Dear reviewer,

We are very pleased to finish a revised version of the manuscript essd-2023-1 entitled
“Spatiotemporally consistent global dataset of the GIMMS Normalized Difference
Vegetation Index (PKU GIMMS NDVI) from 1982 to 2022”. In preparing this
revision we have considered all your comments and incorporated most of the
suggestions. Temporal coverage of PKU GIMMS NDVI has been extended from
2020 to 2022. We greatly appreciate your time and effort spent in reviewing this

manuscript, which have improved the revised version of the manuscript.

Substantial improvements have been made based on your comments, including:
(1) Random forests regressor with a moving window and extra explanatory variables
(longitude and latitude) was employed to consolidate PKU GIMMS NDVI (1982—-2015)
with MODIS NDVI (2003—-2022).

(2) We explained the reason why only the previous version of GIMMS NDVI (GIMMS
NDVI3g) was used for comparison.

(3) We have re-structured the PKU GIMMS NDVI published in ZENODO.

Below we provide point-to-point responses, each following the specific comment from

the reviewer. All the changes have been marked by red in the revised manuscript.

Sincerely yours,

Zaichun Zhu, Ph. D. (on behalf of the author team)
School of Urban Planning and Design

Peking University

Tel: 86 185 0042 6608

Email: zhu.zaichun@pku.edu.cn



[Comment 1] For the past decades, NDVI has been one of the most frequently used
and verified remote sensing indices to monitor vegetation dynamics at regional and
global scales, with its unique advantages including the simple form, a low sensor
requirement, robustness to changes in plant canopies, insensitiveness to atmospheric
effects and the sun-sensor geometry, etc. The developments of global long-term NDVI
products have thus been critical. The manuscript presented a new version of GIMMS
NDVI products (denominated as PKU GIMMS NDVI in the manuscript), (I) to address
the issues of orbital drift and sensor degradation effects in AVHRR data using massive
Landsat samples and (11) to extend the temporal coverage to recent using MODIS NDV1I.
All parts of the manuscript were well organized and written. The methodology is
feasible and reliable to me, and the results provide relatively comprehensive evidence
on the spatial and temporal accuracies of the products. The product could potentially
benefit many future vegetation studies. I have an overall positive attitude on the product
and basically recommend the manuscript for publication, as long as the authors address
the following concerns.

[Response 1] We thank the reviewer for this positive comment. One of the most
significant features of PKU GIMMS NDVI is that it successfully eliminated the effects
of NOAA satellite orbital drift and AVHRR sensor degradation. In the revised
manuscript, we have further improved the data consolidation of PKU GIMMS NDVI
with MODIS NDVI so as to better extend the temporal coverage. We hope all the

concerns from the reviewer have been addressed.

[Comment 2] My major concern is on the data consolidation with MODIS NDVI. I am
happy that a pixel-scale linear fusion method was adopted, as the relationship between
AVHRR NDVI and MODIS NDVI could be spatially different. However, the relationship
might also be driven by some other factors such as the plant function type, phenological
cycle, and sensor design, which I believe are beyond the capacity of the simple linear
function used in the study (Mao et al., 2012). This could be confirmed by the failure of
the method in some EBF (Figure 10). Also, the phrases ‘before consolidation’and ‘after

consolidation’ have frequently confused me when reading. To me, the data before



consolidation are an intermediate product that certainly needs a discussion but is
improper and unnecessary to compare with other NDVI products, for example, in trend
analysis. It is not an individual product.

[Response 2] Thank you for the suggestions. We agree that the relationship between
GIMMS NDVI and MODIS NDVI could hardly be explained by the linear regression
model with the only explanatory variable of NDVI. As such, we have replaced the
simple linear function with the Random Forests (RF) regression model and have further
incorporated the location information (longitude and latitude) as extra explanatory
variables. To meet the sample size requirement of the RF model, a 11 x 11 moving
window (approximately 1° equivalent) around each pixel has been used. The
significance of each RF model has also been tested.

On the other hand, we understand that the PKU GIMMS NDVI dataset before
consolidation could be sometimes confusing. However, we may still retain it in the
manuscript because it represents the version of PKU GIMMS NDVI that was generated
solely based on AVHRR data. Its comparison with GIMMS NDVI3g reflects the
efficacy of using the machine learning model and massive high-quality Landsat NDVI
samples to calibrate uncertainties in NOAA/AVHRR data. This has been clarified in the
revised manuscript.

