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ABSTRACT 

Projected changes in climate are expected to increase the frequency of late spring frost events in 
the Northeast US. Such events can be harmful to trees because freezing temperatures that occur 
after leaf-out can damage or kill young leaves. The resultant defoliation typically forces a second 
flush of leaves, but delays canopy development, which in turn delays the onset of canopy carbon 
uptake and alters canopy thermal properties. While forest response to defoliation events has been 
studied, much of this work has focused on insect-driven events (e.g., gypsy moth), which often occur 
later in the season and likely have different ecological implications than spring frost-induced 
defoliation events. Here, we use satellite-based remote sensing analyses to study the impacts of 
spring frost-induced defoliation on canopy green-up dynamics in a temperate deciduous forest. 

In this study, we analyzed a recent freeze event that occurred on May 8-9, 2020 (DOY 129-
130) at Black Rock Forest (BRF), which is located in the Hudson Highlands of southeastern New York 
State. We compared satellite images collected during the 2019 (no frost) and 2020 growing season. 
The purview of this analysis includes: 1. A comparison of the current year to the previous year to 
determine the productivity of forest ecosystems and their ability to bounce back after the frost. 2. 
The impact of the frost event on landscape thermal properties by comparing growing season land 
surface temperature between the year with the frost event (i.e. 2020) to previous year (i.e. 2019). 

We use the Landsat-8 Normalized Difference Vegetation Index (NDVI) to assess spatial and 
temporal patterns in canopy development. The land surface temperature (LST) is used to measure 
the temperature of the forest before and after the frost. The mean results of the NDVI value from 
Landsat-8 data highlights the differences in the timing of greenness between the two years. After 
DOY 129-2019 and DOY 130-2020, there is a decrease in NDVI for 2020 which suggests a delay in the 
canopy development. Analyses of ECOsystem Spaceborne Thermal Radiometer Experiment 
(ECOSTRESS) imagery indicates a rise in LST after 9 May 2020. LST patterns after 9 May 2019 are 
higher than that of 2020 from mid-May to early June. The mean LST of low elevation forests which 
did not defoliate shows that higher elevation is hotter than other locations. 

Keywords: Frost, Black Rock Forest (BRF), Hudson Highlands, New York, Landsat-8, land surface 
temperature (LST), Normalized Difference Vegetation Index (NDVI), ECOsystem Spaceborne Thermal 
Radiometer Experiment (ECOSTRESS) 
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1. INTRODUCTION 

Frost is the occurrence of subfreezing temperatures that causes atmospheric moisture to directly 
crystallize unto exposed objects [Rafferty, 2019]. The presence of late spring frosts, combined with warm 
winters, provoke damaging effects to tree health. Warmer winters trigger some trees to bud burst early 
which makes them more vulnerable to frost damages [Augspurger, 2009]. Projected changes in climate 
such as this are expected to lengthen the growing season of trees in the Northeast US with an increased 
likelihood of late frosts in springtime. [Hayhoe et al., 2006] Such events can be harmful to trees because 
when frost forms inside premature buds and leaves, the young leaves get damaged [Augspurger, 2013]. 
The resultant defoliation from late spring frosts typically forces a second flush of leaves when adventitious 
buds are triggered to bud burst. In temperate deciduous forests, hard freezes negatively affect the apical 
meristems of trees which contributes to the structure of the canopy. [Vitasse et al., 2014] This re-foliation 
further delays the onset of canopy carbon uptake and alters canopy thermal properties. While forest 
response to defoliation events has been studied, much of this work has focused on insect-driven events 
(e.g., gypsy moth), which often occur later in the season and likely have different ecological implications 
than spring frost-induced defoliation events. Here, we use satellite-based remote sensing analyses, along 
with field measurements, to study the impacts of spring frost-induced defoliation on canopy green-up 
dynamics in a temperate deciduous forest.  

 
This study is an analysis of the recent freeze event that occurred on 8-9 May 2020 (DOY 129-2020-

