T̄a at 1 km resolution from TS images using an
empirical linear relationship (i.e., T̄a ¼ 0.61 � TS þ 103.66, with temperatures in Kelvin);
(2) calculation of GDD images at 1 km resolution by subtracting a base temperature
(¼278.15 K; assumed as the required minimum temperature for the startup of understory
GGS) from T̄a; (3) generation of GDD images at 500 m resolution by fusing EVI images
with the GDD images at 1 km resolution using the data fusion method described in Ref. 20.
Mathematically, the data fusion would be as follows:

GDD500 m ¼ EVIins
EVIavg

× GDD1 km; (2)

where EVIins is the instantaneous value of EVI at the center of a 3 × 3 moving window; and
EVIavg is the average value of all the EVI values within the moving window. The ratio between
EVIins and EVIavg acts as a weighted-function in calculating GDD at 500 m resolution; and (4)
finally, calculation of AGDD images at 500 m by summing the GDD at 500 m resolution at each
period18 as follows:

AGDD ¼
Xn
i¼1

ð8 × GDD500 mÞ; (3)

where i is the first 8-day period of the growing season; and n (¼1 to 27) is the 8-day period of
interest during the growing season.

2.2.2 Generation of NDWI

We used MODIS-based 8-day composites of surface reflectance data to calculate NDWI accord-
ing to the following equation described in Ref. 21:

NDWI2.13 μm ¼ ρNIR − ρSWIRat 2.13 μm

ρNIR þ ρSWIRat 2.13 μm

; (4)

where ρ is the surface reflectance for the NIR (near infrared) and SWIR (short wave infrared;
2.13 μm) spectral bands.

2.3 Determining Threshold for Understory GGS and its Validation

At the lookout tower sites (where the understory GGS records were available), we extracted both
of the AGDD and NDWI-values during the period of 2006 to 2008. To determine and validate the
predictor-specific thresholds, we divided these datasets into two groups for calibration (consist-
ing of all data acquired during 2006, which would be ∼34% of the entire dataset) and validation
(consisting of all data acquired during 2007 to 2008, which would be ∼66% of the entire
dataset). In the calibration phase (i.e., determining the understory GGS threshold), there
were two steps. First, we computed an average and standard deviation for both of the
AGDD and NDWI-values during the understory GGS period. Then we considered these average
values as initial threshold values for understory GGS, where equal or greater amount of AGDD
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and NDWI would be the least requirement for understory GGS occurrence. Second, we varied
the initial thresholds over a range of “�1 standard deviation” in increments of one-third standard
deviation in order to determine the predictor-specific best thresholds for understory GGS. We
selected the best thresholds as values providing the best agreement between predicted and
ground-based observations of understory GGS. Note that we used “−” and “þ” signs for pre-
mature and late predictions, respectively, compared to the ground-based understory GGS periods
throughout the remaining article. For example, the 0, −1, and þ1 period of deviation meant
that the: (1) MODIS-based prediction and ground-based observation fell in the same period,
(2) MODIS-based prediction was 1 period earlier than that of ground-based observation, and
(3) MODIS-based prediction was 1 period delayed from that of ground-based observation,
respectively.

In the validation phase, we employed the best thresholds for both AGDD and NDWI in
predicting the understory GGS during 2007 to 2008. Also, we computed the deviations between
the predicted and ground-based observed GGS periods to evaluate the effectiveness of these
thresholds.

Executing both of the calibration and validation phases allowed identification of the better
predictor (i.e., either AGDD or NDWI). As such, we employed the best threshold of the
better predictor in generating the understory GGS over the forested areas shown in Fig. 1(a).

3 Results

3.1 Determining AGDD Threshold for Understory GGS and its Validation

Figure 2(a) shows the averaged temporal trend of AGDD (observed at all the 121 lookout
tower sites), and the relative frequency distribution of the individual AGDD thresholds during
2006. During the average ground-based understory GGS period [shown with the vertical dotted-
line; see Fig. 2(a)], we found that the initial threshold of AGDD was 128 degree-days with a
standard deviation of �48 degree-days. Note that ∼89% of the understory GGS incidents
occurred within the bound of “initial threshold �1 standard deviation” (i.e., ∼60 to 195
degree-days) [see Fig. 2(b)]. In this range, we found that the AGDD threshold of 90 was optimal,
demonstrating reasonable agreement (i.e., 31.4%, 71.9%, and 90.1% agreements at 0, �1, and
�2 periods of deviations, respectively) in relation to the ground-based understory GGS obser-
vations (see Table 1). Thus, we implemented the best AGDD threshold (i.e., 90 degree-days)
during 2007 to 2008 at the lookout tower sites (see Table 2). With this threshold, a significant
number of understory GGS events occurred within�2 periods of deviations of the ground-based
observations (i.e., 94.3% in 2007; 94.2% in 2008; and 94.2% in 2007 to 2008 on average).