The following changes are made in the revised manuscript:

(a) Consolidation method in Section 3.3:
“In this study, we used a pixel-wise method inspired by Mao et al. (2012) to splice the
PKU GIMMS NDVI product (1982-2015) and MODIS NDVI product (2003-2022).
The pixel-wised method has been demonstrated more accurate than the global models
(Yang et al., 2021). Specifically, the MODIS NDVI was first resampled to have the
same spatial resolution (1/12°) and temporal resolution (half a month) as the PKU
GIMMS NDVI (see Section 2.3). Then, during the overlapping periods (2003-2015),
an 11 x 11 moving window (approximately 1° equivalent) was placed around each pixel.
All the neighbors that had the same vegetation biome type with the center pixel were
identified and their NDVI values were extracted from both products. This resulted in at

most 1573 GIMMS-MODIS NDVI sample pairs (11 x 11 pixels per year in 13 years)



for each pixel location. The sample pairs were further screened based on the data quality
of PKU GIMMS NDVI (quality information adopted from GIMMS NDVI3g; see
Section 2.2) and MODIS NDVI (see Section 2.3). Based on the sample pairs, the
Random Forests (RF) regression model was constructed (Breiman, 2001), with
explanatory variables of the PKU GIMMS NDVI and the longitude and latitude of
samples and target variable of the MODIS NDVI. This study found that the significance
of the RF model largely depended on the data quality of PKU GIMMS NDVI and
MODIS NDVI. As such, we used 90% of the sample pairs for RF establishment and
10% for validation. R* was calculated. The pixel-wise RF model was applied to the
non-overlapping period only when R? > 0.2 with p < 0.001; otherwise, the PKU
GIMMS NDVI was adjusted by aligning its mean value to that of the MODIS NDVIL.”
(Page 9, Line 244-258)
(b) Evaluation of PKU GIMMS NDVI in Section 3.4:

“The PKU GIMMS NDVI before consolidation was included because it represents the
version of our NDVI product that is solely based on AVHRR data, and it can provide a
more direct evaluation on the efficacy of the BPNN model and Landsat NDVI samples.”
(Page 11, Line 293-295)

[Comment 3] The second issue is related to NDVI products used for comparison. |
have noticed that only GIMMS NDVI3g was involved; meanwhile there exists some
other global long-term NDVI products such as the LTDR4 and VIP3 (as the authors
also mentioned in Introduction). So why were they excluded in the data comparison?
Please clarify.

[Response 3] Thanks for this comment. It has been a serious consideration for us to use
the LTDR4 and VIP3 for data comparison. However, we then realized that a simple
comparison could be superficial and misleading as the global long-term NDVI products
were developed from different perspectives; and a comprehensive comparison could be
challenging and out of the scope of this study. The performance of the NDVI products
is spatiotemporally varied in terms of trend, seasonality, and absolute accuracy (e.g.,

Marshall et al., 2016; Tian et al., 2015). We believed that individual studies are required



to better evaluate the performance of current NDVI products. As such, we chose to
compare PKU GIMMS NDVI to its predecessor (GIMMS NDVI3g) to evaluate the
framework proposed in this study. This strategy allows for well demonstrating the
effectiveness of using massive high-quality Landsat NDVI samples to calibrate the bias
in GIMMS NDVI3g, especially for the effects of NOAA satellite orbital drift and
AVHRR sensor degradation. This framework could be also applied to other products.
In the revised manuscript, we have proposed future work for a thorough evaluation of
current global long-term NDVI products.
The following changes are made in the revised manuscript:
(a) Discussion on improvements of PKU GIMMS NDVT in Section 5.1:

“While this is out of the scope of the current study, future evaluation work is suggested
to comprehensively compare the PKU GIMMS NDVI to other global long-term NDVI
products such as the LTDR4 and VIP3.” (Page 23-24, Line 424-426)

[Comment 4] Last, the data published in ZENODO
(https://zenodo.org/record/7441559#.Y7J7y3ZByCo) have not been well structured and
the data size is way larger than the analogs. I suggest the authors, if possible, compress
the data and stack the monthly NDVI to preferably every 10 years before uploading.
[Response 4] We thanks the reviewer for pointing this out. We have updated the PKU
GIMMS NDVI dataset published in ZENODO. The dataset is now zipped and
compressed every 10 years during 1982-2022 (i.e., 1982—-1990, 1991-2000,
2001-2010, and 2011-2022). It is now available at
https://doi.org/10.5281/zenodo.7509116.