DOY 130-2020) at Black Rock Forest (BRF). We compared satellite images collected in 2019, where there 
was no late spring frost event, and in 2020, before and after the frost event. We use the Landsat-8 
Normalized Difference Vegetation Index (NDVI) to assess spatial and temporal patterns in canopy 
development. The land surface temperature (LST) is used to measure the temperature of the forest before 
and after the frost. The mean results of the NDVI value from Landsat-8 data highlights the differences in 
the timing of greenness between the two years. This allows us to define the effects of the frost event on 
the formation of the canopy. After 9 May 2020, there is a stark decrease in NDVI which suggests a delay 
in the canopy development. During this time, analyses of ECOsystem Spaceborne Thermal Radiometer 
Experiment (ECOSTRESS) imagery indicates a rise in LST with warmer temperatures compared to that of 
2019. Our field measurements indicate that the mean LST of low elevation forests, which did not defoliate, 
shows that higher elevation is hotter than other locations. In mid-May of 2020, a PhenoCam was installed 
in Fire Tower Station, one of the field stations in BRF (See Figure 2a). PhenoCam images show the absence 
of greenness and confirm the low NDVI values right after the frost event (See Figure 2B). It also shows that 
forest recovery started appearing approximately 20 days after the frost event (See Figure 2c). 

The purview of this analysis includes: 1. A comparison of the current year to the previous years 
to determine the productivity of forest ecosystems and their ability to bounce back after the frost. 2. The 
impact of the frost event on landscape thermal properties by comparing growing season land surface 
temperature between the year with the frost event (i.e. 2020) to the previous year. 

The objectives of this research are to: 1. Investigate the Landsat-8 Normalized Difference 
Vegetation Index (NDVI) to assess spatial and temporal patterns in canopy development. 2. Use the Land 
Surface Temperature (LST) to measure the temperature of the forest before and after the frost. 3. Use 
the mean results of the NDVI value from Landsat-8 data and Land Surface Temperature (LST) to highlight 
the differences in the timing of greenness between the two years. 4. Use Ecosystem Spaceborne Thermal 
Radiometer Experiment (ECOSTRESS) imagery for further analysis of forest health and LST variability 
within BRF. 

The end goals are to: 1. Produce datasets that measure tree health and vegetation growth 
responses based on Landsat-8 NDVI 2. Produce datasets that measure the land surface temperature (LST) 
using the ECOSTRESS sensor to assess landscape health. 
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Figure 1. a) Google Earth image with a red polygon marking Black Rock Forest and pink stars marking Manhattan, 
Long Island and Montauk b) Google Earth close-up of Black Rock Forest with pink stars marking Lowland Station, 
Ridgetop Station and Fire Tower Station, and a cross marking Hill of Pines trailhead. The red dots mark points 
of latitude, in green font, and longitude, in orange font 

2. METHODS 

The research project centers on Black Rock Forest, a landmass that covers about 3,870-acre (15.7 km2) of 
the biological field station and forest located in the Hudson Highlands of southeastern New York State 
(See Figure 1a-1b). Two different approaches were used for analysis: 1. The Normalized Difference 
Vegetation Index (NDVI) 2. The Land Surface Temperature (LST). Field measurements to support the NDVI 
findings are provided by the PhenoCam network (Figure 2a-2c). Field measurements to support the LST 
findings are provided by weather station data and sensors installed on Fire Tower Station in BRF (Figure 
3a-3c). Frost damages on young oak leaves and flowers were captured in images taken on 16 May 2020 at 
the Hill of Pines trailhead (See Figure 4a-4c). 

  

 
Figure 2. a) Phenocam installed on Fire Tower Station of Black Rock Forest b) Phenocam image taken on 17 May 
2020, highlighting a dry and damaged forest after the late spring frost c) Phenocam image taken on 22 May 2020, 
highlighting forest recovery nine days after the frost event  
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Figure 3. a) Weather station data indicating the late spring frost on 9 May 2020 b-c) Temperature sensor installed 
on Fire Tower Station in Black Rock Forest 

 

Figure 4. a) View from Hill of Pines trailhead on 16 May 2020. All red and black oaks seem to have suffered 
damage from the freeze, keeping things looking like early spring. The presence of leaves is possibly evidence of 
a second flush in its early stages b) Oak flowers and c) young oak leaves killed by the 2020 freeze event  Images 
taken on 16 May 2020 

2.1 Landsat-8, NDVI, ECOSTRESS, LST 

Landsat-8 is an orbital satellite that provides moderate-resolution (15 m–100 m, depending on 
spectral frequency) measurements of the Earth’s terrestrial and polar regions in the visible, near-infrared, 
short wave infrared, and thermal infrared. It uses Operational Land Imager (OLI) and Thermal Infrared 
Sensors (TIRS) to return 400 scenes per day to the United States Geological Survey (USGS) data archive. 
Landsat-8 provides Near-Infrared (IR) and Red (R) band readings for calculation of the Normalized 
Difference Vegetation Index (NDVI). 