3.2 Determining of NDWI Threshold for Understory GGS and its Validation

Figure 3(a) shows the averaged temporal trend of extracted NDWI-values at all the 121 under-
story GGS lookout tower sites during 2006 along with the averaged ground-based understory
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Fig. 2 Determining of AGDD threshold for understory grass greening stage (GGS); (a) average
temporal trends of AGDD at all the ground-based lookout tower sites in 2006 as a function of
periods; and (b) relative frequency distribution of AGDD at all the lookout tower sites.
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GGS observed period (shown using a vertical dotted line). The initial NDWI threshold was hav-
ing a value of 0.48 with a standard deviation of 0.16. In addition, the relative frequency dis-
tribution of the individual NDWI threshold values were found in the range of 0.30 to 0.65
(i.e., ∼initial threshold� 1 standard deviation) for ∼86% of the incidents [see Fig. 3(b)]. In
this range, we found that the NDWI threshold of 0.45 would be the best selection, which pro-
duced reasonable agreement (i.e., 21.5%, 56.2%, 69.4% of the incidents at 0, �1, and
�2 periods of deviations, respectively) in comparison to the ground-based understory GGS
(see Table 3). Thus, the NDWI threshold value of 0.45 was selected as the best NDWI threshold,
which was also relatively close to the initial NDWI threshold of 0.48. Then we implemented
the best NDWI threshold (i.e., 0.45) during 2007 to 2008 at the lookout tower sites (see Table 4).
It revealed that the deviations were reasonable (i.e., �2 periods of deviation for 63.1% of the
incidents in 2007; 65.8% in 2008; and 64.5% in 2007 to 2008 on average) in comparison to the
ground-based understory GGS observations.

3.2.1 Spatial dynamics of understory GGS

Between the two predictors, we found that the AGDD function with a threshold of 90 degree-
days was the better one. Thus, we implemented this function in generating the spatial dynamics

Table 1 Implementation of different AGDD thresholds to determine the best AGDD threshold for
predicting understory grass greening stage (GGS) during 2006.

% Out of 121 lookout towers (2006)

AGDD threshold

Deviations (in periods)

0 �1 �2 �3 �4 �5 �6 �7

60 19.0 53.7 79.3 94.2 100 100 100 100

75 24.0 64.2 83.5 97.5 100 100 100 100

90 31.4 71.9 90.1 98.3 100 100 100 100

105 27.3 65.0 86.8 97.5 99.2 100 100 100

120 24.0 67.8 86.0 93.4 99.2 100 100 100

135 16.5 62.0 84.3 91.7 98.3 99.2 100 100

150 19.8 56.2 78.5 89.3 96.7 99.2 100 100

165 14.0 47.9 71.1 86.0 95.0 99.2 100 100

180 9.1 41.3 63.6 82.6 92.6 99.2 100 100

195 6.6 34.7 53.7 76.0 88.4 97.5 99.2 100

Table 2 Relation between ground-based observed and AGDD-based predicted understory grass
greening stage (GGS) periods at each lookout tower sites during 2007 to 2008 using the optimal
AGDD threshold of 90 degree-days. The “þve” and “−ve” signs represent positive (i.e., late) and
negative (i.e., premature) predictions, respectively.

Year
No. of lookout
tower sites

Deviations (in periods)

0 �1 �2 �3 �4 �5

2007 122 44.3 79.5 94.3 96.7 98.4 100

2008 120 35.8 73.3 94.2 99.2 100 100

2007 to 2008 121 40.1 76.4 94.2 97.9 99.2 100
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of understory GGS over the forest dominant areas. Figure 4 shows such examples for the period
2006 to 2008. We found that most of the understory GGS (i.e., for ∼68%, 82%, and 93% of the
incidents during 2006, 2007, and 2008, respectively) took place during the periods 18 to 21
(i.e., 17 May to 17 June during 2006 and 2007; and 16 May to 16 June during 2008).

4 Discussion

During the calibration phase, we observed some variability associated with each of the predictors
(i.e., AGDD thresholds varied between 60 and 195 degree-days for ∼89% of the incidents, and
NDWI thresholds between 0.30 and 0.65 for ∼86% of the incidents). This variability might be
associated with one or more of the following reasons: (1) in case of AGDD-based prediction,
other influencing climatic factors (e.g., water stress and incident photosynthetically active
radiation) were not taken into consideration; (2) in general, climatic regimes (e.g., winter temper-
ature and summer moisture conditions) during the previous season might influence the vegeta-
tion growth over boreal forest22 by controlling the timing of occurring a phonological stage of
interest; (3) the growth dynamics of the understory vegetation might depend on disturbance
regimes (e.g., fire, insect infestation) and also changes with overstory structure23; and (4) nutrient
regimes might be variable among the lookout tower sites.