[Comment 5] Specific comments

line 17-19

Better specify how were R2, MAE, and MAPE calculated.

[Response 5] Thanks for the suggestion. We have added and explained the equations
of R%, MAE, and MAPE in the revised manuscript. RMSE has also been included in the

revised manuscript.



The following changes are made in the revised manuscript:
(a) Evaluation of PKU GIMMS NDVI in Section 3.4:
“R? measures the percentage of variations that models can explain, RMSE measures the
variance of errors, and MAE and MAPE measure absolute and relative error values at
the sample level.
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” (Page 10, Line 265-267)

[Comment 6] Line 44-46

This is particularly severe when estimating long-term changes (e.g., Shen et al 2022).
Shen et al 2022, Plant phenology changes and drivers on the Qinghai—Tibetan Plateau.
Nature Reviews Earth & Environment, 3, 633—651.

[Response 6] Thanks. We have modified the corresponding sentence to underscore the
impact of uncertainties in NDVI products on long-term vegetation changes. The work
from Shen et al. (2022) is now mentioned: “However, uncertainties in the NDVI
products have also led to inconsistency not only between different products but also for
the same product in different periods, placing many studies in a dilemma particularly
when characterizing long-term changes (Wang et al., 2022; Zeng et al., 2022; Fensholt
and Proud, 2012; Shen et al., 2022).” (Page 2, Line 46-49)

[Comment 7] Line 126-127

Could the authors provide more details here?



[Response 7] We performed a time-weighted aggregation method to convert the
temporal resolution of the MODIS NDVI product (MOD13C1) from 16 days to half-
month. The method was adopted from Zhu et al. (2013). Its central idea is to assign
weights to all MODI13C1 scenes that could temporally intersect with a half-month
interval, where the weight depends on the possibility of intersection. The half-month
NDVI product was finally calculated as the weighted sum of the scenes. More details
including schematic illustrations, can be found in Zhu et al. (2013).
The following changes are made in the revised manuscript:

(a) Introduction to MOD13Cl1 in Section 2.3:

“To match the temporal and spatial resolutions, we first performed a time-weighted
aggregation method on MODI3C1 to produce an NDVI product at a temporal
resolution of half-month. The method was adopted from Zhu et al. (2013). Its central
idea is to assign weights to all MOD13Cl1 scenes that could temporally intersect with a
particular half-month interval, where the weight depends on the possibility of
intersection. The half-month NDVI product was finally calculated as the weighted sum
of the scenes. We then performed nearest neighbor sampling to upscale the spatial

resolution to 1/12°.” (Page 5, Line 134-139)

[Comment 8] Line 149

How was the spatial aggregation used? By highest frequency?

[Response 8] We have investigated the manuscript and found out that the reviewer
might refer to Line 139 (instead of Line 149) which was stating “The original spatial
resolution of MCD12Q1 was 500 m, but it was spatially aggregated with Landsat NDVI
samples to 1/12° to match the GIMMS NDVI3g product (Section 3.2)”. After double-
checking the MODIS Land-Cover Type data used in our study, we must clarify that two
products were employed. The 500 m product (MCD12Q1) was employed to select
sample locations in Landsat NDVI cross-calibration (Section 3.1.1), and the 0.05°
product (MCD12C1) was employed to establish biome-specific BPNN models (Section
3.2.2). For the issue raised by the reviewer, the spatial aggregation from 0.05° to 1/12°

(0.08°) in BPNN model establishment was achieved by the nearest neighbor sampling.