NDVI is a measurement of the health state of the plant. This measurement is based on how plants 
reflect different wavelengths of light in the electromagnetic spectrum. During measurements, some waves 
are absorbed, while others are reflected. As an example, "Chlorophyll a healthy plant indicator strongly 
absorbs visible light, while on the other hand, the cellular structure of the leaves reflects strongly near-
infrared light" [Verhoeven, 2011]. NDVI is used as a quantifier for vegetation greenness, which is useful in 
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discerning changes in plant health and vegetation density. It is a benchmark of vegetation health because 
a decrease in a forest’s natural greenness would be reflected in a decrease in its NDVI value. 

Measurements results from NDVI are within the range of -1 to 1, where the negative values infer 
areas with water-related surfaces. According to the USGS, “NDVI values range from +1.0 to -1.0. Areas of 
barren rock, sand, or snow usually show very low NDVI values (for example, 0.1 or less). Sparse vegetation 
such as shrubs and grasslands or senescing crops may result in moderate NDVI values (approximately 0.2 
to 0.5). High NDVI values (approximately 0.6 to 0.9) correspond to dense vegetation such as that found in 
temperate and tropical forests or crops at their peak growth stage”.  

NDVI is calculated as a ratio between the red (R) and near infrared (NIR) values: 

NDVI  = !"#	%	#&'
!"#	(	#&'

 

Where NIR is the near infrared values from Landsat-8 data in Band 5, and RED is the values from Landsat-
8 data in Band 4. For the purpose of this project, measurements results from NDVI are within the range of 
0 to 1. 

ECOSTRESS is a sensor aboard the International Space Station (ISS). It measures the thermal 
infrared brightness temperatures (BT) of plants for the purposes of defining evapotranspiration, the 
evaporation and transpiration of vegetation, and describing the earth’s land surface temperature. It has 
a multispectral scanner with three thermal infrared (TIR) bands (8.0 – 12.5 µm, mid- to long-wave IR) with 
an approximately 70m spatial resolution. Its orbital path enables it to gather 46.6 sweeps of data per 
minute or an average of 1 hour of data science per day.  

LST measurements provide information on landscape thermal properties. LST images highlight 
warmer temperatures on urban areas compared to areas with vegetation (See Figure 10a). LST is also 
useful in highlighting bodies of water (See Figure 11b). Since water temperature is significantly more 
stable compared to land, which tends to cool off in the absence of sunlight, the LST of bodies of water 
record warmer temperatures. We compared the ECOSTRESS LST data to Landsat-8 NDVI measurements 
between the two years to assess the impact of the frost event and determine what is the corresponding 
LST with respect to NDVI. 

We downloaded satellite data collected by the Landsat-8 satellite and the ECOSTRESS sensor from 
the National Aeronautics and Space Administration (NASA) - Application for Extracting and Exploring 
Analysis Ready Samples (AρρEEARS) website from January to July for 2019 and 2020. We used the python 
graphical user interface (gui), Anaconda Navigator, for three programs that: 1. create cloud-free images 
by creating a cloud mask and filtering out the cloudy pixels from the raw satellite data. 2. extract 
statistical data from the raw data frames and 3. formulate time series plots for the NDVI and LST (See 
Figures 8a-8b and Figures 12a-12c). We loaded the cloud-free images in the Quantum Geographic 
Information System (QGIS) software and used the Raster tool to create the NDVI images and difference 
images for NDVI and LST. This was done to make a comparison of the current year to the previous years 
to determine the productivity of forest ecosystems and their ability to bounce back after the frost;  and 
to assess spatial and temporal patterns in canopy development. The timing of greenness between the two 
years, forest health, and LST variability will be analyzed.  

3. Analysis 

3.1 NDVI Analysis 

NDVI sensitivity to low and high growth stages (See Figure 5a-5b) portrays the low disparity in 
growth for years 2019 and 2020 before the date of the frost event. The sensitivity analysis of NDVI from 0 
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to 1 in order of magnitude reveals areas of arid land, sand, or snow that usually show very low NDVI values. 
Scanty vegetations and grasslands may lead to moderate NDVI values. The high NDVI values correlate to 
thick vegetation or crops at their peak stage of growth.  

 

Figure 5. a) NDVI image for 3 May 2020 before the late spring frost b) NDVI image for 24 April 2019 highlighting 
similar forest greenness to Figure 5a c) NDVI difference image (3 May 2020 - 24 April 2019) 
 

Similarly, the same sensitivity to low and high growth (See Figure 6a-6b) portrays a large 
disparity in growth for years 2019 and 2020 after the frost event in 2020. Frost damages are reflected on 
the NDVI image on 12 May 2020 highlighting a stark absence of greenness right after the late spring frost. 
The complete wipeout of all greenness symbolizes the negative effect of the frost event to canopy 
vegetation. A PhenoCam image taken on 17 May 2020 confirms our NDVI findings and shows a severely 
affected forest (See Figure 2b).  