During the validation phase, we observed relatively high deviations (i.e., >� 2 periods)
between the MODIS-predicted and ground-based observations for ∼6% and ∼35% of the

Table 3 Implementation of different NDWI thresholds to determine the best NDWI threshold for
predicting understory grass greening stage (GGS) during 2006.

% Out of 121 lookout towers (2006)

NDWI threshold

Deviations (in periods)

0 �1 �2 �3 �4 �5 �6 �7 > � 7

0.3 13.2 50.4 66.9 85.1 92.6 95.9 98.3 100 100

0.35 9.9 49.6 67.8 81.0 90.9 95.9 96.7 99.2 100

0.4 15.7 50.4 68.6 83.5 88.4 90.9 94.2 97.5 100

0.45 21.5 56.2 69.4 78.5 85.1 90.1 97.5 98.3 100

0.5 24.0 51.2 65.3 77.7 86.0 91.7 95.9 98.3 100

0.55 24.0 43.8 57.0 65.3 81.0 90.1 95.9 100 100

0.6 13.2 33.1 54.5 62.8 73.6 83.5 95.0 99.2 100

0.65 13.2 33.1 45.5 62.0 72.7 84.3 94.2 97.5 100
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Fig. 3 Determining of NDWI threshold for understory grass greening stage (GGS); (a) average
temporal trends of NDWI at all the ground-based lookout tower sites in 2006 as a function of peri-
ods; and (b) relative frequency distribution of NDWI at all of the lookout tower sites.
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incidents using AGDD and NDWI thresholds, respectively. These might be related to one or a
combination of the following causes: (1) due to the use of visual observations in collecting the
understory GGS records, it would be possible to have variation from one to another operator;15

(2) a single threshold for the predictor of interest would not be suitable in capturing the spatial
dynamics over the study area18,24; and (3) in some instances, the spatial resolution of the
MODIS-based predictions might not commensurate with that of the ground-based observations.

In terms of determined best thresholds (i.e., AGDD threshold of 90 degree-days, and NDWI
threshold of 0.45), it was not possible to compare these as there were no similar studies found
in the literature. The rationale behind better performance of AGDD-based predictions might
be associated with the fact that temperature regimes would often dominate the dynamics of
boreal forested regions as spring snow-melting may provide the required soil water.25 Besides,
it would not be possible to link satellite-based surface reflectance (thus, NDWI) with the
understory situation due to overstory barrier/forest structure,12 which might cause inferior
NDWI-based predictions.
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Fig. 4 Spatial dynamics for the timing of understory greening stage (GGS) in periods and its rel-
ative frequency distribution during 2006, 2007, and 2008.

Table 4 Relation between ground-based observed and NDWI-based predicted understory grass
greening stage (GGS) periods at each of the lookout tower sites during 2007 to 2008 using the
optimal NDWI threshold of 0.45. The “þve” and “−ve” signs represent positive (i.e., late) and
negative (i.e., premature) predictions, respectively.

Year
No. of lookout
tower sites

Deviations (in periods)

0 �1 �2 �3 �4 �5 �6

2007 122 18.9 48.4 63.1 79.5 90.2 98.4 100

2008 120 16.7 43.3 65.8 79.2 88.3 95.8 100

2007 to 2008 121 17.8 45.9 64.5 79.3 89.3 97.1 100
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In the understory GGS map, we observed some generalized spatial patterns. For example: (1)
relatively early (i.e., ≤17 periods) understory GGS occurred predominantly in the southeastern
fringe of the forested component of the domain, which experiences relatively warmer temperature;
(2) relatively late (≥20 periods) understory GGS occurred towards the northern/high elevated/
mountain area [see these areas in Fig. 1(b)]; attributed the fact that the temperature regime
decreases in the northward directions in the northern hemisphere and high elevated areas.15,26

5 Concluding Remarks

In this paper, we evaluated the MODIS-based AGDD and NDWI in determining the understory
GGS over the boreal forested regions in Alberta. Between the best thresholds of AGDD and
NDWI, we found that the AGDD produced better results (i.e., ∼91.9% of the incidents fall within
�2 periods or �16 days of deviation). This work would be applicable in particular to remote
areas where ground-based observations would not be possible. Despite the effectiveness of the
employed method, we would strongly recommend that the AGDD threshold-value would be
properly calibrated and validated prior to applying to other ecosystems.
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