In the revised manuscript, the Section 2.4 (“MODIS Land-Cover Type products
(MCD12Q1 and MCDI12C1, V6.1)”) has been re-written to explain which and how
MODIS Land-Cover Type products were used in the study.
The following changes are made in the revised manuscript:

(a) Introduction to MCD12Q1 in Section 2.4:
“The MODIS Land-Cover Type products provide global maps of land cover for each
year between 2001-2019 (Friedl et al., 2002).” (Page 5, Line 141-142)
“This study employed two MODIS Land-Cover Type products with different spatial
resolutions, i.e., 500 m (MCD12Q1) and 0.05° (MCD12C1). The MCD12Q1 was used
to select sample locations for Landsat NDVI cross-calibration (Section 3.1.1). The
MCD12C1 was used to establish biome-specific BPNN models with GIMMS NDVI3g
after being spatially aggregated to 1/12° using the nearest neighbor resampling method
(Section 3.2.2).” (Page 5, Line 150-153)

[Comment 9] Line 196-197

would 9 30m-resolution landsat pixels represent 8km GIMMS pixel? and was this done
separately for each time step? How was the data temporally matched? Or did I miss
something here?

[Response 9] We apologize for the confusion. In Landsat NDVI sample selection, some
details were missing because they were similar to those in Landsat NDVI cross-
calibration (Section 3.1.1). Specifically, 40,000 random sample locations (1/12°) were
first generated across the globe. Then at a time step of half-month, we identified sample
locations with high-quality GIMMS NDVI3g data (QC=0), searched all available
Landsat data, and uniformly placed 9 matrices of 20 x 20 Landsat pixels (30 m
resolution) within each sample location. The quality of Landsat pixel was determined
in the same way as Section 3.1.1. We removed all matrices whose proportion of high-
quality pixels < 90% (360 pixels). For those sample locations where more than half of
the matrices retained, we treated them as Landsat NDVI samples. The sample value
was calculated as the average NDVI from high-quality Landsat pixels.

As for the reviewer’s concern, (1) we used 9 matrices of 20 x 20 Landsat pixels,



instead of 9 single Landsat pixels, to represent an 8 km GIMMS pixel. We believed that
this sample size shall be a good compromise between the representativeness and
computation. (2) It is true that the sampling was done separately for each time step. (3)
The Landsat pixels were selected as long as they fell in a particular time span of half-
month. We understand that this might produce a maximum time difference of 14 days.
However, we can hardly, if ever possible, infer the exact acquisition time of the AVHRR
scene as the GIMMS NDVI3g is a maximum-value composite of half-month. Our
practice might be an acceptable choice at the time.
The following changes are made in the revised manuscript:
(a) Introduction to Landsat NDVI sample selection in Section 3.2.1:

“A total of 40,000 sample locations were randomly selected from the GIMMS NDVI3g
product with a spatial resolution of 1/12°. Then at a time step of half-month, we
identified sample locations with high-quality GIMMS NDVI3g data (QC=0) and
uniformly placed 9 matrices of 20 x 20 Landsat pixels within each location (1/12°).
Landsat pixel values were extracted from all available scenes. Their quality was
examined in the same way as Section 3.1.1. We removed all matrices whose proportion
of high-quality pixels < 90% (360 pixels). The sample locations at a particular time
were treated as Landsat NDVI samples if more than half (i.e. >= 5) of 9 matrices
remained. The sample value was calculated as the average NDVI from high-quality

Landsat pixels.” (Page 8, Line 211-217)

[Comment 10] Line 201 section 3.2.2

was there any procedure performed to ensure the data quality of the two NDVI datasets?
[Response 10] The data quality of the GIMMS NDVI3g and Landsat NDVI samples
has been ensured at sample locations. In this study, the quality of GIMMS NDVI3g was
identified using its QC layer (QC=0: good quality) and the quality of Landsat NDVI
was determined by a series of criteria including clouds, cloud shadows, water, snow,
aerosol, radiation performance, etc. More details can be found in Section 3.2.1 of the

revised manuscript (please also refer to Response 9).



[Comment 11] Line 203-204

were all the currently available Landsat data included here? or just for the sample
locations?

[Response 11] The BPNN models were established just for the sample locations. We
acknowledged that better BPNN models could be established if all currently available
Landsat data were included. However, that would produce a data volume too large to
process in an efficient way. As such, we had to use samples instead. From a statistical
perspective, we deemed that our 3.6 million high-quality Landsat NDVI samples could
be a good representation of NDVI variations across time, space, and biome. This has

also been clarified in updated Section 3.2.1 (please refer to Response 9).