 

Figure 6. a) NDVI image for 12 May 2020 right after the late spring frost highlighting the absence of greenness 
and the frost damages b) NDVI image for 26 May 2019 highlighting close to peak levels of forest growth c) NDVI 
difference image (12 May 2020 – 26 May 2019) 
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Figure 7. a) NDVI image for 4 June 2020 highlighting forest recovery from the frost event b) NDVI image for 2 
June 2019 showing a healthy forest in 2019 c) NDVI difference image (4 June 2020 – 2 June 2019) 

3.1.1 NDVI Patterns 

 NDVI patterns show us the health of the forest and how it is affected by the frost event. The NDVI 
in 2019 reflects the growing season of BRF without the interference of a late spring frost (See Figure 8a). 
It starts from the lowest mean NDVI value of 0.14 on 7 March 2019 and peaks at a highest mean NDVI value 
of 0.87 on 26 May 2019 (See Table 1). The NDVI in 2020 reflects a stagnant forest with mean NDVI values 
ranging from 0.30-0.43 from 22 February to 3 May 2020 (See Table 1). It then picks up with a mean NDVI 
value of 0.83 on 4 June 2020. This rise in NDVI represents forest recovery with a higher level of greenness. 
A PhenoCam image taken on 22 May 2020 confirms our NDVI findings and the forest recovery of BRF (See 
Figure 2c).  

 3.1.2 NDVI and Elevation 

 Field measurements from the three stations indicate a higher NDVI reading from the Lowland 
Station from mid-March towards the end of April. Low NDVI readings from the Fire Tower Station are shown 
around mid-February to mid-March. The significant decrease in NDVI from the Fire Tower Station from 
mid-June to mid-July suggests a correlation between NDVI and elevation, specifically in BRF. Further 
observations are required to confirm this observation. (See Figure 8b). 
 

 

Figure 8. a) Comparison of NDVI of Black Rock Forest between 2020 and 2019 b) Landsat-8 mean NDVI values 
taken at the Lowland, Ridgetop and Fire Tower Stations from January to mid-July for years 2020 and 2019 
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Table 1. Landsat-8 NDVI Statistics of Black Rock Forest for years 2020 and 2019 

 
 
3.2 LST Analysis 

 3.2.1 LST Comparisons and Difference Images 

LST readings are lower on 21 May 2020 compared to 25 May 2019, showing a cooler forest (See 
Figure 9a and 9b). The LST variation of 10-13ºC (See Table 2) between 21 May 2020 and 25 May 2019 is 
depicted in a difference image (See Figure 9c). LST readings are higher on 13 June 2020 compared to 13 
June 2019, showing a warmer forest (See Figure 10a and 10b). The LST variation of 7-17ºC (See Table 2) 
between 13 June 2020 and 13 June 2019 is depicted in a difference image (See Figure 10c). LST readings 
are higher on 21 June 2020 compared to 27 June 2019, showing a much warmer forest (See Figure 11a and 
11b). The LST variation of 17-20ºC (See Table 2) between 21 June 2020 and 27 June 2019 is depicted in a 
difference image (See Figure 11c). The anomalies in LST between the two years could also be attributed 
to the timing when the images were taken by the sensor.  

 

Figure 9: a) LST on 21 May 2020, local time 8:08pm b) LST on 25 May 2019, local time 6:50pm c) LST difference 
image (21 May 2020 - 25 May 2019) with a temperature difference scale ranging from -8º to 25º 
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Figure 10: a) LST on 13 June 2020, local time 10:40am b) LST on 13 June 2019, local time 5:43pm c) LST 
difference image (13 June 2020 – 13 June 2019) with a temperature difference scale ranging from -8º to 25ºC 

 

 

Figure 11: a) LST on 21 June 2020, local time 7:31am b) LST on 27 June 2019, local time 6:07am c) LST difference 
image (21 June 2020 – 27 June 2019) with a temperature difference scale ranging from -8º to 25ºC 