[Comment 12] Line 207-208

Please consider if it is necessary to build more than one models for a given biome due
to large spatial variability within the same biome (not mandatory).

[Response 12] This is a good suggestion. Indeed, the spatial information (latitude and
longitude of the sample) has been incorporated as important explanatory variables in
the BPNN model (Section 3.2.2). It accounts for the spatial variability of NDVI within
biome, as suggested by the reviewer. The results showed that the spatial information

has greatly improved the performance of all BPNN models (Figure 4).

[Comment 13] Line 219
2016 or 2015?
[Response 13] Thanks for pointing out this mistake. The availability of GIMMS
NDVI3g is until 2015 (Pinzon and Tucker, 2014). This has been corrected in the revised
manuscript. More details on status of GIMMS NDVI3g can be found in
https://climatedataguide.ucar.edu/climate-data/ndvi-normalized-difference-vegetation-
index-3rd-generation-nasagfsc-gimms. We have also gone through the manuscript to
ensure there is no such error anymore.

The following changes are made in the revised manuscript:

(a) Consolidation method in Section 3.3:



“However, the latest data in GIMMS NDVI3g is until 2015 and no further upgrades
will be provided.” (Page 9, Line 236-237)

[Comment 14| Line 220-222
But some studies have shown that modis VI also has quality issues due to, such as,
sensor degradation.
[Response 14] We apologize for the confusion. It is true that the MODIS Vegetation
Index Product has long suffered from the sensor degradation effect. However, the effect
has been argued well eliminated since collection 6.0 (Didan et al., 2015; Zhang et al.,
2017). We have clarified this in the revised manuscript.
The following changes are made in the revised manuscript:

(a) Introduction to MOD13C1 in Section 2.3:
“Compared to old versions, the latest MODI3CI1 version 6.1 provides several
algorithmic improvements and well corrects for the sensor degradation effect (Didan et

al., 2015).” (Page 5, Line 128-129)

[Comment 15] Line 226
Which is the dependent variable here? MODIS NDVI or GIMMS NDVI?
[Response 15] The dependent variable is MODIS NDVI. We have explicitly indicated
this in the revised manuscript.
The following changes are made in the revised manuscript:

(a) Consolidation method in Section 3.3:
“Based on the sample pairs, the Random Forests (RF) regression model was constructed
(Breiman, 2001), with explanatory variables of the PKU GIMMS NDVI and the
longitude and latitude of samples and target variable of the MODIS NDVI.” (Page 9,
Line 252-254)

[Comment 16] Line 228-229
May be a little more detail about the spatial and temporal matching between modis and

pku gimms ndvi would help. And was there any procedure performed to ensure the data



quality of the two NDVI datasets?

[Response 16] Thanks for this suggestion. The temporal matching between MODIS
NDVI and PKU GIMMS NDVI adopted the method from Zhu et al. (2013). Basically,
the method assigns weights to all 16-day MODIS scenes (MOD13Cl in this study) that
could temporally intersect with a particular half-month interval, where the weight
depends on the possibility of intersection. Then, the half-month MODIS NDVI was
calculated as the weighted sum of the scenes. The spatial matching between MODIS
NDVI and PKU GIMMS NDVI directly upscaled the resolution of MODIS NDVI from
0.05° to 1/12° (or ~0.008°) using nearest neighbor sampling. This has been clarified in
Section 2.3 (please refer to Response 7).

The data quality of both PKU GIMMS NDVI and MODIS NDVI has been
ensured via their quality layer. The MODIS NDVI provides a layer of pixel reliability
and the PKU GIMMS NDVI adopted quality information from GIMMS NDVI3g. We
further tested the significance of the pixel-wise model built between the two NDVI
datasets using the 10% validation sample pairs. The model was considered significant
and applied to the non-overlapping periods only when R?> > 0.2 with p < 0.001;
otherwise, the PKU GIMMS NDVI was adjusted by aligning its mean value to that of
the MODIS NDVIL.