3.2.2 LST Patterns 

Temperature patterns are key in analyzing frost damages and forest health. The satellite data 
collected by the ECOSTRESS sensor provides LST information over a period of time. Temperature patterns 
in 2020 show a steady rise in LST from the end of May towards the end of June, with the lowest LST reading 
on 21 May 2020 (See Figure 12a and Table 1). Temperature patterns in 2019 show fluctuations in LST from 
end of May to end of June, with the lowest LST reading on 13 June 2019 (See Figure 12a and Table 1). To 
ensure that our readings are accurate, temperature sensors were installed in the following three stations 
of BRF: 1.) Fire Tower Station, representing readings from the highest point of elevation 2.) Lowland 
Station, representing readings from the lowest point of elevation and 3.) Ridgetop Station. The LST 
readings from different stations (Figure 12b) confirm the mean LST readings of BRF (Figure 12a). 
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Table 2. ECOSTRESS LST Statistics of Black Rock Forest for years 2020 and 2019 

 

3.2.3 LST and Elevation 

Field measurements from the three stations indicate the highest temperature readings from the 
Fire Tower Station for both years (See Figure 12b). This leads us to conclude that higher elevation shows 
warmer temperatures compared to the other stations. Further observations are required to confirm this 
observation. 

3.2.4 Factors that Affect Data Loss and Anomalies 

The amount of useful data depends on pixels that give the accurate reading of LST. Clouds, for 
example, alter the accuracy and create huge anomalies in LST readings. In order to prevent cloud 
anomalies, a python program was written to create a cloud mask removing all the pixels in the images 
that represent clouds. Due to the abnormally low temperatures and the presence of clouds in the 
atmosphere, many of the pixels were taken out of our raw satellite images which resulted in a significant 
loss of ECOSTRESS LST data. Clouds are not the only culprit for data loss. Signal disruption due to solar 
panels also affected the quality of the images taken by the sensor. On 20 April 2020, a mean LST reading 
of 42ºC was recorded in BRF (See Table 2). This particular reading is an error since Accuweather.com 
records an average temperature of 13ºC on this date. This anomaly could be the result of sensor or 
equipment malfunction. After the frost date or 9 May 2019, LST patterns vary and the anomalies are 
recorded in Figure 12c. 

 

Figure 12. a) Comparison of ECOSTRESS LST of Black Rock Forest from mid-April to end of June for years 
2020 and 2019 b) ECOSTRESS mean LST values taken at the Lowland, Ridgetop and Fire Tower Stations 
from mid-April to end of June for years 2020 and 2019 c) Measurement of anomalies in LST of Black Rock 
Forest from mid-April to end of June for years 2020 and 2019 
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3.3 NDVI and LST 

 Our NDVI findings reflect the frost damages and the forest recovery in 2020. Our LST findings show 
us a variation of temperature and serve as a guide in understanding the health of the forest during and 
after the frost. Using the measurements of LST and NDVI is an effective tool in defining the effects of late 
spring frosts in temperate deciduous forests. There is still plenty of research and improvements to be done 
on using the ECOSTRESS sensor for a more efficient method in studying LST.  

4. DISCUSSION AND CONCLUSIONS 

The Landsat-8 NDVI images of 2019, where there was no frost event, show consistency in the rise of forest 
greenness from early May to beginning of June. NDVI images of 2020 before the frost event shows 
similarities in greenness with 2019. Mean NDVI values show a steady level of forest greenness from early 
2020 until 3 May 2020, with a mean NDVI value of 0.4. NDVI values significantly decrease right after the 
frost event as indicated by the NDVI image from 12 May 2020. The recorded NDVI on 4 June 2020 with a 
mean value of 0.8 indicates canopy recovery, approximately 26 days after the frost event. 

Weather station data confirms the hard freeze on 9 May 2020. LST highlights the cooler 
temperatures of the forest compared to urban areas.  Due to the presence of clouds, ECOSTRESS LST 
during low temperatures are scarce and we were not able to observe the LST before 9 May 2020 and 9 May 
2019. LST analyses after 9 May in both years show a steady rise in temperature, including warmer values 
after late June in 2020, and a fluctuating pattern in temperature in 2019. The warmer measurements of 
2020 in mid-April show a high level of anomaly that could be attributed to sensor malfunction. Our 
preliminary investigations require further study to compensate the data loss as a result of removed pixels 
with cloud content. Further research will be conducted to ascertain the reasons for such anomalies in 
temperature and whether ECOSTRESS LST can accurately reflect late spring frost effects. 

5. FUTURE WORK 

Further research will be conducted on the diurnal temperature range, as well as the vegetation 
water content. To compare and verify the vegetation water content the NDVI values from MODIS will be 
plotted and compared. The negative correlation between the soil moisture and surface temperature 
provided us with little information and will need to be further analyzed. The coherence needs to be 
computed and further analyzed in order to understand its significance. 
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