The following changes are made in the revised manuscript:

(a) Introduction to MOD13C1 in Section 2.3:
“MODI13CI1 provides a pixel reliability layer that distinguishes good-quality data from
no data, marginal data, snow/ice, and cloudy and estimated data.” (Page 5, Line 133-
134)

(b) Consolidation method in Section 3.3:
“The sample pairs were further screened based on the data quality of PKU GIMMS
NDVI (quality information adopted from GIMMS NDVI3g; see Section 2.2) and
MODIS NDVI (see Section 2.3). Based on the sample pairs, the Random Forests (RF)
regression model was constructed (Breiman, 2001), with explanatory variables of the
PKU GIMMS NDVI and the longitude and latitude of samples and target variable of
the MODIS NDVI. This study found that the significance of the RF model largely



depended on the data quality of PKU GIMMS NDVI and MODIS NDVI. As such, we
used 90% of the sample pairs for RF establishment and 10% for validation. R? was
calculated. The pixel-wise RF model was applied to the non-overlapping period only
when R? > 0.2 with p < 0.001; otherwise, the PKU GIMMS NDVI was adjusted by
aligning its mean value to that of the MODIS NDVI.” (Page 9, Line 251-258)

[Comment 17] Line 229
2004-2015 or 2001-2015?
[Response 17] We apologize for this confusion. We have double-checked the
overlapping period between PKU GIMMS NDVI and MODIS NDVI that was used for
data consolidation. We now confirm that the overlapping period is 2013—2015. It should
be noted that although the MODIS NDVI based on Terra (MOD13C1) has been
available since 2000, we could only find year-round global MOD13Cl1 since 2003 in
both USGS Earth Explorer (http://earthexplorer.usgs.gov/) and NASA Earth Data
(https://search.earthdata.nasa.gov/search). This has been clarified in the revised
manuscript.
The following changes are made in the revised manuscript:

(a) Last paragraph in Introduction Section:
“In this context, this study uses the long-term Landsat data to develop a new version of
the GIMMS NDVI product (PKU GIMMS NDVI) (1982-2022) from the GIMMS
NDVI3g (current version) (1982-2015) and MODIS NDVI products (2003-2022).”
(Page 3, Line 88-90)

(b) Introduction to MOD13Cl1:
“In this study, the year-round global MOD13C1 during 2003—2022 was employed.”
(Page 5, Line 132-133)

(c) Consolidation method in Section 3.3:
“In this study, we used a pixel-wise method inspired by Mao et al. (2012) to splice the
PKU GIMMS NDVI product (1982-2015) and MODIS NDVI product (2003-2022).”
(Page 9, Line 244-245)

(d) Figure 6 caption:



“Figure 6. Accuracies of the GIMMS NDVI3g and PKU GIMMS NDVI products
measured by R? for pre-MODIS (1982-2000) and MODIS (2001-2015) period. The R?
was calculated between the NDVI products and Landsat NDVI samples. (a) to (d)
shows the spatial distributions of R? in 2°x 2° grids. Non-vegetated grids and grids with
less than 20 validation samples are marked in white. (e) and (f) shows the probability
distribution of R? differences between the two periods (before 2000 and after 2000) and

between the two products (GIMMS NDVI3g and PKU GIMMS NDVI), respectively.”

[Comment 18] Line 252
does landsat have an orbit shift problem?
[Response 18] Yes, the Landsat, like many other satellites, has the orbital shift problem
though the problem has been minimized (Storey et al., 2014). However, Landsat
provides the longest space-based record of Earth's land and have been one of the most
reliable data sources with great accuracies and consistencies in geometric and
radiometric properties (Wulder et al., 2019; Wulder et al., 2016). It could best serve as
reference data for our study. This has been clarified in the Introduction section.
The following changes are made in the revised manuscript:

(a) Last paragraph in Introduction Section:
“Landsat sensors have a high spatial resolution, low frequencies of sensor change, and
in particular, high accuracy and consistency in geometric and radiometric properties
(Zhang et al., 2021; Weng et al., 2014; Dong et al., 2020; Storey et al., 2014).” (Page 3,
Line 78-80)

[Comment 19] Figure 5
Please delete ‘unitless’in the figure.
[Response 19] Thank for pointing it out. The Figure 5 has been updated and ‘unitless’

has been deleted.
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Figure 5. Direct validation of the (a) GIMMS NDVI3g and (b) PKU GIMMS NDVI
products. Individual Landsat NDVI samples from 1984 to 2015 were used in the
validation at a 1/12° resolution. Orange lines represent a 1:1 line. GLO represents the

global vegetation biome.
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